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Abstract 

Kinetic and mechanistic studies of four sets of octahedral ruthenium(II) complexes were 

performed to establish the influence of the coordinated ligand systems on the reactivity of the 

complexes. The rate of substitution of the aqua or chloro ligands by biorelevant nucleophiles 

of different steric demands (thiourea, N,N-dimethylthiourea and N,N,N’,N’-

tetramethylthiourea) was investigated under pseudo-first order conditions as a function of 

nucleophile concentration and temperature using stopped flow or ultraviolet-visible 

spectrophotometry. Computational studies using density functional theory were carried out to 

gain insight into the structural and electronic properties of the complexes. 

In the work reported in Chapter Three, the effect of π-conjugation of the auxiliary ligand on 

the substitution reactivity of mono aqua terpyridine-based ruthenium(II) complexes was 

investigated. The results obtained show that there is a positive correlation between the π-

surface area of the bidentate (N^N) auxiliary ligands and reactivity of the complexes. This is 

attributable to an upsurge in π-acceptor ability of auxiliary ligand as its π-conjugation increases 

which facilitates effective π-back-donation of electron density from the metal centre to the 

ligands. Consequently, the complexes become more electrophilic thereby promoting faster 

nucleophilic attack on the metal centre. This is supported by computational results and 

measured pKa values. It was established that when the denticity of the auxiliary ligand is 

changed from one to two, the reactivity reduces due to an increase in steric hindrance around 

the metal centre.  

In Chapter Four, the influence of π-back-bonding and trans-effect on the reactivity of 

mononuclear ruthenium(II) complexes with two chloro leaving groups is reported. It was 

established that increase in aromatic area of the ligands enhance the simultaneous substitution 

of the chloro ligands. This is due to increase in π-back-donation of electron density from the 
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metal centre as the π-surface increase. Accordingly, the global electrophilicity of the complexes 

as well as the positive charge at the central metal are increased leading to enhanced reactivity 

as supported by the DFT-results. However, increased steric hindrance due to the two 

biquinoline ligands (complex Ru-4) retarded its reactivity. Complexes with methyl substituents 

were more reactive compared to those without. This enhancement in reactivity is attributed to 

positive σ-trans-effect of the ortho-positioned methyl groups. Furthermore, it was established 

that an increase in π-acceptor properties of the influencing ligand reduces the σ-trans-effect of 

the groups due to π-back-donation thereby reducing the reactivity.  

In Chapter Five, six complexes (two mononuclear and four dinuclear) were investigated to 

establish the role of a rigid bridging ligand on the reactivity of p-cymene complexes towards 

ligand substitution. The results showed that the rate of the simultaneous substitution of the aqua 

ligands in the binuclear complexes decreased with increase in steric hindrance around the metal 

centres as well as decrease in electrophilicity of the complexes. The dinuclear complex (Ru-3) 

was more reactive than its related mononuclear complex (Ru-2) due to synergistic effects of 

the two metal centres which make the complex more electrophilic. The introduction of 

bipyridyl chelating ligand to p-cymene complex drastically reduces the reactivity due to 

increased steric hindrance around the metal centre as well as reduced electrophilicity.  

In Chapter Six, the effect of the nature and length of a α,α’-diimine bridging ligand on the 

reactivity of ruthenium(II) p-cymene complexes was investigated. It was noted that the 

complex with no spacer between the α,α’-diimine moieties was the most reactive due to 

effective π-back-bonding of electrons from the metal centre to the α,α’-diimine moieties. As 

the flexibility of bridging ligand increases, the steric hindrance in the vicinity of the metal 

centre decreases increasing the reactivity of the complexes in the same order. In addition, the 

xylyl spacer (Ru-4) forms two V-shaped curvatures that promote the reactivity through the 

cage effect.  
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In all the reactions, the activation parameters (ΔH≠ > 0, ΔS≠ < 0) support an associative 

mechanism. The crystal structures of [Ru(terpy)(bipy)Tu)](ClO4)2 and trans-

[Ru(bipy)2Tmtu)2](ClO4)2  reveal that the substitution products are stable and the oxidation 

state of the metal centre (+2) is maintained after reaction. 

This study concludes that, the stereo-electronic properties of the ligand system around the metal 

centre play a key role in influencing the reactivity of ruthenium(II) complexes.   
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CHAPTER ONE 

 Introduction 

1.1 Cancer 

Cancer is a general term used to describe a group of related diseases that are characterized by 

abnormal multiplication of cells beyond their boundaries. The proliferation of the cells bear no 

relation to the physiological needs of the organ(s) affected.[1] It is caused by pathological failure 

in processes that control cell multiplication, differentiation and death.[2]  

According to global statistics, in the year 2015 cancer was responsible for about 9 million 

deaths world-wide. A close scrutiny of this data showed that the most common types of cancer 

are; lung cancer (1.69 million deaths), liver cancer (788,000 deaths), colorectal cancer (774,000 

deaths), stomach cancer (754,000 deaths) and breast cancer (571,000 deaths).[3] Of all the 

reported  cancer cases, about 5-10% are attributed to genetic imperfections while the rest (90-

95%) are caused by environmental and lifestyle factors.[4] Key human carcinogens are tobacco, 

asbestos, aflatoxin and ultraviolet light.[5]  

Cancer is treated through surgery, radiotherapy and chemotherapy[6] with the choice of 

treatment depended on the location and grade of the tumour, stage of the disease and 

performance status of the patient.[7] Surgery is the most efficient treatment for localized 

tumours because it involves the total removal of the cancer cells from the patient. Radiotherapy 

and chemotherapy are complementary techniques because in each treatment regimen, not all 

the cancer cells are destroyed. For the treatment of metastatic cancer and tumours, a 

combination therapy is required.[8]  

In chemotherapy, antineoplastic drugs are used for the destruction of cancerous cells and 

shrinkage of tumours. These drugs are classified according to their mechanism of action. The 

important classes are; antimetabolites, plant alkaloids, alkylating agents, antitumour 
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antibiotics, hormonal agents and topoisomerase inhibitors.[9] The most widely used 

metallodrugs are platinum-based complexes. 

1.2 Platinum-Based Anticancer Agents 

Platinum-based complexes have been used for several decades in cancer therapy with cisplatin 

(cis-diamminedichloroplatinum(II)) (Figure 1.1) being the most potent and widely used 

metallotherapeutic drug.[10]  

                                    

Figure 1.1: Molecular structure of cisplatin 

In combination with other antineoplastics, cisplatin is used in the treatment of 50-70% of all 

lung, ovarian, bladder, testicular and lymphoma cancer cases.[11] Despite its extensive use in 

oncology, cisplatin is faced by serious drawbacks. Its use is restricted by dose limiting side-

effects such as nephrotoxicity, neurotoxicity, ototoxicity and myelosuppression.[10] Besides, it 

is inactive against many cancer cell lines and metastases. Cancerous cells may also develop 

resistance to cisplatin therapy as a result of decreased drug uptake/increased drug elimination, 

degradation and or deactivation by thiol-based biomolecules as well as improved repair 

tolerance of  the DNA-cisplatin adducts.[12] 

Due to the aforementioned limitations, researchers are keen on delivering more effective and 

less toxic anticancer agents with reduced cross-resistance compared to the parent 

compounds.[13] After intensive research work involving synthesis of thousands of complexes, 

only two additional platinum(II) based complexes have entered global utilization as anticancer 

agents viz; carboplatin and oxaliplatin.[10-11]  
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Other complexes such as nedaplatin, lobaplatin and heptaplatin have been approved in Japan, 

China and North Korea, respectively.[10, 14] Structures of these complexes are shown in 

Figure 1.2. 

                                    

                          

Figure 1.2: Structures of platinum(II) based metallotherapeutics used in cancer treatment 

Notwithstanding their successful application in cancer treatment,  these drugs are associated 

with side effects and other deficiencies just like cisplatin. For instance; thrombocytopenia is 

the dose-limiting toxicity for carboplatin, nedaplatin and lobaplatin[15] while oxaliplatin is 

restricted by its unpredictable sensory neuropathy.[16] The intrinsic and acquired resistance of 

tumoural cells to carboplatin and oxaliplatin reduces their efficacy occasionally causing 

treatment failure.[17] Moreover, most of the available platinum-based chemotherapeutics have 

limited spectrum of activity especially against metastatic tumours.[12, 18]  

 Due to the foregoing reasons, different strategies were considered in order to design and 

develop more efficient chemotherapeutic agents. These strategies involved ligand 

modification, development of multinuclear systems, variation of the coordination geometry and 

the use of non-platinum metal centres.[19]  
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Several non-platinum metal complexes such as gold, ruthenium, osmium, palladium, titanium 

and vanadium have been investigated for their anticancer properties.[20] Among them, 

ruthenium based complexes have emerged as the most attractive alternative to platinum based 

metallodrugs due to their unique and versatile biochemical properties.[18, 21] 

1.3 Chemistry of Ruthenium 

Ruthenium (Ru) is a transition metal belonging to the platinum group of elements with an 

atomic number of 44 and a relative atomic weight of 101.07 g/mol. It has melting and boiling 

points of 2310 and 3900 ̊C, respectively. Ruthenium has a density of 12.45 g/cm3 and exists in 

seven naturally occurring stable isotopes; 98Ru (1.87%), 99Ru (12.76%), 100Ru (12.60%), 101Ru 

(17.06%), 102Ru (31.55%) and 104Ru (18.62%). Its oxidation state ranges from -2 to +8 with 

+2, +3 and +4 being the most common.[22] Clinically, ruthenium complexes have shown 

impressive anticancer, immunosuppressing, antimicrobial, antibiotic and nitric oxide 

scavenging properties.[18] 

1.4 Ruthenium Complexes as Potential Anticancer Agents 

Ruthenium based complexes especially ruthenium(II) and (III) are well suited for medical 

application as anticancer metallotherapeutic agents due to their desirable properties.[23] As a 

result of their strong ligand field stabilization, these complexes adopt octahedral geometry[24] 

giving them a larger structural diversity relative to square planar platinum(II) complexes.[19, 24] 

In addition, the two additional coordination sites permit new modes of binding to intracellular 

targets compared to platinum(II) complexes.[25]  

Another important attribute of ruthenium complexes is that they have various accessible 

oxidation states (II, III and IV) with low interconversion energy barrier at physiological 

conditions. Their ability to mimic iron in binding to biomolecules such as serum and transferrin 

make them less toxic to normal cells compared to the globally approved platinum-based 
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antineoplastic agents.[18, 26] These complexes have better selectivity for cancer cells further 

reducing their toxicity to the normal cells.[21] Furthermore, the cellular uptake of ruthenium 

complexes is enhanced due to their transferrin-binding abilities that lead to over-expression of 

protein receptors on the surfaces of cancerous cells.[26] Ruthenium complexes have similar 

ligand exchange rates as platinum complexes and have also shown excellent activity against 

some cisplatin resistance cancer cells.[21]  

1.4.1 Development of Ruthenium Anticancer Complexes 

Interests in anticancer properties of ruthenium complexes commenced when it was discovered 

that radio-ruthenium labelled compounds could be localized in tumour cells.[27] Among the first 

ruthenium complexes to be investigated was fac-[RuCl3(NH3)3] (Figure 1.3) which was found 

to be active against Escherichia coli and sarcoma cell lines.[28] However, further clinical 

investigations on the complex was hampered by its poor aqueous solubility.[29] 

Subsequent investigations focused on anionic complexes with better solubility and multiple chloro 

ligands.[30] Keppler and Rupp 1986, discovered that, ICR, KP 418 [(imidazolium)-trans-

(bisimidazole)-tetrachlororuthenate(III)] (Figure 1.3) was  highly active against murine 

leukemia and melanoma cancer cells. The tumour inhibiting ability of this complex was either better 

or comparable to those exhibited by cisplatin, cyclophosphamide and 5-fluorouracil.[23a] 

Moreover, it was active against acetoxymethyl-methylnitrosamine-induced colorectal cancer 

in rats,[31] a model with close semblance to colorectal cancer in human beings.[30] Further 

investigations on KP418 analogues led to the discovery that KP1019 (indazolium trans-

[tetrachlorobis(indazole)ruthenate(III)]) (Figure 1.3), had exceptional activity against rat colon 

cancer recording up to 95% tumour reduction without any significant weight loss and mortality.[23b] 

To the dismay of the researchers, its low solubility hampered clinical trials.[30, 32]  Instead, its sodium 

analogue, NKP-1339 (sodium trans-[tetrachlorobis(indazole)ruthenate(III)]) (Figure 1.3) has 
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been pursued for clinical trials due to its excellent solubility.[32] The high solubility also facilitated 

the application of large doses of the complex to patients.[30] 

At the same time research interests in utilizing dimethyl sulfoxide (DMSO) as a ligand in 

ruthenium complexes grew because  of its ability to bind  to a metal centre through either S or 

O atoms depending on the stereo-electronic factors around the metal centre.[33] Coordinated 

DMSO  combines the properties of being a fairly good π-acceptor and a good leaving group. It 

is therefore able to stabilize the metal centre as well as generate the active aqua species quite 

easily. Moreover, it imparts a good aqua solubility to complexes, making them diffuse easily 

though the cell membrane.[34]   

A major break-through on DMSO-based ruthenium(II) complexes occurred when NAMI-A  

(imidazolium [trans-DMSO-imidazole-tetrachlororuthenate]) (Figure 1.3) was found to be 

efficacious against pulmonary metastases in several in vivo tumours models.[23c, 23d] The anti-

metastatic activity of NAMI-A is grounded on cell adhesion and inhibition of cancer cell 

motility and  invasiveness.[35] On the contrary, it was observed that NAMI-A has negligible 

activity towards primary tumour and had limited in vitro cytotoxicity.[23c, 23d] During clinical 

trials NAMI-A showed partial response in phase II causing failure of the trials.[36]  

                        

Figure 1.3: Structures of tumour-inhibiting ruthenium(III) complexes 
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The ruthenium(III) anticancer complexes undergo in vivo reduction to the more reactive and 

cytotoxic ruthenium(II) and this has propelled research interest in the complexes of the latter 

oxidation state.[20a, 37] 

1.4.2 Ruthenium(II) Complexes 

The initial biological tests on ruthenium(II) complex, RuCl2(DMSO)4 showed a good activity 

against Escherichia coli.[38] Later both trans and cis-RuCl2(DMSO)4 (Figure 1.4) were found to 

have a good activity against primary tumour and metastases. Due to their stability to oxidation, 

these complexes were used as models to investigate interactions between ruthenium(II) 

complexes and DNA as well as oligonucleotides.[39]  

Significant activity of ruthenium(II) complexes against numerous cancer cells was achieved 

with [RuCl2(azpy)2] where azpy is 2-phenylazopyridine[23e] (Figure 1.4). It was found that the 

N-aromatic ligands present were able to stabilize the metal centre as well as increase the 

hydrophobic/intercalative interactions between the complex and DNA through non-covalent 

binding. In addition, the geometric effects of the aromatic ligands enhance protein binding.[24]  

Other studies utilized η6-arene moiety to stabilize the ruthenium metal centre at oxidation state 

of +2. Arene based complexes form the latest generation of ruthenium-based anticancer agents 

(vide infra).[40] 

                                        

Figure 1.4: Some ruthenium(II) complexes initially investigated 
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The major classes of ruthenium(II) anticancer agents are polypridyl and arene complexes.[41] 

1.4.3 Ruthenium(II) Polypridyl Complexes   

The diversity in size and flexibility of polypyridyl ligands confer  different shapes and chirality 

to octahedral ruthenium complexes that can be utilized to achieve favorable DNA-binding 

properties.[41-42] Typical polypyridyl ligands include 2,2’-bipyridine, 1,10-phenanthroline, 

2,2’:6’,2’’-terpyridine and their substituted analogues; they readily form stable complexes with 

ruthenium metal ions.[20a] 

Many ruthenium(II) complexes with nitrogen-based polypyridyl ligands have exhibited good 

activity in screening studies and are preferentially localized in tumour cells.[25] These 

complexes  are considered as classical anticancer agents[41, 43] whose cytoxicity is positively 

correlated to the aromatic π-conjugated surface area of the coordinated ligands.[44]  Likewise, 

a direct relationship between cytotoxicity and DNA binding has also been reported on these 

complexes.[25]  

Ruthenium(II) polypyridyl complexes with one or multiple leaving group(s) are potent 

intercalators in addition to covalent coordination to DNA in two-step process. The first step is 

the replacement of the chloro ligand with an aqua ligand while the second step is binding to 

the DNA nucleobases through substitution of the labile aqua ligands.[25, 45]  

Large number of monochloro terpyridine-based ruthenium(II) complexes; Ru(terpy)(N^N)Cl]+ 

(where N^N is a bidentate ligand and terpy is unsubstituted/substituted 2,2’:6’,2’-terpyridine) 

have been studied.[46] For instance; complexes of the type [Ru(Cl-Ph-terpy)1(L)Cl]Cl where L 

is phenanthroline or o-benzoquinonediimine have shown higher activity and selectivity 

compared to cisplatin against numerous cancer cell lines.[25, 47] Terpyridyl-based ruthenium(II) 

                                                           
1 4′-(4-chlorophenyl)-2,2′:6′,2″-terpyridine 
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complexes interact with DNA covalently through the guanine residues forming monofunctional 

adducts. Most of these complexes induce apoptosis of the cancer cells by activating 

mitochondrial apoptotic pathway while the others halt DNA replication.[25, 47] 

Similarly, ruthenium(II) polypyridyl complexes with two chloro ligands have been evaluated 

for their oncological  properties. For example; the chiral complex α-[Ru(azpy)2Cl2] showed 

excellent in vitro cytotoxicity against several cancer cells. It is more potent than cisplatin 

against breast and melanoma cancer cell lines.[23e] A series of dipyrido[3,2-a:2’,3’-

c]quinoxaline[2,3-b]quinoxaline based complexes with two labile chloro ligands have also 

shown good cytotoxicity against  invasive and non-invasive human breast tumour cell lines.[48] 

Other studies have also revealed that ruthenium(II) complexes with strain-inducing alkyl 

substituents are more cytotoxic compared to those with unsubstituted ligands.[49] Therefore, the 

electronic and steric properties of the ligand systems around the metal centre has a profound 

influence on the cytotoxicity of a complex.[25, 46-47] 

1.4.4 Ruthenium(II) Arene Complexes 

Interest in the utilization of pseudo-octahedral half-sandwich ruthenium(II) complexes as 

anticancer agents has vastly grown over the last two decades.[50] These complexes with a 

general formula [(η6-arene)Ru(X)(Y)(Z) display a pseudo-octahedral geometry in which the π-

bonded arene ligand occupy three coordination sites. The commonly used arene ligands are 

benzene, biphenyl, para-cymene and dihydroanthracene. The other three remaining 

coordination sites (X,Y,Z) in fac-position offer diverse coordination modes that can be utilized 

to design customized complexes. The sites X and Y can be occupied by two unidentate ligands 

or one bidentate ligand while Z is a leaving group usually a halogen.[51] The arene ligand 

influences the electron distribution of a complex, hence the nature of arene group affects the 

stability of the ruthenium(II) complexes.[52] 
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Arene-based ruthenium(II) complexes have exhibited excellent in vivo and in vitro cytotoxicity 

even in cisplatin resistant cells.[40b, 53] Leading active arene ruthenium(II) complexes are 1,3,5-

triaza-7-phosphaadamantane-based complexes (RAPTA-T and RAPTA-C), RM175 and 

DW1/2 (Figure 1.5). For example; RAPTA-T has shown anti-metastatic and anti-invasive 

activity against mammary cancer cells[23f, 23g] while RAPTA-C exhibits broad anti-tumour 

efficacy by inhibiting cell growth.[23h]  

                    

Figure 1.5: Some of the lead arene ruthenium(II) anticancer agents at preclinical trials 

The cytoxicity of these complexes can be varied by changing the arene group and/or the 

chelating ligand.[54] It is documented that their cytotoxicity has a direct relationship with the π-

surface area of the arene and/ or the chelating ligand.[55]  Contrarily, changing the leaving group 

has no impact on cytoxicity because the complexes are activated by aquation.[56] Importantly, 

the cytotoxicity can be changed by increasing the number of metal centres linked together.[56-

57]  

Multinuclearity is an emerging approach in drug design and development to overcome chemo-

resistant tumours.[57] Multinuclear ruthenium complexes mostly contain binuclear, trinuclear, 

tetranuclear or hexanuclear derivatives.[58] Among these systems, the binuclear complexes are 

well investigated for their anticancer properties.[59] It is established that they are more active 

than their mononuclear analogues due to synergistic effects. The length of the linker between 

the two metal centres has a positive correlation with the cytoxicity of a complex[53b, 60] because 

lipophilicity and cellular uptake increase with increase in length of the spacer.[53b,54,60a] 
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Therefore, the bridging ligand control the biological and pharmacological properties of these 

complexes as well as providing steric protection to the metal centres against biological non-

target molecules.[61] 

1.5 Potential Targets of Ruthenium(II) Complexes 

Ruthenium(II) complexes enter the cells through either energy-depended and or energy-

independent mechanisms such as active transport, passive diffusion and endocytosis.[62] The 

structural and electronic properties of ligands around the metal centre have influence on the 

target of the anticancer metallodrug.[63] 

The main target of  ruthenium(II)-based oncotherapeutics is the DNA.[63] Studies have shown 

that the DNA targeting metallodrugs are highly selective and effective in clinical utilization.[64] 

These complexes interact with DNA through either covalent or non-covalent binding. Covalent 

binding is irreversible and therefore the Ru-DNA adducts formed interferes with DNA 

replication. On the other hand, non-covalent binding occur through intercalation, groove and 

electrostatic binding.[65] Examples of  ruthenium(II) compounds that bind to DNA are RAPTA-

C and RM175.[65a, 66]  

Apart from DNA, some ruthenium(II) complexes target protein especially protein kinases due 

to their three-dimensional structure and physicochemical properties. These complexes mimic 

staurosporine resulting in inhibition of protein kinases.[67] DW1/2 which acts on the glycogen 

synthase kinase is an example of protein kinase inhibiting agent.[68]  

1.6 Need for Mechanistic Studies 

In the search for more effective and less toxic non-platinum anticancer metallodrugs, 

ruthenium-based complexes have been considered as viable options due to their favourable 

properties.[18, 21] In drug design and development, a comprehensive understanding of the 

interactions between metal complexes and biomolecules is important.[69] A perusal of literature 
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reveal that there is lack of extensive kinetic and mechanistic information on ruthenium(II) 

complexes.[46c, 52b, 70] Therefore, it is important to establish structure-reactivity relationship for 

these complexes as affected by different ligand systems around the metal centre.   

In biological systems, metallodrugs interact with DNA as well as other biomolecules including 

S-donor groups that have high affinity for metal centres such as glutathione and cysteine. These 

non-target molecules offer kinetic and thermodynamics competition to DNA binding and thus 

affect the distribution and efficacy of the metallodrug.[71] In this regard, studying the rate and 

mechanism of substitution reactions using bio-relevant nucleophiles are important in 

understanding the kinetics of these interactions between the complexes and molecules in 

biological systems.  

Apart from activating the metal-based anticancer agents,[72] hydrolysis of the metal-choro bond 

enhance hydrophilicity and cellular uptake of metallodrug. The end result of this is increased 

anticancer efficacy.[72-73] Considering the importance of aquation, all the complexes 

investigated and discussed in Chapter Three, Five and Six were converted into their respective 

aqua species.  

1.7 Aim of the Study 

 The aim of this study is to explore the kinetic and mechanistic behavior of model mononuclear 

and dinuclear ruthenium(II) complexes as influenced by different spectator ligands as a 

function of nucleophilic concentration and temperature. Bio-relevant thiol-based nucleophiles 

of varied steric requirements were used; thiourea (Tu), N,N-dimethylthiourea (Dmtu) and 

N,N,N’,N’-tetramethylthiourea (Tmtu). These nucleophiles were used because of their 

biological importance, high solubility and nucleophilicity.[74] For instance; Tu combines the 

properties of thioether and thiolate and has been used as a protection agent to minimize 
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nephrotoxicity brought about by cisplatin treatment[71b] while Dmtu is utilized in 

cytoprotection of liver and kidney against mitochondrial damage caused by cisplatin.[75]  

In chapter Three and Four ligand exchange kinetics and mechanism of mononuclear 

ruthenium(II) polypyridyl complexes is discussed. Chapter Five and Six focus on the effects 

of bridging ligand on the reactivity of binuclear ruthenium(II) arene complexes.  

The specific objectives of this study were; 

i. to investigate the role of π-extension of the auxiliary ligand on the reactivity of 

ruthenium(II) terpyridyl complexes: A kinetic and mechanistic study. The N/N^N 

auxiliary ligands used were pyridine (Ru-2), 2,2’-bipyridine (Ru-2), 2-(2-

pyridyl)quinoline (Ru-3) and 2,2’ biquinoline (Ru-4). This is presented in Chapter 

Three 

                                

            

  Ru-1                          Ru-2                                 Ru-3                   Ru-4 

ii. to understand the influence of π-back-bonding and trans-effect on the reactivity of 

ruthenium(II) polypyridyl complexes with two chloro leaving groups. The spectator 

ligands used are pyridine (Ru-1), 2,2’-bypridiyl (Ru-2), 2,2’-biquinoline (Ru-4) 6,6- 

dimethyl-2,2’-bipyridyl (Ru-5), 2,9-dimethyl-1,10-phenanthroline (Ru-6). Ru-3 is a 

hybrid system with 2,2’-bypridiyl and 2,2’-biquinoline ligands.  (Chapter Four)             

                                                                    

Ru-1        Ru-2    Ru-3 
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                      Ru-4     Ru-5              Ru-6 

iii. to study the influence of bridging ligand on the substitution kinetics of p-cymene 

ruthenium(II) complexes. Two mononuclear and four dinuclear (with different bridging 

ligands) complexes were investigated. The bridging ligands used were; 2,2’-

bipyrimidine (Ru-3), 2,3-bis(2-pyridyl)-pyrazine (Ru-4), 2,3-bis(2-pyridyl)-

quinoxaline (Ru-5) and 6,7-dimethyl-2,3-bis(2-pyridyl)quinoxaline (Ru-6). (Chapter 

Five) 

                                                      

Ru-1                                      Ru-2                    Ru-3 

 

          

Ru-4        Ru-5             Ru-6 
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iv. to investigate the effect of hybrid N-N bridging ligand on the reactivity of η6-p-cymene 

ruthenium(II) complexes. A series of four complexes with different spacers between 

the diimine moieties (no spacer (Ru-1), phenyl (Ru-2), biphenyl (Ru-3) and xylyl (Ru-

4)) and invariant arene groups were studied. (Chapter Six) 

                                  

                        Ru-1                                                 Ru-2 

        

  

        

 

               Ru-3                                                                Ru-4 

To gain an insight on the stability and structural properties of the substitution product formed, 

crystal structure of two substitution products were independently isolated and 

crystallographically analyzed. These crystals are discussed in chapter Three and Four. 

To complement the experimental study on the complexes, computational studies using density 

functional theory (DFT) as implemented by Gaussian 09W suite of programs was done. The 

complexes were optimized using the hybrid Becke, 3-parameter, Lee-yang-Parr at the standard 

Los Alamos National Laboratory 2-double-ζ effective core potential.[76]  
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CHAPTER TWO 

 Literature Review 

2.1 Chemical Kinetics and Substitution Reactions 

Chemical kinetics refer to the experimental investigation of  rates of chemical reactions with 

the aim of inferring about the kinetic mechanisms involved.[1] A chemical transformation of a 

reactant to product occur through a series of elementary steps with a single transition state of 

definite and measurable life-time. The sequence of these elementary steps is referred to as the 

mechanism of the reaction.[2] 

In a substitution reaction a coordinated ligand is replaced by another group from the 

environment through a process involving a brief alteration of the coordination number at the 

reaction centre due to bond breaking and formation. These reactions usually occur with 

retention of the oxidation state and coordination number of the central atom.[3] Initial 

substitution studies were done at a carbon centre and classified as either homolytic or 

heterolytic depending on the type of bond breaking  that occurred between the reaction centre 

and the leaving group. In homolytic substitution, the electrons are shared equally between the 

reactive centre and the leaving group (equation 2.1) while in heterolytic reactions, the electrons 

are shared unequally. Heterolytic reactions are further divided into two; nucleophilic and 

electrophilic. In electrophilic heterolysis the electron pair remains at the reactive centre 

(equation 2.2) while in nucleophilic heterolysis the electron pair accompanies the leaving group 

(equation 2.3).[4] 

                             𝑀: 𝑌 → 𝑀. + 𝑌.                                                                            2.1 

 𝑀: 𝑌 → 𝑀:−+ 𝑌+                                                    2.2 

    𝑀: 𝑌 → 𝑀+ +: 𝑌−                                                                     2.3 
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Nucleophilic substitutions are normally designated as either SN1or SN2 where SN1 is first order 

nucleophilic substitution reaction while SN2 is a bimolecular nucleophilic substitution reaction. 

[4] Although this classification satisfactorily describes substitution at carbon centre it is 

inadequate in describing reactions involving inorganic complexes.[3] 

The foremost effort to study substitution reaction mechanisms of inorganic complexes were 

made by Langford and Gray.[5] They introduced the concept of stochiometric and intimate 

mechanism. The stochiometric mechanisms are concerned with the nature of intermediate 

formed and are divided into three distinct classes; 

a. Dissociative (D) mechanism; involves a dissociative process with a recognizable 

intermediate of a lower coordination number than the starting reagent (equation 2.4).[5]  

                   𝑋𝑀 + 𝑌 ⇌ 𝑋, 𝑀, 𝑌 → 𝑀𝑌 + 𝑋                                                                     2.4 

The intermediate stays long enough to equilibrate with the environment before it 

interacts with the incoming nucleophile. The reaction is dependent on the nature of the 

leaving group and independent of the nature and concentration of the incoming group. 

In this mechanism, as the lability of the intermediate increases, its ability to discriminate 

incoming nucleophiles become more controlled by the concentrations such that the 

solvent will start dominating the substitution process.[3]                  

b. Associative (A) mechanism; involves an associative process with a recognizable 

intermediate with a higher coordination number than that of the starting reagent 

(equation 2.5). 

                𝑋𝑀 + 𝑌 ⇌ 𝑋𝑀𝑌 → 𝑀𝑌 + 𝑋                                                                       2.5 

In this mechanism there exists two transition states i.e. bond-making transition state and 

bond-breaking transition state. If the leaving and entering groups are chemically 

identical, the two transition states are energetically degenerate but if they are different 

one of them will occur at a higher energy than the other. The depth of the well in which 
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the intermediate sits is an indicator of the stability of the intermediate as well the extent 

of  the differences between the two transition states.[3] 

c. The Interchange (I) mechanism; involves an interchange process where the bond 

breaking and making process are either synchronous or occur within a pre-formed 

aggregate. No detectable intermediates are observed (equation 2.6).[3]  

                                  𝑋𝑀 + 𝑌 ⇌ 𝑋 ⋯ 𝑀 ⋯ 𝑌 → 𝑀𝑌 + 𝑋                                                       2.6 

In this mechanism, an outer-sphere complex is formed, then the leaving ligand moves 

from the inner coordination sphere to the outer coordination sphere. As this happens, 

the nucleophile moves from the outer-sphere to the inner coordination sphere of the 

complex.[6]                                    

Intimate mechanisms are based on mode of activation involved and are classified into two; viz. 

a. A dissociatively activated (d) mechanism. In this mechanism, in the rate determining 

transition state there is no direct interaction between the reaction centre and the 

incoming group. 

b. An associatively activated (a) mechanism. In this mechanism, in the rate determining 

transition state there is a bonding between the reaction centre and the incoming group 

occur. 

Interchange mechanism occurs between the two extreme mechanisms (dissociative and 

associative) and can either be associative interchange (Ia) or dissociative interchange (Id).  

In Ia mechanism, the reaction rate is more sensitive to the incoming group compared to the 

leaving group and for the Id mechanism the reaction is more sensitive to the leaving group 

compared to the incoming group. Figure 2.1 and 2.2 illustrate the different mechanism through 

which a substitution reaction may occur.  
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Figure 2.1: Reaction profiles  diagrams for different mechanisms.[7] 
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Figure 2.2: Energy profile diagrams showing transition states formed in different 

mechanisms[3] 

2.2 Measurements of Rate Constants 

Substitutions chemical reactions do not usually go to completion but tend to achieve an 

equilibrium. Therefore, the transformation of reactant to products can be expressed as shown 

in equation 2.7 or 2.8. 
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                                                                                      2.7 

      or 

                                                                                          2.8              

where; A is the metal complex (𝑀𝐿5 𝑋), X is the leaving group; B is incoming nucleophile (Y) 

C is the product (𝑀𝐿5 𝑌), k2 is the second order rate constant for the forward reaction, k-2 is the 

second order rate constant for the reverse reaction. 

To conveniently follow a second order reaction, the concentration of one of the reactants is 

kept higher than the other to create a pseudo-first order condition.[8] In the present study, the 

concentration of the nucleophile B was at least 10 times higher with respect to each leaving 

group in the complex A. These concentrations can be expressed as  [B]0 ≫ [A]0 

Rate of  a chemical reaction is defined as the change in  the concentration of a reactant or a 

product over time.[9] Therefore, the rate of transformation of A to C is as expressed in equation 

2.9. 

                   −
𝑑[𝐴]

𝑑𝑡
= −

𝑑[𝐵]

𝑑𝑡
=

𝑑[𝐶]

𝑑𝑡
= 𝑘2[𝐴]𝑡[𝐵]𝑡 − 𝑘−2[𝐶]𝑡                                                 2.9 

Taking into consideration the initial concentration of the metal complex, equation 2.9 can be 

simplified as shown in equation 2.10. 

                      −
𝑑[𝐴]

𝑑𝑡
= −

𝑑[𝐵]

𝑑𝑡
=

𝑑[𝐶]

𝑑𝑡
= 𝑘2[𝐴]𝑡[𝐵]𝑡 − 𝑘−2[𝐴]𝑡 − 𝑘−2[𝐴]𝑜                                   2.10 

At time, t, the concentration of the three species can be expressed as shown in equation 2.11-

2.12 

                     [𝐴]𝑡 = [𝐴]0 − [𝐶]𝑡                                                           2.11 

                    [𝐶]𝑡 = [𝐴]0 − [𝐴]𝑡                                                                                         2.11a 

        and  

                     [𝐵]𝑡 = [𝐵]0 − [𝐶]𝑡                                                                                          2.12 
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At the equilibrium, the concentration of the three species are as shown in equation 2.13-2.14 

                             [𝐴]𝑒 = [𝐴]0 − [𝐶]𝑒                                                                                     2.13 

                              [𝐶]𝑒 = [𝐴]0 − [𝐴]𝑒                                                                                        2.13a 

                                         and 

                              [𝐵]𝑒 = [𝐵]0 − [𝐶]𝑒                                                                                      2.14 

At the equilibrium, the rate of the forward reaction is equal to the rate of reverse reaction 

                     −
𝑑[𝐴]

𝑑𝑡
= 𝑘2[𝐴]𝑒[𝐵]𝑒 − 𝑘−2[𝐶]𝑒 = 0                                                              2.15 

Rearrangement of equation 2.15 gives 

                            𝑘2[𝐴]𝑒[𝐵]𝑒 = 𝑘−2[𝐶]𝑒                                                                              2.16                                                

Replacing [𝐶]𝑒 in equation 2.16 with equation 2.13a gives 

                       𝑘2[𝐴]𝑒[𝐵]𝑒 = 𝑘−2[𝐴]0 −  𝑘−2[𝐴]𝑒                                                               2.17 

                       𝑘−2[𝐴]0 = 𝑘2[𝐴]𝑒[𝐵]𝑒 + 𝑘−2[𝐴]𝑒                                                               2.17a 

Modifying equation 2.9 using equation 2.11a yields 

                       −
𝑑[𝐴]

𝑑𝑡
= [𝐴]𝑡[𝐵]𝑡 − 𝑘−2([𝐴]0 − [𝐴]𝑡)                                                                2.18 

                           = 𝑘2[𝐴]𝑡[𝐵]𝑡 − 𝑘−2[𝐴]0 + 𝑘−2[𝐴]𝑡                                                        2.18a 

Substituting 𝑘−2[𝐴]0 in equation 2.18a with equation 2.17a gives 

              −
𝑑[𝐴]

𝑑𝑡
= 𝑘2[𝐴]𝑡[𝐵]𝑡 − 𝑘2[𝐴]𝑒[𝐵]𝑒 − 𝑘−2[𝐴]𝑒 + 𝑘−2[𝐴]𝑡                                     2.19 

Substituting [𝐵]𝑡 and [𝐵]𝑒 in equation 2.19 using equations 2.12 and 2.14, respectively results 

in 

          −
𝑑[𝐴]

𝑑𝑡
= 𝑘2[𝐴]𝑡([𝐵]0 − [𝐶]𝑡) − 𝑘2[𝐴]𝑒([𝐴]0 − [𝐶]𝑒) − 𝑘−2[𝐴]𝑒 + 𝑘−2[𝐴]𝑡            2.20 

Under pseudo-first order conditions; [B]0 >> [A]0, equation 2.20 becomes 

          −
𝑑[𝐴]

𝑑𝑡
= (𝑘2[𝐵]0 + 𝑘−2)([𝐴]𝑡 − [𝐴]𝑒𝑞)                                                                    2.21 
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Separating the variables in equation 2.21 and further integrating the resulting equation, gives  

              ∫
𝑑[𝐴]

([𝐴]𝑡 − [𝐴]𝑒)
=  −(𝑘2[𝐵]0 +

[𝐴]𝑡

[𝐴]0
𝑘−2) ∫ 𝑑𝑡

𝑡

0
                                                           2.22 

              ln (
[𝐴]𝑡−[𝐴]𝑒𝑞

[𝐴]0−[𝐴]𝑒𝑞
) = −(𝑘2[𝐵]0 + 𝑘−2)𝑡                                                                     2.22a 

                                     = −𝑘𝑜𝑏𝑠𝑡                                                                                        2.22b 

Therefore,  

             𝑘𝑜𝑏𝑠 = 𝑘2[𝐵]0 + 𝑘−2                                                                                              2.23 

where; 𝑘𝑜𝑏𝑠 is the observed rate constant, [𝐵]0 is the initial nucleophilic concentration 

To determine the second order rate constant (k2), kobs values obtained at different nucleophilic 

concentrations [Nu] are plotted against respective [Nu]. k2 and k-2 values are obtained from the 

slope and y-intercept of the plot, respectively. Typical plots of kobs versus [Nu] are shown in 

Figures 2.3 and 2.4. The relationship between kobs and k2 can be described by the rate law; 

         𝑘𝑜𝑏𝑠 = 𝑘2[Nu] + 𝑘−2                                                                                                     2.24 

A plot with a zero y-intercept means that the forward reaction is irreversible (Figure 2.3) while 

one with an appreciable y-intercept imply a reverse reaction which may be due to solvotic 

pathway (Figure 2.4).[10] 
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Figure 2.3: Plots of kobs versus the concentration of thiourea nucleophiles for the substitution 

of aqua ligands in [(p-cymene)Ru(H2O)3]
2+ 
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Figure 2.4: Plots of kobs versus the concentration of thiourea nucleophiles for the substitution 

of the aqua ligand in [(p-cymene)Ru(2,2’-bipyrimidine)(H2O)]2+ 

2.3 Determination of Thermodynamic Parameters 

Activation parameters are essential in inferring about the mechanism of a substitution chemical  

reaction.[9, 11] It is documented that the rate of substitution in octahedral ruthenium(II) 

complexes is positively correlated to the reaction temperature.[12] Temperature dependent k2 

values are employed in the calculation of ∆H≠ (activation enthalpy) and ∆S≠ (activation 

entropy) using the transition state theory. On the other hand, ∆V≠ (activation volume) is 

determined by monitoring the k2 values as the pressure of the reaction medium is varied.[9] 

2.3.1 Determination of Activation Enthalpy (𝜟𝑯≠) and Entropy (𝜟𝑺≠) 

According to the transition state theory, majority of chemical reactions proceed through a pre-

equilibrium state between the reactants (A and B) and the activated complex (𝐴 ⋯ 𝐵∗) as shown 

in expression 2.25.[13] 

 

           2.25 
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The rate of reaction is written as; 

                       - 
𝑑[𝐴]

𝑑𝑡
= 𝑘2{𝐴 ⋯ 𝐵}*=

𝑘𝑏T

ℎ
𝐾≠[𝐴][𝐵]                                                                           2.26 

where; kb is Boltzmann constant; 1.3806 × 10−23𝐽𝐾−1       

h is Planck’s constant;  6.6261 × 10−34𝐽𝑠  

T is temperature; K 

𝐾≠is equilibrium constant 

Therefore, the second order rate constant, k2 at a specific temperature is given by equation 2.27 

                        𝑘2 =
𝑘𝑏T

ℎ
𝐾≠                                                                                     2.27             

The Gibbs energy of activation (𝛥𝐺≠) which consists of the entropy of activation (∆S≠) and 

enthalpy of activation (Δ𝐻≠) is given by equation 2.28 

                  𝛥𝐺≠= −RTln𝐾≠ = Δ𝐻≠−T𝛥𝑆≠                                                                                                  2.28 

  where; R is the gas constant; 8.3145 JK-1mol-1 

Substituting equation 2.28 in equation 2.27 yields 

                𝑘2 =
𝑘𝑏T

ℎ
𝑒(−

𝛥𝐺≠

𝑅𝑇
) = 𝑒(−

𝛥𝐻≠

𝑅𝑇
)𝑒(

𝛥𝑆≠

𝑅
)
                                                                         2.29 

Taking natural logarithm and rearranging equation 2.29 gives  

                ln (
𝑘2

T
) = −

𝛥𝐻≠

R
.

