MOLDOVA STATE UNIVERSITY
DOCTORAL SCHOOL OF BIOLOGICAL, GEONOMIC, CHEMICAL
AND TECHNOLOGICAL SCIENCES

Consortium: Moldova State University, Institute of Zoology, Institute of Microbiology
and Biotechnology, Institute of Genetics, Physiology and Plant Protection,
Institute of Physiology and Sanocratology, Institute of Ecology and
Geography, National Botanical Garden (Institute) "Alexandru Ciubotaru",
Institute of Geology and Seismology, Institute of Chemistry, Tiraspol
State University

With manuscript title
C.Z.U.: 544.142.3:54-386:547.497.1:615.28:615.277.3(043)

USATAIA IRINA

POLYFUNCTIONAL INHIBITORS BASED ON COORDINATION COMPOUNDS OF
SOME 3d-METALS WITH SALICYLIDENE- AND PICOLIDENE-4-ALLYL-
S-ALKYLISOTHIOSEMICARBAZIDES AND THEIR SUBSTITUTES

141.02 - COORDINATION CHEMISTRY

Summary of the doctoral submitted in chemical sciences

CHISINALU, 2023



The thesis was elaborated within the framework of the Doctoral School of Biological,
Geonomical, Chemical and Technological Sciences, consortium of the Moldova State
University, at the Faculty of Chemistry and Chemical Technology, the Department of Chemistry
of the Moldava State University, the research laboratory "Advanced Materials in
Biopharmaceutics and Technics'".

Scientific supervisor — Gulea Aurelian, academician, habilitated doctor of chemical sciences,
univ. professor, Emeritus Person of the Republic of Moldova

Members of the Committee for public defense of the doctoral thesis:

BULIMESTRU Ion doctor of chemical sciences, associate professor Moldova State
University - president

GULEA Aurelian academician, habilitated doctor of chemical sciences, univ. professor,
Moldova State University - Scientific supervisor, member

SIRBU Angela doctor of chemical sciences, associate professor Moldova State
University - scientific secretary

LOZAN Vasile habilitated doctor of chemical sciences, research associate, Institute of
Chemistry - official reviewer

MELNYK Silvia doctor of chemical sciences, associate professor Moldova State
University of Medicine and Pharmacy - official reviewer

TSAPKOV Victor doctor of chemical sciences, associate professor Moldova State

University - official reviewer

Thesis defence will take place on April 18th, 2023 at 14:00 pm, in the meeting of the
Doctoral Commission within the Doctoral School of Biological, Geonomic, Chemical and
Technological Sciences, room no. 317 / IV of Moldova State University, 60, A. Mateevici str.,
Chisinau, MD-2009.

The PhD thesis and its summary may be consulted at the scientific library of the National
Library of the Republic of Moldova, Central Scientific Library “Andrey Lupan” (Institute), USM

Library (Moldova State University, 60, A. Mateevici str., Chisinau, MD-2009), and at CNAA
(http://www.cnaa.md) and on the web page of MSU (www.dspace.usm.md).

The summary was sent on March 15, 2023,

Scientific supervisor: GULEA Aurelian, academician, habilitated
j doctor of chemical sciences, univ. professor

Scientific Secretary: / SIRBU Angela, doctor of chemical sciences,
associate professor

/ y
7 s
Author: /7/ /4 USATAIA Irina
L

© Usataia Irina, 2023



CONTENTS

CONCEPTUAL MILESTONES OF RESEARCH ............cccooiiiiiiiiiiiiiiiniccicccec 4
THESIS CONTENT ..ot s 8

1. COORDINATION COMPOUNDS OF SOME d METALS WITH 4-
ALLYLTHIOSEMICARBASONES AND S-ALKYLISOTHIO-SEMICARBAZONES OF
AROMATIC CARBONYL COMPOUNDS ......cccoiiiiiiiiiiiiieceeeee e 8

2. METHODS OF SYNTHESIS, ANALYSIS, AND RESEARCH..........cccccceviiiiiiniiinicne, 8

3. COORDINATION COMPOUNDS OF 3d METALS WITH 4-ALLYL-S-
ALKYLISOTHIOSEMICARBAZONES OF AROMATIC CARBONYL COMPOUNDS .9

3.1. Complexes of 3d metals with salicylaldehyde 4-allyl-S-alkylisothiosemicarbazones........ 9
3.2. Complexes of 3d metals with substituted salicylaldehyde 4-allyl-S-
alkylisoth10SEMICAIrDAZONES ......cveiuiiriiiiieiieiiete ettt 11
3.3. Complexes of 3d metals with 2-hydroxyacetophenone and 2-hydroxy-1-naphthaldehyde
4-allyl-S-alkylisothiosemicarbazones ..........cceeiiruiiriiriiniieieiieee e 12
3.4. Copper(II) complexes with salicylaldehyde 4-allyl-S-alkylisothiosemicarbazones and

AINIITIES oot 14

4. COORDINATION COMPOUNDS OF SOME 3d METALS WITH 4-ALLYL-S-
ALKYLISOTHIOSEMICARBAZONES OF HETEROAROMATIC CARBONYL
COMPOUNDS ...ttt sttt et e sa e 16

4.1. Coordination compounds of 3d metals with 2-formylpyridine 4-allyl-S-alkyliso-
thi0SEMICATDAZOMNES.........eeuteiieiiieiierie ettt ettt sttt sb ettt st nbe et esbe e 16

4.2. Coordination compounds of 3d metals with derivatives of 2-formylpyridine 4-allyl-S-

alkylisoth10SEMICAIDAZONES ......cveiuiiriiiiiiieeiieee ettt 19
GENERAL CONCLUSIONS AND RECOMMENDATIONS.......ccooceniininiieineneenenienes 22
BIBLIOGRAPHY ...ttt sttt 24
THE LIST OF SCIENTIFIC PAPERS LINKED TO THE THESIS...........cccoooiiiiiiiis 26
ADNOTARE ..ottt ettt 31
AHHOTALIHIS ...ttt sttt 32
ANNOTATION ...ttt b ettt b et ettt et sa et et n s 33



CONCEPTUAL MILESTONES OF RESEARCH

Relevance and importance of the problem:

Every day, the human body is exposed to various factors that can block the processes of
DNA replication and transcription, which is the main cause of the development of cancer. The
oxidative stress of the body is one of the mechanisms of the development of carcinogenesis. The
oxidation processes play an important role in the cellular defense system, promote energy
production in mitochondria, and are also a part of the inflammatory process. Thus, oxidative stress
and chronic inflammation caused by a bacterial or viral infections can lead to the development of
cancer.

The effectiveness of modern methods of cancer treatment increases with the use of
antibiotics. Their use may decrease some side effects and reduce the risk of patients dying from
infections. In most cases, bacterial and fungal infections are difficult to treat due to their high
resistance to existing drugs. Currently, the search for effective anticancer, antimicrobial and
antioxidant drugs is an actual vector of the development of modern chemistry. The principle of
drug development is to transform the most studied and active molecules in order to obtain
analogues that exhibit selective action and low toxicity.

Cisplatin and its analogues, as well as doxorubicin, are widely used as a part of combination
chemotherapy regimens for the treatment of various tumors, but their action leads to severe side
effects due to low selectivity towards healthy tissues and high toxicity. Based on the literature
data, 3d metal complexes have a low toxicity and selective action, accordingly, open the field for
further research. The thiosemicarbazides and their derivatives compouse a promising class of
compounds with a wide spectrum of biological activity.

The Laboratory of Advanced Materials in Biopharmaceutics and Technics of the Moldova
State University under the direction of Academician Gulea A.P. made a huge contribution to the
development of innovative potential drugs based on coordination compounds of 3d metals with
salicylidene- and picolidene-thiosemicarbazides [1-14]. The results of experimental researches in
this area showed high biological activity. Multiple studies have shown that the introduction of a
substituent in the fourth position of the thiosemicarbazone leads to a significant increase in
biological activity.

The complexes with 4-allylthiosemicarbazones are of particular interest from the point of
view of the introduction of an allyl group into the fourth position of thiosemicarbazone [5-8].

