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Zusammenfassung 

 

Diese Doktorarbeit handelt von der Synthese von Thiosemicarbazonen, Amidrazonen und 

Aminoguanizonen, welche ein-, zwei- und mehrkernige Metallkomplexe bilden. Diese 

neuen Moleküle zeigen sowohl antikrebs als auch bacterizide und antivirale Aktivität und 

wirken als duale Pharmazeutika. Sechs neue, wasserlösliche Morpholin-

(iso)thiosemicarbazon Hybride und ihre Kupfer(II) Komplexe wurden synthetisiert. Diese 

Verbindungen zeigen bemerkenswerte Aktivität in cisplatinsensitiven und 

cisplatinresistenten Eierstockkrebszellen. Studien mit R2 RNR zeigten, dass die Kupfer(II) 

Komplexe mit den neuen Liganden das tyrosil Radical in Maus R2 RNR moderat 

inhibieren. Zusätzlich wurde gezeigt, dass Komplexierung der neuen Liganden zu einer 

Steigerung der bakteriziden Aktivität gegen S. aureus führt. 

Amidrazone besitzen ein breites Spektrum an biologischen Aktivitäten und sind gute 

Metall-Chelatoren. In der vorgestellten Arbeit wurden neue redoxaktive einkernige Cu(II), 

heterozweikernige Cu(II)-Ru(II) und Cu(II)-Os(II) Komplexe mit [CuCl2]
-
 als Gegenion 

syntetisiert. Im Falle des Kupfer(II)amidrazon Komplexes war die Aldimin-Bindung stark 

polarisiert, was zu einer Substitution von H durch eine MeO Gruppe führte. Alle drei 

Komplexe zeigten moderate Aktivität in Eierstockkrebszellen und Gehirnkrebszellen im 

mikromolaren Konzentrationsbereich. Spin-Fallen Experimente in zellfreien Medien 

zeigten, dass die Verbindungen dazu in der Lage sind ROS zu generieren, was eine 

Erklärung für ihre antiproliferative Aktivität sein könnte. 

Triapin (3-Aminopyridin-2-carboxaldehydthiosemicarbazon, 3-AP) ist eines der 

potentesten Antikrebswirkstoffe und ein Inhibitor von R2 RNR. Der Wirkstoff wurde 

bereits in über 30 klinischen Phase I und II Studien getestet. Zwei neue Derivate mit S-

methyl und Pyridin Subsituenten und ihre Kupfer(II) und Eisen(III) Komplexe wurden 

syntetisiert und in Eierstockkrebszellen und nichtkarzinogenen embryonischen 

Nierenzellen getestet. Die Komplexe zeigten ein signifikante Cytotoxizität im Vergleich 

mit den Proliganden, bedauerlicherweise zeigten sie aber keine Selektivität für 

Krebszellen.  

Zusätzlich wurden Versuche unternommen mehrkernige Thiosemicarbazonkomplexe zu 

erhalten, was zur Synthese eines neuen morpholinsubstituierten tris-Thiosemicarbazon und 

dessen tris-Kupfer(II)komplex führte. Diese Verbindungsklasse wird weiterhin untersucht. 



 

 

Abstract 

 

This PhD thesis is focused on the synthesis of novel mono-, di- and polynucleating 

thiosemicarbazones, amidrazones and/or aminoguanizones as well as their metal 

complexes, which could possess anticancer activity and additionally antibacterial/antiviral 

activity and act dual pharmaceutical agents. Six novel water-soluble morpholine-

(iso)thiosemicarbazone hybrids with their copper(II) complexes were synthesized. 

Compounds displayed remarkable activity against cisplatin-sensitive and cisplatin-resistant 

ovarian carcinoma cells. Studies with R2 RNR showed that copper(II) complexes with new 

hybrid ligands moderately inhibit the tyrosil radical in mouse R2 RNR. Additionally it was 

discovered that complex formation with new hybrid ligands results in enhancement of 

antibacterial activity against S. aureus. 

Amidrazones possess a broad spectrum of biological activity and are good metal chelators. 

In the presented work new redox-active mono- Cu(II) and heterodinuclear Cu(II)-Ru(II) 

and Cu(II)-Os(II) complexes with [CuCl2]
-
 as counteranion were synthesized. In case of 

copper(II)-amidrazone complex aldimine bond was highly polarized which resulted in 

substitution of H by MeO group. All three complexes have demonstrated moderate activity 

against ovarian carcinoma and cervical carcinoma cells in micromolar concentration range. 

Spin trapping experiment in cell-free media and confocal microscopic imaging in ovarian 

carcinoma cells showed that compounds are able to generate ROS, which could explain 

their antiproliferative activity. 

Triapine (3-aminopyridine-2-carboxaldehyde thiosemicarbazone , 3-AP) is one of the most 

potent antitumor drug and inhibitor of R2 RNR. The drug has already entered more than 30 

phase I and II clinical trials. Two new derivatives with S-methyl and pyridine substituents 

and their Cu(II) and Fe(III) complexes were synthesized and tested against ovarian cancer 

cells and non-cancerous embryonic kidney cells. Complexes showed significant 

cytotoxicity in comparison to proligands but unfortunately were not selective to cancer 

cells. 

Additionally, attempts to obtain polynucleating thiosemicarbazone-derivatives were 

undertaken and resulted in synthesis of novel tris-thiosemicarbazone with morpholine 

moiety and its tricopper(II) complex. The investigation of this class of compounds is going 

on. 
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1. General Information 

 

1.1. Cancer 

 

Cancer was and remains one of the biggest problems throughout the history of humanity. 

Cancer is a group of diseases which are characterized with specific damages in the 

structure of DNA leading to enhancement of the functions of genes which control cellular 

processes such as growth, spread and survival.
1
 Normally healthy cells grow, divide and 

die if they got damaged, old or are not needed anymore, when in cancer cells this process 

does not proceed in a proper way anymore, they grow, divide but do not die. As division 

process is unstoppable these cells often form solid bodies called tumors. At the same time 

some types of cancer, e. g. leukemia do not form tumors at all. 

 

1.2. History and Statistics 

 

First known mentions about cancer have appeared in ancient Egypt, when descriptions of 

the disease were found in Edwin Smith Papyrus. During the centuries scientists 

accumulated knowledge and built theories, which has brought society to a much better and 

detailed understanding of the problem. The first sound breakthrough in this field took place 

in 16-17
th

 centuries, when doctors got an opportunity to dissect bodies. Later, in 18
th

 

century certain observations were made, which brought first ideas about the reasons of 

cancer.
2
 Globally today cancer is responsible for each 6

th
 death all over the world which 

makes it the second leading reason of death worldwide. 90% of these deaths are caused by 

metastatic cancer.
3
 Only in Austria in 2015 more than 10000 men and 9000 women died 

because of cancer.
4
 According to a World Health Organization (WHO) statistics

5
, the most 

common types of cancer in 2015 were: 

 lung cancer (1.69 million deaths); 

 liver cancer (788000 deaths); 

 colorectal cancer (774000 deaths); 

 stomach cancer (754000 deaths); 

 breast cancer (571000 deaths). 

About near 70% of cancer deaths occur in low- and middle-income countries. The number 

of people that live with cancer is expected to grow twice from 2000 to 2050.
6
 In average 11 
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million cases of cancer occur annually worldwide, 6 million of them in the low- and 

middle-income countries.
7
 It depends on abundance of infectious diseases and low vaccine 

coverage but also from food and water quality, generally low living standards etc. At the 

same time tobacco, sedentary style of life and overeating are major causes of cancer in 

high-income countries. Usually malignant diseases, like haematological malignancies are 

more common in men,
8
 what can be explained with hormonal or behaviour differences.

 9
 

Even in childhood, when these differences are not present, males have generally higher 

susceptibility to cancer diseases than females.
10

 

Scientists distinguish large number of cancer risk factors,
 11-16

 such as: 

 diet (excess caloric intake, low intake of fruits and vegetables); 

 physical inactivity (overweight, sedentary lifestyle); 

 addictions and culturally determined habits (smocking, use of alcohol); 

 environmental risks (radiation, ultraviolet); 

 cancer causing viruses (hepatitis B or C, Epstein-Bar, human papilloma, human 

immunodeficiency); 

 socio-economic conditions (higher cancer incidence in low and middle-income 

countries in comparison with developed countries); 

 genetic reasons (for some types of lung, breast cancer etc.). 

 

1.3. Carcinogens 

 

Substances or agents that tend to produce cancer are called carcinogens. They can be 

divided in genotoxic and non-genotoxic. Genotoxic carcinogens are DNA-reactive forming 

DNA adducts, which are essential for neoplastic transformations. Non-genotoxic or 

epigenetic carcinogens do not build DNA adducts but they produce effects in tissue that 

either are indirectly responsible for neoplastic transformations or enhance the development 

of tumor.
 17-19

 

The International Agency for Research on Cancer (IARC) which is the part of WHO 

divides all the known carcinogens in 4 groups: 

Group 1 carcinogenic to humans (benzene, ethylene oxide, 4-aminobiphenyl, 

formaldehyde): substances or agents appear in this group when there is sufficient evidence 

of their carinogenity. 
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Group 2: 

Group 2A probably carcinogenic to humans (acrylamide, cisplatin, diethyl sulfate, 2-

nitrotoluene): agent possesses limited evidence of carcinogenicity in humans but sufficient 

evidence of carcinogenicity in animals. 

Group 2B possibly carcinogenic to humans (benzophenone, nitromethane, 1,2-

dichloromethane, styrene): there is limited evidence of carcinogenicity in humans and less 

than sufficient evidence of carcinogenicity in experimental animals.  

It should be noted that terms likely carcinogenic and possibly carcinogenic are simply used 

to describe carcinogenicity in humans. Likely carcinogenic signifies higher level of it as 

possibly carcinogenic. 

Group 3 is not classifiable as to its carcinogenicity to humans (caffeine, acrylic acid, 

aniline, morpholine): the evidence of carcinogenicity is inadequate in humans and 

inadequate or limited in animals. Agent may also be placed in this group when there is 

enough evidence in experimental animals, but it is proven that such mechanism of 

carcinogenicity does not operate in humans. 

Group 4 probably not carcinogenic to humans: there is evidence suggesting lack of 

carcinogenicity in humans and experimental animals.
 20

 

 

1.4. Carcinogenesis 

 

Decades ago Otto Warburg noticed that one of the main reasons of cancer is irreversible 

injuring of respiration and as a result increase of fermentation.
21

 Fermentation is the 

metabolic process of energy release from sugar or another organic molecule, which does 

not need oxygen and can be measured by the amount of the formed lactic acid in the 

absence of oxygen.
22

 This pathway is much less effective but surprisingly cancer cells use 

it for ATP (adenosine triphosphate) production instead of oxidative phosphorylation even 

in the abundance of oxygen. This was called Warburg effect.
23

 Much has been changed 

from that moment and nowadays it is completely clear that cancer is a genetic problem. 

Briefly when DNA becomes damaged equilibrium between genes that control cell grows, 

division and apoptosis and genes that supress these effects disappears.
1,24

 Therefore there is 

a quite large number of cancers which can be inherited. Such observations were already 

made over a hundred years ago, when broad pedigrees of some families have been 

analyzed and higher cancer incidence in some of them was noticed.
25

 Nevertheless 
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carcinogenesis is a quite complex process which requires alterations in a large number of 

biological processes, which have to occur before malignance will form. In 2000 Hanahan 

and Weinberg described six hallmarks of cancer:
26

 

(i) Alterations of the growth signals or self-sufficiency: malignant cells are able to 

generate a large number of their own growth signals and therefore to acquire 

reduced dependence from microenvironment. 

(ii) Insensitivity to antigrowth signals: cancer cells have to ignore antiproliferative 

mechanisms to develop. 

(iii) Avoidance of apoptosis: inactivation of the apoptotic pathways what makes tumors 

to prosper. 

(iv)  Limitless replicative potential: inactivation of pRb and p53 tumor suppressor 

proteins allows cancer cells to evade senescence (biological aging). 

(v) Ability of malignant cells to form own blood vessel system through the angiogenic 

switch activation. 

(vi)  Metastasis and invasion into the healthy tissues: tumors spread cells, able to move 

out and may found new colonies. 

Summarizing all mentioned above it becomes obvious that carcinogenesis is a complex 

process, in which many conditions should be fulfilled. Pathways through which cells can 

become malignant also differ markedly. The risk of cancer can be divided in three 

categories: low, moderate and high. Disease can be inherited or caused by external factors, 

such as influence of carcinogens, changings in lifestyle, chronic sicknesses and so on. 

 

1.5. Anticancer Therapies 

 

Nowadays, a variety of different anticancer therapies exists. The main are: 

Surgery: This was already known much earlier than 20
th

 century, however, already then in 

was noticed that nearly always disease comes back after excision. Nowadays it is mostly 

used in combination with other therapies.
27-30

 

Hormone therapy: The most wide use this therapy has against breast and prostate cancer 

since it was found that removal of ovaries (in women) or testicles (in men) produces 

regression in cancer, thus these cancers are hormone-dependent.
31-32

 Starting from this 

point a large number of drugs which alter hormone production has been discovered 

(Tamoxifen,
33

 Aromatase inhibitors,
34

 Degarelix
35

 etc). Usually hormones are successfully 
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used as adjuvant therapy.
27

 However there is a number of tumors that are resistant to 

hormonal therapy.
36

 

Radiation: This procedure has traditionally been used for treatment of solid tumors. 

Conventional radiotherapy is inefficient to large malignancies but at the same time it 

shows quite good results in comparatively small ones
37

 and, therefore, radiation is often 

used for treatment of metastases
38-40

 or in combination with other therapies.
30, 41 -42

 

Immunotherapy: The treatment is based on the synthesis of special biological agents 

which imitate or provoke the natural response of the body to uncontrollable cell growth. 

These agents are represented by monoclonal antibodies (Rituximab, Trastuzumab),
43

 tumor 

reactive T-cells,
44-45

 cytokines and others. Immunotherapy is also often used together with 

other therapies.
41-42, 46

 

Targeted therapy: It is a therapy which has a certain target, like molecule or process, 

which is essential for the proliferation and survival of cancer cells (targeting mutant 

kinases, microenvironment, cancer stem cells and so on).
47

 

Chemotherapy: This is a subject of my main interest and this will be discussed later in 

more detail. 

 

All of the therapies described above possess their advantages and benefits and are more or 

less efficient in the field of their use. Nevertheless, mortality from cancer remains high and 

there is large number of limitations for each of the therapy used, such as high general 

toxicity, low selectivity, resistance against chosen treatment and so on. All these motivate 

researchers to discover more efficient and promising agents for chemotherapy. 
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2. Chemotherapy 

 

Era of chemotherapy has begun after the Second World War when compound called 

aminopterin was used to treat children with acute leukemia.
48

 The first known treatment of 

metastatic cancer was performed with methotrexate in patients with metastatic 

choriocarcinoma.
49

 All of chemotherapeutics have their own targets depending on their 

mode of action. There is a variety of agents which can act as inhibitors of tyrosine 

kinases,
50

 ribonucleotide reductase,
51

 topoisomerase,
52

 heat-shock protein inhibitors
53

 and 

others. Generally, as described by Lind in 2007
th

 in Medicine, chemotherapeutics can be 

divided on the following groups according to their type or mode of action:
54

 

 Alkylating agents: drugs that damage the DNA of the cell and this latter cannot 

reproduce itself. In turn they can be divided in: 

∙ Nitrogen mustards (mechlorethamine, melphalan, chloroambucil); 

∙ Oxazaphosphorines (cyclophosphamide, ifosfamide); 

∙ Alkyl alkane sulfonates (busulfan); 

∙ Nitrosoureas (carmustine, lomustine, streptozotocin); 

∙ Tetrazines (dacarbazine, temozolobine); 

∙ Aziridines (thiotepa, mitomycin C); 

∙ Non-classical alkyl agents (procarbatine, hexamethylmelamine). 

 Platinum compounds: anticancer drugs, containing platinum (cisplatin, carboplatin, 

oxaliplatin and others). 

 Antimetabolites: compounds that structurally are similar to natural purines and 

pyrimidines: 

∙ Antifolates (methotrexate, pemetrexed); 

∙ Antipyrimidines (5-fluorouracil, gemcitabine, fludarabine); 

∙ Antipurines (6-mercaptopurine, 6-thioguanine). 

 Topoisomerase inhibitors: drugs that inhibit type I or II topoisomerase, protein that 

control the structure of DNA (topotecan, irinotecan, epipodophyllotoxins, 

thiosemicarbazones). 

 Tubulin-binding drugs: inhibitors of tubulin, the basic part of microtubules, which 

play an important role in cell functioning (vindesine, paclitaxel, taxotere etc.). 

 Tyrosine kinase inhibitors: drugs (imatinib, erlotinib, lapatinib), which inhibit the 

enzymes, responsible for activation of the variety of proteins. 
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Chemotherapeutics can be combined with each other, to get synergism, or with other 

therapies (more often with surgery and radiotherapy) for better results in treatment. 

Nevertheless, research is still going on and includes many different aspects from 

appropriate drug design to understanding of the mode of action of each drug for the future 

improvement of the therapies. 

 

2.1. Metals in Chemotherapy 
 

In 1960
th

 the first inorganic anticancer cisplatin was introduced in clinical practice. Its 

anticancer activity was discovered by the group of Rosenberg. They have accidently 

discovered that cisplatin is able to inhibit cell division of Escherichia coli and four years 

later reported about significant antiproliferative activity of cisplatin against sarcoma and 

leukemia.
55,56 

From that moment metal-based anticancer compounds started to be actively 

investigated and era of metals in chemotherapy has begun. The mode of action of cisplatin 

is believed to be due to the spontaneous aquation reactions which induce the replacement 

of chlorido ligands with water molecules.
57

 This new complex binds to DNA, forming 

adducts which in turn damage specific recognition proteins and bring the cell to apoptosis 

or take part in a process of DNA repair resulting in cell survival.
58

 Unfortunately the 

formation of highly reacting monoaquated form of cisplatin is limited due to different 

intracellular reactions. Furthermore, cisplatin exhibits a number of serious side effects such 

as ototoxicity, nephrotoxicity, neurotoxicity, nausea, vomiting etc.
59, 60

 This situation has 

forced scientists to search for new derivatives of platinum-containing drugs and in the 

followed years a number of new compounds was synthesized. The most famous of them 

are carboplatin, which was approved for medical use already in 1986 and nowadays its 

trade name is Paraplatin, oxaliplatin, approved in 1996 and marketed under the name 

Eloxatin, nedaplatin approved for use in 1995 in Japan, heptaplatin and others (Chart 1).
61-

63
 Furthermore a number of platinum based drugs have entered phase I or II clinical 

trials.
64-66
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Chart 1. Platinum containing drugs approved for use: cisplatin (A), carboplatin (B), 

nedaplatin (C) and oxaliplatin (D). 

 

Complexes of other metals are also widely investigated and developed as anticancer drugs. 

For example, compounds of gold(I) and gold(III) were discovered as effective cytotoxic 

agents, even though complexes of Au(III) have been underestimated for a long time due to 

their poor stability, higher lability in comparison to cisplatin and high toxicity in vivo.
67

 

Nevertheless, the interest in this type of complexes has been revived and still remains high. 

A number of gold-containing compounds which show marked antiproliferative activity, 

such as Au(I) phosphine and diphosphine complexes
61,68

 or organogold(III) DAMP 

compounds, where DAMP is 2-[(dimethylamino)methyl]phenyl were investigated by 

Buckley et al.
69,70

 Some of Au(I) and Au(III) complexes are toxic against specific cells, 

which possess resistance to cisplatin. Thus, gold compounds may have different mode of 

cytotoxic action from that of platinum drug.
67,71,72

 

Another class of metal-containing anticancer drugs is represented by metallocenes. First 

metallocene with cancerostatic activity was dichlorobis(η
5
-cyclopentadienyl)titanium(IV) 

or  titanocene dichloride (Chart 2). 

 

Chart 2. Line drawing of titanocene dichloride. 
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In 1979 Hartmut Köpf and Petra Köpf-Maier reported that this complex showed promising 

anticancer activity in mice.
73

 Even though titanocene dichloride did not reach phase II 

clinical trials
74

 derivatives of titanocene as well as heteronuclear bimetallic complexes with 

titanocene moiety are still under active investigation.
72,75-77

 In addition, antitumor activity 

was recognized for a variety of other metallocenes containing tin, iron, vanadium, 

molybdenum, etc.
61,76,78

 

Main group metals also play a significant role in anticancer therapy. This class is 

represented by complexes of rhodium, which are active against such tumor cells as 

Sarcoma 180 and P388 leukemia,
79

 some organocobalt compounds active against L1210 

leukemia and Guerin carcinoma due to its ability to generate reactive radicals,
80

 arsenic 

trioxide, appeared to be active against acute promyelocytic leukemia,
81,82

 organotin 

complexes,
83

 gallium compounds,
84

 a large variety of copper complexes.
85

 Moreover, a 

large number of metal-based compounds are also used as radiosentisizers in radiotherapy.
61

 

 

2.1.1. Copper in Anticancer Therapy 

 

Copper is essential to nearly all living organisms and takes part in such important 

biological processes as respiration, peptide hormone production, pigmentation, oxidative 

stress production, normal cell growth and others.
85,86

 This metal is redox active and able to 

cycle between two oxidation states copper(I) and copper(II) at physiologically accessible 

potential what makes it interesting in anticancer therapy as redox active complexes are able 

to generate reactive oxygen species (ROS) in cancer cells.
 87

 Moreover copper plays a 

crucial role in angiogenesis, a process of formation of the new blood and lymphatic vessels 

from already existing ones. Angiogenesis is important point in cancer treatment as each 

tumor forms its own vascular system. In addition, spread of metastases also occurs through 

vascular network.
88

 Therefore copper chelating agents are widely used in some types of 

cancer.
89

 One of the first works about copper complexes as anticancer agents was reported 

already in 1960s, when copper(II) chelate of 3-ethoxy-2-oxobutyraldehyde 

bis(thiosemicarbazone) was found to be active against Walker 256 carcinosarcoma in 

rats.
90

 Later investigations demonstrated that copper complexes of thiosemicarbazones 

often possess higher cytotoxic activity than proligands.
 91-93

 

Another potent class is complexes with N-aromatic and π-acceptor ligands.
85

 The first 

representative of this was copper(I) bis-phenanthroline complex. In 1979 Sigman et al 

showed that this compound was able to cleave DNA.
94

 Later Zhou et al reported that the 



14 

 

same complex possess antiproliferative activity against liver carcinoma Bel-7402 cell 

line.
95

 Unfortunately, this agent did not reach clinical use because of the number of 

restrictions, such as small association constant of the second phenanthroline in the complex 

and low selectivity to cancer cells.
96

 Therefore, a large number of other derivatives of 

copper(I) bis-phenanthroline complex with improved properties was synthesized.
97-99

 

Another class of anticancer compounds is represented by copper(II) complexes with 

imidazoles and their congeners.
85

 Various complexes with benzimidazole derivatives 

showed moderate anticancer activity against different cell lines.
100

 Copper(II) complex 

with 4-amino-1,4-dihydro-3-(2-pyridyl)-5-thioxo-1,2,4-triazole (Chart 3) exhibited marked 

activity comparable to that of cisplatin in HT1080 human fibroblastoma cells.
101

  

 

Chart 3. Line drawing of dichloride-4-amino-1,4-dihydro-3-(2-pyridyl)-5-thioxo-1,2,4-

triazole copper(II). 

 

Moreover, HT1080 fibroblastoma and HeLa cell lines appeared to be sensitive to this 

compound.
102

 Investigations of the mechanism of action of the complex showed that 

despite the fact that its cytotoxic effects on HT1080 are comparable with cisplatin, 

programmed cell death unlike cisplatin occurs via a non-apoptotic way.
103

 

A number of reports on copper complexes with Schiff-base ligands also have been 

published.
85

 For example, in 2006 it was reported that complexes of quinoline-2-

carboxaldehyde with copper are active against prostate cancer cell lines PC-3 and 

LNCaP.
104

 Potent representatives are copper(II) complexes with isatin-Schiff bases 

obtained from isatin and 1,3-diaminopropane or isatin and 2-(2-aminoethyl)pyridine which 

induced apoptosis in neuroblastoma SH-SY5Y via the mitochondrial pathway.
105

 

 

2.1.2. Ruthenium in Anticancer Therapy 

 

Ruthenium is neither essential nor endogenic for the human body but in spite of this fact it 

has earned a large attention of the researchers as complexes with this metal displayed 
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potent antitumor and antimetastatic activities and some of them have already entered 

clinical trials. Ruthenium possesses a wide range of oxidation states, from –2 in 

[Ru(CO)4]
2–

 to +8 in RuO4.
106

 In biologically active compounds it is mostly present in 

oxidation states +2 and +3, which are both accessible under the physiological 

conditions.
107

 It is believed that ruthenium(II) is more reactive at the tumor site than 

ruthenium(III). Thus, when Ru(III) reaches the tumor tissue with the lower oxygen content 

and pH in comparison with healthy ones, it undergoes the reduction to the more active 

Ru(II).
106

 Second mechanism which could underlay the antiproliferative activity of 

ruthenium-containing drugs is the ability of ruthenium to bind with transferrin and 

mimicking in this respect iron.
106,107

 

First mention about ruthenium as antimetastatic agent was made in 1980 by the group of 

Clarke, which demonstrated that cis-[RuCl2(NH3)4] and fac-[RuCl3(NH3)3] possess an 

excellent antiproliferative activity against P388 mouse leukemia. However, their too low 

aqueous solubility precluded their clinical use.
108

 In 1989 Keppler et al have synthesized 

two compounds ImH(RuIm2Cl4) (KP418) and IndH(RuInd2Cl4) (KP1019, Chart 4), where 

Im = imidazole and Ind = indazole which were active against Walker 256 carcinosarcoma, 

Stockholm Ascitic tumor, B16 melanoma, sarcoma 180 and especially active against 

colorectal cancer.
109

 KP1019 has already entered phase I clinical trials and showed 

promising results in patients with different types of cancer.
110,111

 

   

Chart 4. Ruthenium-containing drugs, which have entered clinical trials. 

 

Sodium trans-[tetrachloridobis(1H-indazole ruthenate(III)] (NKP-1339, Chart 4) also 

exhibits antiproliferative activity with low general toxicity, but has higher water-solubility 
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what allows clinical application in higher doses.
112

 The compound entered phase I clinical 

trials.
113

 

First antimetastatic complex of ruthenium(III) which entered clinical trials was trans-

imidazole(dimethylsulfoxide)tetrachloridoruthenate(III) ImH[trans-RuCl4(DMSO)Im] 

(NAMI-A, Chart 4). Interestingly, this drug acts against metastases and does not affect the 

primary tumor.
114

 This is likely due to the combination of anti-invasive and anti-

angiogenic properties of the drug candidate.
 115

  

A promising class of ruthenium containing anti-cancer compounds is represented by 

organoruthenium(II) compounds. This field was pioneered by Sadler and Dyson.
 116,117

 In 

2001 Morris et al reported that compounds with the general formula [(η
6
-p-

cymene)Ru(en)(X)]
+
 where en = ethylenediamine and X = Cl or I and [(η

6
-

C6H5C6H5)RuCl(YZ)]
+
 where Y, Z = ethylenediamine or N-ethylethylenediamine inhibit 

the growth of A2780 human ovarian cancer cells. Moreover, their antiproliferative effects 

were similar to those of carboplatin, a drug marketed under the name Paraplatin.
116

 It is 

believed that a primary target for Ru(II)-arene complexes is DNA.
118

. Another family of 

related compounds with anticancer activity is shown in Chart 5. 

 

Chart 5. General formula of RAPTA compounds. 

 

RAPTA complexes consist of ruthenium(II) coordinated with η
6
-arene and 1,3,5-triaza-7-

phosphatricyclo[3.3.1.1]decane (pta).
107

 The most promising representatives of this group 

are RAPTA-C, [RuCl2(η
6
-cymene)(pta)], and RAPTA-T  [RuCl2(η

6
-toluene)](pta)]. Both 

of them, like NAMI-A, are only weakly cytotoxic, showing great ability to supress the 

growth of metastases.
119

 Nowadays, RAPTA-T due to its antimetastatic action and low 

general toxicity is a potent candidate to enter clinical trials.
115

 

In the recent years the interest of the researchers to osmium, the closest congener of 

ruthenium, increased as well. Compounds of ruthenium and osmium, in particularly Ru(II)-

arene and Os(II)-arene, often show similar chemical behaviour as well as favorable 
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pharmacological properties, such as aqueous solubility, stability in plasma, bioavailability 

and so on.
107,120

 

As mononuclear complexes of Ru(II)-arene and Os(II)-arene showed marked 

antiproliferative activity they are often used in combination with other metal centres in 

order to improve the biological properties of the final compound. Heteronuclear complexes 

of Ru(II)-arene with Au(I), Sn(II), Pt(IV) were reported in the literature. These complexes 

demonstrate marked cytotoxicity and improved selectivity to cancer cells.
121

 Dinuclear 

ruthenium-copper complexes are still not enough developed. In 2017 Lopes et al reported 

on dinuclear Cu(I)-Ru(II) complex with 1,2-bis(diphenylphosphino)ethane (dppe) and 2,3-

bis(2-pyridil)pyrazine (dpp) (Chart 6A). 

 

Chart 6. Heteronuclear copper-ruthenium complexes with biological activity. 

 

The compound showed activity against human ovarian cisplatin sensitive A2780 and breast 

MCF7 cancer cell lines in micromolar range. However, the activity of the dinuclear 

complex was not significantly different from the activity of its mononuclear building 

blocks.
122

 Nevertheless, in 2010 Reedijk et al reported on heteronuclear copper-ruthenium 

complex (Chart 6B), which was able to cleave DNA.
123

 This type of compounds is still not 

investigated enough and continues to attract the interest of the modern researchers. 

 

 

It should be noted that the activity of metal-based drugs depends not only on the metal 

itself but also on the ligand environment. Careful and appropriate choice of the ligands 

allows for modification of coordination geometry, redox properties, affects cytotoxicity 

and structure-activity relationships.
107 
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2.2. Thiosemicarbazones (TSCs) as anicancer agents 

 

Thiosemicarbazones have the same structure as semicarbazones where the oxygen atom is 

substituted by sulfur (Chart 7) and can be synthesized by the condensation reaction of 

appropriate aldehyde or ketone with thiosemicarbazides. 

    

Chart 7. General formulas of semicarbazone (A) and thiosemicarbazone (B).

 

They are potent inhibitors of ribonucleotide reductase,
51

 topoisomerase I and II,
124,125

 some 

of their complexes are able to generate reactive oxygen species.
126

 Moreover, TSCs 

possess a broad spectrum of biological activity such like antiviral, antibacterial and 

antifungal activity
91,127,128

 which makes them an interesting class of compounds for 

investigation. 

The interest to biological properties of TSCs appeared after the works of Domagk where he 

showed that TSCs of cyclic aldehydes or ketones possess strong inhibiting properties 

against tuberculosis. Moreover, in one of his work Domagk payed attention on the fact that 

replacement of O-atom of semicarbazone on S-atom in thiosemicarbazone had a dramatic 

effect on the biological activity, as semicarbazones have showed extremely weak 

potency.
129

 In 1956 Brockman et al discovered antiproliferative activity of pyridine-2-

carboxaldehyde (or 2-formylpyridine) TSC against different lines of leukemia in mice. The 

activity found was not significant, but remarkable. Furthermore, in this work Brockman 

showed that isomers of 2-formylpyridine TSC have no activity against leukemia at all what 

brought to the idea of strong relationship between the structure of TSC and its 

antiproliferative activity.
130

 In 1965 French and Blanz studied carcinostatic activity of α-

(N)-heterocyclic carboxyldehyde TSCs starting with isoquinoline-1-carboxaldehyde TSC 

(IQ-1). The compound showed activity against two types of leukemias (L-1210 and ML-

1210), adenocarcinoma 755, Ehrlich ascites carcinoma and Lewis lung carcinoma.
131

 One 

year later they reported on anticancer activity of 3-hydroxypyridine-2-carboxaldehyde TSC 

(3-HP) against lymphoma L5178Y, Lewis lung carcinoma, Ehrlich ascites carcinoma, 
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leukemia L1210 and adenocarcinoma 755.
132

 In the same year French and Blanz 

summarized their observations by analyzing the data of antiproliferative activity of 41 

different TSC derivatives and 2 heterocyclic ketones and postulated that only those TSCs 

show activity whose formyl groups are attached in α-position with respect to the ring 

heteroatoms. This leads to a lower π-electron density on α-carbon and higher density on the 

ring nitrogen, forming conjugated N–N–S ligand system. They have demonstrated that no 

molecule, where such ligand system was absent, showed cytotoxic activity. Furthermore, 

some of the TSCs of this type are strong chelators for divalent transition metals, as it was 

already mentioned previously.
133

 

 

2.2.1. 5-Hydroxy-2-formylpyridine Thiosemicarbazone (5-HP) 

 

First clinically evaluated TSC was 5-hydroxy-2-formylpyridine thiosemicarbazone (Chart 

8).
134

 

 

Chart 8. Line drawing of 5-hydroxy-2-formylpyridine thiosemicarbazone. 

 

French and Blanz studied the activity of the compound against different cell lines and 

compared it with that of 3-HP and IQ-1, investigated before.
131,132

 The behaviour of 5-HP 

was found to be similar but compound appeared to be less toxic as its hematologic effects 

were found to be reversible when treatment is stopped.
135

 Of note is that 5-HP formes a 

water-soluble sodium salt and this facilitates its parenteral administration.
134

 Sartorelli et al 

in 1971
 
showed that mode of action of 5-HP lies in inhibition of DNA biosynthesis.

136
 In 

the same year they demonstrated that site of action of α-(N)-heterocyclic TSCs is 

ribonucleotide reductase.
137

 The important role was given to the ability of TSCs to chelate 

iron(II) since it was suggested that corresponding proligands bind with the iron charged 

enzyme inhibiting its activity.
138
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Ribonucleotide reductase (RNR) is an enzyme which catalyzes the formation of 

deoxyribonucleotides from ribonucleotides. It is essential for cell proliferation as it 

provides precursors for DNA synthesis and repair.
139

 Depending on its metal cofactors 

RNRs can be divided in three classes. Class I RNR contains diiron-oxygen cluster, class II 

has vitamin B12 as cofactor and class III contains iron-sulfur cluster coupled to S-

adenosylmethionine.
140

 Human enzyme belongs to the class I RNRs and consists of the two 

subunits R1 and R2.
141

 The R1 subunit binds substrates and allosteric effectors and R2 

subunit which is smaller than R1 contains diiron centre that takes part in tyrosyl radical 

stabilization, important for enzymatic activity.
142

 RNR plays an important role in 

anticancer therapy since a strong dependence was found between its activity and 

progression of cancer.
143

 A large number of chemotherapeutics are used to sequester the 

iron from diiron centre of the enzyme and/or to quench the tyrosyl radical leading to a loss 

of catalytic activity. One of the first agents of this class was hydroxycarbamide or 

hydroxyurea. Even though, it is still in the clinical use, hydroxyurea shows poor 

effectiveness as anticancer drug due to its low affinity to RNR and relatively fast 

inactivation after administration.
144

 Moreover, it shows a number of side-effects like 

suppression of the bone marrow, genotoxicity, neutropenia, thrombocytopenia and 

others.
145

 

At the same time, there are some TSCs which are 1000-fold more potent inhibitors of RNR 

than hydroxyurea.
92

 

 

5-HP was chosen as a candidate for clinical trials since at that time it was the most potent 

drug against rodent transplanted tumors, could be dissolved in water in form of its sodium 

salt and had a good therapeutic index comparing with other representatives of this class of 

chemotherapeutics. Unfortunately 5-HP failed in clinical trials because of the numerous 

side-effects, such as high general toxicity resulted in a low therapeutic index, rapid 

inactivation by glucuronidation, severe hematological and gastro-intestinal side-effects.
134

 

 

2.2.2. 3-Aminopyridine-2-carboxaldehyde Thiosemicarbazone (3-AP) 

 

Of special attention is 3-aminopyridine-2-carboxaldehyde thiosemicarbazone, marketed 

under the name Triapine (Chart 9, 3-AP), which is one of the most potent antitumor drugs 

and inhibitors of ribonucleotide reductase nowaday.
 92,144 
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Chart 9. Line drawing of Triapine. 