1

T
+ (ln

𝑘𝑏

ℎ
+

𝛥𝑆≠

R
)                                                                       2.30 

 Since ln
𝑘𝑏

ℎ
= 23.78, equation 2.30 can be written as;  

              ln (
𝑘2

T
) = −

𝛥𝐻≠

R
.

1

T
 + (23.78 +

𝛥𝑆≠

R
)                                                                     2.31 

A plot of ln (
𝑘2

T
) versus 

1

T
  is popularly known as the Eyring plot. The Δ𝐻≠  and Δ𝑆≠ values are 

calculated from the slope (−
𝛥𝐻≠

R
 ) and the y-intercept (23.78 +

𝛥𝑆≠

R
), respectively. Typical 

Eyring plots obtained for the temperature range of 20 - 40 ֩C is shown in Figure 2.5. 
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In a bimolecular reaction, the terms, ∆H≠ and ∆S≠ refer to the differences in enthalpy and 

entropy, respectively between the activated complex and the reactants.[6] Studies have shown 

that Δ𝐻≠values for associative reaction mechanisms are usually smaller compared to those for 

dissociative reaction mechanisms. In dissociative reactions, ∆H≠ values indicate the strength 

of the dissociating bond. ∆S≠ plays a pivotal role in the determination of the reaction 

mechanism. Any value of ∆S≠ < -10 eu indicate an associative mechanism while any value ∆S≠ 

˃ -10 eu indicate a dissociative reaction mechanism. It is difficult to interpret the mechanism 

for reactions with −10 ≥ 𝛥𝑆≠ ≤ 10 eu values due to the contributions of solvent 

reorganization.[6, 9] Substitution reactions of ruthenium(II) arene and polypyridyl complexes 

have shown associative mechanisms as summarized in Table 2.1. 

 

Figure 2.5: Eyring plots for the reaction of Ru-4 (Chapter Five) with thiourea nucleophiles at 

different temperatures, pH = 2.0, I = 0.1 M HClO4/NaClO4 
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Table 2.1: Activation parameters obtained in the substitution studies of ruthenium(II) 

complexes 

Complex Nucleophile  ∆𝑯≠ ∆𝑺≠ Ref. 

[(η6-benzene)Ru(bipy)(H2O)]2+  Thiourea 68 ± 4   -31 ± 9 [11b] 

[(η6- p-cymene)Ru(bipy)(H2O)]2+ SCN- 70 ± 3   -22 ± 7 [11b] 

[(η6-hmb) Ru(bipy)(H2O)]2+ Thiourea 66 ± 4   -34 ± 8 [11b] 

[(η6-p-cymene)Ru(pydc)Cl)]+ G-5mp 22 ± 2 -193 ± 6 [13] 

Ru(Cl-terpy)en(H2O)]2+ G-5mp 69 ± 3   -45 ± 10 [11c] 

L-histidine 44 ± 4 -145 ± 12 [14] 

L-cysteine 44 ± 1 -155 ± 3 [15] 

Ru(Cl-terpy)dach(H2O)]2+ G-5mp 51 ± 3 -101 ± 9 [11c] 

L-cysteine 38 ± 4 -178 ± 12 [15] 

1,2,4-triazole 59 ± 5 -155 ± 14 [15] 

[Ru(bipy)2(OH2)(PPh3)]
 2+ Acetonitrile 15± 1   -19 ± 3 [16] 

[Ru(bipy)2(OH2)(P(i-Pr)3)]
 2+ Acetonitrile 11 ± 1   -25 ± 4 [16] 

[Cis-Ru(bipy)2 (OH2)2]
2+ Dimethylglyoxime 59 ± 9 -122 ± 27 [17] 

α-Furil dioxime 70 ± 9   -99 ± 26 [17] 

where; G-5mp is guanosine-5’-monophosphate, en is ethylene diamine, hmb is 

hexamethylbenzene, dach is trans-1,2-diamminocyclohexane, bipy is 2,2’-bipyridyl, P(i-Pr)3 is 

tri-isopropylphosphine, PPh3 is triphenylphosphine, Cl-terpy is 4′-chloro-2,2′:6′,2″-terpyridine, 

pydc is 2,3-pyridinedicarboxylato 

2.3.2 Determination of Activation Volume (𝜟𝑽≠) 

Activation volume (∆V≠) is a complementary parameter to ∆H≠ and ∆S≠ in the assignment of 

the mechanism of a chemical reaction. It is more accurate compared to ∆S≠ because of 

extrapolation of data. Activation volume describes the difference in compressibility between 



36 
 

the ground state and the transition state.[9] The relationship between pressure and volume is 

described by the equation 2.32 

                             𝑑𝐺 + 𝑆𝑑𝑇 = 𝑉𝑑𝑃                                                                                        2.32 

Under isothermal conditions, the partial derivative of 𝑑𝐺 with respect to the pressure applied 

yields  

                                    (
𝑑(∆𝐺°)

𝑑𝑃
)

𝑇
= ∆𝑉°                                                                                        2.33                                                                                                          

where; ∆𝑉° is the change in partial molar volumes between the reactants and products 

From equation 2.28 (vide supra) 𝛥𝐺≠= −RTln𝐾≠. Therefore, equation 2.33 can be written as 

            (
𝑑(−𝑅𝑇𝑙𝑛𝐾≠)

𝑑𝑃
)

𝑇
= ∆𝑉°                                    2.34 

Equation 2.34 can be simplified further to give 

             (
𝑑(−𝑅𝑇𝑙𝑛𝐾≠)

𝑑𝑃
)

𝑇
=

−∆𝑉°

𝑅𝑇
                            2.35 

Since the equilibrium constant, 𝐾≠ =
𝑘2

𝑘−2
 , equation 2.35 becomes 

                        (
𝑑(

𝑘2
𝑘−2

)

𝑑𝑃
)

𝑇

=
−∆𝑉°

𝑅𝑇
                                               2.36                                                                        

Simplifying equation 2.36 gives 

         (
𝑑(𝑙𝑛𝑘2

𝑑𝑃
) − (

𝑑(𝑙𝑛𝑘−2)

𝑑𝑃
) =

−∆𝑉°

𝑅𝑇
                                                             2.37 

         (
𝑑(𝑙𝑛𝑘2

𝑑𝑃
) −=

−∆𝑉°

𝑅𝑇
+ (

𝑑(𝑙𝑛𝑘−2)

𝑑𝑃
)                                      2.37a 

Therefore, 

         (
𝑑(𝑙𝑛𝑘2

𝑑𝑃
) =

−∆𝑉≠

𝑅𝑇
                   2.38 

On integrating equation 2.38 from P = 0 to P = P and from k2 = (𝑘−2)0 to k2 = k2 gives  

                      ln 𝑘2 = ln(𝑘−2)0 −
∆𝑉≠

𝑅𝑇
𝑃                                                                               2.39 
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A plot of ln 𝑘2 against P yields a straight line graph whose y-intercept and slope is ln(𝑘−2)0 

and −
∆𝑉≠

𝑅𝑇
 , respectively. The ∆𝑉≠for the forward reaction is obtained from the slope. The y-

intercept, (𝑘−2)0 gives the compressibility coefficient of the medium. A negative value of ∆𝑉≠ 

indicates an associative mechanism while a positive value indicate that the reaction proceed 

through a dissociative mechanism.[19] The challenge with ∆𝑉≠in describing the mechanism of 

a chemical reaction is that it reflects intrinsic volume change that occurs in the reactants as well 

as volume changes that occur due to the reorganization of the solvent medium.[6, 9] 

2.4 Factors Affecting the Rate of Substitution in Transition Metal Complexes 

The substitution kinetic behavior of a transition metal complex is influenced by the stereo-

electronic factors around the metal centre, the inherent properties of the incoming nucleophile 

and the chemical characteristics of the reaction medium.[12a, 12b, 14-18] These factors are discussed 

(vide infra).  

2.4.1 Effects of Spectator Ligands 

A spectator ligand does not participate in a chemical reaction but influences the reactivity of 

the complex. In octahedral systems spectator ligands at trans and cis positions relative to the 

leaving group have profound effect on the reactivity of a complex.[6] These effects are referred 

to as trans-effects and cis-effects, respectively.[9] 

2.4.1.1 Trans-Effects 

Trans-effect (kinetic trans-effect) refers to the effect of a coordinated ligand on the rate of 

substitution of a ligand trans to it. It affects the properties of a complex at the ground state as 

well as at the transition state.  Trans-influence (structural trans-effect) on the other hand is the 

effect of the trans-ligand on the ground state properties such as bond length and infrared 

stretching frequencies on a ligand trans to it.[9, 20] Depending on the influencing ligand, trans-

effect is classified as either σ-trans-effect or π-trans-effect. 
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In divalent ruthenium complex, trans-[Ru(NH3)4(L)H2O]2+, σ-trans-effect was evaluated by 

studying the labilising power of ligand L on the aqua leaving group. The labilising effect was 

found to increase with increase in the σ-donor ability of the trans-ligand L in the order; 

𝐶𝑂~𝑁2 ≪ 𝑎𝑐𝑛 < 𝑖𝑠𝑛2 < 𝐶𝑙−~ 𝑝𝑦𝑟𝑖𝑑𝑖𝑛𝑒~𝐻2 𝑂 < 𝑖𝑚𝑁3~𝑁𝐻3 < 𝑂𝐻− < 𝐶𝑁− < 𝑆𝑂3
2− <

𝑖𝑚𝐶4. This is attributed to ground state destabilization of the Ru-OH2 bond. As the σ-donicity 

of the trans-ligand (L) increase, more electron density is contributed to the shared px orbital 

thus weakening the Ru-OH2 bond. Consequently, the lability of the aqua ligand increases 

accordingly.[9, 21] 

Increase in π-acceptor character in the influencing ligand reduces its σ-trans-effect. Likewise, 

a π-acceptor ligand coordinated at cis-position to the leaving group decreases the σ-trans-

influence of a trans-ligand.[22] This occur because the σ-inductive effect is partially cancelled 

by the strong metal-ligand charge transfer associated with π-back-donation.[23]  

When a π-acceptor ligand is coordinated at trans-position to the leaving group, it is found to 

enhance the rate of substitution of the leaving group. This effect is referred to π-trans-effect. 

The enhancement is attributed to π-back-bonding of electron density from the dπ orbital largely 

based on the metal centre to the dπ* orbital based on the ligand. This makes the metal centre 

deficient of electron density hence promoting facile nucleophilic attack.[10, 24] A ligand exerting 

strong π-trans-effect stabilizes the transition state by lowering its energy.[9] 

2.4.1.2 Cis- Effects 

Ligands cis to the leaving group have both electronic and steric effect on the metal centre. The 

electronic cis-effect operate in two ways. First, when a π-acceptor ligand is coordinated at cis 

                                                           
2 isonicotinamide 

3 N-coordinated imidazole 

4 C-coordinated imidazole 
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position to the leaving group it interferes with the ground state charge distribution on the 

complex by withdrawing electron density from the metal centre through π-back-donation. This 

enhances the positive charge on the metal centre thus facilitating nucleophilic attack.[25]  The 

π-cis effect is usually smaller in magnitude compared to π-trans effect because the metal 

orbitals are utilized in the transmission of the effect. Contrarily, a σ-donor ligand at cis position 

to the leaving group has little effect on the ground-state charge distribution. However, it 

stabilizes the transition state by delocalizing the charge donated to the metal centre by the 

incoming nucleophile.[26] The steric -cis effects are discussed under steric factors. 

2.4.1.3 Steric Effects 

Steric effects caused by coordinated ligands around a reaction centre can either be steric 

bulkiness or steric hindrance. Steric bulkiness is caused by mutual repulsion of electron 

densities brought about by congestion of groups around the reaction centre. The magnitude of 

the steric effect caused by steric bulkiness is positively corelated the size of the group(s) 

causing it. On the other hand, steric hindrance refers to the shielding of a reaction centre from 

direct attack by an incoming group. The steric hindrance experienced by the incoming group 

depends on the size of the coordinated group, spatial orientation of the group relative to both 

the metal centre and the leaving group.[27] 

 In reactions that proceed through an associative mechanism, an increase in steric hindrance 

reduces their rate of reaction. This is because the upsurge in steric crowding around the metal 

centre destabilizes the transition state hence slowing down the reactivity. This is referred to as 

steric retardation.[28] It is more pronounced when the steric-causing substituent is located at cis-

position to the leaving group than at trans-position.[9] For dissociative-activated reactions, an 

increase in steric interactions enhance the rate of substitution through steric acceleration 

because the steric hindrance is relieved in the transition state.[28] Therefore, steric crowding 
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around the metal centre can be used in distinguishing the substitution mechanisms involved in 

a chemical reaction.[6, 9]  

2.4.2 Effect of the Entering Nucleophile 

The rate of substitution in a metal complex is affected by the nucleophilicity of the entering 

group. Nucleophilicity is defined as the kinetic ability of a nucleophile in a substitution 

process.[29] The sensitivity of a metal centre to the nucleophilicity of an incoming group is 

described by the nucleophilic discrimination factor.[9] The nucleophilicity of a ligand is affected 

by several factors; 

i. The basicity of the ligand: Basicity is a thermodynamic term describing the ability of 

an electron-rich species to displace an equilibrium and is characterized by acidity 

constants (pKa).[30] There exist a positive relationship between the basicity and 

nucleophilicity of a ligand. For instance; imidazole is a better nucleophile than pyrazole 

as indicated by their pKa values of 7.00 and 2.52, respectively.[29] This is further 

supported by the higher second order rate constants (k2) obtained for imidazole 

compared to pyrazole in the substitution of the chloro ligand in a series of platinum 

based complexes.[31] 

ii. Polarizability: Polarizability of a molecule is defined as the relative tendency of its 

electron cloud to be distorted by an electric field.[29, 32]  Electrons in small-sized atoms 

are less polarizable and therefore have a lower van der Waals attraction for a given 

surface area of contact. On the contrary, larger atoms possess more diffuse electron 

density hence more polarizable. Soft (polarizable) nucleophiles prefer soft substrates 

and vice versa.[33] Polarizable molecules such as thiourea, iodide and other unsaturated 

species are more nucleophilic than non-polarizable molecules.[34] Since most kinetic 

investigations are done in solution, polarizable nucleophiles have an edge over non-

polarizable nucleophiles because they easily undergo charge reorganization.  
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For instance; for halogenic ions their polarizability decreases in the order; I− > Br− >

Cl− ; a trend that parallels rates of nucleophilic substitution when used as entering 

groups.[35] 

iii. Oxidizability: It is a measure of the reducing power of a nucleophile as determined by 

electrochemical methods. It is positively corelated to the nucleophilicity of a ligand and 

therefore the higher the oxidizability the better the nucleophile.[36] 

iv. Steric demands: Steric demands of the incoming nucleophiles play a key role on the 

rate of substitution in metal complexes. For example; the rate of substitution of 

chloro/aqua ligands using sulfur-based nucleophiles usually follow the order; 

thiourea > dimethylthiourea > tetramethylthiourea in line with increasing steric 

bulkiness of the nucleophile. Similarly, 1,2-dimethyl-imidazole reacts slower than 1-

methyl-imidazole. As the bulkiness of the nucleophile increases, the steric hindrance 

increases accordingly hampering attack on the metal centre.[31, 35b, 37] However, in some 

cases dimethylthiourea has been found to be more reactive than thiourea because of its 

higher basicity which overcompensates the increased steric hinderance.[12a, 35a, 37] 

2.4.3 Effects of the Leaving Group 

The effect of the leaving group on the rate of a substitution reaction is depended on its 

nucleofugacity (leaving ability). Nucleofugacity of a ligand depends on its inherent lability as 

well as the labilising effects exerted on it by other ligands in the system. In addition, the leaving 

ability is influenced by the nature of the metal centre and the incoming nucleophile.[3] 

 In a reaction proceeding through dissociative mechanism, the rate has a large dependence on 

the nature of the leaving group because the metal-leaving group bond is broken in the transition 

state. In associatively activated reactions, the effect hinges on the extent of the bond breaking 

at the transition state and therefore has a minor role in determining the rate of the reaction. 

Nucleofugacity of a chemical species has a negative relationship with trans-effect because 
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trans-effect depends on the strength of the bonding and therefore strongly bound ligands break 

off  more slowly.[9]  

Chelate effect is also an important factor in nucleofugacity. As illustrated in Table 2.2, the rate 

of substitution of bidentate ligands are lower compared to monodentate ligands because 

complexes with chelating ligands are more stable than those with monodentate ligands. For 

example, the rate of substitution of 2,2’-bipyridyl ligand is 105 slower than pyridine ligand.[9, 

38] 

Table 2.2: Effects of chelate on substitution in octahedral nickel complexes.[9] 

Complex  k1 (s-1) 

Ni(py)2 38.5 

Ni(bipy) 3.8 ×10-4 

Ni(NH3)2 5.8 

Ni(en) 0.27 

where; py is pyridine, bipy is 2,2’-bipridyl and en is ethylene diamine 

2.4.4 Effect of the Solvent 

In most substitution reactions the solvent is in large excess relative to the reactants. This make 

its molecules to coordinate the metal centre and constantly dissociate to give room for other 

ligand(s). If the solvent is a potential ligand, it has the capability of dominating the substitution 

process. Therefore, in choosing a solvent to be used as a medium in kinetic studies, it is 

important to understand the coordinating ability of the solvent.[39]  

As shown in Table 2.3, solvents with high coordinating power such as pyridine and dimethyl 

sulfoxide react with the metal centre through a ligand independent path. They easily displace 

the leaving group and bind strongly to the metal center making them unfit for kinetic studies.[40] 

Conversely, substitution reactions performed in solvents with low coordinating abilities, 

proceed exclusively by direct nucleophilic attack on the metal centre.[9, 41]  
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Table 2.3: Commonly used solvents and their coordinating ability index (aTM) in transition 

metals[41] 

Solvent Coordinating ability index (aTM) 

Pyridine    1.4 

Dimethyl sulfoxide    0.3 

1-Propanol    0.0 

Water  -0.1 

Dimethylformamide  -0.2 

Ethane-1,2-diol -0.2 

Acetonitrile  -0.2 

Methanol  -0.4 

Ethanol  -0.5 

Benzene  -0.7 

Acetone  -1.0 

Phenol  -1.4 

 

2.4.5 The Oxidation State of Central Metal. 

The oxidation state of the metal centre plays a key role in the rate of substitution of the leaving 

group. Ruthenium(II) complexes are more reactive compared to ruthenium(III) because 

ruthenium(III) is more inert and therefore less attractive for nucleophilic attack.[3, 42] This is 

illustrated in Table 2.4. 

Table 2.4: First order rate constant for the aquation of ruthenium(II) and ruthenium(III) 

complexes, trans-[MLCl2]
n+ 

 L Ru(II) k1 (s-1) Ru(III), k1 (s-1) 

(NH3)4 1.00 1.7 ×10-6 

(en)2 0.35 4.2 ×10-6 

pEn 0.07 4.8×10-7 

where; M is Ru(II)/Ru(III), n is either 2/3, en is ethylene diamine, pEn is N1-N1’-(propane-1,3-

diyl)bis(ethane-1,2-diamine)[42] 
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2.5 Techniques used in Kinetic and Mechanistic Studies 

 Experimental methods used in studying the kinetic behavior of a chemical reaction do so by 

monitoring the change in concentration of at-least one species in the reaction mixture over time. 

The suitability of a method in kinetic investigations is dictated by the time scale of the chemical 

reaction. The appropriate detection method is determined by the properties of the species being 

monitored. An excellent detection method should be highly specific to the species of interest 

and applicable over a wide range of concentrations.[36] Ultraviolet-visible spectrophotometry, 

nuclear magnetic resonance spectrophotometry and stopped-flow have been utilized to study 

substitution reactions of ruthenium(II) complexes.[12a, 12b, 15]  

2.5.1 Ultraviolet-Visible Spectrophotometry 

It is a highly sensitive analytical technique that is able to detect accurately concentrations in 

the range of 10-4 to 10-6 M.[6] It is suitable for kinetic studies of slow reaction; a reaction that 

takes at-least 16 minutes to complete.[43] It is based on the fact that chemical species containing 

π or non-bonding electrons are able to absorb ultraviolet or visible light which causes excitation 

of the electrons to higher molecular levels. These transitions include; σ → σ∗ π → π∗, n → σ∗ 

and n → π∗. The lower the energy gap between the frontier orbitals, the lower the energy of 

the absorbed light.[44] 

A diagrammatic representation of a double beam ultraviolet-visible spectrophotometer is 

shown in Figure 2.6. Key component of ultraviolet-visible spectrophotometer are light sources 

(visible and ultraviolet), monochromator, reference and sample compartments, detector, data 

processor, display unit and temperature control unit. 
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Figure 2.6: A diagram showing the components of a double beam ultraviolet-visible 

spectrophotometer.[45] 

The visible light is supplied by a tungsten lamp while ultraviolet light source is a deuterium arc 

lamp with a quartz envelop.[46] The radiation from the light sources passes through a 

monochromator which produce a single wavelength beam. The monochromatic beam produced 

is split into two sub-beams; one passes through the reference cell while other passes through 

the sample cell before striking two harmonized detectors. Samples and reference solutions are 

usually analyzed in fused joint glass or quartz cells. The cell holder aligns the sample in the 

path of the beam of light to ensure reproducible and precise interaction.[47] The commonly used 

detectors are photo-diodes comprising of doped silicon strips in reverse bias. They are robust 

and have low power supply and control circuit demands.[48] Compared to a single beam, double 

beam spectrophotometers compensate for short term fluctuations in the intensity of the 

radiation produced. Therefore, they are well suited for continuous recording of the absorption 

spectra over time such as in kinetic studies.[47] 

Ultraviolet-visible spectrophotometer works by measuring the amount of light transmitted (T) 

through the analyzed sample. Transmittance, a ratio of the intensity of transmitted light to that 

of the incident light is described by equation 2.40    
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 𝑇 =
𝐼

𝐼0
                                                                                      2.40 

where;  𝐼0 is the incident light intensity at a particular wavelength, λ  

 I is the transmitted light intensity at a particular wavelength, λ  

The absorbance (𝐴) is then calculated from the transmittance and displayed on the ultraviolet-

visible spectrophotometer display unit. The relationship between transmittance and absorbance 

is shown in equation 2.41 and 2.41a 

A = −log𝑇                                                   2.41 

        =  log (
𝐼0

𝐼
)                                                                           2.41a 

When the absorbance (A) of a reaction mixture is known, the time resolved concentration 

spectrum of the reaction can be determined using the Beer–Lambert–Bouguer law (equation 

2.42) 

                                                         𝐴 = 𝜀cb                                                                         2.42 

 where; A is the absorbance, 

  𝜀 is extinction coefficient, Lmol-1cm-1 

  𝑐 is the concentration of the sample, M 

  𝑏 is the path length of the sample, cm (usually 1 cm) 

Consider the first order reaction involving the conversion of reactant C to product D shown in 

expression 2.43 

                                                                                                                    2.43 

 At initiation of the reaction, 𝑡 = 0 , the absorbance of the reaction mixture is given by  

                                             𝐴0 = 𝜀𝐶[𝐶]0 + 𝜀𝐷[𝐷]0                           2.44  

At any time, t, the absorbance of the reaction mixture becomes 

     𝐴𝑡 = 𝜀𝐶[𝐶]𝑡 + 𝜀𝐷[𝐷]𝑡                                                                2.45 

Upon completion of the reaction, the absorbance of the reaction mixture is given by 
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          𝐴∞ = 𝜀𝐷([𝐶]0 + 𝜀𝐷[𝐷]0)                                                       2.46 

where; 𝜀𝐶 , 𝜀𝐷 are the molar absorptivity of species C and D, respectively 

[𝐶]0 and [𝐷]0 are the initial concentration of species C and D, respectively. 

The direct relationship between the concentration and optical absorbance as shown by the 

Beer–Lambert–Bouguer law (equation 2.42), allows the derivation of the rate law in terms of 

the physically measurable optical absorbance. When a reaction (equation 2.43) follows first 

order kinetics, the integrated rate law can either be expressed in terms of concentration or 

optical absorbance as shown in equation 2.47  

                                   𝑙𝑛
[𝐶]0

[𝐶]𝑡
= ln (

𝐴0−𝐴∞

𝐴𝑡−𝐴∞
) = 𝑘𝑜𝑏𝑠𝑡                                       2.47 

The time-resolved absorbance data, can therefore be directly used to determine the first order 

rate constant (kobs).
[28]  This is achieved by fitting the data into an appropriate exponential 

function using non-linear square regression. Typical ultraviolet-visible spectra recorded during 

the substitution reaction of [(p-cymene)Ru(2,2’-bipyridyl)(H2O)]2+ with dimethylthiourea is 

shown in Figure 2.7. The inset shows a kinetic trace obtained at λ = 455 nm. The pseudo-first 

order rate constant (kobs) was obtained by fitting the trace into a single exponential function. 
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Figure 2.7: Ultraviolet-visible spectra for the reaction of [(p-cymene)Ru(2,2’-bipyridyl) 

(H2O)]2+ with dimethylthiourea. Inset: Kinetic trace at λ = 455 nm.  Data  is part of results 

reported in Chapter Five 

Apart from kinetic studies, ultraviolet-visible spectrophotometry is used for acid-base titrations 

to determine acid dissociation constants (pKa values).[12a, 37] The change in absorbance is 

monitored as the acidity of the solution is varied. The absorbance-pH resolved data is fitted to 

an appropriate sigmoid equation to obtain the pKa values. 

2.5.2 Stopped-Flow Technique  

It is ideal for kinetic studies of rapid reactions whose half-life range between 100 to 103 s. It is 

designed to use very small sample volumes (~ 0.2 mL).[28] A schematic diagram of stopped 

flow apparatus is shown in Figure 2.8.  A stopped flow analyzer works on the principle of fluid 

dynamics.[47] The reactants are usually placed in two separate thermally equilibrated drive 

syringes. A high pressure of about 800 KPa is applied to force the reactants into the mixing 

chamber where they are rapidly mixed in ~10-3 s.[28] The mixed solution immediately proceeds 

into the observation chamber eventually flowing into the stopping syringe. Once the stopping 

syringe is filled, the stopping block is activated and flow is abruptly stopped.[47] 
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Figure 2.8: A diagram showing the components of a stopped-flow apparatus.[49] 

The mixed solution is monitored and detected spectrophotometrically by light that passes 

through the observation chamber into the detector. Changes in absorbance caused by variation 

in the intensity of the transmitted light is promptly recorded as absorbance versus time trace.  

The kinetic traces are processed and the first-order rate constants calculated by an online 

program.  After the reaction is completed, the spent solution is ejected through a drain tube.[28] 

A typical stopped-flow kinetic trace for the reaction of [(p-cymene)Ru(H2O)3]
2+ with thiourea 

is shown in Figure 2.9. 
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Figure 2.9: Stopped flow kinetic trace for reaction of [(p-cymene)Ru(H2O)3]

2+ with thiourea 
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CHAPTER THREE 

The Role of π-Extension of the Auxiliary Ligand on the Reactivity of 

Ruthenium(II) Terpyridyl Complexes: Kinetic and Mechanistic 

studies  

Abstract  

Substitution kinetics of the aqua ligand in four mono-functional terpyridine-based 

ruthenium(II) complexes with different auxiliary ligands was investigated using biorelevant 

nucleophiles, viz; thiourea, N,N-dimethylthiourea and N,N,N’,N’-tetramethylthiourea. 

Concentration and temperature dependence studies were done under pseudo-first order 

conditions using the ultraviolet-visible spectrophotometric technique. In all the reactions, the 

observed rates of substitution obeyed the rate law, kobs = k2[Nucleophile]. The reactivity of the 

complexes decreased in the order: Ru-4 > Ru-3 > Ru-1 > Ru-2. This study has established that 

an increase in the π-conjugation of the N^N bidentate ligand accelerates the rate of substitution 

of the aqua ligand. This is accounted by increase in π-back-donation from the metal to the 

empty π* orbital of the ligands as the π-extension increases which also increases the 

electrophilicity of the complexes. The increased steric hindrance to the incoming nucleophile 

introduced by the bipyridyl ligand is responsible for the retarded reactivity of Ru-2 as 

compared to Ru-1 which has two separate trans pyridyl rings as auxiliary ligands. Therefore, 

the metal centre in Ru-1 is more exposed to nucleophilic attack than in Ru-2. The results from 

DFT-calculations show that as the π-conjugation of the auxiliary ligand is increased from Ru-

1 to Ru-4, the energy separation between the frontier orbitals decrease. This enhances the 

chemical softness and electrophilicity of the complexes. Likewise, the pKa values of the 

complexes decrease from Ru-1 to Ru-4, pointing out to increase in electrophilicity of the 

complexes in that order. Consequently, nucleophilic attack become facile from Ru-1 to Ru-4. 
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The activation parameters (ΔH≠ > 0, ΔS≠ < 0) for all the complexes support an associative 

mechanism. The solid-state crystal structure of [Ru(terpy)(bipy)Tu)](ClO4)2 show that the 

thiourea ligand is coordinated to the metal centre via the S donor atom and the substitution 

product formed is stable; i.e. none of the coordinated ligands is induced to dechelate from the 

ruthenium(II) metal centre. 
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3.1 Introduction  

Ruthenium based complexes are well suited for medical applications due to their rich and well-

established coordination chemistry as well as their ability to exist in variable oxidation states 

(II, III, and IV) under physiological conditions.[1] They have been considered as viable 

alternatives to platinum based chemotherapeutic agents due to their superior activity against 

metastatic cancer of the colon, low toxicity to normal cells, high selectivity for cancer cells, 

ability to overcome resistance induced by platinum-based agents, high cellular uptake, and the 

ability to mimic iron in binding biomolecules.[1c, 2]  

Polypyridyl ruthenium complexes form one of the most important classes of explored 

ruthenium-based anticancer agents.[3] Polypyridyl ruthenium complexes with labile chloro 

group(s) have been exploited due to their ability to bind to DNA in two-step process like 

cisplatin. The first step is the substitution of the chloro ligand(s) by aqua ligand(s) and the 

second step is nucleobase binding.[4] Since polypridyl ligands determine the shape and chirality 

of a complex, they can be utilized to achieve desired cellular uptake and DNA-binding 

properties of a complex. This is so because DNA binding affinity of their complex increases 

with increase in the aromatic π- surface area of ligands.[3, 5] Similarly, the cellular uptake and 

anticancer activities of antitumour agents are positively corelated to the π-surface of the 

complex.[6] Among the ruthenium polypyridyl complexes, terpyridine coordinated complexes 

have shown high cytotoxicity against different human tumour cell lines and potential of being 

anticancer agents.[4a, 5b, 7] 

 Literature is available detailing the effects of peripheral substituents and π-conjugation on the 

terpyridine framework on the reactivity of metal complexes especially square planar 

platinum(II) complexes.[8] These investigations have shown that electron withdrawing 

substituents accelerate the displacement of the labile ligand by making the complex more 

electrophilic while electron donating groups have an opposite effect.[8a-c]  
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On the other hand, the effect of π-conjugation on the reactivity of terpyridine based metal 

complexes depend on its location on the terpyridine framework. For instance; a quinoline 

moiety at the lateral position in square planar platinum(II) complexes dampens the reactivity 

by destabilizing the LUMO.[8] Contrarily, a phenyl ring placed between the terminal and central 

pyridine rings in the terpyridine backbone increases the π-acceptor ability of the ligand system 

hence accelerating the displacement of the labile ligand.[8d] However, there is limited 

information on the effects of π-conjugation on the reactivity of octahedral terpyridine based 

ruthenium(II) systems. In addition, the role of auxiliary ligands on the reactivity of these 

octahedral complexes is not well established.[7d, 9].  

Most metallodrugs are delivered intravenously into biological fluids where they encounter an 

array of biomolecules which play critical roles in their distribution, in particular the ultimate 

concentration reaching the DNA, the anticancer target site. Intercellular  molecules which may 

interact with metallodrugs include sulfur-based compounds such as cysteine and 

glutathione.[10] These anticipated interactions can be tuned by a careful choice of the chelating 

ligands around the metal center. 

Taking into consideration the biomedical and pharmaceutical applications of terpyridine,[11] 

this study utilizes it as the backbone ligand to investigate and understand the effect of π-

extension of the auxiliary ligand on the reactivity of octahedral ruthenium(II) complexes. The 

study was conducted under pseudo-first order conditions using bio-relevant nucleophiles viz: 

thiourea, N,N-dimethylthiourea and N,N,N’,N’-tetramethylthiourea. The rigid auxiliary N/N^N 

ligands used are; pyridine (Ru-1), 2,2’-bipyridine (Ru-2), 2-(2-pyridyl)quinoline (Ru-3) and 

2,2’ biquinoline (Ru-4). The studied complexes are shown in Figure 3.1. 
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Hydrolysis of Ru-Cl bond is an important step in the activation of metal based anticancer agents 

in their interaction with DNA.[12] Furthermore, it promotes cellular uptake of metallodrugs 

effectively enhancing their efficacy.[13] Noting, the importance of this process, all the 

complexes studied herein were converted into their respective aqua species. 
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Figure 3.1: Structures of investigated ruthenium(II) complexes  

Neutral thiourea nucleophiles were chosen because of their biological importance, high 

solubility and nucleophilicity.[14] The use of thiourea in drug delivery[10a] and its high affinity 

for metal ions such as ruthenium(II), motivated the investigation of the solid-state structure of  

the product formed when it substitutes the aqua ligand from the ruthenium(II) complexes. To 

gain an in-depth understanding of the electronic and structural properties of the complexes, 

computational studies using density functional theory was also done. 

3.2 Experimental 

3.2.1 Materials and Procedures 

All the syntheses were performed under dry N2 atmosphere using standard Schlenk techniques. 

RuCl3.3H2O, 2,2’:6’,2’-terpyridine (terpy) (98%), anhydrous pyridine (99.8%), 2,2’-bipyridyl 

(bipy) (99%), 2,2’-biquinoline (98%), NH4PF6 (≥ 99%), LiCl (≥ 99%), NaBF4 (98%), HClO4 

(70 wt % solution), HCl (37%), NaOH (≥ 97%), AgClO4 (99%), NaClO4.H2O (98%), 

triphenylphosphine (99%), triethylamine (≥ 99.5%), Tu (≥ 99%), Dmtu (99%) and Tmtu (98%) 

were supplied by Sigma-Aldrich. 2-(2-pyridyl)quinoline was synthesized according to a 
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published literature method[15] (Supplementary Information, SI 3.1). Organic solvents were 

purchased from Merck (Pty) and used without further purification. Deionized water was used 

throughout the study. 