Several coordination compounds of biometals with these ligands and their derivatives, which



exhibit high biological activity and relatively low toxicity, have been patented [7, 8]. Despite the
fact that thiosemicarbazides and thiosemicarbazones, along with their metal complexes, are widely
represented in the literature, the coordination chemistry of S-substituted isothiosemicarbazides and
their derivatives is much less studied. Thus, it was of interest to study how the alkylation of the
thiosemicarbazide fragment of 4-allylthiosemicarbazones would affect the composition and
structure of the coordination compounds of biometals with them, as well as the antimicrobial,
antifungal, anticancer, and antioxidant properties. As a result, a wide range of salicylidene- and
picoliden-4-allyl-S-alkylisothiosemicarbazides were obtained. It was determined that some of
them exhibit promising biological activity and high selectivity. Also, various modes of
coordination of these isothiosemicarbazones were identified. Thesis was elaborated in the research
Laboratory of Advanced Materials in Biopharmaceutics and Technics of the Moldova State

University.

The aim of this study:

finding of the new polyfunctional molecular inhibitors of cancer cells with selective
activity and with antibacterial, antifungal and antioxidant properties; determination of the
influence of the nature of the substituents at the sulfur atom and in the first position of
isothiosemicarbazones, the nature of the central atom, the nature of the ligand, the introduction of
amines into the inner sphere on the composition, structure, physicochemical and biological
properties of the coordination compounds of some 3d metals with salicylidene- and picolidene-4-

allylthiosemicarbazides.

Research objectives:

1. the alkylation of the sulfur atom in the composition of 4-allylthiosemicarbazones of various
aromatic and heteroaromatic carbonyl compounds;

2. the synthesis of coordination compounds of some 3d metals with salicylidene- and picoliden-
4-allyl-S-alkylisothiosemicarbazides and their derivatives;

3. the introduction of various amines into the inner sphere of the complex of copper(Il) nitrate
with salicylidene-4-allyl-S-methylisothiosemicarbazide;

4. establishing the influence of the nature of the central atom, ligand, anion of the acid residue,
introduction of amines into the inner sphere on the composition, structure, physicochemical
and biological properties of coordination compounds of some 3d metals with salicylidene-

and picoliden-4-allyl-S-alkylisothiosemicarbazides and their derivatives.



Research hypothesis:

Based on the analysis of literature sources, it is assumed that 4-allyl-S-
alkylisothiosemicarbazones of various aromatic and heteroaromatic carbonyl compounds, as well
as coordination compounds of some 3d metals with these ligands, are of interest from the point of
view of physicochemical and biological properties. These compounds are potential inhibitors of
proliferation of cancer cells with selective activity and low toxicity, as well as antibacterial,

antifungal and antioxidant properties.

Synthesis of the research methodology and justification of the chosen methods:

The structure and purity of the synthesized salicylidene- and picoliden-4-allyl-S-
alkylisothiosemicarbazides and their derivatives were determined using 'H and '3C NMR
spectroscopy. For the obtained isothiosemicarbazones and their hydrohalides, the melting points
were determined by the capillary method, and nitrogen was analyzed by the Dumas method. The
exact structure of a series of isothiosemicarbazones was determined by X-ray diffraction analysis,
for which single crystals were obtained by recrystallization from such solvents as DMSO, DMF,
chloroform, ethanol, and methanol.

The coordination compounds of some 3d metals were studied by such methods as elemental
analysis, determination of magnetic susceptibility by the Gouy method, and molar electrical
conductivity in methanol. A comparative analysis of the IR spectra of complexes and ligands was
carried out in order to determine the coordination mode of isothiosemicarbazones to the central
metal ions. The exact structure of single crystals for several coordination compounds was
established by X-ray diffraction analysis.

The antiproliferative activity of the tested compounds against human myeloid leukemia HL-
60 cancer cells, human cervical epithelial HeLa cells, human pancreatic epithelial adenocarcinoma
BxPC-3 cells, rhabdomyosarcoma RD cells, and normal MDCK cells was investigated in vitro
using resazurin and MTT cell proliferation assays. The antioxidant activity of the synthesized
compounds has been determined using ABTS™", HO, radicals. Antimicrobial and antifungal
activities were studied on a series of standard strains of gram-negative bacteria, gram-positive

bacteria, and fungi by the serial dilution method.

The scientific problem:
The new molecular polyfunctional inhibitors of proliferation of cancer cells (HL-60, HeLa,
BxPC-3, RD) based on salicylidene- and picoliden-4-allyl-S-alkylisothiosemicarbazides and their

derivatives have been synthesized. These compounds have selective action. The antioxidant



* and HO>" radicals was determined. Several

activity of molecular inhibitors against ABTS *
substances, that are superior in properties to commonly used drugs (doxorubicin, trolox, quercetin,

nitrofurazone, nystatin), have been identified.

The theoretical importance of the work lies in the fact that the results of the research part
can be used in the further study of potential anticancer, antimicrobial, antifungal and antioxidant
drugs, due to the identified relationships between various structural fragments in salicylidene- and
picoliden-4-allyl-S-alkylisothiosemicarbazides and their derivatives, coordination compounds and
their biological activity. The results of this study are of scientific significance and can be used as

a supplement to special courses in Biopharmaceutical Chemistry and Biochemistry.

The practical significance of the work lies in the synthesis of polyfunctional inhibitors
with selective action. The research results of this work are presented in 35 scientific publications,
including 10 articles, among which 3 articles with an impact factor above 3, 1 article with an
impact factor of 0.1-1.0, 2 articles with one author, 3 articles of category B, 25 abstracts in
international and national conferences. The obtained results are protected by 5 patents of the
Republic of Moldova. Several compounds are of interest for further preclinical and clinical trials.
Innovations were rewarded with 12 gold medals, 4 silver medals, and 1 bronze medal, as well as

35 diplomas.

The structure and scope of the thesis:

The thesis consists of an introduction, four chapters, general conclusions and
recommendations, a list of references with 185 sources, and seven annexes. The material is
presented on 159 pages of the main text and contains 132 figures and 36 tables (including the

Annexes).



THESIS CONTENT

The Introduction describes the relevance of the research topic, goals and objectives of the
thesis, scientific hypothesis, research methodology, solved scientific problem, theoretical and

practical significance of the work, approbation and implementation of the results.

1. COORDINATION COMPOUNDS OF SOME d METALS WITH
4-ALLYLTHIOSEMICARBASONES AND S-ALKYLISOTHIO-
SEMICARBAZONES OF AROMATIC CARBONYL COMPOUNDS

The first chapter is a literature review of 4 paragraphs, which describes the synthesis,
structure, physicochemical and biological properties of 4-allylthiosemicarbazones and
S-alkylisothiosemicarbazones of aromatic and heteroaromatic carbonyl compounds, as well as
coordination compounds of biometals with these types of ligands. It is analyzed the influence of
the introduction of amines into the inner sphere of some coordination compounds with

thiosemicarbazones and isothiosemicarbazones on the biological activity.

2. METHODS OF SYNTHESIS, ANALYSIS, AND RESEARCH

The second chapter consists of 7 paragraphs, which describe the main methods used in the
practical part of the research: the synthesis of salicylidene- and picolidene-4-allyl-S-
alkylisothiosemicarbazides and their derivatives, as well as coordination compounds with some
3d metals, synthesis of coordination compounds with the introduction of amines into the inner
sphere; elemental analysis for metals and nitrogen; NMR and IR spectroscopic studies; X-ray
diffraction analysis; magnetochemical research; determination of molar electrical conductivity;
determination of melting points.

The study of biological properties includes the in vitro determination of the antiproliferative
activity of the tested compounds against human myeloid leukemia HL-60 cancer cells, human
cervical epithelial HeLa cells, human pancreatic epithelial adenocarcinoma BxPC-3 cells,
rhabdomyosarcoma RD cells, and normal MDCK cells using resazurin and MTT cell proliferation
assays.

The antioxidant activity of the synthesized compounds has been determined using ABTS™,
HO:>' radicals. Antimicrobial and antifungal activities were studied on a series of standard strains

of gram-negative bacteria, gram-positive bacteria and fungi by the serial dilution method.



3. COORDINATION COMPOUNDS OF 3d METALS WITH 4-ALLYL-S-
ALKYLISOTHIOSEMICARBAZONES OF AROMATIC CARBONYL
COMPOUNDS

The third chapter consists of 5 paragraphs and is devoted to the synthesis, structure, and
properties of salicylaldehyde 4-allyl-S-alkylisothiosemicarbazones and their derivatives, as well
as of coordination compounds of biometals with these ligands. The results of the study of
antimicrobial, antifungal, anticancer and antioxidant activities of a number of synthesized

compounds are described.

