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Preface

Ruthenium is a Group 8 transition metal and is inert to most
chemicals. The chemistry of ruthenium is currently receiving
a lot of attention in the area of inorganic electrochemistry and
photochemistry primarily because its complexes have good
electron transfer and energy transfer properties. The synthetic
versatility of ruthenium complexes has led to the synthesis of a
large number of structurally diverse complexes. Some of these
compounds inhibit the proliferation of cancer cells and tumor
growth via interaction with a variety of intracellular and
extracellular targets. Due to less toxicity and effective bio-
distribution, ruthenium complexes are of much current
interest. Additionally, luminescent ruthenium complexes can be
synthesized at the nanoscale and can be directly traced at the
tissue level.

Nanotechnology has become more evident nowadays owing
to the constant broadening of the borders and complexities.
Nanomaterials can be generated from any material, such as
metals, semiconductors, and polymers, with specific sizes, shapes,
surface properties, defects, and self-assembly properties by
utilizing different methodologies from synthetic and materials
chemistry.

One of the targets for cancer chemotherapy is DNA—the
classic target—which is believed to be the dominant mechanism
for cytotoxicity with certain metal-based drugs, while for others
such as topo-isomerase, non-classical targets are thought to be
more important. Due to effective bio-distribution and multimodal
cellular actions, recently ruthenium complexes have drawn much
attention as next-generation anticancer agents. In this regard,
DNA, considered their main target, is now evident to be highly
unselective, and therefore, there is an evolving concept to evaluate
whether metal complexes could be able to attenuate certain
tumor growth-associated biochemical events at the cellular level.
Thus, in ruthenium complexes, the metal center of ruthenium
has been shown to interact with a variety of ligands and thereby
enabling these complexes to affect various cellular activities.



xii

Preface

This book describes ruthenium complexes as chemotherapeutic
agents for targeting tumor sites, although it has been the most
challenging task in the area of cancer therapy. Nanoparticles are
now emerging as the most effective alternative to the traditional
chemotherapeutic approach. However, in view of organ system
complicacies, instead of using nanoparticles as a delivery tool, it
will be more appropriate to synthesize a nanoparticle-size drug
that can use the blood transport mechanism to reach the tumor
site and result in cancer regression.

The book describes the synthesis, characterization, and
applications of various ruthenium complexes as chemotherapeutic
agents and also covers the introduction to chemotherapy,
classification of ruthenium complexes with respect to their
oxidation states and geometry, nano-size ruthenium complexes
and their shape and binding selectivity, binding of ruthenium
complexes with DNA, DNA cleavage studies, and cytotoxicity.
It will be useful for researchers, scientists, biomedical professionals,
and research laboratories and academia interested in the area of
coordination chemistry, especially ruthenium compounds and
their applications. The book will empower the younger generation
to create a new world of ruthenium chemistry in materials
science as well as medicine.

Ajay Kumar Mishra
Lallan Mishra
Editors
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An Introduction to Ruthenium Chemistry
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Ruthenium occupies a middle position of the d-block elements in
the periodic table with atomic number 44 and atomic weight
101.07. It has extensive variation of isotopes, but key isotopes have
mass 101, 102, and 104. Two of these isotopes, *?Ru and °'Ruy,
possess a nuclear spin of 5/2. The element ruthenium was first
discovered by a Russian Chemist Karl Karlovich Klaus in 1844
while analyzing a residue of platinum ore from Ural Mountains.
Its name was derived from Latin name of Russia as Ruthenia.
It was partly in tribute to Klaus’s homeland and partly in
recognition of the earlier efforts of Gottfried Osann, who had
suggested the existence of new elements in these residues, one
of which he had named ruthenium. It is a hard metallic element
of grayish-white color. Its occurrence in the earth crust is rare
(it comprises roughly 10-7% of the Earth’s crust). It is usually
found together with its five fellow “platinum group” metals (Os, Rh,

Ruthenium Chemistry

Edited by Ajay Kumar Mishra and Lallan Mishra

Copyright © 2018 Pan Stanford Publishing Pte. Ltd.

ISBN 978-981-4774-39-0 (Hardcover), 978-1-315-11058-5 (eBook)
www.panstanford.com


http://www.panstanford.com
mailto:lmishrabhu@yahoo.co.in

2

An Introduction to Ruthenium Chemistry

Ir, Pd, and Pt). It has a wider span of its oxidation states ranging
from -2 to +8. It is hardened with platinum and palladium and
the alloy thus obtained is used in the electronics industry as a
water-resistant material. Moreover, titanium’s resistance to
corrosion can be greatly increased by alloying it in small amounts.
Ruthenium shows many of the properties of transition metals
such as forming complexes in a wide range of formal oxidation
states.

The book Chemistry of Ruthenium, by Seddon and Seddon
(1978), offered complete coverage of ruthenium, which exhibits
the highest known formal oxidation state (RuO,) together with
osmium and xenon, in the periodic table. The compound usually
used as a starting material in ruthenium chemistry is “hydrated
ruthenium trichloride,” an almost black, reflective solid that
is obtained industrially by dissolving RuO, in aqueous HCI
and evaporating to dryness. It is soluble in a wider range of
solvents and is comparatively reactive. A landmark discovery in
coordination chemistry made in 1965 by Allen and Senoff was
the first synthetic complex of N, as [Ru(NH;3)5(N,)]X, (X = anion).
This complex was originally made by the treatment of hydrated
ruthenium trichloride with hydrazine and showed a weak band
in their infrared spectra at 2,100 cm owing to the N=N
stretching vibration. At present, ruthenium is at the forefront of
various important areas of science, including the development of
air and moisture-tolerant homogeneous ruthenium catalysts for
alkene metathesis. It had a major impact on total synthesis and
on materials chemistry, which resulted in the form of Nobel Prize
in Chemistry for Grubbs in 2005. Ruthenium complexes are also
extensively used in enantioselective hydrogenation reactions in
organic synthesis (exemplified by the work of Ryoji Noyori, who
was one of the winners of the 2001 Nobel Prize in Chemistry) and
are now being investigated in chemotherapy.

Most probably, the most-studied ruthenium complex of the
recent time has been [Ru(2,2'-bipyridine);]?*, sometimes called
rubipy, and its derivatives. On irradiation with visible light, rubipy
produces a long-lived photoexcited triplet state, essentially
consisting of [Ru(IIN)(2,2'-bipyridine),(2,2'-bipyridine*-)]?*. The
Ru(Ill) is a strong oxidant, whereas the 2,2'-bipyridine radical
anion is a powerful reductant. It was pointed out in the mid-
1970s that in principle this photoexcited state is capable of both
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oxidizing and reducing water to O, and H,, respectively, giving rise
to a wider scope of research. Over 150 years of ruthenium'’s
discovery, its chemistry continues to provide fascinating new
findings and potential technologies. No doubt its lure will
continue to attract others to its study.

Over the past couple of years, the field of coordination
chemistry and organometallic chemistry of ruthenium has grown
and evolved at unprecedented rates. Recent publications largely
highlight key advances in ruthenium complexes and in their
chemically addressable applications in challenging areas such as
biology, medicine, catalysis, nanoscience, redox, and photoactive
materials, etc. (Storr et al, 2014). This explosive expansion is
mainly due to the unique ability of the ruthenium core to permit
multiple oxidation states, hence versatile electron transfer
pathways. Both Ru(II) and Ru(Ill) oxidation states accommodate
six-coordinated octahedral configurations. The axial ligands
provide an opportunity to tune the electronic properties of the
complexes. Proper variations of ancillary ligands, allowing the
modulation of redox properties and ligand interactions, have
resulted in a large platform of ruthenium complexes endowed
with achiral or chiral configurations (Gunanathan et al., 2014).

The chemistry of ruthenium complexes, with special attention
to their electron transfer properties, has received constant attention
in the recent decades. Ruthenium offers a wide range of oxidation
states, which are accessible chemically and electrochemically
(from oxidation state -2 in [Ru(C0)4]?" to +8 in Ru0,). Therefore,
the complexes of ruthenium are redox-active and their application
as redox reagents in different chemical reactions is of much current
interest. The Kkinetic stability of ruthenium in several different
oxidation states, the often reversible nature of its redox couples,
and the relative ease with which mixed-ligand complexes can
be prepared by controllable stepwise methods make ruthenium
complexes particularly attractive targets of study. Ruthenium
complexes exhibit a great deal of applications in many fields of
chemical science. Clear correlations can be observed between their
properties and the nature of the ligands bound to the central ion.
Thus, ruthenium sulfoxide complexes have been extensively
investigated in the past two decades because of their properties
and usefulness, particularly in catalysis and chemotherapy.
Ruthenium complexes with polypyridyl ligands have received much

3
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attention owing to their interesting spectroscopic, photophysical,
photochemical, and electrochemical properties. These properties
lead to their potential use in diverse areas such as photosensitizers
for photochemical conversion of solar energy and molecular
electronic devices and as photoactive DNA cleavage agents for
therapeutic purposes.

Ruthenium complexes are also known to perform a variety of
inorganic and organic transformations. Their synthetic versatility,
high catalytic performance under relatively mild reaction
conditions, and high selectivity make them particularly well suited
for this purpose. A wide range of ruthenium-based agents have
been synthesized and tested for their antitumor properties in the
past 30 years. Most of these agents, independent of the ligands
attached to the ruthenium ion, have shown relatively low
cytotoxicity and are less toxic than cisplatin, correspondingly
requiring a higher therapeutic dose. Extensive binding to cellular
and extracellular components may explain this observation.
Despite their low cytotoxic potential, many ruthenium complexes
increase the lifetime expectancy in tumor-bearing hosts. Ru(III)
complexes remain most likely in their (relatively inactive and
unreactive) Ru(IlI) oxidation state until they reach the tumor site.
In this environment, with its lower oxygen content and pH than
the healthy tissue, reduction to the more reactive Ru(Il) oxidation
state may take place. In this manner (termed “activation by
reduction”), Ru(Ill) compounds may provide selective toxicity.
However, to be active in vivo, the complexes must have a biologically
accessible reduction potential, which can vary considerably with
the type of ligands present in their coordination sphere. A second
mechanism that could explain the observed antitumor activity
could be the high affinity of Ru(Ill) for the transferrin iron-
binding sites. This binding capacity provides a possibility to target
Ru(Ill) complexes to tumors with high transferring receptor
densities. A large number of ruthenium complexes (in both the
II and III oxidation states) have been synthesized and showed
antitumor activity in vitro. Further applications of ruthenium
complexes are widely displayed in photochemistry and
photophysics, pharmaceuticals, and agrochemicals.

Although it started over 50 years ago, the development of
metal-based anticancer drugs has traditionally focused on the
cytotoxicity of platinum compounds, several of which have reached
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clinical application (Wilson et al,, 2014). The deeper understanding
of cancer biology triggered the introduction of targeted
chemotherapies, using other metal-based drugs, able to address
specific cancer physiologies or disease states. As most of the
ruthenium complexes are found to be less toxic than their platinum
counterparts, this offers considerable added value for their medical
implementation. The remarkable success in clinical trials of
NAMI-A, KP1019, and KP1339, combined with abundant reports
on the enhanced in vitro and in vivo activity of other types of
ruthenium complexes, prompted ruthenium chemotherapeutics
to rapidly become a major area in anticancer drug advancement
(Bergamo et al, 2015). In the search for superior metallo-
drugs, ruthenium chemistry is gaining momentum through the
introduction of ruthenium containing macromolecular complexes
(dendrimers, dendronized polymers, protein conjugates, intelligent
nanoparticles for advanced drug delivery, and polymeric
ruthenium complex conjugates). These complexes may differentiate
between tumor cells and healthy cells (Valente et al., 2014).
Currently, among the most promising alternatives to
platinum drugs, ruthenium complexes also operate via different
mechanisms and are active by interaction with DNA (Nazarov
et al,, 2015). Both Ru(Il) and Ru(Ill) oxidation states are stable
in physiological solutions, with the latter considered to be less
reactive; therefore, ruthenium complexes are generally reported
to act as redox-activatable prodrugs. Recent research largely
illustrates that in vitro and in vivo properties of ruthenium
compounds can be finely tuned by ligand variation (Huang
et al,, 2015). Some arene-functionalized di-nuclear organometallic
Ru(II) complexes are capable of cross-linking model peptide and
oligonucleotide sequences while cytotoxicities are linked to their
more rigid or more flexible conformations (Murray et al., 2014).
The mechanism of action of ruthenium-based antitumor drugs
was studied, especially with regard to the capacity of ruthenium
to mimic iron in its binding to biological molecules. Incorporation
of biologically derived ligands that primarily aim at minimizing
toxicity toward normal cells is a viable avenue for engineering
ruthenium complexes since they provide ways to improve
anti-proliferative activity of metal-based drugs. Such ligands
display different coordination modes, facilitate compatibility of the

5
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complex with the biological environment, and promote a higher
cellular uptake.

Photoactivation of ruthenium complexes for triggering and/or
modulating their antitumor activity (Saraf et al.,, 2014) is of great
interest. The process enables the transformation of unreactive
Ru(Il) complexes into light-driven cytotoxic species (Dickerson
et al,, 2014) that can subsequently interact with proteins and DNA
at the cellular level. Several ruthenium(II)polypyridyl complexes
have been elaborated to act as two-photon absorption (TPA)
agents in mitochondria-targeted photodynamic therapy, a
promising new technique for resolving tumors selectively and
subduing resistance to alternative anticancer therapies (Liu
et al,, 2015). Cellular toxicity induced by photo release of certain
bioactive molecules has been proved to be a valid alternative
for ruthenium photodynamic therapeutic agents (PDT) with
dual-action (Albani et al., 2014). Ruthenium complexes additionally
find important medicinal applications as NO carriers and donors
for the induction of vascular relaxation (some Ru(IIl) complexes
can act as nitric oxide scavengers thus improving graft survival).

Environment-friendly = homogeneous and immobilized
ruthenium catalysts enabled indispensable synthetic methods
inaccessible with other metal-based catalytic systems. With the
aim of upgrading the versatility of ruthenium-based catalysis, new
mononuclear, binuclear, and polynuclear ruthenium complexes with
arene, phosphine, phosphite, alkylidene, vinylidene, allenylidene,
indenylidene, N-heterocyclic carbene (NHC), cyclic alkyl amino
carbene (CAAC), porphyrin, pincer, Schiff-base, polydentate, and
polycyclic ligands have been continuously prepared, minutely
characterized and explored in chemo-selective catalytic processes
(Baraut et al., 2015; Okamura et al., 2015; Di Giovanni et al., 2013;
Laine et al,, 2015; Malineni et al., 2015; Marx et al., 2015; Dragutan
et al, 2009; Troian-Gautier et al, 2014). A simple method for
hydrogen storage has been disclosed. The process, based on
a COy(HCO;)/H, and formate equilibrium within an amine-
free reversible system, is catalyzed by commercially available
ruthenium pincer complexes and produces a mixture of
H,(CO free) and CO, (Kothandaraman et al, 2015). A subject
of renewed interest is presently the production of oxygen
through water splitting with the help of ruthenium catalysts as
showcased in excellent reviews (Duan et al, 2015). One recent
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refined approach applies to Ru(bpy)sCl, as photoredox catalyst
and p-toluidine as redox mediator in the visible light photocatalytic
thiolene “click” reaction for fast polymer post-functionalization
and step-growth polymerization, under aerobic conditions
(Xuetal, 2015).

Schiff base (e.g., Salen) ruthenium complexes enable versatile
asymmetric catalysis for a range of chemical transformations,
especially for carbene, nitrene, and oxene transfer reactions
(Dragutan et al,, 2014; Ding et al,, 2014). Complexes of this class
reportedly serve as catalysts for oxidation/epoxidation, with
chiral ruthenium complexes such as Ru-porphyrin, di-symmetric
Ru-Schiff base, and Ru-bis amide complexes being employed in
asymmetric epoxidation.

Ruthenium complexes contribute to sustainable processes
through the conservation of fossil resources and energy. By a
metathesis technology, palm oil and jojoba oil can be used to
make high-performance olefins and other chemicals of specialty
for a wide range of applications, including surfactants, detergents,
lubricants, and biofuels (Butilkov et al., 2014). A representative
example of metathesis starting from renewable raw materials is
the self-metathesis of methyl oleate and cross-metathesis of methyl
oleate with (Z)-2-butene-1,4-diol diacetate promoted by a series
of indenylidene ruthenium catalysts (Kajetanowicz et al., 2014).
Furthermore, a highly chemoselective procedure for obtaining
valuable alcohols and higher-oxidation-state compounds by
catalytic Z-selective cross-metathesis holds promise for a future
application on the larger scale (Koh et al, 2014). In a patented
procedure for valorization of biomass materials, cellulose
was saccharidified using a ruthenium catalyst supported on
carbonized cellulose containing SO3;H groups to give glucose in
a 40% yield with 68% conversion of cellulose (Tanaka et al.,, 2012).
Cross-metathesis of bio-sourced fatty nitriles with acrylonitrile
provides an efficient way for the conservation of natural resources
(Bidange et al, 2014). An important aspect in the industrial
valorization of ruthenium complexes is the removal of ruthenium
residues. It is mandatory in areas where the level of this heavy
metal in the final products (pharmaceuticals, specialty polymers
designed for food supplies, and biomedical, textile, or electronic
applications) could be problematic for human health (Skowerski
etal, 2014).

7
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Overall, the high potential and versatility of the ruthenium
complexes attest to the importance they assume in chemistry
and other scientific and technical areas and undoubtedly ensure
the emergence, in the near future, of further development in the
service of the mankind.
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Inorganic medicinal chemistry offers the development of
bioactive metal compounds as a promising and attractive
approach in the search for a pharmacological control of different
diseases. After the discovery of its antineoplastic activity, cisplatin
has dominated anticancer chemotherapy. Cisplatin and second-
generation platinum derivatives are used worldwide, alone
or combined with other drugs, for the treatment of a number
of neoplasms despite their side effects and development of
resistance mechanisms. Several attempts to develop metal-
based drugs are currently in progress in order to overcome such
limitations. In this sense, many other transition metals are being
investigated. In particular, two ruthenium compounds, NAMI-A
and KP1019, have undertaken phase I and phase II clinical
evaluations representing a promising alternative to platinum
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drugs. In addition, many other ruthenium classical coordination
compounds, either in oxidation state II or III, and organometallics
have been widely explored in respect to their potential uses
in medicine. This chapter focuses on the most relevant efforts
carried out to develop ruthenium compounds as prospective agents
for the treatment of not only cancer but also parasitic diseases of
high prevalence. Those series of compounds for which especial
efforts have been made to modify structures performing a sort of
rational design and to identify their molecular targets and mode
of action were emphasized.

2.1 Introduction

2.1.1 General Remarks

The serendipitous discovery of cisplatin antitumoral properties
and its clinical introduction almost 40 years ago has determined
the beginning of a modern Inorganic Medicinal Chemistry
stage based on rational design. Cisplatin (Fig. 2.1) is still the
lead compound in clinical use against various types of cancer,
particularly ovarian, testicular, bladder, neck, and small cell
lung cancer. Nevertheless, it has several clinical disadvantages,
like systemic toxicity producing severe side effects, incidence of
resistance to treatment and lack of response on many tumors,
which severely limit its clinical value. Second and third generation
of platinum-based drugs (carboplatin and oxaliplatin) (Fig. 2.1),
rationally designed by chemical modification of the original
cisplatin structure, are currently in clinical use but they did not
lead to the expected improvements of biological behavior.
The clinical success of platinum(II) drugs has expanded the field
of cancer chemotherapy to other metal-based drugs. Although
platinum drugs continue playing a central role in the treatment
of cancer, being used worldwide in the chemotherapeutic
regimes of around half of all cancer patients, extensive research
is being currently performed for the development of prospective
antitumoral drugs based on other metals (Galanski et al, 2003;
Hall et al., 2007; Klein et al., 2009; Medici et al., 2015; Ronconi and
Sadler, 2007).
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Figure 2.1 Structure and date of beginning of clinical use of Pt(Il)
antitumoral drugs: cisplatin, carboplatin, and oxaliplatin.

2.1.2 Ruthenium Compounds Potentiality as
Prospective Drugs

During the last 25 years, ruthenium compounds either classical
or organometallic have been widely explored in respect to their
potential uses in medicine. In particular, they have attracted a
considerable interest as the basis for new compounds to treat
cancer diseases. This fact is mainly supported on some properties
attributed to ruthenium-based compounds that suggested the
possibility to get anticancer drugs endowed with a significant
innovation versus the existing platinum drugs with their
disadvantages of limited activity and toxicity. However, it should
be noted that some of the statements that will be listed below,
despite being supported by some experimental evidence, cannot
be uncritically generalized (Alessio, 2016; Bergamo and Sava,
2011; Gambino and Otero, 2012). In physiological solutions,
ruthenium is stable in two oxidation states, Ru(Il) and Ru(III).
Both states can form six-coordinated octahedral species which
could allow the in vivo interconversion between both oxidation
states without extra energy requirements for structural
rearrangements. In addition, the steric and electronic properties
of the complexes can be tuned by rationally selecting the two

13



14

Ruthenium in Medicinal Chemistry

“extra” axial ligands (regarding square planar platinum
compounds). The chemical relative “softness” of both ruthenium
oxidation states makes them avid for ligands with sulfur and
nitrogen donors which are ubiquitous in the major biomolecules,
like DNA, serum and cellular proteins and enzymes. The rate of
ligand exchange in ruthenium complexes is comparable to that
for platinum ones, i.e., 1072 to 1073 s™1, Reactivity of ruthenium
compounds should be able to balance the inertness required for
the compound to reach its target site (e.g, DNA) and minimize
unnecessary side effects while allowing the sometimes required
activation necessary for binding to the targets. However, no
generalization is possible as both, relatively labile (e.g., NAMI-A)
and relatively inert ruthenium compounds (e.g., KP1019), have
anticancer activity (Alessio et al., 2016). As stated, the selection of
ligands in classic coordination compounds as well as the possibility
of generating organoruthenium compounds can intervene in the
kinetics of the complexes to allow better control of their stability.
Modification of the coordination environment around the central
atom could also allow fine-tuning the redox properties of the
ruthenium complexes. The reduction potential of each Ru(III)
species has a biologically accessible value. Reducing agents like
glutathion, ascorbate and some proteins are able to accomplish
Ru(Ill) to Ru(ll) reduction and, on the other hand, molecular
oxygen and cytochrome oxidase can revert Ru(Il) to Ru(III)
(Allardyce et al, 2005). However, under biologically relevant
conditions the parent compounds could undergo changes in
their coordination producing metabolites of unknown E° and
binding to serum proteins (Alessio et al., 2016). In addition, redox
potentials can be exploited to get ruthenium-based prodrugs. Inert
Ru(Ill) compounds could undergo “activation by reduction” to
be transformed, in some conditions, into the more reactive Ru(II)
species. This activation would be produced in solid tumor tissues
where fast-growing cells with insufficient vascularization generate
a hypoxic (reducing) state and it would be prevented in healthy
normally oxygenated cells allowing to achieve selectivity (Reisner
etal, 2008; Yan et al,, 2005).

Moreover, tumor cells often overexpress transferrin. The fact
that ruthenium could be able to mimic iron in its interaction with
this protein (as well as with albumin), could be used not only for
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transport but also to achieve more selective entry into cancer
tissues (Ang and Dyson, 2006).

In addition, ruthenium could show further potentiality in
Medicinal Chemistry for the design of “organic-like” small drugs
due to its ability to organize organic ligands in a specific three-
dimensional way forming structures with defined shapes that
could for instance simulate organic bioactive molecules or
biomolecules. Transition metals, and particularly ruthenium,
provide an expanded set of coordination geometries for the
generation of molecular diversity in respect to organic compounds.
This approach could provide the opportunity of complementing
the molecular diversity of organic chemistry for the discovery of
new compounds with improved biological activities (Meggers,
2007).

2.2 Ruthenium Antitumoral Compounds

According to the World Health Organization (WHO), cancer is a
group of diseases characterized by the uncontrolled growth of
abnormal cells, which can invade and spread to distant organs or
tissues of the body (metastasis). Metastases are the major cause of
death from cancer. Cancer is a leading cause of death worldwide.
Lung, prostate, colorectal, stomach, and liver cancer are the most
common types of cancer in men, while breast, colorectal, lung,
uterine cervix, and stomach cancer are the most common among
women. Early detection and diagnosis and effective treatment
are very important for increasing patient’s survival. Depending
on tumor stage and type the treatments include surgery,
chemotherapy and/or radiotherapy (WHO—cancer, 2016).

Medicinal inorganic chemists are doing extensive research
in order to explore new possibilities to overcome both major
problems of current clinical antitumoral drugs: toxicity and
drug resistance. In particular, different families of ruthenium
compounds have been developed for potential use in the therapy
of cancer (Barry and Sadler, 2013).

2.2.1 Classic Coordination Compounds

Among the classic coordination compounds, two ruthenium(III)
compounds have entered clinical trials as prospective antitumoral
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drugs including clinical evaluations of phase I or preliminary
phase II trials in patients: NAMI-A and KP1019 (Fig. 2.2). Both
compounds, together with some relevant ruthenium organometallic
compounds, were proposed as alternatives to platinum drugs
for the therapy of cancer. NAMI-A was the first ruthenium
antitumoral compound tested in human beings reaching a phase
I/11 therapeutic combination study with gemcitabine in patients
with non-small cell lung cancer. Regrettably, the results showed
that the combination is less active than gemcitabine treatment
alone (Alessio, 2016; Bergamo et al, 2012; Bergamo and Sava,
2015).
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Figure 2.2 Chemical structure of NAMI-A (left) and KP1019 (right).

Although NAMI-A and KP1019 are structurally related they
show a different cytotoxic profile. On one hand, at a first stage of
studies NAMI-A showed almost no activity against primary tumors
but it was highly active against secondary tumors or metastases.
In particular, it was noncytotoxic against the 60 cell-line panel
established by the National Cancer Institute for in vitro anticancer
drug screening. Nevertheless, more recently, it showed to inhibit
the proliferation of several leukemia cell lines (Alessio, 2016;
Pillozi, 2014). On the other hand, KP1019 demonstrated high
cytotoxicity against primary tumors, particularly against colorectal
cancer resistant to cisplatin (Muhammad and Guo, 2014).

Studies performed up to the moment suggest that both
compounds act through different mechanisms of those shown
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by platinum-based drugs. Their exact mechanism of action is not
known at the molecular level. It is suggested that they interact
with more than one target in the cancer cell. For instance, NAMI-A
is more cytotoxic after reduction, binds to transferrin, causes
apoptosis via the mitochondrial pathway and generates ROS.
Cytoskeleton and transduction pathways associated to cell-cell
and cell-matrix interaction were recognized as the main cell
components altered after treatment in vitro and in vivo with this
compound. NAMI-A undergoes rapid extracellular transformations
and its metabolites interact predominantly with cell walls and
components of the extracellular matrix and are not significantly
internalized by cells. KP1019, undergoes DNA interactions similar
to cisplatin but the induced conformational modifications are
weaker for it than for cisplatin. The higher cytotoxicity of KP1019
compared to NAMI-A has been attributed to a higher cell uptake
for the former, involving both passive diffusion and transferrin-
dependent uptake. Phase I clinical studies performed to this
compound and NKP-1339, the sodium salt analogue of KP-1019,
revealed promising anticancer activity and low level of side-effects
(Trondl et al., 2014; Bergamo et al., 2012; Allardyce and Dyson,
2016).

Although the final clinical trials of NAMI-A are somewhat
disappointing this compound has greatly contributed to increasing
the interest in the rational development of non-platinum anticancer
metal compounds, particularly based on ruthenium. Taking in
mind the commented results, several research groups are currently
working on the rational design of new families of ruthenium
compounds searching for improved biological properties, like
solubility, lipophilicity, absorption, or tumor targeting.

Ru(Il) polypyridyl complexes constitute another relevant
series of compounds that have been developed as prospective
antitumoral drugs. These compounds have been designed pointing
out to DNA as molecular target. They bind DNA with high affinity
and specificity, so that they would have potential to interfere with
cellular processes involving this relevant biomolecule. In these
complexes, the metal centre acts as a central scaffold to which
active polypyridyl ligands are conjugated together with ancillary
ligands. The structure of the former has been modified to improve
affinity toward DNA. The latter were selected to favorably modulate
cellular uptake and/or binding leading to improved cytotoxicity.
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This approach allowed to generate and evaluate several closely
related ruthenium compounds which allowed to perform structure-
activity studies and get interesting correlations (Gill and Thomas,
2012).

In this context, Schatzschneider et al. developed a series of
[Ru(bpy),(NN)]?* complexes, where bpy = bypyridine, by varying
the size of the NN polypyridyl ligands (bpy, phen, dppz, dppn). The
studies performed showed that cellular uptake and cytotoxicity was
dependent of the surface area of the NN ligand. From this series
the compound with the greatest surface area, [Ru(bpy),(dppn)]?*
(Fig. 2.3), displayed a cytotoxicity toward HT-29 human colon
adenocarcinoma and MCF-7 cells similar to that of cisplatin

(Schatzschneider et al.,, 2008).
2+

Figure 2.3 Structure of [Ru(bpy),(dppn)]?*.

Further studies of this compound showed that it could also
be useful in photodynamic chemotherapy and that it is a very
efficient singlet oxygen sensitizer capable of cleaving duplex DNA
with high efficiencies by photoexcitation (Foxon et al., 2009; Sun
et al, 2010). The DNA-binding of ruthenium(Il) polypyridyl
complexes has been extensively studied and it has been shown
that these compounds display high DNA-binding affinities. But
although in the past decades DNA has been considered their
main target, recent studies revealed that mitochondria is another
important target (Gorzoni et al., 2016; Zeng et al.,, 2016).
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Ruthenium nitrosyl complexes of nonheme tetraazamacrocycles
ligands, with particular emphasis on cyclam and its derivatives,
have been studied in detail as antitumor compounds but also as
vasodilators by Tfouni et al. These compounds are particularly
interesting due to the enhanced thermodynamic stability and
slow substitution kinetics imparted to the complexes by the
tetradentate tetraazamacrocyclic ligand. NO is an endogenous
signaling molecule involved in several physiological and
pathological processes. This type of complexes have shown
interesting biological activities emerging from the controlled
release of NO in biological medium upon reduction or upon
irradiation. For  example, trans-[Ru''(NO)Cl(cyclam)](PFs),
(Fig. 2.4) showed a low in vitro cytotoxic activity on B16-F10
melanoma cancer cells in the dark (ICsy 6.8 mM) but, under light
irradiation (366 nm) it lead at a dose of 1 x 10™* M to about 50%
of cell death on this cell line. In addition, this compound showed
low cytotoxicity on a mammalian cell model (Rodrigues et al,
2016).
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Figure 2.4 Structure of cyclam and trans-[Ru'(NO)Cl(cyclam)](PF),.

Although NO-releasing ruthenium complexes have been
explored as anticancer agents due to their sensitivity toward light
and concomitant formation of oxygen reactive species, the
therapeutic efficacy of the released NO depends on the
concentration reached in the target (Wink et al, 2008). The
cytotoxic effect depends on the stability of the compound in the
way to the cell target, the intracellular amount of the ruthenium
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complex, the amount of the NO delivered and the time and
intensity of the light used for irradiation. It has been demonstrated
for cis-[Ru(NO)(bpy),(4-pic)](PF¢);, where bpy = 2,2'-bipyridine
and 4-pic = 4-picoline, that encapsulation within liposomes can
improve the biological profile of the compound.

2.2.2 Organometallic Compounds

Organometallic compounds are defined as metal compounds
showing at least one covalent metal-carbon bond. This group of
compounds, classically developed for catalytic purposes, currently
offer shows huge possibilities in the design of novel metal-based
drugs, due to the high structural variety they offer in respect to
organic compounds:

« different coordination polyhedra ranging at least from linear
to octahedral

 higher diversity of variation in stereochemistry

« kinetic stability and possible control of kinetic properties

 suitable lipophilicity to trespass membranes

They also offer wider opportunities than classical
coordination compounds for the design of novel metal-based
compounds with new modes of action. In this context, different
classes of organometallic compounds have shown to be promising
candidates for antitumoral therapy, among them metallocenes,
half-sandwich, and carbonyl compounds (Gasser et al., 2011).

In particular, Ru'-arene half-sandwich compounds were
designed as metal-based drugs acting on DNA, but none of them
has entered clinical trials to date. The Ru-arene system offers
wide possibilities for incorporation of different ligands (X, Y, Z) or
functional groups on the arene moiety (Fig. 2.5).

These “piano stool” shaped compounds have the ability of
interacting covalently with guanine residue in DNA by substitution
of a labile chloride ligand and, in addition, by intercalating
through selected expanded bicycle arene moieties or minor
groove binding. In this context, two main rational design efforts
were performed by the groups of Sadler and Dyson. Sadler et al.
have developed a family of related Ru-arene compounds [(°-
arene)Ru(en)(Cl)], where en = ethylenediamine, including different
arene moieties. For these compounds, it has been established
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that their mechanism of action has many analogies to that of
cisplatin. Detailed kinetic studies showed that the hydrolysis of the
Ru-Cl bond is strongly influenced by the nature of the coligands.
As in the case of cisplatin, the hydrolysis is suppressed in the blood
due to the high chloride content of this fluid and after entering
the cell the hydrolysis takes place because of the huge lowering
of chloride concentration. Similarly to cisplatin the aqua cation
[(n°-arene)Ru(en)(H,0)]; binds to nuclear DNA with a high
affinity for the N7 position of guanine bases. Unlike cisplatin
that mainly forms single strand bifunctional adducts, these
compounds are only able to form monofunctional adducts with
DNA (Gasser et al., 2011; Peacock, 2008).

R

/Ru“'\"""//lz

Y

Figure 2.5 General structure of half sandwich Ru(Il)-arene compounds.

X

This family of compounds developed by Sadler’s group
demonstrated cytotoxicity to a wide range of cancer cell lines,
including cisplatin-resistant ones (Bruijnincx and Sadler, 2009;
Nofke, 2012). In particular, RM175 (ONCO4417) (Fig. 2.6)
has demonstrated in vitro and in vivo antitumoral activity on
mammary carcinoma and antimetastatic properties (Bergamo
etal, 2010).

RAPTA series of complexes, developed by Dyson et al,
are Ru(Il) half sandwich compounds that include different
arene moieties together with monodentate PTA (1,3,5-triaza-
7-phosphoadamantane) or methylated PTA as coligand. This
coligand would confer these compounds interesting biological
properties, in particular improved water solubility. Structural
changes were correlated with biological activity searching for
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Figure 2.6 Structures of RAPTA-T (upper structure left) and RAPTA-C (upper
structure right) by Dyson et al. and ONCO4417 (RM175) by Sadler et al.
(lower structure).

more efficlent compounds. Interestingly, RAPTA compounds
have shown effect on metastatic tissues. From the whole initial
series of structurally related compounds, RAPTA-T (Fig. 2.6)
showed the highest selectivity toward tumor cells over normal
cells. It has been demonstrated that it modulates cell cytoskeleton
and lowers cell ability to migrate and metastasize. Although
the mechanism of action is yet not clear, the interaction with DNA
seems not to be determinant of the bioactivity. In general, the
in vitro DNA-damaging ability of RAPTA compounds does not
correlate with the observed activity, suggesting a non-DNA-
based mechanism of cytotoxicity. Proteins have been proposed
as molecular targets of RAPTA compounds. In particular,
the inhibitory effect of RAPTA-T on cathepsin B has been
demonstrated. Ruthenium was detected in the cytoskeleton and
membranes by ICP-MS, which could be expected as cytoskeletal
proteins are crucial for metastatic processes. The activity of
RAPTA-C (Fig. 2.6) on preclinical models together with its fast
clearance from organs and bloodstream and low toxicity make
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this compound highly promising for further development. RAPTA-
C is more effective in inhibiting tumor growth than doxorubicin.
In addition, it is reasonably water soluble and tolerates low pH.
Therefore, currently in vivo studies based on oral administration
are being performed by the Dyson’s group (Allardyce and
Dyson, 2016; Bergamo et al,, 2012; Gasser and Metzler-Nolte, 2011;
Murray et al., 2016).

Another completely different approach in the trend to
develop ruthenium-based antitumoral compounds has been
established by Meggers et al. (Bergamo, 2012; Meggers, 2007).
He postulates to explore the opportunities of transition metal
inorganic compounds to build small molecules with defined three-
dimensional structures that could mimic biologically relevant
organic molecules. These compounds are inert scaffolds that
could show activity but not due to the presence of a metal center
of pharmacological interest but by mimicking certain biological
molecules. In particular, he developed ruthenium(Il) compounds
that are analogous to inhibitors of staurosporin that show
selectivity and affinity for certain enzymes. These compounds act
mimetizing staurosporin due to the shape of the molecule and
this shape results from the coordination of the ruthenium center
to suitable ligands. Figure 2.7 shows one of the compounds
developed by Meggers’group using this design approach.

Figure 2.7 Chemical structure of one of the enantiomers of DW1/2.
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2.3 Ruthenium Antiparasitic Compounds

The development of new chemotherapeutic agents for the
treatment of parasitic diseases is urgently needed since most of
the current drugs in clinical use are decades old and show
disadvantages like high toxicity, limited efficacy, development of
resistance and need of prolonged treatments.

As previously stated, metal based-drugs and, in particular,
ruthenium compounds have been deeply explored in the search
of potential drug candidates for cancer therapy and they have
demonstrated high potentiality in this field. In addition, based on
the proposed resemblances in the metabolic pathways of highly
proliferative cells, like parasites and tumor cells, a correlation
between antiparasitic and antitumor activities has been proposed.
In this sense, both organic and metal-based antitumoral drugs
have also shown antiparasitic activities and vice versa (Gambino
and Otero, 2012; Farrell et al, 1984; Kinnamon et al, 1979;
Sanchez-Delgado and Anzellotti, 2004). Thus, the development of
bioactive metal compounds, and, in particular, the development of
ruthenium-based compounds, has appeared as a promising and
attractive approach in the search for a pharmacological control of
these diseases (Gambino and Otero, 2012; Navarro et al., 2010).

The selection of ruthenium as central atom is also based on
the parasites’ need of iron and on the iron-ruthenium chemical
resemblances. Alike to highly proliferative tumor cells, parasites
show higher demands of iron than normal host cells to properly
carry out essential biological functions. In addition, iron uptake
is very important for virulence. As a result, parasites have
improved mechanisms for internalizing or sequestering host
iron (Francisco et al., 2008; Sutak et al., 2008). Thus, by mimicking
iron, the uptake of ruthenium compounds into the parasite could
be favored. In particular, the binding of ruthenium antiparasitic
compounds to transferrin could be a suitable “trojan horse” way of
entrance of ruthenium-based antiparasitic drugs into the parasite.
In the same way, the masked entrance of antiparasitic organic
ligands coordinated to ruthenium could be a way to circumvent
parasite resistance to these organic drugs (Costa Pessoa and Tomaz,
2010).
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Different strategies have been developed in order to obtain
metal compounds bearing antiparasitic activity. As it will be
detailed below, the coordination of a ligand bearing antiparasitic
activity in order to improve its bioavailability or to achieve a
metal-drug synergism through a dual or multiple mechanism of
action has been the most deeply explored. In addition, metal
coordination of DNA intercalators, intending this biomolecule to
be a target in the parasite or the metal coordination of non
bioactive ligands in order to obtain metal inhibitors of parasite
specific enzymes has also been studied (Gambino, 2011; Gambino
and Otero, 2012; Navarro et al, 2010; Sanchez-Delgado et al,,
2004). Many examples of all these different approaches have been
described in the literature. However, only those that show a rational
based design and a systematic development will be described
in the following sections.

2.3.1 Ruthenium Compounds against Trypanosomatid
Parasites

World Health Organization (WHO) currently categorizes a diverse
group of seventeen communicable ailments as Neglected tropical
diseases (NTDs). Although they represent a tremendous burden,
some of these diseases have historically received low attention
by the pharmaceutical industry due to the fact that they mainly
affect populations living in poverty in tropical and subtropical
regions, without adequate sanitation and in close contact with
infectious vectors and domestic animals and livestock. They affect
more than one billion people in 149 countries and cost developing
countries huge amounts of resources every year (WHO—neglected
diseases, 2016).

Among these NTDs, American trypanosomiasis (Chagas
disease), Human African trypanosomiasis and leishmaniasis
are infections produced by genomically related trypanosomatid
parasites and are mainly transmitted through the bite of specific
insects. Chagas disease is a potentially life-threatening illness
caused by the protozoan Kkinetoplastid parasite, Trypanosoma
cruzi (T cruzi). Originally, it was an ancient and endemic disease
confined to Latin America but in the last decade it has spread to
non endemic countries in other continents due to immigration of
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unknowingly infected people and lack of controls of the different
parasite transmission ways. At least 10000 people die every year
from Chagas disease, and about 25 million people are in risk of
acquiring the disease (WHO—neglected diseases, 2016).

Human African trypanosomiasis (HAT), also known as
sleeping sickness, is a parasitic disease caused by two subspecies
of Trypanosoma brucei brucei, namely T brucei gambiense or
T brucei rhodesiense. Wild and domestic animals can host these
parasites and may represent under particular conditions an
important reservoir of infection. The disease mostly affects poor
populations living in remote rural areas of Sub-Saharan Africa,
although cases have been reported in suburban areas of big
cities. In the last 20 years, the incidence of the disease has been
decreasing according to WHO initiatives. In particular, in 2014
the number of new cases reported dropped below 4000 and the
estimated number of actual cases was 15000 (WHO—neglected
diseases, 2016).

Leishmaniases comprise a group of diseases caused by
protozoan parasites from more than 20 Leishmania species.
There are three main forms of leishmaniasis: cutaneous, visceral,
and mucocutaneous. The disease affects worldwide but mainly
countries of Latin America, Africa and Asia. (WHO—neglected
diseases, 2016).

The leading investigation on ruthenium complexes bearing
anti T cruzi activity was initiated in 1993 by Sanchez-Delgado et al.
(Sanchez-Delgado et al., 1993). This work involved the development
of metal complexes, including ruthenium ones, with clotrimazole
(CTZ) and ketoconazole (KTZ). CTZ and KTZ are well-established
antifungals that act as sterol biosynthesis inhibitors. Considering
that the sterol biosynthesis of pathogenic fungi is similar to that
of trypanomatid parasites, these antifungals can potentially be
antiparasitic agents. The complexation of these drugs to a transition
metal, ruthenium in particular, is based on the paradigm of
a metal-drug synergy, in which the activity of a metal-drug
complex would be higher than the sum of its individual
components not only through an improved pharmacological
profile but also acting on multiple targets (Sdnchez-Delgado et
al, 2004; Sanchez-Delgado and Anzellotti, 2004). In fact, the
inorganic complex [RuCl,(CTZ),] (Fig. 2.8a) displayed a very
high anti T cruzi activity (ICsyp = 5 nM), higher than the free
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clotrimazole (IC5q = 5.8 pM) with no toxicity to mammalian cells.
The metal-drug synergy was demonstrated as clotrimazole
fragment appeared to dissociate and exert its known sterol
biosynthesis inhibition while the remaining ruthenium fragment
would covalently bind to parasitic DNA to cause cell damage
(Sanchez-Delgado et al, 1993; Sanchez-Delgado et al, 1998;
Navarro et al, 2000). Unfortunately, the low water solubility of
the complex prevented its effects in vivo.
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Figure 2.8 Ru-CTZ complexes (a) [RuCly(CTZ),] and (b) [Ru''(5®-p-
cymene)Cl,(CTZ)] and (c) [RuCp(PPh3),(CTZ)](CF3S03).

Based on these promising results, Sdnchez Delgado’s group
developed eight new Ru-CTZ complexes belonging to two
series: four octahedral Ru' and Ru coordination compounds
(cis,fac-[Ru''Cl,(DMS0)5(CTZ)], cis,cis, trans-[Ru''Cl,(DMS0),(CTZ),],
Na[Ru"Cl,(DMS0)(CTZ)], Na[trans-RuCl,(CTZ),]) and four
organometallic Ru-p-cymene compounds ([Ru'(5%-p-cymene)
Cly(CTZ)], [Ru"(17°-p-cymene) (bipy) (CTZ)](BF,),, [Ru" (7°-p-cymene)
(en)(CTZ)](BF,),  [Ru(5%-p-cymene)(acac)(CTZ)](BF,), where
bipy = bipyridine, en = ethlylenediamine, acac = acetylacetonate
(Martinez et al., 2012). Ancillary ligands were included in order to
modulate complexes’ physicochemical properties and in particular
to improve their water solubility. All obtained compounds were
tested in vitro against both T cruzi epimastigotes (Y strain)
and L. major promastigotes and their cytotoxic activity on
human osteoblasts was also established. The most promising
compound was the organometallic piano stool complex, [Ru''(5°-
p-cymene)Cl,(CTZ)], (Fig. 2.8b) that resulted 110 and 58 times
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more active than free CTZ against L. major and T. cruzi, showing
IC5y values in the submicromolar range (0.0015 and 0.1 pM,
respectively). The inclusion of the organometallic fragment leads
to a 6-fold increase in the anti T cruzi activity respect to the
original [RuCl,(CTZ),] complex. In addition, this organometallic
compound showed excellent selectivity indexes, greater than
500 and 75 for L. major and for T cruzi, respectively, making it
a good candidate for further in vivo and mechanistic studies.
In fact, recently published work showed that [Ru'l(°-p-
cymene)Cl,(CTZ)] as well as [Ru''(y®-p-cymene)(acac)(CTZ)](BF,)
significantly reduced the lesion size in mice exposed to L. major
cutaneous infection. A mitochondrial dependent apoptotic-like
death in the extracellular form of the parasite was observed for
these compounds implicating phospholipids externalization,
mitochondrial depolarization and DNA fragmentation pathway
(Iniguez et al., 2016). Recently, a new Ru-CTZ organometallic
compound [RuCp(PPh;),(CTZ)](CF;S03), where Cp = cyclopent-
adienyl fragment was described by our group. The compound was
evaluated in vitro on T cruzi (Y strain) and on the infective form
of T brucei brucei strain 427 (cell line 449). Results showed that
complexation of the bioactive CTZ to the {RuCp(PPh3)} moiety
lead to a significant increase of the antiparasitic activity showing
a 6-fold and 40-fold higher activity than free CTZ on T cruzi and
on the infective form of African trypanosomes, respectively.
Related to the mechanism of action, this compound affects
sterol membrane biosynthesis at the same step as terbinafine,
inhibiting the squalene-2,3-epoxidase enzyme (Rodriguez-Arce
etal, 2015).