3.2.2 Synthesis of the Complexes     

The complexes were synthesized according to published literature methods.[16] 

Trichloro(2,2’:6’,2’’-terpyridyl)ruthenium(III): Equimolar amounts of RuCl3.3H2O (262 

mg, 1.0 mmol) and 2,2’:6’,2’’-terpyridine (233 mg, 1.0 mmol) in 60 mL absolute ethanol were 

refluxed with vigorous stirring for 4 h. After cooling to ambient temperature, the fine brown 

powder formed was filtered off, washed with ethanol (3 × 30 mL) and diethyl ether (3 × 30 

mL). The product was then dried under reduced pressure. Yield (86%). The complex was used 

as a precursor in the synthesis of all the other complexes without further purification or 

characterization. 

Trans-chlorobis(pyridine)(2,2':6',2''-terpyridyl)ruthenium(II) hexaflourophosphate: A 

mixture of trichloro(2,2’:6’,2’’-terpyridyl)ruthenium(III) (200 mg, 0.45 mmol), 

triphenylphosphine (472 mg, 18 mmol) and triethylamine (1 mL) in 40 mL of chloroform was 

refluxed for 3 h to obtain a violet solution. After cooling the solution to room temperature, 30 

mL of absolute ethanol was added and the resulting solution concentrated to about 10 mL. The 

violet solids obtained were filtered off and re-dissolved in minimum volume of warm 

chloroform/ethanol (1:1) mixture and precipitated by diethyl ether as a dark violet solid. The 

solid was further dissolved in 50 mL of pyridine and refluxed for 2 h after which the solution 

was evaporated to dryness. The residue was thereafter dissolved in 30 mL of water from which 

salt of pure complex was precipitated by addition of a saturated solution of NH4PF6. The 

product was filtered off and washed with diethyl ether and dried under vacuum. Yield (168 mg, 

56%). Anal. Calc. for C25H21ClN5PF6Ru; C, 44.62; H, 3.15; N, 10.41. Found: C, 44.38; H, 

3.21; N, 10.28. 1H NMR (400 MHz, DMSO-d6): δ (ppm) = 9.19 (d, 2H), 8.66 (m, 4H), 8.15 (t, 
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2H), 8.01 (t, 1H), 7.93 (d, 4H), 7.86 (t, 2H), 7.60 (t, 2H), 7.09 (t, 4H). 13C NMR (400 MHz, 

DMSO-d6): δ (ppm) = 160.9, 158.9, 152.7, 152.2, 137.9, 137.4, 132.5, 129.2, 125.1, 124.7, 

124.1.  ESI-MS (m/z): 528.00 (M+). 

(2,2'-Bipyridyl)chloro(2,2':6',2"-terpyridyl)ruthenium(II) chloride: In 40 mL absolute 

ethanol/water (75-25%) solvent mixture, trichloro(2,2’:6’,2’’-terpyridyl)ruthenium(III) (400 

mg, 0.91 mmol), 2,2-bipyridine (142 mg, 0.91 mmol), LiCl (212 mg, 5 mmol) and 

trimethylamine (1 mL) were refluxed for 4 h. The obtained solution was filtered while hot and 

the volume of the filtrate reduced to about 10 mL. After chilling the solution at 4 ̊C for 48 h, 

the solid formed was filtered off and washed with 3 M HCl (2 × 10 mL), acetone (30 mL), and 

copious amount of diethyl ether and dried under vacuum. Yield: 352 mg (69%). Anal. Calc. 

for C25H19Cl2N5Ru.2H2O; C, 50.26; H, 3.88; N, 11.72. Found: C, 49.91; H, 3.97; N, 11.64. 1H 

NMR (400 MHz, DMSO-d6): δ (ppm) = 10.11 (d, 1H), 8.94 (d, 1H), 8.84 (d, 2H), 8.71 (d, 2H), 

8.66 (d, 1H), 8.38 (t, 1H), 8.24 (t, 1H), 8.08 (t, 1H), 8.00 (t, 2H), 7.79 (t, 1H), 7.63 (d, 2H), 

7.40 (t, 2H),7.33 (d, 1H), 7.10 (t, 1H). 13C NMR (400 MHz, DMSO-d6): δ (ppm) = 158.9, 

158.8, 157.9, 156.2, 152.4, 152.3, 152.0, 137.5, 137.1, 136.0, 134.3, 127.9, 127.4, 126.9, 124.2, 

123.9, 123.2.  ESI-MS (TOF) (m/z): 526.04 (M+). 

Proximal-Chloro(2-(2-pyridinyl)quinoline)(2,2':6',2''-terpyridyl)ruthenium(II) chloride: 

In 40 mL absolute ethanol/water (75-25%) solvent mixture, trichloro(2,2’:6’,2’’-

terpyridyl)ruthenium(III) (200 mg, 0.45 mmol), 2-(2-pyridinyl)quinoline (93 mg, 0.45 mmol), 

LiCl (19 mg, 0.45 mmol) and  trimethylamine (0.1 mL) were refluxed for 5 h. The resulting 

purple solution was filtered while hot to remove unreacted materials and the filtrate 

concentrated to about 5 mL. The cooled concentrated solution was refrigerated for 48 h after 

which the purple precipitate which formed was filtered off. The product was washed with 3 M 

HCl (0.1 mL), acetone (2.5 mL) and diethyl ether (10 mL). Yield: (230 mg, 71%). Anal. Calc. 

for C29H21ClN5PF6Ru.H2O; C, 47.13; H, 3.14; N, 9.48. Found: C, 47.02; H, 3.45; N, 9.37. 1H 
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NMR (500 MHz, Cd3Od-d4): δ (ppm) = 10.65 (d, 1H), 9.03 (d, 1H), 8.93-8.85 (m, 4H), 8.75 

(d, 2H), 8.36 (d, 1H), 8.29 (t, 1H), 8.04 (t, 2H), 7.94-7.87 (m, 5H), 7.76 (d, 1H), 7.38 (t, 2H), 

7.23 (t, 1H). 13C NMR (500 MHz, Cd3Od-d4): δ (ppm) = 160.2, 159.0, 158.9, 157.2, 152.9, 

151.6, 151.0, 138.3, 137.3, 135.2, 131.0, 129.8, 129.0, 128.4, 127.2, 125.9, 125.0, 123.7, 122.6, 

118.9. ESI-MS (TOF) (m/z): 576.5 (M+). 

 (2,2'-Biquinoline)chloro(2,2':6',2"-terpyridyl)ruthenium(II) hexafluorophosphate: 

Equimolar amounts of trichloro(2,2’:6’,2’’-terpyridyl)ruthenium(III) (200 mg, 0.45 mmol), 

2,2’-biquinoline (115.3 mg, 0.45 mmol) together with LiCl (20 mg, 0.47 mmol) and 

trimethylamine (0.1 mL) in 40 mL absolute ethanol/water (75-25%) solvent mixture were 

refluxed for 5 h. The resultant solution was filtered while hot to remove insoluble by-products 

and unreacted materials. About 5 mL of aqueous saturated solution of NaBF4 was added to the 

filtrate and the resulting solution refrigerated overnight. The solution was re-filtered, reduced 

to about 10 mL and the solids that appeared filtered off. The solids were then dissolved in 

methanol/dichloromethane (10-90%) solvent mixture and flushed through an alumina column, 

where the front purple-blue band was collected. An equal volume of toluene was added to the 

extract and the resultant solution concentrated to about 5 mL. The solid which formed was 

filtered off, washed with toluene and diethyl ether and dried under vacuum. Yield: (198 mg, 

57%). Anal. Calc. for C33H23ClN5PF6Ru; C, 51.40; H, 3.01; N, 9.08. Found: C, 51.78; H, 3.21; 

N, 8.95. 1H NMR (400 MHz, Cd3od-d4): δ (ppm) = 9.90 (d, 1H), 9.11 (d, 1H), 9.01 (d, 1H), 

8.82(d, 1H), 8.76 (d, 2H), 8.60 (d, 2H), 8.37 (d, 2H), 8.28 (t, 1H), 8.02-7.84 (m, 8H), 7.53 (t, 

1H), 7.42 (t, 2H), 6.94 (d, 1H). 13C (400 MHz, Cd3od-d4): δ (ppm) = 161.8, 159.3, 159.0, 156.1, 

152.5, 151.8, 151.1, 138.3, 137.4, 136.9, 136.3, 135.4, 130.7, 130.3, 129.6, 129.0, 128.5, 128.3, 

127.5, 127.0, 123.5, 122.5, 120.2, 119.1. ESI-MS (TOF) (m/z): 626.06 (M+). 
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3.2.3 Physical Measurements and Instrumentation  

 Bruker Avance DPX III 400/500 MHz spectrometer fitted with 5 mm probe was used to record 

mono-dimensional NMR spectra of the complexes at 30 ̊C. All the chemical shifts were 

expressed in parts per million (ppm) and referenced to trimethylsilane. Mass spectra were 

recorded in the positive mode on an electrospray ionization time of flight Micromass 

spectrometer. Sample MS and NMR spectra are presented in the Supplementary Information 

(Figures SI 3.9-3.19). Elemental analyses of C, H, and N of the complexes were done by 

Thermo Scientific Flash 2000 analyzer. Agilent technologies Cary 100 Series ultraviolet-

visible spectrophotometer equipped with a temperature control unit (accuracy of ± 0.05 ̊C) was 

used for acid-base titrations and monitoring the kinetics of the reactions. Jenway 4330 

pH/conductivity meter with a 4.5 mm micro-electrode was used to determine the pH of the 

aqueous complexes. Before use, the pH meter was calibrated with three standard buffer 

solutions; pH 4.0, 7.0 and 10.0. OriginPro 9.1® program was used to fit and analyze the acid-

base titration data of the aqua complexes and kinetic data from their reactions.[17] 

3.2.4 Crystallography 

Suitable crystals of [Ru(terpy)(bipy)Tu)](ClO4)2 were obtained by reacting Ru-2 with excess 

thiourea in a minimum volume of 0.1 M HClO4/NaClO4 aqueous medium for 4 days at room 

temperature. The solution was then allowed to crystallize by slow evaporation of the solvent. 

X-ray diffraction structure of the substituted product was determined by Bruker Smart Apex II 

diffractometer coupled with Oxford Instruments Cryojet nitrogen jet system at 100 K. The 

crystal was illuminated with a monochromatic MoK1 (λ = 0.71073 Å) radiation and the 

resulting diffraction intensities recorded using the ω-2θ scan mode at a theta range of 1.896 ˂ 

θ ˂ 27.450°. The crystal structure was solved by Shelxs program package supported by Olex2 

for windows using direct methods.[18] It was then refined by ShelXL refinement package using 

full matrix least squares on F2 on all the observed reflections.[19]  
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3.2.5 Aquation of the Complexes 

Aqua solutions of the complexes were prepared by reacting known amounts of the chloro 

complexes with equivalent amounts of AgClO4 in 0.01 M HClO4 solution. All the reactions 

were carried out in the dark at 50 ̊C for 48 h. The solutions were thereafter cooled to room 

temperature and allowed to stand for 2 h. The grey AgCl precipitate therein was filtered off 

using 0.2 μM Millipore filtration discs to afford the stock solutions of the ruthenium(II) 

complexes.[20] The filtrates were refrigerated at 4 ̊C until use. They were diluted appropriately 

for pKa titrations and kinetic studies. 

3.2.6 Spectrophotometric Determination of pKa of the Aqua Complexes 

pKa titration of the aqua complexes with NaOH was done from pH 2-13 at 25 ̊C. In all the 

experiments, large volumes of  the complex solutions (500 mL) were used to avoid dilution 

effects and absorbance corrections.[21] From pH 2 to 3 and 10-13, finely crushed NaOH 

granules were carefully added to the complex solution while for the other pH range, varying 

concentrations of dilute NaOH solutions were used. After each addition of the base, the 

complex solution was stirred for about 2 min preceding pH measurement and respective 

spectrum recording. About 0.6 mL aliquots were used for pH measurements and discarded 

thereafter to avoid in situ contamination of the titration solution while the aliquots used for 

absorbance measurements were returned back to the solution. A confirmatory reverse pH 

titration was done using HClO4 solutions in place of NaOH. 

3.2.7 Kinetic Measurements 

Both complex and nucleophile solutions were maintained at pH 2.0 and 0.1 M HClO4/NaClO4 

ionic strength. The concentration of the aqua complexes used were; Ru-1 (0.421 mM), Ru-2 

(0.159 mM), Ru-3 (0.467 mM), Ru-4 (0.310 mM). The nucleophile solutions were always 

prepared shortly before use.  
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Kinetic studies were performed under pseudo-first order conditions in which the concentration 

of the nucleophile was at least 10 folds higher than the concentration of the metal complex. 

The ultraviolet-visible spectral changes resulting from the reactions were recorded from 

900/800-200 nm wavelength range to establish a suitable wavelength at which to monitor the 

kinetic reactions. Concentration dependence studies were performed at a constant temperature 

of 298 K while the temperature dependence reactions were studied from 298 to 318 K at an 

interval of 5 K.  

All the reactions (both concentration and temperature depended) were initiated by mixing equal 

volumes (0.9 mL) of the complex and nucleophile in a tandem cuvette thermostated in a cell 

compartment. The results recorded herein are an average of no less than three independent runs. 

3.2.8 Computational Modelling 

Computational calculations were performed using density functional theory (DFT) method  

executed by Gaussian 09W suite of programs.[22] The structures were optimized using the 

hybrid Becke, 3-parameter, Lee-Yang-Parr at the standard LANL2DZ basis set.[23] DFT utilizes 

physically observable electron density over a wave-function in the determination of the 

optimized properties of a molecule or a compound. It is applicable in compounds with a large 

number of electrons because electron densities are always three dimensional irrespective of the 

number of electrons involved.[24] LANL2DZ exploits relativistic effective core potentials to 

account for the effect of inner core 28 electrons ([Ar]3d10) in ruthenium.
[25] To factor in the 

influence of the solvent used, the systems were fully optimized in aqua media using conductor-

like polarizable continuum implicit solvent model.[26] The calculations were  done at a singlet 

spin ground state and at an overall charge of +2. Electronic chemical potential (µ), chemical 

hardness (ɳ), chemical softness (σ) and global electrophilicity indices (ω) for the complexes 

were calculated as described in literature.[27] Natural bonding orbitals (NBO) was used to 

determine atomic charges in the complexes.  
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3.3 Results 

3.3.1 Acid-Base Equilibrium of the Aqua Complexes 

The pKa values of the H2O molecule coordinated to ruthenium were determined by plotting 

absorbance at a specific wavelength as a function of pH. The plot was then fitted into a sigmoid 

function (i).  

   y = A2 + (A1 - A2)/(1+ exp((x - x0)/dx)                                                       i 

Typical ultraviolet-visible spectra obtained for the titration of Ru-3 with NaOH is shown in 

Figure 3.2. The inset shows a plot of absorbance versus pH at λ = 252 nm. Additional spectra 

are presented in the Supplementary Information (Figures SI 3.5 and 3.6). 

 
Figure 3.2: Ultraviolet-visible spectra of Ru-3 complex recorded as a function of pH in the 

range 2–13 at 298 K. Inset: A plot of absorbance versus pH at λ = 252 nm 

The pKa values were 9.81 ± 0.03 (Ru-1), 9.74 ± 0.02 (Ru-2), 9.40 ± 0.03 (Ru-3) and 8.78 ± 

0.02 (Ru-4). These values compare favourably with those reported in literature.[9b, 16d] 

Noteworthy, the acidity constants have a negative relationship with the π-conjugation of the  

auxiliary ligands; an indication of an increase in the π-acceptor ability of the ligands and 

electrophilicity of the complexes as π-surface of auxiliary ligand is extended.[21, 28]  
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As the π-acceptor character of the auxiliary ligand increases, the withdrawal of electrons from 

the metal centre is enhanced leaving it depleted of negative charge. This makes the aqua ligand 

more acidic.[12] At a pH of 2.0, all the complexes exist entirely as aqua, therefore an ideal pH 

for the kinetic investigations. 

3.3.2 Computational Results 

Computational optimization and calculations were carried out to give an insight into the 

electronic and structural properties of the complexes. DFT-optimized structures of the 

complexes are shown in Table 3.1 and a summary of selected parameters is presented in Table 

3.2. Figure 3.3 shows typical numbering of the atoms in the complexes.  In all the complexes, 

the tridentate terpyridine ligand is bonded meridionally due to steric constraints. The 

complexes have a distorted octahedral geometry in which Ru-N1 and Ru-N3 bond lengths are 

dissimilar, with the Ru-N2 being significantly shorter. This is attributed to steric constraints 

imposed on the terpyridine ligand on coordination to a metal centre.[7d] Consequently, the N1-

Ru-N3 angle deviates markedly from the expected 180º to range from 158.51 to 159.89º 

In Ru-1, as expected the two pyridine rings are trans to each other and cis to the leaving group. 

In the other complexes, the NʌN bidentate chelating ligand is anchored in such a way that one 

arm of the bidentate ligand is cis while the other is trans to the leaving group. Besides, it is 

coordinated asymmetrically to the metal centre as indicated by the slight longer Ru-N4 bond 

compared to the Ru-N5 bond (Table 3.2). This elongation is attributed to inter-ligand steric 

repulsions.[29] To gauge the deviation from optimal octahedral geometry, the angle N2-Ru-N5 

was used. The bidentate chelating ligand in Ru-2, Ru-3 and Ru-4 is tilted away from the 

terpyridine plane as indicated by the obtuse nature of the angle. The highest deviation is 

recorded in Ru-4 which is attributed to increased steric repulsion between the two ligands as a 

result of large π-surface area of the biquinoline ligand.[9b]  
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Table 3.1: DFT-optimized structures of the frontier molecular orbitals for the complexes 

 COMPLEX      HOMO      LUMO PLANARITY 

Ru-1 

    

Ru-2 

   

 

Ru-3 

  
 

 

Ru-4 

 
   

 

From the optimized structures in Table 3.1, the HOMO is largely based on the ruthenium metal 

centre for all the complexes. For complexes Ru-1 and Ru-2, the LUMO is entirely based on 

the terpyridine ligand.  On extending the π-conjugation of the auxiliary ligand, the contribution 

of the bidentate ligand to the LUMO increases accordingly with the 2,2’-biquinoline ligand in 

Ru-4 recording the greatest contribution. Indeed, in Ru-4, the LUMO is largely based on the 

2,2’-biquinoline ligand. Consequently, the LUMO energy is lowered as one moves from Ru-1 

to Ru-4.  
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Table 3.2: Summary of selected computational data for the studied complexes  

Complex      Ru-1   Ru-2   Ru-3 Ru-4 

HOMO-LUMO energy / eV     

  HOMO    -6.094 -6.102 -6.137  -6.111 

  LUMO    -2.845 -2.862 -2.943 -3.147 

  ΔEHOMO-LUMO      3.249  3.240  3.194  2.964 

NBO charge (Ru)     0.370  0.373   0.378  0.375 

Chemical potential (µ) / eV  -4.470 -4.482 -4.453 -4.629 

Chemical hardness (ɳ) /eV    1.625  1.620  1.597  1.482 

Chemical softness (σ) / eV-1    0.615  0.617  0.626  0.675 

Electrophilicity index (ω) / eV    6.148  6.200  6.385  7.229 

Dipole moment / D    2.998  3.178  6.399  6.552 

Bond Length / Å     

  Ru-N1    2.106  2.104  2.103  2.100 

  Ru-N3    2.108  2.104  2.106  2.118 

  Ru-N2    1.964  2.001  1.997  2.006 

  Ru-N5       2.054  2.044  2.100 

  Ru-N4     2.130  2.090  2.168  2.123 

  Ru-OH2    2.217  2.173  2.223  2.193 

Bond angle / º     

  N2-Ru-OH2    179.27  89.84   83.26   81.19 

  N1-Ru-N3    159.89  158.53   158.81  158.51 

  N2-Ru-N5      98.50   96.23  103.36 

                                   

Figure 3.3: Molecular structure of Ru-2 showing typical atomic labelling in the complexes 
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It is observed that, the planarity of the terpyridine ligand remain unaffected as the auxiliary 

ligand is changed. Conversely, the auxiliary ligand suffers distortion from planarity as the 

number of rings increase, with the highest distortion observed in the 2,2’-biquinoline ligand 

where the dihedral angle between the two quinolinyl moiety planes is 14.79º compared to 5.26º 

between the quinolinyl and pyridyl planes in Ru-3 (Figure SI 3.7 and 3.8, Supplementary 

Information). In Ru-2 no substantial distortion of the bipyridyl ligand was observed.   

3.3.3 Kinetics Results 

The substitution kinetics of coordinated aqua ligand in the four complexes was investigated 

with three thiourea based nucleophiles under pseudo-first order conditions. The substitution 

reactions were monitored spectrophotometrically by following change in absorbance of the 

spectra at a selected wavelength as a function of time. Typical spectra obtained for the reaction 

of Ru-1 with Dmtu is shown in Figure 3.4.  

 

 

 

 

 

 

 

 

 

Figure 3.4: Ultraviolet-visible spectra for the reaction of Ru-1 (0.421 mM) with Dmtu (42.1 

mM) at 298 K, pH = 2.0, I = 0.1 M HClO4/NaClO4. Inset: A kinetic trace at λ = 676 nm 

Kinetic traces taken at the suitable wavelength were fitted into a single exponential decay 

function to generate pseudo-first order rate constants (kobs) using equation (ii). [30]  
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Tables SI 3.1- 3.4 (Supplementary Information) show kobs obtained and respective nucleophile 

concentrations. 

                            At = Ao + (Ao-A)exp(-kobst)                                                                      (ii) 

where; Ao = absorbance at the initiation of the reaction, At = absorbance at time t, and A = 

absorbance at the end of the reaction. 

The kobs values obtained were plotted against nucleophile concentrations. A linear dependence 

of kobs on nucleophile concentration was exhibited in all the complexes. No evidence for reverse 

or solvotic reaction was observed. Representative plots of kobs versus nucleophile concentration 

obtained for Ru-1 is shown in Figure 3.5. Additional plots of kobs versus nucleophile 

concentration are presented in the Supplementary Information (Figures SI 3.1 and 3.2). The 

slope of the graph gave the second order rate constant (k2); the values obtained are collected in 

Table 3.3. All the concentration dependent reactions can be described by equation (iii). 

                           kobs = k2[Nucleophile]                                                                                 (iii)

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

0.0012

0.0014

 Tu

 Tmtu

Dmtu 

k o
bs

/ 
s-1

[Nu] / M

 

Figure 3.5: Dependence of kobs on concentration of thiourea nucleophiles for the substitution 

of the aqua ligands in Ru-1 at 298 K, pH = 2.0, I = 0.1 M HClO4/NaClO4
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To determine the thermodynamic parameters of the substitution process, the reaction 

temperature was varied systematically from 298 to 318 at an interval of 5 K. Activation 

parameters (∆H≠ and ∆S≠) were calculated using the Eyring equation (iv).[30]  

ln (
𝑘2

𝑇
) = −

𝛥𝐻≠

𝑅
.

1

𝑇
 + (23.78 +

𝛥𝑆≠

𝑅
)                                      (iv) 

Typical Eyring plots obtained for Ru-3 are shown in Figure 3.6 and the values of 𝛥𝐻≠ and 

𝛥𝑆≠obtained are collected in Table 3.3. Additional Eyring plots, ln (
𝑘2

T
) and respective 

1

𝑇
  values are presented in the Supplementary Information (Figures SI 3.3-3.4 and Tables SI 3.5-

8, respectively). 

 

 

 

 

 

 

 

 

Figure 3.6: Eyring plots for the reaction of Ru-3 with thiourea nucleophiles, pH = 2.0, I = 0.1 

M HClO4/NaClO4 
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 Table 3.3: Second order rate constants (k2) and activation parameters (Δ𝐻≠and ∆S≠) for the 

displacement of aqua ligand by thiourea nucleophiles 

Complex Nu k2 (10-2 M-1 s-1) 𝜟𝑯≠  

(kJ mol-1) 

𝜟𝑺≠ 

 (J mol-1 K-1) 

Ru-1 Tu  1.60 ± 0.02 46 ± 1 -126 ± 3 

Dmtu  1.09 ± 0.01 54 ± 2 -102 ± 6 

Tmtu  0.17 ± 0.01 63 ± 3   -82 ± 9 

Ru-2 Tu  0.06 ± 0.01 72 ± 2   -63 ± 8 

Dmtu  0.12 ± 0.01 69 ± 2   -71 ± 8 

Tmtu  0.05 ± 0.01 84 ± 2   -26 ± 8 

Ru-3 

 

Tu 13.85 ± 0.26 37 ± 1 -137 ± 3 

Dmtu   7.65 ± 0.19 49 ± 3 -101 ± 8 

Tmtu   0.34 ± 0.03 73 ± 2   -34 ± 6 

Ru-4 

 

Tu 21.97 ± 0.40 42 ± 2 -117 ± 7 

Dmtu 35.03 ± 0.30 40 ± 2 -119 ± 7 

Tmtu   3.67 ± 0.16 57 ± 2   -79 ± 5 

 

3.3.4 Product Analysis: Crystal structure of [Ru(terpy)(bipy)Tu)](ClO4)2 

The x-ray crystallographic data obtained reveal vital information about the structure of the 

complex. Ellipsoidal molecular structure of the complex is shown in Figure 3.7. Selected 

crystallographic and structure refinement parameters are collected in Table 3.4. Important 

interatomic distances and angles of the crystal structure and DFT-optimized minimum energy 

structure of the complex are presented in Table 3.5. Further information about the crystal 

structures may be accessed at CCDC refcode, NIGHOD. 
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Figure 3.7: Displacement ellipsoid plotted at 50% probability showing the crystal structures 

of [Ru(terpy)(bipy)Tu)](ClO4)2 (counterions omitted for clarity) 

The complex crystallizes with two ClO4
- ions as counterions, an indication that the oxidation 

state (+2) of the metal centre is maintained after reaction with the thiourea nucleophile. The 

complex adopts slightly distorted octahedral geometry in which all the Ru-N(terpyridine) bond 

lengths are typical of terpyridine based ruthenium systems.[5b, 7d, 9a, 16d, 31]  The Ru-N2 bond is 

slightly shorter compared to the Ru-N1 and Ru-N3 bonds. This phenomenon has been reported 

in other complexes and is attributed to steric and geometric constraints imposed on the 

terpyridine ligand upon coordination to a metal centre. Consequently, the terpyridine’s bite 

angle  is restricted to 159.31º, a deviation from the idealized angle of 180º.[31]  

The terpyridine ligand is slightly twisted as shown by an average tilt angle of 2.71º between 

the central and terminal pyridines. The thiourea ligand is coordinated to the metal centre via 

the S-donor atom with the Ru-S bond length within the reported range for Ru-Tu bonds (2.304 

– 2.427 Å).[32]  The bipyridyl ligand is asymmetrically coordinated to the metal centre with the 

Ru-N bond cis to the Tu (Ru-N10) slightly longer than the one at trans position (Ru-N11). The 

difference in length is attributed to inter-ligand steric repulsions.[29] The two pyridyl rings of 

the bipyridyl ligand are non-planar, with a dihedral angle of 11.89º between them.  
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Table 3.4: Crystallographic data and structure refinement parameters 

Parameters Data  

Empirical formula  C26H23Cl2N7O8RuS 

Formula weight / gmol-1  765.54 

Crystal system   Monoclinic 

Space group  P 21/c 

a /Å  9.281(15)  

b /Å  26.211(4)  

c /Å  11.930(2)  

α /°  90 

β /°  99.206(4) 

γ /°  90 

Volume /Å3  2864.5(8)  

Z  4 

Density (Calc) /gcm-3  1.775  

Absorption coefficient /mm-1  0.871  

F(000)  1544 

Crystal size / mm3  0.56 ×0.160 ×0.140 

Goodness-of-fit on F2 /%  99.3  

Index ranges -11<=h<=11, -34<=k<=33,-15<=l<=15 

Final R indices [I>2σ(I)]  R1 = 0.0543, wR2 = 0.1181 

R indices (all data)  R1 = 0.0711, wR2 = 0.1274 

 

The planes RuN1N2N3N10 and RuS1N2N10N11 are near orthogonal to each other with a 

dihedral angle of 84.93º. This distortion from ideal octahedral geometry is ascribed to 

constraints caused by the bite angles of terpyridine and bipyridyl ligands. The crystal packing 

of the complex is dominated by van der Waals forces. The bond lengths and angles compare 

well with those of the DFT-optimized structure thus benchmarking favourably the DFT 

theoretical calculations as applied in the aqua complexes.                                                      
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Table 3.5: Selected bond lengths and bond angles for [Ru(terpy)(bipy)Tu)](ClO4)2 

                            Bond Length /Å   

      Bond                         Crystal    DFT  

      Ru-S1    2.430(11)   2.476 

      Ru-N1    2.066(4)   2.113 

      Ru-N2    1.965(3)   1.997 

      Ru-N3    2.088(3)   2.105 

      Ru-N10    2.087(3)   2.112 

      Ru-N11    2.074(3)   2.073 

                        Bond Angle /º  

      Bond Angle             Crystal   DFT 

      N2-Ru-N1   79.89(14)   79.20 

      N2-Ru-N3   79.42(14)   79.38 

      N1-Ru-N3 159.31(13 158.29 

      N2-Ru-S1   90.69(10)   88.57 

      N3-Ru-S1   94.74(9)   92.99 

      N1-Ru-S1   85.31(9)   87.05 

      N10-Ru-S1   95.92(9)   96.18 

      N11-Ru-S1 173.89(9) 171.79 

 

3.4 Discussion 

The rate of displacement of the aqua ligand from the complexes by Tu was used as a 

representative to discuss the trend in the reactivity of the complexes. The marked differences 

in reactivity of the complexes observed is due to stereo-electronic effects of the ligands around 

the metal centre, largely attributable to the auxiliary ligand(s) because the meridionally 

coordinated π-acceptor terpyridine is present in all the complexes. Ru-1 has two coordinated 

pyridine rings as auxiliary ligands which are moderate π-acceptors/weak σ-donors.[33] The rest 

of the complexes have NʌN bidentate ligands in which the aqua labile ligand lie in the plane of 

the ruthenium centre and the bidentate ligand. This makes the bidentate ligand exert an in-plane 
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effects on the aqua group.[34] The π-conjugation of the auxiliary ligand increase sequentially as 

one moves from Ru-2 to Ru-4.  

Based on the extent of π-conjugation the trend in reactivity should follow the order; Ru-1 ˂ 

Ru-2 ˂ Ru-3 ˂ Ru-4 due to enhanced electronic communication and systematic increase in π-

acceptor properties of the auxiliary ligand brought by the bipyridyl ligand in Ru-2 and 

successive extension of the π-conjugation of the bidentate ligand from Ru-2 to Ru-4.[21, 33, 35] 

However, Ru-1 is ≈ 27 times more reactive than Ru-2. This is because the bipyridyl ligand in 

Ru-2 introduces significant steric hindrance to the incoming nucleophile compared to the two 

separate pyridyl rings in Ru-1. Since the reaction proceeds through an associative mechanism, 

the steric hindrance posed in Ru-2 limits the formation of the transition complex by retarding 

the incoming nucleophile from swiftly attacking the metal centre.[7d] The Ru-OH2 bond is 

significantly shorter in Ru-2 (2.173 Å) compared to Ru-1 (2.217 Å). Therefore, the H2O ligand 

in Ru-2 is more strongly bound compared to Ru-1 making its displacement harder. [7d, 9a]  

The mappings of the molecular orbitals in Table 3.1 show that the contribution of the auxiliary 

ligand to the LUMO increases with increase in the π-conjugation of the auxiliary ligand. 

Increasing the aromatic surface of the auxiliary ligand leads to successive stabilization of the 

LUMO as shown by the decrease of its energy.[21, 36] As a result, the HOMO-LUMO gap 

narrows and the interaction between the frontier orbitals increases from Ru-1 to Ru-4. This 

also increases the electron affinity of the complexes in the same order as it becomes easier for 

π-back donation of electron density from the metal centre to the ligand. Therefore, the rate of 

substitution of the aqua ligand is accelerated as conjugation of the auxiliary ligand increases. 

Furthermore, as the π-surface area of the auxiliary ligand increases, the ability of the complexes 

to stabilize the entering electron density becomes more effective by spreading it over the 

extended aromatic system.[21] As a result, an increase in π-conjugation is correlated by a 
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systematic increase in the electronic chemical softness (σ) found in the DFT-calculated data. 

While the electronic chemical potentials (µ) of the complexes do not correlate well with the 

reactivity trend observed owing to its improper behavior,[37] it plays an important role in 

combination with chemical hardness (ɳ) to determine the global electrophilicity index (ω) of a 

system, a more superior parameter in describing the propensity of a system to accept 

electrons.[38] This is because it measures both the ability to acquire an additional electronic 

charge as well as the resistance of the system to exchange the acquired electronic charge with 

the environment.[39] Thus, it describes the overall charge of a complex.[27c] The calculated ω 

values corelate positively to the reactivity trend observed except for Ru-1, whose anomalous 

reactivity is earlier discussed (vide supra). Of the studied complexes, Ru-4 is the strongest 

electrophile and therefore as expected is the most reactive.[37]  

One notes that Ru-4 is only marginally more reactive than Ru-3, despite its larger extended π-

surface and electrophilicity index.[21] This is attributed to increased steric hindrance brought 

about by the 2,2’-biquinoline ligand. Its optimized structure assumes an out of plane banana-

curvatured conformation as shown in Table 3.1.The inter-ligand steric interactions between the 

terpyridine and the biquinoline ligand are increased by the large in-plane size of the latter[40] as 

depicted by the significant increase in N2-Ru-N5 angle by ≈ 7º compared to Ru-3. 

Consequently, the spatial access to the metal centre is restricted for easy approach of the 

nucleophile.  From the DFT-optimized structures it is observed that the dihedral angle between 

the two planes of the quinolinyl moieties in Ru-4 is 14.79º compared to 5.26º between the 

planes of pyridyl and quinolinyl moieties in Ru-3 (Supplementary Information, Figure SI 3.7-

3.8).The substantial distortion of planarity of the 2,2’-biquinoline ligand compromises its π-

back-bonding property leading to a less positive metal centre.[9b, 40a, 41] This is evidenced by the 

slightly lower NBO charge on the ruthenium metal centre in Ru-4. The lower charge can also 

be as a result of somewhat significant σ-donicity of the 2,2’-biquinoline ligand towards the 
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metal centre since it has both σ-donor and π-acceptor properties.[41] The overall effect is a 

reduced reactivity.  

Redox potentials and absorption electronic transitions have been used occasionally as measures 

of electrophilicity of metal based complexes.[8d, 27c] For example; when the auxiliary ligand is 

changed from 2,2’-bipyridyl to 2,2’-biquinoline, the first reduction potential shifts to a more 

positive value because the π* orbital energy is lowered and thus stabilized.[16e, 42] The reduction 

in potential validate the fact that the π-acceptor properties of the auxiliary ligand increases with 

increase in π-delocalization. Similarly, the characteristic metal to ligand charge transfer 

(MLCT) absorption band is bathochromic shifted as the auxiliary ligand is changed from 2,2’-

bipyridyl to 2,2’-biquinoline.[16d, 42c]  This is in line with the reduction in the HOMO-LUMO 

gap as π-conjugation of the coordinated ligand increases. Thus, the electron withdrawing 

capability of the ligands is expected to increase from 2,2’-bipyridyl to 2,2’-biquinoline. This 

argument supports the observed trend from Ru-2 to Ru-4, is as a result of increase in π-surface 

of the auxiliary ligands from Ru-2 to Ru-4 which increases the electrophilicity of the 

complexes in the same order.  

Further to this, a negative correlation was observed between spectrophotometrically 

determined pKa values and the aromatic surface of the coordinated auxiliary ligands of the 

ruthenium(II) complexes. Acidity of the aqua labile ligands increase from Ru-1 to Ru-4. This 

is due to increase in the strength of π-acceptor ability of the ligands which enhances the 

withdrawal of electron density from the metal centre.[12, 21] Moreover, the dipole moments of 

the complexes increases from Ru-1 to Ru-4, further  indicating an upsurge in π-withdrawing 

properties of the ligands.[43] The trend in the theoretically computed electrophilicity indices 

together with the pKa values affirms that as the π-surface area of the bidentate ligand increases 

the electrophilicity  of the metal complexes increases likewise leading to the observed increase 

in reactivity from Ru-2 to Ru-4.  
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Theoretically, the reactivity of the three nucleophiles should follow the trend Tu > Dmtu > 

Tmtu due to increasing bulkiness of the nucleophile. However, in Ru-2 and Ru-4, the more 

sterically demanding Dmtu reacts faster than the unhindered Tu. The explanation for this is 

that the inductive effect brought by the methyl substituents in Dmtu overcompensates the steric 

effect.[21, 44] 

The negative values for ΔS≠ obtained suggest an associatively activated substitution process 

dominated by bond-making with the incoming nucleophile. The negative activation entropy 

also imply a more ordered transition state compared to the starting reactants and the final 

products.[45] Associative mechanism of activation has recently been reported in other 

terpyridine based ruthenium(II) complexes.[7d, 9a] 

3.5 Conclusion  

The study has established that the reactivity of terpyridine based ruthenium(II) complexes with 

N/NʌN auxiliary ligand(s) is strongly depended on the intrinsic stereo-electronic properties of 

the auxiliary ligands. In complexes Ru-2 to Ru-4, the reactivity is controlled by the π-acceptor 

character of the bidentate ligand which increases with increase in π-conjugation. As the π-

conjugation increases, the complexes become more electrophilic and consequently more 

reactive. The lower reactivity of Ru-2 compared to Ru-1 is attributed to significant steric 

hindrance caused by the bipyridyl ligand compared to the two trans pyridyl ligands in Ru-1. 

