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Four mononuclear n,n-chelate complexes [M(HLY?)Cl,] (M = Pd>*, Pt?>*) have been obtained by the reactions of
PdCl, or Ky[PtCl,] with N,N-diethyl-N’-(2-propenyl)thiourea (HL') or N-cyclohexyl-N’-(2-propenyl)thiourea
(HL?) in the presence of HCl. According to X-ray diffraction study, the molecules of HL>? are coordinated in a
bidentate manner with the formation of six-membered chelate metallocycles in a twist-boat conformation. The
diagonal arrangement of “soft-hard” donor atoms (S-M—Cl, C-M—C)) in the coordination sphere leads to the
Pearson’s effect of “molecular antisymbiosis in the trans effect” that causes the formation of complexes with an
M:L ratio of 1:1. However, interaction in the ratio 1:2, 1:3 is also possible in the solution under the conditions of
monodentate coordination of HL! and HL2 All compounds were investigated by IR, UV-vis and NMR spectra.
The 'H/'®C NMR study showed that this method is reliable for establishing the formation of a n-coordinating
bond. The similarity of the synthesized complexes structure with cisplatin implies the same mechanism of their
antitumor action. Thus, it was investigated their effect on the growth and biochemical characteristics of human
breast adenocarcinoma cells MCF-7 (grown in three-dimensional culture as spheroids) and the activity of the
enzyme gamma-glutamyl transpeptidase (GGT). The results showed that all studied n-complexes are more active
compared to cisplatin, and they exhibit pronounced anti-metastatic and pro-apoptotic activity, which one is
caused by their inhibitory effect.

1. Introduction

Alkyl-, aryl-, and heteroaryl-substituted thioureas are an important
class of organic compounds that are used as building blocks for the
generation of N- and S-containing heterocycles [1-4]. The ability of
polyfunctional thioureas to effect non-covalent interaction with func-
tional groups H-bond acceptors (C—0, NHj, N-containing heterocycls,
etc. [5]) allows them to interact with peptide and heterocyclic moieties
of enzymes, proteins, cellular receptors, nucleic acids and other drug
molecular targets, which determines their high anticancer [6,7], anti-
viral [8,9], antibacterial [10-12], antifungal [13,14], antiangiogenic
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activity [15], etc. Therefore, they are one of the most widely used
scaffolds in medicinal chemistry [16,17].

In coordination chemistry, N-substituted derivatives of thiourea are
versatile reagents capable of coordinating the ions of many metals. The
presence of N,S-donor atoms of thioureide group allows them to coor-
dinate to metal ions in monodentate manner (only through the sulfur
[18-21]), or bidentate N,S-chelating mode with the formation of a four-
membered metallocycles [22-25]. Depending on the solvent properties
and pH reaction media, thioureas can coordinate to metal ions as
neutral, monoanionic or dianionic ligands [26-28]. However, the
combination of the thioureide group with other “hard” and “soft” donor
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atoms in substituted moieties enable polyfunctional thioureas to react
readily with transition metal ions, forming stable five- and six-
membered chelate metallocycles [29-36]. This property allows them
to be used as analytical reagents for the qualitative and quantitative
determination of metals in natural or technological objects [37-39]. At
the same time, chelate type complexes are characterized by good
metabolic stability, since the coordination of ligands in them largely
inhibits hydrolysis of salts in biological media. Moreover, complexation
promotes the penetration of metal ions through cell membranes.
Therefore, they are valuable objects of bioinorganic chemistry. This is
especially true for compounds of platinum group metals [40,41]. In
addition, substituted thioureas have a number of advantages: they are
low-toxic, and the methods of their synthesis and modification are
simple.

Previously, we installed that N-allylthiourea derivatives are effective
chelating agents due to the favorable spatial location of the allylic
moiety in them relative to the S-nucleophilic reaction center, which
creates prerequisites for the formation of stable six-membered chelate
metallocycles with the generation of n-bonds with such “soft” Lewis
acids as Pd(ID), Pt(I) and Ag(I) [42-44]. At the same time, our previous
studies showed that N-allyl-substituted thioureas form a n-bond under
conditions when other donor atoms are in an unfavorable position for
the formation of a chelate metallocycle. Otherwise, the «soft» Lewis
acids will be coordinated to other donor centers [45-47]. Therefore, in
the N,N-diethyl-N’-(2-propenyl)thiourea (HL') and N-cyclohexyl-N’-(2-
propenylthiourea (HL?) used in this work, the spatial arrangement of
the N,S-nucleophilic centers to the allylic moiety is also favorable for the
formation of the n,rn-chelate metallocycle. Among the series of previ-
ously synthesized compounds, a number of Pt(II) and Pd(II) mono-
nuclear n-coordination complexes showed a high affinity to DNA with
cytostatic and proapoptotic effects which was superior to that of
cisplatin [42,44,48]. We proceeded from the assumption that such
compounds may have the prospect of overcoming the resistance of
pathogenic cells to their action due to the coordination of N-allyl-
substituted thiourea. It is known that one of the ways to overcome the
resistance inherent in cisplatin is to prevent its binding to thiol-
containing compounds (such as the tripeptide glutathione, metal-
lothioneins, or other proteins rich in sulfur-containing amino acids:
cysteine and methionine) located in the blood cytoplasm because, as a
result of interaction with ones, the antitumor agent loses the DNA-
binding ability. Unlike cisplatin and its analogues, N-allylthioureas are
coordinated by even “softer” sulfur and carbon atoms in synthesized
n-complexes, which should prevent the interaction of central atoms with
thiol-containing compounds because of the Pearson’s effect of “molec-
ular antisymbiosis in the trans effect” begins to operate [49]. In order to
test this assumption, the novel Pd(II) and Pt(I) n,n-chelate complexes
with alkyl-thioureas HL! and HL? were obtained. Also, we tried to
indirectly prove the ability of such compounds to overcome the resis-
tance of pathogenic cells, using the example of studying their effect on
the growth of multicellular spheroids of MCF-7 breast tumor cells and
the activity of the enzyme gamma-glutamyl transpeptidase (GGT),
which is the main target of action of cisplatin and its structural analogs.

