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ABSTRACT 

 

Transition metals and their complexes have an important impact on chemistry and are 

found in many application in life in general. Ruthenium and rhodium are two members of noble 

metals and proved to be suitable for anticancer activity.  

With the aim of changing the coordination environment in ruthenium and rhodium 

complexes, this thesis presents a series of ruthenium(II) polypyridyl and rhodium(III) pincer-

type complexes. All new ruthenium(II) and rhodium(III) complexes were characterized by 

NMR spectroscopy, ESI-MS spectrometry and UV-Vis spectrophotometry . For some of the 

complexes a single crystal X-ray crystallography was performed.  

The substitution reactions of ruthenium(II) and rhodium(III) complexes with 

mononucleotides, oligonucleotides and amino acids were studied quantitatively by UV-Vis 

spectroscopy. Measurements of the activation enthalpies and entropies for all synthesized 

complexes are supporting an associative mechanism for the substitution process. NMR 

spectroscopy studies were performed on some ruthenium(II) complexes where after the 

hydrolyses of the metal-Cl bond the complexes are capable to interact with guanine derivatives  

forming monofunctional adducts via N7 atom. The interactions of ruthenium(II) and 

rhodium(III) complexes with fully complementary 15-mer and 22-mer duplexes of DNA and 

fully complementary 13-mer duplexes of RNA were studied by UV-Vis spectroscopy. The 

interactions of ruthenium(II) and rhodium(III) complexes with calf thymus and herring testes 

DNA were examined by absorption using UV-Vis spectroscopy, fluorescence emission spectral 

studies by ethidium bromide displacement studies and viscosity measurements. For some of the 

complexes molecular docking studies were carried out. Cytotoxic studies, in vitro and in vivo, 

have been performed on selected cancer cell lines and on mice. Ruthenium and rhodium, as a 

newly synthesized complexes, represent the high potential as an appropriate anticancer agents. 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

KURZZUSAMMENFASSUNG 

 

Übergangsmetalle und ihre Komplexe besitzen einen wichtigen Stellenwert in der 

Chemie und werden generell in vielen wichtigen biologischen Prozessen gefunden. Ruthenium 

und Rhodium sind zwei Vertreter von Edelmetallen und einige Komplexe dieser beiden Metalle 

haben eine biologische Aktivität gegen Krebs gezeigt. 

Mit dem Ziel die koordinative Umgebung von Ruthenium- und Rhodiumkomplexen zu 

verändern wird in dieser Doktorarbeit eine Serie von Ruthenium(II)polypyridyl und 

Rhodium(III)-Pincer-Typ-Komplexen präsentiert. Alle neuen Ruthenium(II)- und 

Rhodium(III)-Komplexe wurden mittels NMR-Spektroskopie, ESI-MS Spektroskopie und UV-

Vis Spektroskopie charakterisiert. 

Die Substitutionsreaktion von Ruthenium(II)- und Rhodium(III)-Komplexen wurden 

mit Mononukleotiden, Oligonukleotiden und Aminosäuren mittels UV-Vis Spektroskopie 

quantitativ untersucht. Die Messungen der Aktivierungsenthalpien und -entropien für alle 

neuen synthetisierten Komplexe unterstützen einen assoziativen Mechanismus für den 

Substitutionsprozess. NMR-spektroskopische Untersuchungen wurden für einige 

Ruthenium(II)-Komplexe durchgeführt, wobei sich zeigte, dass nach der Hydrolyse der Metall-

Chlorid Bindungen die Komplexe mit Guanin-Derivaten monofunktionale Addukte über das 

N7-Atom bilden. Die Wechselwirkungen der Ruthenium(II)- und Rhodium(III)-Komplexe mit 

komplett komplementären 15-mer und 22-mer Duplexes von DNA und komplett 

komplementären 13-mer Duplexes von RNA wurden mittels UV-Vis Spektroskopie untersucht. 

Die Interaktionen der Ruthenium(II)- und Rhodium(III)-Komplexe mit DNA aus der 

Thymusdrüse von Kälbern und Heringshoden wurden mittles UV-Vis Spektroskopie und 

Emissionsfluoreszenz Spektroskopie evaluiert. Im letzteren Fall wurden dabei die Studien mit 

Ehidiumbromid durchgeführt, wobei dieses durch die Komplexe in der DNA ausgetauscht 

wurde. Zusätzlich wurden auch Viskositätsmessungen durchgeführt. Für einige Komplexe 

konnten molekulare Docking Studien mittels DFT ausgeführt werden. Cytotoxische 

Untersuchungen, sowohl in vitro als auch in vivo, an ausgesuchten Zelllinien und an Mäusen 

zeigten das Potential der neuen Komplexe als Antikrebsmedikamente. 
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INTRODUCTION 

 

1.1. Outline  

Transition metals and their complexes play a very important role in various biochemical 

and metabolic processes. In addition, non-essential metal ions are often applied in biological 

systems for therapeutic and diagnostic purposes. A wide range of available oxidation states, 

coordination numbers and geometry, as well as the thermodynamic and kinetic properties of 

metal ion, lead to compounds that offer the ability to design various therapeutic agents. 

Discoveries in inorganic and bioinorganic chemistry have an important influence on modern 

clinical medicine.1 A mechanism of some complexes in biological systems is still not well 

known, so today a large number of researchers are engaged in research in this area. Due to the 

fact that a disease in the initial phase takes place at the cellular level it is necessary to seek 

answers and solutions whether the disease can be stopped at that certain level or not.2-4 One of 

the leading causes of death worldwide is cancer. The growth of anomalous cells is called tumor 

in humans or animals.5-7 Observing the reports in the last decades there is no current 

oncotherapy which is able to completely stop the growth or cure the unhealthy cells.6 Taking 

this into consideration there is an urgent need for discovery of novel active chemotherapeutics. 

The most common used chemotherapeutic in the last decades is cisplatin or platinum based 

complexes known as carboplatin and oxaliplatin. However, the use of these complexes is 

limited by their toxicity and acquired drug resistance.8-10  
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Scheme 1. Periodic system of elements where the elements are marked with color which exhibit 

antitumor activity.11,12 

This conclusion has led to a growing interest in the antineoplastic and antimetastatic 

properties of complexes containing metals other than platin, that clearly cannot mimic cisplatin 

in their mode of action.13-15 Owning to the similarity of their ligand exchange rates in aqueous 

solution16 and their lower general toxicity, ruthenium (II/III) complexes have received 

considerable attention as possible alternatives to Pt(II) anticancer agents.17,18-21 It is believed 

that this is due to the possibility of ruthenium to replace the iron in coordination with 

biomolecules. Two structurally related isoelectronic ruthenium(III) complexes,  

[HIm]trans-[RuCl4(Im)(DMSO-S)] (NAMI-A) and [HInd]trans-[RuCl4(Ind)2] (KP1019)  

(Im = imidazole, Ind = indazole), have completed phase 1 clinical trials as, respectively, 

antineoplastic and antimetastatic drugs. There is an increased interest in the use of 

organometallic compounds, a complex with at least one metal-nonmetal bond, in biology and 

medicine. Organometallic arene ruthenium(II) complexes have attracted a lot of attention 

because it is known that arene ligands stabilize ruthenium in the +2 oxidation state. The 

ruthenium(III) complexes are more inert than the corresponding complexes of ruthenium(II).22 

The half-sandwich arene ruthenium(II) complexes, [Ru(η6-arene)(X)(N-N)] (X = halogen,  

N-N = bidentate ligand), often possess good solubility in water, which is the advantage for 

clinical use, as well as the fact that arene ligands are relatively inert to changes in physiological 

conditions. The influence of structural variations on the anticancer activity of the arene 

ruthenium complexes is constantly investigated. It is believed that the main target of arene 

ruthenium complexes is DNA or RNA, as well as proteins.  
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In the last few decades numerous studies have focused on the synthesis of ruthenium(II) 

polypyridyl complexes. The subject of the studies was their ability to coordinate to DNA, 

whereby most of these complexes were found to bind covalently to the N7 atom of guanine 

forming the monofunctional products and some of them stop the replication of DNA. Most 

ruthenium(II) terpyridine complexes with the N-N bidentate ligand such as bipyridine (bpy) are 

resulting in a very low solubility in aqueous solution, and hence limiting their biologically 

relevant research. 

In contrast, much fewer investigations on the biological effects of compounds of the 

neighboring group 9 metals, such as rhodium, in particular in the +3 oxidation state, have 

appeared.15,23,24 It is only in the past 10 years that the structure-activity relationships (SARs) 

and cellular effects of cytotoxic rhodium(III) compounds have been systematically studied.15 

Rhodium(III) and rhodium(II) complexes have aroused more interest in this respect, in 

particular dirhodium(II) tetracarboxylate complexes [Rh2L2(RCOO)4] (L = H2O or other 

solvent), following the discovery of their antitumor activity 40 years ago by Bear and  

co-workers.23-26 Early work up to 2002 on rhodium anticancer complexes in the oxidation state 

+1 to +3 were summarized in a few articles.23,24 

The subject of this doctoral dissertation is the synthesis and characterization of new 

ruthenium(II) complexes, such as the ruthenium(II) terpyridine and ruthenium(II) arene 

complexes, as well as the synthesis and characterization of new pincer-type rhodium(III) 

complexes. All new complexes were investigated in interaction with guanine derivatives, amino 

acids and heterocyclic compounds, as well as in interaction with DNA and RNA molecules, 

including also studies of newly synthesized complexes and monitoring their behavior with 

bovine serum albumin protein.  

Due to this rather exceptional combination of metals and their application in anticancer 

treatment, this thesis is divided into two subdivisions: ruthenium complexes in anticancer 

treatment (Chapter 2) and rhodium complexes in anticancer treatment (Chapter 3). These 

studies can be overviewed in the following way: 
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Chapter 2:  

➢ Synthesis and characterization of ruthenium(II) terpyridine complexes with the general 

formula [Ru(L3)(N-N)X][Y]n, where L3 = 2,2':6',2''-terpyridine (tpy) or  

4′-chloro-2,2′:6′,2′′-terpyridine (Cl-Ph-tpy); N-N = 1,2-diaminoethane (en),  

1,2-diaminocyclohexane (dach), 2,2'-bipyridine (bpy), (2-(methylthio)ethyl)ferrocene 

(mtefc), (3-(methylthio)propyl)feroccene (mtpfc) or 2(1S,3R)-NH2∩NH2; X = Cl;  

n = 1 or 2 which depend on nature of X). Stability investigation (hydrolysis reaction) of 

newly synthesized complexes in solutions, as well as the determination of the 

mechanism of substitution reactions of ruthenium(II) terpyridine complexes with 

biologically significant ligands. Some of the obtained results were confirmed using DFT 

calculations.  

➢ Kinetic studies of substitution reactions of ruthenium(II) complexes with significant 

biomolecules, nitrogen- and sulfur-donor nucleophiles, using UV-Vis 

spectrophotometry and NMR spectroscopy. 

➢ Investigation of ruthenium(II) complexes with DNA/RNA molecules and with proteins 

by UV-Vis and fluorescence spectroscopy and by viscosity measurements. For some 

complexes molecular docking studies with DNA were performed in order to achieve a 

deeper understanding of the interaction with DNA. 

➢ Cytotoxic investigation of ruthenium(II) complexes on different cell lines, in vitro 

studies, as well as for some complexes in vivo studies on 4T1 tumor bearing mice. 