Based on a similar approach, our group has been working
since 2004 on the development of metal complexes bearing
potential antiparasitic activity. Selected bioactive ligands were
5-nitrofuryl containing thiosemicarbazones (TSC) (Fig. 2.9a).
These ligands, containing the 5-nitrofurane pharmacophore,
were synthesized as nifurtimox analogues showing very good
activities in vitro against T cruzi (Aguirre et al., 2004). Various
series of ruthenium complexes with these bioactive ligands were
rationally designed, including in the ruthenium coordination sphere
co-ligands that could modulate some of their physicochemical
properties. In this sense, four series of complexes of the formula
[Ru''Cl,(TSC),], [Ru'Cl3(DMSO)(TSC)], [Ru''ClI(PPh3)(TSC-H),],
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[Ru'lCl,(TSC)(HPTA),]Cl,, with TSC-H = deprotonated form of
the thiosemicarbazone ligand, HPTA = protonated form of 1,3,5-
triaza-7-phosphaadamantane, PPh; = triphenylphosphine, were
developed and their activity in vitro against T cruzi was evaluated
(Pagano et al., 2009; Sarniguet et al., 2014). In addition, a series
of organometallic compounds including the core Ru-p-cymene
were also obtained. Dimeric compounds of the formula [Ru}(;®-
p-cymene),(TSC-H),]?* with hexafluorophosphate or chloride as
counterions were developed and evaluated against both T cruzi
and T brucei brucei (Demoro et al., 2012; Demoro et al,, 2013). In
general, all obtained classical coordination compounds showed
poor to moderate activity against T cruzi being, most of them,
less active than the corresponding thiosemicarbazone ligand
and the reference drug nifurtimox. However, in order to get new
bases for the rational design of new ruthenium based complexes,
correlations between activity-lipophilicity and water solubility
could be established (Pagano et al, 2009; Sarniguet et al,
2014). On the other hand, the hypothesis of a synergistic effect
caused by ruthenium complexation with a bioactive ligand was
demonstrated by [Ru}(5®-p-cymene),(TS4-H),](PFs), compound
(Fig. 2.9b). This ruthenium organometallic compound showed
higher activity against trypomastigotes of T cruzi than the
reference drug nifurtimox (ICsg = 20.0 pM on Y strain and 24.7 uM
on Dm28c clone trypomastigotes) and a very significant increase
in growth inhibitory activity on T brucei brucei with respect to
the free TS4 ligand (ICsy > 100 pM). Furthermore, selectivity was
also evidenced for this compound as it was about 50-fold more
potent on this parasite than on the studied mammalian cell line
(Demoro et al.,, 2012; Demoro et al., 2013).

The potential mechanism of action of the Ru-TSC compounds
was studied. The hypothesis of a dual mechanism was demonstrated
for most of them: the production of oxidative stress showed that
the mechanism of the 5-nitrofuryl thiosemicarbazone ligands
remains in the obtained complexes and, on the other hand, the
complexes’ interaction with DNA was also evidenced (Sarniguet
etal, 2014; Demoro et al,, 2013).

Another example of the metal-ligand synergistic effect
approach was developed by Franco et al. (Nogueira Silva et al., 2008).
A complex of the formulae trans-(Ru(Bz)(NH;3),S0,)(CF3HSO3),
with Bz = benznidazole (N-benzyl-2-(2-nitro-1H-imidazol-1-yl)

29



30

Ruthenium in Medicinal Chemistry

acetamide) as bioactive ligand was obtained and evaluated in
vitro and in vivo against T cruzi. The obtained complex was much
more active against both epimastigote (ICsy = 127 uM) and
trypomastigote (IC5o = 79 uM) forms of T. cruzi (Y strain) than the
free Bz (ICsg > 1 mM for both forms). In the in vivo studies,
Ru-Bz complex, at a thousand-fold smaller concentration than
the considered optimal dose for Bz (385 umol/kg/day), was able
to eliminate the nests of amastigotes in myocardium tissue and
skeletal muscles and to decrease myocarditis in treated mice
without showing acute toxicity. The electron withdrawing ability
of the Ru(Il) center that would favor the nitro group reduction
as well as the increased water solubility promoted by the
coordination of Bz to the hydrophilic trans-[Ru(NHg),L]?*/*/0
moiety could explain the increased activity.
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Figure 2.9 (a) Bioactive 5-nitrofuryl containing thiosemicarbazones
(b) [Rul',(°-p-cymene),(TSC-H),]%* compounds.

On the other hand, the same group has developed ruthenium-
nitrosyl complexes bearing antitrypanosomal activity. This
approach is based on the fact that nitric oxide has an important
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role in the modulation of the hosts’s immune response upon
parasitic invasion. Ruthenium-nitrosyl complexes, which could
release NO after reduction of NO* in the biological media, would
be useful for developing potential chemotherapeutic agents for
parasitic diseases (Tfouni et al, 2012). In this sense, two series
of compounds of the formula trans-[Ru(NO)(NH;3),4(L1)](X),,
and [Ru(NO)(bpy),(L2)]1(X), (Fig. 2.10) with L1 = pirazine (pz),
L-histidine (L-hist), N-bonded imidazole (imN), isonicotinamide
(isn), pyridine (py), nicotinamide (nic), isonicotinic acid (isa),
4-picoline (4-pic), C-bonded imidazole (imC), triethylphosphite
(POEt3), sulfite (SO3) and L2 = N-bonded imidazole (imN),
N-bonded methyl imidazole and sulfite (SO3;) were evaluated
in vitro and in vivo against T cruzi and/or Leishmania parasites
(Tfouni et al., 2012; Silva et al,, 2007; Silva et al., 2009; Silva et al,,
2010; Guedes et al., 2010; Melo et al.,, 2010).

(a) (b) n+
NO n+ | N o
_N ‘ L2
H3N,, wNH3 7
“Ru’
NS
L1

Figure 2.10 Ruthenium nitrosyl complexes: (a) trans-[Ru(NO)(NH3),
(L1)]™, (b) cis-[Ru(NO)(bpy),(L2)]™*. See text for L1 and L2.

Most of the evaluated Ru-NO complexes resulted more active
in vitro against the epimastigote form of T cruzi (Y strain) than
the reference drug benznidazole (IC;y = 3180 pM) but equal
or less active than this drug against the trypomastigote form
(ICsp = 53 uM). Compounds with isn (trans series), imN (both
series) and SOz (cis series) were evaluated in vivo. All of them,
highly increased the time of survival of the infected mice as well
as a reduction in the myocardium inflammation and a decrease
in the number of amastigote nests were observed. On the other
hand, most complexes were more active in vitro against
leishmanial promastigotes than the reference NO donor
sodium nitroprusside (Na,[Fe(CN);NO)]). In particular, trans-
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[Ru(NO)(NH3)4(N-im)]™*, having the best selective index (SI = 18),
was evaluated in vivo inhibiting the parasite growth similarly to
the pentavalent antimony drug glucantime but at a concentration
66-fold smaller. Results strongly suggested that not only
the liberation of NO but the inhibitory effect against T cruzi
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) would
be responsible for the antiparasitic activity of these Ru-NO
compounds (Tfouni et al, 2012; Silva et al, 2007; Silva et al,
2009; Silva et al., 2010; Guedes et al., 2010; Melo et al., 2010).

2.3.2 Ruthenium Compounds against Malaria
Parasites

Malaria is the most widespread, and one of the most severe,
tropical parasitic diseases and it continues to be a major cause
of mortality and morbidity in poor regions in the developing
world. The disease is caused by Plasmodium parasites. There are
5 parasite species that cause malaria in humans, but P. falciparum
and P vivax constitute the greatest threat. The parasites are
spread to people through the bite of an infected female
Anopheles mosquito (who.int/mediacentre/factsheets). Mortality
from malaria has increased in the last 20 years mainly due to
the development of resistance of the parasites to antimalarial
drugs, particularly to the first-line drug chloroquine.

In order to find an answer to the problem of resistance of
some Plasmodium strains to chloroquine (CQ), this drug has
been selected for the development of ruthenium classical and
organometallic compounds by Sanchez Delgado et al. This
approach is based on the fact that ruthenium coordination would
modify CQ electronic distribution leading to changes in basicity
and lipophilicity and making it less recognizable to the parasite’s
defense mechanism. In addition, the metal-drug synergism
would lead to an improvement in the antiparasitic activity. The
first developed compound, [RuCl,(CQ)],, (Fig. 2.11a) showed a
5-fold enhancement of activity on the Colombian FCB1 resistant
parasite strain in respect to CQDP (chloroquine diphosphate).
In addition, the in vivo assays showed a reduction of 94% of the
parasitemia for the ruthenium complex while CQDP causes a 55%
reduction. No acute toxicity effects on mice during prolonged
treatment were observed (Gambino and Otero, 2012; Sanchez-
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Delgado et al, 1996; Sanchez-Delgado and Anzellotti, 2004;
Sanchez-Delgado et al.,, 2004).
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Figure 2.11 Ru-CQ compounds. (a) [RuCl,(CQ)], (b) Ru(ll) half-
sandwich arene CQ compounds: [Ru(n®-p-cymene)Cl,(CQ)], [Ru(n®-p-

cymene)(H0)2(CQ)](BF,); and [Ru(y®-p-cymene)(en)(CQ)](PFe)z2 (c)
[Ru(%%-p-benzene)Cl,(CQ)] and (d) [Ru(n®-p-cymene)(y°-CQDP)](BF,),.

The mechanism of antimalarial action of [RuCl,(CQ)], was
investigated by studying DNA (due to the presence of ruthenium
and CQ) and the inhibition of hemozoin generation (the main
mechanism of action of CQ) as potential parasite targets (Egan
and Helder, 1999; Martinez et al., 2008). The complex is rapidly
hydrolyzed in aqueous solution and binds to DNA but heme
aggregation inhibition seems to be the main mechanism of action
of the ruthenium complex as it is for free CQ. The enhancement in
lipophilicity due to complexation of CQ to ruthenium was related
to a better accumulation in the parasite leading to a more efficient
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inhibition of heme aggregation that would explain the activity
of this ruthenium compound in CQ resistant Plasmodium strains
(van Schalkwyk and Egan, 2006).

Based on these promising results, Sanchez-Delgado et al.
developed five new Ru-arene-CQ compounds (Fig. 2.11b-d)
(Rajapakse et al., 2009; Navarro et al,, 2012). Four of them were
regular Ru(Il) half-sandwich compounds but [Ru(7°-p-cymene)
(7°-CQDP)][BF,], showed an unprecedented 7° bonding through
the carbocyclic ring of CQ (Fig. 2.11d).

Most of the new organoruthenium compounds were more
active than CQ against three CQ-resistant and four CQ-sensitive
P falciparum strains. In addition, binding of CQ to ruthenium in
these particular organometallic scaffolds lowered or at least
maintained the cytotoxicity of CQ on normal mammalian cells
(normal mouse splenocytes C57B6 and human foreskin fibroblast
Hs27 cells) (Martinez et al, 2010). As previously described
for [RuCl,(CQ)], complex, both DNA and inhibition of heme
aggregation were established as targets for these Ru-arene
compounds (Navarro et al., 2012; Martinez et al.,, 2009; Martinez
et al, 2010). In addition, the interaction of the ruthenium
compounds with proteins (human serum albumin (HSA) and
transferrin) was studied. Results showed that compounds
interact covalently with HSA and apotransferrin through the
exchangeable ligands when available. However, [Ru(n®-p-
cymene)(°-CQDP)](BF,), although covalently saturated also
interacted with both serum proteins. HSA interaction turned to
be reversible which would favor the role of this protein as a
carrier. As expected, all studied compounds showed high binding
affinities for apotransferrin (1.77 x 103-1.18 x 10° M~1) but
lower than that of iron (Martinez et al., 2011).

Recently, another series of organoruthenium complexes
with general formula [Ru(p-cymene)(CQ)(N-N)]?* where N-N =
2'-bipyridine, 5,5'-dimethyl-2,2'-bipyridine, 1,10-phenanthroline,
4,7-diphenyl-1,10-phenanthroline =~ were  evaluated against
CQ-sensitive 3D7 and CQ-resistant W2 strains of Plasmodium
falciparum, with potency and selectivity indexes similar to those
of CQ. In addition, the parasitemia of P berghei-infected mice
was reduced by treatment with the complexes (Macedo et al,
2016).
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Based on the same approach half-sandwich ruthenium
p-cymene compounds were obtained but instead of CQ
CQ-analogue compounds were selected as bioactive ligands (Glans
et al, 2012; Ekengard et al.,, 2015). These ligands were designed
with the aim of including further coordination atoms and/or
modifying the electronic properties of the molecules trying to
obtain compounds with an improved antimalarial activity of both
the free ligands and their ruthenium p-cymene complexes. In these
sense, a pyridine, an imidazole, a salicylaldimine moiety or an
amine-(N-methyl) imidazolyl chelating unit were included at the
N7 position of the CQ framework and the corresponding ruthenium
p-cymene complexes were synthesized. However, neither the
ligands, nor the complexes resulted more active than CQ on both
sensitive and resistant Plasmodium strains.

Another interesting approach for the development of novel
metal-based antimalarials has been the inclusion of a metallocene
center into the scaffold of CQ to enhance its pharmacological
properties and circumvent P. falciparum resistance. In particular,
the ferrocene compound ferroquine (FQ) is being developed by
Sanofi-Aventis under phase II clinical trials as the first
bioorganometallic drug candidate (Fig. 2.12) (Dive and Biot, 2008;
Biot, 2004; Dubar et al., 2008).

Ruthenoquine, its ruthenium analogue, showed a similar
activity to that of FQ (Fig. 2.12) (Beagley et al., 2002; Beagley et al,,
2003; Blackie et al., 2007).
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Figure 2.12 Ferroquine (M = Fe) and ruthenoquine (M = Ru) structures.

In addition, Moss and Chibale synthesized and evaluated other
CQ analogues containing the ruthenocenyl moiety by changing
the substituents on the aliphatic side chain of CQ obtaining
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similar activities. As previously stated for other CQ complexes,
the activity of these metallocenes was related to an increase
in lipophilicity as a consequence of the inclusion of the
organometallic moiety even though an inherent antiplasmodial
activity associated with the metallocene moiety itself was not
discarded (Blackie et al., 2007).

2.4 Concluding Remarks and Perspectives

Ruthenium is undoubtedly the star metal in the present
search for therapeutic agents. Even though most of the
published literature is mainly related to the treatment of cancer,
a significant amount of research has been conducted to obtain
therapies for many other disorders.

Related to cancer therapy, ruthenium compounds have shown
broad diversity, in terms of activity, toxicity, and mechanisms of
action. Even compounds that are structurally very similar behave
differently and have surprisingly different biological properties.
Their in vivo anticancer activities also differ as some are active
against primary tumors, but others only against metastases. In
addition, some compounds are believed to interact with DNA,
whereas this is questionable or unlikely for others. Thus, there are
still no general guidelines for the synthesis of new active species
and this diversity makes the research in this field an appealing
area of work.

Related to the antiparasitic activity, previously discussed
data clearly show that the strategy of combining ruthenium
and a bioactive ligand in a single molecule could produce an
enhancement of the activity of the ligand, either by affecting the
parasite’s mechanism of resistance or by bringing in new targets
due to the presence of the ruthenium ion that lead to additive
effects or a metal-drug synergism. However, systematic research is
still needed to provide ruthenium-based leads, or at least hits, for
further drug development for the therapy of neglected parasitic
diseases. In this sense, the establishment of structure-activity
relationships and the detailed knowledge on molecular mechanism
of action instead of the work through isolated serendipitous
efforts, will surely aid to achieve the goals of antiparasitic
ruthenium drugs development.
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Recently, luminescent transition metal complexes have appeared
as attractive candidates for the development of responsive
chemosensors and cell imaging probes due to their abundant
photophysical, photochemical, and electrochemical properties.
Among these complexes, ruthenium(II) complexes with polypyridyl
ligands, such as 2,2'-bipyridine (bpy), 1,10-phenanthroline
(phen), and/or ortho phenanthroline derivatives, have been
constantly reported as luminescent chemosensors/probes for
oxygen, bioactive molecules, metal cations, and anions in the last
few years. As one of useful luminescent reporters for biosensing
and bioimaging, ruthenium(Il) complexes offer several unique
advantages including metal-to-ligand charge transfer (MLCT)
based visible-light excitation and emission, large Stokes
shifts (typically greater than 150 nm), high chemical and
photochemical stabilities, low cytotoxicity, good water solubility,
and high response efficiency. In addition, as the result of MLCT-
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based emission, ruthenium(Il) complexes have also been widely
investigated as an important material for use in electro-generated
chemi-luminescence analysis with advantages of high stability,
sensitivity, and lower environmental sensitivity. The versatile
nature of Ru complexes in sensing is found as amperometric
sensor, electrochemical sensor, solid-state sensor and simple
chemosensor. It has the potentiality to sense different analytes
in different forms such as—(1) being immobilised with a solid
support like alumina, polytyramine film, graphene modified
electrode, etc. (2) aptamer-Ru complex system (3) Ru-nano shell
(4) complex of different bioactive compounds (5) single-colour
quantum dots-ruthenium complex (QDs-Ru) assembling dyads
(6) sub-micron ruthenium oxide thin-film, etc. The Ru(II) polypyridyl
complexes containing imidazole and/or free metal ion binding
sites have received growing attention as optical sensors for pH.
Dipyrazinylpyridine-appended homoleptic ruthenium complex
was also found to exhibit pH sensing properties. Hetero bimetallic
Ru(II)-Ru(I) complex was also exploited as a potential chemosensor
for anions and pH sensing. Unlike other metal complexes, the
versatility and uniqueness of Ru complexes as chemosensor is
observed in sensing of uncommon analytes like organo tin halides,
hypochlorous acid, peroxy nitrite, etc., which are rarely detected
according to the literature. Ru complexes being covalently bonded
with photo conducting polymer can also act as photosensitizers.
Ru complexes are also used as pH and temperature sensor.

3.1 Introduction

The development of molecular probes capable of detecting
cations, anions and neutral species has attracted considerable
attention due to their important roles in biological, industrial and
environmental processes. In this endeavour extensive work has
been devoted to transition metal based fluorescent and/or
colorimetric systems, because of their good water solubility, high
chemical and photo stability, intense polarised luminescence, red
emission, large Stoke shifts and long lifetimes compared to purely
organic luminophores (Hupp et al,, 2000; Roger and Wolf, 2002).
In contrast to conventional singlet-emitter organic fluorophores,
transition metal complexes display triplet emission due to
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spin-orbit coupling imparted by the heavy atom effect, which
leads to efficient singlet-triplet state mixing and enhancement
of phosphorescence quantum efficiency. The phosphorescence
behaviour of metal complexes has found potential for the
construction of organic light-emitting diodes (OLEDs) to display
or lighting applications (Schubert et al., 2012; Williams et al,
2011). Out of the transition metal complexes, ruthenium complexes
are one of the most investigated chemical systems due to their
remarkable chemical stability and intriguing ground- and excited-
state photophysical and redox properties. Taking advantage of
these favourable properties, optical and electrochemical sensors
based on the ruthenium complexes have been rapidly developed
for the detection of versatile analytes (Boal and Rosenzweig,
2009).

In comparison to the organic fluorophores, the excited state
properties of ruthenium complexes are complicated and can
include metal-to-ligand charge-transfer (MLCT), ligand-to-ligand
charge transfer (LLCT), intra-ligand charge-transfer (ILCT), ligand-
to-metal charge transfer (LMCT), metal-metal-to-ligand charge-
transfer (MMLCT), ligand-to-metal-metal charge transfer (LMMCT)
and metal-to-ligand-ligand charge-transfer (MLLCT) states. The
properties of the excited states are highly sensitive to the metal
centre, type of the ligands and nature of the local environments,
allowing the photophysical properties (e.g. emission wavelength,
lifetime and intensity) of metal complexes to be tailored for
specific applications (Park et al, 2009). Indeed the charge
separation in the MLCT excited state would result in the
complexes being usually sensitive to their environment and with
appropriate incorporation of receptors, they may act as reporters
of the environment. Thus, various sensing applications by making
use of Ru complexes can be achieved by the incorporation and
design of suitable ligands to the complexes.

3.2 Sensing Property of Ruthenium Complexes

Though there are several review articles on the use of transition
metal complexes as chemosensors, the detailed description of
recent luminescent Ru complexes as sensing agent is scanty in
the literature. This chapter describes the ion binding properties
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of the Ru complexes containing host receptor(s) R onto their
organic moiety (where R denotes a receptor for versatile analytes)
and their optical responses, with particular attention to the
changes in their luminescence properties upon addition of these
analytes in solution. Interaction of cationic and neutral complexes
of Ru with gaseous, bioactive and hazardous molecules has also
been discussed.

3.3 Ruthenium Complexes as Cation Sensor

Metal cations play an important role in both biological and
environmental systems. For example, numerous d-block transition
metal ions are involved in normal human physiology and
pathology. However, certain heavy metal ions such as Hg?* and
Cd?* are toxic to living organisms. The Na*/K* pump maintains
the electrochemical gradient in animal cells. Therefore, it is not
surprising that continuous effort has also been invested into
the development of chemosensors for recognition of cations. Ru
complexes serve well for this purpose in detecting cations (Li and
Zamble, 2009).

Similar to the other transition metal chemosensors, the Ru
complexes, extensively used as chemosensors for the detection
of cations, commonly incorporate a receptor motif on their
ancillary ligands for the recognition of cations. Another way of
cation sensing is the chemodosimeter approach, in which the
probe irreversibly reacts with cations showing some visible
colour change and significant variation in its luminescence
property.

Zheng et al. reported a Ru(ll) complex, [Ru(bpy),(Htppip)]
(Cl04),-H,0-DMF (RuL) where, bpy = 2,2'-bipyridine and
Htppip =2-(4-(2,6-di(pyridin-2-yl)pyridin-4-yl)phenyl)-1Himidazo
[4,5-f][1,10]phenanthroline (Fig. 3.1) and thoroughly investigated
its cation-sensing properties in both neat CH;CN and aqueous
4-(2-hydroxyethyl)-1-piperazineethanesulphonic = acid  buffer
(pH = 7.2)/CH5CN (71/1, v/v) solutions by UV-visible absorption,
emission, 'H NMR spectra and DFT studies (Zheng et al., 2013).

These analyses revealed that RuL acts as an efficient
colorimetric sensor for Fe?*, as evidenced by an obvious colour
change from pale yellow to light red-purple. This chemosensor
exhibits high selectivity towards Fe?* over the other cations
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studied (Na*, Mg?*, Ba?*, Mn?, Fe3*, Co?*, Ni%*, Cu?*, Zn?*, Cd%*,
Hg?*, and Ag") through the formation of 1:2 Fe?*-RuL complex
(Fig. 3.2). Interestingly the colorimetric limit of detection (LOD)
for Fe?* in the CH;CN aqueous solution was determined to be
~4.58 x 108 M which is slightly higher than the LOD value of
~4.46 x 108 M determined in neat CH;CN.

Figure 3.2 {Fe?* + 2[Ru(bpy),(Htppip)]**}.

Baitalik et al. also reported a monometallic Ru(Il) complex
of composition [(bipy),Ru(tpy-Hbzim-dipy)](ClO,),, (Fig. 3.3)
(where tpy-Hbzim-dipy = 4'-[4-(4,5-di-pyridin-2-yl-1H-imidazol-
2-yl)-phenyl]-[2,2';6',2"]terpyridine), which can act as a
colorimetric sensor for Fe?* ion and showed colour change
from yellow orange to deep red-violet in CH3CN solution with a
detection limit of as low as 6.68 x 10~° M (Baitalik et al., 2014).

Mercury in particular is a toxic metal, which when
accumulates in the vital organs of human beings and animals
causes poisonous effects that results in serious haematological
destruction, such as kidney malfunctioning and brain damage.
Therefore, monitoring and precise determination of mercuric ion
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concentration in water and thus in relevant biological matrices
are extremely beneficial for the environmental and toxicological
monitoring.

Figure 3.3 [(bipy),Ru(tpy-Hbzim-dipy)]?*.

A new Ru(Il)complex, (cis-Ru bis[2,2-bipyridine]-bis[4-
aminothiophenol]-bis[hexafluorophosphate]) was found to have
the potentiality to detect Hg?* in aqueous solution up to 0.4 ppm
(Hamid et al,, 2011). As shown in (Fig. 3.4), Ru(Il)-bis(bipyridine)
was selected to act as the carrier for the sulphur-containing
4-aminothiophenol moiety, which acted as the receptor for
obtaining a new chemosensor for Hg?* ions. The incorporation of
the Hg?" ions into thiols of the coordinated 4-aminothiophenol
ligand would be expected to influence the absorption properties
of the Ru(Il)-bipyridine core and thus allowing access to a new
potential chemosensor based on the chromophore-spacer-
receptor concept.

Another novel colorimetric probe based on a mesoporous
nanocrystalline TiO, film sensitized with a ruthenium dye (Fig. 3.5a)
has been synthesized by Palomares, and co-workers (Palomares
et al., 2004). They efficiently exploited it for the detection of Hg?*
ions with easily discernible colour change. Moreover, by adsorbing
the sensor molecules onto high-surface-area mesoporous metal
oxide films, an easy-to-use system for the dip sensing of mercury
(IN in aqueous solution has been developed. These films can be
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reused for sensing if they are washed with an aqueous solution of
KI which presumably removes the mercury from the surface by
forming its stable iodide complex.

(PFg),

Figure 3.4 cis-Ru bis[2,2-bipyridine]-bis[4-aminothiophenol]-bis[hexafluor
ophosphate].

The same researchers later designed and synthesized
another novel Ru-polypyridyl complex (Fig. 3.5b) for detection of
Hg?* ions. There, following an entirely different approach, Hg?*
was sensed by using a coordination complex of Ru(Ill) with
substituted bipyridine and thiocyanate ions. Hg?* coordinated
reversibly to the sulphur atom of the dye’s NCS groups and a
colour change was observed even at sub-micromolar level
concentration of mercury (Palomares et al., 2005).

The bis(2,2'-bipyridine)(4-methyl-2,2'-bipyridine-4'-carboxylic
acid)ruthenium(II). 2PF¢ complex was used by Chun-Lian et al.
as a fluorescent chemosensor (FCS) to recognize Cu(Il) in EtOH/
H,0 (1:1, v/v) solution (Chun-Lian et al., 2006). The chemosensor,
consisting of Ru(Il) ion, was complexed with the bipyridyl units
having the carboxyl groups (Fig. 3.6).

This carboxyl group interacted with the metal ions and the
response mechanism of the sensor is based on the fluorescence
quenching of complex by binding with Cu(Il). The sensor was
applied to the quantification of Cu(II) with a linear range covering
from 5.0 x 1078 to 1.0 x 10~* M and a detection limit of 4.2 x 1078 M.
It is worth mentioning that the response behaviour of the complex
to Cu(Il) is pH independent in medium condition (pH 4.0-8.0),
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However, a too much higher pH value would lead to formation
of the precipitation of Cu(OH),, which in turn, would reduce
its complexation with sensor, so fluorescence intensity would
increase. With pH lower than 4.0, the fluorescence intensity of
the probe decreases obviously with the decrease of the pH value.
The possible mechanism for the pH-dependent luminescence of
these complexes was proposed to be proton-induced quenching.
From the view of sensitivity and response speed of sensor, it was
found that pH 6.0 was optimum experimental condition for this
probe. The important features of this sensor are high selectivity,
neutral medium and large Stokes shift.

HOOQC

HOOC
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Figure 3.5 Ru-polypyridyl complexes for detection of Hg?*.

2 (PFg),

Figure 3.6 Proposed binding mode of the Ru(II) complex with Cu(II) ion.



Sensing Property of Ruthenium Complexes

| COOR
2+
COOR : '
' N
N \—CoOR
\—COOR
4 ,—COOR
\—co00 r ,—COOR
\—COOR
m = 2,2'-bipyridine R =CH,CH;

R=H

Figure 3.7 Ru-polypyridyl complexes for detection of Ln3* and Eu*.

Yam et al. showed that the ruthenium(Il) polypyridine
complexes with iminodiacetic acid containing ligands (Fig. 3.7)
can be used for the detection of Ln(III) and Eu(III) exploiting their
photo-physical properties (Yam et al.,, 2000). Fluorescent chemo-
dosimeters have become a powerful tool for sensing trace
amount of metal ions owing to their simplicity, short response
time and high sensitivity. Recently the use of upconversion
luminescence (UCL) as the detection signal has become an
interesting strategy for sensing and bioimaging (Wang et al,
2005; Liu et al, 2010). This unique UCL mechanism allows
rare-earth nanophosphors to display some special advantages
as photoluminescent probes in bioimaging, such as a large anti-
Stokes shift of several hundred nm, an absence of auto fluorescence
from biological samples, remarkable light penetration depth in
tissue and no photo bleaching. Taking these advantages Qian
et al. synthesized a novel chromophoric Ru complex-assembled
nanophosphor (N719-UCNPs) (Scheme 3.1) and exploited it as a
highly selective water-soluble probe for upconversion luminescence
sensing and bio imaging of intracellular mercury ions (Qian
Liuetal, 2011).

Further application of N719-UCNPs in sensing Hg?* was
confirmed by optical titration experiment and upconversion
luminescence live cell imaging. Using the ratiometric upconversion
luminescence as a detection signal, the detection limit of Hg?*
for this nanoprobe in water was down to 1.95 ppb, lower than the
maximum level (2 ppb) of Hg?* in drinking water set by the US
Environmental Protection Agency. Importantly, the nanoprobe
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N719-UCNPs has been shown to be capable of monitoring changes
in the distribution of Hg?* in living cells by upconversion
luminescence bioimaging.
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Scheme 3.1 Synthesis of the ruthenium complex N719-modified
upconversion nanophosphor (N719-UCNPs) and their UCL response to
Hg?*.

A novel water-soluble ruthenium(Il) complex as a turn-on
copper(Il) ion luminescent sensor based on o-(phenylazo)aniline
(Fig. 3.8) was designed and synthesized by Zhang and co-
workers (Zhang et al,, 2015). In this probe, the azo group would
undergo a specific oxidative cyclization reaction with copper(II)
jons and turn into high luminescent benzotriazole, triggering
significant luminescent increments which were linear to the
concentrations of copper(Il) ions. This chemodosimeter is
distinguished by its high sensitivity (over 80-fold luminescent
switch-on response), good selectivity and low detection limit
(4.42 nM) in water. The changes of the emission intensity of the
probe in the presence of other metal ions or amino acids were
negligible. Moreover, the copper(Il) luminescent sensor exhibited
good photo stability under light irradiation. Furthermore, the
proposed chemosensor is successfully utilised in biological
samples assay and imaged copper(II) ions in living pea aphids.
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Figure 3.8 Water soluble Ru-complex for detection of Cu?*.

3.4 Ruthenium Complexes an Anion Sensor

Anions are ubiquitous throughout biological systems. Among
the range of biologically important anions, the fluoride anion
has attracted growing attention due to its established role in
preventing dental caries. Fluoride anion is also being explored
extensively as a treatment for osteoporosis, a type of fluoride
toxicity that generally manifests itself clinically in terms of
increasing bone density. Acetate is a critical component of
numerous metabolic processes. Acetate production and oxidation
rate have been frequently used as an indicator of organic
decomposition in marine sediments. Phosphate anions are very
important anionic species in living organisms. Naturally occurring
phosphate-binding protein (PBP) selectively and strongly bind
hydrogen phosphate. The nitrite (NO;) ion also has been used
as a vasodilator, bronchodilator, intestinal relaxant or laxative
in medicine and investigated for the treatment of heart diseases
(Gale et al., 2012). However, high levels of nitrite are toxic to
aquatic life. Consequently, the design of new phosphorescent
metal complex sensors for anions is of high importance, and
has received intense attention in the general fields of both
luminescent sensing and supramolecular chemistry (Sancenon
et al, 2011). Compared with organic molecules, transition metal
complexes can offer unique geometries for the correct positioning
of the ligands in the right conformations so that their receptor
“host” groups can effectively converge toward the external anion
“guest”. Among all metal complexes, Ru complexes are extensively
used for anion sensing (Hayes et al., 2003).
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There are three main approaches in designing of various Ru
complexes for anions. The first is to introduce an acidic hydrogen
group into the ligands of the complexes. Weakly basic anions can
form hydrogen bonds with the acidic hydrogen, while strongly
basic anions can induce deprotonation. The second strategy is
to employ the specific Lewis acid-base interactions between
the anions and Lewis acids such as boron or tin atoms. The third
is the chemodosimeter approach that utilizes a specific chemical
reaction between the anion and a reactive functional group on
the metal complex. A series of artificial receptors, based on Ru
complex system, have been designed and synthesized for detection
of anions. In this section, the sensing of anions by Ru complexes
is illustrated on the basis of these three main strategies.

3.4.1 Anion Sensing through Acidic Hydrogen

Gunnlaugsson and co-workers reported the use of [Ru(bpy);]**
derived from 1,8-naphthalimide conjugate for the detection of
anions (Fig. 3.9a) (Gunnlaugsson et al., 2010). In the absence
of anions, excitation of the complex at 432 nm produced MLCT
emission at 615 nm along with a weak shoulder at 505 nm assigned
to the naphthalimide emission, suggesting that efficient energy
transfer takes place from the naphthalimide singlet excited state to
the MLCT. The addition of anions results in quenching of
luminescence, with the strongest effect observed for F-, and then
followed by AcO™ and Cl". An interesting feature of this design is
that the anion recognition event at the naphthalimide site interferes
with the energy transfer mechanism from the naphthalimide moiety
to the Ru(Il) MLCT excited state, causing both the naphthalimide
and Ru-centred emissions to be effectively quenched. Emission
titration spectroscopy revealed a 1:1 binding ratio of the metal
complex to the anion, while NMR studies suggested that the
anions interacted with the 4-amino moiety of the naphthalimide
motif through hydrogen bonding.

Later, the same group appended an aryl urea motif to one of the
ligands in [Ru(bpy)s]** to generate complex (b) for anion sensing
(Fig. 3.9b). Interestingly, the MLCT emission of complex (b) was
sensitive to acetate, phosphate and pyrophosphate ions, but not
fluoride ion (Gunnlaugsson et al, 2012). Phosphate enhanced
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the luminescence intensity of the Ru(ll) complex, whereas the
addition of pyrophosphate and acetate resulted in a reduced
emission response, with nearly complete quenching (>90%) of
luminescence observed for pyrophosphate. The lack of response
of (b) to F~ ions is noteworthy considering the presence of acidic
hydrogen atoms in its urea functionalityy. NMR experiments
showed that all of the anions directly interacted with the urea
protons.
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Figure 3.9 Ru-bipyridyl complexes for detection of anions.

[Ru(bpy),(DMBbimH,)](PFs), (DMBbimH, = 7,7'-dimethyl-
2,2'-bibenzimidazole) has been investigated as a luminescent
sensor for anions (Fig. 3.9c) (Ye et al, 2011). The imidazole
scaffold is a bifunctional unit which possesses both electron
lone pairs for coordination with the central metal ion, as well as
an NH group for hydrogen bonding to anions in the second
coordination sphere. [Ru(bpy),(DMBbimH,)]?* displayed an
intermediate pKa value of 6.2, compared with 7.2 and 5.7 for
previously reported analogues with 2,2'-biimidazole and 2,2'-
bibenzimidazole motifs, respectively. This moderate acidity was
significant for sensing weakly basic anions such as CI-, Br-, I,
or NO,, as it conferred sufficient acidity for hydrogen bonding
to those anions without promoting unwarranted deprotonation.
Upon binding of weakly basic anions, the emission intensity at
617 nm was enhanced by about 35-40%, with a small red-shift.
The enhancement of emission intensity was attributed to the
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rigidifying effect of hydrogen bonding on the NH bond, which
reduces non-radiative decay of the MLCT state through the NH
pathway. On the other hand, strongly basic anions such as F~ and
AcO~ deprotonated the metal complex, reducing the luminescence
intensity through intramolecular quenching of the emissive MLCT
state by electron-transfer from the anionic deprotonated amide
moiety. This study demonstrated that the hydrogen bonding
affinity of these complexes toward anions can be fine-tuned by
small changes to the peripheral groups of the anion binding site
in order to achieve the desired acidity for anion detection and
discrimination.
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Figure 3.10 Ru-bimetallic complexes for anion sensing.

The 4,5-bis(benzimidazole-2-yl)imidazole (H;Imbzim) scaffold
was utilized by Baitalik and co-workers to construct monometallic
Rul (Fig. 3.10a), or homobimetallic Ru-Ru' (1.10b) and
heterometallic Ru'-Os"" complexes (Fig. 3.10c) for anion sensing
(Baitalik et al., 2010). In the bimetallic complexes, the central
anionic imidazole moiety bridges the two metal centres, while the
flanking benzimidazole subunits provides both coordinative bond
formation to the metal and NH groups for anion sensing in the
second coordination sphere. The chelating structure of the 4,5-
bis(benzimidazole-2-yl)imidazole bidentate ligand enforces a syn
conformation for the two NH groups of the benzimidazole subunits.
Additionally, in the heterometallic ruthenium(II)-osmium(II)
complex, photo-induced energy transfer from the ruthenium unit
to the osmium unit can also take place. These complexes were
quenched by F~ and AcO~ ions, while minimal changes in
luminescence were observed upon addition of other anions. A 1:1
hydrogen-bonded adduct was formed at a lower concentrations
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of anions, whereas stepwise deprotonation of the two
benzimidazole NH groups occurred at higher concentrations of
anions.
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Figure 3.11 Heteroleptic Ru-terpyridyl complexes for anion sensing.

The same group have also utilized the terpyridine (tpy) and
the tridentate 2,6-bis(benzimidazole-2-yl)pyridine (H,pbbzim)
motif and constructed a series of luminescent heteroleptic bis-
tridentate [Ru(tpy)(H,pbbzim)]?** complexes (Fig. 3.11). To stabilize
the MLCT state, electron-withdrawing groups were introduced
to the tpy ligand to fine-tune the electronic properties of these
complexes. Compared with the parent complexes [Ru(tpy),]**
or [Ru(H,pbbzim),], which are practically non-luminescent at
room temperature with very short excited state lifetimes, the
heteroleptic complexes exhibited extended room-temperature
lifetimes that increase with electron-withdrawing substitution at
the tpy ligand. The addition of F~ or AcO~ ions quenches the
luminescence of the complexes with a concomitant red-shift from
690 to 740 nm, while weakly basic anions such as Cl-, Br-, I,
NO; and ClO, had minimal effect. The selectivity of the complex
for F- and AcO~ was generally mirrored in the colorimetric,
electrochemical and NMR titration results. The mechanism
of luminescence was attributed to deprotonation of the NH
proton from the benzimidazole moiety, aided by the electron-
withdrawing character of the metal centre. In a later work, a
series of hetero- and homoleptic tridentate Ru(II) were generated
containing the phenanthrene-imidazole (HImzphen) motif as an
anion recognition site (Fig. 3.12) (Baitalik et al, 2011). Similar
to previous studies, basic anions such as F~ and AcO~ quenched
the luminescence emission of the complexes.

Interestingly, a blue-shift was also observed for [Ru(tpy),]%*
derivatives (Fig. 3.12) on addition of F~ ion, whereas a red-shift

N SNgr 126 R= @CHZBr CH,PPh;Br
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was observed in the corresponding MLCT absorption band. This
was attributed to different degrees of destabilization of the tpy-
HImzphen z* orbital and the Ru''(d7)® metal-centred orbital in
the ground state and excited state complexes. The anion sensing
properties of the complexes were paralleled in the absorption,
NMR spectroscopic and cyclic voltammetric results.

Figure 3.12 Ru-complexes based on phenanthrene-imidazole (HImzphen)
motif.

Shang et al. reported a series of artificial receptors, based on
Ru-sulphonamido system (Fig. 3.13). The interaction of these
receptors with biologically important anions was determined
by UV-vis, 'TH NMR titration and electrochemical experiments
(Shang et al,, 2009). Results indicate that these receptors show
high recognition abilities for fluoride (F) or acetate (AcO7),
moderate affinities for dihydrogen phosphate (H,PO;) or hydroxyl
(OH7) and almost no affinities for chloride (Cl7), bromide (Br-)
and iodide (I). 'H NMR titration shows that the interaction
between the receptors and anions depends on the hydrogen-bond
formation. The two -NH of the sulphonamido system in these
complexes are in ortho-configuration. According to the optimized
geometry, the space for anionic coordination of these systems
is better fit for the size of fluoride and acetate anion. Therefore,
sulphonamido receptors with -NH located in ortho positions
have a strong affinity to fluoride and acetate anion. The advantages
of using receptors (Fig. 3.13) for the detection of various anions
are as follows: (1) the receptors have strong binding ability for
F~ and AcO~; (2) The receptors accompany visible colour changes
when they interact with F~ and AcO~. Therefore, the sulphonamido
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complexes may be used as convenient naked-eye detection tool,
such as the detection of F~ in toothpaste.

for detection of anions.

Figure 3.13 Ru-sulphonamido syste

3.4.2 Anion Sensing through Lewis Acidic Sites

Ligands containing Lewis acidic groups capable for coordination
with anions can be utilized as part of a metal complex for anion
sensing. For example, three-coordinate boron compounds are
known to bind to fluoride and cyanide ions, resulting in disruption
of the m-7 conjugation around the boron centre. Depending on
the nature of the linker region, binding of the anion at the Lewis
acidic site can influence the photophysical properties of the
metal centre, resulting in a change in emission.

A series of [Ru(bpy)s;]**-based complexes containing tri
arylboron groups has been synthesized for anion detection by Wang
et al. (Wang et al, 2011) (Fig. 3.14). Compared with the parent
molecule [Ru(bpy);]?*, the boryl-functionalized complexes display
red-shifted MLCT emission, which was attributed to the lowering
of the LUMO energy through 7z-conjugation of the bpy moiety with
the electron withdrawing tri arylboron group. Meanwhile, the
t-butyl-bpy complexes exhibited lower phosphorescence energies
compared with their bpy counterparts, which could be explained
by the raising of the HOMO (t,) energy level by the electron-
donating t-butyl groups. The addition of fluoride or cyanide ions
caused a 10-40 nm blue-shift in the emission of the complexes
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to 585-600 nm, consistent with the change of the boryl group
from electron-withdrawing to electron-donating upon anion
binding. The shift in phosphorescence wavelength upon analyte
binding could be potentially exploited for the ratiometric
detection of anions. This study was the first to demonstrate
the tuning of MLCT phosphorescence in Ru(ll) complexes by

fluoride and cyanide anions.
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Figure 3.14 Ru-complexes containing tri arylboron groups.

3.4.3 Anion Sensing through Chemodosimeter
Approach

Chemodosimeters achieve analyte recognition via

chemical

transformations involving bond breakage and bond formation
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(Li et al, 2012). Chemodosimeters usually comprise two units:
(1) a reactive functional group that is capable of carrying out a
chemical transformation in the presence of a specific analyte and
(2) functionalities that recognize the chemical reaction with
an altered spectroscopic signal. The chemical transformation
involved in the design of chemodosimeters is usually highly
specific, thus providing enhanced selectivity for the analytes.

In 2011, Das and co-workers have developed a Ru(ll)
complex luminescent chemodosimeter for nitrite anion detection
(Fig. 3.15) (Das et al, 2011). Their design was based on the
reaction of a vicinal diamine group situated on the phenanthroline
ligand with N,03; which is produced from NO, under acidic
conditions. These results in the formation of a triazole derivative
which shows a small red-shift and an approximate doubling
of luminescence intensity compared with the parent diamine
complex. Furthermore, the system was selective for NO, over
other reactive oxygen and nitrogen species (RONS) such as
NO;, H,0;, 0; and CIO™.

Figure 3.15 Ru-complexes for nitrite anion detection.

A trinuclear heterobimetallic Ru(II)-Cu(II) donor-acceptor
complex, {Rull(tbubpy)(CN),-[Cull(dien)],}(Cl04), (tbubpy)4,4'-
di-tert-butyl-2,2'-bipyridine; dien (diethylenetriamine) (Fig. 3.16),
has been synthesized and successfully used as an chemodosimetric
ensemble for the specific detection of cyanide ion in aqueous
DMF (Wong et al,, 2004). The MLCT transition and luminescence
properties of the solvatochromic [Rul'(thubpy)(CN),]>~ donor
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are perturbed by the coordination of two Cu(Il) acceptors but
restored in the presence of CN-. Spectroscopic and mass
spectrometric studies confirmed the cleavage of the cyano bridge
between Ru(Il) and Cu(Il) of the chemodosimetric ensemble after
the binding of cyanide to the Cu(Il) centres. The overall binding
constant, Kz, between the complex and CN- is measured to be
(7.39 = 0.23) x 10° ML A detection limit of 1.2 uM (0.03 ppm)
of CN- in aqueous DMF (pH 7.4) was achieved. Thermodynamic
evaluation shows that the analyte specificity of this
chemodosimeter is attributable to the relative stability of the
donor-acceptor complex to that of adducts formed between
the acceptor metal centre and the analytes.

Figure 3.16 Ru(II)-Cu(II) donor-acceptor complex for CN~ detection.

Figure 3.17 Amide functionalized Ru-complex for phosphate sensing.



Ruthenium Complexes as Gas Sensor

Another [Ru(bpy);]®* based assembly with amide function-
alities (Fig. 3.17), designed by Watanabe and co-workers, binds
anionic phosphor-diesters (Watanabe et al.,, 1998). For example,
addition of 10 equivalents of anionic tetraethylammonium
diphenyl phosphate to a 0.02 mM acetone solution of the
complex yielded a factor of 1.3-fold increase in the luminescence
intensity. The authors suggested that the increase is a consequence
of binding-induced rigidification and inhibition of activity in
vibrational modes responsible for nonradiative decay. Again, an
alternative interpretation is that anion binding electrostatically
destabilizes the coordinated bpy ligand created in the emissive
MLCT state. Destabilization, in turn, should increase the
excited state-ground state energy gap, thereby decreasing the
nonradiative decay rate and increasing the emission quantum
yield.

