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“Synthesis, characterization, antitumor and antimicrobial activities 

 of heterocyclic transition metal complexes ” 

 

Magdalena Buczkowska, working group Prof. P. J. Bednarski 

Department of Pharmaceutical and Medicinal Chemistry, University of Greifswald 

 

Transition metal complexes play a crucial role in antitumor therapy. Complexes of 

platinum, ruthenium as well as lanthanum and gallium have been investigated in preclinical as 

well as in clinical studies. The best known platinum(II) agents approved worldwide, cisplatin 

or carboplatin, are used in nearly 50% of all cancer therapies. Due to their severe toxicity, 

their high activity is not always satisfactory and side effects are frequently encountered. 

Therefore, ongoing efforts wordwide are aiming to identify novel metal-based substances 

with less toxicity and new mechanisms of action.  

This work focused on the development of new metal-based drugs that could act against 

human cancer cells. It was motivated in part by a previous study with Cu(II) complexes, 

which reported new coordination compounds with SOD mimicking and cytotoxic activities. 

On the basis of this previous work we chose several commercially available heterocyclic 

carboxylic acids to synthesize new metal ion complexes in search of interesting biological 

activity. 

New as well as previously reported Cu(II), Co(II), Pt(II) and Zn(II) complexes were 

synthesized using ligands 1-6. The chelating 2:1 ligand-metal complexes were obtained 

generally in water at room temperature in the reaction of metal(II) chloride with 

corresponding aromatic nitrogen ligands. The precipitates were washed with diethyl ether and 

dried in desiccator. 

 

The synthesized chelating complexes were characterized by the use of usual spectroscopic 

methods, elemental analyses and HPLC chromatography and some by X-ray crystallography. 
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Such coordination compounds are easily formed by transition metals with free orbitals d that 

can accept the donor electron pairs. The coordination is through the heterocyclic nitrogen and 

carboxylate oxygen donor atoms, which was shown by analysis of the characteristic 

functional groups in the IR spectra. The d-d transitions and absorption of visible light in 

Cu(II) and Co(II) complexes make them highly colored, blue, green or green-blue, 

respectively.  

The configuration at the coordination center was established in some cases by X-ray 

crystallography. Most of the already published structures are trans coordinated. This led to the 

assumption that other uncrystallized complexes were also trans coordinated. However, X-ray 

data of the Cu(II) complex of 5 showed quite unexpectedly the cis configuration. On the other 

hand, the LC/MS experiments with the Pt(II) complex of 5 indicated that this complex exists 

in two isomeric forms, i.e., cis and trans at the Pt(II) center.  

Through the use of density functional calculations we optimized the structures and 

calculated the energies and dipole moments. The differences in energy for all complexes were 

about 6- to 15-fold lower when compared to cis and transplatin. The DFT calculations 

confirmed that the trans-isomers are more stable than their cis-isomers.  

UV-Vis stability studies with most of the synthesized complexes as well as some other 

Cu(II) complexes were performed to study the spectral changes over 24 h at pH 7.4, 37 °C in 

the absence and presence of glutathione, a tripeptide present at millimolar concentrations in 

the cancer cells, as well as ascorbate. Time-dependent changes in the UV-vis spectra were 

observed in almost all cases, indicating instability of the complexes in the cells and their 

possible decomposition to lose the ligand and release the metal ion. In the case of Cu(II) 

complexes, reduction of Cu(II) to Cu(I) may take place.  

The synthesized coordination metal(II) complexes were tested for their potential 

antiproliferative activities by using the crystal violet staining method in a panel of human 

cancer cell lines, LCLC-103H, 5637 and A-427. Out of all complexes, three Pt(II) complexes 

of 2, 5 and 6 showed satisfactory activity and for these complexes the IC50 values were 

additionally determined in the RT-4, DAN-G and MCF-7 cancer cell lines. Interestingly, the 

active Pt(II) complexes were the chelating trans complexes, which is quite unexpected, based 

on the dramatic difference in activities between cisplatin and its inactive trans-isomer, 

transplatin. 

All of the complexes were also tested for their potential antimicrobial activities in 

comparison to standard antibiotics on such bacterial strains as Staphylococcus aureus, 

Bacillus subtilis, Escherichia coli, Pseudomonas aeruginosa and yeast Candida maltosa. 
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Co(II) complexes have been especially known to act against bacterial strains. The activity of 

the Co(II) complexes was indeed the highest of all metal(II) complexes. The ligand 2 (a 

nicotinic acid isomer) was also found active. This fact could explain why some antibacterial 

activity was found in the MIC assay.  

In addition to the complexes synthesized in this work, several novel heterocyclic metal(II) 

complexes of copper, ruthenium, platinum, gallium, osmium and lanthanum from other 

research groups were screened for their antiproliferative activity, some of which exhibited 

very potent activity in the cancer cell lines.  

In conclusion, Pt(II) complexes with bis-chelating heterocyclic carboxylate ligands 

represent a particularly interesting new class of coordination complexes from the view point 

of their structural and biological properties. 
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Abbreviations  

 

δδδδ: Chemical shift in ppm;    ε: Dielectric constant;    AB: antibiotic;    AsF: Asymmetry factor;    

CSD: Cambridge Structural Database;    DIIS: Pulay’s Direct Inversion in the Iterative 

Subspace;    DFT: Density Functional Theory;    EDTA: Ethylene diaminetetraacetic acid;    

FCS: Fetal Calf Serum;    HF: Hartree-Fock;    IC50: inhibition concentration by 50%;    J: 

Coupling constant in Hz;    k’: capacity factor;    L: Ligand;    LC/MS: Liquid 

chromatography - Mass Spectrometry;    M: Metal;    Mp: Melting point;    MS: Mass 

spectrum;    nm: nanometer(s);    MEM: minimum essential medium;    MIC: Minimal 

Inhibitory Concentration;    3MR: Nuclear Magnetic Resonance;    RP-HPLC: Reversed-

Phase High Performance Liquid Chromatography;    RPMI: Roswell Park Memorial Institute;    

RT: Room temperature;    SD: Standard Deviation;    TFA: Trifluoroacetic acid;    tR: 

Retention time;    UV-Vis: ultraviolet and visible light.  
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1. Introduction 
 

1.1. Cancer 

The medical term for cancer is neoplasm, which means ”a relatively autonomous growth 

of tissues” [1]. It is a collective term for a group of diseases characterized by the loss of 

control of the growth, division and spread of a group of cells. It can form an encapsulated 

benign tumor, leading to invasion and destruction of adjacent tissues. On the other hand, 

nonencapsulated malignant tumors grow rapidly, and can spread to various regions of the 

body and metastasize. Metastasis, being the cause of 90% of cancer deaths, is a secondary 

growth though originating from the original primary tumor. 

Cancer is caused by abnormalities in the genetic material of the affected cells. On the way 

to tumorigenesis there occurs an accumulation of successive mutations in proto-oncogenes 

and suppressor genes that deregulates the cell cycle. The events key to tumorigenesis are for 

instance point mutations in DNA sequences, chromosomal aberrations such as translocations 

or deletions and changes that affect the chromatin structure such as methylation of DNA or 

acetylation of histones. 

Cancer is still one of the more difficult diseases to treat and was responsible for ca. 13% 

(7.4 million) of all deaths worldwide in 2004 [2]. An increase in cancer death rates to 12 

million is estimated by 2030. Cancer therapy is mostly based largely on surgery, radiotherapy, 

hormone and chemotherapy. However, the clinical results are often only a short prolongation 

in patient survival [3].  

 

1.1.1. Cancer chemotherapy 

The word 'chemotherapy' was first introduced by the German chemist and immunologist 

Paul Ehrlich, which means treatment of the diseases with chemicals. Moreover, Ehrlich 

documented the effectiveness of animal screenings to test agents for their potential biological 

activities [4]. 

Chemotherapeutical drugs aim at killing malignant tumor cells more or less selectively. 

Throughout the years, there were many key advances in the development of cancer 

chemotherapy, beginning in the first half of the 20th century (Fig 1.1. and Fig. 1.2.) [4]. Over 

ten years, a series of antimetabolites was discovered such as antifoliates, thiopurines, 5-

fluorouracil or methotrexate. The aim of these drugs is to inhibit the enzymatic reactions 

required to insert the metabolite into the replicating DNA. For instance, mercaptopurine, the 

main representative of the group of purine antagonists is used in the treatment of acute 
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leukemias. Another chemotherapeutic, 5-fluorouracil, a pirymidine analog, noncompetetively 

inhibits thymidylate synthase. It is used in colorectal cancer and pancreatic cancer.  

A serious problem in treatment with chemotherapeutic agents is their narrow margin of 

safety (i.e., therapeutic index). The non-selective biodistribution throughout the body is the 

cause of their toxicity. The administration requires a large total dose resulting only in high 

local concentrations of the drug in a tumor cell.  

 

Figure 1.1. Key advances in the cancer chemotherapy in the years 1900-1960 [4]. 

  

A more effective way to deliver a drug is by targeted therapy. This aims at a selective 

accumulation of the drug in the target cells independent of the method and route of drug 

administration. Administration of prodrugs is one of the ways to improve the selectivity of the 

cancer drugs. This approach takes advantage of some unique properties of the tumor such as 

hypoxia, selective enzyme expression and low extracellular pH. 

 The drug resistance remains still one of the main problems of chemotherapy. Cells can 

develop a cross-resistance to structurally similar drugs, which is known as multidrug 

resistance (MDR) [3]. The mechanisms that cause MDR are for instance drug modification or 

inactivation (like in the cause of cisplatin by glutathione), decreased permeability or increased 

efflux of the drug.    
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Figure 1.2. Key advances in the cancer chemotherapy in the years 1963-2007 [4]. 

 

In 1965, Barnett Rosenberg discovered unexpectedly that the platinum complex, cis-

diamminedichloridoplatinum(II) resulted in inhibition of the division processes but not the 

cell growth of the bacteria Escherichia coli. This discovery gave rise to search for the 

anticancer agents among the metal complexes.   

Since the discovery of the anti-cancer activity of cisplatin some 40 years ago there has 

been a growing interest in the field of metal complex-based chemotherapy. In addition to 

platinum, medicinal chemists have investigated complexes with other transition metals such 

as ruthenium, copper, cobalt, palladium and gold as a way of killing cancer cells. This has 

given rise to the field of metal-based anticancer agents, a discipline that has very rapidly 

expanded and brought about the discovery of many interesting and effective anticancer 

agents.  

 

1.2. Metal ion complexes as anticancer agents 

Before the great success of cisplatin, the idea of using inorganic chemicals to treat cancer 

was rather uncommon. Heavy metals, causing cases of poisoning, were not assumed to act as 

potential anticancer drugs because of their toxicity. The earliest attempt to introduce metals in 

the drug development was so called Fowler´s solution, giving rise of arsenotherapy [5]. Some 

of similar compounds are still been used today, such as As2O3 [6]. 

Work with metal complexes regarding their structure-efficacy-relationships started in 1931 

when two German scientists, Collier and Krauss, introduced a rational for the activity of metal 

complexes that states: ”The effect of a heavy metal on experimental murine cancer is not only 
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due to the metal alone but also to the structure of the compounds and the type of compound” 

[7].  

As Barnett Rosenberg discovered cisplatin in 1965, he found that the agent can 

successfully inhibit the cell division without any influencing cell growth. Cisplatin was first 

synthesized in 1845 and known as Peyrone’s chloride. Rosenberg, Van Camp & Co. tried to 

synthesize the compound by using chemical techniques, however the attempts met with 

failure, as the obtained complex was deprived of biological activity. It turned out that the Pt 

compound exists in two isomeric forms, cis and trans. The second, transplatin is more stable 

and was inactive. The biological studies that followed after the discovery confirmed the 

anticancer activity of cisplatin against Sarcoma-180 in vitro and in vivo. Publication of these 

results in �ature in 1969 gave rise to expansive research of metal ion complexes as anticancer 

agents [8, 9]. 

Metal ion complexes very quickly turned out to be interesting and attractive compounds in 

the development of anticancer drugs because of their chemical reactivity. In addition, the 

possibility of many different coordination geometries enables the synthesis of compounds 

with stereochemistry that are quite unique and not obtainable in the group of pure organic 

compounds [10]. 

The critical factors in the structure of metal ion complexes are the type of ligands and the 

oxidation state of the metal, which regulate the biological activity of the metal-based drugs. 

Moreover, oxidation state often dictates a particular coordination geometry [11].  

In the recent years much effort has been made to increase the number of therapeutic metal 

complexes. Historically, metals and metal complexes have played a key role in the 

development of pharmacy and modern chemotherapy. However, they still remain a tiny 

minority of all therapeutics on the market today [12].  

Especially heavy metals, so called d-block metals (Table 1.1.), have good cytotoxic 

potential. There are many known and documented complexes that carry photochemical, 

anticancer or both of these activities [13].  

 III IV V VI VII VIII IX X XI XII 

Sc Ti V Cr Mn  Fe Co  Ni Cu Zn 

Y Zr Nb Mo Tc Ru Rh Pd Ag Cd 

La Hf Ta W Re Os Ir Pt Au Hg 

 

Table 1.1. The table of d-block metals; bold = well-documented photochemical activity; 

underlined = well-documented anticancer activity; bold + underlined = photochemical activity 

[13]. 



 Introduction 
__________________________________________________________________________________________ 
11 

The coordination chemistry of the transition metal complexes will be further discussed in 

the section 1.12. of this PhD thesis. 

 

1.2.1. Development of a new anticancer agent 

The development of a new anticancer agent is a multi-stage process and includes such 

steps as synthesis, characterization, proof of biological activity, pre-clinical and clinical 

screenings [14]. Testing for the biological activity requires the measurement of the biological 

effect in in vitro (in the cancer cell lines) and in vivo (in animals) screens. Almost all of the 

successful metal based pharmaceuticals have originated from university research groups or 

small companies. If larger pharmaceutical companies do not take over extended work in the 

area of metal complexes, many developments will be lost.  

There are three methods to develop new tumor-inhibiting complexes [15]: 

1. through the synthesis of classical and non classical derivatives of cisplatin, 

2. synthesizing tumor-inhibiting non-platinum complexes, 

3. synthesizing the platinum complexes linked to carrier systems that have the 

ability to accumulate the drug in organs and tissues. 

The first possibility seems to be less promising because it will lead to drugs that will not 

much differ from cisplatin. However, attempts can be made to reduce the toxic side effects in 

comparison to the parent compound, as was the case in the development of carboplatin, or 

change the tumor selectivity, as in the case of oxaliplatin. 

The second approach aims at compounds with a central heavy metal ion other than 

platinum. Here, the range of activity can be changed owing to different chemical properties. 

This is a more difficult and risky approach of scientific research compared to the first strategy 

but the opportunities for a breakthrough are greater. 

Finally, the linkage of platinum complex to carrier molecules is a concept known as drug 

targeting. The aim of this approach is to synthesize a platinum drug that possesses high 

selectivity towards malignant cells. It can be done for tumors containing biochemical targets 

different in structure or quantity from the normal tissues.  

The major problem in the development of anticancer drugs is the large leap from the 

preclinical in vitro and in vivo studies to clinical trials. The cause for this is the great 

difference between the experimental animal models and the individual patient tumors, making 

the therapeutic situation of the cancer patients much more complex [3].  
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1.2.2. Classes of metal based pharmaceuticals 

There are various classes of metal based pharmaceuticals that can be divided into seven 

groups depending on which part of the structure is responsible for the biological activity of 

the compound [14]: 

1. Entire inert complex is active. Here the complexes are synthesized from smaller and 

simpler components. An example is the group of ruthenium complexes that are highly 

potent inhibitors of protein kinases [16]. 

2. Entire reactive complex is active. The copper complexes of NSAIDs that can mimic 

the actions of some enzymes, for instance superoxide dismutase, and have an 

analgesic effect. Very active complexes are the macrocyclic [17] and porphyrin [18] 

Mn(II) complexes. A five-coordinate intermediate is probably involved in the 

mechanism of action of the macrocylic complex.   

3. A fragment of the complex is active. These are of special importance because the 

non-leaving ligands can mediate the interaction with the target and give selective 

activity. Platinum(II) complexes such as cisplatin or BBR3464 (Fig. 1.3.) are 

representatives of this group because they lose the anionic ligands (i.e., chloride) and 

form coordinate bonds with DNA. (To be discussed in detail below.) However, their 

toxic side effects have been a problem and require development of new less toxic 

prodrugs in form of platinum(IV) complexes [19]. Yet, another use of platinum(IV) 

complexes is their activation on exposure to light [20].  

 

Figure 1.3. Structures of cisplatin (A) and BBR3464 (B). 

 

4. The metal ion or one of its biotransformation products is active. The complexes 

that deliver an active metal are for instance insulin potentiating vanadium complexes. 

Orthovanadate mimics phosphate and inhibits the protein tyrosine phosphatases 

causing an increased cellular uptake of insulin [21]. However, the problem is with the 

bioavailability from the gastric system. One of the maltolato complexes of 

vanadium(IV), bis(ethylmaltolato)oxovanadium (IV), appeared to be effective and 

entered phase I of the human trials with no adverse effects [22]. One of the least toxic 
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transition metals it is unfortunately taken up and stored in bones, resulting in side 

effects.   

5. The metal is a radiation enhancer. While radiation causes much damage to the 

tissues that are close to irradiated tumor, it is worth introducing metal ion complexes 

that have the potential to enhance the effectiveness of the radiation in the tumor cells. 

Motexafin gadolinium, a dagolinium complex, showed high activity while the metal 

was localized to a high degree in tumor tissue [23], enhancing the treatment of brain 

tumours. 

6. The metal ion is radioactive. Many d-block and f-block metals for instance 67Cu and 
90Y have radioactive isotopes that emit high energy beta particles, which are suitable 

for tumor treatment. It is essential to protect the non-target radiosensitive organs such 

as kidneys or bone marrow. Radiolabelling of small particles radionuclide carriers that 

target proteins overexpressed in tumours has a great potential.   

7. One or more of the ligands are responsible for the activity. Here the complexes 

serve as prodrugs and the metal ions play a passive role, delivering an active ligand to 

the target and keeping it away from the sites where they show toxicity. There are NO 

releasing and scavenging complexes reported effective in animal models [24]. On the 

other hand, CO releasing molecules showed promising positive inotropic effect on 

insolated rat hearts [25]. As tumor hypoxia presents a basis for the selective targeting 

of solid tumours, cobalt(III) complexes have been tested as potential hypoxia-

activated prodrugs [26]. Moreover, copper(II) complexes of NSAID drugs in 

comparison to free agents cause less gastric and small intestinal damage [27].  

 

Apart from the existance of biologically active metal pharmaceuticals, it is also worth 

noting that the metal ions alone such as copper, cobalt and zinc, all three of which were 

investigated in this PhD thesis, possess biological properties. That biological activity will be 

described in the next subchapters. 

 

1.3. Antiinfective metal ion complexes 

Another therapeutical challenge in medicine apart from pharmaceuticals active against 

cancer is antiinfective therapy. There are many substances active against bacteria, fungi or 

viruses, however, even the best antibiotics can be ineffective at treating diseases because of 

ever increasing drug resistance. Therefore, much effort is directed at treating bacterial 
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infections with compounds of various chemical structures that are more potent than the 

already existing drugs on the market. 

One of the first antibacterial agents used were inorganic mercury salts. However, the 

compounds had only a bacteriostatic activity. The agents bound to the sulfhydryl groups of 

bacterial enzymes and inhibited their growth. No longer in use is mercury chloride. Moreover, 

silver has good antibacterial activity and is used not only in the form of silver nitrate but also 

in the salts of sulfonamides, such as sulfadiazine and sulphathiazole for the treatment of 

burns. Other metal salts of zinc, copper and gold also show antibacterial avtivity [28].  

Antibacterial therapy aims among others at interfering in the biosynthesis of bacterial cell 

wall or the synthesis of the bacterial DNA or proteins.  

Apart from zinc(II) pyrithione, which is used in the anti-dandruff schampoos, so far there 

are no copper(II), cobalt(II) or platinum(II) complexes used therapeutically. Nevertheless, 

there is much research going into finding a good agent that could be of better activity than 

known antibiotics. Most of all, much attention was paid to metal complexes of sulfonamides 

[29-33] and benzimidazoles [34-36], which will be further discussed in the thesis. 

The derivatives of benzimidazole, such as Mebendazole and Albendazole, act as 

anthelminthic agents. The agents bind with high affinity to β-tubulin of nematodes and block 

the development of microtubules. While such compounds possess good biological activity, it 

might be worth expanding the structures by formation of metal complexes that can also be 

potent antiinfective agents.  

Other antiinfective agents are metalo-organic compounds. The only two that are still in use 

are arsen compound Melarsoprol (Fig. 1.4. a) and antimony compound Stibogluconate (Fig. 

1.4. b) [37]. The agents inactivate the SH-groups in enzymes through a reaction with the 

organic bound metal. Although Stibophen also contains antimony, it is no longer used due to 

the toxic side effects. Stibogluconat-Sodium is used in the treatment of Leishmaniasis.    

 

Figure 1.4. The structures of Melarsoprol (a) and Stibogluconate (b).     
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1.4. Biological properties of copper 

There has been much attention paid to copper because it is an essential element for life. It 

is associated with a number of copper-dependent enzymes that are key in biological 

processes. The most important copper-dependent enzymes in mammals are listed in Table 1.2. 

[38, 39]. 

Cu-dependent enzyme Function 

Cytochrome C oxidase Cellular utilization of oxygen 

Superoxidase dismutase Disproportionation of superoxide 

Tyrosinase (catechol oxidase) Synthesis of dopa from tyrosine 

Dopamine-B-hydroxylase Synthesis of norepinephrine from dopamine 

Alfa-Amidating enzyme 
Modifies C-terminal ends of hypothalamic peptide 

hormones ending in glycine 

Diamine oxidase Inactivation of histamine and polyamines? 

Amine oxidase (extracellular) 
Inactivation of histamine, tyramine, dopamine, 

serotonin? 

Peptidylglycine monooxygenase Bioactivation of peptide hormones 

Hephaestin 
Ferroxidase, in trans-golgi of enterocytes; aids 

iron absorption homology to ceruloplasmin 

CMGP 
Ferroxidase/amine oxidase, homologous to 
ceruloplasmin (chondrocytes and eye ciliary 

epithelia) 

β-Amyloid precursor protein Normal function currently unknown 

Prion protein (PrPC) 

Copper binding properties suggests that it may 
protect against ROS; has SOD-like activity; 

may return copper to 
Neurons at synapses (many cells) 

S-Adenosylhomocysteine Sulfur amino acid metabolism hydrolase 

Angiogenin Induction of blood vessel formation 

Blood clotting factors V and VIII Blood clotting 

 

Table 1.2. Recognized copper-dependent enzymes and their biochemical function. 

 

Elevated copper levels in plasma can be important for the etiology of some illness [40]. 

For example, copper ions are closely involved in neurodegenerative disorders [41-43], 

especially in Parkinson's disease [44-45]. Moreover, there has been interest in the medical 

uses of copper, in particular as a complexing ion of known biologically active ligands and 

drugs. Throughout the years of scientific research copper(II) complexes have been found to 

possess various activities such as antiulcer [46], antiamoebic [47], antidiabetic [48], 
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anticonvulsant [49], anti-inflamatory [50-52], antimicrobial [53] and antitumor [54]. In 

particular, anti-inflammatory, anti-microbial and anti-cancer activity of copper complexes has 

been studied. The three sub-chapters below briefly review copper complexes with such 

pharmaceutical properties. 

 

1.4.1. Copper complexes with anti-inflammatory activity 

Copper has been used since the Middle Ages for the treatment of arthritis. It has been 

shown that the copper complexes of the nonsteroid anti-inflammatory drugs are more active 

compared to the free ligands and the inorganic copper salts. Carboxylic acids of derivatives of 

salicylic acid or penicillamine can serve as the ligands. It was noted that the anti-

inflammatory activity of these complexes is independent of the amount of copper in the tested 

compound [51]. This form of administration is also safer due to the protection of the 

gastrointestinal tract compared to the free drugs. 

The mechanism may be due to the transport of copper in the form of copper complexes 

into the cell. An induction of the copper-dependent enzymes such as superoxide dismutase 

(Cu,Zn-SOD) results in protection of the cells from the accumulation and harmful activity of 

superoxide ions by dismutation into dioxygen and hydrogen peroxide [27]. 

The binuclear copper complex of the well known NSAIDS drug, diclofenac, was found to 

inhibit the activity of lipooxygenase [52]. Another interesting compound is the copper(II) 

complex of 3,5-diisopropylsalicylic acid, [Cu(II)(3,5-Dips)2]2 that shows not only anti-

inflammatory but also untiulcer, anticarcinogenic, anticonvulsant, antidiabetic and analgetic 

properties [55-58].    

There has been some interest in copper(II) complexes with anti-inflammatory activity. 

Many of the Cu(II)-complexes have been tested but the number of drugs on the market is low. 

Two drugs containing Cu(II) salicylate were approved in Australia in the late 1970s and early 

1980s; i.e., Alcusal and Dermusal, as the gels for the pain treatment. The former is an alcohol 

adduct and the later a DMSO adduct of salicylic acid. The parenterally administered Cu(II) 

complex, Permalon, has been reported but is not comercially available. Moreover, an 

indometacin complex Cu-Algesic, [Cu2(Indo)4(DMF)2] is in veterinary use. It is claimed that 

the application to dogs is deprived of GI side affects in comparison to free indometacin [27].  
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1.4.2. Copper complexes with antimicrobial and antifungal activity 

It is well known that the derivatives of thiosemicarbazones possess the antibacterial 

activity. In addition, there are many studies that show the antimicrobial activity of copper(II) 

complexes with these ligands [59-62].  

Common anti-bacterial agents have been also used as ligands to complex with copper ions. 

It was noticed that the antimicrobial activity against M. Smegmatis of a metal ion complex in 

comparison to free ciprofloxacin, a bacterial gyrase inhibitor, increased three times [63]. It 

may result from facilitated diffusion of the drug through the cell membranes, presumably by 

an increase in the lipophilicity of the drug [64]. The activity against Streptococcus can also be 

influenced by the slow release of the ligands inside the bacterial cell [65]. This was noticed 

with the copper complex of isoniazide and ethambutol. It seems that intercellular reduction of 

Cu(II) into Cu(I) can acitivate the oxygen which is toxic for bacteria [65].  

Moreover, a copper(II) complex of sulfacetamide, (N-[4-(amino-fenil)sulfonil]acetamide), 

has been intensively used in treatment of ophthalmic and dermatologic infections [29, 66]. 

Further studies of the copper(II) complexes of sulfacetamide and sulfanilamide [29] and 

sulfisoxazole [30] have showed promising results.   

In general, sulfonamide copper(II) complexes show antimicrobial activity against both 

types, Gramm(+) (Staphylococcus aureus, Bacillus subtilis) and Gramm(-) (Escherichia coli, 

Pseudomonas euruginosa) [31]. More often though a slightly higher activity is found in 

Gram(-) bacteria [67].  

The copper(II) complexes of benzimidazoles have not only shown antibacterial activity 

against S. epidermidis [34] but also some strong activity was found against fungi [35]. In 

addition, complexes of thiabendazole appeared to be active [68]. Moreover, antifungal 

activity against Aspergillus sp. and Penicillium sp. was also found for a copper(II) complex of 

p-amino acetophenone benzoylhydrazone [69].  

There are also copper(II)complexes that possess antimalarial activity. A complex of the 

derivative of naphthoquinone has been reported to act against the parasite Plasmodium 

falciparum [70]. Furthermore, a copper(II) complex of pyridine-2-carboxamidrazone 

appeared to have potent antimalarial activity. The presence of a metal ion in the structure may 

be a new strategy to develop effective metal-based antimalarials. The enhancement of 

antimalarial activity by copper coordination to ligands may also be due to reduction of Cu(II) 

to Cu(I) [71].     
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1.4.3. Copper complexes with antitumor activity 

 
 In 1946 it was noticed that certain inorganic copper salts act against hepatic tumors in 

animals [38]. Scientists observed that the copper complexes were more active than the 

inorganic copper salts.  

Thiosemicarbazones were some of the first compounds that showed antineoplastic activity. 

After the discovery of Damagk et al. [72] that certain monothiosemicarbazones show 

antitubercular action, new copper mono- and bis-compounds of this group were synthesized 

in search of antitumor activity (Figure 1.5.). 

Figure 1.5. Structures of copper(II) monothiosemicarbazones (a) and copper(II) 

bisthiosemicarbazones (b). 

 

3-Ethoxy-2-oxybutyraldehyde bisthiosemicarbazone (Figure 1.6.) was one of the first 

compounds tested for in vivo antitumor activity [72]. Its activity is likely to be due to 

inhibition of the synthesis of DNA and the changes in the oxidation and reduction stages of 

copper.   

Figure 1.6. Cu(II)(KTS) – one of the first copper(II) complexes tested for antitumor activity.  

 

Another interesting compound was a macrocyclic copper chelate (Figure 1.7.), which was 

active in vitro and in vivo against P 388 leukemia and B 16 melanoma cells [73]. 
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Figure 1.7. A square-planar chelate of a macrocyclic ligand with antitumor activity. 

 

In a paper coauthored by Linus Pauling, it was reported that a copper(II) complex of 

glycylglycylhistidine associated with vitamin C gave complete regressions of osteosarcoma in 

a human patients [74].  

Casiopeinas represent a series of mixed chelate copper complexes that are being evaluated 

as anticancer agents. Their structures (Figure 1.8.) are [Cu(N-N)(O-O)]NO3 or [Cu(N-N)(O-

N)]NO3. The mechanism of action includes oxidative damage and disruption of mitochondrial 

function. Recent studies suggest that Casiopeina IIgly initiates the overproduction of reactive 

oxygen species (ROS), leading to mitochondrial dysfunction and cell death [75]. Casiopeina 

IIgly is hepatotoxic in rats after i.v. administration [76] but it turned out to be the most 

promising compound, showing strong inhibition of a glioma C6 cancer cell line in vivo and in 

vitro. Other Casiopeinas appear to have various grades of genotoxicity [77]. 

 Figure 1.8. The structures of Casiopeina IIgly (a) and Casiopeina IIIi. 

 

There has also been much interest in phenanthroline copper(II) complexes. Unsubstituted 

(Figure 1.9. a) or substituted with methyl groups, the phenanthroline complexes turned out to 

possess in vitro (Figure 1.9. b, c) and in vivo antitumor activity in rodents (Figure 1.9. c) [78-

79, respectively].  
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Figure 1.9. The structures of differently substituted ring of phenanthroline.  

 

A copper complex of o-phenanthroline and �-(9H-purin-6-yl)benzenesulfonamide turned 

out to be active in human Caco-2 cells and Jurkat T lymphocytes [80]. Polymeric copper(II) 

phenanthroline complexes with different contents of copper were prepared and the one with a 

high content of copper showed antitumor activity [81]. 

After it became apparent that some tumor cells have reduced superoxide dismutase (SOD) 

activity compared to normal cells, copper complexes with SOD mimetic activity where 

considered for their chemotherapeutic activity [82]. Compounds that displayed SOD-like 

activity were copper(II) salicylate (Figure 1.10. a) [83] and copper(II) 3,5-

diisopropylsalicylate (Figure 1.10. b). The later showed activity against sarcoma 180 and 

Ehrlich ascites carcinoma [84, 85]. However, whether the antitumor activity is a direct result 

of the SOD mimetic activity is not known. 
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Figure 1.10. Structures of copper(II) salicylate (a) and a derivative (b). 

 

Copper coordination compounds of derivatives of imidazole compounds have been one of 

the most often synthesized compounds in search for biologically active compounds. The 

strategy to obtain an antitumor drug was to synthesize a square-planar compound with zero 

net charge and bearing various moderately good leaving ligand [86].  

Recently, Saczewski and coworkers showed that copper complexes of benzimidazole have 

in vitro antitumor activity. This research group synthesized a series of novel α-diimine 

containing bidentate benzimidazole ligands in search for antitumor and SOD-mimicking 

activities. Some copper complexes (Figure 1.11.) possessed antitumor activity. Moreover, 

complexes C and D were selective towards lung cancer cell lines LCLC-103H and A-427, 

respectively. The IC50 values of SOD activity were low (in the range 0.09-0.34µM), however, 

and the results showed no correlation between IC50 values for SOD activity and cancer cell 

growth inhibition [87].     
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Figure 1.11. Most active copper complexes of benzimidazole (B>A) and selective complexes 

(C and D).   

 

The known antineoplastic drug, bleomycin, which causes DNA strand scission, was 

originally isolated in the form of copper complex from the culture medium Streptomyces 

verticullus [88]. However, it was found to be an excellent ligand for several other metal ions, 

in particular iron [89]. Copper(II) bleomycin is a stable complex, but can be converted to 

instable Cu(I) complex and as such can react rapidly with thiols [90].  

 

1.5. Biological properties of cobalt  

The word 'cobalt' is derived from the German 'kobalt', from kobold, meaning 'goblin', a 

word used by miners for the ore of cobalt [91]. Cobalt like copper is an essential trace element 

for higher organisms. It is required in the active center of coenzymes, the so called 

cobalamins (especially Vitamin B12 which regulates indirectly the synthesis of DNA). 

Moreover, there are at least eight cobalt-dependent proteins. Cobalamins alone are 

pharmaceutical agents and are treated in pathologies arising from a lack of vitamin B12 [92]. 

The cobalt complexes are of more limited medical usage compared to copper complexes. 

Since the first reported studies on the biological activity of cobalt complexes in 1952 [93], 

there has been interest in cobalt(III) complexes of bidentate mustards, which appear to act as 

hypoxia-selective agents [94]. Some complexes have already been found active not only 

against leukemia and lymphoma cell lines [95] but also against bacteria strains [96]. 

Furthermore, cobalt complexes possess in vivo insulin-like properties [97], antifungal [98] 

and antioxidant activity [99]. 

 

1.5.1. Cobalt complexes with antimicrobial activity 

Various Co(III) complexes have been reported with antimicrobial activities. For instance, a 

Co(III) complex of the known untiulcer drug famotidine turned out to have greater 

antimicrobial activity against E. coli and M. lysodeikticus than the metal free drug [100].   
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The pyrazine-2,3-dicarboxylate complexes of 1,10-phenanthroline and alkyl diamines have 

recently shown activity against Gram(+) and Gram(-) bacterial strains and fungi C. albicans 

[101]. The cobalt(II) complexes of hinikitiol, 4-isopropyltropolone, appeared to be active, in 

comparison to copper(II) complexes [102]. 

Interesting biological properties have been found in the series of metal(II) oxinates of the 

derivative of sulfonohydrazide, belonging to the group of sulfonamides. The octahedral cobalt 

complex possessed good activity against both Gram(+) and Gram(-) bacterial strains but not 

higher than the free ligand alone [32].  

Cobalt(II) complexes not only show antimicrobial but also antifungal activities. The 

complex of the imidazole-2-carbaldehyde semicarbazone turned out to be active against the 

yeasts S. cerevisiae and C. tropicalis. Activity was most noticeable against such 

phytopathogenic fungi as Alternaria or Sclerotinia [103].   

Moreover, several cobalt(II) 2-methylthionicotinate complexes of various N-heterocyclic 

ligands showed significant activity against bacterial strains and fungi. It turned out that 

complexation of the nicotinate derivatives led to an elevation of their biological activity [104]. 

There has also been research done in developing cobalt(II) complexes of the Schiff bases for 

their antimicrobial [105-107] and antifungal [96] properties.  

Polyether ionophore antibiotics of Monensin produced by Streptomyces are biologically 

active compounds. The Co(II) complex of the sodium salt of Monensin A (Fig. 1.12.), was 

found active against the Gram(+) bacteria. It can be due to two mole equivalents of the ligand 

molecules to one mole equivalent of complex. However, the cobalt(II) complex was found 

ineffective against Gram(-) bacteria, most likely because of its hydrophobicity and large 

molecular weight [108]. 

 

Figure 1.12. The structure of Sodium Monensin.  
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1.5.2. Cobalt complexes with antitumor activity 

Cobalt(III) complexes have been widely studied as anticancer agents [109]. The first 

structures of cobalt(III) complex were described in 1956 [110]. These complexes are known 

to target specific enzymes. The potential of their activity was first noted in murine leukemia 

cells for a complex containing an acetal ligand [111]. The cobalt-alkyne analogue of the 

NSAID group of compounds is highly active against breast cancer cell lines (Fig. 1.13.). The 

complexes showed high intracellular levels of cobalt and were more lipophilic than their free 

ligands [112]. It has been proposed that the potent activity is due to the COX inhibition [112-

114].    

