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Abstract 

 
STRUCTURE-ACTIVITY RELATIONSHIPS OF RUTHENIUM(II) POLYPYRIDYL 

COMPLEXES WITH REDOX-ACTIVE INTERCALATING LIGANDS:  

CORRELATION BETWEEN REDOX ACTIVITY, DNA  

CLEAVAGE CAPABILITY AND CYTOTOXICITY  

 

Eugenia Soyo Narh, PhD 

 

The University of Texas at Arlington, 2015 

 

Supervising Professor: Frederick M. MacDonnell   

The investigation and development of transition metal complexes as cancer 

chemotherapeutics has gained a lot of interest in the past few decades and has become 

a promising area of research. Metal complexes of platinum and ruthenium in particular 

that have demonstrated success as anticancer drugs or are under exploration currently 

for clinical use are highlighted in Chapter 1.  

Chapter 2 describes studies undertaken to understand the neurotoxicity of 

ruthenium(II) polypyridyl complexes (RPCs), including toxicity in mice and inhibition of the 

enzyme acetylcholinesterase (AChE), as previous work by Dwyer demonstrated that 

RPCs could be acutely toxic in mice, presumably due to their inhibition of AChE.  Several 

ruthenium complexes were screened for their enzyme inhibitory potency which was 

correlated to their structural properties including size, charge, and lipophilicity. In addition, 

the inhibitory activity of the compounds was correlated to their animal toxicity data so as 

to understand the potential mode of action of the RPCs in vivo. 



vi 

Chapter 3 describes the synthesis of a series of novel ruthenium(II) polypyridyl 

complexes and their characterization. These complexes were prepared in an effort to 

tune the reduction potential of the redox-active intercalating ligand (RAIL) to potentials 

slightly above and below those observed for the Ru-tatpp complexes. The redox activity 

of ruthenium-tatpp complexes appears to be responsible for their DNA cleavage activity 

and these analogues, with slightly different reduction potentials, should give us additional 

insight into the activity of this class of RPCs.  

In Chapter 4, the electrochemical properties of the RPCs were measured and 

correlated with their ability to cause DNA cleavage under reducing conditions with GSH.   

Complexes with reduction potentials less (more positive) than the redox couple of 

GSH/GSSG were shown to efficiently cleave DNA. However complexes with higher 

reduction potentials than the biological reducing agent were not observed to cleave DNA 

under the same conditions. Cytotoxicity screening of these complexes in human non-

small cell lung carcinoma cell lines (NSCLC – H358 and HOP-62) and breast 

adenocarcinoma cell line (MCF-7), as well as the non-malignant cell line (MCF-10) was 

performed and described in Chapter 4.  
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Chapter 1  

INTRODUCTION: THE DIVERSE BIOLOGICAL ACTIVITIES OF METAL POLYPYRIDYL 

COMPLEXES  

 

1.1 Transition Metal Complexes as Anticancer Drugs 

 
The therapeutic applications of metal complexes have been explored for 

centuries. Currently, there are numerous transition metal-based drugs that are utilized in 

the clinical setting or are undergoing clinical trials for therapeutic use.1,2 One of the most 

widely used metal-based drugs, cisplatin, was discovered in the 1960s.2 Since its 

discovery, the benefits of cisplatin in the treatment of various cancers such as testicular 

and lung malignancies have spurred earnest research into other transition metal 

compounds for therapeutic use.1 Although cisplatin is a widely used anti-cancer agent, its 

toxic side effects including nephrotoxicity and tumor resistance have prompted the search 

for novel metallopharmaceuticals with anticancer activity.3,4 

The success of cisplatin and also its therapeutic drawbacks has led researchers 

to pursue cisplatin analogs and other transition metal based complexes for anti-cancer 

treatment. The cisplatin analogs carboplatin (cis-diammine-1,1′-cyclobutane dicarboxylate 

platinum(II)) and oxaliplatin (trans-L-diaminocyclohexaneoxalatoplatinum(II)) as shown in 

Figure 1.1, are currently utilized for the treatment of lung, ovarian, colorectal, head and 

neck cancers.5,6  
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Figure 1.1 Structures of cisplatin, carboplatin and oxaliplatin. 

 

Although these platinum anticancer agents are in routine clinical use, they have 

limited applications due to many tumor types acquiring resistance in addition to their 

severe side effects. Therefore, this has prompted researchers to develop other transition 

metal-based compounds for cancer treatment. Among the transition metals, ruthenium 

has gained considerable interest due to its unique properties which make it especially 

useful in drug design.7  

Ruthenium is a transition metal of the platinum group (in group 8B of the Periodic 

Table), and was first hypothesized to display anticancer effects due to its direct 

interaction with DNA as observed for platinum.5 Some properties that make ruthenium 

compounds suitable for medicinal use include the slow rate of ligand exchange, the 

relative accessibility of various oxidation states, and the ability of ruthenium to mimic iron 

in binding to certain biological molecules.7 Ruthenium(II) has similar ligand exchange 

kinetics as Pt(II) which can function as an antineoplastic agent due to its ligand exchange 

rate in the order of minutes to days rather than microseconds to seconds, as compared to 

other coordination compounds, thus giving Ru(II) and Pt(II) coordination complexes high 

kinetic stability and preventing rapid equilibrium reactions.5,8 Ruthenium is also unique for 

its various oxidation states; II, III, and IV which are all accessible under physiological 

conditions. The redox (reduction-oxidation) properties of the central ruthenium atom in a 
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complex is dictated by the stability of the oxidation states due to its coordination 

environment.9,10 The redox potential of ruthenium complexes can be modified to improve 

drug selectivity in tumor tissues due to the altered metabolism associated with cancer 

cells resulting in a low oxygen concentration thus promoting a reductive environment.5 As 

compared to normal cells, cancer cells have a lower pH and higher levels of glutathione 

(GSH) which further create a strongly reducing environment.11 Furthermore, it has been 

shown that ruthenium mimics iron by binding to serum transferrin and albumin and is 

transported by transferrin-dependent and transferrin-independent mechanisms.12,13 Since 

rapidly dividing cancer cells require iron, this characteristic of ruthenium mimicking iron in 

biological systems is advantageous for tumor targeted therapy. 

 

1.2 Ruthenium-based Anticancer Drugs 

In the last 30 years, a wide array of ruthenium compounds have been developed 

and tested for their antitumor activity.14 A plethora of laboratory data reported indicates 

that numerous ruthenium complexes, which can be grouped into several classes such as 

ruthenium polypyridyl complexes and ruthenium arene complexes, display antitumor 

activity in a variety of cancer cell lines and animal models. Some of these compounds 

have direct cytotoxic effects while other function primarily by inhibition of metastatic 

progression of tumors.5 The two most promising ruthenium based compounds 

extensively studied for anticancer therapy are NAMI-A ([ImH][trans-RuCl4(DMSO)(Im)], 

where Im = imidazole, DMSO = dimethylsulfoxide) and KP1019 ([InH][ trans-RuCl4(In)2], 

where In = indazole) which have reached clinical trials. NAMI-A ( Figure 1.2) was 

observed to exhibit antitumor and notably antimetastatic activity in pre-clinical trials and 

was the first ruthenium drug to reach human clinical development.5 NAMI-A is effective in 

preventing the formation of metastases and more importantly inhibiting their growth after 
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they have been established.15 KP1019 ( Figure 1.2) was the second ruthenium anticancer 

drug to reach clinical testing and showed signs of incurring apoptosis and exhibits activity 

in tumors that are resistant to other chemotherapeutic agents.5 KP1019 was observed to 

be effective in promoting cell death in a range of cell lines and tumor models, especially 

colorectal cancer.16,17 However, similar to cisplatin, NAMI-A and KP1019 have several 

drawbacks including low selectivity and severe side effects such as anemia, fatigue, 

nausea and diarrhea.5  

 
 

Figure 1.2 Chemical structures of Imidazolium-trans-dimethylsulfoxide-imidazole-

tetrachlororuthenate (NAMI-A) (left) and Indazolium-trans-bis(1H-indazole)-

tetrachlororuthenate (KP1019) (right). 

 

In addition to NAMI-A and KP1019, a large number of ruthenium complexes have 

been developed and evaluated for their antitumor activity in cultured tumor cells and 

animal models. A select few of these potential anticancer agents including ruthenium 

arene complexes and ruthenium polypyridyl complexes are summarized in Table 1.1. 
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Table 1.1 Ruthenium-based compounds as potential cancer therapeutics. 

Ruthenium Complex Cell Line IC50 (μM) Reference 
RM175 

 

A2780 
HCT116 

5 
8 

Aird et al.18 
Hayward et al.19 

RAPTA-T 
 

 

TS/A (murine)  
HBL-100 
(human) 

74 
>300 

Scolaro et al.20 

RDC11 

 

A172 
HS683 
N2A 
SH5Y 
HCT116 
HEK293 
RDM4 
 

1.9 
3.1 
1 – 5 
1 – 5 
1 – 5 
1 – 5 
5 – 15 
 

Gaiddon et al.21 

[Ru(tBu2bpy)2(phox)]+ 

 

Hela 
 

0.3 – 1.3 
(LC50) 
 

Mulcahy et al.22 
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Table 1.1 – Continued 
 
Ruthenium Complex Cell Line IC50 (μM) Reference 
α-[Ru(azpy)2Cl2] 

 

MCF-7 
EVSA-T 
WIDR 
IGROV 
M19 
A498 
H266 
 

0.6 
0.1 
1.9 
0.8 
0.2 
1.2 
1.5 

Reedijk, et al.23 

β-[Ru(azpy)2Cl2] 

 

MCF-7 
EVSA-T 
WIDR 
IGROV 
M19 
A498 
H266 
 

4.1 
1.9 
11.2 
7.3 
2.5 
8.8 
10.0 
 

Reedijk, et al.23 

γ-[Ru(azpy)2Cl2] 

 

MCF-7 
EVSA-T 
WIDR 
IGROV 
M19 
A498 
H266 
 

5.9 
5.4 
16.6 
11.8 
4.5 
15.3 
14.8 

Reedijk, et al.23 

mer-[Ru(terpy)Cl3] 

 

L1210 
(ID50)(murine) 
Hela (ID50) 

8 
 
7 

Novakova et 
al.24 
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 1.3 Ruthenium(II) Polypyridyl Complexes  

Pioneering studies by Dwyer and coworkers in the early 1950s marked the 

beginning of extensive investigations of the biological activity of coordinately saturated 

and substitutionally inert ruthenium(II) polypyridyl complexes.25 The complex cations 

examined displayed diverse biological activities, which included anticancer activity in 

vivo, bacteriostatic or bacteriocidal action against Escherichia coli and Staphylococcus 

haemolytics, toxicity in mice, and inhibition of the enzyme acetylcholinesterase.25,26,27  

The biological stability of these compounds was investigated via intraperitoneal 

injection of the radiolabelled tris-homoleptic complex [106Ru(phen)3]2+ into mice. The 

racemic complex was administered at a sub-lethal dose and observation of the urine and 

faeces excreted over a 24 hour period revealed that 97–99% of the radiolabeled 

compound was excreted with 78–91% present in urine; indicating that the intact complex 

cation is the active unit and not its metabolite.25,28  

Despite their remarkable biological activity, these complexes displayed acute 

toxicity in mice at very low doses, which Dwyer attributed to the inhibition of the enzyme 

acetylcholinesterase (AChE). Intraperitoneal injections of the complexes at high 

concentrations into mice caused death by respiratory failure due to paralysis at the 

neuromuscular junctions generated by the inhibition of AChE.25,29,30 

Dwyer and coworkers also showed that the structural properties of these 

complexes such as chirality had a significant effect on their biological activity. For 

example, studies with enatiopure ∆-[Ru(phen)3]2+ and Λ-[Ru(phen)3]2+ showed that the ∆-

isomer had a slower absorption into the blood, was less toxic in mice and rats and 

inhibited AChE to a lesser degree.28 Lipophilcity and the charge of the ruthenium 

complexes were also observed to influence their biological effects.25 
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Expanding on Dwyer’s work, numerous researchers have since developed a 

plethora of ruthenium(II) polypyridyl complexes as DNA binding agents, as cytotoxic and 

antitumor agents. Barton and coworkers have extensively studied ruthenium(II) 

polypyridyl complexes,  and their applications as metallo-intercalators, -insertors, and -

groove binders for many years.31,32,33 The binding affinity of these complexes to DNA 

make them ideal for applications as structural probes and for in vivo cytotoxicity studies 

and potential photodynamic therapeutics.34 A typical example is [Ru(phen)2(dppz)]2+ 

which has been shown to bind DNA by electrostatics and intercalation with a binding 

constant  (Kb) of ~106 unlike the simple trisphen complex ([Ru(phen)3]2+) which mainly 

binds DNA by electrostatics with Kb of ~103 indicating that the introduction of the large 

planar aromatic ligand leads to an additional mode of interaction and greatly increases 

the binding affinity.33,35  

Previous work in the MacDonnell lab has shown that ruthenium(II) polypyridyl 

complexes containing the large planar aromatic ligand tatpp strongly bind to DNA via 

intercalation with Kb ~108.36 The complexes [(phen)2Ru(tatpp)Ru(phen)2]4+ (P4+) and 

[Ru(phen)2(tatpp)]2+ (MP2+), shown in Figure 1.3 have marked DNA cleavage activity 

under aerobic and anaerobic conditions when a reducing agent, for example, glutathione 

(GSH) is present.37,38 The cytotoxicity of the ruthenium-tatpp complexes were screened in 

several malignant cells including human non-small cell lung carcinoma (NSCLC) H358 

and H226 cell lines and were shown to be promising anticancer drugs with IC50 ranging 

from 12 – 16 µM.38 They also showed selective towards malignant cells lines as their 

cytotoxicity significantly decreased with an approximately 10-fold difference in the normal 

human umbilical vein endothelial cells (HUVEC) and human vascular smooth muscle 

cells( HUVSMC) (IC50 ~ 100 µM).38 Furthermore, the complexes were shown to exhibit 

promising antitumor activity in synergic mouse melanoma as well as human lung cancer 
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(NSCLC H358) xenograft model in nude mice as they suppressed tumor growth and 

doubled the survival rate of the animals as shown in Figure 1.4.38 The DNA cleavage 

activity and anticancer properties of these complexes is attributed to the redox activity of 

the tatpp ligand intercalating ligand, which upon in situ reduction forms a modestly stable 

radical species on the intercalated ligand and ultimately reacts with DNA via H-atom 

abstraction with the deoxyribose units in the DNA backbone, leading to strand scission.38  

 

 
 

Figure 1.3 Chemical structures of ruthenium-tatpp complexes MP2+ and P4+. 
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Figure 1.4 Growth inhibition of H358 NSCLC in athymic nu/nu nude mice. 

 
 

Animal toxicity screening of these complexes established that P4+ and MP2+ were 

significantly less toxic as compared to the other RPCs such as [Ru(phen)3]2+ and 

[Ru(phen)2(tpphz)]2+. In a recent study, the structure-activity relationships of lipophilic 

analogs of ruthenium-tatpp complexes (Figure 1.5) were analyzed and observations 

indicated that these new compounds had similar low animal toxicity but exhibited 

enhanced cytotoxicity and DNA cleavage activity.39 The DNA cleavage activity was 

maintained due to the presence of the redox-active ligand tatpp.  
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Figure 1.5 Chemical structures of lipophilic analogs of ruthenium(II)-tatpp complexes.  

 
It was postulated that the presence of a redox-active intercalating ligand (RAIL) 

adds additional potency to the inherent biological activity present in RPCs and is 

responsible for enhanced cytotoxicity in vitro and anti-tumor activity in vivo. As compared 

to other RPCs such as [Ru(phen)3]2+ and [Ru(phen)2(tpphz)]2+, GSH is competent to 

reduce the tatpp ligand in the ruthenium-tatpp complexes but not any of the other ligands 

in the former complexes,. Thus a RAIL can be differentiated from a non-redox active 

intercalating ligand by its ability to be reduced by GSH once coordinated to Ru(II) ion. 

GSH was chosen as a reductant since it is ubiquitous in cells at millimolar concentration 

and serves to help maintain the overall cellular redox potential with an inherent redox 

potential, GSSG/GSH couple, of -0.26 V vs. NHE. The hypothesis being that reduction of 

a complex with a RAIL by this ubiquitous cellular component is the mechanism by which 

this extra potency is introduced into RPCs. 



 

 12 

A study of the structure-activity relationship of several new ruthenium polypyridyl 

complexes in which the intercalating ligand is structurally similar to tatpp, in addition to 

several previously known RPCs is described in this thesis. The goal of this study was to 

establish that the addition of a RAIL to a Ru(II) ion imparts DNA cleavage activity, 

enhances cytotoxicity towards malignant cells, and increases their complexes potential 

as an anticancer drug.  

 

1.4 Scope of Thesis 

Ruthenium compounds have been studied extensively as potential anticancer 

chemotherapeutic for a few decades from both a chemical and biological perspective. 

Given the vast interest in developing ruthenium polypyridyl complexes for cancer 

therapeutics, the targets of the compounds in the cell and animal models and especially 

their mechanism in vivo are gradually being elucidated. This thesis is organized in four 

chapters, with this introduction as the first chapter. A summary of the contents of the 

following chapters is given below.  

