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Anticancer evaluation of di- and trifunctional substituted 1,3-thiazoles

Kostyantyn V. Turov, Oleg P. Mitiukhin, Svitlana A. Chumachenko, Vladimir S. Zyabrev,
Volodymyr S. Brovarets™

V. P. Kukhar Institute of Bioorganic Chemistry and Petrochemistry of the NAS of Ukraine, 1 Murmanska St., Kyiv, 02094, Ukraine

Abstract: Anticancer activity of a series of polyfunctional substituted 1,3-thiazoles has been studied within the international scientific
program “NCI-60 Human Tumor Cell Lines Screen”. Screening was performed in vitro on 60 cell lines of lungs, kidneys, CNS, ovaries,
prostate, and breast cancer, epithelial cancer, leukemia, and melanoma. The most effective compounds were those with a piperazine
substituent at C? of the 1,3-thiazole cycle: 1-(4-((4-methylphenyl)sulfonyl)-2-phenyl-1,3-thiazol-5-yl)piperazine (average lg Glso = -5.87,
lg TGI = -5.54, 1g LCs0 = -5.21), 1-(2-(3,5-dimethyl-1H-pyrazol-1-yl)-4-((4-methylphenyl)sulfonyl)-1,3-thiazol-5-yl)piperazine (average
g Glso = -5.66, 1g TGI = -5.26, Ig LCso = -4.83), and 1-(2,4-bis((4-methylphenyl)sulfonyl)-1,3-thiazol-5-yl)piperazine (average lg Glso =

-5.67, 1g TGI =-5.21, 1g LCs0 = -4.67).

Keywords: 1,3-thiazole; anticancer activity; growth inhibitor; cytostatic activity; cytotoxic activity.

Introduction

Derivatives of 1,3-thiazoles play an important role in
basic and applied research. It has been demonstrated that
1,3-thiazoles are widely used for creation of dyes,
insecticides, herbicides, and pharmaceuticals. Di- and tri-
substituted 1,3-thiazole are effective anti-inflammatory,
anthelmintic, antiviral, and bactericidal agents [1-6]. The
nature of the chemical groups in the heterocycle can
significantly affect their pharmacological properties.
Despite of wide range of thiazole libraries, many of
trisubstituted thiazoles stays unavailable due to multistep
and complicated pathways for its synthesis.

The purpose of this work was to synthesize and evaluate
the antitumor activity of di- and tri- substituted 1,3-thiazole.
SnAr reactions were convenient for direct introduction of
substituents into proper positions of heterocycle. Well
known that substitution of halogen atom in C* or C°
position demands high temperatures and Pd catalysis.
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Present of EWG makes liable of halogen atom in position 5
of thiazole ring. That allows to modify one by introducing
different O, N and substituents. Such reactions pass in mild
conditions and with high level of regioselectivity, that’s
why yields of desired products was pretty fine.

Results and Discussion

Chemistry

Syntheses of compounds 1-23 are presented in
Schemes 1 and 2. 1-R-3-Tosyl-1,4,4-trichloro-2-aza-1,3-
butadienes I and 1-tosyl-2,2-dichloroethenylisothiocyanate
IT were used as starting compounds. Imidoyl chlorides I
react with thiourea to give 2-R-4-tosyl-5-chloro-1,3-
thiazoles 1, 10. 5-Chloro-1,3-thiazole 1 reacts with N-, O-
and S-nucleophiles to eliminate the chlorine anion and form
the corresponding 1,3-thiazole derivatives 2-7. Heating of
compound 3 with hydrogen peroxide in acetic acid followed
by the reaction of the obtained product with morpholine or
benzylamine yields 4-aminosubstituted 5-((4-chlorophenyl)
sulfanyl)-2-phenyl-1,3-thiazoles 8, 9.

1-Tosyl-2,2-dichloroethenylisothiocyanate II was used
for the synthesis of trifunctionally substituted 1,3-thiazoles
11-23. Compound II was treated with thiophenols or alkyl
mercaptans in the presence of pyridine. A cyclization took
place to form intermediate 2-aryl(alkyl)sulfanyl-4-tosyl-5-

© Turov K. V. et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted use,
distribution, and reproduction in any medium, provided the original author and source are credited.
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Scheme 1. Synthesis of 4,5-difunctional substituted 1,3-thiazoles 1-10. Reagents and conditions: (a) (H2N)2C=S (excess), MeCN, reflux,
2 h; (b) 4-MeCsH4SH or 4-CICeH4SH, Et;N, MeCN, reflux, 2 h; (c) morpholine or piperazine (excess), dioxane, 100 °C, 24 h; (d) NaSH
(excess), THF, 60 °C, 3 h; Mel, MeONa, MeOH, 20 °C, 5 h; (e) PhONa, THF, 20 °C, 24 h; (f) H202 (excess), CF3CO:H, reflux, 3 h;

morpholine or PhCH2NH: (excess), dioxane, 100 °C, 24 h.

chloro-1,3-thiazoles, which were oxidized with hydrogen
peroxide to 1,3-thiazoles III containing at position C? an
arylsulfonyl or an alkylsulfonyl and at position C* the tosyl
group. Substitution of the chlorine atom at position C° of
compounds IIT with 4-chlorothiophenol followed by the
oxidation of the sulfanyl group under the action of
hydrogen peroxide in trifluoroacetic acid yields 1,3-thiazole
derivatives IV with three different sulfonyl groups.
1,3-Thiazoles 11-16 were obtained under the treatment of
compounds IV by N- and O-nucleophiles. The reaction of
1,3-thiazoles IV with dimethylamine, benzylamine, or
ammonia in a molar ratio of 1:2 at 20 °C yields 2-amino-
1,3-thiazole derivatives 11-13 as a result of replacing a
sulfonyl group at position C2 Treatment of thiazoles IV
with the excess of an amine or sodium 4-chlorophenolate,
leads to the substitution of the two arylsulfonyl groups
yielding compounds 14-16. 1,3-Thiazole 17 was obtained
from reagent II, hydrazine hydrate, and acetylacetone. It
gives when heated with morpholine or piperazine, the
corresponding  5-amino-2-pyrazolyl-4-tosyl-1,3-thiazoles
18, 19 and, when treated with sodium hydrogen sulfide
followed by propyl iodide, 1,3- thiazole 20.

5-Piperazino-substituted 1,3-thiazoles 21, 22 were
prepared by the nucleophilic substitution of the chlorine
atom in compounds III for piperazine in boiling ethanol.
1,3-Thiazole 23 was obtained from isothiocyanate II,
methyl mercaptan, piperazine, and hydrochloric acid.

Structures of synthesized compounds shown in Table 1
were confirmed by 'H NMR spectra and elemental analysis.

Biological Evaluation

Anticancer activity of the synthesized compounds was
studied within an international scientific program of the US
National Institutes of Health. The screening was performed
in vitro on 60 cell lines of lungs, kidneys, CNS, ovaries,

prostate, and breast cancer, epithelial cancer, leukemia, and
melanoma at a substance concentration of 103 M. Growth
percentage (GP) of cancer cells compared to the control (in
the absence of a chemical substance, 100%) was determined
[7-10]. Synthesized 1,3-thiazole derivatives have been
shown to be active against several types of cancer cells
(Table 1).

For example, 2-phenyl-4-tosyl-5-chloro-1,3-thiazole (1)
considerably inhibits growth of cells of leukemia (K-562,
GP =30.07% and SR, GP =13.60%), lung cancer (NCI-
H522, GP =44.91%), melanoma (M14, GP =37.06% and
MDA-MB-435, GP = 1.37%), and breast cancer (MDA-
MB-468, GP = 0.73%).

The replacement of the chlorine atom in compound 1
with p-tolylsulfanyl group (compound 2) results in a
significant 70% reduction of the inhibitory activity towards
leukemia and lung cancer cells and in the full extinction of
the activity towards melanoma cells MDA-MB-435
(GP =106.38%) and M14 (GP = 102.19%).

The substitution of the chlorine atom by methylsulfanyl
group (compound 6) results in a uniform decrease of the
inhibitory activity towards leukemia and lung cancer cells
and does not change melanoma and breast cancer cells
inhibition. The substitution of the chlorine atom in
compound 1 with morpholine (compound 4) as well as
phenoxy group (compound 7) also does not change
leukemia and melanoma cells growth inhibition. In
summary, any replacement of the chlorine atom results in a
decrease of inhibitory activity in relation to parent
compound 1.

1,3-Thiazoles 8, 9 containing the 4-chlorophenylsulfonyl
group at position C3 and a substituted amino group at
position C* are somewhat more active than compound 4
with the morpholino group at position C®, Thus, 1,3-thiazole
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Scheme 2. Synthesis of 2,4,5-trifunctional substituted 1,3-thiazoles 11-23. Reagents and conditions: (a) ArSH or PrSH, Py, benzene,
15 °C, 8 h; H202 (excess), AcOH, reflux, 4 h; (b) 4-CICsHaSH, EtsN, THF, 5 °C, 30 h; H202 (excess), CF3CO2H, reflux 4 h; (¢) Me2NH or
PhCH2NHz, or NH3, THF, 20 °C, 24 h; (d) piperidine or PhCH2NH: (excess), THF, 60 °C, 48 h; (e) 4-C1ICsH4ONa (excess), THF, 20 °C,
24 h; (f) NH2NH2 H20 (excess), THF, 20 °C, 5 h; Ac2CHz (excess), AcOH, reflux, 10 h; (g) morpholine or piperazine (excess), BuOH,
reflux, 20 h; (h) NaSH (excess), MeOH, 20-25 °C, 20 h; Prl, MeONa, MeOH, reflux, 3 h; (i) piperazine (excess), EtOH, reflux, 1 h; (j)

MeSH, Py, benzene, 20-25 °C, 5 h; H202 (excess), AcOH, reflux, 4

8 was active against leukemia HL-60(TB) (GI=49.92%
and K-562 (GP =72.30%) as well as breast cancer MDA-
MB-468 (GP =72.05%) cells. Compound 9 showed
appreciable inhibitory activity only against lung cancer cells
NCI-H522 (GI = 59.56%).

1,3-Thiazole 17 which bears a pyrazole ring instead of
the benzene one at C? showed lower inhibitory activity
compared with that of the parent compound 1. It showed
only minor activity towards breast cancer cells BT-549
(GP = 84.33%). On the other hand, the substitution of the
chlorine atom in compound 17 with the propylsulfanyl
group results in compound 20, which inhibitory activity
towards lung cancer cells HOP-92 is significantly higher
(GP =20.91%). The activity of compound 20 against the
other cancer types remains at the level of compound 17.
The replacement of the chlorine atom in compound 17 with
the morpholine cycle does not increase the inhibitory
activity. Compound 18 proved to be practically inactive
towards all types of cancer cells.

Entering a furan cycle in position C? of the 1,3-thiazole
leads to a significant increase in the anticancer activity.

h; piperazine (excess), EtOH, reflux, 2 h; HCI (excess), 4 °C, 24 h.

Thus, synthesized  5-chloro-2-(furan-2-yl)-4-tosyl-1,3-
thiazole (10) was active against leukemia (K-562,
GP = 18.83% and SR, GP = 8.28%), lung cancer (NCI-
H522, GP = 18.49%), melanoma (M14, GP = 32.33% and
MDA-BM-435, GP = 4.90%), and breast cancer (MDA-
MB-468, GP = -22.87%).

The most active were 1,3-thiazoles containing a
piperazine ring in position C°. Thus, compound 19 was
active against epithelial cancer cells HCC-2998 (GP =
-88.55%) and HT29 (GP = -33.93%), almost all melanoma
lines (MALME-3M, GP = -55.98%; M14, GP = -89.83%j;
MDA-MB-435, GP = -2,08%; SK-MEL-28, GP = -83.71%j;

SK-MEL-5, GP = 80.68%; UACC-257, GP = -79.19%;
UACC-62, GP = 72.05%), and breast cancer as well
(T-47D, GP =-29.33%; MDA-MB-468, GP = -55.79%).

1,3-Thiazole 21 with two tosyl groups and C° linked
piperazine also showed high anticancer activity (average
GP = -5.77% ). The most effect was observed on leukemia
HL-60 (TB) (GP -45.35%), lung cancer NCI-H522
(GP = -44.16%) and NCI-H460 (GP = -38.88%), colon
cancer COLO 205 (GP = -32.92%), CNS cancer SF-539
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(GP = -15.93%), melanoma LOX IMVI (GP = -41.57%),
M14 (GP = -49.08%) and MDA-MB-435 (GP = -43.55%),
prostate cancer DU-145 (GP = -35.29%), breast cancer
HS 578T (GP = -21.17%) and MDA-MB-468 (GP =
-21.44%) cells.

100

W HCC-2998

EHT29

[ %}
=

m NCI-H522
uM14
m MDA-MB-435

Growth of cells, %
o

» MDA-MB-468

U
=]

-100

Figure 1. Antitumor activity of 5-(piperazin-1-yl)-4-tosyl-1,3-
thiazoles 5, 19, 21-23.

2-Phenyl-5-(piperazin-1-yl)-4-tosyl-1,3-thiazole (5) has
been a prominent anticancer agent. It significantly
decreased the growth of ovarian cancer cells (IGROV-1,
GP =31.39% and OVCAR, GP =49.75%), and destroyed,
with the average GP of -70%, almost all cell lines of
leukemia, melanoma, and colon, CNS, kidney, and breast
cancer. The most significant are the data reflecting the
almost complete destruction of the following cell lines:
colon cancer HCC2998 (GP = -96.68%), CNS U251
(GP = -91.74%), melanoma SK-MEL-28 (GP = -97.03%)

and SK-MEL-5 (GP = -98.77%), kidney cancer TK-10
(GP = -88.46%), breast cancer MCF7 (GP = -84.29%) and
MDA-MB-468 (GP = -84.34%).

Advanced in vitro study of compounds 5, 19, 21 at five
concentrations of the 10-fold dilution (10**-10* M) was also
performed towards 60 human cancer cell lines, the set of
which was identical to that for the pre-screening stage
(Table 2). High antitumor potential of compound 21 has
been confirmed by a significant level of inhibition (average
lg Glso = -5.67), as well as cytostatic (average lg TGI =
-5.21) and cytotoxic (average lg LCso = -4.67) effects.
The highest data were found for compound 5: average
lg Glso = -5.87, 1g TGI = -5.54, and 1g LCso = -5.21.

It is of interest that among the 5-piperazino-substituted
1,3-thiazoles 5, 19, 21-23 compounds 22, 23 containing a
C? linked alkylsulfonyl group exhibit the lowest level of
antitumor activity. This is readily illustrated by Figure 1
with some selected cell lines. The average activity value of
compounds 22 and 23 was 95.48% and 98.61%,
respectively (Table 1).

Conclusions

The study of the antitumor activity of di- and
trifunctionally substituted 1,3-thiazoles towards the NCI 60
human cancer cell lines revealed "leader compounds" —
5-(piperazin-1-yl)-4-tosyl-1,3-thiazoles. Therein, the nature
of the substituent at C? of the 1,3-thiazole cycle critically
affects the level of activity. Most preferred is the presence
of phenyl, tosyl or 3,5-dimethyl-1H-pyrazol-1-yl substituent
in this position.

Table 1. Mitotic activity of the 1,3-thiazole derivatives towards NCI 60 cell lines at the 10 M concentration.

Compd Structure Average GP The most sensitive cell lines (GP)
Ts leukemia K-562 (30.07), SR (13.60);
1 N 85.92 lung cancer NCI-H522 (44.91);
/ »\ melanoma M-14 (37.06), MDA-MB-435 (1.37);
Cl— g~ "Ph breast cancer MDA-MB-468 (0.73)
Ts leukemia K-562 (90.20), SR (88.33);
) I N 97.48 lung cancer NCI-H522 (83.67);
)\ melanoma M-14 (109.28), MDA-MB-435 (119.03);
4-MeCgH,S™ g~ ~Ph kidney cancer CAKI-1 (71.89)
Ts
N leukemia K-562 (103.76), SR (88.33);
4 / \ 100.29 lung cancer NCI-H522 (75.91);
//\N S Ph melanoma MDA-MB-435 (106.38);
O \) breast cancer T-47D (70.39)
Ts
N colon cancer HCC-2998 (-96.68);
-52.89 melanoma SK-MEL-5 (-98.77);

CNS cancer U251 (-91.74),
breast cancer MDA-MB-468 (-84.34)
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leukemia K-562 (58.49), SR (49.84);

lung cancer NCI-H522 (74.11);

melanoma M-14 (94.70), MDA-MB-435 (36.78);
breast cancer MDA-MB-468 (65.56)

leukemia SR (95.44);

lung cancer NCI-H522 (85.13);

melanoma M-14 (101.29), MDA-MB-435 (107.97);
breast cancer T-47D (54.11)

leukemia HL-60(TB) (49.92), SR (92.70);

lung cancer NCI-H522 (83.12);

melanoma M-14 (101.29), MDA-MB-435 (107.63);
breast cancer MDA-MB-468 (72.05)

leukemia K-562 (88.04), SR (77.65);

lung cancer NCI-H522 (59.56);

melanoma M-14 (100.66), MDA-MB-435 (107.82);
breast cancer MDA-MB-468 (96.90)

leukemia K-562 (18.83), SR (8.28);

lung cancer NCI-H522 (18.49);

melanoma M-14 (32.33), MDA-MB-435 (4.90);
breast cancer MDA-MB-468 (-22.87)

leukemia HL-60(TB) (52.69);

lung cancer A549/ATCC (56.18);
melanoma UACC62 (59.80);

breast cancer MDA-MB-468 (66.25)

CNS cancer SNB-75 (64.32);
melanoma UACC-62 (79.75)

leukemia CCRF-CEM (72.45), HL-60(TB) (72.65),
K-562 (73.24), MOLT (64.64),
lung cancer HOP-92 (47.03)

leukemia K-562 (114.19), SR (100.78);
lung cancer NCI-H522 (91.60);
melanoma M-14 (106.27);

breast cancer MDA-MB-468 (94.07);
CNS cancer SNB-75 (73.04)

leukemia HL-60(TB) (81.31), K-562 (85.08);

lung cancer A549/ATCC (44.72), NCI-H522 (49.57);
melanoma M-14 (77.99), MDA-MB-435 (114.47);
breast cancer MDA-MB-231/ATCC (42.35)
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leukemia HL-60(TB) (71.46), K-562 (96.63),

SR (43.24);

lung cancer NCI-H522 (88.25);

melanoma M-14 (99.61), MDA-MB-435 (96.32);
breast cancer MCF7 (76.99)

leukemia K-562 (92.44);

lung cancer NCI-H522 (89.59);

melanoma M-14 (111.85), MDA-MB-435 (107.95);
breast cancer BT-549 (84.33)

leukemia MOLT-4 (81.01), K-562 (81.84);

lung cancer HOP-92 (20.91), NCI-H522 (78.32);
CNS cancer SNB-19 (77.87);

breast cancer MDA-MB-231/ATCC (68.26)

leukemia SR (-8.89);

colon cancer HCC-2998 (-88.55);
melanoma SK-MEL-28 (-83.71);
breast cancer MDA-MB-468 (-55.79)

leukemia MOLT-4 (81.01), K-562 (92.44);

lung cancer HOP-92 (20.91), NCI-H322M (88.60);
CNS cancer SNB-19 (98.94);

breast cancer MDA-MB-468 (117.20)

leukemia HL-60(TB) (-45.35);

lung cancer NCI-H522 (-44.16);
melanoma M-14 (-49.08);

ovarian cancer OVCAR-3 (-40.27);
prostate cancer DV-145 (-35.29)

leukemia SR (64.37);

colon cancer SW-620 (134.85);
melanoma M-14 (76.23);

ovarian cancer OVCAR-3 (136.53);
breast cancer MDA-MB-468 (66.81)

colon cancer HCC-2998 (-88.55);
CNS cancer SNB-19 (98.94);
renal cancer RXF-393 (115.77);
breast cancer MCF-7 (82.11),
MDA-MB-468 (75.35)
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Table 2. Parameter values (1g) of the anticancer activity of compounds 5, 19, 21 against the NCI 60 human cancer cell lines
(five-dose assay).

Compd
Cell Line 5 19 21
Glso TGI LCs Glsp TGI LCs Glso TGI LCso
Leukemia
CCRF-CEM -5.73 -5.28 -4.23 -5.57 -4.96 -4.21 -5.63 -5.05 -4.35
HL-60(TB) -5.72 -5.43 -5.14 -5.62 -5.35 -5.07 -5.64 -5.32 -5.00
K-562 -6.26 -5.62 -5.11 -5.81 -5.39 -4.91 NT NT NT
MOLT-4 -5.74 -5.39 -5.03 -5.65 -5.31 -4.88 -5.52 -5.23 -4.53
RPMI-8226 NT NT NT NT NT NT -5.94 -5.01 -4.19
SR -5.87 -5.47 -5.08 -5.64 -5.24 -4.49 -5.63 -5.31 -4.38
Non-small cell lung cancer
A549/ATCC -5.74 -5.47 -5.20 -5.44 -4.89 -4.38 -5.64 -5.10 -4.48
EKVX -5.87 -5.52 -5.16 -5.63 -4.90 -4.39 -5.49 -4.91 -4.40
HOP-62 -5.77 -5.51 -5.26 -5.71 -5.39 -5.07 -5.92 -5.39 -4.70
HOP-92 -6.46 -5.79 -5.37 -6.21 -5.50 -4.83 -5.45 -5.12 -4.57
NCI-H226 -5.79 -5.51 -5.23 -5.57 -5.00 -4.38 -5.67 -5.37 -5.06
NCI-H23 -5.84 -5.53 -5.23 -5.29 -4.71 -4.34 -5.63 -5.17 -4.55
NCI-H322M NT NT NT NT NT NT NT NT NT
NCI-H460 -5.79 -5.52 -5.24 -5.74 -5.45 -5.16 -5.64 -5.20 -4.55
NCI-H522 -5.74 -5.46 -5.18 -5.67 -5.39 -5.10 NT NT NT
Colon cancer
COLO 205 -6.68 -6.33 -5.95 -5.78 -5.52 -5.25 -5.78 -5.45 -5.12
HCC-2998 -6.28 5.76 -5.34 -5.81 -5.52 -5.22 -5.59 5.22 -4.66
HCT-116 -5.93 -5.61 -5.29 -5.79 -5.49 -5.18 -5.75 -5.39 -5.04
HCT-15 -5.84 -5.54 -5.24 -5.67 -5.31 -4.86 -5.70 -5.07 -4.47
HT29 -6.12 -5.65 -5.24 -5.82 -5.40 -4.95 -5.56 -4.98 -4.30
KM12 -5.79 -5.51 -5.24 -5.74 -5.48 -5.22 -5.61 -5.18 -4.50
SW-620 -5.82 -5.54 -5.26 -5.77 -5.48 -5.19 -5.79 -5.44 -5.09
CNS cancer
SF-268 -5.80 -5.50 -5.20 -5.48 -4.92 -4.43 -5.58 -5.09 -4.46
SF-295 -5.77 -5.49 -5.21 -5.73 -5.43 -5.14 -5.60 -5.19 -4.59
SF-539 -5.81 -5.53 -5.24 -5.77 -5.46 -5.14 -5.56 -5.25 -4.83
SNB-19 -5.75 -5.36 -4.88 -5.16 -4.68 -4.30 -5.51 -4.95 -4.45
SNB-75 -5.97 -5.62 -5.27 -5.85 -5.39 -4.87 -5.59 -5.09 -4.54
U251 NT NT NT NT NT NT -5.55 -5.01 -4.45
Melanoma

LOX IMVI -5.88 -5.57 -5.26 -5.75 -5.45 -5.15 -5.82 -5.39 -4.86
MALME-3M -5.77 -5.50 -5.22 -5.33 -4.79 -4.36 -5.61 -5.34 -5.06
Ml14 -5.76 -5.47 -5.19 -5.67 -5.41 -5.16 -5.80 -5.48 -5.15
MDA-MB-435 -5.87 -5.55 -5.24 -5.75 -5.45 -5.16 -6.23 -5.65 -5.17
SK-MEL-2 -5.69 -5.42 -5.15 -5.65 -5.40 -5.15 NT NT NT
SK-MEL-28 -5.81 -5.54 -5.27 -5.76 -5.50 -5.24 -5.74 -5.44 -5.14
SK-MEL-5 -5.82 -5.55 -5.27 -5.78 -5.52 -5.26 -5.84 -5.55 -5.27
UACC-257 -5.80 -5.50 -5.19 -5.77 -5.48 -5.20 -5.79 -5.48 -5.17
UACC-62 -5.80 -5.53 -5.26 -5.77 -5.49 -5.22 -5.79 -5.28 -4.68

Ovarian cancer

IGROV1 -5.75 -5.44 -5.14 -5.74 -5.45 -5.17 -5.60 -5.13 -4.37
OVCAR-3 -5.77 -5.50 -5.23 -5.59 -5.15 -4.59 -5.61 -5.28 -4.83
OVCAR-4 -5.76 -5.46 -5.16 -5.38 -4.81 -4.40 -5.56 -4.92 -4.39
OVCAR-5 -5.80 -5.51 -5.22 -5.50 -4.95 -4.46 -5.44 -5.05 -4.51
OVCAR-8 -5.75 -5.46 -5.17 -5.64 -5.22 -4.47 -5.65 -4.99 -4.35
NCI/ADR-RES -5.81 -5.49 -5.17 -5.50 -4.84 -4.32 -5.55 -4.92 -4.34
SK-OV-3 -5.76 -5.49 -5.23 -5.53 -5.11 -4.57 -5.50 -4.97 -4.43
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Table 2. (Contd.)

Compd
Cell Line 5 19 21
Glso TGI LCso Glso TGI LCso Glso TGI LCso
Renal cancer
786-0 -5.79 -5.48 -5.17 -5.66 -5.29 -4.77 -5.65 -5.37 -5.08
A498 -5.00 -5.66 -5.33 -5.91 -5.50 -5.08 -5.74 -5.34 -4.84
ACHN -5.78 -5.50 -5.21 -5.46 -4.92 -4.45 -5.41 -4.91 -4.44
CAKI-1 -5.82 -5.50 -5.18 -5.68 -5.23 -4.65 -5.66 -5.34 -5.03
RXF 393 -5.90 -5.59 -5.29 -5.77 -5.45 -5.12 -5.80 -5.52 -5.24
SN12C -5.80 -5.51 -5.23 -5.63 -5.15 -4.54 -5.57 -4.99 -4.47
TK-10 -5.76 -5.48 -5.20 -5.58 -5.19 -4.66 -5.42 -4.99 -4.46
UO0-31 -5.94 -5.61 -5.29 -5.88 -5.54 -5.20 -5.49 -5.00 -4.45
Prostate cancer
PC-3 -5.81 -5.48 -5.15 -5.52 -4.99 -4.46 -5.51 -4.88 -4.41
DU-145 -5.79 -5.52 -5.25 -5.43 -4.88 -4.44 -5.66 -5.28 -4.76
Breast cancer

MCF7 -5.84 -5.55 -5.26 -5.76 -5.43 -5.10 -5.78 -5.21 -4.44
MDA-MB-231/ATCC -5.83 -5.54 -5.25 -5.74 -5.44 -5.13 -5.54 -5.16 -4.62
HS 578T -5.81 -5.45 -5.09 -5.68 -5.24 -4.25 -5.61 -5.14 -4.00
BT-549 -5.78 5.51 523 -5.47 -4.91 -4.43 -5.52 5.11 4.57
T-47D -5.80 -5.50 -5.19 -5.76 -5.46 -5.16 -6.29 -5.18 -4.43
MDA-MB-468 -6.56 -6.01 -5.44 -5.92 -5.61 -5.30 -6.43 -5.77 -5.23

Experimental section

Chemistry

'"H NMR spectra were obtained on a Bruker Avance
DRX 500 spectrometer. The melting points were estimated
on a Fisher-Johns apparatus. The reaction progress was
monitored by the TLC method on silica gel 60F,s4 Merck
plates. All reagents and solvents were purchased from
Aldrich and used without additional purification.

5-Substituted 4-[(4-methylphenyl)sulfonyl]-2-phenyl-1,3-
thiazoles 1-4, 6-9 [11], 5-Chloro-2-(furan-2-yl)-4-((4-
methylphenyl)sulfonyl)-1,3-thiazole (10) [12], 2,4-Di-
substituted 5-(4-chlorophenyl)sulfonyl-1,3-thiazoles 11-16
[13]1,  2-(3,5-Dimethyl-1H-pyrazol-1-yl)-4-((4-methylphe-
nyl)sulfonyl)-1,3-thiazoles 17, 18 [14] were synthesized
following the procedures described in the corresponding
sources cited.

1-(4-((4-Methylphenyl)sulfonyl)-2-phenyl-1,3-thiazol-5-
yl)piperazine (5) was synthesized similarly to compound 4.

Yield 67%, mp 112-113 °C (EtOH). '"H NMR (500 MHz,
CDCl3) 6 2.45 (s, 3H, CHz3), 3.20-3.35 (m, 4H, 2CH>»), 3.82-
3.94 (m, 4H, 2CH,), 7.33-7.45 (m, 5H, Ar), 7.78 (d, J 7.5
Hz, 2H, Ar), 8.05 (d, J 7.5 Hz, 2H, Ar). Anal. Calcd. for
C20H21N302821 C, 60.12; H, 5.30; N, 10.52; S, 16.05.
Found: C, 59.98; H, 5.15; N, 10.32; S, 15.98.

1-(2-(3,5-Dimethyl-1H-pyrazol-1-yl)-4-((4-methylphe-
nyl)sulfonyl)-1,3-thiazol-5-yl)piperazine (19) was synthesi-
zed similarly to compound 18.