Figure 1.13. The cobalt-alkyne analogue of the non-steroidal antiinflammatory drug aspirin. 

 

Other researchers studied the complexation of a matrix metalloproteinase inhibitor 

marimastat to a cobalt(III) chaperone, aiming to inhibit over-expressed matrix 

metalloproteinases in tumor patients (Fig. 1.14.). The Co(III) carrier is used as a transporter 

for the drug and the activation by a bioreductive pathway to the Co(II) complex which 

releases the inhibitor ligand intracellularly. Unfortunately, it was found that the prodrug and 

the free inhibitor both potentiate metastasis [26].  

Figure 1.14. Cobalt-marimastat chaperone complex with matrix metalloproteinase inhibitory 

activity. 
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Cobalt(III) complexes have been described as hypoxia selective antitumor agents (Fig. 

1.15.). The concept of such a design is based on the fact that the tumor cells develop 

resistance to chemotherapeutic agents under anaerobic conditions. They may be reduced 

under hypoxic conditions to Co(II) species followed by loss of neutral ligand [26, 94, 115, 

116].  

 

Figure 1.15. Co(III) complex containing a nitrogen mustard ligand. 

 

An example of antitumor active cobalt(II) complexes is also the cobalt salen complex (Fig. 

1.16.). A structure / activity relationship in antiproliferation studies has been found and 

depends on the type and position of substituent in the aromatic rings [117].    

 

Figure 1.16. Structure of a cobalt salen complex. 

 

Some interesting results were obtained from complexation of the tyrosine kinase inhibitor 

imatinib with acetylenehexacarbonyldicobalt. The co-administration showed a synergistic 

effect on the cellular proliferation inhibition [118].  

Co(II) complexes of 2-substituted benzimidazoles have also shown to possess antitumor 

activity against the HeLa and HCT-15 cancer cell lines [95].  
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1.6. Biological properties of zinc  

Zinc is an essential trace element. It is found thoughout the human body in a variety of 

tissues, such as skin, bone, liver, muscle or brain. In fact, this element is the most abundant 

transition metal in the brain after iron [119], and concentrations of zinc may reach 0.1-0.5 

mM in the gray matter of the brain. It is also important for their biological activity as a 

constituent of proteins and enzymes that belong to cellular signaling pathways. Not only is it 

essential for the folding of DNA-binding domains of transcription factors (zinc-finger and 

hormone receptor families) [120] but zinc also has a variety of effects on the nervous system. 

It plays a crucial role in regulating the aspects of cellular metabolism, including protein, 

hormone, transcription and replication functions [121]. However, overabundant levels of zinc 

can lead to apoptosis and neuronal death [122]. Fig. 1.17. shows how important it is to 

regulate the zinc balance in the body to maintain the homeostasis [121]. Both zinc overload 

and deficiency lead to pathologic processes in the central nervous system [123]. For example, 

zinc deficiency has been noticed in patients with head and neck cancer, It has also been 

associated with increased tumor size and the overall stage of the cancer [124]. A 

replenishment of zinc induced apoptosis in esophageal epithelial cells thus reducing the 

growth of the cancer [125]. Yet another way of action for zinc may be its effect on 

angiogenesis, which plays a critical role in carcinogenesis and tumor progression [126]. 

Zinc is also required for biological activity of such proteins as metallothioneins and alfa-2 

macroglobulin, which protect the cells from the oxidative damage and therefore prevent the 

cell death. Metallothioneins belong to the family of intracellular metal-binding proteins that 

play a key role in the effect of zinc on the immune system.Although they are protective 

proteins in early development, they become harmful agents with age when their over 

expression, caused by fighting stressor agents, leads to low zinc availability and thus to 

impairments of the immune response. Some polymorphisms of these proteins have also been 

associated with such degenerative diseases as atherosclerosis or Alzheimer's disease [127].  
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Figure 1.17. Zinc balance must be maintained. Both overload and deficiency lead to various 

pathologic processes [121]. 

 

Elevated extracellular levels of zinc lead to the breakdown of the zinc transporting system 

of the plasma membrane. The resulting enhanced intracellular zinc concentration activates 

apoptosis [128]. However, an increased apoptosis in vivo may be a consequence of a decrease 

in zinc intracellular concentrations. Therefore, cellular zinc is also described as an inhibitor of 

apoptosis because its depletion causes death in cell lines [129]. Zinc depletion activates 

caspases, apoptosis-specific proteases, of which caspase-6 is the most sensitive apoptosis-

related target of zinc [130]. The life-death balance is maintained by several zinc channels, 

controlling the intracellular zinc movements and its free amounts [131]. 

One of interesting observations that was made is the difference in the relationship that zinc 

has in pancreatic cancer compared with other cancers [132]. It has been found that while 

pancreatic cancer shows an increased zinc accumulation and up regulation of ZIP4 transporter 

[133], in the case of prostate cancer there is a decreased level of zinc and down regulation of 

ZIP1 transporter [134]. Both stages are critical for malignant cell development and 

proliferation.  

Zinc supply is useful in restoring immune efficiency in aging and preventing the 

degenerative diseases. The dysregulation of cellular zinc because of stress or aging can affect 

cell survival [132]. 

A good antimicrobial and anti-inflammatory agent, zinc has also been successfully tested 

for healing zinc-deficient, chronic and surgical wounds by local administration [135].  
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In the literature, there are many zinc complexes reported but only these associated with 

drugs in the treatment of Alzheimer’s disease [136] or showing antimicrobial [137], 

anticonvulsant [138], anti-inflammatory [139], antidiabetic [140] or antitumor [141-143] 

activities are structurally described.  

 

1.6.1. Zinc complexes with antimicrobial activity 

Zinc(II) complexes of carboxylates appeared to have good antibacterial activity; e.g., a 

strong inhibitive effect was noticed towards E. coli and S. aureus [144]. In the search for 

zinc(II) complexes of known antimicrobial drugs strong antibacterial activity has been 

achieved; e.g. the interaction between zinc and the gyrase inhibitor ciprofloxacin and various 

nitrogen-donor ligands have been studied and the complexes were found more potent than the 

drugs alone [145].  

The investigation of complexes of thiosemicarbazones gave promising results as well. A 

noticeable selective activity was seen by zinc(II) complexes of picolinaldehyde-S-methyl- and 

-S-benzylthiosemicarbazones which were active in comparison to their metal free ligands 

[146]. Moreover, there zinc(II) complexes of salicylaldimine were found active against S. 

aureus [147].   

Zinc(II) complexes of sulfadrugs, such as sulfadiazine and sulfamerazine also proved to be 

effective antifungal agents against Aspergillus and Candida spp. Moreover, the activities of 

the complexes were higher than the free ligands, but lower than the drug ketoconazole [33]. 

Zinc(II) complexes with amino acids have been developed with antimicrobial activity. The 

antibacterial activity of zinc(II) complex with S-phenylalaninato ligand was 10-fold greater 

than the simple metal salt (Fig. 1.18.). A very good inhibitory activity was also found by the 

yeast Candida albicans [148].   

Figure 1.18. The proposed structure of the zinc(II) complex of N-benzyloxycarbonyl-S-

phenylalanine. 



 Introduction 
__________________________________________________________________________________________ 
29 

Another zinc(II) complex containing N-donor ligand, 2,6-bis(benzimidazol-2-yl)pyridine 

also possessed strong antimicrobial activities [36].  

Zinc pyrithione is a good example of an agent of antibacterial and antifungal activity. In 

the form of bis(N-oxopyridine-2-thionato)zinc(II) (Fig. 1.19.) the drug inhibits the membrane 

transport processes by blocking the protone pump in fungi. However, it was shown that at low 

concentration of the agent fungi are able to inactivate pyrithione [149].  

 

 

Figure 1.19. Structure of zinc pyrithione. 

 

1.6.2. Zinc complexes with antitumor activity 

Very potent potential anticancer agents have been found in the group of complexes of 

semicarbazones. The results indicated strong antiproliferative properties, even stronger than 

these of cisplatin. The complexes inhibited tumor cell proliferation by the arrest in the S phase 

of the cell cycle [150].  

In the group of p-isopropyl benzaldehyde thiosemicarbazone, zinc(II) complex exhibited 

specific cytotoxic activity against Pam-ras cancer cell line, probably due to cell killing by 

apoptosis. This complex may be considered as potential antitumor agent because it induces 

apoptosis in the ras-transformed cell line [151].  

Furthermore, unprotected N-glycosyl saccharide derived from 4-phenylthiosemicarbazide 

were synthesized and tested. A zinc(II) complex was one of the two complexes with an IC50 

value lower than cisplatin in the Ehrlich Ascites Carcinoma model. Such complexes may be 

safer drugs of the future [152]. 

Another example for active complexes of semicarbazone derivatives are 

selenosemicarbazones. These compounds exhibit various binding modes with d-metals. A 

dose-dependent cytotoxic activity was found for the zinc(II) complex. The results have once 

again indicated that the zinc(II) complexes of semicarbazones are potential anticancer agents 

[153].   

Moreover, zinc(II) complexes of the inhibitors of cyclin-dependent kinases (CDKs) also 

possess potent activity. The structures of the inhibitors were derived from the 6-

benzylaminopurine. Disturbances in the cancer cells led to hyperactivation of CDKs. Three of 
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four zinc(II) complexes of the 3,6,9-trisubstituted purine derivatives showed a significant 

increase in activity over their free ligands [154].  

Interesting metal(II) complexes were obtained with derivatives of isoflavones, 4'-methoxy-

5,7-dihydroxy-isoflavone ligand (Fig. 1.20.). Here, the zinc(II) complex showed a moderate 

antitumor activity in vitro, however, the complex was more active than the free ligand and the 

metal ion. On the other hand, compared to the chemotherapeutic drug cisplatin, the complex 

was less active [155]. 

 

Figure 1.20. Zinc(II) complex of 4'-methoxy-5,7-dihydroxy-isoflavone. 

 

1.7. Platinum complexes 

Platinum complexes are still the most important group of metal ion complexes in medical 

use. Most interest is directed at the antitumor activity but some complexes have also been 

tested for antimicrobial activity. The biological properties of platinum complexes will be 

described in the next subchapters.   

 

1.7.1. Platinum complexes with antimicrobial activity 

Some published attempts to find active platinum complexes against bacterial strains ended 

with failure [156, 157]. Other complexes, such as the Pt(II) complexes of acetone Schiff bases 

of S-methyl- and S-benzyldithiocarbazate showed activity against Pseudomonas aeruginosa 

[158]. 

Furthermore, Pt(II) complexes of known antibiotics, such as fluoroquinolones or 

tetracyclines have been investigated. The Pt(II) complexes of ciprofloxacin, levofloxacin, 
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ofloxacin, sparfloxacin, and gatifloxacin used as ligands showed activity against 

Mycobacterium tuberculosis. All but one was more active than rifampicin [159].  

 A tetracycline Pt(II) complex (Fig 1.21.) turned out to be as efficient as the ligand alone 

against Escherichia coli bacterial strains. Moreover, the agent occurred to be six times more 

potent against E. coli HB101/pBR322, a bacterial strain resistant to free tetracycline [160]. 

Figure 1.21. A proposed structure of the tetracycline platinum complex. 

 

1.7.2. Platinum complexes with antitumor activity 

The age of metal based complexes as chemotherapeutic agents began with the serendipid 

discovery of the biological activity of cisplatin by Barnett Rosenberg as already mentioned in 

the chapter 1.2. [161, 162]. The intensive search in the field of platinum complexes has 

yielded three anticancer drugs that have so far been approved by the Federal Drug 

Administration (FDA), cisplatin, carboplatin and oxaliplatin (Fig. 1.22.). The complexes 

exhibit a broad antineoplastic spectrum. Oxaliplatin is particularly active in combination with 

5-FU in the treatment of advanced gastrointenstinal tumors. 

 

Figure 1.22. Platinum drugs used in cancer treatment. 
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The cytotoxic mechanism of action of cisplatin consists of activation through an aquation 

reaction involving the exchange of the two chlorido leaving groups with water [163-167]. The 

adducts formed by cisplatin with DNA are bifunctional guanine-guanine intrastrand cross-

links. The chlorido ligands are replaced first by a water molecule and then by the nitrogen N7 

of guanine [168]. The N7 atoms are the most electron-dense and accessible sited in DNA for 

an attack of platinum. Following aquation of the second chloride group, DNA cross-linking 

with a second guanine base occurs. The major products are 1,2-intrastrand d(GpG) cross-links 

in ca.50-65% and 1,2-intrastrand d(ApG) cross-links in ca. 25% (Fig. 1.23.). Additionally, 

there are 1,3-intrastrand d(GpNpG) crosslinks in less than 10% with interstrand cross-links, 

monofunctional adducts to guanine residues and DNA-Pt-protein cross-links [169-171]. These 

adducts result in the inhibition of enzymes involved in RNA transcription, DNA replication 

and chain elongation of DNA polymerization [171].  

 

Figure 1.23. Various types of DNA-cisplatin adducts. The 1,2-intrastrand GG (top left) is 

believed to be the critical lesion. Y= H2O/OH, Cl, protein [168].  

 

Cisplatin is clinically used to treat bladder, non-small cell lung [172], head and neck, 

ovarian, cervical and other cancers [173]. Furthermore, use of cisplatin in combination 

therapies leads frequently (85%) to cures in testicular cancer. However, its clinical usage is 
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limited because of high toxic side effects of the drug, especially as nephrotoxicity [174], 

neurotoxicity [175], ototoxicity [176], nausea and vomiting.    

A common problem occurring during the treatment with cisplatin is the development of 

resistance to the drug. It has been found that the transporters of cisplatin contribute to the 

resistance through the reduction of drug accumulation in the cell [177]. However, the main 

mechanisms of resistance are: 1) decrease of the concentration in the cells; 2) detoxication in 

cytoplasm, mostly by glutathione; 3) an increased DNA repair and the presence of tolerance 

to this drug. In an attempt to solve this problem, new platinum complexes have been 

developed, such as thioplatin and platinum(IV) complexes like satraplatin, the first orally 

available candidate [178-180] and ethacraplatin [181].  

Furthermore, two other platinum(IV)complexes, tetraplatin and iproplatin have been 

studied in clinical trials [182]. The reduced reactivity and oral bioavailability is observed in 

the octahedrally coordinated Pt(IV) complexes, which need to be reduced to square-planar 

Pt(II) complexes to become cytotoxic. Tetraplatin, as well as oxaliplatin, represent the so-

called DACH family of platinum compounds, carrying the 1,2-diaminocyclohexane ligand, 

which gives more stable complexes and no cross-resistance to cisplatin [183]. Many studies 

continue with this group of DACH complexes [184]. 

The Pt(IV) complex Satraplatin seems to offer several advantages over the standard i.v. 

platinum drugs, especially in hormone refractory prostate cancer [179,180]. Its toxicity profile 

is similar to carboplatin and is better tolerated than cisplatin [185]. 

Other platinum agents are nedaplatin, which is used in Japan, and lobaplatin, which is 

approved in China. Recently evaluated agents in clinical trials are picoplatin and ProLindac 

(Fig. 1.24.). Picoplatin such as cisplatin, shows synergistic behavior when administered in 

combination therapy with other drugs [173]. The polymer-based agents have been 

investigated as potential drug delivery vehicles for platinum-based drugs [186]. ProLindac 

(AP5346) is such a polymer-platinum complex with triglycine side chains and an 

aminomalonic acid terminal group [187, 188].    
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Figure 1.24. Platinum complexes in clinical trials: satraplatin (a), picoplatin (b), BBR3464 

(c). 

 

In search for complexes that may help to overcome resistance to cisplatin, two trans 

trinuclear complexes, BBR3464 [189, 190] and triplatinNC [191] have been developed (Fig. 

1.25.). They strongly associate with DNA and the last one showed enhanced cellular uptake 

and could play a role as a carrier to deliver anticancer drugs to DNA [191]. 

 

Figure 1.25. TriplatinNC. 

 

Cisplatin or carboplatin still remain toxic agents and cause many side effects. To avoid this 

side-effect, the usage of the light that activates nontoxic Pt(IV)-complexes has been 

introduced [20]. The d-shells of transition metal ions are a rich source of electronic 

transitions, mainly the ligand-to-metal or metal-to-ligand charge transfer (LMCT and MLCT, 

respectively). It is worth mentioning, that the photoactivated excited-state of metal complexes 

carries enhanced chemical reactivity compared to the ground state. The studies of two 
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diaazido Pt(IV) complexes (Fig. 1.26.) showed that the G-G adducts were formed more 

rapidly via photoactivation in comparison to cisplatin. Furthermore, no cross-resistance to 

cisplatin was observed [20].    

Figure 1.26. Structures of diazide complexes: a) (cis, trans, cis-[Pt(N3)2(OH)2(NH3)2]) and b) 

(cis, trans-[Pt(en)(N3)2(OH)2]). 

 

Also worth mentioning are the platinum complexes with amino acids as ligands. Research 

shows that the trans-1,2-diaminocyclohexaneplatinum(II) complexes of multidentate L-

glutamate and L-aspartate have excellent antitumor activity against murine leukemia L1210 

and human tumor cells. Moreover, one of them, the highly hydrophobic N-phthaloylglutamate 

complex exhibited in vitro activity on the human stomach YCC-3 cancer cell line that was 

much better than either cisplatin or carboplatin [192]. Some moderate cytotoxic activity in the 

cisplatin-sensitive H12.1 cancer cell line was found with Pt(II) complexes of L-

methionylglycine and L-methionyl-L-leucine ligands [193].  

Furthermore, the Pt(II) complexes with 2,9-disubstituted-6-benzylaminopurines (Fig. 1.27.) 

have also been found to be active. They showed higher activity in comparison to the metal 

free derivatives, which inhibit cyclin-dependent kinases (CDKs). The activity was comparable 

or higher to than cisplatin and carboplatin [194].  
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Figure 1.27. Schematic representation of basic structural unit for the 2,9-disubstituted-6-

benzylaminopurine complexes. 

 

Platinum(II) complexes of purine ligand analogs possess antitumor activity. The results 

confirmed that the replacement of heterocyclic ligands by triazolopyrimidine leads to an 

increase in the cytotoxicity. Moreover, the antitumor activity of mononuclear Pt(II) 

complexes with 1,2,4-triazolo[1,5-a]pyrimidines is dependent on the nature of the alkyl group 

substituent in heterocyclic ligands and the coordination sphere geometry. The best antitumor 

properties were found with cis-[PtCl2(dbtp)2] and cis-[PtCl2(dptp)2]. The presence of a bulky 

ligand (tertbutyl or phenyl group in heterocyclic ring) may be an important factor for 

antitumor Pt(II) complexes [195]. 

Promising activity was shown in Pt(II) complexes with pyrazole ligands. All of the 

complexes revealed significant antiproliferative activity against L1210 cancer cell line. One 

of them bears additional alkylating centers (Fig. 1.28. c) and may react with DNA to form 

additional adducts not seen with the other analogues [196]. 



 Introduction 
__________________________________________________________________________________________ 
37 

 

Figure 1.28. Structures of the pyrazole derivatives of cisplatin. 

 

Moreover, some Pt(II) complexes bearing benzimidazole ligands (Fig. 1.29.) exhibited 

interesting mutagenic activity on the RD Rhabdomyosarcoma cell line [197].   

In a study of platinum 3,5-diacetyl-1,2,4-triazol bis(thiosemicarbazones), a compound 

exhibiting antitumor activity in IC50 values in the low micromolar range was found [198].  

Another example of active Pt(II) complexes are ethylsarcosinedithiocarbamates substituted 

with 3-picoline. The compounds turned out to be effective against all tested cancer cell lines. 

However, the agents are still less active than the cisplatin [199].   

Figure 1.29. Structures of the benzimidazole platinum(II) complexes. 
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The DNA intercalating platinum complexes carrying 1,10-phenanthrolines have been 

widely investigated [200, 201]. Such complexes could intercalate into the DNA double helix 

rather than form the coordinate covalent adducts with DNA such as cisplatin does. One of 

such complexes, 56MESS, showed 100-fold better cytotoxicity than cisplatin in the L1210 

murine leukaemia cancer cell line [202]. Some compounds that include 1,2-

diaminocyclohexane ligand turned out to be more active than cisplatin [202]. The complexes 

have higher cellular uptake than cisplatin and what is also important, in contrast to cisplatin, 

was that they do not activate caspase-3. The experimentals with two of two compounds, [(5,6-

dimethyl-1,10-phenanthroline)(1S,2S-diphenylethylenediamine)platinum(II)]2+ and [(5,6-

dimethyl-1,10-phenanthroline)(1R,2R-diphenylethylenediamine)platinum(II)]2+ are reported 

in the 3.7.5.2. Results section. 

 

1.8. Ruthenium complexes 

Ruthenium is an element that has served as an interesting alternative to platinum in the 

development of anticancer drugs. It has three oxidation states Ru(II), Ru(III) and Ru(IV), all 

accessible under physiological conditions. One of the earliest reports about the antitumor 

activity of ruthenium complexes dates back to 1970 and 1980s [203, 204]. Ruthenium 

compounds are known to be less toxic than their platinum counterparts [205]. Ruthenium such 

as platinum has the ability to mimic iron in binding to specific molecules such as albumin and 

transferrin. Under the conditions of an increased demand for iron, in the cancer cells, the 

transferrin receptors are over expressed and therefore the delivery of the ruthenium drugs can 

be more effective [205].  

There are many advantages for developing ruthenium complexes as anticancer agents. 

Three of the most important are 1) the well developed coordination chemistry, 2) rates of 

ligand exchange reactions comparable to that of platinum, and 3) the octahedral coordination 

geometry [206]. Activation by reduction may be responsible for lower general toxicity of 

these compounds [207]. In solid tumors where oxygen levels are lower than in normal cells, 

the reduction of ruthenium(III) complexes to ruthenium(II) species is enabled. On the other 

hand, low oxygen conditions in solid tumors are unfavourable for radiotherapy or 

chemotherapy. Moreover, the low extracellular pH and the presence of such reducing species 

as glutathione facilitate reduction. Thus, an appropriate redox potential is important for 

ruthenium(III) complexes than their cytotoxic properties alone [208]. 
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1.8.1. Ruthenium complexes with antitumor activity 

Many ruthenium complexes have been investigated for anti-tumor activity [207, 209, 210]. 

Worth mentioning are the classical complexes, with polypyridine complexes, ruthenium-

polyaminocarboxylate complexes, dimethyl sulfoxide ruthenium-complexes, arylazopirydine 

ruthenium complexes, organomentallic arene ruthenium complexes. Other non-classical 

anticancer agents are the antimetastatic NAMI-A type complexes, ruthenium ketoconazole 

complexes, ruthenium based protein kinase inhibitors and a large family of arene PTA 

ruthenium complexes (RAPTA) [211].  

Ruthenium complexes are in principle capable of interacting with DNA but with 

coordination geometry they are distinctly different from cisplatin. Ruthenium resembles iron 

in certain aspects of its coordination chemistry and redox activity and might target iron-

dependent mechanisms. It fits into the active center of transfferin. The cytotoxic potency 

correlates well with the redox potential. Induction of apoptosis is detectable already after 2-6 

hours after exposure and activates caspase 3, an enzyme involved in apoptosis. Another 

complex, KP1339, activates caspase 7. The characteristics of ruthenium(III) complex 

predestines the pathophysiological conditions of solid tumors such as frequent over-

expression of transferrin receptors and reducing conditions (hypoxia) due to insufficient 

tumor vascularization.  

The two octahedral ruthenium complexes that are in the clinical trials are namely KP1019 

and NAMI-A (Fig. 1.25.) [212]. The first complex is active against primary tumors. It causes 

apoptosis via the mitochondrial dependent pathway and probably acts as a pro-drug. The 

complex can react with transferrin in the blood and is then released from transferrin at acidic 

pH of the cellular endosomes [212]. 
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Figure 1.30. The structures of the ruthenium complexes in clinical trials, KP1019 (a) and 

NAMI-A (b). 

 

NAMI-A is quite unique compared to cisplatin. In contrast, the compound has almost no 

cytotoxic activity in vitro while in vivo it reduces the metastatic potential without affecting 

the primary tumor [212, 214, 215]. On the other hand, KP1019 showed cell growth inhibitory 

effects in the colorectal cancer cell lines SW480 and HT29. Activity is superior to 5-

fluorouracil in experimental therapy of colorectal carcinoma in rat [216, 217]. This compound 

was also tested in human cancer cell lines such as LCLC-103H, A-427, 5637, MCF-7, RT-4 

and DAN-G. However, in these cell lines the agent was found inactive (for details see 3.7.6. 

Results section).  

 

1.9. Gallium complexes with antitumor activity 

 Gallium(III) belongs to the group IIIA metals of the periodic system and its coordination 

characteristics are similar to other ions such as Al3+. However, it is also similar to Fe3+ from 

the VIII group. Common features are affinity to oxygen and nitrogen donors. Gallium has a 

stable outer electronic configuration (d10). Its oxidation states are 1+ (uneasy to reach, 

however found in gallium complexes) and 2+ (energetically unfavourable) [204]. It is 

believed to be redox-inactive under physiological conditions. However, it can bind to proteins 

and disturb the cellular homeostasis.  

Interestingly, gallium is already active against tumors in form of simple gallium salts, for 

instance as a nitrate. This agent is effective in the treatment of hypercalcaemia of malignancy, 
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for which it has been approved. The agent also showed activity against lymphoma and 

bladder cancer. Moreover, it was found not to be myelosuppressive and lacked cross-

resistance with other drugs [218]. However, toxicities such as nephrotoxicity or neuropathy 

make clinical use questionable.   

Gallium(III) complexes are another group that is under investigation. The research on 

gallium complexes started in the early 1970s and has been continued till now [204, 219]. 

Gallium(III) exhibits a strong antiproliferative action and interferes with iron metabolism. It 

can coordinate to human serum proteins as smoothly as iron(III) and makes the gallium 

agents less toxic than the platinum(II) complexes. Gallium complexes with organic ligands 

help to prevent from unfavorable kinetic properties of gallium salts.  

The first representative of the gallium complexes that was tested in a panel of human 

cancer cell lines was KP1089, bis(2-acetylpyridine-4,4-dimethyl-3-thiosemicarbazonato-

�,�,S)gallium(III) tetrachlorogallate(III), compound of the class of α-N-heterocyclic 

thiosemicarbazone complexes [220]. Moreover, two oral compounds, tris(3-hydroxy-2-

methyl-4Hpyran-4-onato)gallium(III) and KP46, tris(8-quinolinolato)-gallium(III), (also 

known as FFC11) have been chosen for clinical trials [221]. The best known agents in clinical 

trials are KP46 and gallium maltolate (Fig. 1.31.). KP46 complex has already finished phase I 

of the clinical trials and is expected to enter the second phase of the trials. Within this project 

the complex has been tested in the panel of human cancer cell lines at our department. 

 

Figure 1.31. The structures of active gallium(III) complexes, KP46 (A) and gallium maltolate 

(B). 
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Both agents have good bioavailability in animal models when administered orally [222]. 

The complexes are also more active than simple gallium salts [223]. However, the mode of 

action is not clear yet. The complex KP46 will be further discussed in section 3.7.7. 

 

1.10. Lanthanum complexes with antitumor activity 

Lanthanum(III) is a metal that along with another 14 metals belongs to the IIIB group of 

lanthanides. The group of elements known as rare earth was discovered in the 19th century 

and silver-white lanthanum in 1839 by the Swedish chemic Carl Gustav Mosander. The 

lanthanum compounds can be at 3+, 2+ or 4+ oxidation states [224A].    

Lanthanide compounds have been used as anti-emetics and anticancer agents [225]. 

Moreover, the compounds have also used used in the healing of burns [226].  

The lanthanum(III) complex, KP772, [tris(1,10-phenanthroline)lanthanum(III)] 

trithiocyanate, is a promising antitumor drug. It is a neutral and nine-coordinate complex 

[227]. It has shown potent activity against various cancer cell lines in vitro and also in colon 

carcinoma xenograft model in vivo [228]. Its potency is comparable to cisplatin or 

methotrexate. This compound is also believed to be active against multi-drug-resistant tumors 

[229]. Due to its hyperactivity in MDR cells, the drug might be useful against notoriously 

drug resistant tumor types and in the second line treatment in patients who already failed the 

chemotherapy due to resistance development [230].  

The mode of action of the anticancer active lanthanides is thought to be related to their 

similarity to calcium ion. As La3+ ions exhibit high affinity to Ca2+ binding sites, such 

compounds are able to inhibit the biological functions of Ca2+, Mg2+ and Fe3+ ions. Moreover, 

the ligand of the KP772 complex, phenanthroline, has also an impact on the anticancer 

activity of the compound, causing cell cycle arrest in the G0/G1 phase [231].  

 

1.11. Osmium complexes with antitumor activity 

Osmium was discovered around 1800 by the English chemist Smithson Tennant. He named 

the element after the Greek word smell [224B]. Osmium belongs to the VIII group of 

transition ion metals.   

There have been few reported studies on the anti-cancer activities of osmium(II) 

complexes. Of these, there are interesting arene osmium(II) complexes bearing picolinate 

derivatives that have been studied [232]. Two complexes with para chlorine and para methyl 

(Fig. 1.32.) were found to possess the antiproliferative activity similar to that of cisplatin in 

A2780 (ovarian) and HCT116 (colon) cancer cell lines. The mechanism of action is likely to 

be very different compared to cisplatin.  
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Figure 1.32. Two osmium(II) picolinate derivatives found active against cancer cell lines.  

 

Other arene osmium(II) complexes have shown activity against SW480 (colon) and CH1 

(ovarian) cancer cell lines [233]. Osmium(III) complexes of NAMI-A type also have be 

reported with cytotoxic activity. In fact, the osmium(II) complexes turned out to be more 

potent than their ruthenium analogs [234]. There is still much work left in this field of 

scientific research. 

 

1.12. Metal coordination chemistry 

Metal coordination compounds are often referred to as metal complexes. Such complexes 

consist of a coordination center (metal or ion) and molecules that bind to it called ligands. The 

set of the ligands makes the coordination sphere around the metal center. The number of 

ligand atoms bonded to the metal is called its coordination number. A homoleptic complex is 

when the ligands are the same type, otherwise it is heteroleptic. A metal complex can be 

cationic, anionic or neutral depending on the sum of the charges of the metal centers and the 

ligands. It can form a mono-, di- or polynuclear molecule [235].  

The challenging topics nowadays in the chemistry of metal complexes are, e.g. the aspects 

where the unique chemical properties of transition metals can be used; their usage in catalysis 

and optical and magnetic devices; in biological field – chemotherapy or use as optical triggers 

and probes of proteins [236A]. The metal complexes find applications as dyes, pigments, 

drugs and contrast agents. 

The four transition d-block metals, namely copper, cobalt, zinc and platinum, which were 

the focus of this PhD thesis, are found in the three transition metal periods in the periodic 

system, namely 4-6 (Table 1.1., section 1.1.). The first three are metals of the fourth period 
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and platinum is the representative of the sixth period, along with lanthanum and osmium. 

Ruthenium represents the fifth period and because of the similar chemical properties of these 

metals to the sixth period, these metals are often referred together to differentiate them from 

the fourth period. What is more, metals following the lanthanides are less reactive because of 

the lanthanide contraction (smaller size) and growing ionization energy. But on the other 

hand, the reactivity and ability to make new compounds of the metals from the sixth in 

comparison to the fifth period is greater. Greater charges of nuclei result in relativistic 

stabilisation (contraction) of 6s-orbitals and destabilisation (expansion) of 5d-orbitals. This 

results in stronger occupancy of 5d-orbitals in M-L complexes.  

In the next subchapters the characteristic features of copper, cobalt, platinum and zinc 

coordination chemistry will be introduced [237]. 

    

1.12.1. Copper 

Copper, as well as zinc, has a 3d10 configuration. It has three stable oxidation states: Cu(I), 

Cu(II) and Cu(III) and the geometry of the central atom depends on the oxidation state (Table 

1.4.). The Cu(0) compounds are not confirmed as stable, however, reactive intermediates do 

occur [238A]. 

  

Oxidation state Coordination number Geometry 

Cu
I
, d

10
  2 Linear 

 3 Planar 

 4 Tetrahedral 

 4 Distorted planar 

 5 Square pyramidal 

Cu
II

, d
9
  3 Trigonal planar 

 4 Tetrahedral (distorted) 

 4 Square planar 

 6 Distorted octahedral 

 5 trigonal bipyriamidal 

 5 Square pyramidal 

 6 Octahedral 

 7 Pentagonal bipyramidal 

 8 Distorted dodecahedron 

Cu
III

, d
8
  4 Square planar 

 6 Octahedral 

Table 1.4. Oxidation states and stereochemistry of copper [238A]. 
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1.12.1.1. Copper(I) complexes   

Copper(I) compounds are diamagnetic and mostly colorless because they lack d-d 

transitions. Sometimes they can be yellow [copper(I) oxide, copper(I) bromide or copper(I) 

alkoxides]. The relative stabilities of Cu(I) and Cu(II) in aqueous solutions depend on the 

nature of anions or other ligands and vary with solvent or the nature of other atoms in crystal 

[238B].   

Copper(I) complexes can be obtained in a few ways by: 

� direct interaction of ligands with copper(I) halides 

� reduction of corresponding copper(II) complexes 

� reduction of Cu2+ in the presence of or by the ligand  

The structures of these complexes can be very complicated – from mono- and binuclear 

copper to 2-,3- or 4- coordinate copper atom.  

There are many mononuclear and binuclear species (Fig.1.33.A and B, respectively) that 

can be distinguished possessing many structural types (L is a neutral ligand): 

A 

B 

Figure 1.33. Structural types of mononuclear (A) and binuclear (B) species (L is a neutral 

ligand) [238B]. 

 

The chain structures can be of different types, e.g. CuCl4 tetrahedral units sharing either 

corners or edges. Spiral chains with planar trigonal Cu(I) are formed in [Cu(CN)-] ions. 

Tetranuclear structures of copper(I) complexes depend on the four copper atoms which are 

in: 

� a parallelogram, rectangle, square 



                 Introduction 
__________________________________________________________________________________________ 
 

46 

� at the vertices of a tetrahedron, regular or slightly distorted 

� in a halogen-bridged step structure 

More complicated structures also exist, bearing penta and polynuclear complexes. The later 

complexes have mainly sulfur ligands. 

Copper(I) but not copper(II) can also known to form organo complexes with Cu-C bonds.   

 

1.12.1.2. Copper(II) complexes 

Most copper(I) compounds can be oxidized to copper(II) compounds, but further oxidation 

to copper(III) compounds is more difficult. The copper(II) complexes have d9 electron 

configuration. This configuration of copper is characteristic of Jahn-Teller distortion for 

regular octahedral or tetrahedral symmetry, which has an effect on its stereochemistry. A 

typical distortion for 6-coordinate is an elongation along one four fold axis so that there is a 

planar array of four short Cu-L bonds and two trans long ones [238C].  

Distorted tetrahedral structures with imidazole and cysteine have been thoroughly studied 

as models for copper(II) in azurin and plastacyanin proteins [238B]. Four-coordinate 

complexes with chelate ligands have mostly square planar coordination geometry. In some 

cases, however, the additional ligands form a very elongated octahedron or where the 

dimerization of type presented in Figure 1.34. for the ß form of bis(8-

quinolinolato)copper(II), where each metal atom is 5-coordinate.  

Figure 1.34. A schematic structure of the ß form of bis(8-quinolinolato)copper(II), in which 

each copper atom is 5-coordinate.        

 

The complexes are generally blue or green. Sometimes they can appear as red or brown 

due to strong UV absorption of charge-transfer transitions. The most common colors however 

are due to presence of weak d-d transitions in the region 600-900 nm of the spectrum.  

Copper(II) forms many binary complexes with halides or salts of oxo acids such as 

CuSO4*5H2O.  
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Many copper(II) complexes can be obtained by treating aqueous solutions with ligands. 

Copper(II) carboxylates, which are easily made by an interaction of the acid with CuCO3, 

form binuclear complexes with four carboxylate bridges [238D].     

