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A series of zinc(II) ([Zn(H2O)(L)Cl] (1)), copper (II) ([Cu(L)Cl] (2), [Cu(L)Br] (3), [Cu2(L)2(CH3COO)2]·4H2O (4)), nickel(II)
([Ni(HL)2]Cl2·H2O (5)), and cobalt(III) ([Co(L)2]Cl (6)) complexes were obtained with 2-formylpyridine N4-allylth-
iosemicarbazone (HL). In addition another two thiosemicarbazones (3-formylpyridine N4-allylthiosemicarbazone (HLa) and 4-
formylpyridine N4-allylthiosemicarbazone (HLb)) have been obtained. �e synthesized thiosemicarbazones have been studied
using 1H and 13CNMR spectroscopy, IR spectroscopy, and X-ray di�raction analysis.�e composition and structure of complexes
were studied using elemental analysis, IR and UV-Vis spectroscopies, molar conductivity, and magnetic susceptibility mea-
surements. Single crystal X-ray di�raction analysis elucidated the structure of thiosemicarbazones HL, HLa, and HLb, as well as
complexes 4 and 5. �e antiproliferative properties of these compounds toward a series of cancer cell lines (HL-60, HeLa, BxPC-3,
RD) and a normal cell line (MDCK) have been investigated. �e nickel complex shows high selectivity (SI> 1000) toward HL-60
cell line and is the least toxic. �e zinc complex shows the highest selectivity toward RD cell line (SI� 640). �e copper complexes
(2–4) are the most active molecular inhibitors of proliferation of cancer cells, but exhibit not such a high selectivity and are
signi�cantly more toxic. Zinc and copper complexes manifest high antibacterial activity. It was found that calculated at B3LYP
level of theory di�erent reactivity descriptors of studied compounds strongly correlate with their biological activity.

1. Introduction

�e steady increase in the number of diseases poses a
challenge for modern chemistry in the search for new bi-
ologically active substances that will allow to treat these
diseases and enhance the duration and quality of life [1–6].
�e number of cancers continues to rise [7]. �erefore, a
great attention is paid to the new anticancer compounds
[8, 9]. Because the main disadvantage of substances, which
are used for cancer treatment, is their general toxicity for the
human organism, special attention should be paid to the
study of selectivity of antiproliferative activity and the
toxicity of these substances. �e expansion of the arsenal of

such substances will allow in the future to personally select
the active substance for the treatment of this disease, which
should increase the e�ectiveness of treatment [10].

�iosemicarbazones and biometal complexes with them
represent one of the classes of compounds that are widely
studied in this direction [11–15].

Among thiosemicarbazones of aliphatic [16–18], aro-
matic [19–21], and heteroaromatic [22–24] aldehydes and
ketones, derivatives of heteroaromatic carbonyl compounds,
especially thiosemicarbazones of α-N-heteroaromatic alde-
hydes and ketones, usually exhibit the most pronounced
biological properties [25, 26]. �iosemicarbazones of α-N-
heteroaromatic aldehydes and ketones most often act as
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tridentate ligands with an NNS-set of donor atoms due to the
position of the nitrogen atom in the carbonyl moiety, thus
forming two five-membered metallocycles [27]. Usually, the
introduction of substituents in the fourth position of the
thiosemicarbazide moiety leads to a significant increase in
biological properties [28]. Some of these compounds (3-
amino-2-pyridinecarboxaldehyde thiosemicarbazone (tri-
apine), di-2-pyridylketone 4-cyclohexyl-4-methylthiosemi-
carbazone) are undergoing pre-clinical and clinical trials
[29, 30].

Copper complexes are the most studied among the
transition metal complexes with thiosemicarbazones from
the biological point of view. In many cases, the coordination
of thiosemicarbazones to the copper(II) ion leads to the
greatest enhancement of anticancer and antimicrobial ac-
tivity [31–34]. Despite the fact that the selectivity of the
described copper complexes in many cases exceeds the se-
lectivity of anticancer drugs such as doxorubicin and cis-
platin, in most cases the selectivity index does not exceed 10
[35]. Among N4-substituted thiosemicarbazones more at-
tention is paid to N4-alkyl, N4-arylthiosemicarbazones. N4-
allylthiosemicarbazones are described less frequently.
However, N4-allylthiosemicarbazones exhibit high biologi-
cal activity and are comparatively more soluble in water.
Based on this, it is important to continue the systematic
study of thiosemicarbazones and biometal complexes with
them in order to identify new substances with high anti-
cancer, antimicrobial, and antifungal properties, which at
the same time will be free from such a significant drawback
as high toxicity.

In order to find such substances, the present study
describes the chemical synthesis and characterization of
Zn(II), Cu(II), Ni(II), and Co(III) complexes with 2-for-
mylpyridine N4-allylthiosemicarbazone (Scheme 1), in vitro
biological evaluation, and in vivo toxicity of these
substances.

2. Materials and Methods

2.1. Materials. All the reagents used were chemically pure.
3d-Metal salts Zn(CH3COO)2·2H2O, CuCl2·2H2O, CuBr2,
Cu(CH3COO)2·H2O, NiCl2·6H2O, and CoCl2·6H2O (Merck,
Darmstadt, Germany) were used as supplied. 2-, 3- and 4-
formylpyridines, nystatin, furacillinum, doxorubicin, and
trolox were used as received (Sigma-Aldrich, Munich,
Germany). N4-allyl-3-thiosemicarbazide was prepared from
allylisothiocyanate by reaction with hydrazine hydrate
[6, 36, 37]. &e solvents were purified and dried according to
standard procedures [38].

2.2. Synthesis of the N4-Allylthiosemicarbazones

2.2.1. Synthesis of the 2-Formylpyridine N4-Allylthiosem-
icarbazone (HL). 2-Formylpyridine N4-allylthiosemic-
arbazone (HL) has been synthesized as described by Zeglis
B. M. et al. [39] by reaction between N4-allyl-3-thio-
semicarbazide and 2-formylpyridine in a 1 :1 molar ratio
(Scheme 2). &e solution of N4-allyl-3-thiosemicarbazide
(1.31 g, 10mmol) was prepared upon stirring and heating it

in 30mL of ethanol (96% v/v). 2-Formylpyridine (1.07 g,
10mmol) was then added to the obtained colorless solution.
As a result, a yellow solution was obtained. It was heated
(80°C) with constant stirring for 1 h. A pale yellow pre-
cipitate has formed upon cooling of the reaction mixture. It
was separated by filtration, washed with cold ethanol, and
dried in vacuo.

Pale yellow solid. Yield: 89%; m.p.:157–159°C; FW:
220.29 g/mol; Anal. Calc. for C10H12N4S : C, 54.52; H, 5.49;
N, 25.43; S, 14.56%. Found: C, 54.40; H, 5.33; N, 25.68; S,
14.32%. Main IR peaks (cm−1) : ] (NH) 3365, 3140; ](C�C
allyl) 1642, ] (C�N1) 1602, ] (S �Npyr) 1583, and ] (C� S)
1313.

1H NMR (acetone-d6; δ, ppm) (Figure S1): 10.78 (br, 1H,
NH); 8.60 (s, 1H, CH aromatic); 8.59 (br, 1H, NH); 8.23 (s,
1H, CH�N1); 8.11 (d, CH aromatic); 7.80 (t, 1H, CH ar-
omatic); 7.36 (t, 1H, CH aromatic); 5.99 (m, 1H, CH from
allyl moiety); 5.17 (m, 2H, CH2 �C from allyl moiety); and
4.37 (m, 2H, CH2-N).

13C NMR (acetone-d6; δ, ppm) (Figure S2): 178.73
(C� S); 153.64, 149.56, 136.32, 123.98, 119.95 (C aromatic);
142.43 (CH�N1); 134.60 (CH from allyl moiety); 115.36
(CH2 � from allyl moiety); and 46.28 (CH2-N).

2.2.2. Synthesis of the 3-Formylpyridine N4-Allylth-
iosemicarbazone (HLa). &e thiosemicarbazone HLa was
obtained similarly to HL. N4-Allyl-3-thiosemicarbazide
(1.31 g, 10mmol) was dissolved in 30mL of ethanol (96% v/
v). After that 3-formylpyridine (1.07 g, 10mmol) was added
to the reaction mixture. &e obtained homogeneous system
was heated (80°C) with constant stirring for 1 h. A pale
yellow precipitate has formed upon cooling of the reaction
mixture. It was separated by filtration, washed with cold
ethanol, and dried in vacuo (Scheme 2).