2. Experimental section
2.1. Materials and methods

Initial reagents (PdCly, Ko[PtCl4]) and solvents (ethanol, hydro-
chloric acid, and diethyl ether) used in this work were of synthetic grade
and used as purchased without further purification. Elemental analyses
for carbon, hydrogen, nitrogen and sulfur were performed by Carlo Erba
Elemental Analyzer (Model 1106). The chlorine was measured by the
Schoniger method. 'H/!3C NMR spectra were measured on a Bruker
Avance DRX-400 (or DRX-500) spectrometer (400.00, 500.00/125.75
MHz) in DMSO-dg solution using tetramethylsilane (TMS) as internal
standard (Fig. S1-S6). All assignments are based on literary data [50,51]
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and theoretical predict of 'H/'3C NMR shifts according to the program
ChemBioDraw Uitra 12. Attenuated total internal reflection Fourier
transform infrared (ATR-FT-IR) spectra were recorded on a Thermo
Nicolet Nexus 4700 FT-IR spectrometer in a range of 4000-400 em™!
(Fig S7). The assignment of the bands was performed earlier at BP86/
MCP-TZP level of theory at [48] and compared with data in [51-54].
Solid state reflectance spectra and UV-vis spectra of ethanol-DMF (2:1)
solutions of ligand and complexes were measured on a Specord M40 in a
range of 200-1000 nm ', The assignment of absorption bands was
performed according to the data in [51,55,56].

The studies of complex formation in ethanol solution were performed
using spectrophotometric titration [48]. The starting solutions for
titration were prepared by dissolving an exact mass of PdCly (or
K5[PtCl4] in 4 ml of 2 M HCl, and the thioureas HLl, HL? in EtOH and
brought to a volume of 25 ml with ethanol. Herewith the concentration
of metal salts (Cy) was unchanged (10 x 107> M), while the concen-
tration of thioureas HL! and HL? was changed from 1.67 x 107> M to
33.33 x 107> M (Fig. S8).

2.2. Preparation of thioureas HL, HL? and complexes I-IV

N,N-Diethyl-N"-(2-propenyl)thiourea (HL!) and N-cyclohexyl-N"-(2-
propenyl)thiourea (HL?) were obtained by reacting allyl isothiocyanate
with diethylamine or cyclohexylamine in accordance with the methods
[57,58]. Previously, HL? was obtained by a similar method and was used
as an intermediate synthon without isolation from the reaction mixture
for the preparation of 1-allyl-3-cyclohexyl-2-methylisothiourea hydro-
iodide [58]. Both allylthioureas have not previously been used in co-
ordination chemistry as ligands for metal complexes.

HLI, Calculated for CgH1¢N5S: C, 55.77; H, 9.36; N, 16.26; S, 18.61%.
Found: C, 55.70; H, 9.41; N, 16.12; S, 18.45%. NMR 1H, (6, ppm): 7.45m
(1H, N'H); 5.87 m (1H, -C?H = ); 5.08 d (1H, =C'Hyrans, J 17.0 Hz); 5.04
d (1H, =C'Hg, J 10.5 Hz); 4.14 br.m (2H, C3Hy); 3.62 dd (4H, C°H, +
C®H,, J 7 Hz, J 14 Hz); 1.08 t (6H, C°Hs + C’Hs, J 7 Hz). NMR '3C, (5,
ppm): 180.05 C*, 136.46 C2,115.26 C!, 47.92 C%, 44.68 C>%,13.16 C57.
IR (v, cm™1): 3300 V(NH); 3090 as(CH)attyl, 3060 v5(CH)aptyl; 2990, 2955
Vas(CH)cns; 2917, 2870 v5(CH)cps; 1535, 1500 8(NH) + v,5(NCN); 1439,
1403; vs(N-CS-N) + 8(CH); 1370-1320 85(CH)cps; 1275-1208 8(CH)cpz;
1032 v(C=S); 920 &(CH).c_cu. UV-vis, (A, nm (log €)): 290 (2.71).

HLZ, Calculated for C;poH;1gN2S: C, 60.56; H, 9.15; N, 14.12; S,
16.17%. Found: C, 60.45; H, 9.18; N, 14.00; S, 16.08%. NMR 1H, (4,
ppm): 7.33 m (1H, N*H); 7.28 m (1H, N?H); 5.84 m (1H, -C?H = ); 5.14
d (1H, =C'Hyans, J 15.5 Hz); 5.07 d (1H, =C'Hgis, J 10.5 Hz); 4.04 br.m
(2H, C®H,); 2.53 m (1H, C*Heyclohexyl); 1.84 m (2H, CHeyelohexyl); 1.65 m
(2H, CHeyclohexyn); 1.54 m (1H, CHeyclohexyl); 1.27 m (2H, CHeyclohexyl);
1.16 m (3H, CHeyclohexyl)- NMR 3C, (5, ppm): 181.43 C*, 135.72 C%,
115.79 €, 52.21 C%, 46.24 C3, 32.74 C*1°, 25.64 C®, 24.97 C"*. IR, (v,
em™b): 3273, 3214 v(NH); 3088 vas(CH)ayy1, 3018 vs(CH)any1; 2935 vas
(CH)cn2, 2854 vs(CH)cpo; 1567, 1519 8(NH) + v,s(NCN); 1447, 1405
Vs(N-CS-N) + 8(CH); 1337-1234 8(CH)cpp; 1110 v(C=S); 911 8(CH).
c=cu. UV-vis, (A, nm(log €)): 284 (2.72).

[Pd(HLLZ)Clz] (I, III): PdCl (88.7 mg, 0.5 mmol) was dissolved in 2
ml of 2 N HCI and 8 ml of ethanol with constant stirring and heating to
45 °C. The hot solution of thiourea HL! (86.1 mg) or HL2 (99.2 mg, 0.5
mmol in 10 ml of ethanol) was slowly added to the resulting solution at
constant stirring. The transparent solution of the mixture was heated (at
45 °C) for 15 min and left in a dark place. After four days, the light-
brown plate crystals began to stand out which were filtered on the
next day, washed with ethanol and diethyl ether.