Copper(II) ions and complexes can participate or catalyze oxidation reactions. They also 

form peroxo and superoxo complexes.  

Copper(II) forms enormously many complexes with the nitrogen donor ligands 

(polydentate aliphatic amine ligands and heterocyclic nitrogen donor ligands) and oxygen 

donor ligands (phenol-based ligands and alcohol-based ligands) [236C].  

 

1.12.1.3. Copper(III) complexes 

This oxidation state is uncommon, but there are some known alkali and alkaline earth 

mixed oxides e.g. NaCuO2. It can form coordination compounds with such ligands as amines, 

pyridine-based ligands, deprotonated amide ligands, thiol or macrocylic ligands [236D]. 

 

1.12.2. Cobalt 

The most important cobalt minerals are smaltite (CoAs2) and cobaltite (CoAsS). This 

bluish-white metal is rather unreactive. Cobalt has many oxidation states (Table 1.5.) but the 

most stable are cobalt(II) and cobalt(III) complexes. There are some binary cobalt compounds 

known (oxides Co3O4, halides, CoF2 or sulfides CoS) as well as cobalt salts 

(Co2(SO4)3*18H2O) [238E].  

Oxidation state Coordination number Geometry 

Co
-I
, d

10
  4 Tetrahedral 

Co
0
, d

9
  4 Tetrahedral 

Co
I
, d

8
  3 Planar 

 4 Tetrahedral 

 5 Trigonalbipyramidal 

 5 Square pyramidal 

 6 Octahedral 

Co
II

, d
7
  3 Trigonal 

 4 Tetrahedral 

 4 Square planar 

 5 Trigonalbipyramidal 

 5 Square pyramidal 

 6 Octahedral 
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Co
II

, d
7
 8 Dodecahedral 

Co
III

, d
6
  4 Tetrahedral 

 4 Square planar 

 5 Square pyramidal 

 5 Trigonalbipyramidal 

 6 Octahedral 

Co
IV

, d
5
  4 Tetrahedral 

 6 Octahedral 

Co
V
, d

4
  4 Tetrahedral 

Table 1.5. Oxidation states and stereochemistry of cobalt [238E]. 

 

1.12.2.1. Cobalt(II) complexes 

There are many forms of cobalt(II) complexes. The Co2+ ion has a d7 configuration. The 

most frequent are with tetrahedral geometry, however, there are many cases where the 

tetrahedral and octahedral complexes remain in equilibrium e.g. thiocyanate complexes in 

methanol. Tetrahedral complexes are mostly either in the form of [CoX4]
2- or CoX2L2.  

Square planar complexes are obtained with bidentate monoanions or neutral bidentate 

ligands. Moreover, the tetradentate ligands (salen or porphyrins) also form square planar 

complexes. Octahedral complexes are formed with halides, pseudohalides and O-donors. 

There are many known dinuclear carboxylate complexes that are stabilized with nitrogen 

ligands. 

Five coordinate complexes are tbp or sp with phosphine adducts. Bridged metal-metal 

bonded structures are growing in numbers [238F].  

 

1.12.2.2. Cobalt(III) complexes 

Cobalt(III) complexes of d6 configuration are also numerous. Almost all are octahedral but 

a few are tetrahedral, square planar and square antiprismatic. Generally, these complexes are 

built in a few steps, starting with oxidation of the CoII ion by O2 or H2O2 often with a catalyst. 

Such complexes can act as intercalators in DNA or as photosensitizers.  

Cobalt(III) complexes are also found in many organisms in the form of cobalamins. The 

best known is a cyano derivative called vitamin B12. In these organometallic complexes occur 

metal-carbon σ- bond. The human body contains 5 mg of cobalamins. Lack of this vitamin 

can result in pernicious anaemia, a life-threatening disease. There has been also much interest 

focused on cobaloximes (complexes of glyoximes) [238G]. 
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1.12.2.3. Cobalt(IV) and cobalt(V) complexes 

The oxidation states IV and V are represented only by a few compounds. An example is a 

macrocyclic Co(IV) complex showed in Fig. 1.35. with square planar geometry that can 

slowly oxidize water and reduces to cobalt(III) [238H]. 

Figure 1.35. An example of macrocyclic cobalt(IV) complex [238H].   

 

1.12.3. Platinum 

Platinum can exist in various oxidation states such as: Pt(0), Pt(II), Pt(III), Pt(IV), Pt(V) 

and Pt(VI). Oxidation states and d-block configuration of platinum complexes are given in the 

Table 1.6. 

 

Oxidation state Coordination number Geometry 

Pt
0
, d

10
  2 Linear 

 3 Planar 

 4 Distorted 

 4 Tetrahedral 

Pt
II

, d
8
  4 Square planar  

 5 Trigonalbipyramidal 

 5 Square pyramidal 

 6 Octahedral 

Pt
III

, d
7
  4 Square planar 

 6 Octahedral 

Pt
IV

, d
6
  6 Octahedral 

Pt
V
, d

5
  6 Octahedral 

Pt
VI

, d
4
  6 Octahedral 

Table 1.6. The oxidation states and stereochemistry of platinum [238I]. 
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1.12.3.1. Platinum(0) complexes 

There are many zerovalent complexes of platinum, mostly stabilized by phosphine ligands. 

Furthermore, platinum(0) forms many cluster compounds, usually based on the M3 triangle 

such as presented in Figure 1.36. 

 

Figure 1.36. A basic triangle structure of a cluster platinum(0) complex [238J]. 

 

 1.12.3.2. Platinum(I) complexes 

This type of complexes is obtained in three ways by: 

� comproportionation of M0 with MII complexes 

� reduction of MII precursors 

� judicious oxidation of M0 complexes 

The platinum(I) complexes are metal-metal bonded dimmers, such as shown in Figure 

1.37. 

Figure 1.37. Example of a platinum(I) complex [238K]. 

 

1.12.3.3. Platinum(II) complexes 

Salts of the metal ion [PtCl4]
2- are a key source to prepare complexes in the 0 or II 

oxidation states. 

These complexes are a numerous group with a general formula MXYL1L2, where X, Y are 

anionic and/or L1 and L2 neutral donors. The complexes are mostly square planar, however, 

with bulky groups some distortions can occur. The cis and trans isomers of MX2L2 can 
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interconvert either by dissociative pathway via intermediate MX2L or an associative pathway 

involving 5-coordinates with a catalyst (phosphine or coordinating solvent) [238L]. 

While the square-planar four-coordination is the rule, 5-coordinate trigonalbipyramidal  

structures can become the ground state; for instance in Pt(N-N)(L)X2 where L is a strong π 

acceptor (N-N = chelating N-donor).  

Platinum(II) can build bridged complexes of three types (Fig. 1.38.) 

 

Figure 1.38. Bridged complexes of platinum(II) [238M]. 

Platinum(II) has affinity to oxygen and sulfur ligands, as well as nitrogen containing 

ligands such as amines and nucleotides. Best known examples, e.g. cisplatin or carboplatin 

are discussed in the section 1.7.2. of this PhD thesis. 

Platinum(II) can also form bonds to carbon. There are numerous alkyl complexes of the 

types M(R)(X)L2 and MR2L2, stabilized by phosphine ligands. A good example of such a 

compound is Zeiss’s salt, potassium trichloro(ethene)platinate(II), one of the first reported 

organometallic compounds, where platinum π-bonds to ethylene ligand.   

 

1.12.3.4. Platinum(III) complexes 

There are mostly binuclear complexes with metal-metal bonds, while mononuclear are 

rare. However, some compounds have only a mean oxidation number of III while other 

contain a 1:1 mixture of Pt(II) and Pt(IV) (e.g., platinum blues below). It is difficult to 

distinguish which oxidation state is such a complex [238N]. 

 

1.12.3.5. Platinum(IV) complexes 

The most important Pt(IV) complexes are salts of [PtCl6]
2-. The Na or K salts or 

chloroplatinic acid are often the source for many platinum compounds. Common are 

complexes with amine ligands. Complexes of Pt(IV) are octahedral and also form 

organometallic complexes; i.e., where platinum bonds to carbon.  
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There are known linear chain compounds of mixed valence II and IV of platinum packed 

in crystals. The metal units are linked with halides bridges and form -Cl-MII-Cl-MIV chains. 

An example can be Wolfram's red salt. Such compounds possess electrical conductivity 

[238O].    

Interesting example of platinum complexes are platinum blues. They contain limited 

chains with Pt-Pt bridges and variable oxidation states PtII,III,IV. They are obtained by reaction 

of cisplatin with aqueous solution of uracils and uridines or thymine. Pyrimidine blues have 

antitumor activity [238P]. Complexes can be green, blue or tan depending on the oxidation 

state of the Pt4 chain. Similar compounds can be formed by the treatment of aqueous acidic 

K2PtCl4 with amides.  

 

1.12.4. Zinc 

Zinc belongs to the 12 group of elements. In the periodic table it follows copper. While 

copper can give rise to compounds in oxidation states II and III, the metals from the 12 group 

can not; zinc is therefore not classified to the group of transition elements. Nevertheless, it 

forms numerous complexes. The oxidation state of II is the only important one for zinc 

[238R].  

Oxidation state Coordination number Geometry 

ZnII 2 Linear 

 3 Planar 

 4 Tetrahedral 

 5 Trigonalbipyramidal 

 5 Square pyrimidal 

 6 Octahedral 

 7 Pentagonal bipyramidal  

 8 Dodecahedral 

Table 1.7. Stereochemistry of zinc [238R]. 

 

The Table 1.7. presents the coordination numbers and the stereochemistry of zinc. 

Complexes of zinc are found toxic as mentioned in the chapter 1.6. The univalent state of 

Zn2
2+ ions is not of great importance. Zinc forms many water soluble salts (nitrates, sulfates). 

Zinc halides are highly soluble in water as well as ethanol and acetone. Zinc forms linear 

bridges with cyanide ion resulting in cyanides Zn-CN-Zn.  

Zinc has a strong affinity for chalcogen ligands with RS- or ArS- groups. Possible 

structures that have been reported are presented in Figure 1.39. Zinc complexes of 



 Introduction 
__________________________________________________________________________________________ 
53 

dithiocarbamates are used as antioxidants and antiabrasives in motor oils. Zinc also forms 

complexes with ligands containing amine and oxygen [238S].  

 

 

Figure 1.39. Structures of zinc complexes with chalcogen ligands. 
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2. Aims of the thesis 

 

As discussed in the Introduction, the synthesis of the metal coordination complexes can 

give the compounds that in comparison to the free ligands are not only biologically more 

active but also less toxic in the antitumor treatment.  

Although there are many known, effective metal complexes as agents in numerous varied 

human diseases, there is still the need to improve on already used ones and search for the new 

and more effective drugs.  

The goal of this dissertation work was to synthesize copper(II) complexes of heterocyclic 

ligands due to the previous studies of the 2-substituted benzimidazole complexes [87]. The 

interesting SOD-mimicking properties found by the investigation of these complexes led us to 

develop new metal(II) complexes. While such trace elements as copper and zinc are essential 

in many biological systems, they are also suitable to form stable coordination complexes via 

the hetero atoms such as oxygen and nitrogen of the heterocyclic compounds. 

  

Figure 2.1. The structures of Cu(II), Co(II), Zn(II) and Pt(II) coordination complexes of 

carboxylate ligands (1-6). 

 

The synthesized complexes consisted of such ligands as the carboxylic acids of pyridine, 

picoline, imidazole and methylimidazole (Fig. 2.1.). The various ligands were chosen in order 

to identify possible the structure-activity relationships.  
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To my surprise, however, the undertaken biological assay indicated that none of the 

synthesized copper(II) complexes showed antitumor activity. While only the platinum(II) 

complexes showed promising antitumor properties, the next aim was to test all of the 

compounds for their potential antimicrobial activity. Some of cobalt(II) complexes possessed 

the ability to inhibit the growth of bacterial strains.  

The structures of the synthesized complexes were characterized by the spectroscopic 

methods such as IR, 1H-NMR, UV-Vis and with the use of HPLC (High Performance Liquid 

Chromatography). Some complexes were further characterized by X-ray crystallography. The 

various isomers obtained from the crystallographic studies by two complexes urged the next 

aim to investigate which isomer, cis or trans, is the more stable one as well as to calculate 

their isomerisation barrier. This was done with the usage of a molecular modeling (PC Model) 

program combined with quantum chemical calculations (Gaussian 03 program) on the basis of 

Density Functional Methods.  

The investigation of the possible mechanism of activity of the metal(II) complexes has 

been undertaken. The activity could be involved in the whole metal(II) complex or the metal 

ion alone. The stability studies of the chosen complexes were performed in search of a 

potential mechanism of the compounds and also to study the stability of the synthesized 

complexes as well as the copper(II) complexes from the University in Gdańsk.   

As a part of this PhD thesis, other metal complexes from various international research 

groups have been assayed for antiproliferative activity in the human cancer cell lines. The aim 

was to screen metal(II) coordination complexes, bearing ruthenium, gallium, lanthanum, 

osmium as well as platinum and copper in their structures in search for next potent agents that 

could be used in the clinical treatment. Since there is no drug on the market containing any 

other metal than platinum, it was of interest to investigate these potential agents for their 

cytotoxic activity.  

Some of the complexes showed very promising anticancer activities. Furthermore, one of 

them, a ruthenium(II) complex, has been present in clinical trials since 2004. Ruthenium that 

resembles iron, can become the second important transition metal which would accompany 

platinum agents in the clinical treatment and to which greater and greater role has been paid.  
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3. Results  

 

3.1. Synthesis and structural characterization of copper(II), cobalt(II), zinc(II) 

and platinum(II) complexes 

 

Metal ion complexes of Cu(II), Co(II), Zn(II) and Pt(II) bearing heterocyclic-carboxylic 

acid ligands: 2-pyrazine carboxylic acid (1), 2-picolinic acid (2), 1H-imidazole-4-carboxylic 

acid (3), benzimidazole-2-carboxylic acid (4), 1-methylimidazole-2-carboxylic acid (5) and 

methyl-2-pyrazinecarboxylate (6) were synthesized. Some of these metal(II) complexes have 

already been reported in the literature while others were synthesized here for the first time. 

Fig. 3.1. shows the structures of the ligands and Fig. 3.2. the structures of the synthesized 

complexes.   

 

Figure 3.1. Structures of the ligands used in the syntheses. 

 

The reactions were generally done either with water as a solvent at room temperature 

(except for compounds 2a, 2b and 2c, which were obtained with heating), ethanol (compound 

2b) or acetone (compound 2d) and by placing the reaction mixture in refrigerator (for 

compounds 3c and 5a). The ratios of ligand to metal were 2:1 in almost all complexes.  

The complexes were characterized through use of available analytical methods, such as IR 

and UV-Vis spectroscopy and elemetal analyses. HPLC chromatography was performed for 
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all complexes. For some complexes X-ray crystallography could be perfomed and also for 

these complexes LC-MS studies were done. 

1H-NMR spectra could not be performed for many of the complexes because copper(II) 

and cobalt(II) are diamagnetic and thus NMR is not obtainable, while some of the 

platinum(II) complexes were insoluble in numerous NMR solvents. Thus, 1H-NMR spectra of 

platinum complexes were available for only two compounds, 5d and 6a.  
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Figure 3.2. Structures of the Cu(II), Co(II), Pt(II) and Zn(II) coordination complexes. Except 

for compounds 1a-c, 5a-d the stereochemistry of the coordinated metal ion is not known with 

certainty. 
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3.1.1. Metal(II) complexes of 2-pyrazine-carboxylic acid 

The synthesis of the pyrazine complexes was done with water as the solvent under various 

reaction conditions, such as varying the mole ratio of the ligand to metal chloride, time and 

temperature of the reactions. The transition metal salts react with 2-pyrazine-carboxylic acid, 

which has a free electronic pair on the nitrogen atom of pyrazine and the carboxylate oxygen 

and therefore forms chelating ring with the appropriate metal.  

Characterization of the compounds was done by elemental analysis, IR and UV-Vis 

spectroscopy, for which the selected significant data are presented in the Table 3.1. and are 

discussed below. 

 

Compound / 

IR [cm
-1

]; 

UV-Vis data 

1 1a 1b 1c 1d 1e 

v (C=O) 1709 1631 1648 1616  1621 

v (C=N) 1530 1585 1586 1582 1591 1583 
UV-Vis λ 
[nm] 210, 264 

217, 
238, 
269 

237, 269 238, 269 214, 276 226, 283 

 

Table 3.1. The selected IR [cm-1] and UV-Vis [nm] data for the ligand 2-pyrazine-carboxylic 

acid (1) and its complexes (1a-1e).    

 

3.1.1.1. Copper(II) complex of 2-pyrazine-carboxylic acid (1a) 

Blue crystals of product 1a were obtained as previously reported (Scheme 3.1.) [239]. The 

complex precipitated after 4 days in a reaction mixture of ligand to copper(II) chloride in a 

molar ratio of 2:1. The crystals were then gently filtered and washed with ethanol and diethyl 

ether and left to dry at room temperature over CaCl2 pellets in a desiccator. The structure was 

confirmed by elemental analysis and X-ray crystallography. The crystal structure 

corresponded to the structure of this complex found in the CSD database under refcode 

BEYPUQ [239].  
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Scheme 3.1. Synthesis of copper(II) complex 1a. 

 

A comparison of the IR spectra of the free ligand 1 with that of the copper(II) complex 1a 

was performed. The strong bands in the spectrum 1a at 1631 and 1585 cm-1, correspond to the 

v(O-C=O) and v(C=N) vibrations, respectively. Compared to the free ligand (1709 and 1530 

cm-1, respectively), these bands are shifted towards lower and higher frequencies, 

respectively. This observation indicates that the nitrogen of the pyridine ring and the C=O 

group are involved in coordination with the central metal ion.  

The UV-Vis data also provided evidence that a new product was formed. While the free 

ligand absorbed at λ = 210 and 264 nm, the absorptions for the product were found at λ = 217, 

238 and 269 nm. 

The results of elemental analyses were satisfactory; i.e., found C, 38.04; H, 2.79; N, 17.93, 

while calculated C, 38.53; H, 2.59; N, 17.97.  

 

3.1.1.2. Hydrated copper(II) complex of 2-pyrazine-carboxylic acid (1b) 

The deep blue crystals were formed in a similar synthesis as complex 1a, however, they 

precipitated already after 24 h. This copper(II) complex contained two molecules of 

crystallization water, which was confirmed by X-ray analysis.  

The IR spectrum of copper(II) complex 1a showed strong bands at 1648 and 1586 cm-1, 

responding to the groups v(O-C=O) and v(C=N), respectively. The wide band in the range 

3600-3000 cm-1 with its maximum at 3377 cm-1 was assigned to the molecules of 

crystallization water. 

The structure was confirmed by the X-ray structure analysis. X-ray data responded to the 

refcode BEYREY [239]. The absorptions of UV-Vis spectra were at 237 and 269 nm.  

The elemental analyses of hydrogen and nitrogen were correct but carbon was too low: C, 

37.83; H, 3.09; N, 16.59 for the calculated values C, 34.68; H, 2.89; N, 16.18.  
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3.1.1.3. Hydrated cobalt(II) complex of 2-pyrazine-carboxylic acid (1c) 

Orange crystals were obtained when a 1:2 ratio of the ligand to cobalt(II) chloride were 

made to react. First, the aqueous solution was heated at 60 °C for 3 h. After 14 days at 

ambient temperature crystals formed, which were filtrated, washed with diethyl ether and 

dried. Scheme 3.2. shows the synthetic procedure. 

The structure of the complex was confirmed by the X-ray crystallography. The X-ray data 

corresponded to the data of the complex found in the CSD as refcode PRZCOC [240].  

Scheme 3.2. Synthesis of cobalt(II) complex 1c. 

 

The comparison of the IR spectra of the free ligand 1 and copper(II) complex 1c indicated 

a shift of the characteristic bands of the functional groups involved in the coordination to the 

metal. The strong bands at 1709 and 1530 cm-1 in the IR spectrum of the free ligand, 

responding to the groups v(O-C=O) and v(C=N), respectively, are now found at the 

frequencies 1616 cm-1 and 1582 cm-1 , respectively. The bond assigned to v(O-C=O) group is 

shifted to lower frequency in the complex and v(C=N) to the higher frequency, respectively. 

The wide band in the range 3500-3000 cm-1 with its maximum at 3180 cm-1 was assigned to 

crystallization water.  

The absorption maxima of UV-Vis spectra of the complex were at 238 and 269 nm; for the 

free ligand they were only slightly different at 236 and 269 nm. 

 The elemental analyses of carbon and hydrogen were within the accepted range but 

nitrogen was too low: C, 34.58; H, 2.79; N, 15.78 for the calculated values C, 35.08; H, 2.91; 

N, 16.37, respectively.  

 

3.1.1.4. Platinum(II) complex of 2-pyrazine-carboxylic acid (1d) 

The platinum(II) complex (Scheme 3.3.) was synthesized in a 1:2 mole ratio of K2PtCl4 to 

ligand as presented in Scheme 3.3. The synthesis was carried out by mixing both reagents in 

water and heating the solution at 80 °C for 30 min, yielding a dark brown product. The 
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amorphic product was washed with ethanol and diethyl ether and left to dry at room 

temperature over CaCl2 pellets in a desiccator.  

The strong band in IR spectrum at 1591 cm-1 was assigned to v(C=N), which is shifted to 

higher frequency compared to the free ligand. The absorptions of UV-Vis spectra were shifted 

to shorter (214 nm) and longer (276 nm) wavelengths compared to the free ligand.  

 The elemental analyses of carbon and hydrogen were acceptable but nitrogen was too low: 

C, 22.55; H, 2.00; N, 10.89 for the calculated values C, 22.53; H, 1.87; N, 13.14, respectively.  

Due to the heating of the reacion mixture at 80 °C for 30 min the carboxyl group in the 

formation of the complex was lost. The IR spectrum indicated no carboxyl groups v(O-C=O). 

Scheme 3.3. Synthesis of platinum(II) complex 1d. 

 

3.1.1.5. Zinc(II) complex of 2-pyrazine-carboxylic acid (1e) 

The zinc(II) complex 1e was synthesized in water in a 2:1 mole ratio of ZnCl2 to ligand at 

80 °C for 2 h as presented in Scheme 3.4. The product was obtained as an amporhic white 

powder.    

 

Schema 3.4. Synthesis of zinc(II) complex 1e. 

 

The spectrum of zinc(II) complex 1e showed strong bands at 1621 and 1583 cm-1 that were 

assigned to the groups v(O-C=O) and v(C=N), respectively. The bands are shifted towards 
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higher and lower frequencies, respectively. The wide band in the range 3500-3000 cm-1 with 

its maximum at 3262 cm-1 was assigned to the crystallization water. 

The elemental analysis data were in good agreement with the calculated values. The UV-

Vis spectrum of this complex showed absorptions at the wavelengths 226 and 283 nm.     

 

3.1.2. Metal(II) complexes of 2-picolinic acid 

Although the Cu(II), Co(II) and Zn(II) complexes of 2-picolinic acid have been reported 

[241], other reaction conditions were used in this thesis to obtain these complexes. The 

complexes between 2-picolinic acid and Pt(II) have not yet been reported. The complexes of 

copper(II), cobalt(II), platinum(II) and zinc(II) complexes were obtained by another method 

as published previously for all but the platinum(II) complex [241]. The group that reported 

the synthesis, however, presented no biological results. Therefore, I decided to continue this 

research and perform antimicrobial studies on the synthesized picolinate complexes. 

The synthesis of the picolinate complexes was done under various reaction conditions. The 

transition metal salts reacted with picolinic acid, which has free pair of electrons on the 

nitrogen of pyridine and the oxygen of the carboxylate and should form chelated coordination 

complex with the appropriate metal.  

Characterization of the compounds was performed by IR and UV-Vis spectroscopy for 

which the selected significant data are presented in the Table 3.2. and will be discussed 

below. 

 

Compound / 

IR [cm
-1

]; 

UV-Vis data 

2 2a 2b 2c 2d 

v (C=O) 1697 1644 1649 1680 1652 

v (C=N) 1526 1600 1595 1606 1598 
UV-Vis λ 
[nm] 210, 264 

213, 
235, 264 

645 

215, 
260, 
661 

208, 
227, 
243 

206, 
214 

 

Table 3.2. The selected IR [cm-1] and UV-Vis [nm] data for the ligand 2-picolinic acid (2) 

and its complexes (2a-2d).   

 

3.1.2.1. Hydrated copper(II) complex of 2-picolinic acid (2a) 

The copper(II) complex was synthesized in the 2:1 mole ratio of copper(II) chloride to 

ligand as presented in Scheme 3.5. The synthesis was carried out by mixing both reagents in 

methanol and allowing the reaction to take place in the refrigerator for 9 days. The dark blue-
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violet product formed crystals, which were then gently filtered and washed with ethanol, 

diethyl ether and left to dry at room temperature over CaCl2 pellets in a desiccator.    

The structure of the complex was confirmed with the X-ray crystallographic data. The X-

ray data corresponded to the data of already existing complex found in the CSD under refcode 

CUPICH, CUPICH01-09 [242, 243].  

 

Scheme 3.5. The synthesis of the copper(II) complex 2a. 

 

 The comparison of the IR spectra of the free ligand 2 and copper(II) complex 2a 

indicated once again a shift of the characteristic bands of the functional groups involved in the 

coordination to the metal. The strong bands at 1697 and 1526 cm-1 in the IR spectrum of the 

free ligand, responding  to the groups v(O-C=O) and v(C=N), respectively, were now found at 

the frequencies 1644 cm-1 and 1600 cm-1, respectively. The bond assigned to v(O-C=O) group 

is shifted to lower frequency in the complex and v(C=N) to the higher frequency, 

respectively. The wide band in the range 3600-2600 cm-1 with its maximum at 3202 cm-1 can 

be assigned to the crystallization water.  

A comparison of the UV-Vis data also confirms that a new product formed. While the free 

ligand absorbs at λ = 210 and 264 nm, the absorptions for the product are found at 213, 235, 

264 and 645 nm. The absorption with the longest wavelength was assigned to the d-d 

transition of the copper(II) ion.  

The elemental analysis data were in good agreement with the calculated values. 

 

3.1.2.2. Hydrated cobalt(II) complex of 2-picolinic acid (2b) 

The complexation in the 1:1 mole ratio of cobalt(II) chloride to ligand is presented in 

Schema 3.6. The synthesis was carried out with ethanol as a solvent and the solution was 

heated to 60 °C until the solvent evaporated. Meanwhile, the color of the mixture changed 

from dark pink to violet (Scheme 3.6.) and an amorphic product formed.   



   Results 
__________________________________________________________________________________________ 
65 

Scheme 3.6. The synthesis of the cobalt coordination complex 2b. 

 

The comparison of the IR spectra of the free ligand 2 and cobalt(II) complex 2b showed 

the strong bands in the spectrum 2b at 1649 and 1595 cm-1 responding to the groups v(O-

C=O) and v(C=N), respectively. The band of the C=N group is shifted towards higher 

frequencies, while the band of the C=O group is shifted towards lower frequencies. This data 

indicates that the nitrogen of sp2 configuration in the pyridine ring and the C=O group are 

involved in coordination with the central metal ion. The IR spectrum showed a wide band in 

the range 3400-2800 cm-1 indicative of water. The elemental analysis data was also consistent 

with the complex containing water. 

The comparison of the UV-Vis data of the ligand and the complex also confirms that a new 

product has formed. The absorptions for the product are found at 215, 260 and 661 nm. The 

latter absorption was assigned to the d-d transtions of cobalt.  

Finally, the elemental analysis data were in good agreement with the calculated values. 

 

3.1.2.3. Platinum(II) complex of 2-picolinic acid (2c) 

The platinum(II) complex 2c was synthesized in water at 60 °C in a 2:1 mole ratio of the 

ligand to K2PtCl4 ligand as presented in Scheme 3.7. The yellow amorphic powder was 

washed with diethyl ether and left to dry at room temperature over CaCl2 pellets in 

a desiccator.    

The spectrum of platinum(II) complex 2c showed strong bands at 1680 and 1606 cm-1 that 

can be assigned to the groups v(O-C=O) and v(C=N), respectively. The bands are shifted 

towards higher and lower frequencies, respectively. The elemental analysis data were in good 

agreement with the calculated values.  

A comparison of the UV-Vis data of the ligand and the complex also confirmed that a new 

product was formed. The absorptions for the product were found at 208, 227 and 243 nm. 
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Scheme 3.7. The synthesis of coordination complex 2c. 

 

3.1.2.4. Zinc(II) complex of 2-picolinic acid (2d) 

The zinc(II) complex 2d has been previously published [244] but in this work another 

method of the synthesis was used. It was synthesized in water in the mole ratio of 2:1 of 

ligand to zinc(II) chloride as presented in Schema 3.8. The product was obtained as a white 

powder at ambient temperature.  

The IR spectrum of zinc(II) complex 2d showed strong bands at 1652 and 1598 cm-1 that 

were assigned to the frequencies v(O-C=O) and v(C=N), respectively. The bands are shifted 

towards higher and lower frequencies, respectively. The UV-Vis spectrum indicated the 

wavelengths at 206 and 214 nm of this complex. 

The elemental analyses of carbon and nitrogen were within the tolerated range (± 0.4%) 

but hydrogen was too low: C, 41.67; H, 2.84; N, 8.09 for the calculated values C, 41.70, H, 

3.50; N, 8.11, respectively.  

 

 

Schema 3.8. The synthesis of zinc(II) complex 2d. 

 

3.1.3. Metal(II) complexes of 1H-imidazole-2-carboxylic acid 

Although these metal(II) complexes were found in the literature, it was worth synthesizing 

them to test them for their potential biological activities.   
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Characterization of the compounds was done with IR and UV-Vis spectroscopy, for which 

the selected significant data are presented in the Table 3.3. and are discussed below. 

Compound / 

IR [cm
-1

]; 

UV-Vis data 

3 3a 3b 3c 

v (C=O) 1613 1618 1690 1620 

v (C=N) 1565 1566 1579 1580 
UV-Vis λ 
[nm] 

209, 
215, 
243 

202, 
213, 
256 

213, 249 
204, 
215, 
250 

 

Table 3.3. The selected IR [cm-1] and UV-Vis [nm] data for the ligand 1H-imidazole-2-

carboxylic acid (3) and its complexes (3a-3c).  

 

3.1.3.1. Copper(II) complex of 1H-imidazole-2-carboxylic acid (3a) 

The copper(II) complex 3a was synthesized by combining ligand in methanol to copper(II) 

chloride in water in a 2:1 molar ratio and stirring at ambient temperature for 20 min until the 

product precipitated as blue powder, as presented in Scheme 3.9. Unfortunately, crystals of 

this complex could not be obtained. The product was washed with diethyl ether and left to dry 

at room temperature over CaCl2 pellets in a desiccator.    

Scheme 3.9. Synthesis of copper(II) complex 3a. 

 

The spectrum of copper(II) complex 3a showed strong bands at 1618 and 1566 cm-1 that 

were assigned to the groups v(O-C=O) and v(C=N), respectively. The bands have changed 

little in comparison to the spectrum of the ligand that showed bands at 1613 and 1565 cm-1, 

respectively. 

The elemental analysis data were in good agreement with the calculated values. The UV-

Vis spectrum indicated maximal absorptions at the wavelengths 202, 213 and 256 nm. 
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3.1.3.2. Cobalt(II) complex of 1H-imidazole-2-carboxylic acid (3b) 

The cobalt(II) complex 3b was synthesized in water in the mole ratio of ligand to cobalt(II) 

chloride being 2:1 as pink powder as presented in Scheme 3.10. The solution was stirred at 

ambient temperature for 20 min. Attempts to obtain crystals of this complex were 

unsuccessful.  

Scheme 3.10. Synthesis of complex 3b.  

 

The spectrum of platinum(II) complex 3b showed strong bands at 1690 and 1579 cm-1 that 

were assigned to the v(O-C=O) and v(C=N) groups, respectively, which are shifted towards 

higher and lower frequencies, respectively. The broad band in the range 3600-2800 cm-1 with 

its maximum at 2837 cm-1 was assigned to the water molecules in the sample.   

The elemental analysis data were in good agreement with the calculated values. The UV-

Vis spectrum for this complex indicated absorptions at the wavelengths 213 and 249 cm-1, 

while the spectrum of the free ligand indicated absorptions at 209, 215 and 243 cm-1. 

  

3.1.3.3. Platinum(II) complex of 1H-imidazole-2-carboxylic acid (3c) 

The platinum(II) complex 3c was synthesized in water in a 1:2 mole ratio of K2PtCl4 to 

ligand, resulting in a gray powder, as presented in Scheme 3.11. The solution was left in the 

refrigerator for 12 days. Crystals of this complex could not be obtained.  

Scheme 3.11. The synthesis of platinum(II) complex 3c. 
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The IR spectrum of this complex 3c indicated strong bands at 1620 and 1580 cm-1 that 

were assigned to the groups v(O-C=O) and v(C=N), respectively. Both bands are shifted 

towards lower frequencies. The wide band in the range 3600-2800 cm-1 with its maximum at 

3123 cm-1 was assigned to water in the sample.   

The elemental analysis data were in good agreement with the calculated values. The UV-

Vis spectrum for the complex indicated absorption maxima at wavelengths 204, 215 and 250 

nm.  

 

3.1.4. Metal(II) complex of benzimidazole-2-carboxylic acid  

My aim was to synthesize all the metal complexes of this ligand, however, the elemental 

analyses of all but the cobalt complex did not agree with the calculated values. Therefore, 

only the synthesis of cobalt(II) complex is presented here. 

Characterization of the compounds was performed i.a. with IR and UV-Vis spectroscopy 

for which the selected significant data are presented in the Table 3.4. and are discussed below. 

Compound / 

IR [cm
-1

]; 

UV-Vis data 

4 4a 

v (C=O) 1635 1604 

v (C=N) 1514 1524 
UV-Vis λ 
[nm] 237, 278 

238, 
284, 
640 

 

Table 3.4. The selected IR [cm-1] and UV-Vis [nm] data for the ligand benzimidazole-2-

carboxylic acid (4) and its complex (4a).  

 

3.1.4.1. Cobalt(II) complex of benzimidazole-2-carboxylic acid (4a) 

The cobalt(II) complex 4a was synthesized in water in the mole ratio of cobalt(II) chloride 

to ligand being 1:2 as pink powder as presented in Scheme 3.12. The product was obtained 

after 2 h of stirring, however crystals of this complex could not be obtained.    

The IR spectrum of complex 4a showed strong bands at 1604 and 1524 cm-1 that can be 

assigned to the groups v(O-C=O) and v(C=N), respectively. The spectrum of ligand showed 

the bands of these groups at 1635 and 1514 cm-1. The bands are shifted towards lower and 

higher frequencies, respectively. The wide band in the range 3600-2600 cm-1 was assigned to 

the water molecules present in the compound. 
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Scheme 3.12. The synthesis of cobalt(II) complex 4a. 

 

The elemental analysis data were in good agreement with the calculated values. The UV-

Vis spectrum for this complex showed absorption maxima at the wavelengths 238, 284 and 

640 nm, while the ligand gave absorptions at 237 and 278 nm.  

 

3.1.5. Metal(II) complexes of 1-methylimidazole-2-carboxylic acid  

The syntheses of metal complexes of this 1-methylimidazole-2-carboxylic acid gave 

satisfactory results. All but one cobalt(II) complex were novel compounds and two were 

obtained in the form of crystals suitable for X-ray characterization. The elemental analyses 

were in good agreement with the calculated values. 

Characterization of the compounds was performed i.a. with IR and UV-Vis spectroscopy 

for which the selected significant data are presented in the Table 3.5. and will be discussed 

below. 

Compound / 

IR [cm
-1

]; 

UV-Vis data 

5 5a 5b 5c 5d 

v (C=O) 1668 1643 1603 1694 1661 

v (C=N) 1510 1497 1485 1510 1501 
UV-Vis λ 
[nm] 230, 247 216, 251 215, 256 215, 247 

210, 
217, 
253, 
293 

 

Table 3.5. The selected IR [cm-1] and UV-Vis [nm] data for the ligand 1-methylimidazole-2-

carboxylic acid (5) and its complex (5a-5d).  