Pale yellow solid. Yield: 87%; m.p.:180–182°C; FW:
220.29 g/mol; Anal. Calc. for C10H12N4S : C, 54.52; H, 5.49;
N, 25.43; S, 14.56%. Found: C, 58.71; H, 5.44; N, 25.22; S,
14.61%. Main IR peaks (cm−1) : ] (NH) 3351, 3143; ] (C�C
allyl) 1644; ](C�N1) 1611; ] (S �Npyr) 1593; ] (C� S) 1303.

1H NMR (DMSO-d6; δ, ppm) (Figure S3): 11.70 (br, 1H,
NH); 8.97 (s, 1H, CH aromatic); 8.85 (br, 1H, NH); 8.57 (d,
1H, aromatic); 8.26 (d, 1H, CH aromatic); 8.08 (s, 1H,
CH�N); 7.44 (m, 1H, CH aromatic); 5.91 (m, 1H, CH from
allyl moiety); 5.13 (m, 2H, CH2 �C from allyl moiety); 4.23
(m, 2H, CH2-N).
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Scheme 1: 2-Formylpyridine N4-allylthiosemicarbazone (HL).
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Scheme 2: Synthesis of 2-,3-, and 4-formylpyridine N4-
allylthiosemicarbazones.
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13C NMR (DMSO-d6; δ, ppm) (Figure S4): 177.84
(C� S); 150.73, 149.18, 135.44, 130.67, 124.20 (C aromatic);
139.52 (CH�N1); 134.39 (CH from allyl moiety); 116.03
(CH2 � from allyl moiety); 46.29 (CH2-N).

2.2.3. Synthesis of the 4-Formylpyridine N4-Allylth-
iosemicarbazone (HLb). &e thiosemicarbazone HLb was
obtained similarly to HLa using N4-allyl-3-thiosemicar-
bazide (1.31 g, 10mmol) and 4-formylpyridine (1.07 g,
10mmol) instead of 3-formylpyridine (Scheme 2).

Pale yellow solid. Yield: 86%; m.p.:163–165°C; FW:
220.29 g/mol; Anal. Calc. for C10H12N4S : C, 54.52; H, 5.49;
N, 25.43; S, 14.56%. Found: C, 54.37; H, 5.48; N, 25.54; S,
14.40%. Main IR peaks (cm−1): ] (NH) 3223, 3125; ] (C�C
allyl) 1642; ](C�N1) 1603, ](S �Npyr) 1593; ](C� S) 1305.

1H NMR (DMSO-d6; δ, ppm) (Figure S5): 11.82 (br, 1H,
NH); 8.93 (br, 1H, NH); 8.61 (d, 2H, CH aromatic); 8.02 (s,
1H, CH�N); 7.79 (d, 2H, CH arpn.); 5.91 (m, 1H, CH from
allyl moiety); 5.14 (m, 2H, CH2 �C from allyl moiety); 4.23
(m, 2H, CH2-N).

13C NMR (DMSO-d6; δ, ppm) (Figure S6): 178.03 (C� S);
150.48, 141.95, 121.61 (C aromatic); 139.69 (CH�N); 135.28
(CH from allyl moiety); 116.12 (CH2 � from allyl moiety);
46.33 (CH2-N).

2.3. Synthesis of the Complexes 1–6. &e direct interaction of
biometal salts with the ethanolic solutions of 3-for-
mylpyridine N4-allylthiosemicarbazone was used to obtain
complexes 1–6.

2.3.1. Synthesis of the Complex [Zn(H2O)(L)Cl] (1).
2-Formylpyridine N4-allylthiosemicarbazone (HL) (0.220 g,
1mmol) was dissolved in 25mL of ethanol upon heating
(55°C). After that, a sample of solid zinc chloride (ZnCl2)
(0.136 g, 1mmol) was added to the hot solution. &e re-
sultant mixture was stirred for 40min at 55°C. &e yellow
precipitate of complex 1 was obtained upon cooling to room
temperature. It was filtered out, washed with cold ethanol,
and dried in vacuo.

Yellow solid. Yield: 74%; FW: 338.16 g/mol; Anal. Calc.
for C10H13ClN4OSZn : C, 35.52; H, 3.87; Cl, 10.48; N, 16.57;
S, 9.48; Zn, 19.34; Found: C, 35.36; H, 3.91; Cl, 10.54; N,
16.64; S, 9.73; Zn, 19.51. Main IR peaks (cm−1) : ] (NH) 3183,
](C�C allyl) 1642, ](C�N2) 1596, ](C�N1) 1578, ](S �

Npyr) 1556, ](C–S) 755. μeff (293± 1K): 0 μB; χ (CH3OH):
56Ω−1 cm2mol−1.

2.3.2. Synthesis of the Complex [Cu(L)Cl] (2). &e complex 2
has been obtained as described by Zeglis B.M. et al. [39].
Solid copper(II) chloride dihydrate (0.170 g; 1mmol) was
added to a hot ethanolic solution of 2-formylpyridine N4-
allylthiosemicarbazone (HL) (0.220 g; 1mmol). &e resul-
tant green solution was stirred and heated (55°C) for 40min.
Green precipitate was formed upon cooling to room tem-
perature. It was filtered out, washed with cold ethanol, and
dried in vacuo.

Green solid. Yield: 81%; FW: 318.29 g/mol; Anal. Calc.
for C10H11ClCuN4S : C, 37.74; H, 3.48; Cl, 11.14; Cu, 19.97;
N, 17.60; S, 10.07; Found: C, 37.87; H, 3.42; Cl, 11.30; Cu,
19.82; N, 17.41; S, 9.93; Main IR peaks (cm−1) : ](NH) 3188,
](C�C allyl) 1637, ](C�N2) 1588, ](C�N1) 1567, ](S �

Npyr) 1560, ](C–S) 765. μeff (293± 1K): 1.85 μB; χ (CH3OH):
32Ω−1 cm2mol−1.

2.3.3. Synthesis of the Complex [Cu(L)Br] (3). &e complex 3
was synthesized similarly to compound 1 using CuBr2
(0.223 g; 1mmol) and HL (0.220 g; 1mmol).

Green solid. Yield: 85%; FW: 362.74 g/mol; Anal. Calc.
for C10H11BrCuN4S : C, 33.11; H, 3.06; Br, 22.03; Cu, 17.52;
N, 15.45; S, 8.84; Found: C, 32.98; H, 3.13; Br, 21.88; Cu,
17.63; N, 15.54; S, 8.95; Main IR peaks (cm−1) : ] (NH) 3203,
](C�C allyl) 1640, ](C�N2) 1592, ](C�N1) 1570, ](S �

Npyr) 1560, ](C–S) 769. μeff (293± 1K): 1.81 μB; χ (CH3OH):
52Ω−1 cm2mol−1.

2.3.4. Synthesis of the Complex [Cu2(L)2(CH3COO)2]·4H2O
(4). &e complex 4 was synthesized similarly to compound
1 using Cu(CH3COO)2·H2O (0.200 g; 1mmol) and HL
(0.220 g; 1mmol).

Green solid. Yield: 82%; FW: 755.81 g/mol; Anal. Calc.
for C24H36Cu2N8O8S2 : C, 38.14; H, 4.80; Cu, 16.82; N, 14.83;
S, 8.48; Found: C, 38.27; H, 4.66; Cu, 16.93; N, 14.68; S, 8.57.
Main IR peaks (cm−1): ](NH) 3286, ](C�C allyl) 1644,
](C�N2) 1584, ](C�N1) 1563, ](S �Npyr) 1538, ](C–S)
765. μeff (293± 1K): 1.25 μB; χ (CH3OH): 34Ω−1 cm2mol−1.

2.3.5. Synthesis of the Complex [Ni(HL)2]Cl2·H2O (5).
&e complex 5was synthesized similarly to compound 1, but
in this case NiCl2·6H2O (0.238 g; 1mmol) and HL (0.440 g;
2mmol) were taken in 1 : 2molar ratio in 30mL of ethanol.