Chapter 2 discusses the examination of the neurotoxicity of several ruthenium(II) 

polypyridyl complexes by the inhibition of the neurotransmitter enzyme 

acetylcholinesterase. A partial list of the compounds that were screened includes 

[Ru(Me4phen)3]2+, [Ru(Ph2phen)3]2+, [(phen)2Ru(dppz)]2+, [(phen)2Ru(tpphz)]2+ (MZ2+), 

[(phen)2Ru(tpphz)Ru(phen)2]4+ (Z4+), [(phen)2Ru(tatpp)]2+ (MP2+), 

[(phen)2Ru(tatpp)Ru(phen)2]4+ (P4+), [(Me4phen)2Ru(tatpp)]2+ (MPMe2+), 

[(Me4phen)2Ru(tatpp)Ru(Me4phen)2]4+ (PMe4+), [(Ph2phen)2Ru(tatpp)]2+ (MPPh2+), and 

[(Ph2phen)2Ru(tatpp)Ru(Ph2phen)2]4+ (PPh4+). Due to the systemic changes in these 

compounds such as size, the overall charge (+2 or +4), short or long bridging ligands 

between the metal centers and lipophilicity of the complexes allowed us to evaluate  their 
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structure-activity relationship with respect to enzyme inhibition. Inhibitory activity of the 

compounds was correlated to animal toxicity data so as to understand the potential mode 

of action of the RPCs in vivo. In general, enzyme inhibition decreased as the lipophilicity 

of the heteroleptic ruthenium complexes increased. Most of the ruthenium complexes 

were seen to be acutely toxic when administered to mice at relatively low doses in animal 

toxicity studies. However, the compounds containing the redox-active intercalating ligand 

tatpp, such as P4+, was well tolerated in mice with maximum tolerable doses ranging from 

67 mg/Kg – 160 mg/Kg as compared [Ru(phen)3]2+ which has been shown to cause 

paralysis and respiratory failure after i.p. injection in mice  and has maximum tolerable 

doses ranging from 6.0 mg/Kg – 6.6 mg/Kg. Interestingly, the potency of these two 

complexes with respect to AChE inhibition is reversed as P4+ is approximately 15 times 

more neurotoxic, indicating that the presence of the tatpp ligand and the increased 

lipophilicity of the dimeric complex may play a role in its biological activity. 

Chapter 3 describes the synthesis and characterization of a series of novel 

ruthenium(II) polypyridyl complexes. The purpose of developing these new compounds 

was driven by the promising anti-cancer properties of the complexes P4+ and MP2+. We 

sought to synthesize new complexes containing the large aromatic polypyridyl ligands 

bearing resemblance to the redox-active intercalating ligand tatpp, which is the essential 

pharmacophore in P4+ and MP2+. These ruthenium(II)-tatpp complexes have been shown 

to bind to DNA via intercalation of the ligand and can be easily reduced at modest 

biologically accessible reduction potentials. Furthermore, they cleave DNA when reduced 

by glutathione to a radical species in both aerobic and anaerobic conditions, exhibit 

selective cytotoxicity toward malignant cell lines and have marked inhibition of tumor 

growth in vivo. It was postulated that their redox activity is responsible for their DNA 

cleavage activity which ultimately leads to their anticancer activity.  
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It was hypothesized that ruthenium complexes with redox-active intercalating 

ligands (RAIL) that have very low (biologically accessible) reduction potentials will have 

an enhanced DNA cleavage activity as compared to the parent complexes P4+ and MP2+. 

The compounds that were synthesized include [(phen)2Ru(tadbp)]2+, 

[(phen)2Ru(tadpp)]2+, [(phen)2Ru(tadpf)]2+, and [(phen)2Ru(tadpq)]2+ (where tadbp is 

9,11,20,22-tetraazatetrapyrido[3,2-a:2'3']dibenzo[3'',2''-1:2''',3'''-n]-pentacene, tadpp is 

12,13-diphenyl-9,11,14,16-tetraazadipyrido[3,2-a:2’,3’]tetracene, tadpf is 12,13-(bis-4,4’-

difluoro)-9,11,14,16-tetraazadipyrido[3,2-a:2’,3’]tetracene and tadpq is 

acetonaphtheno[1,2-b]-1,4-diazabenzo[i]-dipyrido[3,2-a:2’,3’-c]phenazine).  

The electrochemical properties of the novel ruthenium complexes were obtained 

by cyclic voltammetry and diferencital pulse voltammertry as described in Chapter 4. The 

compounds were also screened for their ability to cleave plasmid DNA under reducing 

conditions with GSH as compared to the parent complexes. Furthermore, the structure-

activity relationship of the redox-active intercalating ligands (and the complex) as a whole 

was examined by the correlation between their reduction potentials and their DNA 

cleavage activity. Similar to the parent complexes P4+ and MP2+, [(phen)2Ru(tadbp)]2+ 

cleaves DNA in the presence of glutathione due to its modest reduction potential. 

However the other complexes with higher reduction potentials than the biological 

reducing agent did not cleave DNA under the same conditions, which was in agreement 

with our hypothesis. The cytotoxic effects of these compounds were examined in two 

human non-small cell lung carcinoma cell lines (NSCLC – H358 and HOP-62); breast 

adenocarcinoma cell line (MCF-7), as well as the non-malignant breast epithelial cell line 

(MCF-10). The effects of the structural changes in the redox-active intercalating ligand 

and the compounds cytotoxic selectivity in malignant cell lines versus normal cells were 

evaluated.  
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Chapter 2  

INVESTIGATION OF THE BIOLOGICAL ACTIVITY OF RUTHENIUM(II) POLYPYRIDYL 

COMPLEXES AND THEIR EFFECTS AS INHIBITORS OF ACETYLCHOLINESTERASE 

 

2.1 Introduction 

The biological effects of ruthenium(II) polypyridyl complexes including toxicity in 

mice and inhibition of the enzyme acetylcholinesterase was first demonstrated by Dwyer 

and coworkers. Their pioneering work established the interactions of the chemically and 

stereochemically ruthenium(II) polypyridyl complexes incredible broad range of biological 

targets. These experiments were performed by Dwyer and co-workers as a follow-up to 

their previous work relating to the function of enantiopure metal complexes with chiral 

anions which was related to earlier work by Beccari on the biological effects of 

[Fe(bpy)3]2+ (where bpy is 2,2’-bipyridine) complexes.27,40,41,42,43,44  

The tris-homoleptic polypyridyl transition metal complexes examined by Dwyer et 

al. for their biological activities were mostly chemically, redox, and configurationally stable 

ruthenium(II) complexes.26,27 Furthermore, these complex cations were substitutionally 

inert, coordinately saturated, and had no functional groups; thus the entire cation acts as 

the bioactive unit.25,28 In addition, dissociation of dicationic ruthenium complexes in 

concentrated acids and bases was very minimal, thus supporting the conclusion that their 

biological activity can be attributed to the complex cation as a whole.25 As opposed to the 

related nickel(II) and iron(II) complexes which are generally less stable due to their higher 

rates of ligand dissociation and subsequently higher rates of racemisation, the stability of 

ruthenium(II) polypyridyl complexes in biological systems is a key attractive feature as 

they are probed for therapeutic applications.27,45  
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The biological stability of these compounds was investigated via IP injection of a 

radiolabelled representative complex ion, tris-1,10-phenanthroline 106ruthenium(II) 

perchlorate into mice. The racemic complex was administered at a sub-lethal dose and 

observation of the urine and faeces excreted over a 24 hour period revealed that 97–99% 

of the radiolabeled compound was excreted with 78–91% present in urine. Importantly, 

the excreted [106Ru(phen)3]2+ complex was shown by chromatography to be unchanged 

from the original complex, therefore it was not metabolized.28 In related studies, the 

[106Ru(phen)3](ClO4)2 was observed in the tissues of albino male rats to be uniform 

shortly after injection, with no trace in the central nervous system and slightly elevated 

quantities observed in the liver and kidneys.28  

 

2.2 Toxicity in Mice 

The complexes [Ru(phen)3]2+ and [Ru(bpy)3]2+ were shown to inhibit the enzyme 

AChE and have acute toxicity in mice.25 Intraperitoneal injections of the ruthenium(II) 

polypyridyl complexes at high concentrations into mice, caused death by respiratory 

failure due to paralysis at neuromuscular junctions generated by the inhibition of 

acetylcholinesterase.25,30,46 On the contrary, oral administration of the compounds 

[Ru(terpy)2]I2, (±)-[Os(bpy)3](ClO4)2 and (±)-[Ru(phen)3](ClO4)2 at five times,25 and (±)-

[Ru(3,5,6,8-Me4phen)3]Cl2 at 10 times the LD50 intraperitoneal doses showed no 

biological or toxic effects; and not found in urine but in faeces only, with a characteristic 

color of the ingested compound, indicating that they were not absorbed in the 

gastrointestinal system.26  

Generally, the (+) enantiomer (now assigned as the Λ configuration) of the 

ruthenium(II) polypyridyl complexes showed greater toxicity in mice than the (-) 

enantiomer (now assigned the ∆ configuration) as shown in Table 2.125 and Figure 2.1.47 
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Intraperitoneal injection of the complexes in mice caused death by respiratory failure after 

10 – 15 min and did not involve cardiac arrest or the sympatheitc or parasympathetic 

nervous systems.25 The toxicity of the complexes with the hydrophilic ligands such as 

1,10-phennathroline and 2,2’:6’,2’’-terpyridine were more pronounced  than those with 

smaller aliphatic ligands.27 

 

 Table 2.1 Toxicity of [Ru(phen)3]2+ in mice.  

[Ru(phen)3]2+ Minimum Lethal Dose 

Λ 9.2 mg/kg 

∆ 18.2 mg/kg 
 

   

 
 

Figure 2.1 Structures of the stereoisomers of the homoleptic [Ru(phen)3]2+. 

 

A significant difference in the activity of enantiomers was observed in the uptake 

of the radiolabled [106Ru(phen)3](ClO4)2 complex from the peritoneal cavity to the 

bloodstream. The Λ-(+)-[106Ru(phen)3](ClO4)2 reached the blood and subsequently the 

urine in greater amounts than the ∆-(-) enantiomer or the racemic mixture.28 It was 

Δ Λ 
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observed that prior injection of atropine sulfate, which is a competitve antagonist of the 

muscarinic acetylcholine receptors, had no effect on the course of the Λ-(+) enantiomer 

but caused rapid excretion of the ∆-(-) enantiomer.28  

 

2.3 Inhibition of the Enzyme Acetylcholinesterase 

The initial study of the toxic effects of these rutheniumm compounds in mice led 

Dwyer and coworkers to invesitgate the effects of the racemic and enantiomeric tris-2,2’-

bipyridine and tris-1,10-phenanthroline, and the achiral bis-2,2’:6’,2’’-terpyridine 

complexes of ruthenium(II) and other transition metals on the AChE enzyme 

acetylchlinesterase.25,30 It was observed that there was a significant difference in the 

inhibition of AChE by the enantiomers of Ru(bpy)3](ClO4)2, with the Λ-(+) complex 

showing 20% inhibition and the ∆-(-) complex showing 90% inhibition at a concentration 

of10-4 M. When the concentration of the Λ-(+) complex was increased to 10-2 M, inhibition 

increased to 75%. The 1,10-phenanthroline complex (±)-[Ru(phen)3](ClO4)2 showed 

significantly stronger inhibitory activity at a concentration of 10-5 M with 80% inhibition of 

AchE; which is approximately one order of magnitude enhancement of binding activity as 

compared to the 2,2’-bipyridine complex.30 

The effect of ligand hydrophobicity (also lipophilicity) on AChE inhibition was 

investigated with 5-nitro-, 5-chloro- and 5-methyl-phen complexes of nickel(II) and 

ruthenium(II). The trend observed for the Ki values of these complexes were as follows: 

[M(5-NO2phen)3]2+ < [M(5-Clphen)3]2+ ≈ [M(phen)3]2+ < [M(5-Mephen)3]2+ (where M = Ni(II) 

or Ru(II)). This clearly demonstrated the trend that increasing lipophilicity of the cation 

complex resulted in an increased inhibition AChE. 
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2.3.1 Inhibition at the Neuromuscular Junction 

In vitro AChE experiments followed by in vivo mouse experiments led to 

investigations on the pharmacological mode of action of transition metal complexes at the 

neuromuscular junctions of rat diaphragm-phrenic nerve and the cane toad (Bufo 

marinus) rectus abdominus muscle.46 The ruthenium(II) polypyridyl complexes and other 

cation complexes examined were observed to mimic the activity of the d-tubocurarine, a 

toxic plant-based alkaloid that acts as a neuromuscular blocking agent. It was observed 

that complexes of increasing charge, size, and hydrophobicity more closely mimicked the 

action of d-tubocurarine. Direct competition with acetylcholine at the neuromuscular 

junction indicated the site of action of the metal complex cations as the muscle 

maintained its response to direct stimuli. Upon addition of the anticholinergic drug 

atropine, the effects of the metal complexes were enhanced. However, the addition of the 

anticholinesterase inhibitors physostigmine and neostigmine decreased the effects of the 

metal complexes.26,46 A difference in the activity of enantiomers was observed as the Λ-

(+) enantiomers of 1,10-phenanthroline complexes of ruthenium, nickel, and osmium 

were 1.5–2 times more potent than the ∆-(-) enantiomers. In comparison to the more 

hydrophilic ethylenediamine complex of cobalt(III) ([Co(en)3]3+), which showed no 

difference in activity between the enatiomers, it was proposed that the chiral propeller of 

the phen complexes cause significant steric interactions with the protein surface. 

Subsequent studies on the action of the of [Ru(phen)3]I2 and [Ru(3,5,5,8-Me4phen)3]Cl2 in 

combination with several other drugs on guniea pig iluem revealed that the complexes 

form several interactions with the cholinergic mechanism.27,48,49 In subsequent studies by 

Koch and coworkers, other similarities of [Ru(phen)3]I2 and d-tubocurarine on supressing 

the mitochondrial oxidation of citrate, L-glutamate, α-oxoglutarate, L-malate and 

octanoate were reported.29,50 The compounds were observed to alter the membrane 
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permeability of the organelle leading to the loss of nucleotide cofactors that are essential 

for enzymatic oxidations.27 

 

2.4 Screening of Novel Ruthenium(II) Polypyridyl Complexes as Inhibitors of 

Acetylcholinesterase 

Ruthenium(II) polypyridyl complexes have previously been shown by Dwyer and 

coworkers to be acutely toxic in vertebrates, presumably through their inhibitory action on 

acetylcholinesterase (AChE).25,30,46 Animal toxicity studies by Yadav51 and Alatrash52 

have established that RPCs containing the redox-active ligand, tatpp, had maximum 

tolerable doses (MTD) higher than other ruthenium complexes including [Ru(phen)3]Cl2 

which led to the working hypothesis that the size of the complex may be affecting its 

ability to inhibit AChE.  

The enzyme inhibitory effect of a series of RPCs (Figure 2.2 and 2.3), which 

varied in size, charge, and lipophilicity, against AChE was examined with the Ellman’s 

standard colorimetric assay. The results obtained were correlated to animal toxicity data 

previously reported so as to understand the potential mode of action of the RPCs in vivo.  
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Figure 2.2 Structures of homoleptic and phenazine-ligand-based ruthenium(II) polypyridyl 

complex cations (Me4phen = 3,4,7,8-tetramethyl-1,10-phenanthroline; Ph2phen = 4,7-

diphenyl-1,10-phenanthroline). 

 
 
 



 

 22 

 
 

Figure 2.3 Structures of tatpp-based mono- and dinuclear ruthenium(II) polypyridyl 

complex cations (Me4phen = 3,4,7,8-tetramethyl-1,10-phenanthroline; Ph2phen = 4,7-

diphenyl-1,10-phenanthroline). 

 

It was postulated that the increase in size, lipophilicity and charge would alter the 

rate of absorption of the novel RPCs into the blood stream as compared to [Ru(phen)3]2+, 

which rapidly diffuses into the blood stream after IP injection into mice causing its acute 

toxicity.28 These modifications of the novel RPCs results in decreasing animal toxicity 

which is due to a relatively slower rate of diffusion from the intraperitoneal tissue into the 

blood stream. Dwyer et al. observed that the toxicity of the ruthenium(II) complexes 

depended on the rate of penetration to the site of action and to the specific inhibitory 
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actions at the site.25  The rate of penetration partly depends on the lipid/water partition 

(lipophilicity) and partly on the nature and configuration of the charge of the complexes.25 

These observations suggest that these mononuclear and dinuclear RPCs have meritable 

potential as anticancer drugs due to their high cytotoxicity and low animal toxicity, thus 

their mechanism in cyto and in vivo need to be further investigated.  

The Ellman’s standard colorimetric assay was utilized to examine the inhibition of 

AChE by the ruthenium(II) polypyridyl complexes.53 This reagent-based assay is used 

extensively in primary drug discovery screenings and potency determinations of active 

AChE inhibitors.54 In this biochemical assay, AChE catalyzes the hydrolysis of the 

substrate acetylthiocholine iodide, which is followed by the reaction of the hydrolytic 

product thiocholine with 5’,5”-dithiobis(2-nitrobenzoic acid) (DTNB) as shown in the 

reaction scheme in Figure 2.4. The rate of hydrolysis is monitored by the measurement of 

a yellow colored product, 5-thio-2-nitro-benzoic acid (TNB), at 412 nm with a UV-Vis 

spectrophotometer.53 The half maximal enzyme inhibitory concentration (IC50) of the 

complexes against AChE from electric eel (Electrophoricus electricus) were obtained and 

compared to that of [Ru(phen)3]Cl2. 