3.5 Ruthenium Complexes as Gas Sensor

Certain gaseous molecules, such as oxygen (0,) and nitric oxide
(NO), play pivotal roles in biological and environmental science.
Oxygen analysis is important in determining the suitability of
water for living organisms (biological oxygen demand), blood
gas analysis, pressure-sensitive paints, in vivo analysis, and in
combustion monitoring. Besides, aberrant intracellular O, levels,
is a sign of cancer and can impair mitochondrial respiration
(Vaupel et al., 2001).

The emission of luminescent metal complexes can be
quenched by interaction with particular chemical species. O,
is a well-documented quencher of the triplet excited state of
phosphorescent metal complexes, which takes place mainly
via energy transfer from the triplet ground state of O, to form
singlet oxygen. Therefore, it is not surprising that the most
oxygen phosphorescent chemosensors are designed based on
the phosphorescence quenching mechanism, thus resulting in a
“switch-off” response of the metal complex in the presence of
0,. In order to examine the relative efficiency of the O, sensor,
a Stern-Volmer plot is commonly employed to determine the
quenching constant, which is an indirect measure of the O,
sensing capacity of sensor.
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Since the excited states of many species that can be quenched
by oxygen are also sensitive to environment and respond to metal
ions, oxidants, reductants, surfactants, DNAs, proteins, etc., the
key to practical systems is separating the sensor molecule from all
these interferents while still allowing access to oxygen. The
simplest and most widely used approach is to put the sensor into
a gas permeable, solvent impermeable membrane. Some of the
most successful sensors have been based on silicone elastomers
since the basic polydimethyl siloxane structure can have
excellent oxygen diffusion and quenching with the added
benefit of good bio compatibility. Besides, various polymers
(polymethylmethacrylate,  polyvinyl  chloride, polystyrene,
derivatized cellulose), plasticizers in polymer (to improve
permeability and hence response) have also been used as common
supports. Another versatile anchoring scheme uses sol-gel
inclusion. Because of their long excited state lifetimes, large
shifts between excitation and emission, and efficient emissions,
metal complexes immobilized within a solid supporting material
have become important oxygen sensors (Huang et al, 2012).
Ru complexes in particular are found to be very efficient in sensing
of oxygen. Complex crystal structures containing void spaces have
also been employed for this purpose as O, molecules can freely
move inside the crystal and quench the luminescence.

A series of [Ru(bpy),(phen)]?* complexes derivatized with
ethynylated phenyl, pyrenylethynylene and pyrene units appended
to the phen ligand (Fig. 3.18) have been investigated for their
abilities to detect O, (Zhao et al, 2010, 2012). The emission
lifetime and intensity were tuneable by modification of the
pendant group. Among these, the complex (Fig. 3.18c) was found
to possess sufficiently long lifetime (r = 58.4 ps) and excellent
solubility in organic solvents and polymers, making it a suitable
candidate to be developed as an O, sensor. This complex
displayed high sensitivity and selectivity for O, over air or N,
as demonstrated by a significant decrease in phosphorescence
intensity in solution or IMPES-C sensing film.

Later on, Wang and co-workers reported two closely related
polypyridyl Ru(Il) analogues appended with aryl ethynylene
ligands (Fig. 3.18e,f) (Wang et al., 2010). These complexes could
also function as chemosensors for O, in various polymer films,
although their luminescence lifetimes were lower than for
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complexes 3.18a-d. Zeolites, with their novel cage structure also
provide an alternative support. For example, zeolite Y consists
of 13 A super cages with 7 A windows, ensuring that a sensitizer
like [Ru(bpy);]?*, with a diameter of 12 A is securely entrapped,
thus preventing leaching of the dye (Balzani et al, 2001).
Oxygen is an efficient quencher of photoexcited [Ru(bpy);]** by
an energy transfer process, and the resulting deactivation of
[Ru(bpy)s]** allows for spectroscopic monitoring by emission
intensity (McBride et al., 1977). Meier et al. have exploited this
encapsulation technique for making optical oxygen sensors
(Meier et al,, 1995). They used dealuminated zeolite Y as host with
Si/Al ratio of 6 and reported the quenching of the chemosensor
upon exposure to gas phase 0,. However, this method of oxygen
sensing was implicated with a problem that the accessibility of
the entrapped [Ru(bpy);]?* inside the zeolite towards 0, was
hindered. In a recent study, it was determined that this was
primarily due to intrazeolitic water, which impeded the diffusion
of O, through the zeolite (Dutta et al., 2003). Hence, the dissolved
oxygen in water cannot be detected using the aluminous
zeolites, since water blocks the diffusion of O,.

The same researchers later reported a highly siliceous
(Si/Al > 100) zeolite that proposed a sensor, designed for dissolved
oxygen alleviating the problems of intrazeolitic O, diffusion.
The conventional procedure using ion-exchange of hexammine
ruthenium could not be used here because of the lack of
ion-exchange sites in the siliceous zeolites. The emission
quenching of intrazeolitic [Ru(bpy)s;]?>* by oxygen dissolved in
water was studied. Dealumination of the zeolitic framework leads
to a hydrophobic environment that promotes oxygen transfer from
water to the zeolite. PDMS films with the siliceous zeolites were
fabricated and the quenching of [Ru(bpy);]?* with dissolved
oxygen was tested. Stern-Volmer plots were obtained and Non-
linearity in the Stern-Volmer plots was explained as arising from
nonhomogeneous distribution of the [Ru(bpy);]?* within the
zeolite (Fig. 3.19), with more dye nearer the zeolite surface.
The long-term stability of the [Ru(bpy)s]?*-siliceous zeolite
is expected to be high, since there will be no dye leaching and
photodecomposition is also minimized. A dissolved oxygen sensor
based on the quenching of fluorescence from a ruthenium dye
complex entrapped in a porous sol-gel film is reported by McEvoy
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et al. (McEvoy et al, 1996). Sol-gel-derived silica films were
fabricated by dip-coating onto planar and optical fibre substrates.
The films were pre-doped with the oxygen-sensitive ruthenium
complex [Ru-tris(4,7-diphenyl-], 10-phenanthroline)],  the
fluorescence of which is quenched in the presence of oxygen. The
structure and behaviour of sol-gel films are dependent on the
fabrication parameters. In particular, enhancement of the surface
hydrophobicity increases the quenching response in water. This
is achieved by using suitable proportions of modified precursors
of silica of the form R(OEt);Si, where R is an alkyl group, in
the standard fabrication procedure. On increasing the ratio of
modified precursor, the quenching response in the aqueous
phase increases. A very low limit of detection, 6 ppb, was achieved
by the authors for these modified films. Using a high-brightness
blue LED, combined with a miniature photodiode detection
system, this oxygen-sensitive ruthenium complex immobilized
in sol-gel-derived porous silica coatings may act as a low-cost,
high-performance, portable dissolved oxygen sensor in many
varied situations from aeration control to on-line river pollution
monitoring.

) 3 i

5 N l/ : N = |

N, I SeaMa, | Ny
/Ru\ /‘,Ru\ ||

7| A7
| |

S /N [ = ’Nj =

: s 1]

L |

-
o)

- 2+

N

a’_":—z’ 3
oy

7
z
z
i

7N
A
/

7y

_{z\

[s]
4

@ (€)

c;

Figure 3.18 Ru complexes used for O, sensing.
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Figure 3.19 Ru complex in zeolite cage structure.

3.6 Ruthenium Complexes as Sensing Agent
of Neutral Species

Ruthenium complexes are playing a sharply increasing role in
inorganic and medicinal chemistry not only due to its abundant
uses as a potential sensing agent for metal cations, anions and
gases but also it has promising sensing capability towards
different neutral molecules including amino acids, DNA, drug
molecules and hazardous compounds.

3.6.1 Detection of Amino Acids

Amino acids are a class of molecules that play a fundamental
role in the human body as both the basic building blocks of
proteins and mediators in various biochemical pathways. For
instance, tryptophan and tyrosine are precursors of the important
neurotransmitters serotonin and dopamine, respectively, aspartate
and glycine can be used for the biosynthesis of nucleotides
(Roth et al., 1997), while histidine is involved in tissue generation
and repair pathway (Hong et al, 1999). To this end, increasing
attention has been paid to the development of selective and
sensitive detection methods for amino acids. Most metal complex
chemosensors for the detection of cysteine (Cys) or homocysteine
(Hcy) usually contain appended aldehyde functionality on the
ancillary ligand(s). The aldehyde reacts readily with Cys (or Hcy)
to form a thiazinane (or thiazolidine) group, which leads to a
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change in luminescence signal. An alternative strategy is to employ
an addition reaction between the thiol group of the amino acid
with an unsaturated double bond (such as 1,4-addition to an
enone) in order to disrupt the zz-conjugation of the metal complex,
thus resulting in luminescent response. Both approaches can be
considered as part of the chemodosimeter strategy.

Figure 3.20 [Ru(bpy);]?** complexes functionalized with aldehyde group(s)
for sensing Cys and Hcy.

A Ru(ll) polypyridyl complex (Fig. 3.20) functionalized with
aldehyde groups for the selective detection of Cys and Hcy has
been reported (Yuan et al, 2010). In this design, the aldehyde
groups have a dual function as both selective receptors for amino
acids and as strong electron-withdrawing groups that quench
the background luminescence of the complex. The addition of
Cys and Hcy triggers the formation of the thiazinane (Cys)
or thiazolidine (Hcy) motif, which results in a significant
luminescence enhancement and blue-shifted emission of the
complex, which was attributed to the impairment of electron-
withdrawing ability of the ligand upon reaction. The detection
limits of the complexes for Cys and Hcy were 1.4 and 1.2 uM,
respectively. The probe was highly selective for Cys and Hcy even
in the presence of interfering biological substances such as other
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amino acids, DNA and proteins. Later, ruthenium(II) polypyridyl
complexes (mono- or di-substituted with aldehyde groups at
various positions) were synthesized for the detection of Cys and
Hcy using a similar mechanism. An approximately 10-fold
enhancement in luminescence emission was reported at saturating
concentrations of Hcy, and detection limits of 0.3 and 1 M were
reported for Hcy and Cys, respectively.

3.6.2 Detection of DNA Molecule

Over the past decades, the design and synthesis of metal
complexes that bind to DNA with specific site in order to develop
novel chemotherapeutics, chemical probes and highly sensitive
diagnostic agents for DNA have received considerable attention
because DNA is not only the central carrier of genetic information
in living organisms but also the data encoded within DNA can
be transcripted and translated into a variety of functional and
structural proteins that are essential for life. Although much work
has been done on planar Pt(Il) complexes, some of the most
interesting recent work has used octahedral Ru(Il) complexes
with a-diimine ligands pioneered by Barton et al. (Barton et al,
1986, 1989). For sufficiently extended m systems, the a-diimine
may bind in the major groove of the DNA helix by intercalation of
one ligand into the base pair stacking. The remaining two ligands
sterically interfere with the phosphate backbone and block full
insertion.

Since the metal complex is trigonal, it exists in A and A
enantiomeric forms (shown in Fig. 3.21 for [Ru(Ph,phen);]%*).
The A isomer experiences less severe steric crowding than the
A isomer on intercalation into the helical optically active DNA
duplex, which causes tighter binding for the A isomer and a higher
affinity. This feature is used to probe different DNA conformations.
To date, considerable work has been done on these Ru(II) systems
with a variety of «a-diimine ligands. Some important features
that govern the binding of Ru-complexes with DNA molecule are
(1) Ru(Il) complexes make nearly ideal probes because of the long
7 values (0.1-10 ms), bright luminescences, and variable excited
state redox properties for DNA nicking. Their emissions allow use
of a wealth of luminescence techniques (2) Large hydrophobic
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ligands are required to obtain specific intercalative binding versus
a non-specific ionic binding. Intercalative binding is required
for chiral recognition. Selectivity goes as follows: Ru(bpy)
< Ru(phen)? < Ru(Phyphen)?. For smaller ligands such as phen,
there was controversy over the precise binding mode, although
for the phen, binding is probably not intercalative (Bottomley
et al, 1997) (3) Chiral recognition occurs with B-DNA but not
Z-DNA. Barton suggested using L isomers to identify Z-DNA
regions; the L isomer does not bind to B-DNA but does to Z-DNA
(4) Single stranded DNA binds electrostatically and shows little
chiral recognition (5) Highly reducing excited states photocleave
DNA at guanine. O, quenching is less specific. Gill and Thomas have
recently reviewed the use of inert Ru(ll) polypyridyl complexes
as structural probes for DNA, and have highlighted the inter-
disciplinary nature of this research in cellular imaging and
therapeutic applications (Gill and Thomas, 2012). Metal complexes
that display a change in luminescent behaviour upon binding
may be utilized as probes for DNA. The archetypical examples are
the “molecular light switch” ruthenium(II) complexes [Ru(bpy),
(dppz)]** and [Ru(phen),(dppz)]?** developed by the groups of
Barton and Sauvage in the early 1990s (Barton et al., 1992). These
complexes are non-emissive in aqueous solution due to non-
radiative decay mechanisms of the excited state by solvent
interactions. However, protection of the dppz moiety within
the hydrophobic environment of DNA results in intense 3MLCT
luminescence. This emission is generated from the 'MLCT excited
state ligand. The dppz ligand and its derivatives have thus been
commonly utilized for the construction of “molecular light switch”
metal complexes for DNA (Tuite et al., 2011).

The first transition-metal complex-based two photon absorbing
luminescence lifetime probes for cellular DNA was presented by
Baggaley et al. (Baggaley et al., 2014). This allowed cell imaging
of DNA free from endogenous fluorophores and potentially
facilitates deep tissue imaging. In this study, ruthenium(II)
luminophores (Fig. 3.22) are used as phosphorescent lifetime
imaging microscopy (PLIM) probes for nuclear DNA in both live
and fixed cells. The DNA-bound probes display characteristic
emission lifetimes of more than 160 ns, while shorter-lived
cytoplasmic emission is also observed. These timescales are orders
of magnitude longer than conventional FLIM, leading to previously
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unattainable levels of sensitivity, and auto fluorescence free
imaging.

Figure 3.21 A typical structure for a Ru(Il) sensor-probe for DNA.
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Figure 3.22 Structures of the Ru complexes used in DNA sensing.
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3.6.3 Detection of Other Biomolecules

Amyloid-f, an extracellular protein fragment, is self-assembled to
form aggregates, which is implicated in many neurodegenerative
disorders such as Alzheimer’s disease, Parkinson’s disease and
type II diabetes (Dobson et al., 2003). Alzheimer’s disease is a
common amyloidosis disease, characterized by severe cognitive
dysfunction and memory impairment leads to complete loss of
independent living and self-carrying capacity (Skovronsky et al.,
2009). Therefore, the detection of B-amyloid demands rapt
attention of researchers in the field of sensors.

Metal complexes represent viable alternatives to organic
small molecules for the development of structural probes for
biomolecules. Compared with the mostly tetrahedral or trigonal
planar conformations usually exhibited by organic compounds,
metal complexes possess distinct geometries that can be harnessed
to create structural complexity and to access novel chemical space.
The ligands of the metal complex can be carefully arranged for
selective interactions with biomolecules (Meggers E. (2009)).
Furthermore, the long phosphorescent lifetime of metal complexes
allows their phosphorescence to be readily distinguished in the
presence of endogenous fluorophores likely to be present in
biological environments by use of time-resolved spectroscopy or
fluorescence lifetime imaging microscopy. Finally, metal complexes
generally benefit from a modular synthesis which allows analogues
of the hit structures to be synthesized rapidly and conveniently,
compared with the somewhat lengthy, linear and protecting group-
laden syntheses of complex organic molecules.

Taking these advantages of a metal complexes over its
organic counterpart, a classical “molecular light switch” complex
[Ru(bpy),dppz]?* (dppz = dipyridophenazine) has been utilized as
a luminescent probe for AB-fibrils (Fig. 3.23) (Marti et al,, 2011).
The authors suggested that the sensing mechanism of the
AB-fibrils by [Ru(bpy),dppz]** would be analogous to that offered
by intercalation of the metal complex into DNA. The protection
of the complex within the hydrophobic interior of the peptide
may suppress non-radiative decay of the excited state, thereby
enhancing luminescence emission. Using time-resolved emission
spectroscopy, the phosphorescence of the complex in response
to AB-fibrils could be readily distinguished in the presence of a
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strongly fluorescent background. Furthermore, the aggregation and
fibrillation of monomeric AP could be monitored in real-time using
the Ru(Il) complex as a probe.

Figure 3.23 Chemical structure of molecular light switch [Ru(bpy),dppz]?*.

Figure 3.24 Structure of Ru(II) complex used for detection of biomolecules.

Seenivasan and co-workers recently reported a new, simple,
label free sensor [Ru(dmbpy)(dcbpy)dppz)] complex (dmbpy; 4,40-
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dimethyl-2,20-bipyridine,dcbpy;4,40-dicorboxy-2,20-bipyridine,
dppz; dipyridophenazine) (Fig. 3.24) intercalated aptamer based
recognition of amyloid-f (Seenivasan et al., 2015). For the first
time, they elucidate the application of the RNA aptamer-Ru(II)
complex system for specific recognition of amyloid monomer and
inhibit the oligomer/fibril formation. Aptamers are DNA or RNA
molecules that can specifically bind to a wide range of targets
from small molecules to whole cells that can be selected through
an in vitro selection method known as systematic evolution of
ligands by exponential enrichment (SELEX). Interestingly, afore
mentioned Ru(Il) complex shows weak luminescence intensity
in the aqueous medium but it shows strong luminescence
intensity in the presence of RNA aptamer.

3.6.4 Detection of Hazardous Compounds

Ru complexes are also known to be used as a potential sensing
agent for detection of hazardous compounds. Many important
environmental pollutants including polychlorinated biphenyls,
dioxins and some toxic organometallics are also halogen-abundant.
Organotin compounds (OTCs) represented by the formula
RnSnX(4_,), where Sn is the tin atom, R is an alkyl or aryl group, X
is usually a halide compounds or hydroxide anion, and n ranges
from 1 to 4. Organotin compounds are known for their wide
distribution and strongly toxic effect on marine organisms. The
degradation products of OTCs usually exist as di- or mono-organotin
complexes, both with high biological activities. XB-driven molecular
recognition has been used to develop the first FCS for organotin
halides. Chromophore-bridged binuclear ruthenium complexes
(Scheme 3.2) containing multiple isocyanide ligands were
synthesized by Niu et al. and were exploited as XB-active receptors
with AIE characteristics (Niu et al., 2013). Halogen bonding (XB)
is the interaction based on donation of electron density from a
Lewis base to an electron-deficient halogen atom and it is a
frequently occurring non-covalent interaction parallel to hydrogen
bonding in molecular self-assembly processes. Interaction with
organotin halides leads to aggregation of the receptor molecules
in solution and the resulting off/on fluorescence responses in the
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near-infrared region. Visual detection of organotin halides at the
micromolar concentration level can be easily carried out by the
developed FCS. This study confirms that cooperation of multiple
XBs in solution is able to support high-affinity binding between
small molecules. Furthermore, the monomer-to-aggregate
conversion of chromophores, which usually results in high-contrast
spectral changes, has proven to be a suitable signalling strategy
for XB-motivated molecular sensing. Both the recognition and
signalling mechanisms discussed by the authors are highly
constructive for further designs of FCS targeting challenging
species such as dioxins and dioxin like polychlorinated biphenyls.

3.7 pH Sensing

The measurement of pH is important for areas ranging from
cardiac critical care to acid rain pollution of streams. Absorption
spectroscopy has long been used for measuring pH. Changes in
the absorption spectra for species having pH dependent
ground state chemistry can be used as both quantitative pH
determinations and as titration end point detectors. However,
absorption spectra are not so sensitive, which hence increases
the difficulty of using them with very small sensors. Because
of its central importance, pH measurement via luminescent
sensors has been an area of considerable study. A number of
intensity-based systems using primarily organic dyes with pH-
sensitive functionality have been suggested (Wolfbeis et al., 1998;
Maier et al, 2002). Rather fewer systems employing metal
complexes have been reported. A variety of metal ions have been
used in both single and multicomponent systems (Grigg et al,
1992; Wolfbeis et al., 1998). The general approach for the design
of pH-sensitive luminescent metal complexes is to modify a core
ligand for pH sensitivity. Typically, either a 2,2'-bipyridine or
1,10-phenanthroline structure is used and an alcohol, acid, or
amine function attached to provide the pH-sensitive element.
Complexes based on the platinum metal ions Ru?*, 0s2?*, and
Re* are among the most commonly used. Complexes with these
metals are normally luminescent, and photochemically robust,
and exhibit either near UV or visible absorption, and can be
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“tuned” by a variety of synthetic methods (Demas et al., 2001).
Herein, we discuss Ru complexes as pH sensor in details. An
easy scheme for measuring pH is excited state acid-base chemistry.
The excited state molecule has substantially more energy
(190 kJ mol-! or greater for a visible emitting species), and the
excited state will generally have a completely different electron
distribution from the ground state. Both of these factors can cause
pK* to differ from pK. In some cases, the pK values can differ by
5-10 pK units. This would be equivalent to converting an acid
of the strength of acetic acid into a non-acid or a super acid. The
first example reported for an excited state acid base reaction
of a platinum group metal diimine complex was for RuL,(CN),.
The two cyanides can be protonated at the N end, which
dramatically blue shifts the MLCT excited states. The two
pK values are on the order of 0-1. However, on excitation
the complex becomes a super acid with a highly negative pK.
While fundamentally very interesting, these complexes are not
interesting for monitoring pH values in the range of greatest
interest (5 < pH < 9), although they may have some utility in the
extreme acidity range of much less than 0. However, one does
not necessarily expect the usable range for an indicator in the
ground state to be the same as if the ground state species were
used as an indicator. For example, with [Ru(3,4,7,8-Me4phen),
(4,7-(HO),-phen),]", the pH titration curve using ground state
absorption has a break at 5 while the excited state emission
titration curve has a break at pH 2 (Demas et al.,, 1976). There is
an alternative approach to emission pH sensing. The technique
involves building a composite molecule that has a luminescent
piece, which is covalently attached to a fragment that is pH
sensitive and can quench the excited portion differently
depending on its state of protonation. The most common version
of this type of sensor uses electron transfer quenching since the
redox potentials of many species are dependent on their state of
protonation. Thus, depending on whether a species is protonated,
it can act as a quencher in one form and a non-quencher in the
other. This is shown schematically in Fig. 3.25. Examples of such
built-in quenching systems involve @-diimine ligands with CH,
coupled pendant phenol groups where the phenolate ion is a much
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more efficient electron transfer quencher than the phenol. The
usable pH range of this system is about 6-10. Another example
includes -CH,;NR, groups since amines can be good reductive
excited state quenchers of RuL complexes. A variation on this
mechanism is where the Ru(Il) emission shows a pronounced
variation in emission characteristics with the charge on the
pendant groups. These systems are usable in the 0-8 pH range.
Figure 3.26 (X) shows a titration curve for a diamino Ru(II) complex
supported on a polymer. These data reveal two important issues.
The double hump clearly indicates the presence of more than
one pK* which is not surprising given the two basic nitrogens.
However, in solution, one of the two pK* values is at 7.5, which
would suggest that it would be perfect for physiological
measurements. Inspection of the polymer supported titration
curve reveals that the pK* has shifted substantially to more basic
regions, and the polymer supported sensor is not suitable for
physiological measurements. This result once again demonstrates
that the transfer of solution data to polymer systems is not
always smooth and many surprises will occur.

Scheme 3.2 Synthesis of the binuclear ruthenium complexes.

A good variation on pH sensing utilizes the Forster mechanism
of Fig. 3.26 (Y). Protonation of a pH-sensitive dye changes its
absorption spectrum. By proper selection of the dye, the absorption
emission overlap of the donor and acceptor vary and the degree
of quenching of the donor changes.
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The problem with this approach is how to organize it so
that the pH sensor energy acceptor is always maintained at a
suitable distance from the donor. This problem can be largely
overcome by making the donor and the acceptor, an ion pair.
This energy transfer approach has also been modified to
produce a Ru complex sensor by Fig. 3.26 (Y) (Huber et al,
1998). Here [Ru(Ph,bpy);]*" donor is used in conjunction with
a bromothymol blue anion as the indicator. Since the dye has a
pK of 7.5, it works in the physiological range. The sensor ion pair
is supported in a hydrophobic membrane. Co-extraction of a
proton from the aqueous phase along with the chloride counter
ion into the membrane provides a proton to change the more
highly quenching blue form of the dye into the less quenching
yellow protonated form. The luminescence of the ruthenium
complex is monitored by changes in the apparent lifetime using a
phase shift measurement or by intensity methods. Because of the
long lifetimes of the ruthenium complex, phase measurements
are inexpensive and low cost blue LEDs can be used as the
excitation source. Another Ru complex using the pH-sensitive
ligand 5-carboxy-1,10-phenanthroline was synthesized and
characterized by Higgins et al. (Higgins et al.,, 2005). The complex
showed monotonic changes in both luminescent intensity and
lifetime with pH values over the range 2 < pH < 9. Here the impact
of various structural features on both the range of pH sensitivity
and dynamic response was studied using both intensity and lifetime
measurements (Higgins et al., 2005). It was possible to predictably
tune the pH sensitivity range over about 1.5 pKa units. While
significant variation in the dynamic response range was observed,
the correlation with structural features needs further study.
Recently, a new heterobimetallic ruthenium(II)-rhenium(I) complex
of [Ru(bpy),(HL)Re(CO)3C1](Cl0,4),-6H,0 (RuHLRe) {bpy = 2,2'-
bipyridine and HL=2-(4-(2,6-di(pyridin-2-yl)pyridin-4-yl)phenyl)-
'H-imidazo[4,5-f]-[1,10]phenanthroline} was synthesised by
Li et al. (2014). The ground-and excited-state acid-base
properties of RuHLRe were studied using UV-Vis absorption
spectrophotometric and spectrofluorimetric titrations in a 100:1
(v/v) Britton-Robinson buffer-CH;CN solution combined with
luminescence lifetime measurements. The complex exhibited
two-step separate protonation-deprotonation processes in both
the ground and excited states. The complex acted as pH-induced
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“off-on-off” luminescence switches (I,,/lo¢ = 31.0 and 14.6),
with one of the switching actions being driven by pH variations
over the physiological pH range (5.3-8.0).

3.8 Temperature Sensing

The significant and predictable temperature dependence of the
emission of metal complexes suggests their use as temperature
probes, although to our knowledge no one has actually used them
in such applications. In particular, Crosby suggested Ru-diimine
complexes as cryogenic sensors. These complexes have very large
temperature coefficients below liquid nitrogen temperatures and
huge coefficients at liquid helium temperatures. For example,
the luminescence lifetime of Ru(bpy)? changes from 5 to 200 ms
ongoing from 77 to 4 K (Crosby et al, 1973). Their multi-
microsecond lifetimes and ease of excitation with blue LEDs
should make them superb remote cryogenic sensors.

In view of the great difficulty of controlling sample
temperature at cryogenic temperatures, particularly in cold
finger arrangements, the Crosby sensors would appear to be
attractive for measurement probes. For example, it would be very
easy to paint a cold finger probe with the complex in a polymer.
Then, by interrogating the lifetime at different positions, the
temperature profile across the device could be easily measured.
By using a focused laser beam, a resolution of a 100 mm or less
should be possible. Alternatively, using an optical imaging system,
the entire temperature profile of a device could be measured at
once. Of course, this approach is also possible at room or elevated
temperature.

Especially in the cryogenic supersonic wind tunnel where
both pressure and temperature are important parameters, metal
complexes are attractive temperature sensors. [Ru(terpy),], is
not luminescent at room temperature but glows brightly at low
temperatures. This feature makes it the basis of temperature-
sensitive luminescence paints. By suitable modification of the
complex, the temperature range over which it can respond can
be altered. However, even at room temperature, the temperature
coefficient is large enough to be very reasonable. Based on the
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thermal quenching via only an upper d-d level, we have carried
out a theoretical analysis on the molecular parameters of a
sensor molecule for optimizing sensor response for different
temperatures (Demas et al, 1992). The model is very attractive
for predicting behaviour and designing systems for use in the
liquid nitrogen (77 K) to above ambient (ca. 350-450 K) temperature
range. This model is inappropriate for the low temperatures
of Crosby’s measurements where two or three closely spaced
sublevels of the emitting state manifold are involved.

3.9 Conclusion and Perspective

Ruthenium complexes offer a range of desirable advantages
that make them viable alternatives to organic molecules as
luminescent chemosensors. First, they possess high luminescence
quantum yields and long phosphorescence lifetimes that
can allow them to function effectively in the presence of a
high fluorescent background by use of time-resolved emission
spectroscopy. Secondly, their photophysical properties are highly
sensitive to changes in structure or in the environment, such as
upon coordination or reaction of the analyte with a recognition
motif conjugated to an ancillary ligand. Finally, their modular
synthesis allows facile synthesis of a range of analogues with
bearing different functional groups for the fine-tuning of their
chemical and/or photophysical properties. In this chapter, recent
examples of Ru complex chemosensors for cations, anions, gas
molecules and biomolecules reported in the last three years
are mostly highlighted. Not only these analytes but also the
successful application of Ru complex as pH sensor and a
temperature-sensitive agent are also vividly discussed. Moving
forward, one potential avenue for improvement is in the
development of phosphorescent chemosensors with higher
selectivity. For example, while most of the recently reported
anion chemosensors containing an acidic hydrogen group have
achieved excellent discrimination between strongly and weakly
basic anions, the selectivity exhibited between two strongly
basic anions such as fluoride and acetate have been relatively
modest. As an interesting exceptional example, [Ru(bpy);]?*-
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derived conjugate was reported by Gunnlaugsson and co-workers,
which can distinguish fluoride from other strongly basic anions
such as acetate and pyrophosphate, although the mechanism for
this selectivity has not yet been fully established. Another
long-term goal is for the development of metal complex
chemosensors capable of functioning in aqueous solution with
minimal organic solvent, such as the ruthenium(Il) nitrite ion
chemodosimeter reported by Das and co-workers which required
10% acetonitrile solution. Finally, we believe that the application
of luminescent metal complexes to detect pathologically relevant
peptides such as beta-amyloid deserves further attention in the
literature.
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Transition-metal nanoparticles have attracted attention in the
last few decades due to their potential applications in biomedical,
optical, electronic areas and catalysis. Ruthenium (Ru) compounds
such as Ru oxide (RuO,) and Ru oxide hydrate (RuO,-nH,0) have
been investigated for applications such as electrocatalysts,
materials for electrochemical supercapacitors, catalysts for
hydrogen production, or CO oxidizing catalysts. Supported Ru
nanoparticles (NPs) such as Ru oxide nanotubes, ruthenic acid
nanosheets, and Ru oxide-based nanocomposites are highly
efficient in various reactions, such as ammonia synthesis,
Fischer-Tropsch synthesis, selective hydrogenation, and cellulose
hydrolysis. Ru nanoparticle have also found medical applications
and as a probe for upconversion luminescence sensing and
bioimaging of intracellular metal ions. This chapter will focus on
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the emerging concept of Ru NPs and their diverse applications
in different areas.

4.1 Introduction

Nanotechnology has become very important in daily life and is
constantly broadening its borders and complexity. Nanotechnology
involves designing and using systems and devices in the length
scale range of approximately 1-100 nm (Frohlich, 1937; Giaever
and Zeller, 1968; Kubo, 1962). Nanomaterials can be generated
from any material, such as metals, semiconductors and
polymers with specific sizes, shapes, surface properties, defects,
self-assembly properties by utilizing different methodologies from
synthetic and materials chemistry (Matsoukas et al.,, 2015). They
possess unique properties, such as high surface to volume ratio
and high catalytic activities, due to which they have been employed
in pharmaceutical, cosmetic, electronic and environmental
industry (Liu, 2006).

Ruthenium (Ru) is a transition metal in VIII group and is inert
to most chemicals. The chemistry of Ru is currently receiving
a lot of attention, primarily because its complexes have good
electron transfer and energy transfer properties (Collin et al,
1994). Ru is a versatile catalyst, and have been investigated for
applications such as electrocatalysts, materials for electrochemical
supercapacitors, catalysts for H, production, or CO oxidizing
catalysts, in ammonia synthesis and cellulose hydrolysis (Abu-Dief
and Mohamed, 2015). Ru can exist in a range of oxidation states
(I, I, and IV) under physiologically relevant conditions due
to which it can be utilized in pharmacological applications, for
example Ru coordination compounds have shown promising
application as anticancer agents, in the treatment of eye
melanomas. New Ru-based compounds with fewer and less
severe side effects, could replace longstanding platinum (Pt)-based
anticancer drugs (Allardyce and Dyson, 2001). Ru compounds
are being researched for use in a number of developing solar
energy technologies (Nosheen et al., 2016). They have also been
utilized as a probe for upconversion luminescence sensing and
bioimaging of intracellular metal ions. This article will focus on
the emerging concept of Ru nanoparticles and their diverse
applications in different areas.
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4.2 Synthesis of Metallic Nanoparticles

There are usually two general approaches for the production of
NPs: (a) chemical method, also known as bottom-up (Gao et al,,
2000; Yang et al, 2004) and (b) physical methods known as
top-down method (Rawat, 2013; Yu et al., 2013). Both approaches
can be carried out in gas, liquid, supercritical fluids, solid states,
or vacuum.

4.2.1 Physical Method (Top Down)

In this process, the bulk materials are used as the starting
materials and are broken down into smaller pieces using chemicals
and/or by using physical means such as mechanical grinding
(Gubin et al,, 2005), mechanical alloying (Gaffet et al,, 1996), and
sputtering techniques (Chung et al., 2004; Suzuki et al, 2012;
Bouchat et al.,, 2011) followed by subsequent stabilization of the
resulting nanosized metal particles by the addition of colloidal
protecting agents to synthesize nanomaterials. The metal NPs
synthesized by this method are generally larger and cannot be
reproduced, resulting in irreproducible catalytic activity.

4.2.2 Chemical Method (Bottom Up)

In this process, the single atoms or ions are allowed to grow into
clusters or NPs using wet chemical synthetic methods such as
chemical reduction of metal salts (Guzman et al, 2009; Khanna,
2007) and the decomposition of precursors using thermal
(Logvinenko et al., 2007; Li et al., 2001), photolytic or sonochemical
treatment (Bunker et al, 2007). The particles synthesized by
this method have narrow size distribution and controlled shape.

4.2.3 Wet Chemical Synthesis

The bottom up methods of wet chemical NPs preparation involve
the chemical reduction of metal salts, electrochemical pathways,
or the controlled decomposition of metastable organometallic
compounds (Scheme 4.1).
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Scheme 4.1 Synthesis of metal nanoparticle by wet chemical synthesis.

A large variety of stabilizers, e.g, donor ligands, polymers,
and surfactants, are used to control the growth of the primarily
formed nanoclusters and to prevent their agglomeration
(Faraday, 1857). In the initial stage of nucleation, metal salt is
reduced to give zero valent metal atoms (Leisner et al, 1996).
These can collide in solution with further metal ions, metal atoms,
or clusters to form an irreversible seed of stable metal nuclei.
The diameter of the seed nuclei depends on the metal-metal bond
strength and difference of the redox potentials between the metal
salt and the reducing agent applied. Protective agents are
required for the stabilization and prevention of agglomeration of
nanostructured colloidal metals. Nanometallic cores are separated
from each other by electrostatic and steric stabilization and
prevent agglomeration (Bradley, 1994). The main classes of
protective groups are polymers and block copolymers
(Hirai et al., 1976; Hirai et al., 1978). Lipophilic protective agents
give metal colloids that are soluble in organic media (organosols),
while hydrophilic agents yield water-soluble colloids (hydrosols).
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4.3 Applications of Ru Nanoparticles

Ru NPs have been utilized in catalytic, analytical, and biomedical
applications.

4.3.1 Catalytic Application

The catalytic activity of NPs represents an important resource
for chemical processes employed in both industry and research.
The functionalized NPs, including graphene, silica, carbon
nanotubes-based, magnetite-supported nanocatalysts, and various
other nanostructures, have been synthesized because of their
catalytic properties.

4.3.1.1 Oxidation

Pt-Ru/1-aminopyrene functionalized carbon nanofibers have
been used in electrocatalytic oxidation of methanol (Lin et al,
2010). Selenium functionalized carbon as support, Pt-Ru NPs were
highly dispersed on the carbon surface, and showed improved
electrochemical properties for methanol electrooxidation (Wang
et al, 2013). Aerial oxidation of various aliphatic, aromatic,
alicyclic, benzylic, allylic, amino, and heterocyclic alcohols has
been carried out using Ru NP decorated on graphene nanosheets
(GNS-RuNPs) with high chemoselectivity and reusability
(Scheme 4.2) (Gopiraman et al., 2013).

OH O
GNS-RuNPs

Rl RZ Rl RZ
Scheme 4.2 Ru NPs catalyzed oxidation of alcohols.

A novel composite material of hierarchically structured
Pt-Ru NPs grown on large surface area three dimensional
graphene foam (3D GF) was utilized for methanol and ethanol
oxidation with higher tolerance to poisoning by CO and exhibited
improved catalytic activity. Ru/3D GF exhibits excellent catalytic
activity towards oxidation reaction as compared with Pt-Ru/
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Graphene, Pt-Ru/C (Vulcan XC-72R carbon) and PtRu alone. Pt-Ru
catalysts deposited on carbon nanotubes (CNTs) surfaces have
been utilized for methanol oxidation.

CH,4 CH,4 CH;,4
0O, H,S0,, Acetone o . PZ
RH o RN
O~0H oOH
H,;C CH; H,C CH;,
CH;,4
o CH,

Scheme 4.3 Ru-cerium oxide nanocomposite catalyzed oxidation of
p-cymene.

The catalyst efficiency and suppression of CO adsorption
get influenced by the concentrations of sulfuric acid, EG, and Ru
precursor salt during the electrodeposition processes (Tsai et al,,
2008). Ru oxide NP deposited on the surface of a glassy carbon
electrode (RuON-GCE) plays the role of an excellent bifunctional
electrocatalyst for the oxidation of adrenaline and uric acid. Ru-
cerium oxide (Ru/Ce0;) composite was employed to catalyze
liquid-phase selective oxidation of p-cymene to tertiary cymene
hydroperoxide (TCHP) and its derivative p-methylacetophenone
(PMAP) using a green molecular oxygen oxidant (Scheme 4.3)
(Makgwanea and Ray, 2016).

The catalytic activity toward the oxidation of ethanol using
bimetallic Pt-Ru NP gets enhanced on dispersing over mixed-valent
tungsten(VL,V) oxide and zirconium(IV) oxide under different
reaction conditions (Rutkowska et al., 2016). Mesoporous carbon
loaded with Pt and Pt-Ru NPs electrocatalyst was not as effective
for methanol oxidation (Ding et al,, 2005). Au-Ru bimetallic NPs
have been utilized in methanol oxidation fuel cells (Sathish et al,,
2010). Palladium (Pd)-Ru NPs supported on carbon Pd,Ru,/C
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(x=1, 0.99, 0.95, 0.90, 0.80, 0.50) have been employed for ethanol
electro-oxidation in alkaline media (Monyoncho et al, 2015).
A heterogeneous catalytic permanganate oxidation system
with three molecular sieves, i.e., nanosized ZSM-5 (ZSM-5A),
microsized ZSM-5 (ZSM-5B), and MCM-41, supported Ru NP as
catalyst has been used for the oxidation of sulfamethoxazole
(SMX). The catalytic performance was strongly dependent on Ru
loading on the catalysts (Zhang et al., 2015). The effect of particle
size on CO oxidation over two-dimensional Ru NPs catalysts
has been reported. The catalytic activity of Ru NPs depends on
its size. As the size of NPs increases, the activity of the catalyst
also increases (Joo et al., 2010).

4.3.1.2 Reduction

u-GNS-RuNPs catalyst were modified to RuO, nanorod hybrid GNSs
(u-GNS-RuO,;NRs) and were used for transfer hydrogenation of
various aromatic, alicyclic, and heterocyclic ketones with excellent
catalytic activity (Scheme 4.4) (Gopiraman et al., 2013). Ru NPs
have been prepared by adsorption-bioreduction method using the
Cacumen platycladi extract and supported on the activated
carbon, which was modified with nitric acid. The Ru/AC-HNO;
catalyst was used in the liquid phase hydrogenation of 2,2,4,4-
tetramethylcyclobutane-1,3-dione (Huang et al., 2015).

O OH
u-GNS-RuO,NPs

Rl R2 Rl RZ
Scheme 4.4 u-GNS-RuO,NRs catalyzed hydrogenation of different ketones.

Efficient catalytic partial hydrogenation of 1,1'-bi-2-naphthol
and B-naphthylamine derivatives in optically pure 5,5',6,6',7,7,
8,8'-octahydro-1,1'-binaphthyls in good to high yields using
nano Ru particles dispersed on a nanocarbon fiber support
(Ru/CNF-P) without racemization of the axial chirality has been
reported (Scheme 4.5) (Takasaki et al., 2007).

RuO, nanorods (RuNRs) supported on G platelets (GPs) were
employed for the reduction of aromatic aldehydes and ketones
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using isopropanol as the hydrogen donor with high selectivity and
reusablity (Scheme 4.6) (Gopiraman et al., 2013).

X H, (40 atmp.) X
—_—
Y Ru/CNE-P Y

EtOH, 50-100 'C

X, Y =0H, OR, NH,

Scheme 4.5 Ru/CNF-P-catalyzed hydrogenation of 1,1'-binaphthyls.

(@) OH
H
Q RuNRs/GPs
+ >
)\ C5H,0H, (CH,),COK, 82°C

Scheme 4.6 RuO, nanorod-catalyzed reduction of aromatic aldehydes
and ketones.

Ru/CNT catalyst has been utilized for the hydrogenation of
benzene to cyclohexane in high yields under solvent-free mild
conditions and can be reused for several cycles without any loss
in activity (Ma et al, 2014). Three different Ru catalysts were
prepared by treating Ru NPs with CNTs. Out of three catalysts,
one has most of Ru NPs confined inside the channels, and
the other two have most of Ru NPs outside through different
preparation methods. The three Ru catalysts were used for
the hydrogenation of benzene, p-chloronitrobenzene, and
cinnamaldehyde. The electronic effect plays an important role in
catalytic performance. The electron-rich Ru favors hydrogenation
of p-chloronitrobenzene but is unfavorable for benzene
hydrogenation. For cinnamaldehyde hydrogenation, the electron-
rich Ru would be favorable for the adsorption of C@0 bond
rather than C@C bond and thus promoted the selectivity to
cinnamyl alcohol. A confinement effect induced by the electronic
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effect has different effects on these substrates, and it can be
enhanced by heat treating for all the reactions (Wang et al., 2015).

N NaBH,
'
— nanoRu@hectorite
N N
H

Scheme 4.7 Nano-Ru@hectorite catalyzed reduction of quinoline.

N OH \ OH
—
|
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X AN
—
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Scheme 4.8 Ru NP-catalyzed hydrogenation of citral in ionic liquids.

Nano Ru@hectorite was found to catalyze the hydrogenation
of aromatic amino acids in aqueous solution with retention
of chirality under mild conditions, with high conversion and
selectivity. The catalyst can be recycled and reused at least three
times without loss in activity (Sun and Suss-Fink, 2016). Also,
nano-Ru@hectorite can catalyze the reduction of quinoline and its
derivatives by NaBH, in aqueous solution to give selectively the
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corresponding1,2,3,4-tetrahydroquinolines(N-cyclehydrogenation)
under mild conditions (Scheme 4.7) (Sun et al., 2016).

Zeolite Y (HYZ)-supported Ru NP catalyst was utilized in
hydrogenation of xylose to xylitol under green aqueous phase
system with high yield and reusability (Mishra et al., 2013). Silica
supported dendrimer-encapsulated Ru NPs catalyst has been
utilized in the hydrogenation of citral in ionic liquids (Scheme 4.8).
[BMIM][NTf,] resulted in enhanced catalytic activity with selectivity
toward citronellal (Antonels and Meijboom, 2014).

RuTsDPEN complex (TsDPEN=N-(ptoluenesulfonyl)1,2-
diphenyl ethylenediamine) that was immobilized onto a
magnetic material as catalyst was employed for the asymmetric
hydrogenation supported on siliceous meso-cellular foam
filled magnetite. This heterogeneous catalyst afforded 97-99%
conversion and an ee value of 94% in the asymmetric transfer
hydrogenation of imines in a HCOOH-Et3N system (Scheme 4.9).

MeO MeO

MeO MeO

1% Ru, TsDPEN(M)

N HCOOH/Et;N, CH,Cl,, 40°C .
Me\\\

Scheme 4.9 RuTsDPEN complex-catalyzed asymmetric hydrogenation of
imines.

Also, this catalyst can be used for the asymmetric transfer
hydrogenation (ATH) of aromatic ketones, with HCOOH-Et3N
azeotrope as a hydrogen donor in CH,Cl, as a solvent with
good ee values (Li et al., 2009; Polshettiwar et al., 2011).

Ruthenium NPs have been prepared using [Ru3(CO);] as
precursor (Scheme 4.10). These NPs were used to catalyze the
hydrogenation and cyclization of levulinic acid to selectively
produce y-valerolactone in high yields, either using molecular
hydrogen (H,) or formic acid in water as reducing agents
(Ortiz-Cervantes and Garcia, 2013).

A magnetically recoverable Ru/NiFe,0, catalyst for
chemoselective hydrogenation of alkynes to their respective
alkanes at room temperature has been reported. Ru/NiFe,0,
catalyst can also be utilized in microwave (MW)-assisted

N
H
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hydrogenation of a series of carbonyl compounds with excellent
conversions and reusability (Baruwati et al., 2009).

Magnetic chiral Ru complex-based catalyst can be used for
the hydrogenation of a wide range of aromatic ketones to their
corresponding secondary alcohols and exhibited high reactivity
and enantioselectivity (Scheme 4.11). This catalyst could be
recycled 14 times with no decrease in conversion and/or
enantiomeric excess (Hu et al.,, 2005).

OH  Runanoparticle /C\A\
> o)

JAN , solvent O

O

@)

Scheme 4.10 Ru NP-catalyzed hydrogenation and cyclization of levulinic
acid.
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Scheme 4.11 Asymmetric hydrogenation of aromatic ketones using Ru
complex-based catalyst.

The hydrogenation of benzene and its derivatives was
reported using Ru(0) NPs in imidazolium ionic liquids with high
total turnovers under solventless conditions (Rossi and
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Machadob, 2009). Ru NPs supported on rGO (Ru/rGO) exhibit
higher catalytic activity than analogous Ru/AC during the
reduction of various nitroaromatics containing electron-donating
or electron-withdrawing groups (Scheme 4.12). The -catalyst
could be reused without any significant loss of activity after five
runs (Fan and Huang, 2014).