Yield 62%, mp 98-99 °C (EtOH). 'H NMR (500 MHz,
CDCl3) 6 2.17 (s, 3H, CH3), 2.40 (s, 3H, CH3), 2.44 (s, 3H,
CHs), 3.79-3.88 (m, 4H, 2CH,), 4.12-4.23 (m, 4H, 2CH>),
6.00 (s, 1H, CH), 7.38 (d, J 7.9 Hz, 2H, Ar), 7.82 (d, J 7.9
Hz, 2H, Ar). Anal. Calcd. for Ci9H23Ns50,S,: C, 54.65;
H, 5.55; N, 16.77; S, 15.36. Found: C, 54.48; H, 5.49;
N, 16.54; S, 15.12.

2-(3,5-Dimethyl-1H-pyrazol-1-yl)-4-((4-methylphenyl)-
sulfonyl)-5-(propylsulfanyl)-1,3-thiazole (20).

To a suspension of 0.00015 mol of compound 17 in 10
ml of methanol, 0.00075 mol of sodium hydrosulfide was
added. The mixture was stirred for 20 h at 20 °C, the
precipitate was filtered off, and the filtrate was evaporated
in vacuo. To the residue, 5 ml of water followed by 1 ml of
concd hydrochloric acid was added to precipitate a solid,
which was filtered off. To a suspension of this solid in 5 ml
of methanol, 0.00015 mol of sodium methylate followed by
0.0002 mol of propyl bromide was added. The mixture was
refluxed for 3 h then cooled to 20 °C, the precipitate was
filtered off and recrystallized from ethanol. Yield 65%,
mp 142-144 °C (EtOH). Anal. Calcd. for CisH21N30,Ss:
C, 53.04; H, 5.19; N, 10.31; S, 23.60. Found: C, 52.91;
H, 5.00; N, 10.18; S, 23.54.

General procedure for preparation of compounds (21,

22).

To a solution of 0.08 mol of compound II [15] in 150 ml
of benzene cooled to 0°C, 0.08 mol of 4-methyl-
benzenethiol or propanethiol followed by 0.08 mol of
pyridine was added. The mixture was stirred for 8 h at
15 °C, the solvent was removed in vacuo, the residue was



washed with water, and dissolved in 200 ml of acetic acid.
To this solution, 30 ml of a 30% aqueous hydrogen
peroxide solution was added, the reaction mixture was
boiled for 4 h then cooled to 10 °C. The precipitate was
filtered off and dissolved in 50 ml of ethanol. To this
solution, 0.25 mol of piperazine was added, the reaction
mixture was boiled for 1 h then evaporated in vacuo. To the
residue, 20 ml of water was added to precipitate a solid,
which was filtered off and recrystallized from ethanol.

1-(2,4-Bis((4-methylphenyl)sulfonyl)-1,3-thiazol-5-yl)-
piperazine (21).

Yield 72%, mp 132-133 °C (EtOH). 'H NMR (500 MHz,
CDCl3) 6 2.43 (s, 3H, CHa»), 2.47 (s, 3H, CH3), 3.80-3.89
(m, 4H, 2CHz), 4.15-4.30 (m, 4H, 2CH>), 7.29 (d, J 7.6 Hz,
2H, Ar), 7.35 (d, J 7.9 Hz, 2H, Ar), 7.38 (d, J 7.6 Hz, 2H,
Ar), 7.86 (d, J 7.9 Hz, 2H, Ar). Anal. Calcd. for
C21H23N304S5: C, 52.70; H, 4.78; N, 8.80; S, 20.14. Found:
C,52.81; H, 4.85; N, 8.63; S, 20.04.

1-(4-((4-Methylphenyl)sulfonyl)-2-(propylsulfonyl)-1,3-
thiazol-5-yl)piperazine (22).

Yield 68%, mp 131-132 °C (EtOH). 'H NMR (500 MHz,
CDCls) 6 0.91 (t, J 7.4 Hz, 3H, CH;), 1.55-1.68 (m, 2H,
CHa), 2.45 (s, 3H, CHs), 3.02-3.18 (m, 4H, 2CH,), 3.19-
3.31 (m, 4H, 2CH,), 3.33-3.45 (m, 4H, 2CH,), 7.34 (d, J 7.5
Hz, 2H, Ar), 7.89 (d, J 7.5 Hz, 2H, Ar). Anal. Calcd. for
C17H23N304S3Z C, 47.53; H, 5.03; N, 9.78; S, 22.39. Found:
C,47.45;H,4.93; N, 9.65; S, 22.10.

1-(4-((4-Methylphenyl)sulfonyl)-2-(methylsulfonyl)-1, 3-
thiazol-5-yl)piperazine (23).

To a solution of 0.0026 mol of isothiocyanate I [15] and
00078 mol of pyridine in 10 ml of benzene, methanethiol
was passed, obtained by the hydrolysis of 0.012 mol of
S-methyl-isothiouronium sulfate. The mixture was stirred
for 5 h, the precipitate was filtered off, and the filtrate was
evaporated in vacuo. To the residue, 4 ml of acetic acid
followed by 1.5ml of 30% aqueous hydrogen peroxide
solution was added. The reaction mixture was heated under
reflux for 1.5 h then cooled to room temperature and the
precipitate was separated. To a suspension of this solid in
5 ml of acetonitrile, 0.005 mol of piperazine was added.
The mixture was stirred for 20 h and the precipitate was
filtered off. To the filtrate, 0.5 ml of concd hydrochloric
acid was added, the mixture was kept at 4 °C for 1 day,
and the precipitate was separated. Yield 25%,
mp 245-247 °C (dec.). 'H NMR (500 MHz, DMSO-dy)
0 2.39 (s, 3H, CH3), 3.28 (s, 4H, 2CH>), 3.36 (s, 3H, CH3),
3.56 (s, 4H, 2CH>»), 7.46 (d, J 8.0 Hz, 2H, Ar), 7.86 (d, J 8.1
Hz, 2H, Ar), 9.54 (s, 2H, NH, HCI). Anal. Calcd. for
CisHp0CIN3O4Ss: C, 41.13; H, 4.60; Cl, 8.09; N, 9.59;
S, 21.96. Found: C, 41.24; H, 4.57; Cl, 8.17; N, 9.65;
S, 21.85.

Biological tests

Anticancer in vitro screening methodology as well as
data interpretation rules is described in details at the NCI
Development Therapeutics Program site [16].
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O1iHKa MPOTUPAKOBOI AKTUBHOCTI M- Ta TPU(PYHKIIOHATbHO3aMIIIIEHUX 1,3-Tia30J11B
K. B. Typog, O. I1. Mittoxin, C. A. Yymauenko, B. C. 316pes, B. C. BpoBapens™

Inemumym 6ioopeaniunoi ximii ma nagpmoximii im. B.I1. Kyxaps HAH Ykpainu, eyn. Mypmancoka, 1, Kuis, 02094, Vipaina.

Pesiome: CHHTE30BaHO psf IH- Ta TpH(YHKIiOHATbHO3aMimeHHuX 1,3-Tia301iB 3 BUKOPHCTAHHSAM B SIKOCTI BUXITHHUX CHONyK 1-R-3-To3mi-1,4,4-Tpuxiopo-
2-a3a-1,3-OyramieniB ab6o 1-to3mi-2,2-auxmnopoereHinizoriomianaty. CKPHHIHIOBI JOCTIDKEHHS MPOTHPAKOBOI AKTHBHOCTI CHHTE30BaHMX CIOJYK
TIPOBEICHO in Vitro Ha 60 NiHiAX pakoBHUX KiiTHH moauHu: nefikemii (inii CCRF-CEM, HL-60 (TB), K-562, MOLT-4, RPMI-8226, SR), menanomu (JiHii
LOX IMVI, MALME-3M, M14, MDA-MB-435, SK-MEL-2, SK-MEL-28, SK-MEL-5 , UACC-257, UACC-62), paky nerewnis (minii A549/ATCC, EKVX,
HOP-62, HOP-92, NCI-H226, NCI-H23, NCI-H322M, NCI-H460, NCI-H522), ToBcToi kuuku (ninii COLO 205, HCC-2998, HCT-116, HCT-15, HT29,
KM12, SW-620), mo3ky (minii SF-268, SF-295, SF-539, SNB-19, SNB-75, U251), sieunukis (ninii IGROV1, OVCAR-3, OVCAR-4, OVCAR-5, OVCAR-
8, NCVADR-RES, SK-OV-3), aupoxk (ninii 786-0, A498, ACHN, CAKI-1, RXF 393, SN12C, TK-10, UO-31), npoctatu (rinii PC-3, DU-145) i rpyzeit
(ninii MCF7, MDA-MB-231/ATCC, HS 578T, BT-549, T- 47D, MDA-MB-468) npu konuentpauii 1-10° M. B pe3ynbTari BU3HAYEHO BiJICOTOK POCTY
(GP) xuniTuH niHil paKky y HOpiBHSAHHI 3 KOHTponeM (KOoHTpoib — 100%). Ilornubnenuii in vitro CKpHHIHT CIIONTYK HOJISITAaB y BUBYEHHI i IPOTUITyXITHHHOTO
edekTy B I'aTu KoHueHTpalisx npu 10-kpatHomy posseaenni (10-10% M). V pesynbraTi ekcniepumenty po3paxosaHo 3 nozosanexi napamerpu (Gls,
TGI, LCs). Cepen nanux cnoiyk 1-(4-((4-metundenin)cynbdonin)-2-denin-1,3-riazon-5-inm)ninepasun (cepenni 3nauenns lg Glso = -5.87, Ig TGI = -5.54,
Ig LCso=-5.21), 1-(2-(3,5-numernin)- 1 H-iipazo-1-in)-4-((4-metundenin)cynbdonin)-1,3-riazon-5-inm)minepasun (cepenni 3nadenns lg Glso= -5.66, 1g TGI
= -5.26, lg LCsy = -4.83) ta 1-(2,4-6ic((4-metundenin)cynpdonin)-1,3-riazon-5-in)minepasun (cepenui 3Hauenus lg Glsp = -5.67, lg TGI = -5.21,
lg LCsp = -4.67) BusiBWIM HaiBuily iHriOyo4y akTuUBHICT. OTpUMaHi pe3yJbTaTH CBigYaTh MNOPO IMEPCIEKTHBHICTH MOMIYKY cepel Ou- Ta
TpU(YHKIIOHATLHO3aMILIIEHHUX MOXiJHUX |,3-Tia30iy HOBUX MPOTHPAKOBUX IPENapaTiB.

KurouoBi ciioBa: 1,3-Tia30i1; mpoTHpakoBa aKTHUBHICTB; 1HTIOITOPH POCTY; IUTOCTATHYHA AKTHBHICTh; IUTOTOKCHYHA aKTHBHICTb.
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Abstract: The new model approach of interaction between the pharmacophores with bio-molecules, fragment-to-fragment, is presented. It
is a new step of the molecular modeling that takes correctly into consideration not only the spatial complementarity of the interacted
molecules but also the contribution of the stacking 7-z-electron interaction and hydrogen bonds. As an example, the correct analysis of the
interaction of the biological active phenyl-substituted 1,3-oxazoles with protein fragments is performed. It was shown that the length and
energy of the hydrogen bond uniquely depend on the chemical constitution of both components in the created complex
[Pharmacophore(Oxazole)-Biomolecule (H-X)]. The binding energy decreases in the series X — O, S, NH (fragments of the
corresponding biomolecules). It should be pointed out that introduction of the conjugated phenyl groups at positions 2 and 5 of oxazoles
increase the stability of the generated complex Pharmacophore-Biomolecule [Pharm-BioM| with fragments of the corresponding
biomolecules along the core of oxazole by 0.2 and 0.5 kcal/mole. At the same time, modeling of the generated complex [Pharm-BioM] by
phenyl substituents at position 2 and 5 of 1,3-oxazole with phenylalanine as a fragment of protein molecules additionally stabilizes
complex by 2.5 kcal/mole by sstacking mechanism. The observed biological activity of the phenyl substituted
1,3-oxazole is rather connected with ability to generate the stable complex due to the formation of additional bonds with other fragments
(conjugated phenyl core). The calculations demonstrated that such substituents do not cause spatial hindrances with the polypeptide chain.

Keywords: biological affinity, 1,3-oxazoles, quantum chemical calculations, [Pharm-BioM] complex, m-stacking interaction, hydrogen
bonds.

Introduction 1,3-oxazoles with branched 7conjugated systems also were
studied in vitro at the National Cancer Institute in the USA,
The oxazole-based five-membered heterocycles exhibit — as part of a therapeutic program for the development of
various pharmacologically interesting properties that have = DTP. It was found that these compounds are promising
recently been reported in several reviews [1-2]. It enabled =~ component in the development of new biologically active
the wide introduction of novel pharmacological drugs into  substances exhibiting antitumor activity which is strongly
medicine. The 1,3-oxazoles with branched conjugated  dependent on the nature of the substituents in heterocyclic
systems demonstrated high biological activity, including  core [7-10]. That leads to additional research activity
antibacterial and antiviral activities [3-4], and multiple drug ~ toward developing new pharmaceuticals [11-12].

resistance pump inhibition [5-6]. The substituted The QSAR models for a wide range of 1,3-oxazole

derivatives showed an inhibitory effect on several cancer

Received: 20.03.2020 cell lines. A good correlation between many descriptors and
Revised: 03.04.2020 biological activity was established [8]. Therefore, the planar
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oxazole core can be regarded as an applicable biologically
active fragment. Its lone electron pair (LEP) at the two-
coordinated nitrogen atom can promote the additional
stabilization of [ Pharm-BioM] complex by hydrogen bonds.
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At the same time, the introduction of substituents with a
conjugated selectron system in the 1,3-oxazole ring
increases the stabilization of resulted complex [Pharm-
BioM] by rstacking interaction. The presence of the phenyl
substituent in 1,3-oxazole substrate increases biological
activity, particularly, the inhibitory effect on the cancerous
tumors [9-10]. These molecular fragments can generate an
additional ~ complementary  structure =~ with  many
biopolymers, which is considered an important condition
for increasing selectivity for potential targets.

This paper presents the results of the in silico
investigations of the connection between biological
properties and electronic structure of phenyl substituted
1,3-oxazoles, including the steric features as well as

additional stabilization of the model [Pharm-BioM]
complex by stacking interaction and by generation
hydrogen bonds.

Materials

The 4-cyano substituted 1,3-oxazole derivatives were
investigated (Figure 1) as biologically active compounds for
interaction with protein fragments. Typically, electron
accepting groups at the 4™ position of 1,3-oxazoles increase
the stability of the 5-membered electron-rich oxazole cycle.
Moreover, oxazole derivatives containing  similar
substituents have demonstrated high biological activity [9].

CN
N4§\
R(2)/<O R(5)

Compd Re) Re)
1 Me Me
2 Ph Me
3 Me Ph
4 Ph Ph

Figure 1. Structures of compounds 1-4.

The dimethyl substituted oxazole 1 was chosen as a
reference molecule; the one- and two-phenyl substituted
derivatives 2-4 were compared to oxazole 1. Compounds
1-4 were evaluated at the National Cancer Institute (NCI)
for anticancer activity in vitro. Primary in vitro one dose
anticancer assay was performed in full NCI 60 cell panel
representing leukemia, melanoma, and cancers of lung,
colon, brain, breast, ovary, kidney, and prostate in
accordance with the protocol of the NCI, USA [9].

The main characteristics of the electron structure
(optimized molecular geometry, charge distribution,
energies and shapes of molecular orbitals) were calculated
by DFT computation utilizing wB97XD function and
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6-31G(d,p) basis set as implemented in GAUSSIAN 03
program [13].

Binding affinity by fragment-to-fragment approach

Typically, the biological affinity of pharmacophores
evaluated by their ability to effectively interact with
biological molecules. The pharmacophore (Pharm) and bio-
molecule (BioM) should form a stable complex, namely
[Pharm-BioM]. The stability of such complex depends on
the geometrical characteristics of both complex
components. The complex can be additionally stabilized by
creating hydrogen bonds and stacking interactions with
phenyl substituents. The oxazole and its conjugated
substituted derivatives are planar molecules and, hence,
should be attracted to protein fragments. The amino acids
with the aromatic groups as part of its structural
characteristics can create a z-complex [Pharm-BioM] with
oxazole derivatives 1-5. Therefore the ability to form the
mcomplex can be considered as a selectron affinity
component. Similarly, the ability to form a complex by
hydrogen bonds can be considered as an [H-B] affinity
component. As a result, the oxazole relectron cycle can
manifest the saffinity whereas the two-coordinated
nitrogen atom of the oxazole ring can manifest its [H-B]-
affinity. These properties can be evaluated by a direct
quantum-chemical modeling.

Many events of the [Pharm-BioM] interactions can be
modeled by elementary interactions between the
pharmacophore fragments (1,3-oxazoles) and some
fragments of the complex biological molecules by taking
into consideration the complementarity of the complex
components. We will call this approach a fragment-to-
fragment approach.

Results and Discussion

Molecular geometry of substituted 1,3-oxazoles and
charge distribution

The 1,3-oxazoles are conjugated planar molecules. The
optimization of the molecular geometry of phenyl
substituted oxazoles 2-4 with variable substituents in
positions 2 and 5 confirmed planar configuration.
According to the complementarity rule such compounds
should predominantly form complexes [Pharm-BioM] with
protein fragments that contain conjugated aromatic amino
acids (phenylalanine, tyrosine, tryptophan, histidine). These
complexes are additionally stabilized by stacking
interaction between s-electron systems of both complex
components.

Earlier, we have demonstrated that the binding energy of
the complex [Pharm-Fullerene] depends on the nature of the
substituent in the oxazole ring [14]. We hypothesized that
the binding energy of complex [Pharm-BioM] formation
depends on the nature of the substituent at the 2- and
5-positions of 1,3-oxazoles 1-4. This dependence should be
similar for all types of donor/acceptor characteristics of
these biomolecules. The complex formation of 1,3-oxazole
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Figure 2. Optimized molecular geometry of three possible complexes of 1,3-oxazole 4 with a model phenylalanine (toluene): a) z-stacking
by phenyl group at position 2; b) z-stacking by phenyl group at position 5; v) zstacking by 1,3-oxazole cycle.

4 with phenylalanine [oxazole-Phe] was examined.
Phenylalanine in a polypeptide chain was modeled by
toluene, i.e. only conjugated system was taken into
consideration. The geometrical characteristics of phenyl
group of toluene is similar to the fragments of the phenyl-
substituted 1,3-oxazole 4. As a result, we calculated
different possible versions of the generated complex:
(i) when the central heterocycle is oriented to model
phenylalanine or (ii) when one of the phenyl-group of
oxazole 4 is oriented toward model phenylalanine. Three
possible complexes of diphenyl substituted oxazole with
toluene are presented in Figure 2.

It is noteworthy that the thickness of 7electron systems
is 3.4 A, the distance between the components in the studied
complex [Pharm-BioM] (i.e., between 1,3-oxazole cycle,
phenyl substitutes in the 2- and 5-positions of 1,3-oxazole 4
and model phenylalanine — toluene) is 3.4 A. Similar
founding was reported for deoxyribonucleic acid helix [16]
and for polymethine dyes aggregates [17].

Positions of the frontier orbitals of compounds 1-4 and
its donor/acceptor properties

We assumed that biological activity is connected to the
position of frontier orbitals as it was reported previously
[15]. The oxazole ligand produces complex with peptide
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fragments by protein-ligand complex binding [Pharm-
BioM] [18]. These results indicates the stacking interaction
between the z-systems of both complex components: A
(Pharmacophore) and B (Biomolecule). According to the
perturbation theory [19], a similar interaction depends on
the relative positions of the molecular orbitals of both
molecules as well as the overlapping of their 7zsystems and
can be calculated by Equation 1:

(1

where € and g are MO energies; Ciu and Cjv are MO
coefficients; indices i, x is energy system A; indices j, v is
energy system B.

The main contributions to the frontier molecular orbitals
(MO) are made by the highest occupied MO (HOMO) and
the lowest unoccupied MO (LUMO). The geometry of the
frontier molecular orbitals contribute to the donor and
acceptor ability of the conjugated molecules. The influence
of the phenyl groups on the energy level of both HOMO
and LUMO are presented in Table 1.
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Table 1. Energies of frontier MO of substituted
1,3-oxazoles 1-4.
Compd R R e(MO), eV A, o
HOMO LUMO ¢V

1 Me Me -8.822 1.137 9.958 0.472
2 Ph Me -8.307 0.386 8.694 0.454
3 Me Ph -8.228 0.049 8.277 0.436
4 Ph Ph -8.004 -0.173 7.830 0.433

2@y calculated by Equation 2.

The introduction of the phenyl groups in position 2 or 5
of oxazole ring are accompanied by converging of the
frontier orbitals so that energy gap (difference between the
energy of highest occupied orbital and lowest vacant
orbital) decreases. Phenyl group in position 5 causes the
greater effect (1.68 eV) compared to the phenyl substituent
in position 2 (1.26 eV). There is no additive effect found
upon simultaneous introduction of two phenyl groups to
positions 2 and 5 (2.12 eV).

It was proposed [20] to calculate the donor/acceptor
ability of the molecules as a relative position of the frontier
orbitals by the following Equation 2:

o = (eLumo - (er)/( (eLumo - (€nomo) (2)
Where €Lumo is an energy of the lowest unoccupied MO,

enomo 18 an energy of the highest occupied MO, &r (o) is an
energy of non-bonding MO (o =-3.561 eV) [21].

The calculated values @y for studied compounds are
presented in Table 1. The data shows that this parameter is
slightly sensitive to introduction of phenyl groups. The
phenyl substituent generates the equal number of occupied
and unoccupied MO, which symmetrically positioned from
the non-bonding MO (Fermi level o) [21]. The acceptor
property (o < 0.5) is caused by cyano group (-CN) in
position 4, although the oxazole per se is molecule with
donor properties as an electron rich system [18].

Binding energies of 7complex [Pharm-BioM]

In the first approximation, the binding energy Epinding can
be calculated as the difference of the total energy of the
complex [Pharm-BioM] and the energies of both its
components (Eq. 3):

Ebinding = E[Pharm»BioM] - EPharm - EBioM (3)
where Efpharm-Biom] 15 the energy of optimized complex,

while Epharm and Egjom are energies of optimized
components.

This work focuses on the protein fragment in the form of
model phenylalanine (Phe-CH3), which can create a
m-complex. The calculations of the donor/acceptor
parameter @9 of the phenylalanine amino acid gives
@o = 0.52; while this parameter of the model fragment,
Phe-CHj3, is equal to @o = 0.53. We are investigating the
influence of the phenyl substitution in positions 2 and 5 that
resulted in change of a scontribution as well as total
affinity of the oxazoles 1-4 in a model complex
[Oxazole:Phe-CHs].

Figure 2 depicted three possible geometries of both
components in the model complex. The optimization
showed that the distance between components in the stable
complex is approximately 3.4 A. The calculated binding
energies of the optimized complexes [Oxazole:Phe-CHs]
are presented in Table 2.

As it can be seen (Table 2 and Figure 2c) that one phenyl
group (compounds 2 and 3) increases the complex stability
by orienting the phenyl group to the heterocyclic fragment;
in the complex that is formed from di-phenyl-substituted
1,3-oxazole 4, the binding energy is less than in the
complex with the reference molecule 1.

The stabilization energy of the complex 2c¢
[Oxazole:Phe-CH3] is significantly lower compared to other
complexes’ geometries (Figure 2, Table 2). It is noteworthy
that the stabilization energy of the complex that is formed
from two phenyl substituted oxazole is minimum among all
possible complexes. However, the preferential formation of

Table 2. Binding energies of complexes [Oxazole:Phe-CHs], where oxazole corresponds to compounds 1-4.

Figure Complex Ra R Energy (E)?, a.u. AEP,
Oxazole Complex keal/mole
2¢ [Oxazole 1:Phe-CHj;] Me Me -416.825544294 -688.327544051 -12.18
2c [Oxazole 2:Phe-CHj3] Ph Me -608.502926733 -880.005254882 -12.38
2a [Oxazole 2:Phe-CHj;] Ph Me -880.002988419 -10.96
2c [Oxazole 3:Phe-CHj3] Me Ph -608.502469135 -880.005254882 -12.67
2b [Oxazole 3:Phe-CHj3] Me Ph -880.000764847 -9.85
2c [Oxazole 4:Phe-CHj3] Ph Ph -800.180950747 -1071.68207547 -11.63
2a [Oxazole 4:Phe-CHj3] Ph Ph -1071.67606230 -7.86
2b [Oxazole 4:Phe-CHj3] Ph Ph -1071.67528637 -1.37

Phe-CH;

-271.482591603

iE is total energy.

PAE is binding energy increases only the stability of the formed complex.
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various complexes with the orientation at the heterocycle
(Figure 2c) will be difficult because of spatial hindrances
with the polypeptide chain.

The formation of hydrogen bonding in [H-B] complex

The oxazole cycle contains a coordinated nitrogen atom
(with the lone electron pair — LEP) in position 3. It can be
considered as an acceptor center for the formation of
hydrogen bonds, while the hydrogen atom of the amino
group of some acids (lysine, arginine, histidine, etc.) or
groups containing hydrogen (-NH, -OH and -SH) can
provide the required proton, i.e. the hydrogen bonds can be
formed during complex’s formation. This interaction should
result in the additional stabilization energy of complexes
[Oxazole:H-X] that are formed between oxazole molecules
and suitable fragments of biomolecules, where X is a N, O,
S atoms.

In our study, the donor centers were modeled by the
simplest molecules: methanol HO-CHs, methylamine
HoN-CH3 and methanethiol HS-CHs. Possible complexes of
the model bio-fragments with the 1,3-oxazoles 1-4 are
shown in Figure 3.

The model peptide fragment and oxazole cycle are
positioned perpendicularly. Moreover, the formation of
hydrogen bond should depends on the charge at the nitrogen
atom as well as on the relative position of the LEP (n-MO).
Calculation revealed that the #n-MO is localized near the
nitrogen atom, and it actively interacts with the c-orbital, as
it presented in Figure 4. n-MO is located directly below of
the frontier orbitals: HOMO-1. In the case of phenyl
derivatives, the local orbital (MOs localized only on phenyl
molecular fragment) are situated between the delocalized
HOMO and the n-MO. Nevertheless, the energy level of
n-MOs remains practically the same after every change in
the reference oxazole cycle. The calculated atomic charges
and n-MO energies are presented in Table 3.

M. Yu. Zhuravlova, N. V. Obernikhina, S. G. Pilyo et al.

Table 3. Charge at nitrogen atom (z) and n-MO energy (¢)
of substituted oxazoles 1-4.

Compd Rp R zeu n-MO
number g, eV
1 Me Me -0.457 HOMO-1 -10.63
2 Ph Me -0.454 HOMO-3 -10.69
3 Me Ph -0.491 HOMO-3 -10.70
4 Ph Ph -0.458 HOMO-5 -10.77

Table 3 shows that introducing of phenyl group in
position 2 slightly decreases a negative charge at the
nitrogen atom whereas the phenyl in position 5 causes the
opposite effect.

The energy of three complexes of the reference molecule
1 with three model compounds H-X-CHj; where X is a N, O,
S atoms as well as three complexes of one model bio-
fragment, H,N-CH3, with substituted 1,3-oxazoles 2-4 were
calculated and presented in Table 4.

It was found that the length of the hydrogen bond and the
binding energy depends on the chemical structure of both
components in the generated [Oxazole:H-X] complex.
Thus, the change of heteroatoms in a model bio-fragment
[H-B(X)] decreases the binding energy and, therefore, the
stabilization of the corresponding complex in series: X —
O, S, NH. The length of a hydrogen bond is shorter during
the interaction with —OH group, whereas the lengths of a
hydrogen bond with -NH, and —SH groups are essentially
the same.

The introduction of the phenyl substituents does not
change the length of hydrogen bonds in the corresponding
complex: In"...n = 2.01+ 0.01 A. Moreover, the binding
energy is considerably more sensitive to position of the
introduced phenyl groups as well as to the number of

Figure 3. Calculated geometry of 1,3-oxazole molecule 1-4 and model fragments of biomolecules: a) methanol; b) methanethiol;

¢) methylamine.
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Figure 4. Position and shape of frontier and nearest MOs in 1,3-oxazoles 1-4.

Table 4. Hydrogen bond energy of complex [Oxazole:H-X] with model methanol, methylamine, and methanethiol.

Complex Rp) Rs) X In-...H%, Energy (E), a.u. AEbinding’s
A Oxazole Complex keal/mole
[Oxazole 1:H-X] Me Me -0 1.838 -416.82554429 -532.52885310 -11.47
[Oxazole 1:H-X] Me Me -HN 2.252 -416.82554429 -512.66886008 -7.68
[Oxazole 1:H-X] Me Me -S 2.232 -416.82554429 -855.50852371 9.11
[Oxazole 2:H-X] Ph Me -0 1.989 -608.50292673 -724.20719212 -12.08
[Oxazole 3:H-X] Me Ph -0 2.018 -608.50246913 -724.20876140 -13.34
[Oxazole 4:H-X] Ph Ph -0 1.996 -800.18095074 -915.88462187 -11.70
H-O-CH;, -115.68502789
H-HN-CHj -95.831078854
H-S-CH; -438.66846361

An-...n is hydrogen bond length.
®AEpindging 1S binding energy.
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Table 5. Anticancer activity of synthesized compounds [22] model 1,3-oxazoles 2-4, and their theoretical characteristics.

Compd - H-bon . ..
P Re) Re) . ﬁstack . bo .d Anti-Cancer Activity [22], %
interaction interaction
. Non-Small Cell
Po Leukemia on-Small Ce
E, keal/mol Lung Cancer
RPMI-822
(RPMI-8226) (EKVX)
1 Me Me 0.472 -12.18 -9.11 - -
2 Ph Me 0.454 -12.44/10.9% -12.08 99.2 73.1
3 Me Ph 0.436 -12.7%/9.9¢ -13.34 79.3 94.3
4 Ph Ph 0.433 -11.6%/-7.9%/-7 4¢ -11.70 75.0 85.3

az-stack interaction according to Figure 2c¢. Pz-stack interaction according to Figure 2a. ¢z-stack interaction according to Figure b.

substituents. The maximum stabilization energy of complex
[Oxazole:H-X] (Table 4) reached when the 1,3-oxazole
contains phenyl group in position 2 (compound 2). The
introduction of second phenyl group (compound 4)
decreases binding energy so that two phenyl substituents in
positions 2 and 5 do not change the stability of the
[Oxazole:H-X] complex, in compare with the reference
molecule 1 (R; = R, = CHa).