 

 

 

Figure 2.4 Hydrolysis of acetylthiocholine by AChE. 
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2.5 Experimental Methods 

2.5.1 Chemicals 

Acetylcholinesterase from Electrophoricus electricus Type V-S (C2888), 

acetylthiocholine iodide (AtChI), 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB), buffer 

components including potassium phosphate monobasic (KH2PO4) and potassium 

phosphate dibasic (K2HPO4) were purchased from Sigma Aldrich. Bovine serum albumin 

(BSA) was purchased from Fisher Scientific. Dimethyl sulfoxide (DMSO) was purchased 

from VWR International and used without modification. All the ruthenium complexes 

analyzed were chloride salts synthesized previously by the previous members of the 

MacDonnell Group according to procedures in literature.39,51  

 

2.5.2 Instrumentation 

UV-visible spectra were obtained on a Hewlett-Packard HP8453A UV-Vis 

spectrophotometer. 

 

2.5.3 Acetylcholinesterase Inhibition Assay 

The Ellman’s standard colorimetric assay was utilized to screen the ruthenium(II) 

complexes for their potential inhibition of acetylcholinesterase as previously described by 

Meggers et al. with some modifications.53,55 In brief, a working solution 4 nM AChE was 

prepared by dissolving the lypholized enzyme in 10 mM phosphate buffer, pH 7.0 (with 1 

mg/mL BSA to stabilize the protein). A concentration of 3 mM AtChI was prepared in 

Millipore water and a 3.33 mM solution of DTNB was made with a 10 mM phosphate 

buffer, pH 7.0. Solutions of the metal complexes were prepared in 1.5% DMSO/10 mM 

phosphate buffer, pH 7.0 and diluted to yield concentrations ranging from 1 µM to 1 mM. 
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For the assay reaction, 100 µL of each ruthenium complex and 100 µL of AChE were 

added to 600 µL of 100 mM phosphate buffer and the mixture was incubated for 10 min. 

The final concentration of the ruthenium complexes in the reaction ranged from 0.1 µM to 

100 µM for each compound.  After incubation, volumes of 100 µL DTNB and AtChI each 

were added sequentially to the mixture and the initial reaction rate of the enzyme was 

measured by monitoring the rate of production of 5-thio-2-nitro-benzoic acid at a 

wavelength of 412 nm. The control samples of the reaction assay contained all the 

reagents except the metal complex. Absorbance readings were recorded every 30 sec for 

3 min with a UV-vis spectrophotometer. Three replicate trials of each experiment with 

varying inhibitor concentrations were performed. The enzyme activity was obtained for 

the inhibitor trials as shown in Equation 1 and compared to the control (100% activity). 

The IC50 values of the RPCs were obtained via Equation 2, where y is the response 

(enzyme activity (%)); x is the dose of the RPC in micromolar (μM); IC50 is the drug 

concentration at the halfway point between the minimum enzyme activity (min) and 

maximum enzyme (max) and slope is the slope of the curve at its midpoint. 

 

𝐸𝐸.𝐴𝐴. (%) = 100 − �
(𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟 𝑜𝑜𝑜𝑜 𝑐𝑐𝑜𝑜𝑖𝑖𝑖𝑖𝑟𝑟𝑜𝑜𝑖𝑖 − 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟 𝑤𝑤𝑖𝑖𝑖𝑖ℎ 𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐𝑖𝑖𝑟𝑟𝑐𝑐)

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟 𝑜𝑜𝑜𝑜 𝑐𝑐𝑜𝑜𝑖𝑖𝑖𝑖𝑟𝑟𝑜𝑜𝑖𝑖
×  100� 

 

Equation 1. Enzyme activity calculation (E.A. = Enzyme activity; initial rate = slope of 

velocity curve from 0 – 120 sec). 

 
 

 

 

Equation 2. Sigmoidal dose-response fitting equation. 

𝑦𝑦 = min +
(max− min )

1 + 10(log 𝐼𝐼𝐼𝐼50−log 𝑥𝑥)𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 
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2.6 Results 

The IC50 values of the RPCs obtained from the enzyme inhibition studies, as 

shown in Table 2.2, indicated that in general, increasing lipophilicity of the mononuclear 

and dinuclear ruthenium(II) complexes in effect causes a decrease in AChE inhibition. 

Also as seen in Figure 2.5, MPPh and PPh had the least inhibitory activity against AChE 

among the heteroleptic mononuclear and dinuclear complexes, respectively. However, 

this trend was not entirely upheld in the case of the homoleptic complexes 

[Ru(phen)3]Cl2, [Ru(Me4phen)3]Cl2, and [Ru(Ph2phen)3]Cl2. Even though AChE inhibition 

decreased from [Ru(phen)3]Cl2 to [Ru(Me4phen)3]Cl2, there is an unexpected increase in 

inhibition by [Ru(Ph2phen)3]Cl2, much similar to [Ru(phen)3]Cl2, indicating that increasing 

the lipophilicity and hence the size of the homoleptic complexes increases inhibition of 

the enzyme. 

Table 2.2 IC50 values of acetylcholinesterase inhibitory activity by ruthenium(II) 

polypyridyl complexes. 

Ruthenium Polypyridyl Complex  IC50 (μM) 

[Ru(phen)3]Cl2 8.9 ± 0.5 

[Ru(Me4phen)3]Cl2 36 ± 1 

[Ru(Ph2phen)3]Cl2 11.4 ± 0.5 

[(phen)2Ru(dppz)]Cl2 0.93 ± 0.04 

[(phen)2Ru(tpphz)]Cl2, MZ 1.38 ± 0.06 

[(phen)2Ru(tpphz)Ru(phen)2]Cl4, Z 2.98 ± 0.08 

[(phen)2Ru(tatpp)]Cl2, MP 1.40 ± 0.06 

[(phen)2Ru(tatpp)Ru(phen)2]Cl4, P 0.58 ± 0.01 

[(Me4phen)2Ru(tatpp)]Cl2, MPMe 8.7 ± 0.2 

[(Me4phen)2Ru(tatpp)Ru(Me4phen)2]Cl4, PMe 3.3 ± 0.1 

[(Ph2phen)2Ru(tatpp)]Cl2, MPPh 13 ± 1 

[(Ph2phen)2Ru(tatpp)Ru(Ph2phen)2]Cl4, PPh 10.52 ± 0.06 
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Figure 2.5 Acetylcholineterase inhibition by ruthenium(II) polypyridyl complexes. Red – 

tatpp complexes; blue – non-tatpp complexes.  

 

In general, with the heteroleptic complexes, it was observed that enzyme 

inhibition decreased as the lipophilicity of the ruthenium complexes increased. This trend 

was particularly observed in the heteroleptic mononuclear and dinuclear complexes 

containing the ligand tatpp. The lipophilicity trend of these complexes based on 

octanol/water partition coefficient (log P) obtained by Alatrash39 and shown in Table 2.3 

and Figure 2.6, is as follows: MPPh > PPh > MPMe > PMe > MP > P. 
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Table 2.3 IC50 and log P values of ruthenium polypyridyl complexes containing tatpp 

ligand. 

RPC IC50 (μM) log P 
MPPh 13 ± 1 2.3 

PPh 10.52 ± 0.06 1.7 

MPMe 8.7 ± 0.2 1.5 

PMe 3.3 ± 0.1 1.0 

MP 1.40 ± 0.06 -0.4 

P 0.58 ± 0.01 -0.56 
 

 

 

Figure 2.6 Plot of IC50 of AChE inhibition by ruthenium(tatpp) polypyridyl complexes as a 

function of lipophilicity (log P). 

 

These results obtained are in agreement with previous studies that showed that 

animal toxicity of the these RPCs decreased as the lipophilicity of the ancillary ligands 

increased.39 As illustrated in Figure 2.7 and listed in Table 2.439, the least toxic 
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compounds in Balb/C mice were those containing the redox-active intercalating ligand 

tatpp having MTDs ranging from 40 to 160 mg/Kg. The trishomoleptic complexes such as 

[Ru(phen)3]Cl2 were observed to be acutely toxic as also demonstrated by Dwyer and 

coworkers with MTD of 6 mg/Kg. Similarly, complexes Z and MZ with the shorter 

phenazine-based bridging ligand were observed to be acutely toxic with MTDs of 6 

mg/Kg a shown in Figure 2.7.  

 

 

Figure 2.7 Maximum tolerable dose (mg/Kg) of ruthenium(II) polypyridyl complexes in 

Balb/C mice after intraperitoneal injection. Red – tatpp complexes; blue – non-tatpp 

complexes. 
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Table 2.4 Maximum tolerable dose of ruthenium(II) polypyridyl complexes in Balb/C mice 

after intraperitoneal injection with different dosages.  

RPC Maximum tolerable 
dose* (mg/Kg) 

Ru(phen)3  6 
Ru(Me4phen)3  6 
Ru(Ph2phen)3  6 
Ru(phen)2dppz   6 
MZ  6 
Z  6 
MP    40 
P   >160 
MPMe    >160 
PMe    >160 
MPPh    >160 
PPh   >160 

         Chloride salts; n=3* 

 

For comparative purposes, an overlay of the AChE inhibition and the maximum 

tolerable dose results is shown in Figure 2.8. Interestingly, there was no clear correlation 

between AChE inhibition and animal toxicity. Despite the low animal toxicity of 

ruthenium(II)-tatpp complexes, some of these including MP and P were observed to be 

the most potent inhibitors in some cases. On the contrary, the homoleptic complexes 

such as [Ru(Me4phen)3]2+ were observed to be the most toxic in mice but displayed the 

least inhibitory effects towards AChE. This phenomenon indicates that another factor 

may be dictating the neurotoxicity of the RPCs in vivo. As observed by Dwyer and 

coworkers,46 larger more lipophilic complexes are slowest to build up in the blood stream, 

as compared to less lipophilic RPCs. Therefore, compounds which build up quickly in the 

blood exhibit the greatest neurotoxic effects in animals.  
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Figure 2.8 Comparison of AChE inhibition of and maximum tolerable dose (inset) of 

ruthenium(II) polypyridyl complexes. Red – tatpp complexes; blue – non-tatpp 

complexes. 

 

These observations were supported by pharmacokinetics studies performed by 

Alatrash that examined the rate of absorption and distribution of the complexes 

[Ru(phen)2(dppz)]2+, MP2+ and MPPh2+ in male Wister Han rats.52 Blood samples were 

obtained at various time intervals after administering the compounds by ip injection. In 

general, the trends observed indicated that blood concentration of the ruthenium 

complexes correlates with their lipophilicity. As shown in Figure 2.9, the least lipophilic 

complex [Ru(phen)2(dppz)]2+ quickly built up to a peak concentration of ~1000 ppb in 9 h, 

however; the relatively less lipophilic complex MP2+ reached a maximum concentration of 
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400 ppb in 18 h. Interestingly, the most lipophilic complex MPPh2+ was not observed to 

reach a maximum peak within the 24 h study period.52  

 

  
 

Figure 2.9 Ruthenium content in rat blood plasma with respect to time after IP injection of 

Ru(phen)2(dppz)]2+, MP2+ and MPPh2+. 

 

These observations from the pharmacokinetics study considerably elucidated the 

mode of action of the complexes in vivo and their relative toxicity in animals. As the 

lipophilicity of the complexes increased, after IP injection in mice, their blood 

concentration increases much slowly over time. Thus the peak concentration of the 

complexes in blood after treatment is less than the lethal dose that could cause 

neurotoxicity. As also observed by Koch et al. the toxicity of the metal complexes 

depended not only on their specific action, but also on the concentration that reaches 

their target site; thus the possibility due to a similar mode of action in vivo and in vitro 

cannot be excluded.30 
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2.7 Conclusion 

In summary, it was observed from in vitro AChE inhibition studies that generally 

enzyme inhibition decreased as the lipophilicity of the ruthenium(II) complexes increased. 

These results correlate to in vivo animal toxicity data, which have shown that toxicity by 

the RPCs decreased as the lipophilicity increased. It has been found that, the lipophilic 

ruthenium polypyridyl complexes with longer bridging ligand, tatpp were not acutely toxic 

to animals compared to the other complexes and that may be due to a relatively slower 

rate of diffusion of these complexes into the blood stream. From these data, it is clear 

that the combination of ruthenium tatpp complexes and the lipophilic ancillary 

phenanthroline ligands had beneficial effect by decreasing animal toxicity. 
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Chapter 3  

SYNTHESIS OF RUTHENIUM(II) POLYPYRIDYL COMPLEXES CONTAINING REDOX-

ACTIVE INTERCALATING LIGANDS 

 

3.1 Introduction 

Due to the success of the metal-based anticancer drug cisplatin, currently used 

in clinical setting, much attention has been directed to the design of transition metal 

complexes, in particular, ruthenium polypyridyl complexes that bind to DNA with high 

affinity, sequence selectivity and induce single- or double-strand cleavage as potential 

chemotherapeutics.56,57  

Previous work in the MacDonnell lab has shown that ruthenium(II) polypyridyl 

complexes containing the large planar aromatic ligand tatpp strongly bind to DNA via 

intercalation and have marked DNA cleavage activity under aerobic and anaerobic 

conditions when a reducing agent, for example, glutathione (GSH) is present.37,38 The 

complexes [(phen)2Ru(tatpp)Ru(phen)2]4+ (P4+) and [Ru(phen)2(tatpp)]2+ (MP2+), shown in 

Figure 3.1, were found to be promising anticancer drugs with IC50 ranging from 12 – 16 

µM38 against several malignant cells including human non-small cell lung carcinoma 

(NSCLC) H358 and H226 cell lines and showed selectivity towards malignant cells lines 

as their cytotoxicity significantly decreased with an approximately 10-fold difference in the 

normal cell lines HUVEC and HAVSMC (IC50 ~ 100 µM).38 The complexes also exhibit 

promising antitumor activity in synergic mouse melanoma as well as human lung cancer 

(NSCLC H358) xenograft model in nude mice as they suppressed tumor growth and 

doubled the survival rate of the animals.38 The DNA cleavage activity and anticancer 

properties of these complexes is attributed to the redox activity of the tatpp ligand 

intercalating ligand, which upon in situ reduction forms a modestly stable radical species 
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on the intercalated ligand and ultimately reacts with DNA via H-atom abstraction with the 

deoxyribose units in the DNA backbone, leading to strand scission.38  

 

  

Figure 3.1 Chemical structures of mono- and dinuclear ruthenium(II) polypyridyl 

complexes. 

 

Herein, the synthesis and characterization of several new RPCs in which the 

intercalating ligand is structurally similar to tatpp, plus several previously known RPCs 

(shown in Figure 3.2) are described. It was our aim to develop novel ruthenium(II) 

complexes with the hypothesis that complexes with very low reduction potentials 

(biologically accessible) will have an increased activity in DNA cleavage as compared to 

the parent RPCs P4+ and MP2+. The one electron reduction potential for all of these RPCs 

was obtained in MeCN as protic solvents give proton-coupled, two electron reduction 

processes at pH 7.2 for many of the complexes and the ability of the RPCs to cleave 
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DNA correlated with their reduction potential (as described in Chapter 4). The goal of this 

study was to establish that the addition of a RAIL to a ruthenium ion imparts DNA 

cleavage activity, enhances cytotoxicity towards malignant cells, and increases their 

complexes potential as an anticancer drug.  If this structure-activity relationship can be 

established, then a new approach of enhancing the potency of this class of compounds 

will be founded.  

 

 
  

Figure 3.2 Chemical structures of ruthenium(II) polypyridyl complexes with redox-active 

intercalating ligands. 
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3.2 Experimental Methods 

3.2.1 Chemicals 

The compounds 1,10-phenanthroline-5,6-dione (phendione),58 4,5-dinitro-o-

phenylene-diamine,59 11,12-diaminodipyrido[3,2-a:2’,3’-c]phenazine,60 9,11,20,22-

tetraazatetrapyrido[3,2-a:2',3'-c:3'',2''-l:2''',3'''-n]-pentacene (tatpp),38 

[Ru(phen)2(tatpp)][PF6]2,38 [Ru(phen)2Cl2],61 [Ru(phen)2(phendione)][Cl]2,62 and 

[Ru(phen)2(dppn)][PF6]263 were prepared and characterized as described in the literature. 

Ruthenium(III) chloride trihydrate was purchased from Pressure Chemical Company and 

used as received. Palladium on carbon (Pd/C, 10%) benzil, 4,4’-difluorobenzil and 

acenaphthenequinone, tetra-n-butylammonium chloride hydrate, ammonium 

hexafluorophosphate, lithium chloride, N,N-diethylformamide, ethanol, chloroform, 

acetonitrile were purchased from Sigma Aldrich. Acetic acid was purchased from EMD 

Millipore. All solvents were of reagent-grade quality or better and were used as received 

unless otherwise noted. 

 

3.2.2 Instrumentation 

The 1H NMR spectra were measured on JEOL Eclipse Plus 500 MHz 

Spectrometer at room temperature. Chemical shift (δ) values are reported in parts per 

million (ppm) and referenced to TMS. ESI-MS spectra were obtained on a Thermo LCQ 

Deca XP quadrupole ion trap instrument equipped with a conventional ESI source 

(Thermo-Fisher Scientific, West Palm Beach FL). X-ray crystallography was obtained 

with a Bruker SMART Apex II X-ray diffractometer equipped with MONOCAP glass 

capillary optics and OXFORD Cryostream 700 and APEX2 software suite. 
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3.2.3 Synthesis 

3.2.3.1 Synthesis of 11,12-dinitrodibenzo[a,c]phenazine  

This complex was prepared by using a modified procedure that was reported by 

Chen.64 [Ru(phen)2(phendione)Cl2]61,62 was prepared according to literature procedures. 