 

In 1992 Sartorelli et al have synthesized 12 derivatives of TSCs and demonstrated that the 

most effective ones in prolonging the life span of the mice bearing L1210 leukemia were 

3-aminopyridine-2-carboxaldehyde (3-AP) and its 4-methyl derivative (3-AMP). Although 

3-AMP showed lower toxicity, 3-AP possessed much better antitumor activity at lower 

dosages. Already at doses 10 mg/kg 2 times daily it produced 40% 60-day long-term 

survivals.
146

 From this moment 3-AP gained particular attention of scientists and was 

actively investigated. 3-AP is a potent antiproliferative agent which showed activity 

against hydroxyurea-resistant cells, like leukemia L1210, murine M109 lung carcinoma, 

human A2780 ovarian carcinoma xenografts in mice and subline of the human KB 

nasopharyngeal carcinoma, which showed 15-fold resistance to hydroxyurea. Moreover, it 

was shown that recovery of DNA synthesis occurred in normal tissues noticeably faster 

than in malignant cells, which appeared to be an important point for the further clinical 

evaluation of the drug.
144 

Until now 3-AP has entered more than 30 phase I and II clinical trials.
147-149

 It was also 

applied in combination with other drugs and is able to enhance the activity of cisplatin,
150

 

cisplatin and paclitaxel,
151

 gemcitabine,
152

 irinotecan,
153

 doxorubicin,
154

 etc. It should be 

noted that 3-AP showed good and promising results in leukemias, but it has failed against a 

number of solid tumors showing completely no responses in patients or too small to reach 

minimal efficiency criteria.
155-157

 Nevertheless, it still can be used against solid tumors in 

combination with radiotherapy,
158,159

 as it was shown that Triapine can be an efficient 

radiosensitizer.
160

 

As already mentioned before, 3-AP is a strong inhibitor of ribonucleotide reductase. It is 

believed that loss of the activity of the enzyme occurs via destruction of tyrosyl radical, 

which is iron dependent. Triapine is a strong chelator for both iron(II) and iron(III) ions.
161

 

Moreover, 3-AP-Fe(II) complex is much more potent inhibitor of R2 RNR in comparison 

with 3-AP-Fe(III) or proligand. Shao et al reported that 3-AP-Fe(II) produces reactive 

oxygen species (ROS) reacting with dioxygen.
162
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Reactive oxygen species (ROS) are highly reactive chemical species which contain 

oxygen. Examples are singlet oxygen, superoxide, peroxide, hydroxyl radical and others.
163

 

In biological systems they fulfil a variety of functions, some of which are necessary, while 

other are harmful.
164

 Specific attention in anticancer research ROS gained when it was 

found out that a large number of cancer cells possess an increased level of these species, 

which was called oxidative stress.
165

 Moreover, it has been shown that redox stress 

correlates with the tumor aggressiveness but at the same time, if concentration of ROS 

reaches the level which is incompatible with the malignant cells survival, it brings to their 

death. From the other side normal cells are expected to survive because they do not possess 

any oxidative stress.
164,166

 This can be used to selectively increase the efficiency in fight 

against cancer. 

 

Three mechanisms of RNR inhibition by Triapine were proposed: (i) iron(III) is chelated 

directly from the enzyme diferric centre, (ii) drug takes iron from the intracellular iron pool 

and (iii) complex of Fe(III) with 3-AP is reduced to Fe(II)-3-AP that reacts then with 

dioxygen to produce ROS, what in turn results in the inhibition of RNR.
167

 

As a number of TSCs are potent inhibitors of topoisomerase IIα,
125

 inhibitory effects of 

Triapine towards this enzyme were also tested. Nevertheless, the drug has not showed any 

activity, indicating that cytotoxicity of 3-AP has another reason.
168

 

Even though Triapine has entered more than 30 phase I or II clinical trials, it possesses a 

number of adverse effects such as methemoglobinemia, hypoxia, neutropenia and 

others.
157,169

 Therefore, researchers continue to search for the drugs with better properties, 

synthesizing and investigating derivatives of 3-AP. Thus, Kowol et al have demonstrated 

that dimethylation of the terminal nitrogen increases the cytotoxicity.
170

 Some of N-

methylated derivatives demonstrated a significant increase in toxicity. For example, 3-

aminopyridine-2-carboxaldehyde-N
4
-dimethylthiosemicarbazone (Chart 10A) has shown 

more than 2-fold increase of cytotoxicity in ovarian carcinoma cell lines with IC50 0.30 ± 

0.03 µM, while 3-AP has IC50 0.7 ± 0.3 µM against this cell line. In addition, it showed 

activity against cell lines, which are Triapine resistant, colon adenocarcinoma and lung 

fibroblast cell line. 
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Chart 10. Line drawings of 3-aminopyridine-2-carboxaldehyde-N
4
-

dimethylthiosemicarbazone (A) and 3-(dimethylaminopyridine)-2-carbaldehyde N,N-

dimethylthiosemicarbazone (B). 

 

Note that dimethylation of both, terminal nitrogen and amino group at the pyridine ring in 

case of 3-(dimethylaminopyridine)-2-carbaldehyde N,N-dimethylthiosemicarbazone (Chart 

10B), resulted in a large increase of cytotoxicity in comparison with 3-AP with IC50 in low 

nanomolar range (0.0070 ± 0.0003 µM against ovarian carcinoma cell line).
171

 

Recently, Polanski et al synthesized 12 novel derivatives of Triapine and demonstrated that 

insertion of piperazinyl fragment into the structure improves anticancer activity. Moreover, 

the best activity was observed for two compounds, which contained fluorine atoms within 

the fragment, stimulating the design of new more potent and selective anticancer agents.
172

 

 

2.2.3. Other Thiosemicarbazones as Potent Anticancer Agents 

 

As it can be seen from all, mentioned preciously, extensive structure-activity relationship 

studies are an important tool in the design of new drugs. Richardson et al discovered a 

series of novel di-2-pyridilketone thiosemicarbazones (DpT), which have shown antitumor 

and antimetastatic activity in vivo and in vitro.
173-175

 One of the most potent and best 

characterized member of the first generation of DpT analogues is di-2-pyridylketone 4,4-

dimethyl-3-thiosemicarbazone (Chart 11, Dp44mT). 

 

 

Chart 11. Line drawing of di-2-pyridylketone 4,4-dimethyl-3-thiosemicarbazone 

(Dp44mT) and di-2-pyridylketone 4-cyclohexyl-4-methyl-3-thiosemicarbazone (DpC). 



24 

 

This compound accumulates in lysosomes and takes part in ROS production what results in 

lysosomal membrane permeabilization and cell death.
176

 It should be also noted that 

Dp44mT showed significantly greater antiproliferative effects in comparison with 

Triapine.
174

 Quite recently, it was demonstrated that Dp44mT in combination therapy with 

doxorubicin allows to overcome drug resistance via lysosomal permeabilization.
177

 

Another potent compound from the second generation of DpTs is di-2-pyridylketone 4-

cyclohexyl-4-methyl-3-thiosemicarbazone (Chart 11, DpC). This compound appeared to be 

even more potent than Dp44mT and has shown a number of advantages, i. e., greater 

antitumor activity in vivo,
 
possibility to administrate it orally, unlike Dp44mT, which is 

toxic by oral administration,
175

 significantly greater plasma half-life in rats,
178

 lack of some 

side-effects which appeared by administration of Dp44mT and others.
175,179

 DpC has just 

entered phase I clinical trials for treating advanced tumors.
180

 

As design of the new potent anticancer drugs with high activity and low toxicity is a 

multiparameter task computer modelling in silico has gained a significant importance. 

Different platforms use various pharmacological principles, statistical modelling. Thereby 

COTI-2 ((E)-N´-(6,7-dihydroquinolin-8(5H)-ylidene)-4-(pyridine-2-yl)piperazine-1-

carbothiohydrazide, Chart 12) has been designed and synthesized recently by Koropatnick 

et al.
181

 

 

  

Chart 12. Line drawing of ((E)-N´-(6,7-dihydroquinolin-8(5H)-ylidene)-4-(pyridine-2-

yl)piperazine-1-carbothiohydrazide  (COTI-2). 

 

The activity of COTI-2 against multiple human cancer cell-lines with different genetical 

background was tested. The compound inhibits the proliferation rate of all cell lines tested 

over 72 h. Moreover, COTI-2 appeared to be more effective in inhibition of the cell growth 

than marketed cetuximab and erlotinib.
181 

COTI-2 has entered phase I clinical trials in 

2016.
182

 Quite recently, it has been shown that COTI-2 synergizes with other anticancer 
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drugs, cisplatin and paclitaxel, enhancing their activity and even does not induce resistance 

in cancer cells what is one of the main problems.
183

 

 

All mentioned previously clearly shows that TSCs still remain one of the most potent and 

promising class of anticancer agents. They still are the subject of significant interest of the 

researchers. However, their use is limited by high toxicity and as a result low therapeutic 

index.
149,155,184

 Another issue to be addressed is the low solubility of the most of TSCs. 

Scientists payed attention to this point already during the investigation of 5-HP, which had 

to be used in form of its sodium salt as it was water-soluble and allowed intravenous 

administration.
134

 One possible way to improve the solubility is the attachment of different 

hydrophilic moieties, i. e., morpholine or proline to the hydrophobic scaffold of the 

molecule, which also allows to modulate the toxicity of the compounds. Such experiments 

have been successfully done by a number of research groups.
 91,93,185

 Furthermore, 

incorporation of biologically active scaffolds, such as morpholine allows to extend the 

biological potential of the final molecule. We reported quite recently on 6 new morpholine 

hybrids and their metal complexes which possess both anticancer and antibacterial 

properties. Compounds showed activity against two cell lines, human ovarian carcinoma 

A2780 and its cisplatin resistant form, as well as against S. aureus and P. aeruginosa. 

Should be noted that significant antibacterial activity was observed for copper(II) 

complexes of the hybrids, moreover, compounds were more active against Gram-positive 

bacteria (S. aureus) than Gram-negative (P. aeruginosa).
91

 

The solubility of TSCs can also be modified in complex formation with transition metals. 

This issue deserves a separate chapter since there is a large variety of metal complexes 

with completely different from that of TSCs cytotoxic activity and mode of action, what 

also play an important role in anticancer therapy. 

 

2.2.4. Metal Complexes of Thiosemicarbazones as Anticancer Agents 

 

TSCs are strong metal chelators in both neutral and anionic forms especially for the first 

row transition metals such as copper(II), zinc(II) and iron(III). For coordination they 

usually use S and N atoms from the backbone and coordinate in bidentate fashion.
186

 

Coordination capacity can be increased if aldehydes or ketones used for TSCs preparation 

contain additional donor atoms in positions suitable for chelation. Typical tridentate 
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binding occurs through S, N, X atoms, where X is an atom of the additional functional 

group.
187

 Monodentate coordination through the thione sulfur atom was reported Hg(II) 

and Ag(I).
188,189

 It has been shown that metal complexes of TSCs are usually more 

cytotoxic as proligands.
87,91-93,190

 For example, iron(II)-Triapine is more potent RNR 

inhibitor in comparison with the proligand.
162

 But at the same time coordination of Fe(III) 

to 3-AP decreases cytoxicity up to 2-3 times.
170,191

 Nevertheless, situation with other α-

(N)-heterocyclic thiosemicarbazones is more optimistic. Coordination of copper(II) to di-2-

pyridylketone 4,4-dimethyl-3-thiosemicarbazone (Dp44mT) resulted in more than 2-fold 

increase of cytotoxicity in SK-N-MC neuroepithelioma cells after 24 h incubation in case 

of [Cu(Dp44mT)(OAc)] and nearly 5-fold in case of [Cu(Dp44mT)2] under the same 

conditions.
192

 Richardson et al proposed the mechanism of cytotoxic action of Dp44mT, 

where they showed that the reason of apoptotic action of the proligand underlies in the 

formation of Cu-Dp44mT complex in lysosomes which further takes part in ROS 

production.
176

 A similar was proposed for the di-2-pyridylketone 4-cyclohexyl-4-methyl-3-

thiosemicarbazone (DpC).
193

 Recently we reported on variety of TSCs with antineoplastic 

activity. For some of them coordination to copper(II) played a crucial role in their 

cytotoxicity.
 87,91,93,190,194

 For example, coordination of copper(II) to morpholine-TSC 

derivative resulted in nearly 5-fold increase of cytotoxicity in cervical carcinoma HeLa cell 

lines and more than 17-fold increase in human colon carcinoma LS174 cells.
93

 Moreover, 

it resulted in much better aqueous solubility of TSCs.
85,93

 However, coordination of metals 

not always leads to an increase of cytotoxicity. In particular, cordination of nickel(II) and 

palladium(II) to L-proline and homoproline-4-N-pyrrolidine-3-thiosemicarbazone hybrids 

have led to nearly 10-fold loss of cytotoxicity in all cell lines tested.
190

 

 

2.3 Amidrazones as Anticancer Agents 
 

A brief overview on amidrazones, the close congeners of thiosemicarbazones and their 

antiproliferative properties, is given herein. Amidrazones are compounds with general 

formula R–C(=NR
1
)–NH–NHR

2
 and can exist in two tautomeric forms, hydrazide imides 

and amide hydrazones (Chart 13). 
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Chart 13. Tautomeric forms of amidrazones. 

 

These molecules also possess a broad spectrum of biological activity. In literature there are 

reports on amidrazones as antimicrobial, antibacterial,
195-198

  anticonvulsant,
199

 and 

anticancer agents.
200-204

 Like thiosemicarbazones amidrazones are good metal chelators, 

various complexes with copper(II), palladium(II), platinum(II) and platinum(IV) as well as 

with other metals have been reported.
205-209

 Unlike thiosemicarbazones the number of 

reports about metal complexes of amidrazones is comparatively small, and studies in this 

direction just started to develop. Nevertheless, it was demonstrated that copper(II) complex 

with carboxamidrazone possesses antiproliferative activity against human breast cancer 

cell line MCF-7 in low micromolar range. In addition, complex appeared to be 

electrochemically active and potentially able to generate ROS in cancer cells.
210

 Recently, 

it was demonstrated that incorporation of biologically active moieties like coumarine or 

piperazine in amidrazone backbone results in new antiproliferative agents.
203,204

 Therefore 

coupling to another biologically active moiety like morpholine may increase cytotoxicity 

of the final compound. Quite recently it was shown that incorporation of morpholine unit 

into the thiosemicarbazone structure not only increased solubility of the compounds but 

also improved their anticancer activity.
91

 Thus, amidrazones represent an interesting but 

undeveloped class of potential antitumor agents. 

 

2.4 Dendrimers in anticancer therapy 

 

Dendrimers are branched molecules with many arms originating from the central core. 

Interest in this type of molecules as possible biologically active agents appeared only in the 

last decades after the growth of the number of water soluble and biocompatible 

dendrimers.
211

 The first synthesized dendrimers were polyamidoamines (PAMAMs). The 

core of these molecules is ammonia or ethylenediamine species.
212

 Nowadays they are 

commercially available and PAMAM dendrimer scaffolds are mostly used for biological 

applications. The number of functional groups, molecular formula and molecular weight of 

dendrimers is a function of generation.
213

 For example, in PAMAMs number of surface 

reactive sites is doubled with each generation, the mass of the molecule increases then 
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more than twice.
212, 214

 In medicine dendrimers can be used, for example, as drug delivery 

agents, in photodynamic therapy, imaging, neutron capture therapy, etc.
215

 

In anticancer therapy dendrimers are in the focus of the great interest mainly as drug 

delivery agents. Generally there are two main approaches for drug delivery: noncovalent 

encapsulation of drugs and covalent dendrimer-drug conjugates.
211

 For the first time 

mechanism of the noncovalent incapsulation has been proposed in 1982 by Maciejewski.
216

 

This approach works as the “host-guest” principle. “Guest” molecules are captured within 

the internal cavities of “host” dendrimers. Cavity of the dendrimer, which is able to 

encapsulate guest molecules is called dendritic box.
 217

 Jansen et al have shown that size of 

approximately 5 nm is needed to physically lock guest molecules.
218

 Molecules are able to 

diffuse in or out of the dendrimer host,
217

 but it is difficult to control this process and 

sometimes harsh conditions are required. This makes the usage of such molecules for drug 

delivery more problematic. In other cases the release of the drug can occur quite rapidly, 

which is also often an undesired effect.
211

 

The second approach implies the creation of covalent dendrimer-drug conjugates. As 

dendritic molecules possess multivalency, drug molecules can be attached to their 

periphery. Moreover, drug loading can be controlled by changing the generation number of 

the dendrimer.
211

 This method possesses a number of advantages, in particular, increased 

water solubility, passive tumor targeting due to EPR-effect, prolonged plasma half-life and 

enhanced bioavailability.
212,219

  

 

Enhanced permeability and retention (EPR) effect  an effect by which molecules of 

certain size tend to accumulate in tumor tissue more than they do in normal one. This 

becomes possible due to a number of pathological properties of the tumor such as 

extensive angiogenesis, lack of the muscle smooth layer and poor lymphatic drainage.
220,221

 

Thus, molecules of appropriate size can accumulate in the malignant tissue resulting in 5-

10-fold higher concentration of drug in tumor tissue then in blood plasma.
219

 

 

Therefore, dendrimers build an interesting and potent class of compounds for 

chemotherapy. At present compound called XYOTAX (paclitaxel, a marketed anticancer 

drug, conjugated to polyglutamic acid) has already entered phase III clinical trials in 

combination with carboplatin for the treatment of non-small cell lung cancer.
219

 Attempts 

to synthesize dendrimers of different generations with variety of potent anticancer agents 

like thiosemicarbazones or ruthenium have also been reported. Govender et al prepared 
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multinuclear ruthenium-arene complexes coordinated to dendritic scaffolds. The 

compounds demonstrated moderate activity against A2780 human ovarian cancer cell line, 

but were more cytotoxic in comparison with analogous mononuclear ruthenium complexes 

what could be associated with better accumulation of the drug in tumor cells.
222

 

Efforts to conjugate thiosemicarbazones with dendritic moiety were made by Smith et al. 

They reported on ferrocenylthiosemicarbazones with antimalarial activity.
223

 In addition, 

palladium(II) and platinum(II) complexes of multimeric salicylaldimine TSCs which 

showed activity in micromolar range against oesophageal cancer WHCO1 cell line were 

also synthesized.
224

 

Nevertheless, data on dendrimers conjugated with TSCs in this field still stays 

undeveloped.  Moreover, drug conjugates with dendrimers still possess a number of 

disadvantages, such as low aqueous solubility, high general toxicity, short half-life in 

blood.  Thus, there are still a number of problems which have to be solved. 
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Abstract 

Six morpholine-(iso)thiosemicarbazone hybrids HL
1
‒HL

6
 and their Cu(II) complexes with 

good-to-moderate solubility and stability in water were synthesized and characterized. 

Cu(II) complexes [Cu(L
1‒6

)Cl] (1‒6) formed weak dimeric associates in the solid state, 

which did not remain intact in solution as evidenced by ESI-MS. The lead proligands and 

Cu(II) complexes displayed higher antiproliferative activity in cancer cells than Triapine. 

In addition, complexes 2‒5 were found to specifically inhibit the growth of Gram-positive 

bacteria S. aureus with MIC50 values at 2 to 5 µg/mL. Insights into the processes 

controlling intracellular accumulation and mechanism of action were investigated for 2 and 

5, including the role of ribonucleotide reductase (RNR) inhibition, endoplasmic reticulum 

(ER) stress induction and regulation of other cancer signaling pathways. Their ability to 

moderately inhibit R2 RNR protein in the presence of DTT is likely related to Fe chelating 

properties of the proligands liberated upon reduction.  

 

 

 

 

 

 

 

 

 

Introduction 

Progress in modern anticancer therapy has led to significant improvements in survival rates 

of cancer patients. However, even though more patients achieve remission nowadays, their 

life-span often remains short.
1
 One of the major causes of cancer death is the malignant 

process itself, which is associated with extensive formation of metastases, but it is not 

commonly mentioned that a significant number of immunocompromised cancer patients 

die due to infections, such as pneumonia and peritonitis.
2
 Despite that cancer patients are 

very prone to develop infections during chemotherapy, their preventive antibiotic treatment 

is hampered by additional adverse effects.
3
 However, recent clinical evidence 

demonstrated that benefits of antibiotic prophylaxis of cancer patients outweighed its 

risks.
4
 The simultaneous suppression of pathogenic microorganisms during anticancer 

chemotherapy could not only interrupt or abolish tumor growth but eventually protect 
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cancer patients from infection. Hence, the development of novel drugs which exhibit dual 

anticancer and antibacterial properties in comparable concentration range would affect the 

malignant process and simultaneously decrease the risk of patients’ death due to infection, 

febrile neutropenia and bacteraemia. 

 

Both cancer and bacterial cells share similar properties, such as high rate of proliferation, 

rapid adjustment and quick spreading within the host and aggressive disease progression.
5
 

In order to sustain such rapid proliferation, cancer and bacterial cells have to support DNA 

replication and production of RNA by increasing de novo nucleotide synthesis. 

Ribonucleotide reductase (RNR) is the key enzyme that catalyzes the reduction of 

ribonucleotides to their corresponding deoxyribonucleotides, thereby initiating DNA 

synthesis or repair, making it an important biomolecular target for drugs with anticancer 

and antibacterial properties.
6,7

 RNR consists of a large subunit (NrdA or R1), which 

contains the allosteric site that regulates and catalyzes substrate reduction, and a small 

subunit (NrdB or R2) with the diferric-tyrosyl radical cofactor, essential for the catalytic 

activity of the RNR enzyme. Small molecules, that can sequester Fe(III) from the dinuclear 

metal center and/or scavenge the tyrosyl radical, inhibit R2 activity, thereby preventing de 

novo DNA synthesis in cancer cells and bacteria. 

 

α-N-heterocyclic thiosemicarbazones (TSCs) are excellent transition metal chelators and 

have a broad range of activities, including anticancer and antibacterial properties, which 

are believed to be at least partially due to their RNR inhibition.
8
 To date, several TSC 

compounds, namely 3-amino-2-pyridinecarboxaldehyde thiosemicarbazone (Triapine),
9-11

 

di-2-pyridylketone 4-cyclohexyl-4-methyl-3-thiosemicarbazone (DpC)
12,13

 and (E)-N´-

(6,7-dihydroquinolin-8(5H)-ylidene)-4-(pyridine-2-yl)piperazine-1-carbothiohydrazide 

(COTI-2)
14

 are undergoing phase I and II clinical trials against various types of cancer. The 

main caveat in the use of TSCs is their high toxicity which is reflected in a number of side-

effects in clinical trials involving Triapine.
9-11

 Many studies have shown that Cu(II)-TSC 

complexes often display better selectivity than their TSC proligands, which can be 

attributed to the induction of different intracellular signaling pathways.
15

 

 

Despite advances in the design and synthesis of new TSCs and Cu(II)-TSC complexes over 

the years, these compounds are facing the problem of low aqueous solubility, thereby 

hampering their further development. Therefore, the synthesis of water-soluble and 
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cytotoxic TSCs and Cu(II)-TSC complexes requires a thoughtful selection of the functional 

groups that can be attached at the TSC backbone without reducing their biological 

activity.
16-20

 With the aim to reach the optimal combination of aqueous solubility and high 

cytotoxicity, we designed new (iso)thiosemicarbazone-morpholine hybrids and their Cu(II) 

complexes. Notably, morpholine moiety was chosen since it confers excellent water 

solubility, which typically translates into an improved pharmacological effect. 

Additionally, morpholine derivatives possess a broad spectrum of biological activities, 

including anticancer and antibacterial therapeutic potential.
21

 For example, commercial 

anticancer drugs Aprepitant and Gefinitib, as well as antibacterial drugs Finafloxacin and 

Levofloxacin include a morpholine fragment in their structures. 
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Chart 1. Line drawings of proligands HL
1‒6

 and Cu(II) complexes [Cu(L
1‒6

)Cl] (1‒6) reported in this work. 

All proligands and Cu(II) complexes, but HL
3
 and 2, were investigated by single crystal X-ray 

crystallography. 
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Herein we report on the synthesis of water-soluble proligands HL
1‒6

 and Cu(II) complexes 

1‒6 (Chart 1), which were characterized by analytical and various spectroscopic 

techniques. X-ray diffraction structures of HL
1
,
 

HL
2
, HL

3
‒HL

6
 and 1, 3‒6 were 

established and solution equilibria studies for HL
1
 and Cu(II) complex formation with HL

1
 

by pH-potentiometry, UV‒vis, EPR and 
1
H NMR spectroscopy, as well as 

electrochemistry were performed. Antiproliferative activity against human ovarian cancer 

A2780 and cisplatin resistant A2780cis cell lines, non-cancerous HEK293 cell line, as well 

as antibacterial activity against Gram-positive (S. aureus) compared to Gram-negative 

bacteria (P. aeruginosa) were investigated and structure-activity relationships discussed. 

The processes controlling cellular accumulation of 2 were investigated. Preliminary 

insights into the mode of action of 2 and 5, including mouse R2 RNR inhibitory potential, 

studied by molecular modeling and tyrosyl radical quenching monitored by EPR 

spectroscopy, as well as by Western Blotting and flow cytometry are also presented.  

 

Results  

Synthesis and characterization of (iso)thiosemicarbazone-morpholine hybrids and 

their Cu(II) complexes. The 5-methylmorpholine-pyridine-2-carboxaldehyde H was 

prepared in seven steps as shown in Scheme 1 and the detailed synthesis is described in the 

Supporting Information. First pyridine-2,5-dicarboxylic acid A was converted into diester 

B that was further reduced to the diol C. The latter was selectively oxidized with SeO2 to 

the aldehyde D. After protection of the aldehyde group the alcohol E was converted into 

the chloride F that was further reacted with morpholine to give species G. Finally, the 

hydrolysis of the methyl ester function in acidic conditions afforded the required aldehyde 

H for condensation reactions with thiosemicarbazide, 4N-dimethyl-3-thiosemicarbazide, 

4N-pyrrolydinyl-3-thiosemicarbazide, 4N-morpholinyl-3-thiosemicarbazide, 4N-phenyl-3-

thiosemicarbazide and S-methylisothiosemicarbazide hydroiodide to give the hybrids 

HL
1‒6

 (Scheme 1), respectively. One- and two-dimensional NMR spectra were in 

agreement with the proposed structures for HL
1‒6

, enabling the assignment of all 
1
H and 

13
C resonances. The ESI mass spectra recorded in a positive ion mode showed strong peaks 

corresponding to [M+H]
+
 and [M+Na]

+
 ions, respectively. The proligands HL

1‒6
 were 

reacted with Cu(II) chloride dihydrate and triethylamine in 1:1:1 mole ratio in methanol to 

give [Cu(L
1‒6

)Cl] (1‒6) in 35‒91% yields. Positive ion ESI mass spectra showed strong 

peaks attributed to [Cu(L
1‒6

)]
+
 ions. The structures of 1, 3‒6 were also established by 

single crystal X-ray diffraction (vide infra).  
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Scheme 1. Synthesis of 5-methylmorpholine-pyridine-2-carboxaldehyde. Reagents and conditions: (i) thionyl 

chloride, methanol, 0 °C → room temperature, 12 h;
22

 (ii) sodium borohydride, ethanol, acetone, potassium 

carbonate, chloroform, 0 °C, 1 h → reflux, overnight;
23

 (iii) selenium dioxide, dioxane, water, 100 °C, 3 h;
24

 

(iv) trimethyl orthoformate, methanesulfonic acid, methanol, reflux, 48 h; (v) thionyl chloride, 

dichloromethane, ‒80 °C → room temperature, overnight; (vi) moprholine, triethylamine, THF/CH2Cl2 1:1, 

50 °C, overnight, purification by column chromatography; (vii) HCl, water, 60 °C, overnight. 

 

X-ray Crystallography. The results of X-ray diffraction studies of HL
1
, HL

2
 and HL

4‒6
 

are shown in Figure S1, while those of [Cu(L
1
)Cl] (1), [Cu(L

3
)Cl] (3), [Cu(L

4
)Cl] (4), 

[Cu(L
5
)Cl] (5) and [Cu(L

1
)Cl(H2O)] (1´), [Cu(L

6
)Cl] (6) in Figures 1 and 2, respectively. 

Selected bond distances and bond angles are quoted in Tables S1 and S2. The proligands 

adopted different isomeric configurations in the solid state depending on substituents at the 

terminal nitrogen atom of the thiosemicarbazide moiety. Complexes 1, 3, 4 and 5 form 

dimeric associates as shown in Figure 1 (co-crystallized solvent was omitted for clarity). 

Each Cu(II) ion has a distorted square-planar coordination geometry. Intermolecular 

contacts supporting the dimeric associates in the crystals are of different nature in 1 and 

3‒5, respectively. The presence of long intermolecular contacts Cu···Cl or Cu···Cl and 

Cu···S (see legend to Figure 1) provides evidence of weak association of complexes in 

dimers, which most probably dissociate in solution with formation of monomeric species. 

There was no evidence from ESI mass spectra on the presence of dimeric species in 

solution.  
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Figure 1. ORTEP views of weak dimeric associates of (a) [Cu(L
1
)Cl] (1), (b), [Cu(L

3
)Cl] (3), (c) [Cu(L

4
)Cl]2 

(4) and (d) [Cu(L
5
)Cl] (5).  

 

Moreover, HL
1
 reacts with CuCl2 in aqueous solution with formation of five-coordinate 

complex [Cu(L
1
)Cl(H2O)] (1´·2H2O) (Figure 2b). The monomeric square-planar complex 

[Cu(L
6
)Cl] forms an infinite chain via weak coordination of the morpholine oxygen atom 

of one complex to the Cu(II) atom of the next molecule as shown in Figure S2. The 

intermolecular Cu···O contact is of 2.603(3) Å. 
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Figure 2. ORTEP views of (a) [Cu(L
1
)Cl(H2O)] (1´) and (b) [Cu(L

6
)Cl] (6).  

 

Solution Chemistry. In order to establish the presence of isomers of the proligands in 

aqueous solution and proton dissociation processes, in which these can be involved 

solution equilibrium studies have been performed. Likewise, the solution speciation of the 

copper(II) complexes, as well as their stability have been investigated to elucidate the 

species, which is the most stable and abundant at physiological pH. The proligand HL
1
 

(Chart 1) was chosen for the detailed solution equilibrium studies since it has the simplest 

structure and the best aqueous solubility among the proligands prepared. The presence of 

different isomers in solution was excluded by measurements of 
1
H NMR spectra in 10% 

D2O/90% H2O (Figure S3), which showed only one set of signals for the proligand in 

accordance to its low (C1) molecular symmetry. The proligand most probably adopts the E 

configuration found in the solid state (Figure S1). The same configuration was reported 

previously for the reference compound 2-formylpyridine thiosemicarbazone in polar 

solvents.
25

 Proton dissociation processes were monitored in aqueous solution by pH-

potentiometric and 
1
H NMR titrations and three pKa values were determined by both 

methods (Table S3). According to the obtained pKa values HL
1
 is mainly neutral (97% HL, 

3% H2L
+
) at physiological pH (Figure S4). Inspection of 

1
H NMR spectra revealed 

stepwise deprotonation of three functional groups in the following order: NpyridiniumH
+
 → 

NmorpholiniumH
+ 

→ NhydrazineH (Figure S3).  

 

The solution speciation of the Cu(II) complexes with HL
1
 was characterized by the 

combined use of pH-potentiometry, UV−vis spectrophotometry (via charge transfer (CT) 

and d-d bands) and EPR spectroscopy. The spectral changes (Table S4, Figures 3a and S5) 

in the UV and visible regions measured at 1:1 metal-to-ligand ratio show the high-extent 

formation of a Cu(II) complex already at strongly acidic pH values (e.g. pH 1) and its 
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stepwise deprotonation by increasing the pH. At pH 7.4 the dominant species is [CuL]
+
 

(Figure 3b).  
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Figure 3. UV–vis spectra recorded for the Cu(II)–HL
1
 (1:1) system at various pH values (a), and 

concentration distribution curves and measured absorbance values at 346 nm (♦) and 440 nm (■) for the same 

system (b). {cCu(II) = clig = 121 µM; T = 298 K; I = 0.10 M (KCl); l = 0.5 cm}.  

 

Due to the high stability of the Cu(II) complexes formed, the cumulative constant (logβ) 

for the [CuL]
+
 species (Table S4) was determined via EDTA displacement studies (Figure 

S6). Then the pKa and the logβ values for the other type of complexes ([CuLH2]
3+

, 

[CuLH]
2+

, [CuLH-1]) were computed using each method and data were in a fairly good 

agreement (Table S4). It is worth noting that formation of a bis-ligand complex [CuL2] at 

ligand excess was also confirmed by the UV−vis CT and EPR titrations. The d-d bands 

(Figure S5) recorded from pH 3.4 to 7.5 at 1:1 metal-to-ligand ratio revealed that the 

proton dissociation process of [CuLH]
2+ 

→ [CuL]
+
 is accompanied by rather weak spectral 

changes as most probably the non-coordinating morpholinium NH
+
 is deprotonating. In 

order to further characterize the coordination modes of the various complexes in solution 

EPR parameters (Table S5) obtained by the deconvolution of the recorded spectra (Figure 

S7) were analyzed. The isotropic g and A values of [CuLH]
2+ 

and [CuL]
+ 

are quite similar 

indicating the like coordination mode.  

 

Comparison of the EPR parameters of the Cu(II) complexes of HL
1
 with those of 2-

formylpyridine thiosemicarbazone
25

 and Triapine
26

 permitted to conclude that in the 

[CuLH]
2+ 

and [CuL]
+ 

complexes a typical coordination mode via the Npyridyl,N,S
−
 binding 

site is realized in accordance with the X-ray diffraction data. [CuLH2]
3+

 contains the 

diprotonated ligand in which the protons are attributed to the non-coordinating N
2
H and 

morpholinium NH
+
 moieties, while [CuLH-1] is most probably a mixed hydroxido complex 

[CuL(OH)] formed by the deprotonation of water molecule coordinated in the fourth 
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equatorial position. At ligand excess besides the bis-ligand complex a minor dinuclear 

species [Cu2L3H]
2+

 was detected resulting in the weak exchange coupling between 

neighboring Cu(II) centers smearing out the expected hyperfine structure.  

 

Cu(II)-TSC complexes undergo quasi-reversible one-electron reduction at 

biologically accessible potentials. In order to assess the redox properties of 1‒6, detailed 

electrochemical and spectroscopic studies in various solvents were performed using cyclic 

voltammetry as well as EPR–spectroelectrochemistry. Additionally, the UV‒vis spectra of 

1‒5 were measured (Figure S8). Electrochemical and spectroscopic data are summarized in 

Table S6. Almost reversible one-electron cathodic reduction was observed for 1‒5 in 

DMSO with half-wave redox potentials from –0.77 V to –0.81 V vs Fc
+
/Fc (for 

comparison from –0.13 V to –0.17 V vs NHE) (Table S6 and Figure S9). In general, the 

values of redox potentials of 1‒6 for the first reduction step decreased in the following 

rank order (E1/2(5) > E1/2(2) = E1/2(3) = E1/2(4) > E1/2(1) > E1/2(6)). The second reduction 

step occurred at –1.8 V vs Fc
+
/Fc (–1.16 V vs NHE) and was less reversible indicating a 

ligand based reduction. This was confirmed by the CVs of the corresponding proligands 

which exhibited the first reduction step at around –1.9 V vs Fc
+
/Fc (not shown). In aqueous 

solutions the reduction potentials shifted to the less negative values and reduction was less 

reversible as shown for 2 in Figure S10. Complex 6 exhibited different redox behavior 

with the lowest electrochemical reversibility and the most negative reduction potential of –

0.86 V vs Fc
+
/Fc (–0.26 V vs NHE) (Figure S9c). Unlike the cathodic reduction, the 

anodic oxidation of 1‒6 was irreversible with potential values in the region from 0.4 to 0.8 

V vs Fc
+
/Fc (0.68 V to 1.44 V vs NHE). Similar response was observed for the 

corresponding proligand HL
2
 (Figure S11), indicating ligand based oxidation in 2. 

 

The biologically accessible reduction of Cu(II)-TSC complexes is Cu-centered. To 

investigate whether the biologically accessible reduction is metal-centered, the reversible 

one-electron reduction of 5 was further studied by in situ UV‒vis-spectroelectrochemistry 

(Figure 4a). Upon cathodic reduction at the first reduction peak two isosbestic points at 

389 and 325 nm were detected. The spectral changes of the S→Cu(II) charge transfer 

bands (~425 nm) clearly confirmed the reduction of Cu(II) to Cu(I). Additionally, upon 

voltammetric reverse scan, reoxidation and a nearly full recovery of the initial optical 

bands were observed, attesting the chemical reversibility of the cathodic reduction even at 

low scan rates (Figure 4). To confirm the involvement of Cu(II) in the reduction processes, 
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in situ EPR electrochemistry of 1‒6 in nBu4NPF6/DMSO and water was performed, since 

metal-based reduction would result in the formation of EPR-silent Cu(I) species (Figure 

4b). As can be seen for electrochemical reduction of 2 in nBu4NPF6/DMSO in the region 

of the first one–electron reduction step (see inset in Figure 4b), a significant decrease of 

EPR signal was observed in accord with the formation of diamagnetic Cu(I) d
10

 complex. 

For aqueous solutions the reversibility was significantly reduced, implying a more complex 

mechanism involving the release of the proligand. However, by decreasing the scan rate 

and going to the more positive potentials upon reverse scan, a partial recovery of the initial 

optical bands was also observed in aqueous solutions as shown for 2 in Figure S12. Thus, 

electrochemical data indicated a likely reduction of Cu(II)-TSC complexes to Cu(I) species 

with the subsequent release of the proligands.  
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Figure 4. Spectroelectrochemistry of 2 in nBu4NPF6/DMSO in the region of the first cathodic peak. (a) 

Potential dependence of UV‒vis spectra with respective cyclic voltammogram (Pt-microstructured 

honeycomb working electrode, scan rate v = 5 mV s
−1

); (b) evolution of UV‒vis spectra in 2D projection in 

forward scan (Inset: EPR spectra measured at the first reduction peak using Pt mesh working electrode). 
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Lead TSCs and their Cu(II) complexes exhibited marked antiproliferative activity in 

a nanomolar concentration range. The in vitro anticancer activity of 1‒6 and their 

respective TSCs was determined in ovarian carcinoma cells (A2780 and A2780cisR) and 

non-cancerous human embryonic kidney cells (HEK293) by the colorimetric MTT assay 

with an exposure time of 72 h. The IC50 values for HL
1
‒HL

6
 and 1‒6 in comparison with 

Triapine, CuCl2, Cu-Triapine and cisplatin are listed in Tables 1 and 2, respectively, and 

concentration-effect curves are depicted in Figure S13.  