Results obtained from the DFT-calculations show that, steady stabilization of the LUMO and 

diminution of the HOMO-LUMO gap occur as the π-surface area of the auxiliary ligand is 

extended from Ru-1 to Ru-4 leading to enhanced electrophilicity of the complexes. Likewise, 

the pKa values of the complexes decrease from Ru-1 to Ru-4 implying that the acidity of the 

coordinated aqua ligand increases accordingly because of reduced electron density at the metal 

centre. Therefore, both DFT results and pKa values support the trend in reactivity observed 

except in Ru-1 where low steric hindrance around the metal centre makes it more reactive than 
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Ru-2. The mode of activation in these complexes is associative. The solid state crystal structure 

of [Ru(terpy)(bipy)Tu)](ClO4)2 show that  terpyridine ruthenium(II) thiourea complexes are 

stable  and the thiourea is coordinated to the metal centre via the S-donor atom.  
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SI 3 Supplementary Information 

SI 3.1 Synthesis of 2-(2-pyridyl)quinoline 

5 mL of saturated ethanolic solution of NaOH was added to a mixture of 2-aminobenzadehyde 

(250 mg, 2.65 mmol) and 2-acetylpyridine (250 mg, 2.65 mmol) in ethanol, and the mixture was 

refluxed for 12 h. After cooling the solution to ambient temperatures, the precipitate was filtered 

off under vacuum and purified by recrystallization from dichloromethane. White crystalline solid 

was obtained. Yield: 273 mg (65%). Anal. Calc. for C14H10N2; C, 81.53; H, 4.89; N, 13.58. Found: 

C, 81.49; H, 4.97; N, 13.38. 1H NMR (400 MHz, acetone-d6): δ (ppm) = 8.73 (t, 2H), 8.68 (d, 1H), 

8.46 (d, 1H), 8.16 (d, 1H), 7.99 (t, 2H), 7.82 (t, 1H), 7.62 (t, 1H), 7.48 (t, 1H).  13C NMR (500 

MHz, acetone-d6): δ (ppm) = 156.0, 149.2, 147.9, 136.9, 136.7, 129.6, 128.4, 127.8, 126.8, 124.3, 

121.2, 118.6.  ESI-MS (TOF) (m/z): 207 (M) 

SI 3.2 Average kobs for the substitution of aqua ligands in the investigated complexes 

Table SI 3.1: Average kobs (s
-1) for the reaction of Ru-1 (0.421 mM) with thiourea nucleophiles 

 

 

 

 

[Nu] /M Tu (λ = 676 nm)  

kobs /s
-1 

 Dmtu ((λ = 676 nm)  

kobs /s
-1 

Tmtu ((λ = 675 nm)  

kobs /s
-1 

0.0842 1.35 ×10-3 8.95 ×10-4 1.68 ×10-4 

0.0674 1.05 ×10-3 7.29 ×10-4 1.14 ×10-4 

0.0520 8.38 ×10-4 5.85 ×10-4 6.79 ×10-5 

0.0337 5.59 ×10-4 3.82 ×10-4 4.51 ×10-5 

0.0168 2.97 ×10-4 1.92×10-4 2.01 ×10-5 



88 
 

Table SI 3.2: Average kobs (s
-1) for the reaction of Ru-2 (0.1594 mM) with thiourea nucleophiles  

 

 

 

 

 

Table SI 3.3: Average kobs (s
-1) for the reaction of Ru-3 (0.467 mM) with thiourea nucleophiles 

[Nu] /M Tu (λ = 722 nm) 

kobs /s
-1 

 Dmtu (λ = 717 nm)  

kobs /s
-1 

Tmtu (λ = 680 nm)  

kobs /s
-1 

0.0467 6.29 ×10-3 3.64 ×10-3 1.42 ×10-4 

0.0374 5.31 ×10-3 2.87 ×10-3 1.25 ×10-4 

0.0280 4.06 ×10-3 1.96 ×10-3 1.09 ×10-4 

0.0187 2.52 ×10-3 1.57 ×10-3 8.97 ×10-5 

0.0093 1.24 ×10-3 5.81×10-4 4.41 ×10-5 

 

Table SI 3.4: Average kobs (s
-1) for the reaction of Ru-4 (0.310 mM) with thiourea nucleophiles 

[Nu] /M Tu ((λ = 699 nm) 

 kobs /s
-1 

 Dmtu ((λ = 700 nm)  

kobs /s
-1 

Tmtu ((λ = 700 nm) 

kobs /s
-1 

0.03095 7.02 ×10-3 1.08 ×10-2 1.06 ×10-3 

0.02476 5.44 ×10-3 8.85 ×10-3 8.92 ×10-4 

0.01857 3.82 ×10-3 6.45 ×10-3 7.61 ×10-4 

0.01236 2.58 ×10-3 4.25 ×10-3 5.39 ×10-4 

0.00618 1.31 ×10-3 1.99 ×10-3 2.50 ×10-4 

 

[Nu] /M Tu ((λ = 676 nm) 

kobs /s
-1 

 Dmtu ((λ = 676 nm)  

kobs /s
-1 

Tmtu ((λ = 675 nm)  

kobs /s
-1 

0.0797 4.96 ×10-5 9.41 ×10-5 4.15 ×10-5 

0.0638 3.87 ×10-5 7.58 ×10-5 3.33 ×10-5 

0.0478 2.95 ×10-5 5.51 ×10-5 2.52 ×10-5 

0.0319 2.06 ×10-5 3.87 ×10-5 1.61 ×10-5 

0.0159 1.05 ×10-5 1.92 ×10-5 8.52 ×10-6 
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SI 3.3 Average 𝐥𝐧 (
𝒌𝟐

𝐓
) values for the substitution of aqua ligands in the investigated 

complexes 

Table SI 3.5: Average 𝑙𝑛 (
𝑘2

𝑇
) for the reaction of Ru-1 with thiourea nucleophiles  

T/ K 1

T
 /K-1 ln (

𝑘2

T
) Tu ln (

𝑘2

T
) Dmtu ln (

𝑘2

T
) Tmtu 

298.15 0.00335 -9.796 -10.094 -11.466 

303.15 0.00330 -9.538   -9.804 -11.071 

308.15 0.00325 -9.246   -9.417 -10.646 

313.15  0.00319 -8.953   -9.038 -10.176 

318.15 0.00314 -8.625   -8.772   -9.913 

 

Table SI 3.6: Average 𝑙𝑛 (
𝑘2

𝑇
) obtained for the reaction of Ru-2 with thiourea nucleophiles 

T/ K 1

T
 /K-1 ln (

𝑘2

T
) Tu ln (

𝑘2

T
) Dmtu ln (

𝑘2

T
) Tmtu 

298.15 0.00335 -12.75 -12.32 -13.29 

303.15 0.00330 -12.41 -11.97 -12.71 

308.15 0.00325 -11.88 -11.46 -12.19 

313.15 0.00319 -11.42 -10.98 -11.61 

318.15 0.00314 -10.95 -10.63 -11.16 

 

Table SI 3.7: Average 𝑙𝑛 (
𝑘2

𝑇
) for the reaction of Ru-3 with thiourea nucleophiles 

T/ K 1

T
 /K-1 ln (

𝑘2

T
) Tu ln (

𝑘2

T
) Dmtu ln (

𝑘2

T
) Tmtu 

298.15 0.00335 -7.66 -8.12 -9.63 

303.15 0.00330 -7.42 -7.78 -9.14 

308.15 0.00325 -7.16 -7.42 -8.69 

313.15 0.00319 -6.92 -7.16 -8.18 

318.15 0.00314 -6.73 -6.87 -7.79 
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Table SI 3.8: Average 𝑙𝑛 (
𝑘2

𝑇
) for the reaction of Ru-4 with thiourea nucleophiles 

T/ K 1

T
 /K-1 ln (

𝑘2

T
) Tu ln (

𝑘2

T
) Dmtu ln (

𝑘2

T
) Tmtu 

298.15 0.00335 -7.279 -6.755 -8.89 

303.15 0.00330 -7.095 -6.427 -8.56 

308.15 0.00325 -6.782 -6.273 -8.15 

313.15 0.00319 -6.437 -5.960 -7.81 

318.15 0.00314 -6.261 -5.712 -7.43 

 

SI 3.4 Typical plots of kobs versus nucleophile concentration for the substitution aqua 

ligands by thiourea nucleophiles  
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Equation y = a + b*x

Weight No Weighting

Residual Sum 
of Squares

1,86672E-12 3,26337E-12 4,1719E-13

Pearson's r 0,99983 0,99992 0,99995

Adj. R-Square 0,99956 0,99979 0,99986

Value Standard Error

Tu
Intercept 0 --

Slope 6,19295E-4 5,77817E-6

Dmtu
Intercept 0 --

Slope 0,00118 7,63983E-6

Tmtu
Intercept 0 --

Slope 5,21235E-4 2,7316E-6

 
Figure SI 3.1: Dependence of kobs on concentration of incoming thiourea nucleophiles for the 

substitution of the aqua ligand in Ru-2 at 298 K, pH = 2.0, I = 0.1 M HClO4/NaClO4 
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Pearson's r 0,99933 0,99986 0,99646

Adj. R-Square 0,99832 0,99965 0,99115

Value Standard Error

Tu
Intercept 0 --

Slope 0,21971 0,00403

Dmtu
Intercept 0 --

Slope 0,3503 0,00294

Tmtu
Intercept 0 --

Slope 0,03666 0,00155

Figure SI 3.2: Dependence of kobs on concentration of incoming thiourea nucleophiles for the 

substitution of the aqua ligand in Ru-4 at 298 K, pH = 2.0, I = 0.1 M HClO4/NaClO4 

SI 3.5 Typical Eyring plots obtained for the complexes
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0,00161 0,00369 0,00905

Pearson's r -0,99906 -0,99842 -0,99719

Adj. R-Square 0,99749 0,99579 0,99252

Value Standard Error

Tu
Intercept 8,68397 0,44921

Slope -5519,27454 138,35179

Dmtu
Intercept 11,45698 0,67891

Slope -6433,14367 209,09586

Tmtu
Intercept 13,85953 1,06359

Slope -7551,92034 327,57345

Figure SI 3.3: Eyring plots for the reaction of Ru-1 with thiourea nucleophiles, pH = 2.0, I = 0.1 

M HClO4/NaClO4 
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Intercept 16,21922 0,92015

Slope -8657,1835 283,39641
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Intercept 15,29018 0,92431

Slope -8244,66572 284,6787
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Intercept 20,60738 0,90629

Slope -10104,55192 279,12638

 
Figure SI 3.4: Eyring plots for the reaction of Ru-2 with thiourea nucleophiles, pH = 2.0, I = 0.1 

M HClO4/NaClO4 

SI 3.6 Typical ultraviolet-visible Spectra for pKa titrations of the complexes 

 
Figure SI 3.5: Ultraviolet-visible spectra of Ru-2 recorded as a function of pH in the range 2–13 

at 298 K. Inset: A plot of absorbance versus pH at λ = 450 nm 
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Figure SI 3.6: Ultraviolet-visible spectra of Ru-4 complex recorded as a function of pH in the 

range 2–13 at 298 K. Inset: A plot of absorbance versus pH at λ = 253 nm 

SI 3.7 Additional DFT-optimized structures of the studied complexes 

 

Figure SI 3.7: DFT-optimized structure of Ru-3 showing the dihedral angle between the planes 

of the pyridyl and quinolinyl moieties 
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Figure SI 3.8: DFT-optimized structure of Ru-4 showing the dihedral angle between the planes 

of the quinolinyl moieties 

SI 3.8 Samples of MS, 1H and 13C NMR spectra for compounds 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Figure SI 3.9: ESI-MS (TOF) spectrum of 2-(2-pyridyl)quinoline 
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Figure SI 3.10: ESI-LCMS spectrum of trans-chlorobis(pyridine)(2,2':6',2''-terpyridyl) 

ruthenium(II) hexaflourophosphate 

 

 

Figure SI 3.11: ESI-MS (TOF) spectrum of (2,2'-bipyridyl)chloro(2,2':6',2"-terpyridine) 

ruthenium(II) chloride 
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Figure SI 3.12: ESI-MS (TOF) spectrum of (2,2'-Biquinoline)chloro(2,2':6',2"-terpyridine) 

ruthenium(II)  hexafluorophosphate 

 

Figure SI 3.13: 1H NMR (400 MHz, acetone-d6) spectrum of 2-(2-pyridinyl)quinoline 



97 
 

 

Figure SI 3.14: 1H NMR (400 MHz, DMSO-d6) spectrum of (2,2'-Bipyridyl)chloro(2,2':6',2"-

terpyridyl)-ruthenium(II) chloride  

 

Figure SI 3.15: 1H NMR (500 MHz, Cd3Od-d4) spectrum of Proximal-Chloro(2-(2-

pyridinyl)quinoline)(2,2':6',2''-terpyridyl)ruthenium(II) chloride 



98 
 

 

 

Figure SI 3.16: 13C NMR (400 MHz, acetone-d6) spectrum of 2-(2-pyridinyl)quinoline 

 

Figure SI 3.17: 13C NMR (500 MHz, Cd3Od-d4) spectrum of Proximal-Chloro(2-(2-

pyridinyl)quinoline)(2,2':6',2''-terpyridyl)ruthenium(II) chloride 
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Figure SI 3.18: 13C NMR (400 MHz, Cd3Od-d4) spectrum of (2,2'-Biquinoline)chloro(2,2':6',2"-

terpyridine)ruthenium(II)  hexafluorophosphate 
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CHAPTER FOUR 

The Role of π-Back-Bonding and Trans-Effect on the Reactivity of 

Ruthenium (II) Complexes: Kinetic and Mechanistic studies  

 

Abstract 

Substitution kinetics of the chloro ligands in a series of six ruthenium(II) polypridyl complexes by 

three thiourea nucleophiles (thiourea, N,N-dimethylthiourea and N,N,N’,N’-tetramethylthiourea) 

was investigated as a function of concentration and temperature under pseudo-first order 

conditions using ultraviolet-visible spectrophotometric techniques. The simultaneous substitution 

of the coordinated chloro ligands in all the complexes obeyed the rate law, kobs = k2[Nucleophile]. 

The complexes were grouped into two with the trend in reactivity decreasing in the order; Ru-3 > 

Ru-4 > Ru-2 > Ru-1 and Ru-5 > Ru-6 > Ru-2. This trend in reactivity is attributed to the concerted 

effects of stereo-electronic properties of the coordinated spectator ligands. When the denticity of 

the ligands is changed from one (Ru-1) to two (Ru-2), and the π-conjugated surface area of the 

complexes successively increased from Ru-2 to Ru-4, the energy separation between the frontier 

orbitals reduces. Therefore, as one moves from Ru-1 to Ru-4, the electrophilicity of complexes 

increase due to improved π-back-bonding of electron density from the dπ orbital largely based on 

the metal centre to the π* orbitals of the spectator ligands. This accordingly increases susceptibility 

of the metal centre to facile nucleophilic attack. However, despite the higher electrophilicity index 

and narrower HOMO-LUMO gap, the reactivity of Ru-4 is lower than that of Ru-3. This is 

attributed to increased steric hindrance around the metal centre caused by the banana shaped 

curvatures formed by the two 2,2’-biquinoline ligands which restricts the space around the metal 

centre. The higher reactivity observed in Ru-5 and Ru-6 compared to Ru-2 is ascribed to σ trans-
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effect brought about by the dimethyl-substituted chelating ligands therein which causes ground 

state labilisation of the Ru-Cl bonds. This is shown by the more elongated Ru-Cl bonds in Ru-5 

(2.594 Å) and Ru-6 (2.590 Å) compared to Ru-2 (2.566 Å). Replacement of the 2,2’-bipyridyl 

backbone with a stronger π-acceptor 1,10-phenanthroline reduces the trans-effect through metal-

ligand charge transfer hence the lower reactivity observed in Ru-6 compared to Ru-5. The 

activation parameters (ΔH≠ > 0, ΔS≠ < 0) obtained in all the complexes support an associative 

mechanism of activation. As proven by the crystal structure of the product, the stereochemistry of 

the complex and oxidation state (+2) of the metal centre are maintained after reaction with 

N,N,N,N-tetramethylthiourea. Moreover, it proves that no dechelation of the coordinated spectator 

ligands occur, an indication of stability of the final product.  
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4.1 Introduction  

Ruthenium(II) and (III) based complexes are considered viable options in the design of anticancer 

drugs because they exhibit similar reactivity profiles with respect to ligand substitution as 

platinum(II).[1] They also have attractive properties such as; high selectivity for cancer cells, high 

cellular uptake, low systemic toxicity, and ability to mimic the role of iron binding functions with 

biomolecules.[2] The fact that ruthenium(III) complexes are activated by in vivo reduction to more 

reactive and cytotoxic ruthenium(II) complexes, has enhanced anticancer research interests in the 

latter.[1, 3] The divalent complexes provide an array of diverse coordination modes such as covalent 

binding, groove binding, insertion and intercalation.[4] Moreover, it is documented that, apart from 

their main target, the DNA, they also interact with DNA  topoisomerase and mitochondria.[5] 

Polypyridyl based complexes form an important class of potential anticancer ruthenium 

complexes[6] whose cytoxicity is positively correlated to the aromatic π-conjugated surface area of 

the coordinated ligands.[7] Numerous studies have also shown that complexes with strain-inducing 

methyl substituents are more cytotoxic compared to those with unsubstituted ligands.[7c, 8] 

Effects of π-conjugation on the substitution kinetics of transition metal complexes has been 

comprehensively investigated especially on square planar platinum(II) complexes.[9] It is 

established that extended π-conjugation may enhance or retard a substitution reaction depending 

on its position relative to the leaving group as well as the nature of the organic moiety therein. For 

instance; in square planar platinum(II) complexes,  pyridyl rings at cis/trans position accelerates 

the rate of substitution by increasing the electrophilicity of the complex while a quinoline moiety 

placed at the lateral position retards the reactivity by destabilizing the LUMO. [9a-c] On the other 

hand, available information show that electron withdrawing substituents on the aromatic ligand 

framework generally enhance the reactivity of complexes while electron donating groups have an 
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opposite effect.[9b] The former withdraws electron density from metal centres while the latter 

donates electrons to the metal centre. However, in some cases, electron donating substituents have 

been reported to enhance reactivity compared to complexes with unsubstituted ligands due to 

strong trans-effects.[10] Based on these facts, the role of π-conjugation and substituent groups on 

reactivity of complexes remain unexhausted especially in octahedral ruthenium complexes.   

Examination of the substitution kinetics of mononuclear complexes with two labile groups reveal 

that, the labile ligands can either be substituted simultaneously or consecutively depending on the 

nature of the coordinated spectator ligand. Complexes with asymmetrical ligands experience two 

substitution steps while those with symmetrical ligands may experience a single or two substitution 

steps depending on the nucleophile used.[9d, 10b, 11] Therefore, there is need for further research on 

complexes with two leaving groups especially for those with octahedral geometries.   

Taking into account, the ever-growing interest in utilization of ruthenium complexes as alternative 

or complementary anticancer metallodrugs, it is important to establish the structure-reactivity 

relationships of these complexes. The present study investigates and reports on the effect of 

different ligands on the reactivity of the ruthenium(II) complexes with two leaving groups. The 

spectator ligands judiciously selected for the synthesis of the complexes were pyridine, 2,2’-

bypridiyl (bipy), 6,6-dimethyl-2,2’-bipyridyl, 2,9-dimethyl-1,10-phenanthroline and 2,2’-

biquinoline (Figure 4.1). The ligands offer a range of electronic and structural properties. In 

complex Ru-1, the two chloro ligands are trans to each other while in the other complexes the two 

chloro ligands are coordinated in cis fashion.  Complex Ru-3 has a hybrid ligand system, a 2,2’-

bypridiyl and 2,2’-biquinoline. Bio-relevant thiourea nucleophiles of varied steric demands were 

used; thiourea (Tu), N,N-dimethylthiourea (Dmtu) and N,N,N’,N’-tetramethylthiourea (Tmtu).                        
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  Ru-1        Ru-2    Ru-3 

                                

                      Ru-4       Ru-5              Ru-6 

Figure 4.1: Structures of the investigated ruthenium(II) complexes 

In addition to the experimental studies, computational investigations were performed using density 

functional theory to gain in-depth insight of the intrinsic electronic and structural properties of the 

complexes. To further understand the interaction of these divalent ruthenium complexes with the 

sulfur-donor nucleophiles, an independent study was carried out to crystallographically 

characterize a solid-state crystal structure of a substitution product formed.  

4.2 Experimental 

4.2.1 Materials and Procedures 

All the syntheses were performed under inert atmosphere of dry oxygen-free dinitrogen using 

standard Schlenk-ware techniques. Dichloro(p-cymene)ruthenium(II) dimer (97%), LiCl (≥ 99%), 
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LiCF3SO3 (≥ 99%), RuCl3.3H2O, NH4PF6 (≥ 99%), 2,2’-bipyridyl (99%), anhydrous pyridine 

(99.8%), 6,6’-dimethyl-2,2’-bipyridyl (98%), 2,9-dimethyl-1,10-phenanthroline (≥ 98%), 2,2’-

biquinoline (98%), Tu (≥ 99%), Dmtu (99%) and Tmtu (98%) were supplied by Sigma-

Aldrich/Merck (Pty). Organic solvents were purchased from Merck (Pty) and used without further 

purification. Modulab deionized water was used where necessary. 

 4.2.2 Synthesis of the Complexes 

The complexes were synthesized according to published literature methods.[12] 

(2,2’-bipyridyl)chloro(η6-p-cymene)ruthenium(II) hexaflourophosphate: In 25 mL of 

methanol, a mixture of 2, 2’-bipyridyl (59.0 mg, 0.38 mmol) and dichloro(p-cymene)ruthenium(II) 

dimer) (100.0 mg, 0.16 mmol) was stirred at room temperature for 2 h. Afterwards, 5 mL of 

methanol containing NH4PF6 (57.0 mg, 0.35 mmol) was added into the solution and the resulting 

mixture stirred for further 1 h. The orange precipitate which was formed was filtered off, washed 

with chilled methanol and diethyl ether. The product was purified by recrystallization from 

methanolic solution of the complex. Shiny yellow crystalline solid was obtained. Yield: 164.0 mg 

(90%). Anal. Calc. for C20H22ClN2PF6Ru; C, 42.00; H, 3.88 N, 4.90. Found: C, 42.27; H, 3.84; N, 

4.87. 1H NMR (400 MHz, acetone-d6): δ (ppm) = 9.62 (d, 2H), 8.62 (d, 2H), 8.32 (td, 2H), 7.82 

(m, 2H), 6.25 (d, 2H), 6.00 (d, 2H), 2.67 (hept, 1H), 2.33 (s, 3H), 1.11 (d, 6H). ESI-MS (TOF) 

(m/z): 427.05 (M+). This precursor complex was used in the synthesis of Ru-3. 

Trans-Dichlorotetrapyridineruthenium(II) (Ru-1): RuCl3.3H2O (500 mg, 1.91 mmol) 

dissolved in 25 mL of ethanol-water (60-40% v/v) solvent system was refluxed for 4 h. The deep 

blue solution obtained was cooled to ambient temperature, 30 mL of anhydrous pyridine added 

and the resultant solution refluxed for 0.5 h. The solution was then concentrated to about 10 mL 

and the orange crystalline solid filtered off, washed with chilled water (3 × 10 mL) and diethyl 
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ether (3 × 30 mL) and dried under vacuum. Orange shiny crystalline solid was obtained. Yield: 

640 mg (70%). Anal. Calc for C20H20Cl2N4Ru: C, 49.19; H, 4.13; N, 11.47. Found: C, 49.08; H, 

3.98; N, 11.14. 1H NMR (500 MHz, DMSO-d6): δ (ppm) = 8.43 (d, 2H), 7.75 (t, 1H), 7.20 (d, 2H). 

LC-MS-ES+ m/z: 488 (M).  

cis-bis(2,2'-Bipyridyl)dichlororuthenium(II) (Ru-2): A mixture of RuCl3.3H2O (340 mg, 1.49 

mmol), 2,2’-bipyridyl (468 mg, 3.00 mmol), and LiCl (420 mg, 0.10 mmol) in 30 mL of N,N-

dimethylformamide were refluxed for 8 h. After cooling the solution to ambient temperature, 125 

mL of acetone was added and the resultant solution kept in a refrigerator at -4 ̊C for 12 h. The dark 

brown crystalline solid formed was filtered off and washed with water (3 × 25 mL) followed by 

diethyl ether (3 × 30 mL), and then dried under vacuum. Dark brown crystals were obtained. Yield: 

289 mg (40%). Anal. Calc. for C20H16Cl2N4Ru.2H2O: C, 49.60; H, 3.33; N, 11.57; Found: C, 

49.57; H, 3.41; N, 11.60. 1H NMR (500 MHz, DMSO-d6): δ (ppm) = 9.98 (d, 2H), 8, 63 (d, 2H), 

8.47 (d, 2H), 8.05 (t, 2H), 7.75 (t, 2H), 7.66 (t, 2H), 7.51 (d, 2H), 7.09 (t, 2H).  ESI-MS (TOF) 

(m/z): 449.01 (M+). 

cis-(2,2'-Bipyridyl)(2,2’-biquinoline)dichlororuthenium(II) (Ru-3): A mixture of (2,2’-

bipyridyl)-chloro(η6-p-cymene)ruthenium(II) hexaflourophosphate (311 mg, 0.505 mmol), 2,2’-

biquinoline (142 mg, 0.55 mmol) and LiCl (156 mg, 3.65 mmol)  in 2 mL  N,N-dimethylformamide 

was refluxed for 3 h. Upon cooling to room temperature, 50 mL of acetone was added. The dark 

green precipitate obtained was filtered off and rinsed with 15 mL of water and 15 mL of diethyl 

ether and dried under vacuum. Green product was obtained. Yield (208 mg, 62%). Anal. Calc. for 

C28H20Cl2N4Ru: C, 57.54; H, 3.45; N, 9.59; Found: C, 57.18; H, 3.53; N, 9.25. 1H NMR (400 

MHz, DMSO-d6): δ (ppm) = 9.75 (t, 2H), 8.74 (m, 2H), 8.62 (d, 1H), 8.57 (d, 1H), 8.25 (d, 1H), 
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8.18 (d, 1H), 8.09 (t, 1H), 7.91 (d, 1H), 7.75-7.71 (m, 4H), 7.53 (d, 1H) 7.42 (t, 1H);, 7.10 (t, 2H), 

6.98 (d,1H). ESI-MS (TOF) (m/z): 549.04 (M+) 

cis-bis(2,2’-biquinoline)dichlororuthenium(II) (Ru-4): A mixture of RuCl3.3H2O (180 mg, 

0.67 mmol), 2,2-biquinoline (370 mg, 1.5 mmol) and LiCl (87 mg, 2.1 mmol) in 6 mL N,N-

dimethylformamide was refluxed for 6 h. The mixture was then allowed to cool to ambient 

temperature and pipetted dropwise to 500 mL of stirring water. The precipitate which formed was 

filtered off and re-dissolved in 5 mL of dichloromethane and filtered again. To the filtrate, 50 mL 

of water was added and the green precipitate formed filtered off, washed with copious amount of 

water and rinsed with diethyl ether and dried under vacuum. Green precipitate was obtained. Yield 

(206 mg, 45%). Anal. Calc. for C36H24Cl2N4Ru.2H2O: C, 60.00; H, 3.92; N, 7.78; Found: C, 59.64; 

H, 4.15; N, 7.61. 1H NMR (400 MHz, DMSO-d6): δ (ppm) = 9.10-9.07 (m, 2H), 9.03 (d, 3H), 8.83 

(d, 2H), 8.60 (d, 2H), 8.34 (d, 2H), 8.21(d, 4H), 8.10 (d, 3H), 7.97-7.93 (m, 2H), 7.88 (t, 2H), 7.71 

(t, 2H). ESI-MS (TOF) (m/z): 649.07 (M+). 

cis-bis(6,6’-dimethyl-2,2’-bipyridyl)dichlororuthenium(II) (Ru-5): A mixture of RuCl3.3H2O 

(250 mg, 0.95 mmol), 6,6’-dimethyl-2,2’-bipyridyl (375 mg, 2 mmol) and LiCl (550 mg, 13 mmol) 

in 10 mL of ethane-1,2-diol were refluxed at 140 ̊C for 3 h. The mixture was then allowed to cool 

to ambient temperature and 7 mL of water added. The crystalline product obtained was filtered 

off, washed with 10 mL of cold water and dried under a stream of nitrogen.  Yield (301 mg, 52%). 

Anal. Calc. for C24H24Cl2N4Ru: C, 53.34; H, 4.48; N, 10.37; Found: C, 53.73; H, 4.65; N, 10.25. 

1H NMR (400 MHz, Cd3Od-d4): δ (ppm) = 8.24 (dd, 2H), 8.02 (d, 4H), 7.73 (m, 2H), 7.62 (t, 2H), 

7.23 (dd, 2H), 2.49-1.83 (m, 12H). ESI-MS (TOF) (m/z): 505.07 (M+).  

 cis-bis(2,9-dimethyl-1,10-phenanthroline)dichlororuthenium(II) (Ru-6): A mixture of 

RuCl3.3H2O (250 mg, 0.95 mmol), 2,9-dimethyl-1,10-phenanthroline (425 mg, 2 mmol) and LiCl 
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(625 mg, 15 mmol) in 10 mL of ethane-1,2-diol were refluxed at 150 ̊C for 6 h. The mixture was 

then allowed to cool to room temperature and 5 mL of water added. The crystalline product 

obtained was filtered off, washed with 5 mL chilled water and dried under a stream of nitrogen. 

Purple solid. Yield (482 mg, 85 %). Anal. Calc. for C28H24Cl2N4Ru.H2O: C, 55.45; H, 4.32; N, 

9.24; Found: C, 55.11; H, 4.48; N, 9.42. 1H NMR (400 MHz, Cd3Od-d4): δ (ppm) = 8.37 (d, 4H), 

8.01 (s, 2H), 7.80 (br, 2H), 7.57 (d, 2H), 7.24 (br, 2H), 3.09 (s, 6H), 1.87 (s, 6H).  ESI-MS (TOF) 

(m/z): 553.07 (M+). 

4.2.3 Physical Measurements and Instrumentation 

1H NMR spectra of the complexes were recorded at 303 K on Bruker Avance DPX III 400/500 

MHz spectrometer. Chemical shifts expressed in parts per million (δ) were referenced to Si(CH3)4 

internal standard. Mass spectra were recorded in the positive mode after electrospray ionization 

and mass analysis on a Time of flight (TOF) of Waters Micromass LCT Premier spectrometer. 

Samples of NMR and MS spectral data are presented in Supplementary Information (Figures SI 

4.8-4.15). Elemental composition (C, H, and N) of the synthesized compounds were carried out 

using Thermo Scientific Flash 2000 analyzer. Kinetic studies were performed using Cary 100 

Series ultraviolet-visible spectrophotometer attached to a thermoelectric cell temperature 

controller (Agilent technologies) with an accuracy of ± 0.05 °C. Kinetic data was processed using 

OriginPro 9.1®[13] 

4.2.4 Kinetic Measurements 

Both complex and nucleophile solutions were prepared in methanol and maintained at an ionic 

strength of 0.1 M LiCl/LiCF3SO3. The concentration of the complexes used were; Ru-1 (0.40 

mM), Ru-2 (0.31 mM) Ru-3 (0.184 mM), Ru-4 (0.142 mM), Ru-5 (0.100 mM) and Ru-6 (0.100 

mM). All the nucleophile solutions were prepared shortly before use.  All substitution studies were 
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performed under pseudo-first order conditions in which the concentration of the nucleophile was 

at least 20 folds higher than the concentration of the complex. The reactions were initiated by 

mixing equal volumes of thermally equilibrated complex and nucleophile in tandem cuvettes.  

ultraviolet-visible spectral changes resulting from the reactions were recorded from 800 nm to 200 

nm wavelength range and followed by monitoring the change in absorbance at an appropriate 

wavelength as a function of time. Concentration dependence reactions were performed at a 

constant temperature of 25 ̊C while the temperature dependence reactions were studied from 25 to 

45 ̊C at an interval of 5 C̊. The results recorded herein are an average of at least three reproducible 

independent runs. 

4.2.5 Computational Modelling 

Computational calculations were performed using density functional theory (DFT) method  as 

executed by Gaussian 09W program.[14] The structures were optimized using the hybrid 3-

parameter B3LYP at the standard LANL2DZ basis set.[15] In DFT, the total energy is expressed in 

terms of  physically observable three dimensional electron density over wave-function and 

therefore applicable to these systems with large number of electrons.[16] LANL2DZ utilizes 

relativistic effective core potentials (ECP) to account for the effect of inner core 28 electrons 

([Ar]3d10) in Ru.
[17] The influence of the methanol solvent was evaluated using single point 

conductor-like polarizable continuum implicit solvent model (CPCM).[18] All the calculations were 

done at neutral charge singlet spin ground state settings. GaussView 5.0 program was used to 

visualize the optimized minimum energy structures of the complexes.[14] Electronic chemical 

potential (µ), chemical softness (σ) and global electrophilicity indices (ω) for the complexes were 

calculated as per literature methods.[19] Natural bonding orbitals (NBO) was used to determine 

localized atomic charges in the complexes. [14] 
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4.2.6 Crystallographic Substitution Product Analysis 

An independent crystallographic structural determination of the substitution product of 

ruthenium(II) with Tmtu was used to understand the structural properties of the substitution 

products formed between ruthenium(II) complexes and thiourea nucleophiles. Crystals of the 

substitution product trans-[Ru(bipy)2Tmtu)2](ClO4)2, C30H40Cl2N8O8RuS2 were obtained by 

reacting trans-[Ru(bipy)2H2O)2](ClO4)2 with excess Tmtu in 0.1 M HClO4/NaClO4 aqueous 

medium for 48 h at room temperature. The solution was left to crystalize at room temperature by 

slow evaporation of the solvent. After several weeks, crystals suitable for x-ray diffraction were 

obtained. The molecular structure of the complex was determined by Bruker Smart Apex II 

diffractometer equipped with Oxford Instruments Cryojet cooling system. A graphite-

monochromated MoK1 (λ = 0.71073 Å) radiation was used and the crystallographic data 

collected at 100 K using a 30 W Incoatec micro-focus source and ω-2θ scan mode. The theta range 

utilized for data collection was 1.839 to 27.779º. The molecular structure obtained was solved by 

SHELXS program suite supported by Olex2 for windows using direct methods.[20] Refinement of 

the structure was done using ShelXL package applying full matrix least squares on F2 on all the 

observed reflections.[21]  

4.3 Results 

4.3.1 Computational Results 

Computational optimization of the complexes was carried out to gain an insight into the spatial 

relationships of the coordinated ligand systems as well as the electronic properties of the 

complexes. Mappings of the frontier orbitals of the complexes are presented in Table 4.1 and 4.2 

while key computational data is summarized in Table 4.3. From the minimum energy structures 

of the complexes we observed that in Ru-1, the two chloro ligands are trans-disposed with respect 
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to each other and all the pyridyl rings are perfectly cis to them. In addition, the trans pyridyl rings 

are twisted away from each to alleviate steric interactions between α-hydrogen atoms of proximate 

cis pyridyl rings. In complexes Ru-2 to Ru-6, the two chloro ligands are coordinated in cis fashion 

such that one arm of each bidentate ligand is trans while the other is cis to the chloro ligands. In 

Ru-1, all the Ru-N bond lengths are equal while in the rest of the complexes they are unequal due 

to inter-ligand steric repulsions.[22] 

 Table 4.1: Mappings of the frontier orbitals of complexes Ru-1, Ru-2 and Ru-3 

 

           Ru-1             Ru-2              Ru-3 
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Table 4.2: Mappings of the frontier orbitals of complexes Ru-4, Ru-5 and Ru-6 

 

            Ru-4             Ru-5              Ru-6 
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From the frontier orbital diagrams, the highest occupied molecular orbital (HOMO) in all the 

complexes is largely based on the metal centre and chloro groups. Additionally, for complexes 

Ru-2 to Ru-6, the pyridyl rings trans to the chloro groups have a small contribution. On the other 

hand, the lowest unoccupied molecular orbital (LUMO) is largely localized on the N-based ligand 

systems. In Ru-3, the contribution of 2,2’-bipyridyl ligand to the LUMO is lower compared to its 

benzo-analogue 2,2’-biquinoline due to differences in the extended π-surface area. 
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Table 4.3: Selected computational data obtained for the studied complexes 

 

A positive relationship was observed between the π-conjugated area and the extent of planarity 

distortion of the coordinated ligands. For example; in Ru-3, the two quinolinyl moieties of the 

2,2’-biquinoline ligand form a dihedral angle of 19.06º compared to 9.27º between the pyridyl 

moiety planes of the bipyridyl ligand therein. In Ru-4, the two quinolinyl moiety planes form a 

dihedral angle of 24.43º. Figures showing these planes are presented in the Supplementary 

Information (Figure SI 4.5 - 4.7). 

Computational results documented in Table 4.3 show that increase in denticity of ligand system 

from one to two and subsequent progressive increase in π-conjugation stabilizes the energies of 

                                                           
5  t-bpy- the chloro is trans to N of Bpy 
6  t-biq- the chloro is trans to N of Biq 

Complex       Ru-1      Ru-2  Ru-3    Ru-4    Ru-5    Ru-6 

HOMO-LUMO Energy / eV       

       HOMO      -5.128    -5.263 -5.301   -5.325   -5.213   -5.261 

       LUMO      -1.430    -2.382 -2.869   -3.074   -2.195   -2.259 

       ΔHOMO-LUMO        3.698     2.881  2.432    2.251    3.018    3.002 

Chemical potential (μ) / eV     -3.279    -3.823 -4.085   -4.200   -3.704   -3.760 

Chemical softness (σ) / eV-1      0.270     0.347  0.411    0.444    0.331    0.333 

Electrophilicity index(ω) / eV       2.907     5.072  6.862    7.835    4.546    4.710 

NBO charges (Ru)      0.101     0.110  0.117    0.121    0.102    0.106 

Bond Length / Å       

     Ru-Ntrans to Cl          2.050  2.071bipy    2.087     2.082    2.090 

    2.088 biq               

     Ru-NCis to Cl       2.112     2.080  2.089bipy                       2.123    2.126    2.138 

    2.116biq    

     Ru-Cl      2.547     2.566  2.556tbipy
5

             2.570    2.594    2.590 

    2.568tbiq
6    
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the frontier orbitals. This is illustrated by the decrease in molecular orbital energies as one moves 

from Ru-1 to Ru-4. On the other hand, introduction of methyl substituents on the bidentate ligands 

destabilizes the LUMO and causes elongation of the Ru-Cl bonds. The global electrophilicity 

indices (ω) and chemical softness (σ) of the complexes have a positive correlation with the π-

conjugated surface area of the ligand systems; they increase from Ru-1 to Ru-4. Comparing 

complexes Ru-2, Ru-5 and Ru-6, magnitude of these chemical descriptors decreases on 

introduction of methyl substituents on the ligands, but with the extension of the π-conjugation from 

Ru-5 to Ru-6 a slight increase is observed.  