Chapter 3: 

➢ Synthesis and characterization of rhodium(III) complexes with the general formula 

[RhIII(X)Cl3], where X = 2,6-bis(5-tert-butyl-1H-pyrazol-3-yl)pyridine (H2L
tBu),  

2,6-bis((4S,7R)-7,8,8-trimethyl-4,5,6,7-tetrahydro-1H-4,7-methanoindazol-3-

yl)pyridine (H2L*) or 2,6-bis((4S,7R)-1,7,8,8-tetramethyl-4,5,6,7-tetrahydro-1H-4,7-

methanoindazol-3-yl)pyridine (Me2L*). Determination of the mechanism of the 

substitution reactions of ruthenium(II) terpyridine complexes with biologically 

significant ligands was carried out. Some of the obtained results were confirmed by DFT 

calculations. 

➢ Kinetic studies of substitution reactions of rhodium(III) complexes with significant 

biomolecules, nitrogen- and sulfur-donor nucleophiles, using UV-Vis 

spectrophotometry and NMR spectroscopy. 
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➢ Investigation of rhodium(III) complexes with DNA/RNA molecules, as well as protein 

studies, by UV-Vis and fluorescence spectroscopy and by viscosity measurements. 

➢ In vitro investigation of rhodium(III) complexes on human epithelial colorectal 

carcinoma HCT-116 cell line. 

 

1.2. Ruthenium 

Ruthenium is in group 8 of the transition metals and together with Os, Rh, Ir, Pd and Pt 

belongs to a noble group of metals. Ruthenium was named after the Latin name for Russia 

(Ruthenia) and it has the atomic number of 44 (Kr 5s14d7) and atomic mass of 107.07. There 

are several isotopes of ruthenium (96Ru, 98Ru, 99Ru, 100Ru, 101Ru, 102Ru and 104Ru), of which the 

102Ru isotope is the most present in nature with 31.6%. Ruthenium has a wide range of oxidation 

states from −1 to +8. Therefore, ruthenium complexes are reductively active and their 

application as reduction agents are of great importance in various chemical reactions. In 

physiological conditions, it can exists in three oxidation states: ruthenium(II), ruthenium(III) 

and ruthenium(IV). Ruthenium(III) is the dominant oxidation state in physiological conditions 

whereas ruthenium(II) and ruthenium(IV) oxidation states are easily achieved in the presence 

of biological reductants (ascorbic acid and glutathione) or in the presence of oxidation agents 

(O2 or H2O2). All three oxidation states form coordination compounds with octahedral 

geometry, while ruthenium(II) can form compounds of pseudo-octahedral geometry, the  

so-called “piano stool” complexes.1 

1.2.1. Anticancer ruthenium complexes 

Cisplatin, which is used in most chemotherapies, has a structure which contains two labile 

chlorides in cis position and two amine groups, and has led Clarke and co-workers to synthesize 

ruthenium(III) complexes containing the above mentioned ligands, fac-[RuIIICl3(NH3)3],
27 and 

cis-[RuIIICl2(NH3)4]
+.28,29 In contrast to cisplatin, which predominantly binds to the residues of 

guanine within a single DNA chain, ruthenium(III) complexes interact with DNA by binding 

between the two chains probably due to the octahedral geometry of the complex.30 Although 

this kind of ruthenium(III) complexes have shown very good antitumor activity, low solubility 

has limited their further studies.31-33 

Mestroni and co-workers have examined the antitumor activity of ruthenium(II) complexes, 

cis-[RuCl2(DMSO)4] (DMSO = dimethyl sulfoxide) where their results showed that this 

complex was not cytotoxic in vitro, but in vivo it showed a toxicity three times smaller compared 
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to cisplatin.34 However, at maximum tolerated dose this complex showed a high activity for 

primary tumor and for the metastases in the case of a mouse with a solid metastatic tumor.35 

The cytotoxicity of the trans isomer is about 20 times higher compared to the cis isomer of this 

complex. Complex trans-[RuCl2(DMSO)4] is more effective compared to the cisplatin in terms 

of postoperative prolongation of the life span, i.e. this complex showed lower activity towards 

primary tumors but greater selectivity and efficiency towards metastases.34 

 

Scheme 2. Structural formulas of some ruthenium complexes that demonstrate antitumor activity. 

In the last 10 to 15 years, the research has focused on two types of ruthenium complexes, 

NAMI-A36-38 and KP1019,39-41 and a group of complexes with similar ligands, such as amines, 

polypyridyl,42-44 polyamine carboxylates,45 or arenes,46-50 as well as on various types of studies 

in the biological environment. Based on the reports it has been concluded that the 

antimethastatic activity of the ruthenium(II) arene complex is related to the interaction with the 

extracellular matrix and the cell surface rather than with the DNA in the cell nucleus.51 In the 

past, many studies have focused on the binding of the ruthenium complex with DNA and its 

components,32,42,43,52,53 while lately the main focus has been on interactions with the proteins 

from blood plasma.41,54 In the proposed mechanism after intravenous administration, the 

ruthenium complex may be subjected to greater or lesser hydrolysis in the blood plasma and 

then binding to the serum of proteins such as albumin or transferrin. The proposed mechanism 

is to release ruthenium(II) complex from the ruthenium(III)-transferrin complex within the cell 

after reduction by glutathione or ascorbic acid.39 However, if the ruthenium(III) complex 

reaches the cell in the form of a stable complex with a transferrin, it will follow the metabolic 

pathway of the iron(III)-transferrin complex within the binding to transferrin receptors on the 

surface of the cell. After the encapsulation in the endosome it is released as a complex of 

ruthenium(II) by a combination of enzymatic reduction due to the reduced pH value in the 

endosome.55 If the ruthenium complex does not bind to proteins in the blood plasma it can 
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diffuse into the extracellular matrix and form adducts with collagen or proteins on the surface 

of the cell, such as actin, that may be responsible for the antimetastatic activity of NAMI-A56-

58 and ruthenium(II) arene complexes.51 The unreacted complex can further diffuse through the 

cell membrane into the cytoplasm and bind to active centers of various enzymes, covalently59-

61 or non-covalently.62,63 Finally, species that reach the cell nucleus via diffusion or transport 

mechanism, can form DNA adducts.40,53,64 The ability to monitor the pathway of the ruthenium 

complex from the blood plasma to the cell, as well as the chemical transformation of ruthenium, 

are extremely important for understanding the mechanism of antitumor activity of the 

ruthenium complex. 

1.2.2. NAMI-A and KP1019 

Complex [Na]trans-[RuCl4(Im)(DMSO-S)], NAMI, has been synthesized at the beginning 

of 1990s, and it is active against solid metastatic tumors.37,65,66 In preclinical research, NAMI 

was replaced by its analogue, [Him]trans-[RuCl4(Im)(DMSO-S)], NAMI-A. This is the first 

ruthenium complex which entered in the Phase 1 of clinical trials in 1999 at the Dutch Cancer 

Institute in Amsterdam. NAMI-A possesses favorable biological and chemical characteristics 

such as good antimetastatic activity, low toxicity, reproductive preparation and good stability. 

These properties initiate its further development. Successful completion of the Phase 1 was 

done on 24 patients demonstrating good tolerance without unexpected toxicity.  

Simultaneously with the development of the NAMI-A, the ruthenium(III) complex KP1019 

was synthesized by Alessio and co-workers in cooperation with Keppler and co-workers, 

[HInd]trans-[RuCl4(Ind)2] (Ind = indazol). KP1019 exhibits a high activity against primary 

cisplatin-resistant colorectal tumors, but does not exhibit significant antimetastatic activity. 

KP1019 has entered the Phase 1 of clinical trials in 2004, giving promising results, such as that 

five out of six patients experienced disease stabilization and the treatment was followed by 

moderate toxicity which can be caused by high binding ability to proteins, as well as by selective 

activation in the tissue of the tumor.39,40 However, this complex was replaced by its analogue 

due to relatively poor solubility labeled as sodium salt KP1339. KP1339 is quite stable in saline 

solution, which is of great importance for the storage and transport of the complex as well as 

for clinical use. The speed of hydrolysis depends on the temperature and pH of the solution. In 

water at room temperature a small amount of the complex, about 2%, is hydrolyzed for 1h at 

pH 6.00 and 7.40, where the half time reaction is 5.4 and 0.5 h at 37 °C. 
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Scheme 3. Structural formulas of selected ruthenium(III) complexes who are in Phase 1 clinical 

trial. 

The mechanism of NAMI-A complex is still unknown. In vitro and in vivo tests show that 

NAMI-A strongly binds to plasma proteins, such as albumin and transferrin.67,68 NAMI-A 

complex has the ability to interact with DNA, but it is not considered to be the primary target. 

Interaction with actin within the cell,56,57 or with collagen, leads to a reduced mobility of 

invasive cancer cells, and it was proposed as the possible mechanism of NAMI-A. It shows the 

ability not only to prevent the formation of metastases but also to inhibit the growth of cancer 

cells.69 

The suggested mechanism of NAMI-A includes:70 a) interaction within the cell cycle that 

results in a transient accumulation of cells in the G2/M phase, b) inhibition of 

metalloproteinases and activation of adhesion molecules, c) increase of the thickness of the 

capsule around the primary tumor and extracellular surrounding tissue and blood vessels,  

d) binding to nucleic acids, showing a direct effect on the DNA of the cancer cells. 
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The suggested mechanism of KP1019 complex includes: a) hydrolysis of the complex in 

blood followed by interaction with proteins such as albumin and transferrin, b) transportation 

of the complex into the cell through the transferrin cycle, c) release of the complex caused by 

pH value, d) reduction in the hypoxic tumor cell, e) binding to nucleic acids and induction of 

apoptosis via the mitochondrial pathway. 

1.2.3. Organometallic ruthenium(II) arene complexes 

In the last two decades numerous studies have been focused on organometallic “half-

sandwich” ruthenium(II) complexes, which possess an antitumor activity in vitro and in some 

cases in vivo. Organometallic ruthenium(II) complexes, with the general formula  

[(η6-arene)Ru(XY)Z], arene = benzene or derivatives of benzene, XY = N,N-, N,O- or O,O-

chelate ligand, Z = halogen, have been extensively studied by Sadler and co-workers.47,49,71 

These types of complexes have a pseudo-octahedral “piano-stool” structure with a neutral arene 

ligand that occupies three coordination positions making the “piano stool”, and a chelating 

ligand together with a halogen making “the legs of the chair”. Similar diamino ligands have 

been prepared by Wilhelm’s group.47  

 

Scheme 4. General structure of ruthenium(II) arene complexes. 

The structure of ruthenium(II) arene complexes allows a fine adjustment via synthesis for 

the pharmacological properties.50 The presence of a coordinated arene ligand provides 

hydrophobic properties to the complex and stabilizes the ruthenium in the +2 oxidation state 

making the oxidation to ruthenium(III) very difficult. The nature of the arene ligand can 

facilitate the acquisition of complexes and interactions with potential biological targets. The 

leaving group, which is usually chloride, is on active position for the binding of biomolecules 

with the metal center and may be important for the control of activation for the kinetic reaction 

of the complex. Substitution of chloride by another halogen (bromide or iodide) has very little 

effect on the cytotoxicity of the complex. Chelate ligands can determine the stability and 



 

 
10 

 

kinetics of the ligand substitution in the complex. Complexes containing bidentate chelate 

ligand show greater activity compared to complexes with monodentate ligands.72 

Relationship between the structure and the activity of the corresponding complexes has been 

studied intensively and has shown that the most active complexes are those with the chelating 

ligand XY = 1,2-diaminoethane (en) and the leaving group Z = Cl. The complexes of  

[Ru(η6-arene)(en)Cl][PF6] showed promising anticancer results in vitro, including against 

cisplatin resistant carcinogenic cell AR2780cis, and in vivo, showed a significant growth 

prevention of A2780 and A2780cis cells.49,73 

 

Scheme 5. Ruthenium(II) arene complexes with different arene ligands. 

The cytotoxicity increases with an increasing size of the coordinate arene ligand:  

benzene < p-cymene < biphenyl < dihydroanthracene (DHA) < tetrahydroanthracene (THA). 