NO, NH,

Ru/rGO or Ru/AC

H, (4MPa), 60°C, 2h

Cl Cl

Scheme 4.12 Ru/rGO-catalyzed reduction of nitroaromatic compounds.

4.3.1.3 Hydrolysis

Ru/graphene catalyst was used for hydrogen generation from the
hydrolysis of ammonia borane (AB), with the turnover frequency
(TOF) value of 600 mol H, min~! (mol Ru)~! (Du et al, 2015).
Ru/g-C3N, was utilized for the hydrolysis of AB in an aqueous
solution under mild conditions with a high TOF at room temperature
(Fan et al,, 2014). Ru NPs immobilized in montmorillonite (MMT)
catalyst have been utilized for the effective methanolysis reaction
of AB (Dai et al., 2010). Ru(0) NPs supported on the surface
of titania nanospheres (Ru(0)/TiO,) showed high catalytic
activity in hydrogen generation from the hydrolysis of ammonia
borane with high turnover frequency (Akbayrak et al, 2014).
Ru(0) NPs supported on magnetic silica-coated cobalt ferrite
(Ru(0)/Si0,-CoFe;04) can hydrolyze AB and could be reused
even after the 10th run as compared to the other Ru catalysts
(Akbayraka et al, 2014). Ru NPs (Ru/TizC,X,; X = OH, F)
exhibited excellent catalytic activity toward the hydrolysis of
sodium borohydride with a hydrogen generation rate of
59.04 L H,/gRu/min and an activation energy of 22.1 kJ/mol
(Li et al, 2014). Ru(0) NPs supported on xonotlite nanowire
(Ru(0)/X-NW) showed high catalytic activity and long life time
in hydrogen generation from the hydrolysis of sodium
borohydride with a high TOF. Moreover, the catalytic activity of
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Ru(0)/X-NW shows an inverse dependence on the -catalyst
concentration (Akbayrak and Ozkar, 2016).

4.3.1.4 Hydrogenolysis

The fibrous nanosilica/Ru NPs (KCC-1/Ru) catalyst has been utilized
for the hydrogenolysis of propane and ethane at atmospheric
pressure and at low temperature. The catalyst is stable with no
sign of deactivation, even after eight days; this could be attributed
to the fibrous nature of KCC-1, which restricts Ostwald ripening
of Ru nanoparticles (Fihri et al,, 2012). Ru NPs on magnetic silica
have been used for the transfer hydrogenation of carbonyl
compounds in high yields along with excellent selectivity under
microwave irradiation conditions (Scheme 4.13) (Nasir Baig and
Varma, 2013).

0 OH
X KCC-1/Ru S
/ = i-PrOH, KOH, 100 °C / P

Scheme 4.13 Magnetic silica supported Ru NPs catalyzed transfer
hydrogenation of carbonyl compounds.

4.3.1.5 Olefin metathesis

The reaction of a zero valent Ru precursor, Ru(o*-cyclooctadiene)
(o%-cyclooctatriene), with different coordinating ligands such
as alcohol has been employed to initiate olefin metathesis when
they react with diazoalkanes and then strained olefins such as
dicyclopentadiene. The rates of reaction depend on the nature of
the ligands (Ren et al., 2007).

4.3.1.6 Isotope exchange

Ru(0) NPs, stabilized in the ionic liquid agent,
trihexyltetradecylphosphonium dodecylbenzenesulfonate, were
used to catalyze the isotope exchange reaction between 10B
enriched diborane and natural abundant B;yH4 to produce highly
10B enriched decaborane products (Yinghuai et al.,, 2007).
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4.3.1.7 Miscellaneous catalytic reactions

NP of PdRu, Pd3;Ru, and PdgRu were used for the electrocatalytic
activity for oxygen reduction reaction (ORR). The PdqRu@Pt
reveals better ORR performance than that of Pt as compared to
that of commercially available Pt nanoparticles (Sun et al., 2015).
Ru NPs stabilized by the ZK-4 zeolite framework, for the chemical
hydrogen storage and production, have been reported. The catalyst
is highly active, long-lasting, and reusable for H, production at
room temperature under air. Ru and Pt-based catalysts using
hydroxyapatite (HAP) as support have been utilized for the
catalytic transformation of methane and CO, into syngas (mixture
of CO and H,) (De et al,, 2016).

4.3.2 As Analytical Tool

Chemo/biosensors have important applications in environmental
monitoring and chemical process controlling, as well as in
agricultural and biomedical fields.

Modified glassy carbon electrode prepared by potentiostatic
electrodeposition of Pt-Ru NPs onto a multi-walled carbon
nanotube (MWCNT) layer was used for the accurate determination
of trace amounts of m-dopa in pharmaceutical and clinical
preparations (Shahrokhiana and Rastgara, 2011). A new approach
to enhance the electrochemiluminescence (ECL) emission of the
(+) Rubpyﬁ,’ tripropyl amine (TPrA) system for ultrasensitive
determination of ochratoxin A (OTA) has been developed. (+)
Rubpy; doped silica NPs (RuSi NPs) act as ECL materials, which
are immobilized on the surface of electrode by chitosan to
fabricate a solid-state ECL sensor. CdTe quantum dots (QDs) can
improve the sensitivity of the sensor that could be attributed to
enhancing the ECL emission of the (+) Rubpy? TPrA ECL system.
To improve the selectivity of this sensor, this ECL approach was
combined with the molecular imprinting technique. The cavities
could also work as the tunnel for the transfer of co-reactant TPrA
to produce responsive signal (Wang et al, 2016). A rapid,
facile, sensitive ECL sensor has been developed based on a 3D
graphene/CdSeTe/Ru(bpy)?-doped silica nanocomposite-
modified electrode for the detection of folic acid (FA) in drugs
(Li et al., 2016). Bifunctional Ru(II) polypyridine complex-based
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core-shell magnetic silica nanocomposites were reported for
the detection of TPrA and other polyamines (Zhang et al., 2007).
An encoding ECL-based method, generated by a dual-dye
nanosystem, including Ru-derivatized NPs, as an ECL emitter
and fluorescein isothiocyanate (FITC) as a coding dye, both
entrapped in the silica matrix, has been reported (Luan et al,
2011). The resulting emitted color could be changed by tuning
two orthogonal stimuli, namely the electrode potential and the
488 nm illumination intensity. Ru-loaded NiO NPs were synthesized
for gas-sensing applications. Increasing Ru loading content
considerably improved C,HsOH response and selectivity against
H,S, NO,, SO,, H,, and NH; at an operating temperature of
350°C (Kruefu et al., 2016). Phosphonate-functionalized Au NPs
(P-Au-NPs) which can effectively bind Ru(III) ions via coordination
interaction have been used as an iodate amperometric sensor
with the wide linear range and low detection limit (Li et al., 2015).
Highly luminescent gels based on carboxylated nanocellulose
as gelator and Ru(bpy),(a-bpy)](PF¢), as the luminophore and
sensitizer exhibit a significant enhancement of photoluminescence
(PL) as well as a strong sensing response toward Ag NPs (Ruiz-
Palomero et al, 2016). Prussian blue NP (PBNP) sol has been
utilized in functional activity for making nanocomposite sol
with  tris(2,2--bipyridyl)Ru nanocomposite that shows high
sensitivity for H,0, electrochemical sensing and storage stability
of the materials for more than 3 months. Apart from
electrocatalytic application, shows photoluminescent ability for
many opto-electroanalytical applications (Pandey and Pandey,
2013).

A new stable solid-state ECL sensor was fabricated by
electropolymerizing  tris(4-(2-pyrrol-1-ylethyl)-40-methyl-2,20-
bipyridine) Ru(Il)complex (Ru(L)3) upon glassy carbon electrode
(GCE). ECL quenching was observed by introducing gold NPs
onto the polymer film. Based on the efficient quenching, a new
glucose ECL biosensor as a model was accomplished by in situ
growing-up gold seeds in AuCl, solution induced by biologically
generated H,0, (Xia et al, 2013). Pyrene-functionalized Ru
NPs were synthesized and utilized as sensitive chemosensors
for the detection of nitroaromatic compounds, such as 2,4,6-
trinitrotoluene  (TNT), 2,4-dinitrotoluene (2,4-DNT), 2,6-
dinitrotoluene (2,6-DNT), 1-chloro-nitrobenzene (CNB), and
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nitrobenzene (NB), by their effective quenching of the NP
fluorescence. As the nitration of the molecules increases, the
sensitivity of chemosensor also increases (Chen et al, 2010). A
new amphiphilic poly(propylene imine) dendrimer (APPI(G2))-
encapsulated Ru NP (APPI(G2)RuNPs) catalyst was synthesized
for applications such as sensing of H,0,and reduction of
4-nitrophenol through newly fabricated GC-APPI(G2)-RuNP
electrode (Murugan and Pakrudheen, 2015) (Scheme 4.14).

(ro)

N—
Dendrimer | APPI(G2)RuNPs

OH OH Reduced H,0,
© © product
NO, NH, Ru
N
Ru Dendrimer

N/
Dendrimer Glass carbon
Catalyst electrode

Sensor

Scheme 4.14 Dendrimer-based GC-APPI(G2)-RuNPs for (a) reduction of
4-nitrophenol and (b) sensing of H,0,.

Nonenzymatic glucose sensors employing MWNTSs with highly
dispersed Pt-M (M = Ru and Sn) NPs (Pt-M@PVP-MWNTSs) have
been reported which can be utilized for the detection of glucose in
commercial red wine samples (Kwon et al.,, 2012) (Scheme 4.15).

Metal salts Catalyst

g-irradiation Hand casting

MWNT Pt-M (M =Re, Sn) Glucose sensor

Scheme 4.15 CNT-supported Ru NPs as glucose sensors.
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Sn0, NPs with high-specific-surface-area (SSAggpr: 141.6
m?/g) doped with 0.2-3 wt% Ru with high sensitivity and fast
response time compared to a pure SnO, sensing film was used
for hydrogen gas (Liewhiran et al,, 2009). A bimetallic Pt-Ru NPs
catalyst was utilized for the enhancement of H,0, detection in
biosensing applications (Janyasupab et al.,, 2011). Au NPs modified
by the new Ru(Il) complexes have been utilized for the detection
of cysteine. Au NPs quench the intense emission of the modified
Ru(II) complexes efficiently. Upon addition of cysteine, the emission
of the Ru(II) complexes enhances significantly due to the release
of the Ru(Il) complexes from the surface of the gold NPs, which
leads to the detection of cysteine-based probes (Li et al., 2011).
The electronic conductivity of solid films of nitrene-functionalized
Ru NPs was measured and compared in the presence of organic
vapors of various relative polarity that included ethanol, acetone,
n-hexane, 1-hexene, toluene, and styrene. The NP conductivity
was found to decrease upon the exposure to the vapors tested;
conductivity was found to be minimum in styrene and toluene.
Functional NPs may be utilized for chemical vapor detection with
enhanced sensitivity and selectivity (Chritopher et al, 2014).
Metal-oxide NPs were synthesized and utilized for field-effect
sensor devices. RuO, has been identified as prudent gate material
for the field-effect sensor devices that can change its resistivity
in different gaseous ambients (Salomonssona et al, 2005).
Pt-Ru/3D GF nanocatalyst has been utilized for the development
of electrochemical sensors in biosensing and H,0, detection.
Ascorbic acid and uric acid have negligible interference for the
detection of H,0, using the above catalyst (Kung et al, 2014).
Porous Ru(bpy);’/silica NPs have been developed as a novel
electrogenerated chemiluminescence sensor for tripropylamine
(Lietal, 2015).

4.3.3 Biomedical Applications

The plant extract (Acalypha indica) has been utilized for the
synthesis of RuO, NPs. These NPs possess high antibacterial activity
against four different strains of the bacteria, Escherichia coli,
Pseudomonas aeruginosa, Serratia marcescens, and Staphylococcus
aureus (Kannan and Sundrarajan, 2015). The synthesis and the
photophysical properties of Ru(Il) and Ir(Ill) complex-doped
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gold core-polysiloxane shell particles have been reported for
theranostic purposes (Ricciardi et al, 2014). Luminescent Ru(II)
complex covalently bound silica NPs with a longer luminescence
lifetime and decreased leakage of dye have been prepared which
can be used as a probe for time-gated luminescence bioimaging.
The nanoparticle-labeled streptavidin was prepared and used for
time-gated luminescence imaging detection of an environmental
pathogen, Giardia lamblia, with high specificity and sensitivity
(Song et al., 2009). The dual-target inhibitor with high efficacy of
luminescent Ru(II)-thiols protected selenium NPs (Ru-MUA@Se)
that not only suppress the tumor growth but also block blood vessel
growth with low side effects using metronomic chemotherapy
has been developed (Sun et al, 2014). The synthesis of stable
Se/Ru alloy NPs (GA-Se/RuNPs) using gallic acid as both a reducing
and a capping agent with enhanced anticancer effects was utilized
to suppress HeLa cell proliferation through the induction of
apoptosis at concentrations that were nontoxic in normal cells.
Furthermore, GA-Se/RuNPs effectively inhibits migration and
invasion in HeLa cells via the inhibition of MMP-2 and MMP-9
proteins (Zhou et al, 2016). The anti-inflammatory effects
of CO via sustained release of CO have been enhanced from
CO-releasing molecule-2-loaded lipid Ru-based NPs (CORM-2-NPs).
CORM-2-NPs showed enhanced in vitro anti-inflammatory effects
by inhibition of NO production (Scheme 4.16). Edema volume
in rat paw was significantly reduced after treatment with
CORM-2-NPs (Salman et al., 2016).
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Scheme 4.16 Structure of CORM-2-NPs.
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Future Prospects

Chiral selenium NPs (L-SeNPs/D-SeNPs) modified with a
dinuclear Ru(Il) complex, were used as vectors for the delivery of
siRNA. The dinuclear Ru(Il) complex can act as a gene carrier and
enhanced antitumor drug with luminescent imaging, to follow the
intracellular trafficking with decreased systemic toxicity (Chen
etal, 2015). A chromophoric Ru complex-assembled nanophosphor
(N719-UCNPs) was used as a highly selective water-soluble
probe for upconversion luminescence sensing and bioimaging of
intracellular Hg?* ions (Liu et al,, 2011). The binding properties
of AziRu, a Ru(Ill) complex with high antiproliferative activity,
toward a hen egg white lysozyme have been investigated (Vergara
et al, 2013). In order to utilize macromolecules for drug targeting
and delivery, a strategy to tether organometallic Ru-arene drugs
to carrier protein molecules was developed (Ang et al, 2007).
DNA-sensing architectures based on Au NPs in conjunction with
an in situ prepared Ru complex (Ru[3-(2-phenanthren-9-yl-vinyl)-
pyridine]; (Ru(NH;);L)) as a new route to improve the analytical
properties of genosensors have been developed. This complex, due
to its intercalative character, is able to bind to double-stranded
DNA more efficiently than to single-stranded DNA. In addition,
the metal provides a redox center that can be used as an
electrochemical indicator (Garcia et al., 2008).

4.4 Future Prospects

Ru NPs have diverse applications; however, only selected Ru
complexes and their NPs have been utilized as catalysts for
performing different reactions, and not all catalysts have provided
satisfactory results. The development of more efficient protocols
in terms of sustainability and environmental friendliness, allowing
the development of active and selective materials for a wide
variety of applications, could be an important area of research.
Nanotechnology can provide opportunities to obtain methods and
materials for the development of synthetic strategies for Ru NPs
and their application in nanosized devices that can result in the
reduction of costs and environmental impact. It can also be used
to develop and improve the sensitivity of sensors. New Ru-based
NPs with multifunctionalities, sensitivity, and stability could be
designed and developed that offer the possibility to utilize the
materials in various fields at the industrial scale.

109



110

Ruthenium Compounds

4.5 Conclusions

Ruthenium is an inert transition metal that possesses a number
of properties due to which it has drawn the attention of scientists
and researchers. The application of different support-based Ru
NPs has been utilized for catalytic reactions, analytical techniques,
and biomedical applications. Ru NPs exhibit a great potential
as enantioselective catalysts, which are used extensively for the
synthesis of medicines, drugs, and other bioactive molecules. By
functionalizing these materials using chiral ligands, a series of
chiral nanocatalysts can be designed, which offer great potential
to reuse these expensive catalyst systems. Ru NPs have also
found applications in ultrasensitive detection methods in
biological assays, due to the small sample volumes required and
the wide dynamic range. Ru NPs find increasing applications
in medicinal chemistry as drug delivery agents, medicinal imaging
tools or as diagnostic agents. In addition, these NPs can also
benefit from the enhanced permeability and retention effect and
can be tunable to present specific properties. Ru-based drugs
are particularly important in the clinic due to their low toxicity.
Ru NPs have been applied to treat different diseases such
as cancer.
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5.1 Introduction to Microelectronic Packaging
Material

The demand for faster and cheaper integrated circuits prevalent
in today’s electronic and semiconductors technology continues to
rise. Semiconductor manufacturers have been shrinking transistor
size in integrated circuits (IC) to improve chip performance.
This has been characterized by a continued miniaturization of
electronic devices (Stangl et al, 2009). However, miniaturization
of electronic devices is a demanding trend in current and future
technologies for varying microelectronic and semiconductor
applications. Thus, this has become a challenge to produce
smaller and faster circuits in less time and for less cost (Cheng
et al,, 2003). In order to achieve this miniaturization, packaging
technologies such as embedded active and passive components
and 3D packaging, where new packaging designs and materials
are required have emerged (Li et al., 2010). Electronic packaging
in a variety of microelectronic applications however, involves
interconnecting, powering, protecting, and cooling of semiconductor
circuits (Schubert et al, 2008). Interconnect material purpose
is to join two electrical terminals with low parasitics such as
electrical resistance, inductance and capacitor to be reliable in
field used (Pan et al, 2006). Meanwhile thermal management
device in the electronic packaging is incorporated to cool the
electronics components and systems and protect it from excessive
heat during operation (Datsyuk et al, 2011). With the growing
concern to achieve optimum performance of smart IC’s at high
operation temperature without reducing performance (Schubert
et al, 2008); the requirements of both interconnect and thermal
management materials properties are now enormous (Moore
and Shi, 2014).

In earlier technology generation of microelectronic circuits
and MEMS devices, metals such as aluminum, copper, gold,
molybdenum and tungsten were commonly used for thermal
management in electronic industries (Ekpu et al, 2011). Among
all the metal materials used for the thermal management, Al has
been widely used for heat sink materials due to its thermal
conductivity (220 W/mK), electrical resistivity (2.8 pQcm),
light weight, low cost and manufacturability (Gallagher
et al, 1998). However, Al reaches its performance limit as the
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demand for production of fast processors and miniaturization of
microelectronic devices results in overheating of the computer
central processing unit (CPU) (Ekpu et al, 2011). Therefore,
aluminum was replaced by copper due to its higher thermal
conductivity (400 W/mK) when compared with other metals such
as gold, molybdenum, and tungsten (Gallagher et al., 1998; Yoshida
and Morigami, 2004). Another metal that has been considered
besides copper is silver (Ag). Silver is a promising material due to
its high thermal and electrical conductivity values. However, the
cost of Ag is too high from the economic point of view; this
makes copper a preferred material.

With the increasing performance and packing density required
in microelectronic devices, copper has shown to be a material of
choice due to its attractive properties (Yi et al, 2008). Despite
the attractive thermal and electrical properties of copper, its
traditional properties however, can no longer satisfy the recent
technological requirements and needs of the rapid development
of the microelectronic technology.

To overcome these challenges, dispersion strengthening
of copper grain boundary by carbon nanotube (CNT) and hard
particles such as ruthenium is considered as a promising
reinforcement in producing good Cu-based composite materials.
Recently, ruthenium (Ru) has emerged as a suitable material
to improve the non-protective surface scale of copper as well
as its diffusion through the grain boundaries to the substrate
(Au, 2010).

5.2 Ruthenium as Emerging Material

Ruthenium is a metal of a considerable importance in
electrochemical science and large-scale integrated (VLSI)
technology (Marinkovic et al., 2006; Gujar et al., 2007). It acts as a
catalyst or co-catalyst material in Pt-Ru alloys for methanol- and
reformate hydrogen-oxidation in fuel cells. Meanwhile, ruthenium
oxide, a component in chlorine evolution catalysts, exhibits
interesting material properties for electrochemical supercapacitors
(Marinkovic et al, 2006). Recently, Ru has emerged as an
alternative copper diffusion barrier due to its unique properties
(Yang et al., 2006). Ruthenium has low bulk resistivity (7.1 pQcm)
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and very low solubility with copper. Ruthenium does not easily
oxidize and has good adhesion with copper (Yang et al., 2006).

5.2.1 Early History of Ruthenium

Ruthenium belongs to the family of platinum group of metals.
However, its existence was not known until more than a century
after the discovery of platinum (Weeks, 1932). According to
Philosophical Magazine (New metals in the Uralian Platina, Phil
Mag., 2,391, November, 1827), cited by Weeks (1932), Berzelius and
Osann, professors of chemistry at Dorpan, Russia, in 1828 examined
the residues left after dissolving crude platinum from the Ural
Mountains in aqua regia. Osann thought he had found new metals,
but Berzelius did not see any unusual metals except palladium,
rhodium, osmium, and iridium, which had already been reported.
In 1844, Karl Karlovich Klaus, another Russian chemist, showed
that Osann’s ruthenium oxide was very impure but it did contain
a small amount of a new metal, which he called ruthenium.
Professor Karl was the first to publish a report on the residues
from the platinum ores on the new metal ruthenium in German
journals. Due to the convincing evidence he gave, in 1845 Berzelius
announced his acceptance of ruthenium as a new element
(Weeks, 1932).

Ruthenium is a noble transitional metal that has gained
recognition in the field of science and technology due to its
attractive properties. Ruthenium crystallizes in a hexagonal close-
packed structure, (hcp) and has low bulk resistivity (7.1 pQcm).
Ruthenium has elastic and shear modulus values of 438 GPa and
170 GPa, respectively (Tsui et al, 2013). Well-annealed bulk
ruthenium is said to have an ultimate tensile strength of 495 MPa
(Tsui et al., 2013). Since the publication of Karl on the discovery of
ruthenium in 1854 (Week, 1832), ruthenium has been incorporated
into several materials to improve their properties.

Figure 5.1 shows the morphology of ruthenium powder
particles. The SEM micrographs of the ruthenium powders
revealed that the Ru particles are densely packed and had large
agglomerates of small primary particles (Sule et al, 2015).
Figure 5.2 shows the XRD pattern of ruthenium powder analyzed
using monochromatic CuKa radiation. The XRD result showed
that the ruthenium powder was quite pure as only Ru peaks were
obviously observed in the trace. The prominent peak of ruthenium
powder was found at the 26 angle of 44° with d-spacing of
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2.05324 A. The application of ruthenium is usually due to its
structure and unique properties, which give the desire properties.

Figure 5.1 SEM image of Ru powder, showing its particle shape.

Figure 5.2 X-ray diffraction spectra of Ru powder.
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5.2.2 Ruthenium—-Aluminum Alloy

Nickel and titanium aluminide systems have been widely used
for high-temperature structural applications due their strength,
high oxidation and corrosion resistance, and high melting point
(Bora et al,, 2004). The application of these alloy systems at high
temperature is limited by their poor room temperature ductility
and fracture toughness (Bora et al, 2004). In order to overcome
these challenges, a material with high strength at room and
elevated temperatures as well as room temperature ductility and
toughness could be incorporated.

Ruthenium has been considered as a promising material
in producing good Al-based alloy system for high-temperature
structural environment (Wolff, 1997). The Ru-Al alloy was
reported to combine the high melting point (*2050°C), high
strength at room and elevated temperatures, high resistance to
environmental corrosion in very severe chemical media as
well as room temperature ductility and toughness in structural
applications (Bora et al, 2004). The Ru-Al has shown good
oxidation resistance up to at least 900°C. However, the formation
of volatile oxides seriously curtails its resistance at higher
temperature as severe internal oxidation occurs at 1300°C
(Wolff, 1997). Thus, the application of Ru-Al without the further
alloying in high-temperature environment is restricted by
its oxidation behavior. However, the electrical resistivity and
thermal conductivity of Ru-Al have suggested that the material
has the potential to be used as electric contact as well as
diffusion barrier in microelectronics (Wolff, 1997; Wang et al,
2011).

In earlier technology generation of microelectronic circuits
and micro-electro-mechanical system (MEMS) devices, metal
such as aluminum were commonly used as integrated circuit
metallization element (Ekpu et al., 2011). Al has been widely used
due to its thermal conductivity (220 W/mK), electrical resistivity
(2.8 pQiecm), light weight, low cost, and manufacturability
(Gallagher et al, 1998). However, Al reaches its performance
limit as the demand for increasing chip performance and
miniaturization of microelectronic devices to allow increase
device density (McGahay, 2010). The performance and reliability
problem encounter in continual scaling of aluminum-based
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material has led to the introduction of copper due to its attractive
properties (Hau-Riege, 2004).

5.3 History of Copper

Historically, copper has remained one of the key prestigious
materials chosen by mankind to improve its quality of life. In the
Mississippian culture, which encompassed much of the present
day Southeastern and Midwestern United States dated around
AD1050, the use of copper is seen in items such as beads, repoussé
plates and copper-clad personal adornments for ceremony and
decoration (Chastain et al., 2011; Ehrhardt, 2009). From the early
uses of copper as ornament up to its metallic material for the
modern age, the choice of copper has largely been due to its
availability, ease of fabrication and resistance to corrosion (not
in an aggressive environment) and lately due its electrical and
thermal conductivity. However, little knowledge of the electrical
and thermal conductivity properties of copper was explored
until the late 19th and early 20th centuries when the industrial
revolution gave rise to electrical industries (Boschma, 1999).

The electrical engineering industrial sense grew following the
Michael Faraday’s (1831) discovery of electromagnetic induction,
which was followed by the invention of the electric dynamo by
Werner von Siemen in 1866 and Thomas Edison’s invention of
the electric light bulb in 1878; then the construction of an
electric power plant in 1882 gave added impetus to the industrial
revolution (Davis, 2001). These inventions have made copper a
relevant material in the electrical industries up to the present
age of semiconductor electronics industries. The choice of copper
as the leading material in microelectronic can be attributed
to its outstanding properties such as low resistivity and high
thermal conductivity. Although copper offers high electrical and
thermal conductivity that makes it a suitable material for
both interconnect and thermal management. Pure copper with
conventional grain size are soft materials (Mula et al.,, 2011; Yum
et al,, 2005). Apart from the fact that Cu is a soft material, the
widespread application of copper technology has been limited
by the oxidation of copper at elevated temperature by forming a
non-protective surface scale (O'reilly et al. 1995). Recently, efforts
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have been focused on the improvement of copper for effective
interconnection and thermal management in microelectronics
packaging. Among the electrical and thermal conductive materials
that can be used to augment copper for effective applications in
advanced integrated circuit and power electronics is ruthenium
(Sule etal,, 2012).

5.3.1 Ruthenium as Diffusion Barrier in Copper
Interconnect

Copper-based metallization has specific resistance of less than
2 pQ-cm, compared to more than 3 pQ-cm for aluminum
metallization (Sharma and Teverovsky, 2001). Copper offer a
reduced susceptibility to electromigration failure. The combination
of these properties enables the design of highly scaled device
with significantly higher performance and RC time delay.
These features are mostly beneficial for devices such as high
performance microprocessor and fast static RAMs (FSRAM)
(Sharma and Teverovsky, 2001). Moreover, copper offers low
resistivity and high electromigration resistance, its diffusion
under electrical bias into surrounding dielectric layers, RC signal
delay and electromigration failure has been a major challenge.
Diffusion is a major challenge in copper interconnects used
in microelectronic devices. Usually, grain boundaries are the fast
copper diffusion paths (Perng et al, 2008). The more electron
scattering at the copper grain boundaries due to high current
density, the higher will be the chance of copper atom to migration.
Rapid diffusion along the grain boundaries increases the
average copper concentration at that path. The relatively higher
concentration gradient will in turn helps further diffusion and
short circuit of the system. Copper diffusion barrier TaN/Ta has
been commonly implemented in integrated circuit as a reliable
barrier for copper interconnects (Damayanti et al., 2007). With
continual scaling of integrated critical dimension, the cross-
sectional area of the Tan/Ta barrier would contribute a significant
increase in resistance and cause difficulty in copper filling
(Perng et al, 2008). However, adding impurities to stuff grain
boundaries is an effective way to improve barrier properties
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with reduce process step (Chang et al., 1998) cited by Perng et al.
(2008).

Moreover, ruthenium (Ru) has emerged as impurities to
stuff copper grain boundaries for effective barrier properties
(Perng et al, 2008). The AES depth profiles of the Cu/Ru/PSG
films with and without P doping in Ru after annealing at 400°C for
30 min in vacuum was investigated. The result showed that the
diffusion of phosphorus into Ru film improves barrier properties
as compared to the sample without P doping. Hsu et al. (2012)
reported on ultrathin Cr added Ru film as a seedless Cu diffusion
barrier for advanced Cu interconnects. Fourier transform-electron
diffraction pattern reveal that a Cr contained Ru (RuCr) film has
a glassy microstructure and is an amorphous-like film. The RuCr
film was found to improve the thermal stability by over 200°C,
which makes it more stable barrier than a pure Ru film against
Cu diffusion.

5.3.2 Ruthenium as Alloying Element for Thermal
Management Materials

Thermal management materials are manufactured into various
consumer electronic products such as aerospace, servers, power
supply subsystems, laptop and notebook computers, cellular phone,
printed circuit board (PCB), optoelectronics packages, and plasma
display (Zweben, 2005). Applications in which heat is generated
within the electronic module itself, such as power and portable
electronic can generally be addressed by improved thermal
management techniques (Gallagher et al., 1998).

In order to meet the desired thermal management
requirements, several materials have been added to Cu to improve
its coefficient of thermal expansion. Among these materials are Mo,
W, diamond, carbon or SiC particles (Qu et al., 2011). Copper
reinforced with SiC would have been a good candidate for thermal
management, owing to its low density and low coefficient of
thermal expansion that matched up with that of the ceramic
substrate (Bukhari et al., 2011). Copper/SiC offers high thermal
conductivity ranges from 250-325 W/mK and the thermal
expansion coefficients could be tailored to between 8.0 and
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12.5 per Kelvin. However, Cu reacts chemically with SiC at
temperatures necessary for Cu/SiC densification (850 to 1200°C).
The diffusion of Si into Cu at that temperature tends to decrease the
Cu thermal conductivity (Sundberg et al., 2006). Carbon nanotubes
have been investigated as promising material for improving
copper due to their high thermal conductivity and low coefficient
of thermal expansion of approximately zero (Deng et al., 2008).
Several authors have reported on the thermal conductivity of
Cu-CNT composites for thermal management in microelectronics
(Chai and Chen, 2010; Chu et al,, 2010).

With the rapid development of electronic technologies, the
requirements of thermal management properties at high operating
temperature without reducing performance are becoming higher
(Schubert et al., 2008); the requirements of thermal management
materials properties are now involving combined properties such
as oxidation behavior (Cocke et al.,, 2005; Orth and Wheat, 1997).
Sule et al. (2015) reported on the effect of ruthenium on thermal
conductivity as well as oxidation behavior of copper-carbon
nanotube composites.

The surface oxidation behavior of copper-carbon nanotube
containing ruthenium was investigated. X-ray photoelectron
spectroscopy (XPS) analytical technique was used to identifying
the oxidation state of the element. Figure 5.3a-f shows the
deconvolutions of the Cu 2p3/2 spectrum of the various samples
produced. The percentage area contribution of Cu(0), Cu(l) and
Cu(Il) was quantified by applying specific constraint on BE,
FWHM and peak shape parameters. It was observed that the
addition of 0.5 vol% Ru tends to reduce the contribution of Cu(I)
oxide and Cu(Il) oxide when comparing the composites without
ruthenium content (Sule et al,, 2015).

In addition, Ding et al. (2011) reported on the effect of
ruthenium on severe oxidation of copper and galvanic corrosion
during chemical mechanical polishing (CMP) process. It was
found that addition of carbon (C) into Ru resulted in inhibition
of Cu oxidation and promotion of Cu,0 reduction. The XPS
analysis results showed that Cu,0 could be partially reduced to
Cu on the RuC layer. It was concluded that the Cu loss and
adhesion degradation due to oxidation can be improved by the
RuC layer.
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Figure 5.3 XPS Cu 2p3/2 peaks spectra for (a) Cu, (b) Cu-0.5CNT,
(c) Cu-1CNT, (d) Cu-2CNT, (e) Cu-1CNT-0.5Ru, (f) Cu-2CNT-0.5Ru.

5.3.3 Ruthenium as Oxidation Resistance for Copper

Copper has been seen to be a material of choice for interconnection
material in ultra-large-scale integrated (ULSI) technology due
to its high conductivity and resistance to electromigration
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(Gao et al, 2001). However, application of copper has been
limited by the oxidation of copper at elevated temperature and
humidity (Chuang et al., 2006). When copper is heated in air at
low temperature around 200°C it forms Cu,0 film on the surface
(Li and Marer, 1991). Further increase in temperature will
result in formation of cupric oxide (CuO) over the copper surface
(Bateni et al, 2001). The resultant effects of Cu oxidation are
cracks, decrease in the interfacial shear strength and poor
bonding between the component and the substrate which causes
device failure (Chuang et al, 2006). Therefore, it is essential
to understand and modify their surface properties in order to
improve the performance of copper interconnect materials.

Sule et al. (2012) investigated the oxidation behavior of Cu
and Cu-Ru composites synthesized by powder metallurgy route
using X-ray photoelectron spectroscopy (XPS). Prior to XPS
investigation, the samples were heated at temperature ranging
from 20 to 800°C at the heating rate of 10°C/min inside the
furnace. The XPS spectra measurements were carried out in a PHI
80-360 electron energy analyzer using Al Ka photons (1486.6 eV)
in an ultrahigh vacuum chamber with a base pressure better
than 10~° Torr. The anode type X-ray power source was run at
15 KV, 300 W. The measurements were performed in sample
surface at a takeoff angle 45° between the direction of the
analyzer and specimen plane. The binding energy scale was
calibrated using sputter clean, pure copper foil. Spectral analysis
was performed using the peak fitting software (XPSPEAK
version 4.1) after a Shirley background subtraction (Platzman
et al, 2008). Peak fitting solutions were obtained for X < 2,
where x? is the standard deviation. A broad scan survey spectrum
range from 0-1000 eV was first obtained to identify the
elements present in the samples. Therefore, narrow detailed scans
of selected peaks was carried out for more detailed analysis of
the chemical composition of oxidized Cu, Cu+2.5 vol% Ru and
Cu+5 vol% Ru samples.

Detailed scan was carried out on the oxidized pure copper
from 928.0 eV to 939 eV. Figure 5.4a reveals two peaks at binding
energy position of 932.44 eV and 934.27 eV after curve fitting.
The bigger peak has a binding energy of 932.44 eV, which
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corresponds to Cu (Platzman et al., 2008). The smaller peak has
a binding energy of 934.27 eV, which corresponds to CuO 2p3/;
(when examined from the XPS database spectra line). The results
indicated that copper undergoes significant oxidation after heat
treatment (Chuang et al., 2006).

940.0 938.0 936.0 934.0 932.0

Binding Energy (eV)

Figure 5.4a XPS Cu 2p3,, peaks spectra for after heat treatment.

540.0 537.0 534.0 531.0 528.0 525.0

Binding Energy (eV)

Figure 5.4b XPS O1s spectra for oxygen peaks on pure Cu after heat
treatment.

A scan survey was carried out on the oxygen peaks of
oxidized pure Cu sample as well. Figure 5.4b shows the O1s XPS
spectrum observed at 530.97 eV binding energy position. After
detailed analysis, four peaks were fitted with binding energy
of 530.51 eV, 531.42 eV, 532.66 eV and 533.86 eV, respectively.
Judging from the XPS standard spectra line, binding energy
corresponding to 533.8 eV was found to be 0,/Cu. The atomic species

930.0 928.0
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with O1s binding energy of 533.8 eV showed the characteristic
feature of molecular oxygen on copper surface (Rajumon
et al, 1990). In addition, a unique O1ls feature which could be
0!~ species was found at 531.42 eV (Rajumon et al., 1990).

The influence of 2.5 vol% Ru on Cu composites samples was
examined using XPS. The results revealed two peaks at binding
energy position of 932.4 eV and 934.02 eV. The results from curve
fitting indicate that, the major peak at 932.4 eV with FWHM of
1.45 corresponds to pure Cu 2p3z,, as observed by Platzman
et al. (2008) and the minor peak at 934.02 eV with FWHM of 1.45
corresponds to CuO as reported by Kim and Winograd (1974)
as shown in Fig. 5.5a. Figure 5.5b shows the binding energy
spectra of Ol1ls observed in Cu-2.5 vol% Ru sample. The Ols
peak was observed at energy position 530.79 eV. The fitted peak
values for O1s were 532.95 eV, 530.70 eV, 532.05 eV and 533.57
eV. The peak values for O1s binding energy 532.95 and 530.70 fall
in H)O and OH domain according to Nefedov et al, 1982).
The binding energy corresponding to 533.8 eV was found to be
0,/Cu (Rajumon et al, 1990). However, Ols at binding energy
position 532.05 eV could not be identified due to the compound
formation with Ru in binding energy position. On the other hand,
two peaks were observed at energy position of 280.33 eV and
284.66 eV in which the binding energy corresponds to RuO, and
Ru, respectively (Riga et al, 1977; Al-Ajlonya et al,, 2012). The
results showed that 2.5 Ru volume percent resulted in the
formation of RuO, layer on cupper surface after oxidation process
as shown in Fig. 5.5c.

Furthermore, oxidized Cu+5 vol% Ru was also examined.
Figure 5.6a shows the results from curve fitting of Cu+5 vol%
Ru sample with two peaks at energy position of 932.72 eV and
934.14 eV which correspond to pure Cu and CuO 2,3 ,, respectively,
when examined from XPS database spectra line (Rajumon
et al, 1990). Figure 5.6b shows the binding energy spectra of
O1s observed in Cu+5 vol% Ru sample. The O1s main peak was
observed at energy position 530.94 eV. The fitted peak values
for O1s were 530.51 eV, 532.66 eV, 533.86 eV and 531.42 eV
(Platzman et al., 2008; Yamamoto et al., 2008).
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Figure 5.5a XPS spectra for Cu 2p3,, in Cu + 2.5 vol% Ru.
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Figure 5.5b XPS spectra for O1s in Cu+2.5 vol% Ru.
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Figure 5.5¢ XPS spectra for RuO, 2ps/, at BE of 280.34 eV in Cu+2.5 vol%
Ru.
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940.0 938.0 936.0 934.0 932.0 930.0 928.0
Binding Energy (eV)

Figure 5.6a XPS spectra for Cu 2p3,, in Cu+5 vol% Ru.
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Figure 5.6b XPS spectra for O1s in Cu+5 vol% Ru.
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Figure 5.6¢c XPS spectra for RuO, 2ps, at BE of 280.34 eV in Cu+5 vol% Ru.

The peak of RuO, 3ds,, was observed at energy position of
280.34 eV as shown in Fig. 5.6c. The observed energy position
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was reasonably consistent with previous results (Riga et al,
1977; Chen et al.,, 2004). Besides, a small peak was observed at
energy position of 284.66 eV that corresponds to 5d;,Ru0; as
observed by Kim and Winograd (1974). However, analyzing the Ru
3d peak is always a challenging task due to the presence of C 1s
peak overlapping with Ru 3dz,, peak (Al-Ajlonya et al, 2012).
Moreover, Ernst and Sloof (2008) reported that RuO, was the
only known stable oxide of Ru at room temperature up to 900 K
and above this temperature the volatile RuO, was formed. Thus,
binding energy position 284.66 eV was considered as Ru since
volatile RuO3 and RuO, could only form at a temperature above
900 K. In general, formation of RuO, was found at binding
energy position 280.3 eV in Cu-2.5 vol% Ru and Cu-5 vol% Ru.
The peak area of RuO, was relatively greater in Cu-5 vol% Ru
indicating a thicker layer with improve oxidation resistance of
copper matrix.

5.4 Processing Techniques of Metal
Reinforced with Ruthenium

Series of efforts have been made toward studying the structure
and properties of metal matrix reinforced with ruthenium
using various processing techniques. The processing method
utilized to consolidate or alloy ruthenium with metals largely
depends on the temperature of the metallic matrix during
processing. Ruthenium-aluminum alloy for high-temperature
structural application has been fabricated by induction furnace,
vacuum arc-melting, and powder metallurgy (Mucklich and
Ilic, 2005).

Ingot metallurgy, which is commonly known as high-frequency
induction furnace, has been used in the fabrication of Ru-Al
alloyed with very small weight loss. However, this technique was
abandoned. Vacuum arc-melting would have been an alternative
for the above mentioned processing technique due to the unique
ability of this process to produced material with good properties
(Tryon et al., 2004). The main drawback of vacuum arc-melting
was inhomogeneity, poor densification, and difficulty in controlling
the desire composition. Powder metallurgy (P/M) is a promising
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method of producing homogenous and near fully dense Ru-Al in
bulk form (Mucklich and Ilic, 2005).

The PM technique has the unique advantage of successfully
processing several alloys and composites, which cannot be
prepared by conventional melt techniques, especially in systems
containing elements with remarkably different melting points
(Bora et al, 2004). The material processed by P/M technique
is free of coring and segregation which are observed in the
products produced by melting technique. In addition, grain size
distribution is narrow in materials prepared by P/M route. On
the other hand, near net shaped components could be developed
ensuring minimum material wastage and circumventing the need
of machining process (Bora et al., 2004).

5.4.1 Powder Metallurgy

Powder metallurgy is recognized today as one of the important
manufacturing processes for making several industrial products
(Goudah et al.,, 2010). Powder metallurgy steps involve powder
production, mixing of powders with or without additives and
lubricants, compaction of the mixture and sintering of the
compacts to bond the particles. The resulting sample is a solid
body of material with sufficient strength and density for use in a
diverse field of applications. The raw material powders are
manufactured to precise specification to facilitate subsequent
processing. These powders can be pure element, elemental blends
or pre-alloyed. The choice of the starting material is influenced
by the final product. Various methods have been used for powder
production. These methods include atomization, reduction and
electrolysis (Angelo and Subramanian, 2008).

Powder mixing is achieved through a combination of three
mechanisms, which are diffusion, convection, and shearing (Van
Scoik, 1992). Diffusion is the motion of a particle with respect
to its neighbors, while convection is the motion of a group of
particle in relation to their neighbors and shearing is the change
of distribution layers of constituent materials in space. Blending
is one of the techniques usually used to achieve a uniform
distribution of all constituent material during powder mixing.
In blending, each sample usually contains a large amount of the
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base materials. However, various factors influence mixing quality.
These factors include mixing time, speed of mixing rotation,
type of mixer and mixing media. Moreover, mixing time and
speed of rotation are to be controlled to ensure uniform mixing.
Improper mixing can cause non-uniform distribution of powders.
At the same time, excessive mixing can harden the powders
making the compaction difficult (Kung et al., 2009).

Sule et al. (2012) reported on the dry mixing of copper-
ruthenium and copper-ruthenium-tantalum powder using Turbula
T2F mixer shaker. The feedstock starting powder mixture was
prepared by dry-mixing approximately 20 g per sample for 5 h
in order to maximize homogeneity during mixing. The Turbula
mixer speed was set at 101 revolutions per minute. The results
showed that an increase in the mixing intensity increases shear
force, which contributes to the powder agglomerate size reduction.
The de-agglomeration during mixing improves the packing
efficiency of the particles and promotes homogeneity of the
mixture. Figure 5.7 shows the photograph of a Turbula mixer
shaker.

Figure 5.7 Picture of Turbula mixer.

Another method of producing metal/ruthenium powder is
the mechanical alloying process. Mechanical alloying process
has been widely employed in the production of composite metal
powders with controlled fine microstructure (Tjong and Ma, 2000;
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Murty and Ranganathan, 2013). In mechanical alloying, elemental
powders were milled under controlled atmosphere using attrition,
planetary and centrifugal. Among these mechanical alloying
process, attrition ball mill has been widely used because it is
simple to operate and very effective in powder particles reduction.
In an attrition mill, the elemental powders are repeatedly cold
welded, fractured, and re-welded leading to mechanical alloying
(Suryanarayana, 2001). However, it is critical to establish a balance
between fracturing and cold welding in order to achieve and
homogeneous alloyed powder.

Liu and Mucklich (2001) reported on the preparation of nano
grain size single-phase Ru-Al using mechanical alloying method.
Elemental powders of Ru and Al with average particle sizes of
40 and 200 pm, respectively, were used as starting materials.
The powders were milled in a Spex 8000 for 35 h using hardened
steel balls and a vial with a ball-to-powder weight ratio of 10:1
at room temperature. The structure of as-milled and annealed
powders was examined by X-ray diffraction (XRD). The XRD result
showed that no phase transformation of the as-milled Ru-Al was
detected other than a variation of broadening and intensity for
diffraction lines at different annealing temperatures and time.

Bora et al. (2004) reported on powder metallurgy processing
of ruthenium aluminide by a sequence of attrition ball milling.
Elemental powders of Ru and Al were used as starting materials.
The average particle size of elemental Ru and Al powders were 4
and 7 pm, respectively. The ball to powder weight ratio was
maintained at 10:1. The process control agent (PCA) used was
1 wt% stearic acid (C;gH3¢0,). Structural analysis of the as milled
powders was carried out by X-ray diffraction technique.