Brown solid. Yield: 71%; FW: 588.20 g/mol; Anal. Calc.
for C20H26Cl2N8NiOS2 : C, 40.84; H, 4.46; Cl, 12.05; N, 19.05;
Ni, 9.98; S, 10.90; Found: C, 40.71; H, 4.52; Cl, 11.98; N,
18.94; Ni, 9.85; S, 10.81. Main IR peaks (cm−1) : ] (NH) 3207,
3170; ](C�C allyl) 1643; ](C�N1) 1588, ](S �Npyr) 1566,
](C� S) 1362. μeff (293± 1K): 2.84 μB; χ (CH3OH):
158Ω−1 cm2mol−1.

2.3.6. Synthesis of the Complex [Co(L)2]Cl (6). &e complex
6 was synthesized similarly to compound 5 using
CoCl2·6H2O (0.238 g; 1mmol) and HL (0.440 g; 2mmol).

Brown solid. Yield: 83%; FW : 532.96 g/mol; Anal. Calc.
for C20H22ClCoN8S2 : C, 45.07; H, 4.16; Cl, 6.65; Co, 11.06;
N, 21.02; S, 12.03; Found: C, 45.25; H, 4.27; Cl, 6.52; Co,
11.21; N, 20.91; S, 11.95. Main IR peaks (cm−1) : ] (NH) 3122,
](C�C allyl) 1642, ](C�N2) 1603, ](C�N1) 1578,
](S �Npyr) 1556, ](C–S) 776. μeff (292± 1K): 0 μB; χ
(CH3OH): 78Ω−1 cm2mol−1.

2.4. Physical Measurements. &e chemical elemental anal-
ysis, melting points of the thiosemicarbazones, molar con-
ductivity values, and magnetic susceptibilities were
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determined by specific methods [40]. IR spectra of the
studied organic and complexes were recorded on a Bruker
ALPHA FTIR spectrophotometer. UV-Vis spectra were
measured on Agilent Cary 300 UV-Vis spectrophotometer
in 0.1mM DMSO solutions. &e NMR (1H and 13C) spectra
of the studied thiosemicarbazones (HL, HLa, HLb) were
recorded on a Bruker DRX-400 spectrometer (Billerica, MA,
USA) DMSO-d6 and acetone-d6 solutions.

EPR data were recorded using an Elexsys E 500 Bruker
spectrometer, operating at a microwave frequency of ap-
proximately 9.47GHz. Spectra were recorded using a mi-
crowave power of 10mW across a sweep width of 200mT
(centered at 320mT) with modulation amplitude of 0.4mT.
Experiments were carried out at 110K using a liquid ni-
trogen cryostat. About 10 μmol of the corresponding
compound were dissolved in 1mL of DMSO to obtain a 10-
mM stock solution. &e 0.1, 0.2, and 0.5mM solutions were
prepared by dilution of the corresponding stock solution
with DMSO. For low concentrations, several scans (4 to 6)
were averaged.

2.5. X-Ray Crystallography. &e single crystal X-ray analysis
of three thiosemicarbazones (HL, HLa and HLb) and com-
plexes 4 and 5 were carried out on a Xcalibur E CCD dif-
fractometer equipped with a CCD area detector and a
graphite monochromator, MoKα radiation, at room tem-
perature. Data collection and reduction, and unit cell de-
termination were done by CrysAlis PRO CCD (Oxford
Diffraction); the SHELXS97 and SHELXL2014 program
packages [41, 42] were used to solve and refine the structures.
&e non-hydrogen atoms were treated anisotropically (full-
matrix least squaresmethod on F2).&e hydrogen atoms were
placed in calculated positions and were treated using riding
model approximations with Uiso(H)� 1.2Ueq(C), while the
oxygen bounded H-atoms were found from differential
Fourier maps at an intermediate stage of the structure re-
finement. &ese hydrogen atoms were refined with the iso-
tropic displacement parameter Uiso(H)� 1.5Ueq(O). &e
X-ray data and the details of the refinement of HL, HLa, HLb,
4 and 5 are summarized in Table 1, and the selected bond
lengths are given in Table 2. &e selected bond lengths for
HLa, HLb, and hydrogen bond parameters are given in
Tables S1, S2. &e geometric parameters were calculated by
PLATON program [43] and Mercury software [44] was used
for the visualization of structures. &e hydrogen atoms that
were not involved in the hydrogen bonding were omitted
from the generation of the packing diagrams.

2.6. Biological Studies. &e antiproliferative activity of the
studied substances was determined toward a series of cancer
cell lines (HL-60 (ATCC CCL-240), BxPC-3 (ATCC CRL-
1687), HeLa (ATCC CCL-2), RD (ATCC CCL-136)), and a
normal cell line (MDCK (ATCC CCL-34)). &ese cell lines
were cultured in accordance with the previously described
method [45]. Determination of the number of viable cells
after cultivation in the presence of various concentrations of
the studied substances was carried out by the MTS and
Resazurin assays according to the previously described

method [45]. &e 10-mM stock solutions of the studied
compounds as well as the reference compound (doxorubi-
cin) were prepared by dissolving 10 μmol of the corre-
sponding compound in 1mL of DMSO. &e 0.1, 1, 10, and
100 μM solutions were prepared by dilution of the stock
solutions with the corresponding medium and used for the
study of antiproliferative activity.

Antibacterial and antifungal properties of the studied
substances were determined on a series of standard strains of
Gram-positive microorganisms (Staphylococcus aureus
(ATCC 25923)), Gram-negative microorganisms (Escher-
ichia coli (ATCC 25922)), and fungi (Candida albicans
(ATCC 10231)) using the method of serial dilutions in liquid
broth. Stock solutions of the studied compounds as well as
the reference compounds (furacillinum and nystatin) were
prepared by dissolving 10mg of the corresponding com-
pound in 1mL of DMSO. After that, the starting solutions
(1mg/mL) were prepared by tenfold dilution of the stock
solution with nutrition medium (2% of peptonate bullion).
&e next dilutions were prepared by serial double dilution
with the nutrition medium.

&e ABTS•+ method [46] was applied for the determi-
nation of antiradical activity of the studied substances.
Standard solutions of ABTS•+ radical cations and tested
substances as well as the conditions of spectrophotometric
measurements and calculations of inhibition were made as
described [6]. &e 10-mM stock solutions of the studied
compounds as well as the reference compound (trolox) were
prepared by dissolving 10 μmol of the corresponding
compound in 1mL of DMSO. &e 1, 10, 100, and 1000 μM
solutions were prepared by the dilution of stock solutions
with DMSO. After that, 20 μL of each tested compound
solutions was transferred in a 96-well microtiter plate, and
180 μL of ABTS•+ working solution was added to receive
solutions with final concentrations of tested compounds 0.1,
1, 10, and 100, respectively.

2.6.1. Acute Toxicity Assay against Daphnia magna. &e
general toxicity of the tested compounds was evaluated using
Daphnia magna (Straus, 1820). Daphnia magna was origi-
nated from a culture maintained parthenogenetically at the
Institute of Zoology (Laboratory of Systematics and Mo-
lecular Phylogeny).

&e test design was based on ISO 6341 : 2012. &e test-
organisms Daphnia magna Straus were fed with Chlorella
vulgaris. &ese unicellular algae were grown using aseptic
technology toexcludecontaminationof theculturebybacteria,
algae or protozoa. Chlorella vulgaris were cultivated in Prat’s
growth medium containing KNO3 (1 μM), MgSO4·7H2O
(40 μM), K2HPO4·3H2O (400 μM), FeCl3·6H2O (3.6 μM)
inH2O distilled (adjusted the pH to 7.0, autoclaved and stored
at 5°C).

D. magna was maintained in aerated aqueous straw
infusion growth media supplemented with CaCl2 (11.76 g/
L), NaHCO3 (2.59 g/L), KCl (0.23 g/L), and MgSO4, 7H2O
(4.93 g/L). (pH∼7.5± 0.2; O2≥ 6.0mg/L).