[Pd(HLl)Clz] (D, Yield: 128 mg (73%). Calculated for
CgH16CloNoPdS, %: C, 27.48; H, 4.61; Cl, 20.28; N, 8.01; S, 9.17. Found,
%: C, 27.30; H, 4.70; Cl, 20.10; N, 7.85; S, 9.00. NMR 'H, (5, ppm): 8.73
m (1H, N'H); 6.18 m (1H, -C?H = ); 4.40 d (1H, =C'Hans, J 14.5 Hz);
4.91d (1H, =C'Hgis, J 9.5 Hz); 4.21 d (1H, J 22.5 Hz, C®Hy); 3.97 d (1H,
J22.0 Hz, C3H2); 3.54dd, (4H, C5H2 + C8H2, J8.5Hz,J18.0Hz); 1.15t
(6H, C°Hj + C’Hs, J 8.5 Hz). NMR 3C, (8, ppm): 170.37 C*, 103.07 C2,
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77.41 C, 46.52 C2, 40.06 C>%, 12.94 C®7. IR, (v, cm™}): 3320 V(NH);
3120 vas(CH)aliyl, 3095 vs(CH)anys; 2983, 2934 1,5(CH)cpz; 2901, 2873
Vs(CH)cnsz; 1562, 1495 8(NH) + v,s(NCN); 1420, 1392 v(N-CS-N) +
§(CH); 1380-1330 8s(CH)cus; 1289-1201 8(CH)cro; 985 v(C=S); 885
8(CH).c_cu. UV-vis, (A, nm (log €)): 327 (3.11); 370 (2.86); 465 (2.16).

[Pd(HLz)Clg]'HZO (III), Yield: 154 mg (82%). Calculated for
C10H20ClN2OPdS, %: C, 30.51; H, 5.12; Cl, 18.01; N, 7.12; S, 8.15.
Found, %: C, 30.35; H, 5.15; Cl, 18.10; N, 7.05; S, 8.00. NMR H, (5,
ppm): 9.27 m (1H, N'H); 9.01 m (1H, N?H); 6.15 m (1H, -C?H = ); 4.36
d (1H, =C'Hyans, J 14.0 Hz); 4.95 d (1H, =C'Hgs, J 8.4 Hz); 4.19d (1H,
C®Hy, J 17.6 Hz); 3.93 d (1H, C°Ha, J 18.4 Hz); 3.46 m (1H, C*Heyclo.
hexyl); 1.87 m (1H, CHcyclohexyl); 1.70 m (2H, CHcyclohexyl)§ 1.57 m (1H,
CHcyclohexyl); 1.24 m (5H5 CHcyclohexyl); 1.10 m (]-H, CHcyclohexyl)~ NMR
13¢, (s, ppm): 169.37 C* 103.16 C2, 77.76 C, 52.67 C°, 45.93 C3, 32.24
c®10 2515 8, 24.85 C7°. IR, (v, cm™)): 3530, 3475 (O—H)p20; 3253
br. v(NH); 3143 vas(CH)ayy1, 3026 vs(CH)aiy1; 2930 vas(CH)cpa, 2854 vs
(CH)cha; 1595, 1533 8(NH) + vas(NCN); 1450, 1395 vs(N-CS-N) +
8(CH); 1345-1227 8(CH)chz2; 1066 1(C=S); 887 8(CH).c—cy. UV-vis, (,
nm (log £)): 365 (3.30); 470 (2.68).

[Pt(HL"?)Cl5] (II, IV): KoPtCl, (207.5 mg, 0.5 mmol) was dissolved
in 8 ml of distilled water. The resulting solution was acidified with 2 ml
of 2 N HCI and heated to 45 °C. A hot solution of thiourea HL! (86.1 mg)
or HL2 (99.2 mg, 0.5 mmol in 10 ml of ethanol) was slowly added with
constant stirring and heating. The transparent solution of the mixture
was heated (at 55 °C) for 20 min and left in a dark place. After three
days, yellow crystals began to stand out, which were filtered the next
day, washed with ethanol and diethyl ether.

[Pt(HLY)CI,]-(ID), Yield: 258 mg (88%). Calculated for
CgH16ClaNoPtS, %: C, 21.92; H, 3.68; Cl, 16.18; N, 6.39; S, 7.32. Found,
%: C, 21.78; H, 3.70; Cl, 16.05; N, 6.25; S, 7.20. NMR H, (5, ppm): 8.75
m (1H, N'H); 5.06 m (1H, -C?H = ); 3.67 d (1H, =C'Hiyans, J 12.8 Hz);
4.06 d (1H, =C'Hgis, J 7.2 Hz); 4.28 d (1H, J 17.2 Hz, C>Hy); 4.00 d (1H,
J 15.6 Hz, C®Hy); 3.51 dd, (4H, C°Hy + C®Hy, J 7.2 Hz, J 14.0 Hz); 1.15 t
(6H, C®Hs + C’Hs, J 8.5 Hz). NMR 3C, (5, ppm): 166.92 C* 80.14 C2,
58.85 C!, 46.24 C%, 40.21 C>%, 12.97 C®7. IR, (v, cm™): 3330 V(NH);
3130 vas(CH)aliyl, 3075 vs(CH)angs; 2980, 2935 v,5(CH)cpz; 2985, 2860
Vs(CH)cns; 1565, 1480 8(NH) + va(NCN); 1422, 1390 vs(N-CS-N) +
§(CH); 13561330 85(CH)cns; 1285-1200 8(CH)cra; 990 1(C=S); 891
8(CH).c—cu. UV-vis, (A, nm (log €)): 307 (3.16); 389 (2.25); 400 (2.24).