 

3.1.5.1. Copper(II) complex of 1-methylimidazole-2-carboxylic acid (5a) 

This complex has been synthesized at least once [245]. The blue crystals of copper(II) 

complex 5a were synthesized in water in the mole ratio of CuCl2 to ligand being 1:2 after 5 

weeks in the refrigerator as presented in Scheme 3.13. The product was washed with diethyl 
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ether and left to dry at ambient temperature in desiccator. The quality of the crystals enabled a 

confirmation of the structure with X-ray crystallography; results are presented in section 

3.2.1.    

The IR spectrum of complex 5a showed strong bands at 1643 and 1497 cm-1 that were 

assigned to the groups v(O-C=O) and v(C=N), respectively. The spectrum of the ligand 

showed the bands of these groups at 1668 and 1510 cm-1. The bands are shifted towards lower 

frequencies in the complex in comparison to the ligand.  

 

 

Scheme 3.13. The synthesis of copper(II) complex 5a. 

 

The UV-Vis spectrum for this complex indicated absorptions at the wavelengths 216 and 

251 nm, while the ligand gave absorptions at 230 and 247 nm. The elemental analysis data 

were in good agreement with the calculated values. 

 

3.1.5.2. Cobalt(II) complex of 1-methylimidazole-2-carboxylic acid (5b) 

Cobalt(II) complex 5b was synthesized in water in the mole ratio of CoCl2 to ligand of 1:2 

after 1.5 h stirring at ambient temperature as presented in Scheme 3.14. The product, obtained 

in the form of pink crystals, was washed with diethyl ether and left to dry at ambient 

temperature in desiccator. The quality of the crystals enabled a confirmation of the structure 

with X-ray crystallography; results are presented in section 3.2.2.    

 

 

Schema 3.14. The synthesis of cobalt(II) complex 5b. 
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The IR spectrum of complex 5b showed strong bands at 1603 and 1485 cm-1 that can be 

assigned to the groups v(O-C=O) and v(C=N), respectively. The bands are shifted towards 

lower frequencies in the complex in comparison to the ligand. A wide band in the range 3500-

2800 cm-1 indicates crystallization water.  

The UV-Vis spectrum for this complex indicated absorptions at the wavelengths 215 and 

256 nm. 

The elemental analysis data of both carbon and nitrogen were not in such good agreement 

when comparing the calculated percentage values C, 32.96; H, 4.40; N, 15.38 with the found 

ones C, 30.96; H, 4.77; N, 14.27, respectively. The obtained values for carbon and nitrogen 

were lower than the calcuated ones but the structure was confirmed nevertheless by X-ray 

crystal analysis.  

 

3.1.5.3. Cobalt(II) complex of 1-methylimidazole (5c) 

Cobalt(II) complex 5c in the form of dark blue crystals was obtained when a 1:1 mole ratio 

of cobalt(II) chloride to 1-methylimidazole-2-carboxylic acid were heated to 80 °C in ethanol. 

After concentrating the solevent and the reaction was left in the refrigerator until product 

crystallized. The quality of the crystals enabled to confirm the structure with X-ray 

crystallography. The data results indicated that this complex already exists in the CSD under 

the refcode XIWKIX [246]. The product formed is presented in Scheme 3.15 and indicates 

that a decarboxylation of the ligand resulted during heating. 

Scheme 3.15. The synthesis of complex 5c. 

 

The IR spectrum of complex 5c indicated no bands at 1694 and 1510 cm-1 responding to 

the groups v(O-C=O) and v(C=N), respectively. The elemental analysis data were in good 

agreement to the structure confirmed by X-ray analysis. The UV-Vis spectrum for this 

complex 5c indicated absorptions at the wavelengths 215 and 247 nm.  
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3.1.5.4. Platinum(II) complex of 1-methylimidazole-2-carboxylic acid (5d) 

Platinum(II) complex 5d was synthesized in water with the mole ratio of CoCl2 to ligand 

being 1:1 at ambient temperature by stirring for 3 days. Based on HPLC analysis, the product 

consisted of two stereoisomers as presented in Scheme 3.16.  

 

Scheme 3.16. Synthesis of platinum(II) complex 5d. 

 

The IR spectrum of complex 5d showed strong bands at 1661 and 1501 cm-1 that were 

assigned to the groups v(O-C=O) and v(C=N), respectively. The bands are shifted towards 

lower frequencies in the complex in comparison to the ligand.  

The UV-Vis spectrum for this complex gave absorptions at the wavelengths 210, 217, 253 

and 293 nm. The elemental analysis data were in good agreement. However, HPLC analysis 

showed that the product was a mixture of two isomers, cis and trans. 

The 1H-NMR analysis of the compound confirmed the structure. The spectrum showed in 

Fig. 3.3. contains a singlet of the protons of the methyl group at 3.94 ppm accompanied by 

two doublets in the range of 7.41 and 7.42 ppm and 7.64 and 7.65 ppm (CH-4’, CH-5’) of the 

imidazole ring. A signal from water is visible at 3.35 ppm. It was suspected based on the 

HPLC work that the cis isomer would be present in the NMR spectrum, however only the 

trans isomer was observed, indicating the very low level of cis compared to trans isomer.   
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Figure 3.3.  1H-NMR spectrum of complex 5d performed in DMSO-d6.  

 

3.1.6. Platinum(II) complex of 2-methyl-pyrazinecarboxylate (6a) 

The methyl-2-pyrazinecarboxylate ligand 6 was used to synthesize a derivative of the 

ligand 1 and to investigate its biological activity. It was left to react with K2PtCl4 to form a 

platinum(II) complex.  

The complex 6a was obtained as yellow powder in water in the mole ratio of K2PtCl4 to 

ligand being 1:2 at ambient temperature by stirring for 20 min as presented in Scheme 3.17.  

 

Scheme 3.17. Synthesis of the Pt(II) complex 6a. 

 

The IR spectrum of complex 6a showed strong bands at 1736 and 1591 cm-1 that can be 

assigned to the groups v(O-C=O) and v(C=N), respectively (Table 3.6.). The bands are shifted 
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towards higher frequencies in the complex compared to the ligand. The ligand showed the 

bands at 1718 and 1580 cm-1, respectively. The elemental analysis data were in good 

agreement with the expected values.  

Compound / 

IR [cm
-1

]; 

UV-Vis data 

6 6a 

v (C=O) 1718 1736 

v (C=N) 1580 1591 
UV-Vis λ 
[nm] 234, 267 

202, 
211, 
214,  
254 

 

Table 3.6. The selected IR [cm-1] and UV-Vis [nm] data for the ligand 2-methyl-pyrazine 

carboxylate (6) and its complex (6a).  

 

The 1H-NMR spectrum of this complex is show in Fig. 3.4. The presence of benzene ring 

is confirmed by two doublets of protons at 9.28 ppm and 8.94 ppm (CH-5’, CH-6’) and 

a singlet of proton at 9.62 ppm, corresponding to CH-3’. The protons of the ester group are 

presented as a singlet at 4.00 ppm. A signal of water is visible at 3.35 ppm. Two peaks at 2.92 

ppm and 2.75 ppm correspond to two dimethyl groups of DMSO solvent.  

Figure 3.4.  1H-NMR spectrum of complex 6a performed in DMSO-d6.  
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3.2. Crystal structures 

The crystallographic analysis indicated that two structures of the complexes are new and 

not present in the Cambridge Structural Database. These are the structures of 5a and 5b 

complexes of 1-methylimidazole-2-carboxylate showed in Fig. 3.5. The structures were 

determined and analyzed by Dr. M. Gdaniec (Faculty of Chemistry at A. Mickiewicz 

University in Poznan, Poland).  

Figure 3.5. View of the molecular structures of complex 5a and 5b, (red = 0, blue = N, gray 

= C, white = H, orange (5a) = Cu, dark blue (5b) = Co).  

 

The X-ray study of the crystal structures showed that in the copper(II) complex the metal 

atom is coordinated by two ligands and the complex molecules are further connected as a 

centrosymmetric dimer by a pair of weaker Cu-O interactions. Therefore, the coordination 

number for Cu(II) is 4+1 (the square pyramidal coordination geometry). In the cobalt(II) 

complex the metal is coordinated by two ligands and two water molecules (octahedral 

geometry) and the complex molecule is centrosymmetric.  
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3.2.1. Crystal structure of the complex 5a 

The Cu(II) center in the compound 5a is chelated via two anionic ligands of 5 in a cis 

mode (Scheme 3.18.), which has been very seldom observed among similar chelating 

heterocyclic carboxylates [247, 248].  

  

Figure 3.6. View of the molecular structure of complex 5a. Displacement ellipsoids are 

drawn at the 50% probability level and only the asymmetric part of the unit cell is labeled. 

 

The coordination geometry of the Cu atom may be described as distorted square 

pyramidal, with two O atoms (O1 and O11) of monodentate carboxylate groups and two N 

atoms (N2 and N21) of imidazole moieties of 5 in the basal plane, and an O11 atom of a CO2 

group of an adjacent ligand 5 occupying the apical position. A pair of weak Cu-O11 bonds of 

2.738(1) Å (Fig. 3.6.) leads to the formation of a centrosymmetric binuclear complex 

molecule. The bite angles in the two five-membered chelate rings are similar [83.80(6)º and 

83.69(6)º] whereas the O-Cu-O and N-Cu-N angles differ substantially [90.02(5)º and 

102.60(6) º]. The C-O bond-length difference is 0.052 and 0.071 Å in the carboxylate groups 

O1,C7,O2 and O11,C71,O11, respectively. The dimeric units are further assembled via an 

extensive network of short C-H...O interactions and electrostatic interaction between Cu(II) 

and O2 atom of another carboxylate group [Cu...O2 2.953(2) Å] into a three-dimensional 

framework. 
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Scheme 3.18. Stereochemical nomenclature of the possible coordination modes for 

complexes depending on the position of the ligand (L). 

 

3.2.2. Crystal structure of the complex 5b 

In the compound 5b the asymmetric unit consists of Co(II) ion located at the inversion 

center, one anionic 5 ligand, one coordinating and one crystallization water molecules (Fig. 

3.7.). The hexacoordinated metal ion has a slightly distorted octahedral geometry with the two 

chelating mica ligands positioned trans-equatorially and the apical positions occupied by two 

water molecules. The bite angles in the chelate rings of 78.99(5)º are smaller than in 5a and 

the C-O bond lengths in the carboxylate group differ only by 0.032 Å. Hydrogen bonds 

between uncoordinated water molecules and the complex molecules assemble the crystal 

components into a two-dimensional polymeric structure.  

Figure 3.7. View of the molecular structure of complex 5b. Displacement ellipsoids are 

drawn at the 50% probability level and only the asymmetric part of the unit cell is labeled. 
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Compound 5b turned out to have more water molecules in its structure based on the 

elemental analyses compared to the X-ray crystallographic results (for details see 

Experimental section 6.3.3.).  

3.3. HPLC studies 

The liquid RP-chromatography studies were performed in order to determine the purity of 

the new synthetic products in comparison to the free ligands. Acetonitrile and water in various 

ratios were used as mobile phases. 

 

3.3.1. Chromatograms of the ligands and products 

HPLC methods were developed to confirm the appearance of new products after the 

synthesis had been performed. The mixtures of ligand and complex often revealed two peaks 

eluting close to each other with similar retention times. The complexes were purified with the 

standard analytical Nucleosil column. The amounts of 0.10 mg – 0.24 mg of the appropriate 

ligand and complex were injected into the 20 µl loop and were sufficient to obtain a clean 

chromatogram. Since most of the complexes were obtained only in the form of trans isomer, 

the identification of the complexes was satisfactory. However, the complex 5d was shown by 

HPLC to exist in the form of two isomers, which has also been shown in the chromatograms. 

The examplary chromatograms of the products and their appropriate ligands used as 

substrates are shown below (Fig. 3.8.-3.11.). The conditions for the detection of the 

complexes varied mainly in the percent contents of the acetonitrile in the mobile phase based 

on water or puffer. The chromatographic data for the complexes and their ligands are given in 

the Table 3.7.   

 

Figure 3.8. RP-HPLC profile of the ligand 1 (a) and its copper complexes 1a (c) and 1b (b). 

tR (a) = 3.96 min; tR (b) = 14.89 min; tR (c) = 15.29 min. HPLC conditions: System 5; 

Injection: 20 µl from 0.1 g compound in 60 µl DMSO and 60 µl H2O.  
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Figure 3.9. Representative chromatogram of the ligand 3 (a) and its cobalt(II) complex 3b 

(b). tR (a) = 3.37 min; tR (b) = 10.27 min. HPLC conditions: System 4 (See section 6.1.). 

 

The complex 5d was obtained in the form of two isomers, cis and trans, which were 

confirmed in the chromatograms (Fig. 3.10.). This complex was analyzed with HPLC under 

various conditions and in most cases gave two isomers, however, sometimes only one isomer 

(i.e., the trans) was present. 

 

Figure 3.10. Two HPLC profiles of complex 5d obtained with analytic RP-18 column (A) 

and preparative column (B). HPLC conditions: A) System 2, tR1 = 9.41 min; tR2 = 12.56 min 

B) System 11, tR1 = 9.86 min; tR2 = 29.48 min.  

 

The trans isomer lacks a dipole and thus migrates slower on a reverse phase C18 column. 

The trans isomer appears more stable, which would explain the absence of the cis form in 

many of the synthetic attempts. At most, the content of the cis isomer was ca. 10%, based on 

the areas of the two peaks. The isomers show similar wavelengths: the cis: λ 1 = 251.8 nm and 
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λ 2 = 290.7 nm and trans: λ 1 = 252.6 nm and λ 2 = 293.6 nm. The attempt to collect the isomers 

of complex 5d by use of a preparative column (SP 250/21 Nucleosil 100-7 C18) failed, 

however. The procedure was repeated several times with detection at 250 nm wavelength but 

the complexes could not be efficiently separated. Thus, repeated injections on the standard 

analytical Nucleosil column were done for semi-preparative purposes [249]. Only a small 

amount of the trans isomer could be isolated by collecting the fractions of the product and 

then lyophilized directly. Unfortunately, the obtained amount of trans isomer was not enough 

for further testing in the biological assays. Nevertheless, a mass spectrum was done and 

presented in Fig. 3.3. Unfortunately, the isolation of the cis isomer was not possible due to the 

very low amount in the crude product and its instability in comparison to the trans isomer. 

 

Compound Retention time tR 

(min) 

Capacity factor 

k´ 

HPLC conditions 

(System) 

1 3.96 0.12 5 
1a 15.29 3.32 5 
1b 14.89 3.20 5 
1c 10.85 2.06 2 
1d 11.15 2.15 7 
1e 5.24 0.48 8 
2 5.07 0.43 5 
2a 10.46 1.95 2 
2b 15.07 3.25 5 
2c 6.04 0.71 10 
2d 8.13 1.29 9 
3 3.37 0.08 4 
3a 11.05 2.12 4 
3b 10.29 2.09 4 
3c 13.13 2.70 1 
4 6.68 0.88 4 
4a 8.03 1.27 4 
5 3.36 0.08 4 
5a 11.84 2.34 6 
5b 4.94 0.54 1 
5c 10.84 2.06 2 
5d 9.41, 12.56 1.65, 2.55  2 
6 8.83 1.49 1 
6a 9.85 1.78 1 

 

Table 3.7. The retention times tR (min), the capacity factors k´ and the selected system of 

detection of the complexes and their ligands 1-6.   

 

The complexes were obtained in pure forms, however not all were easily dissolved in the 

chromatographic eluent (except for complexes 5a-c). The compounds were dissolved in small 

amount of DMSO or DMF, subsequently diluted with water and injected onto the column.  
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Figure 3.11. Representative RP-HPLC profile of the ligand 6 (a) and its platinum(II) complex 

6a (b). tR (a) = 8.83 min, tR (b) = 9.85 min. HPLC conditions: System 1 (See section 6.1.). 

 

The studies indicated that HPLC is also a good tool for identification of the metal(II) 

complexes. It is extremely useful when no X-ray data of the compounds are available. In the 

case of complex 5d, the developed test conditions confirmed the existence of two isomers of 

the compund. 

 

3.4. LC/MS studies 

The LC/MS studies were performed in search of the molecular weights of the complexes. 

LC-ESI/MS technique is a good method to analyze the complexes, especially labile 

platinum(II) complexes. The data are given in the Experimental Part 6.1. LC/MS data were 

obtained for complexes: 1a, 1b, 1c, 5a, 5b and 5d.     

3.4.1. Copper(II) complex (1a) 

The UV/Vis-diode array detection (DAD) and refractive index detection (RF) 

chromatogramms showed a peak with a retention time of 1.257 min and much wider at 3.149 

min, respectively. The mass spectrum of the second peak indicated a positive ion of m/z 

309.954 responding to the signal of the copper complex. The ionic formula of [C10H6N4O4Cu 
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+ H]+ was found as dominated in the signal of molecule at m/z 309. The measured mass value 

of 309.9737 was in agreement with the predicted value of 309.9758. 

3.4.2. Copper(II) complex (1b) 

Both DAD and RF-chromatogramms showed two peaks at 1.59 and 3.47 min, 

respectively. The mass spectrum indicated the same peak in both peaks of m/z 332.030. The 

proposed ionic formula [C10H6N4O4Cu + Na]+ is shown in the Figure 3.12.A. The peak was 

found at 1.59 min. The ionic formula of [C10H6N4O4Cu + H]+ was found as dominated in the 

signal of molecule at m/z 309. This second peak was found at 3.45 min. The measured mass 

value of 308.9657 was in agreement with the predicted value of 308.9685. Such formulas 

would indicate that the chalate ring is instable and can open during HPLC studies. 

 

Figure 3.12. The proposed formulas A and B that dominated in the mass spectrum of the 

copper(II) complex 1b.   

3.4.3. Cobalt(II) complex (1c) 

The HPLC chromatogram showed two compounds eluting with retention times of 1.270 

min and 2.286 min, respectively. As the probe couldn´t be sufficiently dissolved, the ion 

chromatogram indicated three peaks at 1.270 min. One peak was found at 1.12 min and the 

second at 1.29 min, respectively. An intensive signal at 1.29 min was found at m/z 305.956. 

The ionic formula of [C10H6N4O4Co + H]+ was found as dominated in the signal of molecule 

at m/z 305. The measured mass value of 305.9762 was in agreement with the predicted value 

of 305.9794. In the mass spectrum there was no sign of cobalt in the compound eluting at 2.28 

min, which might be the ligand. 
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3.4.4. Copper(II) complex (5a) 

While the DAD chromatogram indicated one peak at 4.514 min, the ion chromatogram 

showed two peaks with retention times of 4.396 min and 4.699 min, respectively. The mass 

spectrum showed ions of m/z 127.0503, 189.9816, 314.0049, 440.0521, 144.9833 and 

648.9686. The copper(II) complex at 4.699 min. The predicted and measured values of the 

proposed formulas (Fig. 3.13.) that dominated in the spectrum are presented in the Table 3.8. 

Figure 3.13. The proposed formulas A-F that dominated in the mass spectrum of the 

copper(II) complex 5a.   

Formula Ion Pred. m/z Meas. m/z 

C5H6N2O2 (A) [C5H6N2O2+H]+ 127.0502 127.0503 

C5H6N2O2Cu (B) [C5H6N2O2Cu+H]+ 189.9798 189.9816 

C4H6N2Cu (C) [C4H6N2Cu]+ 144.9821 144.9833 

C10H10N4O4Cu (D) [C10H10N4O4Cu+H]+ 314.0071 314.0049 
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Formula Ion Pred. m/z Meas. m/z 

C15H16N6O6Cu (E) [C15H16N6O6Cu+H]+ 440.0500 440.0521 

C20H20N8O8Cu (F) [C20H20N8O8Cu+Na]+ 648.9834 648.9888 

Table 3.8. Proposed formulas found in the mass spectrum of the copper(II) complex 5a. 

For the formula [C4H6N2Cu]+ it may be suspected that the decarboxylation could take place 

under the ionization conditions with a temperature of 200 °C.    

3.4.5. Cobalt(II) complex (5b) 

The DAD chromatogram indicated retention time of one complex at 4.540 min. However, 

the ion chromatogram showed two peaks at retention time of 4.451 min corresponding to an 

ion of m/z 334.9010 and at 4.749 min corresponding to an ion of m/z 640.9761. However, the 

mass spectrum showed two dominating ions of m/z 127.0473 and m/z 334.9010 and a less 

intensive signal at m/z 310.001. A more accurate look at two time ranges displayed more 

signals in the range 4.107 min to 5.110 min. Between the retention times of 4.107 to 4.651 

min three signals were found with m/z 127.0473, 185.979 and 334.901. In the retention time 

of 4.608 to 5.110 min the spectrum showed also three dominating signals at m/z 127.048, 

310.001 and 618.996. The proposed formulas (Fig. 3.14.) for these predicted and measured 

values that dominated in the spectrum are presented in the Table 3.2. A tetramer molecule at 

m/z 619 [C20H20N8O8Co2 + H]+ and at m/z 640 [C20H20N8O8Co2 + Na]+ was also found, 

nevertheless, such structures were absent in the X-ray crystallography, which could mean that 

such species form only during chromatography. Elemental analysis data indicated that the 

theoretical formula C10H10N4O4Co for complex 5b also contains 4.5 water molecules, while 

the X-ray analysis data showed 3 water molecules, 2 of which coordinating as ligands. This 

structure in LCMS data, however, contains no water at all.  

Formula Ion Pred. m/z Meas. m/z 

C5H6N2O2 (A) [C5H6N2O2+H]+ 127.0502 127.0475 

C5H6N2O2Co (B) [C5H6N2O2Co+H]+ 185.9834 185.9821 
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Formula Ion Pred. m/z Meas. m/z 

C10H10N4O4Co (C) 
[C10H10N4O4Co+H]+ 310.0107 310.0109 

C10H10N4O4Co (D) [C10H10N4O4Co+Na 
+3H]+ 335.02 334.9010 

C20H20N8O8Co2 (E) 
[C20H20N8O8Co2+H]+ 619.0141 619.0062 

C20H20N8O8Co2 (F) 
[C20H20N8O8Co2+Na]+ 640.9960 640.9881 

Table 3.9. Proposed formulas found in the mass spectrum of the copper(II) complex 5b. 

 

Figure 3.14. The proposed formulas A-F that dominated in the mass spectrum of the 

cobalt(II) complex 5b.  
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3.4.6. Platinum(II) complex (5d) 

From the LC/MS chromatograms two isomers of platinum(II) complex were observed and 

identified (Fig. 3.15.). The retention times of the cis and trans isomers were at 8.94 and 13.23 

min, respectively. In the mass spectrum in the range of retention time of 8.59 to 9.93 min 

there are two ions found for the complex at m/z 446 [C10H10N4O4Pt + H]+ and m/z 468 

[C10H10N4O4Pt + Na]+ and correspond to the cis isomer. Two ions are also found at 13.23 min 

and correspond to the trans isomer at m/z 446 [C10H10N4O4Pt + H]+ and m/z 468 

[C10H10N4O4Pt + Na]+, respectively.  

 

(a) 

 

(b) 

Figure 3.15. ESI mass spectra of the complex 5d after 8.94 min for the cis (a) and 13.23 min 

for the trans (b) isomers, respectively.  
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3.5. UV-Vis stability studies 

The purpose of these studies was to determine whether the complexes are stable structures 

in aqueous solutions and if their stability can be affected by the presence of thiols such as 

glutathione, that are found in relatively high concentrations in cancer cells. The investigation 

of their potential stability under biological conditions was undertaken in the stability studies 

at 37 °C over 24 h.  

As it has been already established, platinum complexes bind directly to DNA as the main 

target in cells. Monoadducts can also bind to DNA and the second reactive group reacts with 

large molecules such as glutathione. This leads to inhibition of the transcription and 

translation.   

Glutathione is a tripeptid, sulfhydryl-containing nucleophile that as a reducing agent exists 

in the animal cells (Fig. 3.16.). The concentrations of glutathione were reported in the range 

of 1-10 mM in the cancer cells growing in vitro [250] at concentrations ranging between 1 

and 12 mM. In physiological conditions there is 99% of intracellular glutathione as the GSH 

form and less than 1% in oxidized GSSG form [167B]. The elevated level of glutathione 

GSSG is an indicator to calculate the oxidative stress. It can pay a dual role – protect the 

healthy cells from the development of cancer by reducing the reactive oxygen species but on 

the other hand its elevated levels in cancer cells can protect the cells from the anticancer 

agents, making them resistant towards the cancer cells. However, still no correlations were 

found between the levels of GSH and the cell growth inhibitory activities [251].    

Similar studies with platinum(IV) complexes, that are prodrugs when they enter the cell, 

indicated that there is a great influence upon the stability of these metal complexes [252, 253]. 

It was found that the nucleophiles such as albumin and glutathione play a crucial role in the 

activation of these complexes [254] as GSH facilitates the reduction of the less reactive Pt(IV) 

to the more reactive Pt(II) species. 

 

Figure 3.16. The structure of glutathione. 
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3.5.1. Metal(II) complexes investigated for stability  

The investigated complexes were cobalt(II) complexes 1b and 2b, copper(II) complex 3a, 

5a-d methylimidazole complexes and 6a complex. 

In this part of study four additional complexes, synthesized at the department of Chemical 

Technology of Drugs at the Medical University of Gdansk were examined: one cobalt(II) 

complex 7a and three copper(II) complexes 7b, 8a-b (Figure 3.17.). 

 

Figure 3.17. Additional complexes tested in the UV-Vis studies. 

 

The compounds 7a and 7b were cobalt and copper complexes of 1-(6-methoxypyridin-2-

yl)imidazolidin-2-one and 1-(6-ethoxypyridin-2-yl)imidazolidin-2-one, respectively. The 

complexes 8a and 8b were benzoxazole and benzothiazole derivatives of iminocoumarins, 

respectively. While there is no biological data reported for the iminocoumarins, there is much 

information about the anticancer evaluation of coumarines [255-257] and their metal 

complexes [258-261].   

These 7a-b and 8a-b complexes were also interesting to be taken into account in the study 

due to their high cytotoxic activity in the cancer cell lines, in contrast to complexes 1b, 2b, 3a 

and 5a-c.  

The UV-Vis studies were performed in phosphate-buffered saline solution (Dulbecco´s 

puffer, pH 7.4) heated to 37 °C . Time-dependent changes in the UV-Vis spectra with or 

without the presence of glutathione were recorded over 24 h.  
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3.5.2. UV-Vis studies in aqueous buffer 

The metal(II) complexes absorb light both in the UV as well as the visible spectrum. 

However, transitions > 380 nm are usually weak and not readily detectable in the spectra. 

Thus, UV spectra changes were used as a measure of stability.  

The results indicated that these complexes are instable in aqueous buffer and their spectra 

undergo time-dependent changes during the incubation.  

The complexes can be divided into 4 groups depending on the changes: 

� Copper(II) complexes 3a, 7b (Fig. 3.18.a) and 8b, which showed a slow decrease in the 

intensity of the UV spectra over 24 h incubation but no change in the shape of the spectra and 

no crossing of the spectra; 

� Complexes 1b, 2b, 5b (Fig. 3.18.b), 5c-d, 6a and 7a showed a slow increase in the intensity 

of the UV spectra but no change in the shape of the spectra and no crossing of spectra; 

� Copper(II) complex 5a showed a slow increase in the intensity of the spectra and a change in 

the shape of the spectrum; 

� Copper(II) complex 8a (Fig. 3.18.c) that showed a slow increase in the intensity of the spectra 

of the initial spectrum with formation of a new spectrum with isosbestic points at 388 nm and 

419 nm.  

The rate of the changes in the spectra in the absence of glutathione followed the order: 

� 7b < 3a < 8b 

� 5b < 5c < 7a < 2b < 5d < 1b < 5a < 6a < 8a 

 

Figure 3.18. Representative time-dependent UV-Vis spectra of complexes 7b (A), 5b (B) and 

8a (C) in phosphate-buffered saline (pH 7.4) at 37 °C recorded at t = 0, 1, 2 ..., 24 h 

incubation period after addition of the complexes to the buffer. 
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All of the methylimidazole complexes show a continuous increase in the intensity of the 

spectra. For both complexes 5c and 5d that showed antimicrobial and antitumor activity, 

respectively, there were only small changes in the spectra (Fig. 3.19.). 

 

Figure 3.19. Time-dependent UV-Vis spectra of complexes 5c (A) and 5d (B) in phosphate-

buffered saline (pH 7.4) at 37 °C recorded at t = 0, 1, 2 ..., 24 h incubation period after 

addition of the complexes to the buffer. 

 

3.5.3. UV-Vis studies in the presence of glutathione  

These studies also indicated changes in the spectra with all investigated complexes over 24 

h time with the presence of glutathione at the concentration of 10 mM. For most complexes 

the changes were only slight, but for others much larger differences were noted.  

The complexes can be divided into four groups depending on the changes caused after the 

addition of glutathione: 

� Copper(II) complexes 3a (Fig. 20.a), 7b and 8b, which showed a slow decrease in the 

intensity of the spectra over 24 h incubation but no change in the shape of the spectra and no 

crossing of the spectra; 

� Complexes 1b (Fig. 3.20.b), 5a and 7a showed a slow increase in the intensity of the spectra 

but no change in the shape of the spectra and no crossing of the spectra; 

� Complexes 2b, 5b, 5c, 5d and 6a (Fig. 3.20.c) showed a slow increase in the intensity of the 

spectra and a change in the shape of the spectrum with a formation of an additional arm on the 

spectrum; 

� Copper(II) complex 8a (Fig. 3.20.d) that showed a slow increase in the intensity of the spectra 

of the initial spectrum with formation of a new spectrum with isosbestic points at 385 nm, 

415 nm and 519 nm.  

The rate of the changes in the spectra in the absence of glutathione followed the order: 

� 7b < 3a < 8b for the decreasing intensity of the spectra 
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� 5a < 1b < 7a < 2b < 5b < 5c < 5d < 6a < 8a for the increasing intensity of the spectra 

 

Figure 3.20. Representative time-dependent UV-Vis spectra of complexes 3a (A), 1b (B), 5d 

(C) and 8a (D) in phosphate-buffered saline (pH 7.4) at 37 °C recorded at t = 0, 1, 2 ..., 24 h 

incubation period after addition of the complexes and glutathione at the concentration of 10 

mM to the buffer. 

 

 Wavelengths [nm] 

Metal (II) complex without glutathione with glutathione [10 mM] 

 t = 0 h t = 24 h t = 0 h t = 24 h 

1b 215 
254 

211 
217 
256 

217 
265 

215 
260 

2b 228 
256 

230 
258 

262 213 
262 

3a 210 
258 

214 
256 

213 
245 

213 
243 

5a 214 
247 

213 
247 

214 
250 

214 
252 

5b 228 
260 

228 
260 

215 
260 

210 
262 

5c 213 
227 
250 

228 
251 

213 
250 

212 
256 

5d 206 
215 
248 

214 
250 

215 
241 

214 
245 

6a 212 
266 

227 
264 

215 
262 

215 
262 
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Wavelengths [nm] 

Metal (II) complex without glutathione with glutathione [10 mM] 

 t = 0 h t = 0 h t = 24 h t = 24 h 

7a 215 
247 
275 

208 
215 
247 
271 

213 
247 
278 

210 
258 

7b 214 
250 
271 

214 
250 
273 

214 
247 
275 

214 
247 
269 
345 

8b 213 
240 
319 

234 
275 

243 
 

226 
238 

Table 3.10. The overview of the changes in the wavelengths [nm] of the spectra without or 

with presence of glutathione at the beginning (t = 0 h) and end (t = 24 h) of measurement 

point.  

 

As shown in the Table 3.10. not all complexes show great changes in their absorption 

maxima between t = 0 and 24 h. There are new maxima that appear and some shift only in the 

range of 2-3 nm. However, these changes are significant for the stability of the complexes in 

the buffer solution. These results will be further discussed in the Discussion Part 4.2.  

 

3.5.4. UV-Vis stability studies with the presence of ascorbic acid 

The studies for some copper(II) coordination complexes 1b, 3a and 5a were performed 

additionally with the presence of a second biological reducing agent, ascorbic acid. The 

measurements of the UV-Vis spectra were carried out in the aqueous solutions at the time t = 

0, 10, 20, 30, 40 and 50 min.     

     

Figure 3.21. Structure of ascorbic acid. 
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Ascorbic acid is a biological antioxidant and can donate two of its electrons to destroy 

radicals. It can probably react with the complexes via its C=O or OH groups to form a 

hydrogen bond (Fig. 3.21.). The differences between the maxima ∆A = (A-A0) slowly 

decrease or increase depending on the complex.  

 

Figure 3.22. Time-dependent UV-Vis spectra of complexes 1b (A), 3a (B) and 5a (C) in 10% 

DMF/ H2O solutions recorded at t = 0, 10, 20, 30, 40, 50 min incubation period after addition 

of the complexes and ascorbic acid at the concentration of 20 and 10 mM, respectively. 

Copper(II) complexes (Fig. 3.22.) show different changes in the spectra over 50 min time. 

A slow decrease in the intensity of the spectra over incubation is noticeable for complexes 1b 

and 3a. However, no change in the shape of the spectra and no crossing of the spectra were 

found. The UV-Vis spectrum of complex 5a indicates an increase in the intensity of the 

spectra over that time, by which similar changes were noticeable in the absence and the 

presence of glutathione (section 3.5.2. and 3.5.3.).  

The changes for complex 1b after addition of ascorbic acid are different when compared to 

the addition of glutathione. The intensity of the spectrum decreases and there is no additional 

arm at the wavelength of about 320 nm. 
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3.6. Computational studies of the metal(II) complexes of 1-methylimidazole-2-

carboxylate 

 
The results from the X-ray crystal analysis and HPLC and LC/MS studies (3.3. and 3.4.) 

showed that the copper(II), cobalt(II) and platinum(II) complexes of 1-methylimidazole-2-

carboxylic acid, 5a, 5b and 5d, respectively, can come in the form of cis and trans isomers. 

However, in the case of copper(II) complex only the cis isomer was found while in case of the 

cobalt(II) complex only trans isomer was isolated. The LC/MS studies of platinum(II) 

complex indicated that both isomers exist together in the product. Therefore, it was of interest 

to investigate which isomeric form of the complexes, cis or trans, is more stable. To address  

this question, the computational calculations of energy were performed for these metal(II) 

complexes. The aim was to optimize the complexes to estimate the relative energies between 

the cis/trans isomers by using quantum chemical methods. 

 

3.6.1. The theoretical background 

To enable truly rational drug design, the use of computational modeling is needed. The 

method used in the present study is referred as Quantum Mechanics and Molecular Mechanics 

Methods and will be briefly described in this section. 

 

Quantum mechanics 

Quantum mechanics states that the energy and other related properties of the molecule can 

be described by the Schrödinger equation [262]: 

 

 

 

Quantum mechanical methods 

Two main classes of the the methods are distinguished: 

� Semi-empirical methods, where AM1 or PM3 methods are used in such programmes as 

Gaussian or HyperChem. The parameters of the molecules such as geometrical variables, 

dipole moments, heats of formation are taken from the experimental data. Relatively 

inexpensive, they give qualitative descriptions of molecular systems and accurate 

quantitative predictions of energies and structures [263]. 

� Ab initio methods, where ´from the principles´ computations are based not on the 

experimental data but on such physical constants as the speed of light, Planck´s constant 
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or the masses and charges of the electrons and nuclei. These methods give quantitative 

descriptions of high quality. They are also able to handle metals in the molecular 

structures. The least expensive is the Hartree-Fock method. 

� Density functional methods are similar to ab initio methods and of wide use. These 

density functional theory methods are similar in their resources to HF method. The theory 

was presented by Hohenberg and Kohn in 1964 and state that all ground-state properties 

of a system are functions of the charge density. Based on this theory, the total electronic 

energy can be written as a function of the electron density [264]. This theory is enabling 

a deeper understanding of the electronic structure of complex molecules. It calculates 

spectroscopic parameters, predicts the structures and helps to understand the chemical 

reactivity.     

 

3.6.2. Determination of the energy 

The X-ray crystal structures of the copper(II) and cobalt(II) complexes were saved as mol2 

files and then transferred into pcm files. The structures were minimized and given as an input 

file in the Gaussian98 programme. Structures for which no X-ray crystal structure was 

available were constructed and minimized with the help of the molecular modelling 

programme PC Model. Then, all structures were optimized with the selected Gaussian method 

and basis set. The molecule specification section requires the electric charge and the spin 

multiciplity.  Therefore, for the platinum(II) complex the parameters are 0 and 1, respectively. 