Juveniles were selected according to their size and kept in
fresh medium for 24 h. D. magna was cultured in Costar®
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24-well culture clear sterile multiple well plates covered by a
lid to prevent the possibility of contamination and evapo-
ration but at the same time to allow gaseous exchange be-
tween air and culture medium. Each well contained 10
daphnids in 1000 μL final volume of each dilution of the
tested compounds.

&e bioassay was then repeated at the concentrations
ranging from 0.1 to 100 μM (0.1, 1, 10, and 100 μM) in order
to determine LC50 for each compound, including doxoru-
bicin (the positive control). Aqueous straw infusion growth
media was used to dilute the stock solutions to the required
concentrations. &e final test solutions contained up to 0.1%
DMSO and had a final volume of 1mL. A 0.1% solution of
DMSO in aerated medium (pH∼7.5± 0.2; O2≥ 6.0mg/L)
was used as a negative control. &roughout the experiment,
the juvenile daphnids were incubated at 22± 20C, using a
16 h/8 h light/dark cycle (500–1000 lx). &e mobility (via-
bility) of the test organisms was observed after the 24-h
exposure. &e experiment was performed in triplicate.

&e daphnids were considered immobilized only if they
did not swim during the 15 s which follow gentle agitation of
the test and control solutions, even if they could still move
their antennae. &e percentage of viability (V (%)) of
Daphnia magna was calculated according to the formula:

Table 1: Crystal and structure refinement data for HL, HLa, HLb, 4, and 5.

Compound HL HLa HLb 4 5
CCDC 2129913 2129912 2129910 2129911 2129914
Empirical formula C10H12N4S C10H12N4S C10H12N4S C24H36Cu2N8O8S2 C20H26Cl2N8NiOS2
Formula weight 220.3 220.3 220.3 755.83 588.2
Temperature/K 293 293 293 293 293
Radiation, 0.71073 (Å) MoKα MoKα MoKα MoKα MoKα
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
Space group P21 C2/c P21/c P21/c P21/c
a (Å) 10.919 (2) 10.121 (2) 12.5635 (6) 8.6275 (13) 19.3092 (8)
b (Å) 4.2978 (7) 10.003 (2) 10.6121 (7) 22.8273 (17) 16.5371 (7)
c (Å) 12.8929 (16) 22.991 (3) 26.1172 (8) 8.9748 (9) 8.4168 (4)
α (°) 90 90 90 90 90
β (°) 112.089 (17) 91.801 (16) 93.871 (3) 115.776 (15) 97.227 (5)
c (°) 90 90 90 90 90
V (Å3) 560.63 (17) 2326.5 (7) 3474.1 (3) 1591.7 (4) 2666.3 (2)
Z 2 8 12 2 4
ρcalc (g cm−3) 1.305 1.258 1.264 1.577 1.465
μMo (mm−1) 0.261 0.252 0.253 1.525 1.114
F(000) 232 928 1392 780 1216
Crystal size (mm) 0.3× 0.35× .27 0.25× 0.3× 0.35 0.25× 0.3× 0.35 0.3× 0.2× 0.35 0.35× 0.003× 0.00
θ range (°) 3.2 : 5.0 3.0 : 25.0 3.0 : 25.5 2.9, 25.0 3.0 : 25.5
Indexes ranges, h −7 :13 −12 : 6 −14 :15 −10 :10 23 :13
K −5 : 5 −6 :11 −12 : 8 −27 : 26 −19 :19
L −14 :15 −24 : 27 −31 : 22 −10 :10 −10 :10
Reflections collected 1959 3683 12768 6491 9602
Independent reflections 1570 2050 6422 2819 4947
R(int) 0.027 0.062 0.034 0.045 0.04
Reflections with I> 2σ (I) 1323 735 3543 1984 3229
Number of refined parameters 136 136 403 214 313
Goodness-of-fit, F2 (S) 1.0 0.87 1.02 1.1 1.01
R1 (for I> 2σ (I)) 0.0479 0.0656 0.0608 0.048 0.0605
R1w 0.1110 0.089 0.1328 0.0508 0.1371
R(for all reflections) 0.0581 0.2117 0.1328 0.0812 0.1001
R1w 0.1203 0.1236 0.1574 0.0551 0.1577
Δρmax/Δρmin (e·Å−3) −0.18, 0.23 −0.15, 0.20 −0.53, 0.59 −0.45, 0.47 −0.45, 0.76

Table 2: Selected bond lengths in 4, 5, (M�Cu1, Ni1), and HL (in
brackets).

Bond
d, Å

4 5
M-S1 2.2739 (12) 2.4138 (15) 2.4562 (14)
M-O1 1.954 (2)
M-N1 1.966 (3) 2.016 (4) 2.007 (4)
M-N4 2.061 (3) 2.089 (4) 2.123 (3)
M-O1a 2.429 (3)

S1-C1 1.734 (5)
(1.673 (5)) 1.683 (4) 1.696 (4)

N1-N2 1.364 (4)
(1.365 (3)) 1.347 (6) 1.357 (5)

N1-C2 1.291 (4)
(1.280 (6)) 1.281 (6) 1.272 (6)

N2-C1 1.334 (4)
(1.365 (6)) 1.355 (6) 1.346 (6)

N4-C3 1.361 (4)
(1.354(5)) 1.351 (7) 1.350 (5)

C2-C3 1.442 (5)
(1.465 (7)) 1.445 (7) 1.453 (7)
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V(%) �
N(sample)

N(control)
× 100. (1)

N - Number of viability of Daphnia magna.
&e compounds median lethal concentration that kills

50% of the juvenile daphnids (LC50) values were calculated
from the dose-response equation determined by the least
squares fit method.

3. Results and Discussion

&e thiosemicarbazoneHL has been previously described by
Zeglis B.M. et al. [39] and has been obtained using the
described method. Its yield is 89%. It was characterized by
FT-IR, UV–Vis, 1H NMR, and 13C NMR spectroscopy. Also,
its structure as well as structures of other two thio-
semicarbazones with different position of pyridine nitrogen
atom (HLa and HLb) has been determined using X-ray
diffraction analysis. Complexes 1–6 were synthesized by the
interaction of ethanolic solution of 2-formylpyridine N4-
allylthiosemicarbazone (HL) and zinc chloride (1), cop-
per(II) salts (2–4) in a 1 :1 molar ratio or nickel(II) (5) and
cobalt(II) (6) salts in a 2 :1molar ratio. &e composition of
the thiosemicarbazone HL and complexes 1–6 has been
confirmed using elemental analyses data.

3.1. Study of Substances in Solid State

3.1.1. Structural Characterization of Fiosemicarbazones
(HL, HLa, HLb) and Complexes 4 and 5. &eX-ray structures
of studied thiosemicarbazones and compounds 4 and 5 are
presented in Figures 1 and 2. &e conformations of HL, HLa,
andHLb, which differ only by position of nitrogen atomN(4)
in pyridine ring, are nearly the same. In these molecules, the
substituents at the N(2)–C(1) bond are in the F configu-
ration. &e A(S(1)-N(1)-N(2)-N(3)-C(1)-C(2)) core is prac-
tically planar within 0.06 Å in these ligands and the dihedral
angle between given core and pyridine ring ranges from 6.5
to 10. Meanwhile, the HL, HLa, and HLb are nonplanar
because the C3H5 substituent in the thiosemicarbazone
moiety, the dihedral angles between the mean planes of A,
and (S(8)–S(10)) fragments lie in interval 46.4÷ 52.0°.

&e “shifting” of nitrogen atomN(4) in the pyridine rings
has led to different hydrogen bonds (HB) architecture in the
crystal structures of HL, HLa, and HLb. In the crystal, the
ligand HL forms the zigzag chains along b-axis, where the
molecules are linked by N(2)-H. . .N(4) hydrogen bonds,
while inHLa the similar HB forms two types of chains, which
are oriented along different diagonals of (110) plane
(Table S2, Figures 2(a), 2(b) and 2(f)). InHLb, there are three
independent molecules (L1, L2, L3) in the asymmetric unit
cell. L2 forms layers parallel to (011) plane due to N2A-
H. . .S1A andN3A-H. . .N4 hydrogen bonds, while L1 and L3
are joined into the chains along b-axis through the N3-H· · ·

N4B and N3B-H· · · N4 HB.&e chains and layers are further
alternated along a-axis (Table S2, Figures 2(c), 2(g) and 2(h)).