[Pt(HL?)Cl,]-H,0 (IV), Yield: 245 mg (80%). Calculated for
C10H20ClN2OPLS, %: C, 24.90; H, 4.18; Cl, 14.70; N, 5.81; S, 6.65.
Found, %: C, 24.70; H, 4.20; Cl, 14.62; N, 5.80; S, 6.58. NMR 'H, (5,
ppm): 9.16 m (1H, N'H); 9.03 m (1H, N?H); 5.03 m (1H, -C?H = ); 3.63
d (1H, =C'Hyans, J 12.8 Hz); 4.08 d (1H, =C'Hys, J 7.6 Hz); 4.27 d (1H,
C®Hy, J 16.8 Hz); 3.95 d (1H, C°Hy, J 15.6 Hz); 3.44 m (1H, C*Heyclo-
hexyl)§ 1.86 m (1H, CHcyclohexyl)§ 1.69 m (2H, CHcyclohexyl)§ 1.57 m (1H,
CHcyclohexyl); 1.22 m (5H, CHcyclohexyl); 1.09 m (1H, CHcyClohexyl)~ NMR
3¢, (5, ppm): 165.28 C*, 79.48 C2, 63.97 C1, 52.46 C>, 45.15 C%, 32.26
c®10 2515 8 24.86 C7°. IR, (v, cm™)): 3560, 3502 (O—H)y20; 3280
br. ¥(NH); 3150 vas(CH)anyl, 3026 vs(CH)anyy; 2932 ves(CH)cha, 2854
Vs(CH)cnz; 1585, 1525 8(NH) + vas(NCN); 1450, 1393 vs(N-CS-N) +
§(CH); 1345-1217 5(CH)cno; 1070 v(C=S); 887 &(CH).c_cu. UV-vis, (\,
nm (log ¢€)): 305 (3.31); 385 (2.34); 397 (2.33).

2.3. Single crystal X-ray diffraction (SCXRD)

X-ray diffraction studies were performed on an automatic “Bruker
APEX II” diffractometer (graphite monochromated MoKa radiation,
CCD-detector, ¢- and 0-scanning). The structures were solved by direct
method using SHELXTL package [59]. Positions of the hydrogen atoms
were located from electron density difference maps and refined by
“riding” model with Ujs, = nUgq of the carrier atom (n = 1.5 for water
molecule and n = 1.2 for other hydrogen atoms). The hydrogen atoms of
the allyl moiety coordinated to the metal atom were refined using
isotropic approximation. The crystallographic data and experimental
parameters are listed in Table 1. Final atomic coordinates, geometrical
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Table 1

Data collection details and selected crystallographic data for complexes III, IV.
Compound [€119)] av)
Formula C10H18N2SPACl,-Ho0 C10H18N2SPtCly-Ho0
Fw (g/mol) 393.64 482.32
Crystal system, Space group Triclinic, P’
a (10\) 7.8512(10) 7.759(3)
b (A) 8.4477(10) 8.470(3)
c (10\) 12.3343(16) 12.412(5)
a(®) 96.021(8) 97.412(13)
pC) 107.009(7) 107.656(8)
y () 102.048(7) 101.728(6)
V (A% 752.91(17) 745.0(5)
Z 2
Peate/g-cm ™3 1.736 2.150
u (mm™1) 1.713 9.903
Ry [I > 26(D)]" 0.0663 0.0295
R; (all data)’ 0.0938 0.0368
WR; [I > 26(D]" 0.1703 0.0600
WR, [all data]’ 0.1824 0.0626
S 1.092 0.997
APmax.min (€/A%) 1.36, —1.27 1.67, —1.63
CCDC 2204095 2204096

' Ry = Y||Fo| - |Fel |/ |Fol; WR2 = [3-[w (Fo- F2)*1/Y [w(F2)*11'/2, where w
=1/[6%F2 + (A-P)? + (B-P)], and P = (F2 + 2F2)/3; A, B are the respective weight
coefficients.

parameters and crystallographic data have been deposited with the
Cambridge Crystallographic Data Centre, 11 Union Road, Cambridge,
CB2 1EZ, UK (fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk).
The deposition numbers are given in Table 1.

2.4. Experimental methods used in biological research

2.4.1. Obtaining multicellular microspheroids

Generation of the spheroids cells MCF-7 was carried out as described
by us earlier using carboxymethyl cellulose [60,61]. Cells in 3D culture
were incubated during 7 days under conditions of starvation at 37 °C,
100% of humidity, 5% of CO; in Dulbecco’s Modified Eagle Medium
(DMEM) with the addition of 10% fetal bovine serum (FBS), 2 mmol -
glutamine, and 40 pg/ml gentamicin. Spheroids were generated using
carboxymethylcellulose (0.2%). The investigated complexes were added
to the culture of spheroids in concentrations 5 times lower than the
determined IC50 indicator during cytotoxic screening of the complexes
on cervical cancer cells line Hela (complex I — 3x107> M; complex II —
2x10°° M; complex I - 4x 10”7 M; complex IV — 5x10°® M, respectively)
[42]. The medium incubation was not changed during the long-term
culturing. The sizes of the spheroids were determined using an inver-
ted microscope Axiovert 40 with software Axio Vision. To do this,
photographs (were taken in 20 fields of view and the dimensions of the
spheroids were calculated, and their percentage ratio was determined in
different ranges.

2.4.2. Determination of adhesive properties of cells

To evaluate adhesive properties of MCF-7 cells under the influence of
studied compounds, the method of measuring adhesive abilities of
macrophages was adapted. After incubation of cells with tested com-
pounds, the culture medium was removed, and the layer of adherent
cells was washed thrice with normal saline solution (pH 7.4). The cells
were fixed for 30 min with addition of 100 pL 96% ethanol in each well.
After fixation, ethanol was removed and the plate was thoroughly dried.
The staining solution (crystal violet) was added to the fixed cells, 100 pL
per well, and incubated for 15 min at 20 °C. After incubation, the
staining solution was removed and the cells were thrice washed with
normal saline solution. To the layer of stained cells, dimethyl sulfoxide
was added per each well 100 pL and incubated for 15 min at 37 °C. After
full dissolution of the stain, the optic density (OD) of solution was
determined in each well using the spectrophotometer at 570 nm. The
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results were given in adhesion index (AI) units, calculated as follows:
Al = E,/E.-100% [%],

(E. is extinction of fluid, measured in the presence of studied com-
pound; E, is extinction of fluid in control wells).