4.3.2 Kinetic Results 

The rate of substitution of the coordinated chloro ligands in six complexes by biorelevant thiourea 

nucleophiles was investigated under pseudo-first order conditions at a constant ionic strength of 

0.1 M LiCl/LiCF3SO3. The reactions were monitored spectrophotometrically by following change 

in absorbance of the spectra at an appropriate wavelength as a function of time. Typical spectra 

obtained for the reaction of Ru-2 with Tu is displayed in Figure 4.2. The inset shows a kinetic 

trace taken at λ = 506 nm. 

Kinetic traces taken at the suitable wavelength were fitted into non-linear least square fit to 

generate pseudo-first order rate constants (kobs) using equation (i).[23] 

                                    At  = Ao + (Ao-A)exp(-kobst)                                                                     (i) 

where; Ao = absorbance at the onset of the reaction, At = absorbance at time t, and A = absorbance 

at the end of the reaction. 
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Figure 4.2: Time-resolved ultraviolet-visible spectra for the reaction of Ru-2 (0.31 mM) with Tu 

(62.1 mM) in methanol at 298 K, I = 0.1 M LiCl/LiCF3SO3. Inset: A kinetic trace at λ = 506 nm 

All the kobs values were found to increase linearly with nucleophile concentration as shown in 

Figure 4.3. Additional plots of kobs versus nucleophile concentration are presented in the 

Supplementary Information (Figures SI 4.1- 4.2). kobs values obtained and respective nucleophile 

concentration are summarized in Supplementary Information (Table SI 4.1-4.6).  

The second order rate constant (k2) was obtained from the slope of the graph of kobs versus 

nucleophile concentration. The k2 values are tabulated in Table 4.4. Zero y-intercept were observed 

in all the plots and therefore the relationship between kobs and nucleophile concentration can be 

described by equation (ii). 

            kobs = k2[Nucleophile]                                                                              (ii)  
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Figure 4.3: Dependence of kobs on concentration of thiourea nucleophiles for the substitution of 

the chloro ligands in Ru-4 in methanol at 298 K, I = 0.1 M LiCl/LiCF3SO3

 

To determine the thermodynamic parameters of the substitution process, the reaction temperature 

was varied systematically from 298 to 318 K at an interval of 5 K. Thermal activation parameters 

(∆H≠ and ∆S≠)  were calculated using the Eyring equation (iii).[23] 

ln (
𝑘2

T
) = −

𝛥𝐻≠

R
.

1

T
 + (23.78 +

𝛥𝑆≠

R
)                                                                (iii)                                                                                                                                                                                                                                                                                                 

Exemplary Eyring plots obtained for the reactions of Ru-5 are shown in Figure 4.4 and the values 

for ∆H≠ and ∆S≠ obtained are summarized in Table 4.4. Additional Eyring plots and ln (
k2

T
) and 

respective 
1

T
  values are presented in the Supplementary Information (Figures SI 4.3-4.4 and Tables 

SI 4.7-4.12). 
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Figure 4.4: Eyring plots for the reaction of Ru-5 with thiourea nucleophiles at I = 0.1 M 

LiCl/LiCF3SO3 and temperature range of 298-318 K  
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Table 4.4: Second order rate constants (k2) and activation parameters for the displacement of 

chloro ligands by thiourea nucleophiles 

Complexes Nu k2 /× 10-2 M-1 s-1 ∆H≠ / 

 kJ mol-1 

∆S≠/  

J mol-1 K-1 

  Ru-1  

Tu    0.006 ± 0.00 81 ± 2     -55 ± 7 

Dmtu       Too slow  -    - 

Tmtu        Too slow  -    - 

  Ru-2  

Tu     0.23 ± 0.01 78 ± 2    -32 ± 6 

Dmtu     0.15 ± 0.01 75 ± 3    -46 ± 9 

Tmtu     0.08 ± 0.01 83 ± 3    -25 ± 8 

  Ru-3                       

Tu   34.59 ± 0.25 57 ± 2    -64 ± 5 

Dmtu   30.67 ± 0.26 60 ± 1    -55 ± 3 

Tmtu     6.06 ± 0.08 74 ± 1    -19 ± 3 

  Ru-4                                

Tu   17.18 ± 0.20 57 ± 3    -69 ± 8 

Dmtu     8.38 ± 0.09 71 ± 2    -27 ± 5 

Tmtu     0.58 ± 0.01 79 ± 2    -22 ± 8 

  Ru-5                        

Tu 123.27 ± 1.03 33 ± 2   -150 ± 7 

Dmtu   12.00 ± 0.19 53 ± 2   -105 ± 6 

Tmtu     3.39 ± 0.03 61 ± 2    -89 ± 7 

  Ru-6 

 

Tu   96.54 ± 1.69 42 ± 2   -104 ± 7 

Dmtu     8.08 ± 0.09 54 ± 3     -85 ± 9 

Tmtu     2.96 ± 0.05 61 ± 2    -67 ± 7 

 

4.3.3 Product Analysis: Crystal Structure of trans-[Ru(bipy)2(Tmtu)2](ClO4)2 

X-ray crystallographic structure of the Tmtu substituted complex at 50% probability ellipsoids is 

shown in Figure 4.5. Selected crystallographic and structure refinement parameters are collected 

in Table 4.5 while important bond lengths and angles are presented in Table 4.6. The crystal 

structure and related information may be accessed at CDCC refcode, TEVWUP. 
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Figure 4.5: Molecular structure of trans-[Ru(bipy)2(Tmtu)2](ClO4)2  at 50% probability ellipsoid 

at different orientation (counterions have been omitted for clarity) 

The crystal structure consists of a discrete [Ru(bipy)2(Tmtu)2]
2+ cation and two ClO4

- counterions. 

The ruthenium(II) metal is located at a crystallographic inversion centre with equivalent ligands 

trans-disposed with respect to each other. It is noteworthy that the bipyridyl ligands are bowed in 

opposite direction. This makes the two α-hydrogen atoms of one 2,2’-bipyridyl ligand to be 

displaced to the same side of the RuN1-N2-N11-N21 plane while those on the other bipyridyl ligand 

displaced on the opposite direction. The bowed conformation of the 2,2’-bipyridyl ligands cause a 

dihedral angle of 157.76º between the individual pyridyl moieties. This reduces inter-ligand steric 

interactions between the proximate pairs of α-hydrogen atoms on the 2,2’-bipyridyl ligands.[24] 

The configuration gives an inter-ligand α-hydrogen separation distance of 2.119 Å. Another 

important observation is that the bipyridyl ligands are bowed away from the methyl groups of the 

N,N,N,N-tetramethyl thiourea ligands, this further reduces steric interactions between the two sets 

of ligands. The two Ru-S bonds are equal and comparable with other Ru-S bonds reported in 

literature for 2,2’-bipyridyl based systems.[25] The crystal packing of the complex is dominated by 

van der Waals forces with no classical intra and or inter molecular hydrogen bonding interactions. 



120 
 

Table 4.5: Selected crystallographic data and structure refinement parameters 

Parameters trans-[Ru(bipy)2(Tmtu)2](ClO4)2 

Empirical formula  C30H40Cl2N8O8RuS2 

Formula weight  876.79 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions  

      a / Å 8.5741(12) 

      b / Å 9.9984(12) 

      c / Å 12.672(2) 

      α /° 107.967(7) 

      β /° 109.489(8) 

      γ /°   97.336(5) 

Volume / Å3 941.4(2)  

Z 1 

Density (calculated) / Mg/m3 1.547  

Absorption coefficient / mm-1 0.727  

Crystal size / mm3 0.330 x 0.240 x 0.110  

Index ranges -11<=h<=7 

 -13<=k<=13 

 -16<=l<=16 

Goodness-of-fit on F2  1.036 

Final R indices [I>2σ(I)]  R1 = 0.0347, wR2 = 0.0757 

R indices (all data)  R1 = 0.0420, wR2 = 0.0792 
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Table 4.6: Selected bond lengths and bond angles for trans-[Ru(bipy)2(Tmtu)2](ClO4)2 

Bond Length    / Å Bond Angle   /  º 

Ru-N1  2.083(2) N1-Ru-N11 180.00 

Ru-N2 2.082(2) N2-Ru-N21 180.00 

Ru-S1  2.402(6) S1-Ru-S11 180.00 

Ru-N11 2.083(2) N1-Ru-S1   86.40(6) 

Ru-N21 2.082(2) N11-Ru-S1   93.60(6) 

Ru-S11  2.402(6) N1-Ru-S11   93.60(6) 

  N11-Ru-S11   86.40(6) 

  N2-Ru-S1   98.20(6) 

  N21-Ru-S1   81.80(6) 

  N2-Ru-S11   81.80(6) 

   N21-Ru-S11   98.20(6) 

  N1-Ru-N2   77.51(9) 

  N11-Ru- N21   77.51(9) 

 

To understand the effect of substitution on the structure of the complex, the crystal structure of 

product, trans-[Ru(bipy)2(Tmtu)2](ClO4)2 was compared to that of the reactant trans-

[Ru(bipy)2(OH2)2](ClO4)2 (Figure 4.6). Selected bond lengths and angles of the reactant are shown 

in Table 4.7. Additional information is given in the Supplementary Information (Table SI 4.13).  

 
Figure 4.6: Molecular structure of trans-[Ru(bipy)2(H2O)2](ClO4)2 at 50% probability ellipsoids 

at different orientations (counterions have been omitted for clarity) 
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Table 4.7: Selected bond lengths and bond angles for trans-[Ru(bipy)2(H2O)2](ClO4)2 

Bond Length    / Å Bond Angle   /  º 

Ru-N1 2.095(18) N1-Ru-N11 167.97 

Ru-N11 2.078(18) N2-Ru-N21 167.97 

Ru-N2 2.078(18) O-Ru-O1 178.85 

Ru-N21 2.095(18) N1-Ru-O   83.00 

Ru-O 2.003(14) N11-Ru-O   85.24(7) 

Ru-O1 2.003(14) N1-Ru-O1   96.30(7) 

  N11-Ru-O1   95.49(7) 

  N2-Ru-O   95.49(7) 

  N21-Ru-O   96.30(7) 

  N2-Ru-O1   85.24(7) 

   N21-Ru-O1   83.00(7) 

  N1-Ru-N2   77.66(7) 

  N11-Ru-N21   77.66(7) 

 

The major difference between the two crystal structures is the conformation of the 2,2’-bipyridyl 

bidentate ligands. While in trans-[Ru(bipy)2(Tmtu)2](ClO4)2 the 2,2’-bipyridyl ligands are bowed, 

in trans-[Ru(bipy)2(OH2)2](ClO4)2 the 2,2’-bipyridyl ligands are twisted in the opposite direction 

with minimal distortion on their individual planarity. In the twisted conformation, the pyridyl 

moieties are not distorted to alleviate inter-ligand steric interactions between the α-hydrogen 

atoms.[26] The inter-ligand steric interactions between the bulky Tmtu and bipyridyl ligands is 

partly responsible for the bowed conformation of the bipyridyl ligands in trans-

[Ru(bipy)2(Tmtu)2](ClO4)2. These two forms of distortion have been reported in other 

complexes.[26-27] 

The average Ru-N bond lengths of 2.083 Å and 2.087 Å, in trans-[Ru(bipy)2(Tmtu)2](ClO4)2 and 

trans-[Ru(bipy)2(OH2)2](ClO4)2, respectively are comparable. The N1-Ru-N2 bite angle of 77.51º 
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and 77.63º in trans-[Ru(bipy)2(Tmtu)2](ClO4)2 and trans-[Ru(bipy)2(OH2)2](ClO4)2, respectively 

are typical of ruthenium 2,2’-bipyridyl complexes.[24, 28]  

From the crystal structures obtained, it is unequivocal that the oxidation state of +2 and the 

stereochemistry of the divalent ruthenium complex are maintained after reaction with Tmtu. The 

substitution product trans-[Ru(bipy)2(Tmtu)2](ClO4)2 formed is stable i.e. the coordinated 

bidentate ligands do not dechelate from the ruthenium metal centre, an indication of stability of 

the product. 

4.4 Discussion 

This study investigated the effect of different ligand systems on the reactivity of low spin d6 

ruthenium(II) complexes. A simultaneous substitution of the two chloro ligands was observed in 

all the complexes, an indication that two leaving groups in each complex are in similar chemical 

environment.[11a, 11d] The reactivity of these divalent complexes is controlled by the concerted 

stereo-electronic effects of all the spectator ligands therein.  

Due to variation in ligand architecture across the studied complexes, the reactivity of Ru-1, Ru-2, 

Ru-3 and Ru-4 is first compared. Using Tu as a representative nucleophile the reactivity decreased 

in the order; Ru-3 (0.34 M-1 s-1) > Ru-4 (0.17 M-1 s-1) > Ru-2 (0.002 M-1 s-1) > Ru-1 (6.0× 10-5 

M-1 s-1). This trend in reactivity can be rationalized in terms of electronic and steric factors 

associated with the coordinated aromatic ligands. It is important to mention that in Ru-1, the two 

chloro ligands are coordinated in trans-fashion while in the other complexes viz; Ru-2, Ru-3 and 

Ru-4 the labile ligands are coordinated in cis-fashion and therefore the steric hindrance around the 

metal centre is least in Ru-1.  
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Foremost, changing denticity of the ligand from one to two i.e. replacing the four pyridyl ligands 

in Ru-1 with two bipyridyl ligands (Ru-2) and changing the stereochemistry of the complex from 

trans to cis enhanced the reactivity by ~ 40 folds notwithstanding the increased steric hindrance. 

When two pyridyl moieties combine to form a 2,2’-bipyridyl, the π-surface area increases 

enhancing electronic communication. In addition, an in-phase combination of the two LUMOs 

occur leading to an increased stabilization of the resultant LUMO. This makes 2,2’-bipyridyl a 

stronger π-acceptor than pyridine.[23] A concomitant increase in the aromatic π-surface area occurs 

as the conjugation of bidentate ligands is systematically increased from Ru-2 to Ru-4. This 

accordingly, strengthens the π-acceptor ability of the ligands as demonstrated by the enhanced 

stabilization of the frontier orbitals and diminution of the HOMO-LUMO energy separation of 

complexes at ground state.[9a, 9b] Likewise, the localized positive charge on the metal centres show 

an upward trend as one moves from Ru-1 to Ru-4 due to increased ability of the ligands to 

withdraw electron density from the metal centre through π-back-bonding. Consequently, the 

overall charge of the complex as described by the global electrophilicity indices increases in the 

same order. As a result, the susceptibility to substitution of the coordinated chloro ligands increases 

accordingly.[9a, 9c]  

When the aromatic area of a coordinated ligand is extended, its ability to stabilize the entering 

electron density at the metal centre increases making it possible for the complex to accept more 

electron density from the environment i.e. it stabilizes the transition state.[9a] This is indicated by 

the steady decrease in electronic chemical potential from Ru-1 to Ru-4.[19b, 29] Since electronic 

chemical potential has a negative relationship with the reactivity of a system, the reactivity is 

expected to be accelerated in that order. Similarly, the chemical softness of the systems increase 

from Ru-1 to Ru-4 implying that resistance to electronic transfer reduces accordingly.[30]  
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Reported literature electrochemical results show that the reduction potential peak shift to more 

positive values as one moves from Ru-2 to Ru-4[31], supporting the trend of calculated quantum 

chemical descriptors. Therefore, the reactivity of complexes Ru-1, Ru-2 and Ru-3 is chiefly 

controlled by electronic properties, even though there is an increase in steric hindrance. 

Despite the computational results predicting otherwise, the rate of substitution of the chloro ligands 

in Ru-4 is slower than in Ru-3. This is so because the 2,2’-biquinoline ligand forms a banana 

shaped curvature around the centre of coordination and features substantial buckling due to limited 

space around the metal centre.[12a, 32] Therefore, the steric hinderance in vicinity of the metal centre 

is more pronounced in Ru-4 due to the presence of two 2,2’-biquinoline ligands. Consequently, 

the space around the metal centre is more crowded thus limiting facile nucleophilic attack.[32]  

Based on the electronic chemical potential, global electrophilicity indices as well as chemical 

softness one would predict the reactivity of the second set of complexes to decrease in the order; 

Ru-2 > Ru-6 > Ru-5. However, the observed trend in reactivity was the opposite. With respect to 

Tu as the entering group, the order in reactivity is; Ru-5 (1.23 M-1 s-1) > Ru-6 (0.97 M-1 s-1) > Ru-

2 (0.002 M-1 s-1). Compared to Ru-2, the higher reactivity observed in complexes Ru-5 and Ru-6 

is attributed to net σ trans-effect due to the dimethyl-substituted chelating ligands therein. The 

methyl groups enhance σ-donicity of the bidentate ligands though positive σ-inductive effect.[33] 

Thus, they contribute more electron density to the shared p orbital (px) weakening the Ru-Cl bonds 

through ground state destabilization. The overall effect of this is ground-state labilisation of the 

coordinated chloro ligands.[23, 34] The trans-influence is portrayed on the Ru-Cl bond lengths which 

are 2.566 Å (Ru-2), 2.594 Å (Ru-5) and 2.590 Å (Ru-6).  
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On the other hand, the methyl groups in Ru-5 and Ru-6 causes substantial amount of steric 

hindrance around the metal centres compared to Ru-2.[12f] However, the effect of steric retardation 

is overshadowed by the strong trans-effect henceforth the reactivity is accelerated by at least 400 

folds. A similar observation was made on terpyridine based ruthenium(II) complexes in which 

complexes with dimethyl substituted ligands showed a faster reactivity compared to those with 

unsubstituted ligands.[35]  

When the 2,2’-bipyridyl backbone is replaced by a more π-conjugated phenanthroline backbone, 

the π-acceptor properties of the ligand increase as shown by the electrophilicity index of 4.710 in 

Ru-6 compared to 4.564 in Ru-5.[36]  Likewise, the localized charges on the ruthenium metal 

centres as shown by the NBO charge show a similar trend. Corroborating these computed 

descriptors is reported electronic properties of the two complexes by Collin and Sauvage, 1986. 

The metal ligand charge transfer (MLCT) of the type Ru 𝑑𝜋 → 𝜋∗of  Ru-6 is red-shifted by 20 nm 

compared to Ru-5.[12f] Therefore, the substantial π-acceptor properties of the ligand system in Ru-

6 compromises the σ trans-effect thereof. This occurs because the σ-inductive effect is partially 

cancelled by metal-ligand charge drift associated with π back-donation.[37]  

A comparative assessment of π-back-bonding and σ-trans-effect on rates of substitution was made 

by comparing the reactivity of complexes Ru-2, Ru-4 and Ru-5. The assumption is that the π-

effect experienced in Ru-2 is common to all. The π-effect increases from increases from Ru-2 to 

Ru-4 while σ-effect is increased from Ru-2 to Ru-5. The ratio in reactivity with Tu as the incoming 

nucleophile is 1 (Ru-2): 75 (Ru-4): 536 (Ru-5) and therefore it is clear that σ trans-effect due to 

the four methyl groups on the 2,2’-bipyridyl backbone is stronger in enhancing reactivity of 

ruthenium(II) complexes compared to π-back-donation. This can be explained by the fact that once 
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electron density is donated to the shared p orbital, the Ru-Cl bonds experience differential 

weakening leading to labilisation of chloro ligands.[34a, 34b]  

As determined by in-plane cone angles, the quantitative sizes of 6,6’-dimethyl-2,2’-bipyridyl and 

2,2’-biquinoline ligands are comparable and therefore steric hindrance around the metal centres in 

Ru-4 and Ru-5 are somewhat similar.[35] Similar findings have been reported in literature on 

terpyridine based complexes.[35] 

The reactivity of the three nucleophiles follow the order; Tu > Dmtu > Tmtu according to the steric 

bulkiness of the nucleophile. As the bulkiness increases, the approach towards the metal centre is 

retarded causing transition state destabilization hence slowing down the reactivity.[38] 

The negative values for ΔS≠ for all the reactions suggest an associative mechanism in the activation 

of the substituting process where the rupture of Ru-Cl bonds and the formation of Ru-Nucleophile 

bonds are concerted. As a result of bimolecularity, the number of unbound molecules in the 

transition state decreases leading to a significant drop in the activation entropy.[11c] The sensitivity 

of the reactivity of the metal complexes on the steric bulkiness of incoming nucleophiles further 

supports an associative mechanism.[11c]  

4.5 Conclusions 

The simultaneous substitution of the two chloro ligands in ruthenium(II) polypyridyl complexes 

is controlled by the stereo-electronic properties of the coordinated spectator ligands. Increase in 

ligand denticity from one to two and extension of the π-conjugated surface area of the coordinated 

ligands accelerates the reactivity of complexes. This is due to increase in electrophilicity of the 

complexes as a result of enhanced π-back-donation as shown by the DFT-calculated parameters. 

The study has also established that strong σ-trans effect is responsible for the enhancement of the 
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reactivity of complexes with dimethyl-substituted ligand systems compared to that with 

unsubstituted ligands. In addition, an increase in π-acceptor ability of the dimethyl-substituted 

ligands reduces the trans-effect dampening the reactivity of the complex. The substitution 

reactions proceed through an associative mechanism. 

The substitution reactions of ruthenium(II) polypyridyl complexes occur with retention of 

stereochemistry of the complexes and the oxidation state (+2) of the metal centre. The substitution 

products formed are stable and, in this respect, can potentially act as a reservoir for metallodrugs 

in biological systems before their covalent interactions with DNA. 
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SI 4 Supplementary Information 

SI 4.1 Average observed rate constants (kobs) for the substitution of chloro ligands  

Table SI 4.1: Average kobs (s
-1) for the reaction of Ru-1 (0.807 mM) with thiourea nucleophiles 

[Nu] /M Tu ((λ = 508 nm) 

kobs /s
-1 

0.3228 4.842 × 10-6 

0.2581 3.834 × 10-6 

0.1938 2.994 × 10-6 

0.1292 1.972 × 10-6 

0.0649 8.362 × 10-7 

 

Table SI 4.2: Average kobs (s
-1) for the reaction of Ru-2 (0.311 mM) with thiourea nucleophiles  

[Nu] /M Tu (λ = 508 nm)  

kobs /s
-1 

 Dmtu (λ = 506 nm) 

      kobs /s
-1 

Tmtu (λ = 508 nm) 

      kobs /s
-1 

0.0621 1.427 × 10-4 9.283 × 10-5 4.667 × 10-5 

0.0497 1.155 × 10-4 7.183 × 10-5 3.823 × 10-5 

0.0373 9.035 × 10-5 5.567 × 10-5 2.867 × 10-5 

0.0249 6.152 × 10-5 3.915 × 10-5 2.033 × 10-5 

0.0124 3.046 × 10-5 2.038 × 10-5 1.011 × 10-5 
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Table SI 4.3: Average kobs (s
-1) for the reaction of Ru-3 (0.184 mM) with thiourea nucleophiles 

[Nu] /M Tu (λ = 590 nm)  

      kobs /s
-1 

 Dmtu (λ = 650 nm) 

      kobs /s
-1 

Tmtu (λ = 590 nm)  

       kobs /s
-1 

0.01841 6.42 × 10-3 5.71 × 10-3 1.091 × 10-3 

0.01473 5.06 × 10-3 4.47 × 10-3 8.863 × 10-4 

0.01104 3.86 × 10-3 3.42 × 10-3 7.044 × 10-4 

0.00736 2.44 × 10-3 2.15 × 10-3 4.590 × 10-4 

0.00368 1.24 × 10-3 1.13 × 10-3 2.212 × 10-4 

 

Table SI 4.4: Average kobs (s
-1) for reaction of Ru-4 (0.142 mM) with thiourea nucleophiles 

[Nu] /M Tu (λ = 609 nm)  

       kobs /s
-1 

 Dmtu (λ = 600 nm)  

     kobs /s
-1 

Tmtu (λ = 562 nm)  

        kobs /s
-1 

0.02840 4.917 × 10-3 2.413 × 10-3 1.621 × 10-4 

0.02267 3.810 × 10-3 1.862 × 10-3 1.347 × 10-4 

0.01700 2.861 × 10-3 1.389 × 10-3 9.833 × 10-5 

0.01134 2.043 × 10-3 9.684 × 10-4 6.264 × 10-5 

0.00567 1.050 × 10-3 5.110 × 10-4 3.096 × 10-5 

 

Table SI 4.5: Average kobs (s
-1) for the reaction of Ru-5 (0.10 mM) with thiourea nucleophiles 

[Nu] /M Tu (λ = 520 nm) 

      kobs /s
-1 

 Dmtu (λ = 520 nm)  

        kobs /s
-1 

Tmtu (λ = 520 nm)  

         kobs /s
-1 

0.010 0.01216 1.230× 10-3 3.430 × 10-4 

0.008 0.00989 9.568 × 10-4 2.652 × 10-4 

0.006 0.00748 6.756 × 10-4 2.046 × 10-4 

0.004 0.00517 4.842 × 10-4  1.356 × 10-4 

0.002 0.00246 2.286 × 10-4 6.834 × 10-5 
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Table SI 4.6: Average kobs (s
-1) for the reaction of Ru-6 (0.10 mM) with thiourea nucleophiles 

[Nu]/M Tu (λ = 520 nm)  

kobs /s
-1 

 Dmtu (λ = 520 nm)  

kobs /s
-1 

Tmtu (λ = 520 nm) 

 kobs /s
-1 

0.010 0.00941 8.134 × 10-4 2.897 × 10-4 

0.008 0.00764 6.458 × 10-4 2.393 × 10-4 

0.006 0.00616 4.645 × 10-4 1.883 × 10-4 

0.004 0.00408 3.333 × 10-4 1.124 × 10-4 

0.002 0.00197 1.723 × 10-4 6.214 × 10-5 

 

SI 4.2 Average 𝐥𝐧 (
𝒌𝟐

𝐓
) values for the substitution of chloro ligands 

Table SI 4.7: Average ln (
k2

T
) for the reaction of Ru-1 with thiourea nucleophiles  

T /K 1

T
 /K-1 ln (

𝑘2

T
)  Tu 

298.15 0.00335 -15.417 

303.15 0.00330 -14.838 

308.15 0.00325 -14.359 

313.15 0.00319 -13.817 

318.15 0.00314 -13.353 

 

Table SI 4.8: Average 𝑙𝑛 (
𝑘2

𝑇
) for the reaction of Ru-2 with thiourea nucleophiles  

T /K 1

T
 /K-1 ln (

𝑘2

T
)  Tu ln (

𝑘2

T
)  Dmtu ln (

𝑘2

T
)  Tmtu 

298.15 0.00335 -11.692 -12.204 -12.868 

303.15 0.00330 -11.143 -11.626 -12.424 

308.15 0.00325 -10.692 -11.262 -11.852 

313.15 0.00319 -10.142 -10.728 -11.217 

318.15 0.00314   -9.695 -10.245 -10.813 
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Table SI 4.9: Average 𝑙𝑛 (
𝑘2

𝑇
) for the reaction of Ru-3 with thiourea nucleophiles  

T /K 1

T
 /K-1 ln (

𝑘2

T
)  Tu ln (

𝑘2

T
)  Dmtu ln (

𝑘2

T
)  Tmtu 

298.15 0.00335 -6.748 -6.897 -8.446 

303.15 0.00330 -6.475 -6.571 -8.032 

308.15 0.00325 -6.069 -6.206 -7.622 

313.15 0.00319 -5.672 -5.738 -7.009 

318.15 0.00314 -5.342 -5.409 -6.589 

 

Table SI 4.10: Average 𝑙𝑛 (
𝑘2

𝑇
) for the reaction of Ru-4 with thiourea nucleophiles  

T /K 1

T
 /K-1 ln (

𝑘2

T
)  Tu ln (

𝑘2

T
)  Dmtu ln (

𝑘2

T
)  Tmtu 

298.15 0.00335 -7.480 -8.202 -10.903 

303.15 0.00330 -7.123 -7.780 -10.344 

308.15 0.00325 -6.703 -7.348   -9.871 

313.15 0.00319 -6.412 -6.782   -9.297 

318.15 0.00314 -6.012 -6.428    -8.893 

 

Table SI 4.11: Average 𝑙𝑛 (
𝑘2

𝑇
) for the reaction of Ru-5 with thiourea nucleophiles  

T /K 1

T
 /K-1 ln (

𝑘2

T
)  Tu ln (

𝑘2

T
)  Dmtu ln (

𝑘2

T
)  Tmtu 

298.15 0.00335 -7.780 -10.184 -11.371 

303.15 0.00330 -7.612   -9.891 -11.043 

308.15 0.00325 -7.414   -9.635 -10.594 

313.15 0.00319 -7.216   -9.217 -10.252 

318.15 0.00314 -6.913   -8.831   -9.824 
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Table SI 4.12: Average 𝑙𝑛 (
𝑘2

𝑇
) for the reaction of Ru-6 with thiourea nucleophiles  

T /K 1

T
 /K-1 ln (

𝑘2

T
)  Tu ln (

𝑘2

T
)  Dmtu ln (

𝑘2

T
)  Tmtu 

298.15 0.00335 -5.671 -8.256 -9.159 

303.15 0.00330 -5.336 -7.907 -8.716 

308.15 0.00325 -5.098 -7.513 -8.336 

313.15 0.00319 -4.864 -7.210 -7.904 

318.15 0.00314 -4.563 -6.873 -7.598 

 

SI 4.3 Typical plots of kobs versus nucleophile concentration for the reaction of the 

complexes with thiourea nucleophiles 
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11
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2
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Slope 0,00149 1,94447E-5

Tmtu
Intercept 0 --
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Figure SI 4.1: Dependence of kobs on concentration of thiourea nucleophiles for the substitution 

of the chloro ligands in Ru-2 in methanol at 298 K, I = 0.1 M LiCl/LiCF3SO3

 



139 
 

0,000 0,002 0,004 0,006 0,008 0,010

0,000

0,002

0,004

0,006

0,008

0,010

0,012

 Dmtu

 Tmtu

 Tu
k
o
b
s 

/s
-1

[Nu] / M

Equation y = a + b*x

Weight No Weighting

Residual Sum 
of Squares

3,02918E-9 5,37312E-11 9,29636E-8

Pearson's r 0,99952 0,99989 0,99986

Adj. R-Square 0,99881 0,99973 0,99965

Value Standard Error

Dmtu
Intercept 0 --

Slope 0,12001 0,00186

Tmtu
Intercept 0 --

Slope 0,0339 2,471E-4

Tu
Intercept 0 --

Slope 1,23273 0,01028

 
Figure SI 4.2: Dependence of kobs on concentration of thiourea nucleophiles for the substitution 

of the chloro ligands in Ru-5 in methanol at 298 K, I = 0.1 M LiCl/LiCF3SO3 

SI 4.4 Typical Eyring plots obtained for the complexes 
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Figure SI 4.3: Eyring plots for the reaction of Ru-3 with thiourea nucleophiles at I = 0.1 M 

LiCl/LiCF3SO3 and temperature range of 298-318 K   
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Figure SI 4.4: Eyring plots for the reaction of Ru-6 with thiourea nucleophiles at I = 0.1 M 

LiCl/LiCF3SO3 and temperature range of 298-318 K  

SI 4.5 Additional DFT-optimized structures of the investigated complexes 

 

Figure SI 4.5: DFT-optimized structure of Ru-3 showing the dihedral angle between the planes 

of the pyridyl moieties 
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Figure SI 4.6: DFT-optimized structure of Ru-3 showing the dihedral angle between the planes 

of the quinolinyl moieties 

 

 

Figure SI 4.7: DFT-optimized structure of Ru-4 showing the dihedral angle between the planes 

of the quinolinyl moieties 
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SI 4.6 Crystallographic data for trans-[Ru(bipy)2(H2O)2](ClO4)2 

Table SI 4.13: Selected crystallographic data and structure refinement parameters 

Parameters trans-[Ru(bipy)2(H2O)2](ClO4)2 

Formula  C20H20Cl2N4O10Ru  

Formula Weight  648.36  

Crystal System  Trigonal  

Space Group  P3221  

Unit Cell dimensions  

      a /Å  10.773(7)  

      b /Å   10.773(7)  

      c /Å  16.956(13)  

         /°  90  

        /°  90  

        /°  120  

Volume /Å3  1704.2(3)  

Z  3 

Density (calculated) /gcm-3  1.895  

Absorption coefficient /mm-1  0.993  

Crystal Size /mm3  0.32×0.26×0.14  

Wavelength /Å  0.71073  

Radiation type  MoK  

min/
°  2.183  

max/° 27.535  

Measured Refl.  9620  

Independent Refl.  2612  

wR2 (all data)  0.0380  

wR2  0.0379  

R1 (all data)  0.0147  

R1  0.0145  
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SI 4.7 Samples of MS and 1H NMR spectra for the investigated complexes  

 

Figure SI 4.8: ESI-MS (TOF) spectrum for Ru-2 

 

Figure SI 4.9: ESI-MS (TOF) spectrum for Ru-3 
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Figure SI 4.10: ESI-MS (TOF) spectrum for Ru-4 

 

Figure SI 4.11: ESI-MS (TOF) spectrum for Ru-5 
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Figure SI 4.12: ESI-MS (TOF) spectrum for Ru-6 

 

Figure SI 4.13: 1H NMR (400 MHz, acetone-d6) spectrum of ((2,2’-bipyridyl)-chloro(η6-p-

cymene)ruthenium(II) hexaflourophosphate 
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Figure SI 4.14: 1H NMR (400 MHz, DMSO-d6) of Ru-1 

 

 

Figure SI 4.15: 1H NMR (400 MHz, DMSO-d6) of Ru-2
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CHAPTER FIVE 

The Role of Bridging Ligand on the Reactivity of η6-p-cymene 

Ruthenium(II) Complexes: Kinetics and Mechanistic studies 

 

Abstract 

Substitution kinetics of the aqua ligands in a series of six ruthenium(II) p-cymene complexes by 

thiourea nucleophiles (thiourea, N,N-dimethylthiourea and N,N,N’,N’-tetramethylthiourea) in 0.1 

M HClO4/NaClO4 aqueous medium were investigated as a function of nucleophile concentration 

and temperature. All the reactions were performed under pseudo-first order conditions using 

stopped flow and ultraviolet-visible spectrophotometry. A single substitution step was observed in 

all the complexes. Dependence of observed rate constant on the nucleophilic concentration can be 

described by the rate law, kobs = k2[Nucleophile]. The reactivity of the mononuclear and binuclear 

complexes decreased in the order: Ru-1 > Ru-2 and Ru-3 > Ru-4 > Ru-5 > Ru-6, respectively. 

Comparing the reactivity of the mononuclear complexes, it was found that chelation of a bipyridyl 

ligand to the p-cymene ruthenium(II) complex (Ru-1) significantly reduces its reactivity due to 

increase in steric hindrance around the metal centre and reduced electrophilicity of the complex. 

The binuclear complex (Ru-3) is more reactive than its related mononuclear complex (Ru-2) due 

to synergistic effects of the two metal centres which make the complex more electrophilic. 

Comparing the reactivity of the binuclear complexes, it was observed that increase in steric 

hindrance and decrease in electrophilicity of the complexes retard the reactivity. The inter-metallic 

distance was found to have a negative correlation with the reactivity of the complexes due to 

decrease in synergistic effects of the two metal centres as the distance increases. Computational 

results support the experimental results. The activation parameters (ΔH≠ > 0, ΔS≠ < 0) for all the 
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complexes support an associative mechanism of activation where the transition state is more 

ordered than the starting states. The current study has highlighted the strong dependence of the 

kinetic behavior of ruthenium(II) p-cymene complexes on the bridging ligand; therefore, variation 

of the rigid linker can be utilized to tune their reactivity. 
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 5.1 Introduction 

Ruthenium complexes have been explored as attractive alternatives to platinum-based complexes 

as anticancer agents.[1] Their attractive properties include; high selectivity for cancer cells,[2] high 

cellular uptake, low systemic toxicity, and the ability to mimic iron in binding biomolecules.[2a, 3] 

Furthermore, they exist in numerous oxidation states under physiological conditions but 

commonly as ruthenium(II) or ruthenium(III).[1b, 3]  

The half-sandwich arene and polypridyl complexes form the most important classes of potential 

anticancer ruthenium(II) complexes.[1a] The half-sandwich ruthenium(II) arene complexes also 

known as the piano-stool ruthenium(II) complexes display a pseudo-octahedral geometry in which 

the π-bonded arene ligand occupy three coordination sites. The other three remaining coordination 

sites offer diverse coordination modes that can be used to modulate the properties of the 

complexes. The hydrophobic arene ligand facilitates diffusion of the drug through the cell 

membrane as well as stabilizes the metal in its 2+ oxidation state.[4] They exhibit superior 

anticancer activities both in vitro and in vivo even in cisplatin resistance cells.[1a, 5] A synergistic 

effect is responsible for the higher cytotoxicity observed in multinuclear complexes compared to 

their mononuclear analogues.[6] In biological systems, anticancer complexes encounter an array of 

potential deactivators such as glutathione and cysteinyl residues of protein.  