In order to make the “tatpp-like” ligand, 9,10-phenanthraquinone (0.10 g, 0.48 mmol) was 

added to 4,5-dinitro-o-phenylene-diamine (0.096 g, 0.48 mmol), prepared as described in 

literature,59 in 50 mL EtOH/acetic acid (9:1). The reaction mixture was held at reflux for 

12 h and the solution was cooled to room temperature to afford a yellow precipitate 

11,12-dinitrodibenzo[a,c]phenazine. The precipitate was washed with EtOH and dried in 

vacuo. Yield: 0.16 g (90%); Anal. Calculated for C20H10N4O4: C, 64.87; H, 2.72; N, 15.13. 

Found: C, 59.16; H, 2.94; N, 10.88. 1H NMR (500 MHz, (CDCl3), δ = 9.36 (d, J = 7.0 Hz, 

2H, H4), 8.88 (s, 2H, H5), 8.59 (d, J = 8 Hz, 2H, H1), 7.92 (apparent triplet, J = 8.5 Hz, 7.0 

Hz, 2H, H3), 7.81 (apparent triplet, J = 7.5 Hz, 6.5 Hz, 2H, H2). ESI-MS (m/z): 371.1. 

 

3.2.3.2 Synthesis of dibenzo[a,c]phenazine-11,12-diamine 

A suspension of 11,12-dinitrodibenzo[a,c]phenazine(0.18 g, 0.49 mmol) in 100 

mL EtOH was reduced to 11,12-diaminodibenzo[a,c]phenazine by hydrogenation under 

H2 gas at 60 Psi with 10% Pd/C catalyst for 48 h. The reaction mixture was filtered 

through a bed of celite to isolate the Pd/C catalyst. The celite bed was washed with 

approximately 250 mL ethanol or until dripping filtrate is clear. The volume of the filtrate 

was reduced to approximately 5 mL by rotary evaporation. The product was precipitated 

by adding 2x diethyl ether. The product was isolated by filtration and dried in vacuo. 

Yield: 0.13 g (87%); Anal. Calculated for C18H14N4: C, 77.40; H, 4.55; N, 18.05. Found: C, 

59.16; H, 2.94; N, 10.88. 1H NMR (500 MHz, (CD3)2SO), δ = 9.92 (d, J = 8.0 Hz, 2H), 
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9.23 (s, 2H), 9.22 (d, J = 3.5 Hz, 2H), 8.27 (dd, J = 8.0 Hz, 8.0 Hz, 2H), 7.65 27 (q, J = 

5.5 Hz, 2H), 7.17 (t, J1 = 9.0 Hz, J2 = 8.5 Hz, 2H). ESI-MS (m/z): 311.1. 

 

3.2.3.3 Synthesis of [Ru(phen)2(tadbp)][PF6]2 

A mixture of [Ru(phen)2(phendione)][Cl]2 (0.10 g, 13.5 mmol) and 11,12-

diaminodibenzo[a,c]phenazine (0.042 g, 13.5 mmol) in 50 mL EtOH/acetic acid (9:1) was 

heated to reflux for 12 h. The ruthenium complex was precipitated by addition of aqueous 

NH4PF6 after cooling to room temperature. The resulting product was isolated by filtration 

and washed with water and EtOH. Yield: 0.076 g (60%); Anal. Calculated for 

C56H32F12N10P2Ru: C, 54.42; H, 2.61; N, 11.33. Found: C, 55.23; H, 2.41; N, 10.80. 1H 

NMR (500 MHz, CD3CN): δ = 9.66 (d, J = 8.0 Hz, 2H, H3), 9.47 (s, 2H, H4), 9.41 (d, J = 

7.0 Hz, 2H, H5), 8.65 (d, J = 8.0 Hz, 2H, H1), 8.61 (dd, J = 8.0 Hz, 8.5 Hz, 4H, Hc,Hc’), 

8.26 (d, J = 5.5 Hz, 2H, Ha), 8.25 (s, 4H, Hd,Hd’), 8.09 (d, J = 4.0 Hz, 2H, Ha’), 8.0 (d, J = 

4.0 Hz, 2H, H8), 7.91 (apparent triplet, J = 7.5 Hz, 8.0 Hz, 2H, H6), 7.83 (apparent triplet, 

J = 7.5 Hz, 8.0 Hz, 2H, H7), 7.77 (dd, J = 8.5 Hz, 8.0 Hz, 2H, H2), 7.68 (dd, J = 5.5 Hz, 5.0 

Hz, 2H, Hb), 7.62 (dd, J = 5.5 Hz, 5.0 Hz, 2H, Hb’). ESI-MS (m/z): 473.1 ([M-2(PF6)]2+).  

 

3.2.3.4 Synthesis of 12,13-diphenyl-9,11,14,16-tetraazadipyrido[3,2-a:2’,3’]tetracene 

(tadpp) 

A mixture of 11,12-diaminodipyridophenazine (0.050 g, 0.16 mmol) and benzil 

(0.034 g, 0.16 mmol) in 50 mL EtOH/acetic acid (9:1) was refluxed for 12 h. After reflux, 

the solution was allowed to cool down and the light brown product was isolated by 

filtration and washing with EtOH. Yield: 0.04 g (51%); Anal. Calculated for C32H18N6: C, 

79.00; H, 3.73; N, 17.27. Found: C, 59.16; H, 2.94; N, 10.88. 1H NMR (500 MHz, 

CD3CN), [tadpp] (one to three fold molar excess Zn(BF4)2 was added): δ = 9.90 (d, J = 
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10.0 Hz, 2H, H3), 9.21 (s, 4H, H4), 9.21 (d, J = 3.0 Hz, 2H, H1), 8.28 (dd, J = 8.0 Hz, 8.0 

Hz, 2H, H2), 7.62 (d, J = 7.5 Hz, 4H, H5), 7.48 (apparent triplet, J = 7.5 Hz, 6.5 Hz, 2H, 

H7), 7.41 (apparent triplet, J = 8.0 Hz, 7.0 Hz, 2H, H6).  ESI-MS (m/z): 487.4. 

 

3.2.3.5 Synthesis of [Ru(phen)2(tadpp)][PF6]2 

The complex was prepared by refluxing a mixture of [Ru(phen)2Cl2] (0.030 g, 

0.55 mmol) and tadpp ligand (0.027 g, 0.55 mmol) in 60 mL EtOH/water mixture (1:1) for 

3 days under N2 atmosphere. After reflux, the solution was allowed to sit for 12 h in 4°C 

and then after filtered. The product was precipitated from the supernatant with NH4PF6 

and isolated by filtering and washing with EtOH and water. Yield: 0.046 g (68%); Anal. 

Calculated for C56H34F12N10P2Ru (+H2O): C, 53.55; H, 2.89; N, 11.15. Found (+H2O): C, 

53.25; H, 2.68; N, 11.14. 1H NMR (500 MHz, CD3CN): δ = 9.63 (d, J = 10.0 Hz, 2H, H3), 

9.26 (s, 2H, H4), 8.60 (dd, J = 8.5 Hz, 9 Hz, 4H, Hc, Hc’), 8.25 (s, 4H, Hd, Hd’),  8.24 (d, J = 

4.5 Hz, 2H, Ha), 8.09 (d, J = 5.5 Hz, 2H, H1), 7.99 (d, J = 5.5 Hz, 2H, Ha’), 7.76 (dd, J = 

6.0 Hz, 5.0 Hz, 2H, Hb), 7.67 (dd, J = 5.0 Hz, 6.0 Hz, 2H, H2), 7.61 (m, 6H, H5, Hb’), 7.47 

(apparent triplet, J = 7.5 Hz, 6.5 Hz, 2H, H7), 7.41 (apparent triplet, J = 7.5 Hz, 7.5 Hz, 

2H, H6). ESI-MS (m/z): 1093.2 ([M-PF6]+), 474.2 ([M-2(PF6)]2+).  

 

3.2.3.6 Synthesis of 2,3-bis(4-fluorophenyl)-diazadipyridotetracene (tadpf) 

A suspension of 11,12-diaminodipyridophenazine (0.050 g, 0.016 mmol) and 

4,4’-difluorobenzil (0.039 g, 0.16 mmol) in 50 mL EtOH/acetic acid mixture (9:1) was 

refluxed for 12 h. The solution was refluxed and the solution was cooled to room 

temperature. The yellowish-brown precipitate was isolated by filtration and washing with 

EtOH. Yield: 0.044 g (52%); Anal. Calculated for C32H16N6: C, 73.56; H, 3.09; N, 16.08. 

Found: C, 59.16; H, 2.94; N, 10.88. 1H NMR (500 MHz, CD3CN), [tadpf] (one to three fold 
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molar excess Zn(BF4)2 was added): δ = 9.92 (d, J = 8.0 Hz, 2H, H3), 9.23 (s, 2H, H4), 9.22 

(d, J = 5.0 Hz, 2H, H1), 8.29 (dd, J = 5.5 Hz, 5.5 Hz, 2H, H2), 7.67 – 7.65 (m, 4H, H6), 

7.19 – 7.15 (apparent triplet, J = 9.2 Hz, 8.6 Hz, 4H, H5). 19F NMR (500 MHz, CD3CN), 

[tadpf] (one to three fold molar excess Zn(BF4)2 was added): δ = -110.1 (s, 1F).  ESI-MS 

(m/z): 522.6.  

 

3.2.3.7 Synthesis of [Ru(phen)2(tadpf)][PF6]2   

The complex was prepared by refluxing a mixture of [Ru(phen)2Cl2] (0.071 g, 

0.13 mmol) and tadpf ligand (0.070 g, 0.13 mmol) in 60 mL EtOH/water mixture (1:1) for 

3 days under N2 atmosphere. After reflux, the solution was allowed to sit for 12 h in 4°C 

and then after filtered. The product was precipitated from the supernatant with NH4PF6 

and isolated by filtering and washing with EtOH and water. Yield: 0.11 g (64%); Anal. 

Calculated for C56H46F14N10P2Ru: C, 52.80; H, 2.53; N, 10.99. Found: C, 55.55; H, 2.20; 

N, 11.15. 1H NMR (500 MHz, CD3CN): δ = 9.76 (d, J = 8.0 Hz, 2H, H3), 9.23 (s, 2H, H4), 

8.80 (dd, J = 9.0 Hz, 9.0 Hz, 4H, Hc, Hc’), 8.65 (d, J = 5.5 Hz, 2H, H1), 8.51 (d, J = 4.0 Hz, 

2H, Ha), 8.42 (s, 4H, Hd, Hd’), 8.39 (d, J = 5.0 Hz, 2H, Ha’), 7.97 (dd, J = 5.5 Hz, 5.5 Hz, 

2H, H2), 7.85 (dd, J = 5.0 Hz, 5.0 Hz, 2H, Hb), 7.80 (dd, J = 5.0 Hz, 5.0 Hz 2H, Hb’), 7.78 – 

7.75 (m, 4H, H6), 7.26 – 7.23 (apparent triplet, J = 8.5 Hz, 9.2 Hz, 4H, H5). 19F NMR (500 

MHz, CD3CN), δ = -112.1 (s, 1F). ESI-MS (m/z): 1128.92 ([M-PF6]+), 491.9 ([M-2(PF6)]2+).  

 

3.2.3.8 Synthesis of 9,10-dinitroacenaphtho[2,3-b]quinoxaline  

A mixture of 4,5-dinitro-o-phenylene-diamine (0.050 g, 0.25 mmol) and 

acenaphthenequinone (0.056 g, 0.25 mmol) in 50 mL EtOH/acetic acid (9:1) was refluxed 

for 12 h. The yellow product was isolated by filtration after cooling solution to room 

temperature. The precipitate was washed with EtOH and dried in vacuo. Yield: 0.080 g 
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(92%); Anal. Calculated for C18H8N4O4: C, 62.80; H, 2.34; N, 16.27. Found: C, 59.16; H, 

2.94; N, 10.88. 1H NMR (500 MHz, (CDCl3), δ = 8.77 (s, 2H, H4), 8.55 (d, J = 7.0 Hz, 2H, 

H3), 8.28 (d, J = 8.0 Hz, 2H, H1), 7.97 (dd, J = 9.0 Hz, 8.0 Hz, 2H, H2). ESI-MS (m/z): 

345.1.  

 

3.2.3.9 Synthesis of 9,10-diaminoacenaphtho[2,3-b]quinoxaline 

A suspension of 9,10-dinitroacenaphtho[2,3-b]quinoxaline (0.080 g, 0.23 mmol) 

in 100 mL EtOH was reduced to 9,10-diaminoacenaphtho[2,3-b]quinoxaline by 

hydrogenation under H2 gas at 60 Psi with 10% Pd/C catalyst for 48 h. A celite bed 

filtration was performed to isolate the Pd/C catalyst. The celite bed was washed with 

approximately 250 mL ethanol or until dripping filtrate is clear. The volume of the filtrate 

was reduced to approximately 5 mL by rotary evaporation. Adding 2x diethyl ether 

precipitated the product, which was isolated by filtration and dried in vacuo. Yield: 0.061 g 

(92%); Anal. Calculated for C18H12N4: C, 76.04; H, 4.25; N, 19.71. Found: C, 59.16; H, 

2.94; N, 10.88. 1H NMR (500 MHz, (CD3)2SO), δ = 8.15 (d, J = 7.0 Hz, 2H, H3), 8.06 (d, J 

= 8.0 Hz, 2H, H1), 7.77 (dd, J = 8.0 Hz, 8.5 Hz, 2H, H2), 7.04 (s, 2H, H4), 5.80 (s, br, 4H, 

H5). ESI-MS (m/z): 285.1. 

 

3.2.3.10 Synthesis of [Ru(phen)2(tadpq)][PF6]2  

[Ru(phen)2(phendione)][Cl]2 (0.084 g, 0.11 mmol) and 9,10-

diaminoacenaphtho[2,3-b]quinoxaline (0.032 g, 0.11 mmol) were dissolved in 50 mL 

mixture of EtOH/acetic acid (9:1). The solution was heated to reflux for 12 h. The 

complex was precipitated by addition of aqueous NH4PF6 after cooling to room 

temperature. The resulting product was isolated by filtration and washed with water and 

EtOH. Yield: 0.064 g (49%); Anal. Calculated for C54H30F12N10P2Ru (+2H2O): C, 52.06; H, 
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2.75; N, 11.24. Found: C, 51.89; H, 2.47; N, 10.88. 1H NMR (500 MHz, CD3CN): δ = 9.65 

(d, J = 7.5 Hz, 2H, H3), 9.29 (s, 2H, H4), 8.60 (dd, J = 10.3 Hz, 9.7 Hz, 4H, Hc, Hc’), 8.50 

(d, J = 7.0 Hz, 2H, H1), 8.23 (d, J = 8.0 Hz, 2H, Ha), 8.26 (s, 4H, Hd, Hd’), 8.25 (d, J = 4.0 

Hz, 2H, Ha’), 8.09 (d, J = 5.5 Hz, 2H, H5), 8.01 – 7.97 (m, 4H, Hb, Hb’ ), 7.77 (dd, J = 8.0  

Hz, 8.0 Hz, 2H, H2), 7.67 (dd, J = 8.5 Hz, 8.0 Hz, 2H, H6), 7.61 (dd, J = 8.0 Hz, 8.0 Hz, 

2H, H7), ESI-MS (m/z): 1065.1 ([M-PF6]+), 460.1 ([M-2(PF6)]2+). 

 

3.2.4 X-ray Crystallography of tadpp ligand 

Crystals of tadpp were grown by layering toluene on a chloroform solution of the 

ligand. The crystals grew at the interface of the solvent layers after storing for 

approximately 4 weeks in a 4 °C refrigerator. Crystals were drawn out of vial and a unit 

cell determination was performed. Crystal data and structure refinement were obtained 

and the structure was solved with Olex2 using the XS structure solution program using 

Direct Methods and refined with the XL refinement package using CGLS minimization.  

 

3.3 Results and Discussion 

A general strategy for the preparation of the new intercalating ligands is shown in 

Scheme 1 (A-C), which shows the preparation of tadpb, tadpp, tadpf, and tadpq.  For the 

first two condensation of the 9,10-phenanthraquinone or acenaphthoquinone with 1,2-

diamino-4,5-dinotrobenzene yielded the dinitro compound shown on the left in Scheme 

3.1, A and B, respectively. After reduction of the diamino compound, a condensation 

reaction of the product with [Ru(phen)2(phendione)]Cl2 produced the desired complex as 

a hexafluorophosphate salt in 50 to 60%.
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 Scheme 3.1 Synthetic routes for the preparation of ruthenium(II) polypyridyl complexes with redox-active intercalating ligands. 
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The diphenyl and difluorophenyl ligands were prepared by condenstation of the 

diketone with 11,12-diaminodipyrido[3,2-a:2’,3’-c]phenazine to yield tadpp and tadpf in 

52% yield. The ruthenium complexes were prepared by direct reaction of the free ligand 

with [Ru(phen)2Cl2] in refluxing and generally gave the desired RPC as the 

hexafluorophosphate salt in  yield between 64 and 68%. All of the ligands and ruthenium 

complexes passed elemental analysis and gave 1H NMR spectra consistent with the 

proposed structures. 

The 1H NMR spectrum of [Ru(phen)2(tadbp)](PF6)2 is shown in Figure 3.3 of a 

very dilute sample of the complex in MeCN due to the tendency of the tadbp ligand to 

form π-π stacking aggregates in concentrated solution. This phenomenon is also 

observed for MP2+ due to the large planar surface area of the tatpp ligand that causes 

this behavior to occur.65 The characteristic ligand peaks indicative of pyrazine ring 

formation in the condensation reactions appears downfield as a singlet for H4 between 

9.2 ppm and 9.5 ppm. Another diagnostic peak of ligand formation is observed as a 

doublet for H3 between 9.6 and 9.9 ppm which is the most downfield in all the spectra. 