The tendency of the quantum-chemical approaches
and the anticancer activity of oxazole derivatives 1-4.

The synthesized compounds 1-4 were screened for
anticancer activity in the 60 cell panel in accordance with
the protocol of the NCI, USA, under the Developmental
Therapeutic Program DTP [22]. Table 5 presents data from
anticancer activity of synthesized compounds [9, 22] and
their theoretical characteristics from quantum-chemical
model fragment-to-fragment approach.

As can be seen from Table 5, the oxazole derivatives 2-4
inhibits of cell line EKVX (Non-Small Cell Lung Cancer)
growth due to the formation of hydrogen bonds and stable
[Pharm-BioM] complexes with regulatory proteins, which
on the outer sphere have free residues of proton donor
amino acids.

The growth’s inhibition of cell line RPMI-8226
(Leukemia) happened due to the interaction with regulatory
proteins that occurs by zstack interaction of oxazole
derivatives 2-4 with regulatory proteins that have open
aromatic amino acid residues.

Conclusions

The theoretical analysis of the interaction of biologically
active phenyl-substituted 1,3-oxazoles in the framework of
the fragment-to-fragment approach (beside the spatial
complementarity of the interacted molecules, the
contribution of the stacking 7-7-electron interaction and
hydrogen bonds is taken into consideration) reviled that
introduction of conjugated phenyl groups into main
heterocyclic platform will not increase the stability of
generated complexes. The observed biological activity of
substituted 1,3-oxazoles 2-4 can be explained by the
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formation of additional bonds with other fragments
(conjugated phenyl core) during complex formation, so as
they do not cause the stearic hindrances with the
polypeptide chain.
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In silico pocnmimxenHs adiHHOCTI 3B’s3yBaHHS (eHuU3amilmeHHux 1,3-okca3oiiB 3
MOJIEKYJIaMU OUIKIB

M. 10. Xypasnwopa', H. B. O6epnixina’*, C. I. ITinso®, M. B. Kauaesa®, O. JI. Kauxochkuii’, B. C. Bposaper®

'Hayionanonuii ynisepcumem "Kueso-Mozunsucoka axademia”, eyn. I. Ckosopoou, 2, Kuie, 04070, Ykpaina.
’Hayionanshuii meouunuii ynisepcumem iveni O. O. Fozomonvys, 6yave. T. Illesuenxa, 13, Kuis, 01601, Ykpaina.
*Incmumym 6ioopeaniunoi ximii ma nagpmoximii in. B. I1. Kyxaps HAH Ykpainu, eyn. Mypmancwoka, 1, Kuis, 02094, Ypaiua.

Pestome: IlpencraBneHuid HOBMM modparMeHTHHMH MiAXil MoAemOBaHHSA B3aemonil ¢apmakodopiB 3 Oiomosiekynamu. lle HOBHI, HACTYNHHH KpOK
MOJIEKYJISIDHOTO MOJICIIOBAHHS, SKUl BpPAaxOBY€ HE TUIBKM IPOCTOPOBY BiAIOBIZHY KOMIUIEMEHTAPHICTh B3a€MOAIIOYMX MOJIEKYJ, ajle W BHECOK
7-€NIEKTPOHIB NPU CTEKIHTOBil B3a€MOAIl Ta n-eNEKTPOHIB NpH (OpPMyBaHHI BOJHEBMX 3B’S3KiB. SIK NPHMKIAJ, NPOBEACHO NOBHMUM aHaNli3 B3aeMOmil
OlosoriyHo akTMBHUX (eHin-3amimieHux 1,3-okca3o0iiB 3 OLIKOBUMHM MoOJeKynamMu. Byno moka3aHo, L0 JOBXKMHA Ta E€HEPris BOAHEBOTrO 3B SI3KY
OJTHO3HAYHO 3aJeXaTh BiJ XIMi4HOi KOHCTUTYLII 000X KOMIOHEHTIB B YTBOPEHOMY KOMIUIEKCI [@apmaxogop (okcaszon)-Biomonekyna(H-X)]. Enepris
3B’SI3KY peryJisipHo 3MeHnyersest y psai X — O, S, NH (dparmenTn BinnoBinHux Giomosekyi). BBeneHHs cnpsbkeHuX (EHIIBHUX TPYI B MOJOXKEHHS 2 Ta
5 okcazomy 30iblye CTaOiIbHICTh 3reHEpOBAaHOr0 KoMIulekCy @Papmarogop-Biomonekynra [Dapm-BioM] 3 GparMeHTaMu BiqmoBiqHUX OiOMOJIEKYJ 1O
sapy okcasona Ha 0.2 kxan/monb Ta 0.5 kkan/mons. [Ipu MonentoBaHHi yTBOpeHHs KOMIUieKey [@Papm-BioM] no ¢eHinbHuX 3aMicHuKax 1,3-okcazony B
MOJIOKEHHI 2 Ta 5 3 (eHinanaHiHOM K GpparMeHTOM OUIKOBHX MOJIEKYJ CIIOCTEpiraeTbcsi JOAATKOBA Horo cradimizanis Ha 2.5 KKan/MoJjb 3a MEXaHi3MOM
7-cTeKiHroBoi B3aemonii. Ckopimr 3a Bce, OiojoriuHa akTUBHICTH (eHUI- 3amilmeHunX 1,3-0kca3omiB, siKa CHOCTEPIraeThesi, MOB'A3aHAa 3 MOXKIIHMBICTIO
reHepyBaTu CTikuil Kommuieke [@apm-bioM] 3a paxyHOK YTBOPEHHS IOJATKOBUX 7-3B'A3KIB 3 IHIIMMHU (parMeHTaMu, IO MAlOTh KOH'IOTOBaHE SIpO.
Po3paxyHKH IIOKa3yIOTb, 0 TAKi 3aMiCHUKM HE BUKINKAIOTh IIPOCTOPOBHUX YTPYAHEHb 3 MOMIMENTHIHIMH MOJICKYTaMH.

KuarouoBi ciioBa: GionoriuHa adinHicTh, 1,3-0Kca301, KBAHTOBO-XIMIUHI pO3paxyHKH, KoMIuieKke [ @apm-bioM), m-cTeKkiHroBa B3a€MoIisi, BOJHEBI 3B 3KH.
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5-Substituted N-(9H-purin-6-yl)-1,2-o0xazole-3-carboxamides as xanthine
oxidase inhibitors
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Abstract: Synthetic 6-substituted purine derivatives are known to exhibit diverse bioactivity. In this paper, a series of N~(9H-purin-6-yl)-
1,2-oxazole-3-carboxamide derivatives were synthesized and evaluated in vitro against xanthine oxidase, an enzyme of purine catabolism.
The introduction of aryl substituent at position 5 of the oxazole ring was found to increase the inhibition efficiency. Some of the inhibitors
containing 5-substituted isoxazole and purine moieties were characterized by ICso values in the nanomolar range. According to the kinetic
data, the most active N-(9H-purin-6-yl)-5-(5,6,7,8-tetrahydronaphthalen-2-yl)-1,2-oxazole-3-carboxamide demonstrated a competitive type
of inhibition with respect to the enzyme-substrate. Molecular docking was carried out to elucidate the mechanism of enzyme-inhibitor
complex formation. The data obtained indicate that xanthine oxidase may be one of the possible targets for the bioactive purine
carboxamides.

Keywords: N-(9H-purin-6-yl)-1,2-oxazole-3-carboxamides, synthesis, bioactivity, xanthine oxidase.

Introduction

Purine derivatives are known to possess a range of
biological  properties as inhibitors of kinases,
sulfotransferases, phosphodiesterases, and other enzymes as
well as ligands of some proteins [1]. It was reported that
derivatives of 6-(N-benzoylamino)purine can be potent
inhibitors of bromodomain-containing protein 4 (BRD4),
which control the expression of genes related to
inflammation, apoptosis, and cell proliferation [2-3].
Structural analogs of this compound with bulky biaryl
substituent were found to be potential inhibitors of the
cytosolic 5'-nucleotidase II, which regulates intracellular
nucleotide pools and has been recognized as a therapeutic
target for hematological cancers [4]. At the same time,
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6-(N-benzoylamino)purine was described as an inhibitor of
the purine catabolizing enzyme, xanthine oxidase [5]. This
enzyme catalyzes the oxidation of hypoxanthine and
xanthine to uric acid with the generation of superoxide
radicals. The increased wuric acid levels lead to
hyperuricemia and gout, and overproduction of superoxide
radicals and other reactive oxygen species can promote
chronic inflammatory and cardiovascular diseases, cancer,
and diabetes [6].

The inhibitors of xanthine oxidase can be represented by
two groups, which include purine derivatives [7-8] and non-
purine compounds. The purine analog allopurinol is widely
used in clinical practice [9]. More effective non-purine
inhibitors of xanthine oxidase have also been developed,
such as derivatives of imidazole [10], pyrazole [11],
isoxazole [12], selenazole [13], and thiazole [14]. Among
them, febuxostat, with inhibition constants in the nanomolar
range, was approved for the treatment of hyperuricemia and
gout [15]. However, allopurinol and febuxostat are known
to induce side effects [9, 16], and there is thus interest in
new bioactive compounds targeting xanthine oxidase.

Introducing isoxazole fragment into organic molecules is
considered as a strategy for designing bioactive compounds
with anticancer, antimicrobial, anti-inflammatory, and other
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activities [17, 18]. Many of such compounds are
represented by 3,5-substituted isoxazoles bearing other
heterocyclic rings [19]. As an example, the hybrid
molecules containing isoxazole, purine, and coumarin
moieties were synthesized and tested in vitro as antioxidants
and enzyme inhibitors [20]. In this paper, we synthesized
substituted isoxazole-purine conjugates structurally similar
to bioactive 6-(N-benzoylamino)purine. The 5-substituted
derivatives of N-(9H-purin-6-yl)-1,2-oxazole-3-carboxami-
des were evaluated in vitro as inhibitors of xanthine
oxidase.

Results and discussion

The synthesis of S5-substituted isoxazole acids was
carried out using known synthetic methods [21] by the
reaction of commercially available ketones with diethyl
oxalate in the presence of sodium ethoxide [22]. The
synthetic route included cyclization of ethyl 2,4-di-
oxobutanoates into ethyl isoxazole-3-carboxylates by the
addition of hydroxylamine hydrochloride in ethanol at
reflux [23] followed by saponification of the ester function
with sodium hydroxide in ethanol. Corresponding acyl
chlorides 3a-g were synthesized in the reaction of the
isoxazole acids and thionyl chloride in benzene and used
without purification in acylation of adenine (1) or 8-amino-
quinoline (2) (Scheme 1). All compounds were obtained in
moderate to good yield. After crystallization of the crude
products, the compounds 4a-g and 5f were characterized by
"H NMR, IR spectra, and MS.

The inhibition activities of compounds 4a-g against
xanthine oxidase were assayed by monitoring the rate of
enzymatic conversion of xanthine to uric acid. The ICs
values were defined as the concentration of the tested
compound causing 50% inhibition of the enzyme with
50 uM xanthine as a substrate [24]. Allopurinol and
6-(N-benzoylamino)purine were used as reference
inhibitors. Given the potential interest of the structures
containing isoxazole and purine moieties, compound 4f was
also evaluated in vitro against purine nucleoside
phosphorylase, however, no effect was observed on this

enzyme.

Experimental data (Table 1) showed that compounds 4a
with 5-methyl-1,2-oxazole fragment displayed slightly
decreased inhibitory activity as compared with
6-(N-benzoylamino)purine. The introduction of the
aromatic group at S-position of the isoxazole ring
substantially increased the inhibitory potency of compounds
4b and 4e. Further increasing of xanthine oxidase inhibition
was observed in the case of methyl or methoxy substituent
at para-position of the phenyl ring of inhibitors 4¢ and 4d,
respectively. Modification of the isoxazole ring by
tetrahydronaphthalene fragment led to significant enzyme
inhibition by compound 4f with ICsy value of 14 nM which
is approximately 280-fold more effective than that of
allopurinol. Compound 4g with more hydrophilic
benzodioxinyl substituent demonstrated lower inhibitory
potency. The importance of the purine part of the hybrid
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molecules in the inhibition mechanism was supported by
compound 5f which showed no activity.

Table 1. Xanthine oxidase inhibitory activity of N-(9H-
purin-6-yl)-1,2-oxazole-3-carboxamides 4a-g.

Compound ICso, uM?
6-(N-benzoylamino)purine 0.55+0.04
4a 0.75+0.18

4b 0.074+0.011

4c 0.048+0.013

4d 0.037+0.002

4e 0.078+0.011

4f 0.014+0.004

4g 0.044+0.003
Allopurinol 4.03+0.27

“ICs values were calculated as the mean of 2-3 assays =+ standard
deviation.

Kinetic studies were performed for the most active
compounds 4f at different concentrations of substrate and
the inhibitor to characterize the mechanism of inhibition.
The double reciprocal Lineweaver-Burk plots indicated a
competitive type of inhibition (Figure 1). This reveals that
the inhibitor interacts with free enzyme competing with the
substrate for the binding site. The calculated K; value for
compound 4f was 7.46 + 0.36 nM. It is known that
allopurinol in complex with xanthine oxidase provides
electron transfer to molecular oxygen with a generation of
superoxide, but 6-(N-benzoylamino)purine does not exhibit
such effect [5]. Compound 4f was also not able to generate
superoxide radical that was confirmed by a test with
xanthine oxidase and reduced 2,6-dichlorophenolindo-
phenol, controlled by absorbance at 605 nm. This result
suggests that the purine part of the inhibitor with bulky
S-substituted isoxazole fragment is located near the
molybdopterin center without electron transfer.
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Figure 1. Lineweaver-Burk plots for inhibition of xanthine
oxidase by compound 4f. The inhibitor concentrations were 0 (o),
5nM (e), 10 nM (O), and 15 nM (A).
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Scheme 1. Synthesis of N-(9H-purin-6-yl)-1,2-oxazole-3-carboxamides 4a-g and compound 5f.

To elucidate the possible mechanism of the enzyme-
inhibitor complex formation, computer modeling was
performed. Molecular docking calculations using a
modified version of Autodock 4.2 [25] showed that the
N-T-protonated tautomer of purine inhibitor can be
preferred for the formation of the enzyme-inhibitor
complex. The calculated docking energy for N-7- and
N-9-protonated tautomeric forms of compound 4f were
-9.09 kcal/mol and -8.02 kcal/mol, respectively. The
docking results (Figure 2) showed that two NH groups of
N-T-protonated tautomeric form participate in the formation
of hydrogen bonds with carboxylate group of Glu802 which
can be involved in protonation of the enzyme-substrate
[26,27]. At the same time, HOHI1365 provides the
interaction of N-9 atom of the purine ring of the inhibitor
with Glul261 which can act as a general base in the
enzymatic reaction [28]. Purine fragment of the inhibitor is
also stabilized by aromatic-aromatic interaction with
Phe914 and Phel009. The isoxazole ring can form
hydrophobic and van der Waals contacts with Leu873 and
Vall011. Tetrahydro-naphthalene substituent  shows
aromatic-sigma interaction with Vall0ll as well as
hydrophobic and van der Waals contacts with His875 and
Phe649 at the site exit.

Figure 2. Possible binding mode of inhibitor 4f in the active site
of bovine milk xanthine oxidase.
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Conclusions

In the present paper, 5-substituted N-(9H-purin-6-yl)-1,2-
oxazoles were synthesized, and their inhibitory properties
were evaluated in vitro against xanthine oxidase. The
incorporation of a nonpolar bulky substituent at the
isoxazole ring provided a better binding affinity to the
enzyme active site. The most active compound, N-(9H-
purin-6-yl)-5-(5,6,7,8-tetrahydronaphthalen-2-yl)-1,2-oxa-
zole-3-carboxamide, was a competitive inhibitor of the
enzyme with an inhibition constant in the nanomolar range.
These data are helpful to consider xanthine oxidase as one
of the possible targets for isoxazole-containing purine
derivatives with diverse bioactivity.

Experimental section

The xanthine oxidase from bovine milk, bacterial purine
nucleoside phosphorylase and xanthine were purchased
from Sigma-Aldrich. Spectrophotometric measurements
were performed on a Specord M-40. NMR spectra were
obtained on a Bruker Avance DRX-500 instrument (‘H,
500 MHz) in a solution of DMSO-ds relative to internal
TMS. The IR spectra were recorded on a Vertex 70
spectrometer from KBr pellets. The melting points were
determined on a Fisher-Johns instrument. The LC/MS
spectra were recorded on an Agilent 1100 series high-
performance liquid chromatograph equipped by a diode
matrix with an Agilent LC/MSD SL mass selective
detector. The LC/MS parameters were set as follows:
column, Zorbax SBC18 1.8 um, 4.6x15 mm (PN 821975-
932); solvents A, acetonitrile-water mixture (95:5), 0.1%
trifluoroacetic acid and B, 0.1% aqueous trifluoroacetic
acid; eluent flow rate, 3 ml/min; injection volume, 1 pl;
UV detection, 215, 254, 265 nm; atmospheric-pressure
chemical ionization (APCI) was used; scanning range, m/z
80-1000.
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Synthesis

General procedure for the acylation of adenine

A suspension of adenine (1) or 8-aminoquinoline (2)
(7.4 mmol) and corresponding acyl chloride (8 mmol) in
pyridine (10 ml) was mixed at room temperature and then
heated under reflux for 4 hours. The reaction mixture was
cooled and water (20 ml) was added, the precipitate was
filtered, washed with ethanol (5 ml). All the products 4a-g
and S5f were purified by recrystallization from a mixture of
DMF and water (1:1).

6-(N-Benzoylamino)purine was synthesized as described
previously [29].

Yield 86%, mp 242-242.5°C [29]. IR (KBr) v 1521,
1552, 1581, 1599, 1621, 1686, 3256, 3369. 'H NMR (500
MHz, DMSO-ds) 6 7.56-7.65 (m, 3H), 8.03-8.15 (m, 2H),
8.51 (s, 1H), 8.75 (s, 1H), 11.09 (brs, 0.1H, NH), 11.52
(br s, 0.9H, NH), 12.37 (br s, 0.9H, NH), 13.47 (brs, 0.1H,
NH). LC/MS (CI) m/z 240,2 (M+H)". Anal. Calcd. for
Ci2HoN;sO: C, 60.25; H, 3.79; N, 29.27. Found: C, 60.13;
H, 3.81; N, 29.19.

5-Methyl-N-(9H-purin-6-yl)-1,2-oxazole-3-carboxamide
(4a).

Yield 60%, mp 270-271°C. IR (KBr) v 1556, 1597,
1632, 1704, 2900, 3111, 3215. 'H NMR (500 MHz,
DMSO-dg) 62.35 (s, 3H), 7.40 (s, 1H), 8.52 (s, 1H), 8.74 (s,
1H), 11.00-12.25 (brs, 1H, NH), 12.25-14.00 (brs, 1H,
NH). LC/MS (CI) m/z 245.2 (M+H)". Anal. Calcd. for
Ci0HsN6O2: C, 49.18; H, 3.30; N, 34.41. Found: C, 49.02;
H, 3.05; N, 34.23.

3-Phenyl-N-(9H-purin-6-yl)-1,2-oxazole-5-carboxamide
(4b).

Yield 91%, mp 256-257 °C. IR (KBr) v 1526, 1627,
1713, 3341. '"H NMR (500 MHz, DMSO-dg) 6 7.50-7.65 (s,
4H), 7.90-8.00 (m, 2H), 8.55 (s, 1H), 8.75 (s, 1H), 10.95-
11.40 (brs, 0.2H, NH), 11.40-12.00 (brs, 0.8H, NH),
12.30-12.80 (br s, 0.8H, NH), 13.30-13.90 (br s, 0.2H, NH).
LC/MS (CI) m/z 307.3 (M+H)". Anal. Calcd. for
CisH10NeOs: C, 58.82; H, 3.29; N, 27.44. Found: C, 58.64;
H, 3.18; N, 27.23.

5-(4-Methylphenyl)-N-(9H-purin-6-yl)-1,2-oxazole-3-
carboxamide (4c).

Yield 86%, mp 255-256 °C. IR (KBr) v 1523, 1559,
1610, 1718, 3354. 'H NMR (500 MHz, DMSO-d¢) & 2.37
(s, 3H), 7.37 (d, J 7.3, 2H), 7.51 (s, 1H), 7.84 (d, J 7.3, 2H),
8.54 (s, 1H), 8.75 (s, 1H), 10.80-12.10 (brs, 1H, NH),
12.10-13.00 (br s, 1H, NH). LC/MS (CI) m/z 321.3 (M+H)".
Anal. Calced. for C;¢H2NgO,: C, 60.00; H, 3.78; N, 26.24.
Found: C, 60.01; H, 3.54; N, 26.21.

5-(4-Methoxyphenyl)-N-(9H-purin-6-yl)-1,2-oxazole-3-
carboxamide (4d).

Yield 86%, mp 265-266 °C. IR (KBr) v 1468, 1508,
1552, 1610, 1704, 3128, 3366. 'H NMR (500 MHz,
DMSO-de) 53.83 (s, 3H), 7.11 (d, J 7.3, 2H), 7.46 (s, 1H),
7.89 (d, J 7.3, 2H), 8.56 (s, 1H), 8.76 (s, 1H), 10.90-11.10

(br s, 0.2H, NH), 11.50-11.80 (br s, 0.8H, NH), 12.40-12.70
(br s, 0.8H, NH), 13.40-13.70 (br s, 0.2H, NH). LC/MS (CI)
m/z 337.4 (M+H)". Anal. Calcd. for Ci6Hi2N6Os: C, 57.14;
H, 3.60; N, 24.99. Found: C, 57.01; H, 3.34; N, 25.68.

N-(9H-Purin-6-yl)-5-(thiophen-2-yl)-1,2-oxazole-3-
carboxamide (4e).

Yield 86%, mp 252-253 °C. IR (KBr) v 1505, 1524,
1557, 1608, 1628, 1666, 1718, 3107, 3367. 'H NMR (500
MHz, DMSO-d¢) & 7.24-7.32 (m, 1H), 7.40 (s, 1H), 7.80-
7.86 (m, 1H), 7.86-7.92 (m, 1H), 8.55 (s, 1H), 8.75 (s, 1H),
11.00-11.30 (br s, 0.2H, NH), 11.50-11.90 (br s, 0.8H, NH),
12.35-12.75 (brs, 0.8H, NH), 13.40-13.70 (br s, IH, NH).
LC/MS (CI) m/z 3124 (M+H)". Anal. Caled. for
C13HsNgO5S: C, 50.00; H, 2.58; N, 26.91. Found: C, 49.88;
H, 2.13; N, 26.67.

N-(9H-Purin-6-yl)-5-(5,6,7,8-tetrahydronaphthalen-2-
yl)-1,2-oxazole-3-carboxamide (4f).

Yield 86%, mp 229-230 °C. IR (KBr) v 1523, 1621,
1714, 2932, 3359. '"H NMR (500 MHz, DMSO-d¢) & 1.65-
1.80 (m, 4H), 2.70-2.85 (m, 4H), 7.21 (d, J 8.4, 1H), 7.42
(s, 1H), 7.62 (br s, 2H), 8.47 (s, 1H), 8.69 (s, 1H), 10.50-
13.50 (brs, 0.5H partially in exchange). LC/MS (CI) m/z
361.4 (M+H)". Anal. Calcd. for Ci9Hi¢NegO2: C, 63.33;
H, 4.48; N, 23.32. Found: C, 63.17; H, 4.21; N, 23.27.

5-(2,3-Dihydro- 1,4-benzodioxin-6-yl)-N-(9H-purin-6-yl)-
1,2-oxazole-3-carboxamide (4g).

Yield 86%, mp 269-270 °C. IR (KBr) v 1506, 1556,
1576, 1624, 1716, 3127, 3356. 'H NMR (500 MHz,
DMSO-d¢) 6 4.27-4.35 (m, 4H), 7.02 (d, J 8.1, 1H), 7.40-
7.50 (m, 3H), 8.55 (s, 1H), 8.75 (s, 1H), 10.95-11.15 (brs,
0.2H, NH), 11.50-11.75 (br s, 0.8H, NH), 12.40-12.65 (br s,
0.8H, NH), 13.45-13.65 (br s, 0.2H, NH). LC/MS (CI) m/z
365.4 (M+H)". Anal. Calced. for Ci;7H12NgO4: C, 56.05;
H, 3.32; N, 23.07. Found: C, 56.10; H, 3.11; N, 23.14.

N-(Quinolin-8-yl)-5-(5, 6, 7,8-tetrahydronaphthalen-2-yl)-
1,2-oxazole-3-carboxamide (5f).

Yield 78%, mp 166-167 °C. IR (KBr) v 1498, 1577,
1615, 1729, 2937, 3129, 3411. 'H NMR (500 MHz,
DMSO-d¢) 6 1.65-1.75 (m, 4H), 2.7-2.85 (m, 4H), 7.18-
7.77 (m, 7H), 8.44 (d, J 8.4, 1H), 8.71 (d, J 7.5, 1H), 8.98
(d, J 3.9, 1H), 10.95 (s, 1H, NH). LC/MS (CI) m/z 370.3
(M+H)". Anal. Calcd. for C23Hi19N3O,: C, 74.78; H, 5.18;
N, 11.37. Found: C, 74.55; H, 5.05; N, 11.13.

Inhibition of xanthine oxidase

The enzymatic reaction was studied in sodium phosphate
buffer (50 mM, pH 7.4) at 25 °C. The mixture contained
xanthine (50 M), inhibitor (from 2.5 nM to 50 uM), EDTA
(0.1 mM), and 1% DMSO was incubated for 5 min and the
reaction was initiated by addition of xanthine oxidase. The
enzyme concentration was 0.008 units/mL. The reaction
rate was monitored by the change in optical density at
293 nm. The ICso values were calculated from the plot of
the inhibition percentage against inhibitor concentrations.



Purine nucleoside phosphorylase test

The reaction mixture contained sodium phosphate buffer
(0.1 M, pH 7.4), guanosine (0.1 mM), bacterial purine
nucleoside phosphorylase (0.071 units/mL), inhibitor
(50 puM), EDTA (0.1 mM) and 0.5% DMSO. The
enzymatic reaction was investigated at 25 °C. The reaction
rate was monitored by the change in optical density at
258 nm.

Reduction of 2,6-dichlorophenolindophenol

The reaction mixture contained 100 mM sodium
phosphate buffer (pH 7.4), 15 uM 2,6-dichlorophenol-
indophenol, and 10 pM xanthine or inhibitor. The reaction
was initiated by the addition of xanthine oxidase
(0.008 units/mL) to the reaction mixture and the absorbance
change was monitored at 605 nm.

Molecular docking

The docking simulation was performed to analyze the
probable binding mode of inhibitors at the active site of
xanthine oxidase by using a modified version of
AutoDock 4.2 [25]. The inhibitors were docked into the
active site of xanthine oxidase using chain C (PDB code
3B9J) [30]. Before the docking calculations, other chains,
ligand (2-hydroxy-6-methylpurine), and water molecules,
with the exception of important for catalytic mechanism
HOH1365 [31], were removed from the initial structure of
the enzyme. The oxygen atom of the molybdopterin
cofactor was replaced on a water molecule HOH1334. The
structures of inhibitors were converted into three-
dimensional ones and optimized in the MMFF94s force
field by using program Avogadro [32]. AutoDock Tool
(MGLTools 1.5.6) was used to prepare the docking files.
The constraint position for the Cs atom of the purine
fragment was added to docking parameter files using the
ATPOSCONSTR keyword [25]. A ligand's atom number
from PDBQT file and its constrained coordinates (-57.055,
-18.200 and 19.928 for x, y, and z, respectively) were
included in this parameter with a maximal allowed distance
of 3 A. The Lamarckian genetic algorithm was applied to
search for the optimum binding pose of the ligands [33].
The analysis of the binding mode of the inhibitors was
performed using Discovery Studio 3.5 visualizer.
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5-3amimeni N-(9H-nypun-6-i1)-1,2-okcazon-3-kapOokcaMiy K 1HT101TOpH
KCAaHTHHOKCH/IA3H

O. B. My3uuxka, O. JI. Ko6zap, O. B. Illadnukin, B. C. BpoBapeus, A. 1. Bopk*

Incmumym 6ioopeaniunoi ximii ma nagpmoximii im. B.I1. Kyxaps HAH Ykpainu, eyn. Mypmanceka, 1, Kuis, 02094, Vkpaina

Pestome: V¥ 11iii poOOTIi HAMM CHHTE30BaHO cepito NOXigHUX N-(9H-nmypun-6-i1)-1,2-0kca3oi-3-kapOoKcamisy Ta OLiHEHO X iHri0yBaJbHY 34aTHICTH LIOJ0
KCaHTHMHOKCHJIa3h, (PEpMEHTY IypHHOBOro katabosismy. CHHTE3 S5-3aMilICHMX 130KCAa30JIKAPOOHOBMX KHCIIOT 3HiHCHEHO 3a JONOMOrOI BiOMHX
CHHTETHYHHUX MeTOAIB. Iy alMIOBaHHA aJ€HIHY BUKOPUCTOBYBAJIM BiJOBIJHI alMUIXJIOPUIM, OTPUMAHI PEAKIi€l0 130KCa30JIKapOOHOBUX KHCIOT 3
TIOHUIXJIOPUIOM. 32 pe3yNbTaTaMH AOCIIDKEHb in Vitro HasBHICTh ()EHIIBHOIO 3aMICHUKA B MOJIOKEHHI 5 OKCA30JbHOTO KiJbld MiABUILYE e(EKTUBHICTh
iHriOyBaHHS KCaHTMHOKcHasu. Ilonmanbiie 3pocTaHHs iHriOyBaJbHOrO BIUIMBY CIIOCTEPIrajocs IMpPU BBEACHHI METHIbHOI a0 METOKCU-TPYNH B napa-
MOJIOKEHHS (eH1IBbHOro Kinbls. Jleski 3 iHri0iTopiB, MO MICTATH S-3aMillieH] 130KCa30JI0Bi Ta IypHHOBI (PparMeHTH, XapaKTepU3yBaalCh HAHOMOJSIPHUMH
3HaueHHAMHU [Cso. 3riiHO KIHETUYHUX AaHUX, HAHOUTbI akTUBHUN N-(9H-mypun-6-i1)-5-(5,6,7,8-Terparinponadranen-2-in)-1,2-okcazon-3-kapookcamin
JIEMOHCTPYBaB KOHKYPEHTHHUIH THI iHTiOyBaHHS 11070 CyOcTpaTy 3 KOHCTaHTOI iHriOyBaHHsa 7,46 + 0,36 HM. [{ns 3’sicyBaHHS MexaHi3My (OpPMyBaHHS
KOMIUIEKCY (epMeHT-iHri0iTop Oyino MpOBEIEHO MOJICKYIAPHUI NOKIHr. PedynbraTm MopenmoBaHHS mokaszamu, mo N-7-tayromepHa ¢opma iHridiropa
Moxe 3abe3neuyBati GopMyBaHHS BOIHEBUX 3B’s3KiB, rigpooOHuX i Ban-nep-BaanbcoBuX KOHTaKTIB Ta JOHOPHO-aKLENTOPHUX B3aeMoAid. OTpumaHi
pe3yJIbTaTH BKa3ylOTh Ha T€, 110 KCAHTUHOKCHA3a MOXKE OyTH OZIHIEI0 3 MOKJIMBHUX MillIeH el U1 010aKTUBHUX KapOOKCAMITHUX MOXIJHUX Iy PUHY.