While for both copper(II) and cobalt(II) complexes it is 0 and 2, respectively. The first 

attempts of calculations were made with the HF method and LANL2DZ basis set (Table 

3.11.).  

 

Complex/ 

Method, Basis 

set  

Cis Pt(II) 

complex 

Trans Pt(II) 

complex 

Cis Co(II) 

complex 

Trans Co(II) 

complex 

Cis Cu(II) 

complex 

Trans Cu(II) 

complex 

HF / 

LanL2DZ 

nd nd nd nd HF= 
 -1095.9529 
µ = 21.7951 

HF= 
-1096.2628 
µ =  4.6842 

HF/LA3L2D

Z  

Opt  

x HF= 
-1019.8323 
µ = 0.0014 

x x x nd 

B3LYP/ 

LA3L2DZ  

HF= 
-1025.6894 
µ = 12.0488 

nd HF= 
-1203.9167 
µ = 11.2293 

HF= 
-1051.7052 
µ = 2.1286 

HF= 
-1102.7239 
µ = 12.6682 

HF= 
-1102.7361 
µ = 1.9220 
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Complex/ 

Method, Basis 

set  

Cis Pt(II) 
complex 

Trans Pt(II) 
complex 

Cis Co(II) 
complex 

Trans Co(II) 
complex 

Cis Cu(II) 
complex 

Trans Cu(II) 
complex 

B3LYP/ 

LA3L2DZ 

Opt 

HF= 
-1026.1036 
µ = 14.8639 

HF= 
-1026.1144 
µ = 0.0017 

x x 
 

x x 
 

Table 3.11. The energies [Hartrees] and dipole moments for complexes of 1-

methylimidazole-2-carboxylate calculated with Gaussian98. The results are from a single 

experiment. nd – not determined; x – a failed calculation. 

 

This approach was once again applied in the newest version of Gaussian03 and only for the 

selected B3LYP method (Table 3.12.). It was found to be one of the best methods for 

calculations made for platinum(II) complexes, especially cisplatin [265].  

 

Complex/ 

Method, 

Basis set  

Cis Pt(II) 

complex 

Trans Pt(II) 

complex 

Cis Co(II) 

complex 

Trans Co(II) 

complex 

Cis Cu(II) 

complex 

Trans Cu(II) 

complex 

B3LYP/ 

LA3L2DZ 

Opt  

 

 

 

 

 

HF= 
-1026.1036 
µ = 14.8641 

HF= 
-1026.1036 
µ = 14.8641 

HF= 
-1026.1036 
µ = 14.8627 

HF= 
-1026.1144 
µ = 0.0017 

HF= 
-1026.1144 
µ = 0.0017 

HF= 
-1026.1144 
µ = 0.0017 

HF= 
-1204.2588 
µ = 8.4187 

 
x 
 

x 

HF= 
-1051.3213 
µ=0.0335 

HF= 
-1052.0654 
µ=0.0000 

HF= 
-1052.0654 
µ= 0.0000 

 

HF= 
-1103.0919 
µ = 14.5644 

HF= 
-1102.3389 
µ = 8.8360 

HF= 
-1102.3389 
µ = 8.8357 

HF= 
-1103.0919 
µ = 14.5649 

HF= 
-1103.1048 
µ = 0.1757 

HF= 
-1102.3425 
µ =  0.0010 

HF= 
-1102.3425 
µ = 0.0006 

B3LYP/ 

CEP-4G Opt 

nd nd x nd nd HF=-361.3408 
µ = 0.0001 

B3LYP/ 

CEP-31G 

Opt 

nd nd x x x HF=-362.3268 
µ = 0.0003 

B3LYP/ 

CEP-31G 

nd nd nd nd HF=  
- 361.9357 

µ = 12.8125 

nd 

B3LYP/ 

CEP-31G 

Opt 

nd nd nd nd HF=  
- 361.5677 
µ = 8.8575 

x 

B3LYP/ 

CEP-121G 

Opt 

nd nd x x nd nd 
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Complex/ 

Method, 

Basis set  

Cis Pt(II) 

complex 
Trans Pt(II) 

complex 
Cis Co(II) 

complex 
Trans Co(II) 

complex 
Cis Cu(II) 

complex 
Trans Cu(II) 

complex 

MPW1PW/ 

LanL2DZ 

Opt 

HF= 
-1025.9036 
µ = 14.9297 

HF= 
-1025.9149 
µ = 0.0018 

x x x x 

Table 3.12. The energies (HF) [Hartrees] and dipole moments (µ) for complexes of 1-

methylimidazole-2-carboxylate calculated with Gaussian03. The results are from a single or 

three experiments. nd – not determined; x – a failed calculation. 

 

 The convergence problems indicate that the structure of cis isomer of cobalt(II) complex is 

energetically highly unfavorable. The calculations were run once again with the changed basis 

sets (Table 3.13.). However, the results were not satisfactory. 

The difference in energy in Hartrees between the cis and trans isomers can be transferred 

with the conversion factor 1 Hartree = 627.509 kcal mol-1 and then analyzed.   

 

Complex/ 

Method, Basis set   

Cis  

Pt(II) 

complex 

Trans  

Pt(II) 

complex 

Cis  

Co(II) 

complex 

Trans 

Co(II) 

complex 

Cis  

Cu(II) 

complex 

Trans 

Cu(II) 

Complex 

B3LYP/6-31G* 

MaxCycle=1024 

nd nd x nd nd nd 

B3LYP/6-31G* 

SCF(MaxCycle=102

4, 3oDIIS) 

nd nd x nd nd nd 

B3LYP/LA3L2DZ 

SCF(MaxCycle=102

4, 3oDIIS) 

nd nd x nd nd nd 

B3LYP/LA3L2DZ 

SCF(Tight, 

MaxCycle=512) 

nd nd nd nd HF=  
-1103.0919 

µ = 
14.5647 

nd 

BLYP/3-21G 

SCF(MaxCycle=102

4, Conver=5) 

nd nd HF= 
-2278.1092 

µ = 
11.8646 

x HF= 
-2534.5496 

µ = 
10.3040 

nd 
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Complex/ 

Method, Basis set   

Cis  

Pt(II) 

complex 

Trans  

Pt(II) 

complex 

Cis  

Co(II) 

complex 

Trans 

Co(II) 

complex 

Cis  

Cu(II) 

complex 

Trans 

Cu(II) 

Complex 

BLYP/3-21G 

SCF(MaxCycle=102

4, Conver=4) 

nd nd HF=  
-2278.1090 

µ = 
11.8732 

HF=  
-2278.1250 
µ =  0.0000 

HF= 
-2534.5496 

µ = 
10.3503 

x 
 

µ = 0.0156 

B3LYP/6-31G* 

SCF(Conver=4) 

nd nd x nd nd nd 

BLYP/3-21G 

SCF(MaxCycle=204

8,Conver=4) 

nd nd nd nd nd x 
 

µ = 0.0156 

B3LYP/6-31G* 

SCF(Conver=3) 

nd nd nd nd nd x 

 

Table 3.13. The energies (HF) [Hartrees] and dipole moments (µ) for complexes of 1-

methylimidazole-2-carboxylate calculated with Gaussian03. The results are from a single 

experiment. nd – not determined; x – a failed calculation. 

 

The average results from the B3LYP/LANL2DZ Opt are shown in the Table 3.14. The 

dipole moments are nearly zero for the trans complexes, while cis isomers show greater 

dipole moments. Here, the energy [kcal/mol] is in all cases small but quite significant. The 

smallest difference in energy was noticed in the case of cis and trans copper(II) complex.   

 

Complex / HF 

[Hartree], µ  

Cis Pt(II) 

complex 

Trans Pt(II) 

complex 

Cis Co(II) 

complex 

Trans Co(II) 

complex 

Cis Cu(II) 

complex 

Trans Cu(II) 

complex 

 
 

HF= 
- 1026.1036  
± 0.00 

µ = 14.8636 
± 0.00115 

HF= 
- 1026.1144  
± 0.00 

µ = 0.0017  
± 0.00 

x HF= 
- 1051.817 
± 0.4296 

µ = 0.0116 
± 0.0193 

HF= 
-1102.5899 
± 0.4347 

µ = 10.7453 
± 3.3074 

HF= 
- 1102.5966 
± 0.4396 

µ = 0.0591 
± 0.1009 

 

Table 3.14. The averages of the energy [Hartree] and dipole moments of cis and trans isomers 

with standard deviations (N = 3 independent determinations). 
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     Metal(II) complex 

B3LYP/LA3L2DZ Opt 

Dipole moment 

µ 

Ecis - Etrans 

[kcal/mol] 

CisCu(II) / TransCu(II) Cis: 10.745 ± 3.307 
Trans: 0.0591 ± 0.1009 

4.20 ± 3.37 

CisCo(II) / TransCo(II) Cis: 8.4187 a) 

Trans: 0.0116± 0.0193 
2.76 

 

CisPt(II) / TransPt(II) Cis: 14.8636 ± 0.00115 
Trans: 0.0017 ± 0.0000 

6.77 ± 0.00 

Cisplatin / Transplatin Cis: 7.8197 a) 

Trans: 0.0368 a) 
41.16 a) 

Table 3.15. Average theoretical dipole moment and the differences in energy between 

optimized cis and trans isomers, calculated with the B3LYP/LANL2DZ method, given in 

[kcal/mol] with standard deviations (N = 3 independent determinations). a) single experiment 

data 

 

The barrier of isomerisation from tetrahedral geometry into planar configuration was also 

calculated and optimized using the B3LYP method and LANL2DZ basis set. The results were 

obtained for complex 5a, 5d and cisplatin which showed the barrier energy of 320.46 

kcal/mol, 1.31 and 43.90, respectively. The lowest energy value was obtained for the 

platinum(II) complex 5d while the highest by copper(II) complex 5a. Interestingly, both 

minimized to the trans planar configuration. The calculations of the cobat(II) complex 5b 

were not successful. 

 

3.7. Screening for antiproliferative activity 

 

3.7.1. Introduction to the antiproliferative studies 

 

Screening the compounds for their antiproliferative activity is still a standard tools in the 

search for active antitumor drugs. It supplies useful information about the agents, nevertheless 

the mechanism of action remains unknown. There are many available methods to screen the 

growth of the cells.  

Selection of the correct assay depends on the tested substance, the nature of the response 

and the target. The assays can be classified in five main groups: viability, survival, metabolic, 

transformation and irritancy assays [266].  

In the viability assays the response is immediate and correlates with cell proliferation or 

survival. Most of these tests rely on a breakdown into the membrane integrity measured by 
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the uptake of a dye (Tryptan Blue, Erythrosin) to which the cell is impermeable or release of 

a dye (Neutral Red, diacetyl fluorescein) taken up and retained by the viable cells [266]. 

The survival assays are long-term tests and demonstrate survival rather than toxicity. In 

this case the survival is measured by plating efficiency by demonstrating proliferative 

capacity for several cell generations. The parameters that need to be established can vary and 

are for instance the concentration of the agent, duration and time of exposure to agent, cell 

density during exposure and cloning and solvents. 

The group of metabolic assays is the most time consuming. Here are determined such end 

points as the net increase in the number of cells, increase in the total amount of protein and 

DNA or reduction of a tetrazolium salt to formazan. These assays are usually done by using 

microtiter plates. This enables screening a large number of samples with few cells per sample, 

where a metabolic parameter such as ATP or NADH/NADPH concentration is measured. In 

MTT assay the cell metabolic activity is measured by MTT reduction chosen as an optimal 

end point. The yellow water soluble tetrazolium dye is reduced by live and not dead cells to 

form purple formazan product water insoluble (Fig. 3.23.). An alternative method to MTT 

assay is XTT (Tetrazolium hydroxide) which forms less toxic and water soluble formazan 

[267, 268].  

Figure 3.23. The reaction that takes place in the MTT assay from the yellow MTT into 

formazan (purple). 

 

In the transformation assay the survival of the cells is measured in their altered state (for 

instance alterations in growth control) while in the irritancy assay the response analogous to 

inflammation or allergy in vivo takes place induced by cosmetics, pharmaceuticals or 

xenobiotics. In the irritancy assays it is possible to monitor the cytokine release in 

organotypic cultures [266]. The cytokine is measured by ELISA technology to monitor the 

degree of the response.         

Sometimes several methods must be used to gain information about the mode of action of 

the tested substance.  
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The crystal violet staining method can be classified to the group of viability assays, is an 

antiproliferative assay and is used in this work as one of the cell culture methods limited to 

the adherent cells and uses a positively charged dye (Fig. 3.24.). The cells that are still alive 

are preserved with glutaraldehyde that embalms the cells. The non cell bound dye is washed 

out of the cells with ethanol for the colorimetric determination. 

 

Figure 3.24. The structure of crystal violet. 

 

Screening is performed in two steps: primary to select the active compounds and secondary 

to establish the inhibition concentration of the active compound, the so called IC50 value, at 

which concentration the growth of the cell lines is reduced by 50% [for details see 

Experimental Part 6.4.]  

The synthesized complexes were tested in search for their potential cytotoxic activity in a 

panel of human cancer cell lines from various types of cancers. The primary screening of 

these complexes was carried out in six cancer cell lines: the non-small cell lung LCLC-103H, 

the urinary bladder lines 5637 and RT-4, the small cell lung A-427, the pancreas DAN-G or 

breast cancer MCF-7 cancer cell lines. Compounds are considered active when at a 

concentration of 20 µM the percentage value of the cell growth is below 50%.  

 

3.7.2. Copper(II) complexes 

 

Copper(II) complexes that were tested for cytotoxic activity were the complexes 

synthesized in this PhD work as well as those from the Medical University in Gdansk, Poland. 

These were namely, TCA 371 and TCA 372 (both 1,3,5-triazine derivatives) and TCA 359 
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(isoquinoline derivative) and are presented in Fig. 3.25. The TCA complexes were tested in 

DMSO stock solutions. 

Figure 3.25. The structures of the copper(II) complexes from the Medical University in 

Gdansk.  

 

The results of the primary screening for all copper(II) complexes are reported in Table 

3.16. 
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Complex  

/ Cell line 

LCLC 

-103H 

A-427 5637 MCF-7 DA3-G RT-4  

1a 86.07  
± 2.02 

99.27  
± 12.45 

89.92  
± 3.09 

93.11 132.99 nd  

1b 68.06  
± 2.21 

74.61  
± 6.74 

87.53  
± 1.33 

103.80 138.58 nd  

2a 112.65  
± 4.67 

95.80b) 145.41b) 95.25 106.09 nd  

3a 52.3  
± 2.26 

57.15  
± 9.03 

122.89  
± 15.66 

140.38 141.12 nd  

5a 67.44  
± 7.75 

117.90  
± 17.49 

71.06  
± 7.01 

88.60 109.64 nd 

TCA 371 
a) 109.21 3.345 nd nd nd 0.195  

TCA 372 
a) 115.00 88.00 nd nd nd 114.51  

TCA 359 
a) 97.23 91.43 nd nd nd 103.78  

 

Table 3.16. Results of the primary screening of complexes at the concentration of 20 µM. 

Reported are % values of the cell growth with standard deviations (N = 3-4 independent 

experiments). a) average of two experiments; nd – not determined; colored compound - active. 

  

The complexes by which the cell growth was inhibited by more than 50 % were assigned 

as active. Almost all copper(II) complexes were deprived of cytotoxic activity and did not 

enter the secondary screening. The only copper compound that showed cytotoxic activity 

appeared to be TCA 371; whereby the A-427 and RT-4 cell lines were sensitive. An overview 

of the results for this active complex among TCA complexes is presented in the Fig. 3.26. 

TCA 371 was found more active than its analog TCA 372, which is due to the substituted 2H-

chromen-2-imine instead of the cyanomethyl group in the position 6 of the triazine ring. 

These results were rather disappointing, as these heterocyclic complexes were hoped to 

show activity as the previously published group of benzimidazole copper complexes [87].  
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Figure 3.26. An overview of the average IC50 values [µM] of three copper(II) complexes at 

the concentration of 20 µM (N = 3 independent determinations).  

 

The determination of the IC50 values for complex TCA 371 was done in a panel of five 

cancer cell lines, 5637, A-427, RT-4, DAN-G and MCF-7. The results of this screening are 

presented in the Table 3.17. 

 

Complex /  

Cell line 

A-427 5637 RT-4 DA3-G MCF-7 

TCA 371 5.6   
± 0.74 

8.33  
± 0.57 

6.07 
± 0.45 

8.66  
± 0.37 

19.75  
± 4.79 

 

Table 3.17. The IC50 values [µM] with standard deviations for TCA 371 complex (N = 3 

determinations). 

 

The results indicate that the most sensitive cell lines are A-427 and RT-4, while the least 

sensitive to this compound is MCF-7 cancer cell line. The selectivity ratios were in the range 

0.49-1.72 indicating that the complex is nonselective towards any particular cell line. 



                                  Results  
__________________________________________________________________________________________ 

106 

 

Figure 3.27. Comparison of the cytotoxic activity of TCA 371 complex with known 

antitumor agents [250]. 

 

The complex TCA 371 was also compared to known anticancer agents, oxoplatin, its 

prodrug cisplatin and the Pt agents carboplatin and oxaliplatin. TCA 371 complex is more 

active than carboplatin in all cell lines but 5637 cancer cell line (Fig. 3.27.). However, it was 

found more active than all drugs except for cisplatin in the DAN-G cancer cell line. When 

taken into account the mean IC50 values, TCA 731 is more active than both carboplatin and 

oxoplatin but less active than both cisplatin and oxaliplatin.  

To measure the selectivity of the tested compound, the selectivity ratio was calculated. 

Mean IC50 values of compound were divided by the IC50 values of the particular cell line. The 

ratio values in the range 3-6 indicate that a compound has a moderate selectivity, however 

above 6 indicate strong selectivity towards a specific cell line and those that are beyond these 

criteria are nonselective [269, 270]. The selectivity ratios for TCA 371 are generally greater 

than these of carboplatin (the exception is moderate selectivity towards 5637 cell line) and 

oxoplatin, but the values below 3 indicate its nonselectivity. However, cisplatin and 

oxaliplatin show moderate selectivity towards 5637 cell line and strong selectivity (values 

above 6) is shown by oxaliplatin towards all but DAN-G cancer cell line.      

 

3.7.3. Cobalt(II) complexes 

 

Cobalt(II) complexes were screened for their antiproliferative activity and the values of 

relative cell growth are shown in the Table 3.18. None of the cobalt(II) complexes turned out 

to be active in the tested cancer cell lines, showing values above 50%.  
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Complex  

/ Cell line 

LCLC 

-103H 

A-427 5637 MCF-7
a
 DA3-G

a
 

1c 71.01  
± 12.95 

94.23  
± 9.95 

87.53  
± 5.00 

nd nd 

2b 101.30  
± 3.34 

77.60  
± 2.76 

86.51  
± 4.74 

94.03 186.18 

3b 92.18 
± 5.18 

88.27  
± 8.97 

96.00  
± 5.56 

89.55 172.36 

4a 70.16  
± 17.92 

123.61  
± 4.57 

85.38  
± 5.01 

76.42 167.48 

5b 103.36  
± 20.69 

114.46 
± 21.21 

109.40  
± 23.08 

71.94 156.91 

5c 98.16  
± 10.09 

108.92 
± 9.41 

88.14  
± 5.64 

55.52 161.79 

 

Table 3.18. Results of the primary screening of complexes at the concentration of 20 µM. 

Reported are % values of the cell growth with standard deviations (N = 3-4 independent 

experiments); nd – not determined. a) result from a single experiment. 

 

3.7.4. Zinc(II) complexes 

Two zinc complexes 1e and 2d were tested in a panel of three human cancer cell lines 

LCLC-103H, A-427 and 5637. The primary results for two zinc complexes are presented in 

the Table 3.19.  

Complex  

/ Cell line 

LCLC 

-103H 

A-427 5637 

1e 74.59  
± 5.40 

75.63  
± 2.12 

112.66  
± 4.04 

2d 92.42  
± 15.19 

120.95  
± 4.31 

117.2  
± 9.89 

 

Table 3.19. Results of the primary screening of complexes at the concentration of 20 µM. 

Reported are % values of the cell growth compared to untreated controls, with standard 

deviations (N = 3-4 independent experiments).  
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The values are well above 50 % and mean that none of the complexes possesses the ability 

to inhibit the growth of cancer cell lines at 20 µM.  

 

3.7.5. Platinum(II) complexes 

 

Platinum(II) complexes tested in this work were representatives of diverse groups of 

compounds. There were compounds synthesized in this PhD thesis, complexes prepared by 

the group of Prof. Janice Aldrich-Wright from the School of Biomedical and Health Sciences 

of the University of Western Sidney: 56MESSdpen and 56MERRdpen as well as KP1465 and 

KP1531, synthesized in the group of Professor B.K. Keppler at the University in Vienna, 

Austria. 

 

3.7.5.1. Platinum(II) complexes bearing carboxylate ligands 

The complexes that were screened for antiproliferative activity are presented in the Fig. 

3.28. 

 

Figure 3.28. Platinum(II) complexes synthesized and tested in this PhD thesis. 
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The data of the primary screening for the platinum complexes are given in the Table 3.20. 

The data indicate that some complexes possess cytotoxic activity on certain cell lines. Among 

the active ones were 2c, 5d, 6a, while inactive complexes appeared to be 1d and 3c in all 

tested cancer cell lines. 

Complex  

/ Cell line 

LCLC 

-103H 

A-427 5637 MCF-7 DA3-G 

1d 58.63  
± 12.04 

67.12  
± 4.39 

59.59  
± 7.55 

nd nd 

2c -3.90  
± 2.48 

13.08 
± 2.93 

24.84 
± 9.69 

55.52 34.95 

3c 115.17 
± 7.16 

95.66 
± 12.15 

72.62  
± 2.06 

83.44 158.25 

5d 31.77  
± 4.83 

17.72  
± 8.06 

24.22  
± 5.09 

37.73 32.04 

6a -28.75  
± 1.75 

-58.23  
± 6.09 

7.47 
± 0.50 

-12.58 -51.46 

Table 3.20. Results of the primary screening of complexes at the concentration of 20 µM. 

Reported are % values of the cell growth with standard deviations (N = 3-4 independent 

experiments); nd – not determined. 

 

The primary testing of the complexes synthesized in this work showed that complex 2c 

possessed high activity in the LCLC-103H and complex 6a in both LCLC-103H and A-427 

cancer cell lines, respectively. The complexes expressed negative values of the % cell growth, 

indicating cytotoxicity and not just growth inhibition. 

 Platinum(II) 

complex / 

Cell line 

RT-4 
LCLC- 

103H 
A-427 DA3-G 5637 MCF-7 

2c 
10.49 
± 0.72 

7.5 
± 2.23 

10.28 
± 1.74 

11.61 
± 4.35 

3.93 
± 0.69 

27.00 
± 4.28 

5d 
18.90 

± 10.60 
22.89 
± 2.37 

6.32a) 30.58 
± 8.87 

1.29 
± 0.88 

18.73 
± 2.65 

6a 
40.36 
± 7.94 

20.81 
± 2.19 

4.02 
± 1.64 

24.97 
± 5.96 

16.94 
± 4.00 

3.48 
± 2.13 

Table 3.21. Average IC50 [µM] values with standard deviations  of the secondary screening 

from 3-4 independent experiments. a) the average of two determinations 
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For the active complexes the IC50 values were determined in the secondary screening. The 

testing of platinum(II) carboxylates followed in a panel of six selected cell lines. The IC50 

values for all complexes are presented in Table 3.21. 

Among the complexes 2c, 5d and 6a, the most active compound was complex 2c (mean 

IC50 value = 11.80 µM), followed by complexes 5d and 6a, (mean IC50 value = 16.45 and 

18.43 µM, respectively). The picolinate platinum(II) complex 2c showed high activity in the 

both urinary bladder 5637 and RT-4 cancer cell lines.  

The most sensitive cell lines turned out to be A-427 and 5637 cancer cell lines (mean IC50 

values = 6.87 and 7.38 µM, respectively) (Fig. 3.29.).  

 

 

Figure 3.29. The overview of the mean IC50 [µM] values of the platinum(II) complexes 2c, 

5d and 6a in particular cancer cell lines. 

 

In comparison to the well known platinum(II) agents, the tested compounds could be 

placed near the mean IC50 value of carboplatin. As presented in Figure 3.30., the most active 

complex 2c is about 10 fold less active than cisplatin but 0.6 fold more active than 

carboplatin.  

To measure the selectivity of the tested compounds, the selectivity ratio was calculated. 

The determined selectivity ratios varied mostly in the range from 0.44 to 1.57, which means 

no selectivity or only slight selectivity exists for any one cell line. Greater ratios were found 

for 5d and 2c complexes towards A-427 and 5637 cancer cell lines, respectively (the ratios 

were 2.60 and 3.00, respectively). These values respond to moderate selectivity in these cell 

lines. The greatest ratios were calculated for compound 6a in A-427 and MCF-7 cancer cell 
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lines (4.58 and 5.29, respectively) and still mean the moderate selectivity. The best ratio was 

found for 5d complex (12.75) and indicated strong selectivity towards 5637 cancer cell line.  

The most sensitive cell lines to the exposure of platinum(II) complexes were 5637 and 

MCF-7 cancer cell lines, followed by A-427 and LCLC-103H lung cancer cell lines (Fig. 

3.30.).  

 

Figure 3.30. Average IC50 [µM] values with standard deviations (error bars) of the secondary 

screening of all platinum(II) complexes from 3-4 independent experiments. The values of the 

anticancer drugs from the reference [250]. 

 

3.7.5.2. Platinum(II) phenanthrolines from Prof. Aldrich-Wright’s group 

This Australian group has been working on the platinum(II)-based DNA intercalators for 

many years [271-276]. Two new complexes were synthesized in the form of perchlorate salts, 

56MESSdpen, [(5,6-dimethyl-1,10-phenanthroline)(1S, 2S diphenylethylenediamine)-

platinum(II)]2+ and 56MERRdpen, [(5,6-dimethyl-1,10- phenanthroline)(1R, 2R-

diphenylethylenediamine)platinum(II)].  
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Figure 3.31. The structures of platinum(II) complexes: 56MESS and 56MERR complexes 

[202] (above) and 56MESSdpen and 56MERRdpen additionally tested for cytotoxic activity 

(below). The star (*) symbolizes the stereochemistry of the complex (S or R).  

 

The platinum(II) compounds of the type [Pt(IL)(AL)]2+ (where IL is an intercalating ligand 

and AL is an ancillary ligand) have been synthesized in search for the structure-activity 

relationships. Platinum(II) phenanthrolines are dicationic, square planar metallointercalators. 

The 1,10-phenanthroline ring can also be substituted with methyl groups at positions 5 and 6. 

This substitution results in changes in the biological potency of the complexes. If a second 

chelating ligand is coordinated to platinum, activity can be influence dramatically. 

Introduction of chirality with for instance 1,2-diaminocyclohexan (DACH) ring can also have 

an effect on cytotoxic activity. As it occurred, some agents showed very potent activity and 

are interesting as potential anticancer drugs in the treatment of human cancers.  
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Complex  

/ Cell line 

LCLC 

-103H 

A-427 5637 MCF-7 DA3-G RT-4 

56MESSdpen 5.64  
± 0.73 

6.72  
± 1.17 

nd nd nd 20.97  
± 5.58 

56MERRdpen 5.37  
± 1.52 

7.41  
± 1.41 

nd nd nd 3.58  
± 5.19 

 

Table 3.22. Results of the primary screening of complexes at the concentration of 20 µM. 

Reported are % values of the cell growth with standard deviations (N = 3-4 independent 

experiments); nd – not determined. 

 

The results obtained for the phenanthrolines turned out to be quite unexpected, because 

the presence of the 1S, 2S-diphenylethanediamine ligand gave less potent compounds 

compared to the previous 1S, 2S-diaminocyclohexane complexes.   

The low values of the % growth of the tested cell lines indicate that the 56MESSdpen and 

56MERRdpen complexes are able to inhibit the growth of the cell lines.  

The values in LCLC-103H and A-427 lung cancer cell lines are similar for both 

complexes, however, the R,R-compound is more active than the S,S-form in the RT-4 cancer 

cell line (Fig. 3.32.).  

 

Figure 3.32. An overview of the primary screening results of two platinum(II) 

phenanthrolines (N = 3 independent determinations). 
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Platinum(II) 

complex / 

Cell line  

RT-4 LCLC- 

103H 

A-427 DA3-G 5637 MCF-7 SISO KYSE- 

510 

KYSE-

70 

56MESSdpen 11.59  
± 5.40 

2.57  
± 2.39 

2.46  
± 1.90 

5.58  
± 2.58 

2.96   
± 3.27 

2.67  
± 0.50 

5.10  
± 0.26 

6.13  
± 2.06 

nd 

56MERRdpen 8.47  
± 0.54 

3.34  
± 1.03 

2.52  
± 0.44 

8.06  
± 2.29 

1.22  
± 0.64 

1.56  
± 0.04 

6.26  
± 0.45 

4.61  
± 0.73 

nd 

Table 3.23. The IC50 [µM] values with SD of the secondary screening from 3-4 independent 

experiments. a) the average of two determinations 

 

Both 56MESSdpen and 56MERRdpen show high potency in all cancer cell lines. The 

least sensitive cancer cell line is the RT-4 urinary bladder cancer cell line. The R,R-complex 

is more active than its S,S-analogue in majority of the used cancer cell lines. The exceptions 

where 56MESSdpen shows higher activity are LCLC-103H, DAN-G and SISO cancer cell 

lines. On the other hand, there is only a small difference in the averages of the activities in all 

cancer cell lines. The values of the IC50 of the 56MESSdpen and 56MERRdpen are 4.88 and 

4.51 µM, respectively.   

The most sensitive cell lines to the exposure of platinum(II) complexes were 5637 and 

MCF-7 cancer cell lines, followed by A-427 and LCLC-103H lung cancer cell lines (Fig. 

3.33.).  

   

 

Figure 3.33. The mean IC50 values of the all phenanthroline complexes in eight cancer cell 

lines. 
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To measure the selectivity of these compounds once again the selectivity ratio was 

calculated. The determined selectivity ratios varied from 0.42 to 1.90 which means no or only 

slight selectivity. Greater ratios were found for 56MERRdpen complex towards MCF-7 and 

5637 cancer cell lines (the ratios were 2.89 and 3.69, respectively). These values correspond 

to moderate selectivity.    

 

Figure 3.34. The dose-response curves for complexes 56MESSdpen (left) and 56MERRdpen 

(right) in three cancer cell lines 5637 (red), A-427 (blue) and MCF-7 (pink) from three 

experiments with standard deviations. 

 

Fig. 3.34. shows the dose-response curves for both complexes in a panel of three most 

sensitive cancer cell lines, 5637, A-427 and MCF-7. The curves look similar for both 

compounds. Moreover, the dose-response curves indicate that 5637 cell line is the least 

responsive to the compounds from the three outlined cancer cell lines.  However, these results 

indicate that in this group of compounds, the type, chirality of the ancillary ligand and 

functional group substitution on the intercalating ligand play an important role in the 

cytotoxic activity.  

The stereochemistry of the ancillary ligand has an impact on the activity of the complex. 

Here, an opposite trend is seen than by other RR- or SS- Pt(II)-phenanthrolines. In contrast to 

other DACH complexes, for instance 56MESS and 56MERR (Fig. 3.31.), the SS-complex is 

more active than RR-complex in the RT-4, A-427, 5637 and MCF-7 cancer cell lines [202].   
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Figure 3.35. Average IC50 [µM] values with standard deviations (error bars) of the secondary 

screening of all platinum(II) complexes from 3-4 independent experiments. The values of 

56MESS and 56MERR are from the reference [202] and the anticancer drugs from the 

reference [250], respectively.  

 

In comparison to the most active compounds of the group of Pt(II)-phenanthrolines,  

56MESS and 56MERR, the 56MESSdpen and 56MERRdpen complexes possess poor 

anticancer activity (Fig. 3.35.). They are least active in the RT-4 urinary bladder cancer cell 

line. Similar activities of the two complexes are found in the A-427 cell line. Moreover, the 

values are similar to those of cisplatin. There are no noticable structure-activity relationships. 

    

3.7.5.3. Platinum(II) complexes from Prof. Keppler’s group 

Complexes KP1465 and KP1531 were synthesized in the group of Professor B.K. 

Keppler at the University in Vienna, Austria. The complex KP1465, (4,5-dimethyl-trans-

R,R/S,S-cyclohexane-1,2-diamine)oxalatoplatinum(II), is a methyl derivative of the drug 

oxaliplatin (Fig. 1.17. in the Introduction section). 
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Figure 3.36. Platinum(II) complexes of the Keppler’s research group.  

 

 The data of the primary screening for the platinum complexes are given in the Table 3.24. 

The data indicate that KP1465 possesses cytotoxic activity, while the diiodine complex is 

inactive in all tested cancer cell lines. 

 

Complex  

/ Cell line 

LCLC 

-103H 

A-427 5637 MCF-7 DA3-G RT-4 

KP1465 -5.38  
± 4.62 

-20.15  
± 5.01 

0.74  
± 7.10 

-16.91  
± 8.75 

3.10  
± 1.69 

-1.91  
± 0.92 

KP1531 98.41  
± 7.67 

82.44  
± 3.15 

74.97  
± 9.61 

80.91  
± 14.78 

120.25  
± 11.92 

100.20  
± 5.79 

Table 3.24. Results of the primary screening of complexes at the concentration of 20 µM. 

Reported are % values of the cell growth with standard deviations (N = 3-4 independent 

experiments). 

 

Complex KP1465 was also tested in a panel of parent and oxoplatin-resistant cancer cell 

lines, 5637, SISO and KYSE-70 (Table 3.25). This complex possessed potent activity to 

inhibit the cell growth also in these cell lines. 

 

KP1465 

/ Cell line 

5637 5637-oxo SISO SISO-oxo KYSE-70 KYSE-70-

oxo 

 0.74   
± 7.10 

8.39 -2.71 -4.86 1.37 -1.73 

 

Table 3.25. Primary screening of KP1465 complex in the parent and oxoplatin-resistant 

cancer cell lines. Values are the percent growth relative to untreated controls. The result for 

5637 cell line is given as the mean value with standard deviations (SD) from three 

independent experiments. 
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Platinum(II) 

complex / 

Cell line  

RT-4 LCLC- 

103H 

A-427 DA3-G 5637 MCF-7 SISO KYSE-

70 

1.68 
± 0.50 

1.53 
± 1.07 

7.99 
± 0.33 

4.24 
± 0.50 

7.29 
± 2.75 

6.83 
± 4.78 

1.01 3.03 

SISO-

oxo 
a) 

KYSE-

70-oxo 
a) 

5637-

oxo 
a) 

KP1465 

1.54 11.61 3.71 

 

Table 3.26. Average IC50 [µM] values with SD of the secondary screening from 3-4 

independent experiments. a) the average of two determinations. 

 

The most sensitive cell lines to the exposure of platinum(II) complexes were 5637 and 

MCF-7 cancer cell lines, followed by A-427 and LCLC-103H lung cancer cell lines (Fig. 

3.37.).  

 

Figure 3.37. Average IC50 [µM] values with standard deviations (error bars) of the secondary 

screening of KP1465 complex from 3-4 independent experiments. The values of the 

anticancer drugs from the reference [250].  
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3.7.6. Ruthenium(II) complexes 

Ruthenium(II) complexes were also synthesized in the group of Prof. B. K. Keppler at the 

University of Vienna. The antiproliferative activity has been established in a panel of eight 

human cancer cell lines 6537, LCLC-103H, DAN-G, A-427, RT-4, MCF-7, KYSE-70, SISO 

and three resistant cancer cell lines to oxoplatin, 5637-oxo, KYSE-70-oxo and SISO-oxo. The 

structures of the complexes are shown in the Fig. 3.38. and 3.39.  

Ruthenium complexes can be considered to be cisplatin analogues. Various ruthenium 

complexes are designed to mimic the action of platinum complexes. 