Complexes with biphenyl have similar cytotoxicity as carboplatin (IC50 = 6 µM) where the 

complex with THA has a cytotoxicity similar to cisplatin (IC50 = 0.6 µM), Table 1.  
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Complexes 

 

IC50/μM 

 

[Ru(η6-C6H6)(en)Cl]+ 17 

[Ru(η6-p-cymene)(en)Cl]+ 10 

[Ru(η6-C6H5C6H5)(en)Cl]+ 5 

[Ru(η6-DHA)(en)Cl]+ 2 

[Ru(η6-THA)(en)Cl]+ 0,5 

Carboplatin 6 

Cisplatin 0,5 

 

Table 1. Selected IC50 values of some ruthenium(II) arene complexes studied on an A2280 cell 

line after 24h.72 

Hydrolysis of ruthenium(II) complexes plays an important role in determining the 

mechanism of cytotoxic activity.21,74,75 Complexes with the general formula  

[Ru(η6-arene)(L)Cl]+ are subjected to hydrolysis by making corresponding aqua complexes 

[Ru(η6-arene)(L)H2O]2+, Scheme 6. By a dissociative mechanism of the substitution reaction, a 

chloride is exchanged with the solvent molecule, and the generated complexes under 

physiological conditions react very quickly with biomolecules, which are significantly affective 

in pharmacokinetic and pharmacodynamic parameters.54,76 

 

Scheme 6. Hydrolysis of ruthenium(II) arene complexes in water and formation of an aqua adduct. 

The reaction of hydrolysis of the [Ru(η6-arene)(en)Cl][PF6] (arene = biphenyl, DHA or 

THA) at 37 °C, in a 0.1 M NaClO4 solution (kH2O = 3.95 – 6.84 x 10−3 s−1) is one order of 

magnitude faster than the cisplatin hydrolysis reaction.77 Anation reactions in the presence of 

100 mM NaCl (similar to blood plasma concentrations) are very fast (kCl = 0.435 – 0.722 

M−1s−1). The rate constant of hydrolysis and anation depends on the steric and electronic effect 

of the arene ligands. Complexes with DHA and THA ligands are subjected to hydrolysis and 

anation reactions twice as fast compared to a complex with a biphenyl ligand. It was found also 

that the rate constant of hydrolysis highly depends on the nature of the bidentate ligand and also 

on the pKa value of an aqua adduct. 
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Dyson’s group and co-workers have synthesized ruthenium(II) arene complexes with the 

general formula [Ru(η6-arene)(X)2(pta)] (pta = 1,3,5-triaza-7-phosphatetricyclo-

[3.3.1.1]decane), X = Cl or dicarboxylate), Scheme 7, and called them RAPTA complexes.78 

This kind of complexes are specific because of the presence of the pta ligand at the position of 

1,2-diaminoethane (en). Complexes [Ru(η6-p-cymene)Cl2(pta)] (RAPTA-C) and  

[Ru(η6-toluene)Cl2(pta)] (RAPTA-T) were examined in vitro and in vivo.51,79 In vitro results 

have shown that RAPTA-T does not have any cytotoxic effects but interacts with the 

components of the extracellular matrix and inhibits some of the phases of the metastatic 

processes, such as the separation of cells from primary tumors.51 The most interesting fact is 

that the effects are higher on more invasive cancer cells than on less invasive cells. In vivo tests 

showed similar results as with the NAMI-A complex, which is surprising, taking their structural 

differences into consideration. 

 

Scheme 7. Structural formulas of RAPTA complexes. 

The design concept of coordinating bioactive ligands to metal centers is of great importance 

where such complexes can have an interesting biological activity. Hartinger’s group has 

prepared [Ru(η6-p-cymene)(flavonolato)Cl] compounds82-85 that are able to form covalent 

bonds with DNA, while the complex inhibits topoisomerase IIa. The potent antiproliferative 

activity of organoruthenium compounds has driven by the cytotoxicity of the flavonol ligands, 

and the complexes were more potent topoisomerase inhibitors than the flavonols which was 

also dependent on the substituents found at their phenyl ring. However, the aqueous solubility 

of flavonols and their ruthenium(II) arene complexes was limited. They have overcome this 

issue by replacing the apolar arene with a L-phenylalanine (L-Phe)-derived arene ligand.85 

Phenylalanine is bioactive and inhibits alkaline phosphatase, an enzyme which is overexpressed 

in many tumors.85,86 
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Scheme 8. Preparation of bioactive ruthenium(II) phenylalanine-derived arene complexes. 

The obtained complexes have high stability in aqueous solution after dissolution in DMSO 

and rapidly forming adducts. The reactions with amino acids L-His, L-Met and L-Cys showed 

quick cleavage of the flavonolato ligand from the ruthenium center, while incubation with  

9-ethylguanine (9EtG) resulted in the substitution of the chlorido ligand with the DNA model 

compound. From the obtained MTT assay results on NCI-H460 non-small lung cancer cells, 

the IC50 values did not follow the same trends as observed for their p-cymene analogues, but 

the values were in a similar range. This was surprising given the fact that the cellular 

accumulation of a representative L-Phe-derived complex was found to be much higher than its 

p-cymene analogue, independent of the concentration used and the incubation times. The 

compounds were synthesized to be able to coordinate to DNA, which was confirmed in the 

reactivity with 9EtG. It is important to note that they damage DNA, which may contribute to 

their cytotoxic activity. The DNA damage profile was similar to cisplatin, however, the amount 

of DNA damage detected was lower for the tested compounds than for cisplatin.85   

1.2.4. Interactions of ruthenium(II) arene complexes with biomolecules 

Interactions or ruthenium(II) arene complexes with biomolecules are of great 

importance due the fact that the DNA is the primary target of antitumor complexes such as 

cisplatin. Therefore, Sadler’s group has studied the reactions of the complexes  

[Ru(η6-arene)(en)X]n+, where η6-arene = biphenyl, THA, DHA, p-cymene and benzene,  
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X = Cl− or H2O, with derivatives of nucleic acids which represent a DNA model.87 

Predominantly, results have shown the formation of a monofunctional product where the 

ruthenium complexes have interacted with the N7 nitrogen atom of guanine, Scheme 9. The 

reactivity of complexes with different positions of interaction at a neutral pH decreases in the 

following sequence: guanosine (N7) > cytidine (N3) > adenosine (N7) > adenosine (N1). With 

the interaction of 9-ethylguanine (9EtG) a new product has been synthesized and characterized 

with X-Ray structural analysis where a selective Ru-N7 (guanine) coordination was detected 

and concluded that the Ru-N7 bond was further stabilized by a stereospecific hydrogen bond 

between C6=O guanine and NH group from 1,2-diaminoethane (en), as well as by π-π 

interactions between the aromatic ligand and nucleobases.71 Similar results were obtained with 

mononucleotides (5’-GMP, 5’-AMP, 5’-CMP and 5’-TMP) with the above mentioned 

ruthenium(II) arene complexes. The pathway of the reaction happens with hydrolysis of the 

complex and the formation of the active aqua adduct. The latter first coordinates with the 

nucleotide over the oxygen from the phosphate group and then continues to the formation of 

the N7 adduct as the main product.87 

 

Scheme 9. Pathway of interaction of the ruthenium(II) arene complexes with 

guanosine-5’-monophosphate. 
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Taking into consideration the interactions with the oligonucleotides, the complex  

[Ru(η6-p-cymene)(en)Cl][PF6] is selectively binding to guanine (G) in oligonucleotides, 

forming the monofunctional Ru-G7 and Ru-G8 adducts, as well as the bifunctional adduct 

G7(Ru)-G8(Ru).88 Interactions of the complex [Ru(η6-biphenyl)(en)Cl][PF6] with duplex 

d(ATACATGGTACATA) or d(TAT17G18TACCATGTAT) was studied using the HPLC-ESI-

MS method, as well as using 2D NOESY NMR spectroscopy. It was found that the ruthenium 

is coordinated via N7 atoms from G and binding mono- and bifunctional to the oligonucleotide. 

On one conformer, an intercalation of a biphenyl arene part between the G18 and T17 has been 

noticed, while the second conformer has no intercalation, but the arene ligand leans on a T17.88 

The reactions of ruthenium(II) arene complexes with the amino acids containing sulfur, 

such as L-cysteine (L-Cys) and L-methionine (L-Met) are of great interest in sense of the strong 

impact on intracellular chemistry of ruthenium antitumor complexes and especially their 

detoxification and resistance mechanism.89 Proteins can also play an important role in the 

mechanism of action of the ruthenium(II) arene complexes, including the possibility that 

ruthenium can replace iron in proteins. According to the results for complex  

[Ru(η6-biphenyl)(en)Cl]+, it was found that it reacts slowly with the thiol group from the L-Cys 

amino acid in a ratio of 1:2 in an aqueous solution at 37 °C. Monitoring the experimental results, 

at the start of the reaction three mononuclear adducts were formed where L-Cys is coordinated 

for ruthenium via sulfur or oxygen. After 24 hours, two dinuclear adducts were formed, which 

contain one or two bridged ligands from cysteine as a ligand. The unusual cluster  

{Ru(η6-biphenyl)}8 was also formed at higher concentrations of L-Cys. Regarding the reactions 

with L-Met it was found that the interactions were also poor and only 28% of the  

[Ru(η6-biphenyl)(en)Cl]+ complex reacted and gave one final product of  

[Ru(η6-biphenyl)(en)(L-Met-S)]2+. Analyzing the results it can be concluded that the 

investigated arene complexes have an affinity to react with nitrogen donors from guanine which 

indicates that adducts with DNA can be formed even in the presence of amino acids, peptides 

and proteins. In contrast, ruthenium(III) complexes bound more firmly to proteins such as 

albumin or transferrin, compared to interaction with DNA, where proteins can be used as a 

transporter of the complexes to the cancer cells.90,91 This indicates the differences between the 

mechanism of actions of ruthenium(II) arene complexes and ruthenium(III) complexes. 

The obtained results from observing the interactions of two ruthenium arene complexes 

[Ru(η6-p-cymene)(en)Cl][PF6] and [Ru(η6-biphenyl)(en)Cl][PF6] with human serum albumin 

using mass spectrometry (MS) show that both complexes coordinate with histidine (His128, 
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His247, His510) and methionine (Met268) on the surface of the albumin.92 In addition, the 

complex [Ru(η6-p-cymene)(en)Cl][PF6] can enter inside of the structure of the protein where it 

binds to Cys34. There it can induce the oxidation of the thiolate to a sulfonate. Since Cys34 is 

inside of the protein structure, the complex [Ru(η6-biphenyl)(en)Cl][PF6] cannot coordinate to 

Cys34 due to the fact that a phenyl ring makes it difficult. It was concluded that the arene ligand 

plays a key role in protein interactions. Therefore, such oxidation reactions of thiols caused by 

the coordination of ruthenium can be very significant in the pharmacological activity of these 

ruthenium(II) complexes. 