Kuarouoi ciioa: N-(9H-mypun-6-in)-1,2-okca3omn-3-kapOokcamiau, cuHTe3, 610aKTUBHICTh, KCAHTUHOKCHA3a.

25


http://cccc.uochb.cas.cz/61/3/0389/
http://cccc.uochb.cas.cz/61/3/0389/
http://cccc.uochb.cas.cz/61/3/0389/

ISSN 1814-9758. Ukr. Bioorg. Acta, 2020, Vol. 15, N 1
UDC 547.756 + 547.812 + 547.816.8
DOI: hpps://doi.org/10.15407/bioorganica2020.01.026

Ukrainica Bioorganica Acta

www.bioorganica.org.ua

RESEARCH ARTICLE

Three-component cyclization as an approach to a combinatorial library
of 2H-spiro-[chromeno[2,3-c]pyrrole-1,3'-indoline]-2',3,9-triones
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Abstract: A versatile and efficient three-component cyclization of methyl 4-(o-hydroxyphenyl)-2,4-dioxobutanoates 1, N-substituted
isatins 2, and primary amines 3 was explored to synthesize of 2H-spiro[chromeno[2,3-c]pyrrole-1,3'-indoline]-2',3,9-triones. We obtained
a library of 122 derivatives with an indolin-2-one motif as an important structural fragment in natural alkaloids. This method is a practical
and useful strategy for constructing dihydrochromeno[2,3-c]pyrrole-3,9-diones. Most of the obtained products also have functional
groups for easy and further diversification by classical reactions.

Keywords: isatin, multicomponent reactions, chromenes, combinatorial library.

Introduction

The synthesis of privileged heterocyclic compounds has
become one of the prime areas of research in the field of
synthetic and medicinal chemistry as most of the
compounds with biological activity are derived from
heterocyclic structures [1, 2].

Natural products are important privileged scaffolds that
serve as important, biologically pre-validated platforms for
the design of compound libraries in the search for new drug
candidates [3]. The structural motif of indolin-2-ones is an
important scaffold for medicinal chemistry and can be
found in many naturally occurring compounds related to
indole alkaloids [4]. Spirocyclic indolenines have
significant therapeutic potential, and these structural motifs
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are present in a number of biologically active natural
products. Examples of such spiro[indoline-3,2'-pyrroles] are
Horsfiline [5], Coerulescine [6], and Elacomine [7] as well
as polyfused Spirotryptostatin A [8] and Strychnofoline [9]
(Figure 1).

R

N (-)-Horsfiline (R = OMe)
Me  Coerulescine (R = H)

Elacomine

Spirotryptostatin A Strychnofoline

Figure 1. Examples of natural compounds with indolin-2-one
motif.
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The most numerous representatives of polyfused indolin-
2-ones are spiro[indoline-3,6'-pyrano[3,4-f]indolizins]. The
members of this group differ mostly in the configuration of
specific asymmetric centers (like alkaloids Mitraphylline,
Formosanine, and Pteropodine, Figure 2) and the presence
of substituents in the benzol ring (e.g., mono- and
dimethoxy derivativs Vinerine and Elegantissine
(Herboxine) [10].

According to the literature, spiro[indoline-3,6'-pyrano-
[3,4-flindolizin] alkaloids are widely represented in plants
that have long been used in traditional medicine [11, 12]. It
is not surprising therefore that according to the recent data,
these and similar structures can find practical use in
medicine. For example, Pteropodine has manifested
antigenotoxic, antioxidant and lymphocyte induction effects
[13], while Mitraphylline has shown anti-inflammatory
activity [14]. Several synthetic spiroheterocycles containing
both indole and pyran heterocycles possess anticonvulsant
and analgesic [15], antimicrobial [16], and herbicidal
activities [17].

COOMe

Elegantissine
(Herboxine)

Figure 2. Examples of natural spiro[indoline-3,6"-pyrano[3,4-f]-
indolizin] alkaloids.

In most cases, the synthesis of these compounds is a
challenging task comprising of multiple synthetic steps
[18]. One of the main goals of modern synthetic organic
chemistry is the rapid construction of target drug-like
compound libraries, characterized by several important
features, for example, the complexity and variety of
molecules, high variability, and easy access from relatively
simple and commercially available reagents.

Results and Discussion

In our previous works, several examples of 1,2-
dihydrochromeno[2,3-c]pyrrole-3,9-diones were obtained in
a three-component condensation of methyl 4-(o-hydroxy-
phenyl)-2,4-dioxobutanoate with aromatic aldehydes and
heterocyclic amines [19] or aromatic amines [20], aliphatic
amines [21] (Scheme 1). Alternative routes to the synthesis
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of  2-phenyl-5,6-dihydropyrano[2,3-c]pyrrole-4,7-diones
[22] and 1-aryl-2-[2-(dimethylamino)ethyl]-1,2-dihydro-
chromeno[2,3-c]pyrrole-3,9-diones  [23] were  also

developed.
OH o
+ — ‘ N—R
OMe
lo) Ar

O O

PN

Ar

H,N-R

Scheme 1. Synthesis of 1,2-dihydrochromeno[2,3-c]pyrrole-3,9-
diones (previous work).

Only two examples of 1,2-dihydrochromeno[2,3-
c]pyrrole-3,9-dione spiro derivatives were obtained in our
previous research when N-methylisatin was used as the
carbonyl component [24].

The goal of the present research was to study a one-pot
three-component condensation of methyl 4-(o-hydroxy-
phenyl)-2,4-dioxobutanoate, N-substituted isatins, and
primary amines, as well as the applicability of this reaction
in the combinatorial synthesis. The utility and scope of this
method were tested on a wide range of commercially
available substrates.

The substrate scope in this condensation was
subsequently explored by employing various methyl 4-(o-
hydroxyphenyl)-2,4-dioxobutanoates 1{/-5} (5 examples)
with N-substituted isatins 2{/-8} (8 examples), and primary
amines 3{/-24} (24 -examples) (Scheme 2). The
representative substrates — methyl 4-(o-hydroxyphenyl)-2,4-
dioxobutanoates (1{/-5}), N-substituted isatins 2{/-8}, and
primary amines 3{/-24} are listed in Figure 3.

Scheme 2. The l-aryl-1,2-dihydrochromeno[2,3-c]pyrrole-3,9-
dione 4 library generation.

First, the compatibility of different N-substituted isatins
and primary amines in the present transformation was
examined. To our delight, a wide range of alkyl groups in
the case of N-substituted isatins, including methyl, ethyl,
propyl, butyl, allyl, and benzyl, were well compatible in this
transformation. It should be mentioned that the substituted
primary amines were also suitable for the transformation,
and synthesis of 2H-spiro[chromeno[2,3-c]pyrrole-1,3'-
indoline]-2',3,9-triones was conducted in MeOH (for
3{1-10, 13-15, 24}), EtOH (for 3{/1}), i-PrOH (for 3{/2})
at 35-40 °C, or acetic acid (for 3{/6-23}) under reflux.
Methyl  4-(o-hydroxyphenyl)-2,4-dioxobutanoates ~ with
methyl, chloro, and fluoro substituents were also tolerated
in this one-pot three-component procedure. As the
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Figure 3. Scope of 4-(2-hydroxyphenyl)-2,4-dioxobutanoates 1{/-5}, isatins 2{/-/3} and primary amines 3{/-24}.

result, spiro[chromeno[2,3-c]pyrrole-1,3'-indoline]-2',3,9-
triones (87% success rate) with good purity ( > 95%
according MS) (Table 1). In most cases, the yields were in
the range of 48-81%, and for more than 50% of the
representative set, the yield was over 70%.

'"H NMR spectra of products 4 corresponded to the
proposed structures. However, because the skeleton of the
molecules is complex, '*C NMR spectra were also
measured to prove the structure of the compounds, and for

several compounds, COSY, HMBS, and HSQC
experiments were performed.
(6] O—Me (6]
N 2
ot 5
67.5 F 67.8
8.05 M\ 1703 "\ 16909
Me 3.36 144N Me

4{1-1-10} 4{4-2-13}

Figure 4. Important HMBC correlations for 4{/-1-10} and
4{4-2-13}.

In 3C NMR spectra of library members 4{/-1-10} and
4{4-2-13}, signals at 163.0-163.1 ppm are attributed to the
C-3 atom, signals at 171.3 and 172.1 ppm are attributed to
the C-9 atom and signals at 169.9-170.3 ppm are attributed
to the C-2' atom. Carbon atom at 67.5, and 67.8 ppm
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assigned to spirocarbon of pyrrole-1,3'-indoline moiety.
Figure 4 shows the assignments and the most important
HMBC correlations for 4{/-7-10} and 4{4-2-13} between
signals in the '*C NMR spectra (blue) and 'H NMR spectra
(green) upon which the assignments were based (red
arrow).

The IR spectra of products 4 contain fairly intense
absorption bands of carbonyl groups at 1735-1715 cm™ and
1670-1660 cm’!, as well as rather an intensive absorption of
the unsaturated fragments conjugated with them, at
approximately 1610 cm™.

Conclusions

In conclusion, we have developed an efficient protocol
for the rapid synthesis of 2H-spiro[chromeno[2,3-c]pyrrole-
1,3'-indoline]-2',3,9-triones using N-substituted isatins and
primary amines in a one-pot three-component cyclo-
condensation. This protocol was found to be compatible
with a wide range of substituents and paves the way for the
practical synthesis of 2H-spiro[chromeno[2,3-c]pyrrole-
1,3'-indoline]-2',3,9-triones with a broad range of
substituents under mild conditions.
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Table 1. Scope of the products 4.

4{1-1-1} 4{1-1-21} 4{1-3-5} 4{1-5-8} 4{2-1-13} 4{2-7-10} 4{3-1-13} 4{3-5-10} 4{4-5-9}
4{1-1-3} 4{1-1-22} 4{1-3-7} 4{1-5-9} 4{2-2-13} 4{2-7-12 4{3-2-9} 443-5-12} 4{4-5-10}
4{1-1-4} 4{1-1-23} 4{1-3-8} 4{1-5-10} 4{2-3-7} 4{2-7-13} 4{3-2-10} 4{3-5-13} 4{4-5-12}°
4{1-1-5} 4{1-2-4} 4{1-3-9} 4{1-5-11} 4{2-3-10}* 4{2-7-17} 4{3-2-12} 4{4-1-5} 4{4-5-21}
4{1-1-6} 4{1-2-5} 4{1-3-10} 4{1-5-12} 4{2-3-9} 4{2-7-18}* 4{3-2-13} 4{4-1-10} 4{5-1-21}*
4{1-1-7} 4{1-2-7} 4{1-3-13} 4{1-5-13} 4{2-3-13} 4{2-7-19} 4{3-3-7}2 4{4-1-12} 4{5-2-5}
4{1-1-8} 4{1-2-8) 4{1-3-11} 4{1-5-17} 4{2-3-17} 4{2-7-20}* 4{3-3-9} 4{4-2-10} 4{5-3-17}»
4{1-1-9} 4{1-2-9} 4{1-3-12} 4{1-6-4}* 4{2-5-7} 4{2-7-21} 4{3-3-10} 4{4-2-12} 4{5-5-53
4{1-1-10}% 4{1-2-10} 4{1-3-24}° 4{1-6-11} 4{2-5-8) 4{2-7-22} 4{3-3-12} 4{4-2-13} 4{5-5-7}
4{1-1-11} 4{1-2-11} 4{1-4-11} 4{1-6-17} 4{2-5-9} 4{3-1-7} 4{3-3-13} 4{4-3-10} 4{5-5-19}
4{1-1-12} 4{1-2-12} 4{1-4-24}° 4{2-1-7} 4{2-5-10} 4{3-1-8) 4{3-3-21} 4{4-3-12} 4{5-5-23}
4{1-1-13} 4{1-2-13} 4{1-5-2} 4{2-1-8) 4{2-5-12} 4{3-1-9} 4{3-5-8} 4{4-3-13} 4{5-6-6}
4{1-1-14} 4{1-2-22}° 4{1-5-5} 4{2-1-10} 4{2-5-13}* 4{3-1-10}* 4{3-5-9} 4{4-3-16} 4{5-8-10}
4{1-1-15} 4{1-3-4} 4{1-5-7} 4{2-1-12} 4{2-7-9}

2The method of the synthesis, physicochemical properties, NMR and LCMS spectra are described in the experimental section.

Experimental section

The solvents were purified according to the standard
procedures. All starting materials such as substituted methyl
4-(o-hydroxyphenyl)-2,4-dioxobutanoates, ~ N-substituted
isatins, and primary amines were obtained from Enamine,
Ltd. All materials were purchased from commercial sources
and used without further purification. The success rate was
calculated as the number of successful experiments divided
by the total number of experiments. '"H NMR spectra were
recorded on a Varian VXR-300 spectrometer (300 MHz)
or Bruker 170 spectrometer (500 MHz) and
13C NMR spectra were recorded at Bruker 170 spectrometer
(125 MHz) spectra in DMSO-ds or CF3CO,D or CDCl;
solution. Chemical shifts are reported in ppm downfield
from TMS as internal standards. Mass spectra were
recorded on an LC-MS instrument with chemical ionization
(CI). LC-MS data were acquired on an Agilent 1200 HPLC
system equipped with DAD/ELSD/LCMS-6120 diode
matrix and mass-selective detector. Melting points were
measured on a MPA100 OptiMelt automated melting point
system. Elemental analyses were performed at the
Laboratory of Organic Analysis, Department of Chemistry,
Taras Shevchenko National University of Kyiv.

The Experimental Section describes 25 compounds
selected in a random manner, which corresponds to
generally accepted approaches in combinatorial chemistry
(according to ACS standards).

A representative procedure for the synthesis of 1'-methyl-
2-phenethyl-2H-spiro[chromeno(2,3-c]pyrrole-1,3"-indoline]-
2',3,9-trione (4{1-1-21}).

To a suspension of 0.01 mol of N-methylisatin 2{/} in
I15mL of glacial acetic acid, 0.01 mol of 2-phenyl-
ethylamine 3{2/} and 0.0l mol of methyl-o-hydroxy-
benzoylpyruvate 1{/} were added. The reaction mixture
was refluxed for 1h, cooled, and evaporated. The
residues were purified by crystallization from ethanol.
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Yield: 335 mg, 77%. '"H NMR (500 MHz, DMSO-ds) 6 7.98
(d, J 7.5 Hz, 1H), 7.92-7.82 (m, 2H), 7.56-7.44 (m, 2H),
7.27-7.10 (m, 5H), 7.07-6.96 (m, 3H), 3.35 (s, 3H), 3.33-
3.23 (m, 2H), 2.68 (t, J 7.3 Hz, 2H). IR (KBr) v 3063, 3020,
2934, 1729 (vs), 1715 (vs), 1664 (vs), 1611, 1495, 1457,
1385, 1369, 1341, 1283, 1199, 1184, 1128, 1105, 1085,
938, 888, 751, 699, 690. MS (CI) m/z (M+H)" 437.

2-(3-Methoxypropyl)-1'-methyl-2H-spiro[chromeno-
[2,3-c[pyrrole-1,3"-indoline]-2" 3,9-trione (4{1-1-10}).

Yield: 310 mg, 77%. 'H NMR (500 MHz, DMSO-de) J
7.97 (d, J 7.9 Hz, 1H), 7.94-7.83 (m, 2H), 7.54 (t, J 6.6 Hz,
1H), 7.47 (t, J 7.7 Hz, 1H), 7.25 (t, J 6.6 Hz, 2H), 7.07 (t,
J 7.5 Hz, 1H), 3.32 (s, 3H), 3.29-3.00 (m, 7H), 1.66-1.45
(m, 2H). *C NMR (125 MHz, CDCl5) & 172.1, 170.3,
163.0, 156.5, 155.7, 145.0, 134.7, 131.3, 1262, 125.9,
125.9, 125.4, 123.9, 123.6, 121.7, 119.2, 109.6, 69.7, 67.5,
58.4, 39.2, 28.0, 27.3. IR (KBr) v 2976, 2931, 2894, 2832,
2808, 1735 (vs), 1712 (vs), 1665 (vs), 1611, 1463, 1374,
1304, 1279, 1200, 1106, 943, 873, 755, 692. MS (CI) m/z
(M+H)* 405.

1"-Ethyl-2-(4-methoxyphenethyl)-2H-spiro[chromeno-
[2,3-c]pyrrole-1,3"-indoline]-2", 3,9-trione (4{1-2-22}).

Yield: 360 mg, 75%. 'H NMR (500 MHz, DMSO-de)
7.99 (d, J 7.9 Hz, 1H), 7.95-7.83 (m, 2H), 7.59-7.51 (m,
1H), 7.47 (t, J 7.6 Hz, 1H), 7.30 (d, J 7.8 Hz, 1H), 7.18 (d,
J 7.3 Hz, 1H), 7.03 (¢, J 7.4 Hz, 1H), 6.89 (d, J 8.5 Hz, 2H),
6.74 (d, J 8.5 Hz, 2H), 3.90 (q, J 6.7 Hz, 2H), 3.69 (s, 3H),
3.35-3.09 (m, 2H), 2.59 (t, J 7.9 Hz, 2H), 1.31 (t, J 7.0 Hz,
3H). IR (KBr) v 3073, 3046, 2976, 2932, 2840, 1727 (vs),
1664, 1610, 1513, 1492, 1463, 1365, 1307, 1284, 1245,
1187, 1134, 1026, 884, 833, 757, 688. MS (CI) m/z (M+H)"
480.

2-(3-Hydroxypropyl)-1'"-propyl-2H-spiro[chromeno/[2,3-c] -
pyrrole-1,3"indoline]-2",3,9-trione (4{1-3-8}).



Yield: 305 mg, 73%. 'H NMR (500 MHz, DMSO-de) &
7.98 (d, J 7.8 Hz, 1H), 7.95-7.83 (m, 2H), 7.59-7.49 (m,
1H), 7.44 (t, J 7.7 Hz, 1H), 7.30-7.19 (m, 2H), 7.05 (t,
J 7.5 Hz, 1H), 4.30 (br s, 1H), 3.86-3.68 (m, 2H), 3.35-2.99
(m, 4H), 1.75 (m, 2H), 1.55-1.38 (m, 2H), 1.00 (t, J 7.4 Hz,
3H). IR (KBr) v 3512 (vs, br), 3063, 2955, 2934, 2877,
1728 (vs), 1664 (vs), 1610, 1490, 1462, 1361, 1312, 1284,
1191, 1135, 1107, 1069, 942, 871, 759, 690. MS (CI) m/z
(M+H)" 419.

2-(1,1-Dioxidotetrahydrothiophen-3-yl)-1'"-propyl-2H-
spiro[chromeno[2,3-c]pyrrole-1,3'"-indoline]-2" 3, 9-trione
(4{1-3-24}).

Yield: 349 mg, 73%. 'H NMR (500 MHz, DMSO-dq) &
7.97 (d, J 7.9 Hz, 1H), 7.94-7.83 (m, 2H), 7.53 (ddd, J 8.2,
6.0, 2.3 Hz, 1H), 7.47 (t, J 7.8 Hz, 1H), 7.39 (t, J 8.2 Hz,
1H), 7.27 (d, J 7.9 Hz, 1H), 7.06 (t, J 7.5 Hz, 1H), 3.92-3.55
(m, 3.5H), 3.49-3.27 (m, 1.5H), 3.17-2.95 (m, 1.5H), 2.92-
2.59 (m, 1.5H), 2.28-2.13 (m, 0.4H), 2.13-1.98 (m, 0.6H),
1.85-1.67 (m, 2H), 1.00 (t, J 7.3 Hz, 3H). IR (KBr) v 3069,
3036, 2963, 2942, 2875, 1732 (vs), 1718 (vs), 1666 (vs),
1610, 1486, 1463, 1414, 1349, 1320, 1287, 1215, 1192,
1127, 1089, 940, 875, 757, 688, 654, 572. MS (CI) m/z
(M+H)" 479.

1'-Butyl-2-(1, I-dioxidotetrahydrothiophen-3-yl)-2 H-
spiro[chromeno[2,3-c]pyrrole-1,3-indoline]-2',3,9-trione
(4{1-4-24}).

Yield: 373 mg, 76%. 'H NMR (500 MHz, DMSO-de) &
7.98 (d, J 8.0 Hz, 1H), 7.94-7.83 (m, 2H), 7.54 (ddd, J 8.1,
5.8, 2.4 Hz, 1H), 7.47 (t, J 7.7 Hz, 1H), 7.43-7.35 (m, 1H),
7.25(d, J 7.9 Hz, 1H), 7.06 (t, J 7.5 Hz, 1H), 3.95-3.55 (m,
3.5H), 3.50-3.25 (m, 1.5H), 3.18-2.94 (m, 1.5H), 2.89-2.59
(m, 1.5H), 2.27-2.13 (m, 0.5H), 2.11-1.97 (m, 0.5H), 1.78-
1.64 (m, 2H), 1.51-1.35 (m, 2H), 0.97 (t, J 7.3 Hz, 3H).
IR (KBr) v 3100, 3069, 3038, 3020, 2961, 2936, 2875, 1732
(vs), 1667 (vs), 1610, 1488, 1464, 1411, 1351, 1322, 1306,
1288, 1189, 1126, 1106, 1089, 942, 756, 690, 573. MS (CI)
m/z (M+H)" 493.

1"-Allyl-2-(2-hydroxyethyl)-2H-spiro[chromeno[2,3-c]-
pyrrole-1,3"-indoline]-2',3,9-trione (4{1-5-7}).

Yield: 309 mg, 77%. 'H NMR (500 MHz, DMSO-de) J
8.00 (d, J 7.8 Hz, 1H), 7.98-7.90 (m, 2H), 7.64-7.54 (m,
1H), 7.46 (t, J 7.8 Hz, 1H), 7.36 (d, J 7.4 Hz, 1H), 7.17 (d,
J 7.9 Hz, 1H), 7.08 (t, J 7.5 Hz, 1H), 6.00-5.87 (m, 1H),
5.49 (d, J 17.4 Hz, 1H), 5.25 (d, J 10.4 Hz, 1H), 4.76 (br s,
1H), 4.54 (d, J 16.9 Hz, 1H), 4.39 (d, J 17.1 Hz, 1H), 3.42-
3.07 (m, 4H). IR (KBr) v 3477 (s, br), 2966, 2932, 2886,
1725 (vs), 1659 (vs), 1610, 1490, 1459, 1361, 1285, 1178,
1055, 933, 888, 756, 691. MS (CI) m/z (M+H)" 403.

1"-Benzyl-2-propyl-2H-spiro[chromeno[2,3-c]pyrrole-
1,3"indoline]-2"3,9-trione (4{1-6-4}).

Yield: 336 mg, 75%. 'H NMR (500 MHz, DMSO-d¢) &
7.98 (d, J 7.6 Hz, 1H), 7.94-7.81 (m, 2H), 7.58-7.49 (m,
1H), 7.45 (t, J 7.7 Hz, 1H), 7.30-7.19 (m, 2H), 7.05 (t,
J 7.4 Hz, 1H), 3.94-3.77 (m, 2H), 3.26-3.10 (m, 1H), 2.98
(dt, J 14.1, 7.0 Hz, 1H), 1.40-1.21 (m, 2H), 0.77 (t, J 7.3
Hz, 3H). IR (KBr) v 3095, 3064, 3042, 2963, 2932, 2875,
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1720 (vs), 1666 (vs), 1610, 1488, 1467, 1367, 1342, 1286,
1198, 1152, 1135, 1097, 946, 832, 775, 756, 689. MS (CI)
m/z (M+H)" 451.

2-(3-Methoxypropyl)-7-methyl-1'-propy!-2H-spiro-
[chromeno[2,3-c]pyrrole-1,3'-indoline]-2",3,9-trione  (4{2-
3-10}).

Yield: 343 mg, 77%. 'H NMR (500 MHz, DMSO-de) J
7.78-7.72 (m, 2H), 7.68 (dd, J 8.8, 2.0 Hz, 1H), 7.44 (td,
J 7.8, 1.1 Hz, 1H), 7.28-7.21 (m, 2H), 7.04 (t, J 7.4 Hz,
1H), 3.87-3.69 (m, 2H), 3.28-3.15 (m, 3H), 3.15-2.99 (m,
4H), 2.42 (s, 3H), 1.83-1.66 (m, 2H), 1.65-1.47 (m, 2H),
1.00 (t, J 7.4 Hz, 3H). IR (KBr) v 3055, 3029, 2980, 2942,
2888, 2878, 2827, 2745, 1721 (vs), 1664 (vs), 1611, 1479,
1469, 1367, 1321, 1281, 1204, 1113, 1095, 1027, 945, 926,
909, 886, 825, 796, 749, 689, 658. MS (CI) m/z (M+H)"
447.

1'-Allyl-7-methyl-2-((tetrahydrofuran-2-yl)methyl)-2 H-
spiro[chromeno[2,3-c]pyrrole-1,3'"-indoline]-2" 3,9-trione
(4{2-5-13}).

Yield: 351 mg, 77%. 'H NMR (500 MHz, DMSO-ds) 6
7.82 (d, J 8.4 Hz, 1H), 7.80-7.71 (m, 2H), 7.43 (t, J 7.4 Hz,
1H), 7.29 (t, J 7.4 Hz, 1H), 7.15-7.02 (m, 2H), 5.98-5.85
(m, 1H), 5.52 (d, J 15.6 Hz, 1H), 5.24 (d, J 13.4Hz, 1H),
4.52 (brd, J 15.0 Hz), 4.36 (m, 1H), 3.70-3.54 (m, 2H),
5.55-3.37 (m, 2H), 3.00 (dd, J 14.4, 4.8 Hz, 0.7H), 2.91 (dd,
J 14.4,7.5 Hz, 0.3H), 2.42 (s, 3H), 1.82-1.63 (m, 3H), 1.62-
1.35 (m, 1H). IR (KBr) v 3075, 3057, 3025, 2981, 2965,
2918, 2869, 1729 (vs), 1664 (vs), 1612, 1479, 1467, 1362,
1282, 1191, 1091, 993, 948, 923, 819, 750, 736. MS (CI)
m/z (M+H)* 457.

1'-(2-Fluorobenzyl)-2-(3-isopropoxypropyl)-7-methyl-
2H-spiro[chromeno[2,3-c]pyrrole-1,3"-indoline]-2"3,9-
trione (4{2-7-12}).

Yield: 410 mg, 76%. 'H NMR (500 MHz, DMSO-d) &
7.82-7.74 (m, 2H), 7.70 (dd, J 8.7, 1.9 Hz, 1H), 7.55 (t,
J 7.7 Hz, 1H), 7.43-7.32 (m, 2H), 7.29 (d, J 6.9 Hz, 1H),
7.26-7.14 (m, 2H), 7.10-7.01 (m, 2H), 5.14 (d, J 16.4 Hz,
1H), 5.04 (d, J 16.3 Hz, 1H), 3.44-3.02 (m, 5H), 2.45 (s,
3H), 1.56-1.40 (m, 2H), 0.99 (t, J 6.3 Hz, 6H). IR (KBr) v
3058, 2972, 2932, 2864, 1732 (vs), 1723 (vs), 1662 (vs),
1614, 1491, 1469, 1409, 1360, 1341, 1311, 1284, 1228,
1201, 1172, 1146, 1099, 943, 921, 828, 816, 758, 748, 690.
MS (CI) m/z (M+H)"* 541.

2-(Benzo[d][1,3]dioxol-5-ylmethyl)-1'-(2-fluorobenzyl)-
7-methyl-2H-spirofchromeno[2,3-c]pyrrole-1,3"-indoline]-
2',3,9-trione (4{2-7-18}).