2.4.3. Determination of y-glutamyltransferase activity (GGT)

GGT in the culture medium of cells was determined using the stan-
dard kit (Filicit-Diagnostics, Ukraine). The principle of the method is
that under the action of GGT, the glutamine residue from y-L(+)-glu-
tamyl-4-nitroanilide is transferred to a dipeptide acceptor glycylglycine.
At the same time, a chromogen is released — p-nitroaniline, the con-
centration of which is determined photometrically after stopping the
enzymatic reaction. A working substrate solution was prepared: 0.43 vol
of a buffer solution (pH 8.0-8.3) containing 0.5 mol/L glycylglycine was
added to a 0.21% solution of y-L(+)-glutamyl-4-nitroanilide and 0.5
mol/L tris-thydroxymethyl)-aminomethane (or: dissolve 60 mg of y-L
(+)-glutamyl-4-nitroanilide in 28 ml of distilled water at 80 °C and add
12 ml of a buffer solution (pH 8.0-8.3), containing 0.5 mol/L glycyl-
glycine and 0.5 mol/L tris-(hydroxymethyl)-aminomethane). First, 50 pL
of the working substrate solution was introduced into microtubes for
experimental and blank, calibration, and comparative samples and
incubated for 5 min at 37 °C. 50 pL of the medium in which the cells
were cultured was added to the experimental samples and incubated for
15 min at 37 °C. 2.5 pL of the prepared calibration solution (p-nitro-
aniline 5.4 mmol/L) was added to the calibration sample, then 300 pL of
10% acetic acid was added to all samples to stop the reaction. 50 pL of
culture medium was added to blank samples, 47.5 pL of distilled water
was added to the calibration sample, and 50 pL of distilled water to the
comparative sample. Incubate for 5 min at room temperature, measure
the optical density of the test samples (E4) against the blank samples, the
optical density of the calibration sample (E.y) against the reference
sample at 405 nm. The activity of GGT was calculated according to the
formula:

C = Ey/Eeq3.0 [pkat/L]

(C is GGT activity, pkat/L; 3 — conversion factor, pkat/L; Eq is the
optical density of the test sample, units. wholesale densities; E.q is the
optical density of the calibration sample, units. wholesale density).

3. Results and discussion

3.1. Synthesis and structural characterization of Pd(II)/Pt(I)
n-complexes

Four novel chelate-type n-coordination compounds were obtained by
the reaction of palladium(II) chloride (PdCly) or potassium tetra-
chloroplatinate(II) (K3[PtCly]) with N,N-diethyl-N’-(2-propenyl)thio-
urea (HLl) or N-cyclohexyl-N’-(2-propenyl)thiourea (HLz) in ethanol or
water—ethanol solutions according to Scheme 1. A common feature for
all synthesized compounds is the same bidentate-chelate coordination of
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thioureas HL! and HL? and the structure of the internal coordination
sphere of metals: a square-planar coordination unit of palladium or
platinum ions is formed by atoms of the S,C-allylthiourea group and
chloride anions of the starting metal salt.

At the same time, as shown by X-ray diffraction studies, the coordi-
nated C'—C? double bond of the allyl moiety is placed perpendicular to
the plane of the coordination polyhedron of the central atom (the angles
CI2-pd'-c!, C1%-pd'-C?, C1%-Pt'-C! and CI2-Pt'-C? are 88.4(3)°, 92.4(2)°,
87.5(2)°, 92.7(1)° respectively, Table S1), which ensures the maximum
overlap of the electronic n-orbitals of the ligand with the d-orbitals of the
metal. The chloride anions are in the cis-position of the square-planar
polyhedron (Fig. la, 2a) similar to the well-known anticancer drug
cisplatin. The acidic medium of the synthesis promoted the coordination
of thioureas to Pd(II) and Pt(II) ions also in the thione tautomeric form,
as evidenced by the c*-s! bond lengths (1.72 and 1.74 /O\, Table S1). The
thione tautomeric form of thioureas is also evidenced by the valence
vibrations v(C=S) in the IR spectra, which is relevant for complexes I
and II, for which there are no X-ray structural characteristics (Fig. S7).

The asymmetric unit of compounds III and IV contains one molecule
of the complex with a solvate water molecule (Fig. 1a, 2a). The central
metal ion forms a slightly deformed square-planar coordination poly-
hedron M(Cl—CZ)SCh due to coordination by thiourea sulfur Sl, two
chloride ions Cl!, C12 and the double bond C!-C2 of the allylic moiety.

The metal atom and the sulfur, and two chlorine atoms lie within the
plane with accuracy of 0.032 A in complex III and 0.035 A in complex
IV. The angle between the plane of the coordination polyhedron and the
C'-C2 double bond is 80.5° in complex III or 83.3° in the complex IV.

The formation of coordinate bond with the sulfur atom leads to the
elongation of the C*-S bond (compared to the non-coordinated thioureas
[42]), (Table S1). At the same time, the M-—C1? bond (which is on di-
agonal to the C*-S double bond) in both complexes is slightly longer
than M—Cl* by 0.039 (complex III) and 0.018 A (complex IV) which can
be explained by the probable repulsion of two identical anions that are
placed in the same plane, as well as by the influence of a strong trans-
effect in the allylic moiety.

The C'-G2 double bond of the coordinated allylic moiety is close to
the mean value of terminal Cs,2=Csp2 bond [62] of 1.299 Ain complex
IIT (1.311(14) A) and is elongated in complex IV (1.405(7) A). The Pt-C
bond lengths are slightly shorter than compared to Pd-C ones (Table S1)
that can be explained by the slightly larger ionic radius of Pd** (0.64 A)
compared to Pt?* (0.6 ;\). The M—-C2-C3-N'-c*-s metallocycle
adopts a twist-boat conformation in both complexes. The cyclohexane
ring of HL? adopts a chair conformation in two complexes under study.

In the crystal phase, complexes III and IV are bound through the
bridged water molecules due to the N'-H...0'Y and OY-H...CI¥
hydrogen bonds (Table S2) forming the centrosymmetric tetramers
(Fig. 1b, 2b).

These tetramers are bound by weaker O'"-H...Cl", O!¥-H...S1’ and
N2-H...C1% hydrogen bonds (Table S2) that results in the formation of
layers parallel to the (001) crystallographic plane (Fig. 3 a, b).

Complexes I, II have a similar structure to complexes IIL, IV, as

RN ﬁ H H H
N PACL/[PtCL,* + HCI N z i s e N
1\ v C R \3/\1 PACL,/[PtCl, > + HCI \(
Ssp = M= Pd™, Pt" M = Pd*, P S J
; Rl 't
N ML = L1, > ML= 1:1, /M\
a Cl solv. - EtOH, H,O solv. - EtOH, H,0 cl Cl

[PAHLHYCL] ()
[Pt(HLHYCL,]  (II) R=

N\

N— (HL))

QL

[PA(HL?)Cly]  (IIT)
[P(HLCL]  (IV)

(HL?)