Borah et al. (2007) reported on the mechanical alloying
of ruthenium and aluminum powder in an attrition mill.
A ball-to-powder weight ratio of 10:1 was maintained in the milling
process. At the beginning of the milling process, 1 wt% stearic
acid (C1gH360,) was added to the powder mixture as the process
control agent (PCA). Subsequently, 0.5 wt% stearic acid was added
to the milling chamber after every 10 h of milling. The milling was
performed at a constant impeller speed of 400 rpm. Structural
analyses of the milled powder samples were performed using a
powder X-ray diffraction. The peak broadening observed in the
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XRD pattern during milling was attributed to the crystallite size
and strain effects. On the other hand, mechanical alloying process
was also employed to synthesize Ru-Al/ZrO, nanocomposites
from elemental ruthenium, aluminum, and ZrO, powder. The ball
milling was performed in a laboratory Spex 8000 shaker mill with
a ball-to powder weight ratio of 10:1 (Liu and Mucklich, 2003).
The starting average particle sizes of the elemental Ru, Al and
Zr0O, were 40, 200, and 100 pm, respectively. The XRD results
showed that there is no diffraction line corresponding to Al and
ZrO, after 2 h of milling. In addition, Green et al. (1984) investigated
the physical metallurgy and electrical contact resistance of
mechanically alloyed Cu-15 vol% Ru composites using high
energy attrition milling. The starting powder particle sizes of the
elemental Cu and Ru were -100 and -200 mesh, respectively. An
approximately 25 g of powders were milled by batches with ratio
of balls to powder 10 to 1. The powders were annealed at
temperatures ranges from 450°C to 600°C for 30 min and 1 h in
H,. The annealed powders needed to be consolidated to obtain
bulk composite material.

5.4.2 Overview of Sintering Process

Sintering is an art that has its origin thousands of years ago; from
its early usage in the fabrication of pottery and bricks where clay
bodies were heated in an open pit fire to the age of making jewelry
and other materials (Munir et al., 2006). However, the science of
sintering did not increase noticeably until October 1879 when
tungsten filament was made from consolidated tungsten powder
by the Coolidge process (Ramakrishnan, 1983).

Advancement in sintering took place in the 19th and early
20th centuries by using the principle of the liquid phase sintering
technique to produce cemented carbides and heavy alloys which
revolutionized the machining industry (Ramakrishnan, 1983).
Hence, the knowledge on the theory and science of sintering has
since been on the increase and more engineering parts are now
produced by sintering process. Sintering of the powders can be
carried out through traditional method.

Traditional sintering is the process in which powders are
compacted to the desired shape and size. The green compact is
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heated to a temperature close to but not at the melting point of
the major constituent powder in a controlled atmosphere furnace
where the atoms can diffuse. Other sintering processes are
pressure-assisted sintering methods such as hot pressing,
high-temperature extrusion and high isostatic pressing which
have been employed to understand the microstructural stability
of composite materials at different temperatures (Chang et al,
1999). The hot pressing techniques combined the two stages
of compaction and sintering in traditional sintering technique
together in a single step. However, the conventional sintering
methods are characterized by grain growth that affects the
properties of the material produced (Suarez et al., 2013).

5.4.3 Spark Plasma Sintering Technique

Spark plasma sintering (SPS) also known as field-assisted sintering
technology (FAST) is currently a widely used sintering technique
employing current-activated consolidation. The spark plasma
sintering process is based on the principle of the electrical spark
discharge phenomenon. Spark plasma sintering uses high energy,
low voltage, pulsed DC current, and uniaxial pressure to consolidate
metallic/ceramic powders (Munir et al, 2006). The accurate
control of sintering energy as well as high sintering speed makes
SPS a promising technique of producing highly dense materials
with controlled grain growth (Sudrez et al,, 2013). However, there
is a similarity between hot pressing and spark plasma sintering as
both techniques are usually involve a uniaxial press coupled with
a heating devices. In hot press technique, the sample is heated
by radiation from enclosed furnace through external heating
elements. However, in SPS, the joule effect caused by a
pulsed direct current lead to very rapid and efficient heating
(Suérez et al, 2013). A schematic of the SPS the showing tooling
set up is given in Fig. 5.8.

The SPS machine is assisted by a uniaxial press, punch
electrode in a vacuum chamber which can also house a controlled
atmosphere. The SPS consists of multiple measuring components
that control the DC pulse generator, temperature, and pressure.
However, voltage and current cannot be controlled directly;
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instead the temperature profile is programmed by the user and the
current is adjusted by the SPS unit accordingly. The temperature
is measured by thermocouple inserted at the die wall as well as
by optical pyrometer, typically viewing the bottom of a deep hole
drilled into the top piston (Saheb et al., 2012). Sintering is carried
out in SPS by pouring a powder inside a conductive die placed
between the two punches. The punches are pushed close to each
other to establish a minimum pressure for electrical contact. The
powder is heated by the pulsed DC current that passes through
the electrode and die in the presence of low voltage electric field
(Munir et al., 2006). The heat dissipated by punches, die and
powder resulted in joule heating which in turn offers the advantage
of rapid heating rate and short holding time to obtain fully dense
materials with superior properties (Tiwari et al, 2009). Munir
et al. (2006) have published a comprehensive review on the
features of SPS. It is reported that current distribution in the SPS
process depends primarily on die geometry and thermal and
electrical conductivity of the die and powder sample.

Upper electrode

Powder
Upper punch
Lower punch

Lower electrode =

Figure 5.8 Schematic of SPS.
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5.4.4 Sintering of Ruthenium Alloy

Sintering is a heat treatment method employed to understand
the microstructural stability of composite materials at different
temperature (Chang et al, 1999). Based on this understanding,
optimal parameters can be selected and used to produce fully
dense and high quality bulk metal matrix composite. For any
material produced by a powder metallurgy route to be widely used
in an engineering application it must be fully dense.

Several research groups have used conventional method
to synthesize ruthenium materials composite (Bora et al., 2004;
Gobran et al.,, 2004; Borah et al.,, 2007).

In a study by Bora et al, 2004), Ru and Al powders were
cold compacted into 10 mm diameter green compacts under
pressures ranging from 380 to 782 MPa. The cold compacted
samples were sintered at 1400°C for 24 h under inert
atmosphere. A relative density of 81% was obtained. The
SEM/EDAX analysis of the sintered sample revealed the presence
of a high percentage of oxygen in the dark phase (porous) while
the gray region was found to consist of the Ru-Al phase that was
free from oxygen.

Furthermore, Gobran et al. (2004) reported on the effect
of particle size and pressure of the reactive sintering (SR) and
reactive hot pressed (RHP) samples. A relative density of about
81% was obtained in reactive sintering product processed at
1480°C with Ru particle size of 5 um. The density of a reactive
sintering sample was found to depend on the particle size ratio.
The high porosity observed in a reactive sintering method
was attributed to molar volume changes between reactants
and product, poor green compact and lack of interconnectivity
of aluminum particles within the green compact. Meanwhile,
reactive hot pressed samples resulted in the formation of
multiphase structure even at low pressure (33 MPa). A maximum
relative density of 94.4% was obtained. In addition, a relative
density of 97% was obtained in the Ru-Al alloy produced by cold
compaction at a pressure of 500 MPa and pre-sintered at 300°C
for 3 h followed by sintering at 1450°C for 24 h in an argon
atmosphere (Borah et al, 2007). The observed density value
was attributed to the fact that 120 nm Ru crystallites size were
obtained after milling; and the result was corroborated with
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the report of Gobran et al. (2004) that stated that density is
strongly influenced by the Ru particle size ratio. Furthermore,
Sule et al. (2012) reported on the synthesis and characterization
of sub-micron-sized copper-ruthenium-tantalum composites
for interconnection application using hot pressed. The mixed
powders were consolidated at 850°C with pressure of 30 MPa
and holding time of 30 min. A relative density of 99.89% was
obtained in sample containing 97.5 vol% Cu-2.5 vol% Ru. It was
observed that density improves when increase the Ru volume
fraction in copper matrix by up to 2.5 vol%. The high density was
attributed to good adhesion of copper with ruthenium. On the
other hand, Ru content might aid in filling of the voids or pores
which resulted in particle to particle interlocking. However,
addition of Ru to Cu-Ta samples revealed a reduction in their
density value. This could be due to insufficient sintering
temperature, as both tantalum and ruthenium have high melting
point of 3017°C and 2310°C, respectively.

Owing to the time and energy consumption involved in full
densification of this class of material, there is a need for an efficient
sintering technique.

Microwave sintering have been investigated as an alternative
to conventional sintering method due to it attractive properties
such as enhanced diffusion processes, reduced energy consumption,
very rapid heating rates and considerably reduced processing
times, decreased sintering temperatures, improved physical and
mechanical properties, simplicity, unique properties, and lower
environmental hazards (Oghbaei and Mirzaee, 2010).

Recently spark plasma sintering technique has emerged
as a novel method sintering for metal, ceramic, and ceramic
particulate-reinforced metal matrix composites capable of
achieving full density at a relatively low temperature (Munir
et al,, 2006). Maekawa et al. (2005) reported on the thermoelectric
properties of perovskite-type strontium ruthenium oxide
(SrRu03) fabricated by SPS. A bulk density of about 97% of the
theoretical density was obtained at a sintering temperature
of 1673 K (1400°C). Angerer et al. (2009) reported on the
residual stress of ruthenium powder samples compacted by
spark-plasma-sintering (SPS). The powders were loaded into a
graphite mould 12.5 mm. The consolidation was carried out under
applied pressure of 20-30 MPa with a heating rate of 100°C/min

145



146

Synthesis and Characterization of Copper—Ruthenium Composites

and a holding time of 1 min. Sintering was done at 1200, 1400,
and 1600°C. A relative density of 87%, 94%, and 92% was obtained
at the three sintering temperatures, respectively. However, no
reason was provided for the reduction in densification as
temperature increased from 1400 to 1600°C.

Furthermore, Sule et al. (2015) investigated the spark plasma
sintering of Cu-Ru-CNT composites for thermal management
application. The mixed powders were annealed for 30 min under
inert Ar of high-purity atmosphere, at 550°C with a heating rate
of 5°C/min to reduce the oxygen content that could exist as CuO
layers on the surface of Cu powder particles, by its thermal
decomposition. The powder mixtures were consolidated by
SPS (HPD5, FCT System GmbH) at 650°C under a pressure of
50 MPa with heating rate of 80°C/min and holding time of 5 min.
A relative density of 97.41%, 98.37%, and 98.03% was obtained
for Cu-1 vol% Ru, Cu-1 vol% CNT-0.5 vol% Ru, and Cu-2 vol%
CNT-0.5 vol% Ru, respectively.

5.5 Properties of Ruthenium Alloy

Metals reinforced or alloyed with ruthenium particles have found
applications in several consumer electronic products such as
cell phones, microprocessors, fast static RAM, supercapacitors,
home appliances and structural materials (Li and Wong, 2006).
Hence, it is important to examine the unique properties of metal
ruthenium alloys.

5.5.1 Properties of Copper with Ruthenium Additive

Copper composites have been well developed and applied in the
electronics industry for several decades due to their high electrical
and thermal conductivity. These materials have been used for
electrical contact such as make-break contacts and brush (Shen
et al, 1990; Nadkarni et al, 1984; Hoyer, 1984). However, the
traditional engineering properties of copper interconnections
suffer major material compatibility limitation because pure
copper and copper-based composites with conventional grain
size (micron size) are soft materials (Mula et al,, 2011; Yum et al,,
2005; Karwan-Baczewska et al, 2005). The softness of copper
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needs to be improved in order to achieve the optimum
performance of smart ICs in the electronic devices. This limiting
property of copper could therefore be improved through the
incorporation of suitable materials having the desired properties
into the matrixes of copper using appropriate technology.

Sule et al. (2012) investigate the effect of ruthenium on the
hardness value of copper fabricated by powder metallurgy route.
Copper powder was reinforced with 0.28 wt%, 0.69 wt%, and
1.37 wt% ruthenium particles. The maximum microhardness of
the composites was 127.8HV in Cu+0.69 wt% Ru sample. With the
addition of 0.28 wt% Ru, the microhardness of the composite was
found to be 123.2HV, which was 1.03 times higher than that of pure
copper. The increased in copper hardness with Ru addition could
be due to the fact that copper matrix was first deformed upon
applying the load, whilst Ru acted as obstacles to the moving
dislocations in the copper matrix, leading to an increase in the
microhardness of the composite. Studies on metal matrix composite
materials have shown that reinforcement particulate prevents
plastic deformation by blocking the dislocation movement in
the matrix phase under mechanical loading (Long et al, 2010).
Figure 5.9 shows the influence of Ru content on hardness of hot
pressed Cu-Ru composites with various Ru volume fractions
(Sule et al. 2012).
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Figure 5.9 Effect of ruthenium on Vickers hardness of Cu-Ru composites.
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On the other hand, 1 vol% Ru was found to decreased the
electrical conductivity of pure Cu from 2.6 x 10° to 1.06 x 10° S/m
due to interfacial resistance and much higher resistivity of Ru
(7.1 x 107® Qcm) versus (1.68 x 107° Qcm) for copper.

Furthermore, the effect of ruthenium on copper-carbon
nanotube composites was studied by the spark plasma sintering
technique and their thermal conductivity property was
investigated (Sule et al,, 2015). It was observed that the addition
of ruthenium increases the thermal conductivity of copper/CNTs
composites as shown in Fig. 5.10.
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Figure 5.10 Calculated thermal conductivity and the regression curve.

5.5.2 Properties of WC-Co with Ruthenium Additive

Cemented carbides are composite materials consisting of
hard carbide and a ductile binder. They are metallurgically
manufactured, where liquid phase sintering is one of the main
steps. The most common cemented carbide consists of WC and
Co, and it is widely used for cutting tools. Two of the most
important factors controlling the mechanical properties are the
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WC grain size and the grain size distribution, and thus it is of
great interest to understand the grain growth behavior. Shing
et al. (2001) reported on the effect of Ru addition to WC-Co.
The results show that the hardness of WC-Co increases and the
toughness decreases with increasing ruthenium content. The
WC-Co hardness was found to increase from 1420 HV to 1520 HV
with 3 wt% Ru content, while the toughness of the material
reduces. It should be noted that the increase in hardness and
decrease in toughness became pronounced only when the
ruthenium content in the cobalt is higher than about 15%. In
addition, the mean grain size of the WC grain decreases with
increasing Ru content in WC-Co-Ru sample. Luyckx (2002)
also investigated the high-temperature hardness of WC-Co-Ru.
Although studies have shown that the Ru content increases the
hardness of WC-Co at room temperature measurement, it is
important to determine their hardness at higher temperature
since WC-Co materials used in cutting tools could reach up to
around 800-900°C depending on the area of application
(Luyckx, 2002). It was observed that the hardness of WC-Co-3Ru
sample is higher than that of the WC-Co sample at about 600°C.
However, above 600°C its hardness value decreases rapidly
compared to that of the WC-Co sample. The reason for the
decrease in hardness above 600°C was attributed to the fact that
WC-Co boundaries present less serious obstacle to the dislocation
compared to when temperature was below 600°C, which resulted
in high contribution of WC grain to plastic deformation. Since
the composition and properties of WC grain are not affected by
the Ru contents, the hardness of this material at above 600°C
became inert to ruthenium contents.

Moreover, Potgieter et al. (2011) reported on the influence
of Ru additions on the corrosion behavior of WC-Co cemented
carbide alloys in sulfuric acid. The corrosion behavior was
investigated using electrochemical polarization test and
chronoamperometry. The results show that ruthenium addition up
to 3 wt % increased the corrosion resistance of the WC-Co alloys.
It was also found that ruthenium affects the cathodic Tafel
constant (B.) in 1M H,SO,. This indicates that Ru influences
the cathodic part of the corrosion reaction. In general, it can
be deduced that Ru is more effective in improving corrosion
resistance than vanadium carbide.
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5.6 Properties of Ruthenium Oxide

There is a growing demand for metal oxide thin films for many
important technological applications such as smart windows, gas
sensors, solar cells, and microelectronic packaging (Patake and
Lokhande, 2008). Literature surveys have revealed the used of
electrically conductive metal oxide such as PtO,, IrO,, RuO,, TiO,,
0s0,, RhO,, and Ta,05 as active components in solid-state
potentiometric electrodes for pH sensing (Liao and Chou, 2008).
On the other hand, noble metal oxides have been identified as
ideal electrode materials for supercapacitors due to their
great specific capacitance, wide potential windows, and high
electrochemical stability. Therefore, materials associated with
fast Faradaic redox processes on a high surface area are
recognized as the most promising candidates for supercapacitors
(Zheng et al., 2008). Among the metal oxide materials, ruthenium
oxide (RuO,) have shown to be a material of choice in very large-
scale integration (VLSI), thick-film resistors, and supercapacitors
due to its very high specific capacitance, perfect reversibility,
and excellent stability in H,SO, (Hu and Chen, 2004). Ruthenium
oxide thin films have been prepared using various methods such
as reactive sputtering, sol-gel, electrodeposition, spray pyrolysis
(Patake and Lokhande, 2008). The amorphous RuO, prepared by
a sol-gel method exhibit a high specific capacitance of 720 F g1,
which results from the surface Faradaic redox reactions between
Ru ions and H ions in the H,SO, electrolyte.

5.6.1 Properties of RuO, for Supercapacitor Applications

Supercapacitors are electrochemical energy storage devices that
have attracted global research interest due to its usage in various
applications. Since they are characterized by fast discharge rates
and low maintenance, the demand for them is predicted to be
most extensive in frequency regulation applications (Jampani
etal, 2010). The mechanisms of energy storage for supercapacitors
could be regarded as charge/discharge of non-Faradaic charge
separation across the electrical double-layer (Sarangapani
et al,, 1996) and fast Faradaic redox reactions within the electrode
materials (Miller et al., 1997).



Properties of Ruthenium Oxide

High electrochemical reversibility and high specific
capacitance are the two most important characteristics for
supercapacitors. These properties exist in ruthenium oxide
(Ru0,), and it has been widely used as an electrode material in
supercapacitors (Patil et al, 2011; Patake et al, 2009). Patake
et al. (2009) reported on the effect of surface treatment on the
supercapacitive performance of as-deposited RuO, films using
cyclic voltammetric (CV) in 0.5M H,SO, electrolyte. The potential
range between -100 and +600 mV/SCE was used with a
scanning rate of 20 mV s~ It was found that RuO, electrode with
0.349 mg cm film thickness possesses high specific capacitance
of 650 F gl. This high specific capacitance was achieved on
a stainless steel electrode due to the amorphous and porous
nature of deposited material (Subramanian, 2004). However,
the CV performance of annealed electrode shows that specific
capacitance decreases from 650 F g' to 111 F g after
annealing. The reduction in specific capacitance was attributed
to the loss in hydrous content of RuO, electrode (Hu et al., 2002).
Similarly, the performance of RuO, electrode was found to
reduce after anodization and ultrasonic weltering. It was
observed that specific capacitance decreases from 650 F g to
70 F g after anodization. The SEM cross-sectional image
revealed more pores after surface treatment, which could result
in a decrease contact angle. Hu et al. (2007) also reported on
the capacitive behavior of sol-gel-derived and co-annealed
ruthenium-tin oxide composites. A relatively high specific
capacitance of 690 F g~ was obtained when 0.2 weight fraction
of SnO, was added to the RuO,. However, the total specific
capacitance of mixed Ru-Sn oxides is highly composition-
dependent and a precise composition control for this series of
oxides is complicated. Notwithstanding, the specific capacitance
and power characteristics of mixed Ru-Sn oxides can be
enhanced by a careful control of annealing temperature and time
due to a compromise between electronic conductivity and active
sites. Wu et al. (2010) investigated the potential of graphene-
based composites in the development of high-performance
energy-storage systems. Hydrous ruthenium oxide (RuO;)/
graphene sheet composites (ROGSCs) with varying Ru content
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were prepared by combining sol-gel and low-temperature
annealing processes. The specific capacitance of ROGSC-based
supercapacitors shows a monotonic increment with increasing Ru
content. A maximum specific capacitance of 570 F g! is obtained
for ROGSCs with 38.3 wt% Ru. It was observed that the specific
capacitance of pure GSs (148 F g™1) increases tremendously with Ru
addition.

5.7 Conclusion

In the past decades, the study of ruthenium has progressed from
primarily a laboratory enterprise with a narrow commercial
significance to a diverse and robust class of materials with
numerous important applications. This transformation has been
accomplished as a result of extensive material research and
development followed by innovations in engineering processes.

Various techniques have been employed to synthesize Ru in
the metal matrix such as low-energy ball milling and mechanical
milling followed by conventional sintering and spark plasma
sintering. However, the dense packing of the Ru atom is one of
its unique features. The rich properties of Ru could be seen in its
surface electrochemical and catalytic properties as well as
its mechanical and thermal properties. Therefore, Ru and its
alloys or composites remain a field for discovery in micro-
electronics packaging, energy generation, and sensors using
powder metallurgy process.
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Ruthenium polyimine complexes have been one of the central
subjects of inorganic electrochemistry and photochemistry. In this
chapter, attempts are organized to tune the orbitals of ruthenium
polyimine complexes making use of interactions between the
ruthenium and the ligands orbitals. Starting from the basic
principles, selected examples of design of non-pyridine-based
ligands and “active tuning” are discussed for the tuning of orbital
energies of the ruthenium complexes, followed by the discussion
of applications to dye-sensitized solar cells and organic light-
emitting diodes from the orbital viewpoints.

Ruthenium Chemistry

Edited by Ajay Kumar Mishra and Lallan Mishra

Copyright © 2018 Pan Stanford Publishing Pte. Ltd.

ISBN 978-981-4774-39-0 (Hardcover), 978-1-315-11058-5 (eBook)
www.panstanford.com


http://www.panstanford.com
mailto:otsuki.joe@nihon-u.ac.jp

162

Orbital Tuning of Ruthenium Polyimine Complexes by Ligand Design

6.1 Basic Principles of Orbital Tuning for
Ruthenium Polyimine Complexes

6.1.1 Ruthenium Polyimine Complexes

Ruthenium polyimine complexes have been one of the central
subjects of inorganic electrochemistry and photochemistry,
exemplified by a ruthenium tris(bipyridine) complex [Ru(bpy);]**
and a ruthenium bis(terpyridine) complex [Ru(tpy),]** (bpy = 2,2'-
bipyridine; tpy = 2,2":6',2'-terpyridine) (Garino et al.,, 2016; Juris
et al,, 1988; Meyer, 1986; Prier et al., 2013; Thompson et al,, 2013;
Wang et al., 2004). The [Ru(bpy);]** has been occupying the
special position in the chemistry of ruthenium polyimine
complexes. The first oxidation occurs at +1.26 V vs. NHE in
aqueous solution (Bock et al., 1975) corresponding to the oxidation
of the metal center from Ru(II) to Ru(Ill). The first reduction
occurs at -1.26 V vs. NHE in aqueous solution (Bock et al,
1979) corresponding to the reduction of one of the bpy ligands,
rendering [Ru(bpy)s]?* into [Ru(bpy),(bpy)*]*. The complex
[Ru(bpy);]?* has a broad metal-to-ligand charge-transfer (MLCT)
absorption band peaking at 450 nm in the visible region, in
which a d electron on the ruthenium is promoted to a bpy z*
orbital, so that visible light can be utilized to effect photoreaction.
The initially formed singlet MLCT excited state (MLCT) is quickly
relaxed through intersystem crossing to the triplet MLCT excited
state (3MLCT). The lifetime of the 3MLCT state is hundreds of
nanoseconds, long enough to collide with other molecules to make
something happen before decaying back to the ground state. The
oxidation potential in the excited state, -0.62 V vs. NHE in H,0
(Diamantis et al., 2014) is more negative than the potential for
the reduction of proton to hydrogen (-0.414 V vs. NHE at pH 7)
and the reduction potential in the excited state, +0.84 V vs. NHE
in H,0 (Creutz et al, 1976) is more positive than the oxidization
of water to molecular oxygen (+0.816 V vs. NHE at pH 7).

The [Ru(bpy)s;]?*, despite its excellent photophysical
properties, has some structural complications. The six nitrogen
atoms from the bpy ligand coordinates to the metal ion along
the axes of the Cartesian coordinates (x, y, z). As such, the
complex is chiral depending on the screw sense of the bpy
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ligands (A and A enantiomers). Further, the introduction of a
substituent to each bpy ligand necessarily leads to a mixture
of meridional and facial isomers. These complications may
not cause any problem in many cases but are detrimental if
the [Ru(bpy)s;]?* unit is to be incorporated into an extended
supramolecular system.

[Ru(bpy)s]?* [Ru(tpy)o]2*

The [Ru(tpy),]** is another basic motif of ruthenium polyimine
complexes. This complex with two tridentate ligands has no
chirality. Also, the introduction of substituent at the 4’ position
(carbon para to the nitrogen in the central pyridine ring) will lead
to a linear single component species with no isomer. These
geometrical properties are suitable as a building block for a
larger extended supramolecular system. However, this complex
has a severe problem. The excited-state lifetime is very short due
to its electronic structure, which we will delineate in this chapter.

The bpy and tpy ligands can be modified for further tuning
of optical and redox properties for specific purposes. While a
vast number of substituents have been introduced on the bpy
and tpy skeletons and exploited for various purposes, we do
not concern ourselves with substituents effects in this chapter.
Another strategy to tune the properties of the ligand may, instead
putting substituents, modify the bpy or tpy framework itself.
Incorporating more nitrogen atoms in the ring will pull the
electron affording an electron-poorer heterocyle. Replacing a
nitrogen atom by a carbon atom (i.e.,, cyclometallic ligands) will
make the ring electron-richer. Changing the number of atoms
constituting the rings (i.e., hexagonal vs. pentagonal rings) is yet
another strategy to alter the electronic structure of the ligand.
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In this chapter, attempts are organized to tune the orbitals
of ruthenium polyimine complexes making use of o and =&
interactions between the ruthenium 4d orbitals and the ligand
n and z/7* orbitals. We start with a brief background knowledge
of simplified molecular orbital theory and ligand field theory.
Specific examples of orbital tuning of ruthenium complexes
are given on cyclometalated complexes and complexes with
azole/azolate ligands, among others. We briefly introduce “active
tuning” of the ligand properties by redox reactions. The examples
are not comprehensive but rather selective. Our focus is on the
redox and optical properties of these complexes and we do not
deal with ruthenium complexes for catalysis purposes. We
conclude this chapter by seeing how the orbital tuning described
in the former parts is applied to ruthenium complexes used
for working devices, i.e., dye-sensitized solar cells and organic
light-emitting diodes.

6.1.2 Orbital Tuning of Metal Complexes: A Crash
Course on Molecular Orbitals and Ligand
Field Theory

Theoretical interpretation or prediction of properties of metal
complexes is done by density functional theory (DFT) computation
most of the cases at the research level. Still, further interpretation
of the results of the theoretical calculations by a human brain
requires basic understanding of molecular orbital theory. Ligand
field theory is molecular orbital theory as applied to metal
complexes. Before going into the ligand field theory, we briefly
summarize the basics of molecular orbital theory. The Hartree-
Fock method is the standard theory in molecular orbital theory.
This method incorporates electron-electron repulsion terms as
an electron interacting with the average field the other electrons
produce. As this theory is already complicated enough for back-
of-the-envelope treatments, we restrict ourselves more or less
on the extended Hiickel theory level of molecular orbital theory.
As the extended Hiickel theory does not include electron-
electron repulsion terms explicitly which are hidden in the
parameters used, the treatment is greatly simplified and the
qualitative understanding becomes easier.
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An atom has atomic orbitals in which electrons are
accommodated. When atoms approach each other, the atomic
orbitals are not suitable description of orbitals anymore. Instead,
molecular orbitals are used in which electrons are accommodated
similarly. However, it is still convenient to express the molecular
orbitals in terms of atomic orbitals, or more specifically, as a
linear combination of atomic orbitals.

The molecular orbitals ¥, and y_ resulting from two atomic
orbitals ¢4 and ¢, are represented approximately as

Y_= 191 - C2¢;
Y= 1~ 202,

where c; and ¢, are positive constants. Let us assume that the
energies of ¢, is higher than or equal to that of ¢,: E; = E,. Then
it turns out that ¢; = c,. There are several characteristics worth
remembering how the resulting molecular orbital is related to
component atomic orbitals, referring to Fig. 6.1.
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Figure 6.1 Molecular orbitals.

e The lower molecular orbital is similar to the lower atomic
orbital. Because ¢ 2 ¢, 9, is similar to ¢, rather than ¢;.
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¢ The higher molecular orbital is similar to the higher atomic
orbital. Because ¢ 2 ¢, y_ is similar to ¢4 rather than ¢,.

¢ The energy of the lower atomic orbital gets lower: E, < E,.

¢ The energy of the higher atomic orbital gets higher: E_ < E;.

¢ The lower molecular orbital is bonding: coefficients of ¢
and ¢, have the same sign.

e The higher molecular orbital is antibonding: coefficients of
¢ and ¢, have different signs.

¢ The smaller the difference in energy of the two atomic
orbitals, the larger the energy changes: E, - E, and E_ - E; are
proportional to (E; - E;)™%.

e The smaller the difference in energy of the two atomic
orbitals, the larger the mixing of the two atomic orbitals: c;
and ¢, becomes closer to each other.

e When the energy of the two atomic orbitals are the same
E; = E,, the resulting molecular orbitals consists of a 1:1
mixture of the atomic orbitals, ¢; = c;.

e The largest energy changes (E_. - E; and E, - E.) result when
the energy of the two atomic orbitals are the same: E; = E,.

The above “rules” has been derived from a simple treatment
for a one-electron system. Thus electron-electron repulsion will
modify the resulting energy levels.

The same treatment can also be applied to metal complexes.
There is a complication, however, because a metal complex is a
three-dimensional object and several ligands form metal-ligand
bonds at the same time. Nonetheless, basic ideas discussed
above are valid for each metal-ligand bond. Here we take a six-
coordinated octahedral metal complex as an example to see
how metal-ligand bonds are constructed by separate metal and
ligand orbitals. When a metal ion is isolated, the 5d orbitals
have the same energy, which are said to be degenerate. In the
case of ruthenium, which is a 5th period element, the relevant d
orbitals are 4d orbitals. Ligands, with a lone pair in a nonbonding
(n) orbital pointing toward the metal ion, approach to the
metal ion along the six Cartesian coordinate axes. Three of the d
orbitals (d,,, d,, and d,) are orthogonal in symmetry with the
ligand n orbitals and hence do not mix with the ligand orbitals.

On the other hand, the remaining two d orbitals (d,? _ ,? and
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d,?), which are oriented along the Cartesian axes, have the right
symmetry to mix with the ligand n orbitals to form o bonds.
As the ligand n orbitals are lower in energy than the metal
d orbitals in general, the ligand n orbitals are stabilized and
the metal d,2 _ 2 and d,? orbitals are raised in energy, lifting
the degeneracy of the d orbitals into a set of higher-energy e,
orbitals (d,? - ;2 and d,2) and lower-energy t,, orbitals (d,,, d,
and d,), as shown in Fig. 6.2. The generated energy splitting
is termed Ay where the subscript o stands for octahedral.
In general, more basic the ligand is, the higher the energy of the
n orbital. Higher n orbital means that it is closer to the metal d
orbitals in energy, mixing better with d,2 _ 2 and d,2 and making
the energy level of these orbitals higher. The interaction of the
n orbital of the ligands and d,2 _ ,2 and d,2 of the metal is called

X" -y
the o interaction.
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Figure 6.2 Orbital diagram for a 0 bond between a metal and a ligand.

The o interaction is not the whole story. The three orbitals
(dy, dy, and d,) which are not influenced by the n orbitals of
the ligands may be affected by the z-type interactions (Fig. 6.3).
When the ligand has additional lone pairs (e.g., halide ions, a
coordinating oxygen atom, and so on) after making a o bond with
the metal ion, it could donate the electron pairs to the tag orbitals
as a w base. The energy of z-basic orbitals is relatively high for a
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7 orbital. Therefore, the energy of the m-basic orbital is close to
the t,, orbital from below, which makes it possible to interact
effectively.

When the ligand has unsaturated bonds such as a double or
a triple bond or the ligand is an aromatic molecule (e.g., bpy, etc.),
it may also interact with the t,, orbitals through the empty,
antibonding z* orbital of the ligand as a & acid. The energy of
m-acid orbitals is relatively low for a z* orbital. Therefore, the
energy of the sr-acid orbital is close to the t,, orbital from above,
which makes it possible to interact effectively. The resulting
filled orbital has a partial character of ligand z* orbital, which
means that the d electrons are partially given to the ligand. This
bonding is called a “back-bonding” The back-bonding plays an
important role to determine the t,, orbital level.
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Figure 6.3 Orbital diagram for a x bond between a metal and a ligand. (Left)
Metal-7-donor bond. (Right) Metal-z-acceptor bond (“back-bonding”).

In summary, ligand n orbitals raise the energy of d,2 _ 2 and
d,? orbitals (e,) and ligand 7 orbitals raise or lower the energy of
dy, d,,, and d,, orbitals (¢,,) depending on the ligand has a relatively
high occupied & orbital (m-basic) or a relatively low empty x*
orbital (-acidic), respectively. The difference Ay is determined
by the relative positions of the e, and t,, orbitals and gets smaller

with a z-basic ligand and larger with a m-acidic ligand. The
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sequence of ligands according to the magnitude of Ay they
produce are known to be the spectrochemical series (Cotton
etal, 1976):

I"<Br < Cl" <F~<OH < (,0% <H,0 <-NCS™ < py < NH; < en < bpy
<phen <NO, <CN-,

where py = pyridine, en = ethylenediamine, phen = phenanthroline.

Krause and co-workers proposed a use of 2-(phenylazo)
pyridine (Azpy) as a m-bonding probe (Fig. 6.4) (Krause et al,
1980; Krause et al., 1982). They prepared a series of ruthenium
complexes [Ru(Azpy),LL'] and found that the N=N stretching
wavenumber was a good measure of the m-acidity of ligands
LL’. The more m-acidic LL’ is, the more electron density is taken
away from the ruthenium ion by the LL'. This in turn reduces
the degree of back-bonding to Azpy's, resulting in the stronger
N=N bonding within the ligand, hence the increased N=N
stretching wavenumber.
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Figure 6.4 Stretching wavenumbers of N=N in the 2-phenylazopyridine
ligand.

6.1.3 Orbitals and Redox and Photophysical
Properties of Ruthenium Polyimine
Complexes

The divalent Ru(Il) ion has six electrons in 4d orbitals. All the six
electrons are accommodated in the three t,, orbitals in the case
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of [Ru(bpy);]?*-type complexes. The spin of these electrons are
all paired and hence there is no net spin. The t,, orbitals are the
highest-occupied molecular orbitals (HOMOs) of the complex.
In electrochemistry the first oxidation takes an electron from the
t,g HOMO, thus can be represented as Ru(Ill)/Ru(Il). The tuning
of the HOMO level can be done by the m-acidity or m-basicity
according to the simple ligand field theory. However, a
o-donating ligand also raise the HOMO level through electrostatic
interactions. Overall, the oxidation potential of Ru(III)/Ru(Il)
couple is a good measure of the electron density on the metal
center. A table of a large number of ligands listed in the order
of Ru(Ill)/Ru(Il) potentials is available constituting the
electrochemical series (Lever, 1990). The lowest-unoccupied
molecular orbitals (LUMOs) are the n* orbitals of the bpy ligand.
Thus the electro-chemical first reduction corresponds to adding
electron on the bpy ligand.

The longest-wavelength, i.e., lowest-energy, optical transition
occurs such that an electron in the t,, orbital of ruthenium is
excited into the z&* orbital of bpy ligand. Thus the visible light
absorption corresponds to a MLCT transition (Garino et al,
2016). The processes that follow the excitation is schematically
illustrated in Fig. 6.5. The singlet excited state ™MLCT initially
formed upon photoexcitation undergoes the intersystem crossing,
facilitated by the mixing of the singlet and triplet states owing to
the heavy atom effect of ruthenium, to be the triplet MLCT state
(®MLCT). This intersystem crossing occurs within 300 fs from
excitation (Damrauer et al., 1997). The triplet excited state has a
relatively long lifetime of several hundreds of nanoseconds, which
is one of the major reasons that make the ruthenium complex
useful as a photosensitizer. In one pathway, the 3MLCT state decays
either radiatively or nonradiatively back to the ground state.
In the other pathway, 3MLCT state can change into a 3dd state, in
which the electronic configuration is tzgsegl. A dd transition is
an optically forbidden process. Further, an electron is in a
nonbonding d orbital and hence the metal-ligand bond is
lengthened and weakened. This large geometry changes facilitates
nonradiative crossing from the dd excited-state potential curve to
the ground-state potential curve. Thus the dd state is quickly
thermally decays back to the ground state. For this reason, the
dd state is detrimental to the utility of the excited state and
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luminescence from the excited state. The transition from the
SMLCT state to the 3dd state is known to be temperature
dependent. With this temperature dependence, the overall
rate constant of the excited state decay k., is also temperature
dependent, which is approximately expressed by (Sun et al., 2015)

kobs = ket + Kaqe /%87,

where kg is the Boltzmann constant and T is the temperature.
Here kyicr is the rate constant for the processes, both radiative
and nonradiative, from the 3MLCT state to the ground sate. kyq is
the rate constant for the process from the 3dd state to the ground
state. The AE corresponds to the energy difference between
the 3MLCT state and the 3dd state, although detailed analysis
indicates that AE is actually a composite parameter that contains
rate constants for several processes (Sun et al, 2015). It has
been estimated that AE = ~4000 cm™! in the case of [Ru(bpy);]%*
(Barigelletti et al., 1983; Caspar et al., 1983).
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Figure 6.5 Simplified excited-state processes. (a) Orbital diagram. (b) State
diagram.

The geometry of the bis(tpy) complex of ruthenium is attractive
because the introduction of 4-substituent on the para position
of the central pyridine moiety will lead to a linear complex, which
can be a building block for extended linear arrays of metal
complexes. Such extended arrays may be envisaged as components
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of molecular wire for molecular electronics (Otsuki et al., 2008a;
Sauvage et al, 1994). Unfortunately, however, the excited-state
lifetime of [Ru(tpy),]?*-type complexes limits its utility as a
photoactive component. The short excited-state lifetime (250 ps
at room temperature (Winkler et al., 1987) is attributed to a
small gap between the emissive 3MLCT state and nonemissive 3dd
excited state. The N-Ru-N bite angles deviate from an ideal 90°
for an octahedral complex due to the constraint imposed by the
ligand structure. This leads to a weakened ligand field, resulting
in a small Ay As a result, the energy of the 3dd is above the
SMLCT only by AE = 1500 cm™ for [Ru(tpy),]** (Hecker et al.,
1991).

Therefore, the strategy to increase the excited-excited lifetime
is to lower the 3MLCT state energy relative to the 3dd state energy.
To decrease the 3MLCT state energy, electron-withdrawing
groups are introduced into the ligands to lower the z* orbital
energies. To extend the z-system of the ligand is another effective
strategy to lower the z* orbital energies. In this case, the nuclear
displacement associated with the MLCT excitation is small that
further helps reduce the nonradiative decay rate. On the other
hand, raising the energy of dd state is a complementary method
to enlarge AE. Introducing a stronger o-donating ligand, which
is not necessarily the ligand that provides the z* orbital for the
MLCT state, is a straightforward strategy. Even a z-basic ligand
would help, which increases the electron density on the metal
that in turn raises the do* orbital energy not only the ds orbital
energy, giving rise to a larger AE. A few examples of emissive
ruthenium complexes with a bis(tridentate) ligand will be given
in the next section.

6.2 Ligand Variation for Orbital Tuning

We will see selected ligand sets which were used in attempts
to tune the redox potentials of ruthenium complexes. First we
describe cyclometalated ruthenium complexes followed by
azole ligands. We will then discuss some examples of ruthenium
complexes with nonstandard geometries. Finally, we will discuss
about the “active tuning” of properties of ruthenium complexes by
redox reactions.
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6.2.1 Cyclometalated Ruthenium Complexes

In place of ubiquitous metal-nitrogen bonds, metal-carbon bonds
may be used to generate metal complexes. Often the metal-
carbon bond formation is assisted by the coordination of another
donor atom within the same ligand, such as a nitrogen atom,
resulting in a metallacyclic structure, which is therefore called
cyclometalation (Albrecht, 2010; Djukic et al, 2009). The
cyclometalating ligand with the formally anionic carbon atom
is a stronger o-donor and a weaker m-acceptor than nitrogen
heterocycles (Constable et al., 1990).

Figure 6.6 displays the first oxidation and reduction potentials
for tris(bidentate) complexes and compares N-ligands and
cyclometalated C™-ligands (Bomben et al., 2009). The Ru(III)/Ru(II)
potential for [Ru(bpy),(ppy)]* is negatively shifted from that for
[Ru(bpy)s]** by ca. 0.8 V (Bomben et al, 2009; Constable et al,
1986; Reveco et al, 1986), where ppy is 2-phenylpyridine in
which the ortho proton on the phenyl group is deprotonated.
The first reduction potential is also negatively shifted but by a
smaller extent by 0.3-0.4 V. The first reduction corresponds to
the reduction of a bpy ligand common to both [Ru(bpy),(ppy)]*
and [Ru(bpy)s]?*. Therefore, the effect of the introduction of ppy
on the LUMO level is indirect. Increase in the electron density on
the ruthenium ion by the electron-donating ppy ligand makes
the back-donation stronger, raising the z* orbital energy of the
bpy ligands. The decreased HOMO-LUMO gap brings about a
decrease in energy of transition leading to a longer wavelength
absorption in the visible spectra. The magnitude of the red shift
upon replacing bpy ppy is roughly 100 nm. Another feature of
[Ru(bpy),(ppy)]* is a broader absorption than [Ru(bpy);]?* due
to less symmetry. To put it simply, there are transitions Ru—ppy
as well as Ru—bpy. The effect of replacing a phen ligand by
benzo[h]quinoline (bhq) is nearly the same as the effect of
replacing a bpy ligand by a ppy ligand (Bomben et al, 2009;
Reveco et al., 1986).

The bis-cyclometalated ruthenium complex, [Ru(bpy)(ppy).l,
is known and the Ru(IIl)/Ru(Il) potential is as low as -0.2 V vs.
SCE (Le Lagadec et al, 2006). The preparation of the tris-
cyclometalated ruthenium complex, [Ru(ppy);] was attempted
(Saavedra-Diaz et al., 2008), but this complex has not been isolated
so far.
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Figure 6.6 First oxidation and reduction potentials of cyclometalated
complexes of bidentate ligands.

Figure 6.7 displays the first oxidation and reduction potentials
of ruthenium complexes containing a tpy and a noncylcometalating
or cyclometalating ligand (Bomben et al, 2009). The effect of
cyclometalation is to increase the energy of the t,, orbitals,
manifested by a 0.8 V negative shift of the first oxidation
potential (Beley et al,, 1993; Bomben et al., 2009; Collin et al., 1991;
Wadman et al., 2009). The magnitude of the effect of replacement
by the phenyl group of terminal pyridine (phenylbipyridine;
pbpy) and the central pyridine (benzo[h]quinoline; bhq) are nearly
the same.

Figure 6.7 also includes complexes with a chloride ligand.
Comparing [Ru(bpy);]** and [Ru(tpy)(bpy)Cl]* reveals that the
Ru(III)/Ru(1I) potential is negatively shifted by 0.5 V. The halide
ion is positioned at the smallest Ay end of the spectrochemical
series because halide ions are z-bases and raise the energy of the
tag orbitals, although the effect of a chloride ion is smaller than that
of cyclometalated ligand. Complexes having both a Cl~ ion and a
cyclometalated ligand raises the t,, orbital energies by as much as
1.0eV.
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6.2.2 Azole Ligands

An aromatic nitrogen-containing heterocycle commonly used as
a ligand can either be a six-membered or five-membered ring.
The six-membered rings are called azines; pyridine is the
prominent example of azines. Azines are generally zz-deficient and
have relatively low z* orbitals which allow good metal-to-ligand
back-bonding by accepting t,, electrons from the metal. On the
other hand, the five-membered rings are called azoles; pyrrole
is an example which contains one nitrogen atom as a ring-
constituting member. Azoles are generally more ;-electron-rich
aromatic systems. Further, azoles contain a NH unit that can
release a proton if proton acceptor (base) is present. Thus,
pH-responsive ruthenium complexes may be prepared using an
azole ligand.

The high 7 and z* levels of azoles compared to those of azine
can be understood from a simple Hiickel theory calculations.
According to the Hiickel theory, the energy levels E,, of molecular
7 orbitals of a N-membered carbon ring is

E, =a+2ﬂcos(2n%); n=0, .., N-1,

where « is the Coulomb integral and 8 (< 0) is the resonance
integral. The energy levels are conveniently visualized by the
corners of regular polygons. For example, the orbital energy levels
of benzene (N = 6) are expressed by a hexagon as shown in Fig. 6.8,
left. On the other hand, cyclopentadienyl anion is a pentagonal
aromatic system having 67 electrons. As it is a five-membered
ring, the energy diagram is like the one shown in Fig. 6.8, right. As
the diagram shows, both the HOMO and LUMO of a cyclopentadienyl
anion are higher in energy than those of benzene. Note that this
argument neglects the electron-electron interactions, which would
further raise the energy of anionic species.

The argument about the six-membered vs. five-membered
rings may apply to heterocyclic systems containing nitrogen atoms
for example, although the values of @ and § involving nitrogen
atom are different from those only involving carbon atoms. This
is corroborated by more accurate DFT calculations. The energy of
the lowest * orbital of pyridine and pyrrole are -0.03967 eV and
+0.02254 eV, respectively; the highest & orbital of pyridine and
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pyrrole are -0.27247 eV and -0.21611 eV, respectively, according
to the B3LYP/6-31++G(d,p) calculations, as shown in Fig. 6.9.
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Figure 6.8 Orbital energy levels of benzene (left) and cyclopentadienyl
anion (right) according to the Hiickel theory.

Another way to tune the orbital levels of the ligand is to
change the number of nitrogen atoms in the ring. Figure 6.9a
displays the lowest &* orbital energies and the highest & orbital
energies of five-membered N-containing heterocycles, with those
of pyridine being included for reference, calculated by a DFT
method. The terms “the highest 7* orbital” and “the lowest
s orbital,” not the HOMO and LUMO, are used because we are
only concerned with 7 (or 7*) orbitals here and these might not
be the HOMO and LUMO, in which case an n orbital or even
a o orbitals may be the HOMO or LUMO. As pointed out above,
five-membered pyrrole has higher z* and 7z levels than those of
six-membered pyridine, both containing a single nitrogen atom.
As the diagram clearly shows, the orbitals are more and more
stabilized as the number of electronegative nitrogen atom is
increased. It is seen from the diagram that the energy of the &
orbital is more influenced by the number of nitrogen atoms than
that of the z* orbital.