1.2.5. Ruthenium(II) polypyridyl complexes 

In the last few decades ruthenium polypyridyl has been most attractive in senses of an 

alternative for the use in classical chemotherapy and some of them have been found to have a 

promising antitumor activity.89,93 The direct relationship between cytotoxicity and the 

coordination of the ruthenium polypyridyl complexes to DNA was initiated by Brabec and  

co-workers.93 Cytotoxicity of the three ruthenium(II) polypyridyl complexes 

[Ru(tpy)(bpy)Cl][Cl], cis-[Ru(bpy)2Cl2] and mer-[Ru(tpy)Cl3] (tpy = 2,2’,6’,2’’- terpyridine, 

bpy = 2,2’=bipyridine) was tested for various tumor cell lines.53,93 The complex  

mer-[Ru(tpy)Cl3] showed significantly higher cytotoxicity compared to the other two 

complexes. The high activity of this complex is due its ability to bind to DNA through two 

guanine derivatives in the trans position.94 Reedijk and co-workers have shown that  

cis-[Ru(bpy)2Cl2] forms a monoadduct  with 9-ethylguanine (9EtG) and a crystal structure of 

the complex revealed the coordination of 9EtG through the N7 position of the nitrogen atom.95 

Alberto and co-workers, on the other hand have shown that under the same conditions the 

quantitative coordination of the two guanine derivatives from 9-methylguanine (9MeG) in the 

cis position through N7 of the nitrogen atom.96 During the last years numerous ruthenium(II) 

complexes containing terpyridine have been synthesized with the general formula  

mer-[Ru(tpy)(N-N)Cl]+ where N-N = bidentate nitrogen-donor ligand.44,97-100 Their DNA 

binding ability was studied and it was found that most of these complexes bind covalently 

through N7 of the nitrogen atom in guanine and some of them stop DNA replication.93,97 Three 

isomeric ruthenium(II) polypyridyl complexes α-, β- and γ-[RuCl2(azpy)2] where azpy = 

phenylazopyridine were tested on the cancer cell lines: MCF-7, EVSA-T, WIDR, IGROV, 

M19, A498, H266 and A2780.101-103 Complex α-[RuCl2(azpy)2] showed the highest activity 

with IC50’s value of 0.86 and 0.98 μM for the A2780 and A2780cisR cell lines which is in the 

same range as the cytotoxicity of the ruthenium(II) arene complexes at the same cell lines.104 
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Complexes with general formula trans-[RuL3][PF6]2 (L = 2-phenylazopyridine or  

o-tolylazopyridine) and complexes with the general formula  [RuL2'L''][PF6]2 (L = 2-

phenylazopyridine or bipyridine) were studied for cytotoxic activity as well.105 These 

complexes were designed to examine the hypothesis that the complex α-[RuCl2(azpy)2] 

possesses high cytotoxic activity due to two cis chloride ligands, which can be preplaced by 

interaction with DNA, as in the case with cisplatin. Complexes mer-[Ru(azpy)3] and  

mer-[Ru(tazpy)3] showed cytotoxic activity for a series of cancer cell lines: MCF-7, EVSA-T, 

WIDR, M19, A498, H266. The conclusion is that even in the absence of a chloride ligand a 

cytotoxic activity is detected. This would mean that 2-phenylazopyridine ruthenium(II) 

complexes act with a completely different mechanism compared to cisplatin. 

 

Scheme 10. Structures of some ruthenium(II/III) polypyridyl complexes. 

 Recently, Bugarčić and co-workers have developed new ruthenium(II) polypyridyl 

complexes of the general formula mer-[Ru(L3)(N-N)X][Y]n in which L3 = terpyridine or 

chloride-terpyridine, X = Cl or dmso-S, N-N = 1,2-diaminoethane (en),  

1,2-diaminocyclohexane (dach) and bipyridine (bpy), Y = Cl, PF6 or CF3SO3 and n = 1 or 2, 

depending on the nature of X.106 Studies of three ruthenium polypyridyl complexes, i.e.  

[Ru(Cl-tpy)(en)Cl][Cl], [Ru(Cl-tpy)(dach)Cl][Cl] and [Ru(Cl-tpy)(bpy)Cl][Cl], Scheme 11, 

showed that they are capable to bind on guanine derivatives after the dissociation of the 

monodentate ligand, i.e. Cl, forming monofunctional adducts. They bind strongly to CT-DNA 

(Kb = 104 – 105 M−1), both covalently and non-covalently, intercalating between base pairs,107 

which means they can be referred to as classical compounds. Knowing that proteins play a 

crucial role in the transport and deactivation of ruthenium drugs, detailed studies have been 
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conducted in interaction with human serum albumin (HSA) and transferrin (Tf).108 Compared 

to Tf, HSA appears to be a more favorable binding partner for the studied ruthenium 

compounds. Moderate to strong binding to HSA was found, whereas their affinity for Tf was 

much lower. Complexes containing en and dach were more reactive with HSA and Tf than to 

the complex containing bpy, possibly due to the easier release of chloride. The binding of the 

compounds to HSA and Tf did not affect secondary structures of the proteins much, whilst their 

tertiary structures showed some alternatives.108 This is important knowing that the native 

conformation of a transport protein should not be markedly altered upon binding a drug. Such 

occurrence may prevent the protein from performing its normal actions, i.e. binding cellular 

receptors and delivering the drug, or it may even be sent down a degradation pathway. Overall, 

the study implies that proteins are biological targets of the ruthenium(II) terpyridine 

compounds. The cytotoxicity of this kind of complexes was studied by MTT assay using human 

lung carcinoma (A549), human colon carcinoma (HCT116) and mouse colon carcinoma 

(CT26) cell lines. It was found that [Ru(Cl-tpy)(en)Cl][Cl] and [Ru(Cl-tpy)(dach)Cl][Cl] 

showed high to moderate in vitro cytotoxicity, with IC50’s of 32.80 – 66.30 µM.107,109 

 

Scheme 11. General formula of ruthenium(II) terpyridine complexes. 

1.3. Rhodium 

Rhodium belongs to the IX group of transition metals and the name was introduced from 

the Greek name for a rose (rhodon). Rhodium has a atomic number 45 (Kr 5s14d8) and atomic 

mass of 102.90. There are several isotopes of rhodium (more than 20 isotopes starting from 

93Rh to 117Rh), but naturally occurring rhodium is composed of only one isotope 103Rh and the 

most stabile radioisotopes are 101Rh, 102Rh, 102mRh and 99Rh. Rhodium has a wide spectra of 

applications but the major one is as a catalytic converter, changing harmful unburned 

hydrocarbons, carbon monoxide and nitrogen oxide exhaust emissions into less noxious 
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gasses.110 Rhodium is a non-biological precious metal and has been relatively little used in 

biological or medicinal contexts. However, rhodium complexes have desirable attributes for 

use in a complex biological milieu where rhodium complexes occur in oxidation states 0, +1, 

+2, +3 and display low oxophilicity, i.e. broad functional group tolerance and aqueous 

stability.111-114 

1.3.1. Anticancer rhodium complexes 

The first mention of anticancer properties of a rhodium complex, RhCl3▪3H2O, appeared in 

1953, preceding Rosenberg’s accidental discovery of cisplatin activity by more than a 

decade.13,14 There were some reports of antitumor activity of some complexes such as  

mer-[RhCl3(NH3)3] and mer,cis-[RhCl3(DMSO)2(NH3)],
15,115,116 but the most recent research 

of biological interest happened in the last 10 years, and the structure-activity relationship and 

cellular effects of cytotoxic rhodium(III) compounds have been systematically studied.   

Two complementary rational approaches for designing rhodium(III) complexes with 

increased activity involved: a) introduction of one or more ligands with a stronger trans effect 

to significantly improve the rate of substitution of the opposite halide ligands and  

b) the coordination of ligands that themselves are cytotoxic and that can potentially participate 

in specific interactions with some biological targets.15 Among the most-well known ruthenium 

complexes mentioned above are NAMI-A and KP1019. Making the analogues of this kind of 

complexes where rhodium was used as a metal center instead of ruthenium, the complex 

[ImH][trans-[RhCl4(Im)2] where Im = imidazole, was synthesized. The results showed that 

ligand exchange reactions proceed significantly more slowly than for the structurally related 

ruthenium(III) anticancer agent KP1019, and the rhodium(III) complex is biologically 

inactive.15,116 

1.3.2. Trichlorido- and dichloridorhodium(III) complexes 

The biological properties of trichloridorhodium(III) complexes should be significantly 

modified due to higher rates of DMSO and/or chloride exchange. Meridional complexes  

mer-[RhCl3(DMSO)(pp)], Scheme 12, have been prepared by treatment in the dark of  

mer,cis-[RhCl3(DMSO-κS)2(DMSO-κO)] with the appropriate pp ligand in CH3OH/H2O where 

pp = bpy (bipyridine), phen (phenanthroline), dpq (dipyrido[3,2-d:2’,3’-f]quinoxaline), dppn 

(benzo[i]dipyrido[3,2-a:2’,3’-c]phenazine), dppy (dipyrido[3,2-a:2',3'-c]phenazine),15,117 or 

due to lower solubility of substituted phen ligands in non-polar solvent CHCl3 for  

pp = 5-Clphen, 5-NO2phen.118 Complexes mer-[RhCl3(DMSO)(pp)] were stable in CHCl3 
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solution on roomlight irradiation for 24h but slowly isomerized to mer/fac mixtures in polar 

DMSO solutions under similar conditions.15,117 

 

Scheme 12. Structures of mer-[RhCl3(DMSO)(pp)] complexes that showed cytotoxic activity on 

cancer cells. 

All of the complexes showed the activities on cancer cell lines MCF-7, HT-29 and  

HEK-293. The following SARs could be established for their IC50 values: a) bpy > phen > dpq, 

dppz, dppn where Y = DMSO; b) phen > 4,7-Me2phen > 5,6-Me2phen, 5-Clphen, 5-NO2phen 

where Y = DMSO; c) LL = en > dab (1,2-diaminobenzene), [6]aneS2 > bpy where Y = DMSO; 

d) Y = CH3CN > TMTU > DMSO for LL = phen where TMTU = tetramethylthiourea. High 

IC50 values for the κ2N(diamino) LL ligands en and dab in the series en > dab > [6]aneS2 > bpy 

underlined the importance of the popypyridyl ligands for understanding cytotoxicity. However, 

the IC50 value for the κ2S [6]aneS2 complex towards MCF-7 cells was only 2.2 times higher 

than that of the bpy complex, suggesting that alone the presence of soft donor atoms in the 

chelating ligand may be crucial.15 

As for the facial trichloridorhodium(III) complexes, UV-Vis and CD studies were in 

accordance with the absence of significant DNA intercalation by the complexes  

mer-[RhCl3(DMSO)(pp)].15,117-119 Gel retardation assays with plasmid pBr322 revealed no 

significant DNA cleavage of the dpq and dppz complexes either in the dark or following 30 

min irradiation at selected wavelengths.120 Time dependent 1H NMR investigations of 1:2 M 

aqueous solutions of the dpq and dppz complexes with 5’-GMP and Ac-Met-OH at 40 °C also 

provided no evidence for the coordination of either the guanine N7 atoms or the thiaether  

S- atoms of the latter biomolecules over a 72 h period.15  

Morrison and co-workers have studied in detail the complexes bis(bipyridyl)rhodium(III), 

Scheme 13, such as cis-[RhCl2(dppz)(phen)]Cl and cis-[RhCl2(3,4,7,8-Me4phen)2]Cl 

complexes as potential phototoxic agents for the destruction of cancer cells.15, 121-123 
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Scheme 13. Structures of the dichloridorhodium(III) complex cations  

       a) cis-[RhCl2(3,4,7,8-Me4phen)2]+ and b) cis-[RhCl2(dppz)(phen)]+. 

Light-activated drugs offer an attractive therapeutic strategy that minimizes damage to 

normal surrounding tissues by enabling both temporal and spatial control over toxicity.15 After 

the titration of CT-DNA and observation of hypochromic and bathochromic shifts for dppz 

MLCT bands, it is confirmed that a relatively strong intercalation is present. In contrast, after 

the irradiation at 330 nm there was a rapid photo induced Cl−/H2O exchange and a formation 

of the dicationic aqua species cis-[RhCl(H2O)(dppz)(phen)]2+. Dose dependent nicking of 

supercoiled plasmid DNA was observed in the presence of cis-[RhCl2(dppz)(phen)]Cl upon 

irradiation at 311 nm. The dppz compound was an effective phototoxic agent at 311 nm against 

the cancer cell lines KB (human nasopharyngeal carcinoma), GN4 (canine prostate carcinoma) 

and M109 (human lung carcinoma) but exhibited no cytotoxicity in the dark.15 

An analogous application of cis-[RhCl2(dppz)(phen)] in photochemotherapy was restricted 

by its modest hydrophobicity, which prevented its passing through the cell membranes of HeLa 

and KB cells.122 In contrast, the complex cis-[RhCl2(3,4,7,8-Me4phen)2]Cl was synthesized 

which successfully increased the hydrophobicity to enable significant uptake by KB cells.  