Scheme 1. Synthesis of Pd(II) and Pt(II) complex compounds I-IV.
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Fig. 1. Molecular structure of complex III with the thermal displacements of non-hydrogen atoms at the 50% probability level (a) and the dimer of complex

molecules formed through the bridged water molecules (b).
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Fig. 2. Molecular structure of complex IV with the thermal displacements of non-hydrogen atoms at the 50% probability level (a) and the dimer of complex

molecules formed through the bridged water molecules (b).

Fig. 3. Layers of complexes III (a) and IV (b). Hydrogen bonds are shown by dashed cyan lines.

evidenced by the 'H/'3C NMR, IR, and UV-vis spectral data presented
below.

All synthesized n-coordination compounds decompose at t >
215-300 °C. They are soluble in acetone, acetonitrile, pyridine, DMSO,
DMF, and slightly soluble in water and ethanol (only when heated with a
concentration of 10~ mol/L).

3.2. 1H/¥3C NMR spectroscopic characterization of HL', HL? and
complexes I-IV

A comparison of the 'H NMR spectra of the synthesized n,n-chelate
complexes with the spectra of thioureas HL'? showed that the most
sensitive to complex formation are the proton signals of NH groups that
are in proximity to C=S, which is involved in the formation of a bond
with a metal ion, and also protons of the allylic moiety, which partici-
pate in the formation of the n-coordination bond and are part of the
metallocycle (Fig. S1, S2; Tables S3, 54).

Similar to previous studies [42,44], the signals of NH protons un-
dergo a significant downfield shift by Ady=-+(1.279-1.934) ppm, while
the protons of the allylic moiety =C'Hyans and =C'Hg; shift into the

upfield by Ady=-(0.123-1.503) ppm (Tables S3, S4). This is due to the
proximity of the N'H and N?H groups to the donor-acceptor bond
(C=S)—Pd/Pt and the formation of the n-coordination bond (C'=C%)—
Pd/Pt.

In addition, the protons of the =C?H group undergo a significant
shift, which is associated with a large contribution of the n-acceptor
component to the formation of the n-coordination bond. The unoccupied
n*-loosening electronic orbital of the C—=C double bond overlaps with
the filled d-orbital of the Pd?* or Pt?>* ion, which leads to an increase in
the electron density on the atoms of the allyl fragment, and therefore to
their shielding. At the same time, the multiplet signal of the proton
=CH in PdA(ID) complexes  shifts to the downfield
(A8y=+(0.308-0.305), and in Pt(I) complexes — to the up one (Ady =
-0.817 ppm (Tables S3, S4) which is indicative of the influence of the
nature of metal on the spectral characteristics of complexes.

The entry of the C3H, group of the allylic moiety into the metallo-
cycle leads to the splitting of a broad multiplet (4.172 and 4.042 ppm in
the 'H NMR spectra of thioureas HL! and HL?) into two doublets with
corresponding spin—spin interaction constants of almost the same value
(Fig. 4, S1, S2 and Tables S3, S4). This is due to the axial and equatorial
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Fig. 4. 'H NMR spectra of starting N,N-diethyl-N’-(2-propenyl)thiourea HL! and complex L.

position of these protons in the metallocycle of the complexes
[51,42,44]. It should be noted that the splitting of protons of the C%H,
group is a characteristic indicator of the formation of a chelate metal-
locycle, which makes the 'H NMR method very convenient for studying
the structure of such compounds.

The study of the NMR spectra of the synthesized n-complexes in
DMSO is relevant as it is known [63] that DMSO inactivates cisplatin and
carboplatin because Pd(II) and Pt(II) ions have a high affinity for donor
sulfur atoms. As in the previous works [42,44], the obtained results
showed that they are stable in this solvent. At the same time, it should be
noted that the synthesized complexes are stable for a long time (up to 2
months), as evidenced by the absence of significant signs of decompo-
sition (Fig. S3, a, b and S4 a, b). Also, this confirms our idea about the
stability of synthesized compounds in thiol-containing blood environ-
ments. However, the spectrum obtained from the same NMR tube three
months later clearly shows that the Pd(II) complex decomposes very
slowly in DMSO. The signals of the complex are still present after three
months, but a lot of unidentified “garbage” appears (Fig. S3, c). This is
not surprising, taking into account the high reactivity of palladium
complexes. It should be noted that platinum n-complexes are more stable
in DMSO. As shown in Fig. S3a and S4a, in two months the NMR spectra
are almost the same. According to this, it is possible to use DMSO both to
dissolve samples and even to store complexes in it for some time,
although more detailed study is required.

In the 3C NMR spectra of the complexes, the signals of carbons C!,
€2, and C* undergo the most significant shift in relation to the starting
thioureas (Table S5, Fig. S5, S6). At the same time, the participation of

C*=S in coordination to the central metal ion determines the upfield
chemical shift of C* only by Adc=-(9.68-16.15) ppm. Instead, the
participation of C!=C? in the formation of a n-acceptor bond with a
metal ion causes a significant chemical shift of the signals of these car-
bons ((A8¢=-(32.56-56.32) ppm) in the upfield, which is also indicative
for establishing the structure similar compounds [42,44]. At the same
time, in the 1*C NMR spectrum of platinum complexes, they undergo a
much larger shift compared to the spectra of palladium complexes,
which is probably due to a higher acceptor capacity of platinum ions.

3.3. IR, UV-vis spectra of thioureas HL', HL? and complexes I-IV

Despite the possibility of thione-thiol tautomerism for the thioureas
used, in the solid state they are in the thione form, as evidenced by the
absence of ¥(S—H) valence vibrations in the region of 2600-2540 cm !
in the IR spectra (Fig. S7) [51-54].

Unlike complexes with a chelate mode of ligand coordination, the
formation of a metallocycle with coordination bonds Pd«S, Pd«Cayyi,
Pt«S, Pt«Cayy1 is peculiarly affected on the IR spectra of the synthesized
n-complexes (Fig. S7). Usually, the formation of a chelate metallocycle is
accompanied by a shift of the characteristic absorption bands to the low-
frequency region [52,34,37]. However, in the synthesized n,n-com-
plexes, a slightly different trend in the changes that occurred is
observed.