The tested compounds represent different classes of complexes. KP1019 has already been 

shown to have cytotoxic activity in the colorectal cancer cell lines SW480 and HT29. 

Complexes KP1524, KP1525 and KP1543 are the derivatives of KP1535, and belong to 

dinuclear ruthenium(II)-arene complexes. They contain a bis(pyridinone)alkane ligand linker 

and differ only with a number of CH2 group in their structures. Moreover, KP1582 and 

KP1583 are isomers with a methyl substituent in a different meta position of the 4H-pyran 

ring. 

A series of mononuclear ruthenium(II) complexes has also been investigated as a second 

group in a panel of three human cancer cell lines, 5637, DAN-G and LCLC-103H (Figure 

3.38.). These complexes are derivatives of the compound KP1744, possessing various ligands 

such as methyl, fluorine, chlorine, bromine or trifluorine substituents in the meta or para 

positions of the phenyl ring. It was of interest to look for structure-activity relationships 

(SAR) in these classes of compounds. 
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Figure 3.38. Structures of the ruthenium(II) complexes. 
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Figure 3.39. Structures of the investigated mononuclear ruthenium(II) complexes. 

The results of the primary screening for all complexes are presented in the Table 3.27. 

 

Complex 

/Cell line 

5637 LCLC- 

103H 

DA3-G A-427 RT-4 MCF-7 

KP1019 107.33 
+/- 11.01 

110.44 
+/- 12.77 

117.62 
+/- 6.87 

112.29 
+/- 5.74 

51.12 
+/- 3.85 

89.56 
+/- 3.71 

KP1525 49.28 
+/- 9.33 

15.06 
+/- 5.94 

14.24 
+/- 2.42 

-3.87 
+/- 0.70 

19.85 
+/- 2.22 

-5.06 
+/- 9.56 

KP1582 65.49 
+/- 5.45 

23.78 
+/- 11.98 

-12.23 
+/- 4.88 

-22.03 
+/- 4.92 

-1.85 
+/- 3.72 

-4.34 
+/- 11.03 

KP1583 66.92 
+/- 2.31 

59.55 
+/- 10.43 

122.95 
+/- 2.61 

61.85 
+/- 10.02 

90.22 
+/- 3.05 

106.35 
+/- 8.34 

KP1524 54.35 
+/- 12.62 

57.25 
+/- 3.75 

84.33 
+/- 3.63 

-7.95 
+/- 2.00 

105.12 
+/- 3.16 

43.57 
+/- 3.50 

KP1535 79.28 
+/- 11.08 

88.14 
+/- 12.06 

109.06 
+/- 7.65 

2.89 
+/- 2.17 

101.62 
+/- 3.28 

117.38 
+/- 3.04 

KP1543 52.56 
+/- 13.44 

-12.26 
+/- 4.86 

-10.50 
+/- 2.37 

-9.79 
+/- 1.53 

-8.22 
+/- 2.34 

-1.20 
+/- 2.90 

KP1798 a) -20.50 -4.88 -6.22 

KP1797
 a) -36.02 -24.01 -13.02 

KP1796
 a) -23.22 -7.90 -8.82 

KP1795
 a) -19.02 -22.23 -5.15 

KP1790
 a) 28.01 18.82 13.32 

KP1788
 a) -10.12 -12.54 2.36 

KP1770
 a)

 -11.45 -27.85 5.81 
KP1743

 a)
 -21.65 -18.98 -4.20 

    



                                  Results  
__________________________________________________________________________________________ 

122 

    
Complex 

/Cell line 
5637 LCLC- 

103H 
DA3-G 

KP1745 a) -1.60 -20.63 0.14 
KP1744 a) -11.20 9.64 23.46 

 

Table 3.27. The results of the primary screening for ruthenium complexes at the 

concentration of 20 µM. The values are given as average % cell growth with standard 

deviations (N = 3-5 independent determinations).  a)  The average values from 2-3 experiments. 

 

Figure 3.40. The primary screening results of the ruthenium complexes. Average values are 

given as percent of the cell growth with standard deviations (N = 3 determinations). 

 

The results indicate that 5637 urinary bladder cancer cell line is insensitive to all of the 

tested compounds (Fig. 3.40.). Quite unexpectedly, there is no cytotoxic activity found for the 

KP1019 complex in any of these cell lines. Thus, it appears that KP1019, which is being 

investigated in the clinical trials, acts selectively in the colorectal cancer cell lines. 

Surprisingly, complex KP1583 was found inactive in contrary to its isomer KP1582. 

However, both of them are inactive in the 5637 cancer cell line. 

All ruthenium(II) mononuclear complexes have potent activity in the various cell lines, 

showing negative growth values in most cases. The most active turned out to be KP1797, 

followed by compounds KP1795 and KP1743. The least active was KP1790 (average of % 

value equals 20.05), with a CF3 substituent in the para position of the phenyl ring. Moreover, 
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KP1744, which is deprived of any substituent in the meta or para position is the second least 

active of all (average of % value equals 7.3). 

 

Complex 

/ Cell line 

5637 LCLC- 

103H 

DA3-G A-427 RT-4 MCF-7 SISO KYSE- 

70 

KP1524 > 20 > 20 > 20 13.02  
 ± 9.45 

> 20 15.24 a) 9.48 a) > 20 

KP1525 16.36  
± 6.30 

15.29  
± 7.12 

31.32  
± 1.49 

7.14  
± 2.74 

22.81  a) 

 
1.06 a) 7.49  

± 5.37 
21.23 a) 

KP1535 > 20 > 20 > 20 5.20  
± 2.42 

> 20 > 20 21.17 a) > 20 

KP1543 > 20 2.52  
± 1.05 

4.41  
± 2.98 

10.36  
± 3.96 

5.95  
± 3.18 

2.05 a) 2.53  
± 2.33 

22.45  
± 8.32 

KP1582 > 20 12.13  
± 5.21 

17.94  
± 9.82 

14.33  
± 5.61 

14.11  
± 8.99 

13.44 a) 22.64 a) 7.09  
± 0.66 

KP1798 12.74  
± 1.06 

19.22 
± 5.45 

5.74  
± 1.91 

KP1797 5.90  
± 1.24 

15.81  
± 4.35 

20.27  
± 5.43 

KP1796 3.26  
± 1.11 

12.95  
± 0.78 

18.69  
± 6.68 

KP1795 29.56  
± 1.69 

5.04  
± 3.47 

18.94  
± 4.82 

KP1790 19.12  
± 2.48 

12.40  
± 3.93  

10.78  
± 3.57 

KP1788 16.67  
± 1.46 

8.11  
± 3.99 

5.49  
± 2.53 

KP1770 4.31  
± 2.51 

4.32  
± 1.12 

5.29  
± 1.56 

 KP1743 5.72  
± 3.19 

5.15  
± 0.76 

6.58  
± 2.54 

 KP1745 33.18  
± 4.59 

5.48  
± 5.15 

11.57  
± 1.73 

KP1744 10.84  
± 4.59 

13.21  
± 5.88 

11.88  
± 1.73 

 

Table 3.28. Average IC50 values [µM] with standard deviations (N = 3 determinations). a) 

average of two determinations.  

 

The IC50 values for the active complexes are presented in Table 3.28. Structure activity 

relationships were noticed in the group of KP1524, KP1525, KP1535 and KP1543. In this 

group the complexes differ from each other only with a number of CH2 group, rising in the 

order: KP1535<KP1524<KP1525<KP1543. The results indicate that generally the longer the 

chain, the more active the complex is. KP1543 with 12 CH2 groups is most active in the lines 
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LCLC-103H, DAN-G, RT-4, MCF-7 and SISO. Both complexes KP1535 and KP1524 were 

active in the A-427 and SISO cancer cell lines. Moreover, complex KP1525 was the only one 

that was active also in the 5637 urinary bladder cancer cell line (IC50 = 16.36 µM). 

 

Figure 3.41. Average IC50 values [µM] of all ruthenium(II) complexes in eight cancer cell 

lines. 

 

The most sensitive cell line was the MCF-7 (Figure 3.41.). The averages of the IC50 values 

of most active complexes, KP1543 (N = 12 CH2 groups in structure) and KP1525 (N = 8 CH2 

groups) are IC50 = 5.06 and IC50 = 15.66 µM, respectively. In four cancer cell lines (LCLC-

103H, DAN-G, RT-4 and SISO) the complex KP1543 is about 3-7 times more active than 

KP1525. However, KP1525 is about 1.5-2 times more active in A-427 and MCF-7 cancer cell 

lines.  

 

Figure 3.42. Representative dose-response curves for KP1524 (green), KP1525 (pink) and 

KP1582 (red) complexes in the MCF-7 cancer cell line (left) and for KP1525 (pink) and 

KP1582 (red) complexes in the LCLC-103H cancer cell line (right). 
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Figure 3.42. presents representative dose-response curves for active complexes. 

Interestingly, KP1524 and KP1525 in the MCF-7 cancer cell line (left) gave comparably 

shaped curves that run parallel to each other while KP1582 shows a much steeper curve.     

Figure 3.43. Comparison of the average IC50 values [µM] of the ruthenium(II) complexes 

with the values of known anticancer agents, cisplatin, carboplatin and oxaliplatin [250]. N = 

2-3 independent experiments. Error bars are standard deviations. 

 

The potencies in A-427 and LCLC-103H cancer cell lines are almost all the same. On the 

other hand, DAN-G and KYSE-70 cancer cell lines are the least sensitive to exposure of these 

complexes. 

In comparison to known anticancer drugs (Fig. 3.43.), complex KP1525 is less active than 

both cisplatin and oxaliplatin but more active than carboplatin. All but KP1525 possess higher 

activity in the DAN-G cancer cell line than carboplatin. Complex KP1543 is less active than 

cisplatin but more active than oxoplatin in five cancer cell lines (LCLC-103H, A-427, RT-4, 

MCF-7, DAN-G). All complexes are less active than cisplatin, the exception is complex 

KP1525, which is more active in MCF-7 cancer cell line. 

The complex KP1582 is the second least active of all the ruthenium(II) complexes and 

shows similar values among all cell lines. The greatest activity is found in KYSE-70 cancer 

cell line. However, this complex is 2.84-fold less active than the most active KP1543 taking 

into account the same cell lines. In comparison to carboplatin, it is more active in the LCLC-

103H and A-427 lung cancer cell lines.  
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Figure 3.44. Comparison of the cytotoxic activity of ruthenium(II) complexes with NAMI-A 

in MCF-7 cancer cell line. The results of NAMI-A alone and with cisplatin are from [213].  

    

The results in Fig. 3.44., obtained with the MCF-7 line, indicate that complexes KP1524, 

KP1525, KP1543 and KP1582 are much more active than NAMI-A (IC50 = 800 µM). 

Moreover, the complexes KP1525 and KP1543 (IC50 = 1.06 µM and 2.05 µM, respectively) 

are more active than NAMI-A when treated with cisplatin (IC50 = 3.5 µM).  

In Table 3.29 the IC50 values [µM] are presented for ruthenium(II) complexes in the parent 

and oxoplatin-resistant cancer cell lines, 5637-oxo, KYSE-70-oxo and SISO-oxo. These cell 

lines are also cross-resistant to cisplatin. However, no cross-resistance to KP1543 was 

observed. Moreover, the cell line KYSE-70-oxo is much more sensitive to KP1543 than the 

parent cell line KYSE-70. 

 

Compound/ 

Cell line 

5637 5637-oxo KYSE- 

70 

KYSE-70-

oxo 

SISO SISO-oxo 

KP1524 > 20 > 20 > 20 > 20 9.48 a) 15.73 b) 

KP1525 16.36  
± 6.30 

6.97 b) 21.23 a) 3.66 a) 7.49  
± 5.37 

8.47 b) 

KP1535 > 20 > 20 > 20 > 20 21.17 a) 32.17 a) 

KP1543 > 20 1.07  
± 0.80 

22.45  
± 8.32 

1.79  
± 1.23 

2.53  
± 2.33 

2.49  
± 1.85 

KP1582 > 20 2.31 b) 7.09  
± 0.66 

5.04 b) 22.64 a) 24.30 b) 

Cisplatin 0.35 c) 

± 0.10 
1.31 d) 

± 0.48 
0.63 c) 
± 0.14 

1.94 d) 

± 0.10 
0.24 c) 

± 0.06 
0.58  

± 0.08 

 

Table 3.29. Average IC50 values [µM] with standard deviations of the complexes tested in the 

parent and oxoplatin-resistant cancer cell lines with comparison to cisplatin. a) The value from 

a single experiment; b) The mean value of two experiments; c) The values from reference 

[250]; d) The values from reference [277]; nd – not determined. 
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A significant reversal of resistance was also noted for complexes KP1525 and KP1582. 

Interestingly, KP1525 was more active in both the oxoplatin-resistant cell lines 5637-oxo and 

KYSE-70-oxo than in parent cell lines, and KP1582 was more active in KYSE-70-oxo. In the 

case of KP1543 and KP1582, the complexes were active in oxoplatin-resistant cell line 5637-

oxo compared to the native one. These results indicate that complexes KP1525, KP1543 and 

KP1582 could have the mode of action enhanced when the cells become resistant to oxoplatin 

[278]. Cell lines 5637-oxo, KYSE-70-oxo and SISO-oxo show significant resistance to 

cisplatin with resistance factors 3.74, 3.07 and 2.42, respectively.  

KP1543 complex is the most active among all complexes tested in SISO cancer cell line. 

In SISO-oxo cancer cell line there is a cross-resistance to oxoplatin obtained for two 

complexes; i.e., KP1524 and KP1535 (Rf = 1.65 and 1.52, respectively).  

The similar structures of ruthenium(II) and osmium(II) complexes, KP1524 and KP1548 

possess different activities (for details see 3.1.7.10.). The activity is dependent on the 

transition metal present in the complex. Osmium(II) complex was deprived of in vitro 

anticancer activity, while its ruthenium(II) analog showed good potency against A-427, MCF-

7 and SISO cancer cell lines.    

To estimate selectivity of tested compounds, the selectivity ratio was calculated. For most 

compounds the ratio was in the range from 0.32 to 2.04, which indicates little or no selectivity 

to any particular cell line. However, some revealed mild selectivity, showing the ratios 2.14, 

2.53, 2.84 and 2.85 for complexes KP1525, KP1535 towards LCLC-103H cancer cell line and 

KP1543 towards SISO and LCLC-103H cancer cell lines, respectively. A larger selectivity 

ratio (3.50) was obtained for complex KP1543 towards MCF-7 cancer cell line, which 

corresponds to moderate selectivity. The ratio for KP1525 towards MCF-7 cancer cell line is 

much higher (14.47). Even though there were only two independent measurements of 

cytotoxicity for this complex because of a lack of substance, the ratio indicates that this 

complex shows high selectivity towards the human breast carcinoma.      

These dinuclear ruthenium(II)-arene complexes would appear to be potential anticancer 

candidates. Recent studies showed affinity towards transferrin such as for other ruthenium 

compounds [278] and DNA, which makes them an interesting option of using these proteins 

as a potential target for cell uptake.   

In the group of mononuclear complexes, the two most active compounds turned out to be 

KP1770, bearing a meta fluorine substituent and KP1743 with a para methyl substituent 

(average IC50 value of 4.64 µM and 5.82 µM, respectively). The least active compounds were 
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the complexes KP1795 with a meta chlorine substituent and KP1745 with para fluorine one 

(average IC50 values of 17.85 µM and 16.74 µM, respectively) (Fig. 3.45.).  

Figure 3.45. Average IC50 values [µM] of the ruthenium(II) complexes (N = 3 independent 

experiments) and their comparison with cisplatin [250].   

 

In comparison to cisplatin, KP1770 is 7-fold less active in the same cell lines. The LCLC-

103H, DAN-G and 5637 cell lines were almost equally sensitive to the complexes, showing 

average IC50 values between 10.17 and 14.13 µM. 

To estimate selectivity of the tested compounds, the selectivity ratio was calculated [269, 

270]. Most of the complexes show the range of selectivity from 0.50 to 1.84 which indicates 

no selectivity to any particular cell line. However, moderate selectivity was found for two 

bromine substituted complexes KP1798 and KP1797 towards DAN-G and 5637 cancer cell 

lines (the ratios equaled 2.19 and 2.37, respectively). Moreover, mild selectivity was noticed 

for KP1745 and KP1795 towards LCLC-103H cancer cell line and KP1796 towards 5637 

cancer cell line (the ratios were equal 3.05, 3.54 and 3.57, respectively).  
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Figure 3.46. Representative dose-response curves of complexes KP1743 in 6537, DAN-G 

and LCLC-103H (left) and KP1798, KP1796, KP1797 and KP1795 complexes in MCF-7 

cancer cell line (right) from single experiments. 

 

Figure 3.47. An overview of the mean IC50 values of all ruthenium(II) complexes in three 

cancer cell lines. The data are from three independent experiments. 

 

Representative dose-response curves for selected complexes are displayed in Fig. 3.46. 

Figure 3.48 shows that average IC50 values of the Ru(II) complexes from the three cell 

lines. There is no great difference in activities between the meta and para complexes, as the 

average IC50 values are nearly equal at 11.64 and 11.69 µM, respectively (Fig. 3.47.). While 

the average IC50 value of the parent complex, KP1744, is 11.98 µM, its derivatives possess 

greater cytotoxic activity. 

However, by comparing meta and para substituted complexes with the same substitutents, 

some structure-activity relationships become apparent. For example, among the compounds 

with the fluorine substituents, the meta complex KP1770 is 3.6-fold more active than its para 

isomer. Nevertheless, among the chlorine complexes no structure-activity relationship is 
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apparent. For ruthenium(II) complexes with bromine substituents, the meta isomer is more 

active than the para one  in two lines but with the DAN-G there is a reversal in activity. The 

same trend is also apparent with methyl substituted complexes. Here, however, the derivative 

with para methyl substituent is almost 2-fold more active than its meta derivative. The meta 

derivatives of ruthenium(II) complexes appear to be somewhat more potent against the cancer 

cell lines than their para isomers. 

Comparing the activities in the three cancer cell lines, the para complexes in the DAN-G 

cancer cell line are slightly more active than their meta isomers (average IC50 values of 10.65 

and 12.5 µM, respectively). However, the activities in the LCLC-103H line indicate that it is 

more sensitive to the meta complexes than the para ones (average IC50 values of 8.32 and 

10.7 µM, respectively). The difference in activities in 5637 cancer cell line is not so great for 

both groups of complexes and no obvious conclusion can be drawn.  

On the other hand, the average IC50 values of both methyl and halogen derivatives appear 

to have a different structure activity relationship. The most active turned out to be the methyl 

derivatives, followed by the fluorine, chlorine and bromine derivatives (IC50 values of 7.69 

µM, 10.69 µM, 11.63 µM and 13.28 µM, respectively). The values do not differ much from 

one another but an association is noticable. 

The complex KP1790, with the trifluorinemethyl substituent, turned out to be the third 

least active compound of all. Its average IC50 value in three cancer cell lines equals 14.1 µM 

and is less potent than the parent complex KP1744 and its para methyl KP1743 complex 

(average IC50 values of 11.98 and 5.82 µM, respectively) but it is still more potent than para 

fluorine KP1745 complex (average IC50 value of 16.74 µM).  

Summarizing, the ruthenium(II) complexes with meta substituents in the phenyl ring are 

generally more active than the same compounds with para substituents. It would be 

interesting to extend the studies by introducing other ligands such as iodine or nitro groups in 

the phenyl ring in search for correlations between structure and activity of these potent 

ruthenium(II) complexes.   

 

3.7.7. Gallium(III) complex 

KP46 complex has already finished phase I clinical trials and is expected to enter the 

second phase of the trials. Within this project the complex has been tested in the panel of 

human cancer cell lines at our department. 
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Figure 3.48. Structure of gallium(III)complex, KP46, tested for cytotoxic activity. 

 

KP46 has in its structure three 8-quinolinol ligands placed around the metal (Fig. 3.48.). 

The use of this complex enables higher and tolerable tissue concentrations to be established. 

The first clinical trials revealed its successful use in the patients with renal cancer. 

The probable mechanism of action of this complex would appear to be the transport 

through the body and accumulation in the cancer cells in the complexed form, release of 

gallium ions and blocking the synthesis of DNA followed by apoptosis via mitochondrial 

pathway [219].  

The cytotoxic activities of the KP46 complex tested in the foreign and our cancer cell 

lines are shown in the Table 3.30. The complex possesses strong potency with IC50 values in 

the range from 0.85 to 10.40 µM. It is least active in the HT29 colon cancer cell line with IC50 

value of 10.40 µM [219]. The primary screening values estimated in the cytotoxicity testing 

are shown in Table 3.31. 

 

Tumour Cell line IC50 value [µM] 

Melanoma 518A2a 0.85 
 607Ba 1.35 
 A375a 1.30 
 MEL-JUSOa 1.05 
 SK-MEL-28a 2.45 

Ovary 41Ma 1.75 
  2.10 
 CH1a 1.03 
  1.20 

Breast SK-BR-3a 3.27 
 MCF-7b 7.64 
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Tumour Cell line IC50 value [µM] 

Colon HT-29a 10.4 
 SW480a 2.56 
  2.30 

Lung A459a 2.50 
 LCLC-103Hb 2.93 
 A-427b 2.21 

Urinary bladder 5637b - 
 RT-4b 1.92 

Pancreas DAN-Gb 2.38 
Cervix SISOb 7.13 

Esophagus KYSE-70b 6.58 

Table 3.30. The IC50 values of the KP46 complex in various cancer cell lines. a the values 

from reference [219], b values obtained in this thesis. 

 

Complex 

 

Cell line 

5637 LCLC- 

103H 

DA3-G A-427 RT-4 MCF-7 

118.28 

± 9.85 

-5.56 

± 0.41 

-6.57 

± 0.77 

-58.08 

± 0.87 

-6.20 

± 0.38 

-2.22 

± 0.78 
KYSE-70

 a) 
KYSE-70-

oxo  a) 
SISO

 a) 
SISO-oxo

 a) 
5637-oxo

 a) 

KP46 

  

-1.89 
 

-2.74 -2 -7.91 -29.23 

Table 3.31. The % cell growth values for the complex KP46 at the concentration 20 µM in 

six cancer cell lines with standard deviations (N = 3-5 independent determinations). a) the 

average of two experiments 

 

Complex KP46 appeared to be highly active in all tested cancer cell lines except for the 

5637 line. The mean activity for this complex in the sensitive cell lines was 6.61 µM. The 

gallium(III) complex entered secondary screening to establish its potency; the results are 

given in Table 3.32. Fig. 3.49. indicates an examplary dose-response curve for this complex 

in RT-4 cancer cell line. 

 

KP46  

/ Cell line 

5637 LCLC- 

103H 

DA3-G A-427 RT-4 MCF-7 

> 20 2.93  
± 2.23 

2.38  
± 1.97 

2.21  
± 1.81 

2.01  
± 1.92 

7.64a) 

SISO KYSE- 

70 

SISO-oxo 
a) 

KYSE-70-

oxo 
a) 

5637-oxo 
a) 

 

7.13  
± 6.81 

6.58  
± 2.56 

7.13 3.08 2.63 

Table 3.32. Average IC50 values [µM] with standard deviations (N = 3 independent 

determinations). a) average of two determinations. 
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The mean IC50 value for this complex is 3.98 µM. The most sensitive lines appeared to be 

the RT-4 urinary bladder and A-427 small lung cancer cell line. The complex is less active 

than cisplatin but more active than carboplatin and oxaliplatin (Fig. 3.50.). No cross-

resistance was observed to this complex in the oxoplatin-resistant cell lines. However, KYSE-

70-oxo and SISO-oxo cell lines were more sensitive to KP46 than the native cell lines.   

 

 

Figure 3.49. Representative dose-response curve for KP46 complex in RT-4 cancer cell line. 

 

 

Figure 3.50. Comparison of the average IC50 values [µM] (with SD) of gallium(III) complex 

with known anticancer agents (N = 3 independent determinations). 
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3.7.8. Lanthanum(III) complex 

The characterization of the La(III) complexes was discussed in the Introduction part 1.9. 

KP772 complex (Fig. 3.51.) was tested in a panel of human cancer cell lines. The results of its 

activity are shown in Table 3.33.  

 

Figure 3.51. Structure of lanthanum(III) complex, KP772, tested for the cytotoxic activity.  

 

KP772 

/ Cell line 

5637 LCLC- 

103H 

DA3-G A-427 RT-4 MCF-7 

 8.47 

± 8.12 

-3.97 

± 2.27 

-12.28 

± 2.07 

-14.91 

± 4.45 

-13.31 

± 2.00 

-20.78 

± 7.41 

 SISO 
a) 

KYSE- 

70 
a) 

SISO-oxo 
a) 

KYSE-70-

oxo 
a) 

5637-oxo 
a) 

 -2.67 0.55 -5.75 -3.79 -8.74 

 

Table 3.33. The results of the primary screening of the KP772 complex at the concentration 

of 20 µM. The values are given as % cell growth with standard deviations (N = 3-5 

independent determinations).  a) the average of two experiments 

 

KP772 turned out to be highly active in all the tested cancer cell lines. The mean percent 

value of growth for this complex equals -9.5 %. The lanthanum(III) complex entered 

secondary screening to establish potency; the complex was investigated in a panel of 11 

cancer cell lines. The results in Table 3.34. indicate that KP772 is a potent complex, with the 

values in the range 0.98-5.04 µM. 
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KP772  

/ Cell line 

5637 LCLC- 

103H 

DA3-G A-427 RT-4 MCF-7 

 1.83 
± 1.50 

0.98  
± 0.89 

2.85 
± 0.46 

1.42 
± 0.39 

1.38  
± 0.95 

5.04  
± 3.55 

 SISO KYSE- 

70 

SISO-oxo 
a) 

KYSE-70-

oxo 
a) 

5637-oxo 
a) 

 1.25  
± 0.30 

2.49  
± 1.10 

4.41 2.81 3.08 

 

Table 3.34. Average IC50 values [µM] of KP772 complex with SD (N = 3 determinations). a) 

average of two determinations. 

 

The mean IC50 value for this complex is 2.57 µM. The most sensitive cell line appeared to 

be SISO cell line followed by RT-4 urinary bladder cancer cell line. The complex is less 

active than cisplatin but more active than carboplatin and oxaliplatin.  

Fig. 3.52. shows a representative dose-response curve for this complex. 

 

 

Figure 3.52. Representative dose-response curve for KP772 complex in RT-4 cancer cell line. 

 

When the complex was tested in the oxoplatin-resistant cell lines, cross-resistance to this 

complex was found in the 5637-oxo and SISO-oxo cell lines (Fig. 3.53.). There was no 

dramatic reversal of resistance found for this complex towards parent cell lines.  
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Figure 3.53. Average IC50 values [µM] of the complexes in the panel of resistant cancer cell 

lines to oxoplatin. The values are averages of two determinations. The IC50 values for 

cisplatin and oxoplatin are from [250] (N = 3 independent determinations). 

 

Table 3.35 presents the values for KP772 complex obtained by me and from the literature 

[228]. 

 

Tumour Cell line IC50 value [µM] 

Liver Hep3Ba 2.2 
Central nervous system U373a 1.2 

Breast MDA-MB-231a 1.3 
 MCF-7a,b 5.04a 
  3.7b 

Lung A459a 1.5 
 GLC-4a 2.0 
 VL-6a 5.1 
 VL-8a 1.5 
 LCLC-103Hb 0.98 
 A-427b

 1.42 
Urinary bladder 5637b 1.83 

 RT-4b 1.38 
Pancreas DAN-Gb 2.85 
Cervix KB-3-1a 2.6 

 SISOb 1.25 
Leukemia HL60a 1.2 
Esophagus KYSE-70b

 2.49 

 

Table 3.35. An overview of the IC50 values of the KP772 complex in various cancer cell lines 

[228]. a the values from reference [228] after 72 h treatment, b
 
the values obtained in this 

thesis. 
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3.7.9. Osmium(II) complex 

Osmium(II) complex was investigated for its cytotoxic activity in a panel of six cancer cell 

lines. The structure of this complex is presented in the Figure 3.54. 

 

Figure 3.54. The structure of osmium(II) complex KP1548 tested for antiproliferative 

activity. 

 

KP1548 

/ Cell line 

5637 LCLC- 

103H 

DA3-G A-427 RT-4 MCF-7 

 63.44 
± 4.92 

86.43  
± 7.33 

118.39  
± 4.27 

87.88  
± 6.59 

107.25 
± 4.58 

92.70  
± 4.05 

 

Table 3.36. The results of the primary screening for KP1548 complex at the concentration of 

20 µM. The values are given as % cell growth with standard deviations (N = 3-5 independent 

determinations).  
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The complex turned out to be inactive as it obtained higher values than 50% of the cell 

growth (Table 3.36.). 

 

3.8. The antimicrobial screening 

There are many studies in the literature that indicate that metal(II) complexes have 

potential as antimicrobial agents [62, 65, 147]. Therefore, antimicrobial testing was 

undertaken to investigate whether the complexes I synthesized are able to inhibit the growth 

of bacterial strains since most of them showed no antitumor activity. The most likely 

candidates that could possess such an activity were the cobalt(II) complexes [99-105]. In 

addition to the complexes, the ligands were included in the screening to exclude the 

possibility that also the ligand has antibacterial activity. 

 

3.8.1. The modified agar diffusion method 

This assay compares the inhibition of the bacterial cell growth with known antibiotics (for 

details see 6.6.2.). Both ligands and complexes were tested on the agar Petri plates against 

Staphylococcus aureus (ATCC 6538), Bacillus subtilis (ATTC 6051), Escherichia coli 

(ATCC 11229), Pseudomonas aeruginosa (ATCC 27853) and Candida maltosa (SBUG 700).  

The diameters of the inhibition zones for all tested compounds are presented in the Table 

3.37. The majority of the complexes appeared to be active, including all the ligands. 

However, the activity of the metal complexes was not any greater than that of the ligands. The 

most pronounced activity with the inhibition zones of more than 14 mm was shown by the 

cobalt complexes 1c, 2b, 4a, 5c. The solvent DMF used as a control showed no activity 

against any bacterial strain. 

 

Inhibition zones (mm)a against Compound 

B. subtilis S. aureus E. coli P.aeruginosa C. maltosa 

1 9 - - - - 

1a 11 - - - - 

1b 12 - - - - 

1c 21 16 11 12 - 

1d 15 11 12 - - 

1e 12 13 17 9 - 

2 27 21 21 19 - 

2a - - - - - 

2b 25 20 15 10 - 

2c - - - - - 
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Inhibition zones (mm)
a
 against Compound 

B. subtilis S. aureus E. coli P.aeruginosa C. maltosa 

2d 11 - 8 - - 

3 - - - - - 

3a - - - - - 

3b - 10 10 - - 

3c - - - - - 

4 - - - - - 

4a 17 16 13 - - 

5 - - - - - 

5a - - - - - 

5b 15 11 - - - 

5c 27 24 20 20 20 

5d - - - - - 

6 - - - - - 

6a - - - - - 

CuCl2*2H2O 25 24 22 19 26 

CoCl2*6H2O 30 30 26 26 30 

ZnCl2 30 25 25 20 28 

K2PtCl4 19 20 27 29 - 

Control 31 30 21 30 28 

 

Table 3.37. Results of the antimicrobial tests of the investigated compounds in the agar 

diffusion assay. As control served Ampicillin, Gentamicin and Amphotericin B. a Inhibition 

zones including the diameter of the paper disc (6 mm).  

 

The antimicrobial activity of the group of cobalt(II) complexes with pyridine 

dicarboxylates has been published [101]. 

Several compounds exhibited no activity at all such as the copper 3a and 5a and platinum 

complexes 2c, 3c, 5d and 6a (Fig. 3.55.). Although platinum(II) complexes showed anticancer 

activity, the only complex that showed any antimicrobial activity was the complex 1d. Very 

low activity was noticed by the copper(II) complexes of 1. Interestingly, among the cobalt 

active complexes the complex 5c appeared to be of very high activity above 20 mm in 

comparison to the results of the controls with antibiotics. Only this complex possessed 

antifungal activity against the yeast Candida maltosa. Generally, the activity of the 

compounds was greater against the Gram-positive (S. aureus and B. subtilis) than the Gram-

negative (E. coli and P. aeruginosa) bacterial strains. 
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Figure 3.55. An overview of antimicrobial activity of the metal(II) complexes, determined by 

the inhibition zone method.  

 

To compare the activity of the synthesized complexes with the ligands I followed the same 

procedure with six ligands and metal chlorides. All of the metal chlorides showed high 

activity on the bacterial strains. Except for dipotassium tetrachloroplatinate, all showed strong 

activity against Candida maltosa. Among the ligands only two, 1 and 2, showed some 

activity. 

To express the activity of the compounds in comparison to the antibiotics the activity 

index was calculated [279]. The formula is given in the subchapter 6.6.2. The results are 

given in the Table 3.38. 

The % Activity Index data show the highest activity among the group of complexes for 

complex 5c against E. coli and against B. subtilis (95 % and 87 %, respectively). This 

complex also shows the highest activity of all against S. aureus and P. aeruginosa (80 % and 

66 %, respectively).     

Some ligands and the metal ion chloride salts were more effective than the complexes, 

showing the % Activity Index greater than 100 %. Although these are single experiment data, 

the results indicate that none of the complexes showed better antimicrobial activity than the 

ligands thereof. The most active compounds were selected for the determination of mininal 

inhibitory concentration (MIC) value. 

 

% Activity 

index 

B. subtilis E. coli C. maltosa S. aureus P. aeruginosa 

1 29.03     

1a 35.48     
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% Activity 

index 

B. subtilis E. coli C. maltosa S. aureus P. aeruginosa 

1b 38.70     

1c 67.74 52.38  53.33 40 

1d 48.38 57.14  36.66  

1e 38.70 80.95  43.33 30 

2 87.09 100  70 63.33 

2a      

2b 80.64 71.42  66.66 33.33 

2c      

2d 35.48 38.09    

3      

3a      

3b  47.61  33.33  

3c      

4      

4a 54.83 61.90  53.33  

5      

5a      

5b 48.38   36.66  

5c 87.09 95.23 71.42 80 66.66 

5d      

6      

6a      

CuCl2*2H2O 80.64 104.76 92.85 80 63.33 

CoCl2*6H2O 96.77 123.80 107.14 100 86.66 

ZnCl2 96.77 119.04 100 83.33 66.66 

K2PtCl4 61.29 128.57  66.66 96.66 

 

Table 3.38. The % Activity Index data of the tested complexes and their ligands. 

 

3.8.2. The microbouillon serial dilution test 

The antimicrobial screening concentrations of the compounds to be used were estimated 

from the minimum inhibitory concentration (MIC) value. This value indicates the lowest drug 

concentration at which a visible inhibition growth of the microorganisms is noticed. The value 

was determined by using the microbouillon dilution test. 

Complexes 1c, 2b and 5c, metal chloride salts as well as the ligand 2 were chosen to 

establish the MIC value on the particular bacterial strains. All of these substances possessed 

the inhibition zone in the diameter of more than 19 mm.  
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A graphical presentation of the MIC value resulting from the calculation after a colorful 

reaction with p-iodonitrotetrazoliumviolet at λ = 550 nm is shown in the Fig. 3.56. This 

tetrazolium dye precursor forms a purple formazan dye when it is reduced by the bacteria. 

The values of the MIC values are presented in the Table 3.39. The best result was obtained 

with CoCl2, which was more active than the cobalt(II) complexes that entered the secondary 

screening. The metal(II) dichlorides showed relatively good antimicrobial activity against all 

bacterial strains.  

The ligand 2 is an isomer of nicotinic acid, which is also known as vitamin B3, vitamin PP 

or niacin. This compound showed to be active against bacterial strains. In contrast to 2, the 

Co(II) complex 2b was active only against one Bacillus subtilis strain. On the other hand, 

Cu(II) complex 1c was more active on bacterial strains than the ligand thereof.  

 

Figure 3.56. Graphic presentation of the MIC value for complex 5c against Staphylococcus 

aureus. The data are shown with SD from three experiments. 