Yield: 430 mg, 75%. 'H NMR (500 MHz, DMSO-ds) §
7.82-7.74 (m, 2H), 7.70 (dd, J 8.7, 1.9 Hz, 1H), 7.47 (,
J 7.7 Hz, 1H), 7.40-7.26 (m, 2H), 7.24-7.08 (m, 3H), 6.99-
6.86 (m, 2H), 6.59 (d, J 7.9 Hz, 1H), 6.48 (d, J 1.4 Hz, 1H),
6.32 (dd, J 7.9, 1.4 Hz, 1H), 5.92 (s, 2H), 4.92 (d, J 16.6
Hz, 1H), 4.78 (d, J 16.5 Hz, 1H), 4.42 (d, J 15.1 Hz, 1H),
4.13 (d, J 15.1 Hz, 1H), 2.43 (s, 3H). IR (KBr) v 3098,
3060, 3027, 2926, 2890, 2782, 1722 (vs), 1663 (vs), 1611,
1491, 1467, 1448, 1367, 1308, 1285, 1253, 1228, 1187,
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1099, 1042, 946, 823, 771, 754, 687. MS (CI) m/z (M+H)"
575.

1'-(2-Fluorobenzyl)-2-(furan-2-ylmethyl)-7-methyl-2H-
spiro[chromeno[2,3-c]pyrrole-1,3'"-indoline]-2" 3, 9-trione
(4{2-7-20}).

Yield: 390 mg, 75%. 'H NMR (500 MHz, DMSO-dq) J
7.78 (d, J 8.5 Hz, 2H), 7.71 (dd, J 8.7, 2.0 Hz, 1H), 7.55 (t,
J 7.2 Hz, 1H), 7.41-7.27 (m, 3H), 7.28-7.13 (m, 3H), 6.98
(t, J 7.5 Hz, 1H), 6.92 (d, J 7.9 Hz, 1H), 6.17 (dd, J 3.0,
1.9 Hz, 1H), 5.87 (d, J 3.1 Hz, 1H), 4.96 (d, J 16.7 Hz, 1H),
4.81 (d, J 16.6 Hz, 1H), 4.62 (d, J 15.8 Hz, 1H), 4.20 (d,
J 15.8 Hz, 1H), 2.44 (s, 3H). IR (KBr) v 3048, 2923, 1730
(vs), 1660 (vs), 1612, 1491, 1472, 1424, 1361, 1288, 1229,
1204, 1182, 1146, 1102, 1080, 1010, 942, 828, 767, 753,
733, 689. MS (CI) m/z (M+H)" 521.

2-(3-Methoxypropyl)-1',6, 7-trimethyl-2H-spiro[chromeno-
[2,3-c]pyrrole-1,3"-indoline]-2" 3, 9-trione (4{3-1-10}).

Yield: 311 mg, 72%. 'H NMR (500 MHz, DMSO-ds) &
7.66 (s, 1H), 7.61 (s, 1H), 7.45 (td, J 8.7, 1.1 Hz, 1H), 7.22
(d, J 8.5 Hz, 2H), 7.06 (t, J 7.9 Hz, 1H), 3.32 (s, 3H), 3.29-
3.15 (m, 3H), 3.13 (s, 3H), 3.11-2.98 (m, 1H), 2.40 (s, 3H),
2.31 (s, 3H), 1.67-1.44 (m, 2H). IR (KBr) v 3061, 3047,
3029, 2973, 2928, 2876, 2834, 1733 (vs), 1719 (vs), 1662
(vs), 1611, 1467, 1414, 1367, 1350, 1284, 1195, 1133,
1113, 1084, 1020, 942, 754, 690. MS (CI) m/z (M-H)  430.

1"-Ethyl-2-(2-methoxyethyl)-6, 7-dimethyl-2 H-spiro-
[chromeno[2,3-c[pyrrole-1,3"-indoline]-2",3,9-trione  (4{3-
2-9}).

Yield: 320 mg, 74%. 'H NMR (500 MHz, DMSO-ds) J
7.68 (s, 1H), 7.62 (s, 1H), 7.43 (td, J 7.8, 1.1 Hz, 1H), 7.21
(d, J 7.8 Hz, 1H), 7.18 (d, J 6.7 Hz, 1H), 7.03 (t, J 7.3 Hz,
1H), 3.98-3.70 (m, 2H), 3.50-3.36 (m, 1H), 3.31-3.09 (m, 6H),
3.03 (s, 3H), 2.40 (s, 3H), 2.31 (s, 3H), 1.30 (¢, J 7.1 Hz,
3H). IR (KBr) v 3060, 3031, 2986, 2935, 2886, 2832, 1727
(vs), 1664 (vs), 1611, 1493, 1467, 1414, 1373, 1303, 1194,
1160, 1123, 1093, 1008, 873, 765, 690. MS (CI) m/z
(M+H)" 433.

2-(2-Hydroxyethyl)-6, 7-dimethyl-1'-propyl-2H-spiro-
[chromeno[2,3-c]pyrrole-1,3'"-indoline]-2',3,9-trione
(4{3-3-7}).

Yield: 311 mg, 72%. 'H NMR (500 MHz, CFsCO,D) §
7.98 (s, 1H), 7.64 (s, 2H), 7.37-7.18 (m, 3H), 4.64-4.39 (m,
1H), 4.15-3.90 (m, 3H), 3.90-3.69 (m, 1.5H), 3.63-3.46 (m,
0.5H), 2.55 (s, 3H), 2.45 (s, 3H), 2.08-1.88 (m, 2H), 1.15 (t,
J 7.2 Hz, 3H). IR (KBr) v 3500 (vs, br), 3052, 2966, 2934,
2876, 1726 (vs), 1667 (vs), 1610 (vs), 1489, 1468, 1410,
1367, 1305, 1285, 1193, 1139, 1095, 1054, 943, 852, 763,
690. MS (CI) m/z (M+H)" 433.

1"-Allyl-6, 7-dimethyl-2-((tetrahydrofuran-2-yl)methyl)-
2H-spiro[chromeno[2,3-c]pyrrole-1,3"-indoline]-2",3,9-
trione (4{3-5-13}).

Yield: 357 mg, 76%. 'H NMR (500 MHz, CFsCO,D)
7.98 (s, 1H), 7.73-7.56 (m, 2H), 7.39-7.18 (m, 3H), 6.16-5.93
(m, 1H), 5.58 (dd, J 17.3, 4.9 Hz, 1H), 5.47 (d, J 10.4 Hz,

1H), 4.82-4.68 (m, 1H), 4.67-4.50 (m, 1H), 4.43-4.32 (m,
0.6H), 4.32-4.21 (m, 0.4H), 4.11-3.89 (m, 2H), 3.82 (dd,
J 15.1, 5.3 Hz, 0.6H), 3.66-3.34 (m, 1.4H), 2.56 (s, 3H),
2.45 (s, 3H), 2.26-1.98 (m, 3H), 1.97-1.78 (m, 1H). IR (KBr) v
3092, 3056, 2971, 2952, 2924, 2854, 1731 (vs), 1662 (vs),
1609, 1489, 1467, 1436, 1408, 1360, 1303, 1275, 1182,
1132, 1067, 941, 864, 825, 764, 692, 675. MS (CI) m/z
(M+H)" 469.

1'-Ethyl-7-fluoro-2-((tetrahydrofuran-2-yl)methyl)-2H-
spiro[chromeno[2,3-c]pyrrole-1,3"-indoline]-2", 3,9-trione
(4{4-2-13}).

Yield: 363 mg, 81%. 'H NMR (500 MHz, DMSO-d;) &
8.07 (dd, J 9.3, 4.2 Hz, 1H), 7.91-7.78 (m, 1H), 7.68 (dd,
J 8.3, 3.1 Hz, 1H), 7.46 (t, J 7.8 Hz, 1H), 7.33-7.22 (m,
2H), 7.06 (t, J 7.5 Hz, 1H), 3.92-3.71 (m, 2H), 3.71-3.53
(m, 1H), 3.52-3.30 (m, 3H), 3.05 (dd, J 14.7, 4.9 Hz, 0.3H),
2.92 (dd, J 14.4, 7.4 Hz, 0.7H), 1.85-1.59 (m, 3H), 1.59-
1.33 (m, 1H), 1.25 (t, J 7.1 Hz, 3H). 3*C NMR (125 MHz,
CDCl;) 6 (as a mixture of two diastereomers (1:2.5), signals
of the main isomer) 171.3, 169.9, 163.1, 160.0 (d, Jcr 249.0
Hz), 155.5, 152.6, 144.4, 131.2, 126.7 (d, Jcr 7.4 Hz),
125.9, 124.1, 123.1, 122.8 (d, Jcr 25.4 Hz), 121.4, 121.3 (d,
Jer 8.2 Hz), 111.07 (d, Jcr 24.1 Hz), 109.5, 76.6, 67.8,
45.1, 35.9, 29.5, 28.3, 25.2, 12.4. IR (KBr) v 3068, 2978,
2949, 2876, 1726 (vs), 1670 (vs), 1609, 1475, 1362, 1282,
1258, 1191, 1140, 1110, 1056, 932, 897, 834, 764, 750,
689. MS (CI) m/z (M+H)" 449.

2-Benzyl-7-fluoro-1'-propyl-2H-spiro[chromeno/ 2, 3-c]-
pyrrole-1,3"-indoline]-2",3,9-trione (4{4-3-16}).

Yield: 355 mg, 76%. 'H NMR (500 MHz, DMSO-de)
8.09 (dd, J 9.3, 4.2 Hz, 1H), 7.86 (ddd, J 9.2, 8.0, 3.2 Hz,
1H), 7.68 (dd, J 8.3, 3.1 Hz, 1H), 7.40 (t, J 7.7 Hz, 1H),
7.25-7.11 (m, 5H), 7.00-6.88 (m, 3H), 4.49 (d, J 15.4 Hz,
1H), 4.17 (d, J 15.4 Hz, 1H), 3.52 (t, J 6.9 Hz, 2H), 1.66-
1.47 (m, 2H), 0.89 (t, J 7.4 Hz, 3H). IR (KBr) v 3091, 3056,
3043, 2967, 2935, 2919, 2876, 1727 (vs), 1667, 1609, 1580,
1470, 1376, 1354, 1326, 1285, 1256, 1189, 1140, 1086,
940, 883, 832, 735, 704, 687. MS (CI) m/z (M+H)" 469.

1"-Allyl-7-fluoro-2-(3-isopropoxypropyl)-2H-spiro[chro-
menof2,3-c[pyrrole-1,3"-indoline]-2",3,9-trione (4{4-5-12}).

Yield: 366 mg, 77%. 'H NMR (500 MHz, DMSO-de)
8.00 (dd, J 9.3, 4.2 Hz, 1H), 7.82-7.71 (m, 1H), 7.65 (dd,
J8.2,3.1 Hz, 1H), 7.43 (t, J 7.3 Hz, 1H), 7.27 (d, J 7.2 Hz,
1H), 7.13 (d, J 7.9 Hz, 1H), 7.06 (t, J 7.5 Hz, 1H), 5.90
(ddd, J 15.1, 10.2, 5.0 Hz, 1H), 5.45 (d, J 17.3 Hz, 1H),
5.24 (d, J 10.4 Hz, 1H), 4.51 (dd, J 16.8, 4.4 Hz, 1H), 4.39
(dd, J 16.8, 4.7 Hz, 1H), 3.45-3.01 (m, 5H), 1.60-1.44 (m,
2H), 1.00 (t, J 6.2 Hz, 3H). IR (KBr) v 3083, 3061, 3044,
3035, 3028, 2974, 2932, 2885, 2843, 1729 (vs), 1660 (vs),
1610, 1471 (vs), 1368, 1335, 1286, 1258, 1189, 1141, 1087,
977, 922, 886, 838, 756, 705, 691, 561. MS (CI) m/z
(M+H)" 477.

7-Chloro-1"-methyl-2-phenethyl-2H-spiro[chromeno-
[2,3-c[pyrrole-1,3"-indoline]-2" 3,9-trione (4{5-1-21}).

Yield: 371 mg, 79%. 'H NMR (500 MHz, CF3CO,D) d
8.18 (d,J 1.1 Hz, 1H), 7.91 (dd, J 9.1, 1.1 Hz, 1H), 7.79 (d,



J 9.1 Hz, 1H), 7.65 (t, J 7.8 Hz, 1H), 7.33-7.18 (m, SH),
7.08-6.97 (m, 3H), 3.74-3.50 (m, 3H), 3.03-2.85 (m, 2H).
IR (KBr) v 3074, 3024, 2937, 1730 (vs), 1714 (vs), 1665
(vs), 1609, 1494, 1461, 1367, 1349, 1282, 1177, 1114,
1087, 942, 823, 757, 700, 688, 655. MS (CI) m/z (M+H)"
471.

7-Chloro-2-(4-methoxybenzyl)-1'-propyl-2H-spiro[chro-
meno[2,3-c[pyrrole-1,3"indoline]-2' 3,9-trione (4{5-3-17}).

Yield: 386 mg, 75%. 'H NMR (500 MHz, DMSO-de) &
7.99-7.93 (m, 1H), 7.93-7.87 (m, 2H), 7.39 (t, J 7.7 Hz,
1H), 7.12 (d, J 7.9 Hz, 1H), 7.08 (d, J 7.3 Hz, 1H), 6.94 (t,
J 7.5 Hz, 1H), 6.79 (d, J 8.6 Hz, 2H), 6.65 (d, J 8.6 Hz, 2H),
4.49 (d, J 15.0 Hz, 1H), 4.03 (d, J 15.0 Hz, 1H), 3.70 (s,
3H), 3.57-3.38 (m, 2H), 1.69-1.49 (m, 2H), 0.92 (t, J 7.4
Hz, 3H). IR (KBr) v 3088, 3076, 2958, 2932, 2873, 2841,
1736 (vs), 1725 (vs), 1668 (vs), 1609 (vs), 1512, 1488,
1463, 1436, 1365, 1313, 1281, 1265, 1247, 1201, 1180,
1139, 1111, 1087, 1024, 942, 902, 825, 765, 687, 656. MS
(CI) m/z (M+H)"* 515.

1'-Allyl-2-butyl-7-chloro-2H-spiro[chromeno/[2,3-c]-
pyrrole-1,3"indoline]-2" 3, 9-trione (4{5-5-5}).

Yield: 313 mg, 70%. 'H NMR (500 MHz, CFsCO,D) §
7.98 (s, 1H), 7.69-7.56 (m, 2H), 7.36-7.21 (m, 3H), 6.04
(ddt, J 15.9, 10.4, 5.3 Hz, 1H), 5.54 (d, J 17.3 Hz, 1H), 5.47
(d, J 10.3 Hz, 1H), 4.68 (qd, J 16.4, 5.4 Hz, 2H), 3.64-3.45
(m, 1H), 3.45-3.25 (m, 1H), 2.56 (s, 3H), 2.46 (s, 1H), 1.63-
1.48 (m, 2H), 1.41-1.23 (m, 2H), 0.87 (t, J 7.3 Hz, 3H). IR
(KBr) v 3058, 3048, 3029, 2960, 2931, 2874, 2860, 1731
(vs), 1718 (vs), 1663 (vs), 1621, 1610, 1487, 1467, 1438,
1410, 1391, 1360, 1306, 1285, 1192, 1136, 1104, 954, 868,
752, 692. MS (CI) m/z (M+H)" 449.0.

2-Allyl-1'-benzyl-7-chloro-2H-spiro[chromeno[2,3-c]-
pyrrole-1,3"-indoline]-2",3,9-trione (4{5-6-6}).

Yield: 347 mg, 72%. 'H NMR (500 MHz, CFsCO,D) §
8.23 (brs, 1H), 7.94 (brd, J 9.1 Hz, 1H), 7.81 (d, J 9.1 Hz,
1H), 7.59-7.34 (m, 6H), 7.31-7.18 (m, 3H), 5.76-5.58 (m,
1H), 5.23 (d, J 15.4 Hz, 1H), 5.08 (d, J 15.4 Hz, 1H), 4.96
(d, J10.1 Hz, 1H), 4.88 (d, J 17.0 Hz, 1H), 4.43 (dd, J 15.3,
5.4 Hz, 1H), 3.80 (dd, J 15.4, 8.0 Hz, 1H). IR (KBr) v 3092,
3073, 3025, 2984, 2932, 2907, 1730 (vs), 1661 (vs), 1608,
1489, 1461, 1368, 1350, 1282, 1256, 1200, 1177, 1114,
944, 928, 829, 756, 698, 657. MS (CI) m/z (M+H)" 483.

7-Chloro-1'-(4-fluorobenzyl)-2-(3-methoxypropyl)-2 H-
spiro[chromeno[2,3-c]pyrrole-1,3'"-indoline]-2" 3, 9-trione
(4{5-8-10}).

Yield: 372 mg, 70%. 'H NMR (500 MHz, CFsCO,D) d
8.22 (brs, 1H), 7.94 (brd, J 9.1 Hz, 1H), 7.81 (d, J 9.1 Hz,
1H), 7.62-7.47 (m, 3H), 7.33-7.23 (m, 3H), 7.13 (t, J 8.2
Hz, 2H), 5.27 (d, J 15.5 Hz, 1H), 5.16 (d, J 15.6 Hz, 1H),
3.63 (t, J 5.9 Hz, 2H), 3.59-3.42 (m, 5H), 1.98-1.77 (m,
2H). IR (KBr) v 3071, 2984, 2929, 2868, 2826, 2805, 1728
(vs), 1667 (vs), 1608, 1509, 1489, 1462, 1374, 1360, 1323,
1287, 1258, 1225, 1202, 1174, 1118, 1095, 944, 907, 839,
826, 763, 687, 676, 663. MS (CI) m/z (M+H)" 533.
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TpukoMIIOHEHTHA IUKJII3AIlis SIK MIAX1] 10 CTBOPEHHS] KOMOIHATOpHO1 610110TeKu 2 H-
cripo[xpomeHno[2,3-c|uipos-1,3'-iHgomnin]-2',3,9-tproHiB

P. H. Bumxak', M. B. Kauaesa!, C. I. ITinbo!, B. C. Mocksina'*, O. B. Illa6nukina'?, A. B. Kosumpkuii®,
B. C. BpoBapes'

! Incmumym 6ioopeaniunoi ximii ma nagpmoximii im. B.I1. Kyxaps HAH Vxpainu, eyn. Mypmancexa, 1, Kuis, 02094, Yipaina

? Kuiscokuil nayionanonuil ynisepcumem imeni Tapaca Illesuenka, eyn. Bonooumupcoka, 60, Kuis, 01601, Yxpaina

3 Inemumym izuunoi ximii im. JI. B. Ilicapocescokozo HAH Ykpainu, npocn. Hayxu, 31, Kuis, 03028, Vxpaina

4TOB HBII «Enaminy, eya. Yepeonomkaywvka, 78, Kuis, 02094, Yrpaina

Pestome: IlpencraBieHO MOCHIIKEHHS TPUKOMIIOHEHTHOI LHKII3allii MeTHIOBUX ecTepiB  4-(o-rinpokcudenin)-2,4-niokcobyranoBux Kucior 1,
N-3aMilleHUX i3aTHHIB 2 Ta NMEPBMHHMUX aMiHiB 3, 1m0 Bene a0 yTBOpeHHs 2H-cripo[xpomeno[2,3-c]mipoi-1,3'-ingonin]-2',3,9-rpuonis. Criponukiivsi
1H/I0J1H-2-OHU JIOCUTh IIMPOKO MPEACTABICHI Cepes NPUPOJHNUX OI0aKTUBHUX CIIOIYK, 30KpEMa, Y CKJIaJi ajKaloigiB, MOJEKYJH SKUX MICTATh CHCTEMY
cripo[ingounin-3,6'-nipano[3,4-flingonizuny]. 3apa3 € JOBEAECHHUM, IO JAESAKI MOMYJSPHI B TPAAMLIMHIA MEAMIMHI JiKapchki pOCIMHU 3000B'I3aHi CBOIM
LUIIOIIMM BJIACTUBOCTAM caMe allkanoizam Iiei rpynu. Pasom i3 TUM, CHHTE3 TaKMX MNOXIAHUX IOCHTh CKIAJHUM, 110 OOMEXYye MOXIMBOCTI iX
BUKOPUCTAHHS HAa IPAKTHULi. AJBTEPHATUBHOIO CTPATETi€l0 € BHUCOKOE(EKTHBHHH TPUKOMIIOHEHTHUH OJHOCTAAIMHMN CHHTE3 OMM3bKHMX 3a Oy10BOIO
CTPYKTYp, 30Kpema, 2H-cmipo[xpomeHo[2,3-c]mipon-1,3'-innomnin]-2',3,9-TpuoHiB, 3 MOXJMBICTIO Bapialii B IIMPOKMX MeEXaxX 3aMICHHKIB 1
(dynkuioHansHUX rpyn. B xoai nocuimkens 0yno miITBEp/PKEHO, 1110 BKa3aHa TPUKOMIIOHEHTHA I'eTEpPOLMKIII3aLlis I CHO € YHiBepcalbHUM Ta ¢)eKTUBHUM
IHCTpyMEHTOM cuHTe3y 2H-cripo[xpomeno[2,3-c]mipoin-1,3'-ingonin]-2',3,9-rpuonis. Ha ocHoBi ecrepiB 4-(o-rinpokcudenin)-2,4-1i0kco0yTaHOBUX
KHCIIOT, 13aTHHIB i3 QJIKIIBHUMU, QJIUIBHUM Ta OCH3MJIBHUMH 3aMiCHUKaMH B MOJIOXKEHHI 1, a TAKOX MIMPOKOro Habopy anipaTMuHUX aMiHiB (B TOMY YHCII 3
AKTMBHUMHU (DyHKLIOHAJbHUMU IPYNaMH, aDOMATHYHUMH Ta FETEPOLMKIIYHUME (QparMeHTaMu) OyJio CTBOpeHO KoMOiHATOpHY GibmioTeky 3 122 nmoxigHuX,
IPHYOMY CHHTETHYHA e(eKTHBHICTh ckiana 87%, a Buxomu Oinem HixX 50% mpencraBHHKIB 6i0mioTexn nepepumryBaan 70%. CHHTeTHYHA TpoLeaypa €
[POCTOK Y BUKOHAHHI, JOMYCKae Bapiallil0 PO3YMHHMKIB i mpuaaTHa Juis aBromatusauii. SIMP nociifkeHHs CHHTE30BaHMX CHONYK, a came 'H ta '3C
cnekrpu SAIMP, a Takox (it okpemux npencraBHuki) — COSY, HMBS ta HSQC, no3Bonuiy He auiie 0AHO3HAYHO MiATBEPIUTH CTPYKTYPY PEHOBHH, ajle
7 BCTAHOBMTH XapaKTepucTuuHi curHami B crektpax 'H ta 3C SIMP, 30kpema curuain cripoaroma kapOoHy — 6im3bko 67 M.4. CUrHaImM KapOOH LIbHUX
rpyn B [Y criekTpax BUABJISIOTHCS ABOMA IMUPOKUMH Ta IHTEHCUBHUMHE cMyramu — 1735-1715 ta 1670-1660 cm!.

Kurouosi ciioBa: i3aTuH, TPMKOMIOHEHTHA LMKIi3auis, 1,2-qurinpoxpomeno[2,3-c]uipon-3,9-nionu, komGiHaTopHa 6ibioTeka.
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Cationic carboxamide derivatives of tricyclic heteroaromatic
compounds: synthesis and preliminary evaluation of antiproliferative
activity

Valentina G. Kostina, Inna V. Alexeeva, Nadia A. Lysenko, Valentina V. Negrutska, Igor Y. Dubey*

Institute of Molecular Biology and Genetics of the NAS of Ukraine, 150 Zabolotnogo St., Kyiv, 03680, Ukraine

Abstract: This research was aimed at the synthesis and study of biological activity of the carboxamides of tricyclic heteroaromatic
systems, acridone, phenazine, and thioxanthone, containing the aliphatic and aromatic cationic substituents at amide fragment. These
heterocyclic cores are DNA intercalating agents, whereas the introduction of cationic groups provides additional ionic interactions of the
ligands with their biological targets, such as DNA and enzymatic complexes of the system of nucleic acids biosynthesis. A convenient way
of the introduction of such groups is a modification of heterocyclic carboxamides. A small library of new N-substituted cationic amide
derivatives of acridone-4-, phenazine-1- and thioxanthone-4-carboxylic acids was obtained. They were synthesized in 37-81% yield by
mild and selective quaternization of the nitrogen atoms at N, N-dimethylaminoalkyl (alkyl = ethyl, propyl) and pyridylmethyl fragments of
the neutral N-functionalized carboxamides with methyl iodide. Tricyclic heteroaromatic cores were not affected. Convenient protocol for
the synthesis of thioxanthone-4-carboxylic acid (TCA) based on the reaction of 2-mercaptobenzoic and 2-iodobenzoic acids followed by
cyclization of the intermediate was developed (yield 79%). A series of new N-functionalized neutral amides of TCA, the precursors of
corresponding cationic carboxamide, were also obtained via the reaction of acyl chloride with amines. Preliminary in vitro testing of four
compounds as potential antitumor agents in US87MG tumor cell culture (human malignant glioma) demonstrated their significant
antiproliferative activity at low micromolar concentrations, with growth inhibition values Glso in the range 1.7-11 pM. These results
suggest that cationic carboxamides of tricyclic heteroaromatic systems are promising scaffolds for the design of new antitumor drugs.

Keywords: acridone; phenazine; thioxanthone; carboxamides; antitumor agents.

Introduction inhibitors of a number of enzymes involved in nucleic acids

metabolism, including e.g. DNA and RNA polymerases [6],

Condensed tricyclic  heteroaromatic  systems are  topoisomerases [7-19], and telomerase [20-25].

privileged scaffolds for the design of therapeutic agents for
the treatment of various diseases [1-5]. In particular, a
broad variety of antitumor, antibacterial, and antiviral drugs
belong to this class of compounds, including the derivatives
of acridine, phenazine, and thioxanthone. In most cases,
such compounds target the cellular enzymatic systems of
nucleic acids biosynthesis. Small molecules based on
condensed tricyclic heterocycles were reported as efficient

The majority of non-nucleoside inhibitors of the enzymes
of nucleic acid biosynthesis are based on heteroaromatic
polycyclic scaffolds. Their effect is usually associated with
interaction with DNA (duplex and quadruplex structures)
via intercalation or groove binding, or with DNA-enzyme
complexes [26-31]. It should be noted that the planar
aromatic systems of acridines and acridones, phenazines,
thioxanthones, and similar molecules allow efficient
intercalation into DNA via the z-z-stacking with electronic
systems of nucleic base pairs [11, 12, 32, 33].
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have been extensively studied as potential anticancer,
antibacterial, and antiviral drugs [8-10, 16, 18, 20, 24].
Important factors influencing their biological activity are
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Important factors influencing their biological activity are
the structure of heterocycle, the nature of amide substituent,
and the position of the carboxamide group in the core
molecule [10, 16].

Biological activity of carboxamide derivatives of
acridine and phenazine has been investigated for several
decades. Carboxamides containing the NHCH,CH,NMe,
pharmacophore, such as N-[2-(dimethylamino)-ethyl]
carboxamide derivatives of phenazine [34], acridine
(DACA) [8] and 9-aminoacridine [35] were identified as
efficient antitumor agents and topoisomerase inhibitors.
N-arylamides of acridone-4-carboxylic acid are active
against hepatitis C virus infection inhibiting the
transcription and RNA replication [36]. N-pyridyl
derivatives of acridone carboxamides were found to inhibit
NS3 helicase [36, 37], telomerase [24], and topoisomerase |
[38]. N-aryl(hetaryl)-substituted amides of phenazine-1-
carboxylic acid appeared to be efficient antimicrobial
agents, including the compounds active against drug-
resistant Mycobacterium tuberculosis strains [39, 40].

Much less attention has been paid to the studies of
bioactivity of compounds based on thioxanthone, a close
acridone analogue. Among thioxanthone derivatives,
antitumor agents have been reported [41-43], although we
were unable to find have not found in the literature data on
the activity of thioxanthone carboxamides.

We have previously obtained a series of carboxamides of
acridone and phenazine whose amide groups were
functionalized with N,N-dimethylaminoalkyl and pyridyl
fragments [38]. The introduced basic functions can be

moieties. Structure design was based on the fact that the
attachment of basic/cationic substituents to
DNA-intercalating ligands could enhance their binding to
DNA or enzymatic complexes formed by the enzymes of
nucleic acids biosynthesis (topoisomerase, telomerase,
DNA, and RNA polymerases, etc.) by additional
interactions with either anionic DNA phosphates or acidic
groups within the enzymes. At the same time, the aromatic
pyridyl residues could also interact with nucleic acids bases
or aromatic amino acids via the hydrophobic mechanism
further enhancing the binding of ligands to their molecular
targets. Phenazine and acridone derivatives containing
aromatic pyridyl fragments were found to inhibit the
topoisomerase I at 100 uM concentration, whereas their
analogues with aliphatic basic substituents at carboxamide
fragment were less efficient [38]. At the same time, the free
core heterocycles and their non-substituted carboxamides
are inactive against topoisomerase [38] and telomerase [24].

Thus, the introduction of protonable basic substituents
significantly increased the biological activity of tricyclic
carboxamides, and we could expect that the modification of
core heterocycles with cationic fragments would result in
even more efficient inhibitors with potential antitumor
and/or antibacterial properties. In this work, we have
significantly extended the range of N-substituted tricyclic
carboxamides as potential antitumor agents.

Results and discussion

Before we have synthesized a set of neutral carboxamide

protonated under physiological conditions to form cationic derivatives of acridone  la-e and  phenazine  2a-e
I ii iii
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Scheme 1. Synthesis of neutral (a-e) and cationic (f-j) derivatives of tricyclic carboxamides. (i). SOCly, toluene, Py, A; (ii). R-NHa,
triethylamine, rt; (iii) methyl iodide, MeOH or CH3CN, 20-50 °C, 37-81%.
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Scheme 2. Synthesis of thioxanthone-4-carboxylic acid. (i). K2COs, DMF, 60 °C, 4 h; (ii). conc. H2SOs, 100 °C, 2.5-3 h, 79%.