When these five-membered N-heterocycles make a coordination
bond to a metal (ruthenium), deprotonation may occur. We
also calculated the lowest z* orbital energies and the highest =
orbital energies of deprotonated anionic species by the same DFT
method and the results are shown in Fig. 6.9b. It is seen from
the diagram that as the number of nitrogen atom increases
the highest & orbitals are more and more stabilized, while the
lowest z* level is rather insensitive to the number of nitrogen
atoms in these anionic species.
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Figure 6.9 The lowest &* orbitals and the highest & orbitals (B3LYP/6-
31++G(d,p)). From left to right: pyridine, 1H-pyrrole, 1H-imidazole,
1H-pyrazole, 1H-1,2,4-triazole, 2H-1,2,3-triazole, 2H-1,2,3,4-tetrazole.
(@) Neutral N-containing heterocycles. (b) Deprotonated anionic
N-containing heterocycles and benzene.

Steel and co-workers investigated physical properties of
ruthenium complexes for the formula [Ru(bpy),L], which is
summarized in Fig. 6.10 (Downard et al, 1995). The oxidation
reactions observed at around +1 V represent the process of
Ru(Il)/Ru(ll), a measure of the position of t,, orbitals. The t,,
orbital energy are raised by the increased electron density on
the metal atom as well as n-donating ligand. The reduction
reactions observed at around -1.5 V represent the process of the



E/VvsSCE

-1.5

-05

Ligand Variation for Orbital Tuning

ligand reduction. In the case of mixed ligand complexes as in the
present case, the most electron-deficient ligand is reduced first.
The involved orbitals are the n* orbitals of the ligand, which is
mixed with metal dn orbitals through = interactions. Comparing
the first three entries in Fig. 6.10 with bpy, we can conclude
that alkylated, neutral tetrazole ligands are more electron-
withdrawing than bpy. Tetrazole without substituent coordinates
to the ruthenium ion as the tetrazolate anion accompanied by
deprotonation. Thus pyridyltetrazolate is more electron-rich
than bpy. The pyridyltetrazolate in the ruthenium complex has
noncoordinating nitrogen atoms that can be protonated. Addition
of acid to [Ru(bpy),(pyridyltetrazolate)] protonate the ligand,
resulting in a positive shift of the oxidation potential by 0.15 V.
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Figure 6.10 First oxidation and reduction potentials of complexes
[Ru(bpy),L], where the structure of L is indicated on the diagram.

Unlike [Ru(tpy),]%*, which is nonemissive (luminescence
quantum yield ¢ < 5 x 107%), ruthenium complexes with a
bis(triazolate) and a bis(tetrazolate) pyridine shown in Fig. 6.11
are emissive (Duati et al, 2003). The stronger o-donor and less
m-acidic properties of the anionic triazolate and tetrazolate
ligands widen the Ay As a result, the thermally activated
transition from the emissive 3MLCT to the nonemissive 3dd state
is retarded. The lifetime of these complexes are in a range of
24-77 ns at 298 K, which are two-orders of magnitudes longer
than that of [Ru(tpy),]?*. The overall geometry of tpy is maintained
in these complexes, which implies that these photoactive
complexes may be used as building blocks for well-defined,
extended supramolecular structures.
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Figure 6.11 Emissive ruthenium bis(tridentate) complexes with triazolate
and tetrazole ligands where ¢ is the luminescence quantum yield.

6.2.3 Out-of-Ring Coordination

Ruthenium complexes with coordination motifs in which both
aromatic ring sites and out-of-the ring sites coordinate have also
been studied. Ward and co-workers prepared ruthenium complexes
in which pyridylphenolate or bipyridylphenolate ligands are
contained (Holligan et al, 1992). The phenolate group is
characterized by the negative charge, which -electrostatically
destabilizes the metal orbitals, a strong o donation, which raises
e orbital energies, and no s-accepting ability, which leads to a
higher t,, orbital energies compared to the s-accepting bpy
ligand. With these effects, the Ru(Ill)/Ru(ll) potential of
[Ru(bpy),(PyPhO)]* is negatively shifted by 0.86 V compared
to [Ru(bpy)s]?*. The Ru(Ill)/Ru(ll) potential is negatively sifted
further by 0.57 V by additional introduction of a negative
phenolate group in [Ru(BpyPhO),]*. The Ru(Ill)/Ru(ll) potential
is now so negative that the oxidation state of Ru(Ill) is the
stable state for [Ru(BpyPhO),]* under ambient conditions.

Ward and co-workers also prepared ruthenium complexes
carrying a ligand containing a dimethylamino group, BpyPhNMe,
(Bardwell et al, 1995). The Ru(Ill)/Ru(ll) potential of
[Ru(BpyPhNMe,),]?* is negatively shifted by 0.1 V compared to that
of [Ru(tpy),]?*, because of the poorer m-accepting characteristics
of the coordinating dimethylamino group than that of pyridines.
The ligand BpyPhNMe, is ambidentate in that it can make
bonds to the ruthenium metal in a N3 fashion as well as in a
cyclometalated N,C fashion, in which case the dimethylamino
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group points outwards. A ruthenium complex of the BpyPhNMe,
ligand in which one of the ligand coordinates in a cyclometalated
fashion, [Ru(BpyPhNMe,)(cm-BpyPhNMe,)]?*, was obtained, where
cm represents a cyclometalated ligand. In the cyclometalated ligand,
the coordinating carbon is formally anionic, which results in the
Ru(II)/Ru(Il) potential shifted negatively by as much as 0.84 V
compared to the N3 type coordination.
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[Ru'l(BpyPhO),]* [Ru(BpyPhNMe),2+ [Ru(BpyPhNMe,)(cm-BpyPhNMe )]+

We have examined heteroleptic ruthenium complexes
involving above-mentioned “out-of-ring” coordination chemistry
to investigate their use in DSSCs. At least one of the ligands of
ruthenium complexes for use in DSSCs must have anchoring groups,
such as a carboxyl group. In the case of ruthenium tpy complex
dyes, 4,4',4'-tricarboxy-2,2":6',2'-terpyridine is most commonly
used as the anchoring ligand. As a model of dyes for DSSCs we
have prepared heteroleptic complexes of ruthenium having 4’-(4-
methylphenyl)-2,2":6',2'-terpyridine (ttpy) as one of the ligand
and 6-(o-methoxyphenyl)-2,2'-bipyridine (BpyPhOMe) or 6-(o-N,N-
dimethylaminophenyl)-2,2’-bipyridine (BpyPhNMe,) as the other
ligand (Otsuki et al,, 2014).

We have isolated three ruthenium complexes from the
reactions of [Ru(ttpy)Clz] and these ligands. In the case of
BpyPhNMe,, the only isolated complex was a ruthenium
complex in which BpyPhNMe, with N3 coordination, i.e,
[Ru(ttpy) (BpyPhNMe,)]?*. In the case of BpyPhOMe, however,
ruthenium complexes both of the N,0-type coordination
([Ru(ttpy)(BpyPh0)]?*)andtheN,C-typecoordination ([Ru(ttpy)(cm-
BpyPhOMe)]?*) were obtained (see Fig. 6.12). Interestingly, in the
complex in which the O atom coordinates to ruthenium, the methyl
group was missing. Demethylation occurred during the complex
forming reaction.
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Figure 6.12 Reaction of ambidentate ligands with a metal complex
fragment [Ru(ttpy)Cls].
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Figure 6.13 shows the cyclic voltammograms of these
ruthenium complexes. We can see that these complexes are
classified into two groups at a glance of the cyclic voltammograms;
the upper two complexes have positively shifted redox waves than
the lower two. The upper two complexes have neutral ligands
while each of the lower two complexes has an anionic ligand.
Apparently, the charge on the coordinating atoms has a large
impact on the redox property of the complex. Compared to the
charge difference, the change in the coordinating group from
a pyridiyl (weaker o-donor and good m-acceptor) group to a
dimethylamino group (stronger o-donor and not sz-acceptor) has
smaller effect on the redox potentials. The positive waves are for
the Ru(IlI)/Ru(Il) couple, while the reduction waves are for the
ligand reduction. Even though every complex has a ttpy ligand,
the reduction potentials differ depending on whether the other
ligand is neutral or anionic. This observation suggests that the
anionic ligand increases the electron density on the ruthenium
atom, which in turn raises the orbital level of the other ligand

(ttpy).
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Figure 6.13 Cyclic voltammograms (0.1 M NBu,PF;, MeCN). RuN =
[Ru(ttpy)(BpyPhNMe,)]?*, RuC = [Ru(ttpy)(cm-BpyPhOMe)]?*, RuO =
[Ru(ttpy) (BpyPhO)]?*. Reprinted from J. Organomet. Chem. 2014, 749, 312
with permission from Elsevier.

6.2.4 Active Orbital Tuning: Redox Reactions on
Noninnocent Ligands

Orbital tuning can also be achieved in a post synthetic way. If the
ligand itself is redox-active, the properties of the metal complex
may be drastically changed depending on the redox state of the
ligand. Here we describe examples of redox-responsive metal
complexes taken from our laboratory.

The ruthenium complexes having an azobisbpy, bpyNNbpy,
ligand exhibit a long wavelength absorption band, which is
centered around 560 nm in addition to a common 450 nm band in
the case of [Ru(bpy),(bpyNNbpy)Ru(bpy),]** (Otsuki et al., 1996).
The long-wavelength absorption is assigned to a MLCT transition,
in which an electron is transferred from the ruthenium ¢,, orbital
to the z*-orbital of the bpyNNbpy ligand. The long wavelength
absorption reflects the low-lying z* level of the bpyNNbpy
ligand due to the extended m-system with electronegative
nitrogen atoms. Indeed, the bpyNNbpy ligand in the complexes
are reduced at -0.75 V and -0.59 V vs. Ag*/Ag, which are much less
negative compared to the third reduction potentials corresponding
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to the reduction of bpy ligands which occurs at -1.69 V and
-1.74 V vs. Ag*/Ag. Another important observation is that these
complexes are almost nonluminescent in sharp contrast to
[Ru(bpy)s]?*. This may partly be due to the energy gap law
associated with the low-lying 7* level and partly due to vibrational
modes associated with the azo group of the bpyNNbpy ligand.
The nonluminescence also indicates that even the excited
SMLCT state involving the bpy * orbital quickly relaxes into that
involving the bpyNNbpy 7* orbital, which decays nonradiatively.

— —|x+

\ X=none; x=2 [Ru(bpy)2(bpyNNbpy)]2*

A\ N= N—X 4
N X=Ru(bpy)z; x=4  [(bpy)Ru(bpyNNbpy)Ru(bpy)]**

X =0s(bpy)2; x=4 [[(bpy)-Ru(bpyNNbpy)Os(bpy),]*+

Due to the least negative reduction potential of the bpyNNbpy
ligand by a large margin, it is possible to selectively reduce the
bpyNNbpy ligand electrochemically. Spectroelectrochemistry
revealed that the long-wavelength absorption band disappeared
upon reduction as shown in Fig. 6.14. A simplified interpretation
of this phenomenon is as follows. The electron introduced in
the 7* orbital of the bpyNNbpy ligand raises the energy of the
m* orbital of bpyNNbpy ligand for the next electron on account of
the electronic repulsion. Then the z* orbitals available for the
MLCT of a t,, electron are either the 7* orbital of bpy or the raised
m* orbital of bpyNNbpy. Interestingly, the reduced complexes
are luminescent like [Ru(bpy)]?*. The wavelength of the emission
(640 nm) indicates that the luminescence comes not from the
SMLCT involving the z* orbital of pristine bpyNNbpy ligand, but
from the 3MLCT involving the z* orbitals of bpy or the #* orbital
of one-electron reduced bpyNNbpy ligand.

This is a prototypical “molecular switch,” in which the electronic
structure of the excited state, manifested in the absorption and
luminescence spectra, is controlled in response to redox input,
the mechanism of which is schematically illustrated in Fig. 6.15.
Controlling an excited state makes it possible to control processes
that follow the excited state, e.g. energy transfer, electron transfer,
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and photoinduced chemical reactions. These aspects have been
experimentally demonstrated with custom-made ruthenium
complexes for energy-transfer switchingin elaborate supramolecular
systems (Akasaka et al., 2003; Akasaka et al., 2002; Otsuki et al,,
2008b; Otsuki et al., 2003; Otsuki et al., 1997).
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Figure 6.14 Changes in electronic absorption (left) and luminescence (right)
spectra of [(bpy),Ru(bpyNNbpy)Ru(bpy),]** upon one-electron reduction
and reoxidation. The asterisks indicate the spectra for the as-prepared
state. Reprinted from Chem. Lett., 1996, 25, 847 with permission from the

Chemical Society of Japan.
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Figure 6.15 Redox-responsive molecular switch. Schematic mechanism
of redox control between emissive and nonemissive states by redox
reactions for [(bpy),Ru(bpyNNbpy)Ru(bpy),]?*. The dotted arrows indicate
nonradiative processes.
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[{(opy)>Ru(bpyNNbpy)};0s]8+

An example for molecular switches of energy transfer
constructed from a ruthenium azobis(bpy) complex is obtained
just by replacing one of the ruthenium atoms by an osmium atom,
[(bpy),Ru(bpyNNbpy)Os(bpy),]** (Otsuki et al, 1997). Only a
residual luminescence was observed from the Ru/Os heterometallic
complex in the as-prepared state. The reduction of the complex
did not increase the luminescence from the ruthenium center as in
homometallic [(bpy),Ru(bpyNNbpy)Ru(bpy),]** but increase the
luminescence from the osmium center. This observation indicates
that efficient ruthenium to osmium energy transfer occurs in
the reduced state. Effective quenching of the excited state occurs
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and no luminescence output was observed when the complex is
in the as-prepared state, while efficient energy transfer occurs
when the complex is electrochemically reduced. Thus it qualifies
as “a molecular switch” that control the energy transfer process
by the redox input to the molecule as shown schematically in
Fig. 6.16. These switching components were incorporated in larger
photoactive multiunit molecules, such as a linearly extended
energy-transfer array, (C151),-Ru-azo-Os, (Akasaka et al., 2003)
and a star-shaped tetrametallic complex, [((bpy),Ru(azobpy));0s]8*
(Otsuki et al., 2008Db).

quench energy transfer

A n
@@ =

Figure 6.16 Redox-controlled switch for energy transfer.

6.3 Applications of Ruthenium Polyimine
Complexes through Orbital Tuning

6.3.1 Dye-Sensitized Solar Cells

In 1991, O’Regan and Gritzel reported dye-sensitized solar cells
(DSSCs) (O’Regan et al,, 1991). Various attempts were being made
to use molecule-based sensitizer to convert light energy into
electricity before this report. However, the efficiency of the 1991
paper far exceeded those of previous attempts. The working
principle is depicted by the schematic in Fig. 6.17 (Gratzel, 2005).
The light is absorbed by the dye molecules, which are adsorbed
onto the surface of TiO, nanoparticles. The excited electron is
injected into the conduction band of TiO,. The injected electrons
are collected by the transparent electrode, go out from the cell
to the external circuit and come back to the counter electrode.
At the counter electrode, I,, which is solubilized in the form of L,
is reduced into I~. The I- then reduces the oxidized dye to
regenerate the original dye, completing the cycle.
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Figure 6.17 Dye-sensitized solar cells. (a) Schematic device. (b) Energy
diagram. The values of potentials are taken from the literature (Redmond
etal., 1993; Wang et al., 2006).

While the initial report used a trimetallic ruthenium complex,
ruthenium complexes which are named N3 (N719 is a salt analogue
in which two out of the four carboxyl moieties is deprotonated)
(Nazeeruddin et al, 1993) and N749 (“black dye”) (Nazeeruddin
et al,, 2001) emerged as standard dyes that make efficient DSSCs.
N3 is bpy-based and N749 is tpy-based ruthenium complexes.
The bpy and tpy ligands are decorated with carboxyl groups
which play a role of an anchor to immobilize these complexes
onto the surface of colloidal TiO, nanoparticles. These complexes
also carry monodentate thiocyanate groups in contrast to the
tris(bpy) or bis(tpy) type complexes which are most often used
in demonstrating photoinduced charge separation in solutions.

HO,C

N3 (N719) N749 "black dye"
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Figure 6.18 shows the energy diagram for complexes
[Ru(dcbpy),L,] where dcbpy is 4,4'-dicarboxy-2,2’-bipyridine
(Kalyanasundaram et al., 1992). The oxidation potential represents
the t,, level, while the 7*(dcbpy) level was roughly estimated by
subtracting the energy of emission maximum from the t,, level.
The energy of the t,, orbitals with the NCS™ ligand is higher than
that with the bpy-based ligand (Me,bpy = 4,4'-dimethyl-2,2'-
bipyridine). This is because bpy is higher in spectrochemical series
than NCS-, manifesting its better m-accepting ability and thus
stabilizing the t,, orbitals. The energy of z#* orbital of dcbpy is
also higher with NCS- than that with Me,bpy. The increased
electron density on the metal is partially transferred to the
acceptor (dcbpy) ligand via mixing of the dz and the ligand z*
orbitals. The raised energy of the &* of dcbpy seems critically
important as a sensitizer for DSSCs, because this is the orbital
from which efficient electron injection to the conduction band of
TiO, should occur. The driving force for the electron injection may
be too low for [Ru(dcbpy),(Me,bpy)]?*, which is corrected for
[Ru(dcbpy),(NCS),]. Another point is that the HOMO-LUMO gap
of tris(bpy)-type complex is too wide: the A,,., of [Ru(bpy)s;]** is
450 nm. More wide-ranging absorption is obviously desirable.
On the other hand, t,, must be more positive than +0.06 V vs. SCE
(I;/I7) but this is satisfied by a large margin for both complexes.

One of the disadvantages of N3 and N749 is that the NCS-,
as a monodentate ligand, is prone to substitution reactions
(Nguyen et al., 2011; Tuyet Nguyen et al., 2009). Bidentate ligands
are less vulnerable to substitution reactions. In this sense,
cyclometalated ligands have been explored (Bomben et al,
2012; Robson et al, 2012). Another attracting aspect in using
cyclometalated ligands in place of NCS™ is that the former ligands
can be easily structurally modified while the latter cannot. The
phenylpyridine ligand with deprotonated phenyl group and the
formally anionic carbon atom in the cyclometalated complex
is a strongly electron-donating ligand. The cyclometalated
ruthenium complex has a less positive oxidation potential than
that of complexes with pyridine-based ligands, which indicates
that t,, orbital level is very high, even higher than NCS~ containing
complexes.
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Figure 6.18 Orbital energy diagram of HOMO and LUMO [Ru(dcbpy),L;]
complexes.

In 2007, van Koten and co-workers reported the first attempt
to use cyclometalated complexes as dyes for DSSCs (Wadman
et al, 2007) and subsequently reported the characterization of
related complexes (Wadman et al.,, 2010). Figure 6.19 shows the first
oxidation and reduction potentials of these complexes. Compared
to the all N-coordinated bis(tpy) complex, [Ru(tpy)(tpyCO,Et)]?*,
the cyclometalated complexes have negatively-shifted Ru(IIl)/
Ru(Il) potentials by as large as 0.7 V owing to the negatively
charged electron donor nature of the cyclometalated ligand. The
reduction potentials are also negatively shifted but not as large
as those for the oxidation potentials. Hence the HOMO-LUMO gap
get narrower by cyclometalation, bringing the absorption to longer
wavelengths, which is beneficial for covering a wider visible range
of the solar spectrum.

Good photocurrents comparable to that with N719 were
obtained for [Ru(tpy)(pbpyCO,H)]* and [Ru(tpy)(pbpy(CO,H);)]*
but poor photocurrents resulted for [Ru(tpy)(dpybCO,H)]* (also
poor for [Ru(tpy)(tpyCO,H)]?**). The former complexes have a
CAN~N-type coordination and the latter complex has a N*C*N-type
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coordination. These coordination patterns give an impact on the
position of the LUMO orbitals. For the complexes with the C*N*N
pattern, the LUMO is located on the cyclometalated ligand, as a
result of opposing effects of the electron-donating cyclometalation
and the electron-withdrawing carboxyl group. On the other hand,
for the complexes with the NACAN pattern, the LUMO is located
on the tpy ligand. The photoexcited electron is brought into the
LUMO, which then is injected into the TiO,. Therefore, the
requirement for efficient electron injection is that the LUMO
should be localized on a ligand with an anchoring group, which is
satisfied only by the complexes with the C*N”N pattern.
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Figure 6.19 First oxidation and reduction potentials of [Ru(tpy)L] where
L is a tridentate cyclometalated ligand with carboxyl group(s).

Only two years after this first attempt, a cyclometalated dye
recording an efficiency as high as 10.1% was reported by Gratzel and
co-workers (Bessho etal., 2009). The complex, [Ru(dcbpy),(dfppy)]*,
contains difluorophenylpyridine as the cyclometalating ligand.
The Ru(IlI)/Ru(Il) potential is +1.08 V vs. NHE, which is close to
that of N719 ([Ru(dcbpy)(NCS),] with one carboxyl group
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deprotonated) (+1.12 V vs. NHE). Apparently, electron-donating
ability of the deprotonated anionic phenylpyridine ligand is
judiciously attenuated with the introduction of electronegative
fluorine atoms on the phenyl moiety.

HO,C COH
YEO5

Berlinguette and co-workers systematically investigated the
structure variation of cyclometalated complexes (Alpeeva et al,
2003; Bomben et al, 2010). Among them, TPA-decorated (TPA =
triphenylamine) cyclometalated complexes were applied to DSSCs
(Robson et al., 2011). The TPA unit was introduced for optical
as well as electrochemical reasons. Optically TPA enhances the
absorption coefficient. Electrochemically, TPA, as an electron-
donating group, is redox active, i.e., oxidizable at a mildly positive
potential. It can then be anticipated that charge transfer occurs
from the TPA unit to the oxidized ruthenium complex part
generated after injection of electron into the TiO,, if the redox
potentials of respective parts are aligned appropriately. The
vectorial electron transfer scheme is very attractive to suppress
the reverse unwanted electron flows, enhancing the energy
conversion efficiency. This ordering of energy levels can be
achieved by using N~N”C type cyclometalating ligand rather
than N*C~AN type ligand. The latter is so effective in raising the
tyg level of ruthenium that the Ru(Ill)/Ru(Il) potential is shifted
very close to or even to less positive than that of TPA oxidation.
A moderately electron-donating NAN”C type ligand would be
suitable to position the Ru(IIl)/Ru(Il) potential somewhat more
positive than that of TPA oxidation so that the vectorial electron
flow from TPA to ruthenium to TiO, would be expected. Indeed,
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the highest efficiency DSSC (8.02%) among these series of
complexes was realized by one of the NA*N”C type ligand with
R = Me.
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COH COH R =H, Me, OMe

[Ru(tctpy)(pbpy-TPA)]* [Ru(tctpy)(dpb-TPA)]*

Instead of hexagonal pyridine-based ligands, pentagonal
azole-based ligands are potential candidates for ruthenium
complexes for use as a DSSC dye (Chi et al, 2015). Chi and
co-workers investigated dyes TF-1 to TF-4 as a dye for DSSCs
(Chou et al, 2011). The oxidation potentials corresponding to
Ru(IIT)/Ru(II) for these complexes are in a range of 0.94-0.97 V vs.
NHE, slightly more positive than that of N749, which is 0.88 V vs.
NHE. This is a result of various elementary contributions of the
molecular design. If we start from a tpy complex, the HOMO and
LUMO energies go up on changing from pyridine to pyrazole.
Deprotonation further raises the orbital energies. However, the
introduction of electronegative CF; lower the orbital energies.
Finally, various R groups were compared but these groups seemed
to have only small influences on the ;-acceptor characteristics
of the bis(pyrazolyl)pyridine ligand. These dyes recorded the
power-conversion efficiency as high as 9.1-10.7% under the
standard AM1.5 light irradiation.
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Other series of complexes having pyrazolylpyridine ligand(s),
PRT1-PRT4 (Chen et al., 2009) and TFRS1-TFRS3 (Wu et al,
2010) also exhibit good efficiencies that are comparable or even
exceeding the efficiencies of N749 or N719. Similar complexes
with triazolylpyridine ligands, TFRS21-TFRS24, also recorded
comparable efficiencies (Wang et al., 2013).
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They also combined a pyrazole unit and cyclometalating unit
in the same ligand (Hsu et al.,, 2012). The Ru(IlI)/Ru(Il) potential
of TF-21 is +0.84 vs. NHE, which is more negative than that of
TF-1 by 0.10 V. Thus replacing the pyrazole group by
cyclometalating phenyl group, the t,, level is raised in energy
by 0.10 eV. Replacing the pyrazole unit by the 1,2,4-triazolate
(TF-23) unit, the Ru(Ill)/Ru(Il) is shifted positively indicating the
stabilization of the t,, orbitals by 0.08 eV with the introduction
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of the electronegative nitrogen atom in the ligand. The
Ru(II)/Ru(Il) potentials for TF-22 to TF-24 are similar within a
range from +0.92 to +0.96 V vs. NHE. Within the series of TF-21
to TF-24, the light energy conversion efficiency was as high as
8.6-9.0% except TF-21 (4.8%). The inferior performance of TF-21
in DSSCs was attributed to smaller driving force for dye
regeneration (¢, too high) compared to the other dyes.

HO,C

CO,H

TF-22:R'= CFa R" = H
TF-23:R'=H, R" = CF4
TF-24:R'=F, R" = CF,4

We have prepared a ruthenium complex with a
bis(tetrazolate)pyridine ligand (BTP dye) (Wu et al, 2016b). We
also prepared a similar complex but in which the tetrazole units
are methylated (BMTP dye). In BTP dye, each tetrazole unit is
deprotonated and coordinates to ruthenium ion as an anionic
ligand. The overall charge of BTP dye is neutral. On the other
hand, the complex BMTP dye has a +2 overall charge because
dimethylated bis(tetrazolyl)pyridine coordinates to the ruthenium
ion as a neutral ligand. Surprisingly, the difference between
Ru(II)/Ru(Il) potentials is only 0.07 V for BTP and BMTP dyes
with potentials of +1.29 and +1.23 V vs. NHE, respectively. The
difference is unexpectedly small, considering the difference in
charge between the two ligands involved, These and other data
for the complexes indicated that the HOMO as well as LUMO
levels are similar for these two complexes. Despite energetic
similarity, the performances of these complexes as a dye for
DSSCs was completely different. The light-to-electricity energy
conversion efficiencies for BTP and BMTP dyes were 6.1% and
1.5%, respectively (N719: 7.6% under the same conditions). We
surmise that difference in the spatial distribution of HOMO and
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2016, 307, 416 with permission from Elsevier.

Figure 6.20 HOMO and LUMO of BTP and BMTP dyes as calculated
with B3LYP/LanL2DZ. The ligand on the left side is tctpy while that on
the right side is the bis(tetrazolyl)pyridine (BTP dye) or dimethylated

bis(tetrazolyl)pyridine ligands (BMTP dye). Adopted from J. Power Sources
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LUMO is the major factor that led to the different performance
between these complexes. As shown in Fig. 6.20, the HOMO
is distributed over the ruthenium metal and bis(tetrazolyl)
pyridine ligand in both complexes. The LUMO is over the
tricarboxyterpyridine ligand and the ruthenium metal in the case
of BTP dye. This is favorable for electron injection because the
complex adsorbs onto the surface of the TiO, nanoparticles on
the photoelectrode through the carboxyl groups of the anchoring
ligand. The desirable vectorial electron transfer and injection
is illustrated in Fig. 6.21. However, for BMTP dye, the LUMO
is localized over the dimethylated bis(tetrazolyl)pyridine
ligand, which is unfavorable for electron injection because the
dimethylated bis(tetrazolyl)pyridine ligand is located away from
the surface.

light

MLCT@
electron

regeneration

injection

Figure 6.21 Directional electron transfer operative in DSSCs.

We prepared a set of three complexes, PYZ, TRZ, and TEZ
dyes (Wu et al,, 2016a). The tridentate anchoring ligand of these
complexes are common terpyridine tricarboxylic acid. The
tridentate ancillary ligand has a pyridine and an azole as well as
a cyclometalating moieties. The azole group is deprotonated in
the complexes, coordinating to ruthenium as an azolate anion.
The ancillary ligand is thus a dianionic and the overall charge of
the complex is neutral. The asymmetric nature of the ancillary
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ligand lifts the degeneracy of transitions and would help broaden
the absorption range in the spectrum. On going from TRZ dye
to TEZ dye, the number of an electron-withdrawing nitrogen
atom increases but at the same time an electron-withdrawing
CF3 group is removed. It is not obvious from inspection of the
structure which one is more electron withdrawing. Electrochemical
and spectroscopic investigation revealed the HOMO and LUMO
levels for these complexes, which are shown in Fig. 6.22. The
HOMO and LUMO of TEZ are slightly more stabilized than those
of TRZ dye. This observation reveals that the additional nitrogen
atom in the azole ring is slightly more electron withdrawing than
the CF; group. These dyes exhibit similar absorption feature and
panchromatic absorption covering the visible and near-IR region.
The efficiencies of DSSCs using PYZ, TRZ, and TEZ dyes as the
sensitizer dye recorded 3.09%, 4.16%, and 6.44%, respectively,
compared to 8.46% by N719 under the same experimental set
up. TEZ dye has the smallest driving force for electron injection
to the conduction band of TiO,, but it has the largest driving force
for regeneration by the iodide ions in the electrolyte solution.
Time-resolved measurement indicated that the rates of charge
injection from these complexes are similarly fast in tens of
picoseconds, while the regeneration rates are in the order of TEZ
dye > TRZ dye > PYZ dye. We concluded from these observations
that the regeneration of the dye is the determining factor for
the performance of the set of dyes. Finally, the efficiency of TEZ
DSSCs remained to be over 90% of the initial value over 1000 h
light irradiation. The tridentate ligands are apparently beneficial
for the long term stability of the complexes.

The visible absorption spectra for ruthenium complexes
are dominated by singlet-singlet MLCT transitions. The initially
formed singlet TMLCT state undergoes intersystem crossing into
the triplet 3MLCT state. In this process, a large portion of energy
(~5,000 cm™, 0.6 eV) is lost. If direct singlet-to-triplet excitation
is possible, one can broaden the absorption range without
compromising the HOMO and LUMO levels. Segawa and co-workers
have developed a new ruthenium complex DX1 (Kinoshita et al,,
2013). Two chloride ions and a phenyldimethoxyphosphine are
coordinated to the ruthenium ion. The 3'P NMR analysis indicated
that the phosphine atom is positively polarized on the Ru-P bond.
The authors attributed the result to the relatively small
electronegativity of the P atom compared with that of the
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ruthenium atom. On the other hand, >N NMR analysis indicated
that the ruthenium atom is positively polarized on the Ru-N bond
with NCS~. Thus the electron density on the ruthenium atom
is increased for the ligand set of (Cl-, Cl-, Ph(MeO),P) from the
ligand set of (NCS-, NCS-, NCS™) in which N is the coordinating
atom, if one compares this complex with the black dye.

R

OMe i x, OMe I/\ OMe i o
P _ P
3 b b
CF CF N
(ié| LN (ji\ »_‘\\N\N’>_ a | Ny
Ru. Ru Ru
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COH COH COH
PYZ dye TRZ dye TEZ dye

Figure 6.22 HOMO and LUMO levels of PYZ, TRZ, and TEZ dyes. Reprinted
from J. Power Sources 2016, 331, 100 with permission from Elsevier.

A spin forbidden singlet-triplet transition can be partially
allowed by borrowing intensity from the allowed singlet-singlet
transitions. The oscillator strength of a singlet-triplet transition
fris given by
2

(Ws| Ho | ;) ‘

fr= E.-E,

where Wg and W are the singlet and triplet states, E5 and Ep are
the energies of the singlet and triplet states, respectively, Hgq is
the spin-orbit coupling matrix, and fs is the oscillator strength of
the singlet-singlet transition. The heavy ruthenium atom
dominates the spin-orbit coupling and therefore the value
of (Ws|Hgo|Wr) is dominated by the terms containing the
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contribution of the atomic orbitals of ruthenium in the expansion
of W5 and Wy The higher electron density on the ruthenium
metal means the more contribution of the ruthenium atomic
orbitals to W and Wr. As a result, significant absorption appears
at the near IR range exceeding 900 nm as shown in Fig. 6.23.
In the meantime, the luminescence from the black dye and DX1
overlap nearly completely, meaning that the HOMO and LUMO
level are the same for these two complexes. The overall energy
conversion efficiency is as high as 10.0% but the most remarkable
is that the cell worked under up to 1000 nm light.
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Figure 6.23 Structure of DX1 and absorption and emission spectra for
DX1 and black dye (BD). Adopted from Nat. Photonics 2013, 7, 535 with
permission from Nature Publishing Group.
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6.3.2 Organic Light-Emitting Diodes

The organic light-emitting diode (OLED) is a commercialized
lighting device used for displays (Chi et al., 2007; Jou et al., 2015).
In 1987, Tang and VanSlyke reported an epoch-making OLED
device with an external efficiency of 1%, which became the
prototype on which subsequent research and development have
been built (Tang et al., 1987). Figure 6.24 shows a basic structure
and a mechanism of an OLED. The molecular layers are made on
a transparent conductive electrode such as ITO. The basic layer
structure is constructed from a hole-transport layer, an emitting
layer, and an electron-transport layer, though a number of variants
are reported. The molecular layers are terminated with a cathode
made of a material with a low work function such as LiF/Al
A voltage is applied between the two terminal electrodes and
holes and electrons are injected into the molecular layers. A hole
and an electron injected from the opposite sides encounter on a
molecule in the emitting layer, producing the excited state of the
emitting molecule. The excited molecules decay, a certain fraction
of which produces luminescence. The excited state produced
may consist of triplet and singlet states in a fraction of 3:1.
Therefore, it would be favorable if we can bring out light from
both the triplet and singlet states. The radiative transition
from a triplet excited state to a singlet ground state is a forbidden
process because the electromagnetic waves do not interact with
spin. Here comes the idea of exploiting the spin-orbit coupling
that mixes a spin angular momentum with an orbital angular
momentum. In 1998, Forrest and co-workers reported an
efficient OLED device with an external quantum efficiency of 4%
utilizing platinum porphyrin as a triplet emitting molecule (Baldo
et al, 1998). Heavy elements have a large spin-orbit coupling
coefficients (“heavy atom effect”), which mixes the singlet and
triplet spin multiplicities through orbital angular momenta, as
described in the previous section.

Chi and co-workers designed and prepared ruthenium
complexes with pyrazolylisoquinoline (or pyraolylpyridine) and
phosphine ligands aiming at application to OLED (Lu et al,, 2016;
Tung et al., 2006; Tung et al,, 2005). The design of these complexes
have incorporated considerations on numerous factors. First of all,
the complexes are neutral and have no overall charge to be used
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Figure 6.24 Schematic illustration of organic light-emitting diodes. (Left)
Layered structure. (Right) Energy diagram.

for vacuum deposition for the fabrication of OLEDs. Two pyrazolate
anions cancel out the divalent positive charge on the ruthenium
ion. Strongly o-donating phosphine ligands are used to increase
the energy gap of the metal-centered dd transition, so that
the nonradiative dd state is not populated in the excited
state. Comparing among the trans-phosphine complexes with
isoquinoline ligands, the metal orbitals are increasingly stabilized
in the sequence of [Ru(ibpz),(PPhMe,),], [Ru(ibpz),(PPh,Me),],
and [Ru(ifpz),(PPh,Me),] (1st, 2nd, and 5th entries in Fig. 6.25).
The m-acidity increases from PPhMe, to PPh,Me, resulting
in lower-energy metal dm orbitals (Tolman, 1977). Further
introduction of an electron-withdrawing CF; group resulted
in further lowering of the metal dz orbitals. Consequently, the
emission maximum blue-shifted from 718 to 700 to 636 nm in
this sequence. Comparing between the isoquinoline series and
pyridine series, the t,, orbitals are slightly more stabilized for
pyridine series (2nd and 3rd; 5th and 6th). Comparing between
the trans-phosphine complex series and the cis-phosphine
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complex series, the t,, orbitals are more stabilized for the
cis-phosphine complexes (2nd and 4th; 5th and 7th). If we
assume that the m-acidity of the bis(diphenylphosphino)ethylene
is comparable to that of methyldiphenylphosphine, the cis-
configuration induces larger stabilization of the ¢,, orbitals.
The first reduction waves for these complexes likely represent
the reduction of the pyrazolylisoquinoline ligand. The reduction
potentials vary in a narrower range than the oxidation potentials,
except for the pyrazolylpyridine set (3rd and 6th), for which a
reduction wave was not observed in the solvent window.

Chi and co-workers also looked into the mechanism behind
vastly different quantum efficiency of emission for a series of
cyclometalated complexes shown in Fig. 6.26 (Li et al, 2006).
Among these complexes, biscarbonyl complexes [Ru(CO0),(BQ),]
and [Ru(CO),(DBQ);] are nonemissive and nearly nonemissive,
respectively. The TDDFT (B3LYP/LANL2DZ, 6-31G*) calculations
indicated that the lowest triplet excited state T; is a mixture of
3SMLCT and 3mz* states in the aromatic ligands. The calculation
also indicated that the dd state was higher than the T; state as
much as by 1.5 eV. On the basis of this large gap between the
T, state and the dd state, the authors casted a doubt about
commonly invoked mechanism of quenching, i.e., the nonradiative
decay from the T; state into the ground state through the
nonemissive dd state. They investigated the contribution of the
SMLCT state and the 3mm* state to the T; state and found that
the contribution of the former is significantly less (10-12%) for
these complexes than those for the other complexes with a
phosphine ligand displayed in Fig. 6.26 (> 40%). This originates
from the fact that CO is much more m-acidic (low z* orbital)
than PR3, leading to a stronger interaction with the dz orbitals,
producing molecular orbitals in which a larger fraction of ligand
orbitals mix into the dm orbitals. The MLCT transition is a
transition in which an electron in these molecular orbitals
transfers to the ligand z* orbitals. Therefore, reduced fraction of
the dx orbital reduces the net contribution of dr — z* transitions
in the T; state. As the contribution of metal orbitals in the
transition is reduced, the spin-orbit coupling is accordingly
reduced, because the origin of the spin-orbit coupling is the heavy
atom effect of ruthenium. As the spin-orbit coupling is reduced,
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Figure 6.26 First oxidation and reduction potentials. PR; = PPh,Me or
PPhMe,.

the mixing of the triplet and singlet states is reduced, which is
required for the radiative transition from the triplet excited state
to the singlet ground state. Accordingly, the radiative lifetime for
[Ru(C0),(DBQ),] (~1.9 x 103 s71) is an order of magnitude smaller
than those for the complexes with one CO and one PR3 ligands.
As for the emissive complexes, the emission quantum yields of
[Ru(CO)(PR3)(BQ);] (PR3 = PPh,Me: 0.24; PPhMe;: 0.18) are much
higher than those of [Ru(CO)(PR3)(DBQ),] (PR3 = PPh,Me: 0.008;
PPhMe, 0.004). The difference in the emission quantum yield
is due to the difference in the nonradiative decay rates because
these complexes have comparable radiative lifetimes. The difference
in the nonradiative decay rates is then attributed to the greater
degrees of vibrational freedom for the latter larger molecules and
the energy-gap law as the latter complexes emit luminescence
at 655 nm, which is red-shifted from those of the former complexes
by ca. 80 nm.
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The synthetic versatility of the ruthenium(II)-arene complexes has
led to the synthesis of a large number of structurally diverse
complexes, which include different ligand systems. Some of these
compounds inhibit proliferation of cancer cells and tumour
growth via interaction with a variety of intracellular and
extracellular targets. This chapter describes the development
of Ru(I)-p-cymene complexes with pyridine derivatives as anti-
cancer agents and achievements in investigation of their
biological activity in our Laboratory for pharmacology at the
Institute of Oncology and Radiology of Serbia. Our studies of
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ruthenium(II) complexes started with a series of ruthenium(II)-
arene compounds containing the p-cymene ligand (as arene) and
a derivatives of pyridine (dicarboxylic, acetyl, amino or halogenido
derivatives), coordinated in a monodentate or bidentate manner.
These complexes are synthesized at the Faculty of Chemistry,
University of Belgrade in the Laboratory of Professor Z. Tesi¢
and Professor S. Grguri¢-Sipka. Among complexes of this first
series, one with the coordinated picolinic acid exhibited enhanced
activity on all investigated cell lines in the initial screening.
Therefore, our further attention focuses on the investigation of
the mechanism of action of this complex and comparison of its
structure and activity to four similar complexes from the first
series. These results led to the synthesis and characterization of
the second series of Ru(Il)-p-cymene complexes with derivatives
of picolinic acid. Preliminary screening of anti-proliferative
activity against tumour and normal cell lines identified complex
with isoquinoline-3-carboxylic acid as leading ruthenium
compound for further more comprehensive research. The
extensive analysis of both cellular and molecular response of
the HeLa cells to treatment with this complex was performed.
Gene expression profiling using Whole Human Genome Agilent
array technology was performed and whole transcriptome
analysis was applied. The most important results regarding
biological activity of these two series of ruthenium complexes,
including two more series similar to aforementioned, are
summarized here with focus on their anti-cancer activity.

7.1 Ruthenium Complexes as Anti-Cancer
Agents

The serendipitous discovery of the anti-cancer properties of
the cisplatin, cis-diamminedichloridoplatinum(Il) (CDDP) by
Professor Barnett Rosenberg in the 1960s (Rosenberg, 1978),
led to a development of numerous metal-based compounds as
potential anti-cancer drugs (Frezza et al, 2010; Hannon, 2007;
Lippard, 1994). All drawbacks of the use of cisplatin, severe side
effects and resistance, led at first to the development of many of its
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analogues (Farrell, 1989). However, due to relatively low success
rate in discovering new platinum-based complexes, a search for
alternative metals and ligands, which could potentially become
part of the newly synthesized metal-based complexes, has begun.

The complexes with ligand-exchange kinetics similar to
the platinum ones were examined extensively. Whereas some
analogues of Pt complexes are too kinetically reactive to be of use
as drugs (like direct Ni and Pd analogues), others are often too inert
(Ir and Os ammine compounds) (Farrell, 2000). Although ruthenium
and rhodium compounds seem like the most appropriate with
regard to ligand-exchange kinetics, no direct analogues have
reached to the clinic (Farrell, 2000).

It is assumed that the following properties of ruthenium as
metal contribute the most to effectiveness of ruthenium complexes:
slow ligand exchange Kkinetics, several physiologically accessible
oxidation states, and the ability to mimic iron in binding and
transport to key biological targets (Antonarakis et al, 2010;
Jakupec et al., 2008; Siiss-Fink, 2010).

Until now only three ruthenium complexes NAMI-A
(imidazolium trans-[tetrachlorido(DMSO)(imidazole)ruthenate
(IIN]), KP1019 (indazolium trans-[tetrachloridobis(1H-indazole)
ruthenate(IIl)]) and its analogue sodium salt NKP-1339 (sodium
trans-[tetrachloridobis(1H-indazole)ruthenate(Il)), have entered
clinical trials (Antonarakis et al, 2010) (Fig. 7.1). Although
structurally similar, these ruthenium complexes show extremely
different anti-tumour behaviours. In preclinical studies, NAMI-A
had little effect on primary tumours while inhibiting metastases
formation and growth (Gianni Sava et al.,, 1999; Sava et al,, 1992),
whereas KP1019 had activity against a wide range of primary
tumours (Hartinger et al., 2008; Heffeter et al., 2010).

The numerous research of the mechanism of action of
ruthenium complexes showed diversity of their modes of action.
The anti-cancer activity of some ruthenium compounds, like
KP1019 and NAMI-A (Clarke, 2003; Clarke et al., 1999; Heffeter
et al, 2010), but also of some ruthenium(Ill)-arene complexes
(Casini et al, 2008), is not based on direct DNA damage
(Jungwirth et al., 2011). Diverse classes of ruthenium complexes
interact with collagens, actins, regulatory enzymes within the cell
membrane and/or in the cytoplasm and DNA (Levina et al., 2009).
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Figure 7.1 Chemical structures of NAMI/NAMI-A and KP1019/NKP-1339.
Adapted from Trondl et al. (2014).

Previous studies of the mechanism of action of ruthenium
complexes highlight very complicated and multi-target mechanism
of action of these metal-based complexes (Bergamo et al., 2012).
For example, the micro X-ray fluorescence studies (u-XRF) by
Aitken et al. (Aitken et al, 2012) clearly show that KP1019 and
NAMI-A have different cellular fates. After the KP1019 enters the
cell, ruthenium can be found in both cytosol and the nuclear region,
while after the treatment with NAMI-A ruthenium could not be
visualized inside the cells, indicating that this compound exerts
its activity through a membrane-binding mechanism.

In addition, large-scale gene, protein and metabolite
measurement (‘omics’) approaches are lately introduced in the
drug development routine (Bergamo et al., 2015). This bottom up
approach may provide ‘smarter and faster’ profiling (Butcher et al.,
2004). To date, only few ruthenium complexes were subjected
to ‘omics’ analyses. Bergamo et al. (Bergamo et al, 2015)
determined that the changes induced in gene expression by the
ruthenium-based compound NAMI-A, evaluated through whole-
transcriptome analysis and RNA-sequencing in the metastatic
MDA-MB-231 mammary carcinoma cells, include a set of early-
response genes, involved in invasion, metastasis, cytoskeleton
remodelling and cell cycle regulation. These results are in the good
agreement with NAMI-A anti-metastatic potential documented by
a number of literature papers (Bergamo et al., 2002; G. Sava et al,,
1999; Sava et al., 2003).

In the work of Grozav and collaborators (Grozav et al., 2015)
a genome profiling of the human ovarian and cisplatin-resistant
human ovarian cancer cell lines (A2780 and A2780cisR), treated
with hydrazinyl-thiazolo arene ruthenium complexes, showed
that these compounds lead both ovarian cancer cell types through
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apoptotic and cell death-related processes via p53 signalling
pathway. Also, one of our leading compounds (RuT;) (Ivanovié¢
et al, 2014; Jovanovi¢, Tani¢, et al, 2016) which is discussed
further in this chapter, is among a few ruthenium complexes
whose mechanism of action is examined from this perspective.