After 3h of incubation period of the KB cells with 55 µM solution of  

cis-[RhCl2(3,4,7,8-Me4phen)2]Cl complex and irradiation at 311 nm about 55% cell death 

occurred in 40 min. As the exposure to UV light led to rapid formation of  

cis-[RhCl(H2O)(3,4,7,8-Me4phen)2]Cl2, it is believed that this is the major photoactive agent. 
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The photoactivated cis-[RhCl2(3,4,7,8-Me4phen)2]Cl complex restricted in vitro malignant 

melanoma cell growth by about 40% at 100 µM and inhibited cancer growth in a xenograft 

melanoma model by about 50% after 60 days.15,123 

1.3.3. Cyclopentadienyl complexes 

Replacement of three water molecules in the hexaaqua cation [Rh(H2O)6]
3+ by facial 

cyclopentadienyl ligand leads to a dramatic increase in the liability of the remaining aqua 

ligands. The rate constant, kex, for H2O exchange increases for [Rh(η5-Cp*)(H2O)3]
2+ up to  

1.6 x 105 s−1.124 Introduction of the bpy ligand in the complex reduces the liability of the 

remaining aqua ligand by about two orders of magnitude down to 1.59 x 103 s−1. Polypyridyl 

complexes of the type [Rh(η5-Cp*)(pp)]+ also undergo rapid aquation due to the strong trans 

effect of the anionic [Cp*]− ligand.15,125 

 

Scheme 14. Structures of cytotoxic half-sandwich RhIII complexes with pp ligands. 

The IC50 values of complexes [Rh(η5-Cp*)(pp)](CF3SO3) towards MCF-7, HT-29 and 

HEK-293 cancer cell lines have been done, Table 2. The complexes with the large dppz ligand 

exhibited closely similar IC50 values of 1.5/4.3 µM for the MCF-7/HT-29 cells, which were a 

bit higher than those of 0.8/1.8 µM for the free ligand. Replacement of dppz by the smaller 

phen and phen* ligands had little effect on the activity of the rhodium(III) complexes, which 

all lay within the narrow IC50 range of 2.27/8.21 µM.15 
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Ligand pp 

IC50/μM 

MCF-7 

 

IC50/μM 

HT-29 

 

IC50/μM 

HEK-293 

en 100 100 n.d. 

bpy 100 100 n.d. 

phen 4.7 8.0 0.7 

5-Clphen 3.5 8.2 8.3 

5-NO2phen 4.3 4.6 3.9 

4,7-Me2phen 2.5 2.2 0.4 

5,6-Me2phen 3.9 n.d. 0.8 

4,7-(MeO)2phen 3.6 3.5 n.d. 

dpq 5.1 8.5 n.d. 

dppz 1.5 4.3 n.d. 

12,13-Me2dppz 0.9 0.9 2.4 

dppn 0.8 3.2 n.d. 

 

Table 2. Selected IC50 values for half-sandwich rhodium complexes of type  

[Rh(η5-Cp*)(pp)](CF3SO3) towards MCF-7, HT-29 and HEK-293 cell lines after incubation period of 

72 and 96h. 

DNA is considered to be a potential intracellular target for ruthenium(II) arene complexes 

and both intercalative and covalent Ru-N binding modes have been established in model studies. 

The binding preference of the cyclopentadienyl rhodium(III) complexes is dependent on both 

the aromatic surface area of chelating ligands and the HSAB properties of the metal center.  

UV-Vis and CD spectroscopic studies indicated stable intercalative binding by the analogous 

cyclopentadienyl rhodium(III) dpq and dppz complexes, as confirmed by viscosity increases 

due to marked DNA lengthening.126 On the other hand, 1H NMR spectra documented rapid 

reaction of these rhodium(III) complexes with 5’-GMP in aqueous solution at 30 °C leading to 

effectively quantitative guanine N7 coordination within 5 min.15, 126 

Cyclopentadienyl rhodium(III) complexes containing κ2N,O ligand qnol− and npox− have 

also been investigated as potential anticancer agents, Scheme 15.127,128 Respective IC50 values 

of 0.8, 0.9 and 5.9 µM were established on the basis of a WST-1 cell assay for  

[Rh(η5-Cp*)(qnol)] towards the human melanoma SK-Mel and C-32 cells and human 

glioblastoma SNB-19 cells after a 72 h incubation.128 The IC50 values were obtained, 4.9 and 

9.8 µM. Both complexes had no activity on human melanoma SH-4 cells. During the treatments 

lasting 24 or 48 h complex [Rh(η5-Cp*)(npox)] inhibited growth of HeLa and promyelocytic 

leukemia (HL60) cells and the obtained IC50 values were 2.2 and 2.0 µM.15,127 
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Scheme 15. Selected ligands in coordination with cyclopentadienyl rhodium(III) complex with 

cytotoxic activity. 

The IC50 values for complexes containing pp ligands (5,6-Me2phen, 5-Clphen, 5-NO2phen, 

dppz) towards HEK-293 cells were closely similar to the values recorded for HT-29 cells.15  

1.3.4. Dirhodium(II) complexes 

The exploration of dirhodium(II,II) complexes as anticancer agents dates back to the 1970s, 

with the rhodium carboxylate [Rh(CH2COO)4] being found to show carcinostatic activity, 

although with a lower potency compared to cisplatin. Later studies suggested that the 

dirhodium(II,II) complexes exert antiproliferative activity by binding covalently to the purine 

bases of DNA, generating DNA intrastrand and interstrand crosslinking. Recent reports have 

indicated that dirhodium(II,II) complexes might also target proteins. Che and co-workers 

reported that dirhodium(II,II) complex A, Scheme 16, inhibited the UPS (ubiquitin-proteasome 

system) at sub-micromolar concentrations, which was attributed to its ability to inhibit 

proteolysis.129,130 The dirhodium(II,II) carboxylates inhibited UPS at concentrations that were 

at least 10-fold lower than that required for inducing DNA damage, suggesting that cytotoxic 

activities were linked to their actions on the UPS. Besides anticancer activity, dirhodium(II,II) 

complexes have also been tested for anti-inflammatory applications. Martinez-Manez and  

co-workers have reported non-toxic CO-releasing dirhodium complex B, Scheme 16, that 

inhibit NO production in stimulated macrophage cells. At low concentrations, CO can reduce 

NO production and thus such CO-releasing molecules might find potential use for the treatment 

of inflammatory diseases such as arthritis.130,131 
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Scheme 16. Structures of dirhodium(II,II) complexes A and B. 

Studies over many years established that dirhodium(II,II) complexes bind directly to Lewis 

bases on DNA via initial axial coordination and eventual displacement of equatorial ligands, 

such as acetate, to form bridging DNA complexes.114,132-134 Ligands with extended π 

conjugation, such as 1,10-phenantroline derivatives, exhibit generally enhanced DNA affinity 

and cell-killing activity.114,135 

1.4. Osmium 

Osmium belongs to the VIII group of transition metals and the name was introduced from 

the Greek name for a “smell” (osme). Osmium has the atomic number 76 (Xe 6s25d64f14) and 

atomic mass of 190.23. Osmium has seven isotopes in nature where six of them are stable: 

184Os, 187Os, 188Os, 189Os, 190Os and 192Os. Osmium has a wide range of use, but due to his 

toxicity osmium is rarely applied in its pure state, so instead was often used as alloy with other 

metals. Osmium derivatives are important oxidants in organic synthesis and in catalytic 

reactions.153 Osmium compounds are rarely used, but it is used as an addition to alloys which 

increases hardness. Also it plays the role of an efficient catalyst in several chemical reactions.  

1.4.1. Anticancer osmium complexes 

Osmium complexes have received far less attention than ruthenium complexes in sense of 

implementation in medicinal chemistry. The general reason is partially motivated by the well-

known toxicity of OsO4.
154,155 However, in different forms osmium may possess properties 

useful for anticancer activity. The implementation of novel ligands and the diverse coordination 

geometries and oxidation states of osmium has led to the development of a limited range of 

osmium complexes as potential anticancer agents in the last six years.155 
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A precursor of the osmium analogue KP1019 was reported corresponding to  

trans-[OsIVCl4(HInd)2], where HInd is indazole. The coordination mode of indazol to osmium 

involves the unprecedented stabilization of the 2H-indazol tautomer. Compared to KP1019, 

trans-[OsIVCl4(HInd)2] showed suppressed hydrolysis in aqueous solution and similar 

antiproliferative activity in an ovarian cancer cell line. 

The osmium analogue of NAMI-A is more inert and stable towards hydrolysis in aqueous 

and physiological media and, in contrast to NAMI-A derivatives, does not interact with  

9-methyladenine.156,158 In vitro cytotoxic studies of Os-NAMI-A showed a three-fold higher 

activity in colon carcinoma (HT-29) and a two-fold decrease in mammary carcinoma  

(SK-BR-3) cell lines compared to NAMI-A.156,159 

The reactivity of the osmium analogue of RAPTA-C was studied towards a single-stranded 

14-mer DNA fragment. While RAPTA-C formed mainly mono-adducts accompanied by arene 

retention owing to the increased inertness of osmium(II) towards ligand substitution.156,160 

Furthermore, the osmium analogue did not undergo excessive aquation and was inactive up to 

the maximum solubility in colon (HT-29), non-small cell lung (A549) and breast (T47D) 

carcinoma cell lines.156,161 

Although the aqueous chemistry of osmium complexes is not completely understood,162,163 

some trends on physicochemical properties have emerged in comparison to isostructural 

ruthenium analogues.156 A typical feature of osmium compounds is the increased inertness 

towards ligand substitution compared to ruthenium and therefore often results in a reduced or 

even suppressed hydrolysis of the metal-halido bonds.156 Moreover, upon hydrolysis, the 

formed aqua adduct of the osmium complex tend to be more acidic than ruthenium aqua 

adducts, i.e. a pKa drop of 1.5 pH units is often observed for the osmium(II) compounds 

compared to ruthenium(II) analogues.156,164 Osmium(II) compounds may be found as 

unreactive hydroxido species under physiological conditions. According to the HSAB 

principle, osmium is slightly softer than ruthenium, which is expected to result in slightly 

different coordination preferences to biomolecules.156 

1.5. Kinetic reactions of transition metal complexes 

The study of the kinetics of a chemical reaction aims at determining the speed of the 

reaction, as well as determining the influence of different parameters (change of reactant 

concentration, pH, temperature and pressure change, catalyst, etc.) at the reaction rate. One of 

the objectives of studying the chemical reaction is determining the reaction mechanism,  



 

 
27 

 

i.e. determination of the elementary reaction steps which lead to the formation of the reaction 

product. Determining the reaction mechanism is implicative of the way in which a chemical 

bond breaks down and then the way in which a new chemical bond is formed. It must be taken 

into account that every elementary reaction step has its own mechanism where a complete 

explanation of the reaction mechanism is difficult to explain. 

From Scheme 17. certain phases can be seen which must be taken into account when 

determing the chemical reaction mechanism.136 

 

 

Scheme 17. Steps in determing a chemical reaction mechanism.136 

The study of a mechanism of inorganic reactions has expanded with the development of 

organometallic and bioinorganic chemistry as well as with the expansion of the new techniques 

such as UV-Vis spectrophotometry, NMR spectroscopy, „stop-flow“ spectrophotometry, 

HPLC etc. 