In complexes 4 and 5, the ligandHL acts asmononegative
and neutral tridentate around the metallic ions, respectively,

through an SNN set of donor atoms. Deprotonation of N2
atom in 4 has led to the decrease of N2-C1 bond distance if
compared with that inHL.&e bond lengths S1-C1 in 4 and 5
are increased due to the coordination of suphur atoms to
central metals and the maximal changing of this bond is
observed in 4 which is equal to 1.734(5) (Table 2). However,
the composition of the coordination polyhedron of the
central atom in these compounds is different. In the crystal,
the copper complexes form the centrosymmetric dimers
where the monomers are hold together by bridge acetate
molecules. &e central atom in 4 is five-coordinated in a
distorted square–pyramidal coordination geometry. Its basal
plane includes three donor atoms of the L and oxygen atom
O(1) of coordinated acetate molecule (Figure 2(d), Table 2).
&e deviations of these atoms from their mean plane are
within 0.017 Å, while the Cu atom deviates from this plane by
0.1 Å toward the apex of pyramid. &is apex of the metal’s
coordination pyramid in 4 is occupied by oxygen atom O(1)
of adjacent acetate molecule with a distance of 2.429(3) Å.
&e polyhedral volume is related to the distortion of coor-
dination polyhedral and its value for the copper complex is
6.765 Å3. &e structural characterization of 5 revealed that
the nickel atom in this complex is in a distorted octahedral
environment, being surrounded by two HL ligands
(Figure 1(e), Table 2). &e octahedral volume of Ni complex
is equal to 13.338 Å3. In the crystal of 4, there are water
molecules in the outer coordination sphere which are joined
by HB. In turn, these water molecules bound the neutral
centrosymmetric dimers forming the 3D hydrogen bonding
networks where dimers are linked also by C2-H· · · O2 HB
(Table S2, Figure 2(d)). In the crystal of 5, the outer sphere
contains both water molecules and negative chlorine ions.
&ese chlorine ions form the hydrogen bonds with positively
charged octahedral nickel complexes (Table S2, Figure 2(e))
via bifurcated N2-H· · · Cl and N3-H· · · Cl bonds.

3.1.2. Infrared Spectra. &e process of formation of com-
plexes 1–6 leads to the appearance of a number of changes in
the IR spectra in comparison with the IR spectrum of free
ligand HL. A change in the position of the ](S �Npyr),
](C�N1) bands in the IR spectra of 1–6 as well as the
disappearance of the ](S � S) band in the spectra of 1–4 and
6 is observed. In case of complex 5, the ](S � S) does not
disappear, but is only shifted by 49 cm−1. &e ](S �Npyr)
band is shifted by 17–45 cm−1 toward lower wavenumbers
comparing with the free ligand HL (1583 cm−1). &e
](C�N1) band is shifted by 14–39 cm−1. One ](NH) band
disappears in the IR spectra of complexes 1–4 and 6. All the
above changes indicate [47] that the azomethine and pyri-
dine nitrogen atoms as well as the sulphur atom of the
thiosemicarbazone HL are involved in the coordination
process. While in the complexes 1–4 and 6, the thio-
semicarbazone is in the thiol deprotonated form and in the
composition of complex 5 thiosemicarbazone remains in the
non-deprotonated thione form.

3.1.3. Magnetic Study. A magnetochemical study was car-
ried out in order to determine the presence of interaction
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between copper atoms in complexes 2–4. While the effective
moment of complex 4 (1.25 μB) is lower than the spin only
value (1.73 μB), which indicates the presence of interaction
between copper atoms that is consistent with the determined
structure by X-ray diffraction analysis, the effective magnetic
moments of complexes 2 and 3 exceed the spin only value
(1.85 μB and 1.81 μB, respectively). &ese values indicate that

there is no interaction between copper atoms in complexes 2
and 3, so that they should possess a monomeric structure
[48].

&e magnetic moment of complex 6 was measured in
order to determine the oxidation state of cobalt. &e
complex 6 turned out to be diamagnetic, which is possible
only if cobalt atom is in the +3 oxidation state in an

(a) (b)

(c) (d)

(e)

Figure 1: View of (a) HL, (b) HLa, (c) HLb, (d) 4, and (e) 5 compounds with atom numbering. &ermal ellipsoids are drawn at 50%
probability level.
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(a) (b) (c)

(d) (e)

(f ) (g)

(h)

Figure 2: &e crystal packing fragments of (a) HL (b) HLa, (c) HLb, (d) 4, (e) 5, (f ) chains in HL, (g) layers in HLb, and (h) chains in HLb.
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octahedral ligand environment [49]. So, cobalt(II) un-
dergoes oxidation by atmospheric oxygen during the syn-
thesis process.

&e magnetic moment value of nickel complex 5
(2.84 μB) corresponds to two unpaired electrons and octa-
hedral ligand environment that fully corresponds to the
structure of the given substance determined by X-ray dif-
fraction analysis.

3.2. Study of Substances in Solution

3.2.1. Molar Electrical Conductivity. Molar conductivity
values have been measured for 1mM solutions of the cor-
responding complexes.Molar conductivity values of 1–4 and
6 are in the range 32–78Ω−1 cm2mol−1 which indicates that
they are 1 :1 electrolytes [50]. It means that in case of
complexes 1–4, the corresponding anions (Cl− (1, 2), Br− (3),
CH3COO− (4)) are substituted with solvent molecules
during dissolution process. &e obtained values for cop-
per(II) complexes in methanol solution are rather low but
rapidly change to normal values for 1 :1 electrolytes upon
adding of DMSO in the methanol solution. It indicates that
methanol does not cause a complete substitution of anions
from the inner sphere with the solvent molecule, while
DMSO molecules shift this equilibrium toward the removal
of anions from the inner sphere. Nickel complex 5 represents
1 : 2 electrolytes (χ �158Ω−1 cm2mol−1).

3.2.2. UV-Vis Spectra. UV-Vis spectrum of 0.1mM DMSO
solution of HL (Figure S7) contains a maximum at 328 nm.
&e corresponding spectrum of zinc(II) complex (1) con-
tains two maxima at 325 and 397 nm. &e spectra of
complexes 2–4 contain twomaxima at 300 and 409 nm and a
shoulder at ca 335 nm. &e corresponding spectrum of
nickel(II) complex contains two maxima at 320 and 419 nm,
while the spectrum of cobalt(III) complex contains two
maxima at 310 and 371 nm and one shoulder at 416 nm.
&us, by comparing the results of the UV-Vis spectra of the
complexes and the initial thiosemicarbazone in the 0.1mM
DMSO solutions, it can be concluded that thio-
semicarbazpone moiety remains coordinated to the corre-
sponding 3d metal ions when dissolved in DMSO [51]. It is
interesting that the copper complexes have almost identical
spectra. &is may indicate that in the process of dissolution
in DMSO the anion of the acid residue regardless of its
nature is replaced by a DMSO molecule and a complex
cation containing a copper atom and an L- ligand is formed
[52]. &is is consistent with the change in the electrical
conductivity of methanol solutions of copper complexes that
occur upon the addition of DMSO.

3.2.3. EPR Study. &eEPR signatures of complexes 2–4were
recorded in a 9-GHz band and the spectra obtained at
0.2mM in DMSO are shown in Figure 3. &ey are all very
similar with a classical pattern for Cu(II) complexes lying in
a square-based environment.&e g//factor equals 2.20, while
the hyperfine splitting equals 185± 5 10−4 cm−1 (dotted

lines). &e parameters are in line with a equatorial donor set
of [2N,S,O] [53] and strongly reminiscent with those of a
Cu(II) complex bound to three nitrogen atoms and one
thiolate ligand [54]. In the perpendicular region, super-
hyperfine lines are observed that mirror the interaction of
the Cu(II) center with nitrogen atoms form the ligand.While
the spectra of 3 and 4 are virtually superimposable and
independent of the recording concentration, that of 2 shows
broader hyperfine lines that witness the presence of a second
minor species, the proportion of which increases with the
concentration (Figure S8). &ese observations indicate, in
line with the UV-Vis data, that the exogenous ligand is freed
in solution and replaced by a solvent molecule with the
exception of Cl− in 2 that partly stays bound.