(Scheme 1). Their amide groups were functionalized with
N,N-dimethylamino and isomeric pyridyl groups attached
via the short (1-3 carbon atoms) alkyl linkers [38]. Taking
into account the above considerations, we have decided to
prepare cationic derivatives of tricyclic heterocycles. One of
the possible ways to obtain compounds of this type would
be a quaternization of nitrogen atoms of basic aliphatic and
aromatic substituents present in the already prepared
carboxamides 1,2a-e. We have also decided to extend the
range of tricyclic heteroaromatic systems by adding their
structural analogue, thioxanthone.

Carboxamides 1,2a-e have been previously synthesized
from carboxylic acids [38]. To obtain analogues based on
thioxanthone, first of all, we have elaborated an efficient
procedure for the synthesis of thioxanthone-4-carbocylic
acid (TCA). This procedure is similar to that commonly
used for the synthesis of acridone-4-carboxylic acid [44]
and is based on intramolecular cyclization of bis-dicarbo-
xyphenyl sulfide formed in the reaction of 2-mercapto-
benzoic and 2-iodobenzoic acids.

We have modified a published protocol [45] using
potassium carbonate as a base instead of NaOH, and
2-iodobenzoic acid in place of 2-chlorobenzoic acid. The
condensation of two acids at 60 °C followed by the
intermediate cyclization by heating in conc. sulfuric acid
afforded TCA in 79% yield (Scheme 2). The use of less
reactive bromobenzoic acid in the condensation required
heating at a higher temperature (100 °C) and resulted in a
significantly lower total yield of target tricyclic carboxylic
acid (below 50%).

The synthesis of new N-substituted carboxamides of
thioxanthone was based on our previous approach
developed for phenazine and acridone series [38]. This
convenient one-flask process consisted in the formation of
acyl chloride followed by its reaction with amine. Target
neutral amides 3a-e were obtained by the reaction of TCA
chloride with corresponding amines in the presence of TEA
(Scheme 1).

The neutral compounds 1-3a-e were found to easily react
with methyl iodide, and the quaternization of nitrogen
atoms in amide substituents allowed obtaining a series of
novel cationic derivatives 1-3f-j. N-Alkylation reaction was
carried out in polar solvent (methanol, acetonitrile) at room
temperature or with some heating (up to 50 °C). Since salt-
type products precipitated from the reaction mixture, the
use of crude amides instead of analytically pure samples did
not significantly affect the total yield of iodides from
starting carboxylic acids.
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The primary centres of N-methylation are obviously
tertiary aliphatic (AlkNMe,) and pyridine nitrogen atoms in
carboxamide fragments. Only one additional methyl group
signal appeared in 'H NMR spectra of all cationic
derivatives. It is known that the quaternization of phenazine
under the applied conditions does not occur, but possible
alkylation of endocyclic nitrogen or exocyclic oxygen atom
of the acridone ring could not be excluded. However, NMR
spectra of the obtained derivatives and their comparison
with the spectral data of reference compounds confirmed
that compounds 1f-j do not contain N-methyl group located
at acridine ring, as one-proton low-field signals at 6 > 12
ppm characteristic of the 10-NH ring proton of neutral
carboxamides of acridone carboxylic acid [44] are observed
in the spectra. NMR spectra of cationic TCA carboxamides
also contain the signals of methyl groups only from
trimethylammonium or N-methylpyridinium residues.

Cationic  aliphatic trimethylammonium group of
compounds 1-3f-g is represented by singlets at
3.1-3.4 ppm, whereas the spectra of pyridinium derivatives
1h-j, 2i, and 3i contain the signals of cationic N-methyl
group located at 4.2-4.4 ppm. Low-field shift of signals of
the cationic fragments is observed in NMR spectra of the
salts, as compared to corresponding neutral carboxamides.
In general, the deshielding effect of cationic structures
results in the shift of CONH and methylene protons (low-
field shift for 0.1-0.5 and 0.15-0.25 ppm, respectively) in
comparison with neutral precursors.

Thus, we have prepared a series of 11 new compounds
containing trimethylammonium group attached via the ethyl
or propyl linker, and compounds with isomeric
N-methylpyridinium fragments. This small library would
allow analyzing the structure-activity relationship among
the derivatives of three tricyclic systems — phenazine,
acridone, and thioxanthone.

Investigation of antitumor activity of compounds in
vitro

Preliminary evaluation of the antiproliferative activity of
some new compounds was performed in vitro in the culture
of US7MG tumor cells (human malignant glioma). To
determine the effect of quaternization on biological activity,
the representative pairs of the derivatives of two different
heterocycles, acridone and phenazine, containing the same
pyridyl and N-metyylpyridinium fragments (1d, i and 2d, i)
were tested. The cells were cultured in 24-well plates and
treated for 3 days by drugs added at concentrations ranging
from 20 to 0.5 uM.
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In vitro cytostatic activity of compounds towards cancer
cell line was determined using the classic MTT assay [46].
MTT test is based on the transformation of MTT reagent
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) by the mitochondrial dehydrogenase of viable cells
into the blue formazan which can then be measured
spectrophotometrically. The optical density of the probe is
proportional to the number of live cells. From the obtained
data, the plots of the number of live cells in the probe as
compared to a control (cell growth inhibition level) vs. drug
concentration were built, from which the Glsp value was
obtained for each tested carboxamide. Glso was determined
as a concentration of drug required for 50% of maximal
inhibition of cell proliferation (decreasing cell vitality by
50%) as compared to the non-treated control.

Tested carboxamides demonstrated a significant dose-
dependent antiproliferative activity towards US7MG cells at
low micromolar concentrations, with Glso below 10 uM for
three of four compounds (Table 1).

Table 1. Antiproliferative activity of compounds in the
culture of US7MG cells (M £ SD).

Compound Glso, uM
1d 1142

1i 72+14
2d 1.7+£0.3
2i 55+09

It is interesting to note that the cationic acridone
derivative 1i (Glso 7.2 uM) was more active than its neutral
analogue 1d (Glsp 11 pM), whereas for the pair of
phenazine carboxamides the cationic compound 2i was
three times less efficient as compared to its non-charged
counterpart 2d (Glso 5.5 and 1.7 uM, respectively).

The opposite effects of quaternization on the biological
activity of acridone and phenazine carboxamides may be
due to different molecular targets of the studied compounds
and/or different modes of inhibitor-target interaction.
However, at this moment we have only limited information
on biological properties of a small set of derivatives, and
molecular mechanisms of bioactivity of new compounds
require further investigation. In particular, it will include the
studies on the inhibition of the enzymes of nucleic acid
biosynthesis and ligand interactions with nucleic acids. It
would be also interesting to access the antibacterial activity
of these derivatives.

Conclusions

A convenient protocol was proposed for the synthesis of
cationic N-functionalized carboxamide derivatives of
acridone, phenazine, and thioxanthone, the tricyclic systems
with DNA-intercalating properties. A series of compounds
with aliphatic and aromatic cationic substituents were
obtained. Their heteroaromatic cores contained the
carboxamide functions modified with
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N-methylpyridiniumyl and NN, N-trimethylammonium
groups. Preliminary evaluation of the antiproliferative
activity of several compounds in tumor cell culture in vitro
demonstrated that cationic tricyclic carboxamides could be
suitable scaffolds for the development of new efficient
antitumor agents.

Experimental section

Reagents and solvents for synthesis were purchased from
UkrOrgSynthez (Ukraine), Fluka (Switzerland), and Sigma-
Aldrich (Germany). Solvents were purified and dried by
standard methods. DMSO for molecular biology and MTT
reagent (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide) were obtained from Sigma (USA). '"H NMR
spectra were recorded on a Mercury-400 instrument
(400 MHz, Varian, USA) in DMSO-d¢ with tetramethyl-
silane as an internal standard; chemical shifts are given in
ppm. Thin-layer chromatography (TLC) was performed on
Silica gel 60F2s4 plates (Merck, Germany) in following
solvent systems: CHCl3/MeOH 9:1 (A); CHCl3/MeOH 1:1
(B); CHCI3/HOAc/acetone 10:0.125:0.125 (©);
i-PrOH/NH4OH/H,0 7:1:2 (D), CHCI3/HOAc/acetone (E).
Melting points were determined using a Boethius PNMK 05
apparatus (Nagema, Germany).

Chemistry

Acridone and phenazine carboxamide derivatives 1,2a-e
were obtained as previously reported [38].

9-Oxo0-9H-thioxanthene-4-carboxylic acid (TCA).

The mixture of 2-mercaptobenzoic acid (1.16 g,
7.53 mmol), 2-iodobenzoic acid (1.89 g, 7 mmol) and
powdered K>CO; (2.09 g, 15.2 mmol) in 10 ml of dry DMF
was stirred at 60 °C for 7.5 h. After cooling, 60 ml of water
was added and insoluble material was filtered off. The
filtrate was neutralized with 10% HCI, the precipitate was
collected by filtration, washed with water and dried. The
obtained crude 2-(2-carboxyphenylthio)benzoic acid (1.94
g) was kept in 7.5 ml of conc. sulfuric acid for 2.5-3 h at
100 °C (control TLC in system E). The reaction mixture
was cooled and poured into ice-cold water, and the
precipitate was filtered and extensively washed with water.
After its re-precipitation from 20 ml of 10% NaOH with
10% HCI the crude product (1.52 g) was crystallized from
DMF. Yield of yellow crystals 79%, mp 332-335 °C.
"H NMR (400 MHz, DMSO-ds) 6 8.78 (d, 1H, J 8.0 Hz,
Ar), 8.49 (d, 1H, J 7.6 Hz, Ar), 8.43 (d, 1H, J 8.0 Hz, Ar),
7.92 (d, 1H, J 8.0 Hz, Ar), 7.81 (t, 1H, J 7.2 Hz, Ar), 7.70
(t, 1H, J 7.6 Hz, Ar), 7.61 (t, 1H, J 7.6 Hz, Ar).

General procedure for the synthesis of N-substituted
amides of thioxanthone-4-carboxylic acid (3a-e).

0.5 Mmol (128 mg) of TCA was suspended in 3 ml of
dry toluene, and 50 pl of thionyl chloride and 60 pl of dry
pyridine (0.7 mmol each) were added with stirring and the
mixture was heated at 90 °C for 1.5-2 h. After cooling to
room temperature corresponding amine (1.25 mmol) and
triethylamine (1.25 mmol) were added, and the mixture was



stirred at ambient temperature until the reaction was
complete (control TLC). The mixture was evaporated, the
residue was treated with 10 ml of chloroform and washed
with saturated NaHCO; (3%5 ml). The organic phase was
dried over Na;SO;4 and evaporated to dryness. The product
was crystallized from the appropriate solvent.

9-Oxo-9H-thioxanthene-4-carboxylic acid (2-

dimethylaminoethyl)-amide (3a)

was obtained from 146 mg (0.57 mmol) TCA and 138 pl
(1.26 mmol) N,N-dimethylaminoethylene diamine. Yield
26%, mp 160-163 °C (acetonitrile). '"H NMR (400 MHz,
DMSO-ds) 6 8.72 (br t, IH, CONH), 8.63 (d, 1H, J 8.0 Hz,
Ar), 8.42 (dd, 1H, J 8.0 Hz, 0.8 Hz, Ar), 7.98 (d, 1H, J 6.4
Hz, Ar), 7.85 (m, 1H, Ar), 7.79 (t, 1H, J 7.6 Hz, Ar), 7.66
(t, 1H, J 8.4 Hz, Ar), 7.58 (t, 1H, J 7.6 Hz, Ar), 3.44 (m,
2H, NHCH:), 2.40 (t, 2H, J 6.4 Hz, CH,N), 2.21 (s, 6H,
NMez).

9-Oxo0-9H-thioxanthene-4-carboxylic acid (3-dimethyl-
aminopropyl)-amide (3b)

was obtained from 128 mg (0.5 mmol) of TCA and
120 pl (1.25 mmol) of N,N-dimetylaminopropylene-1,3-
diamine. Yield 58 mg (34%), mp 162-165 °C (acetonitrile).
'H NMR (400 MHz, DMSO-ds) 6 8.80 (br t, 1H, J 5.6 Hz,
CONH), 8.62 (dd, 1H, J 8.4 Hz, 1.2 Hz, Ar), 8.43 (dd, 1H,
J 8.0 Hz, 0.8 Hz, Ar), 7.99 (dd, 1H, J 7.4 Hz, 1.2 Hz, Ar),
7.88-7.84 (m, 1H, Ar), 7.80-7.76 (m, 1H, Ar), 7.66 (t, 1H,
J 7.6 Hz, Ar), 7.59 (t, IH, J 7.6 Hz, Ar), 3.35 (m, 2H,
NHCH>), 2.34 (t, 2H, J 7.2 Hz, CH:N), 2.17 (s, 6H, NMe>),
1.70 (t, 2H, J 7.2 Hz, CH,).

9-Oxo-9H-thioxanthene-4-carboxylic acid (pyridin-2-
vlmethyl)-amide (3c)

was obtained from o-aminomethylpyridine. Yield 19%,
mp 192-194 °C (EtOH). '"H NMR (400 MHz, DMSO-ds) 6
9.45 (t, 1H, J 6.0 Hz, CONH), 8.65 (dd, 1H, J 8.4 Hz, 1.2
Hz, Ar), 8.55 (d, 1H, J 4.8 Hz, Ar), 8.43 (dd, 1H, J 8.4 Hz,
1.2 Hz, Ar), 8.16 (dd, 1H, J 7.6 Hz, 1.6 Hz, Ar), 7.87-7.78
(m, 3H, Ar), 7.70 (t, 1H, J 7.6 Hz, Ar), 7.59 (dt, 1H, J 8.0
Hz, 1.2 Hz, Ar), 7.43 (d, 1H, J 7.6 Hz, Ar), 7.31 (dd, 1H,
J 7.6 Hz, 6.8 Hz, Ar), 4.57 (d, 2H, J 6.0 Hz, CH,).

9-Oxo0-9H-thioxanthene-4-carboxylic acid (pyridin-3-yl-
methyl)-amide (3d)

was obtained from 207 mg (0.81 mmol) of TCA and
147 pl (1.45 mmol) of m-aminomethylpyridine. Yield 152
mg (54%), mp 194-198 °C (acetonitrile/i-PrOH). 'H NMR
(400 MHz, DMSO-ds) 6 9.41 (brt, 1H, J 4.4 Hz, CONH),
8.65 (m, 2H, Ar), 8.51 (d, 1H, J 3.2 Hz, Ar), 8.43 (d, 1H,
J 6.4 Hz, Ar), 8.11 (d, 1H, J 6.0 Hz, Ar), 7.88-7.75 (m, 3H,
Ar), 7.67 (t, 1H, J 6.4 Hz, Ar), 7.57 (t, 1H, J 6.0 Hz, Ar),
7.44-7.40 (m, 1H, Ar), 4.57 (d, 2H, J 4.8 Hz, CH,).

9-Ox0-9H-thioxanthene-4-carboxylic acid (pyridin-4-
vimethyl)-amide (3e)

was obtained from p-aminomethylpyridine. Yield 30%,
mp 194-197 °C (EtOH). '"H NMR (400 MHz, DMSO-ds) &
9.45 (t, 1H, J 6.0 Hz, CONH), 8.66 (dd, 1H, J 7.6 Hz, 1.2
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Hz, Ar), 8.55 (m, 2H, Ar), 8.43 (dd, 1H, J 8.0 Hz, 0.8 Hz,
Ar), 8.15 (dd, 1H, J 7.6 Hz, 1.6 Hz, Ar), 7.88-7.85 (m, 1H,
Ar), 7.78 (dt, 1H, J 7.6 Hz, 1.2 Hz, Ar), 7.71 (t, 1H, J 7.6
Hz, Ar), 7.60 (dt, 1H, J 7.6 Hz, 1.2 Hz, Ar), 7.40 (dd, 2H,
J 4.4 Hz, 1.6 Hz, Ar), 4.57 (d, 2H, J 6.0 Hz, CHy).

for

the

of

General  procedure
carboxamides.

quaternization

Neutral heterocyclic N-substituted carboxamide 1-3a-e
(0.1 mmol) and 150 pl of methyl iodide in 2 ml of methanol
or acetonitrile were kept at room temperature or with weak
heating (up to 50°C) until the reaction was complete
(control TLC). The precipitated product (1-3f-j) was
collected by filtration and crystallized from the appropriate
solvent.

Trimethyl-{2-[(9-ox0-9, 10-dihydroacridine-4-carbonyl)-
amino]-ethyl}-ammonium iodide (If).

Yield 75%, mp 260-263 °C (EtOH). 'H NMR (400 MHz,
DMSO-d¢) 5 12.26 (s, 1H, NH (Ar)), 9.28 (brt, 1H,
CONH), 8.48 (d, 1H, J 7.6 Hz, Ar), 8.24 (m, 2H, Ar), 7.78-
7.70 (m, 2H, Ar), 7.40 (t, 1H, J 7.6 Hz, Ar), 7.34 (t, 1H,
J 7.2 Hz, Ar), 3.80 (m, 2H, NHCH>), 3.61 (br t, 2H, CHuN),
3.19 (s, 9H, N*Me3).

Trimethyl-{3-[(9-0x0-9, 10-dihydroacridine-4-carbonyl)-
amino]-propyl}-ammonium iodide (1g).

Yield 64%, mp 262-264 °C (acetonitrile). "H NMR (400
MHz, DMSO-dg) 6 12.40 (s, 1H, NH (Ar)), 9.10 (br t, 1H,
CONH), 8.46 (d, 1H, J 8.0 Hz, Ar), 8.27 (m, 1H, Ar), 7.79-
7.71 (m, 2H, Ar), 7.39-7.31 (m, 2H, Ar), 3.45-3.39 (m, 4H,
NHCH>, CH,N), 3.19 (s, 9H, N"Me3), 2.05 (br t, 2H, CH,).

1-Methyl-2-{[ (9-0x0-9, 10-dihydroacridine-4-carbonyl)-
amino]-methyl}-pyridinium iodide (1h).

Yield 37%, mp 269-273 °C (DMF). 'H NMR (400 MHz,
DMSO-de) 8 12.10 (s, 1H, NH (Ar)), 9.86 (t, 1H, J 4.8 Hz,
CONH), 9.06 (d, 1H, J 4.8 Hz, Ar), 8.58-8.52 (m, 2H, Ar),
8.44 (d, 1H, J 7.6 Hz, Ar), 8.24 (d, 1H, J 8.4 Hz, Ar), 8.17
(d, 1H, J 8.4 Hz, Ar), 8.06 (m, 1H, Ar), 7.78-7.74 (m, 1H,
Ar), 7.68 (d, 1H, J 8.4 Hz, Ar), 7.43 (m, 1H, Hz, Ar), 7.32
(m, 1H, Ar), 5.0 (d, 2H, J 4.8 Hz, CHy), 4.44 (s, 3H, N*Me).

1-Methyl-3-{[(9-0x0-9, 10-dihydroacridine-4-carbonyl)-
amino]-methyl}-pyridinium iodide (1i).

Yield 75%, mp 240-244 °C (acetonitrile). 'H NMR (400
MHz, DMSO-ds) 6 12.27 (s, 1H, NH (Ar)), 9.73 (br t, 1H,
CONH), 9.06 (s, 1H, Ar), 8.92 (s, 1H, Ar), 8.61 (d, 1H,
J 8.8 Hz, Ar), 8.50 (d, 1H, J 7.2 Hz, Ar), 8.39 (d, 1H, J 8.4
Hz, Ar), 8.46 (d,1H, J 8.4 Hz, Ar), 8.13 (s, 1H, Ar), 7.79-
7.77 (m, 2H, Ar), 7.45-7.29 (m, 2H, Ar), 4.78 (d, 2H, J 5.6
Hz, CH,), 4.37 (s, 3H, N*Me).

1-Methyl-4-{[(9-0x0-9, 10-dihydroacridine-4-carbonyl)-
amino]-methyl}-pyridinium iodide (1j).

Yield 66%, mp 206-209 °C (acetonitrile). '"H NMR (400
MHz, DMSO-ds) 6 12.29 (brs, 1H, NH (Ar)), 9.83 (brs,
1H, CONH), 8.95 (m, 2H, Ar), 8.45-8.55 (m, 2H, Ar), 8.30-



ISSN 1814-9758. Ukr. Bioorg. Acta, 2020, Vol. 15, N 1

8.12 (m, 3H, Ar), 7.80-7.65 (m, 2H, Ar), 7.45-7.25 (m, 2H,
Ar), 4.86 (br t, 2H, CH,), 4.31 (s, 3H, N*Me).

Trimethyl-{2-[ (phenazine-1-carbonyl)-amino]-ethyl}-
ammonium iodide (2f).

Yield 42%, mp 272-276 °C (EtOH/DMF). 'H NMR (400
MHz, DMSO-ds) 8 10.55 (brt, 1H, CONH), 8.67 (d, 1H,
J 7.2 Hz, Ar), 8.45-8.52 (m, 2H, Ar), 8.32 (d, 1H, J 8.0 Hz,
Ar), 8.16-8.05 (m, 3H, Ar), 4.02 (d, 2H, J 6.0 Hz, NHCH,),
3.70 (br t, 2H, CH,N), 3.25 (s, 9H, N"Mes).

Trimethyl-{3-[ (phenazine- 1-carbonyl)-amino]-propyl}-
ammonium iodide (2g).

Yield 76%, mp 277-280 °C (butanol/DMF). 'H NMR
(400 MHz, DMSO-ds) 0 10.42 (s, 1H, CONH), 8.67 (d, 1H,
J 6.0 Hz, Ar), 8.48 (m, 2H, Ar), 8.32 (d, 1H, J 6.8 Hz, Ar),
8.14-8.01 (m, 3H, Ar), 3.62 (br s, 2H, NHCH,), 3.47 (br t,
2H, CH;N), 2.17 (s, 9H, N"Me3), 2.15 (br t, 2H, CHy).

1-Methyl-3-{[(phenazine-1-carbonyl)-amino]-methyl}-
pyridinium iodide (2i).

Yield 81%, mp 236-238 °C (EtOAc). 'H NMR (400
MHz, DMSO-ds) 6 10.94 (brt, 1H, CONH), 9.11 (s, 1H,
Ar), 8.92 (d, 1H, J 6.0 Hz, Ar), 8.73 (d, 1H, J 8.4 Hz, Ar),
8.66 (d, 1H, J 6.8 Hz, Ar), 8.54 (d, 1H, J 8.0 Hz, Ar), 8.48
(d, 1H, J 8.4 Hz, Ar), 8.34 (d, 1H, J 7.6 Hz, Ar), 8.19 (dd,
1H, J 7.2, 6.0 Hz, Ar), 8.12-8.02 (m, 3H, Ar), 4.97 (d, 2H,
J 6.0 Hz, CHy), 4.37 (s, 3H, N"Me).

Trimethyl-{2-[(9-oxo-9H-thioxanthene-4-carbonyl)-
amino]-ethyl}-ammonium iodide (3f).

Yield 39%, mp 267-270 °C (butanol/DMF). 'H NMR
(400 MHz, DMSO-dg) 8 9.12 (br.t, 1H, CONH), 8.67 (d,
1H, J 7.6 Hz, Ar), 8.44 (d, 1H, J 7.2 Hz, Ar), 8.06 (d, 1H,
J 6.0 Hz, Ar), 7.85-7.78 (m, 2H, Ar), 7.73-7.69 (m, 1H, Ar),
7.61 (m, 1H, Ar ), 3.75 (d, 2H, J 6.0 Hz, NHCH), 3.60
(br t, 2H, CH:N), 3.24 (s, 9H, N"Mes).

Trimethyl-{3-[(9-oxo-9H-thioxanthene-4-carbonyl)-
amino]-propyl}-ammonium iodide (3g).

Yield 52%, mp 263-265 °C (EtOH). 'H NMR (400 MHz,
DMSO-de) d 8.90 (br.s, 1H, CONH), 8.66 (brs, 1H, Ar),
8.43 (brs, 1H, Ar), 8.11 (brs, 1H, Ar), 7.85-7.60 (m, 4H,
Ar), 3.52-3.33 (m, 4H, NHCH,, CH,N), 3.09 (s, 9H,
N*Mes), 2.05 (br t, 2H, CHy)

1-Methyl-3-{[(9-oxo-9H-thioxanthene-4-carbonyl)-
amino]-methyl}-pyridinium iodide (3i).

Yield 81%, mp 228-231°C (MeOH/DMF). '"H NMR
(400 MHz, DMSO-ds) 6 9.57 (brt, 1H, CONH), 9.06 (s,
1H, Ar), 8.93 (d, 1H, J 5.6 Hz, Ar), 8.68 (d, 1H, J 8.0 Hz,
Ar), 8.61 (d, 1H, J 8.4 Hz, Ar), 8.43 (d, 1H, J 8.0 Hz, Ar),
8.23 (d, 1H, J 7.6 Hz, Ar), 8.16 (m, 1H, Ar), 7.85-7.81 (m,
2H, Ar), 7.73 (m, 1H, Ar), 7.62 (m, 1H, Ar), 4.73 (d, 2H,
J 5.6 Hz, CHy), 4.39 (s, 3H, N"Me).

In vitro antitumor assay.

Antiproliferative activity of compounds was evaluated in
the culture of human malignant glioma cells (U87MG line).
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The cells were grown in 24-well plastic plates (TTP,
Switzerland) in CO,-incubator at 37 °C, 5% CO,. The cells
(2x10° per well) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Sigma, USA) supplemented with
2.5% fetal bovine serum (Sigma, USA). In 24 h after cell
seeding, tested compounds in DMSO were added to the
culture at concentrations 20, 10, 5, 2, 1 and 0.5 uM (final
drug concentration in the medium) using a serial dilution
approach, and then cells were incubated for 72 h. In all
cases, DMSO content in the medium was 0.2%. Preliminary
experiments confirmed that DMSO at this concentration did
not affect cell growth. The cells cultured in the presence of
0.2% DMSO without drugs were used as a control. After
the incubation of cells with or without drugs, the number of
viable cells in each well was determined using a standard
MTT colorimetric assay [46]. After the treatment wit MTT
reagent, optical density in the wells was measured at
570 nm using BioTek ELx800 plate reader (BioTek, USA).
Using the absorbance measurements, the percent of growth
inhibition as compared with a non-treated control was
calculated for each drug concentration. Growth inhibition
levels were plotted against inhibitor concentrations, and
Glso parameter (drug concentration giving a 50% growth
inhibition in comparison with a control culture) was
determined for each compound. Each experiment was
performed in triplicate. The data are presented as the mean
(M) =+ standard deviation (SD).
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Kartionni kapOokcamigH1 MOX1AHI TPUIUKITYHUX T€TEPOAPOMATUUYHHUX CIIONYK: CHHTE3 Ta
NoTepeaHs OI[IHKA aHTUIIPOJIiepaTUBHOI aKTUBHOCTI

B. T'. Kocrina, I. B. AnekceeBa, H. A. JIucenko, B. B. Herpynpka, 1. 5. {y6eii*

Inemumym monexyasproi 6ionoeii i eenemuxu HAH Yipainu, eyn. 3a6onromuoco, 150, Kuis, 03680, Vkpaina

Pestome: Metoro po6oTn OyB CHHTE3 i BUBUCHHS 0i0JIOr1YHOT aKTHBHOCTI KapOOKCaMi/liB TPHIMKITIYHHX I'eTepoapOMAaTHYHUX CHCTEM aKpUIOHY, (eHa3 HHY
Ta TIOKCAaHTOHY, IO MICTATh KaTiOHHI 3aMiCHUKH B aMinHiil GpyHkuii. Bkasani rereporukiivni sapa € JIHK-inTepkansiTopamu, a BBeICHHS B HUX KaTIOHHUX
rpyn Mo)Xe 3a0e3NeuuTH JA0JaTKOBI HOHHI B3aemopii JiiranaiB 3 iXHiMu GiosoriyHumu MimieHsiMu, 30kpema, JJHK # (epMeHTATHBHUMH KOMILIEKCaMK
cHCTeMH 0i10CHHTe3y HYKIEHOBUX KUCJIOT. Moandikamilo BKa3aHUX MeTePOLUKIIB TAKHMH IPyHaMH 3py4HO 3I1HCHIOBATH 4Yepe3 KapOoKcaMinH1 MOXixHi.
Buxonsun 3 1poro, 0yJ1o OTpUMaHO HEBENMMKY 0ibioTexy N-3aMilieHHX anipaTHYHUX 1 apOMATUYHHUX KaTIOHHHUX ITOXITHUX aMifiB akpu0H-4-, heHasuH-1-
Ta TiOKCAHTOH-4-kapOOHOBMX KMCIOT. IX cuHTe3yBamu 3 BuxofaoM 37-81% 3 BUKOPUCTAHHAM M’AKOi CEJEKTMBHOI peakili KBaTepHizalii HoamcTum
METHJIOM aTOMIB a30Ty B N, N-IUMETHIaMIHOQIKUIBHUX (QJIKLT = eTHJ, HPOHia) 1 MipHAMIMETHIBHUX (parMeHTax HelTpaabHux N-(yHKIIOHATI30BaHUX
xapOokcamifiB. IIpy nbOMy TPHLUKIIYHI siApa He pearyloTb. Po3pobieHo 3pydHHMIl MPOTOKON CHHTE3y TiOKCaHTOH-4-kapOoHoBoi kuciotu (TCA), mo
IPYHTYETBCS Ha peakilii 2-MepKanToOeH30HOT Ta 2-H010eH30MHOT KMCIIOT i3 HACTYITHOK IUKITi3aliero iHTepmeniaty (Buxin 79%). OTpruMaHO TaKOX Cepito
HOBHX HeHTpanbHuX N-dyHkuionanizoBanux aminiB TCA, ski € mpexypcopaMu BiIIOBIAHHX KaTIOHHHX KapOoKcaMiniB, B3aeMoi€lo i XJIOpaHTiapHIy 3
aminamiu. [lomepente TecTyBaHHS YOTHPHOX KapOOKCAMiiB in vifro sIK HOTEHIIHHHUX MPOTUNYXINHHHUX 3aCO0iB MPOBOAWIM B KyJbTypi kiaitnH US7TMG
(3nosikicHa rimioMa moanHU). CONyKH BHSBHIIM 3HAYHY aHTUIPOJi(EpaTHBHY aKTHBHICTb y HM3BKUX MIKPOMOJIPHHMX KOHLIEHTpALisX; iXHI IMOKa3HUKU
iHribyBanus kmituHHOrO pocty Glso 3HaxomsTeest B Mexax 1.7-11 MkM. OrpuMaHni maHi CBiZ4aTh Mpo Te, IO KaTiOHHI KapOOKCaMigW TPULMKIIYHHX
reTepoapoMaTHYHUX CHCTEM € MEePCIEeKTHBHIMHE CKahoIIaMu s JU3aifHy HOBUX MPOTUIYXJIMHHHUX MperapaTiB.