 

Table 1. Cytotoxicity of proligands HL
1‒6

 and their n-octanol/water distribution 

coefficients (logD7.4)  

Compound  IC50 [μM]
a
    logD7.4

d
 

 A2780 A2780cis RF
b
 HEK293 SF

c
  

HL
1
 7.6  1.9 13  1 1.7 9.1  1.7 1.2 +0.46  0.01 

HL
2
 0.010  0.001 0.035  0.006 3.5 0.030  0.005 3.0 +0.51  0.02 

HL
3
 0.008  0.002 0.028  0.006 3.5 0.022  0.005 2.8 +1.0  0.1 

HL
4
 0.07  0.01 0.76  0.06 10.9 0.35  0.05 5.0 +0.37  0.04 

HL
5
 0.31  0.08 1.1  0.2 3.5 0.67  0.06 2.2 ≥2 

HL
6
 157  21 426  44 2.7 89  2 0.6 +0.84  0.01 

Triapine 0.67  0.22 1.1  0.1 4.6 0.39  0.05 0.6 n.d.
e
 

a
 50% inhibitory concentrations (IC50) in human ovarian carcinoma cell lines A2780 and A2780cisR and 

human embryonic kidney cell line HEK293, determined by means of the MTT assay after 72 h exposure. 

Values are means ± standard deviations obtained from at least three independent experiments, 
b
Resistance 

Factor (RF) is determined as IC50 (A2780cisR)/IC50 (A2780),
 c

 Selectivity Factor (SF) is determined as IC50 

(HEK293)/IC50 (A2780),
  d

 Distribution coefficients between n-octanol and buffered aqueous solution determined at 

physiological pH by UV‒vis spectroscopy. Values are means ± standard deviations obtained from at least 

three independent experiments,
 e 

n.d. – not determined. 

 

With the exception of HL
1
 and HL

6
, the proligands demonstrated marked antiproliferative 

activity in a submicromolar to nanomolar concentration range in both A2780 and 

A2780cisR cells. The efficacy of compounds HL
2
, HL

3
 and HL

5
 in cisplatin-resistant 

A2780cisR cells decreased by factor 3.5 in comparison to that in sensitive A2780 cells, 

whereas a 4.6- and 11-fold drop of activity was observed for Triapine and HL
4
, 

respectively. The activity of proligands HL
1‒6

 and Triapine increased in the following rank 

order HL
6
 < HL

1
 < Triapine < HL

5
 < HL

4 
<< HL

2 
 HL

3
 (Table 1). 

Table 2. Cytotoxicity of Cu(II)-TSC complexes 1‒6, CuCl2 and cisplatin and their n-

octanol/water distribution coefficients (logD7.4)  
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Compound  IC50 [μM]
a
  Cellular 

accumulation,
d
 

nmol Cu/ 

mg protein 

logD7.4
e
 

 

 A2780 A2780cis HEK293 RF
b
 SF

c
 A2780  

1 2.2  0.1 13  4 16  2 5.9 7.3 0.63  0.09 –0.81  0.04 

2 0.012  0.002 0.030  0.003 0.032  0.008 2.5 2.7 3.9  0.6 +0.30  0.01 

3 0.26  0.02 0.60  0.05 0.78  0.20 2.3 3.0 2.2  0.6 +0.86  0.02 

4 0.08  0.01 0.26  0.04 0.24  0.02 3.3 3.0 3.2  0.7 +0.12  0.01 

5 0.009  0.002 0.017  0.002 0.020  0.003 1.9 2.2 4.1  0.9 +1.49  0.06 

6 43  3 62  6 72  0 1.4 1.7 0.47  0.08 –0.23  0.01 

CuCl2 83  12 82  3 187  37 1.0 2.3 0.17  0.05
 f 
 n.d.

 g
 

Cu-Triapine
h
 1.3  0.1 29  0.3 n.d. 22.3 - n.d. n.d. 

Cisplatin 0.44  0.13 4.6  0.3 n.d. 10.5 - - –2.30  0.79
i
 

a
 50% inhibitory concentrations (IC50) in human ovarian carcinoma cell lines A2780 and A2780cisR and 

human embryonic kidney cell line HEK293, determined by means of the MTT assay after exposure for 72 h. 

Values are means ± standard deviations obtained from at least three independent experiments, 
b
Resistance 

Factor (RF) is determined as IC50 (A2780cisR)/IC50 (A2780),
 c 

Selectivity Factor (SF) is determined as IC50 

(HEK293)/IC50 (A2780),
 d 

Cellular accumulation in A2780 cells, determined by ICP-MS after 24 h exposure at 

concentration of 1 μM. Values are means ± standard deviations obtained from at least three independent 

experiments, 
e
 Distribution coefficients between n-octanol and buffered aqueous solution determined at 

physiological pH by UV‒vis spectroscopy. Values are means ± standard deviations obtained from at least 

three independent experiments, 
f 
Cellular accumulation of

 
CuCl2 was detected at concentration of 2.5 μM, 

g 

n.d. – not determined, 
h 

the IC50 values (exposure for 72 h) were taken from the ref.
.
 27,

i
 Log Po/w value was 

taken from the ref. 28. 

 

As can be seen in Table 2, with the exception of 3, all Cu(II)-TSC complexes were equally 

or more cytotoxic than the respective proligands. The activity of complexes 1‒6 increased 

in the following order 6 < 1 < 3 < 4
 
<< 2

 
< 5, similar to the trend in electrochemical redox 

potentials for Cu-based reduction step (Table S6). In order to compare the cytotoxicity of 

1‒6 with that of [Cu(H2O)6]
2+

, A2780 cells were treated with aqueous solution of CuCl2. In 

agreement with the literature,
29

 CuCl2 revealed antiproliferative activity in the high 

micromolar range, in contrast to high activity of 1‒6, which should be regarded as 

individual entities with their own biological, pharmacokinetic and metabolic profiles. 

Complexes 1‒6 were up to ~50 times more cytotoxic than cisplatin in A2780 cells and up 

to ~270 times more cytotoxic in A2780cisR cells. Additionally, the differences in 

cytotoxicity of 1‒6 in A2780 and A2780cisR cells were significantly lower than for 
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HL
1
‒HL

6
 and cisplatin, indicating high potential of Cu(II) complexes for the treatment of 

cisplatin-resistant tumors. The most active TSC proligands and their respective Cu(II) 

complexes were more selective towards A2780 cells over HEK293 cells; however, they 

did not show any selectivity towards A2780cisR cells over HEK293 cells. On the contrary, 

Triapine was significantly more cytotoxic towards non-cancerous HEK cells than A2780 

or A2780cis cells. 

 

Antiproliferative activity of Cu(II)-TSC complexes correlates with their cellular 

accumulation and lipophilicity. The ability of anticancer drugs to penetrate biological 

membranes, tissues and barriers underlies their biological, pharmacokinetic and metabolic 

properties. These properties can be predicted by calculating physicochemical 

characteristics of drug candidates using molecular descriptors.
30

 In order to estimate if the 

proligands HL
1
‒HL

6
 and corresponding Cu(II) complexes demonstrate drug-like 

properties, they were evaluated with main stream molecular descriptors, such as molecular 

weight (MW), number of hydrogen bond donors and acceptors (HBD/HBA), n-octanol-

water partition coefficient (log P), polar surface area (PSA) and rotatable bonds (RB). The 

results are shown in Table S7 in the Supporting Information. Based on the calculated 

physicochemical parameters, we determined if novel compounds belonged to the drug-like 

chemical space, which is commonly defined by the well-known Lipinski rule, or to the 

known drug space (KDS), which includes all small compounds in medical use.
31

 As can be 

seen from Table S7, all compounds fell within the boundaries of drug-like chemical space 

with the exception of HL
4
 which demonstrated higher HBA value, referring to KDS space. 

Based on these results, novel compounds are expected to be sufficiently cell permeable. 

Following the calculations, we determined the lipophilicity of all compounds 

experimentally (logD7.4, Tables 2 and 3). It is known that cancer cells accumulate 

hydrophilic compounds to a smaller extent relative to hydrophobic compounds, thereby 

affecting their activity. Hence, the differences in the lipophilicity of compounds might be 

related to the observed trends in cytotoxicity of 1‒6. In general, with the exception of 

morpholine derivative HL
4
, proligands which were obtained by systematic substitution at 

the terminal thioamide nitrogen, demonstrated higher lipophilicity when compared to that 

of HL
1
. As expected, proligands were more lipophilic than the corresponding Cu(II) 

species, which are positively charged at physiological pH (Figure 3b). Among Cu(II)-TSC 

complexes, only the least cytotoxic complexes 1 and 6, as well as cisplatin, demonstrated 

negative logD7.4 values, indicating their higher hydrophilicity. The lipophilicity of 2‒5 
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increased in the following order 4 < 2 < 3 < 5, and correlated well with their cytotoxicity in 

cancer cells, with the exception of 3. Subsequently, we determined the total cellular 

accumulation of Cu in A2780 cells by ICP-MS upon 24 h exposure to 1‒6 in comparison 

with CuCl2 (Table 4). The IC50 values from MTT assays with 72 h drug exposure varied 

from nanomolar to high micromolar concentrations; therefore, in the cellular accumulation 

experiment cells were treated with 1 μM of compounds of interest for 24 h to minimize cell 

detachment. The cellular accumulation of all Cu(II)-TSC complexes was significantly 

higher than for CuCl2, indicating the role of lipophilic TSC ligands in the delivery of the 

complexes into the cells. The accumulation increased in the order 6 < 1 < 3 < 4 < 2 < 5.  

 

Cellular accumulation and efflux of Cu(II)-TSC complexes are energy- and/or 

temperature-dependent processes. Dependence of cytotoxicity on lipophilicity of 1‒6 

indicates that their cellular accumulation at least partially occurs via passive diffusion. In 

order to gain additional insights into the mechanisms controlling the accumulation of 

Cu(II)-TSC complexes, we investigated the effects of temperature and various inhibitors 

on total cellular accumulation of 2 with the results shown in Figure 5. A2780 cells were 

treated with 2 at 3 μM for 30, 60 and 120 min at 37 and 4 C and intracellular Cu content 

was measured by ICP-MS. Prolonged incubation at low temperatures may result in the 

changes in membrane fluidity, decreasing membrane permeability and restricting drug 

uptake;
32

 therefore, the shorter time point of 10 min was also included. The cellular 

accumulation of 2 dramatically decreased at low temperature even after 10 min treatment, 

indicating the involvement of active carrier-mediated transport or facilitated diffusion. 

Likewise, the decrease of cellular accumulation at low temperatures has been reported for 

both Cu(II)-TSC complexes and metal-free TSCs.
33,34

 To further clarify whether the uptake 

of 2 requires energy, the cellular ATP production was blocked by incubating cells in a 

saline solution (HBSS), resulting in total starvation and rapid reduction of intracellular 

ATP content, and/or by addition of oligomycin, leading to the inhibition of oxidative 

phosphorylation.  
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Figure 5. Effects of temperature and inhibitors on the accumulation of 2 in A2780 cells. Intracellular content 

was determined by ICP-MS: a) A2780 cells were treated with 2 (3 μM) at 37 or 4 C for the indicated time 

periods. b) A2780 cells were pre-treated with oligomycin (5 μM), and/or pre-incubated in HBSS for 1 h, or 

pre-treated with cycloheximide (100 μM) for 4 h and subsequently co-treated with 2 (3 μM) for 1 h. The 

presence of inhibitors did not show any effects on the intracellular Cu level of untreated A2780 cells (data 

not shown). Statistical analysis was performed by two-tailed T-test using GraphPad Prism software 

(GraphPad Software Inc., CA) with p < 0.05 considered as significant (* p < 0.05, ** p < 0.01).  

 

When A2780 cells were pre-treated with 5 μM of oligomycin for 1 or 4 h and subsequently 

co-treated with 3 μM of 2, the intracellular Cu levels were not affected, even though the 

mitochondrial respiration of the cancer cells was successfully inhibited (data not shown). 

However, when A2780 cells were starved in HBSS for 1 h and subsequently treated with 3 

μM of 2 for 1 h, an increase in intracellular Cu content was observed. Co-treatment of 2 

with 5 μM of oligomycin in HBSS did not result in a further increase of intracellular Cu 

levels. The increase of Cu content in HBSS-starved cells might stem from the inhibition of 

energy-dependent efflux processes. In order to assess the role of proteins in both cellular 

accumulation and efflux of 2, A2780 cells were pre-treated with cycloheximide, which is a 

known inhibitor of protein synthesis. Significant increase of intracellular Cu content was 

observed, similar to HBSS starvation, providing further evidence for the involvement of 

protein-dependent efflux processes. Similar effects have been reported for related Cu(II)-

TSC complexes.
33 

Accumulated data provide evidence that cellular accumulation of 2 

occurs via carrier-facilitated diffusion, which might co-exist with passive permeation 

through the lipid bilayer.
35

 The efflux processes, however, are actively mediated by 

proteins and upon inhibition of protein synthesis or energy production a strong increase of 

intracellular Cu concentration was observed.   
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Cu(II)-TSC complexes demonstrated high antibacterial activity against S. aureus in a 

comparable concentration range to ciprofloxacin. The antibacterial activity of 

HL
1
‒HL

6
 and 1‒6 on planktonic cells of P. aeruginosa and S. aureus was investigated by 

determination of MIC50 and MIC100 values (Table 3). Overall, compounds showed a higher 

antimicrobial activity against Gram-positive (S. aureus) compared to Gram-negative 

bacteria (P. aeruginosa). The highest activity against S. aureus was observed for 2‒5, 

which specifically inhibited its growth with MIC50 values ranging between 2 and 5 µg/mL 

and completely abolished its growth at 10 µg/mL (MIC100). This activity is comparable but 

slightly lower that the antibacterial activity of a well-known benchmarked antibiotics 

ciprofloxacin (CPX). On the contrary, P. aeruginosa exhibited high resistance to most of 

the compounds tested with the exception of HL
2
 and 2 with MIC50 values at 70 and 50 

µg/mL, respectively.  

 

Table 3. Antibacterial activity of HL
1‒6

 and 1‒6
a
 

 S. aureus (g/mL)  P. aeruginosa (g/mL) 

 MIC50 MIC100  MIC50 MIC100 

HL
1
 100 >400  NA NA 

HL
2
 10 400  50 100 

HL
3
 10 300  100 NA 

HL
4
 100 >400  NA NA 

HL
5
 10 300  NA NA 

HL
6
 NA NA  NA NA 

1 100 >500  NA NA 

2 2 10  70 200 

3 3 10  100 400 

4 5 10  100 400 

5 3 10  200 450 

6 NA NA  200 NA 

Ciprofloxacin 0.5 1  0.5 2 

a
See experimental section for details. NA denotes no antibacterial activity detected (>500 µg/mL). 

Compounds HL
6
 and 6 based on S-methylisothiosemicarbazide were completely devoid of 

antibacterial activity and no inhibition of bacterial growth was observed at the whole 

concentration range tested. Interestingly, metal-free thiosemicarbazones HL
1
‒HL

5
 

displayed relatively low antibacterial activity (MIC100 > 300 μg/mL), which was 

significantly enhanced upon coordination to Cu(II). Subsequently, the mode of action of 
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the most active compounds 2‒5 was evaluated in S. aureus and P. aeruginosa using the 

Live/Dead viability assay. As shown in Figure 6, compounds 2‒5 greatly reduced cell 

replication, reflected by the lower number of cells compared to the untreated sample and 

high percentage of PI-stained cells, indicating compromised cell membrane allowing the 

penetration of propidium iodide and a bacteriostatic action of these compounds.  

 

Figure 6. Live/dead bacterial cells are shown by staining with green fluorescence indicating live cells and 

red fluorescence indicating dead cells. 

 

TSCs and their Cu(II) complexes are located in a close proximity to the active site of 

mouse R2 RNR protein. Next, the RNR inhibitory potential of the TSC proligands 

HL
1
‒HL

6
 and their corresponding Cu(II) complexes 1‒6 was investigated. The proligands 

HL
1
‒HL

6
 and Cu(II) complexes 1‒6 were docked into the crystal structure of mouse R2 

RNR subunit (PDBid:1W68)
36

 using GOLD software.
37

 To predict the binding of 1‒6, the 

GoldScore function was used and its parameters were modified to include Cu since they 

are not in GOLD’s database.
38

 The scoring functions are presented in Table S8. Overall, 

similar docking results were observed for all proligands and their Cu(II) complexes, 

suggesting a plausible binding to the mouse R2 protein. The compounds were deeply 

embedded into the pocket of the R2 subunit, close to the diferric center (Fe2O), and the 

enzymatically essential tyrosyl residue (Tyr177). The docked configuration of 5 in 

comparison with Triapine into the binding site is shown in Figure 7. An overlap with 

Triapine was predicted, resulting in a partial reproduction of a hydrogen-bonding pattern 

(Figure S14, Table S8).  
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Figure 7. The overlay of docked configurations of Cu(II) complex 5 (grey) and Triapine (green) in the 

binding site of the mouse R2 RNR protein (PDB ID: 1W68). The surface is rendered. Blue and brown depict 

hydrophilic and hydrophobic areas, respectively.  

 

Lead TSCs and their Cu(II) complexes cause moderate inhibition of a mouse R2 RNR 

protein in a reducing environment as a result of iron chelation. The effects of the most 

cytotoxic complexes 2 and 5, and the corresponding proligands HL
2 

and HL
5
,
 
on the 

mouse R2 tyrosyl radical were investigated by EPR spectroscopy at 30 K. The proligands 

and their  Cu(II) complexes were incubated with the mouse R2 RNR protein at 1:1 protein-

to-compound mole ratio at 298 K in the presence or absence of the reducing agent 

dithiothreitol (DTT), and the time-dependent reduction of the tyrosyl radical was 

monitored.
39

 Tyrosyl radical reduction by the investigated compounds was observed only 

in the presence of DTT. Upon incubation with HL
2
, HL

5
 and 2, 5, 50% of tyrosyl radical 

was reduced within 90 s, after which no further reduction was observed (Figure S15). 

Since the diferric center of the mouse R2 protein is expected to be reduced upon addition 

of DTT,
40,41

 the ability of proligands HL
2
 and HL

5
 to form stable Fe(II) complexes was 

investigated by monitoring these reactions by UV‒vis measurements in buffered aqueous 

solutions at pH 7.4. HL
2
 and HL

5
 (lmax = 312 and 320 nm, respectively) readily reacted 

with FeSO4·7H2O affording Fe(II) bis-ligand complexes (lmax = 373, 610 nm and lmax = 

385, 645 nm, respectively) at both 1:1 and 1:2 Fe-to-ligand mole ratios. Additionally, the 

formation of Fe(III) complexes with the subsequent reduction by DTT was investigated 

(Figure S15). HL
2
 and HL

5
 reacted with FeCl3

.
6H2O (at 1:1 or 1:2 Fe-to-ligand mole 
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ratios) to give [Fe
III

(L
2
)2]

+
 and [Fe

III
(L

5
)2]

+
 complexes (lmax = 378 nm, 612 nm and lmax = 

386 nm, 635 nm, respectively). The formation of [Fe
III

(L
5
)2]

+
 species was confirmed by 

ESI-MS (Figure S16). The absorption spectra of reduced forms were almost identical to 

those of Fe(II) bis-ligand species, and to the previously reported spectra of other Fe
II
-TSC 

complexes.
42

  

 

HL
2
 and 2 induced unfolded protein response (UPR), antioxidant defense and cell 

cycle perturbations. In order to get further insight into the mechanism of action of 2, 

Western Blotting of ER stress-related protein markers, namely IRE1α, CHOP, BiP/GRP78 

and p-ERK, was performed (Figure 8). When A2780 cells were treated with increasing 

concentrations of 2 for 24 h, the dose-dependent upregulation of IRE1α and CHOP 

proteins, decrease of ER stress chaperone BiP/GRP78, as well as phosphorylation of ERK 

were observed as a response to ER stress. To assess the effects of 2 on the cell cycle, we 

examined the expression of cyclin D1 and cyclin B1 which serve as cell cycle regulatory 

switches in actively proliferating cells and are required for cell cycle progression in G1 and 

G2 phases, respectively. Complex 2 displayed significant inhibition of cyclin D1 

expression, indicating cell cycle arrest at G1/S phase, whereas no changes in cyclin B1 

expression were detected. Subsequently, we compared the effects of 2 and the respective 

proligand HL
2 

on the expression of p-ERK1/2 and the marker of antioxidant defence 

NRF2. Both HL
2
 and 2 demonstrated phosphorylation of ERK1/2; however, the effects on 

NRF2 were markedly different. Whereas no increase of NRF2 expression was observed, 

when cells were treated with HL
2
, complex 2 induced increased expression of NRF2 even 

at low concentration, indicating activated antioxidant defense, possibly as a result of ROS 

insult caused by Cu(II) reduction.  
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Figure 8. Western Blot analysis of various proteins. A2780 cells were treated with increasing concentrations 

of proligand HL
2
 and complex 2 (corresponding to IC50 value from MTT experiment with exposure time of 

72 h) for 24 h. Total lysates were isolated and examined by Western Blot. Actin was used as a loading 

control.  

 

HL
2
 and 2 induced dose-dependent apoptosis accompanied by PARP cleavage and 

XIAP inhibition. To elucidate if observed cytotoxicity of new compounds described in 

this study was a result of apoptosis induction, we conducted Annexin V/PI apoptosis assay. 

In brief, fluorochrome-labeled Annexin V reagent is used for detection of membrane 

phosphatidylserine (PS), which translocates to the cellular surface from the inner side of 

plasma membrane in the event of early apoptosis. Simultaneously, propidium iodide (PI) is 

used for detection of later stages of apoptosis or necrosis, which are characterized by loss 

of membrane integrity and accumulation of PI inside the cells. A2780 cells were treated 

with 2IC50 and 6IC50 concentrations of HL
2
 and 2 (IC50 values were obtained from MTT 

experiment in A2780 cells with the exposure time of 72 h). Results are illustrated in Figure 

9. Upon incubation of A2780 cells with increasing concentrations of HL
2
 and 2, the dose-

dependent increase of apoptotic cells was observed.  
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Figure 9. Bar graphs showing the percentage of cell death due to apoptosis (left) and necrosis (right) in 

A2780 cells treated with increasing concentrations of HL
2
, 2 (2IC50 and 6IC50) and CuCl2 and detected by 

Annexin V/PI apoptosis assay. Statistical analysis was performed by two-tailed T-test using GraphPad Prism 

software (GraphPad Software Inc., CA) with p < 0.05 considered as significant (* p < 0.05, ** p < 0.01). 

 

At low concentrations both the proligand and Cu(II) complex induced a 2- to 3-fold 

increase of apoptotic cells in comparison with untreated cells (7.8  1.8 %, 17.2  3.9 % 

and 22.5  5.3 % for untreated cells, HL
2
 (2IC50) and 2 (2IC50), respectively). At high 

concentrations a further increase of apoptotic cells was observed (28.1  4.0% and 24.4  

7.8.% for HL
2
 (6IC50) and 2 (6IC50)). No significant differences between the apoptosis-

inducing properties of the proligand HL
2
 and 2 were noticed. When CuCl2 was incubated 

with the cells at the concentration, corresponding to Cu content in 2 at 2IC50, no induction 

of apoptosis was detected, which can be explained by poor cellular accumulation of CuCl2. 

The proportion of necrotic cells was negligible and no significant deviation from untreated 

cells was detected; therefore, the induction of necrosis by HL
2
 and 2 was ruled out. 

Subsequently, the effects of HL
2
 and 2 on apoptotic signaling in cells were investigated by 

Western Blotting. A2780 cells were treated with increasing concentrations of the drug for 

24 h, and the cleavage of poly (ADP-ribose) polymerase-1 (PARP) was investigated 

(Figure 8). Cleavage of poly (ADP-ribose) polymerase-1 (PARP) through suicidal 

proteases such as caspases has been widely accepted as an indicator of apoptosis.
43

 As can 

be seen in Figure 8, both HL
2
 and 2 revealed a dose-dependent PARP cleavage, indicating 

apoptosis induction in agreement with the results of Annexin V/PI assay. Additionally, 

expression of X-linked inhibitor of apoptosis (XIAP) was markedly reduced in a dose-

dependent manner upon treatment with increasing concentrations of 2.  
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Discussion 

The diverse biological and chemical properties of Triapine and other TSCs, as well as their 

transition metal complexes, have been extensively studied for decades.
 41,44-51 

 Their 

antiproliferative and antibacterial activity varies greatly, from low nanomolar to high 

micromolar range, depending on the substituents at the TSC backbone.
16,20,52 

Even though 

clinical trials demonstrated some benefits of patient treatment with Triapine, its low 

aqueous solubility and high toxicity prevent it from further clinical progress. In a 

continuous effort to improve the bioavailability and therapeutic profile of TSCs and Cu(II)-

TSC complexes, novel thiosemicarbazone hybrids with bioactive L-proline, homoproline, 

piperazine or iminodiacetate moieties, using the molecular hybridization approach, have 

been designed and synthesized.
16-20

 However, the improvement of the aqueous solubility 

was often accompanied by a significant decrease in cytotoxicity. In this study, the 

attachment of N-substituted morpholine moiety at the TSC backbone resulted in a 

simultaneous improvement of aqueous solubility and cytotoxicity (up to 50 times in 

comparison with Triapine). To ensure the selectivity of novel TSCs towards cancer cells 

over healthy cells, their cytotoxicity against A2780 cancer cells and noncancerous 

HEK293 cells was compared. It was shown that new compounds were 2‒5 fold more toxic 

towards cancer cells than healthy cells (Tables 1 and 2), whereas Triapine was more toxic 

towards noncancerous cells, which is in agreement with its known high toxicity. The 

coordination of TSCs to Cu(II) resulted in Cu(II)-TSC complexes with similar or improved 

antiproliferative activity. In general, when TSCs are coordinated to Cu(II), an increase in 

cytotoxicity is observed;
17,18,53

 however, Cu(II)-Triapine complex was shown to be 

significantly less cytotoxic than Triapine itself.
27

 The activity of the Cu(II) complexes 1‒6 

was in a good correlation with their lipophilicity, cellular accumulation, as well as their 

electrochemical redox potentials (Tables S6 and 2). Interestingly, metal-free TSCs 

exhibited only low antibacterial properties against S. aureus, whereas Cu(II)-TSC 

complexes revealed significant antibacterial activity similar to that of the commonly used 

antibiotic ciprofloxacin (Table 4). These results indicate that coordination of TSCs to 

Cu(II) improved their therapeutic potential. It should be noted that the replacement of 

N,N,S- with N,N,N-chelating moiety in 6 resulted in a drop of cytotoxicity and 

antibacterial activity, which is in agreement with the previously reported data.
20

  

The antiproliferative activity of Triapine and other TSC proligands is often related to their 

Fe-chelating properties.
54

 To sustain their high proliferation rate, cancer cells rely on 
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increased uptake of Fe from Fe-transporting proteins; therefore, Fe chelation is a valuable 

therapeutic strategy for cancer treatment. Based on UV–vis and ESI-MS experiments, it 

was demonstrated that irrespective of metal-to-ligand ratio, proligands HL
2
 and HL

5 

readily reacted with Fe(III) to form [Fe
III

(L
2
)2]

+
 and [Fe

III
(L

5
)2]

+
 species, which could be 

reduced to Fe(II) bis-ligand complexes by the reducing agent DTT. These results indicate 

that morpholine-TSC hybrids, investigated in this study, may act as Fe chelators. 

Additionally, spectroelectrochemical experiments revealed that under reducing conditions, 

the Cu(II)-TSC complexes could undergo reversible reduction to Cu(I) species, with 

simultaneous release of proligands, suggesting that these complexes may act as Fe 

chelators, also in cancer cells. In addition, the presence of the Cu(II) ion in the cells may 

lead to the production of ROS in vivo, due to Cu(II)/Cu(I) redox cycling.
55

  

 

It is well known that one of the mechanisms contributing to the cytotoxic effects of Fe 

chelators is inhibition of the RNR enzyme, which is highly expressed in cancer cells, and 

essential for their DNA synthesis. The mechanism of RNR inhibition by Triapine has been 

extensively studied by several research groups.
41-56

 It has been proposed that Triapine 

interferes with the assembly of the differic-tyrosyl radical cofactor in R2, necessary for the 

catalytic activity of RNR.
46,56

 Moreover, it has been shown that the presence of Fe is 

required for effective R2 inhibition,
44,45

 and that it is actually the Fe(II)-Triapine species 

that is responsible for the R2-specific RNR inhibitory effect of Triapine.
41,46,47,51,58

 The 

Fe(II)-Triapine complex may be formed by chelation of Fe from the differic cofactor in R2 

in vitro,
44,41

 and/or from intracellular iron pools in vivo.
46,56

 The potent inhibition of 

human,
47

 and mouse
41

 R2 RNR in vitro by catalytic amounts of Fe(II)-Triapine has been 

proposed to involve ROS. Namely, ROS had been spin-trapped, and detected by EPR 

spectroscopy, in the aerobic reaction between human R2 RNR and Fe(II)-Triapine, which 

had implicated that O2 is important in tyrosyl radical destruction, and that ROS may 

ultimately be responsible for the pharmacologic effects of Triapine in vivo.
47

 In another 

study of time-dependent tyrosyl radical reduction in mouse R2 by Triapine, and its Zn, Ga, 

Cu, and Fe complexes, the requirement of O2 in R2 inhibition was also suggested.
41

 This 

was based on the observation that substoichiometric amounts of Fe(III)-Triapine relative to 

R2 (protein-to-complex mole ratio, 5:1) reduced only 20% tyrosyl radical in anaerobic 

conditions, compared to 100% in aerobic conditions. However, more recently, in a 

different experimental setup, namely in the presence of a 10-fold excess of Fe(II)-Triapine 

over R2 protein, the role of ROS (and O2) in human R2 inhibition was excluded.
51

 This 
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study showed that the principle mechanism of human R2 RNR inhibition by Triapine, 

based on kinetic measurements of tyrosyl radical, and 
55

Fe loss, is direct radical quenching, 

in an iron-loaded protein. Furthermore, it implied that Fe(II)-Triapine can rapidly reduce 

the tyrosyl radical, while leaving the protein in the met-state. 

 

In order to investigate if R2 RNR could be the potential biomolecular target for the novel 

morpholine-TSC hybrids, and their Cu(II) complexes, molecular docking studies, and R2 

RNR tyrosyl radical reduction kinetic experiments, were performed. It has been suggested 

that the efficiency of R2 inhibition is likely to depend on the access of the inhibitors to the 

differic center of R2;
41,47

 therefore, we estimated the likelihood of the binding of TSC 

proligands HL
1
‒HL

6
 and their corresponding Cu(II) complexes 1‒6 to the surface of the 

R2 protein. It was demonstrated that new TSCs, and their Cu(II) complexes were deeply 

embedded into the pocket of the R2 protein and exhibited hydrogen bonding patterns 

similar to Triapine (Figure 7). Based on the results of the molecular docking studies 

suggesting plausible binding to the mouse R2 protein, the time-dependent tyrosyl radical 

reduction in the mouse R2 protein upon incubation with the most cytotoxic complexes, 2 

and 5, and the corresponding proligands HL
2 

and HL
5
, at a 1:1 protein-to-compound ratio, 

was measured by EPR spectroscopy. Only in the presence of DTT (which can reduce 

Fe(III) to Fe(II) in the R2 differic cofactor),
40

 HL
2
 and HL

5
 caused 50% tyrosyl radical 

reduction (Figure S15a). These results show that R2 inactivation by HL
2
 and HL

5
 is not as 

efficient as with Triapine, which causes 100% tyrosyl radical loss in mouse R2 after 5 min 

(in the same experimental conditions).
41

 The most plausible explanation for this 

observation is that different mechanisms are likely to be involved in R2 inhibition by HL
2
, 

HL
5 

and Triapine. The R2 inhibitory activity of the corresponding Cu(II) complexes 2 and 

5 was found to be similar to that of the proligands (Figure S15a). This is likely due to the 

fact that in the presence of DTT, the reduction of Cu(II) to Cu(I) leads to the release of the 

proligands, which is in agreement with the results of spectroelectrochemical experiments 

(vide supra). Since the UV–vis, and ESI-MS experiments showed that HL
2 

and HL
5
 act as 

tridentate ligands, and form stable Fe(II)L2 complexes (Figure S15), it is possible to 

propose that the mechanism of R2 inhibition by the TSC proligands involves Fe chelation 

from the differic cofactor. Based on the extent of tyrosyl radical reduction, it is tempting to 

speculate that the subsequently formed Fe(II) complexes are not potent inhibitors like the 

Fe(II)-Triapine complex. However, as this was not the aim of this paper, it is reasonable to 

refrain from any conclusions prior to the detailed mechanistic studies of mouse, human, 
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and p53 R2 RNR inhibition by the morpholine-TSC hybrids. Moreover, a separate study 

should be dedicated only to the comparison of the inhibitory potentials of selected TSCs, 

and their Fe(II) complexes, in order to comprehensively understand the structure-activity 

relationship, which in turn may explain the mechanism of R2 RNR inhibition. Finally, 

even though R2 inhibition can be partially attributed to the marked anticancer activity of 2 

and 5, other biomolecular targets are likely to be involved (Figure 10).  

 

 

Figure 10. Proposed molecular mechanism of complex 2. 

Fe homeostasis is an intrinsically complex process; hence, Fe sequestration results in the 

alteration of various biomolecular pathways. Besides RNR, Fe depletion affects multiple 

molecular targets including those regulating the cell cycle.
57

 It has been reported that the 

expression of cyclin D1, which ensures the progression through the G1/S phase, was 

strongly dependent on the cellular Fe status.
58

 It is believed that in Fe-depleted conditions, 

down-regulation of cyclin D1 prevents cells from entering the S phase, where Fe is needed 

for the activity of the RNR enzyme and DNA synthesis.
59

 Fe chelation by TSCs often 

results in the down-regulation of cyclin D1 and subsequent cell cycle arrest at the G1/S 

phase.
60,61 

As expected, complex 2 was shown to induce strong dose-dependent down-

regulation of cyclin D1, whereas the protein expression of cyclin B1, which is responsible 

for G2/M progression, remained unchanged. In order to further investigate the potential 
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biomolecular targets of Fe-chelating compounds of interest, we studied the 

phosphorylation of ERK protein, which belongs to the MAPK family. The MAP kinases 

occupy the central position in cell growth and apoptosis and each MAP kinase member 

plays a different role in cellular responses.
62

 It was reported that some Fe chelators induced 

cancer cell death associated with the activation of p38 MAPK and ERK.
63

 Moreover, the 

MAPK-mediated cell death was characterized by the decreased expression of cyclin D1.
64

 

Complex 2, as well as the corresponding proligand HL
2
 caused dose-dependent 

phosphorylation ERK in line with its activation, suggesting that MAPK pathway might be 

a potential mediator of the cell death, induced by this complex. 

  

Recently, it was discovered that chelation and depletion of intracellular Fe leads to the 

activation of certain ER stress-response proteins.
65,66

 Previously, several TSCs and their 

Cu(II) complexes were reported to induce ER stress, characterized by UPR activation,
67,68

 

ER expansion and release of intracellular calcium.
69

 Since under reducing conditions, the 

novel TSCs and their Cu(II) complexes demonstrated formation of Fe(II)-TSC complexes, 

it may be suggested that they could possibly induce sequestration of cellular Fe resulting in 

the ER stress. It occurs due to the accumulation of misfolded and/or unfolded proteins in 

ER, resulting in the disruption of cellular homeostasis. In order to overcome stress, cells 

activate a rescue program known as UPR, which operates via several signaling pathways, 

namely ATF6, PERK and IRE1α. However, in case of severe ER stress, the pro-survival 

program is switched off and pro-apoptotic signaling takes place, characterized by the 

enhanced expression of CHOP protein. Complex 2 was shown to induce dose-dependent 

increase in the expression of IRE1α and CHOP proteins, indicating the induction of UPR 

signaling as a result of ER stress. Cell treatment with 2 resulted in a concentration-

dependent decrease of BiP/GRP78 protein marker. The ER chaperon BiP/GRP78 plays a 

central role in the survival machinery and its overexpression is associated with tumor 

progression and metastases.
70

 The inhibition of BiP/GRP78 indicates severe ER stress, 

resulting in the suppression of pro-survival chaperones. The antibacterial properties of 

novel Cu(II)-TSC complexes can be also related to ER stress induction, since it was 

recently demonstrated in vitro and in vivo experiments that chemical modulation of ER 

stress might result in the overload of its machinery that can be effective in elimination of 

bacterial infection.
71

 Additionally, it was reported that efficient killing of methicillin-

resistant S. aureus was dependent on the induction of IRE1α UPR pathway and required 

sustained generation of ROS.
72

 Based on the observations that 2, but not proligand HL
2 
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induced antioxidant defence in cancer cells characterized by NRF2 induction, it may be 

speculated that the ability of 2, but not proligand HL
2
, to induce oxidative and ER stress, 

may be related to the beneficial antibacterial activity of Cu(II)-TSC complexes over metal-

free TSCs. However, it is not clear yet why new complexes 1‒6 did not inhibit the growth 

of P. aeruginosa and their mechanism of action should be investigated in more detail.  