3.1. Complexes of 3d metals with salicylaldehyde 4-allyl-S-alkylisothiosemi-

carbazones

The synthesis of salicylaldehyde 4-allyl-S-alkylisothiosemicarbazones (HL!*) was carried
out in several stages. At the first stage, the sulfur atom was alkylated by reaction of
4-allylthiosemicarbazide with iodomethane (HL'), iodoethane (HL?), benzyl chloride (HL3), or
4-nitrobenzyl bromide (HL*). At the second stage, hydrohalides of 4-allyl-S-
alkylisothiosemicarbazones were obtained by adding salicylaldehyde, added to the reaction
mixture in a 1:1 molar ratio. After that, the hydrohalides were neutralized to a weakly alkaline

medium, followed by extraction of salicylaldehyde 4-allyl-S-alkylisothiosemicarbazones using

chloroform.
OH HL!: R= CH;;
_CH _NH _N___CH HL?: R= C:Hs;
H,CZ CH, \(/ N
HL3: R= CsH;CH>;
/S
R HL* R= 4-NO>CsH,CH>,

Fig. 3.1.1. Structural formula of salicylaldehyde 4-allyl-S-alkylisothiosemicarbazones

The structure of the synthesized salicylaldehyde 4-allyl-S-alkylisothiosemicarbazones
(HL'), as well as their purity, were determined using 'H and '3C NMR spectroscopy. As a result
of a comparative analysis of the NMR spectra of salicylaldehyde 4-allyl-S-
methylisothiosemicarbazone and 4-allylthiosemicarbazone, it was found that the
thiosemicarbazide fragment is alkylated. This is proved by the disappearance in the *C NMR
spectrum of the signal in the range 177-179 ppm, which is characteristic for the carbon of the C=S
group, as well as the appearance of a new signal in the region of 160-161 ppm, characteristic for
the carbon of the C-S group of isothiosemicarbazides and the signal in the area of 10-35 ppm

corresponding to the carbon of the CH»-S group. As a result of recrystallization from various



solvents, single crystals of isothiosemicarbazones HL!-HI-C,Hs HL?, and HL* were obtained and
their structure was determined by X-ray diffraction analysis. These molecules are almost flat

except for the allyl and benzyl radicals.

o1

HL!'HI-C;HsOH HL3

Fig. 3.1.2. Molecular structure of salicylaldehyde 4-allyl-S-alkylisothiosemicarbazones

The interaction of isothiosemicarbazones HL!'"* with copper(I), nickel(Il), cobalt(II),
iron(III), and chromium(III) salts taken in a 1:1 molar ratio in the case of copper(Il) and 1:2 in
other cases gives fine-crystalline substances of various shades of green in the case of copper(Il),
and brown in other cases. A magnetochemical study showed that copper(Il) complexes have a
monomeric structure, nickel(Il), cobalt(IIl), iron(Ill), and chromium(IIl) complexes are in an
octahedral ligand environment, and the central cobalt(Il) ion is oxidized during synthesis and in
the coordination compounds is in the +3 oxidation state. The values of molar electrical
conductivity of copper(Il), nickel(Il), cobalt(Ill), iron(Ill) and chromium(IIl) coordination
compounds with HL!*in methanol are in the range of 64-115 Q!-cm?-mol™!, which indicates that
these substances belong to 1:1 type of binary electrolytes. A comparative analysis of the IR spectra
of the complexes and ligands was carried out in order to determine the method of coordination of
isothiosemicarbazones HL!* to the central metal ions. It was found that the azomethine and
thiocarbamide nitrogen atoms, as well as the deprotonated phenolic oxygen atom, are involved in
the coordination. The crystal structures of 11 complexes of copper(Il), nickel(Il), cobalt(ILI),
iron(IIT), and chromium(IIT) with salicylaldehyde 4-allyl-S-alkylisothiosemicarbazones (HL)
were studied by X-ray diffraction analysis.

For a number of synthesized compounds, the antiproliferative activity against human
myeloid leukemia HL-60 and cervical cancer HeLa cells was studied and it was found that they
suppress cell growth at a concentration of 100 uM, but at lower concentrations (10-0.1 uM) the
activity practically disappears. The [Fe(L!)2]NOs complex showed the highest activity and
selectivity. The substitution of the S-methyl group for the S-ethyl group in salicylaldehyde
isothiosemicarbazone leads to an increase in activity of the complexes. The [Fe(L?)2]NOs

complex, having a high anticancer activity against HeLa and BxPC-3 cells, almost does not have

10



a negative effect on the proliferation of normal MDCK cells. The selectivity index of the
[Fe(L2)2]NO3 complex is 64 times higher than the corresponding value for doxorubicine towards
HeLa cells and 40 times higher towards BxPC-3 cells.

The study of antimicrobial and antifungal activities showed that complexes of biometals
with isothiosemicarbazones HL!"2 selectively inhibit the growth and reproduction of certain types
of microorganisms. The nature of the central atom influences the antimicrobial activity. The
activity of coordination compounds decreases in the following order: Cu(II)> Fe(I1I)> Co(I1I) =
Cr(III). The nature of the acid residue also affects the activity of substances and for the same type
of complexes changes in the series ClI”> Br > NQOjs". It has been established that the substitution
of the S-methyl group for the S-ethyl group in isothiosemicarbazone leads to an increase in the
antimicrobial and antifungal activities of the complexes [9, 10].

The study of antioxidant properties showed that the activity of the tested
isothiosemicarbazones towards radical cation ABTS ** decreases in the series HL3 > HL* >
HL2-HI > HL! = HL!-HI-C:HsOH. The activity significantly increases (ICso = 0.5-0.7 uM) as a
result of the complexation of salicylaldehyde 4-allyl-S-methylisothiosemicarbazone with salts of
nickel(II), cobalt(IT), iron(IIT), and chromium(III). The coordination compounds [Co(L!)2]NO3,
[Fe(LY2]ClL, [Fe(LL')2]NO3, [Cr(L'):]NOs have high antioxidant activity, exceeding 47-67 times
the activity of Trolox [11]. The comparison of copper(Il) chloride complexes with HL'# showed
that the substitution of the S-methyl group for the S-ethyl group leads to a 3-fold increase in activity
against ABTS * " radicals, and in the case of cobalt(IIT) and iron(IIT) complexes the opposite effect
is observed. The introduction of a benzyl or 4-nitrobenzyl radical into the thiosemicarbazide
fragment leads to a loss of activity in most cases, except for the [Fe(L*)2]Cl complex (ICso 0.22
uM) that exceeded the activity of Trolox by 151 times.

3.2. Complexes of 3d metals with substituted salicylaldehyde 4-allyl-S-

alkylisothiosemicarbazones

In this paragraph, it was studied the effect of introducing substituents —Br, —OH, —OCH3
into the benzene ring of the salicylidene fragment of 4-allyl-S-alkylisothiosemicarbazones on the

composition, structure, and biological activity.

R? OH HL3: R=CHj3; R°=H; R?*=0OCH3,
I
CH _NH _N C HL®: R=C>Hs; R°=H; R’*=0CHj3;
H2c¢ “CH, Y ~NF XY, o I
| —r HL": R= CHs; R’=H; R°=0OH;
S =
R HL3: R= CHj;; R’=H; R3=2Br;
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Fig. 3.2.1. Structural formula of substituted salicylaldehyde
4-allyl-S-alkylisothiosemicarbazones (HL®)

The experiment showed that fine-crystalline substances of various shades of green, with the
general formula CuL>¥X (X=CI, Br,, NOs", CH3COOQ") are formed by the interaction of copper(IT)
salts with alcoholic solutions of 4-allyl-S-alkylisothiosemicarbazones HL>3. As a result of
interaction of 4-allyl-S-alkylisothiosemicarbazones HL3#® with nickel(II), cobalt(II) and iron(III)
salts under similar conditions, brown substances are formed with general formulas Ni(L5%),;
Ni(L*#¥)X, where X= 1", CH3;COO"; Co(L>?%):X, where X=I", Br, NO3", CH;COO"; Fe(L>*)NO:s.