3.3. Biological Activity

3.3.1. Antiproliferative Activity and In Vivo Toxicity. &e
antiproliferative activity of thiosemicarbazones HL, HLa,
andHLb has been tested toward human leukemia HL-60 cell
line. As it can be seen from Table 3, the position of nitrogen
atom in the pyridine moiety of studied thiosemicarbazones
has a tremendous influence on their antiproliferative ac-
tivity. WhileHL inhibits the growth and proliferation of HL-
60 cells by ca 100% at 10 and 1 μM concentrations, and HLa
and HLb practically do not affect their proliferation. Because
changing of the position of nitrogen atom in pyridine moiety
leads to a complete disappearance of antiproliferative
properties, only 2-formylpyridine N4-allylthiosemicarbazone
was used for the synthesis of complexes. Subsequently,
antiproliferative activity of the thiosemicarbazone HL and

(a)

(b)

(c)

260 280 300 320
B (mT)

340 360

Figure 3: 9.5-GHz EPR spectra of complexes 2 (a), 3 (b), and 4 (c).
Dotted lines indicate the position of the hyperfine lines.
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complexes 1–6 has been tested toward four cancer cell lines
(human cervical epithelial (HeLa), human muscle rhabdo-
myosarcoma spindle and large multinucleated (RD), human
leukemia (HL-60),, human epithelial pancreatic adenocar-
cinoma (BxPC-3)), and one normal cell line (normal kidney
epithelial (MDCK)) (Table 4).

&e nature of the central atom has a major influence on
the antiproliferative activity of the corresponding complex.
&e activity of zinc(II) complex (1) toward HL-60 cells is
practically equal to the activity of the free ligand HL.
Meanwhile, the activity of cobalt complex (6) is significantly
lower, but copper (2–4) and nickel (5) complexes are much
more active compared to the activity of HL. Complexes 2–5
inhibit the proliferation of HL-60 cells by ca 100% at 10 and
1 μM concentration and also manifest inhibitory activity
(24–55%) at 0.1 μM concentration.

It is known from the literature sources that copper(II)
complexes in many cases manifest the best antiproliferative
activity. In this series of complexes, the nickel complex 5
showed the highest inhibitory activity toward HL-60 cells.

&e copper complexes 2–4 manifest the highest activity
toward the studied series of cancer cell lines. Moreover, these
complexes are superior in antiproliferative activity to
doxorubicin that is used in medical practice. Also, zinc
complex 1 manifests high activity toward RD cells which is
approximately equal to the activity of the most active copper
complex 4.

Antiproliferative activity of these compounds toward
normal MDCK cell line has been studied in order to de-
termine the selectivity of their anticancer activity. Nickel (5)
and cobalt (6) complexes practically do not affect the growth
and proliferation of this normal cell line. Meanwhile,
complex 6 does not possess promising anticancer activity,
and nickel complex 5 manifests the best activity toward
human leukemia cells and its activity is highly selective with
selectivity index (SI) more than 1000. Also, free ligand HL
and zinc complex 1 have high values of SI toward HL-60 that
significantly exceed the selectivity of doxorubicin used in
medical practice.

As the obtained results of anticancer activity of the
studied series of complexes and their selectivity are of both
theoretical and practical interest, their toxicity has been
studied in vivo on Daphnia magna (Table 5). &e percentage
of viability has been measured after 24 h of staying in the

environment with different concentrations of studied sub-
stances. As it can be seen from Table 5, the nickel complex
(LC50> 100 μM) practically does not affect Daphnia magna,
while copper and zinc complexes as well asHL are toxic at 10
and 100 μM concentrations and their LC50 values are in the
range of 1.0–3.5 μM.

3.3.2. Antibacterial and Antifungal Activity. Despite the fact
that the role of the virus and bacteria in the development of
cancer is underestimated, antimicrobial prophylaxis during
cancer therapy is important for reducing some side effects
and the risk of death due to infection [55, 56].

It is known from the literature that thiosemicarbazones
and biometal complexes with these ligands in many cases
also exhibit antimicrobial activity. &erefore, the antimi-
crobial and antifungal properties of the synthesized com-
pounds have been studied. &ree strains have been selected
for this study: S. aureus (Gram-positive bacterial strain),
E. coli (Gram-negative bacterial strain), and C. albicans
(fungal strain).

&e obtained results are presented in Table 6 in the formof
minimum inhibitory, bactericidal, and fungicidal concentra-
tions. Table 6 also shows data onnystatin and furacillinum[11]
to compare the activity of the synthesized compounds.

As it can be seen from the obtained data, zinc and copper
complexes manifest the highest antimicrobial activity. While
their activity toward Gram-positive bacterial strain is only
2–4 times higher than the activity of thiosemicarbazone HL,
the activity toward Gram-negative bacterial strain already
exceeds 4–16 times the corresponding activity of free ligand.
Copper complexes 2–4 also manifest promising antifungal
activity that exceeds the activity of nystatin.

&e nickel (5) and cobalt (6) complexes manifest much
lower antimicrobial and antifungal activities comparing with
free ligand HL, complexes 1–4, and standard substances.

3.3.3. Antiradical Activity. Free radicals are involved in
many harmful biological processes, such as protein dena-
turation and lipid peroxidation, in the pathogenesis of
various human diseases [57]. &erefore, it is of interest to
study the antiradical activity of the synthesized substances in
order to find out if they can reduce the concentration of free
radical and protect human body from the oxidative stress. A

Table 3: Antiproliferative activities of some synthesized compounds on human leukemia HL-60 cell line at three concentrations.

Compound
Inhibition of cell proliferation, (%)

IC50, μM10 μM 1 μM 0.1 μM
HL 100.3± 2.2 99.6± 0.4 1.8± 0.1 0.30± 0.02
HLa 6.1± 0.3 1.5± 0.5 0.9± 0.2 —
HLb 10.1± 0.5 9.4± 0.6 2.3± 0.4 —
[Zn(H2O) (L)Cl] (1) 102.4± 1.1 101.1± 3.7 3.0± 0.4 0.20± 0.03
[Cu(L)Cl] (2) 99.4± 0.6 99.2± 0.2 40.2± 2.8 0.10± 0.06
[Cu(L)Br] (3) 100.0± 0.1 100.0± 0.3 24.5± 1.9 0.10± 0.04
[Cu2L2(CH3COO)2]·4H2O (4) 100.0± 0.2 99.8± 0.2 32.0± 2.3 0.10± 0.02
[Ni(HL)2]Cl2·H2O (5) 108.5± 0.5 94.9± 0.7 54.5± 1.1 0.09± 0.01
[Co(L)2]Cl (6) 24.1± 0.6 6.9± 1.7 4.1± 0.3 >10
Doxorubicin 95.0± 0.6 92.9± 0.7 16.5± 1.8 0.2± 0.1
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standard ABTS•+ method has been used to determine these
properties (Table 7).

&e thiosemicarbazonesHL,HLa, andHLb manifest high
antiradical activity toward ABTS•+ with IC50 values
14.2–20.6 μM comparing to the standard antioxidant trolox
(IC50 value 33 μM [58]). Meanwhile complexes of copper
(2–4) and cobalt (6) manifest much lower antiradical activity
(IC50> 40 μM). &e nickel(II) complex (5) manifests the
highest antiradical activity with IC50 value 8.6± 0.1 μM.

3.4. Electronic Properties of Studied Compounds. &e elec-
tronic structures and maps of molecular electrostatic po-
tential (MEP) of HL, HLa, HLb, 4, 5 compounds have been
calculated by Density Functional &eory (DFT) of Gaussian
16 suite of quantum chemical codes based on B3LYP level of
theory [59]. &e 6-31G and LANL2DZ basis sets were used
for ligands andmetal atoms, respectively.&e spin-polarized
calculations were performed for compound 4.&emolecular
electrostatic potential was generated through a constant
value of electron density. &e values of MEP were calculated
with the help of Multiwfn software [60] using the wave
functions generated by the Gaussian.

3.4.1. Molecular Electrostatic Potential. &e molecular
electrostatic potential is used to study and predict the mo-
lecular reactive centers. MEP is related to the electron density,

Table 5: &e percentage of viability (V) of Daphnia magna in the presence of different concentrations of studied compounds and the
corresponding LC50 values.