 

In order to cope with the severe perturbations imposed by drug treatment, cancer cells 

develop adaptive responses to provide them with survival advantage. However, novel 

TSCs and their Cu(II) complexes significantly disturbed cellular life-death balance towards 

cell death resulting in the induction of apoptosis. Both proligand HL
2
, and complex 2 were 

demonstrated to induce apoptosis characterized by PARP cleavage, decreased expression 

of XIAP and increased PS translocation. It should be noted that XIAP is a determining 

factor of cisplatin chemoresistance in ovarian cancer cells as it effectively suppresses 

apoptosis via caspase-3 and caspase-7 inhibition.
73

 Therefore, the ability of 2 to decrease 

XIAP expression is highly important and to the best of our knowledge has not been 

previously reported for TSCs and metal thiosemicarbazonates, with the exception of 

Triapine.
74

 Some TSCs and their respective Cu(II) complexes have been reported to 

simultaneously induce various types of cell death including apoptosis,
75,76

 autophagy
76,77

 

and methuosis, which is a very special form of non-apoptotic cell death involving massive 

cytoplasmic vacuolization.
78

 Therefore, induction of other forms of cell death by new 

TSCs and their Cu(II) complexes presented in this study cannot be excluded. The results 

show that the attachment of the morpholine moiety at the TSC backbone and the 

subsequent coordination to Cu(II), resulted in new drug candidates, likely with better 

therapeutic profile than Triapine and a promising potential for further clinical 

development.   

 

Conclusions 

One of the reasons hindering the clinical development of Cu(II) thiosemicarbazone 

complexes is their low aqueous solubility. The decoration of the TSC backbone with 

functional groups that increase the aqueous solubility and bioavailability often results in a 

significant decrease of the compound activity. In this work, attachment of a morpholine 

moiety to 2-formylpyridine (iso)thiosemicarbazone in position 5 of 2-formylpyridine 

moiety yielded new water-soluble TSC-morpholine hybrids and their Cu(II) complexes, 

which demonstrated high antiproliferative activity against cisplatin-sensitive and cisplatin-
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resistant ovarian carcinoma cells, in a nanomolar to submicromolar concentration range. 

Sufficient aqueous solubility of  the new compounds enabled the study of their solution 

behavior and electrochemical properties under conditions similar to the intracellular 

environment. Solution speciation studies of 1 revealed that the dissociation of the complex 

does not occur at the physiological pH, even at micromolar concentrations, indicating its 

high stability in aqueous media. However, under reducing conditions associated with the 

cancer cell environment, the reversible reduction of Cu(II) with subsequent release of the 

proligand within the biologically accessible electrochemical window is plausible. Since the 

R2 RNR protein is believed to be one of the biomolecular targets of TSCs, and the fact that 

the proligands form 2:1 complexes with Fe(II), the chelation of Fe(II) from R2 was 

expected. The Cu(II)-TSCs and their corresponding proligands showed only moderate 

Tyrosyl radical reduction in mouse R2. Therefore, the marked anticancer activity of the 

compounds investigated in this work was not solely related to their RNR inhibitory 

potential, but also to the induction of apoptosis as a result of ER stress, MAPK activation 

and cell cycle perturbations. Studies of the mechanisms controlling cellular accumulation 

of the lead drug 2 have shown that it accumulates in cancer cells as a result of passive 

and/or facilitated diffusion. Finally, it was discovered that coordination of TSC ligands to 

Cu(II) resulted in a significant enhancement of their antibacterial properties against S. 

aureus. The combination of excellent antiproliferative and antibacterial activity, as well as 

water-solubility, is a sound basis for further development of this class of Cu(II) 

thiosemicarbazonates as dual pharmaceutical agents.   

 

Experimental 

1. Chemicals. 2,5-Pyridinecarboxylic acid was purchased from Alfa Aesar. 

Ethylenediaminetetraacetic acid (EDTA), KOH and 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) were purchased from Sigma-Aldrich in puriss 

quality. KCl, CuCl2, hydrochloric acid and n-octanol are products of Molar Chemicals. 

CuCl2 stock solution was prepared from anhydrous CuCl2 and water and its exact 

concentration was determined by complexometry through the EDTA complex. All solvents 

were of analytical grade and used without further purification. Milli-Q water was used for 

sample preparation. The synthesis of the 5-methylmorpholine-pyridine-2-carboxaldehyde 

H (Scheme 1) is described in detail in Supporting Information. Chemical grade cisplatin (1 

mg/mL) was purchased from Hospira Pty Ltd (Melbourne, Australia). IGEPAL CA-630, 

DL-dithiothreitol (DTT), tetramethylethylenediamine (TEMED), sodium deoxycholate, 
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non-fat dried milk bovine, TWEEN® 20, ponceau S, propidium iodide (PI) were purchased 

from Sigma-Aldrich (St Louis, MO, USA). Thiazolyl Blue tetrazolium bromide (MTT) 

was purchased from Alfa Aesar. Tris was purchased from Vivantis Technologies. Glycine, 

Hyclone
TM

 Trypsin Protease 2.5% (10) solution, RPMI 1640, DMEM medium, Fetal 

bovine serum (FBS), Bovine Serum Albumin (BSA), Hank’s Balanced Salt Solution 

(HBSS) and Pierce
TM

 Protease and Phosphatase Inhibitor Mini Tablets were purchased 

from Thermo Fisher Scientific. Hyclone
TM

 Dulbecco's Phosphate-Buffered Saline (10), 

were purchased from GE Healthcare Life Sciences. Biorad protein assay dye reagent 

concentrate, 30% Acrylamide/Bis solution, 5 Laemmli Sample Buffer, Nitrocellulose 

Membrane (0.2 m) were purchased from Bio-rad Laboratories. Luminata
TM

 Classico and 

Crescendo Western HRP substrate were purchased from Merck Millipore Corporation. 

Milli-Q-grade purified water was obtained from a Milli-Q UV purification system 

(Sartorius Stedim Biotech S.A., Aubagne Cedex, France). All antibodies were obtained 

from Cell Signaling Technologies (Beverly, MA, USA). Nitric acid (65% to 71%, 

TraceSELECT Ultra) for ICP-MS analysis and nBu4NPF6 for cyclic voltammetry 

experiments were obtained from Fluka (Sigma Aldrich) and used without further 

purification. Cu and In standards for ICP-MS measurements were obtained from CPI 

international (Amsterdam, The Netherlands). Cycloheximide, oligomycin, annexin V-FITC 

apoptosis detection reagent (500X) were purchased from Abcam (Cambridge, UK).  

 

2. Synthesis of proligands. 

The yields, m.p. and analytical data for HL
1
‒HL

6
 and 1‒6 are presented in Tables S9 and 

S10. The experimental CHNS contents were within ±0.4 with those calculated, providing 

evidence for ≥95% purity.  

5-(morpholinomethyl)pyridine-2-carboxaldehyde thiosemicarbazone (HL
1
). 5-

morpholinomethyl-pyridine-2-carboxaldehyde (0.29 g, 1.41 mmol), thiosemicarbazide 

(0.13 g, 1.41 mmol) and EtOH (5 mL) were mixed in a 25 mL Shlenk tube. The reaction 

mixture was stirred at 78 °C overnight. The next day the reaction mixture was cooled to 

room temperature and stored at 4 °C for 4 h. The white crystalline precipitate was filtered 

off, washed with cold EtOH and dried in vacuo. Yield: 0.34 g. 
1
H NMR 500 MHz (DMSO-

d6, δ, ppm): 
1
H NMR (500 MHz, DMSO) δ 11.62 (s, 1H, NH

16
), 8.48 (d, J = 1.3 Hz, 1H, 

H
6
), 8.34 (s, 1H, NH

19
), 8.24 (d, J = 8.1 Hz, 1H, H

3
), 8.15 (s, 1H, NH

19
), 8.09 (s, 1H, H

14
), 

7.74 (dd, J = 8.2, 1.7 Hz, 1H, H
4
), 3.59 – 3.54 (m, 4H, H

10
, H

12
), 3.51 (s, 2H, H

7
), 2.36 (s, 
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4H, H
9
, H

13
). 

13
C NMR (126 MHz, DMSO) δ 178.74 (Cq, C

17
), 152.73 (Cq, C

2
), 150.12 

(CH, C
6
), 142.85 (CH, C

14
), 137.51 (CH, C

4
), 134.23 (Cq, C

5
), 120.23 (CH, C

3
), 66.57 

(2CH2, C
10

, C
12

), 59.74 (CH2, C
7
), 53.49 (2CH2, C

9
, C

13
). IR (ATR, selected bands, ῦmax): 

1612, 1527, 1468, 1400, 1339, 1274, 1102, 1004, 938, 859, 626 cm
‒1

.  

5-(morpholinomethyl)pyridine-2-carboxaldehyde 4,4-dimethyl-3-thiosemicarbazone 

(HL
2
). 5-(morpholinomethyl)pyridine-2-carboxaldehyde (0.29 g, 1.41 mmol) and 4,4-

dimethyl-3-thiosemicarbazide (0.17 g, 1.41 mmol) were dissolved in EtOH (5 mL) and 

stirred in a Shlenk tube at 78 °C for 2 h until the solution became clear. The reaction 

mixture was left to stand at 4 °C for 6 h. The yellow crystalline precipitate was filtered off, 

washed with cold EtOH and dried in vacuo. Yield: 0.25 g. 
1
H NMR (500 MHz, DMSO) δ 

15.08 (s, 1H, NH
16

), 8.71 (s, 1H, H
3
), 8.49 (s, 1H, H

6
), 8.23 (d, 1H, H

14
), 7.76 (dd, J = 

13.9, 8.1 Hz 1H, H
4
), 3.59 (s, 4H, H

10
, H

12
), 3.52 (s, 2H, H

7
), 3.38 (s, 4H, H

20
, H

21
), 2.37 

(s, 4H, H
9
, H

13
).

13
C NMR (126 MHz, DMSO) δ 180.02 (Cq, C

17
), 153.06 (Cq, C

2
), 150.27 

(CH, C
6
), 148.84 (CH, C

3
), 144.29 (CH, C

14
), 137.75 (CH, C

4
), 134.06 (Cq, C

5
), 66.61 

(2CH2, C
10

, C
12

), 59.77 (CH2, C
7
), 53.53 (2CH2, C

9
, C

13
), 42.72 (2CH3, C

20
, C

21
). IR (ATR, 

selected bands, ῦmax): 1497, 1443, 1362, 1303, 1209, 1158, 1108, 1064, 1003, 901, 862, 

716, 627 cm
‒1

.  

5-(morpholinomethyl)pyridine-2-carboxaldehyde N-pyrrolidinylthiosemicarbazone 

(HL
3
). 5-(morpholinomethyl)pyridine-2-carboxaldehyde (0.29 g, 1.41 mmol) and N-

pyrrolidine-3-thiosemicarbazide (0.20 g, 1.41 mmol) were dissolved in EtOH (5 mL) and 

stirred in a Shlenk tube at 78 °C for 2 h until the solution became clear. The mixture was 

left to stand at 4 °C for 12 h. The yellow crystalline precipitate was filtered off, washed 

with cold EtOH and dried in vacuo. Yield: 0.36 g. 
1
H NMR (500 MHz, DMSO) δ 11.23 (s, 

1H, NH
16

), 8.49 (d, J = 1.4 Hz, 1H, H
3
), 8.20 (s, 1H, H

6
), 8.01 (dd, J = 8.0, 2.1 Hz, 4H, 

H
21

, H
22

), 7.84 (s, 1H, H
14

), 7.77 (d, J = 1.9 Hz, 1H, H
4
), 3.76 (s, 4H, H

20
, H

23
), 3.59 (dd, J 

= 8.1, 5.3 Hz, 4H, H
9
, H

13
), 3.52 (s, 2H, H

7
), 2.42 – 2.32 (m, 4H, H

10
, H

12
).

 13
C NMR (126 

MHz, DMSO) δ 177.02 (C, C
17

), 153.11 (C, C
2
), 150.17 (CH, C

6
), 149.02 (CH, C

3
), 143.48 

(CH, C
14

), 139.44, (2CH2, C
21

, C
22

), 138.08 (CH, C
16

), 134.05 (C, C
5
), 119.43 (CH, C

3
), 

66.62 (2CH2, C
9
, C

13
), 59.91 (CH2, C

7
), 53.53 (2CH2, C

20
, C

23
), 40.00 (2CH2, C

10
, C

12
, 

overlapped with residual DMSO signal). IR (ATR, selected bands, ῦmax): 1585, 1529, 

1419, 1347, 1287, 1108, 1001, 855, 796, 741 cm
‒1

.  

5-(morpholinomethyl)pyridine-2-carboxaldehyde N-morpholinylthiosemicarbazone 

(HL
4
). 5-(morpholinomethyl)pyridine-2-carboxaldehyde (0.29 g, 1.41 mmol) and N-

morpholinyl-3-thiosemicarbazide (0.23 g, 1.41 mmol) were dissolved in EtOH (5 mL) and 
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stirred in a Shlenk tube at 78 °C for 2.5 h until the solution became clear. Light-yellow 

crystals formed within 3 weeks at 4 °C after concentration of the reaction mixture. These 

were filtered off, washed with cold EtOH and dried in vacuo. Yield: 0.12 g. 
 1

H NMR (500 

MHz, DMSO) δ 11.43 (s, 1H, NH
16

), 8.50 (d, J = 1.3 Hz, 1H, H
6
), 8.18 (s, 1H, H

14
), 7.83 

(d, J = 8.1 Hz, 1H, H
4
), 7.78 (dd, J = 8.2, 1.9 Hz, 1H, H

3
), 3.98 – 3.91 (m, 4H, H

20
, H

24
), 

3.72 – 3.66 (m, 4H, H
21

, H
23

), 3.60 – 3.55 (m, 4H, H
9
, H

13
), 3.52 (s, 2H, H

7
), 2.36 (br. s, 

4H, H
10

, H
12

).
 13

C NMR (126 MHz, DMSO) δ 181.27 (Cq, C
17

), 152.75 (Cq, C
4
), 150.33 

(CH, C
6
), 144.44 (CH, C

14
), 137.83 (CH, C

3
), 134.27 (CH, C

2
), 119.60 (Cq, C

4
), 66.60 

(2CH2, C
21

, C
23

), 66.48 (CH2, C
7
), 59.73 (2CH2, C

9
, C

13
).   

5-(morpholinomethyl)pyridine-2-carboxaldehyde 4-phenylthiosemicarbazone (HL
5
). 

5-(morpholinomethyl)pyridine-2-carboxaldehyde (0.29 g, 1.41 mmol) and 4-phenyl-3-

thiosemicarbazide (0.24 g, 1.41 mmol) were dissolved in EtOH (5 mL) and stirred in a 

Shlenk tube at 78 °C for 3 h until the solution became clear. Then the reaction mixture was 

allowed to stand at 4 °C for 12 h. The yellow crystalline precipitate was filtered off, 

washed with cold EtOH and dried in vacuo. Yield: 0.32 g. 
1
H NMR (500 MHz, DMSO) δ 

12.02 (s, 1H, NH
16

), 10.24 (s, 1H, NH
18

), 8.52 (s, 1H, H
6
), 8.41 (d, J = 8.1 Hz, 1H, H

3
), 

8.21 (s, 1H, H
14

), 7.78 (d, J = 10.1 Hz, 1H, H
4
), 7.56 (d, J = 8.6 Hz, 2H, H

21
, H

25
), 7.40 (t, 

J = 7.9 Hz, 2H, H
22

, H
24

), 7.24 (t, J = 7.4 Hz, 1H, H
23

), 3.59 (s, 4H, H
10

, H
12

), 3.54 (s, 2H, 

H
7
), 2.38 (s, 4H, H

9
, H

13
).

13
C NMR (126 MHz, DMSO) δ 176.84 (Cq, C

17
), 152.62 (Cq, 

C
2
), 150.25 (CH, C

6
), 143.45 (Cq, C

14
), 139.44 (Cq, C

20
), 137.51 (CH, C

4
), 134.46 (Cq, C

5
), 

128.59 (2CH, C
22

, C
24

), 126.56 (2CH, C
21

, C
25

), 120.68 (CH, C
3
), 66.62 (2CH2, C

10
, C

12
), 

53.54 (2CH2, C
9
, C

13
), 40.00 (CH2, C

7
). IR (ATR, selected bands, ῦmax): 1592, 1505, 1466, 

1338, 1291, 1188, 1105, 1060, 1000, 944, 909, 863, 791, 751, 689, 634 cm
‒1

.  

5-(morpholinomethyl)pyridine-2-carboxaldehyde S-methylisothiosemicarbazone 

(HL
6
). To a solution of 5-(morpholinomethyl)pyridine-2-carboxaldehyde (0.29 g, 1.41 

mmol) in EtOH (6 mL) was added a solution of S-methylisothiosemicarbazide hydroiodide 

(0.33 g, 1.41 mmol) in water (2 mL). Then the raction mixture was heated to 60 °C and a 

solution of NaHCO3 (0.118 g, 1.41 mmol) in water (4 mL) was added dropwise. When 

bubbles of CO2 disappeared, the mixture was allowed to cool to room temperature. The 

solvent was removed under reduced pressure and the residue dissolved in water. The 

product was extracted with chloroform. After removal of the solvent the residue was 

dissolved in a small amount of EtOH and allowed to stand at ‒20 °C overnight. Light-

brown crystalline product was obtained the next day. Yield: 0.14 g. 
1
H NMR (500 MHz, 

DMSO) δ 8.49 (d, J = 1.4 Hz, 1H, H
4
), 8.21 (d, J = 8.1 Hz, 1H, H

14
), 8.17 (s, 1H, H

6
), 7.84 
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(d, J = 8.1 Hz, 1H, H
3
), 7.16 (s, 2H, H

18
), 3.60-3.55 (m, 8H, H

9
, H

13
), 3.51 (s, 2H, H

7
), 2.40 

(br. s, 3H, H
20

), 2.36 (d, J = 6.0 Hz, 8H, H
10

, H
12

).
 13

C NMR (126 MHz, DMSO) δ 164.19 

(C, C
17

), 154.02 (C, C
5
), 151.84 (CH, C

6
), 150.12 (CH, C

4
), 137.35 (CH, C

3
), 133.89, (C, 

C
2
), 120.68 (CH, C

14
), 66.61 (2CH2, C

9
, C

13
), 59.84 (CH2, C

7
), 53.53 (2CH2, C

10
, C

12
), 

12.52 (CH3, C
20

). IR (ATR, selected bands, ῦmax): 1600, 1497, 1472, 1335, 1290, 1111, 

1069, 1015, 931, 870, 790, 752, 714, 626 cm
-1

.  

3. Synthesis of Cu(II) complexes. 

[Cu(L
1
)Cl] (1). To HL

1
 (100 mg, 0.36 mmol) in MeOH (20 mL) was added triethylamine 

(50 µl, 0.36 mmol) and then CuCl2·2H2O (60 mg, 0.36 mmol) in MeOH (5 mL) at 60 °C. 

The solution was stirred for 5 min and left to stand at room temperature overnight. The 

precipitate formed was filtered off, washed with cold EtOH and dried in air. Yield: 123 

mg. IR (ATR, selected bands, ῦmax): 1631, ´1426, 1310, 1158, 1107, 1060, 907, 722, 688 

cm
‒1

.  

[Cu(L
2
)Cl] (2). To HL

2
 (100 mg, 0.32 mmol) in MeOH (20 mL) was added triethylamine 

(44.5 µL, 0.32 mmol) and then CuCl2·2H2O (54 mg, 0.32 mmol) in MeOH (5 mL) at 60 

°C. The solution was stirred for 5 min and left to stand at room temperature overnight. The 

precipitate formed was filtered off, washed with cold EtOH and dried in air. Yield: 104 

mg. IR (ATR, selected bands, ῦmax): 1505, 1372, 1310, 1252, 1111, 1000, 913, 872, 749, 

626 cm
‒1

.  

[Cu(L
3
)Cl] (3). To HL

3
 (100 mg, 0.3 mmol) in MeOH (20 mL) was added triethylamine 

(42 µl, 0.28 mmol) and then CuCl2·2H2O (50 mg, 0.3 mmol) in MeOH (5 mL) at 60 °C. 

The solution was stirred for 5 min and left to stand at room temperature overnight. The 

precipitate formed was filtered off, washed with cold EtOH and dried in air. Yield: 74 mg. 

IR (ATR, selected bands, ῦmax): 1444, 1375, 1281, 1242, 1111, 1004, 913, 885, 623 cm
‒1

.  

[Cu(L
4
)Cl] (4). To HL

4
 (50 mg, 0.28 mmol) in MeOH (20 mL) was added triethylamine 

(20 µl, 0.28 mmol) and then CuCl2·2H2O (25 mg, 0.28 mmol) in MeOH (5 mL) at 60 °C. 

The solution was stirred for 5 min and left to stand at room temperature overnight. The 

precipitate formed was filtered off, washed with cold EtOH and dried in air. Yield: 22 mg. 

IR (ATR, selected bands, ῦmax): 1465, 1429, 1381, 1313, 1265, 1229, 1109, 1028, 932, 

888, 860 cm
‒1

.  

[Cu(L
5
)Cl] (5). To HL

5
 (100 mg, 0.28 mmol) in MeOH (20 mL) was added triethylamine 

(39 µl, 0.28 mmol) and then CuCl2·2H2O (47 mg, 0. 82 mmol) in MeOH (5 mL) on 

heating. The solution was stirred for 5 min and left to stand at room temperature overnight. 

The precipitate formed was filtered off, washed with cold EtOH and dried in air. Yield: 67 
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mg. IR (ATR, selected bands, ῦmax): 1600, 1550, 1493, 1417, 1182, 1111, 1000, 899, 863, 

799, 752, 691 cm
‒1

.  

[Cu(L
6
)Cl] (6). To HL

6
 (100 mg, 0.34 mmol) in MeOH (20 mL) was added triethylamine 

(47 µl, 0.34 mmol). Then the reaction was heated to 40 °C and CuCl2·2H2O (58 mg, 0.34 

mmol) in MeOH (5 mL) was added. The solution was stirred for 5 min at 50 °C and left to 

stand at ‒20 °C overnight. The precipitate formed was filtered off, washed with ethanol, 

ether and dried in air. Yield: 75 mg. IR (ATR, selected bands, ῦmax): 1599, 1491, 1431, 

1320, 1115, 1035, 1004, 973, 911, 796, 724 cm
‒1

.  

 

4. Solution equilibrium studies in aqueous phase 

pH-potentiometric measurements. These measurements were performed as described 

previously.
16

 The initial volume of the samples was 10.0 mL. The ligand concentration was 

1 mM and metal ion-to-ligand ratios of 1:1 − 1:3 were used. The exact concentration of the 

ligand stock solutions together with the proton dissociation constants were determined by 

pH-potentiometric titrations with the use of the computer program HYPERQUAD.
79

 

HYPERQUAD was also utilised to establish the stoichiometry of the complexes and to 

calculate the stability constants (logβ(MpLqHr)). β(MpLqHr) is defined for the general 

equilibrium pM + qL + rH  MpLqHr as β(MpLqHr) = [MpLqHr]/[M]
p
[L]

q
[H]

r
, where M 

denotes the metal ion and L the completely deprotonated ligand. The uncertainties 

(standard deviations, SD) of the equilibrium constants are shown in parentheses for the 

species determined in the present work. 

5. Instrumentation. ICP-OES determination of Cu content was performed in Chemical, 

Molecular and Analysis Centre, National University of Singapore with Optima ICP-OES 

(Perkin Elmer, Watham, MA, USA). The absorbance of thiazolyl blue tetrazolium bromide 

(MTT) was measured by synergy H1 hybrid multimode microplate reader (Bio-Tek, 

Winoosky, VT, USA). Cu and Re contents in cells were determined by Agilent 7700 Series 

ICP-MS (Agilent Technologies, Santa Clara, CA, USA). Flow cytometry was performed 

on BD LSRFortessa Cell Analyzer (BD Biosciences, Franklin Lakes, NJ, USA). Western 

blot images were generated from G:Box (Syngene, Cambride, UK).  The UV‒vis 

spectrophotometric measurements were performed on a Hewlett Packard 8452A diode 

array spectrophotometer and a Thermo Scientific Evolution 220 spectrophotometer. CW-

EPR spectra were recorded with a BRUKER EleXsys E500 spectrometer. In situ 

ultraviolet-visible-near-infrared (UV‒vis‒NIR) spectroelectrochemical measurements were 

performed on a spectrometer (Avantes, Model AvaSpec-2048x14-USB2. 
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6. UV–vis spectrophotometric, 
1
H NMR, EPR and lipophilicity measurements. 

UV‒vis spectra were recorded in the ranges 200‒800 nm and 450‒1050 nm, respectively. 

The path length was 0.5, 1 or 2 cm. Stability constants of the complexes and the molar 

absorbance spectra of the individual species were calculated with the computer program 

PSEQUAD.
80

 The spectrophotometric titrations were performed on samples containing the 

proligand with or without Cu(II) ions and the concentration of the proligand was 120 μM 

to 1.4 mM. The metal-to-proligand ratios were 1:1 and 1:2 in the pH range from 1.0 to 11.5 

at 25.0 ± 0.1 °C at an ionic strength of 0.10 M (KCl). pH values in the range 1.0–2.0, were 

calculated from the strong acid and strong base content. The conditional stability constant 

of [CuL] at pH 6.0 (50 mM MES) for 1 was determined from competition titrations of the 

Cu(II) complex of EDTA with the proligand HL
1
. Samples contained 34 μM Cu(II) ion 

and 34 µM HL
1
, and the concentration of the EDTA was varied in the range of 0–83 μM. 

Absorbance data were recorded after 0.5 h incubation. 
1
H NMR studies for HL

1
 were 

carried out on a Bruker Avance III HD Ascend 500 Plus instrument in a 10% (v/v) 

D2O/H2O mixture at ionic strength of 0.10 M (KCl). All CW-EPR spectra were recorded 

with a BRUKER EleXsys E500 spectrometer (microwave frequency 9.85 GHz, microwave 

power 10 mW, modulation amplitude 5 G, modulation frequency 100 kHz. The pH 

dependent series of isotropic EPR spectra were recorded in a circulating system, at room 

temperature. A Heidolph Pumpdrive 5101 peristaltic pump was used for circulate the 

solution from the titration pot through a capillary tube into a Bruker flat cell placed in the 

cavity of the instrument. The titrations were carried out under nitrogen atmosphere. EPR 

spectra were recorded at 1.00 mM Cu(II) and 0.75 mM ligand concentration, and at 1.00 

mM CuCl2 and 1.50 mM ligand concentration, both between pH = 1 – 11.5. The ionic 

strength of 0.1 M was adjusted with KCl. Before the simulation of the room temperature 

spectra, the measured spectra were corrected by subtracting the spectra of aqua solution 

measured in the same circulating system. The series of pH-dependent isotropic EPR 

spectra recorded in the equimolar solution were simulated by the „two-dimensional” 

method using the 2D_EPR program
81 

 and EPR parameters were computed as published 

previously.
16,25

 Distribution coefficients (D7.4) values of complexes 1‒6 and HL
1
‒HL

6
 

were determined by the traditional shake-flask method in n-octanol/buffered aqueous 

solution at pH 7.40 (20 mM HEPES, 0.10 M KCl) at 25.0 ± 0.2 °C as described 

previously.
82

 

7. Crystallographic Structure Determination. X-ray diffraction quality single crystals of 

HL
1
, HL

2
, HL

4
‒HL

6
 were obtained by recrystallization in ethanol, while 1 and 3‒6 by 
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slow diffusion of diethyl ether into the DMF and methanolic solution of the complexes, 

respectively. The measurements  were performed on a Bruker X8 APEX-II CCD (HL
1
, 

HL
2
, HL

4
, HL

5
, 1´, 3‒6), Bruker D8 Venture (1) or Gemini (HL

6
) diffractometer. Single 

crystals were positioned at 35, 35, 35, 35 and 55 mm from the detector, and 388, 1110, 

946, 1108 and 2935 frames were measured, each for 40, 3, 60, 3 and 32s over 0.5, 0.5, 0.5, 

0.5 and 1.0° scan width for HL
1
‒HL

6
, respectively. For Cu(II) complexes 1, 1´, 3‒6 the 

single crystals were placed at 24, 35, 35, 33, 35 and 24 mm from the detector, and 8088, 

2692, 794, 1212, 1261 and 567 fames were measured, each for 3, 2, 60, 60, 60 and 3s over 

0.6, 0.5, 0.5, 0.5, 0.4 and 0.5° scan width, respectively. The data were processed using 

SAINT or CrysAlis software.
83,84

 Crystal data, data collection parameters, and structure 

refinement details are given in Tables S11 and S12. The structures were solved by direct 

methods and refined by full-matrix least-squares techniques. Non-H atoms were refined 

with anisotropic displacement parameters. H atoms were inserted in calculated positions 

and refined with a riding model. The morpholine group and the N-piperidinyl unit in one of 

three crystalographically independent molecules in the asymmetric unit were found to be 

disordered over two positions with s.o.f. 0.5:0.5 and 0.6:0.4 in 3·0.25MeOH. The 

morpholine moiety attached to pyridine unit in one of the three crystallographically 

independent molecules of 4·0.58MeOH was found to be disordered over two positions 

with s.o.f. 0.7:0.3, while one molecule of methanol over two positions with s.o.f. 0.75:0.25. 

The positional parameters of disordered atoms were refined by using PART, DFIX and 

SADI tools implemented in SHELX. The following computer programs and hardware were 

used: structure solution, SHELXS-2014 and refinement, SHELXL-2014;
85

 molecular 

diagrams, ORTEP;
86

 computer, Intel CoreDuo. CCDC 1850567‒1850577. 

8. Electrochemistry and spectroelectrochemistry. Cyclic voltammetric experiments 

were performed as described previously.
53

 The cyclic voltammograms were measured in 

the catodic region in different solvents (DMSO, methanol, DMSO/H2O). The analytical 

purity grade LiClO4 (Sigma-Aldrich) and distilled and deionized water were used for 

preparation of 1 mM aqueous solutions of the investigated complexes 1‒6. EPR spectra 

were recorded with the EMX plus. In situ ultraviolet-visible-near-infrared (UV‒vis‒NIR) 

spectroelectrochemical measurements were performed on a spectrometer (Avantes, Model 

AvaSpec-2048x14-USB2 in the spectroelectrochemical cell kit (AKSTCKIT3) with the Pt-

microstructured honeycomb working electrode, purchased from Pine Research 

Instrumentation. The cell was positioned in the CUV‒UV Cuvette Holder (Ocean Optics) 

connected to the diode-array UV‒vis‒NIR spectrometer by optical fibers. UV‒vis‒NIR 
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spectra were processed using the AvaSoft 7.7 software package. Halogen and deuterium 

lamps were used as light sources (Avantes, Model AvaLight-DH-S-BAL). The in situ EPR 

spectroelectrochemical experiments were carried out under an argon atmosphere in the 

EPR flat cell equipped with a large platinum mesh working electrode. The freshly prepared 

solutions were carefully purged with argon and the electrolytic cell was polarized in the 

galvanostatic mode directly in the cylindrical EPR cavity TM-110 (ER 4103 TM) and the 

EPR spectra were measured in situ. 

9. Cell lines and culture conditions. Human ovarian carcinoma cells A2780 and 

A2780cisR, and human embryonic kidney HEK293 were obtained from ATCC. A2780 

and A2780cisR cells were cultured in RPMI 1640 medium containing 10% fetal bovine 

serum (FBS). HEK293 were cultured in DMEM medium containing 10% FBS. All cells 

were grown in tissue culture 25 cm
2 

flasks (BD Biosciences, Singapore) at 37 °C in a 

humidified atmosphere of 95% air and 5% CO2. All drug stock solutions were prepared in 

sterile water. The amount of Cu was determined by ICP-OES. All compounds were soluble 

in water; more specifically, the solubility of 1, 2 and 5 was moderate and did not exceed 2 

mM, whereas 3 was less soluble (0.3 mM) in water. 

10. Inhibition of cell viability assay. The cytotoxicity of the compounds was determined 

by colorimetric microculture assay (MTT assay, MTT = 3-(4,5-dimethyl-2-thiazolyl)-2,5-

diphenyl-2H-tetrazolium bromide) as described previously.
53

  

11. Cellular accumulation. Cellular accumulation of 1‒6 was determined in A2780 cells. 

Cells were seeded into Cellstar 6-well plates (Greiner Bio-one) at a density of 60  10
4
 

cells/well (2 mL per well). After the cells were allowed to resume exponential growth for 

24 h, they were exposed to 1‒6 at 1 μM for 24 h at 37 C. The cells were washed twice 

with 1 mL of PBS and lysed with RIPA lysis buffer for 5–10 min at 4 °C. The cell lysates 

were scraped from the wells and transferred to separate 1.5 mL microtubes. The 

supernatant was then collected after centrifugation (13 000 rpm, 4 °C for 15 min) and total 

protein content of each sample was quantified via Bradford’s assay. Cell lysates were 

transferred to 2 mL glass vials and then digested with ultrapure 65% HNO3 at 100 C for 

24 h. The resulting solution was diluted to 1 mL (2‒4% v/v HNO3) with ultrapure Milli-Q 

water. Cu content of each sample was quantified by ICP-MS. In was used as an internal 

standard. Cu and In were measured at m/z 64 and m/z 115, respectively. Metal standards 

for calibration curve (0, 0.5, 1, 2, 5, 10, 20, 40 ppb) were freshly prepared before each 

measurement. All readings were made in triplicates in He mode. For temperature-

dependent cellular accumulation experiments, A2780 cells were seeded into 3510 mm 
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tissue culture plates at a density of 6010
4
 cells/plate. After the cells were allowed to 

resume exponential growth for 24 h, they were exposed to 2 at 3 μM for 10, 30, 60 and 120 

min at 37 and 4 C. The subsequent analysis was performed as described above. For 

energy-dependent experiments, A2780 cells were seeded into 3510 mm tissue culture 

plates at a density of 110
6
 cells/plate. After the cells were allowed to resume exponential 

growth for 24 h, they were pre-incubated with oligomycin (5 μM) for 1 h or 4 h or with 

cycloheximide (100 μM) for 4 h and further co-incubated with 3 μM of 2 at 37 C. To 

induce total starvation, after the cells were allowed to resume exponential growth for 24 h, 

RPMI media was replaced with Hanks’ Balanced Salt Solution (HBSS) and cells were pre-

incubated in HBSS for 1 h and further incubated with 3 μM of 2 for 1 h at 37 C. The 

subsequent analysis was performed as described above. 

12. Western blot analysis. A2780 cells were seeded into Cellstar 6-well plates (Greiner 

Bio-One) at a density of 60  10
4
 cells/well (2 mL per well). After the cells were allowed 

to resume exponential growth for 24 h, they were exposed to HL
2
 and 2 at different 

concentrations for 24 h. The experiment was performed essentially as described 

previously.
53

 The membranes were blocked in 5% BSA (w/v) in TBST wash buffer for 1 h 

and subsequently incubated with the appropriate primary antibodies in 5% BSA (w/v) in 

TBST wash buffer (actin antibody) at 4 °C overnight. The membranes were washed with a 

wash buffer 3 times for 5 min. After incubation with horseradish peroxidase-conjugated 

secondary antibodies (room temperature, 1.5 h), the membranes were washed with a wash 

buffer 4 times for 5 min. Immune complexes were detected with Luminata HRP substrates 

and analyzed using enhanced chemiluminescence imaging. Actin was used as a loading 

control. The following antibodies were used: NRF2 (sc13032) from Santa Cruz 

Biotechnologies, ECL Antirabbit IgG (NA934 V) and ECL Antimouse IgG (NA931) from 

GE Healthcare Life Sciences, cleaved PARP (Asp214) (D64E10), PARP, CHOP (D46F1), 

BiP (C50B12), IRE1α (14C10), -actin (13E5), phospho-p44/p42 MAPK (Erk1/2) 

(Thr202/Tyr204) (D13.14.4E), cyclin D1 (92G2), cyclin B1 (D5C10), XIAP antibodies 

from Cell Signalling Technologies. All antibodies were used at 1 : 500 dilutions except for 

actin (1 : 10 000), anti-mouse and anti-rabbit (1 : 5000). 

13. Annexin V/PI apoptosis assay. A2780 cells were seeded into Cellstar 12-well plates 

(Greiner Bio-One) at a density of 2010
4
 cells/well (1 mL per well). The cells were 

allowed to resume exponential growth for 24 h and subsequently they were exposed to 

HL
2
 and 2 at different concentrations for 24 h. After the supernatant solution was collected 
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in 1.5 mL microtubes, the cells were washed with 100 μl of trypsin, which was combined 

with the supernatant. Subsequently, cells were trypsinized with 200 μl of trypsin for 5 min 

at 37 °C, 5% CO2, washed with 200 μl of PBS and combined with the supernatant. The 

cells were centrifuged at 2.510
3
 rpm for 5 min and the pellets were washed once with 

PBS and resuspended in 500 μl of Annexin V binding buffer and stained with Annexin V-

FITC and PI reagents. The fluorescence was immediately analyzed by flow cytometry. The 

resulting dot blots were acquired from 10 000 events and quantified using Flowjo software 

(Flowjo LLC, Ashland, OR, USA). 