These molecules play an important role in drug distribution and activity because they offer kinetic 

and thermodynamics competition to DNA binding.[7] In dinuclear complexes, the nature, size and 

electronic properties of the bridging ligands greatly influence these interactions. For instance; 

prolonging the size of polypridyl bridging ligand is reported to promote cellular uptake, 

intercalation into DNA double helix and cytotoxicity.[6a, 8]  
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A careful look into literature reveals that there is limited information on kinetics of ligand(s) 

exchange in ruthenium(II) arene complexes.[7c, 9] Detailed understanding of the factors that control 

the kinetics of ligand substitution around the ruthenium metal center is thus immensely important. 

 On the kinetics and mechanistic front, the effect of bridging ligand in square planar platinum(II) 

complexes is well established and depends entirely on the inherent properties of the linker. [10] For 

instance; increase in steric bulkiness of the bridging ligand as well as the separation distance 

between the metal centers dampens the reactivity of these complexes.[10a, 10b, 11] On the contrary, 

an increase in π acceptor character of the bridging ligand enhances reactivity of a complex by 

increasing its electrophilicity.[10c] A literature survey show that the role of bridging ligand in 

octahedral arene complexes is not explored to a greater extent and therefore there is need to 

establish the relationship between the bridging ligand and the lability of the leaving group in these 

complexes. Hydrolysis of the metal-choro bond in biological systems play a key role in the 

activation of metal based anticancer complexes.[11] It enhances the hydrophilicity and cellular 

uptake of the complex as well as increasing its anticancer efficacy.[11-12] Accordingly, all the 

complexes studied herein were converted into their respective aqua species.  

Due to the foregoing reasons, a systematic study was undertaken on the effect of rigid bridging 

ligand on the substitution kinetics of ruthenium(II) p-cymene complexes using sulfur based 

nucleophiles viz: thiourea (Tu), N,N-dimethylthiourea (Dmtu) and N,N,N’,N’-tetramethylthiourea 

(Tmtu). The study involved four dinuclear complexes with different π-conjugated binucleating 

ligands viz: 2,2’-bipyrimidine (Ru-3), 2,3-bis(2-pyridyl)-pyrazine (Ru-4), 2,3-bis(2-pyridyl)-

quinoxaline (Ru-5) and 6,7-dimethyl-2,3-bis(2-pyridyl)quinoxaline (Ru-6). In addition, two 

mononuclear complexes, [Ru(p-cymene)(2,2’-bipyridine)OH2)]
2+ (Ru-2) and [Ru(p-
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cymene)H2O)3]
2+ (Ru-1) were also studied for purposes of providing insight to the role of the 

bridging linker. Structures of these complexes are shown in Figure 5.1.  

Computational studies and 1H NMR kinetics were also done to gain further insight into the 

substitution processes. The study has generated vital information on substitution and 

thermodynamic properties of ruthenium(II) p-cymene complexes as well as their kinetic stability. 

 

 

Figure 5.1: Structures of investigated ruthenium(II) complexes studied (counter ions are omitted 

for clarity) 

5.2 Experimental 

5.2.1 Materials and Procedures 

All the syntheses were performed under dinitrogen atmosphere using standard Schlenk techniques. 

Dichloro(p-cymene)ruthenium(II) dimer (97%), 2,2’-bipyrimidine (95%), 2,3-bis(2-pyridyl)-

pyrazine (98%), 6,7-dimethyl-2,3-bis(2-pyridyl)quinoxaline (98%), KPF6 (98%), NH4PF6 (≥ 98 
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%), NH4BF4 (≥ 97%), 2,2’-bipyridyl (≥ 99%), NaOH (≥ 97%), AgClO4 (99%), NaClO4.H2O 

(98%), HClO4 (70 wt % solution), celite(® 545), Tu (≥ 99 %), Dmtu (99%) and Tmtu (98%) were 

supplied by Sigma-Aldrich. 2,3-bis(2-pyridyl)quinoxaline was synthesized as per literature 

methods[13] (Supplementary Information, SI 5.1). Organic solvents were purchased from Merck 

(Pty) and used without further purification.  

5.2.2 Synthesis of the Complexes 

The complexes were synthesized according to published literature methods.[14] Synthetic 

procedures used, and characterization information obtained are summarized. 

Triaqua(η6-p-cymene)ruthenium(II) perchlorate: The complex was synthesized in situ by 

reacting dichloro(p-cymene)ruthenium(II) dimer (100 mg, 0.16 mmol) with 3.98 equivalents of 

AgClO4 in 0.01 M HClO4 solution. The mixture was stirred in the dark at 50 ̊C for 12 h. Upon 

cooling to room temperature, the solution was allowed to stand for 3 h and the grey AgCl 

precipitate therein filtered off and the filtrate refrigerated until further use. 

(2,2’-bipyridine)chloro(η6-p-cymene)ruthenium(II) hexaflourophosphate: A mixture of 

dichloro(p-cymene)ruthenium(II) dimer (100.0 mg, 0.16 mmol) and 2, 2’-bipyridyl (59.0 mg, 0.38 

mmol) in 25 mL of methanol was stirred at room temperature for 2 h. NH4PF6 (57.0 mg, 0.35 

mmol) in 5 mL of methanol was added to the solution and the resulting mixture stirred for further 

1 h. The orange-yellow precipitate that formed was filtered off, washed with chilled methanol and 

diethyl ether. The product was further recrystallized by slow diffusion of diethyl ether into 

methanolic solution of the complex. Shiny yellow crystalline solid was obtained. Yield: 164.0 mg 

(90%). Anal. Calc. for C20H22ClN2PF6Ru; C, 42.0; H, 3.9; N, 4.9%. Found: C, 42.3; H, 3.8; N, 

4.7%.  1H NMR (400 MHz; acetone-d6): δ (ppm) = 9.62 (d, 2H), 8.62 (d, 2H), 8.32 (td, 2H), 7.82 

(td, 2H), 6.25 (d, 2H), 6.00 (d, 2H), 2.67 (hept, 1H), 2.33 (s, 3H) and 1.11 (d, 6H). 13C NMR (400 
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MHz; acetone-d6): δ (ppm) = 155.8, 155.0, 140.0, 127.7, 123.8, 105.2, 104.0, 86.7, 84.5, 31.1, 27.7 

and 18.1. ESI-MS(TOF) (m/z): 427.05 (M)+.  

(µ2-2,2’-bipyrimidyl)dichlorobis(η6-p-cymene)diruthenium(II) hexaflourophosphate): 122.0 

mg (0.2 mmol) of dichloro(p-cymene)ruthenium(II) dimer, 31.6 mg (0.2 mmol) of 2,2’-

bipyrimidine and 77.0 mg (0.42 mmol) of KPF6 in 20 mL methanol were stirred at room 

temperature for 4 h. The complex which precipitated out as a yellow solid, was filtered off, washed 

(3 × 10 mL) diethyl ether and dried under vacuum. Crystals were obtained by slow diffusion of 

diethyl ether into acetonic solution of the complex. Yield: 118.8 mg (60%). Anal. Calc. for 

C28H34Cl2N4P2F12Ru2; C, 34.2; H, 3.8; N, 5.4%. Found: C, 34.0; H, 3.5; N, 5.7%. 1H NMR (500 

MHz; acetone-d6): δ (ppm) = 10.15 (d, 4H), 8.40 (t, 2H), 6.49 (d, 4H), 6.26 (d, 4H), 2.89 (hept, 

2H), 2.36 (s, 6H) and 1.14 (d, 12H). 1C NMR (500 MHz; acetone-d6): δ (ppm) = 163.8, 161.6, 

126.9, 108.4, 105.2, 85.8, 84.1, 31.1, 21.5 and 18.1. ESI-MS (TOF) (m/z): 429.05 (M)+.  

(µ2-2,3-bis(2-pyridyl)-pyrazine)dichlorobis(η6-p-cymene)diruthenium(II) tetraflouroborate: 

A mixture of dichloro(p-cymene)ruthenium(II) dimer (122.0 mg, 0.2 mmol ) and 2,3-bis(2-

pyridyl)-pyrazine (46.8 mg, 0.2 mmol ) in  30 mL of methanol  was stirred continuously at room 

temperature for 6 h. The solution was filtered through celite to remove any solid impurities. 10 mL 

of saturated methanolic solution of NH4BF4 was added to the filtrate and the resulting solution kept 

in refrigerator for slow crystallization. After a couple of days, the brown microcrystalline solid 

formed was filtered, washed with methanol, diethyl ether and dried under vacuum. Yield: 129.7 

mg (67%). Anal. Calc.  for C34H38Cl2N4B2F8Ru2; C, 43.0; H, 4.0 N, 5.9%. Found: C, 42.8; H, 3.7; 

N, 6.0%.  1H NMR (400 MHz; DMSO-d6): δ (ppm) = 9.66 (m, 4H), 8.80 (s, 2H), 8.21 (t, 2H), 7.96 

(t, 2H), 6.42- 6.09 (m, 8H) 2.92 (hept, 2H), 2.31 (s, 6H) and 1.22 (dd, 12H). 13C NMR (400 MHz; 
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DMSO-d6): δ (ppm) = 158.1, 152.0, 140.7, 130.7, 130.5, 129.3, 109.8, 102.1, 88.1, 87.5, 87.4, 

32.0, 22.5, 22.2 and 18.5. ESI-MS (TOF) (m/z): 505.08 (M)+.  

(µ2-2,3-bis(2-pyridyl)quinoxaline)dichlorobis(η6-p-cymene)diruthenium(II) 

hexaflourophosphate: A mixture of 122.0 mg (0.2 mmol) of dichloro(p-cymene)ruthenium(II) 

dimer, 56.8 mg (0.2 mmol) of 2,3-bis(2-pyridyl) quinoxaline and 77.0 mg (0.42 mmol) of NH4PF6 

in 20 mL of methanol was refluxed for 4 h. After cooling to ambient temperature, the violet 

precipitate formed was filtered off, washed with (3 × 10 mL) water, 10 mL of methanol and 10 

mL of diethyl ether and dried under vacuum. Dark violet shiny crystals were obtained. Yield: 185.1 

mg (83%). Anal. Calc. for C38H40Cl2N4P2F12Ru2; C, 40.9; H, 3.6; N, 5.0%. Found: C, 41.1; H, 3.7; 

N, 4.8%. 1H NMR (500 MHz; DMSO-d6): δ (ppm) = 9.58 (d, 2H), 8.85 (m, 2H), 8.56 (d, 2H), 8.41 

(m, 2H), 8.24 (td, 2H), 8.01 (t, 2H), 6.43 (d, 2H), 6.34 (d, 2H), 6.12 (m, 4H), 2.76 (hept, 2H), 2.51 

(s, 6H), 1.15 (d, 6H) and 1.02 (d, 6H). 13 C NMR (500 MHz; DMSO-d6 ): δ (ppm) = 157.7, 153.2, 

149.9, 143.0, 140.4, 136.2, 131.6, 129.6, 129.2, 109.9, 102.7, 88.6, 87.4, 86.6, 84.1, 30.9, 22.6, 

21.7 and 18.0. ESI-MS (TOF) (m/z): 555.05 (M)+.  

 (µ2-6,7-dimethyl-2,3-bis(2-pyridyl)quinoxaline)dichlorobis(η6-p-cymene)diruthenium(II) 

hexaflourophosphate: A methanolic solution (30 mL) containing 122.0 mg (0.2 mmol) of 

dichloro(p-cymene)ruthenium(II) dimer, 62.4 mg (0.2 mmol) of 6,7-dimethyl-2,3-bis(2-pyridyl) 

quinoxaline and 77.0 mg (0.42 mmol) of KPF6  was refluxed for 6 h. The resulting solution was 

concentrated to about 5 mL under reduced pressure and upon cooling excess diethyl ether was 

added to precipitate the complex. The deep brown precipitate obtained was filtered off, washed 

with (3 × 10 mL) of n-pentane and dried under vacuum. Yield: 160.0 mg (70%). Anal. Calc. for 

C40H44Cl2N4P2F12Ru2;
 C, 42.0; H, 3.9 N, 4.9%. Found: C, 41.75; H, 4.1; N, 4.7 1H NMR (400 

MHz; acetone-d6): δ (ppm) = 9.57 (d, 2H), 8.57 (d, 2H), 8.52 (s, 2H), 8.24 (t, 2H), 7.98 (t, 2H) 
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6.43 (d, 2H), 6.36 (d, 2H), 6.13-6.10 (m, 4H), 2.79-2.72 (m, 8H), 2.31 (s, 6H), 1.30 (d, 6H) and 

1.18 (d, 6H). 13 C NMR (400 MHz; acetone-d6): δ (ppm) = 157.2, 153.1, 148.7, 142.5, 140.2, 128.5, 

110.5, 102.1, 88.7, 87.6, 85.8, 83.5, 48.9, 30.9, 20.3 and 17.4. ESI-MS (TOF) (m/z): 583.13 (M)+.  

5.2.3 Physical Measurements and Instrumentation 

NMR spectra were acquired on Bruker Avance DPX III 400/500 MHz spectrometer fitted with 5 

mm probe at 303 K. Chemical shifts expressed in parts per million (δ) were referenced to Si(CH3)4 

internal standard. Electrospray ionization (ESI+) mass spectra were recorded on a TOF micromass 

spectrometer. Typical NMR and MS spectra are presented in Supplementary Information (Figures 

SI 5.8-5.18). Microanalyses (C, H, and N) of the complexes were carried out by Thermo Scientific 

Flash 2000 analyzer. Cary 100 Series ultraviolet-visible spectrophotometer with Agilent 

technologies Cary temperature controller (± 0.05 ̊C) was used for acid-base pH titrations and 

kinetic measurements. Kinetic studies of Ru-1 was monitored using Applied Photophysics SX 20 

stopped-flow reaction analyzer equipped with an online data acquisition program. The temperature 

of the analyzer was maintained within ± 0.1 ̊C.  

The pH of the aqueous complex solutions was determined by Jenway 4330 combined pH and 

conductivity meter. A glass embodied 4.5 mm diameter tip and 3.0 M NaCl solution electrode was 

used. The meter was calibrated with three standard buffer solutions (pH 4.0, 7.0 and 10.0) before 

use. pKa and kinetic data were processed using OriginPro 9.1® program.[15] 

5.2.4 Aquation of the Complexes 

Desired aqua solutions were prepared by reacting known amount of the chloro complexes with 

slightly less stoichiometric amount of AgClO4 in 0.01 M HClO4 solution. This was to ensure that 

no Ag+ remained unreacted in the solution. For instance; aquation of the binuclear chloro 

complexes was achieved by reacting their chloro complexes with 1.98 equivalents of AgClO4 
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while for the mononuclear complex, Ru-2, 0.99 equivalent of AgClO4 was used. All the reactions 

were carried out in the dark at 50 ̊C for 48 h. The solutions were thereafter cooled to room 

temperature and the grey AgCl precipitate filtered off using Millipore filtration system.[16] The 

filtrates were refrigerated at 4 ̊C before use for pKa titrations and kinetic studies. 

5.2.5 pKa Determination of the Aqua Complexes 

Spectrophotometric acid-base titration of the aqua complexes with NaOH was done from pH 1 to 

10/12 at 298 K. To avoid dilution effects and absorbance corrections, large complex volumes of 

about 500 mL were used.[17] From pH 1 to 3, small granules of crushed NaOH pellets were added 

stepwise while from 4 to 10/12, NaOH solutions of decreasing concentrations were added 

dropwise. After each addition, the complex solution was stirred for about 2 min prior to pH 

measurement and respective spectrum recording. For the pH measurements, 0.6 mL aliquots in 

glass ampules were used and discarded to avoid in situ contamination of the stock complex solution 

by Cl- from the meter electrode while the aliquots used for absorbance measurements were returned 

to the stock solution.  A confirmatory reverse pH titration was done using HClO4 solutions in place 

of NaOH. 

5.2.6 Kinetic Measurements 

Nucleophile solutions of known concentration maintained at pH 2.0 and 0.1 M HClO4/NaClO4 

ionic strength were prepared shortly before use. Likewise, the complex solutions were maintained 

at similar pH and ionic strength. The concentration of the aqua complexes used were; Ru-1 (1.307 

mM), Ru-2 (0.440 mM) Ru-3 (0.430 mM), Ru-4 (0.103 mM) Ru-5 (0.561 mM) and Ru-6 (0.525 

mM).  Substitution studies were done under pseudo-first conditions in which the concentration of 

the nucleophile was at least 10 folds higher with respect to each leaving group in the complex. The 

ultraviolet-visible spectral changes of the reactions were taken to determine appropriate 
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wavelength to follow each reaction which was done by monitoring absorbance changes as function 

of time at a specific wavelength. Concentration dependence studies were performed at 25 ̊C while 

the temperature dependence reactions were studied from 20 to 40 C̊ at an interval of 5 ̊C. The 

results recorded herein are an average of three independent runs. 

5.2.7 Computational Modelling 

Computational studies were performed using Gaussian 09W program package with the support of 

GaussView 5.0 visualization program.[18] Density functional theoretical (DFT) calculations were 

done using the hybrid B3LYP method at Los Alamos National Laboratory 2-double- ζ 

(LANL2DZ) effective core potential.[19] DFT utilizes electron density over wave-function, 

therefore applicable to systems with large number of electrons as it is in this study. To incorporate 

solvent effects, the systems were fully optimized in water environment using CPCM solvent model 

at overall charge of +4 and +2 for the binuclear and mononuclear complexes, respectively.  

Global electrophilicity indices (ω) for the complexes were calculated from the relationship, ω = 

µ2/2η.[20] Natural Bond Order (NBO) analysis was used to determine atomic charges of selected 

atoms in these complexes. [18] All the systems were optimized at singlet spin ground electronic 

state.  

5.3 Results 

5.3.1 Acid-Base Equilibria of the Aqua Complexes 

The pKa values of the aqua complexes were determined by fitting a single or double Boltzmann 

fit on a plot of absorbance versus pH at a selected wavelength. Typical ultraviolet-visible spectra 

obtained for the titration of Ru-6 with NaOH is shown in Figure 5.2. The inset shows plots of 

absorbance versus pH at λ = 270 and 340 nm. Additional spectra are presented in the 
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Supplementary Information (Figures SI 5.6-5.7) while the pKa values are summarized in Table 

5.1. All the complexes showed two or more isosbestic points signifying that changes in absorbance 

as a function of pH arose from an equilibrium of the aqua and hydroxo species in the solution.[10c]   

 

Figure 5.2: Ultraviolet-visible spectra of Ru-6 complex recorded as a function of pH in the range 

1–11 at 298 K. Inset: Plot of absorbance versus pH at λ = 270 and λ = 340 nm 

Table 5.1: pKa values obtained for the deprotonation of the complexes 

Complex Ru-1 
 

Ru-2 Ru-3 Ru-4 
 

Ru-5 Ru-6 

 pKa1 4.21 ± 0.01 7.38 ± 0.02 6.12 ± 0.05 6.29 ± 0.08 6.02 ± 0.02 6.32 ± 0.03 

pKa2 - - 8.21 ± 0.21 8.50 ± 0.23 8.15 ± 0.32 8.91 ± 0.10 

 

From Table 5.1, it is observed that the mononuclear complexes showed a single pKa value while 

the binuclear complexes exhibited two pKa values. Among the complexes studied,  Ru-1 is the 

most acidic as indicated by its low pKa value.[21] Comparing the mononuclear complex Ru-2 and 
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its related binuclear complex, Ru-3, one notices that, the binuclear complex is more acidic due to 

increased positive charge and π-back-bonding of electron density from the metal centres.[10c]  

The existence of two pKa values in the binuclear complexes signify a stepwise deprotonation of 

the aqua ligands as illustrated in Scheme 5.1. It is noteworthy that the pKa1 values decrease with 

increase in the strength of π-acceptor ability of the bridging ligand.[17, 22] Increase in π-acceptor 

ability of the bridging ligand enhances the withdrawal of electrons from the metal centre leaving 

it depleted of negative charge, thus making the aqua ligand more acidic.[11] It is further observed 

that the pKa2 value in all the binuclear complexes is at least 2 pKa unit higher than the pKa1. This 

difference is because after the deprotonation of the first aqua ligand, the overall charge of the 

complex reduces from +4 to +3. This makes the second ruthenium metal center less electrophilic 

decreasing the tendency for another deprotonation to occur.[10b, 10c, 23] The presence of σ-donor 

methyl groups on the quinoxaline moiety in Ru-6 lowers the electrophilicity of the complex by 

increasing the electronic density at the metal centre. This is responsible for the high basicity 

observed. 
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Scheme 5.1: Stepwise deprotonation of the aqua ligands in the binuclear complexes 

At pH of 2.0, all the complexes exist entirely as aqua, making it an ideal pH for the kinetic 

investigations. 
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5.3.2 Computational Results 

Electronic and structural properties of the complexes revealed by computational analysis are useful 

in understanding the reactivity trend observed. Figures 5.4 and 5.5 show the DFT-optimized 

structures of the frontier orbitals and their respective energy separation. Key computational data 

obtained is summarized in Table 5.2. 

The optimized structures show that the complexes adopt a pseudo-octahedral geometry  in which 

the p-cymene moiety is located opposite the aqua ligand to minimize steric interactions.[14a] In the 

binuclear complexes the two aqua ligands are trans to each other. In Ru-3, the two pyrimidinyl 

moiety planes are co-planar because the bridging ligand coordinates each metal centre through two 

equivalent nitrogen atoms. However, in the rest of the binuclear complexes each metal centre is 

coordinated to the bridging ligand through non-equivalent nitrogen atoms; a pyridyl and 

pyrazinic/quinoxalinic. The two pyridyl moieties in these binuclear complexes are not co-planar 

to each other. This occur in order to ameliorate the steric interactions of the hydrogen atoms at the 

meta positions in the pyridyl rings.[24] The angle between the two pyridyl moiety planes in Ru-4, 

Ru-5 and Ru-6 is 50.68, 56.33, and 55.54°, respectively. Figure 5.3 illustrates the non-planarity 

of the pyridyl moieties in Ru-4. 

 
Figure 5.3: DFT-optimized structure of Ru-4 showing the dihedral angle between the planes of 

the pyridyl moieties 
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 In the chelated complexes, the HOMO is largely based on the metal centre(s) and p-cymene 

group(s) while the LUMO is largely based on the chelating ligand. The binuclear complexes have 

a smaller energy gap compared to the mononuclear complexes because the second metal center 

stabilizes the π* orbital of the ligand by lowering the HOMO–LUMO gap.[25] A look at the dπ 

HOMO energy of Ru-4, Ru-5 and Ru-6 reveals that it remains invariant as the bridging ligand is 

systematically varied. This is an indication that the bridging ligand has no effect on the relative 

energy of dπ HOMO. On the contrary, the π* LUMO energy is somewhat affected by the bridging 

ligand.[25a]  

 

Figure 5.4: DFT-optimized frontier molecular orbitals of the mononuclear complexes 
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Figure 5.5: DFT-optimized frontier molecular orbitals of the binuclear complexes 

Table 5.2: Summary of selected computational data for the investigated complexes  

Complex     Ru-1     Ru-2     Ru-3     Ru-4   Ru-5  Ru-6 

HOMO-LUMO energy 

 

      

 
        HOMO /eV     -6.62       -6.98     -7.57     -7.18    -7.18     -7.12 

        LUMO /eV     -3.04       -3.05     -4.27     -3.98    -4.32     -4.18 

        HOMO-LUMO gap /eV      3.58        3.93      3.30      3.20     2.86      2.94 

NBO charge (Ru)    0.383      0.280    0.306    0.303   0.284    0.281 

 

 

 

 

 

Electrophilicity index (ω) /eV      6.52        6.40    10.62      9.73   11.52    10.86 

Dipole moment /D      8.69        4.89    0.003      5.08     6.77      8.43 

Ru-OH2 bond length / Å    2.254      2.154    2.151       2.158   2.144    2.153 

Ru-Ru distance / Å         -        -      5.66      6.88     6.95      6.96 

Pyridyl Inter-planar angle /°        -       -          -    50.68   56.33    55.54 
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5.3.3 Kinetics Results 

The substitution kinetics of aqua ligands in the six complexes was investigated with three thiourea 

nucleophiles with varied steric demands under pseudo-first order conditions. The substitution 

reactions occurred with concomitant change in absorbance bands. A single substitution step was 

observed in all the complexes. Representative spectra obtained for the reaction of the mononuclear 

and binuclear complexes with the nucleophiles are shown Figure 5.6 and 5.7, respectively. 

Kinetic traces taken at a suitable wavelength were fitted into a single exponential function. From 

these exponential fits, pseudo-first order rate constants (kobs) were computed and plotted against 

nucleophile concentrations. kobs values and respective nucleophile concentrations are presented in 

the Supplementary Information (Table SI 5.1- 5.6). 

 
 

Figure 5.6: Ultraviolet-visible spectra for the reaction of Ru-2 (0.440 mM) with Dmtu (44.0 mM) 

at 298 K, pH = 2.0, I = 0.1M HClO4/NaClO4. Inset: A kinetic trace at λ = 455 nm.  
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Figure 5.7: Ultraviolet-visible spectra for the reaction of Ru-5 (0.561 mM) with Dmtu (112.2 

mM) at 298 K, pH = 2.0, I = 0.1M HClO4/NaClO4. Inset: A kinetic trace at λ = 615 nm 

A linear dependence of kobs on the nucleophile concentration with zero intercept was exhibited by 

all the complexes as shown in Figure 5.8 and Supplementary Figures SI 5.1-5.2. The slope of the 

graph gave the second order rate constant (k2). Therefore, the reactions can be described by 

equation (i)  

                                         kobs = k2[Nucleophile]                                                                            (i) 

The k2 values obtained are summarized in Table 5.3. 

To determine the thermodynamic properties, the reactions were studied as a function of 

temperature from 20 to 40 ̊C at an interval of 5 ̊C. Activation parameters were calculated from 

Eyring plots ( ln (
𝑘2

T
) versus 

1

T
  ) and the values obtained are tabulated in Table 5.3. Typical Eyring 

plots obtained are shown in Figure 5.9. ln (
𝑘2

T
) and respective 

1

T
 values are presented in the 

Supplementary Information (Tables SI 5.7-5.12) while additional plots are shown in Figures SI 
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5.3 and 5.4 (Supplementary Information). For all the studied complexes, the activation enthalpies 

(ΔH≠) and entropies (ΔS≠) were positive and negative, respectively. 
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Figure 5.8: Dependence of kobs on the concentration of incoming thiourea nucleophiles for the 

substitution of the aqua ligands in Ru-4 at 298 K, pH = 2.0, I = 0.1 M HClO4/NaClO4 
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Figure 5.9: Eyring plots for the reaction of Ru-5 with thiourea nucleophiles at different 

temperatures, pH = 2.0, I = 0.1 M HClO4/NaClO4 
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Table 5.3: Second order rate constants (k2) and activation parameters for the displacement of aqua 

ligands by thiourea nucleophiles 

Complex Nu k2 /10-2 M-1 s-1 ΔH≠ /kJmol-1 ΔS≠ /Jmol-1K-1 

Ru-1 

 

Tu 614 ± 7 62 ± 2 -23 ± 7 

Dmtu 440 ± 6 65 ± 2 -17 ± 6 

Tmtu 314 ± 7 67 ± 2 -13 ± 7  

Ru-2 Tu     7.77 ± 0.09 63 ± 3 -56 ± 10 

Dmtu     6.26 ± 0.10 57 ± 2 -77 ± 6 

Tmtu     2.10 ± 0.04 68 ± 1 -47 ± 4 

Ru-3 

 

Tu   28.71 ± 0.30 56 ± 2 -71 ± 7 

Dmtu   13.53 ± 0.30 63 ± 3 -51 ± 9 

Tmtu     1.28 ± 0.02 76 ± 2 -25 ± 8 

Ru-4 

 

Tu     5.91 ± 0.05 57 ± 2 -77 ± 7 

Dmtu     2.38 ± 0.08 67 ± 2 -51 ± 8 

Tmtu     0.50 ± 0.01 76 ± 3 -33 ± 9 

Ru-5 Tu     0.17 ± 0.01 80 ± 2 -29 ± 7 

Dmtu     0.14 ± 0.01 83 ± 2 -22 ± 5 

Tmtu     0.09 ± 0.02 87 ± 2 -11 ± 6 

Ru-6 Tu     0.12 ± 0.01 84 ± 2 -20 ± 6 

Dmtu     0.11 ± 0.01 84 ± 2 -19 ± 7 

Tmtu     0.05 ± 0.07 88 ± 2 -18 ± 6 

 

5.3.4 1H NMR Kinetics 

To gain further insight into the substitution process of the binuclear complexes, a reaction of the 

chloride derivative of Ru-3 with 6 equivalents of Tu was followed by 1H NMR in acetone-d6 at 

303 K. An overlay of time dependent spectra obtained is shown in Figure 5.10. To effectively 

monitor the reaction, an aromatic proton (H) adjacent to the pyrimidinic N was chosen since it 
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bears maximum impact of changes in the coordination at the ruthenium centre. The proton Ha for 

unreacted Ru-3 derivative resonate at = 10.14 ppm and on reaction with Tu the peak slightly 

shifts downfield to = 10.16 ppm with its intensity progressively decreasing over time. As the 

intensity decreased, a new set of two peaks with Δ ≈ 0.6 ppm resonating at δ = 9.92 ppm and δ = 

9.34 ppm appeared and gradually increased in intensity maintaining an equal isomeric proportion. 

These results suggest the formation of two substitution products which are possibly a trans-product 

(δ = 9.92 ppm) and a cis-product (δ = 9.34 ppm).  

 

Figure 5.10: 1H NMR spectral arrays for the reaction of Ru-3 derivative with 6 equivalents of Tu 

in acetone-d6 at 303 K 

A close look at the spectra obtained (Supplementary Information, Figure SI 5.5) reveal a 

diastereotopic behavior of the cis conformer formed. The aromatic protons on the p-cymene groups 

in cis product give four sets of doublets instead of two. This shows that the two p-cymene groups 

are non-equivalent due to decreased symmetry of the complex,[26] due to coordination of more 

sterically bulky Tu. A plausible mechanism for the substitution reactions in the binuclear 

complexes is shown in Scheme 5.2. 
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Scheme 5.2: Proposed reaction pathway for the investigated binuclear ruthenium(II) complexes 

5.4 Discussion 

In this study the role of the bridging ligand on the reactivity of half-sandwich ruthenium(II) 

complexes was investigated. The set of complexes used included two mononuclear complexes in 

which the ruthenium metal centre is bonded to p-cymene and three aqua ligands (Ru-1) and Ru-2 

where two aqua ligands of Ru-1 were replaced by a bidentate 2,2’-bipyridyl chelating ligand. From 

Ru-3 to Ru-6 the bridging ligand was varied. In this discussion, the substitution reactivity of the 

complexes with Tu was used as a representative.  

Comparing the reactivity of the two mononuclear complexes, Ru-1 is found to be ~102 folds more 

reactive than Ru-2. This is attributed to differences in electronic and steric contributions of the 

spectator ligand(s) in the two complexes. Ru-1 is more electrophilic than Ru-2 as shown by the 

DFT-computed global electrophilicity indices (Table 5.2) and pKa values (Table 5.1) (vide supra). 

This is further supported by the localized charges at the metal centres as reflected by the NBO 

charges of 0.383 (Ru-1) and 0.280 (Ru-2). Therefore, the metal centre in Ru-1 is more electron 

deficient and thus more attractive for facile nucleophilic attack. The reactivity of Ru-1 is further 

enhanced by the significantly weaker Ru-OH2 bond compared to Ru-2 as evidenced by the bond 

length of 2.254 Å and 2.154 Å in Ru-1 and Ru-2, respectively. This means that the aqua ligand in 

Ru-2 is more strongly bonded and therefore less labile.[27] Furthermore, the 2,2’-bipyridyl 



169 
 

chelating ligand in Ru-2 introduces steric hindrance around the metal centre thereby impeding the 

nucleophilic attack. A similar observation was made in which the presence of bipyridyl ligand in 

[(η6-benzene)Ru(H2O)bipyridyl]2+ retarded the rate of water exchange by 100 folds compared to 

[(η6-benzene)Ru(H2O)3]
2+.[4b] 

Ru-3 is ten times more reactive than the closely related mononuclear analogue, Ru-2. This is 

attributed to fact the that 2,2,-bipyrimidine ligand in Ru-3 is a stronger π-acceptor than 2,2’-

bipyridyl ligand (Ru-2).[28] Secondly, it also attributed to the synergistic electronic effects caused 

by the second metal center through the π-system of the bis-chelated 2,2’-bipyrimidine bridging 

ligand.[14a] The effect of this is stabilization of the  LUMO in Ru-3 with a concomitant narrowing 

of the frontier orbital energy gap.[25] Consequently, the binuclear complex becomes more 

electrophilic leading to decrease in electron density at the metal centre as shown by the NBO 

charges on the ruthenium metal. This is corroborated by the fact that Ru-3 is 1.2 pKa units more 

acidic than Ru-2 (Table 5.1). Therefore, the metal centres in Ru-3 become more susceptible to 

nucleophilic attack. 

Despite the  binuclear complexes showing  two pKa values, a simultaneous substitution of the two 

aqua ligands  was observed. A similar observation has also been reported in literature.[10b] The 

second order rate constants for the simultaneous substitution of the aqua ligands in the binuclear 

complexes decreased in the order; Ru-3 > Ru-4 > Ru-5 > Ru-6. This shows that the bridging 

ligand plays a role in influencing the reactivity of the complexes through stereo-electronic 

contributions. Due to the A-A coordinative type of bridging ligand in Ru-3, the space around the 

metal centres is less restricted compared to the other binuclear complexes which have A-B 

coordinative type of bridging ligands. Therefore, the incoming nucleophile experiences less steric 

hindrance in accessing the metal centres in Ru-3 relative to the other binuclear complexes. 
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Looking at global electrophilicity indices one notices that Ru-3 is more electrophilic than Ru-4. 

This is corroborated by the local charges on the metal centre as shown by the NBO charges of 

0.306 (Ru-3) and 0.303 (Ru-4). This is because the two coordinated nitrogen atoms of the 2,2’-

bipyrimidine bridge are meta-positioned and thus make the bridge a more effective π-acceptor than 

2,3-bis(2-pyridyl)pyrazine.[28a] In 2,3-bis(2-pyridyl)pyrazine, the two pyrazinic N atoms are at 

para positions to each other which exposes the pyrazine moiety to two conflicting forces; an 

electron withdrawing and an electron donating effect eventually making the bridging ligand a less 

effective π-acceptor.[28b] The additional phenyl ring in Ru-5 enhances the π-acceptor character of 

the bridging ligand by increasing the aromatic surface thus stabilizing the π* LUMO orbital 

causing a decrease in HOMO-LUMO gap.[29] Since the HOMO is largely based on the dπ orbital 

of metal, a smaller energy separation between the frontier orbitals facilitate effective π-back 

donation of electron density from the metal centre to the ligand which should make the complex 

more electrophilic.[30] This is supported by the calculated global electrophilicity index which is the 

highest in the series (Table 5.2). Therefore, the reactivity is expected to be enhanced but it was 

found to be less compared to Ru-3 and Ru-4. This can be accounted for by an increase in steric 

hindrance around the metal centres of Ru-5 as shown by the large dihedral angle of 56.33̊ between 

the pyridyl planes. Besides, the localized charge on the metal centres is less positive, possibly due 

to a superior σ-donation capability of the 2,3-bis(2-pyridyl)-quinoxaline because its coordination 

mode allows it to have both π-acceptor and σ-donor properties. The two methyl substituents in the 

2,3-bis(2-pyridyl)-quinoxaline framework in Ru-6 further enhances σ-donation towards the metal 

centres. This destabilizes the LUMO energy leading to widening of energy separation between the 

frontier orbitals. As a consequence, π-back-bonding of electron density decreases. The net effect 

is high electron density on the metal centres leading to decreased reactivity relative to Ru-5. This 
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argument is supported by cyclic voltammetric data reported in literature for related complexes. 

The methyl substituents in 2,3-bis(2-pyridyl)-quinoxaline framework were observed to shift the 

reduction potential of its complex to a more negative value compared to that of derivative 

coordinated with unsubstituted 2,3-bis(2-pyridyl)-quinoxaline.[25a] Therefore, the dampened 

reactivity in both Ru-5 and Ru-6 in comparison to Ru-4, is due to both steric and σ-induction 

effects.  

It was observed that the Ru-Ru intermetallic separation distance (Table 5.2) in the binuclear 

complexes has an inverse relationship with the substitution reactivity trend. As the inter-metallic 

distance increases from Ru-3 to Ru-6, the effective electrocommunication through the π-effect of 

the bridge between the metal centres diminishes, decreasing the synergistic interactions between 

the two metal centres and as a result the reactivity slows down accordingly.[31]  

An inverse relationship is also noticed between the dipole moments, a measure of the inductive 

negative charge of a system,[32] and the reactivity of the binuclear complexes. This is supported by 

a decrease in the positive charge at the metal centres as one move from Ru-3 to Ru-6 as shown by 

the NBO charges. The progressive decrease in the positive charge at the metal centre reduces its 

proneness to nucleophilic attack.  

The rate of substitution of the aqua ligands by these bio-relevant nucleophiles decreased as the 

steric bulkiness of the nucleophile increased viz; Tu > Dmtu > Tmtu. The activation parameters, 

(ΔH≠ > 0, ΔS≠ < 0) support an associative mechanism where transition state is more ordered.[33] 

This is further supported by the sensitivity of the k2 values to steric bulkiness of the incoming 

nucleophile.[34]  
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5.5 Conclusions  

The study has demonstrated that the reactivity of ruthenium(II) p-cymene aqua complexes is 

strongly depended on the inherent stereo-electronic properties of coordinated chelating/bridging 

ligand. Increase in steric hindrance around the metal centre reduces the rate of substitution in both 

the mononuclear and binuclear complexes by limiting attack of the metal centre by the nucleophile. 