Ko1ro4oBi ci1oBa: akpuaoH; (heHa3nH; TIOKCAHTOH; KapOOoKCcaMiIi; MPOTUITY XJIMHHI 3aCO0H.
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Abstract: The characteristics of Viper's bugloss (Echium vulgare) plant, its pharmacological properties, and extracts’ composition are
presented in this study. Results of the literature analysis, data on the biologically active compounds and areas of use of this medicinal plant
are summarized. Viper's bugloss (E. vulgare) is a species of flowering plant in the borage family Boraginaceae. 1t is native to most of
Europe as well as western and central Asia. Viper's bugloss (E. vulgare) is a plant that has been utilized as food (honey), medicine, a
poison, an oil, and as a dye and tannin-producing ornamental plant. Viper's bugloss (E. vulgare) is especially rich in pyrrolizidine
alkaloids, flavonoids, phenolcarboxylic acids, sterones and naphthoquinones. In traditional medicine, Viper's bugloss (E. vulgare) is
utilized as exhilarant and a mood stimulant. That is why one of the possible uses of this plant is considered to be treatment of depressive
states. Like most representatives of Boraginaceae family, it has been insufficiently studied. No previous work quantifying flavonoids
content of aerial parts of Viper's bugloss (E. vulgare) growing in Ukraine has been presented. Continuing the studies of this species, the
aqueous and ethanolic extracts from Viper's bugloss (E. vulgare) aerial parts were obtained and their phytochemical composition was
investigated. For the first time, the qualitative analysis of biologically active compounds in Viper’s bugloss’s extract as well as the
quantitative analysis of flavonoids by aluminum chloride spectrophotometric method are reported. The experimental results showed that
the total concentration of flavonoids was 2.59% in the extract. The maximum yield of extractives was found to be 16%. The obtained
research data will be used in future investigations.

Keywords: Viper's bugloss (Echium vulgare); biologically active substances; flavonoids; depression.

Introduction Among these objects of research, the well-known

honeysuckle Viper's bugloss (Echium vulgare) attracts

Depressive disorders, including major depression and
dysthymia, are serious, disabling, and often difficult-to-treat
illnesses. A promising direction in the treatment of
depressive disorders is the study of existing and creation of
new effective herbal remedies. A large number of herbal
antidepressants on the Ukrainian market, such as
"Life 900", "Sedariston", "Neuroplant", "Deprivit" and
others, based on the extract of St. John's wort (Hypericum
perforatum).
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special attention as a promising source of biologically
active substances (BAS) for the treatment of depression [1].
This paper analyzes the literature sources that contain
information on the chemical composition of the plant, its
application in folk and traditional medicine and prospects
for its use. We also presented our studies of the quantitative
content of extractive substances, flavonoids, and qualitative
determination of various BAS groups in the plant raw
materials [2].

Results and Discussion

Viper's bugloss (E. vulgare), or Blueweed, is a species of
flowering plant in the borage family of Boraginaceae.
Viper’s bugloss (E. vulgare) can be biennial or short-lived
perennial. The stems of mature plants are straight and
reaching over 70 cm in height. Stem leaves are alternate,
linear-lanceolate, sessile, basal leaves narrowed to a petiole,

© Kapusterynska A.R. et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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dry up during the flowering stage. Both stems and leaves
are covered with stout. The stem terminates in a panicle
inflorescence, and each branch of the panicle forms a short
helicoid cyme subtended by an upper foliage leaf. There can
be as many as 50 cymes per stem, and each cyme bears up
to 20 flowers on the top. The showy flowers range in size
from 1 to 2 cm. The funnel-shaped, five-lobed flowers are
typically bright blue, but may also be purple, pink or rarely,
white (Figure 1). The seeds of Viper’s bugloss (E. vulgare)
are called nutlets. They are brown or gray with a rounded
pyramid shape and are quite small. [3].

Figure 1. Viper's bugloss (E. Vulgare).

Viper's bugloss (E. vulgare) grows throughout Ukraine.
It grows best in sunny areas, such as meadows, overgrazed
pastures, poorly drained slopes and roadsides. It usually will
not do well in cultivated ground. [4].

E. vulgare belongs to dye and tannin producing,
medicinal, ornamental, and bee plants since it is a source of
nectar and pollen forage. The flowers of E. vulgare are
frequently visited by bumblebees and honey bees. Nectar
contains 30-40% sugars and is mostly sucrose-dominated.
Honey productivity is 300-400 kg/ha. Honey from E.
vulgare has a light color, a pleasant smell, and a delicate
taste. It contains a number of components that act as
conservatives, such as vitamin C, flavonoids, and other
phenols, as well as enzymes like glucose oxidase, catalase,
and peroxidase, so it can remain preserved in a completely
edible form for a long time. Basal leaves and young shoots
of E. vulgare can be eaten in salads or stirfried.

The decoction of the Blueweed is used in folk medicine
as an expectorant and soothing remedy for common or
whooping cough, and as anticonvulsant and sedative for
epilepsy. It is also used externally against rheumatic pains
in joints, tendon sprains etc. [5]. E. vulgare contains
hepatotoxic pyrrolizidine alkaloids such as cynoglossin and
consolidin, which can be toxic to horses and cattle when
consumed in large amounts. Its roots yield a water-insoluble
carmine-red dye alkannin for wool, and its flowers contain
anthocyanin, which appears as a red pigment in acidic and
blue in alkaline conditions. Viper's bugloss (E. vulgare) has
been planted as an ornamental plant. It also has the fatty
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acid composition of the seed oil (28-32%) and is grown as
an oilseed crop. The seed oil from E. vulgare contains
significant amounts of omega-3 and omega-6
polyunsaturated fatty acids (PUFA) such as g-linolenic acid
(GLA) and rare stearidonic acid (SDA) [3].

Based on literature reports on the chemical composition
of the Viper's bugloss (E. vulgare), we can identify the
following groups of BAS (Figure 2):

« flavonoids (derivatives of kaempferol,
quercitrin, hesperidin, hesperetin, rutin,
naringin, apigenin);

quercetin,
naringenin,

« alkaloids (echimidine, acetylechimidine, uplandicine,

9-O-angelylretronecine, echiuplatine, leptanthine,
echimiplatine, echivulgarine, vulgarine, and 7-O-
acetylvulgarine);

« tannins (in the roots (1.59%), leaves, flowers (0.98%),
stems (0.58%));

» dyes (alkannin in the roots and anthocyanin in the
flowers);

« fatty acids (saturated palmitic (5.65-17.81%), stearic
(1.49-5.08%) fatty acids, mono-unsaturated oleic (8.83-
55.32%), eicosenoic (0.22-6.21%), erucic (0.04-8.94%),
nervonic (0.08-2.71%) fatty acids, and PUFAs such as
linoleic (between 1.41 and 68.44%) and stearidonic acids
(between 0.02 and 14.59%);

* polysaccharides (D-galactose, D-glucose, L-arabinose,
and L-rhamnose);

* amino acids (16 amino acids, including 7 essential:
lysine (247.10 pg/100 mg), tyrosine (236.20 pg/100 mg),
glutamic (184.95 pg/kg) and aspartic acids (186.35 pg/
100 mg) in the roots; phenylalanine (244.53 pg/100 mg),
glutamic acid (488.20 pg/kg), and glycine (283.54 pg/
100 mg) in the shoots;

e phenolic  acids  (gallic, benzoic, isopherulic,
chlorogenic, vanillic, salicylic, ferulic, p-hydroxybenzoic,
protocatechuic, alpha-coumaric and p-coumaric acids,
catechol, catechin);

* microelements (potassium (9.660 pg/kg in the roots,
9.170 pg/kg in the shoots), calcium (2.710 pg/kg in the
roots, 2.220 pg/kg in the shoots); the content of silicon in
the shoots is 2.580 pg/kg, which is 1.7 times higher than in
the roots) [5-7].

The major phytochemicals that were recognized in F.
vulgare extract are kaempferol 3-O-neohesperidoside 1,
which is a derivative of kaempferol 2, uridine 3, 3-(3,4-
dihydroxyphenyl)lactic acid 4, and rosmarinic acid 5
(Figure 2) [8].

Iranian scientists at Mashhad University of Medical
Sciences have found that the aqueous and ethanolic
flavonoids-containing extracts of E. vulgare inhibit mono-
amino oxidase enzyme (MAO) that can leads to a
significant antidepressant effect [9]. The potential
antidepressant effects of extracts of E. vulgare were
investigated on mice using a forced swimming test. This
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Figure 2. The major components of the Viper's bugloss (E. vulgare) alcoholic extract: kaempferol 3-O-neohesperidoside 1, kaempferol 2,

uridine 3, 3-(3,4-dihydroxyphenyl)lactic acid 4 and rosmarinic acid 5.

test was performed in two sessions. In the pretest session
(24 hours before the main session), each mouse (BALB/c
male, weight 25-30 g) was forced to swim in a cylindrical-
shaped container (diameter 10 cm, height 25 cm, water
height 11 cm, temperature 25+1 °C). This preliminary test
is stress-inducing and mice gradually lose their movement
behavior. After 15 minutes, animals were removed and
dried. Then, 23.5 hours later the relevant extract sample
was injected intraperitoneally (IP) into mice. The main test
was performed 30 minutes later. In this test, each mouse
was left in the same container for 6 minutes and the
following behaviors were recorded:

1. Immobility: floating in the water without swimming.

2. Swimming: active movement of extremities and

circling in the container.

3. Climbing: active movement of forelimbs on the
container wall.

The tests were performed on three groups of mice, eight
mice in each. The first group received the drug
imipramine, which is a selective inhibitor of monoamine
reuptake (antidepressant). Group 2 received aqueous and
alcoholic extracts of Viper's bugloss (E. vulgare) in
various concentrations. The results showed that the
extracts have a clear antidepressant activity that is
comparable to imipramine. [9].

The pyrrolizidine alkaloids previously identified in
floral honey attributed to E. vulgare were detected by
Boppre ef al. in Germany. Pyrrolizidine alkaloids were
isolated from the aqueous acid extracts of pollen by use of

strong cation-exchange, solid-phase extraction and identified
by liquid chromatographic/mass spectrometric (LCMS)
analysis. The pyrrolizidine alkaloids in the pollen are present
mainly as the N-oxides. In addition to the previously
described pyrrolizidine alkaloids and/or their
N-oxides  (echimidine, acetylechimidine, uplandicine,
9-O-angelylretronecine, echiuplatine, leptanthine, and
echimiplatine), one unidentified (echivulgarine), but
previously found in honey, and two previously undescribed
(vulgarine and 7-O-acetylvulgarine) pyrrolizidine alkloids
and/or their N-oxides were identified in the pollen [10].
Pyrrolizidine alkaloid-containing plants are widely
distributed throughout the world. The structural types and
concentrations of the alkaloids vary among plant species. In
addition, within a species of plant, concentrations vary with
environment and location. Many pyrrolizidine alkaloids are
toxic and cause poisoning in livestock and humans [11-13].
That is why to detect and determine the content of alkaloids
in specific plants it is necessary to develop a rapid, sensitive,
and specific method, which will be one of our goals of future
research.

Experimental section

The source material for phytochemical studies was the
stems of Viper's bugloss (E. vulgare), which was collected in
the Mpykolaiv region during the period of maximum
accumulation BAR (July 2019). The procurement of raw
materials was carried out according to regulatory and
analytical documentation [2]. Air-dried raw materials were
prepared in an Excelsior-shredding Machine. Studies of the
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extracts were performed according to standard methods
using reagents that were supplied by Sigma-Aldrich Corp.
and Merk. Analytical scales AS 220 from RADWAG,
Poland was used to weigh samples.

The amount of extractives was measured by the
gravimetric method [2]. The maximum yield of extractives
was 16%.

The method of UV spectroscopy (Hitachi U-2810
spectrophotometer) was used to detect the quantitative
content of flavonoids. The aluminum chloride method was
used to determine the total flavonoid compounds [3]. The
content of flavonoids in terms of avicularin and absolutely
dry raw material in percent (X) was calculated by the
formula:

_ D x 100 x 100 x 25
X =330 x m x (100 — W)

where D is the optical density of the test solution;
330 — specific absorption rate of avicularin complex with
aluminum chloride at 410 nm; m — weight of sample in
grams; W — weight loss during drying of raw materials, %.

The powdered plant materials in the amount of 1 g was
loaded into a 150 ml flask, 30 ml of 70% alcohol was
added and refluxed in a water bath for 30 minutes. The
flask was cooled to room temperature, and the mixture
were passed through filter paper into a 100 ml volumetric
flask. The extraction protocol was repeated 2 times as
described above. The combined extracts were filtered, the
solids were washed with 70% alcohol and the volume of
the filtrate was adjusted to the mark (solution A).

Solution A (4 ml) was loaded into a 25 ml volumetric
flask, 2 ml of a 2% solution of aluminum chloride in 95%
ethanol was added and brought the volume with a 95%
ethanol to the mark; after 20 min, the optical density of the
solution was determined using spectrophotometer at a
wavelength of 410 nm in a cuvette with a layer thickness
of 10 mm. For comparison, the following solution was
used: 4 ml of solution A was loaded into a 25 ml
volumetric flask, a 1 drop of a dilute hydrochloric acid was
added and the volume of the solution was adjusted to the
mark with 95% ethanol. The flavonoid content was
calculated based on dry raw material and found to be
2.59%.

With the help of qualitative reactions, the analysis for
the presence of certain groups of BAS of medicinal plant
raw materials was performed. The results of the identified
substances are presented in Table 1.

Therefore, the obtained data demonstrated the presence
of BAS in the object under study and provide insentives
for further study.

It should be noted that the presence echimidine in the
extract of the Viper's bugloss (E. vulgare) requires
additional studies on the toxicity of extracts from this
plant. Because this plant is widely used as a honey plant

and contains alkaloids, there are several studies on their
presence in honey.

Table 1. The results of the qualitative analysis of the Viper's
bugloss (E. vulgare) shoot extract.

BAS Reagents Results
50% C,HsOH, 95% C,HsOH, + )
Mg (dust), conc. HCI (red solution)
Bouchard-Wagner +
K[L] (red-brown
precipitate)
Alkaloids
+
Sonnenschein (amorphous
1% H3PO4- 12M00;-2H,0 precipitates with
yellowish color)
0,1% tannic acid soluton +
(colorless)
0, 3 1 +
1% gelatin solution (precipitate —
dissolves in
excess of reagent)
NH4FC(SO4)2' 12 H20 +
(dirty green)
Tannins
10% CH3;COOH, S
10% Pb(CHsCOO)- (precipitate)
+
1% NH4FC(SO4)2'1 2 H20, (dll’ty green
solid CH3COON3 precipitate)
Foaming +
Salkowsky +
CHCl;, conc. H,SO, (dirty orange
solution)
FeCls, K4[Fe(CN)s] +
Saponins (blue solution)

Polysaccharides

CuSOs, 1% NH4SCN

NaHCO3, FeSO4,
H,S0;, aq. sol.

95% C,HsOH

+
(white
precipitate)

+

(purple —
colorless)

+
(precipitate)

Conclusions

The literature review has shown that Viper's bugloss (E.
vulgare) as a study object has several advantages and
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JlocaimKeHHs KOMIIOHEHTHOTO CKJIaJy €KCTPaKTiB CUHsIKA 3BUYaHOTO (Echium vulgare)

A. P. Kanycrepuncbka, B. P. 'amana, A. C. KpeaBuu, P. T. Koneuna, M. C. Kypka, B. I1. HoBikos*
Hayionanenuii ynisepcumem «JIosiscoka nonimexuixka», ni. Ce. IOpa, 3/4, Jlvsis, 79013, Vkpaina

Pesiome: O0'€KTOM HAIIMX JOCTIPKEHb Oyso 00paHO TpaBy CHHsKa 3BHYaiiHOTO (Echium vulgare). B il cTaTTi Hala€ThCs y3arajibHEHA XapaKTEPHCTHKA
JIKapchKOI POCIMHY CHHsKA 3BU4aitHoro (E. vulgare), ioro ¢papMakoIOriYHUX BJIACTHBOCTEH, BMICTY 0i0JOriYHO aKTUBHHMX pe4oBHH. CHHSK 3BHYAMHMMA
(E. vulgare) - e BUJ KBITY40i POCIMHH CiMeiicTBa MOPCTKOMUCTUX (Boraginaceae). TlommpeHuii CHHAK 1O BCili YKpaiHi. 3aroToBISIOTE HOTo y pailoHax
nommpenHs. CuHsk 3BuyaitHuit (E. vulgare) - MegoOHOCHa, Xap4yoBa, JIiKapchka, OTpylHa, TaHIIOHOCHA, (apOyBanbHa, OJiiiHA 1 JEKOpPAaTHBHA POCIUHA.
Cunsik 3Buyaiinuil (E. vulgare) ocobnmBo OaraTuii aikanoinamu HippoJi3uauHy, ¢raBoHoinamu, (GeHOIKapOOHOBHMH KHCIOTaMH, (iTOCTepOoHaMHu Ta
HadroxiHoHaMu. L1 Jmikapchka pociHa, K i O1IbIICTh NPECTaBHUKIB Boraginaceae, HeOCTaTHHO BUBYEHA. [IpOIOBXKYIOUH NPALIOBATH 3 JOCHIKEHHIM
LBOTO BHJY, OTPUMAJIM BOJHI Ta ETAHOJBHI €KCTPAKTH 3 HAA3eMHOI YaCTHHHU CHHSKA 3BUuaiiHoro (E. vulgare) Ta BU3HaYam iX (GiTOXIMIYHHMH CKIag.
Brepiie HaBOAUTHCS aHAI3 SKICHOTO CKJIaQy CHHsKA 3BH4aiiHoro (E. vulgare), mo pocte B YKpaiHi, IIOA0 BMICTy Oi0JIOTYHO aKTUBHHMX PEYOBUH Ta
BU3HAYCHHUN KUIbKICHHI BMICT ()JIaBOHOINIB 3a JOMOMOrOK CIEKTPO(HOTOMETPUIHOr0 METOAY. EKCIepHMEeHTANIbHI Pe3yIbTaTH MOKa3aiH, 1[0 3aralbHHUR
BMICT ()JIaBOHOI/IIB CTaHOBHUTH 2,59%. MakcuMallbHUIl BHXiJ] €KCTPAaKTUBHUX PEYOBHH CTAaHOBUB 16%. VY TpaauuiliHii MequuuHi CHHSAK 3BUYall HUH (E.
vulgare) BUKOPHCTOBYETHCS SIK KPOBOOYHCHHMIT Ta MPOTUCYAOMHHII 3aci6,a TAKOXK SIK CTUMYISATOp HAcTpOor. OCh YOMY POCIMHA PO3IISIAETHCS 3 TOYKU
30py MOKJIMBOTO BHKOPHCTAaHHS NpH JIKYBaHHI JenpecHBHUX cTaHiB. He Oyno 3adikcoBaHO OMHOI mMomepeaHboi poOOTH IOAO KiJIbKICHOTO BMICTY
(haBOHOINIB Y HA/I3eMHIl YacTHHI CUHsAKA 3BHYaiiHoro (E. vulgare), mo pocte B Ykpaini. OTpuMani 1aHi OyyTh BUKOPHUCTaHI y MaOyTHIX JOCITIIKEHHSIX.

Kurouosi ciioBa: cunsk 3Buuaitiuit (Echium vulgare); 610J0Ti4HO aKTUBHI pedOBUHH; (IIABOHOIIH; ACIPECis.

46



ISSN 1814-9758. Ukr. Bioorg. Acta, 2020, Vol. 15, N 1
UDC 544.6 + 541.138.3: 539.2: 539.216
DOI: hpps://doi.org/10.15407/bioorganica2020.01.047

Ukrainica Bioorganica Acta

www.bioorganica.org.ua

RESEARCH ARTICLE

The mathematical description of dopamine electrochemical oxidation,
accompanied by its chemical and electrochemical polymerization
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Abstract: The electrooxidation of dopamine is accompanied by its chemical and electrochemical polymerization, and in which either the
monomer or the polymer may be oxidized to the respective quinonic form, was investigated from the theoretical point of view. Dopamine
is one of the important neurotransmitters in human and mammal organisms. It is a precursor to epinephrine, which influences the
cardiovascular, hormonal and renal functions. Its lack causes diseases like Parkinson, therefore, dopamine has been used as a drug for their
treatment. On the other hand, its excess stimulates the sympatic nervous system yielding the metabolic disorders and even schizophrenia.
Thus, the development of the rapid and accurate method for its concentration measurement is very important. Dopamine is very popular
analyte in electroanalytical systems. The modified electrodes for its determinations have been developed by many researchers. Dopamine
is widely used as a monomer for synthesis of a conducting polymer — polydopamine, whis is used as electrodes’ modifier in capacitors and
in anticorrosive coatings. The electropolymerization of dopamine into polydopamine proceeds along with its traditional quinone-
hydroquinonic oxidation. Both processes give their impact to the electrochemical behavior of dopamine during its electropolymerization.
The mechanism’s complexity is also responsible for the electrochemical instabilities during electro-oxidation. In order to understand these
instabilities it’s necessary to develop the mathematical model that is capable to describe the behavior of the system. It also helps us to
esteem the influence of the electrochemical instabilities, by which it may be accompanied. The goal of this work is to describe an
electrochemical oxidation and polymerization of dopamine that will provide an important connection between the electrochemical
detection of biologically active compounds and their electropolymerization for electrode modification.

Keywords: dopamine; polydopamine; electrooxidation; electropolymerization; mathematical model.

Introduction

Dopamine is a hormone and one of the major
neurotransmitters in human and mammalian organisms [1-
4] that is synthesized in the body. It is a member of the
catecholamine family of neurotransmitters in the brain and
is a precursor to epinephrine (adrenaline) and
norepinephrine (noradrenaline) hormons [5]. Its lack causes
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illnesses like Parkinson disease [6], therefore it can be used
as a drug in medical protocols [7]. Its excess can cause
different effects on sympathic segment of neurosystem,
methabolic disturbance and even schizophrenia [8].
Therefore, the development of a novel method that is
capable to detect its concentration in a rapid, precise,
accurate and sensitive way is very important task.

Chemically modified electrodes have  various
advantages, the main of which is the affinity between the
modifier and the analyte, reason why they are one of the
modern, cheap and tunable electroanalytic tools. For
example, for detection of hydroquinonic compounds,
various electrode modifiers of a different nature and
composition were developed [9-15]. Some hydroquinonic
and quinonic compounds may also serve as electrode

© Tkach V. V. et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.



modifiers [16-17]. Dopamine is a polymerizable compound
[18] and its polymer can be used as an electrode modifier
similarly as of polyalizarine [19]. Moreover, if the
supporting electrolyte contains oxidizing ions, they can
promote chemical polymerization of dopamine. In order to
evaluate the effect of polymerization by the electrochemical
(electroanalytical) process it’s necessary to investigate the
system with polymerization-accompanied electrochemical
oxidation of dopamine from mechanistic point of view.

Therefore, it’s important to develop and analyze the
mathematical model that is capable to describe the behavior
of the system. It will be useful us to evalate the influence of
the electrochemical instabilities that can be occurred
[20-21].

The goal of this work is to evaluate by mechanistic way
the influence of chemical and electrochemical
polymerization of dopamine and introduce an important
connection between the electrochemical detection of
biologically active compounds and their electropoly-
merization.

System and its modeling

The dopamine polymerization is occured in electrode
potential lower than for benzolic compounds. It is due to the
presence of donor groups (two hydroxyls and an ethylamine
group) in the benzene ring, therefore, the number of
chemical oxidants that 1is capable to promote
polymerization, has to be higher compared to benzene. The
bond between monomer units is formed either by
participation of oxygen, or by creating C-C bond between
positions 3 and 6 of the ring.

While the hydroquinonic structure is present (at least in
part) in the polymer backbone, the polymer can be also
oxidized further to its quinonic form. The oxidation of
hydroquinonic monomer units makes the system similar to
so called “polythiophene paradox” [22]. The
electrochemical oxidation of the dopamine polymer is
reversable in nature while overoxidation of the same
polymer is irreversible. Therefore we can safely assume that
these processes are different.

Taking in account the described assumptions, we are
introducing three variables:

¢ — the dopamine concentration in the pre-surface layer;
0 — dopamine coverage degree;

0, — polydopamine (chemically, or electrochemically
obtained) coverage degree.

In order to simplify the mathematical model, we
introduce several assumptions:

 the background electrolyte is present in an excess,
therefore we can disregard the migration flow and the
oxidizing dopant concentration change;

* the reactor is intensively stirred, so we can disregard
the influence of convection flow;
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* the concentration profile of dopamine in the pre-surface
layer is linear;

* the thickness of pre-surface layer is constant and equal
to d.

It is possible to demonstrate that the differential
equations’ set that are describing the electrochemical
oxidation system can be defined as following:

2o e
%:é<rl_rl_r2_rpl_rp2) (1)
do

dtp :7(p1 7 _”3)

where A is the dopamine diffusion coefficient to from
electrolite to the surface, co is its concentration in the
solution, G and J are the maximal surface concentration of
the dopamine and its polymer correspondengly, and the
parameters r are the dopamine rates of adsorption (ri),
desorption (r.;), electrooxidation (r2), chemical (rp1) and
electrochemical (r,2) polymerization, and the rate of
polydopamine oxidation (r3). These rates can be express as
following:

n=ke(l-0-6))exp(ab); )
r,= k_léexp(— 0:49); 3)
r, = kzé?exp(zg—;ej; “4)
T =k,0" eXP(ZZ?jf(H,,); (%)
r,=k,0"f(0,); (6)
r, =k,0, exp %J (7

where the parameters k are the correspondent reaction rate
constants, parameter o is a variable, which describes the
interaction between the dopamine adsorbed molecules, F is
the Faraday number, z and j are the numbers of transferred
electrons during the polymer formation and oxidation
correspondingly, y and & are parameters that describes the
influences of the electrochemical processes on the double
electric layer (DEL) capacitances, R is the universal gas
constant, T is the absolute temperature of the solution, f is
the function that describes the autocatalytic reaction of the
dopamine  polymerization = and relates to  the
polymerization’s reaction order.
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The electrochemical dopamine polimerization system is stability theory to equation set (1). Its steady-state Jacobian
similar to “the polythiophene paradox” that combines  matrix members can be described as :
nearly all variables. Its behavior, however, is slightly

different, and will be discussed in the next section. a4y ap

Ay Gy Aoy (8)
Results and discussion

a3 a3 a4y

In order to understand and investigate the behavior of the
electrochemical system that includes dopamine’s X
electrooxidation and polymerization we apply a linear  (Figure 1).

where variables can be described by Equations 9-17

2

ay =284k 1-0-0,)exp(a0) ©

a,, = %(klc exp(a8)— ak,c(1-6 - Hp)exp(a9)+ k_, exp(—a@)—ak_Oexp(— a@)) (10)
2

iz = g(klcexp(ae)) an
1

a,, = E(kl (1-6-6,)exp(ab)) (12)

. k,cexp(a )+ ak,c(1-6 - Hp)exp(aé?)— k_, exp(—ab)+ak_Bexp(—ab)-
w0 o) e 20 e 0

(13)
dy, :é(—klcexp(ae) 11(0,)(k,0" e p[ Z THJ +k 9”@} (14)
a, =0 (15)
1 F Fy0
a,, =7(nkpe"-‘ ex (Z / jf(a )+ 7k, 0" exp(z 7 jf(@ )] (16)
1 . (zFy0 , JF&0 JFso
as, =7(f @,k ,0 exp( R;/“ j+kp¢9 )—k, exp( RTPJ_gkﬁp exP( RTpD a7
(-£—E)NAZ+QIZ+PX+PY+PK-KA-KQ-KP)+ZE(PY-AK +AX) <0 (30)
(~E-E)AZ+QIZ+PIZ+PY+PK-KA-KQ-KP)+Z(PY-AK +AX)=0 31)

Figure 1. The series of Equations 9-17 and 30-31.

49



Observing the expressions (8), (12) and (15), it’s
possible to demonstrate the oscillatory behavior of the
system. Moreover, it is even more likely occurance compare
to similar systems [20-21]. It happens because the main
matrix diagonal contains more positive elements compare to
mathematical models for similar systems [20-21, 23-24].

The oscillatory behavior will be observed under
following conditions:

* attraction between the adsorbed molecules that are
represented by the positivity of the element
+akc(1-0—0,)exp(af) and of +ak_Oexp(—ab).

This influence factor is common to all similar systems and
represents the surface instability that was described
experimentally [20-21] and theoretically [23-24];

« strong influence of electrochemical processes on DEL
capacitances. This cause is common to all similar systems
and represent the electrochemical instability the oscillation
amplitudes and electrolyte’s composition [20]. In the case
of dopamine three electrochemical processes are taking
place that can cause changes to electrolyte’s conductivity
(increases or decreases). Therefore, the DEL capacitance
will have its value altered, which will cause the
electrochemical oscillations. Mathematically, they are
described by the positivity of the elements

Jreo
T

PJ, — 7k, 0 ex (

(19)

2Fy0
_ §k36?p exp( BT j
(18)

zFy0

- k,0" exp( ]f( )

and

(20)

which make part of the main diagonal elements a», and as3.

 the autocatalysis during polymer formation can occur
because of rapid transference of an olygomer and a polymer
compare to a monomer. This factor as a cause of the
oscillatory behavior occures during the “polythiophene
paradox”. Mathematically it can be described by the
positivity of the element

710, )k 0" xp( ZT‘gj kO™ o

The oscillatory behavior has three possible causing
factors compare to the two factors that are existing in the
general [23]. Ther factors are being similar to the
polythiophene paradox [24].