Similarly, a doublet for H5 is observed between 8.0 and 9.4 ppm and has the most 

divergent chemical shift due to the structural variation of the redox-active intercalating 

ligands. The remaining peaks are related to the phen ancilliary ligands as indicated in 

Figure 3.3.  
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Figure 3.3 1H NMR of [(phen)2Ru(tadbp)](PF6)2 (500 MHz, CD3CN). 
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Similarly, the 1H NMR spectra of the tadpp ligand and [Ru(phen)2(tadpp)](PF6)2 

complex  (in Figure 3.4) had the most downfield doublet peak for H3 and singlet for H4 at 

9.90 ppm and 9.31 ppm, respectively which is characteristic of the formation of the 

pyrazine ring. The ligand was sparingly soluble in MeCN, thus ZnBF4 (one to three-fold 

molar excess) was added for NMR analysis. Some of the observed chemical shifts for the 

ligand were observed to shift slightly when complexed to the metal. Some notable shifts 

were the H3 doublet peak shifting upfield from 9.90 ppm to 9.63 ppm. The singlet for H4 

however moved slightly downfield from 9.21 ppm to 9.26 ppm. Furthermore, the double-

doublet peaks for H2 moved considerably upfield from 8.28 to 7.67 ppm and the most 

shifted peak is the doublet for H1, which moved significantly upfield from 9.21 ppm to 8.09 

ppm. These characteristic patterns are observed due to the change in shielding and 

deshielding of the ligand protons after complexation to the metal center.  

In addition, the crystal structure of the ligand tadpp was obtained and is shown in 

Figure 3.5. The tadpp molecule and one solvent molecule (CHCl3) appeared in the unit 

cell and confirmed the structure of the ligand. Full crystallographic details and tables 

containing bond distances and angles are shown in Appendix B.  
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Figure 3.4 1H NMR of tadpp ligand (500 MHz, CD3CN, excess Zn(BF4)2) (top) and [(phen)2Ru(tadpp)](PF6)2  

(500 MHz, CD3CN) (bottom). 
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Figure 3.5 X-ray crystallography of tadpp ligand. 

 

 

As shown in Figure 3.6, the NMR spectra of [Ru(phen)2(tadpf)](PF6)2 and tadpf 

ligand showed similar characteristics to that of [Ru(phen)2(tadpp)](PF6)2 and tadpp ligand. 

The tadpf ligand also required addition of ZnBF4 (one to three-fold molar excess) for the 

NMR analysis in acetonitrile. As expected, 1H NMR spectrum of the tadpf ligand had one 

less proton signal (H7, δ = 7.48 ppm) as compared to tadpp and due to substitution with 

fluorine. A two-dimensional COSY NMR spectrum was also obtained for the tadpf ligand 

to confirm the structure and proton assignments. Additionally, analysis of the compound 

by 19F NMR spectrum (in Appendix A) indicates a shift from -100.8 ppm (for 

difluorobenzil) to -110.1 ppm confirming the formation of the tadpf ligand. Furthermore, 
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the singlet peak in the 19F NMR spectrum (in Appendix A) of the ruthenium complex shifts 

to -112.2 ppm with an additional doublet peak observed at -72.5 ppm for the PF6 counter 

anions indicating the formation of the desired product.  

The 1H NMR spectrum of [Ru(phen)2(tadpq)](PF6)2, shown in Figure 3.7, was 

generally similar to that of [Ru(phen)2(tadpp)](PF6)2 as expected with the doublet for H1 

appearing slightly more downfield at 8.50 ppm. Another feature that differentiates the two 

complexes is the chemical shift of the H5 proton appearing at 8.09 ppm for 

[Ru(phen)2(tadpq)](PF6)2 and at 9.41 ppm for the [Ru(phen)2(tadpp)](PF6)2 complex. 

Since the H5 proton in both complexes seem to have about the same distance from the 

adjacent nitrogen in the pyrazine ligand, the difference in chemical shift may be perhaps 

due to the functional group at the end of the large planar aromatic ligand. The structural 

constraint in [Ru(phen)2(tadpq)](PF6)2 may be a reason why its H5 proton does not feel 

the same effect from the adjacent nitrogen in the pyrazine ligand. 
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Figure 3.6 1H NMR of tadpf ligand (500 MHz, CD3CN, excess Zn(BF4)2) (top) and [(phen)2Ru(tadpf)](PF6)2  

(500 MHz, CD3CN) (bottom).  
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Figure 3.7 1H NMR of [(phen)2Ru(tadpq)](PF6)2 (500 MHz, CD3CN). 
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 3.4 Conclusion 

The synthesis of two new redox-active intercalating ligands and complexes in 

addition to known RPCs was performed and the compounds were characterized by NMR, 

MS and CHN. The crystal structure of the tadpp was resolved and also confirmed the 

structure and synthesis of the ligand. Structural variation of the tatpp ligand was 

performed to generate novel RPCs to investigate the structure-activity relationship of 

these complexes in comparison to ruthenium-tatpp complexes in terms of 

electrochemical properties, DNA cleavage and cytotoxicity as discussed in Chapter 4. 
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Chapter 4  

STRUCTURE-ACTIVITY RELATIONSHIPS OF NOVEL RUTHENIUM(II) POLYPYRIDYL 

COMPLEXES CONTAINING REDOX-ACTIVE INTERCALATING LIGANDS: 

CORRELATION OF REDUCTION POTENTIAL WITH DNA CLEAVAGE ACTIVITY AND 

CYTOTOXICITY 

 

4.1 Introduction 

The use of transition-metal complexes in medicine has enjoyed extensive 

attention given the tremendous success of cisplatin as a chemotherapeutic agent66 and 

the ability of many metal complexes to interact with and damage cellular structures, 

particularly DNA.33,67,68,69,70,71 The biological activity of coordinately saturated ruthenium 

(II) polypyridyl complexes (RPC’s), such as the [Ru(phen)3]Cl2 ([1]Cl2) (in Figure 4.1) and 

the [Ru(bpy)3]Cl2, was extensively studied by Dwyer and Shulman26 in the 1950’s and 

60’s and even prior to that by Beccari in the late 1930’s.43 In vitro studies have 

established that these complexes can bind DNA via a combination of electrostatics and 

partial intercalation and furthermore that the chirality of the metal affects the nature of the 

interaction with the DNA.72 These complexes differ from cisplatin in that the ruthenium(II) 

ion lacks labile ligands and cannot directly form bonds with biological targets and 

therefore cannot mimic the type of DNA cross-linking associated the cisplatin’s 

mechanism of action in vivo.  Instead, early studies with radiolabeled [106Ru(phen)3]2+ 

showed that the intact complex cation was the bioactive unit and that nearly all the 

complex was recovered in the urine unmetabolized.28 Despite this lack of chemical 

reactivity in vivo, these RPC’s were shown to possess biological activity both in vitro and 

in vivo.25,28,30,73,74  
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The replacement of a phen or bpy with dipyridophenazine (dppz) ligand in 

[(phen)2Ru(dppz)]Cl2 ([2]Cl2) (in Figure 4.1) and [(bpy)2Ru(dppz)]Cl2  leads to a 

substantial increase in the DNA binding constant as the dppz intercalates in double-

stranded DNA; an event which also turns-on the luminescence of the otherwise ‘dark’ 

complex.63,75 Despite these interactions with DNA, none of these aforementioned RPCs 

damage DNA unless stimulated with light upon which damage is primarily induced by 

ruthenium complex activation of in situ O2 to generate ROS.76,77,78 Indeed, there is a 

growing body of evidence that the cytotoxic properties of many members of this class of 

compounds (RPCs) target other cellular entities such as mitochondria,29,79,80 the cell-cell 

interface,81,82 proteins,83 as well as the inhibition of metastasis,84,85 topoisomerase 

activity86 and induction of apoptosis.87  

 

 
 

Figure 4.1 Chemical structures of [Ru(phen)3]2+ and Ru(ohen)2(dppz)]2+ complexes. 

 

RPCs containing the tatpp ligand (where tatpp is 9,11,20,22-

tetraazatetrapyrido[3,2-a:2'3'-c:3'',2''-1:2''',3''']-pentacene), are notable exceptions as 

[(phen)2Ru(tatpp)]Cl2 ([3]Cl2), and [(phen)2Ru(tatpp)Ru(phen)2]Cl4 ([4]Cl4) have been 
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shown to cause DNA cleavage under aerobic and anaerobic conditions in the presence 

of common reducing agents (i.e. glutathione and ascorbic acid), show selective 

cytotoxicity towards malignant cells, and promising anti-tumor activity in mice.37,38 This 

activity is not a light-driven process which could be advantageous in applications in 

cancer chemotherapy where a systemic treatment is desired to reach micrometastases. 

The DNA cleavage activity is associated with the redox activity of the tatpp intercalating 

ligand, which upon in situ reduction forms a modestly stable radical species on the 

intercalated ligand. The radical is unstable in the absence of DNA and ultimately reacts 

via H-atom abstraction with the deoxyribose units in the DNA backbone, leading to strand 

scission.   

 

 
 

Figure 4.2 Chemical structures of redox-active ruthenium(II) polypyridyl complexes. 

 

We postulate that the presence of a redox-active intercalating ligand (RAIL) adds 

additional potency to the inherent biological activity present in RPCs and is responsible 
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for enhanced cytotoxicity in vitro and anti-tumor activity in vivo. For example, the 

inhibitory concentration for 50% cell growth relative to a control (IC50) for 32+ and 44+ 

(administered as a mixture of enantiomers and diastereomers) in H358 human non-small 

cell lung carcinoma cells is 13.0 and 15.2 uM, respectively. In comparison the IC50’s for 

12+ and [Ru(bpy)3]Cl2 in H358 are 86.7 and 209 uM, respectively, and the structurally 

similar [(phen)2Ru(tpphz)]Cl2 ([5]Cl2), and [(phen)2Ru(tpphz)Ru(phen)2]Cl4 ([6]Cl4) are 

44.0 and 41.8 uM, respectively. The difference between 32+ and 44+ and these other 

RPCs is that GSH is competent to reduce tatpp in 32+ and 44+ but not any of the ligands in 

12+, 22+, 52+ and 62+, thus a RAIL can be differentiated from a non-redox active 

intercalating ligand by its ability to be reduced by GSH once coordinated to Ru(II) ion.63,75 

While the choice of GSH as a reductant seems arbitrary, GSH is ubiquitous in cells at 

millimolar concentration and serves to help maintain the overall cellular redox potential 

with an inherent redox potential, GSSG/GSH couple, of -0.26 V vs NHE.88 The 

hypothesis being that reduction of a complex with a RAIL by this ubiquitous cellular 

component is the mechanism by which this extra potency is introduced into RPCs. 

In this chapter, the structure-activity study of several new RPCs, 72+-102+, in 

which the intercalating ligand is structurally similar to tatpp, plus several previously known 

RPCs, [(phen)2Ru(dppn)]2+ (112+), 22+, and 52+ is described. The one electron reduction 

potential for all of these RPCs was determined in MeCN as protic solvents give proton-

coupled, two electron reduction processes at pH 7.2 for many of the complexes, and the 

ability of the RPCs to cleave DNA correlated and induced cytotoxicity with their reduction 

potentials. The goal of this study was to establish that the addition of a RAIL to a 

[Ru(phen)2]2+ fragment imparts DNA cleavage activity, enhances cytotoxicity towards 

malignant cells, and increases the complexes potential as an anticancer drug.  If this 
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structure-activity relationship can be established, then a new general strategy for 

enhancing the potency of this class of compounds will be founded.   

 
 
 
Figure 4.3 Chemical structures of ruthenium(II) polypyridyl complexes with various redox-

active intercalating ligands. 

 

 

4.2 Experimental Methods 

4.2.1 Chemicals 

All chemicals were reagent grade and used as received. Supercoiled pUC18 

DNA were purchased from Bayou Biolab (New England), glutathione (GSH), Tris-Cl 

EDTA, agarose (molecular biology grade), ethidium bromide, dimethyl sulfoxide, sodium 

acetate, ethanol, sodium triphosphate and sodium chloride were purchased from Sigma 

Aldrich. Millipore water was used in preparing all buffers. The ruthenium(II) polypyridyl 
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complexes used in this assay were prepared as described previously. Cyclic voltammetry 

and differential pulse voltammetry experiments were performed in dry acetonitrile 

(Aldrich, 99.93+% HPLC grade) with NBu4nPF6 (Sigma) as the supporting electrolyte. 

Dulbecco's Modified Eagle Medium (DMEM), Roswell Park Memorial Institute (RPMI) 

1640 Medium, fetal bovine serum (FBS), penicillin/streptomycin solution, L-glutamine, 

Trypsin-EDTA and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT),were purchased from Sigma-Aldrich. 

 

4.2.2 Instrumentation 

The agarose gel electrophoresis was performed using a FotoDyne Foto/Force 

250 electrophoresis system and the gels were visualized by irradiation with ultra-violet 

light and the image recorded with an AlphaImager 2000 gel analysis system. 

Electrochemical data were obtained by using a cyclic (CV) and differential pulse 

voltammograms (DPV) on a PC-controlled potentiostat a CHI620C electrochemical 

analyzer (CH Instruments, Austin, TX). A microplate reader Fluostar-Omega (BMG 

Labtech) was utilized for absorbance reading of the MTT assay microtiter plates. 

 

4.2.3 Reduction Potentials of Ruthenium(II) Polypyridyl Complexes  

Electrochemical measurements to obtain the first reduction potential of the RPCs 

was carried out in a single-compartment, three-electrode electrochemical cell was used 

with a glassy carbon disk (1.0-mm diameter, Cypress Systems) as a working electrode. 

Immediately before use, the electrode was polished to a mirror finish with alumina paste 

(Buehler, 0.05 μm). A platinum wire and a non-leaking Ag/AgCl/saturated KCl reference 

electrode (Cypress Systems, model EE009) were used as the counter and reference 

electrodes, respectively. All potentials were measured and are quoted versus a 
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Ag/AgCl/saturated KCl reference electrode. All electrochemical data were recorded in 

degassed (N2) dry acetonitrile with 0.1 M Bun4PF6 as the supporting electrolyte. 

 

4.2.4 DNA Cleavage Assay 

A typical DNA cleavage assay was carried out in a total volume of 40 μL 

phosphate buffer (4 mM Na3PO4 and 50 mM NaCl) at pH 7.35 containing 4 μL 

supercoiled pUC18 DNA (1 μg/1 μL, 0.154 mM DNA base pairs) and other components 

as outlined in Table 4.1. The stock solutions of the compounds were prepared by 

dissolving their chloride salts in 2% DMSO in sodium phosphate buffer.  

As outlined in Table 4.1 to each Eppendorf tube was phosphate buffer, DNA, 

GSH and ruthenium complex where appropriate. After the samples with ruthenium 

complexes were prepared each had the final concentrations of [DNA] = 0.154 mM, [GSH] 

= 0.513 mM, and [Ru complex] = 0.0128 mM. There were two control samples that had 

no ruthenium complex added; one with DNA and buffer only, and the other with DNA, 

buffer and GSH. Each reaction sample was incubated at room temperature with minimum 

light for 12 h. The cleavage reaction was quenched by adding 3 μL of 3 M sodium 

acetate (pH 5.2) and 80 μL ethanol which precipitated the DNA. The samples were 

placed in a -20°C refrigerator for a minimum of 2 h to complete precipitation of the DNA 

after which they were centrifuged at 4°C at 13000 rpm for 30 min to separate the DNA 

from the mixture. After centrifugation the supernatant was decanted and the samples 

were air-dried for 30 min before the DNA pellet was resuspended in 80 μL of buffer I (40 

mM Tris-Cl, 1 mM EDTA at pH 8.0) and 12 μL of a loading buffer (30% glycerol in distilled 

water with 0.1% w/v bromophenol blue). The DNA cleavage activity of the ruthenium 

complexes were analyzed with a 1% agarose gel (0.4 g of agarose, 40 mL of TAE buffer 

(40 mM Tris-acetate, 1 mM EDTA, pH 8) and 4.0 μL ethidium bromide) with each well 
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containing 6 μL of samples. The gel was subjected to electrophoresis at 60 V for 2 hours 

using TAE buffer. The DNA bands were visualized under ultra-violet (UV) light and 

photographed with a UV illuminator. 
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Table 4.1 Preparation of DNA Cleavage Assay. 

Tube 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

DNA + + + + + + + + + + + + + + 

GSH   +  +  +  +  +  +  + 

[(phen)2Ru(tatpp)]2+ (32+)    + +           
[(phen)2Ru(tadbp)]2+ (72+)      + +         
[(phen)2Ru(tadpp)]2+ (82+)        + +       
[(phen)2Ru(tadpf)]2+ (92+)          + +     
[(phen)2Ru(tadqp)]2+ (102+)            + +   
[(phen)2Ru(dppn)]2+ (112+)              + + 
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4.2.5 Cytotoxicity Screening 

Non-small cell lung cancer (NSCLC) line (H358), breast cancer (MCF-7), and 

breast epithelial cell line (MCF-10) were obtained from a donation from by Dr. 