14. Tyrosyl radical reduction in mouse R2 ribonucleotide reductase protein. The 9.4 

GHz EPR spectra were recorded at 30 K on a Bruker EleXsys II E540 EPR spectrometer 

with an Oxford Instruments ESR900 helium cryostat, essentially as described previously.
51

 

The small mouse R2 subunit without diferric-tyrosyl cofactor was produced from E.coli 

carrying a mouse R2 cDNA plasmid. The cofactor was further regenerated, resulting in the 

formation of the cluster with 0.38 tyrosyl radical/Fe(III) ratio, which is in agreement with 

the literature.
41 

15. Molecular docking calculations. The calculations were performed as described 

previously.
20

. The centre of the binding pocket was defined (x = 102.276, y = 87.568, z = 

80.588)
87

 with 10 Å radius. The basic amino acids lysine and arginine were defined as 

protonated. Furthermore, aspartic and glutamic acids were assumed to be deprotonated. 

The GoldScore (GS),
37

 ChemScore (CS),
88,89

 Chem Piecewise Linear Potential 

(ChemPLP)
90

 and Astex Statistical Potential (ASP)
90

 scoring functions were implemented 

to validate the predicted binding modes and relative energies of the ligands using the 

GOLD v5.4 software suite. The parameter file for GS was augmented for Cu according to 

Sciortino et al.
38

 The QikProp 4.6
91

 and Marvin software package
92

 was used to calculate 

the molecular descriptors of the compounds. The reliability of QikProp is established for 

the molecular descriptors.
93  

16. Bacterial Strains and antibacterial activity. Wild-type Pseudomonas aeruginosa 

PAO1 strain CECT 4122 (ATCC 15692) and Staphylococcus aureus CECT 86 (ATCC 

12600) were obtained from the Spanish Type Culture Collection (CECT). All strains were 

routinely cultivated in TSB medium (Sharlab, Spain) at 37 ºC. Minimal inhibitory 

concentration (MIC) assays were determined by the microdilution method using TSB broth 

following the method described by the Clinical and Laboratory standards Institute.
94

 In 

brief, compounds were diluted in a 96-well microtiter plate (tissue culture-treated 

polystyrene; Costar 3595, Corning Inc., Corning, NY) to a final concentration ranging 



91 

 

from 0.1 to 100 µg/mL. A 100-µl aliquot of the bacterial suspension (around 5  10
5
 

colony forming units/mL (CFU/mL)) was inoculated, incubated at 37 ºC for 8 h at 150 

rpm, and absorbance at 550 nm was read every 15 min in an Infinity 200 Pro microplate 

reader (Tecan). The MIC100 was determined as the lowest concentration that completely 

inhibited bacterial growth, and MIC50 in which bacterial growth was inhibited at 50%. 

17. Bacterial viability test analysis. Cultures of S. aureus and P. aeruginosa were diluted 

in fresh TSB medium and grown overnight to the beginning of exponential phase (A550 

0.3) and different compounds were added. After 3 h of incubation at 37 ºC in shaking 

conditions, cells were harvested and stained using the LIVE/DEAD BactLight Bacterial 

Viability Kit (Thermofisher) for 30 min. Fluorescent bacteria were visualized by a Nikon 

inverted fluorescent microscope ELIPSE Ti-S/L100 (Nikon) coupled with a DS-Qi2 Nikon 

camera. 
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Synthesis of proligand precursors  

Scheme S1. Atom numbering used for proton and carbon resonances assignment in 
1
H and 

13
C 

NMR spectra of HL
1‒6

.  

Figure S1. ORTEP view of HL
1
, HL

2
 and HL

4‒6
 

Figure S2. A fragment of an infinite chain formed in the crystal of 6. 

Figure S3. Low field region of the 
1
H NMR spectra of HL

1
 recorded at pH 0.75‒12.50 

Figure S4. Concentration distribution curves of HL
1
 and pH-dependent chemical shift values 

(δ / ppm) for the CH(=N) proton measured by 
1
H NMR spectroscopic titration.  

Figure S5. UV–vis spectra recorded for the Cu(II)–HL
1
 (1:1) system at various pH values. 

Figure S6. UV–vis spectra of the Cu(II) – HL
1
 – EDTA system recorded at pH 6.00 at various 

EDTA-to-HL
1
 ratios. Inset shows the measured absorbance values at 320 nm (■) and 394 nm 

(∆) plotted against the EDTA-to-HL
1
 ratios.  

Figure S7. Experimental (black) and simulated (red) solution EPR spectra recorded for Cu(II) 

– HL
1
 1:0.75 (a) and 1:1.5 (b) systems together with the calculated component EPR spectra 

obtained for various complexes (c) at room temperature.  

Figure S8. (a) UV‒vis spectra of 1‒5 in DMSO; (b) UV‒vis spectrum of 2 in H2O; (c) 

UV‒vis spectra of 2 in DMSO (red line), MeOH (black line) and in H2O (blue line). 

 

Figure S9. (a) Cyclic voltammograms of 5 in nBu4NPF6/DMSO in the region of the first 

cathodic peak (black line) as well as going to the second reduction step (red line). (b) Cyclic 
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voltammetry of Cu(II) complexes 1‒5 in DMSO in the region of the first electron transfer in 

the presence of ferrocene. (c) Cyclic voltammetry of 6 (two consecutive scans) in 

nBu4NPF6/DMSO.  

 

Figure S10. (a) Cyclic voltammograms of 2 in H2O/LiClO4 at different scan rates in the 

region of the first cathodic peak (GC-disc working electrode). (b) Cyclic voltammetry of 2 in 

the region of the first electron transfer in different solvents (red line – DMSO, black line – 

MeOH, blue line – H2O) in the presence of ferrocene.  

 

Figure S11. Cyclic voltammograms of 2 in MeOH/LiClO4 in the cathodic (green line) and 

anodic (blue line) region as well as the cyclic voltammograms of the corresponding proligand 

HL
2
 in the cathodic (black line) and anodic (red line) part.  

Figure S12. Potential dependence of UV‒vis spectra of 2 in H2O/LiClO4 measured in the 

region of the first cathodic peak.  

Figure S13. Concentration-effect curves for HL
1‒6

, 1‒6 and cisplatin in A2780, A2780cis and 

HEK293 cells lines upon 72 h exposure. 

Figure S14. The hydrogen bond interactions of Triapine (a) and 5 (b) with aminoacids inside 

R2 RNR binding pocket. 

Figure S15. a) Time-dependent Tyrosyl radical reduction in mouse R2 RNR protein by HL
2
, 

HL
5
, 2, and 5 at 1:1 protein-to-drug ratio in the presence of DTT. b) EPR spectrum of the 

Tyrosyl radical in mouse R2 RNR protein at 30 K. c) UV‒vis spectra of HL
2
 (black line), HL

2
 

+ FeCl3∙6H2O at 2:1 mole ratio (red trace), HL
2
 + FeCl3∙6H2O + DTT at 2:1:5 mole ratio 

measured immediately after DTT addition (blue trace) and after 5 min (green trace), as well as 

UV‒vis spectrum of the complex prepared by mixing HL
2
 + FeSO4∙7H2O at 2:1 ratio (violet 

trace), all in buffered water solution (using pH 7 buffer capsules from Sentec) and measured 

aerobically (1 cm quartz UV‒vis cuvette). d) UV‒vis spectra of HL
5
 + FeCl3∙6H2O at 2:1 

mole ratio (red trace), HL
5
 + FeCl3∙6H2O + DTT at 2:1:5 mole ratio measured immediately 

after DTT addition (green trace). 



105 

 

Figure S16. ESI mass spectrum of [Fe
III

(L
5
)2]

+
 obtained in situ from FeCl3 and HL

5
 in 1:1 

molar ratio. 

Table S1. Selected bond distances (Å) and bond angles (deg) in 1, 1´, 5 and 6. 

Table S2. Selected bond distances (Å) and bond angles (deg) in 3 and 4. 

Table S3.
 
Proton dissociation constants of HL

1
 determined by pH-potentiometry and EPR 

spectroscopy. 

Table S4. Cumulative stability (logβ) and proton dissociation constants of the Cu(II) 

complexes of HL
1
 determined by UV–vis, pH-potentiometry and EPR spectroscopy 

Table S5. Formation constants and isotropic EPR parameters of the components obtained for 

Cu(II) – HL
1
 complexes.

 

Table S6. Electrochemical and optical spectral data of 1‒6.  

Table S7. Molecular descriptors for HL
1
‒HL

6
 and 1‒6. 

Table S8. The results of the scoring functions for the ligands HL
1‒6

 and and their Cu(II) 

complexes 1‒6. 

Table S9. Yields, m.p. and analytical data for HL
1
‒HL

6
. 

Table S10. Yields and analytical data for 1‒6. 

Table S11. Crystal data and details of data collection for HL
1
, HL

2
, HL

4‒6
.
 

Table S12. Crystal data and details of data collection for Cu(II) complexes  
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Synthesis of proligand precursor 

Synthesis of B (as described in ref. 43). To a slurry of the 2,5-pyridinecarboxylic acid A (34 g, 

0.2 mol) in 120 ml of methanol at 0 °C was added dropwise 15 ml of thionyl chloride and the 

resulting slurry was warmed up to room temperature, giving rise to a clear solution. The 

mixture then was heated at reflux for 12 h to afford yellow slurry. Filtration of the reaction 

mixture provided dimethyl-2,5-pyridinecarboxylate B in a quantitative yield as a yellow 

crystalline solid. 

Synthesis of 2,5-Pyridinedimethanol  (C) (as described in ref. 44). Dimethyl -2,5-

pyridinecarboxylate B (5.03 g, 0.03 mol) was suspended in ethanol (70 ml), and the mixture 

was cooled to 0 °C in the ice bath. Sodium borohydride (4.53 g, 0.12 mol) was added in small 

portions to the mixture. After the reaction mixture was stirred for 1 h at 0 °C, the ice bath was 

removed; the outgoing exothermic reaction caused the solution to warm and boil under reflux. 

Stirring of the mixture was continued for 3 h, and then it was heated overnight under reflux. 

The solvent was removed by distillation, and the residue was dissolved in acetone (70 ml). 

Saturated aqueous potassium carbonate (70 ml) was added, and the mixture was heated at 

boiling temperature for 1 h. This resulted in a yellow layer separating from the reaction 

mixture, which was isolated and extracted continuously with chloroform (ca 14 h) to yield the 

product as yellow oil. Yield: 3.07 g (84%). 
1
H NMR (D2O, 300 MHz): δ 4.68 (s, 2H, CH2), 

4.72 (s, 2H, CH2), 7.51 (d, 1H, 
3
JHH = 7.8 Hz, pyH), 8.43 (d, 1H, 

3
JHH = 6.1 Hz, pyH), 8.45 (s, 

1H, pyH-6); 
1
H NMR (DMSO-d6, 60 MHz): δ 4.55 and 4.59 (2s, 4H, CH2OH), 5.23 (br s, 2H, 

CH2OH), 7.42 (d, J = 8 Hz, 1H, 3´-H), 7.72 (dd, J = 2 and 8 Hz, 1H, 4´-H), 8.42 (d, J = 2 Hz, 

1H, 6´-H). 

Synthesis of 2-formyl-5-hydroxymethylpyridine (D) (as described in ref. 45). The crude diol C 

(10.5 g, 0.076 mol) was dissolved in 80 ml of dioxane and 2 ml of water, and 4.0 g (0.036 

mol) of SeO2 was added. The mixture was degassed three times under argon and then heated 

at 100 °C for 3 h. The cooled reaction mixture was filtered through Celite (30-ml dioxane 

wash). The filtrate and washings were concentrated to about a 10 ml volume and 

chromatographed on 150 g of silica gel (50% EtOAc/Hexane and 75% EtOAc/Hexane) to give 

6.2 g (59% yield) of the aldehyde as a pale yellow solid. A portion was recrystallized from 

EtOAc/Hexane to give white plates: mp 75 °C; 
1
H NMR (CDCl3, 60 MHz): δ 4.23 (br s, 1H, 
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OH), 4.90 (s, 2H, CH2), 7.95 and 7.97 (2s, 2H, 3´- and 4´-H), 8.77 (s, 1H, 6´-H), 10.07 (s, 1H, 

CHO); MS calcd for C7H7NO2, 137.0478; found, 137.0471. 

(6-(dimethoxymethyl)pyridine-3-yl)methanol (E). 5-(hydroxymethyl)pyridinecarboxaldehyde 

(1.22 g, 8.92 mmol), trimethyl orthoformate (3.83 ml, 35.0 mmol), methanesulfonic acid (140 

µl, 0.21mmol) and absolute methanol (14 ml) were combined in a 50 ml Shlenk tube. The 

reaction mixture was stirred at 78 °C for 48 h. After cooling down the solvent was evaporated 

under reduced pressure. The residue was dissolved in CHCl3 (50 ml) and washed with 

saturated aqueous K2CO3 and brine. The aqueous phase was extracted with CHCl3 (3 x 40 ml). 

The combined organic layers were dried over MgSO4 and the solvent was removed under 

reduced pressure to give a red-brown oil. Yield: 1.61 g, 98%. 
1
H NMR (500 MHz, DMSO-d6) 

δ 8.52 – 8.44 (m, 1H, CH(Ar)), 7.77 (dd, J = 8.0, 2.2 Hz, 1H, CH(Ar)), 7.46 (d, J = 8.0 Hz, 1H, 

CH(Ar)), 5.34 (t, J = 5.5 Hz, 1H, OH), 5.28 (s, 1H, HC(OCH3)2), 4.55 (d, J = 4.8 Hz, 2H, 

CH2OH), 3.30 (s, 6H, (OCH3)2). 

5-(chloromethyl)-2-(dimethoxymethyl)pyridine (F). (6-(dimethoxymethyl)pyridine-3-

yl)methanol (0.50 g, 2.73 mmol) was dissolved in dry CH2Cl2 (20 ml) in a 100 ml nitrogen 

flask and cooled to -80 °C. A solution of thionyl chloride (218 µl, 3.00 mmol) in dry CH2Cl2 

(15 ml) was added dropwise via dropping funnel. After complete addition the reaction mixture 

was stirred overnight, while it was allowed to slowly reach room temperature. Next day the 

reaction mixture was cooled to -70 °C and trimethylamine (454 µl, 3.28 mmol) was added 

dropwise. The reaction mixture was allowed to reach room temperature, stirred for 1 h at room 

temperature and then poured into iced water (50 ml). Then saturated aqueous Na2CO3 (50 ml) 

was added and the resulting mixture was extracted with CH2Cl2 (3 x 50 ml). The combined 

organic layers were dried over MgSO4 and the solvent was removed under reduced pressure to 

give a dark-red oil. Yield: 0.44 g, 80%. 
1
H NMR (500 MHz, DMSO-d6) δ 8.63 (d, J = 2.2 Hz, 

1H, CH(Ar)), 7.93 (dd, J = 8.0, 2.2 Hz, 1H, CH(Ar)), 7.53 (d, J = 8.1 Hz, 1H CH(Ar)), 5.31 (s, 1H, 

HC(OCH3)2), 4.85 (s, 2H, CH2Cl), 3.31 (s, 6H, (OCH3)2). 

4-((6-(dimethoxymethyl)pyridine-3-yl)methyl)morpholine (G). To a solution of 5-

(chloromethyl)-2-(dimethoxymethyl)pyridine (0.44 g, 2.18 mmol) in 1:1 mixture of dry 

CH2Cl2 and dry THF (11 ml) were added morpholine (285 µl, 3.27 mmol) and trimethylamine 

(907 µl, 6.54 mmol). The reaction mixture was stirred overnight at 50 °C (50 ml Shlenk tube). 
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The next day the mixture was cooled to room temperature and the white precipitate of 

triethylammonium chloride was filtered off and washed with THF. The solvent was removed 

under reduced pressure and the brown, oily raw product was purified on a silica gel column, 

using CH2Cl2/MeOH 95:5 as eluent, to give the product as pale yellow oil. Yield: 0.38 g, 69%. 

1
H NMR (500 MHz, DMSO-d6) δ 8.47 (d, J = 1.5 Hz, 1H, CH(Ar)), 7.77 (dd, J = 8.0, 2.1 Hz, 

1H, CH(Ar)), 7.46 (d, J = 8.0 Hz, 1H, CH(Ar)), 5.28 (s, 1H, HC(OCH3)2), 3.60-3.55 (m, 4H, 

CH2(morph)), 3.51 (s, 2H, CH2), 3.30 (s, 6H, (OCH3)2), 2.40-2.32 (m, 4H, CH2(morph)). 

5-(morpholinomethyl)pyridinecarbaldehyde (H). 4-((6-(dimethoxymethyl)pyridine-3-

yl)methyl)morpholine (0.38 g, 1.87 mmol) was mixed with water (20 ml) and 12 M HCl (0.49 

ml, 5.88 mmol). The reaction mixture was stirred at 60 °C for 6 h. After reaching room 

temperature the reaction was mixed with saturated aqueous K2CO3 and extracted with CH2Cl2 

(3 x 40 ml). The combined organic layers were dried over MgSO4 and the solvent was 

removed under reduced pressure to give colorless oil, which crystallized after a few hours to 

give a beige solid. Yield: 0.29 g, 75%. 
1
H NMR (500 MHz, DMSO-d6) δ 9.99 (s, 1H, CHO), 

8.76 (d, J = 1.5 Hz, 1H, CH(Ar)), 7.98 (dd, J = 7.9, 1.7 Hz, 1H, CH(Ar)), 7.93 (d, J = 7.9 Hz, 1H, 

CH(Ar)), 3.63 (s, 2H, CH2), 3.61-3.55 (m, 4H, CH2(morph)), 2.42-2.34 (m, 4H, CH2(morph)). 
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Scheme S1. Atom numbering used for proton and carbon resonances assignment in 
1
H and 

13
C 

NMR spectra of HL
1
‒HL

6
.  

 

 

 

 

 

 



110 

 

 

 

Figure S1. ORTEP views of proligands: a) HL
1
, b) HL

2
, c) HL

4
, d) HL

5
 and e) HL

6
. Selected 

bond distances (Å) and bond angles (deg) in HL
1
: C6‒N2 1.276(4), N2‒N3 1.374(3), N3‒C7 

1.355(4), C7‒N4 1.325(4), C7‒S 1.690(3), N1‒C5‒C6‒N2 177.0(3), N2‒N3‒C7‒N4 1.9(4); 

in HL
2
: C6‒N2 1.292(2), N2‒N3 1.3651(17), N3‒C7 1.3746(19), C7‒N4 1.343(2), C7‒S 

1.6783(16), N1‒C5‒C6‒N2 ‒3.8(3), N2‒N3‒C7‒N4 177.87(13); in HL
4
: C6‒N2 1.280(2), 

N2‒N3 1.372(2), N3‒C7 1.361(2), C7‒N4 1.333(3), C7‒S 1.692(2), N1‒C5‒C6‒N2 

176.22(16), N2‒N3‒C7‒N4 14.7(3); in HL
5
: C6‒N2 1.2870(19), N2‒N3 1.3612(18), N3‒C7 

1.3673(19), C7‒N4 1.3410(19), C7‒S 1.6752(16), N1‒C5‒C6‒N2 ‒3.9(2), N2‒N3‒C7‒N4 

‒13.29(19); in HL
6
: C6‒N2 1.276(2), N2‒N3 1.3888(17), N3‒C7 1.315(2), C7‒N4 1.319(2), 

C7‒S 1.7549(14), S‒C13 1.775(2), N1‒C5‒C6‒N2 176.04(14), N2‒N3‒C7‒N4 0.0(2). 
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Figure S2. A fragment of an infinite chain formed in the crystal of 6. 
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Figure S3. Low field region of the 
1
H NMR spectra of HL

1
 recorded at pH 0.75‒12.50 

{cproligand = 0.84 mM; 10% D2O/H2O, I = 0.1 M (KCl)}. Exact pH values at pH < 2 and at 

pH > 11.5 were calculated based on the strong acid or strong base content of the sample. 
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Figure S4. Concentration distribution curves of HL
1
 and pH-dependent chemical shift values 

(δ / ppm) for the CH(=N) proton measured by 
1
H NMR spectroscopic titration. {

1
H NMR: 

cproligand = 0.84 mM; t = 25.0 °C; in 10 % D2O/H2O; I = 0.1 M (KCl)}. 
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Figure S5. UV–vis spectra recorded for the Cu(II)–HL
1
 (1:1) system at various pH values 

{cCu(II) = clig = 745 µM; T = 25 ˚C; I = 0.10 M (KCl); l = 2 cm}.  
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Figure S6. UV–vis spectra of the Cu(II) – HL
1
 – EDTA system recorded at pH 6.00 at various 

EDTA-to-HL
1
 ratios. Inset shows the measured absorbance values at 320 nm (■) and 394 nm 

(∆) plotted against the EDTA-to-HL
1
 ratios. {cCu(II) = clig = 34 µM; cEDTA = 0‒83 µM; 

pH = 6.00 (50 mM MES buffer); incubation time = 30 min; T = 25 ˚C; I = 0.10 M (KCl); 

l = 1 cm}. 
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Figure S7. Experimental (black) and simulated (red) solution EPR spectra recorded for Cu(II) 

– HL
1
 1:0.75 (a) and 1:1.5 (b) systems together with the calculated component EPR spectra 

obtained for various complexes (c) at room temperature. Spectra were normalised to the 

maximum intensity {cCu = 1 mM; t = 25.0 °C; I = 0.1 M (KCl)}. 
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Figure S8. (a) UV‒vis spectra of 1‒5 in DMSO; (b) UV‒vis spectrum of 2 in H2O; (c) 

UV‒vis spectra of 2 in DMSO (red line), MeOH (black line) and in H2O (blue line). 
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Figure S9. (a) Cyclic voltammograms of 5 in nBu4NPF6/DMSO in the region of the first 

cathodic peak (black line) as well as going to the second reduction step (red line). (b) Cyclic 

voltammetry of copper(II) complexes 1‒5 in DMSO in the region of the first electron transfer 
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in the presence of ferrocene. (c) Cyclic voltammetry of 6 (two consecutive scans) in 

nBu4NPF6/DMSO (Pt-disc working electrode, scan rate 100 mV s
−1

). 
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Figure S10. (a) Cyclic voltammograms of 2 in H2O/LiClO4 at different scan rates in the 

region of the first cathodic peak (GC-disc working electrode). (b) Cyclic voltammetry of 2 in 

the region of the first electron transfer in different solvents (red line – DMSO, black line – 

MeOH, blue line – H2O) in the presence of ferrocene (in the case of water solution ferrocene 

dissolved in small amount of DMSO was added). 
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Figure S11. Cyclic voltammograms of 2 in MeOH/LiClO4 in the cathodic (green line) and 

anodic (blue line) region as well as the cyclic voltammograms of the corresponding proligand 

HL
2
 in the cathodic (black line) and anodic (red line) part (GC-disc working electrode, scan 

rate 100 mV s
–1

). The potentials were recalculated vs normal hydrogen electrode (NHE) 

reference using the known E1/2 of ferricenium/ferrocene (+0.64 V) vs NHE [V. V. Pavlishchuk 

and A. W. Addison, Inorg. Chim. Acta, 2000, 298, 97–102]. 
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Figure S12. Potential dependence of UV‒vis spectra of 2 in H2O/LiClO4 measured in the 

region of the first cathodic peak (two consecutive scans: black lines – the first voltammetric 

scan, red lines – the second voltammetric scan, Pt-microstructured honeycomb working 

electrode, scan rate v = 10 mV s
−1

). 
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Figure S13. Concentration-effect curves for HL
1‒6

, 1‒6 and cisplatin in A2780, A2780cis and 

HEK293 cells lines upon 72 h exposure. 
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Figure S14. The hydrogen bond interactions of Triapine (a) and 5 (b) with aminoacids inside 

R2 RNR binding pocket. The hydrogen bond interactions are depicted as green lines. 

Lipophilic contacts are shown as purple dashed lines.  

Complex 5 exhibited lipophilic contacts to Phe237, Phe241, Leu332, Leu334 and Cys271 

amino acids residues and was involved in hydrogen-bonding interactions with Arg331. 

Likewise, it was reported that the pyridine ring of Triapine was located in the pocket formed 

by Phe237, Phe241, Ser238 and Tyr324 and hydrogen-bonding interactions with Glu233, 

Glu335, Asp272 and Arg331 were detected [Journal of inorganic biochemistry 2011, 105 

(11), 1422-1431]. It should be noted that Cys271 and Phe237 are close to Fe2O and the 

enzymatically essential tyrosyl residue (Tyr177).  
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Figure S15. a) Time-dependent Tyrosyl radical reduction in mouse R2 RNR protein by HL
2
, 

HL
5
, 2, and 5 at 1:1 protein-to-drug ratio in the presence of DTT. b) EPR spectrum of the 

Tyrosyl radical in mouse R2 RNR protein at 30 K. c) UV‒vis spectra of HL
2
 (black line), HL

2
 

+ FeCl3∙6H2O at 2:1 mole ratio (red trace), HL
2
 + FeCl3∙6H2O + DTT at 2:1:5 mole ratio 

measured immediately after DTT addition (blue trace) and after 5 min (green trace), as well as 

UV‒vis spectrum of the complex prepared by mixing HL
2
 + FeSO4∙7H2O at 2:1 ratio (violet 

trace), all in buffered water solution (using pH 7 buffer capsules from Sentec) and measured 

aerobically (1 cm quartz UV‒vis cuvette). d) UV‒vis spectra of HL
5
 + FeCl3∙6H2O at 2:1 

mole ratio (red trace), HL
5
 + FeCl3∙6H2O + DTT at 2:1:5 mole ratio measured immediately 

after DTT addition (green trace). 
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Figure S16. ESI mass spectrum of [Fe
III

(L
5
)2]

+
 obtained in situ from FeCl3 and HL

5
 in 1:1 

molar ratio. 
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Table S1. Selected bond distances (Å) and bond angles (deg) in 1, 1´, 5 and 6. 

Complex 1
a 

1´
b 

5 6 

Cu‒N1 2.0385(13) 2.0268(9) 2.0349(16) 2.050(3) 

Cu‒N2 1.9733(13) 1.9740(10) 1.9632(15) 1.961(3) 

Cu‒N4    1.942(3) 

Cu‒S 2.2585(4) 2.2673(3) 2.2704(5)  

Cu‒Cl 2.2543(4) 2.2459(3)  2.2281(9) 

Cu‒O2  2.4266(10)   

Cu‒Cl
i 

2.7312(4)  3.0893(6)  

S‒Cu
i 

  3.0233(6)  

N2‒N3 1.3589(17) 1.3638(12)  1.362(4) 

C7‒S 1.7408(16) 1.7451(12)  1.757(4) 

S‒C13    1.805(4) 

N1‒Cu‒N2 80.74(5) 80.58(4)  79.93(12) 

N2‒Cu‒N4    78.58(13) 

N2‒Cu‒S 84.10(4) 83.62(3)   

S‒Cu‒Cl 96.557(15) 96.609(13)   

N1‒Cu‒O2  80.81(3)   

N1‒Cu‒Cl 97.57(4) 98.09(3)  97.87(9) 

N4‒Cu‒Cl    102.79(10) 

N1‒Cu‒Cl
i 

87.03(4)    

Cu‒Cl‒Cu
i 

88.11(1)    

Cu‒S‒Cu
i 

 88.12(2) 88.12(2)  

Cu‒Cl
i
‒Cu

i
  87.31(2) 87.31(2)  

a
 symmetry code i for generation of symmetry equivalent atoms: ‒x + 1, ‒y + 1, ‒z + 1. 

b
 symmetry code i for generation of symmetry equivalent atoms: x, ‒y + 1.5, z ‒ 0.5. 
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Table S2. Selected bond distances (Å) and bond angles (deg) in 3 and 4. 

Complex 3
a 

4
b 

Cu1b‒N1b 2.033(5) 2.026(2) 

Cu1b‒N2b 1.978(5) 1.976(2) 

Cu1b‒S1b 2.2492(18) 2.2503(8) 

Cu1b‒Cl1b 2.2677(15) 2.2537(8) 

Cu1b‒S1c 2.8010(16) 2.8860(8) 

Cu1c‒N1c
 

2.012(5) 2.044(2) 

Cu1c‒N2c
 

1.962(5) 1.978(2) 

Cu1c‒S1c 2.2576(16) 2.2888(8) 

Cu1c‒Cl1c 2.2363(17) 2.2519(8) 

Cu1c‒Cl1b 2.8411(6) 2.7273(8) 

Cu1b‒Cl1b‒Cu1c 89.61(5) 90.94(3) 

Cu1b‒S1c‒Cu1c 90.84(5) 86.31(3) 

 

Table S3. Proton dissociation constants of HL
1
 determined by pH-potentiometry and EPR 

spectroscopy. 

Method pK1 pK2 pK3 

pH potentiometry ≤1.8 5.77(1) 10.92(1) 

1
H NMR spectroscopy ≤1.8 5.82(1) 10.99(1) 
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Table S4. Cumulative stability (logβ) and proton dissociation constants of the Cu(II) 

complexes of HL
1
 determined by UV–vis, pH-potentiometry and EPR spectroscopy. {T = 298 

K, I = 0.10 M (KCl)}. 

Method 

Logβ  pKa
b
 

[CuLH2]
3+

 [CuLH]
2+

 [CuL]
+
 

[CuLH-

1] 
[CuL2]  [CuLH2]

3+
 [CuLH]

2+
 [CuL]

+
 

UV‒vis 

via CT- 

bands 

≤26.0 24.00(1) 19.04(2)
a
 10.42(1) 26.69(4)  ≤2.0 4.96 8.63 

UV‒vis 

via d-d 

bands 

≤26.0 23.96(1) - 10.45(1) -  ≤2.0 4.92 8.59 

pH-

metry 
- 24.09(3) - 10.45(4) 26.83(7)  - 5.05 8.59 

EPR 25.4(1) 24.00(1) - 10.22(1) -  1.4 5.04 8.82 
a 

Determined via EDTA displacement study. 
b
 pKa [CuLH2]

3+
 = log [CuLH2]

3+
 − log [CuLH]

2+
; pKa 

[CuLH]
2+

 = log [CuLH]
2+

 − log [CuL]
+
; pKa [CuL]

+
 = log [CuL]

+
 − log [CuLH-1].  

 

Table S5. Formation constants and isotropic EPR parameters of the components obtained for 

Cu(II) – HL
1
 complexes

a
 

Complex g ACu / G aN / G α / G β / G γ / G 

[CuLH2]
3+ 2.1065(2) 72.9(2) 13.6(2) 30.2(2) ‒8.5(2) 0.2(1) 

[CuLH]
2+ 2.0941(2) 75.2(1) 15.4(2), 9.9(2) 19.4(2) ‒7.9(1) 1.7(1) 

[CuL]
+ 2.0954(2) 75.0(2) 16.4(2), 9.8(2) 19.148(5) ‒8.250(4) 1.98(1) 

[CuLH-1] 2.0927(1) 74.9(1) 14.0(1), 11.4(1) 17.272(4) ‒9.160(4) 1.797(4) 

[CuL2] 2.1001(3) 59.4(3) 16(1), 11(2) 21.0 ‒6.9 1.5 

[Cu2L3H]
2+ 2.042, 2.156      

a 
Uncertainties (SD) of the last digits are shown in parentheses. 
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Table S6. Electrochemical and optical spectral data of 1‒6. Half-wave redox potentials for the 

first reduction step (E1/2
Red1

 ) are in V vs Fc
+
/Fc and vs NHE (in brackets) respectively. 

Complex 
E1/2

Red1
 

(DMSO) 

E1/2
Red1

 

(MeOH) 

E1/2
Red1

 

(H2O)* 
lmax 

(DMSO) 
lmax (H2O)* 

1 –0.81 (–0.17) –0.57 (+0.07) - 414 nm - 

2 –0.80 (–0.16) –0.54 (+0.10) –0.52 (+0.12) 423 nm 403 nm 

3 –0.80 (–0.16) –0.49 (+0.15) - 425 nm - 

4 –0.80 (–0.16) –0.49 (+0.15) - 419 nm - 

5 –0.77 (–0.13) –0.48 (+0.16) - 415 nm - 

6 –0.86 (–0.26) - - - - 

*Electrochemical and optical spectra of complex 2 were additionally measured in aqueous solution, wherein the 

decrease of the reduction potential and lmax was observed. 

 

Table S7. Molecular descriptors for HL
1
‒HL

6
 and 1‒6 and the maximum values for each 

descriptor defining drug-like and known drug space.  

Compound 

Molecular 

Weight 

 (g mol
-1

) 

Lipophilicity 

(LogP) 

Hydrogen 

Bond 

Donors 

Hydrogen 

Bond 

Acceptors 

Polar 

Surface 

Area (Å
2
) 

Rotatable 

Bonds 

HL
1
 279.4 0.5 3 8.7 80.3 5 

HL
2
 307.4 1.6 1 8.7 53.3 5 

HL
3
 333.5 2.1 1 8.7 54.0 5 

HL
4
 349.5 1.4 1 10.4 62.4 5 

HL
5
 355.5 2.5 2 8.7 63.5 6 

HL
6
 293.4 1.3 2 7.7 79.9 6 

1 377.4 1.0 2 5 89.4 2 

2 405.5 2.1 0 5 66.6 2 

3 431.5 2.4 0 5 66.6 2 

4 447.5 1.7 0 6 75.8 2 

5 453.5 3.0 1 5 75.4 3 

6 391.4 1.3 1 5 75.4 3 

Triapine 195.2 0.5 5 3 89.3 2 

Drug-like space 500 5 5 10 140 10 

Known Drug Space 800 6.5 7 15 180 17 
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Table S8. The results of the scoring functions for the ligand and their copper (II) complexes. 

Compound GS ChemPLP CS ASP 
H-Bonding(HB)/ Lipophilic 

Contact(LC) 

HL
1
 47.2 47.9 22.3 31.4 

Arg331(HB), Tyr324(HB), Phe237(LC), 

Phe241(LC),  Leu332(LC), Cys271(LC) 

HL
2
 45.3 55.7 23.2 22.6 

Arg331(HB), Phe237(LC), Phe241(LC), 

Leu332(LC), Cys271(LC) 

 HL
3
 48.1 61.6 26.2 25.7 

Arg331(HB), Tyr324(HB), Phe237(LC), 

Leu332(LC), Cys271(LC) 

HL
4
 49.5 60.5 24.6 24.1 

Tyr324(HB), Phe237(LC), Phe241(LC), 

Cys271(LC) 

HL
5
 60.5 60.1 28.3 30.4 

Tyr324(HB), Arg331(HB), Phe237(LC), 

Leu332(LC), Cys271(LC) 

HL
6
 50.1 53.8 21.9 26.7 

Phe237(LC),  Phe241(LC),  Leu332(LC), 

Cys271(LC), Val328(LC) 

1 47.6    
Arg331(HB), Phe237(LC), Phe241(LC), 

Cys271(LC) 

2 49.7    
Cys271(LC), Val328(LC), 

Phe237(LC),Phe241(LC),  Leu332(LC) 

3 54.6    
Phe237(LC),  Phe241(LC),  Leu332(LC), 

Cys271(LC), Val328(LC) 

4 50.3    
Phe237(LC),  Phe241(LC),  Leu332(LC), 

Cys271(LC), Val328(LC) 

5 56.4    
Arg331(HB), Phe237(LC),  Phe241(LC),  

Leu332(LC),  Leu334(LC), Cys271(LC) 

6 48.4    
Cys271(LC), Val328(LC), Phe237(LC),  

Phe241(LC),  Leu332(LC), Arg331(LC) 

 



 

129 

Table S9. Yields, m.p. and analytical data for HL
1
‒HL

6
. 

 HL
1
 HL

2
 HL

3
 HL

4
 HL

5
 HL

6
 

Yield (%) 89 58 76 24.5 64 34  

Brutto formula C12H17N5O

S 

C14H21N5O

S 

C16H23N5O

S 

C16H22N5O2

S 

C18H21N5O

S  

C13H19N5O

S 

Mr 279.36 307.42 333.45 348.44 355.46 293.39 

mp (°C) 228.5 157 168.5 151.1 159.9 142.6 

C (%) calcd 51.59 4.70 57.63 55.15 60.82 53.22 

 found 51.50 54.76 57.67 55.12 60.86 53.27 

H (%) calcd 6.13 6.89 6.95 6.37 5.95 6.53 

 found 6.02 6.91 6.93 6.75 5.95 6.51 

N (%) calcd 25.07 22.78 21.00 20.10 19.70 23.87 

 found 24.79 22.38 20.76 20.02 19.65 23.50 

S (%) calcd 11.48 10.43 9.62 9.20 9.02 10.93 

 found 11.25 10.44 9.63 9.07 8.97 10.73 

O (%) calcd  5.20 4.80  4.50  

 found  5.22 4.69  4.57  

ESI-MS 

(methano

l) 

[M + 

Na]
+
 

302 330 356 372 378 316 

[M + H]
+
 280 308 334 350 356 294 

X-ray structure Yes yes no yes yes yes 

 

 

 

 

 

Table S10. Yields and analytical data fo1 1‒6. 