Compound
V, (%)

LC50, μM100 μM 10 μM 1 μM 0.1 μM
HL 0.0 0.0 56.4± 7.3 97± 7.3 1.0± 0.1
[Zn(H2O) (L)Cl] (1) 0.0 0.0 56.4± 7.3 102.6± 0.0 1.0± 0.1
[Cu(L)Cl] (2) 0.0 0.0 97.4± 7.3 102.6± 0.0 3.5± 2.8
[Cu(L)Br] (3) 0.0 0.0 97.4± 7.3 102.6± 0.0 3.5± 2.8
[Cu2L2(CH3COO)2]·4H2O (4) 0.0 0.0 66.7± 7.3 76.9± 7.3 1.3± 0.5
[Ni(HL)2]Cl2·H2O (5) 87.2± 7.3 97.4± 7.3 102.6± 0.0 102.6± 0.0 >100
[Co(L)2]Cl (6) 35.9± 7.3 92.3± 0.0 97.4± 7.3 97.4± 7.3 65.4± 11.8
Doxorubicin 0.0 25.6± 7.3 76.9± 7.3 87.2± 7.3 3.3± 1.1

Table 4: IC50 values of HL thiosemicarbazone and complexes 1–6 toward MDCK, HL-60, HeLa, BxPC-3, and RD cell lines.

Compound MDCK HL-60 HeLa BxPC-3 RD
IC50, μM IC50, μM SIa IC50, μM SIa IC50, μM SIa IC50, μM SIa

HL >100 0.30± 0.02 >300 >100 — >100 — 1.10± 0.03 >90
[Zn(H2O) (L)Cl] (1) 38.5± 4.0 0.20± 0.03 193 1.4± 0.3 28 10.0± 0.3 3.9 0.06± 0.01 640
[Cu(L)Cl] (2) 3.0± 0.4 0.10± 0.06 30 0.40± 0.03 7.5 0.05± 0.02 60 0.13± 0.02 23
[Cu(L)Br] (3) 6.2± 1.4 0.10± 0.04 62 0.30± 0.03 21 0.06± 0.01 103 0.2± 0.1 31
[Cu2L2(CH3COO)2]·4H2O (4) 2.0± 0.2 0.10± 0.02 20 0.20± 0.02 10 0.02± 0.01 100 0.05± 0.01 40
[Ni(HL)2]Cl2·H2O (5) >100 0.09± 0.01 >1000 >100 — 3.6± 0.9 >27 2.9± 0.4 >34
[Co(L)2]Cl (6) >100 >10 — 2.5± 0.5 >40 4.1± 0.5 >24 >100 —
Doxorubicin 7.1± 0.3 0.2± 0.1 35.5 10.0± 0.4 0.71 3.7± 0.3 1.9 16.2± 0.6 0.44
aSI–selectivity index.SI � (IC50(MDCK)/IC50(cancer cell line))

Table 6: Antibacterial and antifungal activities of HL thio-
semicarbazone and copper complexes 1–6 as MICa/MBCb/MFCc

values (μg/mL).

Compound
S. aureus
(G+) E. coli (G-) C. albicans

MIC MBC MIC MBC MIC MFC
HL 0.488 0.977 31.3 62.5 62.5 500
[Zn(H2O) (L)Cl] (1) 0.244 0.488 3.91 7.81 31.3 250
[Cu(L)Cl] (2) 0.122 0.244 3.91 7.81 15.6 31.3
[Cu(L)Br] (3) 0.244 0.488 7.81 15.6 7.81 15.6
[Cu2L2(CH3COO)2]·
4H2O (4) 0.244 0.488 1.95 3.91 31.3 62.5

[Ni(HL)2]Cl2·H2O (5) 15.6 31.3 1000 — 500 —
[Co(L)2]Cl (6) 62.5 125 250 500 62.5 250
Furacillinum 9.3 9.3 18.5 37.5 — —
Nystatin — — — — 80 80
S. aureus (Staphylococcus aureus, ATCC 25923); E. coli (Escherichia coli,
ATCC 25922); C. albicans (Candida albicans, ATCC 10231).
aMIC–minimum inhibitory concentration; bMBC—minimum bactericidal
concentration; cMFC, minimum fungicidal concentration. G(-): Gram-
negative bacteria; G(+): Gram-positive bacteria.

Table 7: IC50 values of the synthesized substances toward ABTS•+

radical cation.

Compound IC50, μM
HL 14.2± 1.8
HLa 19.1± 0.9
HLb 20.6± 1.1
[Zn(H2O) (L)Cl] (1) 24.7± 1.3
[Cu(L)Cl] (2) >100
[Cu(L)Br] (3) 43.0± 2.1
[Cu2L2(CH3COO)2]·4H2O (4) 40.3± 1.8
[Ni(HL)2]Cl2·H2O (5) 8.6± 0.1
[Co(L)2]Cl (6) >100
Trolox 33.0± 0.7
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(a) (b)

(c) (d)

(e)

-5.052e-2 5.052e-2

Figure 4: Electrostatic potentials mapped on the molecular surfaces of (a) HL, (b) HLa, (c) HLb, (d) 4, and (e) 5 . &e values of MEPs range
from −31.7 to 31.7 kcal/mol.
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Table 8: Global chemical reactivity indices (eV), and the biological activities of studied compounds and relationship between them. &e
biological activities (ID50) were taken from Tables 3, 6, and 7. EA–and IP are the electron affinity and ionization potential, respectively.

HL HLa HLb 4up 4dn 5
ELUMO (-EA) −1.881 −1.948 −2.111 −1.083 −1.714 −9.403 4 up> 4 dn>HL>HLa>HLb> 5
EHOMO (-IP) −5.653 −5.654 −5.808 −3.019 −3.229 −10.485 4 up> 4 dn>HL>HLa>HLb> 5
Eg � (ELUMO-EHOMO) 3.771 3.707 3.697 1.936 1.515 1.082 HL>HLa>HLb4 up. 4 dn> 5
ƛ� -(EHOMO+ELUMO)/2 3.767 3.801 3.9591 2.051 2.4712 9.944 5 > HLb>HLa>H> 4 dn> 4 up
η� (ELUMO-EHOMO)/2 1.886 1.853 1.849 0.968 0.757 0.541 HL>HLa>HLb> 4 up> 4 dn> 5
μ� (EHOMO+ ELUMO)/2 −3.767 −3.801 −3.959 −2.051 −2.471 −9.944 4 up> 4 dn>HL>HLa<HLb> 5
ω� μ2/2 η 3.763 3.898 4.24 2.173 4.032 91.41 5 >HLb> 4 dn>HLa>HL> 4 up
Antiproliferative activities, HL>4> 5, Antibacterial, antifungal activities 5>HL> 4, Antiradical activity, 4>(HL,HLa,HLb) > 5.

HOMO LUMO

(a)

HOMO LUMO

(b)

HOMO LUMO

(c)

Figure 5: Continued.
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which is descriptor for identifying nucleophilic and electro-
philic attack sites as well as intermolecular hydrogen bonding
[61]. &e electrostatic potential is also applied to analyze the
processes based on the ‘‘recognition’’ of one molecule by
another, as in drug-receptor, and enzyme–substrate inter-
actions [62, 63]. &e molecular electrostatic potential surfaces
of all studied molecules were mapped, using crystallo-
graphically determined geometries, and presented in Figure 4
&e MEPs increase in the order −31.7 kcalˑmol−1 �

red< yellow< green< blue� 31.7 kcalˑmol−1. &e negative
(red and yellow) regions of MEP are related to electrophilic
reactivity and the positive (blue) regions to nucleophilic re-
activity. In HL, HLa, and HLb, the negative electrostatic po-
tential is located at the regions of nitrogen atoms of pyridine
rings and in the vicinity of sulphur atoms, while the positive
MEP covers the outer tips of the CH- and NH-groups in the
thiosemicarbazone moieties. However, the values of MEP of
N4 depend on its position in the pyridine rings, and the

HOMO LUMO

spin up

HOMO LUMO

spin down

(d)

HOMO LUMO

(e)

Figure 5: View of frontier molecular orbitals (HOMO and LUMO) for (a) HL, (b) HLa, (c) HLb, (d) 4, and (e) 5.
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negative charges of electrostatic potentials are increased under
“shifting” of N4 in these ligands as follows: −33.744, 39.758
and −40.674 kcal/mol. &e values of S1 atoms MEPs are equal
to −33.021, −32.186, and −29.702 kcal/mol, respectively.&us,
such distribution of negative MEPs may affect halogen
bonding architecture of HL, HLa, and HLb as described in
Section 3.1.1. In compound 4, the negative MEP covers the
metallacycle (Cu1S1N1N2C1) and oxygen atoms of acetate
molecule, and the positive region is over the methyl group. In
compound 5, it is observed only the strong positive elec-
trostatic potential surrounding over whole molecule due to
the positive charge of this complex.