In order to evaluate the steady-state stability we apply
the Routh-Hurwitz stability criterion to the differential
equations’ set (1). To avoid the appearance of the
cumbersome expressions we introduce new variables:
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b=

k(1-0—-6 )exp(af) ==

(22)

(23)

k,cexp(a) - ak,c(1-60 - 91,)exp(a0)+ k exp(~ab)-ak Bexp(-abd)=A

(24)
kcexp(af)=Y (25)
k, exp(zl?T/ 9) + 7,0 exp(%) =Q (26)
nk 6" exp(zg 4 ) 1(0,)+ 0" eXp(ZF / 9) 1(0,)=P
27)
FEO i
o) )

so the Jacobian determinant can be described as following:

-Kk—-= A Y
L = -A-Q-P -Y-K (29)
oGJ
0 P K-X

Opening the brackets and applying to the determinant the
requirement Det J < 0 that is derived from the criterion we
can obtain the steady-state stability condition that is
described in Equation 30 (Figure 1).

The topological area of satisfaction of the inequation
(30) is less than in the similar cases, including even the case
of the polythiophene paradox [20-24]. Nevertheless, the
steady-state stability is easy to maintain as it will be
warranted to be stable if:

* the repulsion between the adsorbed particles that is
described by the positivity of the parameter A when the
parameter a is negative. Together with the satisfaction of
the conditions exposed below, the element AX is
maintained positive, and the left-side expression of the
inequation is more negative;

+ the influence of the electrochemical processes to the
DEL capacitances that is described by the positivities of the
parameters ), P and X . Each parameter corresponds to
the certain electrochemical process — electrooxidation (€2 ),
electropolymerization (P) and the polymer electrooxidation
(2). In the case of the positivity of the these parameters the
expression AX+QX+PX+PYwill have the a positive
value, and it will “push” the left-side expression of the
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inequation (30) to more negative values, resulting in its
satisfaction;

* the absence or fragility of autocatalytic effect during
electropolymerization. If the autocatalysis isn’t realized,
f(6)=const and f'(0)=0, which anihilates the elements
containing the parameter K, the nulity or negativity of
which “pushes” the left-side expression of the inequation
(30) to more negative values, satisfying the steady-state
stability condition.

Depending on dopamine concentration and on
electrode’s shape the electrochemical process can be
diffusion-controlled or adsorption-controlled.

It will correspond to a linear dependence between an
electrochemical parameter and a dopamine concentration
from the electroanalytical point of view. It will correspond
to a polymer formation from electrosynthetic point of view.

The monotonic instability is also probable if the
destabilizing and stabilizing influences are equal and it
relates to a detection limit from the electroanalytical point
of view. It will be caused by an autocatalysis and its
conditions can be described by Equation 31 (Figure 2).

Not only dopamine, but also other compounds that are
having a hydroquinonic structural characteristics and active
sites for electropolymerization can undergo the process that
is described in this work. For example, acetaminophen
(paracetamole) can be also polymerized [25]. Its
electrochemical detection on poly- (aniline blue) electrodes
was reported [26] and described theoretically [27]. The
section 2 reported electropolymerization that was
accompanied by electrochemical detection of paracetamol
over polymeric surface. Our model can be used to described
polyacetaminophen electrooxidation.

Conclusions

The analysis of dopamine electrooxidation that is
accompanied by chemical and electrochemical
polymerization allow us to conclude that:

o the stable steady-state, despite to the narrower
parameter topological zone, can be easily maintain. The
factors, which are warranting the steady-state stability, are
repulsion between particles, fragility of DEL influences of
electrochemical processes and the absence or fragility of
autocatalysis

* depending on dopamine concentration, the electrode
area and the presence of active sites, the process will be
controlled by diffusion or by adsorption;

* the oscillatory behavior in this case is more probable
than in the cases of electropolymerization. It caused by a
surface, an electrochemical and an autocatalytical factors;

* the monotonic instability of this system can appear and
can be caused by autocatalysis in electropolymerization.
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MaremMaTUYHUN OMUC EJIEKTPOOKHUCHEHHS JIOMaMiHy, IO CYNPOBOIKYEThCS MOTO

XIMIYHOIO Ta €EKTPOXIMIYHOIO MOJTIMEPHU3ALIEI0
B. B. Tkau'?*, M. B. Kymmip', 5. . Isanymko®, C. M. Jlykanosa', C. C. ne Oniseiipa’, I1. 1. Sroauuers'

" Yepniseyvruii nayionansnuii ynisepcumem imeni FOpis ®edvkosuya, eyn. Koyiobuncvkozo, 2, Yepnisyi, 58012, Yipaina

2 dedepanvnuil yuisepcumem wmamy Mamy-Ipocy-0y-Cyn, npocn. Cenadopa @ininmo Mionnepa, 1555, Kamny-Ipanoi, Mamy-Ipocy-0y-Cya,
79074-460, bpasunis

3 Bykosuncoxuil depycasnuti meouunuii ynisepcumem, ni. Teampanvna, 2, Yepnisyi, 58002, Ypaina

Pestome: 1likaBuit BUMaOK €IEKTPOOKHCHEHHS IOMAMIHY, 110 CYPOBOKYEThCS HOro XiMiuHOIO Ta eJIEKTPOXIiMIi4HOIO TOJTiMepH3alli€lo, B yMOBaxX SKOI SK
MOHOMEp, TaK i HOJIIMEp MOXYTh EIEKTPOXIMIYHO OKHCHIOBATHCS, IOCTIIKEHO 3 TEOPETHYHOI TOUYKHM 30py. JlomamiH — OmuH i3 HaWBaXKIMBILIMX
HEWPOTPaHCMITEPIB B JIIOACPKUX OpraHi3Max, a TAaKOXX B OpraHi3Max iHIIMX ccaBlliB. BiH € nmpekypcopom eniHepprHy — OJHi€T i3 HAlBaXKJIMBIIINX MOJICKYJI
HEHTPOTPAHCMITEPiB 3 BAXUIMBUMH BILUIMBAMH Ha (BYHKIi CepEBO-CYAMHHOI CHCTEMH, TOPMOHAJBHOrO arapaTy, HHPOK TOMmO. Moro Hecraua crae
MIPUYMHOIO PAAY XBOPOO — TakuX, K xBopoba [TapkiHcona. Binrak, 1ornamMiH BAKOPUCTOBYETHCS K JIIKaPChKUN Mpenapar Mpu ix JikyBaHHi. 3 iHIIOro 60Ky,
HAQUIMILIOK JIONaMiHy NMPU3BOAUTH A0 CTUMYJIIOBAaHHS CUMIATHYHOI HEPBOBOI CUCTEMH, MeTabOIIYHMX MOPYIIEHb i HaBiTh mu3oQpeHii. Bigrak, po3podka
METOJy WOro BH3HAYEHHsS TOYHO 1 HMIBUAKO — JIHHO akTyaipHa 3ajgaya. Cam 1o coOi jomaMiH € JyKe MOMYJSIPHUM aHaJIiTOM B EJIEKTPOAHAIITUYHUX
cucremMax. MoxaudikoBaHi eIeKTpoau A Horo BU3HAa4deHHA OyiaM po3poOieHi OaraTbMa BYeHMMH. JlOmMaMiH TaKOX LIMPOKO BHKOPHCTOBYETHCS SK
MOHOMEP IPOBIJHOr0 MOJIIMEPY — HOMIJIONAMIHY, IKUH BUKOPUCTOBYETHCS K MOIM(IKATOP EIEKTPOAY y KOHJCHCATOPaX Ta K MPOTUKOPO3iiHE MOKPUTTS.
OCKIiJIbKM €JIeKTPONOoIiMepH3allisl 1oNaMiHy ife mapajaeiabHO 3 HOro TpaJuliiHUM OKHCHEHHSM 3a XIHOH-T1IPOXIHOHHMM MEXaHi3MOM, OOMIBa MpoLecH
BHOCATh CBii BKJIQJ B EJIEKTPOXIMIUHY MOBEIIHKY JOHaMiHy IIiJi 4yac Horo enekrpomoiiMepusauii. Binrak riOpuaHicTh MeXaHi3My TeX CTae
BIJINOBIZIAJIBHOIO 32 MOSBY €JIEKTPOXIMIYHMX HECTIMKOCTEH NMpH eIeKTPOOKMCHEHH1 0MaMiHy, 110 CyNPOBOKYETHCSA HOTo eleKTpornoiMepu3auieto. Boun
MOXYTb NMPU3BOIAMTH A0 YCKJIAJHEHHS IHTEpHpeTalii aHaIiTHYHOrO CHTHAy, a TaKOX IO IOJIOMKH eJeKTpoxiMiuHoro oOsanHanHs. [lloOu 3’ sicyBatn
IMOBIPHICTb MOSIBU LMX HECTIMKOCTEH, HEOOXITHO anpiOPHO JOCTIAUTH MOBEAIHKY y JaHId CUCTEMi 3 TEOPETMYHOI TOUKHU 30Dy, IO 1 BinOyBaeTbcs y Liit
poboTi. It 1bOro MmoBediHKa B €ICKTPOAHATITUYHOMY HPOLECI OMMCYETHCS CHCTEMOIO TPhOX OanaHCOBUX IudepeHLialbHUX pIBHSHB, aHaNli3 SKOI
nokasye, 1mo: a). CTifiKicTh CTalliOHapPHOTO CTaHy, HE3BAXKAIOYM HA 3BYXKEHHS TOIOJOIYHOI 00J1acT] mapamMeTpiB, ska il BiNOBIAA€E, MIATPUMYETHCS JIETKO.
®dakropu, 1110 3a0€3MeYyI0Th CTIMKICTh CTAL[IOHAPHOI'O CTaHYy — BIIIITOBXYIOYa B3a€MOJIs acOpOOBAHMX MOJICKYJ MOHOMepy abo mojiMepy, cladKicTh
BIUIMBIB €JIEKTPOXIMIYHUX IPOIECIB HA MOABIHHUIA €NEKTPUYHUI LIap Ta BIACYTHICTH a00 cnadkicTh aBTOKartanily; 0). B 3amexHOCTI Big KOHLEHTpawil
JIoNaMiHy Ta aKTUBHOI IUIOLII €NEKTPOLY, €JEKTPOAHANITHYHUI mporec Moxe OyTH nudysiiiHo- abo aacopOLiiHO-KOHTPONBbOBAaHUM; B). OcHUIATOpPHA
MOBEJiHKa B LbOMY BHIAJAKy CTa€ OiNbII iMOBIPHOIO, HDK B 3arajbHHMX BMIIQJKaxX eJEKTponojiMepusauii. BoHa CHpuYuHSETHCS MOBEPXHEBUMH,
CJIEKTPOXIMIYHMMH Ta aBTOKATAJTITUYHUMH (PAaKTOpAaMM; - MOHOTOHHA HECTIMKICTh B Liil cucTeMi MOXIMBa. BOHa CpuuMHSIETHCS TOJIOBHO (hakTOpamu
aBTOKATaJIITHYHOTO POCTY JTAHIIOTA.

Kuo4oBi ciioBa: 1onamMil; nojionaMil; elIeKTPOOKUCHEHHS; €NEKTPOIOJiMepi3allis; MaTeMaTH4Ha MOJEb.
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Abstract: Mebhydrolin, the active substance of diazoline, is a histamine HI-blocker that possesses the anti-allergic, anti-pruritic,
antioxidative properties as well as weak sedative effect. It is used to treat diseases and pathological conditions. Its long-term and excessive
use leads to different side effects and complications such as granulocytopenia, neutropenia, dyscrasia, and granulocytosis. That is why the
development of effective methods for determining the concentration of this drug is vital. There are no reports to date available on the
electrochemical determination of diazoline (mebhydrolin). Based on the structural characteristics of the molecule it can be concluded that
it is an electroactive compound. Its oxidation can effectively occur on the conductive polymer layer. Moreover, the electrochemical
behavior of the drug promises to be very interesting, as it is developed by a complicated mechanism. In this work, the electrochemical
determination of a mebhydrolin concentration on the leading polymer was studied from a theoretical point of view. The polymerization
and the reactions sequences was describe by a mathematical model, which was derived and analyzed using linear stability theory and
bifurcation analysis. From the model analysis we concluded that: a). The polymer electrode promotes an electrooxidation of mebhydrolin
and the system is electroanalytically effective. The relationship between the electrochemical parameter (the current) and the concentration
of nitrite is described and it is linear in nature. Therefore, the analytical signal can be easily interpreted. b). The electroanalytical process
occurs in the diffusion mode at low concentrations of the analyte and in the adsorption mode at high concentration. c). The oscillatory
behavior of this system is possible. It is caused by the effects of the electrochemical stage on DEL as well as also by surface instabilities.

Keywords: chemically modified electrodes, mebhydrolin, conductive polymers, electrochemical sensors, steady stationary state.

Introduction allergic rhinitis, allergic conjunctivitis, skin reaction after
insect bites, bronchial asthma (as part of combination

Diazoline (mebhydrolin) is an anti-allergic drug [1-6], a  therapy).
blocker of histamine Hl-receptors, that possesses anti-
allergic, anti-pruritic, antioxidative, and weak sedative
effect. It is used to treat diseases and pathological
conditions such as hay fever, urticaria, eczema, itchy skin,

Nevertheless, diazoline is a toxic drug, long-term and
excessive use of which leads to side effects [7-12] and even
complications such as granulocytopenia, neutropenia,
dyscrasia, and agranulocytosis. Diazoline is contraindicated
in cases of angle-closure glaucoma and prostate
hypertrophy. The level of ecotoxicity of the drug is high,

ﬁ:ﬁ::zd ?::g::;gég which includes aquatic organisms. Both the positive and
Accepted: 28.05.2020 negative effects of the drug are dose-dependent.
Published online: 30.06.2020 Therefore, the development of effective methods for

determining the concentration of this drug is without a
# Corresponding author. Tel.: +380-50-640-0359; doubt an urgent task [13-16].
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There are no reports to date on the electrochemical
determination of mebhydrolin. Base on the structural
characteristics of the molecule it can be concluded that it is
an electroactive substance that can be effectively oxidized
on the conductive polymeric layer. However, the
development of new electroanalytical systems is always
associated with solving certain problems such as:

* uncertainty about the mechanism of electrochemical
action of the electrode modifier with analyte and its role in
the electroanalytical system;

* possibility of electrochemical instabilities (oscillatory
and monotonic) characteristic of electrosynthesis and
electrooxidation of small organic molecules (including
electropolymerization of heterocyclic compounds, which
produces polymer coatings) [17-22].

These problems can be solved at the stage of sensor
development if the experimental tests are preceded by a
priori theoretical mechanistic study of the electroanalytical
system. It will include the development and analysis of a
mathematical model that would adequately describe the
electroanalytical system. Thus, the main purpose of this
paper is a theoretical description of the electrochemical
system for the determination of mebhydrolin at the polymer
electrode. In order to achieve the goal, you need to achieve
intermediate objectives, namely:

e to present the sequence of chemical and
electrochemical transformations that leads to the appearance

CHs
N
dN
CHy
N
©\/@ S 2H*, - 2e
dN

H3C_N
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of the analytical signal and, therefore, form the basis of the
electroanalytical process;

* to develop a mathematical model that would adequately
describe the behavior of this system. A mathematical model
should consider reaction sequences and physical processes
that accompany them;

* to analyze model, and find the conditions of a steady-
state stability (and, accordingly, the most efficient operation
of the sensor and the best interpreted analytical signal), as
well as oscillatory and monotonic instability;

* to compare the behavior of this system with similar
ones [23-25].

The system and its model

Electrochemical oxidation of diazoline occurs via a
radical mechanism with the expulsion of equal amounts of
electrons and protons - either by the intramolecular
mechanism, with the formation of a condensed indole
derivative, or intermolecularly, forming a dimer; further
polymerization, although theoretically possible, is
hampered by the steric factor (although the polymer
substrate on the surface, in general, promotes
polymerization) [19]. In this case, the transfer of electrons
and protons occurs through the polymer layer (Figure 1),
with the radical centers of which (if any) can also
recombine.

Figure 1. Possible ways of electrochemical oxidation of diazoline (mebhydrolin).
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Figure 2. Oxidation of the methylene group to the carbonyl group in diazoline (mebhydrolin).

A slightly higher electrode potentials in aqueous
solutions, alkaline environment, and the presence of
electrode’s modifiers might lead to the oxidation of the
methylene group with the formation of the corresponding
secondary alcohol and then ketone (Figure 2).

This paper presents electrochemical determination of
diazoline at the polymer electrode and the method described
in Figure 2 will not be considered (this will be the subject of
one of our next works). We will limit ourselves to
electrooxidation that is described in Figure 1.

In the simplest case an electroanalytical process in a
neutral medium using a potentiostatic mode (amperometry)
we consider three variables:

¢ — the concentration of diazoline in the near-surface
layer;

0 — the degree of filling of the electrode’s surface with
diazoline;

p — the degree of filling of the electrode’s surface with
the polymer in a modified form.

To simplify the calculations, we assume that the reaction
mixture is stirred vigorously (and we can neglect the
convective flow) and the background electrolyte is in an
excess (so that we can neglect the migration flow). We also
assume that the concentration distribution of substances in
the near-surface layer is linear, and the thickness of the
layer itself is constant, equal to o.

We can show that the behavior of this system is
described by a system of differential equations (1):

dc 2(A

& s g(co—c)—hl—ﬁ

dg 1

EZE(’?_’”-l_rzl_rzz_rB) (1)
d_p_l

F(rZI t 71, —r3)

dt
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wherein A is the diffusion coefficient, ¢y is its concentration
in the thickness of the solution, G and P are the maximum
surface concentrations of diazoline and modified polymer,
respectively, and the parameters r are the rates of adsorption
(r1), desorption (r.1) and chemical reactions, which can be
calculated as:

= ke(1-0)exp(ab) @
r,= k_lé’exp(— aé’) 3)
ryy = ky, (1= p) exp(86) )
ryy = ky,0(1— p) exp(86) s)
ryy = ky,0(1— p)exp(30) ©)
r=kyp em(%) @

wherein the parameters k are the specific rates of the
corresponding processes, o is a variable describing the
surface interaction of adsorbed diazoline particles, B is a
variable describing the interaction of diazoline molecules
with the surface layer, n is the number of electrons
transferred at the electrochemical stage, F = Na*e is the
Faraday number, ¢ - potential-jump relative to the potential
of zero charges, R - universal gas constant, T - absolute
temperature in the system.

Results and discussion

To study the behavior of electrochemical determination
of diazoline at the polymer electrode, we analyze the system
of differential equations (1) given the algebraic relations
(2-7), by the methods of linear stability theory. Stationary
elements of the Jacobi functional matrix would be written
as:

a;; dp 4
ay Gy Ay (8)
Qs dz  dj
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2
5

a; =

[—%—kla ~0) exp(ae)j ©
a, =§(k1 exp(— ab)—ak_Oexp(— ab)—k,(1-0)exp(ab)+ k,cexp(ab) - ak,(1- O)cexp(ah)) (10)

a,;=0 (11)

a = é(kl (1_9)6Xp(a‘9)) (12)

(13)

2 TG~ ko (1= p)exp(fp) ~ k(1 — p)exp(fip) — s (1 - p) exp(/p)

1 (— k_, exp(— a)+ ak_ 0 exp(— ab) - k,(1— 0) exp(ab)— k,c exp(a0) + ak,(1 - O)c exp(ab) —J
:é(kzﬂexp(/fp)—ﬁkﬂe(l—p) exp(fAp)+ k2,0 exp(fip) — P, 0(1 = p) exp(Bp)+ k0 exp (fip) — P, 01— pYexp(fp) - (14)
a,; =0 (15)

ay, = %(kﬂ (1- p)exp(Bp)+ k,,(1— p)exp(Bp) + k. (1- p)exp(fp)) (16)

— k0 exp(Bp) + By, 0(1— p)exp(Bp) - ky,0 exp(fp) + B, 0(1— p)exp(fp)

gL nF nF (17
PPkl e, 001 o)~k x| "k | i pe] "0

Figure 3. The series of Equations 10-17.

wherein: (see Figure 3). To avoid the emergence of cumbersome expressions in
the analysis of the determinant of Jacobian, we introduce

Considering the expressions (9), (13), and (17), we can new variables, so that the determinant would be written as:

see that in the main diagonal of the Jacobi matrix several
elements can describe the positive feedback. Apart from the

clement _ g exp(% ] ~0» Whereinif §<0, which -k —Z A 0

o 2l = A0 K I8
describes the effects on the DEL (double electric layer) GP = (18)
capacity of the electrochemical oxidation of the modified 0 Q -K-1II
polymer, the element <can also be positive
akflé’exp(— af)>0 ak,(1-6)cexp (aH) >0i, ifa>0, The criterion for the stability of the steady-state is the so-

called Rauss-Hurwitz criterion. We can show that for
andalso i, (1= p)exp(fp). B0 = p)exp(fp)- trivariate systems it reduces to the inequality —Det J > 0, or,
Ph,,0(1— p)exp(fip), positive when B>0, describing  consequently, Det J < 0. By revealing the determinant of the
matrix and applying to it the inequality that follows from
the criterion, we can obtain the condition of stability of the
steady-state, written as:

surface instabilities caused by the attraction of adsorbed
diazoline molecules among themselves and with the
polymer surface. This means that the Hopf bifurcation and
the oscillatory behavior described by it are possible, and —_

they are more probable than in similar systems [23-25]. As — 1 (AK + AL+ QIT) —EQI <0 (19)
will be shown below, the oscillatory behavior will be
observed outside of determination limit and will have little
effect on the electroanalytical properties of the material.

This condition is guaranteed to be satisfied if the
parameter j acquires positive values (which, in most cases,
is observed). Thus, the steady-state is stable in a fairly wide
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range of parameters, which from an electroanalytical point
of view will mean that the system is electroanalytical
efficient because in it the relationship between
electrochemical parameter (in this case, current) and nitrite
concentration is linear and the analytical signal is easily
interpreted in a wide range of parameters. Also, the form of
inequality (19) indicates that the electroanalytical process
occurs in the diffusion mode at low concentrations of the
analyte and the adsorption mode at large.

The limit of determination is determined by the
implementation of monotonic instability, which corresponds
to the implementation of the saddle-node bifurcation, the
point of which separates stable steady states from unstable
states. The condition for its occurrence for this system is as
follows:

— K, (AK+AIT+QIT) -EQIT=0 (20)

In the case of a modification of the polymer surface with
an inorganic material, the role of the active substance is
assumed by this material. The polymer remains the
mediator function of the electrochemical process, which
changes the behavior of the system, expanding the range of
electroanalytical efficiency of the process. This system will
be considered by us in the following works.

Conclusions

Theoretical analysis of determining the concentration of
diazoline at the polymer electrode demonstrates that:

» the polymer electrode promotes electrooxidation of
diazoline, and the system is electroanalytical effective,
because in it the relationship between the electrochemical
parameter (in this case, the current) and the concentration of
nitrite is linear, and the analytical signal is easily
interpreted;

* the electroanalytical process occurs in the diffusion
mode at low concentrations of the analyte and in the
adsorption mode at large ones;

» oscillatory behavior in this system is possible and it is
caused not only by the effects of the electrochemical stage
on DEL but also by surface instabilities.
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TeopeTnyHa OIIHKA €JIEKTPOAHAIITUYHOTO BH3HAYEHHS J1a30iHY (MeOriaposiHy) Ha
MOJIIMEPHOMY €JIEKTPO/I1

B. B. Txau'”*, M. B. Kymmnip', f. T. Isamymxo'’, C. C. me Omiseiipa’, O. B. Jlyranceka®, II. 1. SIromumens’,
YKont O. Kopmorr®

" Yepuiseyvruti nayionanvuuti ynisepcumem imeni FOpis @edvrosuua, syn. Koyobuncvkozo, 2, Yepnisyi, 58012, Yipaina

2 @eoepanvnuii ynisepcumem wmamy Mamy-Ipocy-0y-Cyn, npocn. Cenadopa Pininmo Mioanepa, 1555, Kamny-I'panoi, Mamy-Ipocy-0y-Cyx,
79074-460, bpasunis

3 Byxoeuncwkuii Oepaicagnuii meduunuii ynieepcumem, ni. Teampanvna, 2, Yepnisyi, 58002, Yrpaina

* 3anopizvruil nayionansuuli yrieepcumem, eyn. JKykoscwkozo, 66, 3anopiacaics, 69600, Yipaina

5 Cxionoesponeiicorutl nayionanvuuti ynisepcumem imeni Jleci Yxpainku, npocn. Boni, 13, Jlyyok, 43025, Vipaina

Pe3tome: VY naniii poGOTi 3 TEOPETHYHOI TOYKH 30py PO3MIBIAAETHCS MOJMKIMBICTH €JEKTPOXIMIYHOrO BH3HAYEHHsS KOHILIEHTpauii meOrigponiny (miroua
pEYOBHHA MpenapaTy Iia30JliHy) Ha aHo/i, MOAX(IKOBAHOMY IPOBIAHUM MOJIIMEPOM . MeOTiAPONiH € OHUM i3 IIMPOKO 3aCTOCOBAHUX AHTHUTICTAMIHHHX
npenapartis. oro 3acTOCOBYIOTh MpW TAaKMX MATONOTIYHHX CTAHAX SIK CIHHA JIMXOMAHKA, KPOIMMB'SHKA, eK3eMa, MKipHHI CBepOiX, anepriuHuii puHir,
aJlepriyHuil KOH''OHKTHBIT, [IKipHA PEaKIlis Micis YKyCy KOMaxu, OpoHxianbHa actMa. He3Bakarouu Ha 1€, MeOTiApOJIiH MPOsBIISE Psi MOGIYHMX eeKTiB i
MPOTUIIOKA3aHUH [0 PRy Kareropiii HacemeHHs. B Oynb-skoMy pasi, HOro Aisi € CHJIBHO 3aJI©XHOI Bix 103u. ToMy HOro BH3HA4YeHHS € HiHCHO
akTyansHUM. Hapasi He BiToMo >xonHOI pOOOTH, MPHCBSMEHOI eIeKTPOXiMIiYHOMY BH3HAa4YeHHIO MeOriaponiny. OnqHak, 3 Orsiay Ha OyIOBY MOJIEKYIH,
MOXHa 3pOOUTH BHCHOBOK IIPO Te, IIO L€ €IeKTPOAKTUBHA PEUOBHHA, OKHCHEHHS SIKOT MOXe e)eKTUBHO BiOYTHCSA HA MPOBIAHOMY MONIMEPHOMY IHapi.
Maio Toro, sik moxifHe iHAOMy, MEOTiAPOH MOXe OYTH MiJIaHUM ENeKTPOMONiMepHu3allii, sKka MOXKE CYNMPOBODKYBATHCS BHYTPIIIHbOMOJIEKYIISPHOIO
HUKITi3aLiero. BigTak, 3 ormiay Ha «po3raiyKeHiCTb» MeXaHi3My, a TAKOXK MOXKIIHBICTb MMOSIBH €JEKTPOXIMIYHUX HECTifiKocTeil (OCHIITOpHA, MOHOTOHHA),
a priori TEOpETHYHE MEXaHICTHYHE JOCII/KCHHs €JIEeKTPOaHANTITUYHOI CHCTEMHM, SKe BKIIIOYaTHME PO3poOKYy Ta aHali3 MaTeMaTH4HOi Mozeni, 1o 0
a/IeKBaTHO OMKCYBAaJa €JICKTPOAHATNTHYHY CHCTEMY € HiliCHO BaknuBuM. J{msi maHoro mporecy Oyino po3po0ieHO TpUBapiaHTHY MAaTeMaTHYHY MO/ENb
GanaHcOBUX AM(epeHIiaNbHIX PIBHSHb, 110 BKIIOUa€ 00U/IBa CLIeHAPii OKHCHEHHs MEOTIIPOIiHY 3 BiJIIENICHHAM MPOTOHIB Ta €IEKTPOHIB. AHai3 Mojiei
HoKa3sye, 10: a). [oniMepHHil eleKTPOA CIIpHsie eMeKTPOOKUCHEHHIO ia30IliHy, a CHCTeMa eJIeKTPOaHATI THYHO e)eKTHBHA, OCKIIBKH B Hilf 3aJIeXKHICTD MiXK
eNeKTPOXIMIYHUM MapaMeTpoM (B ZaHOMY BHINAJIKY, CTPYMOM) i KOHIIEHTPALIEI0 HITPUTY € JNiHIHHOI0, @ aHAMITHYHUNA CHTHAJ JIETKO IHTEPIIPeTy €ThCs. 0).
EnexTpoananitnunuii nporec BinOyBaerbes B qudy3iiHOMY pexuMi 32 MaJlMX KOHLEHTpaLiil aHAIITY 1 B ajcopOuiiiHOMy 3a BeIMKUX. B). OCUMIATOpHA
MOBEJIIHKA B JJaHiil CUCTEMI MOXKJIMBA | BOHA CIIPUYMHSETHCS HE JIMIIEHb BIUNIMBAMU elleKTpoximiuHoi craaii Ha [TELLI, a i noBepXxHEBUMH HECTIHKOCTSIMHU.

Kurouosi ciioBa: XiMivHO MO (DIKOBaHMH €IEKTPOJL, MEOT1IPOIIIH, TPOBI/IHI MOJTIMEPH, ENEKTPOXIMIYHI CEHCOPH, CTIHKHMH CTAlliOHAPHUI CTaH.
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