Subhrangsu Mandal. In addition, HOP-62 Human Lung Adenocarcinoma was purchased 

from National Cancer Institute-Frederick National Laboratory for Cancer Research DCTD 

Tumor/Cell Line Repository. The MCF-7 and MCF-10 were grown and maintained in 

DMEM supplemented with 10% FBS, 1% L-glutamine, and 1% penicillin/streptomycin. 

The NSCLC lines H358 and HOP-62 cells were grown and maintained in RPMI-1640 

media also supplemented with 10% FBS, 1% L-glutamine, and 1% penicillin 

/streptomycin. All the cells were cultured at 37 °C in a humidified atmosphere of 5% CO2. 

Cells were grown in 96 well microtiter plates for MTT cytotoxicity assays. 

For the cytotoxicity screening using MTT assay, approximately 2 x 104 cells were 

seeded into each well of a 96-well microtiter plate, grown for 12 h, and then treated with 

varying concentrations (0.1 to 100 μM final concentrations) of the chloride salts of 

complexes 32+, 72+–112+. A stock solution with a concentration of 100 mM of each 

complex was prepared by dissolving the chloride salt in DMSO. The respective cell 

culture media was used for a dilution series on a logarithmic scale (100 mM–1 µM) of 

each compound for treatment of the cells. Each drug concentration was inoculated in five 

parallel replicates. The control cells were treated with media solution containing DMSO 

(final concentration > 0.1% v/v). Cell viability was assessed after 96 h of incubation with 

the compounds using the MTT assay. To each well, a 30 mL of MTT solution (4.6 mg 

MTT/mL PBS) was added and incubated for 4 h under normal growing condition to allow 

the viable cells to convert MTT to formazan. An aliquot of 100 μL DMSO was added to 

each well after removal of the cell culture supernatants from the microtiter plate. The 

formazan crystals dissolved after 1 h of continuous shaking at room temperature and the 
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absorbance of the resulting solution was measured at 560 nm using a microplate reader. 

The percentage of viable cells was calculated based on absorbance of the control (no 

complex added) samples and plotted as a function of concentration of the complexes to 

obtain the IC50 values. Three separate experiments were performed to determine the IC50 

for each ruthenium complex. 

 

4.3 Results and Discussion 

4.3.1 Electrochemical Properties of Ruthenium(II) Polypyridyl Complexes 

The differential pulse voltammograms for all six complexes are shown in Figure 

4.4. A concentration of 60 µM of compounds 32+ (Ru-tatpp), 72+ (Ru-tadbp), 82+ (Ru-

tadpp), 92+ (Ru-tadpf), 102+ (Ru-tadpq), and 112+ (Ru-dppn) (as PF6- salts) in 0.1 

NBu4nPF6–acetonitrile solution were analyzed with a voltammetric scan from 0.2 to -1.6 V 

vs. NHE (-1.8 V vs. Ag/AgCl) as shown in Figure 4.4. During the potential scan, each 

compound undergoes several reversible or quasi-reversible ligand-centered reductions 

within the potential window as observed in the cyclic voltammograms and differential 

pulse voltammograms (in Appendix C). The first reduction potentials of all the ruthenium 

compounds under investigation were obtained from DPV runs and are listed in Table 4.2, 

in addition to the known reduction potentials of some related complexes.  
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Figure 4.4 Comparison of differential pulse voltammograms of all the RPCs with varying 

redox-active intercalating ligands.  

Potentials reported vs. NHE using Ag/AgCl reference electrode, Pt counter electrode, 
glassy carbon (1.0 mm diameter) working electrode and NBu4nPF6 (0.1 M) as the 
supporting electrolyte, with a scan rate = 50 mV/s, potential pulse amplitude = 0.05 V, 
pulse period = 0.2 V, pulse duration = 0.05 s, and step size = 0.004 V in argon purged 
acetonitrile. The concentration of each complex was 60 μM. 
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Table 4.2 Electrochemical data for the ruthenium complexes under investigation (as the 

PF6- salts) in acetonitrile at complex concentration of 60 μM. 

Ruthenium Polypyridyl 
Complexes 

First Reduction 
Potential, E/V (NHE) 

DNA Cleavage 
Observed 

44+ (Ru-tatpp-Ru)a -0.02 Y 
32+ (Ru-tatpp) -0.12, -0.28b Y 
72+ (Ru-tadbp) -0.27 Y 
82+ (Ru-tadpp) -0.37 N 
92+ (Ru-tadpf) -0.36 N 

102+ (Ru-tadpq) -0.40 N 
64+ (Ru-tpphz-Ru)a -0.54 N 

112+ (Ru-dppn) -0.60 N 
22+ (Ru-dppz)a -0.72 N 
52+ (Ru-tpphz)a -0.76 N 
12+ (Ru-phen)a -1.05 N 

 
All potentials (in volts) were measured in acetonitrile vs. a non-leak Ag/AgCl reference 
electrode but they are quoted vs. NHE. Y = Yes; N = No. aCampagna, S., Serroni, S., 

Bodige, S., & MacDonnell, F. M. Inorg. Chem. 2002, 38(4), 692-701; bSplitting of the first 
redox process of Ru-tatpp due to π-π stacking. 

 
 

The first reduction potential of complex 72+ occurs at a potential 150 mV more 

negative than that observed for 32+, and ~250 mV more negative than the ruthenium 

dimer 44+. As shown in Figure 4.4, the first reduction process of complex 32+ is split into 

two redox processes (-0.12 V and -0.28 V) with each peak exhibiting half the current 

intensity of a one electron process. This splitting pattern can be attributed to the dimeric 

structure of two molecules that undergo a π–π stacking linkage of the tatpp ligand, which 

results in a sequential reduction of the two ligands in the π–dimer.65 This is due to the 

large, planar aromatic structure of the tatpp ligand which forms concentration-dependent 

aggregates in solution which affects the redox chemistry and can also lead to the 

formation of new covalent bonds during the reduction of more concentrated solutions of 
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the Ru-tatpp complex.65 Interestingly, even though complex 72+ exhibits formation of π–π 

stacking aggregates in concentrated solutions, this phenomenon is not apparent in the 

first electroreduction process as there is no splitting pattern observed.  

Clearly, the reduction potentials became slightly more negative as the ligand size 

decreases due to the shrinking surface area of aromaticity. The extent of π-delocalization 

of each ligand decreases as the conjugation was reduced from the pentacene (tatpp and 

tadbp) to a tetracene (tadpp, tadpf and tadpq) ring system. The complex 112+ however, 

has a pentacene-like character but displays redox properties similar to the tetracene 

ligands. Interestingly, both Ru-tadpp and Ru-tadpf have very similar reduction potentials 

of -0.37 V and -0.36 V which are approximately ~250 mV more negative than 32+ and 

~100 mV more negative than 102+. The highly electronegative fluorine groups did not 

seem to strongly impact the separation of charge density on the complex so as to lower 

the reduction potential as expected. The complexes 102+ and 112+ were reduced at 

slightly higher potentials of -0.40 V and -0.60 V, respectively. The successive reduction 

processes observed for each compound are at potentials more negative than -0.60 V and 

is likely related to the first reduction processes of the peripheral phenanthroline ligands 

and successive reductions of the RAILs.   

 

4.3.2 DNA Cleavage Activity 

DNA cleavage activity of these complexes was examined under aerobic 

conditions using a common biological reducing agent glutathione (GSH) as performed for 

the parent complexes MP2+ (32+) and P4+ (44+) in literature.37,38 Supercoiled plasmid DNA 

pUC18 was used as a substrate for DNA cleavage experiments. Plasmid DNA can exist 

in three different topological conformations (shown in Figure 4.5); that is supercoiled DNA 

(Form I) circular DNA (Form II) and linear DNA (Form III). These can easily be separated 
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by agarose gel electrophoresis and visualized under UV light after staining with ethidium 

bromide. In the presence of an agent that induces single-strand nicks, the supercoiled 

DNA (Form I) is converted to the relaxed circular form (Form II). If the double-strand 

scission occurs, the supercoiled DNA is converted to the linear form (Form III). In some 

cases, multiple single-strand nicks in both DNA strands occurs in close proximity (16 bp 

of each other), thus resulting in double-strand cuts by the nicking agent.89,90   

 

 
 

Figure 4.5 Topoisomers of plasmid DNA: Form I, II and III. 

 

Janaratne et al. showed that the ability of P4+ to cleave DNA required addition of 

a reducing agent.37 The mild reducing agent GSH was utilized due to its relative 

abundance in the cellular environment in comparison to others including ascorbic acid. All 

DNA cleavage experiments were conducted under low-light conditions and control 

experiments performed in the dark or under ambient laboratory lighting gave identical 

results indicating that the cleavage reaction is not a photochemical reaction. 

The ability of the novel ruthenium complexes of redox-intercalating ligands to 

cleave DNA under aerobic conditions was evaluated and the results are shown in Figures 
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4.6–4.8. The effect of GSH on DNA cleavage by the complexes is demonstrated in 

Figures 4.6 and 4.7 where two samples were prepared for each complex, one with GSH 

added and one no GSH .In the absence of the reducing agent (odd lanes), there is 

minimal to no cleavage of DNA for all the complexes. However, the addition of GSH 

(even lanes) in general leads to some single-strand cleavage activity. As seen lanes 4 

and 6 in Figure 4.6 complexes 32+ and 72+ were most effective at cleaving DNA upon 

addition of GSH where as 82+ and 92+ showed no appreciable DNA cleavae activity. 

Likewise in Figure 4.7, complexes 102+ and 112+ did not show significant damage to DNA 

with or without addition of GSH as compared to the parent complex 32+.  

 

 
 

Figure 4.6 DNA cleavage activity of complexes 32+, 72+–92+ under aerobic conditions. 

DNA cleavage assay showing conversion of supercoiled pUC18 plasmid 
DNA to circular DNA after treatment with chloride salts of complexes 32+, 
72+–92+ with GSH (even lanes) and without GSH (odd lanes) under 
aerobic conditions. The upper band is circular DNA (cleaved) plasmid 
and the lower band is the (uncleaved) supercoiled plasmid. DNA only  
(lane 1) and DNA plus GSH (lane 2) served as controls. 
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Figure 4.7 DNA cleavage activity of complexes 32+, 102+ and 112+ under aerobic 

conditions. 

DNA cleavage assay showing conversion of supercoiled pUC18 plasmid 
DNA to circular DNA after treatment with chloride salts of complexes 32+, 
102+ and 112+ with GSH (even lanes) and without GSH (odd lanes) under 
aerobic conditions. The upper band is circular DNA (cleaved) plasmid 
and the lower band is the (uncleaved) supercoiled plasmid. DNA only  
(lane 1) and DNA plus GSH (lane 2) served as controls. 

 

Figure 4.8 shows the DNA cleavage activity of the redox-active RPCs 72+–112+ in 

addition to the parent complex 32+ in the presence of GSH solely and clearly illustrates 

the effectiveness of each compound relative to each other. As seen in lanes 2 and 3, only 

RPCs 32+ and 72+ showed the most significant DNA cleavage ability as compared to the 

other complexes. RPCs 82+–112+ (lanes 4–7) were not observed as efficient DNA 

cleaving agents under the same conditions. This in agreement with previous studies that 

have shown complexes 102+ and [(bpy)2Ru(dppn)]2+ to induce photocleavage of 

supercoiled pBR322 DNA91 and pUC18 DNA,76 respectively but do not cleave the 

plasmids in the absence of light. The complex 102+ was synthesized as a ClO4- salt and 

utilized as is in the previous study. However, for our purposes we made the complex first 

as a PF6- salt and via metatheses obtained the Cl- salt for the DNA cleavage assay. The 
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complex [(phen)2Ru(dppn)]2+ (112+) was also prepared to compare its DNA cleavage 

activity under reducing conditions with GSH. 

 

 
 

Figure 4.8 DNA cleavage activity of complexes 32+, 72+–112+ under reducing conditions 

with GSH. 

DNA cleavage assay showing conversion of supercoiled pUC18 plasmid 
DNA to circular DNA after treatment with GSH and chloride salts of 32+, 
72+–112+ complexes under aerobic conditions. The upper band is circular 
DNA (cleaved) plasmid and the lower band is the (uncleaved) 
supercoiled plasmid. DNA plus GSH in lane 1 served as control. 

 

We have previously demonstrated that the reduced forms of the di-ruthenium 

complex, 44+ and the mono-ruthenium complex 32+ showed DNA cleavage activity as the 

corresponding reduced species are readily formed after addition of a common reducing 

agent such as GSH.37,38 These complexes bind double-stranded DNA via intercalation 

and cleave DNA by a unique catalytic DNA oxidation.37,92 The redox activity of tatpp 

complexes when intercalated into dsDNA is shown in Figure 4.9 for compound 44+ but 

equivalent redox states exist in 32+. There are three reversible redox forms (A, B and C) 

in which Ru-tatpp complexes can exist in solution. The steady-state concentration of 

each is determined by the cellular redox potential, which is approximated by the 

[GSH]/[O2] ratio. As illustrated in Figure 4.9, the reduction of A is driven by GSH to the 

radical B and finally to the doubly-reduced species C. The reduced species is oxidized 
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back to A by O2. As the [GSH]/[O2] ratio increases, more of B and C are originated. The 

species C is formed quantitatively in the complete absence of O2. The radical B has been 

shown to be the active species for DNA cleavage and acts by abstraction of an H-atom 

from the deoxyribose unit, leading to strand scission.37 

 

 

 
  

Figure 4.9 Postulated mechanism of DNA cleavage by ruthenium(II)–tatpp complexes. 

 

4.3.3. Reduction Potential vs. DNA Cleavage 

The proposed mechanism of DNA cleavage relies on the reduction potentials of 

the ruthenium complexes and the ease by which they can be reduced by glutathione in 

situ. Glutathione is known to have a redox couple (GSH/GSSG) at approximately -0.26 
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V.88 One unique feature discovered for the enhanced biological activity of complexes 32+ 

(Ru-tatpp) and 44+ (Ru-tatpp-Ru) is that they undergo tatpp ligand-based reductive 

processes at potentials positive of -0.25 V (at pH 7.0).65,93 In contrast, most ruthenium 

polypyridyl complexes including 12+ (Ru-phen) and [Ru(phen)2(dppz)]2+ are significantly 

harder to reduce and usually require reduction potentials negative of -0.70 V or more.77 

We hypothesized that ruthenium complexes with redox-active intercalating ligands having 

a lower (more positive) reduction potential than GSH, would cleave DNA under the same 

conditions as established for the tatpp complexes 32+ (Ru-tatpp) and 44+ (Ru-tatpp-Ru). 

However, complexes with higher reduction potentials (more negative) than GSH were not 

expected to cleave DNA. 

For analysis of reduction potentials of these ruthenium polypyridyl complexes 

and their correlation to DNA cleavage under reducing conditions with GSH, only the first 

reduction potentials (ligand-based) were considered and discussed for simplicity. Among 

the compounds examined, the most effective DNA cleaving agent 32+ (Ru-tatpp) had the 

lowest reduction potential. As indicated in Table 4.2 and Figure 4.10, the ruthenium 

complexes capable of cleaving DNA under reducing conditions in the presence of GSH 

have reduction potentials lower than -0.30 V.  
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Figure 4.10 Plot of ruthenium polypyridyl complexes reduction potentials and DNA 

cleavage activity.  

Red dots indicate the complex is inactive for DNA cleavage. Green dots indicate complex 
is active for DNA cleavage. 
 
 

With the exception of complex 72+ (Ru-tadbp), all the other compounds 

synthesized were harder to reduce than hypothesized and were not effective DNA 

cleaving agents, despite the moderate structural variation of the large aromatic ligands. 

As observed for tadbp, the removal of the electron withdrawing nitrogen groups (from the 

chelating end in tatpp) shifted the reduction potential to a more negative (approximately 

double) value. Nonetheless, since the reduction potential of the complex is below that of 

GSH, DNA cleavage is retained and is analogous to the activity of complex 32+ (Ru-

tatpp).  

 Observations from this study indicate that the DNA cleavage activity of the 

ruthenium compounds consisting of the redox-active intercalating ligands had direct 

correlation with their reduction potential. DNA cleavage was detected when the reduction 

potentials of the complexes were less than that of the reducing agent GSH. In other 

words, the harder it is to reduce a compound with GSH, the less effective it is at cleaving 

DNA under the same conditions as have been observed for the parent ruthenium(II)-tatpp 

complexes 32+ (Ru-tatpp) and 44+ (Ru-tatpp-Ru). DNA cleavage under reducing 
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conditions is therefore contingent on the reduction potentials of the redox-active 

intercalating ligand (and the complex as a whole).  

 
 4.3.4. Cytotoxicity of Redox-active Ruthenium(II) Polypyridyl Complexes 

Cytotoxicity screening of these complexes was performed with the MTT assay in 

cancerous and non-cancerous human cell lines as shown in Figures 4.11–4.14. The IC50 

(complex concentration (µM) that results in a 50% reduction in cellular viability) was 

obtained from dose response curves for each compound in the various cell lines and are 

listed in Table 4.3. The purple formazan observed after 4 h of incubation is due to the 

reduction of yellow MTT by the enzyme mitochondrial reductase in living cells. Thus the 

amount of formazan present is correlated to the number of living cells and can be used to 

quantify the cytotoxicity of a drug.  