The study of anticancer activity against cervical HeLa cancer cells showed that the
introduction of the methoxy group into position 3 of the salicylidene fragment leads to an increase
in the activity of isothiosemicarbazone and its copper(Il) complexes. The results of the study of
antimicrobial and antifungal properties showed that the synthesized compounds exhibit
antimicrobial activity against all studied bacterial strains in the concentration range of 0.97-500
ng/mL and antifungal activity against Candida albicans in the concentration range of 15.63-500
pug/mL. The complexes of copper(ll) halides with 3,5-dibromosalicylaldehyde 4-allyl-S-
methylisothiosemicarbazone showed the highest activity. The minimum inhibitory concentration
of [Cu(L¥)]Cl, [Cu(L¥)]Br complexes was 0.97 pg/mL against gram-positive bacteria
Staphylococcus aureus, which is 19 times higher than the activity of nitrofurazone used as a
standard antimicrobial agent. It has been established that the introduction of substituents in
positions 3 and 5 of the salicylidene fragment leads to an increase of the antimicrobial and
antifungal activities of both the initial isothiosemicarbazone and its complexes.

The antioxidant activity of a number of compounds increases significantly with the
introduction of an additional —OH group into the 4th position of the salicylidene fragment of 4-
allyl-S-methylisothiosemicarbazone. The activity against ABTS™ radical cations of
isothiosemicarbazones decreases in the following order: HL” > HL® > HL® > HLS. The half-
maximal inhibitory concentrations were 0.4 pM for [Co(L7)2]I and 0.65 uM for [Fe(L7)2]NO3,
which are 83 and 51 times higher than the activity of Trolox.

3.3. Complexes of 3d metals with 2-hydroxyacetophenone and 2-hydroxy-1-
naphthaldehyde 4-allyl-S-alkylisothiosemicarbazones

In this paragraph, it was studied the effect of substitution of the salicylidene fragment with
2-hydroxyacetophenone and 2-hydroxy-1-naphthalidene fragments on the composition, structure,

and properties of 4-allyl-S-alkylisothiosemicarbazones and their complexes. For this, 2-
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hydroxyacetophenone 4-allyl-S-methylisothiosemicarbazone (HL?), 2-hydroxy-1-
naphthaldehyde 4-allyl-S-methylisothiosemicarbazone (HL!’) and 2-hydroxy-1-naphthaldehyde
4-allyl-S-ethylisothiosemicarbazone (HL!!) were synthesized.

The single crystals HL!® and HL!-HI-H,O were obtained as a result of recrystallization
from chloroform. Their structures were established by X-ray diffraction analysis (Fig. 3.3.1.). The

thiosemicarbazone molecules in both cases is practically planar, except for the ethyl fragment.

@ d
Fig. 3.3.1. Molecular structures of 2-hydroxy-1-naphthaldehyde
4-allyl-S-methyl/ethylisothiosemicarbazones

During interaction of hot ethanol solutions of copper(Il), nickel(Il), cobalt(Il), iron(III),
and chromium(IIl) salts with isothiosemicarbazones HL*1! fine-crystalline compounds were
obtained, for which, based on the results obtained in the course of elemental analysis, the following
composition was established: Cu(L*-')X-nH>0, where X = CI', Br, NO3", Cl04, CH;COO", n=1-
2;  Ni(HL)(L!%)Cl104; Ni(L!");; M(L*1H)X, where X = Br, I, NOs,, M=Co*', Fe*'. The
magnetochemical research showed that copper(Il) complexes have a monomeric structure,
nickel(Il), cobalt(Ill), iron(Ill), and chromium(Ill) complexes are in an octahedral ligand
environment, and the central cobalt(Il) ion is oxidized during synthesis and in coordination
compounds is in the +3 oxidation state. The molar conductivity values of the complexes in
methanol indicate that these compounds are binary electrolytes (A = 70-89 Q!'-cm?-mol™!). As a
result of a comparative analysis of the IR spectra, it was found that isothiosemicarbazones (HL®
1) are coordinated to the central metal ions by NNO donor atoms.

The activity of the studied compounds against human myeloid leukemia cells HL-60 varies
in the range of concentrations 10->-107 mol/L. The anticancer activity significantly increases as a
result of the complexation reaction of isothiosemicarbazones with some 3d metals. The
[Cu(L')CI] and [Cu(L')NO3] complexes showed the highest selectivity against the BxPC-3
cancer cells, thus proving that the substitution of the S-methyl radical of isothiosemicarbazone for
S-ethyl leads to an increase in anticancer activity.

In the course of studying the antimicrobial and antifungal properties of a number of

compounds, it was found that substitution of the salicylidene fragment with 2-
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hydroxyacetophenone leads to a significant increase in activity, reaching 60 pg/mL, and
subsequent substitution for the 2-hydroxy-1-naphthaldehyde fragment leads to a 1.4 - 10° times
increase in activity comparing to the original isothiosemicarbazones against Staphylococcus
aureus and 66 times higher against Candida albicans. The antifungal activity of HL!® was 0.7
ug/mL, which is 114 times higher than the activity of nystatin against Candida albicans. The
antimicrobial and antifungal activities of isothiosemicarbazones increase in the following order:
HL! ~ HL? < HL® < HL!.

The study of the antioxidant activity of some synthesized substances containing
isothiosemicarbazones HL*" toward to the ABTS"* radical cation showed that the substitution of
the S-methyl radical for the S-ethyl radical in 2-hydroxy-1-naphthaldehyde 4-allyl-S-
alkylisothiosemicarbazones leads to an increase in activity. It was also possible to establish that
the substitution of the 2-hydroxy-1-naphthaldehyde fragment for 2-hydroxyacetophenone in the
hydroiodides of 4-allyl-S-methylisothiosemicarbazones leads to an almost twofold increase in
activity.

3.4. Copper(Il) complexes with salicylaldehyde 4-allyl-S-alkylisothiosemicarbazones

and amines

In order to study the effect of introducing amines into the structure of copper(Il) complexes
with salicylaldehyde 4-allyl-S-methylisothiosemicarbazone (HL!), a number of mixed-ligand
compounds were synthesized. During the experiment, it was found that in the interaction of ethanol
solutions of salicylaldehyde 4-allyl-S-methylisothiosemicarbazone and copper(Il) nitrate
trihydrate, followed by the addition of various monodentate amines (pyridine, 3-picoline,
4-picoline, 3,4-lutidine, imidazole) taken in a 1:1 molar ratio, fine-crystalline substances of various
shades of green are formed, with a composition determined on the basis of elemental analysis
Cu(A)(LY)NO3-nH,O, where A —pyridine (Py), 3-picoline (3-Pic), 4-picoline (4-Pic), 3,4-lutidine
(3,4-Lut), imidazole (Im); n=0.1.

The synthesis of a mixed-ligand complex of copper(Il) with 1,10-phenanthroline was carried
out in two stages. Initially, an intermediate complex of copper(Il) nitrate with salicylaldehyde 4-
allyl-S-methylisothiosemicarbazone was isolated from the ethanol medium,. The dried complex
was then dissolved in a mixture of methanol and acetonitrile, and 1,10-phenanthroline was added
in a 1:1 molar ratio. As a result, a complex was formed for which, based on elemental analysis,
the composition Cu(1,10-Phen)(L")NO; was determined. The magnetochemical research of the
synthesized mixed-ligand complexes showed that these complexes are monomers (1.79-2.10 MB).

The molar conductivity values of the methanol solutions of complexes (A = 78-96 Q'-cm?-mol ')
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indicate that Cu(A)(L)NO3-nH20 compounds are electrolytes of the 1:1 type. As a result of
recrystallization from ethanol solutions, single crystals of three mixed-ligand coordination
compounds were obtained [Cu(3,4-Lut)(L")NOj3], [Cu(1,10-Phen)(L")|NOs3,
[Cu(4-Pic)(LY)(NO3)]n. Copper(Il) coordination compounds with 3.4-lutidine and 1,10-
phenanthroline have a monomeric structure. The coordination polyhedrons are a distorted square
pyramid. The salicylaldehyde 4-allyl-S-methylisothiosemicarbazone HL! in complexes behave
like a NNO — tridentate monodeprotonated ligands. The fourth and fifth coordination sites are
occupied by the nitrogen atoms of amines and oxygen atom of the nitrate ion, in the case of
complex with 3,4-lutidine. In the case of the [Cu(4-Pic)(L')(NO3)]n complex, a polymer structure
was established. The coordination polyhedron of the compound is a distorted square bipyramid.
The salicylic aldehyde 4-allyl-S-methylisothiosemicarbazone HL! as part of the complex, is
located at the base of the bipyramid and acts as a NNO — tridentate, monodeprotonated ligand. The
fourth coordination site at the base of the bipyramid is occupied by the nitrogen atom of 4-picoline.