 1 2 3 4 5 6 

Yield (%) 91.0 80.6 57.4 34.9 52.6 51.7 

Brutto formula C12H16ClCuN

5OS 

∙0.4DMF 

C14H20ClC

uN5OS 

C16H22ClCuN

5OS 

∙0.4CH3OH  

C16H22ClCu

N5O2S 

∙0.5CH3OH∙

0.3H2O 

C18H20ClCu 

N5OS 

C13H18ClC

uN5OS 

∙0.25H2O 

Mr 406.6 405.41 444.26 465.27 471.45 395.88 

C (%) calcd 38.99 41.58 44.34 42.26 45.86 39.44 

 found 38.90 41.59 44.30 41.86 45.85 39.17 

H (%) calcd 4.66 4.99 5.35 5.29 4.70 4.71 

 found 4.81 4.94 5.09 4.90 4.50 4.56 

N (%) calcd 18.59 17.33 15.76 14.94 14.85 17.69 

 found 18.20 16.92 15.74 14.83 14.80 17.18 

S(%) calcd 7.89 7.91 7.22 6.84 6.80 8.10 

 found 7.63 7.92 7.24 6.92 6.84 7.86 

ESI-

MS 

(metha

nol) 

[M - 

Cl]
+
 

341 369 395 412 417 354 

[2M - 

Cl]
+
 

719 775 827 591 871  

X-ray structure yes no yes yes yes yes 
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Table S11. Crystal data and details of data collection for HL
1
, HL

2
, HL

4‒6
. 

Compound HL
1
 HL

2
 HL

4
 HL

5
 HL

6
 

empirical 

formula 

C12H17N5OS C14H21N5OS C16H23N5O2S C18H21N5OS C13H19N5OS 

Fw 279.37 307.42 349.45 355.46 293.39 

Space group P21/c P21/c P21/c P21/n P21/c 

, Å 11.544(3) 6.1236(4) 13.3622(18) 7.1287(2) 22.7776(4) 

b, Å 13.204(3) 7.9500(6) 5.8899(6) 15.0536(6) 6.8585(1) 

c, Å 10.086(3) 30.956(2) 21.414(3) 16.4704(6) 9.8800(2) 

, ° 112.081(7) 92.419(4) 97.465(1) 97.810(2) 104.877(2) 

V [Å
3
] 1424.6(6) 1505.68(19) 1684.6(4) 1751.09(11) 1524.92(5) 

Z 4 4 4 4 4 

l [Å] 0.71073 0.71073 0.71073 0.71073 1.54178 

calcd, g cm
−3

 1.303 1.356 1.378 1.348 1.278 

Cryst size, mm
3
 0.20  0.18  

0.01 

0.27  0.26  

0.04 

0.15  0.03  

0.01 

0.20  0.06  

0.06 

0.37  0.25  

0.05 T [K] 130(2) 100(2) 100(2) 100(2) 293(2) 

, mm
−1

 0.228 0.222 0.212 0.202 1.920 

R1
a 

0.0578 0.0443 0.0535 0.0454 0.0478 

wR2
b 

0.1609 0.1187 0.1221 0.1330 0.1434 

GOF
c 

1.025 

 

1.038 

 

1.012 

 

1.033 

 

1.048 

 
a
 R1 = ||Fo|  |Fc||/|Fo|. 

b
 wR2 = {[w(Fo

2
  Fc

2
)
2
]/[w(Fo

2
)
2
]}

1/2
. 

c
 GOF = {[w(Fo

2
  

Fc
2
)
2
]/(n  p)}

1/2
, where n is the number of reflections and p is the total number of 

parameters refined.  
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Table S12. Crystal data and details of data collection for Cu(II) complexes  

Compound 1´ 1 3 4 5 6 

 [Cu(L
1
)Cl(H2

O)]·2H2O 

[Cu(L
1
)Cl]·

DMF 

[Cu(L
3
)Cl]·0.

25MeOH 

(ELAF012) 

[Cu(L
4
)Cl]·0.

58MeOH 

[Cu(L
5
)Cl]·

MeOH 

[Cu(L
6
)Cl] 

empirical 

formula 

C12H22ClCuN5O4

S 

C15H23ClCuN

6O2S 

C16.25H22.33ClCu

N5O1.25S 

C16.58H24.33ClCu

N5O2.58S 

C19H24ClCuN

N5O2S 

C13H18ClCu

NN5OS Fw 431.40 450.44 439.44 466.13 485.48 391.38 

space group P-1 P21/c P21/n P21/n P21/c C2/c 

, Å 9.2626(8) 9.3959(3) 24.702(4) 22.2413(7) 16.5043(12) 15.7566(11) 

b, Å 9.5087(8) 19.8889(6) 9.1959(4) 8.3324(2) 17.7857(12) 14.2967(9) 

c, Å 11.0617(9) 10.9744(3) 25.064(5) 31.9121(9) 7.1311(6) 14.2703(10) 

, ° 89.565(2)      

, ° 76.519(2) 108.3661(7) 100.971(6) 90.565(1) 96.241(3) 92.971(3) 

, ° 67.742(2)      

V [Å
3
] 873.29(13) 1946.37(10) 5589.5(2) 5913.8(3) 2080.9(3) 3210.3(4) 

Z (Z´) 2 4 4 (12) 4 (12) 4 8 

l [Å] 0.71073 1.54178 0.71073 0.71073 0.71073 0.71073 

calcd, g cm
−3

 1.641 1.537 1.567 1.571 1.550 1.620 

cryst size, 

mm
3
 

0.30  0.22  

0.22 

0.22  0.14  

0.14 

0.20  0.17  

0.01 

0.15  0.08  

0.03 

0.20  0.06  

0.04 

0.20  0.10 

 0.05 T [K] 100(2) 100(2) 100(2) 100(2) 100(2) 100(2) 

, mm
−1

 1.550 4.046 1.445 1.375 1.305 1.665 

R1
a 

0.0215 0.0256 0.0572 0.0357 0.0368 0.0424 

wR2
b 

0.0577 0.0706 0.1693 0.0861 0.0913 0.1128 

GOF
c 

1.061 

 

1.061 

 

1.062 

 

1.037 

 

1.022 

 

1.053 

 
a
 R1 = ||Fo|  |Fc||/|Fo|. 

b
 wR2 = {[w(Fo

2
  Fc

2
)
2
]/[w(Fo

2
)
2
]}

1/2
. 

c
 GOF = {[w(Fo

2
  

Fc
2
)
2
]/(n  p)}

1/2
, where n is the number of reflections and p is the total number of 

parameters refined.  
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I
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–
 as 

counteranion, and their antiproliferative activity 
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Abstract. A novel proligand HL
H
 has been prepared from 2-pyridinamidrazone and 6-

(morpholinomethyl)pyridine-2-carboxaldehyde. Subsequently starting from HL
H
 and 

CuCl2·2H2O in the presence of triethylamine a series of homo- and heterometallic 

complexes with [Cu
I
Cl2]

– 
as counteranion, namely mononuclear complex 

[Cu
II
Cl(HL

OMe
)][Cu

I
Cl2] (1), dinuclear Ru(II)-Cu(II) complex [Cu

II
Ru

II
(η

6
-p-

cymene)Cl2(L
H
)][Cu

I
Cl2]·1.5H2O (2·1.5H2O), Os(II)-Cu(II) complex [Cu

II
Os

II
(η

6
-p-

cymene)Cl2(L
H
)][Cu

I
Cl2]·H2O (3·H2O) and tetranuclear complex 

[Cu
II

4(L
1
)2(L

2
)2Cl2]Cl2·5MeOH (4·5MeOH), where HL

OMe
, L

1
 and L

2
 are Schiff base 

ligands derived from HL
H
, were synthesized. The structures of metal complexes were 

established by X-ray diffraction. Complexes 1–3 demonstrated quasireversible one-

electron reduction of Cu(II) in complex cations and one-electron oxidation of [Cu
I
Cl2]

– 

counterion, confirmed by UV–vis and EPR spectroelectrochemical measurements. They 

exhibited moderate antiproliferative activity against ovarian carcinoma and cervical 

adenocarcinoma cell lines in a micromolar concentration range, which was superior to the 
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activity of HL
H
, CuCl2 and [Cu

I
Cl2]

–
. The observed anticancer effects might be related to 

the ability of novel complexes to generate ROS, which was established by spin trapping 

experiments in cell-free media, as well as by confocal microscopic imaging in ovarian 

carcinoma cells. 

 

Keywords: heterometallic complexes, amidrazones, organometallics, ruthenium(II)-

copper(II), osmium(II)-copper(II), spectroelectrochemistry, antiproliferative activity, ROS 

Introduction 

The clinical success of anticancer drug cisplatin fuelled rapid development of various 

transition metal complexes with therapeutic properties. As an alternative to highly toxic 

platinum drugs, ruthenium anticancer complexes have been reported and subsequently 

introduced into clinical trials.
1
 Organometallic M(Arene) pharmacophores with M = Ru, 

Os have also been widely investigated due to the accessible synthetic pathways, easy 

structural fine-tuning and low toxicity.
2
 One valuable strategy to further enhance the 

therapeutic potential of M(Arene) complexes is to design multinuclear and heteronuclear 

scaffolds.
3
 An emerging approach involves the combination of M(Arene) moieties with 

other metal fragments, thereby taking advantage of beneficial therapeutic properties of 

both entities. Synchronous delivery of different metal components to the intended site of 

action is expected to result in better pharmacological properties, since all therapeutic 

entities would act on the biological targets simultaneously. Additionally, high toxicity or 

low solubility of mononuclear metal complexes can be significantly improved upon 

coordination to low toxic or water-soluble metal entities. Mononuclear Ru(Arene) and 

Os(Arene) complexes demonstrated marked anticancer properties and their use in vivo was 

in general characterized by low toxicity and good aqueous solubility.
4-8

 Therefore, these 

organometallic species are widely exploited as building blocks for higher-order 

multinuclear M(Arene) anticancer complexes. Conjugation of Ru(Arene) fragments with 

Pt(II), Pt(IV), Au(I), Sn(II) and other metal-based building blocks resulted in an improved 

selectivity to cancer cells over healthy cells and excellent cytotoxicity.
3
 

 

Surprisingly, the biological properties of heterometallic Ru/Cu complexes are barely 

investigated. Copper(II) complexes are well known for their marked anticancer properties,
9
 

linked to the ability of a Cu atom to cycle between Cu(II) and Cu(I) oxidation states,
10

 

leading to the production of reactive oxygen species (ROS), which are deadly for cancer 
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cells.
11,12

 It was reported that the attachment of CpRu
+ 

to a Cu(I)-dppe (1,2-

bis(diphenylphosphino)ethane) yielded the heterodinuclear Ru(II)-Cu(I) complex A with 

cytotoxicity in a low micromolar range (Chart 1).
13

 However, no differences between 

antiproliferative activity and ROS-inducing properties of a heteronuclear complex and its 

corresponding mononuclear counterparts have been observed. To our knowledge, the only 

other example of biologically active Ru/Cu complexes was reported by Reedijk et al., 

where DNA-intercalating ruthenium(II)-terpyridine moiety was designed to direct ROS-

inducing copper(II) unit into DNA followed by its oxidative damage.
14

 Complex B and its 

trinuclear and tetranuclear analogues indeed demonstrated DNA cleavage. However, their 

anticancer activity has not been studied. The biological activity of heteronuclear Os/Cu 

complexes has never been reported.  

 

Chart 1. Examples of previously reported Ru/Cu heteronuclear complexes. 

 

In this work we have prepared heterodinuclear Cu(II)-Ru(II) and Cu(II)-Os(II) complexes 

linked by a morpholine-substituted amidrazone proligand. The amidrazone backbone was 

chosen due to its coordination capacity, as well as a broad spectrum of biological activities, 

including antimicrobial,
15

 antimycobacterial,
16

 antiviral,
17

 antibacterial,
18

 anticonvulsant,
19

 

and anticancer properties.
20-22

 However, there is only a limited number of literature reports 

on the metal complexes of amidrazones.
23-27

 It was shown that coordination of 

amidrazones to copper(II) yielded complexes with anticancer activity in a low micromolar 

range. Moreover, these copper(II)-amidrazone complexes were reported to be 

electrochemically active and were expected to induce ROS in cancer cells.
27

 

 

The incorporation of a morpholine moiety into amidrazone scaffold not only provides an 

additional coordination site, but is also expected to increase the aqueous solubility and 

bioactivity of resulting metal complexes. In general, addition of morpholine moiety to the 

chemical structures yields drugs with better pharmacological profiles, such as widely used 
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anticancer drugs Aprepitant and Gefitinib (Chart 2).
28,29

 Previously, we demonstrated that 

incorporation of a morpholine structural moiety into thiosemicarbazone backbones led to a 

marked improvement of their cytotoxicity and aqueous solubility.
30

 Similarly, conjugation 

of N1-(flavon-6-yl)amidrazone with morpholine (Chart 2, amidrazone-morpholine hybrid) 

resulted in higher antiproliferative activity in comparison with other structurally similar 

amidrazones.
20

 

 

Chart 2. Marketed anticancer drugs with morpholine moiety and previously published 

amidrazone-morpholine hybrid with high anticancer activity (the amidrazone backbone is 

highlighted in blue).  

Herein we report on the synthesis of the novel amidrazone proligand HL
H
 prepared from 2-

pyridinamidrazone and 6-(morpholinomethyl)pyridine-2-carboxaldehyde, as well as three 

metal complexes, namely the homonuclear Cu(II) complex 

[Cu
II
(HL

OMe
)Cl][Cu

I
Cl2]·0.2H2O (1·0.2H2O) and heterodinuclear Cu(II)-Ru(II) 

[Cu
II
(L

H
)Ru

II
(η

6
-p-cymene)Cl2][Cu

I
Cl2]·1.5H2O (2·1.5H2O) and Cu(II)-Os(II) 

[Cu
II
(L

H
)Os

II
(η

6
-p-cymene)Cl2][Cu

I
Cl2]∙H2O (3∙H2O) complexes, shown in Chart 3. Full 

analytical, standard spectroscopic and X-ray diffraction characterization of 1–3, as well as 

their spectroelectrochemistry and antiproliferative activity in three cancerous and one non-

cancerous cell lines along with the ability to generate ROS are also presented and 

discussed.  
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Chart 3. Line drawings of proligand HL
H

 and complexes 1‒3 reported in this work. The 

structures of all complexes were established by single crystal X-ray crystallography. 

Results and Discussion  

Synthesis and characterization of the HL
H

, Cu(II) complex 1 and heterodinuclear 

complexes 2 and 3. The proligand HL
H
 was obtained by the reaction of the 6-

(morpholinomethyl)pyridine-2-carboxaldehyde with 2-pyridinamidrazone in 1:1 mol ratio 

in ethanol in 92% yield. The ESI mass spectrum recorded in positive ion mode showed a 

peak with m/z 325.0 attributed to [M+H]
+
. The 

1
H NMR spectrum was in agreement with 

the suggested structure for the HL
H
. The reaction of the latter with CuCl2·2H2O in the 

presence of triethylamine in methanol in 1:2:1 mol ratio afforded a solid that was removed 

by filtration. The filtrate was concentrated and allowed to stand at –20 °C overnight 

producing bright-green crystals. Slow diffusion of diethyl ether into the solution of the 

crude product redissolved in methanol afforded the complex 

[Cu
II
Cl(HL

OMe
)][Cu

I
Cl2]·0.2H2O (1·0.2H2O) in 17% yield. The positive ESI mass 

spectrum showed a peak with m/z 452.0, which could be assigned to [Cu
II
Cl(HL

OMe
)]

+
, 

while the negative ion mass spectrum confirmed the formation of [Cu
I
Cl2]

–
 by the presence 

of a strong peak at m/z 134.7. The insertion of methoxy group into the aldimine C–H bond 

was further confirmed by X-ray diffraction (vide infra). Substitution of aldimine hydrogen 

atom by an alkoxy group was reported for some Schiff bases when reacted with copper(II) 



 

137 

salts in alcohols.
31,32

 Two different mechanisms for the transformation observed were 

proposed.
33

 One which appears to be plausible for our case as well, is the addition of ROH 

to the polarized aldimine group followed by oxidation to the final product (see Scheme S1 

in Supporting Information). A part of the initially formed complex with HL
H
, presumably 

[Cu
II
Cl(HL

H
)]

+
, acts as an oxidant. This is evidenced by the presence of [Cu

I
Cl2]

–
 as 

counteranion in 1 and the low yield of the product. There is no other source for generation 

of [Cu
I
Cl2]

–
, taking into account that copper(II) salt was allowed to react with HL

H
 in 1:1 

mol ratio. Addition of 0.5 mol equiv of [Ru(η
6
-p-cymene)Cl2]2 to the 1:1:1 mixture of 

HL
H
, CuCl2·2H2O and triethylamine in ethanol and reflux of the dark-red solution 

produced a dark-red crystalline product, which after re-crystallization in ethanol afforded 

X-ray diffraction quality crystals of [Cu
II
Ru

II
(η

6
-p-cymene)Cl2(L

H
)][Cu

I
Cl2]·1.5H2O 

(2·1.5H2O) in 23% yield. The osmium(II) sibling species 3·H2O was prepared similarly in 

25% yield. Characteristic signatures for both 2 and 3 were the presence of strong peaks 

with m/z 694.10 and 782.09 in positive ion ESI mass spectra attributed to [Cu
II
Ru

II
(η

6
-p-

cymene)Cl2(L
H
)]

+
 and [Cu

II
Os

II
(η

6
-p-cymene)Cl2(L

H
)]

+
, respectively (Figures S1 and S2 in 

Supporting Information, and a peak at m/z 134.7 in negative ion mass spectrum assigned to 

[Cu
I
Cl2]

–
. The reaction of HL

H
 with CuCl2·2H2O in the presence of triethylamine in 1:1:1 

mol ratio in methanol afforded a solid that was isolated by filtration and dissolved in 

methanol. Slow diffusion of diethyl ether into the methanolic solution afforded brown 

crystals of 4 which were investigated by X-ray diffraction (vide infra).  

 

X-ray crystallography. The results of X-ray diffraction studies of 1–3 are shown in 

Figures 1 and 2, while that of tetranuclear copper(II) complex 4 in Figure S3 in Supporting 

Information. Complexes 2 and 3 are chiral, but crystallize as enantiomeric mixtures in the 

monoclinic centrosymmetric space group C2/c. The Cu(II) ion in 1 adopts a slightly 

distorted square-pyramidal coordination geometry ( parameter 0.16)
34

 with the new ligand 

formed via insertion of methoxy group into the aldimine C–H bond as shown in Scheme 

S1 in Supporting Information. The ligand HL
OMe

 acts as a monoanion and occupies the 

basal plane and the chloride as co-ligand the apical position.   
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Figure 1. ORTEP plot of [Cu
II
(HL

OMe
)Cl][Cu

I
Cl2] (1). Selected bond distances (Å), bond 

angles (deg) and torsion angles (deg): Cu1–N1 2.005(2), Cu1–N3 1.971(3), Cu1–N5 

2.071(3), Cu1–N6 2.071(3), Cu1–Cl1 2.4701(9); N1–Cu1–N3 88.37(10), N3–Cu1–N5 

80.09(10), N5–Cu1–N6 102.27(10), N1–Cu1–N6 83.99(10); N1–C1–C13–N6 –34.4(4). 

 

The distortion of Cu(II) coordination geometry enhances upon coordination of [Cu
II
(L

H
)Cl] 

moiety to Ru(II)- and/or Os(II)-p-cymene building blocks. An intermediate coordination 

geometry between square-pyramidal and trigonal-bipyramidal for Cu(II) in isostructural 

complexes 2 and 3 has been established with -parameter of 0.53 and 0.52, respectively. 

The Ru(II) and Os(II) adopt the usual three-leg piano-stool configuration, in which the two 

nitrogen atoms N2 and N4 along with one chloride atom act as the legs.  

 

Figure 2. ORTEP plots of heterodinuclear species a) [Cu
II
(L

H
)Ru

II
(η

6
-p-cymene)Cl2]

+
 in 2 

and b) [Cu
II
(L

H
)Os

II
(η

6
-p-cymene)Cl2]

+
 in 3. Selected bond distances (Å), bond angles 

(deg) and torsion angles (deg) in the complex cation of 2: Cu1–N1 1.985(7), Cu1–N3 
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1.938(6), Cu1–N5 2.000(6), Cu1–N6 2.172(7), Cu1–Cl1 2.388(2), Ru–N2 2.068(6), Ru–

N4 2.063(8), Ru–Cl2 2.4194(19), Ru–Cav(p-cym) 2.19(3); N1–Cu1–N3 89.1(3), N3–Cu1–

N5 81.5(3), N5–Cu1–N6 107.5(3), N1–Cu1–N6 78.3(3); N1–C1–C13–N6 –23.6(10). 

Selected bond distances (Å), bond angles (deg) and torsion angles (deg) in the complex 

cation of 3: Cu1–N1 1.963(5), Cu1–N3 1.943(6), Cu1–N5 2.016(5), Cu1–N6 2.175(6), 

Cu1–Cl1 2.379(2), Os–N2 2.085(6), Os–N4 2.063(6), Os–Cl2 2.420(2), Os–Cav(p-cym) 

2.20(4); N1–Cu1–N3 89.6(2), N3–Cu1–N5 80.9(2), N5–Cu1–N6 107.6(2), N1–Cu1–N6 

78.6(2); N1–C1–C13–N6 –26.3(10). 

The structure of [Cu
II

4(L
1
)2(L

2
)2Cl2]Cl2·5MeOH (4·5MeOH) in Figure S3 (Supporting 

Information) shows that two new ligands L
1
 and L

2
 are formed from HL

H
 (see Charts S1 

and S2 in Supporting Information) and corroborates the high reactivity of the coordinated 

Schiff base. The first ligand L
1
 is formed by addition of water to the Cu(II) coordinated 

HC=N group of HL
H
 and conversion to an amide presumably via oxidation, a rare type of 

transformation documented in the literature, i.e. for Re
IV

 and Ru
III

.
35

 Intermediates resulted 

from addition of H2O and/or ROH to aldimine functions were also isolated and 

characterized.
36,37

 The second ligand L
2
 is produced via cyclization reaction by 

nucleophilic attack of terminal nitrogen atom at the polarized aldimine carbon. Taking into 

account the redox activity of Cu(II) in reported copper(II) complexes with 

amidrazones,
26,27 

the spectroelectrochemical properties of 1–3 were investigated.  

 

Cyclic voltammetry and spectroelectrochemistry. Cyclic voltammograms of Cu(II) 

complex 1 and heterodinuclear complexes 2 and 3 in DMSO/n-Bu4NPF6 by using platinum 

or glassy-carbon working electrodes are very similar and show one reduction peak in the 

cathodic part at Epc = –0.73 V for 1 (Figure 3a, red trace), –0.75 V for 2 (Figure 3a, black 

trace) and –0.72 V for 3 (Figure S4a in Supporting Information), and one oxidation peak in 

the anodic part at Epa = +0.04 V with a markedly shifted counterion peak at around –0.28 V 

(all vs Fc
+
/Fc at scan rate of 100 mV s

–1
). The proligand HL

H
 is not redox active in the 

potential window available (Figure S4b in Supporting Information). Almost the same 

voltammetric response was found also for methanolic solutions with Epc at around –0.68 vs 

Fc
+
/Fc at scan rate of 100 mV s

–1
 (Figure S5 in Supporting Information). Therefore the 

reduction event can be attributed to the Cu(II) → Cu(I) reduction in the corresponding 

[Cu
II
Ru/Os(η

6
-p-cymene)Cl2(L

H
)]

+
 cation, while the oxidation peak corresponds to the 

oxidation of the [Cu
I
Cl2]

–
 anion in 1–3. The shape of cyclic voltammogram of n-
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Bu4N[CuCl2] salt in DMSO is very similar to that  observed for 1–3 in the anodic part with 

a slightly shifted potential to the higher value (see blue line in Figure S4a in Supporting 

Information) confirming the oxidation of [Cu
I
Cl2]

–
. Similar broadened cyclic 

voltammogram was already reported for anodic oxidation of triethylammonium 

dichloridocuprate(I).
38

 To provide further evidence that the reduction is metal-centered, the 

nearly reversible one-electron reduction of 2 was studied by in situ UV‒vis-

spectroelectrochemistry. A new absorption band at 408 nm arose upon cathodic reduction 

of 2 in DMSO/n-Bu4NPF6 at the first electron transfer with a simultaneous decrease of the 

initial optical bands at 446 and 348 nm via isosbestic points at 434 and 365 nm (Figure 3b). 

A strong decrease of the initial EPR signal (originating from the [Cu
II
Ru(η

6
-p-

cymene)Cl2(L
H
)]

+
 cation) was observed in the analogous spectroelectrochemical 

experiment directly in the EPR cavity using a large platinum working electrode and a flat 

spectroelectrochemical cell (see Figure S6a in Supporting Information), thus confirming 

the reduction of Cu(II) with formation of a diamagnetic d
10

 EPR-silent Cu(I) species. The 

spectral changes of the S→Cu(II) charge transfer bands (~446 nm) are also in line with the 

reduction of Cu(II) to Cu(I). Additionally, upon voltammetric reverse scan, reoxidation and 

a nearly full recovery of the initial optical bands were observed, attesting the chemical 

reversibility of the cathodic reduction even at low scan rates (Figure S7 in Supporting 

Information). As can be seen for electrochemical oxidation of 2 in DMSO/n-Bu4NPF6 in 

the region of the first one-electron oxidation step (Figure S6b in Supporting Information), a 

new EPR signal was observed which is different from the EPR signal of the [Cu
II
Ru(η

6
-p-

cymene)Cl2(L
H
)]

+
 cation and characteristic for [Cu

II
(solv)6]Cl2 species. So the first 

oxidation peak is due to the oxidation of [Cu
I
Cl2]

–
 anion. A new absorption band at 302 nm 

arises upon anodic oxidation of 2 in DMSO/n-Bu4NPF6 at the first electron transfer with no 

changes of the initial optical band at 446 nm, again in agreement with the oxidation of 

[Cu
I
Cl2]

–
 (Figure S8 in Supporting Information). Thus it can be concluded that the Ru

II
 and 

Os
II
 centers are not redox active in the biologically accessible redox window but slightly 

affect the redox potential of the Cu(II)-centered reduction in 2 and 3. 
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Figure 3. (a) Cyclic voltammograms of 1 (red trace) and heterodinuclear complex 2 (black 

trace) in DMSO/n-Bu4NPF6 at glassy-carbon working electrode at scan rate of 100 mV s
–1

; 

(b) UV–vis spectra measured upon cathodic reduction of 2 at the first reduction peak by 

using honeycomb Pt working electrode. 

 

Hydrolysis. The aqueous stability of 1–3 was investigated by UV–vis spectrophotometry 

to predict their behaviour under physiological conditions. Samples were incubated in water 

at 298 K and their absorption spectra were monitored over 24 h. The absorption bands of 2 

and 3 decreased with time, while those for 1 remain unchanged indicating resistance to 

hydrolysis of the latter compound (Figure S9 in Supporting Information). The aqueous 

stability of 1 was confirmed by ESI mass spectra, which remain unchanged over 24 h and 

showed a peak with m/z 452, corresponding to [Cu
II
Cl(HL

OMe
)]

+
. In the presence of 24 μM 

NaCl the optical spectra of 2 and 3 did not change significantly, indicating that hydrolysis 

was effectively suppressed by the excess of Cl
–
 (Figure S10 in Supporting Information). In 

agreement with UV–vis studies, ESI mass spectra of complexes 2 and 3 in the presence of 

24 μM NaCl indicated their enhanced aqueous stability.   
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Antiproliferative activity. The cytotoxicity of complexes 1–3 and proligand HL
H
 in 

comparison with cisplatin, CuCl2 and n-Bu4N[Cu
I
Cl2] was studied by MTT assays against 

ovarian carcinoma cell lines A2780 and A2780cisR, cervical adenocarcinoma HeLa cell 

line, as well as human embryonic kidney HEK293 cell line with an exposure time of 72 h. 

Results shown in Table 1 and Figure S11 in Supporting Information  represent the mean 

IC50 values with standard deviations, and the resistance factor (RF). 

Table 1. Cytotoxicity of amidrazone-morpholine hybrid HL
H
, metal complexes 1–3, 

CuCl2, n-Bu4N[CuCl2] and cisplatin.  

Compound IC50
[a]

 [M]  

 A2780 A2780cisR RF
[b] 

HeLa HEK293 SF
[c]

 

HL
H
 138 ± 36 438 ± 54 3.2 >500 >100 - 

1·0.2H2O 15 ± 3 23 ± 5 1.5 51 ± 4 103 ± 30 6.9 

2·1.5H2O 22 ± 1 59 ± 6 2.7 91 ± 29 >100 >5 

3·H2O 45 ± 1 45 ± 4 1.0 32 ± 7 70 ± 15 1.5 

CuCl2 83 ± 12 82 ± 3 1.0 217 ± 42 187 ± 37 2.3 

n-Bu4N[CuCl2] 83 ± 13 156 ± 16 1.9 215 ± 16 145 ± 46 1.7 

Cisplatin 
0.44 ± 

0.13 
4.6 ± 0.3 10.5 4.4 ± 0.8 

3.4 ± 1.1 7.7 

[a]
 50% inhibitory concentrations (IC50) in human ovarian carcinoma cell lines A2780 and A2780cisR, 

human cervical adenocarcinoma cell line HeLa and human embryonic kidney cell line HEK293, determined 

by the MTT assay after exposure for 72h. Values are means  standard error of mean (SEM) obtained from at 

least three different independent experiments. 
[b] 

RF is determined as IC50(A2780cisR)/IC50(A2780).
 [c] 

SF is 

determined as IC50(HEK293)/IC50(A2780).  

As can be seen from Table 1, in all tested cell lines complexes 1–3 demonstrated 

antiproliferative activity in a micromolar concentration range, which is significantly lower 

than the activity of cisplatin. However, the differences in the activity of 1–3 in the 

cisplatin-resistant and cisplatin-sensitive cell lines reflected by their RF values were 

smaller than that of cisplatin, which typically demonstrates a 10–20 fold decrease of 

cytotoxicity in A2780cisR. The lack of cross resistance of 1–3 with cisplatin is expected, 

since these compounds operate via different mechanisms of action. Importantly, complexes 

1 and 2 demonstrated high selectivity to cancer cell lines over noncancerous HEK293 cells, 

which might be beneficial for their further clinical development.   
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All metal complexes displayed greater cytotoxicity than HL
H
, indicating that the binding of 

amidrazone-morpholine ligand to the metal is beneficial for their cytotoxicity. Similar 

increase of cytotoxicity was previously observed upon chelation of thiosemicarbazones to 

copper(II).
39,40

 However, the subsequent coordination of the second metal (Ru or Os) to a 

copper(II)-amidrazone backbone did not lead to a further increase of activity. Of note is 

that 2 and 3 cannot be directly compared to 1, since their amidrazone backbones are 

different. Also, it is important to point out that the activity of 1–3 was higher than the 

activity of CuCl2 and [CuCl2]
–
, suggesting that anticancer effects of the complexes were not 

solely determined by the Cu(II) or counteranion, but by the combination of Cu(II) and 

amidrazone-morpholine ligand.  

Intracellular accumulation. To determine whether the relative cytotoxicity of the 

copper(II)-amidrazone complexes was related to their cellular uptake, intracellular Cu(II) 

accumulation was determined at equimolar concentrations (100 M) using ICP-MS 

(Figure 4). The intracellular Cu(II) accumulation increased in the following order 1 < 2 < 

3, indicating that coordination of Ru(II) or Os(II)-based fragments resulted in the improved 

uptake of these complexes into cells. However, the trend in cellular accumulation did not 

correlate with the trend in cytotoxicity in A2780 cell line (1 > 2 > 3), suggesting that the 

activity of the complexes is not directly related to their cellular uptake. In general, the 

accumulation of the complexes was very poor and did not significantly increase in 

comparison with CuCl2, with the exception of 3 (* p<0.05).  

   

Figure 4. Intracellular Cu content determined upon 24 h exposure of A2780 cells to 100 

μM of complexes 1–3 and CuCl2 by means of ICP-MS. Statistical analysis was performed 
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by two-tailed T-test using GraphPad Prism software (GraphPad Software Inc., CA) with p 

< 0.05 considered as significant (* p < 0.05, ** p < 0.01).  

 

ROS generation. To ascertain the ability of 1–3 and n-Bu4N[CuCl2] to generate ROS in 

cell-free media in aerated DMSO/H2O solutions the EPR spin trapping technique was used. 

The addition of 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a spin trap to DMSO/H2O 

solutions of 1–3 and n-Bu4N[CuCl2] saturated with pure molecular oxygen led to the 

appearance of EPR signals characteristic of mainly oxygen centered spin adducts
41

 

(Figures 5 and 6). The intensity of the corresponding EPR signal increased proportionally 

with the concentration of 2 (Figure 5a) providing evidence that ROS is produced in the 

presence of the heterometallic heterovalent complex. Note that only minor formation of 

these radicals was seen in the absence of 2 (see black line in Figure 5a), confirming the 

involvement of the latter in generation of ROS. The dominating spin adduct in 

DMSO/aqueous (4:1, v/v) solutions was simulated by the following spin-Hamiltonian 

parameters AN = 1.397 mT, AH

 = 1.228 mT and can be attributed to the 

•
DMPO-OH spin-

adduct in accord with literature data.
42

 Experiments with increased amount of added water 

into the system (Figure 5b) confirmed the formation of hydroxyl radical spin-adduct. In 

DMSO/H2O (2:3, v/v) mixed solvent the characteristic EPR signal of 
•
DMPO-OH with 

1:2:2:1 line intensities dominates the spectrum (see red line in Figure 5b) and can be 

simulated by the nearly equal values of hyperfine couplings (AN = 1.450 mT, AH

 = 1.367 

mT).
43

 The minor component (AN = 1.5240 mT, AH

 = 2.246 mT) corresponds to the 

carbon centered spin adduct 
•
DMPO-R. No EPR signal was observed for reference sample 

in the absence of investigated complexes in DMSO/H2O (2:3, v/v) system. The integral 

EPR intensity of DMPO spin-adducts (OH radicals dominated) of 1–3 in 

DMSO/H2O/O2/DMPO solutions, corresponding to the ROS-generating ability of 

complexes, decreased in the following order 1 > 2 > 3 (Figure 6b). This is in a good 

correlation with the cytotoxicity trend (Table 1) and might explain the reduced activity of 

complexes 2 and 3 despite their higher intracellular accumulation. The presence of 

[CuCl2]
–
 in 1–3 might be important for ROS generation, since n-Bu4N[CuCl2] also 

demonstrated strong ROS induction.   
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Figure 5. (a) EPR spectra of DMPO spin-adducts monitored for the DMSO/aqueous (4:1, 

v/v) solutions saturated with oxygen containing different concentrations of 2 and DMPO. 

c0(DMPO) = 0.04 M and c0(2) = 0.3 mM (red line), 0.1 mM (blue line), 0.02 mM (green 

line) and 0.00 mM (black line); (b) EPR spectra of DMPO spin-adducts measured in the 

2/DMSO/H2O/O2/DMPO solutions at 298 K with different amount of water in the system 

(black line: 400uL DMSO + 100 uL H2O, red line: 200 uL DMSO + 300 uL H2O). c0(2) = 

0.3 mM, c0(DMPO) = 0.04 M. 

 

When ROS generation experiments were performed for 1–3 in neat DMSO, a broadening 

of EPR signals was observed, as illustratively shown for 2 in Figure S12a in Supporting 

Information. A better resolution was obtained by bubbling Ar through the solution (Figure 

S12b in Supporting Information), indicating the formation of mainly oxygen-centered spin 

adducts. The dominating spin adduct was best simulated by the following spin-

Hamiltonian parameters AN = 1.375 mT, AH

 = 1.161 mT in agreement with the formation 

of alkoxy-radical 
•
DMPO-OR spin-adduct.

43
 Only minor formation of these adducts was 
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seen in the absence of metal complexes, again providing evidence for their involvement in 

ROS generation. 
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Figure 6. (a) EPR spectra of DMPO spin-adducts measured in the DMSO/H2O/O2/DMPO 

solutions at 298 K for 200 µL DMSO + 300 µL H2O system and c0(sample) = 60 µM, 

c0(DMPO) = 0.04 M (red line – complex 1, green line – complex 2, blue line – complex 3, 

violet line – sample n-Bu4N[CuCl2]) and (b) the corresponding integral EPR intensity (red 

column – complex 1, green column – complex 2, blue column – complex 3, violet column 

– sample n-Bu4N[CuCl2]). 

 

To support the results of EPR spin trapping experiments, we performed immunostaining of 

A2780 cells for the in vitro ROS detection. A2780 cells were treated with complex 3 (135 

M) for 24 h and subsequently co-incubated with cell permeable dye 2,7-

dichlorodihydrofluorescein diacetate H2DCF-DA, which is commonly used for the 

intracellular ROS detection, and Hoechst nuclear stain. As can be seen from Figure 7, 

untreated cells were characterized by basal intracellular ROS levels. However, when cells 

were treated with 3, increase of ROS production was observed in agreement with the initial 
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hypothesis. Interestingly, drug treatment affected cellular morphology, resulting in the 

appearance of vacuoles, possibly of lysosomal-endosomal nature, and vacuolated cells 

demonstrated the highest DCFDA intensity. This might indicate that ROS induction by 

complex 3 might be involved in the mediation of non-apoptotic cell death accompanied by 

vacuolization, such as methuosis or paraptosis, but this hypothesis requires deeper 

investigation in the future.
44

 

 

Figure 7. ROS detection by immunostaining. A2780 cells were incubated with complex 3 

(100 M) for 24 h and subsequently stained with H2DCFDA (20 M) for 15 min and 

visualized by confocal microscopy imaging. Hoechst 33342 dye was used for nuclear 

staining. Red arrows indicate cellular vacuoles. The scale bar represents 10 M.  