 

MIC [µg/mL] Compound 

B. subtilis S. aureus E. coli P. aeruginosa C. maltosa 

1c 500 500 - - - 

2 500 500 - 500 - 

2b 500 - - - - 

5c 125 125 125 250 125 

CuCl2*2H2O 250 250 500 500 500 

CoCl2*6H2O 62.5 62.5 125 250 62.5 
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MIC [µg/mL] Compound 

B. subtilis S. aureus E. coli P. aeruginosa C. maltosa 

K2PtCl4 500 500 250 500 - 

ZnCl2 125 250 250 500 250 

 

Table 3.39. Results of the evaluation of MIC value µg/mL of the compounds towards 

sensitive bacterial strains.  

 

The best activity of a complex was 5c, being active (MIC = 125-250 µg/mL) in 

comparison to its inactive ligand and to all active complexes. While Bacillus subtilis followed 

by Staphylococcus aureus turned out to be the most sensitive strain to all compounds, 

Candida maltosa gave the lowest average MIC value among all strains tested.   

The results show that the Cu(II) complexes possess some antimicrobial activity (Fig. 

3.57.). The activity is due to the entire complex and not to the metal ion. However, the type of 

the metal determines the activity against bacterial strains because the cobalt(II) complexes 

showed the highest activity.  

 
 

Figure 3.57. An overview of the MIC values of the complexes and ligands from three 

independent experiments. 
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4. Discussion 

 

4.1. Synthesis of the metal(II) complexes and their structural confirmation 

Copper(II), cobalt(II), platinum(II) and zinc(II) coordination compounds were 

prepared with different aromatic nitrogen ligands bearing an O-carboxylate group. One aim of 

the work was to synthesize complexes in a 1:1 ratio as it had been reported previously with 

the ligand 4 and Cu(II) [87]. However, the complexes I obtained were not 1:1 products but 

rather 2:1 products, regardless of the preparative conditions (i.e. various ligand to metal ion 

ratios, reaction times, higher or lower temperatures, a variety of solvent mixtures) used. 

Unfortunately, not all the reactions between the various ligands and metal ions led to 

successful results, as evidenced by the unsatisfactory elemental analysis results. Failure in 

obtaining the desired products was evident in the incorrect relative contents of nitrogen, 

hydrogen or carbon compared to the calculated values. The compounds were likely 

contaminated with the free ligands. In biological testing, it is of critical importance for the 

compounds to have high purity, as evidenced by correct elemental analysis and/or HPLC 

analysis. The compounds that failed elemental analysis were obtained in the form of powders 

and couldn't be crystallized by the usual methods (in the solution of water and methanol or 

after dissolution in DMF left in the refrigerator at -32 °C). Therefore, I decided not to 

characterize them further for the thesis. For example, the reaction between the ligand 4 and 

CuCl2 in both a 1:1 and 2:1 ratio led to mixtures of products that could not be confirmed by 

elemental analysis. Likewise, a complex between Zn(II) and 12 has been reported recently by 

X-ray crystallography to be a trans-configured bis-imidazole-4-carboxylate chelate [280], 

however, I was unable to obtain this compound in pure enough form for biological testing.  

The structures of the synthesized complexes were indicated by the usual analytical 

methods, including elemental analysis, spectroscopic methods (IR, UV-Vis), HPLC, LC/MS 

and X-ray crystallography. Two platinum(II) complexes could be analyzed by 1H-NMR 

spectroscopy.  

While the existence of copper(II) complex of methylimidazole ligand has already been 

published in literature [245], in this work the compound was synthesized by another method. 

The elemental analysis results gave similar carbon and hydrogen percentage values as in the 

literature. However, these previous authors obtained the product in the form of powder, while 

my synthesis led to the crystaline form. While in my work I used copper(II) chloride, they set 

the reaction with copper(II) sulfate. In comparison of the yields, I obtained only half the yield 
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but in crystaline form. They presumed that the complex chelates through nitrogen in the 3 

position, while another ligand, 1-methyl-5-imidazolecarboxylic acid failed to give a product. 

All the synthesized complexes gave satisfactory elemental analysis results except for the 

compounds 2a and 5b, which indicated water contents that were more and less, respectively, 

than those expected from the X-ray crystallographic results.       

According to the X-ray results of the compounds that could be analyzed, bis-chelating 

metal(II) ion complexes were observed in which the central metal atom is coordinated with 

two ligands. One or more water molecules are sometimes found in the crystal structures. Thus 

other complexes where no X-ray crystallographic data was available are suspected to also be 

bis-chelating products. However, according to the elemental analysis, three compounds 1d, 5c 

and 6a are suspected to be not chelating as the metal is coordinated by two ligands and two 

chlorides.  

The common features in the IR spectra of most of the complexes (except for complexes 

1d, 5c and 6a) are the carboxylate C=O and C=N bands. The coordination in the complexes is 

through the heterocyclic nitrogen and carboxylate oxygen donor atoms, which was shown by 

analysis of the characteristic functional groups in the IR spectra. It was A. Werner who first 

made a statement that the structure of the coordination compound is determined by the 

coordination number of metal and not by its valency. Such coordination compounds are easily 

formed by transition metals that have free orbitals d that can accept the donor electron pairs. 

Complexes where oxygen, nitrogen or sulphur act as donor atoms to form chelating rings are 

of rather good stability.    

Due to poor solubility of the platinum(II) complexes 1d, 2c and 3c and zinc(II) complexes 

1e and 2d in most available deuterated solvents, the 1H-NMR spectra could not be obtained. 

Furthermore, because of the paramagnetism of copper(II) and cobalt(II), 1H-NMR of such 

complexes could not be performed.   

Generally, upon complexation some changes in the UV-Vis spectra can be noticed in the 

ligand bands arising from the donor groups which are involved in bonding to the metal. The 

absorption maxima between 215 and 390 nm are due to ligand-based π-π* transitions. The 

color of transition metal compounds results from d-orbital splitting. The d-d transitions, which 

are changes of the electron while it moves between two orbitals having different energies in 

the complex (in the region 600-900 nm), that are present in the Cu(II) and Co(II) complexes 

are responsible for the colors of the complexes, which are generally blue, green or green-blue, 

respectively. As a consequence, metal complexes absorb visible light and thus are colored. In 

the case of complex 5b, which is pink, the strong UV bands may be tailing off into the blue 
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end of the visible spectrum. Both ions of Cu(II) and Co(II) have one unpaired electron, 

making them paramagnetic.   

The selected characteristic bands in the IR spectra of the ligands and new compounds can 

be well distinguished. The asymmetric carboxylate streching band v(C=O) of ligand 1 (1711 

cm-1) is shifted to lower energies (1609-1646 cm-1) due to the oxygen coordination to the 

metal ions (compounds 1a-1c and 1e). The assignments of the IR spectra of the picolinic 

complexes were carried out with reference to previous studies [241]. The bands at 1697 and 

1591 cm-1 in the ligand 2 are assigned to v(O-C=O) and v(C=N), respectively. They are 

shifted respectively to higher and lower frequencies in metal complexes, which is due to the 

coordination of the N atom to the metal ions. The v(M – N) bonds are at 459-477 cm-1 and 

v(M-O) bonds are to be found at lower frequencies in the metal complexes.  

For the complexes with 3 the v(C=O) band of the ligand (1613 cm-1) is shifted to higher 

energies (1618-1691 cm-1) (compounds 3a-3c). The IR spectrum of compound 4a shows a 

characteristic band associated to the v(C=N) vibration at 1524 cm-1 of the imidazolic ring.   

For the complexes with 5 the v(C=N) vibrations are shifted to lower frequencies (1485-1502 

cm-1). The v(C=O) vibration is shifted to lower energies (1603-1642 cm-1). For compound 6a, 

the v(C=N) vibration (1591 cm-1) is shifted to higher energy in comparison to 6 (1580 cm-1).   

The establishment of the configuration at the central metal ion of some of the complexes 

was done with help of the X-ray data. The known complexes 1a, 1b and 1c have the trans 

configuration. The only exception was the copper(II) complex 5a, which was found as a cis 

isomer, while the cobalt(II) analogue 5b had trans configuration. It may be due to the fact that 

copper, on the contrary to cobalt, is a Jahn-Teller center and can form with chelated ligands a 

variety of coordination geometries, from irregular square planar, distorted planar, distorted 

square pyramidal to distorted octahedral. For instance, there are distorted square pyramids 

found for anhydrous copper(II) complexes with D-alanine and L-alanine where both 

complexes were in cis modes. Many complexes, however, exist in trans configuration [281]. 

However, in the exceptional case of copper(II) complex 5a the cis configuration is probably 

favored as more stable and of lower energy. The other complexes where no X-ray data could 

be obtained similarly to those that were investigated are assumed to be trans isomers due to 

their higher stability and lower energy (see section 4.3.), thus because when no X-ray crystal 

structures exist, this can not be proven.    

LC/MS data of the compounds confirmed the molecular masses of the complexes and 

indicated satisfactory purity for biological testing. 
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4.2. Stability studies 

The stability of the metal ion complexes was investigated under biologically relevant 

conditions (i.e, 37 °C, pH 7.4, physiological NaCl concentrations with and without 10 mM 

GSH) with the help of UV-Vis spectroscopic based kinetic experiments. 

The stability studies in phosphate-buffered saline solution (Dulbecco´s buffer, pH 7.4) 

pre-warmed at 37 °C of complexes 1b, 2a, 3a, 5a-5d indicated that time-dependent changes 

in the UV-Vis spectra occur for all complexes regardless whether they were incubated in the 

presence or absence of glutathione over 24 h.  

All but complex 3a showed a slow increase in the intensity of the absorption spectra. With 

the addition of glutathione a change in the shape of the right arm of the spectra was also noted 

(except for compound 5a). Copper(II) complex 1b formed a new spectrum all together with 

isobestic points at 256 nm and 280 nm. These data indicate that most of the metal(II) 

complexes are instable in aqueous solutions at 37 °C and also rapidly react with intracellular 

thiols as GSH. GSH plays a crucial role in detoxification of toxic metals, giving rise to GSH-

adducts. In the case of copper(II) complexes, reduction of Cu(II) to Cu(I) can also take place. 

New species such as GSSG could arise and the decarboxylation of the complexes might also 

take place. This could also indicate that the possible mechanism of action of these complexes 

is due to the free metal ion in the cell.  

Stability studies indicated that the greatest changes in the buffer solution were noticed 

with the complex 8a. It is expected that the coordination bond between the group NH and 

copper in this complex of iminocoumarin undergoes a rapid hydrolysis. Two new isosbestic 

points that occur are attributed to at least two new compounds that could arise. These are the 

free ligand – iminocoumarin and additionally the free coumarin that arises by the hydrolysis 

of the iminocoumarin (Fig. 4.1.).  
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Figure 4.1. Possible changes in complex 8a during the 24 h period of measurement. 

 

Copper(II) chloride can be considered as a Lewis acid and may act as catalyst to support 

hydrolysis. Interestingly, similar changes were not noticed in the spectrum of complex 8b, 

where only a decrease in the intensity was noted but no isobestic points. Complex 8b has a 

bromo substituent at position 6 of the chromene ring, which apparently stabilizes the whole 

structure. 

The stability studies with co-incubations of 2b and 5b-d with glutathione showed the 

appearance of a growing side-band in the spectra, which is most likely a GSH-complex 

adduct. The coordination of the SH group to the ligand could also labilize the Me-N bond, 

leading to further decomposition of the GSH adduct.     

The 5b complex appears to be more stable in aqueous solution in the presence of 

glutathione than the decarboxylated 5c complex, which possesses two trans coordinated 

chlorido ligands. In the latter case, glutathione likely reacts with the complex to displace the 

chlorido ligands.  

Very similar changes were noticed for the complex 8a with and without GSH. Glutathione 

possesses two carboxylic acid groups that might decompose the copper(II) complex to similar 

products as showed in Fig. 4.1.    

There have been many studies published that show glutathione binding to metals through 

the sulfhydryl group present in cysteine residue. Glutathione binds many metals, such as Zn, 
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Cu, Cd, Hg or Pb. In case of the copper(II) complexes, after entering the cell, the metal-

binding ligand can reduce Cu(II) to Cu(I) and form a Cu(I)-[GSH]2 complex [282]. The 

results of stability studies of Co(II) and Pt(II) complexes indicate that at least some of the 

antimicrobial activity is due to the free metal ion.  

4.3. Computational studies 

The computational studies of Pt(II) complex, cisplatin, were performed by using the 

density functional theory (DFT) and indicated that the trans isomer is favored over the cis one 

due to the reduction in ligand - ligand repulsion [265]. Trans isomer turned out to be more 

stable and because of a high barrier for interconversion the isomerisation will not occur [283].  

I attempted to optimize structures of the Cu(II), Co(II) and Pt(II) compounds of 5 in search 

of the energies between the cis – trans isomers by using the Gaussian03 program [284]. The 

studies were based on DFT calculations and the B3LYP method and LanL2DZ basis set [285] 

were used to calculate the density functionals of various complexes. Similar work has been 

recently reported [286]. 

The optimizations performed with the methylimidazole complexes were attempted with 

the B3LYP/LANL2DZ Opt method but unfortunately, calculations for cis cobalt(II) complex 

did not succeed with this method. Nevertheless, the calculations with the platinum(II) and 

copper(II) complexes ended successfully and were repeatable. Therefore, there was an 

attempt to search for another basis set such as CEP-4G, CEP-21G or CEP-121G, which can 

also be applied to metals. However, the results were not satisfactory and these basis sets were 

abandoned. The calculations were also performed for the selected MPW1PW method and the 

previous basis set, LANL2DZ, but in this case there was convergence failure with the 

cobalt(II) and copper(II) complexes although the MPW1PW method has been reported to be 

one of the best methods for platinum(II) complexes [285]. Thus, final calculations were 

performed with the B3LYP method. 

The problem in the calculations with SCF procedure appeared repeatedly; i.e., the global 

minimum could not be reached. This was probably due to the presence of too many local 

minima. Because the failures mostly came at the end of the Gaussian run, this led me to 

change the parameters of the maximal cycles from the default 64 up to 2048, insertion of 

Tight convergence, option NO DIIS, an extrapolation method or setting the SCF criterion to 

10-N (where N = 5; 4; 3). The calculations were set for B3LYP and BLYP methods and two 

standard basis sets, 3-21G and 6-31G*, respectively.  

SCF convergence problems appeared in the calculations of the cis cobalt(II) complex 5b. 

The trans isomers of complexes 5a, 5b and 5d have lower energy and are more stable. For the 
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complexes 5a and 5d a statistical t-test was implemented. The obtained results indicated that 

in the case of complex 5a the difference in the mean value of energy between cis and trans 

isomer was too small and therefore no significant difference was noted. For the complex 5b 

only one result was achieved and the t-test could not be used. In the case of complex 5d, the 

difference in the mean value of energy between cis and trans isomers is significant. Such a 

barrier is high enough to prevent the trans-cis cis isomerisation, holding the complex in the 

more stable trans configuration. The differences in energy for all complexes are about 6 to 15-

fold lower than by cis and transplatin (40.91 kcal/mol). The DFT calculations for Pt(II) 

complex 5a show that the complex can exist in two forms, cis and trans. This explains why in 

my work I also obtained the cis isomer. However, the DFT calculations confirm that the trans-

isomers are more stable than their cis-isomers and helps to explain why we mostly could 

synthesize trans-isomers, with the exception of the Cu(II) complex 5a. 

Comparing the average energy of each isomer among these Pt(II), Co(II) and Cu(II) 

complexes, it is notable that more stable are always the trans isomers, with slightly lower 

energies [Hartree]. However, not surprisingly, while the studies on the barrier of cis-trans 

isomerisation of cisplatin indicated that indeed the trans isomer is favored [287].  

The barrier of isomerisation from tetrahedral geometry into expected planar configuration 

was also calculated. For the Co(II) complex the calculations did not succeed, however, the 

calculations were successful with the Cu and Pt complexes 5a and 5d, respectively. The 

lowest energy value was obtained by Pt(II) complex 5d while the highest by Cu(II) complex 

5a. Interestingly, both of them went over into the trans planar isomer. This fact is interesting, 

as there were Cu(II) complexes reported for which distorted tetrahedral geometry is much 

more common [288-290]. 

This barrier is also high enough to prevent the trans to cis isomerisation and holds the 

complex in more stable trans configuration. The SCF-optimized trans structure of platinum(II) 

complex is calculated to be about 7 kcal/mol more stable than the cis geometry. However, the 

cis isomer of copper(II) complex 5a analyzed in the crystallographic studies is an exception of 

this idea and contradicts the assumption of most stable trans conformations of the metal(II) 

complexes. Apparently other factors are in effect that could not be predicted by DFT. 

 

4.4. Antiproliferative activity 

The cytotoxic studies were done on the complexes synthesized in this PhD thesis as well as 

with additional complexes sent to the Department of Pharmaceutical and Medicinal 

Chemistry for testing.  
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The activity of the complexes was determined in vitro in several human cancer cell lines. 

The results were expressed as IC50 values. The active complexes were compared to known 

anticancer drugs; i.e., cisplatin, carboplatin and oxaliplatin. 

The complexes could be divided into several groups depending on the metal incorporated 

in the complex or on the ligands that formed the complexes. In the case of the metal, the most 

active appeared to be platinum and ruthenium complexes, followed by gallium and lanthanum 

complexes. While only one copper(II) complex, TCA 371 was found selectively active, none 

of the cobalt(II) or zinc(II) complexes exhibited an ability to inhibit the growth of the human 

cancer cell lines. 

The cytotoxic activity of the metal(II) complexes was studied in a panel of six cancer cell 

lines: LCLC-103H, A-427, 5637, RT-4, DAN-G and MCF-7. The primary screening at a 

concentration of 20 µM was done in three cancer cell lines: LCLC-103H, A-427 and 5637. 

The compounds that inhibited the cell growth by more than 50% at a concentration of 20 µM 

possessed the cytotoxic activity and were further examined in the secondary screening; i.e. 

IC50 values were determined at 5 concentrations. The majority of the synthesized metal(II) 

complexes were found to be inactive. However, Pt(II) complexes 2c, 4d and 6a possessed the 

ability to inhibit the growth of the cancer cell lines at concentrations below 20 µM. These 

complexes are likely to have the trans configuration and anti-proliferative activity appears to 

be due to good stability. However, among most of the complexes no selectivity for any 

particular cell line was found. In the case of complex 2c the 5637 cancer cell line was most 

sensitive. Complex 4d showed mild and high selectivity towards A-427 and 5637 cancer cell 

lines, respectively. Complex 6a showed moderate selectivity towards A-427 and MCF-7 

cancer lines. 

The phenanthroline Pt(II) complexes 56MESSdpen and 56MERRdpen were more potent 

than the heterocyclic carboxylate complexes that I synthesized. They turned out, however, to 

be less potent than the DACH-Pt(II) complexes of phenanthroline. Generally, the 

stereochemistry of the ancillary ligand is not so crucial for their overall activity but the RR-

enantiomer is usually more active. Also in comparison to other intercalators tested, for 

instance an opposite trend is observable by these two complexes, for instance in the cell lines 

5637 and MCF-7, where 56MERRdpen is more active than its SS-enantiomer [202]. 

The ruthenium complexes also showed potent antiproliferative activity. Moreover, their 

chain-activity relationships have been investigated [278]. The hydrophobicity of these 

complexes has been established and correlated to the spacer length linking the pyridinone 

moieties. With increasing the chain length the complexes maintain more lipophilic character 
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and this may also enhance the antiproliferative activity. However, not all results indicate a 

total and direct correlation between four derivatives and that could point out other important 

mechanisms of action of these complexes.  

Other metal(II) complexes, such as lanthanum and gallium turned out also to have potent 

cytotoxic activity. Only the osmium(II) complex was deprived of antitumor activity at 20 µM. 

Generally, the results of antiproliferative testing of all metal(II) complexes indicate that 

the presence of metal-based agents, mainly having in the centre platinum or ruthenium, may 

result in very interesting anticancer agents. The targets for ruthenium complexes are likely to  

be proteins and nucleobases of DNA. The studies on representative phenanthroline complexes 

showed that the complexes have higher cellular uptake and do not activate caspase-3 such as 

cisplatin does and therefore the mode of action may be different [202]. Although the 

mechanism of action is not yet known for all complexes, it would be interesting to investigate 

whether the copper(II) complexes act in the same way as cisplatin does.  

 

4.5. Antimicrobial activity 

The series of complexes bearing heterocyclic ligands 1-6 were tested for their in vitro 

antimicrobial activity against a number of standard microorganisms, ranging form Gram 

positive and Gram negative bacteria to yeast. The standard ligands 1-6 and metal salts were 

also included for a comparison. 

In the modified agar diffusion assay the majority of the complexes showed some activity 

in the screen. Generally, the Co(II) complexes exhibited the strongest antibacterial effect 

followed by the Zn(II) complexes. The most pronounced activity with the inhibition zones of 

more than 14 mm was seen with the cobalt complexes 1c, 2b, 4a and 5c. The antimicrobial 

activity of Co(II) complexes with pyridine dicarboxylates has been published [101]. It has 

been found that pyrazine dicarboxylic acid is a good candidate for Mycobacterium 

tuberculosis [291, 292]. Moreover, the free acids and hydrazinium salts of 2-pyrazine 

carboxylate and dicarboxylates exhibit promising antibacterial activity against E. coli and 

Vibrio cholerae [293].    

Several compounds exhibited no activity at all, such as the copper 3a and 5a and platinum 

complexes 2c, 3c, 4d and 6a. The only Pt complex to show antimicrobial activity was the 

complex 1d. Very low activity was noted with the copper complexes of ligand 1. 

Interestingly, among the cobalt active complexes 5c complex appeared to have very strong 

activity, with an inhibition zone above 20 mm in comparison to the results of the controls 
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with known antibiotics. Only this complex possessed antifungal activity against Candida 

maltosa.  

Most of the tested compounds are devoid of antibacterial and antifungal properties up to 

the concentration of 125 µM. Only some ligands and metal salts, especially CoCl2 showed the 

lowest values of 62.5 µg/mL. Weak inhibition could be detected towards Gram positive 

bacteria with MIC values of 500 µg/mL. In this regard, platinum salt, picolinic acid and 

complexes 1c and 2b inhibit the growth of Bacillus subtilis and a similar behavior is seen by 

the same compounds but complex 2b against Staphylococcus aureus.  

Although the low degree of antibacterial activity prevents establishing extensive structure-

activity relationships, it is interesting that only the cobalt complexes 1c and 2b followed by 

CoCl2 exhibited activity in the MIC test. Furthermore, it is of interest also that the cobalt 

complex 5c showed the lowest MIC values of all the complexes and has a different structure 

than complexes 1c and 2b.  

The possible mechanism of action of the ligand 2 and complexes 1c and 2b which are 

rather inactive against Gram negative bacteria could be dependent of the type of bacterial 

cells. While the walls of Gram positive bacterial cell lack the outer membrane, it might be 

easier for the complexes to diffuse inside the bacterial cell. In Gram negative bacteria the 

outer membrane is much thiner than by Gram positive ones and they possess the outer 

membrane. That may be the reason why weak activity is noticed by Bacillus subtilis and 

Staphylococcus aureus for complexes 1c and 5c and ligand 2, while no activity is found with 

Escherichia coli, except for complex 5c. Nevertheless, all metal salts showed activity on the 

strains of Gram positive and negative bacteria.  

Moreover, the ligand 2 which is a picolinic acid is also a nicotinic acid isomer and this 

fact could also explain why some antibacterial activity was found in the MIC assay. As other 

active compounds can one distinguish the para isomer, isonicotinic acid and its hydrazide, 

isoniazide which is a widely used anti-tuberculosis drug against Plasmodium sp. As well as 

isoniazid, also pyrazidamide is used along in treatment of tuberculosis.  

Although the results confirmed that the most active are Co(II) carboxylates, their MIC 

values are quite high and thus can not be classifed as potent antimicrobial agents.  
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5. Conclusions 

Known and new heterocyclic metal(II) carboxylates were prepared and characterized by 

using the available spectroscopic methods. Both complexes 5a and 5b were identified for the 

first time with the crystallographic structures. Copper(II) complex 5a was found in the cis 

configuration, while cobalt(II) complex 5b was found in the trans mode.  

Additional metal(II) complexes that entered the cytotoxic assay carried such metals as for 

instance ruthenium, platinum, gallium, lanthanum and osmium. Osmium complex was 

deprived of anticancer activity, however, most of the other metal complexes were found to be 

very active (mean IC50 [µM] values in range 2.15-17.84).  

Antimicrobial activity was determined for all synthesized complexes and found for 

cobalt(II) complexes 1c and 2b, while the cobalt(II) complex 5c showed the highest activity 

against bacterial strains. The antiproliferative activity (mean IC50 [µM] values in range 11.80-

18.43) in various human cancer cell lines was found among the platinum(II) complexes 

bearing ligands 2, 5 and 6. The most active was the compound 2c (mean IC50 [µM] value 

11.80). Among the novel coordination complexes of 5a and 5b, none showed any biological 

activity, however 5d was found to exist in two isomeric forms with the trans predominating 

over the cis by a ratio of 9:1. Interestingly, this trans-platinum(II) complex was quite active in 

the cytotoxic assay.  

Another interesting observation was that the benzimidazole ligand 4 gave only a 

satisfactory product with Co(II) 4a. Surprisingly, we could not obtain a pure sample of the 

copper(II) complex with ligand 4 by a direct reaction, although we obtained a 1:1 ligand to 

metal ion complex previously via an indirect route [87]. 

Computational studies performed for complexes 5a, 5b and 5d indicated that the most 

stable complexes with lowest energy are the complexes with trans configuration. The barrier 

of isomerisation is high for the 5a complex and lowest for the 5d complex. Moreover, both 

remain in the trans configuration after optimization and interestingly, in the trans mode, 

although the copper(II) complex 5a was obtained in the cis conformation. 

The stability studies of tested complexes indicated that the metal ion compounds are 

instable in aqueous buffered solution and can easily react with intracellular thiols such as 

gluthatione. Furthermore, among the antibacterial active complexes the free metal ion is likely 

to be responsible for activity and not the complex directly.  

Platinum(II) complexes with bis-chelating heterocyclic carboxylate ligands represent an 

interesting new class of compounds from the view point of their structural and cytotoxic 

properties. 
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6. Experimental Section 

 

6.1. General Information 

 

Reagents were obtained from commercial suppliers and used directly without further 

purification. The ligands: 2-pyrazine carboxylic acid, 2-picolinic acid, imidazole-4-carboxylic 

acid and 2-methyl pyrazine carboxylic acid and metal ion salts: CuCl2*2H2O and CoCl2 

*6H2O were Sigma-Aldrich products. The ligands benzimidazole-2-carboxylic acid and 1H-

methylimidazole-2-carboxylic acid were Biogene Organics products. Metal ion salts K2PtCl4 

and ZnCl2 were Alfa Aesar and Merck products, respectively. They were of analytical grade 

purity and were used directly without further purification. The RPMI-1640 medium and fetal 

calf serum (FCS) were obtained from Sigma-Aldrich (Taufkirchen, Germany). The nutrient 

agar was OXOID LTD product (Basingstoke, Hampshire, UK, 27 g/L water). 

 

Melting points (M.p.) were determined by MEL-TEMP®II (Mel-Temp Laboratory 

Devices Inc, USA) melting point apparatus and are uncorrected. 

 

Elemental analyses were performed by Ilse Beetz Mikroanalytisches Laboratorium, 

Kronach; the Center for Chemical Analysis at the Faculty of Chemistry and Pharmacy, 

University of Regensburg; the Inorganic Chemistry, at the Institute of Biochemistry, 

University in Greifswald; the Faculty of Pharmacy, Department of Chemical Technology of 

Drugs, Medical University in Gdansk (Poland). 

 

IR spectra in the range 4000-400 cm–1 were recorded on a Perkin-Elmer 1600 FTIR 

spectrometer as KBr pellets. 

 

1H-NMR spectra were recorded with Bruker 200 MHz and Bruker Avance II - 400 MHz 

spectrometers. Chemical shifts are recorded in ppm. The measurements were carried out in 

DMF-d7 and DMSO-d6. The chemical shifts are related to tetramethylsilane (TMS) as internal 

standard and are reported as parts per million (ppm). Coupling constants (J) are reported in 

units of Hertz (Hz). The following abbreviations are used, s: singlet; bs: broad singlet; d: 

doublet; dd: doublet of doublets; t: triplet; q: quartet; m: multiplet. 

 

X-ray crystal structure analysis. The diffraction data for single crystals of compounds 5a 

and 5b were collected at 130 K with a KumaCCD diffractometer using graphite 
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monochromated Mo K α radiation. The intensity data were collected and processed using 

Oxford Diffraction CrysAlis Software [294]. The structures were solved by direct methods 

with the program SHELXS-97 [295] and refined by full-matrix least-squares method on F2 

with SHELXL-97 [295]. Crystallographic data for compounds 5a and 5b have been deposited 

with the Cambridge Crystallographic Data Centre, with the deposition Nos. CCDC 766523 & 

766524. 

 

RP-HPLC was accomplished with a Merck-Hitachi system consisting of a D-7000 

interface, L-7100 pump, L-7360 thermostat column (30 °C), L-7612 solvent degasser, L-4500 

diode-array-detector and a 7125 Rheodyne sample injector fitted with a 20µL injection loop 

(250 µL for preparative use). Separations were done with the use of CC 250/4 Nucleosil 120-

5 C18 (Macherey-Nagel) or (Merck); SP 250/21 Nucleosil 100-7 C18 (Macherey-Nagel). The 

t0 retention time for thiourea equals 3.54 min. The capacity factors (k’) as well as the retention 

times (tR) are reported with asymmetry factors (AsF).      

Mobile phases: A: Acetonitrile + 0.1% TFA; B: Water + 0.1% TFA; C: Acetonitrile, D: 

Water, E: 20 mM KH2PO4 in water (pH = 3.3).  

HPLC conditions using the Nucleosil columns: System 1: 3% C/E (Flow rate: 0.7 mL/min); 

System 2: 10% C/D (Flow rate: 0.7 mL/min); System 3: 30% C/D (Flow rate: 0.7 mL/min); 

System 4: 10% C/E (Flow rate: 0.7 mL/min); System 5: 0-25% A/B (Flow rate: 0.7 mL/min); 

System 6: 2% A/B (Flow rate: 0.7 mL/min); System 7: 5% C/E (Flow rate: 0.7 mL/min); 

System 8: 10% A/B (Flow rate: 0.7 mL/min); System 9: 30-50% C/E (Flow rate: 0.7 

mL/min); System 8: 40-60% A/B (Flow rate: 0.7 mL/min). 

HPLC conditions using the preparative Nucleosil column: System 11: 30% C/D (Flow rate: 

20 mL/min). 

 

LC/MS spectra were obtained by using a Shimadzu High Perfomance Liquid 

Chromatograph/Mass Spectrometer LC/MS-IT-TOF (Solvent Delivery Module: LC-20AD 

Prominence) consisting of an autosampler: SIL-20AC HT Prominence, column oven CTO-

20A Prominence, system controller: CBM-20A Prominence, UV/VIS photodiode array 

detector: SPD-M20A Prominence, evaporative light scattering detector: ELSD-LT II, LC/MS-

IT-TOF workstation, software: LCMS solution Version 3.41. 

Conditions: System 1: RP-18e, 50 mm, 5 µm; ACN/H2O 7:93 (0.1% HCOOH); Flow: 1 

mL/min; Ex: 290 nm, Em: Heat-Block- and CDL-Temperature: 200 °C. System 2: RP-18e, 

50 mm, 5 µm; ACN/H2O 1:9 (0.1% HCOOH); Flow: 1 mL/min; Ex: 290 nm, Em: Heat-

Block- and CDL-Temperature: 200 °C. System 3: RP-18e, 50 mm, 5 µm; H2O/ACN 80:20 
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(0.1% HCOOH); Flow: 0.2 mL/min; Ex: 290 nm, Em: Heat-Block- and CDL-Temperature: 

200 °C. System 4: RP-18e, 50 mm, 5 µm; MeOH/H2O 25:75 (0.1% HCOOH); Flow: 0.2 

mL/min; Ex: 290 nm, Em: Heat-Block- and CDL-Temperature: 200 °C. 

 

UV/Vis spectra were taken on Analytik Jena Spekol 1200 (Carl Zeiss Technology, Jena, 

Germany) diode array UV-Vis spectrophotometer connected to a PC running Aspect Plus (v. 

1.5) software. The studies were performed in 10% DMF or 10% DMSO / Water. Stability 

studies were performed with 5 ml of Dulbecco's buffer (pH = 7.4), pre-warmed at 37 °C. Ten 

microliters of the 20 mM DMSO solution of the metal (II) complexes was added to the buffer 

and the solution was then transferred to the 1 cm quartz cuvette holder maintained at 37 °C. 

The spectra were recorded in one hour intervals beginning at t = 0 up to 24 h between the 

wavelengths 200 and 730 nm, without and with the addition of 10 mM GSH buffer solution or 

a 10 mM ascorbic acid buffer solution. 

 

6.2. Synthesis of the coordination compounds 

 The coordination metal complexes were synthesized using heterocyclic ligands: 2-pyrazine 

carboxylic acid (1), 2-picolinic acid (2), 1H-imidazole-4-carboxylic acid (3), benzimidazole-

2-carboxylic acid (4), 1-methylimidazole-2-carboxylic acid (5) and methyl-2-

pyrazinecarboxylate (6). The ligands (1mM) were dissolved in water and the resulting 

solution was treated with the copper(II), cobalt(II), zinc(II) dichloride and tetrachloroplatinum 

(II) (1 mM) dissolved in water. Then the products were separated from the reaction mixtures 

by suction filtration, washed with water, ethanol and diethylether and dried at room 

temperature. 

 

6.2.1. Bis(Pyrazine-2-carboxylato-�
1
,O)-copper (II) (1a) 

The blue crystals of 1a were obtained after 4 days at r.t. after addition of the ligand (5 mmol) 

in water (150 mL) to CuCl2 (5 mmol) in water (25 mL). M.p. = 270 oC. Yield 32% (0.5g), 

Anal. Calcd. for C10H6CuN4O4: C, 38.53; H, 2.59; N, 17.97. Found: C, 38.04; H, 2.79; N, 

17.93. IR (KBr) v (cm-1): 3435, 3068, 3023, 2350, 2097, 1876, 1631, 1585, 1530, 1477, 1417, 

1348, 1296, 1160, 1058; UV-Vis λ (ε) = 217 nm (17200 M-1cm-1), 238 nm (27904 M-1cm-1), 

269 nm (42936 M-1cm-1). LC/MS (System 1): C10H6N4O4Cu, Ion: [C10H6N4O4Cu + H]+, Pred. 

m/z 309.9758, Meas. m/z 309.9737, Df. (ppm) = -6.77. HPLC: k’ = 0.29; tr = 3.96, AsF = 

0.375. 
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6.2.2. Diaqua-bis(Pyrazine-2-carboxylato-�
1
,O)-copper (II) (1b) 

The deep blue crystals of 1b precipitated after 24 h at r.t. after addition of the ligand (5 mmol) 

in water (150 mL) to CuCl2 (5 mmol) in water (25 mL). M.p. = 256 oC. Yield 23% (0.18g), 

Anal. Calcd. for C10H6CuN4O4*2H2O: C, 34.68; H, 2.89; N, 16.18. Found: C, 37.83; H, 3.09; 

N, 16.59. IR (KBr) v (cm-1): 3377, 3074, 1648, 1586, 1533, 1473, 1414, 1347, 1291, 1160, 

1057, 1045; UV-Vis λ (ε) = 237 nm (25048 M-1cm-1), 269 nm (38232 M-1cm-1). LC/MS 

(System 1): C10H6N4O4Cu, Ion: [C10H6N4O4Cu + H]+, Pred. m/z 309.9758, Meas. m/z 

309.9730, Df. (ppm) = -9.03. HPLC:  k’ = 2.89; tr = 3.96, AsF = 0.5. 