The reactivity of the binuclear complexes is also influenced by the inter-metallic distance; as the 

distance increases the reactivity decreases due to reduced electronic communication through the 

π-bridge between the metal centres. Decrease in the electrophilicity of complexes and increase in 

electron density around metal centre was also found to retard the reactivity of the complexes. The 

study has also shown that two geometric isomeric substitution products are formed during the 

substitution reactions of the binuclear complexes. All the substitution reactions are associatively 

activated as shown by the negative activation entropy. 
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SI 5 Supplementary Information 

SI 5.1 Synthesis of 2,3-bis(2’-pyridyl)-quinoxaline 

A mixture of 270.0 mg of o-phenylenediamine and 530.0 mg of 2,2’pyridil in 20 mL of ethanol 

was refluxed for 1 h. On cooling the ligand separated as light brown solid. It was further purified 

by recrystallization from ethanol. Yield (579.10 mg, 81%). Anal. Calc. for C18 H12N4: C, 76.0; H, 

4.25; N, 19.7%. Found: C, 76.05; H, 4.2; N, 19.8%. 1H NMR (400 MHz; DMSO-d6); δ (ppm) = 

8.29 (d, 2H), 8.24 (m, 2H), 8.02 (d, 2H), 7.97 (m, 4H), 7.37 (m, 2H). 13C NMR (400 MHz; DMSO-

d6 ); δ (ppm) = 157.4, 152.9, 148.5, 140.7, 137.3, 131.5, 129.5, 123.3, 123.7. TOF(ESI+): 307.095 

(M+ Na). 

SI 5.2 Average kobs values for the substitution of aqua ligands in the complexes   

Table SI 5.1: Average kobs (s
-1) for the reaction of Ru-1 (1.307 mM) with thiourea nucleophiles  

[Nu] /M Tu (λ = 600 nm)  

    kobs /s
-1 

 Dmtu (λ = 620 nm) 

     kobs /s
-1 

Tmtu (λ = 640 nm)  

kobs /s
-1 

0.1960 1.234 0.883 0.649 

0.1568 0.938 0.676 0.499 

0.1176 0.712 0.496 0.349 

0.0784 0.477 0.344 0.227 

0.0392 0.232 0.187 0.124 
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Table SI 5.2: Average kobs (s
-1) for the reaction of Ru-2 (0.440 mM) with thiourea nucleophiles  

[Nu] /M  Tu (λ = 450 nm) 

     kobs /s
-1 

Dmtu (λ = 455 nm)  

       kobs /s
-1 

Tmtu (λ = 430 nm)  

     kobs /s
-1 

0.0440 3.359 × 10-3 2.860 × 10-3 9.336 × 10-4 

0.0352 2.807 × 10-3 2.165 × 10-3 7.018 × 10-4 

0.0264 2.022 × 10-3 1.505 × 10-3 5.525 × 10-4 

0.0176 1.419 × 10-3 1.132 × 10-3 3.950 × 10-4 

0.0088 6.607 × 10-4 5.610 × 10-4 2.109 × 10-4 

 

Table SI 5.3: Average kobs (s
-1) for the reaction of Ru-3 (0.430 mM) with thiourea nucleophiles 

[Nu]/M Tu (λ = 500 nm)  

      kobs /s
-1 

Dmtu (λ = 500 nm)  

        kobs /s
-1 

Tmtu (λ = 500 nm)  

      kobs /s
-1 

0.0430 1.233 × 10-2 5.921 × 10-3 5.433 × 10-4 

0.0344 9.868 × 10-3 4.822 × 10-3 4.301 × 10-4 

0.0258 7.269 × 10-3 3.132 × 10-3 3.312 × 10-4 

0.0172 4.938 × 10-3 2.204 × 10-3 2.374 × 10-4 

0.0085 2.857 × 10-3 1.231 × 10-3 1.280 × 10-4 

 

Table SI 5. 4: Average kobs (s
-1) for the reaction of Ru-4 (0.103 mM) with thiourea nucleophiles  

[Nu]/M Tu (λ = 600 nm)  

kobs /s
-1 

Dmtu (λ = 620 nm) 

kobs /s
-1 

Tmtu (λ = 640 nm) 

     kobs /s
-1 

0.01034 6.036 × 10-4 2.542 × 10-4 5.359 × 10-5 

0.00827 4.967 × 10-4 1.932 × 10-4 4.006 × 10-5 

0.0062 3.685 × 10-4 1.512 × 10-4 2.902 × 10-5 

0.00413 2.384 × 10-4 7.761 × 10-5 2.062 × 10-5 

0.00207 1.309 × 10-4 5.123 × 10-5 1.032 × 10-5 
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Table SI 5.5: Average kobs (s
-1) for the reaction of Ru-5 (0.561 mM) with thiourea nucleophiles  

[Nu] /M Tu (λ = 600 nm)  

      kobs /s
-1 

 Dmtu (λ = 620 nm)  

       kobs /s
-1 

Tmtu (λ = 640 nm)  

       kobs /s
-1 

0.1122 1.891 × 10-4 1.595 × 10-4 1.068 × 10-4 

0.0898 1.521 × 10-4 1.253 × 10-4 7.963 × 10-4 

0.0673 1.118 × 10-4 9.317 × 10-5 5.789 × 10-4 

0.0449 7.910 × 10-4 6.047 × 10-5 3.969 × 10-4 

0.0225 3.993 × 10-4 3.246 × 10-5 1.797 × 10-4 

 

Table SI 5.6: Average kobs (s
-1) for the reaction of Ru-6 (0.525 mM) with thiourea nucleophiles  

[Nu] /M Tu (λ = 604 nm)  

      kobs /s
-1 

Dmtu (λ = 604 nm)  

        kobs /s
-1 

Tmtu (λ = 620 nm)  

          kobs /s
-1 

0.1049 1.192 × 10-4 1.192 × 10-4 5.152 × 10-5 

0.0839 9.725 × 10-5 9.210 × 10-5 4.101 × 10-5 

0.0629 7.288 × 10-5 6.852 × 10-5 2.914 × 10-5 

0.0419 5.004 × 10-5 4.614 × 10-5 2.001 × 10-5 

0.0210 2.778 × 10-5 2.642 × 10-5 1.072 × 10-5 

 

SI 5.3 Average 𝐥𝐧 (
𝒌𝟐

𝐓
) values for the substitution of aqua ligands in the investigated 

complexes 

Table SI 5.7: Average 𝑙𝑛 (
𝑘2

𝑇
) obtained from the reaction of Ru-1 with thiourea nucleophiles 

T /K 1

T
 /K-1 ln (

𝑘2

T
)Tu ln (

𝑘2

T
)Dmtu ln (

𝑘2

T
)Tmtu 

293.15 0.00340 -4.351 -4.685 -4.905 

298.15 0.00335 -3.982 -4.226 -4.547 

303.15 0.00330 -3.583 -3.892 -4.187 

308.15 0.00325 -3.167 -3.459 -3.694 

313.15 0.00319 -2.811 -3.030 -3.251 
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Table SI 5.8:  Average 𝑙𝑛 (
𝑘2

𝑇
) for the reaction of Ru-2 with thiourea nucleophiles 

T /K 1

T 
 /K-1 ln (

𝑘2

T
)Tu ln (

𝑘2

T
)Dmtu ln (

𝑘2

T
)Tmtu 

293.15 0.00340 -8.628 -8.728 -9.954 

298.15 0.00335 -8.229 -8.469 -9.563 

303.15 0.00330 -7.768 -8.080 -9.122 

308.15 0.00325 -7.427 -7.718 -8.683 

313.15 0.00319 -7.059 -7.323 -8.245 

 

Table SI 5.9: Average 𝑙𝑛 (
𝑘2

𝑇
) for the reaction of Ru-3 with the thiourea nucleophiles 

 

 

 

 

 

 

 

 

Table SI 5.10: Average 𝑙𝑛 (
𝑘2

𝑇
) for the reaction of Ru-4 with thiourea nucleophiles  

T /K 1

T
 /K-1 ln (

𝑘2

T
)Tu ln (

𝑘2

T
)Dmtu ln (

𝑘2

T
)Tmtu 

293.15 0.00340 -8.927 -9.794 -11.471 

298.15 0.00335 -8.526 -9.412 -11.062 

303.15 0.00330 -8.150 -8.905 -10.497 

308.15 0.00325 -7.794 -8.501 -10.012 

313.15 0.00319 -7.491 -8.091 -9.519 

 

 

 

T /K 1

T
  /K-1 ln (

𝑘2

T
)Tu ln (

𝑘2

T
)Dmtu ln (

𝑘2

T
)Tmtu 

293.15 0.00340 -7.756 -8.240 -10.550 

298.15 0.00335 -7.351 -7.806 -10.052 

303.15 0.00330 -7.085 -7.396   -9.651 

308.15 0.00325 -6.681 -6.984   -9.096 

313.15 0.00319 -6.332 -6.635   -8.634 
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Table SI 5.11: Average 𝑙𝑛 (
𝑘2

𝑇
) for the reaction of Ru-5 with thiourea nucleophiles 

 

 

 

 

 

 

Table SI 5.12: Average 𝑙𝑛 (
𝑘2

𝑇
) obtained for the reaction of Ru-6 with thiourea nucleophiles 

T /K 1

T
 /K-1 ln (

𝑘2

T
)Tu ln (

𝑘2

T
)Dmtu ln (

𝑘2

T
)Tmtu 

293.15 0.00340 -12.923 -13.054  

298.15 0.00335 -12.466 -12.492 -13.321 

303.15 0.00330 -11.900 -11.990 -12.841 

308.15 0.00325 -11.387 -11.461 -12.313 

313.15 0.00319 -10.845 -10.928 -11.656 

 

T /K 1

T
 /K-1 ln (

𝑘2

T
)Tu ln (

𝑘2

T
)Dmtu ln (

𝑘2

T
)Tmtu 

293.15 0.00340 -12.53 -12.81 -13.44 

298.15 0.00335 -12.07 -12.28 -12.76 

303.15 0.00330 -11.52 -11.72 -12.27 

308.15 0.00325 -11.01 -11.13 -11.66 

313.15 0.00319 -10.44 -10.68 -11.13 
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SI 5.4 Typical plots of kobs versus nucleophile concentration for the substitution of the 

aqua ligands by thiourea nucleophiles 
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Equation y = a + b*x

Weight No Weighting

Residual Sum 
of Squares

0.00171 0.00129 0.00174

Pearson's r 0.99973 0.99961 0.99899

Adj. R-Square 0.99933 0.99902 0.99747

Value Standard Error

TU
Intercept 0 --

Slope 6.14404 0.07114

DMTU
Intercept 0 --

Slope 4.3999 0.06176

TMTU
Intercept 0 --

Slope 3.18681 0.07174

 

Figure SI 5.1: Dependence of kobs on concentration of incoming thiourea nucleophiles for the 

substitution of the aqua ligands in Ru-1 at 298 K, pH = 2.0, I = 0.1 M HClO4/NaClO4 
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Figure SI 5.2: Dependence of kobs on concentration of incoming thiourea nucleophiles for the 

substitution of the aqua ligands in Ru-3 at 298 K, pH = 2.0, I = 0.1 M HClO4/NaClO4 
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SI 5.5 Typical Eyring plots for the substitution of the aqua ligands 
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Adj. R-Square 0.99137 0.99593 0.99843

Value Standard Error
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Intercept 17.09938 1.16189

Slope -7556.57312 352.21271
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Intercept 14.52258 0.7216

Slope -6848.44904 218.74364
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Intercept 18.11629 0.54046
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Figure SI 5.3: Eyring plots for the reaction of Ru-2 with thiourea nucleophiles at different 

temperatures, pH = 2.0, I = 0.1 M HClO4/NaClO4 
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Adj. R-Square 0.98981 0.99406 0.99589
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Figure SI 5.4: Eyring plots for the reaction of Ru-4 with thiourea nucleophiles at different 

temperatures, pH = 2.0, I = 0.1 M HClO4/NaClO4 
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SI 5.6 1H NMR spectrum for the reaction of Ru-3 derivative with Tu 

 

Figure SI 5.5: 1H NMR spectrum of (Ru-3 derivative +Tu) substitution products showing peaks 

for aromatic protons for p-cymene in the cis product 

SI 5.7 Typical ultraviolet-visible spectra for pKa titration of the complexes 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI 5.6: Ultraviolet-visible spectra of Ru-1 complex recorded as a function of pH in the 

range 1–10 at 298 K. Inset: Plot of absorbance versus pH at λ = 256 nm 
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Figure SI 5.7: Ultraviolet-visible spectra of Ru-2 complex recorded as a function of pH in the 

range 1–10 at 298 K. Inset: A plot of absorbance versus pH at λ = 294 nm 

SI 5.8 Samples of MS, 1H and 13C NMR spectra for the studied complexes  

 

Figure SI 5.8: ESI-MS (TOF) spectrum of 2,3-bis(2’-pyridyl)-quinoxaline 



186 
 

 

Figure SI 5.9: ESI-MS(TOF) spectrum of (µ2-2,2’-bipyrimidyl)-dichloro-bis(η6-p-cymene) 

diruthenium(II) hexaflourophosphate 

 

Figure SI 5.10: ESI-MS (TOF) spectrum of (µ2-2,3-bis(2-pyridyl)quinoxaline)-dichloro-bis(p-

cymene)diruthenium(II)  hexafluorophosphate 
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Figure SI 5.11: ESI-MS (TOF) spectrum of (µ2-6,7-dimethyl-2,3-bis(2-pyridyl) quinoxaline)-

dichloro-bis(p-cymene)diruthenium(II)  hexaflourophosphate 

 
 

Figure SI 5.12: 1H NMR (400 MHz, DMSO-d6) spectrum of 2,3-bis(2’-pyridyl)-quinoxaline 
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Figure SI 5.13: 1H NMR (400 MHz, acetone-d6) spectrum of (µ2-2,2’-bipyrimidyl)-dichloro-

bis(η6-p-cymene)diruthenium(II) hexaflourophosphate 

 

 

Figure SI 5.14: 1H NMR (400 MHz, DMSO-d6) spectrum of (µ2-2,3-bis(2-pyridyl)quinoxaline)-

dichloro-bis(p-cymene)diruthenium(II) hexafluorophosphate 
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Figure SI 5.15: 13C NMR (400 MHz, DMSO-d6) spectrum of 2,3-bis(2’-pyridyl)-quinoxaline 

 

 

Figure SI 5.16: 13C NMR (400 MHz, acetone-d6) spectrum of (2,2’-bipyridine)-chloro(η6-p-

cymene)ruthenium(II) hexafluorophosphate 
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Figure SI 5.17: 13C NMR (400 MHz, DMSO-d6) spectrum of (µ2-2,3-bis(2-pyridyl)-pyrazine)-

dichloro-bis(p-cymene)diruthenium(II) tetrafluoroborate 

 

Figure SI 5.18: 13C NMR (400 MHz, DMSO-d6) spectrum of (µ2-2,3-bis(2-pyridyl)quinoxaline)-

dichloro-bis(p-cymene)diruthenium(II) hexafluorophosphate 
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CHAPTER SIX 

Kinetic and Mechanistic Studies of η6-p-Cymene Ruthenium (II) 

Complexes with α,α’-diimine Bridging Ligands 

 

Abstract  

Substitution kinetics of the aqua ligands in four binuclear ruthenium(II) p-cymene complexes with 

different α,α’-diimine bridging ligands [2-pyridyl aldazine (Ru-1), p-phenylene-

bis(picoline)aldimine (Ru-2), p-biphenylene-bis(picoline) aldimine (Ru-3) and p-xylene-

bis(picoline) aldimine (Ru-4)] was investigated as a function of nucleophile concentration and 

temperature under pseudo-first order conditions using thiourea nucleophiles of different steric 

demands. Ultraviolet-visible spectrophotometric technique was used to monitor the reactions. The 

simultaneous substitution of the aqua ligands in all the complexes obeyed the rate law, kobs = 

k2[Nucleophile]. The rates of substitution decreased in the order: Ru-1 > Ru-4 > Ru-3 > Ru-2. 

The reactivity of the complexes is controlled by the inherent electronic and steric contributions of 

the bridging ligand. The strong π-acceptor bridging ligand is responsible for the high reactivity 

observed in Ru-1 compared to the rest of the complexes. From Ru-2 to Ru-4, the reactivity 

increases with decrease in steric congestion around the metal centres, which is positively correlated 

to the flexibility of the bridging ligand. The cage effect plays a role in the enhanced reactivity of 

Ru-4 compared to Ru-3 and Ru-2.  DFT-calculated quantum chemical descriptors show that the 

HOMO-LUMO energy separation and chemical hardness increase from Ru-1 to Ru-4 with 

concomitant decrease in electrophilicity.  
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Similarly, the localized charge on the metal centres as shown by the NBO charges decrease from 

Ru-1 to Ru-4. All the complexes showed stepwise deprotonation of the coordinated aqua ligands 

except Ru-4 and the pKa values increased from Ru-1 to Ru-4 due to progressive increase in σ-

donicity of the spacers. The calculated activation parameters (ΔH≠ > 0, ΔS≠ < 0) observed in all 

the complexes support an associative mechanism of activation. 
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6.1 Introduction 

Medical interests in the utilization of pseudo-octahedral half-sandwich ruthenium(II) complexes 

as anticancer agents has vastly grown over the last three decades due to their amphiphilic nature 

brought about by the hydrophobic arene moiety and the hydrophilic metal centre.[1] The π-bonded 

arene ligand occupy three coordination sites; the remaining three sites offer diverse coordination 

modes that can be utilized for tailored anticancer agents.[1b]. The arene ligand facilitates the passive 

diffusion of the complex through the lipophilic cell membrane as well as stabilizing the metal 

centre at its +2 oxidation state.[2]  

It is established that most of the active arene-based ruthenium(II) complexes contain a stable N,N-

chelating ligand and a labile halide group.[3] These complexes have exhibited excellent cytotoxicity 

both in vitro and in vivo including activity in cisplatin resistant cells.[4] Their cytoxicity can be 

tuned by varying either the arene group or the size and electronic properties of the chelating 

ligand.[5] Studies have shown that increasing the π-surface area of the coordinated ligands enhance 

the cytotoxicity of the complexes.[6] However, changing the leaving group does not impact 

cytoxicity because the complexes are activated by aquation.[7] Importantly, it can also be tuned by 

increasing the number of metal centres which are linked together.[7-8] 

Multinuclearity is an emerging approach in anticancer drug design to overcome chemo-resistance 

by recurring tumours.[8] Literature review show that binuclear ruthenium(II) complexes are more 

active than their mononuclear analogues because of synergistic effects.[9] The length of the linker 

between the two metal centres is found to have a positive correlation with cytoxicity of the 

complexes.[4b, 10] This is because lipophilicity and cellular uptake of the complexes increase with 

increase in the length of the spacer.[4b, 5, 10a] Therefore, the bridging ligand modulate the biological 
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and pharmacological properties of these complexes as well as provide steric protection to metal 

centres against biological non-target molecules.[11] 

Extensive studies investigating the effect of the bridging ligand on substitution kinetics of square-

planar platinum(II) complexes has been reported.[12] It is established that the effect of the linker on 

reactivity is entirely depended on the intrinsic properties therein. These include; the net σ-inductive 

effect of the linker, magnitude of the steric hindrance introduced by the linker, the 

rigidity/flexibility of the linker, [12a, 12b] the length of the linker,[12c-e] the head group that coordinates 

the metal centres and the symmetry of the complexes.[12b, 13] Due to synergistic or antagonistic 

factors, the role of a bridging ligand on the reactivity of transition metal complexes is specific to 

the chemistry of the complex and the bridging ligand. In addition, there is hardly as much literature 

about the structure-reactivity relationship on binuclear ruthenium(II) arene complexes. 

 In the blood stream, anticancer metallodrugs remain as chloro complexes because of the high 

concentration of chloride ions (about 100 Mm) therein, but once they enter the cell, where the 

concentration of chloride ions is low (about 3-20 mM) they undergo aquation. The activated aqua 

species interact with DNA as well as other biomolecules including S-donor groups that have high 

affinity for metal centres. These non-target molecules offer kinetic and thermodynamics 

competition to DNA binding and thus affecting the distribution and efficacy of the metallodrug.[14] 

 This study was undertaken to understand the role of non-aliphatic bridging ligands on the 

reactivity of ruthenium(II) p-cymene complexes. To achieve this, four complexes with α,α’-

diimine bridging ligands; viz. 2-pyridyl aldazine (PAA) (Ru-1), p-phenylenebis(picoline)aldimine 

(PBP) (Ru-2), p-biphenylenebis(picoline)aldimine (BBP) (Ru-3) and p-xylene-

bis(picoline)aldimine (XBP) (Ru-4) (Figure 6.1) were synthesized and characterized. Because of 

their biological importance, high solubility and nucleophilicity, neutral thiourea nucleophiles of 
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varying steric demands were used.[15] These are; thiourea (Tu), 1,3-dimethylthiourea (Dmtu) and 

1,1,3,3-tetramethylthiourea (Tmtu). Tu combines the properties of thioether and thiolate and has 

been used as a protection agent to minimize nephrotoxicity induced by cisplatin treatment.[14b] 

Likewise, Dmtu has been used in cytoprotection of liver and kidney against mitochondrial damage 

caused by cisplatin.[16] 

                                     

                        Ru-1                                 Ru-2 

        

  

 

       Ru-3                                                                Ru-4 

Figure 6.1: Structures of the investigated ruthenium(II) complexes (ClO4
2- counter ions omitted 

for clarity) 

Computational studies were performed using Gaussian 09W program package to assist in 

understanding and interpreting the experimental results obtained. Results from this study sheds 

light on the interactions between potential anticancer metallodrugs and deactivating molecules in 

biological systems. 
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6.2 Experimental  

6.2.1 Materials and Procedures 

All the syntheses were performed under dinitrogen atmosphere using standard Schlenk techniques. 

Benzidine (≥ 98%), 2-pyridinecarbaldehyde (99%), hydrazine hydrate solution (80% in H2O), p-

phenylenediamine (≥ 99%), p-xylenediamine (99%), dichloro(p-cymene)ruthenium(II) dimer 

(97%), NaBF4 (98%), anhydrous AgClO4 (97%), NaClO4.H2O (98%), HClO4 (70 wt % solution), 

celite (® 545), pH standard reference solutions (4.0, 7.0 and 10.0), Tu (≥ 99%), Dmtu (99%) and 

Tmtu (98%) were supplied by Sigma-Aldrich. Organic solvents were purchased from Merck (Pty) 

and used without further purification. Ultrapure deionized water from Modulab system was used 

in the relevant reactions. The ligands and complexes were synthesized according to published 

literature methods.[17]  

6.2.2 Synthesis of Ligands 

PAA: 30 mL of ethanolic solution containing 0.99 mL of hydrazine hydrate solution was added 

drop-wise to 3.55 mL of 2-pyridinecarbaldehyde in 10 mL of ethanol. As the exothermic reaction 

ensued, fine yellow needle-like crystalline solids appeared. The product was filtered off and 

recrystallized from ethanol. Yield: 2.86 g (84%). Anal. Calc. for C12H10N4; C, 68.56; H, 4.79; N, 

26.65. Found: C, 68.52; H, 4.89; N, 26.44. 1H NMR (400 MHz, benzene-d6): δ (ppm) = 9.11 (s, 

2H), 8.55 (d, 2H), 8.21 (d, 2H), 7.10 (t, 2H), 6.69 (t, 2H). 13C (400 MHz, benzene-d6): δ (ppm) = 

162.5, 153.7, 149.7, 135.7, 124.5, 121.4. ESI-MS (TOF) (m/z): 233.08 (M + Na).  

PBP: 2-pyridinecarbaldehyde (1.323 mL) was added dropwise to a stirring ethanolic solution of 

p-phenylenediamine (0.85 g) maintained at 60 ̊C. The mixture was refluxed for 2 h and the 

resulting red solution cooled to 0 ̊C. The yellow precipitate which formed was filtered off and 

recrystallized from ethanol. Yield: 2.02 g (90%). Anal. Calc. for C18H14N4; C, 75.50; H, 4.93; N, 
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19.57. Found: C, 75.40; H, 5.07; N, 19.34. 1H NMR (400 MHz, DMSO-d6): δ (ppm) = 8.75 (d, 

2H), 8.68 (s, 2H), 8.19 (d, 2H), 7.97 (t, 2H), 7.54 (t, 2H), 7.47 (s, 4H). 13C (400 MHz, DMSO-d6): 

δ (ppm) = 160.4, 154.1, 149.7, 149.0, 137.1, 125.6, 122.3, 121.3.  ESI-MS (TOF) (m/z): 309.11 

(M + Na). 

BBP: 2-pyridinecarbaldehyde (0.66 mL) was added drop by drop to a stirring ethanolic solution 

of benzidine (0.72 g) maintained at 60 ̊C. The mixture was refluxed for 2 h and the resulting 

solution cooled to ambient temperature. The yellow crystalline solid formed was filtered off and 

recrystallized from ethanol. Yield: 1.18 mg (83%). Anal. Calc. for C24H18N4; C, 79.54; H, 5.01; 

N, 15.46. Found: C, 79.48; H, 5.12; N, 15.31. 1H NMR (400 MHz, benzene-d6): δ (ppm) = 8.98 

(s, 2H), 8.63 (d, 2H), 8.43 (d, 2H), 7.52 (t, 4H), 7.37 (d, 4H), 7.20 (t, 2H), 6.76 (t, 2H). 13C (400 

MHz, benzene-d6): δ (ppm) = 160.8, 155.5, 150.5, 149.6, 139.1, 135.9, 124.6, 121.9, 121.2. ESI-

MS (TOF) (m/z): 385.14 (M + Na). 

XBP: 2-pyridinecarbaldehyde (1.06 mL) was added drop by drop to a stirring ethanolic solution 

of p-xylenediamine (0.86 g) maintained at 65 ̊C. The mixture was refluxed for 3 h and the resulting 

solution cooled to 0 °C. The off-white precipitate formed was filtered off and recrystallized from 

ethanol. Yield: 1.62 g (82%). Anal. Calc. for C20H18N4; C, 76.41; H, 5.77; N, 17.82. Found: C, 

76.39; H, 5.51; N, 17.65. 1H NMR (400 MHz, chloroform-d): δ (ppm) = 8.67(d, 2H), 8.51 (s, 2H), 

8.08 (d, 2H), 7.74 (t, 2H), 7.34 (m, 6H), 4.90 (d, 4H). 13C (400 MHz, Toluene-d8) δ (ppm) = 162.7, 

155.4, 149.1, 138.0, 135.5, 124.0, 120.6, 64.4. ESI-MS (TOF) (m/z): 337.14 (M + Na). 

 6.2.3 Synthesis of the complexes 

A suspension of 1.00 mmol of dichloro(p-cymene)ruthenium(II) dimer in 30 mL of methanol was 

treated with 1.00 mmol of the ligand (PAA, PBP, BBP and XBP) and allowed to stir at room 

temperature for 4 h. The solution was filtered through celite to remove unreacted materials. 10 mL 
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of a saturated methanolic solution of NaBF4 was then added to the filtrate. The resulting solution 

was kept in the refrigerator for slow crystallization to take place. After a couple of days, the 

crystalline solids formed were filtered off, washed with methanol, diethyl ether and dried under 

vacuum. The product was purified by recrystallization from dichloromethane/petroleum ether (40-

60 V/V) solvent system.  

(µ2-PAA)-dichloro-bis(η6-p-cymene)diruthenium(II) tetraflouroborate: Orange 

microcrystalline solid. Yield: (702 mg, 76%). Anal. Calc. for B2C32Cl2F8H38N4Ru2; C, 41.54; H, 

4.14; N, 6.05. Found: C, 41.16; H, 4.12; N, 5.97. 1H NMR (500 MHz, DMSO-d6): δ (ppm) = 9.71 

(d, 2H), 9.37 (s, 2H), 8.67 (m, 2H), 8.48 (td, 2H), 8.06 (td, 2H), 6.50 (d, 2H), 6.23 (br, 4H), 6.09 

(br, 2H), 2.80 (m, 2H), 2.31 (s, 6H), 1.12 (m, 12H). 13C NMR (500 MHz, DMSO-d6): δ (ppm) = 

167.6, 157.0, 152.11, 140.8, 133.2, 130.9, 108.5, 87.5, 85.7, 83.8, 31.2, 22.9, 18.9. ESI-MS (TOF) 

(m/z): 481.07 (M+) 

(µ2-PBP)-dichloro-bis(η6-p-cymene)diruthenium(II) tetraflouroborate: Dark red crystalline 

solid. Yield: (689 mg, 69%). Anal. Calc. for B2C38Cl2F8H42N4Ru2; C, 45.58; H, 4.23; N, 5.59. 

Found: C, 45.82; H, 4.33; N, 5.50. 1H NMR (500 MHz, DMSO-d6): δ (ppm) = 9.64 (d, 2H), 9.04 

(d, 2H), 8.38 (t, 4H), 8.08 (d, 4H), 7.95-7.93 (m, 2H), 6.19 (t, 2H), 5.87-5.84 (m, 2H), 5.77-5.71 

(m, 4H), 2.61 (hept, 2H), 2.23 (d, 6H), 1.06 (m, 12H). 13C NMR (500 MHz, DMSO-d6): δ (ppm) 

= 169.2, 156.6, 154.9, 152.8, 131.1, 129.7, 124.4, 106.0, 104.4, 87.1, 85.7, 31.0, 22.3, 18.9. ESI-

MS (TOF) (m/z): 557.10 (M+). 

(µ2-BBP)-dichloro-bis(η6-p-cymene)diruthenium(II) tetrafluoroborate: Brown red solid. 

Yield: (641 mg, 59%) Anal. Calc. for B2C44Cl2F8H46N4Ru2; C, 49.05; H, 4.30; N, 5.20. Found: C, 

48.71; H, 4.34; N, 5.01. 1H NMR (500 MHz, DMSO-d6): δ (ppm) = 9.62 (d, 2H), 9.02 (s, 2H), 

8.36-8.32 (m, 4H), 8.14 (dd, 4H), 8.00 (d, 4H), 7.94 (t, 2H), 6.15 (d, 2H), 5.83 (d, 2H), 5.74 (d, 
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2H), 5.66 (d, 2H), 2.60 (m, 2H), 2.22( s, 6H), 1.05 (d, 12H). 13C NMR (500 MHz, DMSO-d6): δ 

(ppm) = 168.3, 156.5, 155.0, 151.9, 140.5, 130.7, 129.5, 128.3, 123.9, 105.7, 104.0, 87.1, 86.5, 

85.6, 31.0, 22.3, 18.8. ESI-MS (TOF) (m/z): 633.14 (M+) 

 (µ2-XBP)-dichloro-bis(η6-p-cymene)diruthenium(II) tetrafluoroborate: Orange solid. Yield: 

(846 mg, 82%) Anal. Calc. for B2C40Cl2F8H46N4Ru2; C, 46.67; H, 4.50; N, 5.44. Found: C, 46.36; 

H, 4.78; N, 5.38. 1H NMR (500 MHz, DMSO-d6): δ (ppm) = 9.54 (d, 2H), 8.55 (s, 2H), 8.26 (t, 

2H), 8.17 (d, 2H), 7.83 (t, 2H), 7.59 (s, 4H), 6.25 (d, 2H), 6.13 (d, 2H), 5.93-5.88 (m, 4H), 5.75 

(d, 2H), 5.56 (d, 2H), 2.61 (m, 2H), 2.11 (s, 6H), 1.02 (d, 6H), 0.94 (d, 6H). 13C NMR (500 MHz, 

DMSO-d6): δ (ppm) = 167.9, 156.4, 154.8, 140.2, 135.2, 131.0, 129.7, 128.8, 105.0, 103.9, 87.9, 

84.5, 68.9, 30.9, 22.6, 21.9, 18.8. ESI-MS (TOF) (m/z): 585.14 (M+).  

6.2.4 Physical Measurements and Instrumentation 

Bruker Avance DPX III 400/500 MHz spectrometer fitted with 5 mm probe was used to record 1H 

and 13C NMR spectra of the ligands and complexes at 30 ̊C. All the chemical shifts were expressed 

in parts per million (ppm) and referenced to trimethylsilane. Electrospray ionization (ESI+) mass 

spectra were recorded on a Time of Flight (TOF) Micromass spectrometer. Sample NMR and MS 

spectra obtained are presented in the Supplementary Information (Figure SI 6.13-6.24). Elemental 

analyses of C, H, and N of the samples were done using Thermo Scientific Flash 2000 analyzer. 

Agilent technologies Cary 100 Series ultraviolet-visible spectrophotometer equipped with a 

temperature control unit (accuracy of ± 0.05 ̊C) was used for pKa titrations and kinetic studies. 

Jenway 4330 combined pH and conductivity meter with a 4.5 mm diameter microelectrode was 

used to determine the pH of the aqueous complexes.  Before use, the electrode was calibrated with 

pH 4.0, 7.0 and 10.0 reference solutions. OriginPro 9.1® program was used to analyze the acid-

base titration data and the kinetic data obtained.[18] 
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6.2.5 Aquation of the Complexes 

Aqua species of the complexes were prepared by reacting a known amount of the chloro complexes 

with 1.99 equivalents of AgClO4 in 0.01 M HClO4. In all the reactions, the mixtures were stirred 

in the dark at 50 ̊C for 48 h. The solutions were thereafter cooled to ambient temperature, allowed 

to stand for at least 3 h and the grey AgCl precipitate filtered off using 0.45 μm nylon membrane.[19] 

The filtrates were diluted appropriately for pKa titrations and kinetic studies. 

6.2.6 Determination of pKa of the Aqua Complexes 

 Spectrophotometric acid-base titration of the aqua complexes with NaOH was done from pH 2 to 

12 at 25 C̊. Large complex volumes (about 500 mL) were used to avoid dilution effects and 

absorbance corrections.[20] From pH 2-3, small grains of crushed NaOH pellets were added 

stepwise while from 4 to 10/12, NaOH solution of decreasing concentration was added dropwise 

using a pasteur pipette. The titrations were done in such a way that many evenly distributed points 

were obtained. After each base addition, the complex solution was stirred for about 2 min prior to 

pH measurement and respective spectrum acquisition. For the pH measurements, about 0.6 mL 

aliquots in glass ampules were used and discarded to avoid contamination of the stock complex 

solution with chloride ions from the electrode while the aliquots used for absorbance 

measurements were returned back to the stock solution. A confirmatory reverse pH titration was 

done using HClO4 solutions in place of NaOH. 

6.2.7 Kinetic Measurements 

Nucleophile solutions of known concentration maintained at pH 2.0 and 0.1 M HClO4/NaClO4 

ionic strength were prepared shortly before use. Likewise, the complex solutions were maintained 

at similar pH and ionic strength. The concentration of the aqua complexes used were; Ru-1 (0.248 

mM), Ru-2 (0.660 mM), Ru-3 (0.144 mM), Ru-4 (0.171 mM). Substitution reactions were 
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performed under pseudo-first order conditions in which the nucleophilic concentration was at least 

20 folds higher than the concentration of the metal complex to drive the reactions to completion. 

The reactions were initiated by mixing equal volumes of thermally equilibrated complex and 

nucleophile in a tandem cuvette. The ultraviolet-visible spectral changes resulting from the 

reactions were recorded from 800 to 200 nm wavelength range. Concentration dependence studies 

were performed at a constant temperature of 25 ̊C. On the other hand, temperature dependence of 

reaction rates was studied from 25 to 45 C̊ at an interval of 5 ̊C. For each reaction, at least three 

independent runs were performed. 

6.2.8 Computational Modelling 

Computational calculations were performed using density functional theory (DFT) method 

implemented by Gaussian 09W suite of programs.[21] The structures were optimized using the 

hybrid Becke, 3-parameter, Lee-yang-Parr (B3LYP) at the standard Los Alamos National 

Laboratory 2 double ζ (LANL2DZ) basis set.[22] DFT utilizes electron density over wave-function 

in the determination of a system’s properties. Therefore, it is applicable in these complexes with 

large number of electrons since electron densities are always three dimensional irrespective of the 

number of electrons involved.[23] LANL2DZ exploits relativistic effective core potentials (ECP) 

to  effectively account for the inner core 28 electrons ([Ar]3d10) in ruthenium.
[24] The systems were 

fully optimized in aqua media using conductor-like polarizable continuum (CPCM) solvent 

model[25] at singlet spin ground state and an overall charge of +4.  

Quantum chemical descriptors; chemical hardness (ɳ), chemical softness (σ) and global 

electrophilicity indices (ω) for the complexes were calculated as described in literature.[26] Due to 

its high reliability Hirshfeld Population Analysis was used to determine the atomic charges in the 

complexes.[27]  
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6.3 Results 

6.3.1 Acid-Base Equilibria of the Aqua Complexes 

pKa values of the complexes were determined by fitting Boltzmann sigmoid function on the plot 

of absorbance versus pH at a selected wavelength. Typical ultraviolet-visible spectra obtained for 

the titration of Ru-1 with NaOH is presented in Figure 6.2. The inset shows a plot of absorbance 

as a function of pH at λ = 290 nm. The pKa values obtained are collected in Table 6.1. Additional 

plots are presented in the Supplementary Information (Figure SI 6.5- 6.6) 

 

Figure 6.2: Ultraviolet-visible spectra of Ru-1 recorded as a function of pH (2–10) at 298 K. 

Inset: A plot of absorbance versus pH at λ = 290 nm  

Table 6.1: Summary of pKa values obtained for the deprotonation of the aqua ligands 

Complex Ru-1 Ru-2 Ru-3 Ru-4 

 pKa1 6.32 ± 0.12  6.76 ± 0.03    6.85 ± 0.01  6.97 ± 0.02 

 pKa2 7.23 ± 0.04  8.98 ± 0.03 10.71 ± 0.04 - 
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Complexes Ru-1 to Ru-3, displayed a stepwise deprotonation of the aqua ligands recording a 

positive relationship between the pKa values and the length of the linker. As the separation distance 

increases, the charge addition between the two metal centres decreases, thus decreasing the 

electrophilicity of the complexes and acidity of the coordinated aqua ligands.[12b, 28] For instance; 

the short Ru-Ru intermetallic distance in Ru-1 enables effective electronic communication 

between the two metal centres leading to an overall high acidity of the bound aqua ligands. The 

pKa2 values obtained are at least 0.9 pKa units more basic than pKa1. This is because after the 

deprotonation of the first aqua ligand, the overall charge of the complex reduces from +4 to +3 

making the second metal center less electrophilic hence diminishing the tendency for another 

deprotonation to occur.[12a, 12e, 29]  

A single pKa value was observed in complex Ru-4 signaling simultaneous deprotonation of the 

coordinated aqua ligands. The XBP bridging ligand in Ru-4 is unconjugated beyond the α,α’-

diimines, this causes weak interactions between the metal centres making them act 

independently.[12b, 17a]. The one pKa value obtained for Ru-4 is supported by electrochemical 

reduction of a complex utilizing this ligand which showed a single broad two-electron reduction 

wave.[17a] Compared to the pKa1 values of other complexes, the high value obtained in Ru-4 is 

attributed to the methylene groups which lower the localized charge on the metal centres through 

inductive σ-donation.[30] As a result the basicity of the coordinated aqua ligands is enhanced.  