1.5.1. Substitution reactions of complexes 

Substitution reactions of complexes can be electrophilic (SE) and nucleophilic (SN), 

depending on whether the substitution occurs in the substitution process of the central metal 

ions or ligands. If a metal ion is substituted during the reaction, i.e. electrophile, this is the 

reaction of an electrophilic substitution, equation 1.5.1, and if a ligand replacement is performed 

then the nucleophilic substitution reaction is happening, equation 1.5.2. 
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       SE     1.5.1 

       SN     1.5.2 

Nucleophilic substitution reactions, according to Langford and Gray137 take place by three 

different mechanisms: 

➢ Dissociative mechanism (D) 

➢ Associative mechanism (A) 

➢ Mechanism of interchange (I) 

With the dissociative mechanism (D), in the first stage of the reaction comes to dissociation 

of one ligand L from the coordinate sphere of the complex, whereby an intermediate with 

reduced coordination number is formed. In the next step, the input ligand K is bonded to the 

central metal ion. Since the first stage of the reaction is slower, it determines the overall rate of 

the substitution reaction. 

With the associative mechanism (A), in the first stage the input ligand X is bound to a central 

metal ion generating the intermediate with an increased coordination number, and then in the 

second phase, the leaving ligand L leaves the coordination sphere of the complex. 

The building reaction of an intermediate with an increased coordination number is slower 

and it determines the speed of the substitution process. 

 

Scheme 18. Mechanisms of nucleophilic substitution of complexes. 

 

[MLn]  +  M'             [M'Ln]  +  M

[MLn]  +  X              [MLn-1X]  +  L
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The mechanism of interchange (I) is the process in which, in the first phase, the input ligand 

X binds to electrostatic forces for the external coordination sphere of the complex. Thereafter, 

the incoming ligand migrates from the external to the internal coordination sphere while 

simultaneously migrating to the outgoing ligand L from the inner into the outer coordination 

sphere. The ultimate process is to break the connection between the complex and the outgoing 

ligand. This mechanism, unlike the previous two, does not have an intermediate, but there is a 

transient state, i.e. the process has its own activation energy. The change mechanism can be 

divided into Ia, associative interchange, and Id, dissociative interchange, mechanisms. If the 

process of breaking the link between the central metal ion and the outgoing ligand L has a 

greater impact on the reaction rate of the chemical reaction, the mechanism is labeled with Id, 

and if the process of forming a new connection between the central metal ion and the input X 

has a greater impact on the rate of the chemical reaction, the mechanism is marked with Ia.137,138 

1.5.2. Activation parameters 

The determination of mechanism of the chemical reaction is based on the analysis of the 

obtained values of the thermodynamic parameters (ΔH≠, ΔS≠, ΔV≠), which characterize a 

particular process. It is necessary to first define the value of the constant of the reaction rate k, 

for which there is a large number of experimental methods. The choice of the appropriate 

method depends on both the speed of the process being studied and the characteristics of the 

participants in the chemical reaction.139 

Knowing the value of the constant of the reaction rate at different temperature allows the 

determination of their thermodynamic parameters. The value of the activation energy Ea is 

determined using the Arrhenius equation 1.5.3.139-141 

/RT)Eexp(kk a0 −=
           1.5.3 

in which the rate of the reaction is constant, k0 is the frequency factor, R is the gas constant and 

T is the temperature at which the value of the rate constant is determined. Logarithm of the 

equation 1.5.3 the term is given: 

      /RTElnklnk a0 −=          1.5.4 

in which there is a linear dependence of lnk of 1/T. This dependence is linear at a narrow 

temperature range of 30 – 40 °C. This means that by knowing the value of the chemical reaction 
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rate constant for at least three temperatures, the value of the –Ea/R member, i.e. the activation 

energy for the studied reaction can be determined graphically.139,140 

The enthalpy of the activation ΔH≠ is determined from the equation 1.5.5. 

    RTEΔH a −=           1.5.5 

The entropy of activation ΔS≠ is the value which represents the measurement of the Gibbs 

energy with the change of temperature T and can be expressed by equation 1.5.6, 
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The value of ΔS≠ is determined from the Eyring equation 1.5.7: 
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Since the Gibbs energy can be expressed by changing the enthalpy of activation and entropy of 

activation, the equation 1.5.8: 

   G = H + TS          1.5.8 

substituting in equation 1.5.7 gives the equation 1.5.9: 
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Logarithm of the equation 1.5.9 gets: 
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From the equation 1.3.8 it can be seen that there exists a linear dependence of ln(k/T) against 

1/T (Eyring plot), i.e. graphically based on this equation obtained from the slope value of the 

enthalpy of activation, ΔH≠, and the value of entropy of activation, ΔS≠, is determined,  

Scheme 19. The expression, ln(R/Nh) is a constant and amounts 23.8 at 25 °C. 
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Scheme 19. An Eyring plot allows the activation parameters ΔH≠ and ΔS≠ to be determined from the 

temperature dependence of the rate constant; the dotted part of the line represents an extrapolation. 

The volume of activation, ΔV≠, is given by the Van’t Hoff equation 1.5.11: 
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The value of ΔV≠ is obtained by monitoring the change of rate constant in pressure dependence 

and it is based on the equation 1.5.12: 

   bRTΔV −=
                     1.5.12 

in which b represents the slope from lnk = f(P). The volume of activation, ΔV≠, consists of two 

members, equation 1.5.13: 

   V = V
int + V

sol                   1.5.13 

The first member ΔV≠
int refers to changes in the internuclear distances and correlation angles in 

the formation of the activated complex, while the other member ΔV≠
sol describes the changes in 

the charge, as well as the dipole interactions in the activated complex. Therefore, if the charged 

ions react in the substitution process the contribution of the second member can be greater than 

the first one, so the value of volume activation is not a reliable criterion for determining the 

mechanism. However, when there is no change in the charge during the substitution process, 

the second term in equation 1.5.13 can be neglected, i.e. the value of activation, ΔV≠, depends 

only on ΔV≠
int. In this case, the value of activation, ΔV≠, is the most reliable criterion for 

determining the substitution mechanism.141,142 
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1.5.3. Determination of the mechanism of nucleophilic substitution reactions 

The determination of the mechanism of the nucleophilic substitution reaction is performed 

on the basis of the values of the thermodynamic parameters,140-144 which characterize the 

studied process. One of the parameters by which the substitution mechanism can be 

preliminarily determined in a very simple way is the rate of the constant. Based on the equations 

which represent the dissociative or associative mechanism and mechanism of interchange, it 

can be seen that the substitution process by the dissociative mechanism is a first order reaction, 

and by the associative mechanism a second order reaction. In this regard, when studying a 

reaction and if it is found that the nature of the input ligand does not affect the rate of reaction, 

then it is a dissociative or Id mechanism of substitution. On the opposite, if the rate of reaction 

depends on the nature of the input ligand then the reaction occurs by the associative or Ia 

substitution mechanism.140-143 

A more reliable criterion for determining the mechanism is knowing the value of the entropy 

of activation, ΔS≠. Since the entropy of activation is the measure of the system disorder, as well 

as the fact an intermediate is formed with higher or with lesser disorder with different 

mechanisms, this parameter makes it possible to determine the substitution mechanism. In case 

of a dissociative mechanism an intermediate with a reduced coordination number is generated, 

i.e. the system disorder is increased and the value of entropy of activation, ΔS≠, has a positive 

value. With the associative mechanism an intermediate with an increased coordination number 

is generated and the system disorder is reduced, i.e. the value of entropy of activation, ΔS≠, has 

a negative value. In the case of mechanism of interchange, I, the value of entropy of activation, 

ΔS≠, is approximately equal to zero. 

The most reliable criterion for determining the mechanism is the value of the volume of 

activation, ΔV≠.142,143 Taking into account the type of intermediate in different mechanisms, the 

increase in pressure will accelerate the associative mechanism reactions and slow down the 

reactions of the dissociative mechanism, D. Therefore, the negative value of volume of 

activation, ΔV≠, indicates the D or Id substitution mechanism. In the case of the mechanism of 

interchange, the pressure does not significantly affect the rate of substitution. 
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1.5.4. Substitution reactions of octahedral complexes 

Complexes with coordination number 6 most often have octahedral geometry. These 

complexes have an Oh symmetry group. A large number of elements with different electronic 

configurations have the ability to build octahedral complexes. 

Thus, the ions Na and Mg, which belong to the group of s-elements form octahedral 

complexes, as well as some p-elements such as sulfur and silicon (SF6 and [SiF6]
2−) are forming 

the complexes.137,138,140 However, most octahedral complexes are formed from transitional  

d-elements. 

The process of ligand substitution in octahedral complexes differs from the substitution 

process for square-planar complexes. The pz orbital from metal ions in square-planar complexes 

tends to receive an electronic pair from the input ligand in the process of substitution by A 

mechanism. In octahedral complexes the pz orbital is already filled out from the metal ions. 

Moreover, the volatility of octahedral complexes is higher than in square-planar complexes, so 

the approach of the input ligand is difficult.138 

The reaction of the substitution of octahedral complexes can also be performed by a D, A 

or I mechanism, as described in section 1.5.1. The inner-orbital octahedral complexes (d2sp3 

hybridization) whose metal ions have the electronic configuration d0, d1, d2 as well as the d4 

electronic configuration are coordinated unsaturated, i.e. they have empty internal d-orbitals. 

Therefore, these metal ions have the ability to receive an electronic pair of input ligands, which 

according to the A mechanism, will generate an intermediate with the coordinate number 7. 

However, for the outer-orbital octahedral complexes (sp3d2 hybridization) the D mechanism is 

expected. The largest number of substitution reactions of octahedral complexes occurs in the D 

or Id mechanism, while the nature of the outgoing ligand and the nature of the inert ligand have 

a great influence on the rate of the constant. In the case of these complexes steric disturbances 

are less significant. 

1.5.5. Influence of the outgoing ligand 

The influence of the outgoing ligand on the rate constant of the substitution reaction of 

octahedral complexes can be explained in the case of acid hydrolysis of the complex type 

[Co(NH3)5X]2+: 

[Co(NH3)5X]2+ +  → [Co(NH3)5(H2O)]3+ + X− 
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The speed at which the leaving ligand X leaves the coordination sphere depends on the 

strength of the chemical bond between the metal ion and the observed ligand. In the case of 

ligands of the same charge, the rate of the substitution reaction increases with the increase in 

the size of the ligand. However, if we observe ligands of different charge, the rate of the 

substitution reaction decreases with the increase in the charge of the outgoing ligand. 

1.5.6. Influence of the inert ligand 

The nature of the ligand has a significant influence on the octahedral complexes located in 

the cis or trans position relative to the outgoing ligand. This effect can be explained in the case 

of the complex [Co(en)2XCl]+, where X is an inert anionic ligand. Namely, the ligand X can 

influence the liability of the outgoing Cl− ligand in the following order: 

If X is in the trans position relative to Cl− the lability drops in the series: 

OH− > NO2− > N3− > CN− > Br− > Cl− > SO4
− > NCS− 

      f X is in the cis position relative to Cl− the lability drops in a series: 

OH− > Cl− > Br− > NO2
− > SO4

2− > NCS− 

Complexes with cis geometry mostly react faster than the corresponding trans complexes, 

except when X = NO2− or N3−.145 

1.5.7. Steric influence 

If there are steric disturbances around the central ions of the metal, the substitution reaction 

of octahedral complexes takes place along the D mechanism, while the A mechanism implies 

sterically unprotected complexes. For example, the reaction of hydrolysis for the meso form of 

the complex [Co(bn)2Cl2]
+ (bn is butylenediamine) is approximately 30 times faster than the 

mixture of the d and l form due to the fact that the meso form is more sterically protected.145 

1.6. Hydrolysis and hydration of metal ions 

All ions, regardless of whether they are positively or negatively charged, are dissolved in 

water. The hydration energy, in case of a metal ion, can be defined as the amount of energy 

released when the free metal ion passes from the gas phase to the aqueous solution and is 

hydrated,146 equation 1.6.1. 