Conclusions 

In this work, we prepared several novel homo- (1) and hetero- (2, 3) metallic copper(II) 

complexes with amidrazone scaffold and [CuCl2]
–
 as a counterion. The heterometallic 

species, 2 and 3, were obtained by a combination of copper(II) species, where a Cu(II) 

center was coordinated in a traditional manner by nitrogen donors, and a typical 

organoruthenium(II)/osmium(II) three leg piano stool moiety. The aldimine bond in 

copper(II)-amidrazone complexes was highly polarized, giving rise to novel unexpected 

species, mono- and tetranuclear copper(II) complexes (1 and 4), which were characterized 

by spectroscopic techniques and/or X-ray diffraction. Complexes 1–3 demonstrated 

superior anticancer activity in comparison to the amidrazone-morpholine proligand HL
H
. 
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In addition, all complexes were selective to cancer cells over healthy cells. The anticancer 

activity of complexes 1–3 is due to the production of deadly ROS. The ability of 

investigated metal-based amidrazone-morpholine hybrids to generate ROS in cell-free 

media, as well as in cancer cells, was confirmed by spin trapping experiments by EPR 

spectroscopy and confocal microscopic imaging. Heterometallic complexes 2 and 3 were 

less active than the mononuclear complex 1, even though their intracellular accumulation 

was higher, which might be explained by their less efficient ROS production. To specify 

the role of counterion in the biological activity of complexes 1–3, we compared their 

anticancer properties with those of n-Bu4N[Cu
I
Cl2]. It was demonstrated that despite the 

ability of n-Bu4N[Cu
I
Cl2] to induce significant ROS production, its cytotoxicity was 

significantly lower, suggesting that high activity of complexes 1–3 was a result of 

synergistic action of all metal-containing entities. To conclude, we proposed a viable 

approach for the assembly of redox-active anticancer organometallic compounds 2 and 3. 

The redox potentials of copper(II) complex 1 and heterometallic complexes 2 and 3 are 

similar. The Cu-centered nature of redox events was further confirmed by UV–vis and 

EPR spectroelectrochemical measurements. Thus the redox activity of the whole, 

bimetallic assembly is confined to the Cu sites, not involving the Ru(II)/Os(II) centers. 

 

Experimental section 

Chemicals. All reagents used were received from commercial sources. 2-cyanopyridine, 

RuCl3∙nH2O, OsCl3∙nH2O and CuCl2·2H2O were purchased from Sigma-Aldrich. The 6-

(morpholinomethyl)pyridine-2-carboxaldehyde was synthesized via a multistep procedure 

as described elsewhere.
39

 2-pyridinamidrazone was prepared as a white solid by reaction of 

2-cyanopyridine with excess hydrazine hydrate as reported previously.
45

 

Tetrabutylammonium dichloridocuprate(I) was synthesized as white crystals by reaction of 

copper(I) chloride with tetrabutylammonium hydrogen sulfate in the presence of sodium 

chloride in dichloromethane as described in the literature.
46

 [Ru(p-cymene)Cl2]2
47

 and 

[Os(p-cymene)Cl2]2
48

 were prepared following literature procedures. Anhydrous dimethyl 

sulfoxide (SeccoSolv®, max. 0.025% H2O) from Merck (Darmstadt, Germany), methanol 

(spectroscopic grade, Lachema, Brno, Czech Republic) and ferrocene (98%, Aldrich) were 

used as received. Tetrabutylammonium hexafluorophosphate (n-Bu4NPF6) of puriss quality 

(from Fluka) was dried under reduced pressure at 70 °C for 24 h before use. Distilled and 

deionized water was used for preparation of DMSO/water solutions. The spin trapping 

agent 5,5-dimethyl-1-pyrroline N-oxide (DMPO; Sigma-Aldrich) was distilled prior to the 
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application. Chemical grade cisplatin (1 mg/mL) was purchased from Hospira Pty Ltd 

(Melbourne, Australia). IGEPAL CA-630, DL-dithiothreitol (DTT), H2DCF-DA were 

purchased from Sigma-Aldrich (St Louis, MO, USA). Thiazolyl Blue tetrazolium bromide 

(MTT) was purchased from Alfa Aesar. Hyclone
TM

 Trypsin Protease 2.5% (10) solution, 

RPMI 1640, DMEM medium, Fetal bovine serum (FBS) and Pierce
TM

 Protease and 

Phosphatase Inhibitor Mini Tablets were purchased from Thermo Fisher Scientific. Biorad 

protein assay dye reagent concentrate was purchased from Bio-rad Laboratories. Milli-Q-

grade purified water was obtained from a Milli-Q UV purification system (Sartorius 

Stedim Biotech S.A., Aubagne Cedex, France). Nitric acid (60–61%, for trace metal 

analysis) for ICP-MS analysis was obtained from Fluka (Sigma Aldrich) and used without 

further purification. Cu and In standards for ICP-MS measurements were obtained from 

CPI international (Amsterdam, The Netherlands). 

 

Instrumentation. ICP-OES determination of Cu content was performed in Chemical, 

Molecular and Analysis Centre, National University of Singapore with Optima ICP-OES 

(Perkin Elmer, Watham, MA, USA). The absorbance of thiazolyl blue tetrazolium bromide 

(MTT) was measured by synergy H1 hybrid multimode microplate reader (Bio-Tek, 

Winoosky, VT, USA). Cu and Re contents in cells were determined by Agilent 7700 Series 

ICP-MS (Agilent Technologies, Santa Clara, CA, USA). The UV‒vis spectrophotometric 

measurements were performed on a Hewlett Packard 8452A diode array spectrophotometer 

and a Thermo Scientific Evolution 220 spectrophotometer. The UV‒vis 

spectrophotometric measurements were performed on a Hewlett Packard 8452A diode 

array spectrophotometer and a Thermo Scientific Evolution 220 spectrophotometer. 

Confocal microscope images were collected through a laser 

scanning confocal microscope (Fluoview FV3000, Olympus). 

 

Synthesis of proligand and complexes 

N-((6-(morpholinomethyl)pyridin-2-yl)methyleneamino)picolinamidine (HL
H

). To 6-

(morpholinomethyl)pyridine-2-carboxaldehyde (1.11 g, 5.39 mmol) in ethanol (50 ml) 2-

pyridinamidrazone (0.734 g, 5.39 mmol) was added. The mixture was left under stirring 

and reflux overnight. Next day orange clear solution was allowed to cool to ambient 

temperature. The solvent was removed under reduced pressure to give a bright-orange oil, 

which was dried in vacuo. Yield: 1.61 g, 92.0%. Anal. Calcd for C17H20N6O·0.25H2O (Mr  
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= 328.9), %: C, 62.08; H, 6.28; N, 25.55. Found, %: C, 62.07; H, 6.09; N, 25.67. 
1
H NMR 

(500.10 MHz, DMSO-d6): δ 8.68 (ddd, J = 4.8, 1.6, 0.9 Hz, 1H, H
23

), 8.39 (s, 1H, H
14

), 

8.29-8.25 (m, 2H, H
4
, H

21
), 7.95 (td, J = 7.7, 1.7 Hz, 1H, H

24
), 7.84 (t, J = 7.7 Hz, 1H, H

3
), 

7.56 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H, H
22

), 7.46 (d, J = 7.1 Hz, 1H, H
5
), 7.36 (s, 1H, H

18
), 

7.26 (s, 1H, H
16

), 3.63 (s, 2H, H
7
), 3.62-3.58 (m, 4H, H

9
, H

13
), 2.45 (d, J = 3.8 Hz, 4H, H

10
, 

H
12

). 
13

C NMR (125.76 MHz, DMSO-d6): δ 158.43 (Cq, C
6
), 157.96 (Cq, C

17
), 154.69 

(CH, C
14

), 154.09 (Cq, C
2
), 150.54 (Cq, C

19
), 149.06 (CH, C

23
), 137.56 (CH, C

24
), 137.28 

(CH, C
3
), 126.14 (CH, C

22
), 123.57 (CH, C

5
), 121.94 (CH, C

21
), 119.96 (CH, C

4
), 66.69 

(CH2, C
7
), 64.42 (CH2, C

9
, C

13
), 53.81 (CH2, C

10
, C

12
). ESI-MS (positive): m/z 325 ([L + H]

+
). 

UV–vis (MeOH), λmax, nm (ε, M
–1

cm
–1

): 337 (20280). The atom labelling scheme for 
1
H 

and 
13

C resonance assignment is given in Chart S1 in Supporting Information. 

[Cu
II

Cl(HL
OMe

)][Cu
I
Cl2]∙0.2H2O (1∙0.2H2O). To a solution of HL

H
 (0.190 g, 0.59 mmol) 

in methanol (5 ml) was added a solution of copper(II) chloride dihydrate (0.200 g, 1.17 

mmol) in methanol (10 ml) and triethylamine (0.082 ml, 0.59 mmol). Bright-green 

suspension was stirred at 60 ºC for 20 min and the precipitate was filtered off. The filtrate 

was concentrated and allowed to stand at –20 ºC overnight to give a bright-green 

crystalline product. Crystals of X-ray diffraction quality were obtained by slow diffusion 

of diethyl ether into solution of the raw product in methanol. Yield: 0.058 g, 16.9%. Anal. 

Calcd for C18H22N6O2Cu2Cl3∙0.2H2O (Mr = 591.5), %: C, 36.55; H, 3.82; N, 14.21. Found, 

%: C, 36.53; H, 3.87; N, 13.90. ESI-MS (positive): m/z 452 ([M]
+
). UV‒vis (MeOH), λmax, 

nm (ε, M
‒1

cm
‒1

): 724 (144), 367 (4909), 260 (10755). IR (ATR, selected bands, ῦmax): 

3357, 1633, 1584, 1555, 1429, 1307, 1269, 1108, 1011, 972, 854, 799, 698, 652 cm
‒1

. 

[Cu
II

(L
H

)Ru
II

(η
6
-p-cymene)Cl2][Cu

I
Cl2]·1.5H2O (2·1.5H2O). To a solution of HL

H
 

(0.100 g, 0.31 mmol) in ethanol (5 ml) was added a solution of copper(II) chloride 

dihydrate (0.053 g, 0.31 mmol) in ethanol (5 ml) and triethylamine (0.043 ml, 0.31 mmol). 

Green-brown suspension was stirred under reflux for 20 min and then [Ru(η
6
-p-

cymene)Cl2]2 (0.095 g, 0.16 mmol) was added. Dark-red clear solution was left under 

stirring and reflux overnight. Next day the solvent was removed under reduced pressure to 

give a dark-red crystalline precipitate, which was filtered off, washed with ethanol and 

diethyl ether and dried in air. X-ray diffraction quality single crystals of 2 were obtained by 

re-crystallization of the product in ethanol. Yield: 0.06 g, 22.8%. Anal. Calcd for 

C27H33N6OCu2RuCl4·1.5H2O (Mr = 854.6), %: C, 37.95; H, 4.25; N, 9.83. Found, %: C, 

37.93; H, 4.13; N, 9.79. ESI-MS (positive): m/z calcd for [Cu
II
Ru

II
(L

H
)Cl2]

+
  694.06; for 
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[Cu
II
Ru

II
(L

H
)Cl]

2+
 329.54. Found: m/z

 
694.10 and 329.57 ([Cu

II
Ru

II
(L

H
)Cl]

2+
). ESI-MS 

(negative): m/z 134.74 ([CuCl2]
–
). UV‒vis (MeOH), λmax, nm (ε, M

‒1
cm

‒1
): 489sh, 440 

(4169), 415 (4222), 343 (4529), 290sh. IR (ATR, selected bands, ῦmax): 3049, 1599, 1567, 

1458, 1382, 1250, 1167, 1107, 868, 798, 654 cm
‒1

. 

[Cu
II

(L
H

)Os
II

(η
6
-p-cymene)Cl2][Cu

I
Cl2]·H2O (3·H2O). To a solution of HL

H
 (0.10 g, 

0.31 mmol) in ethanol (5 ml) was added a solution of copper(II) chloride dihydrate (0.05 g, 

0.31 mmol) in ethanol (5 ml) and triethylamine (0.043 ml, 0.31 mmol). Green-brown 

suspension was stirred under reflux for 20 min and then [Os(η
6
-p-cymene)Cl2]2 (0.126 g, 

0.16 mmol) was added. A dark-red clear solution was left under stirring and reflux for 1.5 

h, cooled down thereafter and left to stand in air at ambient temperature. Dark-red crystals 

of X-ray diffraction quality were obtained after 3 days. Yield: 0.037 g, 25.1%. Anal. Calcd 

for C27H33N6OCu2OsCl4·H2O (Mr = 934.7), %: C, 34.69; H, 3.77; N, 8.99. Found, %: C, 

34.56; H, 3.25; N, 8.78. ESI-MS (positive): m/z calcd for [Cu
II
Os

II
(L

H
)Cl2]

+
 782.10; for 

[Cu
II
Os

II
(L

H
)Cl]

2+
 373.57. Measured: m/z

 
782.09 and 373.53 ([Cu

II
Ru

II
(L

H
)Cl]

2+
). ESI-MS 

(negative): m/z 134.64 ([CuCl2]
–
). UV‒vis (MeOH), λmax, nm (ε, M

‒1
cm

‒1
): 537sh, 458 

(3734), 353 (4291), 317 (4682), 274sh. IR (ATR, selected bands, ῦmax): 3239, 1598, 1565, 

1459, 1254, 1169, 1102, 1056, 1027, 863, 798, 659 cm
‒1

.  

[Cu
II

4(L
1
)2(L

2
)2Cl2]Cl2·5MeOH·5.5H2O (4·5MeOH·5.5H2O). To a solution of HL

H
 

(0.500 g, 1.54 mmol) in methanol (20 ml) was added a solution of copper(II) chloride 

dihydrate (0.263 g, 1.54 mmol) in methanol (10 ml) and triethylamine (0.21 ml, 1.54 

mmol). Dark-green suspension was stirred at 60 ºC for 20 min. Then the mixture was 

cooled down, the precipitate filtered off. By diffusion of diethyl ether into a methanolic 

solution of the raw product brown crystals of X-ray diffraction quality were grown within 

three days and investigated by X-ray crystallography. 

Crystallographic Structure Determination. X-ray diffraction measurements were 

performed on a Bruker X8 APEXII CCD (1), Bruker D8 Venture (2‒4) diffractometers. 

Single crystals were positioned at 35, 24, 24 and 24 mm from the detector, and 2300, 720, 

713 and 1342 frames were measured, each for 26, 60, 60 and 37 s over 0.5, 0.5, 0.4 and 

0.5° scan width for 1‒4, respectively. The data were processed using SAINT software.
49

 

Crystal data, data collection parameters, and structure refinement details are given in Table 

2. The structures were solved by direct methods and refined by full-matrix least-squares 

techniques. Non-H atoms were refined with anisotropic displacement parameters. H atoms 
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were inserted in calculated positions and refined with a riding model. The residual electron 

density in the structures 2, 3 and 4·5MeOH was removed by using SQUEEZE option 

implemented in PLATON. Solvent accessible voids of 442, 445 and 163 Å
3
 are present in 

the crystal structures of 2, 3 and 4·5MeOH, respectively. The following computer programs 

and hardware were used: structure solution, SHELXS-2014 and refinement, SHELXL-

2014;
50

 molecular diagrams, ORTEP;
51

 computer, Intel CoreDuo. CCDC – 1884326 for 1, 

1884327 for 2, 1884328 for 3, 1884329 for 4·5MeOH. 

Electrochemistry. Cyclic voltammetry experiments with 1 mM solutions of 1‒3 in 0.1 M  

n-Bu4NPF6 supporting electrolyte in DMSO or in methanol were performed under argon 

atmosphere using a three electrode arrangement with glassy-carbon 1 mm disc working 

electrode (from Ionode, Australia), platinum wire as counter electrode, and silver wire as 

pseudoreference electrode. Ferrocene served as the internal potential standard. A Heka 

PG310USB (Lambrecht, Germany) potentiostat with a PotMaster 2.73 software package 

served for the potential control in voltammetric studies. 

 

Spectroelectrochemistry. In situ ultraviolet-visible-near-infrared (UV‒vis‒NIR) 

spectroelectrochemical measurements were performed on a spectrometer (Avantes, Model 

AvaSpec-2048x14-USB2) in the spectroelectrochemical cell kit (AKSTCKIT3) with the 

Pt-microstructured honeycomb working electrode, purchased from Pine Research 

Instrumentation. The cell was positioned in the CUV‒UV Cuvette Holder (Ocean Optics) 

connected to the diode-array UV‒vis‒NIR spectrometer by optical fibers. UV‒vis‒NIR 

spectra were processed using the AvaSoft 7.7 software package. Halogen and deuterium 

lamps were used as light sources (Avantes, Model AvaLight-DH-S-BAL). The in situ EPR 

spectroelectrochemical experiments were carried out under an argon atmosphere in the 

EPR flat cell equipped with a large platinum mesh working electrode. The freshly prepared 

solutions were carefully purged with argon and the electrolytic cell was polarized in the 

galvanostatic mode directly in the cylindrical EPR cavity TM-110 (ER 4103 TM) and the 

EPR spectra were measured in situ. The EPR spectra were recorded at room temperature 

with the EMX Bruker spectrometer. 

 

Cell lines and culture conditions. Human ovarian carcinoma cells A2780 and A2780cisR, 

human cervical adenocarcinoma cells HeLa and healthy embryonic kidney cells HEK293 

were obtained from ATCC. A2780cisR cells were exposed to cisplatin (1 μM) every third 
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passage to maintain resistance. A2780 and A2780cisR cells were cultured in RPMI 1640 

medium containing 10% fetal bovine serum (FBS). HeLa and HEK293 cells were cultured 

in DMEM medium containing 10% FBS. All cells were grown in tissue culture 25 cm
2
 

flasks (BD Biosciences, Singapore) at 37 °C in a humidified atmosphere of 95% air and 

5% CO2. All drug stock solutions except cisplatin were prepared in DMSO and the final 

concentration of DMSO in medium did not exceed 1% (v/v) at which cell viability was not 

inhibited. The amount of actual Cu and Ru concentration in the stock solutions was 

determined by ICP-OES. 

 

Inhibition of cell viability assay. The cytotoxicity of the compounds was determined by 

colorimetric microculture assay (MTT assay). The cells were harvested from culture flasks 

by trypsinization and seeded into Cellstar 96-well microculture plates (Greiner Bio-One) at 

the seeding density of 6000 cells per well (100 μl per well) or 10000 cells per well for 

HEK293 cells. After the cells were allowed to resume exponential growth for 24 h, they 

were exposed to drugs at different concentrations in media for 72 h. The drugs were diluted 

in complete medium at the desired concentration and 100 μl of the drug solution was added 

to each well and serially diluted to other wells. After exposure for 72 h, drug solutions 

were replaced with 100 μL of MTT in media (5 mg ml
−1

) and incubated for additional 45 

min. Subsequently, the medium was aspirated and the purple formazan crystals formed in 

viable cells were dissolved in 100 μl of DMSO per well. Optical densities were measured 

at 570 nm with a microplate reader. The quantity of viable cells was expressed in terms of 

treated/control (T/C) values by comparison to untreated control cells, and 50% inhibitory 

concentrations (IC50) were calculated from concentration-effect curves by interpolation. 

Evaluation was based on means from at least three independent experiments, each 

comprising six replicates per concentration level. 

Intracellular accumulation. Intracellular accumulation of 1‒3 and CuCl2 was determined 

in A2780 cells. Cells were seeded into Cellstar 6-well plates (Greiner Bio-one) at a density 

of 20  10
4
 cells/well (2 mL per well). After the cells were allowed to resume exponential 

growth for 48 h, they were exposed to 1‒3 and CuCl2 at 100 μM for 24 h at 37 C. The 

cells were washed twice with 1 mL of PBS and lysed with 100 μL of RIPA lysis buffer 

(ultrapure water, 5M NaCl, 1M Tris-HCl pH 8.0, 2% sodium deoxycholate, 10% SDS, 

IGEPAL, protease and phosphatase inhibitor) for 5–10 min at 4 °C. The cell lysates were 

scraped from the wells and transferred to separate 1.5 mL microtubes. The supernatant was 

then collected after centrifugation (13 000 rpm, 4 °C for 15 min) and total protein content 
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of each sample was quantified via Bradford’s assay. Cell lysates were transferred to 2 mL 

glass vials and then digested with ultrapure 60% HNO3 (50 μL) at 110 C for 96 h. The 

resulting solution was diluted to 1 mL (2‒4% v/v HNO3) with ultrapure Milli-Q water, 

sonicated for 45 min and filtered through 0.45 m filters. Cu content of each sample was 

quantified by ICP-MS and expressed as per mg of protein. Re was used as an internal 

standard. Cu and Re were measured at m/z 64 and 186, respectively. Metal standards for 

calibration curve (0, 1, 2, 5, 10, 20, 40 ppb) were prepared. All readings were made in six 

replicates in He mode.  

Cell-free ROS generation. The generation of paramagnetic intermediates was monitored 

by cw-EPR spectroscopy using the EMXplus spectrometer. Freshly prepared 0.4 mM 

solution of 2 in DMSO was mixed with DMSO or water (final amount 400 µL) and 

bubbled with pure oxygen for 5 min. After this step the solution of spin trapping agent 100 

µL of 0.21 M DMPO in DMSO was added and immediately transferred into a flat EPR 

quartz cell. The EPR spectra were measured with following experimental parameters: X-

band, room temperature, microwave frequency, 9.431 GHz; 100 kHz field modulation 

amplitude, 2 G; time constant, 10 ms; scan time, 41s (ten scans). 

Fluorescence staining. A2780 cells were seeded onto 100 mm cell culture dishes at a 

seeding density of 2  10
5
 cells per dish. After the cells were allowed to resume 

exponential growth for 24 h, the media was changed and the cells were exposed to 100 μM 

of complex 3 for 24 h at 37 °C. Subsequently, the cells were stained with Hoechst 33342 

nuclear stain (0.1 g/ml) for 10 min and then washed twice with 1x  PBS and replaced 

with H2DCFDA (20 M) in colorless RPMI media (without FBS). The cells were then 

incubated at 37 C for 15 min, washed twice with 1x PBS and fixed with 10% 

paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) at room temperature for 30 min. 

Subsequently, the cells were washed twice with 1x PBS and analyzed by confocal 

microscopy using Fluoview FV3000 Olympus confocal microscope. 
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Table 2. Crystal Data and Details of Data Collection for [Cu
II

(HL
OMe

)Cl][Cu
I
Cl2] (1), 

[(Cu
II

(Ru(p-cymene)Cl2(L
H

)][Cu
I
Cl2] (2), [(Cu

II
Os(p-cymene)Cl2(L

H
)][Cu

I
Cl2] (3) and 

[Cu
II

4Cl2(L
1
)2(L

2
)2]Cl2·5MeOH (4·5MeOH)  

Compound 1 2 3 4·5MeOH 

empirical 

formula  

C18H22Cl3Cu2N6

O2 

C27H33Cl4Cu2N6O

Ru 

C27H33Cl4Cu2N6O

Os 

C73H92Cl4Cu4N24O11 

fw 587.84 827.54 916.67 1877.66 

space group P-1 C2/c C2/c P21/n 

, Å 6.9042(14) 31.6782(17) 31.528(3) 13.9260(6) 

 
b, Å 12.424(2) 12.8500(7) 12.846(1) 15.8732(7) 

c, Å 13.264(3) 21.729(2) 21.868(2) 21.0395(9) 

, ° 83.869(6)    

, ° 82.030(7) 128.987(1) 128.844(3) 92.474(2) 

, ° 77.462(6)    

V [Å
3
] 1096.5(4)  6875.2(9)  6898.1(10)  4646.5(3) 

Z  2 8 8  2 

l [Å] 0.71073 0.71073 0.71073 0.71073 

calcd, g cm
−3 1.780 1.599 1.765 1.342 

cryst size, mm
3 0.20  0.15  

0.01 

0.14  0.04  0.01 0.10  0.02  0.02 0.12  0.12  0.07 

T [K] 100(2) 100(2) 100(2) 100(2) 

, mm
−1 2.334 2.001 5.237 1.083 

R1
a 

0.0331 0.0713 0.0442 0.0699 

wR2
b 

0.0852 0.1476 0.0990 0.2104 

GOF
c 

1.028 

 

1.094 

 

0.953 

 

1.083 

a
 R1 = ||Fo|  |Fc||/|Fo|. 

b
 wR2 = {[w(Fo

2
  Fc

2
)
2
]/[w(Fo

2
)
2
]}

1/2
. 

c
 GOF = {[w(Fo

2
  

Fc
2
)
2
]/(n  p)}

1/2
, where n is the number of reflections and p is the total number of 

parameters refined. 
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Scheme S1. Transformation of the coordinated ligand HL
H
 into HL

OMe
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pattern for the peak with m/z 782.10 (bottom) for [Cu
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I
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Figure S3. The structure of tetranuclear centrosymmetric complex [Cu4(L
1
)2(L

2
)2Cl2]Cl2 

(4). Selected bond distances (Å), and bond angles (deg) in the complex cation: Cu1–N3 

1.912(4), Cu1–N5 2.104(4), Cu1–N7 1.996(4), Cu1–N10 2.378(4), Cu1–O2 2.034(3), 

Cu2–N1 2.005(4), Cu2–N11 2.061(4), Cu2–N9 1.993(4), Cu2–O2 2.378(3); Cu2–Cl1 

2.2736(12), N3–Cu1–N5 78.84(16). 
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Figure S4. (a) Cyclic voltammograms of heterodinuclear complex 3 (red trace) and n-

Bu4N[CuCl2] salt (black trace) in DMSO/n-Bu4NPF6 at glassy-carbon working electrode at 

scan rate of 100 mV s
–1

. (b) Cyclic voltammogram of proligand HL
H
 in DMSO/n-Bu4NPF6 

at glassy-carbon working electrode at a scan rate of 100 mV s
–1

.  
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Figure S5. Cyclic voltammograms of heterodinuclear complexes (a) 2 and (b) 3 in 

methanol/n-Bu4NPF6 at glassy-carbon working electrode at scan rate of 100 mV s
–1

 (black 

traces represent the first scan, while red traces the second scan).  
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Figure S6. (a) EPR spectra for 2 (black trace) and partially 1-electron reduced 

[Cu
II
Ru

II
(η

6
-p-cymene)Cl2(L

H
)][Cu

I
Cl2] (red trace) in DMSO/n-Bu4NPF6 at room 

temperature; (b) EPR spectra for 2 (black trace) and 1-electron-oxidised  [Cu
II
Ru

II
(η

6
-p-

cymene)Cl2(L
H
)][Cu

I
Cl2] (red line) in DMSO/n-Bu4NPF6 at room temperature (*internal 

Mn(II) standard for g-value determination). 
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Figure S7. In situ UV-vis-NIR spectroelectrochemistry for 2 in DMSO/n-Bu4NPF6 (scan 

rate of 10 mV s
−1

, Pt-microstructured honeycomb working electrode): (a) UV-vis-NIR 

spectra detected simultaneously upon the cyclic voltammetric scan; (b) UV-vis-NIR 

spectrum of 2 (green trace), UV-vis-NIR spectra detected after in situ reduction of 2 (red 

trace) and after back reoxidation (blue trace). 
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Figure S8. In situ optical spectroelectrochemistry 2 in DMSO/n-Bu4NPF6 (scan rate of 10 

mV s
−1

, Pt-microstructured honeycomb working electrode): UV-vis-NIR spectra recorded 

simultaneously upon the in situ oxidation in the region of the first anodic peak (inset: the 

corresponding cyclic voltammogram). 

 

 

 

 

 

 

 

 

 

 

 

300 400 500 600 700

0.0

0.3

0.6

0.9

1.2

1.5

A

l/ nm

0.0 0.2 0.4 0.6 0.8
-10

-5

0

5

10

15

 I
 /
 

A

 E / V vs. Ag
+
/Ag



 

173 

 

a) 

 

 

 

 

b)       c)  

 

 

 

 

Figure S9. Absorption spectra of 1 (a), 2 (b) and 3 (c) in water measured over 24 h by 

UV–vis spectrophotometry. 

a)         b)  

 

 

 

 

Figure S10. Absorption spectra of 2 (a) and 3 (b) in the presence of 24 μM NaCl in water 

measured over 24 h by UV–vis spectrophotometry. 
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Figure S11. Concentration-effect curves for HL
H
, 1‒3 and CuCl2 in A2780, A2780cis and 

HeLa cells lines upon 72 h exposure. 
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Figure S12. (a) EPR spectra of DMPO spin-adducts measured in the 2/DMSO/O2/DMPO 

solution (red line) and reference DMSO/O2/DMPO solution (black line) at 298 K. Initial 

concentrations: c0(2) = 0.3 mM, c0(DMPO) = 0.04 M; (b) EPR spectra of DMPO spin-

adducts measured in the 2/DMSO/O2/DMPO system after bubbling the final solution with 

argon (red line) at 298 K. c0(2) = 0.3 mM, c0(DMPO) = 0.04 M. 
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Abstract. Two new proligands HL
1
 and HL

2
 have been prepared by condensation 

reactions of 2-pyridinamidrazone and S-methylisothiosemicarbazidium iodide with 3-

amino-pyridine-2-carboxaldehyde. By reactions of HL
1
·HCl and HL

2
 with CuCl2·2H2O in 

1:1 mol ratio in methanol the complexes [Cu
II
Cl2(HL

1
)] (1) and [Cu

II
Cl2(HL

2
)] (2) were 

prepared. The reaction of HL
2
 with Fe(NO3)3∙9H2O in 2:1 mol ratio in the presence of 

triethylamine afforded the complex [Fe
III

(L
2
)2](NO3)3 (3), the reaction of HL

2
 with ZnCl2 

the complex [Zn
II
Cl3(H2L

2
)] (4). The structures of HL

2
 and metal complexes 1, 2 and 4 

were established by X-ray diffraction. Complexes 1 and 2 demonstrated irreversible 

reduction of Cu(II) ion with the subsequent ligand release, while 3 an almost reversible 

electrochemical reduction. These observations were also confirmed by UV–Vis and EPR 

spectroelectrochemical measurements. Complexes 13 were tested against cisplatin-

sensitive and cisplatin-resistant ovarian carcinoma cells and demonstrated significant 

antiproliferative activity in comparison to proligands. 
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Introduction 

α-N-heterocyclic thiosemicarbazones (TSCs) attract considerable attention since their 

remarkable antiproliferative properties have been discovered.
1
 The most promising 

representative of this group of compounds is 3-aminopyridine-2-

carboxaldehydethiosemicarbazone or Triapine, (3-AP), which has already entered more 

than 30 phase I and II clinical trials.
2-4

 3-AP was also tested in various combination 

regiments and was shown to enhance the activity of other anticancer drugs, such as 

cisplatin,
2,5

 gemcitabine,
6 

doxorubicin,
7
 irinotecan,

4
 as well as radiotherapy.

8, 9
 It is 

believed that mode of action of 3-AP is based on the effective inhibition of ribonucleotide 

reductase (RNR)
10-12

 as a result of Fe(III) chelation from diferric-tyrosyl cofactor, followed 

by the generation of deadly ROS.
13

 However, despite promising anticancer effects in vitro 

and in vivo, the use of 3-AP in patients is associated with side-effects like neutropenia,
14

 

methenoglobinemia,
15

 nausea, vomiting etc. Additionally, several types of solid tumors 

demonstrated resistance to 3-AP treatment.
14, 16-18

 Since TSCs are known to efficiently 

chelate first row transition metals, 3-AP and its analogues were coordinated to endogenous 

metals, such as Cu and Fe.
19-22

 TSC coordination to endogenous metals decreased overall 

toxicity of the drug molecules
23

 and increased their activity due to the synergistic action of 

TSCs and a metal center.
21-23

 In general, Cu(II) complexes of thiosemicarbazones were 

characterized by better anticancer activity than their proligands;
24

 whereas complexation to 

Fe(III) did not always result in the improvement of cytotoxicity.
19,25

 Interestingly, both 

Cu(II) and Fe(III) complexes of 3-AP were less active that 3-AP itself.
12,19

 

Carboxamidrazones structurally resemble thiosemicarbazones, but surprisingly their 

anticancer effects are not very widely studied. These compounds demonstrated 

antiproliferative activity in a micromolar range and good selectivity to cancer cells over 

healthy cells.
26-27

 Similarly to Cu(II)-TSC complexes, coordination of carboxamidrazones 

to a Cu(II) center resulted in an improvement of cytotoxicity; however, there are very few 

examples of reported Cu(II)-carboxamidrazone complexes.
28-30

 Therefore, we have 

prepared novel carboxamidrazones with S-methyl and pyridine substituents, structurally 

related to 3-AP, as well as their Cu(II) and Fe(III) complexes and investigated their 
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potential as anticancer drugs. All compounds were fully characterized by analytical and 

spectroscopic methods and their electrochemical properties were determined by cyclic 

voltammetry and UV-Vis-NIR spectroelectrochemistry. The anticancer activity of novel 

compounds was studied in two ovarian cancer cell lines (A2780 and A2780cis), as well as 

a non-cancerous embryonic kidney cell line (HEK293). Additionally, their intracellular 

dose-dependent accumulation has been investigated. 
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Chart 1. Line drawings of 3-AP, carboxamidrazone proligands (HL
1
, HL

2
) and complexes 

(1-3) reported in this work. 

Synthesis and characterization of the HL
1
, HL

2
, copper(II) complexes 1 and 2 and 

iron(III) complex 3. HL
1
 was obtained by the reaction of 3-N-(tert-

butyloxycarbonyl)amino-2-pyridinecarboxaldehyde with 2-pyridinamidrazone and 

hydrochloric acid in 1:1:1 mole ratio in ethanol in 60% yield. The ESI mass spectrum 

recorded in positive ion mode showed a peak with m/z 241 attributed to [L+H]
+
. The 

1
H 

NMR spectrum was in agreement with the suggested structure for two tautomeric forms of 

the HL
1
. The reaction of the latter with CuCl2·2H2O in methanol in 1:1 mole ratio afforded 

a brown solid of 1 that was removed by filtration and purified on preparative HPLC. Slow 

diffusion of diethyl ether into the solution of the crude product redissolved in methanol 

afforded brown crystals. The positive ESI mass spectrum showed peaks with m/z 338 and 

303 which could be assigned to [Cu
+1

(HL
1
)Cl]

+
 and [Cu(HL

1
)]

+
 respectively. 

HL
2
 was synthesized via a reaction of 3-N-(tert-butyloxycarbonyl)amino-2-

pyridinecarboxaldehyde with S-methylisothiosemicarbazide hydrochloride and 

hydrochloric acid  in 1:1:0.85 mole ratio in the presence of sodium bicarbonate in water in 
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67% yield. Slow evaporation of the HL
2
 in ethanol/water (3:1) afforded yellow crystals. 

The ESI mass spectrum recorded in positive ion mode showed a peak with m/z 210 

attributed to [L+H]
+
. The 

1
H NMR spectrum was in agreement with the structure for HL

2
. 

The reaction of the proligand with CuCl2·2H2O in methanol in 1:1 mole ratio afforded 

dark-green crystals of 2. The positive ESI mass spectrum showed peaks with m/z 271 and 

307 which could be assigned to [Cu
+1

(HL
2
)]

+
 and [Cu(HL

2
)Cl]

+
 respectively. Black 

precipitate of 3 was synthesized by the reaction of HL
2
 with Fe(NO3)3∙9H2O and 

triethylamine in 2:1:2 mole ratio in methanol. The positive ESI mass spectrum showed 

peak with m/z 472 which could be assigned to ([Fe(L
2
)2]

+
. 

X-ray crystallography. The results of X-ray diffraction studies of HL
2
, [Cu(HL

1
)Cl2] (1), 

[Cu(HL
2
)Cl2] (2) and Zn(H2L

2
)Cl3 (4) are shown in Figures 1 and S1, respectively. The 

proligand HL
2
 and complex 1 crystallized in the monoclinic space group P21/c, while 

complexes 2 and 4 in the triclinic centrosymmetric space group P-1.  

 

Figure 1. ORTEP views of HL
2
, (a) Cu(HL

1
)Cl2 (1) and (b) Cu(HL

2
)Cl2 (2). Selected bond distances (Å) 

and bond/torsion angles (deg) in HL
2
: C4–N2 1.3514(15), C6–N3 1.2828(14), N3–N4 1.3970(12), N4–C7 

1.3044(14), C7–N5 1.3471(14), C7–S 1.7643(11), S1–C8 1.8043(12); C1–N1–C5–C6 –179.31(10), N3–N4–

C7–N5 –174.898(10); in 1: Cu–N1 1.997(2), Cu–N4 1.973(2), Cu–N6 2.006(2), Cu–Cl1 2.3255(7), Cu–Cl2 

2.5190(6), C6–N3 1.278(4), N3–N4 1.372(3), N4–C7 1.330(3), C7–N5 1.321(3); N1–Cu–N4 91.52(8), N4–

Cu–N6 80.12(8), N4–Cu–Cl1 136.54(7), N4–Cu–Cl2 111.58(6); in 2: Cu–N1 2.063(5), Cu–N3 1.960(5), Cu–
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N5 1.990(4), Cu–Cl1 2.2370(17), Cu–Cl2 2.5517(17), C6–N3 1.281(7), N3–N4 1.369(6), N4–C7 1.370(7), 

C7–N5 1.300(7); C7–S1 1.747(5), S1–C8 1.804(6), N1–Cu–N3 78.50(19), N3–Cu–N5 78.13(19), N3–Cu–

Cl1 162.08(17), N3–Cu–Cl2 100.07(16), C1–N1–C5–C6 175.7(5), N3–N4–C7–N5 0.8(8). 