 

6.2.3. Diaqua-bis(Pyrazine-2-carboxylato-�
1
,O)-cobalt (II) (1c) 

The resulting orange crystals 1c were obtained after 2 weeks at r.t. from the addition of the 

ligand (2 mmol) in water (120 mL) to CoCl2 (4 mmol) in water (20 mL) after 3h heating at 60 

°C. M.p. = 304-307 oC. Yield 39% (0.26g), Anal. Calcd. for C10H6CoN4O4*2H2O: C, 35.08; 

H, 2.91; N, 16.37. Found: C, 34.58; H, 2.79; N, 15.78. IR (KBr) v (cm-1): 3180, 3070, 2327, 

2085, 1995, 1616, 1582, 1529, 1469, 1413, 1351, 1288, 1161, 1045; UV-Vis λ (ε) = 238 nm 

(21804 M-1cm-1), 269 nm (39184 M-1cm-1). LC/MS (System 2): C10H6N4O4Co, Ion: 

[C10H6N4O4Co + H]+ Pred m/z 305.9794, Meas. m/z: 305.9758, Df. (ppm) = -11.77. HPLC:  

k’ = 1.86; tr = 10.85, AsF = 0.66. 

 

6.2.4. Dichloro-bis(Pyrazine-�
1
,�)-platinum (II) (1d) 

The brown product was obtained after addition of ligand (0.1 mmol) in water (20 mL) and 

K2PtCl4 (0.05 mmol) in water (6 mL). The reagents were heated at 80 oC for 30 min. The 

compound was washed with water, ethanol and diethylether and dried. M.p. >300 oC. Yield 

43% (0.1g), Anal. Calcd. for C8H8N4Cl2Pt: C, 22.53; H, 1.87; N, 13.14. Found: C, 22.55; H, 

2.00; N, 10.89. IR (KBr) v (cm-1): 3454, 3085, 2358, 1712, 1591, 1518, 1461, 1409, 1379, 

1325, 1175, 1147, 1076, 1015; UV-Vis λ (ε) = 214 nm (11492 M-1cm-1), 276 nm (25172 M-

1cm-1). HPLC: k’ = 1.86; tr = 17.26, AsF = 0.75. 

 

6.2.5. Bis(Pyrazine-2-carboxylato-�
1
,O)-zinc (II) * 2.5 H2O (1e) 

The resulting white product 1e was obtained by addition of the ligand (1.8 mmol) in water (20 

mL) to ZnCl2 (2 mmol) in water (6 mL) by pH = 6.3 after 2 h of heating at 80 oC. m.p. = 240-

246 oC. Yield 41% (0.3 g), Anal. Calcd. for C10H6N4O4Zn*2.5H2O: C, 33.71; H, 3.09; N, 

15.73. Found: C, 33.47; H, 2.91; N, 16.00. IR (KBr) v (cm-1): 3262, 3071, 1621, 1583, 1529, 
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1471, 1411, 1356, 1290, 1160, 1046; UV-Vis λ (ε) = 226 nm (2000 M-1cm-1), 283 nm (5200 

M-1cm-1). HPLC: k’ = 0.48; tr = 5.24. 

 

6.2.6. Diaqua-bis(2-picolinate-�
1
,O)-copper (II) (2a) 

The dark blue crystals of 2a were obtained after addition of the ligand (0.5 mmol) in methanol 

(3 mL) to CuCl2 (1 mmol) in methanol (1 mL) and left for 9 days in the refrigerator. M.p. = 

266-270 °C. Yield 25% (0.03 g), Anal. Calcd. for C12H8N2O4Cu*1.5H2O: C, 42.98; H, 3.28; 

N, 8.36. Found: C, 43.37; H, 3.23; N, 8.58. IR (KBr) v (cm-1): 3202, 3107, 1644, 1600, 1471, 

1446, 1355, 1291, 1263, 1166, 1094, 1049; UV-Vis λ (ε) = 213 nm (10752 M-1cm-1), 235 nm 

(17700 M-1cm-1), 264 nm (25232 M-1cm-1), 645 nm (938 M-1cm-1). HPLC: k’ = 1.95; tr = 

10.46. 

 

6.2.7. Bis(2-picolinate-�
1
,O)-cobalt (II) * 2.25 H2O (2b) 

The ligand (1 mmol) in ethanol (10 mL) was mixed with CoCl2 (1 mmol) in ethanol (5 mL) 

and the mixture was heated until evaporation of the solvent. The precipitate 2b was washed 

with ethanol. M.p. = 243 oC. Yield 11% (0.04 g), Anal. Calcd. for C12H8CoN2O4*2.25H2O: C, 

41.92; H, 3.63; N, 8.15. Found: C, 42.03; H, 3.37; N, 8.07. IR (KBr) v (cm-1): 3506, 3087, 

1649, 1595, 1571, 1381, 1298, 1153, 1098, 1048, 1022; UV-Vis λ (ε) = 215 nm (79548 M-

1cm-1), 260 nm (31532 M-1cm-1), 661 (852 M-1cm-1). HPLC: k’ = 3.17; tr = 15.07, AsF = 1.16. 

 

6.2.8. Bis(2-picolinate-�
1
,O)-platinum * 0.5 H2O (II) (2c) 

The resulting yellow powder 2c was obtained after addition of the ligand (1 mmol) in water 

(20 mL) to K2PtCl4 (0.53 mmol) in water (6 mL) after heating at 60 oC by pH = 6. M.p. = 297 
oC. Yield 17% (0.04 g), Anal. Calcd. for C12H8N2O4Pt*0.5H2O: C, 32.15, H, 2.02; N, 6.25. 

Found: C, 32.28; H, 1.95; N, 6.28. IR (KBr) v (cm-1): 3067, 1680, 1606, 1571, 1476, 1448, 

1323, 1278, 1265, 1164, 1150, 1092, 1062; UV-Vis λ (ε) = 208 nm (2584 M-1cm-1), 227 nm 

(3724 M-1cm-1), 243 nm (7716 M-1cm-1). HPLC: k’ = 1.02; tr = 6.04, AsF = 0.8. 

 

6.2.9. Bis(2-picolinate-�
1
,O)-zinc * 2 H2O (II) (2d) 

The white product was obtained in the reaction of the ligand (2 mmol) in ethanol/water (10/6 

mL) and ZnCl2 (1 mmol) in water (6 mL) at r.t. M.p. = 104-110 oC. Yield 16.2% (0.05g). 

Anal. Calcd. For C12H8ZnN2O4*2H2O: C, 41.70, H, 3.50; N, 8.11. Found: C, 41.67; H, 2.84; 

N, 8.09. IR (KBr) v (cm-1): 1713, 1652, 1598, 1571, 1444, 1371, 1297, 1236, 1147, 1100, 
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1047, 1027. UV-Vis λ (ε) = 206 nm (2659 M-1cm-1), 214 nm (2698 M-1cm-1). HPLC: k’ = 

8.13; tr = 1.29. 

 

6.2.10. Bis-(4-imidazolecarboxylato-�
1
,O)-copper (II) (3a) 

The blue powder of 3a was obtained after 20 min of stirring of the ligand (0.2 mmol) in 

methanol/water (5.5 mL/5 mL) and CuCl2 (0.1 mmol) in water (1 mL) at r.t. M.p. = 308-310 
oC. Yield 31% (0.04g), Anal. Calcd. for C8H6CuN4O4: C, 33.56; H, 2.09; N, 19.58. Found: C, 

33.39; H, 2.48; N, 19.48. IR (KBr) v (cm-1): 3156, 3118, 2990, 2938, 2845, 2618, 1618, 1566, 

1518, 1446, 1350, 1330, 1239, 1209, 1174, 1090; UV-Vis λ (ε) = 202 nm (19432 M-1cm-1), 

213 nm (17828 M-1cm-1), 256 nm (30076 M-1cm-1). HPLC: k’ = 2.12; tr = 11.05. 

 

6.2.11. Diaqua-bis-(4-imidazolecarboxylato-�
1
,O)-cobalt (II) (3b) 

The pink powder 3b was obtained after addition of the ligand (0.45 mmol) in water (20 mL) 

to CoCl2 (0.25 mmol) in water (6 mL) after 20 min of stirring at r.t. M.p. = 294-297 oC. Yield 

62% (0.05 g), Anal. Calcd. for C8H6CoN4O4*2H2O: C, 30.30; H, 3.18; N, 17.67. Found: C, 

29.58; H, 3.45; N, 17.55. IR (KBr) v (cm-1): 3143, 2837, 2682, 1690, 1579, 1546, 1526, 1510, 

1458, 1389, 1332, 1227, 1091; UV-Vis  λ (ε) = 213 nm (8248 M-1cm-1), 249 nm (24288 M-

1cm-1). HPLC: k’ = 2.09; tr = 10.29, AsF = 0.33. 

 

6.2.12. Diaqua-bis-(4-imidazolecarboxylato-�
1
,O)-platinum (II) (3c) 

The grey powder 3c was obtained after addition of K2PtCl4 (0.24 mmol) in water (7 mL) to 

the ligand (0.45 mmol) in water (30 mL) by pH = 6 and placed in the refrigerator. M.p. = 274 
oC. Yield 50% (0.05 g), Anal. Calc. for C8H6N4O4Pt*2H2O: C, 21.20; H, 2.22; N, 12.36. 

Found: C, 21.11; H, 1.88; N, 12.36. IR (KBr) v (cm-1): 3123, 2864, 1620, 1580, 1519, 1455, 

1332, 1202, 1106, 1041; UV-Vis  λ (ε) = 204 nm (9800 M-1cm-1), 215 nm (12132 M-1cm-1), 

250 nm (25016 M-1cm-1). HPLC: k’= 1.32; tr = 13.13; AsF = 0.77. 

 

6.2.13. Bis(benzimidazole-2-carboxylato-�
1
,O)-cobalt (II) * 4.5 H2O  (4a) 

The pink powder 4a was obtained after addition of the ligand (1 mmol) in water (60 mL) to 

CoCl2 (0.5 mmol) in water (5 mL) after 2 h of stirring by pH = 6.35 at r.t. M.p. = 225 oC. 

Yield 31% (0.14 g), Anal. Calcd. for C16H10CoN4O4*4.5H2O: C, 41.56; H, 4.11; N, 12.12. 

Found: C, 41.45; H, 4.05; N, 12.22. IR (KBr) v (cm-1): 3088, 1604, 1524, 1490, 1465, 1490, 

1387, 1366, 1329, 1305, 1233, 1149, 1118, 1020; UV-Vis λ (ε) = 238 nm (22400 M-1cm-1), 

284 nm (55432 M-1cm-1), 640 (985 M-1cm-1). HPLC: k’ = 2.04; tr = 18.84, AsF = 1.0. 
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6.2.14. Bis-(1-Methylimidazole-2-carboxylato-�´,O)-copper (II) (5a) 

The resulting blue crystals 5a were obtained after mixing the ligand (1 mmol) in water (30 

mL) with CuCl2 (0.5 mmol) in water (4 mL) by pH = 6.35 after 5 weeks in the refrigerator. 

M.p. = 237 oC. Yield 22% (0.07 g), Anal. Calcd. for C10H10CuN4O4: C, 38.21; H, 3.18; N, 

17.83. Found: C, 38.30; H, 3.31; N, 18.13. IR (KBr) v (cm-1): 3141, 3110, 2950, 1643, 1497, 

1427, 1311, 1289, 1178, 1092; UV-Vis λ (ε) = 216 nm (8336 M-1cm-1), 251 nm (24020 M-

1cm-1). LC/MS (System 3): C10H10N4O4Cu; Ion: [C10H10N4O4Cu + H]+ Pred. m/z 314.0071, 

Meas. m/z: 314.0049, Df. (ppm) = -7.01. HPLC: k’ = 1.11; tr = 6.33, AsF = 0.75. 

 

6.2.15. Diaqua-bis-(1-Methylimidazole-2-carboxylato-�´,O)-cobalt (II) (5b) 

CoCl2 (0.5 mmol) in water (5 mL) was added to the ligand (1 mmol) dissolved in water (30 

mL) and the pink crystals 5b were obtained after 1.5 h at r.t.  M.p. = 226-230 oC. Yield 68% 

(0.11 g), Anal. Calcd. for C10H10CoN4O4*3H2O: C, 32.96; H, 4.40; N, 15.38. Found: C, 

30.96; H, 4.77; N, 14.27. IR (KBr) v (cm-1): 3121, 2357, 1603, 1485, 1424, 1369, 1332, 1282, 

1169, 1085, 1044; UV-Vis  λ (ε) = 215 nm (9884 M-1cm-1), 256 nm (33228 M-1cm-1). LC/MS 

(System 3): C10H10N4O4Co, Ion: [C10H10N4O4Co + H]+, Pred. m/z 310.0107, Meas. m/z 

310.0109, Df. (ppm) = 0.65. HPLC: k’ = 0.54; tr = 4.94, AsF = 1.0. 

 

6.2.16. Dichloro-bis-(1-Methylimidazole)-cobalt (II) (5c) 

The dark blue crystals of 5c were obtained after addition of the ligand (1 mmol) in ethanol (6 

mL) to CoCl2 (1 mmol) in ethanol (4 mL) after heating at 80 oC until the evaporation of the 

solution. The rest was dissolved in ethanol and the product that precipitated was washed 

thoroughly with ethanol and diethylether and then filtrated and dried. M.p. = 280-283 oC. 

Yield 13% (0.04g), Anal. Calcd. for C8H12CoN4Cl2: C, 32.68; H, 4.11; N, 19.05. Found: C, 

32.65; H, 4.08; N, 19.04. IR (KBr) v (cm-1): 3120, 2354, 2202, 1694, 1582, 1538, 1519, 1423, 

1445, 1335, 1285, 1231, 1157, 1093, 1024; UV-Vis λ (ε) = 215 nm (4372 M-1cm-1), 247 nm 

(17708 M-1cm-1). HPLC: k’ = 0.69; tr = 10.84, AsF = 0.75. 

 

6.2.17. Bis-(1-Methylimidazole-2-carboxylato-�´,O)-platinum (II) * 0.5 H2O (5d) 

The yellow powder 5d was prepared after addition K2PtCl4 (0.53 mmol) in water (6 mL) to 

the ligand (0.48 mmol) in water (20 mL) by pH = 8 at r.t. M.p. = 270-272 oC. Yield 22% 

(0.05 g), Anal. Calcd. for C10H10N4O4Pt*0.5H2O: C, 26.44; H, 2.44; N, 12.33. Found: C, 

26.46; H, 2.55; N, 12.48. IR (KBr) v (cm-1): 3112, 2363, 1661, 1546, 1501, 1426, 1283, 1191, 

1158, 1073; UV-Vis λ (ε) = 210 nm (5500 M-1cm-1), 217 nm (4732 M-1cm-1), 253 nm (8848 
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M-1cm-1), 293 nm (4108 M-1cm-1); 1H-NMR (DMSOd6) ϭ = 3.9 (s, 3H, CH3), 7.4 (d, 1H, 

aromat), 7.6 (d, 1H, aromat); LC/MS (System 4): C10H10N4O4Pt, Ion: [C10H10N4O4Pt + H]+, 

Pred. m/z 446.0422, Meas. m/z 446.0439, Df. (ppm) = 3.81; Ion: [C10H10N4O4Pt + Na]+, Pred. 

m/z 468.0242, Meas. m/z 468.0225, Df. (ppm) = -3.63. HPLC: k’1 = 5.31, k’2 = 5.97; tr1 = 

22.48, tr2 = 24.83, AsF1 = 0.54, AsF2 = 0.28. 

 

6.2.18. Dichloro-bis-(Methyl-2-pyrazinecarboxylato-�´,O)-platinum (II) * H2O (6a) 

The yellow powder 6a was prepared after addition of the ligand (2 mmol) in water (20 mL) to 

K2PtCl4 (1 mmol) in water (5 mL) after 20 min at r.t. M.p. 268-271 °C. Yield 70% (0.38 g), 

Anal. Calcd. for C12H12N4O4PtCl2*H2O: C, 25.73; H, 2.52; N, 10.00. Found: C, 25.57; H, 

2.46; N, 10.17. IR (KBr) v (cm-1): 3073, 2155, 1750, 1736, 1591, 1521, 1435, 1412, 1309, 

1201, 1141, 1078. UV-Vis λ (ε) = 202 nm (13844 M-1cm-1), 211 nm (15660 M-1cm-1), 214 nm 

(15504 M-1cm-1), 254 nm (33812 M-1cm-1). 1H-NMR (DMFd7) ϭ = 4.0 (s, 3H, CH3), 8.94 (d, 

1H, aromat), 9.28 (d, 1H, aromat), 9.62 (s, 1H, aromat). HPLC: k’ = 1.78; tr = 9.85. 

 

6.3. X-ray structure determination 

Crystallographic data for compounds 5a and 5b have been deposited with the Cambridge 

Crystallographic Data Centre, with the deposition Nos. CCDC 766523 & 766524. 

6.3.1. Crystal data for complexes 1a-c, 2a and 5c 

For single crystals of compounds 1a, 1b, 1c and 5c the unit-cell parameters were 

determined with a KumaCCD diffractometer using graphite monochromated Mo Ka radiation. 

The check against crystal data deposited with the Cambridge Structural Database (CSD [296]) 

indicated that 1a had parameters corresponding to the refcode BEYPUQ [239], 1b to the 

refcode BEYREY [239], 1c to the refcode PRZCOC [240], 2a to the refcodes CUPICH, 

CUPICH01-09 [242, 243] and 5c to the refcode XIWKIX [246]. 

6.3.2. Crystal data for complex 5a 

C20H20Cu2N8O8, triclinic, space group P-1, a = 7.8872(4), b = 7.8989(4), c = 9.8609(5) Å, 

a = 78.402(5), b = 73.035(5), g = 73.164(5)°, V = 557.84(5) Å3, Z = 1, dx = 1.868 g cm-3, 

m(Mo Ka) = 1.975 mm-1, 5005 data were collected up to 2qmax = 52.72° for a crystal with 

dimensions 0.5 · 0.2 · 0.2 mm3 (Rint = 0.0114, Rs = 0.0150). Final R indices for 2134 

reflections with I > 2s(I) and 175 refined parameters are: R1 = 0.0209, wR2 = 0.0509 (R1 = 

0.0228, wR2 = 0.0514 for all 2264 data). 
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6.3.3. Crystal data for complex 5b 

C10H14CoN4O6.2(H2O), monoclinic, space group P21/n, a = 10.8174(4), b = 4.9833(2), c = 

13.7096(5) Å, b = 91.702(4)°, V = 738.71(5) Å3, Z = 2, dx = 1.714 g cm-3, m(Mo Ka) = 

1.211 mm-1, 11305 data were collected up to 2qmax = 52° for a crystal with dimensions 0.5 · 

0.1 · 0.07 mm3 (Rint = 0.0303, Rs = 0.0312). Final R indices for 1275 reflections with I > 

2s(I) and 131 refined parameters are: R1 = 0.0235, wR2 = 0.0542 (R1 = 0.0355, wR2 = 

0.0584 for all 1654 data). 

6.4. Computational details 

The  studies  were  based  on  density  functional  theory  (DFT) calculations  and 

performed  with  the Gaussian 03W (v. 6.1) program [284] by using the incorporated density 

functionals and basis sets. The appropriate dimer units for complexes 5a and 5b were 

generated from crystal structures. Representation of molecules was done with PC Model (v. 

8.50.0) program [297]. In order to find the most appropriate computational model, some 

preliminary calculations were performed. Different DFT methods with selected basis sets 

were tested. The molecules were constructed in PC Model and initially minimized with the 

MMX force field. Next, optimization  by  Gaussian  with  the  Berny  algorithm  in  redundant  

internal coordinates was performed after setting the charge and multiplicity of the molecule 

followed by the method and  basis  set.  The  performance  of  computational  model  was  

evaluated by calculating the best least squares fit for all atoms in the calculated and the X-ray 

crystal structures of 5a and 5b; finally with the B3LYP method and the LANL2DZ  basis  the  

best  agreement  was  achieved. The results of the energy calculations are given for all but 5b 

as mean values with standard deviations from 3 independent experiments. 

 

6.5. Determination of cytotoxic activity 

The activity was examined on a panel of human cancer cell lines: DAN-G (pancreas), 

MCF-7 (breast), RT-4 and 5637 (urinary bladder), A-427 (small-cell lung), LCLC-103H 

(non-small cell lung), SISO (cervical) and KYSE-70 (esophagus). The cell lines were 

obtained from the German Collection of Microorganisms and Cell Cultures (Deutsche 

Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany). The 

Oxoplatin-resistant cancer cell lines: 5637-oxo, SISO-oxo and KYSE-70-oxo were 
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established in our laboratories (Greifswald) through weekly exposure of cells to increasing 

concentrations of oxoplatin over a period of several months. 

 

The materials, chemicals and devices used in the cytotoxicity testing: 

� 96-well microtiter plate (Tissue Culture Plate 96-Well Flat Bottom with Lid, Sarstedt, 

Nümbrecht, Germany) 

� 25 mL and 75 mL flasks (Sarstedt, Nümbrecht, Germany) 

� 8- and 12-channel-pipette (labopette 50-250 µL, Hirschmann® Laborgeräte GmbH & 

Co.KG, Eberstadt, Germany) 

� Centrifuge (Biofuge primo R, Heraeus, VWR®, Germany) 

� RPMI-1640 Medium with L-Glutamine and 2.0 g/L NaHCO3 sterile filters, (PAN, 

Biotech GmbH) 

� Trypsin-EDTA Solution (1X) (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) 

� Antibiotics (AB): Penicillin / Streptomycin (10000 U Penicillin / mL, 10 mg 

Streptomycin / mL, 100 mL, sterile filtered, for cell culture, PANTM Biotech GmbH) 

� FCS (Fetal Bovine Serum) (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) 

� Glutaraldehyde Solution (Fluka Analytical, Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany) 

� Dulbecco´s Buffer (pH = 7.4) 

0.2 g KCl, 8.0 g NaCl, 0.1 g MgSO4*7H2O, 0.2 g KH2PO4, 2.16 g 

Na2HPO4*7H2O ad 1000 mL Aqua dest., dissolved and pH measured  

� Coulter Clenz Z2, Particle Count & Size Analyzer (Beckman Coulter) 

� Incubator HeraCell (Heraeus, Thermo Fisher Scientific) 

� Universal Shaker, (Lab Tec Edmund Bühler GmbH TiMix, Hechingen, Germany) 

 

Thawing the cell lines. Cancer cell lines are stored frozen in plastic cryo-ampoules in 

liquid nitrogen freezer (-196ºC). The vials with the frozen cell lines were thawed in the water 

bath at 37ºC. Having melted, the ampoules were disinfected with 70% ethanol and moved into 

the laminar box and there opened. 1 mL of cell suspension was transferred to a 50 mL 

centrifuge tube, and 25 mL of an adequate medium was added. The medium wasa at first 

added dropwise, progressively increasing its amount. The cells were swirled in the centrifuge 

for 4 min with the speed of 400 G at room temperature. Afterwards, the medium was carefully 

aspirated, leaving the cells on the bottom. 12.5 mL of fresh medium was added, the whole 

capacity was precisely stirred and transferred to a 75 mL sterile culture flask containing 

already 12.5 mL of the fresh medium. After thawing the cell cultures they are cultivated at 
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first in the flasks of 75 mL capacity filled with 25 mL of medium and then in 25 mL flasks 

with 7.5 mL of medium. 

 

The culture medium was RPMI-1640 medium containing 2 g/L NaHCO3, 10% fetal calf 

serum (FCS) and supplemented with penicillin G/streptomycin. The exception was for the 

MCF-7 cancer cell line where the medium contained pyruvate (1 mM), MEM salts and amino 

acid. The cells were incubated 7 days in 75 mL flasks in the atmosphere of 5% CO2 at 37 oC.  

 

Preparation of the passages and microtiter plates. After 7 days cell growth in flasks in the 

incubator they were treated with 3.0 mL trypsin/EDTA solution (3-7 min depending on the 

type of the cell line) to detach from each other and from the bottom of the flask. Afterwards, 

trypsin was aspirated and 5.0 mL of new medium was added. The cells were counted in 0.5 

mL of the medium using Coulter Z2 Counter. The new passages carried 50 000 cells in 7.5 

mL of medium. To prepare the 96-well microtiter plates 100 µL of the cell suspensions were 

seeded at a density 1000 cells per well for each cancer cell line but LCLC-103H cancer cell 

line (500 cells per well). The control rows obtained just DMF or DMSO solution. 

 

Addition of the complexes to the well of the microtiter plates. Twenty four hours after 

plating the cells were treated with the tested substance prepared in DMSO (TCA371, KP46, 

KP1548, Ru(II), Cu(II) and Co(II) complexes) or DMF (the rest) stock solutions.  
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Figure 6.1. Scheme of the plate in the primary screening. The 1st row serves as a control row 

filled with solvent (DMF or DMSO); in the rows 2-12 are the solvents of the compounds 

added. 
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The concentration was either 20 µM of the compound in the primary screening (Fig. 6.1.) 

or at five different successive concentrations starting from 10 or 20 µM in the secondary 

screening (Fig. 6.2.). 

The amount that was added to the plate was 10 µL DMSO or DMF / 5 mL medium, 100 

µL of solution per well. One untreated plate was left untouched for each cell line and served 

later as the ‘C,0’ control during obtaining the results. The ´0` plates that served as a control of 

the cell growth were stopped using 1% Glutaraldehyde Dullbecco´s buffer (GBS) solution 

(100 µL pro well) for 20 min and filled with Dullbecco´s buffer solution and stored in the 

refrigerator at 4 °C.  
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Figure 6.2. Scheme of the plate in the secondary screening. The 1 and 7 rows serve as control 

rows filled with the solvent; in the rows 2-6 and 8-12 the compounds are added starting from 

the lowest concentration (rows 2 and 8, respectively) and ending with the highest 

concentration (rows 6 and 12, respectively). 

 

Stopping the cells followed by the staining procedure of crystal violet. After 4 days the 

plates were fixed with 1% GBS for 20 min and replaced with Dullbecco’s buffer solution. 

Afterwards, all plates were stained with 0.02% crystal violet water solution (100 µL per well) 

as previously described [250]. After 30 min the excess dye was discarded from the plates and 

they were washed in water for 30 min. The cell-bound dye was re-dissolved in 70% ethanol. 

The plates were placed on the microtiter plate shaker for 2 h.  

 

Calculating the IC50 values. The measurement of the optical density (OD) followed at λ= 

570 nm with the photometer, Anthos 2010 microplate reader (Salzburg, Austria). The MS-

Excel® programme was used for the analysis of the results.  
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The corrected percent growth values T/C corr(%) were calculated by the equation: 

T/C corr. = (ODT– ODC,0) / (ODC – ODC,0) * 100  

Where: ODT is the mean absorption of the treated cells; ODC the mean absorption of the 

controls, and ODC,0 the mean absorption at the time the drug was added.   

The IC50 values were estimated by a linear least-square regression of the T/C corr with MS 

Excel®. Values versus the logarithm of the substance concentration. The concentrations that 

showed T/C corr values between 10% and 90% were used in the calculation. The reported 

IC50 values are the average of 3-5 independent experiments. 

The IC50 (half maximal inhibitory concentration) value indicates the potency of the 

complex and equals the amount of complex that inhibits the cell growth by 50%.  

 

6.6. Determination of the antimicrobial activity 

The microbiological tests were carried out using a modified agar diffusion method [298] 

based on the method from the European Pharmacopea 1999 (Chapter V.2.7.2.) [299]. For the 

antimicrobially active complexes the MIC value [µg/mL] was determined. 

The used bacterial strains were:  

� Staphylococcus aureus (ATCC 6538) 

� Bacillus subtilis (ATTC 6051) 

� Escherichia coli (ATCC 11229) 

� Pseudomonas aeruginosa (ATCC 27853)  

and fungus: 

� Candida maltosa (SBUG 700) 

 

6.6.1. General Information 

The cultivation of the microorganisms followed in the Nutrient Agar II (VEB, 

Immunopräparate, Berlin, Germany) that contained: 

� Pancreatic Pepton   10.0 g 

� NaCl         5.0 g 

� Agar for culture medium   12.0 g 

� Aqua dest.      ad 1000 mL 

 

The preparation of the culture medium. The dry agar (25 g/ 1 L Aqua dest.) was 

suspended in the given amount of water, dissolved and sterilised at 121 °C for 20 min. 20 mL 

of the agar was added to the sterile Petri dishes and the bacterial strains were scratched with 
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the platinum loop. The cultivation took place in the incubator at 37 °C with the exception of 

Candida maltosa strain at 26 °C. 

Antibiotics-Proof-Agar (Antibiotika-Nachweis-Agar Nr. 1; Saatschicht-Agar, Oxoid, 

GmbH, Wesel, Germany) that was used for the antibiotic testing, contained: 

� Pepton      6.0 g 

� Caseinpepton     4.0 g 

� Extract from the yeast    3.0 g 

� Extract from meat ´Lab-Lemco´  1.5 g 

� Glucose      1.0 g 

� Agar Nr. 1, neutral    11.5 g 

� Aqua dest.          ad 1000 mL 

 

Preparation of the test medium. The dry agar (27 g Agar / 1 L Aqua dest.) was suspended 

in the given amount of water, warmed and dissolved and sterilised at 121 °C for 20 min.  

 

6.6.2. Antimicrobial testing  

Materials: 

� 0.9 % NaCl solution 

� Antibiotic-Proof-Agar Nr. 1 

� Antibiotics paper discs (6 mm Ɵ) 

� Ampicillin (Sensi Disc®, Glaxo Wellcome, Bad Oldesloe, Germany)   

� Gentamicin (Sensi Disc®, Glaxo Wellcome, Bad Oldesloe, Germany)  

 

A modified agar diffusion method was used to determine the antimicrobial activity [300]. 

The nutrient agar was warmed and dissolved. An overnight culture was prepared under 

aseptic conditions. A small amount of the bacterial culture was inoculated with the help of a 

platinum loop from the outgoing culture and suspended in 3.0 mL sterile NaCl isotonic 

solution. 200 µL microbial cell suspension was inoculated in 20 mL sterile and warm agar 

and poured into sterile Petri dishes (90 mm Ɵ). Sterile paper discs of 6 mm diameter each 

were impregnated with 20 µL of DMF solution which is equivalent to 2 mg of the compound. 

After the evaporation the discs were placed on the surface of the inoculated agar plates. 

Ampicilin, gentamicin and nystatin were used as positive controls. The antibiotics were 

prepared as stock solutions at the concentration of 1mg/1mL and 10 µL of Ampicilin, 25 µL 

of Gentamicin and 50 µL of Amphotericin B were impregnated into the paper discs. Paper 

discs served as negative controls and contained 20 µL of pure solvent. After the preincubation 
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of the agar plates for 4 h at 2-8 °C the Petri dishes were incubated at 37 oC for 24 h for all 

bacterial strains except for Candida maltosa at 28 oC for 48 h. 

The evaluation of the antimicrobial activity followed after the incubation period by the 

measurement of the diameter of the inhibition zones. The zones of 19 mm or greater 

(including the diameter of the disc) were considered of high antibacterial activity.  

 

Depending on the diameter of the inhibition zone, the tested complexes were divided into 

groups of their various antimicrobial activity: 

� The diameter of the inhibition zone > 19 mm – very good antimicrobial activity 

� The diameter of the inhibition zone > 13 mm – medium antimicrobial activity 

� The diameter of the inhibition zone < 13 mm – weak antimicrobial activity 

The modified agar diffusion method testing for all complexes was carried out as a single 

experiment to find any antimicrobial activity among the complexes. 

 

For the tested compounds the activity index (%) was calculated by the formula given 

[percent activity index bacteria]: 

% Activity Index = A / B * 100  

where: 

A – zone of inhibition of test compound (diameter) 

B – zone of inhibition of standard (diameter) 

 

6.6.3. Determination of the MIC value  

The compounds with the highest activity entered the secondary screening to evaluate their 

MIC values on the bacterial strains that were sensitive to them. 

The minimum inhibitory concentration (MIC) was determined using a serial dilution test, 

(microbouillon dilution test). MIC is the lowest drug concentration at which a visible 

inhibition growth of the microorganisms is noticed.  

 

The materials, chemicals and devices used in the agar diffusion method: 

� 96-well microtiter plate (Tissue Culture Plate 96-Well Flat Bottom Suspension Cells, 

Sarstedt, Inc., USA) 

� 12-chanel-pippete (Dunn Labortechnik, GmbH, Berlin, Germany) 

� 0.9 % sterile NaCl solution 

� PBS-Buffer (pH = 7.4) 
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8 g NaCl, 0.2 g KCl, 0.2 g K2HPO4, 1.15 g Na2HPO4 ad 1000 mL Aqua dest.,      

dissolved and sterilised at 121 °C for 20 min 

� Nutrient bouillon II (E. Merck, Darmstadt, Germany) 

 8.5 g Pancreatic Pepton, 5.0 g Fungus extract, 5.9 g NaCl ad 1000 mL Aqua dest., 

dissolved, warmed and sterilised at 121 °C for 20 min 

� Ampicillin (E. Merck, Darmstadt, Germany) 

� p – Iodonitrotetrazoliumviolet solution (Sigma Aldrich) 

� Incubator (Fa. Memmert, Schwabach, Germany) 

� ELISA-Reader Anthos Labtec HT 2, 620 nm (Anthos Labtec Instruments, Salzburg, 

Austria) 

 

An overnight culture was prepared under aseptic conditions. A small amount of the 

bacterial culture was inoculated with the help of sterile platinum loop from the outgoing 

culture and suspended in 3.0 mL sterile NaCl isotonic solution. 100 µL of this suspension was 

inoculated in 10.0 mL of the nutrient bouillon II and incubated at 37 oC for 24 h with the 

exception of Candida maltosa which was incubated at 26 oC for 24 h. The preculture was 

diluted 1:1000 for the tests with the nutrient bouillon. The dilution of the substances followed 

with water.  

 

 1 2 3 4 5 6 7 8 9 10 11 12 

A 1:1 1:2 1:4 1:8 1:16 1:32 1:64 1:128 1:256 1:512 1:1024 SC 

B 1:1 1:2 1:4 1:8 1:16 1:32 1:64 1:128 1:256 1:512 1:1024 SC 

C 1:1 1:2 1:4 1:8 1:16 1:32 1:64 1:128 1:256 1:512 1:1024 SC 

D 1:1 1:2 1:4 1:8 1:16 1:32 1:64 1:128 1:256 1:512 1:1024 SC 

E 1:1 1:2 1:4 1:8 1:16 1:32 1:64 1:128 1:256 1:512 1:1024 UG 

F 1:1 1:2 1:4 1:8 1:16 1:32 1:64 1:128 1:256 1:512 1:1024 UG 

G 1:1 1:2 1:4 1:8 1:16 1:32 1:64 1:128 1:256 1:512 1:1024 UG 

H 1:1 1:2 1:4 1:8 1:16 1:32 1:64 1:128 1:256 1:512 1:1024 UG 

 

Figure 6.3. The schema of the plate used for MIC determination; where, SC = sterile control, 

UG = unstopped growth. 

 

The research was carried out on the 96-well microtiterplates (Fig. 6.3.). The first wells 

A1-H1 obtained 200 µL of PBS-Puffer and the solution of the substance. The rows A2-H11 

were filled with 100 µL of PBS each. The concentration of the tested compound was 0.1 
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mg/100 µL pro well. The dilutions were made starting from the first row by pipetting 100 µL 

from the first row into the second, mixing the solution and taking 100 µL into the next row. 

From the 11th row 100 µl was discarded. The four wells of the 12 row served as a sterile 

control ´SC´ and contained 200 µL of PBS-Puffer. There was no bacteria growth noticed. The 

second half of the 12th row marked as ´UG´ served as the control of the unstopped growth of 

the bacteria cells and contained 100 µL PBS and 100 µL preincubated bouillion with bacteria. 

100 µL pro well of the preincubated bouillion containing bacteria was added to all of the rows 

with the exception of the wells of sterile control. The plates were incubated depending on the 

type of the bacterial strain for 24 h at 37 oC and for Candida maltosa at 26 oC.  

The measurement was done using the ELISA microplate reader at first at 620 nm. Due to 

reaction with p-Iodonitrotetrazoliumviolet solution the bacterial growth could be noticed. The 

p-INT solution was prepared by dissolving 2.5 mg of the reagent in 1 mL of 50% ethanol. The 

p-INT is reduced by the vital bacteria to red Formazan, stable organic compound. The 

Tetrazolium salts serve as H+ acceptors. 20 µL of p-INT solution was added to each well 

under aseptic conditions and the incubation followed for 30 min at 37 oC. The optical density 

was measured at λ = 550 nm.  

The concentration between the well with no bacterial growth and the well with the 

beginning growth was determined as the minimal inhibition growth. The MIC [µg/mL] values 

are the averages of three independent experiments. 
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