Two non-small cell lung carcinoma cell lines, H358 and HOP-62, were screened 

and the plots of IC50 values of the complexes are shown in Figures 4.11 and 4.12. For 

comparative purposes, cytotoxicity values of cisplatin, [Ru(phen)3]2+ (Ru-phen), and 

[(phen)2Ru(tatpp)Ru(phen)2]4+ (Ru-tatpp-Ru) in each cell line were added to the data 

collected from the experiments performed herein. As shown in Figure 4.11, the most 

cytotoxic complexes in H358 cells were Ru-tadpp and Ru-tadpf with IC50’s of 11.9 µM and 

6.33 µM, respectively. In particular, Ru-tadpf has more than a 2-fold cytotoxic effect as 

compared to the parent complexes Ru-tatpp-Ru and Ru-tatpp. Ru-tadpf was also 5-fold 

more potent than cisplatin which is in routine clinical use. Interestingly, in HOP-62 cell 

line the opposite effect was seen as Ru-tadpp and Ru-tadpf were the least toxic of the 

group of compounds examined, second to the Ru-tatpp-Ru which had an IC50 of 50 µM 

as shown in Figure 4.12. The complexes Ru-tadbp and Ru-tadpq on the other hand had 

similar IC50 values in both H358 and HOP-62 cell lines indicating no selectivity for either 
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cell lines. Ru-dppn was also observed as one of the least toxic complexes in H358 cells, 

however it was the most potent RPC in HOP-62 with a greater than 2-fold and 6-fold 

increase in its antiproliferative effect as compared to Ru-tatpp and a Ru-tatpp-Ru, 

respectively. The simple homoleptic RPC, Ru-phen on the other hand had no significant 

cytotoxic effects in H358 cells with an IC50 greater than 50 µM and it’s cytotoxicity in 

HOP-62 is yet to be determined. Cisplatin was however found to be the most cytotoxic as 

compared to the RPCs in the HOP-62 cell line with an IC50 of 3.5 µM indicating that these 

RPCs may not be promising candidates for treating this type of malignancy. 

 

 

 

Figure 4.11 Cytotoxicity IC50 values of ruthenium polypyridyl complexes against NSCLC 

H358 cell line. 

Blue bars indicate the complex is inactive for DNA cleavage. Purple bars indicate the 
complex is active for DNA cleavage. aAlatrash, N. Redox Active Lipophilic Ruthenium 
Complexes As Potential Anti-Cancer Drugs. Ph.D. Dissertation, The University of Texas 
at Arlington, Arlington, TX 2015; bYadav, A.; Janaratne, T.; Krishnan, A.; Singhal, S. S.; 
Yadav, S.; Dayoub, A. S.; Hawkins, D. L.; Awasthi, S.; MacDonnell, F. M., Mol. Cancer. 
Ther. 2013, 12 (5), 643-653. 
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Figure 4.12 Cytotoxicity IC50 values of ruthenium polypyridyl complexes against NSCLC 

HOP-62 cell line.  

Blue bars indicate the complex is inactive for DNA cleavage. Purple bars indicate the 
complex is active for DNA cleavage. aDayoub, A. Unpublished data. October 2015. 
 

 

In MCF-7 cells the complexes Ru-tatpp, Ru-tadpp, Ru-tadpq and Ru-dppn 

displayed similar cytotoxic potency with IC50’s ranging from 13.7–18.0 µM. The most 

cytotoxic of the RAIL complexes was Ru-tadpf having IC50 of 6.92 µM, followed by Ru-

tatpp-Ru with an IC50 of 11.5 µM, and the least cytotoxic was Ru-tadbp with IC50 of 33.5 

µM as shown in Figure 4.13. Ru-phen is even less cytotoxic with IC50 greater than 50 µM 

and is not considered as an effective anticancer agent especially when compared to 

cisplatin with an IC50 of 20 µM.  

In order to examine the selectivity of the complexes in cancerous vs. non-

cancerous cells, the breast epithelial MCF-10 cell line (non-malignant) was also 

screened. Most of the RPCs showed low cytotoxicity towards MCF-10 cell line as 
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illustrated in Figure 4.14, except Ru-tadpf which had an IC50 of 49.3 µM. Ru-phen and 

cisplatin also had similar potency in the MCF-10 cells with IC50’s greater than 50 µM.  

 

 
 

Figure 4.13 Cytotoxicity IC50 values of ruthenium polypyridyl complexes against breast 

cancer MCF-7 cell line. 

Blue bars indicate the complex is inactive for DNA cleavage. Purple bars indicate the 
complex is active for DNA cleavage. aAlatrash, N. Redox Active Lipophilic Ruthenium 
Complexes As Potential Anti-Cancer Drugs. Ph.D. Dissertation, The University of Texas 
at Arlington, Arlington, TX 2015. 
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Figure 4.14 Cytotoxicity IC50 values of ruthenium polypyridyl complexes against non-

malignant breast epithelial MCF-10 cell line. 

Blue bars indicate the complex is inactive for DNA cleavage. Purple bars indicate the 
complex is active for DNA cleavage. aAlatrash, N. Redox Active Lipophilic Ruthenium 
Complexes As Potential Anti-Cancer Drugs. Ph.D. Dissertation, The University of Texas 
at Arlington, Arlington, TX 2015. 

 

 

In general, the RPCs showed good selectivity towards malignant cells (MCF-7) 

versus non-malignant cells (MCF-10). The selectivity index, a measure of this 

discrimination is calculated as shown below: 

Selectivity Index (SI) = IC50 MCF-10/IC50 MCF-7 

The plot of the SI of the RPCs shown in Figure 4.15 was obtained using the data 

from Figures 4.13 and 4.14. Selectivity of a compound is crucial in determining its 

potential as an anticancer agent and shows its ability to differentiate between normal 

cells and unhealthy cancer cells. Therefore, the higher the selectivity value of a 

compound, the greater its ability to perform targeted therapy of cancer cells. Among the 
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complexes examined herein, all the RPCs, except Ru-phen, have better selectivity than 

cisplatin which is used routinely in the clinic indicating that these RPCs are promising 

candidates for cancer chemotherapeutics. Notably, Ru-tadpf and Ru-tadpq had similar 

selectivity as the tatpp complexes which have been studied extensively and showed 

antitumor activity in pre-clinical studies. 

 

 
 
Figure 4.15 Selectivity index of ruthenium polypyridyl complexes in MCF-10 and MCF-7 

cell lines.  

Blue bars indicate the complex is inactive for DNA cleavage. Purple bars indicate the 
complex is active for DNA cleavage. aAlatrash, N. Redox Active Lipophilic Ruthenium 
Complexes As Potential Anti-Cancer Drugs. Ph.D. Dissertation, The University of Texas 
at Arlington, Arlington, TX 2015. 
 

 

A summary of the cytotoxicity IC50 values of all the RPCs including their 

selectivity in non-malignant cells as compared to cancerous cells is shown in Table 4.3. 

Figure 4.16 is a compilation of all the cytotoxicity results which shows the correlation 

between reduction potentials of the complexes and their effectiveness as potential 
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anticancer agents. In general, there seems to be no apparent trend in the effect of redox 

activity on cytotoxicity. However, considering the RPCs that cleave DNA in vitro under 

reducing conditions with GSH, that is Ru-tatpp-Ru, Ru-tatpp, and Ru-tadbp, some trends 

are observed in all the cell lines examined. In H358 and MCF-7 cell lines, the cytotoxicity 

of the DNA cleaving RPCs decreased as their first reduction potential increased. This 

trend is also seen in the non-malignant cell line (MCF-10) as Ru-tatpp-Ru was found to 

be the most cytotoxic of the DNA cleaving RPCs. In HOP-62 cells, the opposite structure-

activity relationship is observed as Ru-tatpp-Ru with the lowest reduction potential (-0.2 V 

vs. NHE) had the least cytotoxicity. Furthermore, Ru-tatpp (-0.12 V vs. NHE) and Ru-

tadbp (-0.27 V vs. NHE) with similar IC50’s had a 2.5-fold greater cytotoxicity even though 

the latter with a 150 mV higher reduction potential was the hardest to reduce. When 

considering the cytotoxicity of all the compounds examined, there are no clear trends 

seen between reduction potential and cytotoxicity. However, since DNA cleavage activity 

is directly correlated with the first reduction potentials of the RPCs, it can be deduced that 

this inherently plays a role in their efficacy as cytotoxic agents.
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Table 4.3 Cytotoxicity results of RPCs against cancerous and non-cancerous  

human cell lines. 

Complex H358 HOP-62 MCF-7 MCF-10 Selectivity Index 

 
IC50 (μM) IC50 (μM) IC50 (μM) IC50 (μM) IC50 MCF-10/IC50 MCF-7 

Ru-tatpp-Ru 15 ± 1.8a 50 ± 3c 11.5 ± 1.5a 79 ± 3.0b 7.2b 
Ru-tatpp 15.6 ± 2.1 19.1 ± 3.2 14.7 ± 1.9 >100 >6.8 
Ru-tadbp 28.4 ± 6.8 22.4 ± 2.8 33.5 ± 2.1 >100 >2.9 
Ru-tadpp 11.9 ± 1.5 24.6 ± 4.4 18.0 ± 1.2 >100 >5.5 
Ru-tadpf 6.33 ± 1.1 24.5 ± 4.3 6.92 ± 0.89 49.3 ± 6.0 7.1 
Ru-tadpq 14.9 ± 3.6 15.9 ± 1.5 13.7 ± 2.3 >100 >7.3 
Ru-dppn 19.8 ± 3.6 8.0 ± 2.2 14.8 ± 2.7 72.2 ± 5.0 4.9 
Ru-phen >50b - >50b >50b >1.0b 
Cisplatin 34 ± 1.6b 3.5 ± 2c 20 ± 1.2b >50b >2.5b 

 
aYadav, A.; Janaratne, T.; Krishnan, A.; Singhal, S. S.; Yadav, S.; Dayoub, A. S.; 
Hawkins, D. L.; Awasthi, S.; MacDonnell, F. M., Mol. Cancer. Ther. 2013, 12 (5), 643-
653; bAlatrash, N. Redox Active Lipophilic Ruthenium Complexes As Potential Anti-
Cancer Drugs. Ph.D. Dissertation, The University of Texas at Arlington, Arlington, TX 
2015; cDayoub, A. Unpublished data. October 2015. 
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Figure 4.16 Cytotoxicity of ruthenium polypyridyl complexes in cancerous and non-cancerous cell lines. 
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The inadequate consequential correlation between DNA cleavage, redox activity 

and cytotoxicity of these ruthenium(II) polypyridyl complexes reflects the complexity of 

elucidating the biological activity of these compounds. Several studies reported in 

literature have proposed a variety of mechanisms leading to their anticancer activity. 

These include DNA intercalation and cleavage,37,38 inhibition of topoisomerase,86,94 

enzyme-inhibition activity,95,96 and mitochondria dysfunction.79,97,98 For example, the 

complex [Ru(4,7-diphenyl-1,10-phenanthroline)3]2+ was observed to bind strongly to DNA 

and induce single-strand breaks upon irradiation (λ > 400 nm) in vitro. Despite its high 

DNA affinity, the complex was localized in mitochondria of malignant cells and induced 

rapid membrane depolarization and necrotic cell death.97 Tan and coworkers also 

observed that the complex [Ru(4,7-diphenyl-1,10-phenanthroline)2(β-carboline)]2+ binds 

strongly to DNA and localization in the cell nucleus causes morphological changes. In 

addition, flow cytometry studies demonstrated that the compound induced apoptosis due 

to DNA fragmentation, but also caused mitochondrial dysfunction by inducing changes in 

the membrane potential as confirmed by confocal microscopy.80 Furthermore, Pisani et 

al. reported a series of inert dinuclear polypyridyl ruthenium(II) complexes whose 

cytotoxicities were not correlated to their observed DNA binding affinities. However, the 

lipophilic complexes accumulated in the mitochondria with no staining in the cytoplasm or 

other organelles; and it was concluded that they acted as delocalized cations causing 

mitochondria poisoning.99  

Investigation of the cellular targets and the mechanism of cell death by RPCs 

have gained great interest recently due to their promising anticancer properties. The 

cumulative need to fully understand the biochemical activity of these complexes in vivo is 

rising, as it is essential for further development of RPCs as cancer chemotherapeutics. 

Interestingly, in most cases the differences in the cytotoxicities of these ruthenium(II) 
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polypyridyl complexes show a correlation with the lipophilicity of the compounds, which 

affects their cellular uptake.34 Therefore, structural modifications that afford the ability to 

tune the cellular uptake, localization and mechanism of cell death can be explored to 

generate compounds with superior anticancer properties. As demonstrated in this study 

simple ligand modifications can produce complexes with divergent chemical properties 

and biological activity.  

 

4.4. Conclusion 

In this chapter, we investigated a number of ruthenium(II) polypyridyl complexes 

with varying redox-active ligands and correlated their reduction potential to their DNA 

cleaving capability. Structural variation of the tatpp ligand was performed to generate 

novel RPCs with varying reduction potentials. The compounds were synthesized and 

characterized and their structure-activity relationship with respect to redox activity and 

DNA cleavage under reducing conditions with GSH were analyzed. It was observed that 

the ruthenium compounds capable of cleaving DNA in the presence of GSH had very low 

biologically accessible reduction potentials, much less than the reduction potential of the 

reducing agent GSH. When the potentials were clearly within the reducing potential of 

GSH, this results in the formation of a number of chemical species that initiate DNA 

cleavage. No DNA cleavage activity was observed for complexes that had higher 

reduction potentials of -0.37 V (vs. NHE) or more, which is in line with the proposed 

mechanism of DNA cleavage. We have identified a correlation between reduction 

potential of the metal complexes and their ability to cleave DNA. Interestingly, there is no 

clear correlation from both factors in tandem with respect to cytotoxicity in cancerous cell 

lines. Further studies will be needed therefore to elucidate the precise mode of biological 

activity of these ruthenium(II) polypyridyl complexes. 
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Appendix A 

1H NMR Spectra of Ruthenium(II) Polypyridyl Complexes  
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1H NMR spectrum of [(phen)2Ru(tadbp)](PF6)2. 
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1H NMR spectrum of tadpp ligand with excess Zn(BF4)2. 
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1H NMR spectrum of [(phen)2Ru(tadpp)](PF6)2. 
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1H NMR spectrum of tadpf ligand with excess Zn(BF4)2.  
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1H NMR spectrum of [(phen)2Ru(tadpf)](PF6)2. 
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19F NMR spectra of difluorobenzil (bottom) (500 MHz, CDCl3) tadpf ligand with excess Zn(BF4)2 (middle) (500 MHz, CD3CN)  

and [(phen)2Ru(tadpf)](PF6)2 (top) (500 MHz, CD3CN). 

a

a

a

b

a

b

a

a
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 1H NMR spectrum of [(phen)2Ru(tadpq)](PF6)2. 
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Appendix B 

X-ray Crystallography Data 
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Table 1 Crystal data and structure refinement  
 