Similar to previous studies [44,48], the absorption bands of valence
vibrations V(NH) and vas/s(CH)any of the allyl fragment are shifted to the
high-frequency region in the IR spectra of complexes I-IV (by Av=+20/
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+30/+39/+66 and + 30/4+40/+55/+62 cm respectively). It is
caused by the participation of the allylthioureide group in the formation
of a coordination bond with the metal ions. Bands of §(NH) deformation
vibrations also undergo a similar high-frequency shift (A8=+27/+30/
+28/+18 cm™Y), that is characteristic only for n-complexes and distin-
guishes these IR-characteristics from the spectra of complexes with
chelate coordination of ligands. However, the valence vibrations of
V(C=S) undergo a low-frequency shift by Av = -47/-42/-44/-40 cm™!
(Fig. S7), that is inherent in the chelate coordination of the carbo-
thioamide group.

The UV-vis spectra of thioureas HL!, HL? free from coordination
(dissolved in a DMF-ethanol mixture) are not very informative (Fig. 5 q,
b) due to the influence of the solvent. Basically, they consist of shoulder-
shaped weakly pronounced absorption bands (ABs) due to intraligand
n—n* electronic transitions, which relate to the contributions of the
C=S multiple bond of the thiourea group [51]. At the same time, the
positions of their maxima differ by A\ = 6 nm, which is due to the effect
of the nature of the substituent in the HL! and HL? molecules, despite
their aliphatic nature in both thioureas. However, the spectra of ethanol
solutions of thioureas are slightly differed (Fig. S8).

In the spectra of the complexes, there are absorption bands that are
responsible for electronic transitions with ligand to the metal charge
transfer (LMCT) and dd-electronic transitions (Fig. 5 a,b). In platinum
complexes II and IV, a broad absorption band at 307/305 nm corre-
sponds to the overlapping of n—z* intraligand electronic transitions
with LMCT. And in palladium complexes I, III, the LMCT absorption
bands (370/365 nm) and dd-electronic transitions (465/470 cm ™)) are
visualized, that is due to the effect of the nature of the metal.

To analyze of complex formation in ethanol solution, the dependence
of the optical density on the ligand concentration was studied (Fig. S8).
In contrast to the spectra of the synthesized complexes dissolved in a
mixture of DMF:ethanol = 2:1 (Fig. 5), in the UV-vis of water—ethanol
solutions of the complexes (obtained in citu, Fig. S8) the absorption
bands of intraligand n—7*, n—n* electronic transitions (248, 265/246,
259, 275/267, 287/243, 255 nm), LMCT (320/312, 348/317, 368/282,
310 nm) and dd (398/385/398/386 nm) are observed in hypsochromic
shift relative to the previous spectra that caused by the different nature
of the solvent. The results showed that the titration curves have slightly
pronounced inflections at the ratio M:L = 1:1, 1:2 and 1:3, which in-
dicates the possible coordination of ligands in the solution in both a
chelate and non-chelate manner only through the sulfur atoms of the
carbothioamide group. Despite this, only complexes with the 1:1 ratio
were isolated in the solid state, which is caused by the Pearson’s effect,
that is, the strong trans-influence of the allylic moiety, which de-
stabilizes the bond with a “soft” atom in the trans-position.
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&
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3.4. Biological study

The use of n,n—chelate complexes of Pd(II) and Pt(II) can help in
solving the problem of cell resistance to anticancer drugs - analogues of
cisplatin, caused by the binding of their active complexes to thiol-
containing substances in the cytoplasm of blood [64], which is one of
the mechanisms of resistance of pathogenic cells to the action of plat-
inum drugs.

3.4.1. Effect of Pt(II) and Pd(II) n-complexes on the growth of multicellular
spheroids of MCF-7 breast tumor cells

Multicellular tumor spheroids are aggregates of tumor cells that are
formed in vitro due to the conversion of adherent cells and better
reproduce the growth characteristics of solid tumors in vivo, which are
locally characterized by hypoxia, acidosis and lack of nutrients, which
leads to genetic and adaptive changes in the tumor [65]. Spheroids
grown from cancer cell lines have tumor-like characteristics, which may
reflect their clinical significance [66,67], and then apply them to drug
screening and to develop individualized diagnostic and treatment
methods. In recent years, a spheroid model produced by three-
dimensional (3D)-culture has attracted attention as a better experi-
mental model that is closer to the physiological environment in vivo.

MCF-7 breast adenocarcinoma is the most appropriate model for
studying the effect of novel substances on their aggregation, adhesion,
etc. Spheroid growth characterizes the metastatic potential of cells.

The size distribution of spheroids under the influence of complexes
was determined in five ranges: 20-170 pym?2, 170-500 pm?2, 500-850
um?, 850-1350 pm?, 1350-1700 pm? and more. Under the action of
complex I, an increase in the percentage of spheroids with an area of
170-500 pm? is observed, and the share of spheroids with the smallest
dimensions (20-170 pm?) gradually decreases with the time of incuba-
tion. This indicates that individual cells are not separated from the
spheroids and have a reduced ability to metastasize as a result of the
action of this complex (Fig. 6).

When complex II was added, there was also a slight increase in the
percentage of spheroids with an area of 500-850 pm? on the sixth and
seventh days of cultivation and a decrease in the percentage of spheroids
with an area of 20-170 pm?2. However, there was no reliable stimulation
of spheroid growth. Under the influence of complex III, a decrease in the
number of spheroids with an area of 20 — 170 um? was observed.
Therefore, it can be assumed that this compound shows a slight stimu-
lation of the growth of spheroids. The growth of spheroids wasn’t
observed under the influence of compound IV, as well as under the in-
fluence of cisplatin. However, there was a slight decrease in the number
of spheroids with an area of 20-170 pm?2. At the same time, the area of
spheroids remained relatively constant even in the control. Therefore, it
can be concluded that under the influence of the studied complexes I-IV
and cisplatin, the number of the smallest spheroids (with an area of
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Fig. 5. The UV-vis spectra of thioureas HL"? and complexes I, II (a) and III, IV (b) in DMF-ethanol (2:1) mixture solution.
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Fig. 6. MCF-7 spheroid area distribution under the effect of complexes I-IV and cisplatin (hereinafter: M + m, n = 5).