1.6.1 
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The hydration energy is the result of the interaction between the metal ion and the water 

molecule. When the ionic ion is found in aqueous solution, it is surrounded by molecules of 

water whereby three hydratic spheres are formed. 

Metal ions of large radius and a small charge, are subjected to hydration. The metal hydrate 

group includes ions from the first and second group of the periodic table (excluding beryllium). 

However, ions of a small metal radius and a large charge are subjected to hydrolysis (Al3+, Fe3+, 

etc.) 

 

Scheme 20. An overview of electrostatic interactions between water molecules and metal ions.11,12 

The electrostatic interactions between the large metal ions and water are sufficiently strong to 

lead to the release of H+ ions from the water molecule, Scheme 20, which can be represented 

by the equation144 1.6.2. 

               1.6.2 

Based on the equation 1.6.2 it can be seen that these metal ions act as acids.146,147 Recent studies 

have shown that if the angle between the axis passing through the metal oxygen bond and the 

oxygen-hydrogen bond is greater than 50°, metal complex hydrolyses, and if the angle is less 

than 50° metal complex hydrates. 
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Scheme 21. Schematic representation of metal ion hydrolysis. 

In the process of hydrolyzing metal ions, initially mononuclear hydrolytic complexes of 

type [M(H2O)(n−1)(OH)]z−1 are formed which are then polymerized in the further course of the 

reaction giving polynuclear complexes of the type [Mp(OH)q]
(zp−q)+. Hydroxide ions are most 

commonly bridged ligands due to a great ability to bond more than one metal ion. Therefore, 

they are responsible for the formation of polynuclear hydrolytic complexes. 

 Hydrolysis of metal complexes depends on the nature and concentration of the metal 

ion. In addition, it depends on the temperature, the ionic strength of the solution, the nature of 

the solvent and the presence of certain substances that can build complex compounds with metal 

ions. 

1.7.      DNA binding studies 

 

1.7.1. Calculation of DNA binding constants 

In order to compare quantitatively the binding strength of the complexes, the intrinsic 

binding constants Kb can be determined by monitoring the changes in absorption at the MLCT 

band with increasing concentration of CT-DNA using the following equation 1.7.1.148 

[DNA]/(εA – εf) = [DNA]/(εb – εf) + 1/[Kb(εb– εf)]                                                                1.7.1 

Kb is given by the ratio of slope to the y intercept in plots [DNA]/(εA – εf) versus [DNA] , where 

[DNA] is the concentration of DNA in base pairs, εA = Aobs/[complex], εf is the extinction 

coefficient for the unbound complex and εb is the extinction coefficient for the complex in the 

fully bound form. 

 

1.7.2. Stern-Volmer equation for EB competitive studies 

  The relative binding of complexes to CT-DNA can be described by the Stern-Volmer 

equation 1.7.2 149  

I0/I = 1+ Ksv[Q]                                                                                                                      1.7.2 
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where I0 and I are the emission intensities in the absence and the presence of the quencher, [Q] 

is the total concentration of quencher, Ksv is the Stern-Volmer quenching constant, which can 

be obtained from the slope of the plot of I0/I versus [Q]. 

 

1.7.3.  Stern-Volmer equation for BSA quenching studies 

 

Fluorescence quenching can be described by the Stern–Volmer equation: 

I0/I = 1+ kqτ0[Q] = 1+ Ksv[Q]                                                                                                1.7.3 

where I0 = the initial tryptophan fluorescence intensity of BSA, I = the tryptophan fluorescence 

intensity of BSA after the addition of the quencher, kq = the quenching rate constant of BSA, 

Ksv = the dynamic quenching constant, τ0 = the average lifetime of BSA without the quencher, 

[Q] = the concentration of the quencher respectively. 

Ksv = kqτ0                                                                                                                              1.7.4 

and, taking as fluorescence lifetime (τ0) of tryptophan in BSA at around 10−8 s, Ksv (M−1) can 

be obtained by the slope of the diagram I0/I vs [Q] (Stern-Volmer plots), and subsequently the 

approximate kq (M−1 s−1) may be calculated.149 

  A factor, exp(V[Q]), where V is the static quenching constant, can be introduced into 

Stern–Volmer, equation 1.7.4, in order to describe both quenching modes150,151: 

I0/I = (1 + Ksv[Q])eV[Q]                                                                                                                          1.7.5 

The static quenching constant, V can be obtained from the equation 1.7.6 by plotting I0/Ie
V[Q] 

versus [Q] by varying V until a linear plot is obtained. The highest value of correlation 

coefficient can be used as criterion for linearity of the plot to obtain a precise value of V. The 

(dynamic) collisional quenching constant, Ksv can be then obtained from the slope of linear 

plots. 

 

1.7.4. Scatchard equation for BSA quenching studies 

 

  From Scatchard equation: 

r/Df = nK – rK                                                                                                                   1.7.6 

where r (r = ΔI/I0) is the moles of drug bound per mole of protein and Df is the molar 

concentration of free metal complex. The association binding constant K (M−1) may be 
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calculated from the slope in the Scatchard plots r/Df vs r and the number of binding sites per 

albumin (n) is given by the ratio of y intercept to the slope (Scatchard plots).152 
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RUTHENIUM AS POTENTIAL ANTICANCER DRUG 

 

2.1. New 4’-(4-chlorophenyl)-2.2’:6’,2”-terpyridine ruthenium(II) complexes: Synthesis, 

characterization, interaction with DNA/BSA and cytotoxicity studies 

 

 Within the paper a series of new monofunctional ruthenium(II) complexes were made. 

All complexes were fully characterized by elemental analysis and spectroscopic techniques (IR, 

UV-Vis, 1D and 2D NMR). Their chemical behavior in aqueous solution was studied by UV-

Vis spectroscopy, fluorescence quenching measurements and viscosity measurements. 

Competitive studies with ethidium bromide was studied, as well as the interaction with protein 

bovine serum albumin. In vitro studies were performed on HeLa and A549 carcinoma cell lines, 

as well as the cell cycle analysis by flow cytometry of HeLa and A549 cells was treated with 

complexes. 

 

Participations in the publication: 

M. M. Milutinović, A. Rilak, Ž. D. Bugarčić – Synthesis, UV-Vis spectroscopy, DNA/BSA 

interactions, implementation of all results and writing a paper; 

I. Bratsos – NMR measurements; 

O. Klisurić – X-ray measurements; 

M. Vraneš – Viscosity measurements; 

N. Gligorijević, S. Radulović – Cytotoxic investigation. 

 

Reproduced by permission of Elsevier. 

DOI: https://doi.org/10.1016/j.jinorgbio.2016.10.001  

https://doi.org/10.1016/j.jinorgbio.2016.10.001
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2.2. Kinetic and mechanistic study on the reactions of ruthenium(II) chlorophenyl 

terpyridine complexes with nucleobases, oligonucleotides and DNA 

 

 Within the paper the ability of ruthenium(II) polypyridyl complexes to act as DNA 

binders was investigated. The substitution reactions were monitored with mononucleotide 

guanosine-5’-monophosphate and oligonucleotides such as fully complementary 15-mer and 

22-mer duplexes with centrally located GG-binding site for DNA, and fully complementary 

13-mer duplexes with centrally located GG-binding site for RNA were studied quantitatively 

by UV-Vis spectroscopy. Furthermore, the interactions of ruthenium(II) polypyridyl complexes 

with calf thymus DNA and herring testes DNA were studied by “stopped-flow” UV-Vis 

spectroscopy, and the reactivity of Ru-adducts was revealed by gel mobility shift assay. 

 

Participations in the publication: 

M. M. Milutinović, A. Rilak, S. K. C. Elmroth, Ž. D. Bugarčić – Kinetic investigation of 

DNA/RNA duplexes by UV-Vis spectroscopy, “stopped-flow” spectroscopy, gel 

electrophoresis, implementation of all results and writing a paper; 

I. Bratsos – NMR measurements; 

O. Klisurić – X-ray measurements; 

 

Reproduced by permission of The Royal Society of Chemistry: 

DOI: 10.1039/C6DT04254F 
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2.3. A camphor based 1,3-diamine Ru(II) terpyridine complex: synthesis, 

characterization, kinetic investigation and DNA binding 

 

  Within the paper the synthesis and reactivity of a new ruthenium(II) complex with a 

bidentate enantiopure camphor based diamine ligand was described. UV-Vis and NMR 

measurements were performed for the characterization of the new complex, and also the kinetic 

studies with guanosine-5’-monophosphate were monitored by the UV-Vis spectroscopy. DNA 

interactions were performed with new ruthenium(II) complex and calf thymus DNA. 

 

Participations in the publication: 

M. M. Milutinović, R. Wilhelm – Synthesis, characterization, kinetic investigation by UV-Vis 

spectroscopy, implementation of all results and writing paper. 

 

Reproduced by permission of The Royal Society of Chemistry: 

DOI: 10.1039/C7NJ04674J 



 

 
112 

 



 

 
113 

 



 

 
114 

 



 

 
115 

 



 

 
116 

 

 



 

 
117 

 



 

 
118 

 



 

 
119 

 



 

 
120 

 



 

 
121 

 



 

 
122 

 



 

 
123 

 



 

 
124 

 

 

 

 



 

 
125 

 

2.4. Newly synthesized heteronuclear ruthenium(II)/ferrocene complexes suppress 4T1 

mammary carcinoma growth in BALB/c mice by promoting activation of anti-tumor 

immunity 

 

  Within the paper two new heteromettalic Ru(II)-terpyridine/ferrocene complexes were 

synthesized and characterized by elemental analysis, spectroscopic techniques (IR, UV-Vis, 

1D and 2D NMR) and mass spectrometry (MALDI TOF MS). The chemical behavior of the 

complexes was monitored by UV-Vis spectroscopy. Also DNA/BSA interactions were studied 

with newly synthesized Ru(II)-terpyridine/ferrocene complexes, and molecular docking was 

performed as well. Cytotoxic studies were made on human and murine breast cancer cells, as 

well as the in vivo studies on mice. 

 

Participations in the publication: 

M. M. Milutinović, A. Rilak Simović – Synthesis of ruthenium complexes, UV-Vis 

spectroscopy, NMR measurements, viscosity measurements, DNA/BSA interaction 

measurements, implementation of all results and writing a paper; 

D. Stevanović – synthesis of desired ferrocene ligands; 

R. Masnikosa – MALDI TOF MS measurements; 

M. Vraneš, A. Tot – Molecular docking measurements; 

P. Čanović, M. Zarić, B. Simović Marković, V. Volarević, T. Kanjevac, M. Misirkić 

Marjanović, Lj. Vučićević, M. Savić, V. Jakovljević, V. Trajković – In vitro and in vivo 

cytotoxic studies. 

 

Reproduced by permission of Organometallics, ACS. 

DOI: https://pubs.acs.org/doi/10.1021/acs.organomet.8b00604   

https://pubs.acs.org/doi/10.1021/acs.organomet.8b00604
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RHODIUM AS POTENTIAL ANTICANCER DRUG 

 

3.1. Synthesis and structures of a pincer-type rhodium(III) complexes: reactivity toward 

biomolecules 

 

  Within the paper a novel rhodium(III) complex contacting pincer-type ligand was 

synthesized. Single crystal X-ray measurement was performed. The reactivity toward small 

biomolecules, such as L-methionine, guanosine-5’-monophosphate, L-histidine and 

glutathione and a series of duplex DNAs and RNA was investigated by UV-Vis spectroscopy. 

Furthermore, an interaction with DNA/BSA and rhodium(III) complex was monitored by  

UV-Vis spectroscopy. 