Apical positions are occupied by oxygen atoms of bridging nitrate ions.

Fig. 3.4.1. Molecular structure [Cu(1,10-Phen)(L!)|NO3 and [Cu(4-Pic)(L)(NO3)]x

The study of the anticancer activity of the synthesized substances against HeLa, BxPC-3,
and RD cancer cells showed that copper(II) complexes with amines have an inhibitory effect on
the proliferation of cancer cells in the range of concentrations 100-0.1 pM. The
Cu(Im)(LY)NO3-H20 complex exhibits activity against HeLa cancer cells 6 times higher than the
other studied compounds of this group, as well as doxorubicin, with a selectivity index value of
4.48. It has been established that the introduction of additional methyl groups into the pyridine
ring of the amine leads to a decrease in activity against cervical HeLa cancer cells. The complexes
with pyridine and 3-picoline have the most selective effect on BxPC-3 cancer cells, for which the
inhibitory effect on normal MDCK cells is 10 times lower than on cancer cells. The Cu(3-
Pic)(LY)NO;3-H20 and Cu(Im)(L")NO3-H,0 complexes have the highest selectivity among the
series of mixed-ligand coordination compounds studied for rhabdomyosarcoma RD cells,

exceeding the selectivity of doxorubicin.
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The study of antioxidant properties showed that the introduction of amines into the inner
sphere of the complexes of copper(Il) nitrate with salicylaldehyde 4-allyl-S-
methylisothiosemicarbazone leads to a significant increase in antioxidant activity in comparison
with the activity of HL!. The greatest suppression of ABTS"" radical cations occurs in the presence
of the copper(Il) complex with the bidentate amine 1,10-phenanthroline
[Cu(1,10-Phen)(LY)|NO:s.

4. COORDINATION COMPOUNDS OF SOME 3d METALS WITH
4-ALLYL-S-ALKYLISOTHIOSEMICARBAZONES OF
HETEROAROMATIC CARBONYL COMPOUNDS

The fourth chapter consists of 3 paragraphs, which present the results of chemical, physical,
physicochemical and biological studies of 2-formylpyridine and its derivatives 4-allyl-S-

alkylisothiosemicarbazones, as well as complexes of some 3d metals with these ligands.

4.1. Coordination compounds of 34 metals with 2-formylpyridine 4-allyl-S-alkyliso-

thiosemicarbazones

The synthesis of isothiosemicarbazones of heteroaromatic carbonyl compounds was carried
out similarly to the synthesis of salicylidene-4-allyl-S-alkylisothiosemicarbazides. As a result of
recrystallization from chloroform, single crystals were obtained, and the structure of
2-formylpyridine 4-allyl-S-methylisothiosemicarbazone (HL!?) and 2-formylpyridine 4-allyl-S-
(4-nitrobenzyl)isothiosemicarbazone (HL!'S-HBr) was determined by X-ray diffraction analysis.
Molecules of isothiosemicarbazones are practically flat except for the methyl and 4-nitrobenzyl

radicals.

Fig. 4.1.1. Molecular structures of 2-formylpyridine 4-allyl-S-alkylisothiosemicarbazones
HL!'? and HL'S-HBr
The synthesis of copper(Il) coordination compounds was carried out in a 1:1 molar ratio.

The ligand in the complex of 2-formylpyridine 4-allyl-S-alkylisothiosemicarbazones with
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copper(Il) acetate is deprotonated, as indicated by the value of molar electrical conductivity that
is in the range of 60-90 Q!'-cm?-mol!. In other cases, the molar conductivity values correspond to
the 1:2 type electrolytes. The magnetochemical study of the synthesized compounds showed that
most of the copper(Il) complexes have a monomeric structure, except for the polynuclear
complexes [Cu(HL!'?)ClLy], [Cu(HL'?)Br;] (1.48 and 1.37 MB).

Nickel complexes were obtained by interaction of 2-formylpyridine isothiosemicarbazone
hydrohalides with nickel(Il) acetate or by interaction of isothiosemicarbazones with the
corresponding nickel(I) salts in a 2:1 molar ratio. These substances are 1:2 type electrolytes.
Nickel(II) complexes have effective magnetic moments (2.87-2.97 MB) characteristic of two
unpaired electrons, which indicates an octahedral structure. Cobalt(Ill) complexes are
diamagnetic, iron(Ill) complexes are paramagnetic with effective magnetic moments in the range

of 5.65-5.94 MB, characteristic for 5 unpaired electrons in an octahedral ligand environment.

Fig. 4.1.2. M(;lecular structures of complexes [Zn(HL!?),]1; and [Ni(HL!?),]1;-H,O

The single crystals of 8 coordination compounds were obtained as a result of
recrystallization from ethanol, the structure of which was established by X-ray diffraction analysis.
Zinc(Il) and nickel(Il) complexes have a similar monomeric structure. The coordination
polyhedron is an octahedron. Picolidene-4-allyl-S-methylisothiosemicarbazide is coordinated to
the metal ions by the NNN-set of donor atoms. The outer sphere contains iodide ions and a water
molecule, in the case of the nickel(II) complex.

The antitumor activity was studied for a number of synthesized compounds on a series of
cancer cells: human myeloid leukemia HL-60; human cervical epithelium HeLa; human pancreatic
epithelial adenocarcinoma BxPC-3; human rhabdomyosarcoma RD. The studied compounds
inhibit the growth of HL-60 and HeLa cancer cells at the range of concentrations 1-100 uM. The
activity of the studied complexes practically disappears at a concentration of 0.1 pM. The
isothiosemicarbazone HL!? selectively inhibits only RD cells. The cobalt(Ill) complex

[Co(L'?);]Cl is highly selective toward HeLa cervical cancer cells, since the value of the
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selectivity index is more than 60 times higher than the selectivity index of doxorubicin, which is
used in medical practice [12].

The results of the study of antimicrobial and antifungal activities showed that HL!? and its
coordination compounds exhibit bacteriostatic and bactericidal properties in the range of
concentrations 0.7-500 pg/mL. It has been established that the substitution of the
2-hydroxybenzaldehyde fragment for the 2-formylpyridine fragment in 4-allyl-S-
alkylisothiosemicarbazone leads to a significant increase in antimicrobial activity, especially
against gram-positive microorganisms Staphylococcus aureus. The cobalt(Ill) complex
[Co(L'%);]Cl1 exhibits the highest antifungal activity against Candida albicans, exceeding the
activity of nystatin and other synthesized substances. The substitution of the S-methyl group to the
S-allyl group in the copper complexes [Cu(HL!*)CL], [Cu(HL!*)Br;] leads to an increase of
antimicrobial activity against gram-negative microorganisms Escherichia coli with values of MIC
= 15.63 pg/mL and MBC = 31.25 pg/mL, as well as antifungal activity against Candida albicans
with values of MIC = 3.906-7.813 pg/mL and MBC=7.813-15.63 pg/mL.

The study of antioxidant properties toward ABTS"* radical cation showed that the activity
values of this series of compounds are comparable with the activity of Trolox used in medical
practice. Hydrohalides exhibit higher activity than free isothiosemicarbazones. The substitution of
the S-methyl radical for S-allyl or 4-nitrobenzyl radicals leads to an increase in the activity of the
free ligand and its complexes. The activity completely disappears upon the formation of
coordination bonds of isothiosemicarbazones HL!*!3 with copper(IT) and cobalt(I) salts. The
[Zn(L'S)CI] complex showed the highest activity against ABTS"" radicals, with an ICso value 7

times more active than activity of Trolox.

ICso, UM
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Fig. 4.1.3. Comparative diagram of ICso of some synthesized substances based on
2-formylpyridine thiosemicarbazones and isothiosemicarbazones toward superoxide

radicals
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The alkylation of the sulfur atom leads to a significant increase in activity against superoxide
radicals. The diagram (Fig. 4.1.3.) shows a comparison of copper(Il) chloride and bromide
complexes with 2-formylpyridine 4-allylthiosemicarbazone (TscPy) and 2-formylpyridine 4-allyl-
S-methylisothiosemicarbazone (S-MeTscPy). In both cases, the activity of alkylated

thiosemicarbazones in the composition of complexes leads to a tenfold increase in activity.

4.2. Coordination compounds of 3d metals with derivatives of 2-formylpyridine 4-
allyl-S-alkylisothiosemicarbazones
In this paragraph, it was studied the effect of substitution of 2-formylpyridine with 2-
acetylpyridine and 2-benzoylpyridine on the composition, structure, and properties of 4-allyl-S-
alkylisothiosemicarbazones and its complexes.