3.4.2. Analysis of Frontier Orbitals. It is known that the
structure–activity relationship models for understanding
the biological activity and toxicity of molecules may be
generated in terms of global and local reactivity descriptors
within a conceptual density functional theory framework
[64]. &e global reactivity indexes of studied compounds
were estimated based on the one-electron energies of the
frontier molecular orbitals (FMO) [65, 66]. &e calculated
molecular descriptors and the relationships between them
for studied compounds as well as biological activities are
summarized in Table 8. &e high occupied molecular or-
bitals (HOMO) and lower unoccupied molecular orbitals
(LUMO) are referred to as frontier molecular orbital and
act as an electron donor and acceptor, respectively. &e
energy gap between the HOMO and LUMO is related to
kinetic stability as well as the chemical reactivity of the
compound, the molecules having large/small values of
energy gap are known as hard/soft molecules, as well as
HOMO–LUMO band gap supports the bioactive property
of the molecule [67]. &e contour plots of the ground state
FMO are shown in Figure 5. &e HOMOs of HL, HLa, and
HLb are located mainly on the sulphur atoms with a small
contribution of nitrogen atoms of the chains, while the
LUMOs are distributed in thiosemicarbazone moieties and
pyridine rings. In compound 4, the spin np HOMO is
localized on the central atom and acetate molecule, and the
spin down HOMO is located mainly on metallocycles with
some contribution of oxygen atoms. &e spin np LUMO is
distributed on acetate molecule, metallocycles, and pyri-
dine ring, whereas the spin down LUMO is located mainly
on acetate molecule and copper atom. It is interesting to
observe that both HOMO and LUMO of compound 5 are
substantially distributed over the conjugation planes of
compound 5 which include metallocycles and pyridine
rings. Compound 5 has the lowest energetic gap which
allows it to be the softest molecule among the studied ones.
Compounds 4 and 5 with high-lying EHOMO and low-lying
ELUMO are the best electron donor and the electron ac-
ceptor, respectively, in a given series of compounds. &e
absolute electronegativity (χ) and the absolute hardness (η)
are related to the one-electron orbital energies of the
HOMO and LUMO. It is known that the stability of
molecules is related to hardness and electronegativity is the
power of an atom in a molecule to attract electrons to itself.
&e chemical hardness value of compound 5 is lesser

among all the molecules, and it is found to be more reactive
than all the studied compounds. &is compound possesses
higher electronegativity value than all compounds, so it is
the best electron acceptor. &e electrophilicity reactivity
index (ɷ) measures the stabilization in energy when the
system becomes saturated by electrons coming from en-
vironment. A good electrophile is characterized by a high
value of µ (chemical potential) and a low value of η
(chemical hardness). &e higher electrophilicity of 5 is
displaying that this compound would be more susceptible
for nucleophilic attack because the electrophilicity is
generally proportional to electron-poorness. &e analyses
of dependencies between the global reactivity indexes of
studied compounds and their biological activities revealed
that the experimental data were related to the theoretical
ones (Table 8). It was found that the energetic gaps and
hardness correlate with antiproliferative activities. &e
values of ionization potential, electron affinity, electro-
negativity, and electrophilicity are related to antibacterial
and antifungal activities. &e energies of LUMO and
HOMO as well as chemical potentials correlate with an-
tiradical activity. However, the most significant values of
molecular descriptors and corresponding correlations with
biological activities were observed for compound 5.

4. Conclusion

&ree thiosemicarbazones (2-, 3-, and 4-formylpyridine N4-
allylthiosemicarbazones) and six complexes of Zn(II),
Cu(II), Ni(II), and Co(III) have been prepared and char-
acterized using different chemical, physical, and physico-
chemical methods. &e structures of HL, HLa, HLb and
complexes 4 and 5 have been determined using single-crystal
X-ray diffraction analysis. &e HL ligand remains in a non-
deprotonated form in the composition of nickel(II) complex
and deprotonates in the case of compounds 1–4 and 6. It was
found that the position of nitrogen atomN(4) in the pyridine
rings affects the different hydrogen bonds architecture in the
crystal structures ofHL,HLa, andHLb. &e copper atom in 4
is five-coordinated in a distorted square–pyramidal coor-
dination geometry and in the crystal this compound forms
the centrosymmetric dimers where the monomers are hold
together by bridge acetate molecules. In 5, the nickel atom is
in a distorted octahedral environment being surrounded by
two HL ligands.

&e anticancer activity of the synthesized zinc, copper,
and nickel compounds (1–5) is of interest. &ese complexes
show high activity against HL-60, HeLa, BxPC-3, and RD
cancer cell lines. Nickel complex 5 manifests high anti-
proliferative activity toward HL-60 cells and practically does
not affect normal cells showing the highest selectivity toward
this cell line exceeding the selectivity of doxorubicin used in
medical practice, and also the activity of other substances of
thiosemicarbazone class such as triapine [68] that undergoes
preclinical and clinical testing as anticancer drug. It also
shows the lowest in vivo toxicity. It makes substance 5
promising for preclinical and clinical trials as anticancer
substance. &e copper and zinc complexes (1–4) also
manifest high selective activity toward cancer cells toward a
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wide range of studied cancer cells, but they have a higher
inhibitory activity toward normal cell line and are more
toxic.

In addition to high anticancer properties, zinc and copper
complexes also exhibit high antimicrobial properties with
MIC/MBC/MFC values in the range of 0.12–250 μg/mL).

&e molecular electrostatic potential and the global
reactivity indexes were calculated at B3LYP level of theory
and then discussed in terms of their biological activities. It
was found that the different reactivity descriptors of studied
compounds strongly correlate with their biological activity
and such dependences provide information for structure-
activity study to design the biologically important molecules
that can be applied in the pharmacy and medicine.
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CCDC 2129910–2129914 contains the supplementary crys-
tallographic data for HL, HLa, HLb, and complexes 4 and 5.
Copies of the data can be obtained free of charge on ap-
plication to CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK (fax: 44-1223-336–033; e-mail:deposit@ccdc.cam.ac.uk
or www:http://www.ccdc.cam.ac.uk. Supplementary mate-
rials. Figure S1. 1H- NMR spectrum of 2-formylpyridineN4-
allylthiosemicarbazone (HL).Figure S2. 13C- NMR spectrum
of 2-formylpyridine N4-allylthiosemicarbazone (HL).Figure
S3. 1H- NMR spectrum of 3-formylpyridine N4-allylth-
iosemicarbazone (HLa). Figure S4. 13C- NMR spectrum of 3-
formylpyridine N4-allylthiosemicarbazone (HLa). Figure S5.
1H- NMR spectrum of 4-formylpyridine N4-allylth-
iosemicarbazone (HLb). Figure S6. 13C- NMR spectrum of 4-
formylpyridine N4-allylthiosemicarbazone (HLb). Figure S7.
UV-Vis spectra of the free ligand HL and complexes 1–6 in
DMSO solutions. Figure S8. 9.5GHz EPR spectra of com-
plexes 2, at 100 μM (a), 200 μM(b) and 500 μM (c). Black
dotted lines remind the position of the hyperfine lines
corresponding to the Cu(II) complex with the ancillary li-
gand and a solvent molecule; red plain lines indicates the
three first hyperfines lines corresponding to complex 2
where the chloride exogenous ligand stays bound. Table S1.

Selected bond lengths in HLa and HLb. Table S2. Hydrogen
Bond Distances (Å) and Angles (deg) inHL,HLa,HLb, 4 and
5. (Supplementary Materials)
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