20-170 pmz) decreased, the population of attached cells grew, and the
total content of living cells decreased compared to the control (without
the addition of synthesized compounds).

After determining the size of the spheroids on the 7th day of culti-
vation, the adhesion index of cells to the substrate was determined. The
index of cell adhesion in the control was taken as 100% (Fig. 7). As
shown by the given data, the adhesion index on the 7th day of cultiva-
tion of the spheroid culture under the influence of complex I increased
by 1.25 times compared to the control and by 1.5 times compared to
cisplatin. The adhesion index under the influence of all studied com-
plexes was higher by 17-50% compared to cisplatin (Fig. 7).

Also, under the influence of complexes IV and II, it was possible to
observe the morphofunctional similarity of the attached cells to the
control, namely the elongation of cells with an epithelial-like structure
and polar processes. This indicated the inversion of the small cell
structure of tumor cells in the direction of differentiation. Under the
action of complex I, for which the highest adhesion index was recorded,
most of the cells had a rounded shape, but were fixed on the substrate.

In a comparative study of the effects of cisplatin in 2D and 3D cul-
ture, greater efficacy was recorded for 3D culture, as the antitumor ef-
ficacy of cisplatin is associated with the activation of pro-apoptotic
action mediated by caspase 3 and E-cadherin. A decrease in the size of
spheroids due to an increase in the level of apoptosis was recorded under
the influence of cisplatin [68]. In our studies, under the action of syn-
thesized complexes I and III, a decrease in the size of spheroids during
long-term cultivation was also observed, especially on the 7th day of
cultivation, which may also indicate an intensification of the proapo-
ptotic effect. Also, 3D culture makes it possible to record the influence of

the microenvironment on the size and proliferative indicators of the
spheroid micronode.

3.4.2. Gamma-glutamyl transpeptidase (GGT) enzyme activity on MCF-7
microspheroids cells under the action of n,n-chelate complexes I-IV

It is known that the main target of action of cisplatin and its struc-
tural analogues, in addition to a number of receptor molecules, is human
gamma-glutamyltranspeptidase-1 (GGT1). This enzyme plays a leading
role in the metabolism of the antioxidant glutathione, which provides
detoxification, protection against reactive oxygen species and prevents
oxidative stress in cells. When using certain chemotherapy drugs, this
enzyme is induced, as a result of which inactive complexes with gluta-
thione and its derivatives are formed and drug resistance occurs.
Therefore, in this subsection, the research was focused on determining
the effect of synthesized complexes I-IV on GGT activity of MCF-7
microspheroids.

On the 7th day in the cultivation medium, GGT activity was deter-
mined in the control and under the influence of the complexes I-IV
(Fig. 8). The results showed that, unlike cisplatin (under the influence of
which the activity of GGT increased 1.3 times compared to the control),
all n-complexes did not increase the activity of GGT, but inhibited the
activity of this enzyme.

Under the influence of complexes I and III, the activity of GGT
decreased by 1.25 and 1.4 times, respectively, compared to the control.
At the same time, GGT activity under the influence of substances II and
IV is almost 2 times lower than under the influence of cisplatin.
Therefore, it can be assumed that the investigated n,n-complexes do not
cause drug resistance of transformed cells, mediated by GGT activity.
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Thus, we have shown a decrease in the level of GGT activity, as the
main enzyme involved in the formation of drug resistance, when using
the classic chemo drug cisplatin. As evidenced by the above data, both
compared to cisplatin and the control, all four novel synthesized

complexes inhibit the activity of GGT, which is one of the important
mechanisms for preventing drug resistance.

4. Conclusion

Four novel n,n-chelate complexes of PA(II) and Pt(II) with general
formula [M(HLY?)Cly] (HL'? - N,N-diethyl-N’-(2-propenyl)thiourea
and N-cyclohexyl-N’-(2-propenyl)thiourea) were synthesized. All com-
pounds were investigated by nuclear magnetic resonance (‘H/'%C
NMR), UV-vis and infrared spectroscopy. Two structures were charac-
terized by X-ray diffraction method.

It was established that palladium and platinum zn-complexes have a
similar molecular and crystalline structure. The metal iones are coor-
dinated by the thiourea sulfur atom and the terminal double (C=C)
bond of the allylic moiety with the formation of a six-membered chelate
metallocycle which is in a twist-boat conformation. The Pd?* and Pt**
cations have a square-planar environment. In the crystal, both com-
plexes exist in the form of monohydrate.

It was found that the obtained compounds are stable in DMSO, and it
was shown that 'H/*3C NMR spectroscopy is a convenient method for
studying the structure of n-coordination compounds. It was established
that the splitting of the CH, proton signals of the allylic moiety in the 'H
NMR spectra into two doublets characterizes the formation of a chelate
metallocycle.

It was shown that in the IR spectra of the synthesized complexes, the
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absorption bands of V(NH), vas/s(CH)any1 and 8(NH) undergo a significant
high-frequency shift, which is a distinctive feature from the IR spectra of
other coordination compounds with chelate coordination of ligands.

It was established that, despite the isolation of complexes only in the
ratio M:L = 1:1, compounds with a stoichiometric ratio M:L = 1:1, 1:2,
1:3 can be formed in the solution, as evidenced by titrimetric curves of
complexometric study in water—ethanol solutions. The formation of such
compounds in solution is possible under conditions of monodentate
coordination of HL! and HL2.

Studies of the effects of the complexes on MCF-7 cells culture
spheroids showed that they exhibit a pronounced antimetastatic activ-
ity, which causes a decrease in the number of the smallest spheroids
(with an area of 20-170 pm?), an increase in the population of attached
cells and a general decrease in the content of living cells compared to the
control. The hypothesis that the greater proapoptotic activity of n,r-
chelate complexes Pd(II) and Pt(II) compared to cisplatin is caused by
their inhibitory properties was confirmed.

It was found that complexes based on diethyl-substituted carbo-
thioamide are more active compared to complexes based on cyclohexyl-
substituted carbothioamide, but in general, the studied compounds are
more active compared to classic chemo drug cisplatin both in terms of
the effect on the adhesive properties of MCF-7 cell spheroids and the
level of GGT activity.
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