HL!S: R=CH3; R’°=CH3,

i HL'7: R= C2Hs; R*=CH,
CH _NH N C N
H,c”  “CH, \(/ SN | X HL'$: R= CH,=CH-CH>; R’=CHj;
S P HL'": R= 4- NO,CsH,CH,; R°=CH3;

HL?’: R=CH3; R’°=CsHs,
Fig. 4.2.1. Structural formula of derivatives of 2-formylpyridine 4-allyl-S-

alkylisothiosemicarbazone

The isothiosemicarbazones HL!42® were obtained in two stages: the synthesis of

hydrohalides of the corresponding isothiosemicarbazones and their further neutralization.

Fig. 4.2.2. Molecular structures of 4-allyl-S-alkylisothiosemicarbazones [H>L!"]T and HL"

Recrystallization of six coordination compounds from chloroform gave single crystals of 4-

allylisothiosemicarbazones, the structure of which was determined by X-ray diffraction.
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The coordination compounds were synthesized by reaction of isothiosemicarbazones HL'6-
20 and the corresponding copper(Il) salts in a 1:1 molar ratio or nickel(II), cobalt(Il) and iron(III)
in a 2:1 molar ratio. The complexes were also synthesized by the interaction of hydrohalides of
isothiosemicarbazones HL!2? with zinc(II) acetates in a 1:1 molar ratio, nickel(Il) or cobalt(II)
acetates in a 2:1 molar ratio. The zinc(II), copper(Il) and nickel(II) coordination compounds are
the 1:2 type electrolytes, since the values of their molar electrical conductivity vary in the range
of 146-192 Q'-cm? ‘mol™!. In the case of zinc(Il) and copper(I) coordination compounds, the
corresponding anions (I, Cl', Br- and NO3") are replaced by solvent molecules during dissolution.
The coordination compounds of cobalt(IIl) and iron(IIl) are the 1:1 type electrolytes with molar
electrical conductivity values A = 82 - 103 Q!-cm? ‘mol!. The effective magnetic moments of
copper(Il) coordination compounds are in the range 1.75 — 1.93 MB, which indicates a monomeric
structure. The values of magnetic moments of nickel(Il) coordination compounds (2.92 — 2.94
MB) correspond to two unpaired electrons and an octahedral ligand environment. The iron(III)
coordination compounds are in the high-spin state (5.82 MB). The cobalt complexes are
diamagnetic, indicating that cobalt(Il) is oxidized to the +3-oxidation state during synthesis. The
IR spectra of coordination compounds were compared with the corresponding spectra of
isothiosemicarbazones HL62® to determine the changes that occur during the formation of
coordination compounds. The NNN-set of donor atoms is involved in the coordination of

isothiosemicarbazones HL'%2? with central metal ions.

Fig. 4.2.3. Molecular structures of [Zn(HL!%)I,], [Cu(HL!%)Br;] and [Cu(HL'®)Cl,]

In most cases, the coordination of 2-formylpyridine isothiosemicarbazones and its
derivatives to the central metal ions occurs along the NNN set of donor atoms. However, in the
case of the [Zn(HL!)I;], [Cu(HL')Br:] complexes, isothiosemicarbazone is coordinated
through the methylated sulfur atom. Previously, the coordination of S-alkylisothiosemicarbazones
through alkylated sulfur atom was observed only in case of some palladium coordination
compounds. The crystal structures of these complexes demonstrate the first examples of SNN

coordination of isothiosemicarbazones to zinc(Il) and copper(Il) ions [13].
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These compounds exhibit a distorted square pyramidal geometry of metal provided by SNN
donor atoms of the ligand and one halogen anion in basal plane ligand and another halogen anion
in apical position, but involvement in coordination alkylated sulfur atom differs by orientation of
attached to sulfur atoms methyl group. The replacement of bromide ions with chloride ions in
[Cu(HL!%)Cl,] leads to the traditional NNN mode of isothiosemicarbazone coordination.
Moreover, the coordination mode of [Cu(HL!®)Br;] also change from NNS to NNN mode in the
process of its dissolution when the bromide ions are washed out from the inner sphere. Thus, it
can be assumed that the presence of bulky anions in the inner sphere leads to the stabilization of
coordination through the methylated sulfur atom.

Some synthesized compounds HL!6-20

and their complexes were tested for antiproliferative
activity against HeLa, BxPC-3, RD cancer cells and normal MDCK cells. The replacement of
hydrogen in the azomethine group by a methyl group leads to an increase in antiproliferative
activity; the most active and selective complexes are copper(Il) halide complexes, the selectivity
index of which toward BxPC3 cells is greater than 12.

The inhibitory activity of novel coordination compounds [Cu(HL'¥)Cl,] and [Cu(HL'®)Br]
was tested and compared with the corresponding activities of complexes with 2-acetylpyridine
4-allyl-S-methylisothiosemicarbazone. The inhibitory activity toward the normal MDCK cell line
decreased. Their ICso values are in the range of 1.2—1.4 uM, while the corresponding complexes
with HL!6 have ICso values of 0.35-1.0 uM. Therefore, the novel complexes have a lower impact
on normal cells. At the same time, the inhibitory activity toward the human pancreatic cancer cell
line (BxPC-3) increased 2.5—-18 times. The ICso values of the novel complexes toward BxPC-3
cells are in the range of 5-8 nM. This means that the selectivity indexes (the ratio between ICso
values of normal cells and cancer cells) of the novel complexes are in the range of 150-280, which
is very promising for further study of these complexes as potent selective anticancer drugs [14].

In the course of the study of antioxidant properties, in almost all cases, nickel(I) complexes
exhibit activity higher than Trolox. Among the complexes with 2-benzoylpyridine 4-allyl-S-
methylisothiosemicarbazone, the highest activity was shown by zinc complexes Zn(HL!®)I,,
[ZnL2’Cl], exceeding the activity of Trolox by 8 times. The studying of antioxidant properties
toward superoxide radicals, it was found that the replacement of the hydrogen of the azomethine
group with a methyl fragment leads to a 12-fold decrease in activity, but significantly exceeds the

activity of quercetin.
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GENERAL CONCLUSIONS AND RECOMMENDATIONS

20 new salicylidene- and picolidene-4-allyl-S-alkylisothiosemicarbazides and their
derivatives and 149 new coordination compounds of chromium(III), iron(III), cobalt(III),
nickel(II), copper(I) and zinc(II) with these ligands were synthesized. The conditions for the
alkylation of the sulfur atom in the composition of thiosemicarbazone and the introduction of
heteroaromatic amines into the inner sphere of copper(Il) coordination compounds with
salicylidene-4-allyl-S-methylisothiosemicarbazide were found.

The isothiosemicarbazones HL!?" were studied using IR and NMR ('H and 3C)
spectroscopic studies. Two tautomeric forms are present in the solutions of 4-allyl-S-
alkylisothiosemicarbazones HL!-2,

X-ray diffraction analysis established the structure of 13 4-allyl-S-alkylisothiosemicarbazones
and 29 coordination compounds of zinc(II), copper(Il), nickel(Il), cobalt(Ill), iron(IIT) and
chromium(Ill). In the coordination compounds analyzed, the 4-allyl-S-
alkylisothiosemicarbazones HL!-2? behave as tridentate ligands with the set of NNO, NNN or
NNS donor atoms, forming metallocycles with the central metal ions, composed of five and
six atoms.

For the coordination compounds whose structure was not determined by the X-ray diffraction
analysis, the coordination mode of 4-allyl-S-alkylisothiosemicarbazone at the central metal
ions was established based on the comparative analysis of the IR spectra of the respective
ligands and complexes. The 4-allyl-S-alkylisothiosemicarbazone of salicylic aldehyde
coordinates to the central metal ions through the set of NNO donor atoms, and in the case of
compounds with the 4-allyl-S-alkylisothiosemicarbazone of 2-formylpyridine through the set
of NNN donor atoms.