Identification code  

 
narh3_0m_a-3  

Empirical formula  C33H19Cl3N6  
Formula weight  605.89  
Temperature/K  100(2)  
Crystal system  triclinic  
Space group  P-1  
a/Å  9.1805(9)  
b/Å  11.2425(11)  
c/Å  14.1718(14)  
α/°  81.329(2)  
β/°  88.375(2)  
γ/°  70.546(2)  
Volume/Å3  1363.1(2)  
Z  2  
ρcalcmg/mm3  1.476  
m/mm-1  0.373  
F(000)  620.0  
Crystal size/mm3  0.32 × 0.226 × 0.094  
2Θ range for data collection  5.476 to 56.562°  
Index ranges  -12 ≤ h ≤ 12, -14 ≤ k ≤ 14, -18 ≤ l ≤ 18  
Reflections collected  16542  
Independent reflections  6700[R(int) = 0.0614]  
Data/restraints/parameters  6700/0/379  
Goodness-of-fit on F2  1.064  
Final R indexes [I>=2σ (I)]  R1 = 0.0733, wR2 = 0.1846  
Final R indexes [all data]  R1 = 0.1205, wR2 = 0.2153  
Largest diff. peak/hole / e Å-3  1.21/-0.63  
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Table 2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters 
(Å2×103). Ueq is defined as 1/3 of of the trace of the orthogonalised UIJ tensor. 
Atom x      y      z U(eq) 
N1 2079(3) 10427(3) 3090(2) 23.5(7) 
N2 6155(3) 6989(3) 4843(2) 21.5(6) 
N3 10056(3) 3776(3) 6852(2) 19.8(6) 
N4 11833(3) 5413(3) 6747(2) 19.9(6) 
N5 7997(3) 8619(3) 4701(2) 23.8(7) 
N6 3904(3) 11920(3) 2862(2) 25.0(7) 
C1 3522(4) 9921(3) 3478(2) 21.2(7) 
C2 1190(4) 9696(3) 3197(3) 24.9(8) 
C3 1639(4) 8455(3) 3689(3) 23.7(8) 
C4 3098(4) 7939(3) 4092(2) 20.5(7) 
C5 4086(4) 8682(3) 3982(2) 20.6(7) 
C6 5649(4) 8179(3) 4391(2) 18.7(7) 
C7 7592(4) 6587(4) 5262(2) 22.7(8) 
C8 8138(4) 5379(3) 5790(3) 25.5(8) 
C9 9565(4) 4959(3) 6299(2) 20.8(7) 
C10 11350(4) 3447(3) 7362(3) 19.5(7) 
C11 12234(4) 4322(3) 7319(2) 19.6(7) 
C12 10469(4) 5785(4) 6226(2) 22.8(8) 
C13 9934(4) 7020(3) 5688(3) 23.0(7) 
C14 8500(4) 7428(3) 5200(3) 22.0(7) 
C15 6596(4) 8999(3) 4303(2) 20.3(7) 
C16 6004(4) 10290(3) 3776(2) 21.7(7) 
C17 6883(4) 11115(4) 3672(3) 24.7(8) 
C18 6259(4) 12319(4) 3159(3) 27.2(8) 
C19 4783(4) 12673(4) 2762(3) 27.7(8) 
C20 4497(4) 10747(3) 3365(2) 20.8(7) 
C21 11816(4) 2161(3) 7946(3) 22.0(7) 
C22 10656(4) 1670(3) 8298(3) 24.9(8) 
C23 11021(5) 455(3) 8816(3) 29.6(9) 
C24 12558(5) -287(3) 9002(3) 31.7(9) 
C25 13717(5) 183(4) 8661(3) 31.0(9) 
C26 13356(4) 1396(3) 8138(3) 25.6(8) 
C27 13636(4) 4056(3) 7937(3) 19.2(7) 
C28 13588(4) 3813(3) 8923(3) 22.7(7) 
C29 14883(4) 3615(3) 9487(3) 27.1(8) 
C30 16261(4) 3643(3) 9044(3) 29.1(9) 
C31 16313(4) 3894(3) 8072(3) 27.9(9) 
C32 15000(4) 4114(3) 7508(3) 22.6(8) 
Cl1 1109.5(11) 4324.9(9) 1229.8(7) 32.5(3) 
Cl2 2068.3(11) 1808.6(9) 644.5(7) 31.8(3) 
Cl3 -953.6(11) 2832.8(10) 1421.9(8) 36.5(3) 
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C33 1001(4) 2757(3) 1476(3) 24.5(8) 
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Table 3 Anisotropic Displacement Parameters (Å2×103). The Anisotropic displacement factor 
exponent takes the form: -2π2[h2a*2U11+...+2hka×b×U12] 
Atom             U11          U22          U33             U23             U13           U12 
N1 22.3(15) 24.8(16) 29.4(17) -8.0(13) -3.2(12) -14.0(13) 
N2 20.0(14) 30.5(17) 20.9(15) -7.6(13) -0.7(12) -15.7(13) 
N3 15.5(13) 21.1(15) 27.3(16) -10.3(12) 0.1(11) -9.2(12) 
N4 15.0(13) 28.4(16) 17.9(15) -3.1(12) -0.6(11) -9.5(12) 
N5 26.0(15) 34.0(17) 19.0(15) -0.4(13) -2.8(12) -21.1(14) 
N6 26.9(16) 24.2(16) 30.7(17) -7.3(13) 1.1(13) -16.1(13) 
C1 24.5(17) 26.5(18) 20.2(18) -10.0(14) 1.9(14) -15.8(15) 
C2 19.1(17) 28.2(19) 33(2) -10.7(16) -2.2(15) -12.5(15) 
C3 23.8(17) 27.6(19) 30(2) -11.4(15) 1.1(15) -18.7(16) 
C4 21.4(16) 24.4(18) 22.7(18) -8.4(14) 1.4(14) -15.0(15) 
C5 20.2(16) 29.4(19) 20.2(17) -11.6(14) 1.8(13) -15.6(15) 
C6 21.4(16) 25.1(18) 17.2(17) -8.7(14) 1.8(13) -15.6(14) 
C7 21.2(17) 35(2) 17.3(17) 0.9(15) -2.5(13) -17.8(16) 
C8 25.9(18) 26.2(19) 30(2) -3.2(15) -1.4(15) -16.3(16) 
C9 20.9(16) 29.0(19) 17.4(17) -5.3(14) 3.1(13) -14.0(15) 
C10 15.4(15) 16.5(16) 29.5(19) -10.7(14) 2.0(14) -6.2(13) 
C11 14.8(15) 23.9(17) 24.2(18) -13.2(14) 1.9(13) -7.6(14) 
C12 23.8(17) 35(2) 14.8(17) -2.7(15) 0.0(14) -18.0(16) 
C13 23.0(17) 23.3(18) 27.2(19) -4.6(15) 0.5(14) -13.2(15) 
C14 20.2(17) 27.7(19) 22.3(18) -1.1(15) -2.2(14) -14.5(15) 
C15 20.6(16) 30.3(19) 18.2(17) -8.8(14) 1.9(13) -16.9(15) 
C16 23.5(17) 29.2(19) 20.1(18) -8.9(14) 1.5(14) -16.6(15) 
C17 24.0(17) 36(2) 24.1(19) -12.7(16) 3.6(14) -19.9(16) 
C18 33(2) 30(2) 29(2) -7.6(16) 5.2(16) -22.4(17) 
C19 32(2) 27.6(19) 31(2) -6.8(16) 1.1(16) -19.0(17) 
C20 19.7(16) 27.9(18) 21.3(18) -11.4(14) 2.2(14) -13.6(15) 
C21 20.9(17) 17.1(16) 31(2) -8.8(14) -6.3(14) -7.6(14) 
C22 20.5(17) 18.3(17) 38(2) -3.6(15) -11.6(15) -8.0(14) 
C23 38(2) 22.2(19) 34(2) -0.2(16) -11.9(17) -18.2(17) 
C24 41(2) 16.3(17) 37(2) -4.0(16) -15.0(18) -8.0(16) 
C25 29(2) 21.2(18) 42(2) -13.2(17) -10.9(17) -2.3(16) 
C26 22.5(17) 18.1(17) 39(2) -13.7(15) -3.8(15) -5.9(15) 
C27 15.0(15) 13.4(15) 32(2) -8.7(14) -5.7(14) -5.7(13) 
C28 19.9(17) 16.1(16) 34(2) -6.1(14) -3.7(15) -7.3(14) 
C29 27.4(19) 21.7(18) 32(2) -1.6(15) -9.6(16) -8.7(15) 
C30 21.2(18) 20.7(18) 46(2) 3.1(16) -19.1(17) -9.7(15) 
C31 18.0(17) 19.9(18) 47(2) 0.1(16) -7.0(16) -9.4(15) 
C32 17.5(16) 18.3(16) 33(2) -1.6(15) -4.2(14) -8.1(14) 
Cl1 38.6(5) 24.8(5) 42.6(6) -10.1(4) 2.4(4) -19.6(4) 
Cl2 29.0(5) 30.8(5) 38.1(6) -16.1(4) 2.9(4) -8.6(4) 
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Cl3 24.7(5) 36.3(6) 57.4(7) -19.4(5) 3.8(4) -16.7(4) 
C33 25.3(18) 24.5(18) 31(2) -10.0(15) 0.1(15) -14.9(15) 
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Table 4 Bond Lengths  
Atom Atom          Length/Å  Atom Atom          Length/Å 
N1 C1 1.351(4)  C10 C21 1.484(5) 
N1 C2 1.330(4)  C11 C27 1.497(5) 
N2 C6 1.327(4)  C12 C13 1.413(5) 
N2 C7 1.365(4)  C13 C14 1.405(5) 
N3 C9 1.376(4)  C15 C16 1.460(5) 
N3 C10 1.322(4)  C16 C17 1.408(5) 
N4 C11 1.310(4)  C16 C20 1.414(5) 
N4 C12 1.378(4)  C17 C18 1.378(5) 
N5 C14 1.353(5)  C18 C19 1.389(5) 
N5 C15 1.326(4)  C21 C22 1.403(5) 
N6 C19 1.342(4)  C21 C26 1.398(5) 
N6 C20 1.343(5)  C22 C23 1.387(5) 
C1 C5 1.400(5)  C23 C24 1.388(5) 
C1 C20 1.480(5)  C24 C25 1.383(6) 
C2 C3 1.394(5)  C25 C26 1.388(5) 
C3 C4 1.372(5)  C27 C28 1.386(5) 
C4 C5 1.415(4)  C27 C32 1.393(5) 
C5 C6 1.457(5)  C28 C29 1.388(5) 
C6 C15 1.454(4)  C29 C30 1.404(5) 
C7 C8 1.385(5)  C30 C31 1.366(6) 
C7 C14 1.446(5)  C31 C32 1.396(5) 
C8 C9 1.413(5)  Cl1 C33 1.780(4) 
C9 C12 1.429(5)  Cl2 C33 1.762(4) 
C10 C11 1.463(5)  Cl3 C33 1.771(4) 
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Table 5 Bond Angles 
Atom Atom Atom                     Angle/˚  Atom Atom Atom                    Angle/˚ 
C2 N1 C1 117.3(3)  N5 C14 C7 122.0(3) 
C6 N2 C7 116.5(3)  N5 C14 C13 118.3(3) 
C10 N3 C9 118.2(3)  C13 C14 C7 119.7(3) 
C11 N4 C12 118.4(3)  N5 C15 C6 122.0(3) 
C15 N5 C14 116.5(3)  N5 C15 C16 117.9(3) 
C19 N6 C20 118.0(3)  C6 C15 C16 120.1(3) 
N1 C1 C5 122.6(3)  C17 C16 C15 122.0(3) 
N1 C1 C20 117.0(3)  C17 C16 C20 118.3(3) 
C5 C1 C20 120.5(3)  C20 C16 C15 119.7(3) 
N1 C2 C3 124.5(3)  C18 C17 C16 119.0(3) 
C4 C3 C2 118.4(3)  C17 C18 C19 118.6(3) 
C3 C4 C5 118.7(3)  N6 C19 C18 123.9(4) 
C1 C5 C4 118.4(3)  N6 C20 C1 117.8(3) 
C1 C5 C6 120.5(3)  N6 C20 C16 122.1(3) 
C4 C5 C6 121.0(3)  C16 C20 C1 120.0(3) 
N2 C6 C5 118.7(3)  C22 C21 C10 118.5(3) 
N2 C6 C15 122.1(3)  C26 C21 C10 123.4(3) 
C15 C6 C5 119.2(3)  C26 C21 C22 118.1(3) 
N2 C7 C8 118.8(3)  C23 C22 C21 121.1(3) 
N2 C7 C14 120.8(3)  C24 C23 C22 119.8(4) 
C8 C7 C14 120.3(3)  C25 C24 C23 119.9(3) 
C7 C8 C9 120.8(3)  C24 C25 C26 120.5(3) 
N3 C9 C8 119.9(3)  C25 C26 C21 120.6(4) 
N3 C9 C12 121.3(3)  C28 C27 C11 121.6(3) 
C8 C9 C12 118.7(3)  C28 C27 C32 119.4(3) 
N3 C10 C11 120.1(3)  C32 C27 C11 119.0(3) 
N3 C10 C21 115.7(3)  C27 C28 C29 120.9(3) 
C11 C10 C21 124.2(3)  C28 C29 C30 119.1(4) 
N4 C11 C10 122.1(3)  C31 C30 C29 120.4(3) 
N4 C11 C27 115.0(3)  C30 C31 C32 120.4(3) 
C10 C11 C27 122.9(3)  C27 C32 C31 119.9(3) 
N4 C12 C9 119.5(3)  Cl2 C33 Cl1 110.6(2) 
N4 C12 C13 119.1(3)  Cl2 C33 Cl3 109.44(19) 
C13 C12 C9 121.2(3)  Cl3 C33 Cl1 109.7(2) 
C14 C13 C12 119.2(3)      
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Table 6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 
(Å2×103).  
Atom                             x                            y                            z                          U(eq) 
H2 178 10044 2920 30 
H3 952 7977 3743 28 
H4 3437 7099 4439 25 
H8 7547 4825 5810 31 
H13 10536 7567 5656 28 
H17 7891 10846 3952 30 
H18 6828 12894 3079 33 
H19 4371 13498 2398 33 
H22 9603 2178 8180 30 
H23 10222 131 9042 36 
H24 12813 -1117 9362 38 
H25 14768 -328 8787 37 
H26 14163 1708 7909 31 
H28 12656 3782 9218 27 
H29 14839 3462 10163 32 
H30 17162 3488 9422 35 
H31 17247 3918 7779 33 
H32 15037 4303 6834 27 
H33 1435 2361 2132 29 

 

Experimental 

Single crystals of C33H19Cl3N6 were analyzed. A suitable crystal was selected and 
analyzed on a diffractometer. The crystal was kept at 100(2) K during data collection. Using 
Olex2,100 the structure was solved with the XS101 structure solution program using Direct 
Methods and refined with the XL101 refinement package using CGLS minimization. 

 

Crystal structure determination of tadpp ligand 

 
Crystal Data for C33H19Cl3N6 (M =605.89): triclinic, space group P-1 (no. 2), a = 

9.1805(9) Å, b = 11.2425(11) Å, c = 14.1718(14) Å, α = 81.329(2)°, β = 88.375(2)°, γ = 
70.546(2)°, V = 1363.1(2) Å3, Z = 2, T = 100(2) K, μ(MoKα) = 0.373 mm-1, Dcalc = 1.476 g/mm3, 
16542 reflections measured (5.476 ≤ 2Θ ≤ 56.562), 6700 unique (Rint = 0.0614) which were 
used in all calculations. The final R1 was 0.0733 (I > 2σ(I)) and wR2 was 0.2153 (all data).  

This report has been created with Olex2, compiled on Apr 23 2013. 
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Appendix C 

Electrochemical Data (Differential Pulse Voltammograms) of Ruthenium(II) Polypyridyl 

Complexes  
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Differential pulse voltammogram of [(phen)2Ru(tatpp)](PF6)2 complex (60 μM) in argon purged acetonitrile using Ag/AgCl 
reference electrode, Pt counter electrode, glassy carbon (1.0 mm diameter) working electrode and NBu4nPF6 (0.1 M) as the 
supporting electrolyte, with a scan rate = 50 mV/s, potential pulse amplitude = 0.05 V, pulse period = 0.2 V, pulse duration =  

0.05 s, and step size = 0.004 V. 
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Differential pulse voltammogram of [(phen)2Ru(tadbp)](PF6)2 complex (60 μM) in argon purged acetonitrile using Ag/AgCl 
reference electrode, Pt counter electrode, glassy carbon (1.0 mm diameter) working electrode and NBu4nPF6 (0.1 M) as the 
supporting electrolyte, with a scan rate = 50 mV/s, potential pulse amplitude = 0.05 V, pulse period = 0.2 V, pulse duration =  

0.05 s, and step size = 0.004 V. 
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Differential pulse voltammogram of [(phen)2Ru(tadpp)](PF6)2 complex (60 μM) in argon purged acetonitrile using Ag/AgCl 
reference electrode, Pt counter electrode, glassy carbon (1.0 mm diameter) working electrode and NBu4nPF6 (0.1 M) as the 
supporting electrolyte, with a scan rate = 50 mV/s, potential pulse amplitude = 0.05 V, pulse period = 0.2 V, pulse duration =  

0.05 s, and step size = 0.004 V. 
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Differential pulse voltammogram of [(phen)2Ru(tadpf)](PF6)2 complex (60 μM) in argon purged acetonitrile using Ag/AgCl 
reference electrode, Pt counter electrode, glassy carbon (1.0 mm diameter) working electrode and NBu4nPF6 (0.1 M) as the 
supporting electrolyte, with a scan rate = 50 mV/s, potential pulse amplitude = 0.05 V, pulse period = 0.2 V, pulse duration =  

0.05 s, and step size = 0.004 V. 
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Differential pulse voltammogram of [(phen)2Ru(tadpq)](PF6)2 complex (60 μM) in argon purged acetonitrile using Ag/AgCl 

reference electrode, Pt counter electrode, glassy carbon (1.0 mm diameter) working electrode and NBu4nPF6 (0.1 M) as the 
supporting electrolyte, with a scan rate = 50 mV/s, potential pulse amplitude = 0.05 V, pulse period = 0.2 V, pulse duration =  

0.05 s, and step size = 0.004 V. 
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Differential pulse voltammogram of [(phen)2Ru(dppn)](PF6)2 2 complex (60 μM) in argon purged acetonitrile using Ag/AgCl 
reference electrode, Pt counter electrode, glassy carbon (1.0 mm diameter) working electrode and NBu4nPF6 (0.1 M) as the 
supporting electrolyte, with a scan rate = 50 mV/s, potential pulse amplitude = 0.05 V, pulse period = 0.2 V, pulse duration =  

0.05 s, and step size = 0.004 V. 
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Table C.1 Redox potentials (vs. NHE) for the electroreduction processes occurring in ruthenium(II) polypyridyl complexes 

containing redox-active intercalating ligands (RAIL). 

 

Complex ERAIL,10(NHE) ERAIL,20(NHE) Ephen,10(NHE) Ephen,20(NHE) 

[(phen)2Ru(tatpp)]2+ -0.12, -0.28(a) -0.68 -1.22 -1.44 

[(phen)2Ru(tadbp)]2+ -0.27 -0.74 -1.23 -1.43 

[(phen)2Ru(tadpp)]2+ -0.37 -0.91 -1.25 -1.48 

[(phen)2Ru(tadpf)]2+ -0.36 -0.88  (-0.68)(b) -1.26 -1.49 

[(phen)2Ru(tadpq)]2+ -0.40 -0.89 -1.25 -1.47 

[(phen)2Ru(dppn)]2+ -0.60 NA -1.28 -1.47 

 
(a) Splitting of the first redox process due to π-π stacking. (b) Pre-peak of second reduction process reported in 
parenthesis. Potentials reported vs. NHE using Ag/AgCl reference electrode, Pt counter electrode, glassy carbon 
(1.0 mm diameter) working electrode and NBu4nPF6 (0.1 M) as the supporting electrolyte, with a scan rate = 50 
mV/s, potential pulse amplitude = 0.05 V, pulse period = 0.2 V, pulse duration = 0.05 s, and step size = 0.004 V in 
argon purged acetonitrile. The concentration of each complex was 60 μM.  
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