From the acidity constants, all the complexes exist exclusively as aqua species at a pH of 2.0. 

Considering this, all the kinetic studies were performed at pH 2.0. 
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6.3.2 Computational Results 

Computational modelling was carried out to gain an insight on the spatial arrangement of the ligand 

systems as well as electronic properties of the complexes studied. Geometry optimized structures 

of the complexes and their respective frontier orbitals are shown in Figure 6.3 while key 

computational parameters obtained are documented in Table 6.2. Figure 6.4 shows typical 

numbering of the nitrogen atoms in the complexes.  

 

 

Figure 6.3: Geometry optimized structures, frontier orbitals and their respective energy gaps for 

the studied complexes 
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From the mappings of the frontier orbitals, it is observed that the HOMO in Ru-1 is largely based 

on the metal centres and arene ligands. In Ru-2 and Ru-3, it is spread throughout the complex with 

the phenyl and biphenyl spacers making substantial contributions. In Ru-4, the HOMO is largely 

concentrated on one of the two Ru-α,α’-diimine moieties and the proximate arene group. On the 

other hand, the LUMO is largely based on the bridging ligand with the α,α’-diimine moieties 

making significant contributions in Ru-3 and Ru-4.  

Table 6.2: Selected computational data for the optimized complexes 

Complex  Ru-1 Ru-2 Ru-3 Ru-4 

HOMO-LUMO energies / eV     

        HOMO  -7.335 -7.038 -6.885 -7.129 

        LUMO  -4.318 -3.772 -3.598 -3.409 

        ΔEHOMO-LUMO   3.017  3.266  3.287  3.720 

Chemical hardness (ɳ) / eV  1.509  1.633  1.644  1.860 

Chemical softness (σ) / eV-1                          0.663  0.612  0.608  0.538 

Electrophilicity index (ω) / eV 11.252  8.945  8.358  7.463 

Hirshfeld charge (Ru)  0.128  0.121  0.117  0.109 

Bond Length / Å      

        Ru-N2   2.146  2.090  2.088  2.083 

        Ru-N1  2.076  2.077  2.077  2.078 

        Ru-OH2  2.148  2.152  2.154  2.157 

        Ru-Ru  5.314  8.783  12.873  

Diimine moiety planes separation / Å      -  0.446       -   5.473 

Dihedral angle of diimine moiety planes /º   5.33     -    33.08    - 
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Figure 6.4: DFT-optimized structure showing numbering of the nitrogen atoms in the complexes 

The planarity of the minimum energy structures obtained, shows that the two 9-atomic Ru-α,α’-

diimine moieties are non-planar to one another. In complexes Ru-1 and Ru-3 the two moieties are 

tilted away from each other at a dihedral angle of 5.33º and 33.08º, respectively. The two planes 

in Ru-2 and Ru-4 are parallel to one another with a separation distance of 0.446 and 5.473 Å, 

respectively. Figures showing these angles and separation distances are presented in the 

Supplementary Information (Figure SI 6.7-6.10). The bridging ligand in Ru-4 form two V-shaped 

curvatures of average θ = 112.18º as shown in Figure 6.5. This is attributed to the presence of 

methylene groups which enhances the flexibility of the bridging ligand. 
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Figure 6.5: Geometry optimized structure of Ru-4 showing the V-shaped curvatures  

As revealed by the modelled structures, the phenyl ring(s) in Ru-2 and Ru-3 are twisted away 

from the mean plane of bridging ligand at an angle of 46.26º and 47.01º, respectively. In addition, 

the two phenyl rings in Ru-3 are twisted in opposite direction to one another at an angle of 30.27º 

(Figures SI 6.11-6.12, Supplementary Information). This is attributed to steric interactions between 

the proximate hydrogen atoms.[31] The Ru-N1 bond length is invariant across the complexes 

denoting that the spacer does not affect electronic distribution in the pyridyl moieties of the 

complexes. On the contrary, the linker influences the Ru-N2 and Ru-OH2 bond lengths. The 

shortening of Ru-N2 and elongation of Ru-OH2 bond from Ru-1 to Ru-4, shows progressive 

increase in the σ-donor ability of the spacers.[12b] 

Inspection of the quantum chemical descriptors documented in Table 6.2, show that the LUMO 

energy shifts proportionately to more positive values as the linker is varied from PAA to XBP. 

Similarly, from Ru-1 to Ru-4 the HOMO-LUMO gap increase with concomitant decrease in the 

electrophilicity index of the complexes and localized charge on the ruthenium atoms as given by 

the Hirshfeld charges. The increase in chemical hardness/decrease in chemical softness as one 
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moves from Ru-1 to Ru-4, point out to increase in the stability of the complexes as the bridging 

ligand is varied from PAA to XBP.[32] 

6.3.3 Kinetic Results 

The rate of displacement of the coordinated aqua ligands in the four complexes were investigated 

using thiourea based nucleophiles of varied steric demands under pseudo-first order conditions. 

The substitution reactions were monitored spectrophotometrically by following change in 

absorbance of the spectra at a selected wavelength as a function of time. Typical spectra obtained 

for the reaction of Ru-4 with Dmtu is shown Figure 6.6.  

 

Figure 6.6: Ultraviolet-visible spectra for the reaction of Ru-4 (0.171 mM) with Dmtu (34.2 mM) 

at 298 K, pH = 2.0, I = 0.1 M HClO4/NaClO4. Inset: A kinetic trace obtained at λ = 380 nm 

Then kinetic traces taken at the suitable wavelength were fitted into a single exponential decay 

standard function to generate pseudo-first order rate constants (kobs) using equation (i).[33] 

                    At = Ao + (Ao-A)exp(-kobst)                                                                                     (i) 
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where; Ao = absorbance at the initiation of the reaction, At = absorbance at time t, and A = 

absorbance at the end of the reaction. 

The kobs values obtained were plotted against nucleophile concentrations. A linear dependence of 

kobs on the nucleophile concentration was exhibited by all the reactions of the complexes. The 

intercept of all the plots was zero, indicating the absence of reverse or solvolysis reaction. A 

collection of kobs values and respective nucleophile concentrations are presented in the 

Supplementary Information (Tables SI 6.1-6.4). Typical plots of kobs versus nucleophile 

concentration obtained for Ru-1 is shown in Figure 6.7. Additional plots are presented in the 

Supplementary Information (Figures SI 6.1-6.2). The second order rate constant (k2) for the 

reactions was obtained from the slopes of the plots. The values obtained are tabulated in Table 6.3. 

All the concentration dependent substitution reactions can be described by the equation (ii). 

          kobs = k2[Nucleophile]                                                                       (ii) 
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Figure 6.7: Dependence of pseudo-first order rate constant (kobs) on the concentration of thiourea 

nucleophiles for the substitution of the aqua ligands in Ru-1 at 298 K, pH = 2.0, I = 0.1 M 

HClO4/NaClO4 
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To determine the thermodynamic parameters of the substitution process, the reaction temperature 

was varied systematically from 25 ̊C to 45 ̊C at an interval of 5 ̊C and the respective temperature 

dependent k2 calculated. The ln (
k2

T
) values obtained were plotted as a function of  

1

T
.  Activation 

enthalpy (∆H≠) and entropy (∆S≠) were calculated from the slope and the y-intercept, respectively 

using the Eyring equation (iii).[33] 

                 ln (
𝑘2

T
) = −

𝛥𝐻≠

R
.

1

T
 + (23.78 +

𝛥𝑆≠

R
)                                                     (iii)                                                                                                                                   

Typical Eyring plots obtained for Ru-4 are shown in Figure 6.8 and the values of ∆H≠ and ∆S≠ 

obtained are given in Table 6.3. Additional Eyring plots and values of ln (
𝑘2

T
) and respective 

1

T
 are 

presented in the Supplementary Information (Figures SI 6.3-6.4 and Tables SI 6.5-6.8). 
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Figure 6.8: Eyring plots for the reaction of Ru-4 with thiourea nucleophiles in the range 25 - 

45 ̊C, pH = 2.0, I = 0.1 M HClO4/NaClO4 
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Table 6.3: Summary of second order rate constants (k2) and activation parameters  

Complex Nu k2 /10-3 M-1 s-1 ΔH≠ /kJmol-1  ∆S≠ /Jmol-1K-1 

Ru-1 Tu 84.22 ± 0.83 59 ± 2  -68 ± 7 

Dmtu 60.83 ± 0.45 57 ± 1  -77 ± 4 

Tmtu 16.30 ± 0.38 64 ± 1  -65 ± 4 

Ru-2 Tu   2.20 ± 0.03 60 ± 2  -95 ± 5 

Dmtu   2.89 ± 0.04 59 ± 2  -97 ± 5 

Tmtu   1.21 ± 0.01 66 ± 2  -78 ± 5 

Ru-3 

 

Tu   4.99 ± 0.03  62 ± 2  -80 ± 5 

Dmtu   5.41 ± 0.05 66 ± 1  -68 ± 4 

Tmtu   1.72 ± 0.03 70 ± 2  -62 ± 5 

Ru-4 

 

Tu 26.40 ± 0.12 59 ± 2  -69 ± 8 

Dmtu 21.95 ± 0.15 63 ± 2  -64 ± 5 

Tmtu   4.21 ± 0.04 78 ± 2  -29 ± 5 

 

6.4 Discussion 

In this study the effect of α,α’-diimine-based bridging ligands on the reactivity of low-spin d6 

binuclear ruthenium(II)  p-cymene complexes was investigated. The bridging ligand bind the metal 

centres forming two 5-membered stable chelate rings. The electron donating aliphatic substituents 

on the p-cymene ligand fortifies the Ru-p-cymene bonds, making the p-cymene ligand 

unfavourable to substitution.[34] In all the complexes, a single substitution step was observed 

indicating that the two coordinated aqua ligands were simultaneously displaced by the thiourea 

nucleophiles. With Tu as the entering group, the k2 values decreased in the order; Ru-1 (0.084 M-

1s-1) > Ru-4 (0.026 M-1s-1) > Ru-3 (0.005 M-1s-1) > Ru-2 (0.002 M-1s-1). Similarly, the other two 

nucleophiles followed the same trend. The differences in reactivity observed is attributed to stereo-

electronic properties brought about by the coordinated bridging ligand.  
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A comparison of reactivity reference to Ru-1 show that this complex is at least 3 times more 

reactive than the other complexes which is attributable mainly to its strong π-acceptor 2-pyridyl 

aldazine bridging ligand.[17a, 35] This is evident from the computational results which show that the 

frontier molecular orbitals are well stabilized and the energy gap between them is narrower 

compared to the rest of the systems. Therefore, Ru-1 is more electrophilic due to effective π-back-

donation from the dπ orbitals largely based on metal ion to the stabilized π* orbital of the bridging 

ligand.[20] Moreover, the short Ru-Ru intermetallic distance (5.314 Å) in Ru-1 promotes effective 

electronic communication between the metal centres, thus strengthening the π-back-bonding 

effects through enhanced electron density delocalization.[35] The metal centres are thus deprived 

of electron density making them more positively charged as shown by a large Hirshfeld charge of 

0.128. This makes them more attractive for facile nucleophilic attack. The low pKa values in Ru-

1 documented in table 6.1 corroborate this argument.  

When spacers; phenyl (Ru-2), biphenyl (Ru-3) and xylyl (Ru-4) are placed between α,α’-diimine 

moieties, the complexes become progressively less electrophilic because of destabilization of the 

LUMO orbitals with concomitant widening of the HOMO-LUMO energy gap.[36] This reduces the 

ability of the bridging ligand to withdraw electrons from the metal centres as indicated by 

diminution of the local charges on the metal centres from Ru-1 to Ru-4. As shown by the modelled 

structures, the bridging ligands in Ru-2, Ru-3 and Ru-4 are distorted. For instance; the phenyl 

ring(s) in Ru-2 and Ru-3 are twisted out of the mean plane of the bridging ligand at a dihedral 

angle of 46.26º and 47.01º, respectively. These distortions further compromises the π-acceptor 

abilities of the bridging ligands hence reducing the electrophilicity of the complexes.[37] 

The observed differences in quantum chemical descriptors as the linker is varied is validated by 

preceding studies utilizing these ligands.[17a, 38] Characteristic metal to ligand charge transfer 
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(𝑡2g → 𝜋∗) bands show a hypsochromic shift as the bridging ligand is changed from PAA to XBP. 

This signals an increase in the HOMO-LUMO gap and therefore the energy required to effect 

electronic promotion increases accordingly. Likewise, the anodic reduction potentials of related 

complexes show a consistent shift to more negative values as the ligand is varied from PAA to 

XBP as result of the destabilization of the π* LUMO orbital. Therefore, the electron withdrawing 

ability of the ligands decreases from PAA to XBP. 

This would lead the reactivity to decrease from Ru-2 to Ru-4. However, the opposite trend was 

observed and this is due to a progressive decrease in steric hindrance in the vicinity of the metal 

centres as the bridging ligand is varied from PBP to XBP.[12a, 39] A change of the bridge from Ru-

2 to Ru-4 restricts the metal centres of the latter complexes to geometric orientations that reduce 

the steric congestion around the metal centres. This is demonstrated by the variance in the non-

planarity topography of two Ru-α,α’-diimine moieties for the complexes. The metal centres in Ru-

2 are the most sterically hindered by the bridging ligand and the arene groups because of the 

relatively short Ru-Ru intermetallic distance (8.783 Å) and the limited ability to rotate as shown 

by the minute inter-plane distance (0.446 Å) between the planes of the Ru-α,α’-diimine moiety. 

[17c As the spacer is changed from phenyl (Ru-2) to biphenyl (Ru-3), the distance between the 

metal centres increases to 12.873 Å and the flexibility of the bridging ligand slightly increases.[40] 

This causes the two Ru-α,α’-diimine moieties to tilt away from each other at dihedral angle of 

33.08º. As a result, the steric hindrance around the metal centres is alleviated, making the metal 

centres more exposed for nucleophilic attack. 

When compared to Ru-2 and Ru-3, incoming nucleophiles experience less steric hindrance in 

attacking the metal centres in Ru-1. This is because of the absence of a spacer between the azine 

nitrogen atoms in Ru-1 unlike in Ru-2 and Ru-3. Importantly, Ru-1 has a rotational freedom 
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around the N-N single bond that further alleviates possible steric hindrance, while in Ru-2 and 

Ru-3 such possibility is minimal due to increased rigidity of the bridging ligands therein.[17c]  

 In Ru-4 due to the high flexibility of the bridging ligand, the metal centres are aligned along two 

parallel vectors resulting in a large separation distance (5.473 Å) between the planes of the Ru-

α,α’-diimine moieties. This significantly reduces the steric shielding around the metal centres 

making them more accessible for nucleophilic attack.  

Furthermore, its optimized structure (Figure 6.5) suggest a solvent assisted entrapment of the 

incoming nucleophiles through the cage effect at its proximate V-shaped cavities.[41] The entrapped 

molecules promote effective collisions with the metal centres thereby enhancing the reactivity of 

the complex. The cage effect has been reported to enhance the reactivity of  dinuclear platinum 

complexes.[12a, 12b] 

A look at the Ru-OH2 bond lengths show an increasing trend as the Hirshfeld charges on the metal 

centre decrease from Ru-1 to Ru-4.This due to progressive increase in electron density at the metal 

centres through inductive donation from the spacers.[28] Therefore, the trans-influence of the xylyl 

spacer as depicted by the elongated Ru-OH2 bond and the markedly low atomic charge on the 

ruthenium centres in Ru-4 makes the substitution of the aqua ligands in Ru-4 easier compared to 

Ru-3 and Ru-2.[12a, 28]  

Further, the trend of reactivity for these binuclear complexes is in agreement with those reported 

from other studies which have shown that increase in steric hinderance caused by the chelating 

ligand decrease the reactivity of  arene ruthenium(II) complexes.[2b, 42] 

It is expected that, the reactivity of the three nucleophiles should follow the trend Tu > Dmtu > 

Tmtu due to increasing bulkiness of the nucleophiles. However, in Ru-2 and Ru-3, the more 
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sterically hindered Dmtu reacts faster that Tu. This is due to inductive effect brought  about by the 

two methyl substituents in Dmtu which donate electron density to the sulfur atom increasing the 

basicity of the nucleophile.[20, 43] Despite the metal centres in Ru-2 and Ru-3 being more sterically 

hindered, the high basicity of Dmtu enable it to overcome steric shielding. In Tmtu, the four methyl 

substituents retards its approach towards the metal centres causing transition state destabilization 

leading to high activation enthalpy which slows down the reactivity.[44] 

The negative value of ΔS≠ and the low positive values of ∆H≠ suggest an associative mechanism 

of activation.[33] The negative activation entropy also imply a more ordered transition state 

compared to the starting conditions and the final products.[45] An associative mechanism of 

activation has been reported in other arene-based ruthenium(II) complexes.[2b, 46] 

6.5 Conclusions 

The present study has demonstrated that the reactivity of binuclear ruthenium(II) p-cymene 

complexes with α,α’-diimine bridging ligands is controlled by the inherent steric and electronic 

factors associated with the bridging ligand. The high reactivity in Ru-1 compared to the other 

complexes is ascribed to the strong π-acceptor properties of 2-pyridyl aldazine bridging ligand 

which enhances the electrophilicity of the complex, hence making the metal centres more attractive 

for facile nucleophilic attack. The other complexes have electron donor spacers between the azine 

nitrogen atoms of their bridging ligands which compromise their π-acceptor properties, thus 

lowering their electrophilicity. This is supported by the computational results which indicate that 

the HOMO-LUMO gap and chemical hardness are least in Ru-1 and increase progressively from 

Ru-2 to Ru-4. Furthermore, the coordinated aqua ligands in Ru-1 are the most acidic as indicated 

by the low pKa values. Therefore, the metal centres in Ru-1 are more attractive for nucleophilic 

attack than in the other complexes. In complexes Ru-2, Ru-3 and Ru-4, the reactivity is inversely 
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correlated to the steric hindrance in the vicinity of the metal centres. Increased flexibility of the 

ligand reduces steric congestion around the metal centre hence increasing the reactivity of the 

complexes. In Ru-4, the presence of the two V-shaped curvatures proximate to the metal centres 

facilitate entrapment of the incoming nucleophile through the cage effect leading to more effective 

collisions with the metal centres. The reactions proceed through an associative mechanism. 
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SI 6 Supplementary Information 

SI 6.1 Average kobs values for the simultaneous substitution of aqua ligands in the 

investigated complexes 

Table SI 6.1: Average kobs (s
-1) for the reaction of Ru-1 (0.248 mM) with thiourea nucleophiles 

[Nu] /M Tu (λ = 370 nm)  

    kobs /s
-1 

 Dmtu (λ = 370 nm) 

    kobs /s
-1 

Tmtu (λ = 385 nm)  

     kobs /s
-1 

0.0495 4.23 ×10-3 2.98×10-3 8.04×10-4 

0.0396 3.27 ×10-3 2.40×10-3 6.17×10-4 

0.0297 2.48 ×10-3 1.86×10-3 4.95×10-4 

0.0198 1.64 ×10-3 1.21×10-3 3.53×10-4 

0.0099 9.11 ×10-4 6.23×10-4 1.97×10-4 

 

Table SI 6.2: Average kobs (s
-1) for the reaction of Ru-2 (0.660 mM) with thiourea nucleophiles 

[Nu] /M Tu (λ = 515 nm)  

kobs /s
-1 

 Dmtu (λ = 515 nm) 

kobs /s
-1 

Tmtu (λ = 515 nm)  

kobs /s
-1 

0.1319 2.852 ×10-4 3.711 ×10-4 1.570 ×10-4 

0.1055 2.359 ×10-4 3.108 ×10-4 1.276 ×10-4 

0.0792 1.731 ×10-4 2.322 ×10-4 9.909 ×10-5 

0.0528 1.234 ×10-4 1.594 ×10-4 6.680 ×10-5 

0.0264 6.128 ×10-5 8.545 ×10-5 3.142 ×10-5 
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Table SI 6.3: Average kobs (s
-1) for the reaction of Ru-3 (0.144 mM) with thiourea nucleophiles 

[Nu] /M Tu (λ = 310 nm)  

     kobs /s
-1 

 Dmtu (λ = 310 nm)  

     kobs /s
-1 

Tmtu (λ = 330 nm)  

     kobs /s
-1 

0.0288 1.454 ×10-4 1.562 ×10-4 5.112 ×10-5 

0.0231 1.136 ×10-4 1.223 ×10-4 3.901 ×10-5 

0.0173 8.643 ×10-5 9.452 ×10-5 2.871 ×10-5 

0.0115 5.662 ×10-5 6.548 ×10-5 2.013 ×10-5 

0.0058 2.914 ×10-5 3.064 ×10-5 8.386 ×10-6 

 

Table SI 6.4: Average kobs (s
-1) for the reaction of Ru-4 (0.171 mM) with thiourea nucleophiles 

[Nu] /M Tu (λ = 376 nm)  

      kobs /s
-1 

 Dmtu (λ = 380 nm)  

       kobs /s
-1 

Tmtu (λ = 372 nm)  

         kobs /s
-1 

0.0342 9.010 ×10-4 7.543 ×10-4 1.439 ×10-4 

0.0273 7.150 ×10-4 6.028 ×10-4 1.157 ×10-4 

0.0205 5.515 ×10-4 4.362 ×10-4 8.843 ×10-5 

0.0137 3.611 ×10-4 3.045 ×10-4 5.458 ×10-5 

0.00683 1.821 ×10-4 1.498 ×10-4 2.724 ×10-5 
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SI 6.2 Average 𝐥𝐧 (
𝒌𝟐

𝐓
) values for the simultaneous substitution of aqua ligands in the 

investigated complexes 

Table SI 6.5: Average 𝑙𝑛 (
𝑘2

𝑇
) for the reaction of Ru-1 with thiourea nucleophiles 

T /K 1

T
 /K-1 ln (

𝑘2

T
) Tu ln (

𝑘2

T
) Dmtu ln (

𝑘2

T
)  Tmtu 

298.15 0.00335 -8.234 -8.509 -9.814 

303.15 0.00330 -7.801 -8.151 -9.401 

308.15 0.00325 -7.432 -7.822 -8.99 

313.15 0.00319 -7.050 -7.438 -8.554 

318.15 0.00314 -6.725 -7.042 -8.200 

 

Table SI 6.6: Average 𝑙𝑛 (
𝑘2

𝑇
) for the reaction of Ru-2 with thiourea nucleophiles 

T /K 1

T
 /K-1 ln (

𝑘2

T
)Tu ln (

𝑘2

T
) Dmtu ln (

𝑘2

T
) Tmtu 

298.15 0.00335 -11.824 -11.522 -12.381 

303.15 0.00330 -11.424 -11.179 -12.048 

308.15 0.00325 -11.125 -10.884 -11.628 

313.15 0.00319 -10.676 -10.394 -11.106 

318.15 0.00314 -10.285 -10.047 -10.735 

 

Table SI 6.7: Average 𝑙𝑛 (
𝑘2

𝑇
) for the reaction of Ru-3 with thiourea nucleophiles 

T /K 1

T
 /K-1 ln (

𝑘2

T
) Tu ln (

𝑘2

T
) Dmtu ln (

𝑘2

T
) Tmtu 

298.15 0.00335 -10.997 -10.907 -12.099 

303.15 0.00330 -10.631 -10.537 -11.712 

308.15 0.00325 -10.193 -10.113 -11.253 

313.15 0.00319   -9.801   -9.678 -10.797 

318.15 0.00314   -9.395   -9.236 -10.309 
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Table SI 6.8: Average 𝑙𝑛 (
𝑘2

𝑇
) for the reaction of Ru-4 with thiourea nucleophiles 

T /K 1

T
 /K-1 ln (

𝑘2

T
) Tu ln (

𝑘2

T
) Dmtu ln (

𝑘2

𝑇
) Tmtu 

298.15 0.00335 -9.313 -9.548 -11.139 

303.15 0.00330 -8.859 -9.172 -10.692 

308.15 0.00325 -8.503 -8.721 -10.257 

313.15 0.00319 -8.137 -8.321   -9.619 

318.15 0.00314 -7.714 -7.949   -9.194 

 

SI 6.3 Typical plots of kobs versus nucleophile concentration for the studied reactions 
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Figure SI 6.1: Dependence of kobs on concentration of incoming thiourea nucleophiles for the 

substitution of the aqua ligands in Ru-2 at 298 K, pH = 2.0, I = 0.1 M HClO4/NaClO4 
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Figure SI 6.2: Dependence of kobs on concentration of incoming thiourea nucleophiles for the 

substitution of the aqua ligands in Ru-4 at 298 K, pH = 2.0, I = 0.1 M HClO4/NaClO4 

SI 6.4 Typical Eyring plots for the substitution of the aqua ligands 
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Figure SI 6.3: Eyring plots for the reaction of Ru-1 with thiourea nucleophiles at different 

temperatures, pH = 2.0, I = 0.1 M HClO4/NaClO4 
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Figure SI 6.4: Eyring plots obtained for the reaction of Ru-3 with thiourea nucleophiles at 

different temperatures, pH = 2.0, I = 0.1 M HClO4/NaClO4 

SI 6.5 Typical ultraviolet-visible spectra for the pKa titration of the complexes 

 

Figure SI 6.5: Ultraviolet-visible spectra of Ru-2 complex recorded as a function of pH in the 

range 1–12 at 298 K. Inset: Plot of absorbance versus pH at λ = 256 nm 
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Figure SI 6.6: Ultraviolet-visible spectra of Ru-4 complex recorded as a function of pH in the 

range 1–10 at 298 K. Inset: Plot of absorbance versus pH at λ = 250 nm 

SI 6.6 Additional DFT-optimized structures of the studied complexes 

 

Figure SI 6.7: DFT-optimized structure of Ru-1 showing the dihedral angle of between the planes 

of the α,α’-diimine moieties  
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Figure SI 6.8: DFT-optimized structure of Ru-2 showing the distance between the α,α’-diimine 

moiety planes  

 

Figure SI 6.9: DFT-optimized structure of Ru-3 showing the dihedral angle between the α,α’-

diimine moiety planes  



230 
 

 

Figure SI 6.10: DFT-optimized structure of Ru-4 showing the dihedral angle between the α,α’-

diimine moiety planes  

 

Figure SI 6.11: DFT-optimized structure of Ru-3 showing the dihedral angle between the phenyl 

planes 
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Figure SI 6.12: DFT-optimized structure of Ru-3 showing the dihedral angle between the α,α’-

diimine plane and phenyl planes 

SI 6.7 Samples of MS, 1H and 13C NMR spectra for the ligands and complexes  

 

 

 

 

 

 

 

Figure SI 6.13: ESI-MS (TOF) spectrum for 2-pyridine aldazine 
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Figure SI 6.14: ESI-MS (TOF) spectrum for p-phenylene-bis(picoline)-aldimine (PBP) 

 

 

Figure SI 6.15: ESI-MS (TOF) spectrum (µ2-PBP)-dichloro-bis(η6-p-cymene)diruthenium(II) 

tetrafluoroborate 
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Figure SI 6.16: ESI-MS (TOF) spectrum (µ2-XBP)-dichloro-bis(η6-p-cymene)diruthenium(II) 

bis(tetrafluoroborate) 

 

 

Figure SI 6.17: 1H NMR (400 MHz, benzene-d6) of spectrum of 2-pyridine aldazine 



234 
 

 

Figure SI 6.18:  1H NMR (400 MHz, DMSO-d6 ) spectrum of p-phenylene-bis(picoline)-aldimine 

(PBP) 

 

 

Figure SI 6.19: 1H NMR (500 MHz, DMSO-d6) spectrum of (µ2-BBP)-dichloro-bis(η6-p-

cymene)diruthenium(II) tetrafluoroborate 
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Figure SI 6.20: 1H NMR (500 MHz, DMSO-d6) spectrum of (µ2-XBP)-dichloro-bis(η6-p-

cymene)diruthenium(II) tetrafluoroborate 

 

Figure SI 6.21: 13C NMR (400 MHz, benzene-d6) spectrum of 2-pyridine aldazine 
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Figure SI 6.22: 13C NMR (400 MHz, DMSO-d6) spectrum of p-phenylene-bis(picoline)-aldimine 

(PBP) 

 

 

Figure SI 6.23: 13C NMR (500 MHz, DMSO-d6) spectrum of (µ2-BBP)-dichloro-bis(η6-p-

cymene)diruthenium(II) tetrafluoroborate 



237 
 

 

Figure SI 6.24: 13C NMR (500 MHz, DMSO-d6) spectrum of (µ2-XBP)-dichloro-bis(η6-p-

cymene)diruthenium(II) tetrafluoroborate
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CHAPTER SEVEN 

 Summary and Future Prospects 

7.1 Summary  

The aim of this work was to investigate the kinetic behavior of ruthenium(II) complexes as affected 

by different ligand systems around the metal centre. Biorelevant nucleophiles of varied steric 

requirements (thiourea, N,N-dimethylthiourea and N,N,N’,N’-tetramethylthiourea) were used to 

model the interaction of these potential anticancer agents with sulfur containing proteins in 

biological systems. The rate of substitution was studied as a function of both concentration and 

temperature under pseudo-first order conditions using stopped-flow and ultraviolet-visible 

spectrophotometric techniques. Computational studies using density functional theory were 

carried out to gain insight into the structural and electronic properties of these complexes. 

Chapter One: Introduction is the introductory chapter where the development of 

metallotherapeutic agents from cisplatin to ruthenium-based agents is summarized. This chapter 

mentions platinum-based metallodrugs that are globally or regional approved for utilization in 

anticancer therapy as well the challenges faced during their use. It highlights the interests in the 

development of ruthenium based anticancer agents. It concludes by outlining the rationale of the 

work as well the aims of this study. 

Chapter Two: Literature Review. It presents the kinetic and mechanistic theoretical aspects 

pertinent to the study of substitution reactions. The theory, substitution reactions and kinetics is 

reviewed as well as factors that affect the rate of substitution reactions in transition metal 

complexes. Commonly used techniques in kinetic studies are also discussed. 

 The experimental work is reported and discussed in Chapter Three to Six 
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In Chapter Three, the role of π-extension of the auxiliary ligand on the substitution kinetics of 

mono aqua terpyridyl based complexes is reported. A series of four complexes were studied as 

shown in Figure 7.1. 
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Ru-1                       Ru-2                                Ru-3                       Ru-4 

Figure 7.1: Structures of the investigated ruthenium(II) complexes 

The rate of substitution of the aqua ligands in the complexes followed the order; Ru-4 ˃ Ru-3 ˃ 

Ru-1 ˃ Ru-2.  It was observed that the reactivity of the complexes with bidentate N^N auxiliary 

ligand (Ru-2 to Ru-4) increased with increase in π-conjugated surface area of the auxiliary ligand.  

As the π-aromatic area increase, the LUMO of the complexes is stabilized reducing the energy gap 

between the frontier orbitals. This facilitates effective π-back-bonding of electron density from the 

metal centre to the ligands making the complexes more electrophilic. Consequently, the metal 

centre becomes more prone facile nucleophilic attack. This trend in reactivity is supported by pKa 

values and DFT-calculated parameters.  Ru-1 is more reactive than Ru-2 despite Ru-2 being more 

electrophilic. This is because replacing the two trans pyridine ligands in Ru-1 with a chelating 

bipyridyl ligand (Ru-2), increases the steric hindrance around the metal centre impeding 

nucleophilic attack. The crystal structure of [Ru(terpy)(bipy)Tu)](ClO4)2 reveal that the 

substitution product formed is stable and the oxidation state (+2) of the metal centre is maintained 

after reaction.  
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In chapter four, the effects of π-back-bonding and trans-effect on the reactivity of ruthenium(II) 

polypridyl complexes with two chloro leaving groups are reported (Figure 7.2).  

                                   

Ru-1        Ru-2      Ru-3 

                                          

Ru-4       Ru-5         Ru-6 

Figure 7.2: Structures of investigated ruthenium(II) complexes 

The simultaneous substitution of the chloro ligands decreased in the order; Ru-3 ˃ Ru-4 ˃ Ru-2 

˃ Ru-1 and Ru-5 ˃ Ru-6 ˃ Ru-2. In the first set of complexes (Ru-1 to Ru-4), the DFT results 

show that the separation energy between the frontier orbitals decreased from Ru-1 to Ru-4 while 

the trend in electrophilicity indices is the opposite. This shows that the π-back-bonding of the 

electron density to the dπ* orbital based on the ligands increase as one moves from Ru-1 to Ru-4 

and therefore susceptibility of the metal centre to nucleophilic attack increase in the same order. 

Despite Ru-4 being more electrophilic, it is less reactive than Ru-3. This is so because the two 

biquinoline ligands in Ru-4 form banana-shaped curvatures that limit the space around the metal 

thereby increasing steric hindrance to the incoming nucleophile. In the second set of complexes 

(Ru-2, Ru-5 and Ru-6) it was observed that the global electrophilicity indices and reactivity have 
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an inverse relationship. This means that σ-trans effect of the coordinated ligand is responsible for 

the reactivity trend observed. An increase in π-acceptor ability of the influencing ligand reduces 

the σ-trans effect. This is responsible for the lower reactivity of Ru-6 compared to Ru-5. The 

crystal structure of trans-[Ru(bipy)2(Tmtu)2](ClO4)2  show that the stereochemistry of the complex 

and oxidation state (+2) of the metal centre is maintained after reaction with sulfur-based 

nucleophiles. 

In Chapter Five, the role of the bridging ligand on the reactivity of p-cymene ruthenium(II) 

complexes is reported. The mononuclear and dinuclear complexes investigated are given in Figure 

7.3. 

                                                         

Ru-1                                      Ru-2                    Ru-3 

                  

                 Ru-4           Ru-5             Ru-6      

Figure 7.3: Structures of the investigated ruthenium(II) complexes 
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The simultaneous substitution of the aqua ligands in the binuclear complexes decreased in the 

order; Ru-3 ˃ Ru-4 ˃ Ru-5 ˃ Ru-6. This trend is attributed to stereo-electronic factors associated 

with the bridging ligand. The incoming nucleophile experience less steric hindrance in attacking 

the metal centre in complex Ru-3 compared to the rest of the binuclear complexes. In addition, as 

supported by DFT calculated data, complex Ru-3 is more electrophilic than complex Ru-4. In Ru-

5 the steric hindrance posed to the incoming nucleophile is higher due to increased non-planarity 

of the pyridyl moieties therein. The methyl substituents in Ru-6 decreases the electrophilicity of 

the complex further retarding its reactivity. It was also observed that during the substitution 

reactions of the binuclear complexes, two products are formed simultaneously. The high reactivity 

of complex Ru-1 compared to Ru-2 is attributed to its high electrophilicity as shown from the 

DFT calculated index and its lower pKa value. Besides, the bipyridyl ligand increases the steric 

hindrance around the metal centre in Ru-2. Complex Ru-3 is more reactive compared to its related 

mononuclear complex (Ru-2) due to synergistic effects of the two metal centres which make the 

dinuclear complex more electrophilic therefore more susceptible to nucleophilic attack.  

In chapter six, the role of α,α’-diimine bridging ligand is reported. The spacer between the α,α’-

diimine moieties was varied (Figure 7.4). 

 

                                     

                           Ru-1                               Ru-2 
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Ru-3                                                                Ru-4 

Figure 7.4: Structures of the investigated ruthenium(II) complexes  

The simultaneous substitution of the aqua ligands in the complexes decreased in the order; Ru-1 

˃ Ru-4 ˃ Ru-3 ˃ Ru-2. The high reactivity of Ru-1 compared to the other complexes is due to the 

strong π-acceptor bridging ligand (2-pyridyl aldazine) therein which enhances π-back-bonding of 

the electron density from the metal to the ligand. This is supported by both DFT-calculated 

parameters such as global electrophilicity indices and HOMO-LUMO gap and experimentally 

measured pKa values. For the rest of the complexes, the reactivity decreases with increase in steric 

crowding around the metal centre due to hampered nucleophilic attack. In addition to decreased 

steric hinderance around the metal centre, the bridging ligand in Ru-4 forms two V-shaped 

curvatures that possibly facilitate the interaction between the nucleophile and the metal centre 

though the cage effect. 

The activation parameters obtained in all the studies (ΔH≠ > 0, ΔS≠ < 0) support an associative 

mechanism.  
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7.2 Future Prospects 

From the results obtained in Chapter Three and Four, it would be important to establish the effect 

of electron-donating/withdrawing groups on the para and ortho positions of the auxiliary ligands 

in terpyridine based ruthenium(II) complexes. A proposed study is shown in Figure 7.5. These 

complexes can be synthesized according to reported literature methods.[1]  

                                       

                               Ru-1    Ru-2     Ru-3 

                             

                               Ru-4    Ru-5     Ru-6 

Figure 7.5: Effects of electron-donating/withdrawing groups on the reactivity of ruthenium(II) 

complexes 

Arene-based ruthenium(II) complexes remain a favorite in the search of ruthenium-based 

chemotherapeutic agents.[2] Therefore, more research on the kinetic behavior of arene based 

ruthenium(II)  complexes as affected by different ligands should be done. An example of a possible 

scheme is shown in Figure 7.6. These complexes can be synthesized according to reported 

literature methods.[3] 
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Ru-1                  Ru-2                                    Ru-3 

Figure 7.6: A proposed scheme based on arene-ruthenium(II) complexes 

To fully understand the anticancer potential of the studied complexes, DNA and protein binding 

studies should be done. Efforts should be made to understand the transport mechanisms and 

toxicity profiles in biological systems of these potential antineoplastic agents. 
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