The composition of the coordination compounds was determined based on elemental analysis.
The magnetochemical study showed that copper(Il) complexes can have a monomeric and
polynuclear structure, nickel(II), cobalt(III), iron(III), and chromium(IIT) complexes are in an
octahedral ligand environment, the central cobalt(Il) ion is oxidized during synthesis and in

coordination compounds is in the oxidation state +3.
The study of antiproliferative activity showed:

in the most cases, 2-formylpyridine 4-allyl-S-alkylisothiosemicarbazones HL!%?? and its

coordination compounds of some 3d metals exhibit higher antiproliferative activity against
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HeLa, BxPC-3 and RD cancer cells than the corresponding compounds of salicylic aldehyde
1sothiosemicarbazones and its derivatives;

. the nature of the central metal ion has the main influence on the antiproliferative activity of
the complexes, the most active are copper(Il) complexes;

The antiproliferative effect of the complexes is selective, copper(I) complexes suppress the
growth and reproduction of BxPC-3 cancer cells up to 280 times stronger than normal MDCK
cells;

The most promising molecular inhibitors of BxPC-3 cancer cells from the synthesized series
of substances are the [Cu(HL'®)Clz] and [Cu(HL'®)Br,] complexes, whose selectivity indices
for BxPC-3 cancer cells and normal MDCK cells exceed the corresponding indicator DOXO
80-145 times.

The study of antimicrobial and antifungal activity showed:

Copper(Il) complexes with 2-formylpyridine 4-allyl-S-alkylisothiosemicarbazones and its
derivatives exhibit higher antimicrobial and antifungal activity than the corresponding
complexes with salicylic aldehyde isothiosemicarbazones and its derivatives and are superior
in activity to nitrofurazone and nystatin;

The range of concentrations in which these substances exhibit antimicrobial and antifungal
activity is close to the range of concentrations in which their antiproliferative effect is

manifested.

The study of antioxidant activity showed:

in most cases, the salicylic aldehyde 4-allyl-S-alkylisothiosemicarbazones HL!"!! and its
coordination compounds of some 3d metals exhibit higher activity towards ABTS"" radical
cations than the corresponding 2-formylpyridine 4-allyl-S-alkylisothiosemicarbazones
HL'?-20 and its derivatives, as well as Trolox;

The Co(III) and Fe(IIT) complexes in most cases are superior in antioxidant activity compared
with Cu(Il) complexes; the introduction of amines into the inner sphere of the Cu(Il) complex
leads to an increase in antioxidant properties, the acid residue has little effect;

antioxidant activity is enhanced by replacing the S-methyl fragment with S-ethyl, S-benzyl
and S-p-nitrobenzyl fragments in 4-allyl-S-alkylisothiosemicarbazones;

the introduction of additional hydroxy-, methoxy-groups or bromine atoms into the

salicylidene fragment leads to an increase of antioxidant activity;
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5.

the alkylation of thiosemicarbazone led to an increase of antiradical activity towards
superoxide radicals; the studied class of compounds exhibits activity significantly higher than

quercetin.

Based on the results obtained, a number of recommendations for further research can be made:

1.

continuation of the study of the structure-property dependence of compounds of the class of
various aldehydes and ketones 4-allyl-S-alkylisothiosemicarbazones, since the study revealed
active and selective substances that are potential for preclinical and clinical trials, as well as
the study of the toxicity of these compounds, in order to a broader view of their action;

the introduction of research results into supplements of special courses in Biopharmaceutical

Chemistry and Biochemistry;

. the introduction and application of a number of patented compounds.
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ADNOTARE

Usataia Irina, “Inhibitori polifunctionali in baza compusilor coordinativi ai unor
metale 3d cu saliciliden- si picoliden-4-alil-S-alchilizotiosemicarbazide substituite”, teza de
doctor in stiinte chimice, Chisinau, 2023.

Structura tezei: introducere, patru capitole, concluzii generale §i recomandari,
bibliografie din 185 de titluri, 7 anexe, 159 de pagini de text de baza (pana la Bibliografie), 132
figuri, 36 tabele (inclusiv Anexe). Rezultatele obtinute sunt publicate in 40 lucrari stiintifice (10
articole, 25 teze la conferinte, 5 brevete de inventie).

Cuvinte-cheie: compusi coordinativi, metale 3d, 4-alil-S-alchilizotiosemicarbazone,
activitate antiproliferativa, activitate antimicrobiand, activitate antifungica, activitate antioxidanta.

Scopul lucrarii: Studiul influentei alchilarii atomului de sulf in saliciliden- si picoliden-
4-aliltiosemicarbazide si derivatii lor, naturii atomului central, introducerii aminelor in sfera
interioara a complecsilor asupra compozitiei, structurii, proprietatilor fizico-chimice si biologice
ale compusilor coordinativi ai unor metale 3d; gasirea substantelor cu activitatea antitumorala
selectiva, antimicrobiand, antifungica, antioxidativa.

Obiectivele cercetarii: sinteza saliciliden- si picoliden- 4-aliltiosemicarbazide si
derivatilor lor; sinteza compusilor coordinativi ai unor metalelor 3d cu acesti liganzi; introducerea
aminelor In sfera interioara a complecsilor; determinarea compozitiei, structurii, activitatilor
anticanceroase, antimicrobiene, antifungice si antioxidante pentru compusii sintetizati.

Noutatea si originalitatea stiintifica: Au fost sintetizati si descrisi 20 de precursori
organici noi si 129 de compusi coordinativi noi. Au fost studiate efectul alchilarii atomului de sulf
in saliciliden- si picoliden-4-aliltiosemicarbazide si derivatii lor, naturii atomului central,
introducerii aminelor in sfera interioara a complecsilor asupra proprietatilor fizico-chimice si
biologice ale compusilor coordinativi ai unor metalele 3d.

Problema stiintifica importanta solutionata: Au fost sintetizati inhibitori moleculari noi
de proliferare a celulelor canceroase bazate pe saliciliden- si picoliden- 4-alil-S-
alchilisotiosemicarbazide si derivatii lor cu activitate antiproliferativd selectiva 1nalta,
antimicrobiand, antifungicd. Au fost determinate valorile concentratiilor de inhibitie
semimaximala asupra radicalilor ABTS"", HO>".

Semnificatia teoretica a lucrarii si valoarea aplicativa:

Au fost sintetizati inhibitori polifunctionali moleculari noi cu activitate selectivd, care
prezintd interes pentru studiile preclinice. S-a stabilit influenta diferitor fragmente structurale din
compozitia izotiosemicarbazonelor asupra proprietatilor anticanceroase, antimicrobiene,
antifungice si antioxidante.

Implementarea rezultatelor stiintifice: Au fost brevetati un inhibitor molecular nou al
proliferarii celulelor canceroase RD, 3 compusi coordinativi cu activitate antioxidantd ridicata
asupra radicalilor superoxizi si ABTS™, un precursor organic care prezinta activitate antifungica
ridicata impotriva Candida albicans.
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AHHOTALIUA
Ycarasa Upuna, “IloanpyHKunoHAJIbHbIC HHTHONTOPBI HA OCHOBE
KOOPAMHAIMOHHBIX COCANHEHUH HEKOTOPBIX 3d-MeTa/UI0B ¢ CAJMIMINACH- U MHKOJIU/IeH-
4-aJTIIT-S-AJKWIH30THOCEMHUKAP0a3u1aMM U UX 3aMellleHHbIMH”’, JUCCEPTALNS JOKTOpa
XHMHYeCKHX Hayk, Kummnay, 2023.

CTpyKTypa QHMccepTalMM: BBEICHHE, 4 TIJIaBbl, OOIIME BHIBOJBI M PEKOMEHIALUH,
oubnuorpadus u3 185 HammeHoBaHui, 7 mpuioxeHudd, 159 crpaHul] OCHOBHOTO TeKcTa (10
bubnuorpadun), 132 pucynka, 36 tabauus! (Bxmoyas [punoxenue). [lomyueHHbIe pe3yibTaThl
ory0nukoBansl B 40 HaydHbIX paboTax (10 crarei, 25 Te3ucOB Ha KOH(PEPEHIUX, 5 TATEHTOB).

KawueBble cJji0Ba: KOOpJMHALMOHHBIE COCAMHEHUS, 3d MeTauibl, 4-anmui-S-
AKUIIM30THOCEMUKApOa30Hbl,  AHTHUIpOIM(EepaTuBHAs  aKTHMBHOCTb,  IPOTUBOMHKpPOOHAsS
aKTUBHOCTbH, IPOTHUBOIPUOKOBAsi aKTUBHOCTh, AaHTHOKCH/IAHTHAS aKTUBHOCTb.