 

Participations in the publication: 

M. M. Milutinović, J. V. Bogojeski, S. K. C. Elmroth, Ž. D. Bugarčić – Synthesis, UV-Vis 

spectroscopy, NMR measurements, kinetic investigation of DNAs, RNA and BSA by UV-Vis 

spectroscopy, implementing of all results and writing a paper; 

A. Scheurer – Synthesis of a pincer-type ligand: 

O. Klisurić – X-ray measurements. 

 

Reproduced by permission of The Royal Society of Chemistry 

DOI: 10.1039/C6DT02772E 



 

 
179 

 



 

 
180 

 



 

 
181 

 



 

 
182 

 



 

 
183 

 



 

 
184 

 



 

 
185 

 



 

 
186 

 



 

 
187 

 



 

 
188 

 



 

 
189 

 



 

 
190 

 



 

 
191 

 



 

 
192 

 



 

 
193 

 



 

 
194 

 



 

 
195 

 



 

 
196 

 



 

 
197 

 



 

 
198 

 

 

 

 

 

 



 

 
199 

 



 

 
200 

 

 

 

 

 

 

 



 

 
201 

 

3.2. Synthesis of Camphor-Derived Bis(pyrazolylpyridine) Rhodium(III) Complexes: 

Structure−Reactivity Relationships and Biological Activity 

 

  Within the paper two novel rhodium(III) complexes were synthesized with camphor-

derivatives. Single crystal X-ray measurements were performed. The reactivity of the 

synthesized rhodium(III) complexes was studied with small biomolecules such as  

L-methionine, guanosine-5’-monophosphate and glutathione. DNA/BSA interactions with 

rhodium(III) complexes were monitored by UV-Vis spectroscopy. Also DFT and molecular 

docking studies were performed, as well as the cytotoxic studies on human epithelial colorectal 

carcinoma HCT-116 cell line. 

 

Participations in the publication: 

A. Petrović, M. M. Milutinović, J. V. Bogojeski – Synthesis, characterization, UV-Vis 

spectroscopy, NMR measurements, kinetic investigation of small biomolecule and DNA/BSA 

studies by UV-Vis spectroscopy, implementation of all results and writing a paper; 

M. Živanović, N. Milivojević – cytotoxic studies; 

R. Puchta – DFT calculations; 

A. Scheurer, J. Korzekwa – Synthesis of ligands; 

O. Klisurić – X-ray measurements. 

 

Reproduced by permission of Inorganic Chemistry, ACS. 

DOI: https://pubs.acs.org/doi/10.1021/acs.inorgchem.8b02390  

https://pubs.acs.org/doi/10.1021/acs.inorgchem.8b02390
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FINAL CONCLUSION & OUTLOOK 

 

  Ruthenium(II) and rhodium(III) complexes proved to be suitable for anticancer and 

biomedical applications. Changing the environment, in coordination sense, in ruthenium and 

rhodium complexes, and tuning these compounds with respect to their reactivity, ruthenium(II) 

and rhodium(III) complexes offer a rich chemistry and many possible future applications. The 

aim of this dissertation was to synthesize, characterize and study the reactivity of these 

complexes with small biomolecules, as well as to study the interaction with oligonucleotides 

of small fragments of DNAs and RNA and also to monitor the interactions with different types 

of DNA and proteins. One of the parts of this dissertation was focused on cytotoxic studies on 

the synthesized complexes of ruthenium and rhodium. 

  The crystal structures of the ruthenium(II) complexes [Ru(Cl-Ph-tpy)(bpy)Cl]Cl and 

low quality resolution of complex [Ru(Cl-Ph-tpy)(en)Cl]Cl were determined. The Ru ion 

displays the typical distorted octahedral geometry with the tridentate Cl-Ph-tpy ligand 

coordinated with the expected meridional geometry, the bpy and en as the N-N bidentate 

chelating ligand, and the sixth coordination site occupied by a chloride ion. Single crystal  

X-ray structure analysis for the rhodium complexes [RhIII(H2L
tBu)Cl3] and [RhIII(Me2L*)Cl3] 

revealed that both complexes crystallizes in the orthorhombic space group, where for complex 

[RhIII(H2L
tBu)Cl3] the orthorhombic space group Pbcn and for complex [RhIII(Me2L*)Cl3] the 

orthorhombic space group P212121 are favored. 

  In view of the potential anticancer activity of all the new ruthenium(II) and rhodium(III) 

complexes, their chemical behavior in aqueous solution was studied by UV-Vis and NMR 

spectroscopy. For the ruthenium(II) terpyridine complexes studies showed that complexes 

[Ru(Cl-Ph-tpy)(en)Cl]Cl, [Ru(Cl-Ph-tpy)(dach)Cl]Cl, [Ru(Cl-Ph-tpy)(bpy)Cl]Cl, 

[Ru(tpy)(2(1S,3R)-NH2∩NH2)Cl]Cl, [Ru(tpy)(mtefc)Cl]Cl and [Ru(tpy)(mtpfc)Cl]Cl release 

the Cl− ligand to form the corresponding aqua species. The rate of hydrolysis for the complexes 

[Ru(Cl-Ph-tpy)(en)Cl]Cl, [Ru(Cl-Ph-tpy)(dach)Cl]Cl, [Ru(Cl-Ph-tpy)(bpy)Cl]Cl and 

[Ru(tpy)(2(1S,3R)-NH2∩NH2)Cl]Cl was found to depend markedly on the nature of the 
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chelating ligand (minutes for en, dach and 2(1S,3R)-NH2∩NH2, hours for bpy), but its extent, 

as similar in all cases, with a ca. 1:9 ratio between intact and aquated species at equilibrium in 

NMR measurements for ruthenium(II) terpyridine complexes containing en, dach and bpy as 

bidentate ligands. 

  Complexes containing both ruthenium and rhodium as a metal center are stable in 

biological solutions, such as phosphate buffer solution or HEPES buffer. Electronic absorption 

spectra for all complexes remained unchanged for 24h after dissolution, suggesting a good 

stability of the complexes. 

It was of particular interest to elucidate the similarities and differences in the behavior of the 

ruthenium(II) and rhodium(III) complexes towards mononucleotides, oligonucleotides and 

DNA, and to relate these properties to biological effect. This thesis provides information on the 

mechanism of substitution of ruthenium(II) and rhodium(III) complexes with the guanine 

model compounds such as guanosine-5’-monophosphate, L-histidine, 9-methylguanine, as well 

as the interaction with sulfur donor biomolecules such as L-cysteine and L-methionine. The 

kinetic data for the reactions of ruthenium(II) terpyridine derivatives with guanosine-5’-

monophosphate clearly showed that the rate of the reactions depends on the nature of the 

chelating ligand where ruthenium(II) complexes which contain en, dach and  

2(1S,3R)-NH2∩NH2 react ca. 2 times faster than ruthenium(II) complex containing bpy as 

bidentate ligand. The reactivity of the synthesized rhodium(III) complexes toward small 

biomolecules, such as L-methionine, guanosine-5’-monophosphate, L-histidine and 

glutathione is: 5’-GMP > GSH > L-Met > L-His. The order of reactivity of the investigated 

rhodium(III) complexes follow the order: [RhIII(Me2L*)Cl3] > [RhIII(H2L
tBu)Cl3] = 

[RhIII(H2L*)Cl3] > [RhIII(tpy)Cl3]. This implies that rhodium(III) complexes have almost the 

same affinity to bind to sulfur-donor biomolecules and nitrogen-donor biomolecules, which is 

in accordance with the fact that rhodium(III) belongs to the borderline group, i.e. this metal ion 

is a soft-hard acid. 

  Quantitative kinetic investigations on ruthenium(II) chlorophenyl-terpyridine 

complexes and rhodium(III) pincer-type complex were also performed with oligonucleotides 

such as small fragments of DNAs and RNA with centrally located GG-binding sites. 

Concerning the length of the fragments of DNAs and RNA, it can be seen that shorter 13GG 

duplex RNA reacts faster than the longer 15GG duplex DNA-1 and 22GG duplex DNA-2. For 

the rhodium(III) complex [RhIII(H2L
tBu)Cl3] an additional measurement with one more DNA 

fragment which contains 22GTG duplex was added. It was observed that a better reactivity is 
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achieved with DNA duplex with a centrally located GG- sequence than with a 22GTG duplex 

in which the GG-sequence is separated by a T base. 

  The interactions of ruthenium(II) and rhodium(III) complexes with calf thymus DNA 

were examined by absorption using UV-Vis spectroscopy  and fluorescence emission spectral 

studies by ethidium bromide displacement studies, but also by viscosity measurements and for 

some of the complexes molecular docking studies. The results revealed the ability of the 

complexes to bind to calf thymus DNA covalently and non-covalently through intercalation. 

All complexes show good binding to protein bovine serum albumin, with relatively high 

binding constants. The high K values observed for the all complexes suggest that these 

complexes can be efficiently stored and transported in the body by protein bovine serum 

albumin. 

  Furthermore, the interactions with calf thymus DNA and herring testes DNA were 

studied by “stopped-flow” UV-Vis spectroscopy with [Ru(Cl-Ph-tpy)(en)Cl]Cl, [Ru(Cl-Ph-

tpy)(dach)Cl]Cl and [Ru(Cl-Ph-tpy)(bpy)Cl]Cl complexes and also a gel mobility shift assay. 

According to the obtained rate constants, the complexes with bidentate aliphatic diamines 

proved to be superior to those with bpy in terms of reactivity and capability to bind 

oligonucleotides and DNA. In addition, the reactions with herring testes DNA were faster 

compared to those with calf thymus DNA probably due to the higher percentage of guanine in 

herring testes DNA. The reactivity of the complexes and their efficiency to unwind closed, 

negatively supercoiled DNA are not in line with their biological activity. These differences may 

play a very important role in their antitumor activity and could contribute to a different 

mechanism for cytotoxic compared to cisplatin. 

  In vitro studies of ruthenium(II) complexes [Ru(Cl-Ph-tpy)(en)Cl]Cl,  

[Ru(Cl-Ph-tpy)(dach)Cl]Cl and [Ru(Cl-Ph-tpy)(bpy)Cl]Cl was evaluated against two different 

cancer cell lines, HeLa and A549, and one normal cell line, MRC-5, in comparison with their 

analogues and cisplatin. Ruthenium(II) complexes which contained bpy as a bidentate ligand 

displayed the highest cytotoxicity, and it roughly correlates with the ability to hydrolyze the 

monodentate ligand at a reasonable rate. In vitro studies have also been performed on  

MDA-MB-231 and 4T1 cancer cell lines with complexes [Ru(tpy)(mtefc)Cl]Cl and 

[Ru(tpy)(mtpfc)Cl]Cl, with apoptosis being  the main mechanism of complex-induced death. 

It is worth noting that both complexes promoted activation of innate and acquired anti-tumor 

immunity, which contributed to the reduced growth and progression of mammary carcinoma 

in vivo. 
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  In vitro viability effects against human epithelial colorectal carcinoma HCT-116 of 

[RhIII(H2L*)Cl3], [RhIII(Me2L*)Cl3] and [RhIII(tpy)Cl3]  complexes were also determined. 

Rhodium complex [RhIII(Me2L*)Cl3] showed significant cytotoxic effects, while the other two 

rhodium(III) complexes showed no cytotoxic effect. 

  In summary, the presented study of ruthenium(II) and rhodium(III) complexes indicates 

that ruthenium or rhodium as a metal center in complexes are promising anticancer candidates. 

Every new contribution in this field is highly warranted due to the current lack of clinically 

used metallo-based alternatives to cisplatin. The results in this thesis represent a further 

improvement in the structure-pharmacological relationship needed for the design of new 

anticancer ruthenium or rhodium drugs and chemotherapeutic strategies. 
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