Entirely new classes of ruthenium(Il) compounds were
developed with many different arene, phosphine, aromatic
heterocycles, pyridine, pta (1,3,5-triaza-7-phosphaadamantane),
pybox (bis(oxazoline)ligandswith pyridinelinker), pyrazolone-based
fB-ketoamine, nitrosyl, Schiff-base, carboxamide, carbothioamide,
chalcones, thiourea, thiocarbamate thiosemicarbazone, and
hydrazone ligands (Dragutan et al, 2015; Jovanovié¢, Gligorijevié,
et al, 2016; Nikoli¢ et al, 2016). The class of ruthenium
complexes with outstanding anti-cancer activity is represented by
ruthenium(Il)-arene complexes, of which the most important
are those developed by Dyson and co-workers, as well as Sadler
and co-workers (Morris, Aird, Murdoch Pdel, et al., 2001; Scolaro
et al, 2005). The following characteristics make these
complexes particularly interesting for drug design: often-
simple preparation of new derivatives, numerous structural
modifications and hence, the large number of different biological
effects (Biersack, 2016).

Due to the large number and great diversity of ruthenium(II)-
arene complexes synthesized and tested, overview of this type
of ruthenium complexes will not be the theme of this chapter.
A selection of important ruthenium(ll)-arene complexes with
potent anti-cancer activity classified by their N-, O- and C- ligand
systems is recently presented by Bernhard Biersack (Biersack,
2016).

7.1.1 Ruthenium(ll)-Arene Complexes with Pyridine
Derivatives as Anti-Cancer Agents

This chapter describes the development of ruthenium(II)-p-
cymene complexes with pyridine derivatives as anti-cancer agents
and achievements in investigation of their biological activity in
our laboratory during the last decade. All these complexes have
“piano-stool” geometry, with the p-cymene as arene ligand that
forms the seat, and the chelating and chlorido ligand that form
the legs of the piano stool (Grgurié¢-Sipka et al, 2010). These
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complexes mostly have good aqueous solubility and satisfactory
lipophilicity, characteristics that allow them to enter the cell. There
is no strict structure-activity relationship for these complexes,
but it is known that the arene identity affect the entry into the
cell and interactions with the potential targets. The monodentate
and bidentate ligands can exert a strong effect on the rate of
hydrolysis and activation through hydrolysis of this type of
complexes and may be important for their pharmacological
properties (Vock et al., 2008).

It is well known that a search for the new platinum anti-
cancer compounds (Farrell, 2000) started with replacement of
chloride ligands with dicarboxylato ligands, leading to a number of
other active compounds. We followed the same pattern, bringing
together the ruthenium-arene moiety with the potentially
active dicarboxylic, acetyl or amino derivatives of pyridine.
Pyridinedicarboxylic acids are known to have various biological
properties: immune-suppressive and fibro-suppressive properties
(2,4-pyridinedicarboxylic acid) (Dette et al, 1993), potential of
protecting certain enzymes from heat inactivation (Hachisuka
et al, 1967; Tochikubo et al,, 1968), as well as influence on the
activity of some metalloenzymes (Griggs et al., 1991; Martin, 1997).
The iron(Ill) 2,6-pyridinedicarboxylates play a role in electron
transfer in some models of biological systems (Laine et al.,, 1995;
Mauk et al., 1979), and were recognized as specific molecular tools
in DNA cleavage (Groves et al., 1993).

7.1.1.1 Ruthenium(ll)-arene complexes with functionalized
pyridines (I series)

The study of ruthenium(II) complexes in our laboratory has begun
with the series of ruthenium(Il)-arene complexes containing the
p-cymene ligand (as arene) and a pyridine derivatives (dicarboxylic,
acetyl or amino derivatives) coordinated in a monodentate or
bidentate manner shown in Table 7.1 (Grgurié-gipka et al.,, 2010;
Ivanovi¢ et al, 2011). The aim of our work was to examine the
effect of the electronic character of the substituent and its position
at the pyridine ring on the biological activity of the complex
(Grguri¢-Sipka et al., 2010).
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Table 7.1 Results of MTT assay presented as ICsq (M) values obtained
after 48 and 72 h treatment of HeLa cell line

HeLa IC5o (uM)
48 h 72h Reference

Complexes [(n®-p-cymene)Ru(L)Cl,]-
withligand listed below

3-acetylpyridine (L1) / >200 (Grgurié-Sipka
etal, 2010)

4-acetylpyridine / >200 (Grgurié-Sipka
etal,, 2010)

2-amino-5-chloropyridine (L?) / >200 (Grgurié-Sipka
etal, 2010)

Complexes [(n®-p-cymene)Ru(L)Cl,]-
with ligand listed below

Isonicotinic acid / >200 (Grguri¢-Sipka
etal, 2010)

Nicotinic acid / >200 (Grgurié-Sipka
etal, 2010)

Complexes [(n®-p-cymene)Ru(HL)Cl]-
with ligand listed below

2,3-pyridinedicarboxylic acid (L?) / >200 (Grgurié-Sipka
etal,, 2010)

2,4-pyridinedicarboxylicacid (L4) / >200 (Grgurié-Sipka
etal, 2010)

2,5-pyridinedicarboxylic acid / >200 (Grguri¢-Sipka
etal, 2010)

2,6-pyridinedicarboxylic acid / >200 (Grgurié-Sipka
etal, 2010)

2-pyridinecarboxylic acid (L%) 82.0 149.4 (Ivanovicetal,
2011)

Note: Values of ICsy (LM) represent the average of the three experiments, with each
experiment performed in three replicates.
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7.1.1.1.1 Analysis of cell growth inhibition

Analysis of cell growth inhibition caused by investigated
ruthenium(Il) complexes was determined on six tumour cell
lines: human cervix cancer (HeLa), human breast cancer cell lines
(MDA-MB-361, MDA-MB-453), human melanoma cells (FemX),
murine melanoma cells (B16) and human colon cancer cells
(LS-174) using 3-(4,5-dymethylthiazol-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay (Grguri¢-Sipka et al., 2010). Results showed
no cytotoxic activity up to 200 uM for 72 h continual agent action,
except for complex with 2-pyridinecarboxylic acid (picolinic acid)
as ligand (L) (shown as complex 5 in Fig. 7.1), which exhibited
IC59 82 puM for 48 h continual treatment on HeLa cells (Table 7.1)
(Ivanovi¢ et al.,, 2011).

As mentioned in the introduction, a well-known and
interesting feature of some of ruthenium complexes is activity
against metastases, while having low activity on primary tumours
(Antonarakis et al, 2010). Therefore, we further investigated
mechanism of action of our ruthenium(II)-p-cymene complexes,
and extended our research on examination of modulation of
several steps of metastatic progression like adhesion, migration,
invasion, proteolytic degradation of extracellular matrix and
formation of new blood vessels.

For further examination and comparison of structure and
activity we selected four complexes, of which two were with
monodentate bonded pyridine ligand (complexes with 3-
acetylpyridine (1) and 2-amino-5-chloropyridine (2) as ligands),
and two with bidentate bonded pyridine ligand (complexes with
2,3-pyridinedicarboxylic acid (3) and 2,4-pyridinedicarboxylic acid
(4) asligands). Aforementioned compounds did not show prominent
cytotoxic activity, while complex with 2-pyridinecarboxylic acid
(picolinic acid) as ligand (5), exhibited moderate cytotoxic activity
(Fig. 7.2 and Table 7.2) (Gligorijevic¢ et al., 2012).

As results of the MTT assay reveal the absence of direct
cytotoxicity of novel complexes on investigated tumour cell lines,
additional structure-activity comparison has been performed on
endothelial cell lines (model system for in vitro angiogenesis)
(Gligorijevi¢ et al, 2012; Supino, 1995). Results are shown in
Table 7.2 in terms of ICsy values, determined from three to four
independent experiments.
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Figure 7.2 Structures of investigated ruthenium-p-cymene complexes

(Gligorijevi¢ et al., 2012).

Table 7.2 Results of MTT assay for complexes 1-5 are presented as
IC5o values, obtained after 48 or 72 h treatment on HeLa cells and two
endothelial cell lines: EAhy 926 (transformed human umbilical vein
endothelial cells) and MS1 (murine endothelial cells)

Incubation 1C50 (nM)
Complex time EA.hy 926 MS1 HeLa
1 48h >300 >300 275.7+1.6
72h >300 270.04 £3.7 244.0+19
2 48h >300 220.8+16.0 >300
72 h 2585+28 2189z%6.2 283.2+3.1

(Continued)
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Table 7.2 (Continued)

Incubation I1C50 (M)
Complex time EA.hy 926 MS1 HeLa
3 48 h > 300 > 300 > 300
72h 259.4+98 >300 > 300
4 48 h > 300 > 300 > 300
72h > 300 > 300 > 300
5 48h 95.5+74 7831x4.1 82.0+14.2
72h 88.4+8.1 108.5%9.5 149.4+12.1

Note: Adapted from Gligorijevi¢ et al. (2012).

Anti-proliferative activity of investigated complexes on
endothelial cells were low, indicated by high ICs, values (>200 uM),
except for complex 5. Ruthenium compound 5 exhibited cytotoxic
activity on all investigated cell lines after both 48 h and 72 h of
continual incubation, with ICsy values falling in the 80-150 uM
range. No significant cell type selectivity was observed.

As already mentioned the low cytotoxicity in vitro with
simultaneous significant anti-metastatic properties is very
common feature for some of ruthenium-based anti-cancer agents
and thus encouraging for further studies of the biological activity
of these complexes (Antonarakis et al,, 2010).

7.1.1.1.2 Cell cycle analysis and apoptotic potential

The effect of investigated ruthenium(II)-p-cymene complexes
(1-5) on cell cycle progression of HeLa cells was determined by
flow cytometry, using staining with propidium iodide (PI)
(Gligorijevi¢ et al, 2012; Ormerod, 2000). After 24 h treatment
only complex 5 induced perturbations of cell cycle, with decrease
of percent of cells in G1 and slight arrest in the S phase of cell
cycle (Fig. 7.3). Slower progression through replication phase
determined by cell cycle analysis indicates its DNA-binding
potential. During this short exposure time, visible apoptotic effect
was not obtained (evaluated as Sub-G1 fraction). After longer
exposure (48 h) of HeLa cells to complex 5, apoptotic fraction
of cells was noted. The induction of apoptotic changes
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(externalization of phosphatidylserine) was detected by dual
staining with fluorescein isothiocyanate labelled (FITC) Ca?*-
dependent phospholipid-binding protein with high affinity for
phosphatidylserine Annexin-V and propidium iodide and analysis
on flow cytometer (van Engeland et al, 1998) (Fig. 7.4). Complex
5 induced significant increase of percent of cells in early apoptosis
up to 28% compared to control 11% (FITC+/PI-), and in late
apoptosis and necrosis up to 12% compared to control 6%
(FITC+/PI+) (Fig. 7.4).

Figure 7.3 Effect of the complex 5 (IC5o) on cell cycle progression of HeLa
cells following 24 h incubation. Representative histograms are shown.
Adapted from Gligorijevi¢ et al. (2012).
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Figure 7.4 Representative dot plot diagrams obtained by flow cytometry
of Annexin-V-FITC/PI double-stained HeLa cells untreated (control) or
treated with complex 5, with concentrations corresponding to 0.5 xICs,
and ICsq. FITC(-)/PI(-)(lower-left quadrant) are intact cells, FITC(+)/PI(-)
(lower-right quadrant) are early apoptotic cells, FITC(+)/PI(+) (upper-right
quadrant) are late apoptotic or necrotic cells and FITC(-)/PI(+) (upper-left
quadrant) are dead cells.

7.1.1.1.3 Intracellular distribution of ruthenium in
protein vs. DNA fraction

The ICP-OES analysis after 24 h treatment of HeLa cells
with complexes 1-5 revealed different levels of intracellular
accumulation and different affinities for protein or DNA binding
(Fig. 7.5). The level of ruthenium bound to protein fraction was
similar among the tested complexes. Absence of complexes 1,
3 and 4 in DNA fraction suggests that there was no DNA binding,
which indicates that differences in structure in the pyridine
ligand of tested ruthenium(Il) compounds significantly influence
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DNA interaction potential. The structural characteristics of
complexes 1 and 2, as well as 3 and 4, probably obstruct DNA
interactions, especially drug intercalation through #°bonded
arene. Complexes 1 and 2 with monodentately bonded pyridine
ligand have potential of rotation of the ligand around the Ru-N
bond which may affect the interaction with DNA. In addition,
complexes 3 and 4 with N,0-bidentate bonded pyridine ligand
have COOH groups on pyridine ligand. It seems that relatively
planar surface of N,0-bidentate bonded pyridine ligand of complex
5, without substituents, enables best potential for interactions
with DNA, thus contributing to the observed anti-proliferative
activity.
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Figure 7.5 Ruthenium content in HeLa cells (DNA vs. protein fraction
of cells) after 24 h treatment, measured by ICP-OES. Representative
experiment is shown. Adapted from Gligorijevi¢ et al. (2012).

7.1.1.1.4 Invitro anti-metastatic potential

Some of the ruthenium-based complexes are reported to exhibit
unique and impressive anti-metastatic properties regardless of
their cytotoxic effect (Bergamo et al.,, 2012; Bergamo et al., 2015).
NAMI-A shows a selective effect on lung metastases of solid
metastasizing tumours, with no concomitant effect on primary
tumour growth, in a number of experimental models (Bergamo
et al,, 2012; Bergamo et al., 2015). Numerous researches show
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that this anti-metastatic effect is most likely achieved by inhibition
of tumour cell detachment, invasion, migration or re-adhesion
(Bergamo et al, 2012; Bergamo et al, 2015). Ruthenium-
arene complexes bearing the 1,3,5-triaza-7-phosphatricyclo-
[3.3.1.1]decane ligand, namely, RAPTA compounds RAPTA-T,
in some instances similarly to RAPTA-C, has also shown some
activity in vivo in a model of solid metastasizing tumours
(Bergamo et al.,, 2012; Bergamo et al., 2008; Scolaro et al., 2005).

So far, we have investigated potential of our ruthenium(Il)-
p-cymene complexes to inhibit several steps of metastatic
progression (Gligorijevi¢ et al., 2012), such as: invasion, adhesion,
inhibition of matrix metalloproteinases (MMP-2 and MMP-9)
activity. Some properties of anti-metastatic potential of investigated
complexes are summarized and presented in Fig. 7.6 and Table 7.3.
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Figure 7.6 Potential of our ruthenium(Il)-p-cymene complexes to modulate
several steps of metastatic progression: (a) invasion; (b) adhesion;
(c) inhibition of MMP-2 and MMP-9 activity; (d) inhibition of migration of
HeLa cells following treatment with complex 5. Adapted from Gligorijevi¢
etal. (2012).
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Table 7.3 Summary of the biological activity of the four ruthenium
compounds discussed in this chapter

Inhibition of
Cytotoxicity Inhibition Inhibition = MMP-2/-9
Complexes (ICso<10~*M) ofinvasion ofadhesion activity

1 - + + -
2 - + + -
3 - + + -
4 - + + -
5 + + - +

Note: Experiments performed on HeLa cells (Gligorijevic¢ et al., 2012).

Results of the gelatine zymography analysis of inhibitory
activity of investigated complexes on MMP-2 and MMP-9 after 24 h
treatment of HeLa and EA.hy 926 cells, showed that only complex
5 exhibited inhibitory activity on secreted MMP-2 and MMP-9
in HeLa and EA.hy 926 cells, respectively (Fig. 7.6c). In contrary,
all investigated ruthenium complexes exhibited the potential of
inhibiting HeLa cells invasion determined using system of BD
BioCoat Matrigel invasion chambers (Fig. 7.6a). The complexes that
exhibited the greatest inhibitory effect on invasion behaviour of
the HeLa cells through Boyden chamber membranes, also
contributed the most to the adhesion of Hela cells (Fig. 7.6b).
Additionally, only complex 5 induced inhibition of migration of
HeLa cells which was prominent after 48 h incubation (Fig. 7.4d
shows results of Scratch assay for complex 5 only).

7.1.1.2 Ruthenium(ll)-arene complexes with substituted
picolinato ligands (“ll series”)

Since the presence of picolinate ligand notably enhanced
anti-cancer properties of investigated compound (Gligorijevi¢
et al,, 2012), further efforts were made towards modification of
picolinate ruthenium(Il)-arene complex (complex 5 discussed
above). This resulted in synthesis and characterization of seven
new ruthenium(Il)-arene complexes of general formula [Ru(#°-
p-cymene)(L)Cl], where L are fluoro, chloro, bromo or methyl
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derivatives of picolinic acid or isoquinoline-3-carboxylic acid
(Fig. 7.7) (Ivanovic et al., 2014).

Figure 7.7 Structures of ligands (a and b) and complexes (c and d). Adapted
from Ivanovié et al. (2014).

7.1.1.2.1 Analysis of cell growth inhibition

The results of preliminary screening of cytotoxic potential
showed that complex with isoginoline-3-carboxylic acid as ligand
(complex 12) exhibited high cytotoxic activity in all investigated
cell lines, with much lower ICs, values compared to those of other
synthesized compounds. Moreover, introduction of isoqinoline-
3-carboxylic acid resulted in significantly lower cytotoxic activity
in normal human lung fibroblast cells (MRC-5) (Table 7.4).
High cytotoxic activity of complex 12 against cisplatin-resistant
human lung adenocarcinoma epithelial cells (A549) should be
noted (Ivanovic et al.,, 2014).

After [Ru(#°-p-cymene) (isoquinoline-3-carboxylato)Cl]
(complex 12) complex has been identified as a promising drug
candidate (Fig. 7.8), we have performed a comprehensive analysis
of both cellular and molecular response to complex 12 treatment
on HelLa cells (Jovanovi¢, Tani¢, et al.,, 2016).
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Table 7.4 Results of MTT assay for complexes 6-12 are presented as ICs
values, obtained after 48 h treatment on HeLa, FemX, A549 and MRC-5
cells

1C50 (1M)
Complex HeLa FemX A549 MRC-5
6 119.9+13.7 36.5%1.3 1283 +12.7 190.1+7.7
7 1143 +16.1 73.8%3.7 141.3+16.1 144.0+17.1
8 > 300 219.5+£125 >300 >300
9 > 300 > 300 >300 > 300
10 >300 >300 >300 >300
11 2784 +13.5 168.7+199 >300 >300
12 45.4+3.0 18.5+1.9 25.8+1.3 84.2 +5.7
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Figure 7.8 Structure of ruthenium(II)-arene complex 12 (Jovanovi¢, Tani¢,
etal, 2016).

7.1.1.2.2 Cell cycle analysis and apoptotic potential

The effect of investigated complex 12 on cell cycle progression
of HeLa cells was determined by flow cytometry after continual
treatment for 24 and 48 h, using staining with PI (Jovanovi¢,
Tani¢, et al., 2016; Ormerod, 2000), and was compared to CDDP.
HeLa cells were exposed to 0.5 x IC5y and ICsy concentrations of
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12 (22.7 and 45.4 uM) and CDDP (2.6 and 5.2 pM). Results are
presented in Fig. 7.9.

Figure 7.9 Effects of 12 and CDDP on cell cycle distribution. Untreated
(control) HeLa cells or HeLa cells treated for 24 h (A) and 48 h (B) with
0.5 x IC5y and ICs, concentrations of 12 (22.7 and 45.4 uM) and CDDP
(2.6 and 5.2 pM). The results are expressed as mean * standard deviations
of three independent experiments (Jovanovi¢, Tani¢, et al., 2016).

After CDDP treatment, accumulation of cells in S phase
occurs, which is a well-known mechanism of action of cisplatin
(Chu, 1994). Similarly, arrest in the S phase of cell cycle induced
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by complex 12 indicates its possible binding to and/or damage
of DNA, leading to consequent replication inhibition of cancer
cells. These results are in accordance with our previous study
of the biological activity of similar ruthenium complexes of the
I series, where the complex with picolinic acid as the ligand
(complex 5) showed its cytotoxic effect through cell cycle arrest
in the S phase and significant intracellular distribution in DNA
rather than protein fraction of treated cells, indicating DNA as
target of its action (Gligorijevi¢ et al., 2012). In addition, after
24 h of continual treatment of HeLa cells with 12, we observed
an increase in Sub-G1 phase, which denotes apoptotic and/or
necrotic population of cells. From these results, we can conclude
that growth inhibition of HeLa cells by 12 involves a profound
cell cycle arrest in S phase, indicating its potential of interaction
with DNA. These results comply with the results of our previous
DNA binding study by UV spectroscopic titration, which
demonstrated DNA binding potential of complex 12 (Ivanovié¢
etal, 2014).

The potential of 12 and CDDP to induce apoptotic cell death
was determined by staining treated HeLa cells with two dyes,
Annexin V-FITC and propidium iodide, and analysis on a flow
cytometer.

After 24 h treatment with 12, HeLa cells exposing PS on its
surface were monitored. Compared to control, an increase in early
apoptotic cell fraction (FITC(+)/PI(-)) was not obtained, neither
for 12 nor CDDP. However, there is a prominent increase in late
apoptotic and/or already dead cells (FITC(+)/PI(+)), as well as
increase in dead cells number (FITC(-)/PI(+)) after 12 treatment
(Fig. 7.10). Absence of early apoptotic fraction of cells can be
explained by possible fast and immediate action of 12, where
after 24 h of incubation period majority of early apoptotic cells
have already proceeded to late apoptotic stage. These results
are in correlation with the appearance of sub-G1 fraction of cells
in cell cycle phase distribution analyses (Fig. 7.9).

In order to confirm the apoptotic potential of the investigated
complex, a morphological analysis by fluorescence microscopy
of acridine orange/ethidium bromide-stained HeLa cells exposed
for 3-24 h to 12 (0.5 x ICs( concentration) was performed.
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Figure 7.10 Apoptosis induction potential of 12 and CDDP. Cells were
treated for 24 h with 0.5 x IC5y and ICso concentrations of 12 (22.7 and
45.4 pyM) and CDDP (2.6 and 5.2 uM); FITC(-)/PI(-) are live cells, FITC(+)/
PI(-) are early apoptotic cells, FITC(+)/PI(+) are late apoptotic or necrotic
cells and FITC(-)/PI(+) are dead cells. The results are expressed as
mean * standard deviations of three independent experiments (Jovanovic,
Tani¢, et al,, 2016).

Typical morphological features of the apoptotic cells are
highly condensed nuclei, cell shrinkage and formation of apoptotic
bodies. In the early apoptosis, only acridine orange enters the cell
with ethidium bromide excluded and the nucleus stains green.
This also applies to living cells. In the late apoptosis along with
the loss of membrane integrity, both dyes enter the cell and the
nucleus becomes orange-red (Kasibhatla et al., 2006). After 3 h of
treatment with 12, changes in morphological features of HeLa cells
are obvious, when compared to control population (Fig. 7.11).
Decreased density/cell number, round shape and beginning of
nuclear condensation are the most prominent features after 3 h of
treatment. Already after 5 h of incubation with 12, highly
condensed nuclei and membrane blebbing are predominant
hallmarks. These findings, together with photomicrographs
obtained after 24 h of continual treatment are in concordance with
the results of Annexin V-FITC assay, and represent confirmation
of hypothesized fast 12 action. The continuous presence of cells
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with apoptotic morphology can be explained with persistent
intracellular accumulation of 12 (Fig. 7.12).

Figure 7.11 Photomicrographs of acridine orange/ethidium bromide-
stained control (C) HeLa cells and HeLa cells exposed for 3 and 5 h to
complex 12 (left), and photomicrographs of acridine orange/ethidium
bromide-stained control (C) HeLa cells and HeLa cells exposed for 24 h
to complex 12 (right). Red arrows point to cytoplasmic shrinkage and
nuclear condensation; blue arrows denote membrane blebbing
structures. Scale bars in the upper images correspond to magnification
of photomicrographs below. Applied concentrations of 12 corresponded
to 22.7 uM (0.5 x ICsq) values determined for 48 h incubation period
(Jovanovi¢, Tani¢, et al,, 2016).
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Figure 7.12 Total intracellular accumulation of ruthenium in HeLa cells
after 6, 24 and 48 h, measured by ICP-MS. All experiments were performed
in triplicate and presented with corresponding standard deviations (SD)
(Jovanovi¢, Tanié, et al., 2016).

7.1.1.2.3 Intracellular accumulation of ruthenium

The total intracellular accumulation of ruthenium after 6, 24 and
48 h of treatment with IC5, concentration of 12 was analyzed
with ICP-MS (Heitland et al., 2006).

ICP-MS analysis of total intracellular accumulation of ruthenium
has shown time-dependent increase of intracellular ruthenium
content. High intracellular ruthenium concentration already after
6 h of incubation (8.83 + 0.09 ng Ru/10° cells) is in agreement
with previous conclusions about very fast action of 12. Our
assumption is that 12 enters cell very efficiently, which implicates
possible passive transmembrane transport of this compound.
Due to the presence of arene ligand (Giannini et al.,, 2015; Morris,
Aird, Murdoch, et al, 2001; Su et al, 2015), as well as
isoquinoline-3-carboxylic acid (derivative of picolinic acid with
fused phenyl group), which contribute together to lipophilicity
of the complex (Chakov et al, 1999; Ding et al., 1996; Hepburn
et al, 2003; Liang et al, 2000; Morris et al., 1995; Song et al,
1999; Stearns et al.,, 1992; Stearns et al,, 2002), passive transport
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through hydrophobic lipid bilayer is possible. Through the course
of time, ruthenium holds and even increases its concentration
inside cells (24 and 48 h incubation, respectively, Fig. 7.12).
This implicates binding of 12 to intracellular structures and
its continuous accumulation in intracellular environment
(Kuhn et al., 2015).

7.1.1.2.4 Molecular response of Hela cells to complex
12 treatment

We tested the effect of the complex 12 on the gene expression
profile of HeLa cells at two time points, 12 and 24 h, using Agilent
SurePrint G3 Hmn GE 8 x 60 K microarray slides, covering 27958
Entrez genes and 7419 IncRNAs (Fig. 7.13A). The changes in
gene expression induced by the 12 were compared to HeLa cells
treated with cisplatin (CDDP) at both time points. Treatment
with 12 resulted in subtler gene expression perturbation
compared to the changes induced by CDDP treatment at both
time points (Fig. 7.13B). Treatment with 12 induced significant
expression changes at 12 h compared to control cells in 2415
unique annotated genes, with 1184 upregulated and 1243
downregulated genes. This effect was potentiated at 24 h, with
5988 differentially expressed genes (DEG), of which 5475 were
upregulated and only 545 downregulated.

Conversely, cisplatin treatment induced a strikingly greater
level of gene expression perturbations at both 12 and 24 h, with
8103 (96 upregulated and 8025 downregulated) and 11263
differentially expressed genes (998 upregulated and 10416
downregulated), respectively. At 12 h, cisplatin induced extensive
gene expression perturbation with 7347 CDDP-specific DEG, in
contrast to moderate changes in gene expression in 12 treated
cells (1659 12-specific DEG), with only 756 genes commonly
deregulated genes between 12 and CDDP treated cells (Fig. 7.13C).
After 24 h treatment, more prominent changes in gene expression
were observed in 12 treated cells, with ~60% of 12-dependent
genes being also deregulated in cisplatin treated cells.

It is clear from the results above that, on cellular level, 12
exhibited cytotoxic effect comparable to CDDP. However, this effect
is reflected on molecular level as subtler perturbation of Hela
cell transcriptome. From schematic representation of specific and
commonly deregulated genes in HeLa cells at 12 and 24 h upon
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treatment with 12 and CDDP (Venn diagrams, Fig. 7.13C) we can
speculate about different mechanism of action of 12. After 12 h of
treatment, 1659 12-specific DEG has been found, which were not
deregulated in CDDP-treated population. These results provide
evidence that, during this ‘early response’ to treatment (12 h),
different molecular mechanisms are active after 12 and CDDP
treatment.
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Figure 7.13 A. Experimental procedure outline B. Number of differentially
expressed genes (DEG) at 12 and 24 h in HeLa cells treated with 12 or
CDDP compared to control. C. Venn diagrams representing specific and
commonly deregulated genes (FDR < 0.05 and FC > 2) in HeLa cells at
12 and 24 h upon treatment with 12 (in red) and CDDP (in green)
(Jovanovi¢, Tani¢, et al,, 2016).

The analysis of gene clusters with similar expression patterns
gave us valuable information concerning the mechanism of 12
action. Analysis of involvement of DEGs in specific biological
functions and canonical pathways has revealed that, besides
direct binding to DNA, the investigated complex induces lesions
in DNA and other biomolecules indirectly, with generation of free
radical species inside the cells (Jovanovi¢, Tanié¢, et al., 2016). This
analysis has also showed that, after treatment with 12 complex,
intrinsic (mitochondrial) apoptotic pathway is initiated in HeLa
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cells. The assessment of potential systemic toxicity of the
investigated compound, performed using IPA Tox Comparison
Analysis on differentially expressed genes at 12 and 24 h, has
revealed absence of systemic toxicity for genes involved in cardiac
arrhythmia, cardiac infarction and kidney failure, for which
CDDP-treated cells showed strong enrichment for 24 h treatment.

7.1.1.3 Ruthenium-p-cymene complexes carrying pyridine
or 7-chloroquinolin derivatives

With a wide range of potential ligands and diverse chemistry,
ruthenium metal complexes represent adjustable scaffolds that
can be tailored to overcome the specific limitations of a broad
spectrum of drugs. In this context, nitrogen-containing aromatic
heterocycles such as pyridines, imidazoles and quinolines,
represent interesting class of ubiquitous functional groups, found in
prevalence in many bioactive compounds and natural products,
which makes them attractive tools, for rational drug design in
organometallic chemistry (Altaf et al, 2015). Introducing the
bioactive compoundsasligands, into the structure of organometallics,
was successful strategy for enhancing the biological activity of an
already active molecule, such as tamoxifen and staurosporine
(Pizarro et al, 2010; Renfrew, 2014). In order to target more
specifically cancer cells in vivo, an alternative approach is to deliver
the active biomolecule, with a chaperone that encapsulates or
complexes it. Subsequently, activation of organometallic complexes
towards substitution reactions in physiological conditions may be
mediated through different pathways (extensively reviewed by
Pizarro et al, 2010). Activation of ruthenium organometallic
“prodrugs” inside the cells may be triggered by oxidation of
a less labile ligand, by chelate ring opening, or by an external
source, such as light of a certain wavelength. For example,
some “piano-stool” ruthenium(Ill)-arene complexes of the type
[Ru(n-p-cym)(bpm)(py)](PFs), (where bpm = 2,2-bipyrimidine,
and py = pyridine), or ruthenium(II) polypyridine complexes of
structure [Ru(tpy)(LL)(L)]?*, carrying L = monodentate ligand, or
LL = crowded bidentate ligand (where tpy = 2,2":2',6"-terpyridine),
are capable of undergoing photoinduced reactions with DNA
bases (Li et al,, 2016; Sainuddin et al,, 2016).

239



240

The Development of Ru(ll)-p-Cymene Complexes

Visible light selectively induce photo-dissociation of a
monodentate ligand (py), conventionally non-labile, generating
a reactive aqua species, able to bind to DNA bases. Overall,
possibility to control the hydrolysis reaction of the ruthenium
drugs (on a timescale and under conditions relevant in vivo),
along with possibility to consequently control kinetics of drug
binding to biomolecules, present strong rational for further
developments in the expanding field of ruthenium-organometallics
(Chen et al, 2013; Dragutan et al, 2015; Mishra et al, 2000;
Panti¢ et al,, 2016).

In this context, of particular interest are the ruthenium(Il)-
arene piano stool complexes of the type [Ru(y°-arene)(XY)(Z)]™,
that carry a labile group, prone to substitution, such as
XY-chelating ligand, or Z-labile halide. Their activation occurs
primarily in the cell, through hydrolysis of the Ru-Z bond, in
a manner similar to cisplatin (Nazarov et al,, 2014; Pizarro et al,,
2010). The hydrolysis of metal-chloride bonds as the chloride
concentration diminishes from extracellular to intracellular
(cytoplasmic and nuclear) compartments represents the key
element in kinetics of ligand substitution events that can occur in
vivo. The aqua adduct, further interacts with the biological target,
such as DNA, and the drug exerts its biological effect.

We have undertaken synthesis of ruthenium(II)-p-cymene
complex (14), carrying 3-(4,5-dihydro-1H-imidazol-2-yl)-pyridine
hydrochloride (Lj4), and two chlorides as leaving ligands (Fig.
7.14), designed to achieve coordination to Ru(II) centre directly, via
pyridine moiety (Nikoli¢ et al, 2015). In addition, we prepared
different complex (13), with a 1-(7-chloroquinolin-4-yl) thiourea
ligand (Lq3) (Fig. 7.14), and one chloride as leaving ligands.
Ligands Lq3 and L4 significantly differ in structure and mode
of coordination. Ligand L;3 was designed to be coordinated to a
central ion via the thioamide group, and to leave the quinoline
core available for interactions with the target.

From the literature, it is well established that the biologically
active compounds derived from quinoline, are prone to
m-stacking interactions with biomolecules, such protoporphyrine
IX (malaria), or DNA/ RNA (cancer). Quinoline derivatives have
been found to exert an anti-malarial and anti-microbial effect,
as well as anti-proliferative activity on human tumour cell lines
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derived from ovarian and colorectal cancer (Kumar et al.,, 2014).
Recently, one 7-chloroquinoline based drug (4-[3-(2-Nitro-1-
imidazolyl)propylamino]-7-chloroquinoline hydrochloride),
(NLCQ-1), demonstrated interesting DNA intercalating/hypoxia
selective cytotoxicity, and showed promising profile as an adjuvant
to (radio/chemo)therapy in the clinics, presenting a candidate to
enter phase I clinical trials (Papadopoulou et al., 2008; Reid et al,,
2003).
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Figure 7.14 Proposed structures of complexes 13 and 14. Adapted from
Nikoli¢ et al. (2015).

Pyridine derivatives as ligands coordinated to ruthenium-
arenes typically slow down the hydrolysis, and cause unique effect
in biologically relevant time scales (Li et al., 2016). For metal
based complexes that carry bulky ligands, in general, it was
shown (Buss et al., 2012; Savic et al,, 2014), that both lipophilic
characteristics and reactivity of complexes should be balanced
in order to obtain drug with better cellular uptake properties,
and efficiency to interact with cellular targets, such as DNA. Thus,
it was interesting to investigate the potential of novel (13, 14)
complexes for in vitro cytotoxicity, intracellular accumulation
and DNA binding, in comparison to cisplatin, used in clinics.
Results of biological studies will be briefly presented.

The structures of complexes 13 and 14 are presented in
Fig. 7.14. Prior to biological testing, the complexes were
examined with respect to stability in DMSO. 'HNMR showed
that complexes remained intact in DMSO solution for 24 h.

BPh,
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7.1.1.3.1 Analysis of cell growth inhibition

Cytotoxicity study performed on several human neoplastic cell
lines (HeLa, K562, A549, MDA-MB-231, EA.hy 926) and in one
non-tumour human foetal lung fibroblast cell line (MRC-5),
revealed that complexes exhibited cytotoxic activity, with ICgq
values in the range 11.0-56.5 pM (Table 7.5). Interestingly, complex
13 bearing 7-chloroquinolin derivative exerted higher cytotoxicity
when compared to 14, particularly in human erythromyeloblastoid
leukaemia cells (K562), and human transformed endothelial
cells (EA.hy 926), with the ICsy values (uM) being 11.0 + 1.4 and
13.8 = 2.5, respectively. Observed activity (ICso values) for 13 in
K562 and EA.hy 926 cells was comparable to CDDP (10.9 + 0.6 and
7.8 * 1.2, respectively). In addition, 13 showed approximately
three times less cytotoxicity in MRC-5 cells (Fig. 7.15b), than in
cancer K562 and EA.hy 926 cells, which suggested its cytoselective
toxicity towards cancer cells. Ligands itself were devoid of cytotoxic
activity (ICsg) up to 100 pM and could be considered as
inactive. This clearly demonstrated substantial contribution of
coordination of ligands to ruthenium(II) centre, for complex
bioactivation.

Table 7.5 In vitro anti-proliferative activities of compounds 13, 14, L13,
L1* x HCl and CDDP against human cell lines after 72 h of continuous drug
action

Cell line? Compound

IC5¢ (M) 13 14 L3  L%xHCl CDDP
HeLa 565+16 28617 >100° >100 7.6+0.0
K562 11.0+x1.4 549%6.6 > 100 >100 109x0.6

MDA-MB-231 26.6+7.2 47.7+1.0 >100 >100 13.2+04
EA.hy 926 13.8+25 25336 >100 >100 7.8+1.2
A549 31.5+£56 39.8%0.8 >100 >100 17.2x0.7

MRC-5 33.7+£55 425%6.7 >100 >100 11.5%05

2[Cso values (uM) are represented as mean values with corresponding standard
deviations (SD) from three or more independent experiments (Nikoli¢ et al., 2015).
b>100 denotes that ICs, was not reached in the range of concentrations tested up
to 100 puM.
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Figure 7.15 Cell survival after 72 h treatment with ligands L13, L4,
complexes 13, 14 and CDDP of: (A) K562 cell line; (B) MRC-5 cell line.

7.1.1.3.2 Cell cycle analysis and apoptotic potential

Investigation of the effect of 13 and 14 on cell cycle in K562 cells
was performed following 24 h drug action, using flow cytometry
and staining with propidium iodide (PI). It was noticed that 13
and 14 did not cause any significant alterations of the cell cycle.
However, both 13 and 14 induced concentration dependent
accumulation of cells in sub-G1 fraction (Fig. 7.16, Table 7.6),
which is considered as a hallmark of internucleosomal DNA
cleavage, in the course of apoptotic cell death (Huang et al.,, 2005;
Vock et al, 1998). This result may not be surprising, since the
ability of some ruthenium(Il)-arene complexes to generate
cytotoxic effect with just moderate or no effect on cell cycle, was

Table 7.6 Percentage of cells in sub-G1 fraction of cell cycle, after 24 h
treatment with L13, L1, CDDP, 13 and 14 at concentration corresponding
to ICsgand 2 x ICsg

Sub G1 fraction (%)

ICs 2 x ICsp
Control 8.1+0.0 8.1+0.0
L3 6.6 +0.0 6.5+0.6
L14 104+ 0.4 6.9+0.1
CDDP 185+ 1.4 244+14
13 10.8 £ 0.7 184 +0.3

14 11.8+0.0 179+ 1.5
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reported previously (Ginzinger et al, 2012; Gligorijevi¢ et al.,
2012). Free ligand did not induce changes in the sub-G1 fraction
relative to control, which is consistent with its lack of cytotoxicity.
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Figure 7.16 Diagrams of cell cycle phase distribution of treated K562
cells after 24 h treatment with L13, L14, CDDP, 13 and 14 at concentration

corresponding to (A) ICsg and (B) 2 x ICso. Adapted from Nikoli¢ et al.
(2015).

7.1.1.3.3 Intracellular accumulation and DNA binding study

The most intriguing results were obtained by ICP-MS study of
intracellular accumulation and DNA binding, in K562 cells. Results
obtained following 24 h treatment with equal concentrations
(50 uM) of compounds demonstrated significantly higher
intracellular accumulation of 13 versus 14 and CDDP, and clearly
indicated the positive effect of the quinoline moiety on cellular
uptake of ruthenium (7°-p-cymene) complexes (Fig. 7.17A).
Intracellular ruthenium concentration (13) 14 + 0.2
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(pg Ru/10° cells) exceeded that of CDDP 0.3 + 0.0 (pg Pt/10° cells),
by approximately 4.6 times.

A 1.6 7
12
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0.4

Concentration of metal (pg/10° cells)

CDDP 13 14

0.3 7

0.2 1

0.1 1
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-
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Figure 7.17 Concentrations of platinum(Il)/ruthenium(Il) after 24 h
treatment of K562 cells with equimolar concentrations (50 pM) of 13, 14
and CDDP: A) intracellular concentrations (pg/10° cells); B) concentrations
(pg/ug) bounded to cellular DNA. Bar graphs represent mean values of
three independent measurements. Obtained results are presented as
plot of metal concentration Ru(Il) or Pt(II), recorded inside the cells,
normalized upon the cell number (pg/10° cells).

However, ICP-MS study of the DNA binding (pg Ru(Il) or
Pt(I1)/ug DNA) in K562 cells, under the same treatment conditions,
revealed that both ruthenium complexes bind to cellular DNA less
efficiently when compared to CDDP (Fig. 7.17B). The ratio of DNA
binding (relative to the amount of complex present in the cell)
decreased in order: CDDP > 13 > 14. The level of DNA platination,
0.271 + 0.001 pg Pt/ug DNA, exceeded twice the level of DNA-
ruthenium binding caused by 13: 0.135 + 0.005 pg Ru/ug DNA.
Poor DNA binding of 14: 0.007 + 0.006 pg Ru/pg DNA, was in
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accordance to its lower intracellular accumulation (0.081 + 0.004
(pg/10° cells), and to its generally lower cytotoxicity. Although
13 exhibited comparable in vitro activity to CDDP in K562, our
conclusion is that its mechanism of cytotoxic action could not
be explained only by the DNA binding capability, or at least that
DNA might not be the only intracellular target, for this type of
complexes. Bulky lipophilic 7-chloroquinolin ligand may be able
to hamper formation of ruthenium DNA adducts, and favour
complex interactions to different cellular targets (Buss et al,, 2012).
This particular study, however, showed clear correlation between
drug intracellular accumulation and cytotoxicity in K562 cell
lines, and pointed out the contribution of quinoline substituent to
enhancement of drug influx and cytotoxicity.

Ruthenium-arene complexes of similar structures (half-
sandwich metallocenes) containing quinoline derivatives have
been initially synthesized as successful anti-bacterial and anti-
malarial agents, and were characterized by balanced structural
and lipophilic properties (Forsgren et al.,, 1987; Singh et al., 2014).
Ruthenium complexes with p-cymene as arene have been shown
to exert cytotoxic activity in a number of cell lines, in level
comparable to that of cisplatin (Dougan et al., 2008; Savic¢ et al.,
2011; van Zutphen et al, 2005). It is also relevant to mention
that nuclear DNA might not represent the single target in the
mechanism of cytotoxicity of these compounds.

7.1.1.4 Ruthenium(ll)-arene complexes bearing
hydrazides and the corresponding
(thio)semicarbazones of 3- and
4-acetylpyridine

Among the different series of ruthenium(II)-p-cymene complexes
with pyridine derivatives investigated in our laboratory as potential
anti-cancer agents, we investigated group of ruthenium(II)-
arene complexes bearing hydrazides and the corresponding
(thio)semicarbazones of 3- and 4-acetylpyridine (Ivanovi¢ et al.,
2013). The ruthenium(Il)-arene complexes containing different
types of ligands, such as caprylic hydrazide (a hydrazide with a long
hydrocarbon chain), isonicotinic acid hydrazide (a hydrazide with
an aromatic pyridine ring), thiosemicarbazones and semicarbazones
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(derived from the reaction of 3- and 4-acetylpyridine with
thiosemicarbazide or caprylic hydrazide), were investigated in
order to study the influence of structural modifications of the
ligands on the cytotoxic activity (Fig. 7.18).

The caprylic hydrazide in complex 15 coordinates to
ruthenium(Il) in a bidentate fashion through the N-atom of the
primary amino group and the O-atom of the carbonyl group in the
neutral form. The complexes 16-20 have ligands coordinated in a
monodentate mode via the pyridine nitrogen. All these complexes

have a typical “piano-stool” geometry, the same as the previous
series.
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Figure 7.18 Structures of the ligands used for synthesis of complexes
15-20. Adapted from Ivanovi¢ et al. (2013).

7.1.1.4.1 Analysis of cell growth inhibition

The anti-proliferative activity of the investigated complexes
15-20 on tumour cells was low after 48 h incubation (ICs5, >
100 puM) (Table 7.7). Prolongation of the incubation time to 72 h
contributed to reaching mild cytotoxic activity against HeLa and
A549 cells, with ICs, values ranging from 85 to 91 uM for complexes
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16 and 17. The change of position of the acetyl group on the
pyridine part of the ligand, from position 3 to position 4 did
not changed the cytotoxicity of the complexes 16 and 17. The
introduction of thiosemicarbazone and semicarbazone parts in
ligand significantly lowered the anti-proliferative potential of
the complexes.

Table 7.7 Results of MTT assay for complexes 15-20 are presented as
IC5, values, obtained after 72 h treatment on HeLa, A549 and LS-174 cells

ICs50 (1M)
Complex HeLa A549 LS-174
15 >100 > 100 > 100
16 85.4+4.3 90.7£8.1 > 100
17 87.4+£8.6 87.8+5.1 > 100
18 > 100 n.d. >100
19 2413 +12.1 243.1+18.2 > 300
20 > 300 > 300 > 300

Source: Adapted from Ivanovic et al. (2013).

7.1.1.4.2 In vitro anti-metastatic potential

The potential of complexes 15-17 to interfere with the MMP-2
and MMP-9 was analyzed by gelatine zymography. The results
revealed no significant influence on the MMP-2/MMP-9 activity
for investigated complexes.