Ienp padoTbl: M3ydyeHHE BIMSHUS AJKWIMPOBAHUS aToOMa CEPbl B CANIMLMIUACH- U
MUKONMUICH- 4-aITMITHOCEMHUKapOa3uiax U UX MPOU3BOAHBIX, IPUPOABI EHTPAILHOTO aToMa,
aMHHOB BO BHYTpPEHHEH cdepe KOMIUIEKCOB Ha COCTaB, CTPOEHHUE, (U3NKO-XUMHUYECKHE U
OMO0JIOTHYECKHE CBOMCTBA KOOPAWHAIIMOHHBIX COSAMHEHUI HEKOTOPBIX 3d-METAJUIOB; BBISIBICHUE
BEILIECTB, o0nanarmux CEJICKTUBHOU IIPOTUBOPAKOBOM, POTUBOMHUKPOOHOIH,
MIPOTHBOIPUOKOBOM M aHTUOKCHJIAHTHOM aKTHBHOCTSIMHU.

3amaun  HCCIeI0BAHMSA: CUHTE3 CAIUIINAEH- W OUKOIUAEH-  4-ajIni-S-
ATKUIIM30THOCEMUKApO0a3ua0B M WX HPOM3BOJIHBIX; CHHTE3 KOOPAMHAIIMOHHBIX COCTUHEHUI
HEKOTOPBIX 3d METaJJIOB C BBIIICYKAa3aHHBIMU COCIMHEHUSMH B KauecTBE JIMTAH/OB; BBEIACHUE
aMMHOB BO BHYTPEHHIOIO c(epy KOMIUIEKCOB, YCTaHOBJIEHHE COCTaBa U CTPOCHUS,
aHTUNIPONU(EPATUBHONW, MPOTHBOMUKPOOHOH, MPOTUBOTPUOKOBOW W AHTHOKCHAAHTHOM
aKTUBHOCTEW CUHTE3MPOBAHHBIX BELIECTB.

Hayynass HOBH3HAa M OPHMIMHAJBHOCTB: CHUHTE3UpPOBaHbI M onucaHbl 20 HOBBIX
OpPraHMYECKUX NPEKYpcopoB U 129 HOBBIX KOOPAMHALMOHHBIX COCAUHEHWM; U3yUYEHO BIIMSHHE
AIIKUJIMPOBAHHUS aTOMa Cephbl B CATMLWIMIACH- M MUKOJIUACH- 4-aJUIMITHOCEMUKapOa3uaax u ux
MIPOM3BOJHBIX, MPUPOJBI LEHTPAJIBHOTO aTOMa, BBEACHUS aMUHOB BO BHYTPEHHIOIO cdepy
KOMIUIEKCOB Ha (DU3MKO-XMMHUYECKHE U OHOJNOTHYECKHE CBOWCTBA KOOPAMHALMOHHBIX
COEMHEHUI HEKOTOPHIX 3d-MeTaIoB.

Pemennasi HayyHas npoosema: CHHTE3UPOBAaHBl HOBBIE MOJIEKYJISAPHBIC WHTUOHTOPHI
nposnrpepalud pakoBBIX KJIETOK Ha OCHOBE CANMLWINAIACH- W THKOJIUIEH- 4-ajuii-S-
AIKUIIM30THOCEMUKAPOa3nI0B U UX MPOU3BOIHBIX, 00JIaA0IIHE CEIEKTUBHON MPOTHBOPAKOBOH,
IPOTUBOMHUKPOOHO U MPOTHUBOIPUOKON aKTUBHOCTSAMU. Y CTAHOBJICHBI 3HAYEHUS KOHIICHTPALUi
MOJyMaKCUMaJIbHOTO HHIMOUPOBAaHKs B OTHOLIEHUH paaukanos ABTS™, HO*.

Teopernueckass M NpaKTHYecKas 3HAYUMOCTH PpadoTbl: CHHTE3MpPOBaHBI HOBBHIE
MOJICKYJISIPHBIE MTONMU(YHKIIMOHAIbHBIE HHTUOUTOPBI, 00J1a/1a01I11e CEICKTUBHON aKTUBHOCTBIO U
IIPEICTABIISAIONINE MHTEpEC i1 MNPEAKIMHUYECKUX HCHBITAHUN. YCTaHOBJIEHO BIIUSHUE
pa3nuYHBIX  (parMEeHTOB B  COCTaBE HM30THOCEMUKApOAa30HOB HAa  MPOTHBOPAKOBHIE,
IIPOTUBOMUKPOOHBIE, TPOTUBOIPUOKOBBIE U aHTUOKCHJIAHTHBIE CBOICTBA. Pe3ynpTaThl TaHHOTO
UCCIICIOBAaHUsI MMEIOT HAy4HYI0 3HAUYUMOCTh M MOTYT OBITh KCIIOJIB30BaHBl B KadyecTBE
JOTIOJTHEHHUSI CIeKypcoB 1o buodapmanesruueckoit xumun U bruoxumumu.

BHenpenue moJiydeHHBIX HAyYHBIX Pe3yJbTaTOB: 3alaTEHTOBAaHbl MOJIEKYJISIPHBIN
UHTUOUTOp mpodudepanyu pakoBbIX KIeToK RD, 3 KOOpAMHALMOHHBIX COEIUHEHHMS,
o0J1azaroIuX BEICOKOM aHTHOKCHIAHTHON aKTUBHOCTBIO B OTHOIICHUHU CYIEPOKCH/I PAJAUKAJIOB U
ABTS", opranuueckuii mpeKypcop, MPOSBISIOINIT BEICOKYIO MPOTHBOTPUOKOBYIO aKTHBHOCTH B
otnomenuu Candida albicans.
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ANNOTATION

Usataia Irina, “Polyfunctional inhibitors based on some 34 metal coordination
compounds with substituted salicylidene- and picolidene-4-allyl-S-alkylisothiosemi-
carbazides”, thesis for PhD in chemical sciences, Chisinau, 2023.

Thesis structure: introduction, four chapters, general conclusions and recommendations,
185 references, 7 annexes, 159 pages of main text (before Bibliography), 132 figures, 36 tables
(including applications). The results are published in 40 scientific publications (10 articles, 5
patents, 25 theses at conferences).

Keywords: coordination compounds, 3d metals, 4-allyl-S-alchylisothiosemicarbazones,
antiproliferative activity, antimicrobial activity, antifungal activity, antioxidant activity.

The aim of the thesis: Determination of the influence of alkylation of sulfur atom in
salicylidene- and picolidene-4-allylthiosemicarbazides and their derivatives, nature of central
atom, nature of ligands, introduction of amines into the inner sphere of complexes on the
composition, structure, physical, chemical and biological properties of the coordination
compounds of some 3d-metals; finding substances with selective antiproliferative, antimicrobial,
antifungal, antioxidant activities.

The objectives of the thesis: Synthesis of salicylidene- and picolidene- 4-allyl-S-
alkylisothiosemicarbazides and their derivative; synthesis of coordination compounds of some 3d
metals with these ligands; introduction of amines into the inner sphere of complexes;
determination of composition, structure and antiproliferative, antimicrobial, antifungal and
antioxidant activities of the synthesized substances.

Novelty and relevance of the study: The 20 new organic precursors and 129 new
coordination compounds were synthesized and described; the effects of alkylation of sulfur atom
in salicylidene- and picolidene- 4-allylthiosemicarbazides and their derivatives, the nature of the
central atom, the introduction of amines into the inner sphere of the complexes on the
physicochemical and biological properties of the coordination compounds of some 3d-metals were
studied.

Scientific problem solved in this thesis: New molecular inhibitors of cancer cells
proliferation based on salicylidene- and picolidene- 4-allyl-S-alkylisothiosemicarbazides and their
derivatives, with selective anticancer, antimicrobial and antifungal activities were synthesized.
The values of the half maximal inhibitory concentration on ABTS™, HO:' radicals were
determined.

The theoretical importance and potential application value of the work: New
molecular polyfunctional inhibitors with selective activity, which are of interest for preclinical
trials, were synthesized. The influence of different fragments in composition of
isothiosemicarbazones on the antitumor, antimicrobial, antifungal and antioxidant properties was
established. The results of this study are of scientific importance and can be used as a supplement
to special courses in Biopharmaceutical Chemistry and Biochemistry.

Implementation of scientific results: New molecular inhibitor of RD cancer cells
proliferation, 3 coordination compounds with high antioxidant activity against superoxide radicals
and ABTS", an organic precursor showing high antifungal activity against Candida albicans were
patented.
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