Both ligands in 1 and 2 act as neutral tridentate. HL
1
 forms one seven-membered and one 

five-membered chelate ring upon coordination to copper(II), while HL
2
 two five-

membered chelate rings. The coordination polyhedron around Cu(II) in 1 is closer to 

trigonal-bipyramidal than to square-pyramidal (5 = 0.58). The same distorted coordination 

geometry was reported previously for a closely related complex [Cu(appc)Cl2] (appc = 2-

acetylpyridine-pyridine-2-carboxamidrazone), in which the coordination geometry of 

CuN3Cl2 is also better described as trigonal bipyramidal (5 = 0.58).
31

  The coordination 

geometry of copper(II) in 2 is very close to square-pyramidal (5 = 0.11)
32

 with the ligand 

bound to Cu(II) via nitrogen atoms N1, N4 and N6 and chloride co-ligand Cl1 in the basal 

plane and another chloride co-ligand in apical position. The tridentate ligand HL
2
 is bound 

to Cu(II) via nitrogen atoms N1, N3 and N5. The coordination geometry is further 

completed by two chloride co-ligands Cl1 and Cl2. The configuration adopted by the 

ligand in 2 differs considerably from that adopted by proligand HL
2
. A two-fold rotation 

around C5–N6 bond and another around N4–C7 in HL
2
 are required to adopt the 

configuration of the ligand in 2. As in other copper(II) complexes with tridentate 

isothiosemicarbazones
33

 the thiomethyl group is not involved in coordination to the central 

metal atom. In complex 4 the protonated ligand is bound to zinc(II) via nitrogen atom N2 

in unprecedented monodentate fashion.
33

 The tetrahedral coordination geometry is 

completed by three chloride co-ligands as shown in Figure S1. 

 

Anticancer Activity and Intracellular Accumulation 

All novel complexes were tested against two cancer cell lines – ovarian carcinoma A2780 

and its cisplatin-resistant analogue A2780cis, as well as noncancerous human embryonic 

kidney cell line HEK293 (Table 1). Their cytotoxicity was compared to the cytotoxicity of 

Triapine and cisplatin and is represented by IC50 values. The differences in the cytotoxicity 

between cisplatin-sensitive and cisplatin-resistant cell lines are represented by resistance 

factors (RF). The selectivity to cancer cells over healthy non-cancerous cells is represented 

by selectivity factor (SF).   

Table 1. Cytotoxicity of proligands HL
1
 and HL

2
, Cu(II) complexes 1 and 2, and Fe(III) complex 

3.  
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Compound IC50 [μM]
a
 Cellular accumulation

d
, 

nmol Cu/mg protein 

 A2780 A2780cis RF
b
 HEK293 SF

c
 A2780 

HL
1
 242  84 221  79 0.9 253  39 1.0 - 

HL
2
 202  49 211  8 1.0 187  24 0.9 - 

1 17  2 15  3 0.9 28  2 1.6 1.1  0.3 

2 1.4  0.2 0.92  0.11 0.7 1.5  0.2 1.1 0.76  0.17 

3 41  12 36  8 0.9 48  9 1.2 - 

Triapine
e
 0.67  0.22 1.1  0.1 1.6 0.39  0.05 0.6 - 

Cisplatin
e
 0.44  0.13 4.6  0.3 10.5 n.d.

f
 - - 

a
 50% inhibitory concentrations (IC50) in human ovarian carcinoma cell lines A2780 and A2780cisR and 

human embryonic kidney cell line HEK293, determined by means of the MTT assay after 72 h exposure. 

Values are means ± standard error of mean obtained from at least three independent experiments, 
b
Resistance 

Factor (RF) is determined as IC50 (A2780cisR)/IC50 (A2780),
 c

 Selectivity Factor (SF) is determined as IC50 

(HEK293)/IC50 (A2780),
 d

Cellular accumulation in A2780 cells, determined by Inductively Coupled Plasma Mass 

Spectrometry (ICP−MS) after 24 h exposure at concentrations, corresponding to their IC50 values. Values are 

means ± SEMs obtained from at least three independent experiments.e 
The IC50 values (exposure for 72 h) 

were taken from the ref 23,
 f 

n.d. – not determined. 

 

As can be seen from Table 1, carboxamidrazone proligands were only marginally cytotoxic 

and their coordination to metal centers (Cu(II) or Fe(III)) resulted in the significant 

improvement of cytotoxicity (14- and 144-fold change for Cu(II) complexes 1 and 2, 

respectively, and nearly 5-fold change for Fe(III) complex 3). Complex 3 was markedly 

less toxic than complex 2, possibly due to its lower reactivity in the biological media. 

Notably, complex 2 was more active than Triapine and cisplatin in cisplatin-resistant 

A2780cis cell line. In general, all compounds were similarly cytotoxic in both A2780 and 

A2780cis cells, which is reflected by their low RFs. Unfortunately, these compounds also 

denstrated comparable toxicity in noncancerous HEK293 cells.  

 

In order to draw the correlations between the cytotoxicity of Cu(II) complexes 1 and 2 and 

their accumulation in cancer cells, the intracellular Cu content in drug-treated A2780 cells 

was measured by ICP-MS (Table 1 and Figure 2). Cancer cells were treated with 

increasing concentrations of complexes 1 and 2 in relation to their IC50 values and it was 

demonstrated that intracellular accumulation of Cu was concentration-dependent. 

Interestingly, even though the cytotoxicity of complex 1 was about 10 times lower than 

that of complex 2, their intracellular Cu content was not significantly different (p > 0.05). 

This result indicates that the differences in the cytotoxicity of Cu(II) complexes are not 

related to their intracellular content, but rather subsequent reactivity with biomolecular 

targets.   
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Figure 2. Intracellular Cu accumulation in A2780 cells. A2780 cells were treated with Cu(II) complexes 1 

and 2 at 37 C for 24 h at indicated concentrations and Cu content was measured by ICP-MS. Statistical 

analysis was performed by two-tailed T-test using GraphPad Prism software (GraphPad Software Inc., CA) 

with p < 0.05 considered as significant (*p < 0.05, ***p < 0.001). 

 

Electrochemistry 

 

To investigate the redox properties of 1‒3, the detailed electrochemical studies were 

performed using cyclic voltammetry, as well as UV–vis–spectroelectrochemistry. The 

cyclic voltammogram of 1 in DMSO/n-Bu4NPF6 at Pt working electrode shows one 

irreversible reduction peak with cathodic peak potential Epc
 
= ‒0.76 V vs. Fc

+
/Fc

0
 (Figure 

3a). The first irreversible reduction step can be attributed to the Cu(II) → Cu(I) process. 

Consequently, we can propose that the unstable Cu(I)L complex decomposes with ligand 

release. For complex 2 even more complicated redox behaviour was observed with two 

irreversible cathodic waves at Epc
1 

= ‒0.67 V and Epc
2 

= ‒1.05 V vs. Fc
+
/Fc

0
 (Figure 3b). 

Similarly, as was observed for 1 the complex 2 decomposes upon reduction. On the other 

hand, ferric complex 3 based on the same proligand as for 2 exhibits different redox 

behavior with almost reversible electrochemical reduction with the first reduction event at 

half wave potential of –0.81 V vs. Fc
+
/Fc. (Figure 3c).  
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Figure 3. Cyclic voltammograms of 0.5mM (a) 1, (b) 2 and (c) 3 in DMSO/n-Bu4NPF6 at scan rate of 100 

mV s
–1

 (black traces represent the first scan, while red traces the second scan). 

 

To check the chemical reversibility of the first reduction step for investigated samples, the 

in situ spectroelectrochemical UV-vis-NIR and cyclic voltammetric experiments were 

carried out under an argon atmosphere in a special thin layer spectroelectrochemical cell 

with a microstructured honeycomb working electrode. The UV-Vis spectra measured 

during cathodic reduction of 2 revealed that in the region of the first reduction peak a new 

optical band at 373 nm emerges. In addition, a decrease of the intensity of the bands at 284 

nm and 448 nm is observed (Figure 4a). However, upon scan reversal the product that is 

formed upon reduction (Cu(II) to Cu(I)) is not reoxidised back to the initial state (Figure 

4b). This unambiguously confirms that Cu(I) state is not stable and the complex 

decomposes with the ligand (or part of the ligand) release. We propose that such released 
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ligands may act as Fe chelators and inhibit the RNR enzyme, which is highly expressed in 

cancer cells, and is essential for their DNA synthesis.
34

 In addition, the presence of the 

Cu(II) ion in the cells may lead to the production of ROS in vivo because of Cu(II)/Cu(I) 

redox cycling. 

 

Figure 4. In situ UV-vis-NIR spectroelectrochemistry for 2 in DMSO/n-Bu4NPF6 (scan rate of 10 mV s
−1

, 

Pt-microstructured honeycomb working electrode): (a) evolution of UV−vis spectra in 2D projection in 

forward scan; (b) UV-vis spectra detected simultaneously upon the cyclic voltammetric scan (Inset: 

respective cyclic voltammogram) 

 

 

Upon cathodic reduction of 3 in DMSO/n-Bu4NPF6 at the first electron transfer new 

absorption bands at 649, 395 and 289 nm arise with a simultaneous decrease of the initial 

optical band at 500 nm via isosbestic points at 550, 444, 274 and 300 nm (Figure 5a). 

Additionally, upon voltammetric reverse scan nearly full recovery of the initial optical 

bands was observed, attesting the chemical reversibility of the cathodic reduction even at 

low scan rates (Figure 5b). These results are comparable with those reported for other 

Fe(III)–TSC complexes. Such redox active complexes are able to markedly increase the 
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amount of ROS in cancer cells. Hydroxyl radicals in such systems can be obtained from 

Fenton reactions, where the iron cycles between the Fe(II) and Fe(III) oxidation states.
23

 

  

Figure 5. Spectroelectrochemistry of 3 in n-Bu4NPF6/DMSO in the region of the first cathodic peak. (a) UV-

vis spectra detected simultaneously during the in-situ reduction (Pt-microstructured honeycomb working 

electrode, scan rate v = 10 mV s
−1

); (b) potential dependence of UV−vis spectra (Inset: respective cyclic 

voltammogram with color-highlighted potential region, where spectra were taken). 

Conclusions 

Two new Triapine derivatives, namely (E)-N'-((E)-(3-aminopyridin-2-

yl)methylene)picolinohydrazonamide hydrochloride (HL
1
·HCl) and 3-amino-2-

carboxaldehyde S-methylthiosemicarbazone (HL
2
), were obtained. Further reaction of the 

proligands with CuCl2∙2H2O in 1:1 mole ratio afforded five-coordinate copper(II) 
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complexes [Cu(HL
1
)Cl2] (1) and [Cu(HL

2
)Cl2] (2). Proligand HL

2
 reacted with 

Fe(NO3)3∙9H2O in the presence of triethylamine in 2:1:2 mole with formation of bis-ligand 

octahedral complex [Fe(L
2
)2]NO3 (3), while reaction of HL

2
 with ZnCl2 in methanol 

resulted in tetrahedral complex [Zn
II
Cl3(H2L

2
)] (4), in which an unprecedented 

coordination mode of [H2L
2
]
+
 is realized. The structures of HL

2
 and metal complexes 1, 2 

and 4 were established by X-ray diffraction. Ligands 1 and 2 act in a N,N,N-tridentate 

manner, while in complex 4 protonated proligand binds to zinc(II) in monodentate fashion 

via nitrogen atom N2. Complexes 1 and 2 demonstrate one and two irreversible reduction 

peaks respectively, what could be explained by complex decomposition after reduction 

with the followed ligand (or part of the ligand) release. These released proligands might act 

as Fe chelators and inhibit the RNR enzyme. In contrast, ferric complex 3 exhibited 

different redox behavior with almost reversible electrochemical reduction at –0.81 V vs. 

Fc
+
/Fc. MTT assays revealed that proligands did not demonstrate significant 

antiproliferative activity, while complex formation with Cu(II) increased significantly the 

cytotoxicity in cancer cells. The iron(III) complex 3 was less active than 2, but much more 

active than the proligand. Note that in case of 3-AP and its Fe(III) complex the opposite 

relationship was observed.
19

 The reason of that might be in different modes of action of 

these complexes.  

 

Experimental section 

Chemicals. All reagents used were received from commercial sources. 2-cyanopyridine, 

CuCl2·2H2O and Fe(NO3)3·9H2O were purchased from Sigma-Aldrich. 2-

pyridinamidrazone was prepared as a white solid by reaction of 2-cyanopyridine with 

excess hydrazine hydrate as reported previously.
35

 3-N-(tert-butyloxycarbonyl)amino-2-

pyridinecarboxaldehyde and S-methylisothiosemicarbazide hydrochloride
36

 were obtained 

via synthetic procedure described in the literature.
37

 

 (E)-N'-((E)-(3-aminopyridin-2-yl)methylene)picolinohydrazonamide hydrogen 

chloride (HL
1
) 

To a suspension of 3-N-(tert-butyloxycarbonyl)amino-2-pyridinecarboxaldehyde (0.100 g, 

0.45 mmol) with hydrochloric acid (0.014 ml, 0.45 mmol) in ethanol (5 ml) a solution of 2-

pyridinamidrazone (0.061 g, 0.45 mmol) in ethanol (10 ml) was added. This was heated to 

80 °C and left under the stirring and reflux for 2 h. After this time clear orange solution 
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was found. Solvent amount was reduced to give fine yellow precipitate. This was filtered 

off, washed with ethanol, ether and dried on the air. Yield: 0.048 g, 60%. Anal. Calcd for 

C12H12N6∙2.5HCl∙3H2O (M 384.09 g mol
-1

): C, 37.39; H, 5.36; N, 21.80. Found: C, 37.46; 

H, 5.12; N, 21.86; 
1
H NMR (500.10 MHz, DMSO-d6): δ 13.17 (s, 1H, H

10
), 10.18 (s, 1H, 

H
7
), 9.21 (s, 1H, H

12
), 8.89 (d, J = 4.6 Hz, 1H, H

4
), 8.49 (s, 1H, H

8
), 8.20 (d, J = 7.8 Hz, 

1H, H
2
), 7.86-7.81 (m, 1H, H

17
), 7.78-7.70 (m, 1H, H

3
), 7.66 (d, 1H, H

18
), 7.59 (d, 1H, 

H
15

). 
13

C NMR (125.76 MHz, DMSO-d6): δ 161.75 (Cq, C
11

), 157.26 (Cq, C
5
), 150.31 

(CAr, C
4
), 149.29 (Cq, C

6
), 146.98 (Cq, C

13
), 128.90 (CAr, C

3
), 127.98 (CAr, C

17
), 126.52 

(CAr, C
18

), 124.94 (CH, C
8
), 123.64 (CAr, C

16
). ESI-MS (positive): m/z 241 ([L + H]

+
). UV-

vis (MeOH), λmax, nm (ε, M
-1

cm
-1

): 399 (23814), 287sh, 264 (25741). IR (ATR, selected 

bands, ῦmax): 3157, 3050, 2846, 1665, 1605, 1580, 1534, 1476, 1334, 1291, 1164, 990, 791, 

741 cm
-1

. 

Cu(HL
1
)Cl2∙0.75H2O (1∙0.75H2O) 

To a solution of HL
1
 (0.100 g, 0.36 mmol) in methanol (10 ml) was added a solution of 

copper(II) chloride dihydrate (0.062 g, 0.36 mmol) in methanol (10 ml). Mixture was 

heated to 65 °C and left under the stirring and reflux overnight. The next day brown 

precipitate was found and filtered off. This was purified on preparative HPLC 

(water/methanol). The final product was obtained as brown powder after drying in vacuo. 

Yield: 0.031 g, 23.0%. Anal. Calcd for C12H12N6CuCl2∙0.75H2O (M 388.23 g mol
-1

): C, 

37.12; H, 3.50; N, 21.65; Found: C, 37.62; H, 3.14; N, 21.38; ESI-MS (positive): m/z 338 

([Cu
+1

(HL
1
)Cl

-
]
+
), 303 ([Cu

+1
(HL

1
)]

+
). UV-vis (DMSO), λmax, nm (ε, M

-1
cm

-1
): 714 (139), 

437 (10326). IR (ATR, selected bands, ῦmax): 3209, 3114, 1636, 1578, 1538, 1235, 1151, 

1052, 853, 801, 683, 660 cm
-1

. 

3-amino-2-carboxaldehyde S-methylthiosemicarbazone (HL
2
) 

3-N-(tert-butyloxycarbonyl)amino-2-pyridinecarboxaldehyde (0.31 g, 1.4 mmol) in 

ethanol (6 ml) and S-methylisothiosemicarbazide hydrochloride (0.20 g, 1.4 mmol)  in 

water (6 ml) were mixed together and 12 M HCl (0.597 ml, 1.2 mmol) was added. Mixture 

stirred at 70 °C for 3 h.  After cooling to the room temperature the solvent was removed 

under reduced pressure, residue dissolved in water and neutralized with NaHCO3 (0.16 g, 

1.9 mmol). Fine yellow precipitate was washed with ethanol, ether and then dried under 

the high vacuo. Yield: 0.193 g, 66.6%. Anal. Calcd for C8H11N5S (M 209.27 g mol
-1

): C, 

45.91; H, 5.30; N, 33.47; S, 15.32. Found: C, 46.07; H, 5.28; N, 33.29; S, 15.46. 
1
H NMR 



 

188 

(500.10 MHz, DMSO-d6): δ 8.31 (s, 1H, H
10

), 7.83 (dd, J = 6.6, 2.7 Hz, 1H, H
3
), 7.08 (d, J 

= 0.8 Hz, 1H, H
4
), 7.06-7.01 (m, 1H, H

2
), 6.85 (s, 1H, H

11
), 6.89 (s, 1H, H

6
), 2.41 (s, 3H, 

H
14

). 
13

C NMR (125.76 MHz, DMSO-d6): δ 166.03 (Cq, C
10

), 154.19 (CH, C
6
), 144.48 

(Cq, C
7
), 137.30 (CH, C

3
), 135.15 (Cq, C

6
), 123.91 (CH, C

2
), 122.01 (CH, C

4
), 12.98 

(CH3, C
14

). ESI-MS (positive): m/z 210 ([L + H]
+
). UV-vis (MeOH), λmax, nm (ε, M

-1
cm

-1
): 

368 (19932), 269 (18373). IR (ATR, selected bands, ῦmax): 3091, 1652, 1599, 1495, 1443, 

1301, 1141, 941, 909, 801, 690 cm
-1

. 

Cu(HL
2
)Cl2∙0.2H2O (2∙0.2H2O) 

To a solution of HL
2
 (0.050 g, 0.24 mmol) in methanol (5 ml) was added a solution of 

copper(II) chloride dihydrate (0.041 g, 0.24 mmol) in methanol (5 ml). Mixture was heated 

to 50 °C and stirred for 10 min. Then it was left to cool down in the small flask on the air. 

Dark-green crystals were found the next day. Yield: 0.034 g, 81.9%. Anal. Calcd for 

C8H11N5SCuCl2∙0.1H2O (M 345.52 g mol
-1

): C, 27.81; H, 3.26; N, 20.27; S, 9.28. Found: 

C, 28.13; H, 3.30; N, 19.89; S, 8.92. ESI-MS (positive): m/z 307 ([Cu(HL
2
)Cl]

+
), 271 

([Cu
+1

(HL
2
)]

+
). UV-vis (MeOH), λmax, nm (ε, M

-1
cm

-1
): 696 (122), 441 (11643), 282 

(12217). IR (ATR, selected bands, ῦmax): 3250, 1642, 1583, 1525, 1502, 1274, 1217, 913, 

877, 794, 643 cm
-1

. 

[Fe(L
2
)2NO3]∙1.5H2O (3∙1.5H2O) 

To a solution of HL
2
 (0.059 g, 0.28 mmol) in methanol (5 ml) was added a solution of 

iron(III) nitrate nonahydrate (0.057 g, 0.14 mmol) in methanol (5 ml) and triethylamine (39 

μl, 0.28 mmol). Mixture was heated to 60 °C and stirred for 20 min. After the removal of 

methanol crude residue was recrystallized from ethanol and fine black precipitate was 

obtained. This was filtered off, washed with ethanol, ether and dried on the air. Yield: 

0.033 g, 24.8%. Anal. Calcd for C16H20N11S2O3Fe∙1.5H2O (M 561.07 g mol
-1

): C, 34.23; 

H, 4.13; N, 27.44; S, 11.42. Found: C, 34.61; H, 3.81; N, 27.06; S, 11.22. ESI-MS 

(positive): m/z 472 ([Fe(L
2
)2]

+
). UV-vis (MeOH), λmax, nm (ε, M

-1
cm

-1
): 932 (891), 694 

(590), 488 (12551), 428 (13956), 401sh, 301(15888), 266 (14206). IR (ATR, selected 

bands, ῦmax): 3214, 1646, 1579, 1528, 1466, 1319, 1268, 1142, 1057, 970, 849, 736 cm
-1

. 

Crystallographic Structure Determination. X-ray diffraction measurements were 

performed on a Bruker X8 APEXII CCD, Bruker D8 Venture and STOE diffractometers. 

Single crystals were positioned at 35, 40, 40 and 30 mm from the detector, and 3319, 5298, 
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527 and 3096 frames were measured, each for 10, 30, 50 and 5 s over 0.5, 1, 2 and 0.7° 

scan width for HL
2
, 1, 2 and 4, respectively. The data were processed using SAINT 

software.
49

 Crystal data, data collection parameters, and structure refinement details are 

given in Table 2. The structures were solved by direct methods and refined by full-matrix 

least-squares techniques. Non-H atoms were refined with anisotropic displacement 

parameters. H atoms were inserted in calculated positions and refined with a riding model. 

The following computer programs and hardware were used: structure solution, SHELXS-

2014 and refinement, SHELXL-2014;
38

 molecular diagrams, ORTEP;
39

 computer, Intel 

CoreDuo. 

 

Electrochemistry and Spectroelectrochemistry.  

Cyclic voltammetric experiments with 0.5 mM solutions of samples 1–3 in 0.1 M n-

Bu4NPF6 (puriss quality from Fluka; dried under reduced pressure at 70 °C for 24 h before 

use) supporting electrolyte in DMSO (SeccoSolv max. 0.025% H2O, Merck) were 

performed under argon atmosphere using a three-electrode arrangement with platinum wire 

as counter electrodes, and silver wire as pseudoreference electrode. Glassy carbon or 

platinum wire served as working electrodes. Ferrocene purchased from Sigma Aldrich was 

used as the internal potential standard without further purification. All potentials in 

voltammetric studies were quoted vs ferricenium/ferrocene (Fc
+
/Fc) redox couple. A Heka 

PG310USB (Lambrecht, Germany) potentiostat with a PotMaster 2.73 software package 

served for the potential control in voltammetric studies. In situ ultraviolet-visible-near-

infrared (UV‒vis‒NIR) spectroelectrochemical measurements were performed on a 

spectrometer (Avantes, Model AvaSpec-2048x14-USB2 in the spectroelectrochemical cell 

kit (AKSTCKIT3) with the Pt-microstructured honeycomb working electrode, purchased 

from Pine Research Instrumentation. The cell was positioned in the CUV-UV Cuvette 

Holder (Ocean Optics) connected to the diode-array UV-vis-NIR spectrometer by optical 

fibers. UV-vis-NIR spectra were processed using the AvaSoft 7.7 software package. 

Halogen and deuterium lamps were used as light sources (Avantes, Model AvaLight-DH-

S-BAL). 

 

Cell lines and culture conditions 

Human ovarian carcinoma cells A2780 and A2780cis, and human embryonic kidney cells 

HEK293 were obtained from ATCC. A2780 and A2780cis cells were cultured in RPMI 
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1640 medium containing 10% fetal bovine serum (FBS). HEK293 were cultured in 

DMEM medium containing 10% FBS. All cells were grown in tissue culture 25 cm
2
 flasks 

(BD Biosciences, Singapore) 37 °C in a humidified atmosphere of 95% air and 5% CO2. 

All drug stock solutions were prepared in DMSO and the final concentration of DMSO in 

medium did not exceed 1% (v/v) at which cell viability was not inhibited. The amount of 

actual Cu concentration in the stock solutions was determined by ICP-OES.  

 

Inhibition of cell viability assay 

The cytotoxicity of the compounds was determined by colorimetric microculture assay 

(MTT assay). The cells were harvested from culture flasks by trypsinisation and seeded 

into Cellstar 96-well microculture plates (Greiner Bio-One) at the seeding density of 6000 

cells per well. After the cells were allowed to resume exponential growth for 24 h, they 

were exposed to drugs at different concentrations in media for 72 h. The drugs were diluted 

in complete medium at the desired concentration and 100 μl of the drug solution was added 

to each well and serially diluted to other wells. After exposure for 72 h, drug solutions 

were replaced with 100 μL of MTT in media (5 mg ml
−1

) and incubated for additional 45 

min. Subsequently, the medium was aspirated and the purple formazan crystals formed in 

viable cells were dissolved in 100 μl of DMSO per well. Optical densities were measured 

at 570 nm with a microplate reader. The quantity of viable cells was expressed in terms of 

treated/control (T/C) values by comparison to untreated control cells, and 50% inhibitory 

concentrations (IC50) were calculated from concentration-effect curves by interpolation. 

Evaluation was based on means from at least three independent experiments, each 

comprising six replicates per concentration level. 

 

Intracellular accumulation 

Intracellular accumulation of 1 and 2 was determined in A2780 cells. Cells were seeded 

into Cellstar 6-well plates (Greiner Bio-one) at a density of 60  10
4
 cells/well (2 mL per 

well). After the cells were allowed to resume exponential growth for 24 h, they were 

exposed to 1 and 2 at various concentrations for 24 h at 37 C. The cells were washed 

twice with 1 mL of PBS and lysed with 100 μL of RIPA lysis buffer (ultrapure water, 5M 

NaCl, 1M Tris-HCl pH 8.0, 2% sodium deoxycholate, 10% SDS, IGEPAL, protease and 

phosphatase inhibitor) for 5–10 min at 4 °C. The cell lysates were scraped from the wells 

and transferred to separate 1.5 mL microtubes. The supernatant was then collected after 
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centrifugation (13 000 rpm, 4 °C for 15 min) and total protein content of each sample was 

quantified via Bradford’s assay. Cell lysates were transferred to 2 mL glass vials and then 

digested with ultrapure 60% HNO3 (50 μL) at 110 C for 96 h. The resulting solution was 

diluted to 1 mL (2‒4% v/v HNO3) with ultrapure Milli-Q water, sonicated for 45 mins and 

filtered through 0.45m filters. Cu content of each sample was quantified by ICP-MS and 

expressed as per mg of protein. Re was used as an internal standard. Cu and Re were 

measured at m/z 64 and m/z 186, respectively. Metal standards for calibration curve (0, 1, 

2, 5, 10, 20, 40 ppb) were prepared. All readings were made in six replicates in He mode.
40
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Table 2. Crystal Data and Details of Data Collection for 3-amino-2-carboxaldehyde S-

methylthiosemicarbazone (HL
2
), Cu(HL

1
)Cl2∙0.75H2O (1), Cu(HL

2
)Cl2∙0.2H2O (2), 

Zn(H2L
2
)Cl3 (4) 

Compound HL
2
 1 2 4 

empirical 

formula  

C8H11N5S C12H12Cl2CuN6 C8H11Cl2CuN5S C8H12Cl3N5SZn 

fw 209.28 374.72 343.72 382.01 

space group P21/c P21/c P-1 P-1 

, Å 10.9320(4) 8.3933(3) 8.0926(13) 8.5605(3) 

b, Å 7.0723(3) 11.5392(2) 8.9713(15) 9.1005(3) 

c, Å 12.6838(5) 15.1025(5) 9.1504(15) 9.9953(4) 

, °   78.368(7) 103.5744(12) 

, ° 93.627(2) 104.188(2) 78.276(6) 93.6905(13) 

, °   74.508(6) 109.2890(11) 

V [Å
3
] 978.29(7)  1418.09(7)  619.15(18) 705.84(4) 

Z  4 4 2 2 

l [Å] 0.71073 1.54186 0.71073 1.54178 

calcd, g cm
−3 1.421 1.755 1.844 1.797 

cryst size, 

mm
3 

0.20  0.18  0.12 0.22  0.04  0.04 0.20  0.18  0.07 0.22  0.17  0.10 

T [K] 130(2) 100(2) 200(2) 100(2) 

, mm
−1 0.298 5.662 2.347 8.946 

R1
a 

0.0309 0.0358 0.0555 0.0395 

wR2
b 

0.0873 0.0950 0.2121 0.1104 

GOF
c 

1.048 

 

0.958 

 

1.071 1.093 

a
 R1 = ||Fo|  |Fc||/|Fo|. 

b
 wR2 = {[w(Fo

2
  Fc

2
)
2
]/[w(Fo

2
)
2
]}

1/2
. 

c
 GOF = {[w(Fo

2
  

Fc
2
)
2
]/(n  p)}

1/2
, where n is the number of reflections and p is the total number of 

parameters refined. 
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Supporting Information 

for 

New Triapine Derivatives and their Metal Complexes as 

Anticancer Agents 

 

 

 

Scheme S1. Atom numbering used for proton and carbon resonances assignment in 
1
H and 

13
C NMR spectra of HL

1
 and HL

2
. 

 

Figure S1. ORTEP view of Zn(H2L
2
)Cl3. 
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Figure S2. Concentration-effect curves for HL
1
, HL

2
 and 1‒3 in A2780, A2780cis and 

HEK293 cell lines upon 72 h exposure. 
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Other Synthesis 

 

Synthesis of N,N'-(((2-(2-((Z)-(6-(morpholinomethyl)pyridin-2-

yl)methylene)hydrazine-1-carbothioamido)ethyl)azanediyl)bis(ethane-

2,1-diyl))bis(2-((6-(morpholinomethyl)pyridin-2-yl)methylene)hydrazine-

1-carbothioamide) 

 

 

 

 

Reagents: 

6-(moprpholinomethyl)pyridine-2-carboxaldehyde   0.168 g, 0.82 mmol 

Tris(2-aminoethyl)amine      0.100 g, 0.27 mmol 

Ethanol        15 ml 

 

 

To 6-(morpholinomethyl)pyridine-2-carboxaldehyde dissolved in ethanol was added tris(2-

aminoethyl)amine. Mixture was heated to 80 ºC and left under the stirring and reflux for 48 

h. After this time clear yellow solution was obtained. The amount of ethanol was reduced 

under the high vacuo and mixture was left to stand at 20 ºC for 72 h to give yellow 

precipitate. 

 

Yield: 0.1 g (39.5%). 

 

Anal. Calcd for C42H60N16O3S3∙1.65H2O (Mr = 962.96): C, 52.39; H, 6.63; N, 23.27; S, 

9.99. Found: C, 52.78; H, 6.63; N, 22.88; S, 9.68.  

 

ESI-MS (positive): m/z 933 ([L + H]
+
). 
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Synthesis of N,N'-(((2-(2-((Z)-(6-(morpholinomethyl)pyridin-2-

yl)methylene)hydrazine-1-carbothioamido)ethyl)azanediyl)bis(ethane-

2,1-diyl))bis(2-((6-(morpholinomethyl)pyridin-2-yl)methylene)hydrazine-

1-carbothioamide) copper(II) chloride 

 

 

 

 

Reagents: 

Proligand        0.050 g, 0.05 mmol 

copper(II) chloride dihydrate      0.027 g, 0.16 mmol 

triethylamine        0.022 ml, 0.16 mmol 

 

 

To a solution of N,N'-(((2-(2-((Z)-(6-(morpholinomethyl)pyridin-2-

yl)methylene)hydrazine-1-carbothioamido)ethyl)azanediyl)bis(ethane-2,1-diyl))bis(2-((6-

(morpholinomethyl)pyridin-2-yl)methylene)hydrazine-1-carbothioamide) in methanol was 

added a solution of copper(II) chloride dihydrate in methanol and then triethylamine. Dark-

green solution was stirred for 20 min at 60 ºC and the precipitate was filtered off. The 

filtrate was concentrated and allowed to stand at –20 ºC overnight to give a dark-green 

powder. 

 

Yield: 0.058 g, 16.9%. 

 

ESI-MS (positive): m/z 577.6 ([M3(L)Cl]
2+

). 
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Synthesis of Polypropyleniminetetrathiosemicarbazonedendrimer with 

Morpholine moiety 

 

 

 

 

Reagents: 

Tetrameric carbazide       0.100 g, 0.16 mmol 

6-(morpholinomethyl)pyridine-2-carboxaldehyde   0.134 g, 0.65 mmol 

Ethanol        15 ml 

 

 

To 6-(morpholinomethyl)pyridine-2-carboxaldehyde dissolved in ethanol was added 

N,N',N'',N'''-((butane-1,4-diylbis(azanetriyl))tetrakis(propane-3,1-diyl))tetrakis 

(hydrazinecarbothioamide). Mixture was heated to 80 ºC and left under the stirring and 

reflux overnight. The next day the amount of ethanol was reduced under the high vacuo 

and mixture was left to stand at +4 ºC for 48 h to give yellow precipitate. 

 

Yield: 0.059 g (26.3%) 

 

ESI-MS (positive): m/z 1365 ([L + H]
+
). 
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Final Remarks 

 

The aim of this work was synthesis of novel mono-, di- and polynucleating 

thiosemicarbazones, amidrazones and/or aminoguanizones as well as their metal 

complexes, which could possess anticancer activity and additionally antibacterial/antiviral 

activity and act dual pharmaceutical agents. α-N-heterocyclic thiosemicarbazones possess a 

broad spectrum of biological activity and are perfect metal chelators especially for the first 

row transition metals, namely zinc(II), copper(II), iron(III), etc. Recently, two new 

thiosemicarbazones, DpC and COTI-2, have entered clinical trials rekindling the interest to 

this class of the compounds. The attachment of morpholine-scaffold to thiosemicarbazone 

backbone in position 5 to 2-formylpyridine moiety resulted in six novel water-soluble 

morpholine-(iso)thiosemicarbazone hybrids and their copper(II) complexes. Compounds 

displayed remarkable activity in nanomolar and submicromolar concentration range 

against cisplatin-sensitive and cisplatin-resistant ovarian carcinoma cells. As R2 RNR is 

believed to be one of the main biological targets of thiosemicarbazones, the inhibition 

potency of novel compounds toward this enzyme was tested. Studies with R2 RNR showed 

that copper(II) complexes with new hybrid ligands only moderately quench the tyrosil 

radical. Therefore, the antiproliferative activity of this family of compounds might be 

caused not only by R2 RNR inhibition but also by other mechanisms, such as MAPK 

activation, ER stress, etc. Additionally it was discovered that complex formation with new 

hybrid ligands results in enhancement of antibacterial activity against Gram-positive S. 

aureus. 

Amidrazones possess a broad spectrum of biological activity and are good metal chelators. 

Attachment of morpholine-scaffold to the amidrazone backbone was expected to not only 

provide an additional coordination site but also increase aqueous solubility and improve 

biological properties of the compounds, since incorporation of morpholine into the 

chemical structure of drugs is known to result in good pharmacological profiles.  Good 

examples are the worldwide used drugs Aprepitant and Gefinitib. In the presented work 

new redox-active mono- Cu(II) and heterodinuclear Cu(II)-Ru(II) and Cu(II)-Os(II) 

complexes with amidrazone scaffold and [CuCl2]

 as counteranion were synthesized. In 

case of copper(II)-amidrazone complex aldimine bond was highly polarized triggering the 

substitution of H by MeO group by two step suggested mechanism. All three complexes 

have demonstrated moderate activity against ovarian carcinoma and cervical carcinoma 
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cells in micromolar concentration range. In addition, all three complexes were selective to 

cancer cells over healthy cells. Spin-trapping experiment in cell-free media and confocal 

microscopic imaging in ovarian carcinoma cells showed that compounds are able to 

generate reactive oxygen species (ROS), which could explain their antiproliferative 

activity. Interestingly, even though intracellular accumulation of Cu(II)-Ru(II) and Cu(II)-

Os(II) complexes was higher, they demonstrated lower cytotoxicity. This might be 

explained by their less efficient ROS production. 

Triapine (3-aminopyridine-2-carboxaldehyde thiosemicarbazone , 3-AP) is one of the most 

potent antitumor drug and inhibitor of R2 RNR. The drug has already entered more than 30 

phase I and II clinical trials. Two new derivatives with S-methyl and pyridine substituents 

and their Cu(II) and Fe(III) complexes were synthesized and tested against ovarian cancer 

cells and non-cancerous embryonic kidney cells. Complexes showed significant 

cytotoxicity in comparison to their proligands, but, unfortunately, were not selective to 

cancer cells. The Fe(III) complex with S-methyl derivative was less active that Cu(II) 

complex, but nearly 5 times more active than the proligand. It has to be noted that in case 

of Fe(III) complex of Triapine the opposite relationship was observed. 

Finally, attempts to obtain polynucleating thiosemicarbazone-derivatives were undertaken 

as dendrimers are known to build an interesting class of compounds which could be potent 

drug-delivery agents. Efforts to obtain new derivatives resulted in the synthesis of a novel 

tris-thiosemicarbazone with morpholine moiety and its tricopper(II) complex. The 

investigation of this class of compounds is going on and will be reported in due course.  

 