7.2 Conclusions

The chemical and biological results collected over the years of
investigation of anti-cancer properties of ruthenium Ru(Il)-p-
cymene complexes with pyridine derivatives in our laboratory, led
us to two leading compounds for further research and important
data with regard to structure activity relationship. Structure-
activity comparison of ruthenium(II) complexes of general formula
[(7%-p-cymene)Ru(L)Cl,] and [(n®-p-cymene)Ru(HL)CI] revealed
heterogenic mode of activity with regard to cytotoxic and anti-
metastatic potential. Variations of the nature of monodentate or
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bidentate ligand influenced the pharmacological properties of the
complexes. Investigation of in vitro anti-cancer properties of first
series of complexes of general formula [(77°-p-cymene)Ru(L)Cl;]
and [(5®-p-cymene)Ru(HL)Cl], L-pyridine derivatives (dicarboxylic,
acetyl or amino derivatives), show that additional ionizing
groups within pyridine ligand had negative impact on activity of
complexes (ICso > 200 uM). Only complex with picolinic acid ([(7°-
p-cymene)Ru(L)Cl], H,L'2-pyridinecarboxylicacid (5) exhibited
IC;g 82 pM for 48 h continual agent action. The complex 5
distinguished among the tested ruthenium complexes, according
to its highest cytotoxicity exerted through preferential DNA
binding inducing S phase cell cycle arrest and apoptosis in HelLa
cells. Complex 5 also demonstrated important anti-metastatic
potential in vitro, through inhibition of MMP-s activity, inhibition
of migration and invasion of HeLa cells and anti-angiogenic effect.
In order to investigate multi-target potential of ruthenium complexes
of this type our further investigation included coordinatively
diversificated derivatives of pyridine. Activity comparison
suggested, that introduction of 7-chloroquionoline-4-thiourea
moiety to ruthenium(Il)-p-cymene, markedly enhanced
intracellular uptake of complex, and contributed to the cell-specific
cytotoxicity. Complexes 13, carrying 1-(7-chloroquinolin-4-yl)
thiourea ligand and 14, carrying 3-(4,5-dihydro-1H-imidazol-
2-yl)-pyridine hydrochloride, exerted cytotoxic activity in
micromolar range (up to 100 uM), in panel of tumour
cell lines. Interesting results were obtained in K562 cells
(erythromyeloblastoid leukaemia), where 13, exerted significantly
higher cytotoxicity, comparing to both 14 and cisplatin. Biological
studies revealed that the highest cytotoxic potential of 13 was
correlated to its highest intracellular accumulation. In addition,
its mechanism of biological action might not be the only
DNA-damage related. Certainly, factors that favour efficient cellular
uptake of metal complex, are pre-request to its biological activity
in both sensitive and resistant tumour cell lines. Our studies
suggested at least, that ruthenium arenes of general structure
[Ru(®-arene)(L)Cl;], where L is 7-chloroquinolin derivative, may
provide a way to the design of complexes with an encouraging
cellular-uptake properties. Particularly important results are
obtained with the complexes of second series, [Ru(n®-p-cymene)
(L)CI], with non-ionizable functional groups within picolinic
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acid ligand (fluoro, chloro, bromo or methyl or isoquinoline-3-
carboxylic acid). The complex with isoquinoline-3-carboxylic acid
as ligand (12) has shown selective and high cytotoxic activity
in the panel of investigated tumour cell lines, even cisplatin-
resistant variant (A549), compared to the non-tumour cell line.
According to the number of interesting biological properties,
it has become a leading compound for further research. Our
further more comprehensive studies of anti-cancer activity of this
complex by using ‘omics’ analysis confirmed DNA damage and
apoptotic potential and showed that it leads the cells through
the intrinsic (mitochondrial) apoptotic pathway, via indirect
DNA damage due to the action of reactive oxygen species, and
through direct DNA binding. This confirmed that future studies
of the mechanism of action of novel anti-cancer agents will
require the use of a wide variety of techniques in pre-clinical
research. This approach gave us time and money saving
guidelines for further anti-tumour studies of our leading
compound in an effort to determine its exact mechanism of action.
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around metal ion. However, this area of research is still
demanding. This chapter embodies the several facets of
ruthenium complexes with greater emphasis on the cytotoxicity
correlated with their binding with DNA and subsequently DNA
cleavage.

8.1 Introduction

The historic discovery of cisplatin by a physicist, Dr. Barnett
Rosenberg, and his associate, a biologist, Loretta Van Camp, had
a significant impact on cancer sufferers worldwide. This finding
opened a door to the development of several new metal-based
drugs. The search for “non-classical” metal-based antitumor
drugs has since long stimulated investigations into the field of
non-platinum metal drugs. Non-platinum active compounds are
likely to have mechanism of action, biodistribution and toxicity
which are different from those of platinum drugs. They
might show reduced host toxicity. Among metal ions, several
non-platinum complexes occupied a significant position and
ruthenium complex stood on a firm footings owing to being
congener of iron. These complexes are recognized to have great
prospect in the treatment of several types of cancer cell lines.
Among them, NAMI-A {[ImH] [trans-Ru(dmso-S)(Im)Cly],
Im = imidazole} and KP1019 {[trans-Ru(Ind),Cl,], Ind = Indazole}
have entered clinical trials. These complexes showed different
antitumor properties (Sava et al, 2003). Owing to potential
emission, absorption, and redox activity, ruthenium complexes
were found easier to be explored. Among several mechanisms of
actions, these complexes normally prefer to bind with DNA of cell
and create distortion in DNA helix and hinder the process like
transcription and thereby create cell death following a variety
of mechanisms. However, Kkilling of cancer cell because of DNA
binding cannot be only accountable. The identification of
cellular/molecular targets is of great importance while formulating
a novel anticancer agent.

This chapter embodies the introduction of ruthenium
complexes, techniques employed to detect binding of newly
developed ruthenium complexes with DNA, DNA cleavage studies
using spectroscopic techniques and gel electrophoretic mobility
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assay, brief description of DNA structure with its constitutional
components, mode of binding of complexes of with specific
component of DNA and cytotoxicity of the complexes.

The advantage of using ruthenium in the development of
metal-based antitumor drugs has been considered in a number
of excellent reviews (Clarke, 2007; Allardyce and Dyson, 2001;
Reisner et al,, 2007). A steady growth of interest in Ru anticancer
drugs over the last 20 years is reflected in the accelerating growth
of publications in this area (Fig. 8.1, based on a search in the
Chemical Abstracts database).
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Figure 8.1 Growth in publications on ruthenium complexes as anticancer
drugs (searched in the Chemical Abstracts database).

Briefly, the benefits of exploiting ruthenium include (i) a
well-developed preparative coordination chemistry of this
transition metal, providing reliable routes to novel compounds;
(ii) a rate of ligand exchange often comparable to that of platinum
or which can be tuned by coordination of appropriate ancillary
ligands; (iii) octahedral coordination geometry in contrast to
the square-planar geometry of platinum(II) complexes, implying
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a reactivity and mode of function different from cisplatin;
(iv) accessibility of oxidation states 2%, 3* and 4* under physiological
conditions and the ability to tune the electron transfer rates and
redox potentials; (v) the ability of ruthenium to mimic iron in
binding to biomolecules such as human serum transferrin and
other proteins, which makes ruthenium-based agents markedly
less toxic than platinum drugs; and (vi) increasing knowledge
about the biological effects of ruthenium complexes. Ruthenium-
based drugs are much less toxic than the worldwide approved
platinum-based drugs. This can be explained by the ability of
ruthenium to mimic iron in binding to biological molecules, such as
human serum albumin and transferrin (Pongratz et al, 2004).
These are present in human serum at concentrations of
35-50 mg ml™! and 2.5-3.5 mg ml™!, correspondingly (Kratz and
Beyer, 1998; Sadler et al, 1999). Platinum(IlI)-based antitumor
agents are also capable of binding to these proteins; their
coordination geometry (square-planar) is, however, distinct from
that of ruthenium (III) or iron(Ill) (octahedral). This difference
between platinum(Il) and ruthenium(IIl) makes the delivery of
platinum(Il)-based drugs into cells via transferrin receptor-
mediated endocytosis at least less likely. The “activation-by-
reduction” mechanism could also be responsible for the lower
toxicity of some ruthenium-containing agents (Keppler et al,
2005; Clarke, 1980). This mechanism, proposed about three
decades ago (Clarke, 2001) is supposed to be operative in solid
tumor with low oxygen level as compared to the normal tissue,
enabling the reduction of Ru(Ill) to the kinetically more reactive
ruthenium(Il) species. The reductive microenvironment arises in
rapidly growing tumors because of insufficient formation of
new blood vessels and poor blood supply. Tumor hypoxia is a main
factor contributing to failure of radiotherapy or chemotherapy
(Brown, 1999, Wardman, 2001). The low oxygen content, together
with the lower extracellular pH and the presence of appreciable
amounts of cellular reducing agents such as glutathione, provides
favorable conditions for a selective reduction of drugs with
physiologically accessible Rulll/Rull redox potential. The reducing
capability of ruthenium (III)-based drugs depends on their ligand
environment. The knowledge of the net electron donation from
ligand to metal enables the prediction of metal-centered redox
potentials and assists the creation of drugs with desired redox
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parameters (Reisner et al., 2007; Reisner et al., 2004; Reisner et al,,
2005). However, Ru(Ill) pro drug can undergo hydrolysis or
binding with protein prior to reduction, changing the redox
properties of the resulting metabolite significantly. In particular,
[Ru(IIN)Cl3(H,0)(1H-indazole),] (Ey;, = -0.16 V vs. NHE) is
significantly easier to reduce than [Ru(III)Cl4(1H-indazole),]”
(Reisner et al, 2007). Since all major genes involved in iron
metabolism respond to oxygen depletion, it is tempting to assume
that hypoxia generally sensitizes tumor cells to compounds
interfering with iron-dependent processes. In particular, hypoxia
has been shown to induce elevated transferrin receptor
expression in tumor cells (Tacchini et al., 1999). It suggests that
hypoxia-activated pro drugs capable of transferrin-mediated
cellular uptake attain their tumor selectivity by a cooperative
mechanism. The “activation-by reduction” hypothesis implies that
the compound should be much more readily reducible under the
hypoxic conditions of solid tumors than under the normoxic
conditions of normal tissues, in order to obtain a tumor-selective
activity and high therapeutic index. For Ru(Ill) compounds, an
appropriate redox potential is therefore probably a more
important parameter than cytotoxic potency under normal
conditions. All the clinically established ruthenium-based drug
candidates KP1019-indazolium [trans-tetrachlorobis(1H-indazole)
ruthenate(Il[)] are administered intravenously and, therefore,
proteins are among the first available binding partners in the
blood stream. The binding of platinum complexes to serum proteins
is thought to contribute to the side effects, but the binding of
KP1019 to transferrin seems to be an important step in the mode
of action (Timerbaev et al, 2006). Considering the enhanced
permeability and retention (EPR) effect and the higher expression
of transferrin receptors in tumor cells, binding of drugs to serum
proteins appears promising target. Human serum albumin and
transferrin as the most important transport proteins in the blood
were extensively exploited for studies as potential target
molecules for a variety of metal complexes (Timerbaev et al., 2006).
In general, the metal complexes were found to bind with lower
binding constants to these proteins than, for example, organic
drugs do. For the drug candidate KP1019, the attachment to
transferrin and its effect on the mode of action is well characterized
(Hartinger et al., 2006). The protein was shown to preferentially
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bind two ruthenium moieties to the iron binding sites which
most probably influence the protein’s structure (Pongratz et al,
2004, Smith et al., 1996). The reaction of KP1019 with transferrin
is slightly faster than with human serum albumin. The structural
change imposed by attaching two ruthenium moieties to
transferrin probably prevents the protein from binding to its
receptor. It is reflected by a lower accumulation of ruthenium in
the cell. However, loading transferrin with physiologically normal
amounts of iron prior to binding of one ruthenium unit, led to a
markedly increased cellular uptake (Pongratz et al, 2004). The
release from the protein is thought to take place in the
endosomes at a lower pH in the presence of biological chelators
(Kratz et al., 1994). In an initial, simplified assumption of analogy
with platinum drugs, DNA has been considered a critical target
of KP1019, and binding to nucleotides and DNA has therefore
been investigated in various studies (Schulga et al, 2006;
Hartinger et al,, 2006; Kung et al,, 2001; Malina et al,, 2001; Egger
et al, 2005). The sensitization of cells to the sodium salt
analogue KP1339 by inhibitors of DNA repair seems to argue for
this assumption, but since the pattern of sensitization differs from
that of cisplatin, cytotoxic DNA lesions are probably processed
differently by the cell (Hartinger et al., 2006). The induction of
apoptosis in cancer cells by the intrinsic mitochondrial pathway
(Kapitza et al, 2005) does not exclude the possibility that DNA
binding triggers the apoptotic process, but the comparatively
rapid onset of membrane depolarization in mitochondria
suggests that a direct interaction with mitochondria might be
involved in the mechanism of action of KP1019. Taking into
account the similarities between ruthenium and iron, it is
tempting to assume an interference with iron-dependent
metabolic processes. In this context, the capacity to bind to
cytochrome c is noteworthy. Although a direct interaction with the
heme group has not been reported, binding to this protein results
in marked conformational changes in the heme environment
which might affect biological functionality (Trynda-Lemiesz, 2004).
Despite its moderate cytotoxicity, KP1019 exerts impressive
effects in non-toxic doses in a variety of tumor models, probably
reflecting a high degree of tumor selectivity mediated by the
mechanisms mentioned earlier. The predictive power of the
chosen models, in particular chemically induced autochthonous
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colorectal carcinoma in the rat, responded with a complete
remission of one third of tumors (Berger et al, 1989). It also
responded primary cultures of human tumor cells, a high proportion
of which (including clinically chemo resistant specimens and cells
from metastatic lesions) proved sensitive to this compound
(Depenbrock et al.,, 1997) and excites confidence that a therapeutic
benefit will be confirmed by further clinical studies. The phase
I dose escalation study conducted in patients already with
advanced solid tumors yielded encouraging results with disease
stabilizations in five of six evaluable patients despite the fact that
the majority of patients are not treated with the therapeutically
optimal dose in this type of study. Another ruthenium complex
under clinical investigation, NAMI-A, imidazolium [trans-tetrachloro
(dimethylsulfoxide)-imidazoleruthenate(Ill)], (Rademaker-Lakhai
et al.,, 2004), exhibits a quite different biological activity despite its
structural relationship to KP1019. This compound reduces the
formation of metastases and appears to inhibit their growth as a
result of a delayed process of metastasis but has little impact on
primary tumors in animal models (Sava et al, 2003). NAMI-A
interferes with the extracellular matrix with the interactions of
tumor cells, including an increase of actin-dependent cell
adhesion, (Sava et al., 2004; Frausin et al., 2005). The inhibition of
matrix degradation by matrix metalloproteinases (Pacor et al,
2004) and reduction of cell invasiveness and migration, resulting in
a less malignant cell phenotype. A contribution of antiangiogenic
effects to the antimetastatic properties has also been suggested
(Vacca et al,, 2002). However, the low capacity of DNA binding
(Pluim et al., 2004) is unlikely to account for the antimetastatic
activity. The unique properties of NAMI-A imply that its effects
are mainly directed against the process of metastasis, while its
inhibitory effects on established tumor lesions are much less
pronounced, corresponding to its negligible cytotoxicity. Clinical
experience suggests that established metastases can only be
treated effectively with compounds that have the capacity to exert
their effects on the primary tumor and are comprehensible from
the common tissue characteristics shared by primary and
secondary tumors. Beside Ru(Ill) compounds in clinical trials,
organometallic Ru(Il) complexes have attracted interest in recent
years, some of which show similar antimetastatic activity to
NAMI-A and RAPTA (Ang and Dyson, 2006). Others were proven

265



266

Approaching Cancer Therapy with Ruthenium Complexes

to exert their activity by a DNA binding mechanism (Yan et al,
2005). Furthermore, the disadvantage of the small therapeutic
window of multinuclear platinum complexes might be overcome
by wusing multinuclear ruthenium (or other non-platinum)
complexes, since ruthenium complexes are usually less toxic than
platinum compounds.

8.2 Brief Introduction to DNA

8.2.1 General Structure

DNA is comprised of deoxyribose sugars linked together in a chain
through phosphate groups, and with a nucleotide-base attached to
each sugar (Fig. 8.2) (Berg et al,, 2002; Branden et al., 2002). Four
different bases are present (guanine, G; adenine, A; cytosine, C;
thymine, T), two of which are purines (G, A) and two pyrimidines
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Figure 8.2 The components of DNA: (a) deoxyribose phosphate backbone.
(b) DNA bases and their Watson-Crick hydrogen-bonded pattern.

The double-stranded double-helical structure of DNA,
elucidated by Watson and Crick, is one of the scientific icons of
the 20th century (Watson and Crick, 1953). The DNA structure
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termed B-DNA has two anionic sugar phosphate backbones
enfolded around each other in a right-handed double-helix, with
the bases hydrogen-bonded together in pairs (A with T and G
with C) in the heart of the helix. The hydrophilic sugar-phosphate
units point out into solution while the more hydrophobic bases
are in the core. The bases are perpendicular to the helical axis
and are stacked in a parallel fashion upon each other (face-face,
m-m interactions) with a regular inter-planar separation of 3.5A°
as shown in Fig. 8.3.

Minor groove $

Major groove I

Figure 8.3 View of DNA double helix. Adapted from Pray (2008).

The attachment points of the bases to the sugar-phosphate
backbone are offset with respect to the hydrogen bonds between
the bases. The pairing of the non-symmetric bases and their
stacking, at approximately 36° torsion angle gives rise in B-DNA to
a small (minor) groove and a large (major) groove as shown earlier
in Fig. 8.2. The sequence of the DNA bases along the polymeric
sugar-phosphate chain encodes the genetic information and
the Watson-Crick hydrogen bond recognition of G with C and
A with T is key to the accurate reading and replication of the
genetic information. B-DNA is believed to be the most prevalent
form of DNA in biological systems although other double-helical
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forms such as the left handed Z-DNA and right-handed A-DNA
(shorter and flatter than B-DNA) have been observed by
crystallography and may have a more limited biological relevance.

8.2.2 Probable Interaction Sites

In practice, DNA is enfolded tightly like a ball of anionic (negatively
charged) knitting wool. It needs some cationic species to enable
it to hold together. Much of this role in cell nuclei is provided
by histone proteins; however, metal salts and other small
molecules such as polyamines contribute significantly to this
structure. There are several mechanisms based on the structure
and chemical composition of DNA, by which molecular substrates
can bind to DNA and these interactions can be reversible or
irreversible. Three different modes of DNA binding by
metallomolecules are identified: non-specific external association,
(major and minor) groove binding, and intercalation between
bases of DNA.

8.2.2.1 Irreversible binding to DNA

The compound under investigation can form covalent bonds to
the phosphodiester backbone, sugar residues, or bases of the
DNA. The damage of DNA by the molecule can be taken as a basis
of its chemotherapeutic investigation. This binding event can
cause genetic instability due to which cancer cells are unable to
effect the correct cell cycle checkpoint responses to induced
damage and consequently undergo cell cycle arrest which may
ultimately lead to apoptosis, or programmed cell death. Cisplatin
and its derivatives interact with DNA through coordination
bonds formed between the Pt(II) centers and available nitrogen
atoms on nucleotides, commonly N7 atom on adjacent purine
base. Intrastrand cross-link has the effect of kinking the structure
of the DNA molecule and it is thought that this is the key event
in the therapeutic action of these drugs (Gelasco et al., 1998).

8.2.2.2 Reversible binding to DNA

Coordination complexes that reversibly bind to DNA are becoming
increasingly interesting in biological relevance. In such systems,
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the three-dimensional arrangement of ligands provides a means
by which binding to DNA can be achieved. Since ligands can be
easily interchanged or modified, this provides a mechanism to
control hydrophobicity, binding affinity, and selectivity in addition
to cellular uptake.

8.2.2.2.1 External association

Cationic molecules intend to associate with negatively charged
DNA. Naturally occurring polyamines such as spermine bind to
DNA through electrostatic interactions. In 1968, Eichhorn and
Shin described the ability of metal ions to interact with DNA and
suggested two probable binding modes: external association
with the negatively charged phosphate backbone and interactions
with the electron donor groups of the bases (Eichhorn and
Shin, 1968). Electrostatic interactions, ligand hydrophobicity
and the total size of the metal ions predominately influence the
backbone association of DNA. Metals can also bind covalently
to purine group. Simple metal complexes, such as [Ru(bpy);]?*
(bpy = 2,2'bipyridine), that interact with DNA solely through
electrostatic interactions usually possess very low binding
affinities.

8.2.2.2.2 Major and minor groove binding

Another mode of reversible binding of a molecule to DNA could
be associated with its minor or major groove of double helix.
Molecules that bind to DNA grooves can span many base pairs
and hence they can exhibit very high levels of DNA sequence-
specific recognition. Molecules may approach within van der
Waals contact distances of the groove walls and then occupy the
DNA grooves. Recognition and sequence-selective binding is
dependent on a combination of hydrogen bonding, van der Waals
forces, hydrophobic contacts and electrostatic interactions.
Classical groove binding agents are usually cationic and composed
of aromatic rings connected by bonds with torsional freedom so
that they are able to twist and become isohelical with the DNA
groove. Such systems tend to reside in minor groove of B-DNA
and selectively bind to narrower and more electronegative A-T
rich sequences where electrostatic and van der Waals contacts
are maximized. Any additional hydrogen bonding sites in the
groove binder enhance binding affinities and largely drive more
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specific sequence preferences. In 1981, Gale et al. (1981) noted
that most small molecules that bind to B-DNA grooves do so either
in or via the minor groove of the double helix, while DNA binding
proteins or gene-targeted oligonucleotides interact with the
major groove. Owing to different dimensions of the two grooves,
targeting them requires dissimilar and different shaped molecules.
The major groove is much wider than the minor groove. Due to
this dimensional difference, the major grooves are mainly the
site of binding of many DNA binding proteins (Schleif, 1988).
They recognize and bind in or around the major groove of DNA
and form specific hydrogen-bonded contacts to the edges of the
base pairs. This is because this groove not only shows the greater
variation in size and shape with base sequence but also has a
greater number and variation in the pattern of hydrogen-bond
donor and acceptor units to which the protein can bind.
Major groove recognition usually involves cylindrical binding units
based on alpha helices, and the units are just the right size and
shape to fit into the major groove as they are found too large for
the minor groove. Synthetic or natural oligonucleotides are also
found to recognize the major groove of DNA (Da Ros et al,, 2005).
They bind by forming hydrogen-bonds to the major groove edges
of the purine nucleobases. Methyl green is a well-known example
of major groove binder and is depicted in Fig. 8.4a. The minor
groove of DNA can present as a selective binding sites for small
and flat cationic molecules (Neidle, 1994). Lateron, Goodsell
and Dickerson found that minor-groove binding drugs have a
characteristic structure, usually contain two to five aromatic
heterocycles linked by amide or vinyl groups with cationic groups
at either ends (Goodsell and Dicherson, 1986). Some metal
complexes do not fit neatly into the minor groove, but a part of
such a molecule may slot into minor groove (Coggan et al., 1999).
The minor groove binders stabilize DNA by van der Waals
interactions with the walls and floor of the groove, as well as
hydrogen bonds with the concave curvature of the inner surface of
the molecule complementing the convex surface of the floor of the
DNA minor groove. Such molecules have a preference for A-T
rich sequences for which the groove has a deeper electrostatic
potential and sterically less hindered. Among well-known minor
groove binder, DAPI (4',6-diamidino-2-phenylindole) is considered
most simple and well-exploited example as shown in Fig. 8.4b.
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Figure 8.4 Major and minor groove binding agents.

DAPI was used as an antiparasitic agent although its use
is limited by side effects. Its more common use is as a blue-
fluorescent stain for DNA. It is readily transported across
membranes into cells and has acquired significant popularity
in microscopic studies. It binds to AT-rich regions of double
stranded DNA in the minor groove and inhibits DNA and RNA
polymerase. The A-T region of B-DNA has a narrower minor groove
than G-C region and hence allows fitting of a drug against the
walls of the groove (Fig. 8.5).

Figure 8.5 (a) View of DAPI (pink) binding in the minor groove of DNA.
(b) Close-up space-filling view showing the snug fit in the narrow and
deep AT-rich minor groove. Adapted from Larsen et al. (1989).

The complex [Ru(phen);]?* (Phen = 1,10 phenanthroline) was
shown as a groove binder by Barton et al. (Barton et al., 1984).
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It was initially, thought that this complex intercalate into
B-DNA, with the D-enantiomer displaying the highest affinity.
However, later work revealed that the complex is not an
intercalator, but a groove binder (Satyanarayana et al, 1993).
Furthermore, it was found that the L-enantiomer is a major groove
binder at all loading ratios—with one phenanthroline ligand
approximately parallel to the base pair planes (partial insertion).
In contrast, the D-enantiomer exclusively bind to a minor groove
with high loading but some partial insertion into major groove
may also occurs (Coggan et al,, 1999).

8.2.2.2.3 Intercalation between DNA bases

Mainwaring et al. defined the intercalation as the sandwich of a
molecule between two adjacent pairs of bases in the DNA double
helix (Mainwaring et al., 1982). Intercalators push the DNA-
base apart, and intercalation could be attributed to the extended
electron-deficient aromatic planar ring system. They extend and
unwind the deoxyribose-phosphate backbone and are stabilized
by m-m stacking interactions with the planar aromatic bases
(Lerman, 1961). As the bases are pushed away by intercalation,
they can lead to hydrodynamic changes in the DNA and lead
lengthening of DNA beside decrease in twisting between the base
pair layers, the stiffening of the helix, and the decrease in mass
per unit length. These effects are fully reversible upon removal
of the intercalator as long as the DNA duplex structure is not
destroyed by the process of removal. Lerman showed that a
bound intercalator lies in a plane perpendicular to the helix
axis, and perpendicularity of the base pairs to the helix is not
significantly altered (Lerman, 1963). Thus, for a metal complex to be
an intercalator, it must either be planar or have an extended
planar component which can slot between base pairs.
The intercalation in ruthenium-based metallo-system is illustrated
by dipyridophenanzine-bi(phenanthroline) ruthenium(II),
[Ru(phen),dppz]?* (Haq et al., 1995) where a phenanthroline of
[Ru(phen);]%* is extended by a planar aromatic group and prefers
an intercalation. Its binding to DNA causes an elongation of the
rod-like DNA molecule in consistence with classical intercalation
(Haq et al,, 1995).
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8.2.3 Mode of Binding and Their Detection Using
Spectroscopic and Biochemical Techniques

Metal-containing complexes can have dramatic effects on DNA
structure. There are various ways of measuring the deviation of
the helix backbone from a straight line and various measures
of DNA base displacement from the canonical B-DNA positions.
Such measures really rely on atomic level structural information
from nuclear magnetic resonance spectroscopy (NMR), X-ray
crystallography or molecular modeling and are valuable when
such data are available. A description of the main techniques used
to detect and analyze DNA structural changes in this context is
given below.

8.2.3.1 UV-visible absorption spectroscopy

UV-Visible absorption spectroscopy is the simplest and most
commonly employed instrumental technique for studying both
the stability of DNA and their interactions with small molecules.
The study of complex-DNA interactions could be carried out by
UV-visible absorption spectroscopy by monitoring the changes in
the absorption properties of the complex or the DNA molecules.
Usually, complexes show an absorption band that can clearly be
distinguished in the visible region. The intercalation of compound
and DNA can be monitored by the changes observed in the position
of absorption in free state and on binding with DNA. It has been
assumed that the magnitude of this shifting could be correlated
with the strength of the interaction between DNA and molecule
under consideration (Sun et al, 2011; Jaumot et al, 2012;
Wei et al,, 2010; Bhadra et al,, 2011). The UV-visible absorption
spectrum of DNA shows a broad band at 4,,,, 200-350 nm in the
UV region with a maximum absorption at A,., 260 nm.
This maximum observed is considered a consequence of the
chromophoric groups present in purine and pyrimidine bases of
DNA. Complex-DNA interactions can be studied by a comparison
of UV-visible absorption spectra of a free complex and that of
complex-DNA adduct. Compounds binding with DNA through
intercalation usually results hypochromic and bathochromic shift.
The extent of hypochromism is usually found consistent with the
strength of intercalation (Liu et al, 2002). The strength of this
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electronic interaction is expected to decrease as the cube of the
distance between the chromophore and the DNA bases decreases.
By decreasing the distance between intercalated compound
(drug) and DNA bases, hypochromism take place apparently.
Thus, this is consistent with the combination of compound
m-electrons and m-electrons of DNA bases. Consequently, the
energy level of the m-m electron transition decreases, which
causes a red shift in absorption maxima. This contributes to the
hypochromic effect (Sirajuddin et al, 2012; Sirajuddin et al,
2012). In case of electrostatic attraction between the compound
and DNA, hyperchromic effect is observed that reflects the
corresponding changes of DNA in its conformation and
structure after the complex-DNA interaction has occurred.
The hyperchromic effect is the outstanding increase in absorbance
of DNA upon denaturation. The two strands of DNA are held
together mainly by the stacking interactions, hydrogen bonds
and hydrophobic effect between the complementary bases.
When DNA double helix is treated with denaturing agents, the
interaction force holding the double helical structure is disrupted.
The double helix then separates into two single strands which
are in the random coiled conformation. At this time, the inter
base interaction will be reduced, increasing the UV absorbance
of DNA solution because many bases are in free form and do
not form hydrogen bonds with complementary bases. As a result,
the absorbance for single-stranded DNA is found 40% higher
than that for double stranded DNA at the same concentration.
Furthermore, the hyperchromic effect arises mainly due to the
presence of charged cations which bind to DNA via electrostatic
attraction to the phosphate group of DNA backbone and thereby
causing a contraction and overall damage to the secondary
structure of DNA (Arjmand et al., 2011). The hyperchromic effect
may also be attributed to external contact (electrostatic binding)
(Pratviel et al., 1998) or to partial uncoiling of the helix structure
of DNA, exposing more bases of the DNA (Shahabadi et al,, 2010).
If there is a weaker interaction then only hypochromic or
hyperchromic effects are observed without significant changes of
shifts in the spectral profiles (Gonzalez-Ruiz et al., 2011; Kumar
et al, 2009). The absorption spectral titration are used to
determine the binding constants (K}) of the complexes using the
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expression [DNA]/(e, - &) = [DNA]/(ey, - €¢) + 1/Ky(ey, - €¢), where
e, & and g, are the apparent absorption coefficient, ¢ of the
complex in free form, and & of the complex in fully bound
form, respectively. The K, value was obtained from the
[DNA]/(ea - &) vs. [DNA] plot. Spectral changes of two Ru(II)
complexes [RuH(HL)(PPh3),(CO)] and [RuH(HL)(AsPh3),(CO)]
(HL = 2,2'-bipyridine-5,5'-dicarboxylic acid) (Kamatchi et al,
2013) is shown in Fig. 8.6 after addition of CT DNA.
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Figure 8.6 UV-visible spectra of complexes (a) [RuH(HL)(PPh3),(CO)]
and (b) [RuH(HL)(AsPh;3),(CO)] in the absence (- - -) and in the presence
of CT-DNA in increasing amounts, [Complex] = 10 uM, [DNA] = 0-100 pM.
Adapted from Kamatchi et al. (2013).

The absorption spectrum of complex [RuH(HL)(PPhs),(CO)]
on the addition of DNA showed hypochromism with a slight red
shift in - ligand-centered band at 4., 310 nm. For complex
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[RuH(HL)(AsPh3),(CO)], the addition of increasing amount of DNA
resulted in hyperchromic effect in the absorption. These results
suggested a relatively weak association of [RuH(HL)(PPh3),(CO)]
and [RuH(HL)(AsPhs3),(CO)] to the helix. It is obvious from
Fig. 8.6 that as DNA concentration is increased, main absorption
shows hypochromic effect without red-shift in the band
position of [RuH(HL)(PPh3),(CO)]. Hence, it clearly binds to DNA by
non-intercalative mode.

8.2.3.2 Fluorescence spectroscopy

Fluorescence spectroscopy is one of the most common, sensitive,
and selective techniques used to study interactions between
molecules with DNA. The intense and most useful fluorescence is
observed from compounds containing aromatic functional groups
with low-energy m-z* transition levels. Compounds containing
aliphatic and alicyclic carbonyl structures or highly conjugated
double-bond structures may also show fluorescence, but the
number of these transitions is small compared to those observed
from aromatic systems (Jaumot et al, 2012; Lakowicz, 2006).
The orientation of fluorophoric ligands and their closeness to
DNA base pairs can be studied by fluorescence anisotropy or
fluorescence resonance energy transfer. Fluorescence quenching
experiments give additional information concerning the
localization of the drugs and their mode of interaction with
DNA (Gonzalez-Ruiz et al, 2011). Fluorescence emission is very
sensitive to the environment, and hence the fluorophore transfer
from high to low polarity environments commonly causes
spectral shifts 10-20 nm in the excitation and emission spectra
of drugs (Suh et al, 1995). Moreover, the effective interaction
with DNA commonly causes a significant enhancement of the
fluorescence intensity as a consequence of different factors. Thus,
in the case of intercalating drugs, the molecules are inserted into
the base stack of the helix. The rotation of the free molecules favors
the nonradiative deactivation of the excited states, but if the
drugs are bound to DNA the deactivation through fluorescence
emission is favored, and a significant increase in the fluorescence
emission is normally observed. In case of groove binding agents,
electrostatic, hydrogen bonding or hydrophobic interactions are



Brief Introduction to DNA

involved and the molecules are close to the sugar-phosphate
backbone. It is possible to observe a decrease in fluorescence
intensity in the presence of DNA. The use of well-established
quenchers, such as halide ions, provides further information
about the binding of drugs to DNA. The groove binders are more
sensitive to the quenching effect by halides than the intercalating
agents because the pairs of bases hinder the accessibility of
the drug by the quenchers. Besides, the electrostatic repulsion
among phosphate groups on DNA and anionic quenchers
protect the drug from the quencher effects. Thus, in case of
intercalation, reduction in Ksy occurs. Kgy is the Stern-Volmer
quenching constant. It can be obtained from the slope of the plot
of F,/F vs. [DNA] using the equation, F,/F (or Iy/I) = 1 + Kgy [Q]
where F, or I, is the fluorescence intensity in the absence of
quencher, while F or I is the fluorescence intensity in the presence
of quencher (Gonzalez-Ruiz et al., 2011; Li et al., 2005).

The emission intensity of ethidium bromide (EB) is used as
a spectral probe, as it shows enhanced emission intensity when
it is bound to the hydrophobic part of DNA. The binding of the
complexes to DNA could result in the displacement of the bound
EB and could cause a decrease in emission intensity due to
quenching by the paramagnetic complexes. The DNA binding
propensity of complexes is measured from the reduction of the
emission intensity of EB at different complex concentrations.
The fluorescence spectral method using EB as a reference was
used to determine the relative DNA binding properties of the
complexes to calf thymus (CT) DNA in Tris-HCI/NaCl buffer.
DNA concentrations, expressed with respect to mononucleotides,
were determined spectrophotometrically using the reported
data for a molar absorption coefficient of 6600 M~ c¢cm™ at
260 nm. Fluorescence intensities of EB at 4., 601 nm with
an excitation wavelength of A,,, 510 nm were measured at
different complex concentrations. Reduction in emission intensity
was observed with the addition of complexes. The relative
binding tendency of the complexes to CT DNA was determined
from a comparison of the slopes of the lines in the fluorescence
intensity versus complex concentration plot. The apparent
binding constant (K,,;) was calculated using the equation
Kgg [EB] = K, [complex], where the complex concentration was
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the value at a 50% reduction of the fluorescence intensity of EB
and Kgzz = 1.0 x 107 M~L Binding of Ruthenium(III) complexes of
formula mer-[RuCl3(dmso)(1,10-phenanthroline)] and mer-
[RuCl;(dmso) (dipyrido[3,2-a:2',3"-c] phenazine)] (dmso = dimethyl
sulfoxide) with DNA has been investigated using competitive
binding with EB (Tan et al., 2008). The addition of complexes
to DNA, pretreated with EB, causes appreciable reduction in
emission intensity relative to that observed in the absence of
the complex as shown in Fig. 8.7, and shows intercalative mode
of binding.
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Figure 8.7 Emission spectra of EBbound to DNA in the presence of complexes
mer-[RuClz(dmso)(1,10-phenanthroline)] and mer-[RuCl;(dmso)
(dipyrido[3,2-a:2’,3'-c]phenazine)]. [EB] = 20 uM, [DNA] = 100 uM; [Ru]/
[DNA] = 0-0.70; Aeycitea = 537 nm. The arrows show the intensity changes
upon increasing concentrations of the complexes. Inset: plots of Iy/I vs.
[Ru]/[DNA] with experimental data points and full line for linear
fitting of the data. Adapted from Tan et al. (2008).

8.2.3.3 Viscosity measurements

Hydrodynamic measurements that are sensitive to length change
(i.e., viscosity and sedimentation) are regarded as the least
ambiguous and the most critical tests of the binding mode of a small
molecule to DNA. A classical intercalative mode causes significant
increase in viscosity of the DNA solution due to an increase in
the separation of base pairs at the intercalation sites, hence an
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increase in overall DNA length occurs. In contrast, complex
that binds with DNA grooves by partial and/or non-classical
intercalation causes less pronounced changes in the viscosity
(Satyanaryana et al, 1993). Under appropriate conditions, EB
usually increases the relative specific viscosity due the lengthening
of the DNA double helix which results from intercalation. On
increasing the concentration of [RuH(HL)(PPh3),(CO)] and
[RuH(HL)(AsPh3),(CO)], the relative viscosity of DNA did not
alter significantly and found consistence with the well-known
[Ru(bpy)s]®* as shown in Fig. 8.8. Such a trend is typical of
electrostatic mode (Lerman, 1961)).
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Figure 8.8 Effect of increasing amounts of complexes and EB on the relative
viscosities of CT-DNA in 5 mM Tris-HCl buffer (pH 7.0). [Ru(bpy)*]** (W),
[RuH(HL)(PPhs),(C0O)] (@), [RuH(HL)(AsPh;),(CO)] (A), EB(). (Kamatchi
etal, 2013).

8.2.3.4 Circular dichroism (CD)

Circular dichroism (CD) is a useful technique and allows to assess
whether nucleic acids undergo conformational changes as a result
of complex formation or changes occurred owing to change in its
environment. Circular dichroism, the difference in absorption
of left and right circularly polarized light, is uniquely sensitive
to chirality or helicity of molecules. Thus, CD depends on

279



280

Approaching Cancer Therapy with Ruthenium Complexes

the arrangement of the DNA bases and if this is changed, CD
spectrum changes. The source of chirality in DNA is the ribose
sugar backbone of DNA. Between 190 and 300 nm, there are
DNA signals observed from coupling of the stacked planar bases,
which adopt chirality (helical arrangement in space) structures.
CD can be used to probe DNA structures. Since right-handed B-DNA
and the left-handed Z-DNA, for example, have quite different CD
spectra (not mirror images of one another since the structures are
not enantiomeric), the effect of DNA on the CD of bound ligands
can also be a useful probing technique. This technique is useful
in diagnosis of changes in DNA morphology during drug-DNA
interactions. The band due to base stacking at A,,, (~275 nm)
and that due to right-handed helicity A, (~245 nm) are
quite sensitive to the mode of DNA interactions with small
molecules. Therefore, changes in CD spectral pattern of DNA upon
interaction with complex are often assigned to corresponding
changes in DNA structure. The simple groove binding and
electrostatic interactions of small molecules show less or no
perturbation on base-stacking and helicity bands.

8.2.3.5 Nuclear magnetic resonance spectroscopy

NMR spectroscopy is a powerful technique that enables geometrical
details of the structure of DNA on an atomic level in solution to
be elucidated. In addition, changes in chemical shifts induced by
temperature or concentration variation can provide information
about DNA-complex association. When a nucleus is placed in an
external magnetic field, its spin magnetic moment moves around
the direction of the field at a frequency termed the Larmor
frequency, which is directly proportional to the strength of the
magnetic field experienced by the particle. With metallo-systems
binding to DNA, the extent of changes in chemical shifts for
DNA protons upon complex binding have often been used as an
indication of binding site. A better approach is to use a range
of alternative NMR techniques which give through-bond or
through-space distances between atoms. Nuclear Overhauser
effect spectroscopy (NOESY) provides the ability to plot through
space connectivity between atoms with the strength of the signal
observed depending on their distance. NOESY couplings arise
because the use of a small radio frequency field at Larmor
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frequency of one nuclear spin results in an enhancement of the
magnetization of some of non-radiated nuclear spins (Levitt,
2001). Thus, one can identify whether given atoms are near each
other in three-dimensional structures. The NOESY data gives
certain inter atomic distances, which can be used as restraints
in molecular modeling and one can therefore sometimes
determine 3D structures. NOESY data cannot be used to analyze
the structure of a long DNA molecule as the peak-assignments on
the resulting spectra become complicated and the chemical shifts
for various atoms get overlapped. Caspar et al. observed the
binding of optically pure ruthenium complexes A- or A-
[Ru(bpy),(L-L)][PFg], [Where, L-L Hcmbpy = 4-carboxy-4'-methyl-
2,2'-bipyridine] to DNA. The binding of the two enantiomeric A
and A complexes to DNA were estimated from 'H NMR
spectroscopic titrations. 2D transferred NOESY experiments
support the conclusion that A and A bind to DNA and that an
intermediate-to-fast exchange occurs between bound and free
Ru(I) complex (Caspar et al., 2004).

8.2.3.6  X-Ray crystallography

X-Ray crystallography relies on Bragg’'s law, which states that
X-ray beam reflecting from a surface layer of a crystalline
material travels a shorter distance than those reflected by the
inner layers. The beams are in-phase if the difference in these
distances is an integer value of wavelengths of the incident
radiation and hence produces an enhanced signal compared
to that out-of-phase. Bragg suggested that the differences in
distances relies upon the angle of incidence of the beam so that
by changing this angle, a diffraction pattern can be built up which
can then be Fourier-transformed and interpreted to give
atomic-level structural information. It is extremely attractive
to have such data for metal complex-DNA systems, however,
it is challenging to crystallize the sample. This is often not a
trivial exercise, and always involves carefully chosen short DNA
sequences. The biological significance of such structures is not
clear. There is also the fact that solid-state crystalline structures
do not necessarily bear any relationship to those adopted in
biological systems.
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8.2.3.7 Gel electrophoresis

Gel electrophoresis involves application of an electric field
across the length of the gel causing the migration of charged
molecules toward the oppositely charged electrode. At neutral
pH, DNA is negatively charged so moves through the gel from
cathode towards the anode. The electrophoretic mobility of a
piece of DNA on a gel is dependent on its flexibility, size and
charge. If, a molecule binds to DNA and affects the size or shape of
DNA, it then will affect its electrophoretic mobility. For example,
an intercalator is expected to unwind the DNA, which lengthens
and stiffens it. Using circular DNA of known supercoiling, the
degree of unwinding per ligand bound can be determined.
Ethidium bromide, an archetypical intercalator, unwinds DNA
by an average of 26° per ligand (which is 10° less than the
base-base twist in canonical B-DNA). The degree of unwinding
induced by a given metal complex has been shown to indicate
binding mode it adopts: mono-adduct platinum(II) complexes
generally afford little unwinding, whereas bifunctional adducts
such as cisplatin (unwinding angle 13°) have more effect, though
significantly less than that of an intercalator. An alternative
application of gel electrophoresis has been described by Carle
and Olson. They used it as a method of fractionating DNA into
size-based fractions by applying a series of orthogonal electric
fields on a gel. By altering the duration of the electric field pulses
in each direction, a greater accuracy in the DNA separation for a
given size range can be achieved. The technique can also be used
to check for DNA charge reversal which can occur when DNA
is re solubilized in the presence of multivalent cations. Charge
reversal is said to have occurred if the DNA migrates towards
the cathode terminal. Ruthenium(II) arene anticancer complex
[(7%-p-terp)Rull(en)Cl]* (p-terp = paraterphenyl, en = 1,2-
diaminoethane) has been reported and shown that this complex
exhibits promising toxic effects in several human tumor cell lines
and concomitantly its DNA binding mode involves combined
intercalative and monofunctional (coordination) binding modes
(Bugarcic et al., 2008). The unwinding of supercoiled plasmid
pSP73KB DNA induced on binding complex was determined by
incubating the plasmid with complex for 24 h at 37°C at various
r, (different lanes in the gel). The native agarose gels resulting
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from DNA modified by the complex, is shown in Fig. 8.9.
A decrease in the rate of migration is the result of unwinding
the DNA as this reduces the number of supercoils.
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Figure 8.9 The unwinding of supercoiled pSP73KB plasmid DNA by
complex. The plasmid was incubated with [(#°-p-terp)Rull(en)CI]*
complex in 10 mM NaClO,, at pH 6 for 24 h at 37°C. Lanes in the top
panel: 1 and 12, control, unmodified DNA; 2, r, = 0.008; 3, r, = 0.016; 4,
r, = 0.024; 5, n, = 0.031; 6, r, = 0.039; 7, r, = 0.047; 8, n, = 0.055; 9,
r, = 0.063; 10, r, = 0.071; 11, r, = 0.079. The top bands in each panel
correspond to the form of nicked plasmid and the bottom bands to
the closed, negatively supercoiled plasmid. (r, values are defined as the
number of atoms of the metal bound per nucleotide residue). Adapted
from Bugarcic et al. (2008).

8.3 Cytotoxicity of Ruthenium Complexes

Studies of medicinal applications of ruthenium complexes have
been facilitated by the wide diversity of the coordination and
organometallic chemistry of ruthenium. Briefly, earliest types
of anticancer ruthenium complexes, proposed by Clarke and
co-workers in the 1980s, were chlorido-ammine Ru(II)/Ru(III)
complexes which were thought to act primarily by binding to
DNA (Clarke, 2003). In this chapter, the cytotoxicity of a few
ruthenium complexes based on dimethyl sulfoxide, heterocycles,
polypyridyl, and arene derivatives has been described as follows.

8.3.1 Dimethyl Sulfoxide Complexes

Dimethyl sulfoxide (DMSO) complexes of both ruthenium(II) and
ruthenium(III) exhibit antitumor activity comparable to cisplatin
at equitoxic dosage in animal models of metastasizing tumors,
but with less severe side effects and prolonged host survival times
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(Sava et al, 1999). A small series of complexes whose parent
compounds are cis- and trans-[Ru(Ill)(DMS0),Cl,] (compounds
1 and 2) constitute one class of dimethyl sulfoxide ruthenium
compounds (Clarke et al, 1999; Sava et al, 1999). Examination
of their effects on primary tumor and on metastasis has
revealed antimetastatic activities superior to effects on primary
tumor growth. The initial studies were performed with cis-
[Ru(I)(DMS0),4Cl;] because of its similarity to cisplatin.
However, the comparison of the antitumor effects of cis and
trans-[Ru(II)(DMS0),Cl;] has revealed superiority of the latter.
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Cis- and trans-[Ru(Il)(DMS0)4Cl;] contain two chlorides
in the octahedral structure (Mestroni et al, 1989). In cis-
[Ru(I)(DMS0)4Cl;] the three DMSO molecules are S-bound in a
facial configuration and the fourth is O bonded. In trans-
[Ru(I1)(DMS0),4Cl,] all the DMSO are S-bound. When dissolved in
water, the cis isomer immediately undergoes loss of the O-bonded
DMSO ligand whereas the trans compound rapidly loses two
S-bonded DMSO ligands yielding cis-di aqua species. Both
hydrolyzed isomers then wundergo slow reversible chloride
dissociation forming cationic compounds. After this step, the trans
compound contains three reactive groups while the cis isomer
only two (Mestroni et al, 1989). In addition, the three remaining
DMSO ligands in the cis isomer represent a considerable steric
hindrance, which makes the cis aqua species inert relative to the
trans isomer. This difference correlates with a higher potency
of the trans isomer as an antitumor agent (Loseto et al, 1991).
Both cis- and trans-[Ru(II)(DMS0),Cl,] bind to DNA in cell-free
media (Loseto et al, 1991; Novakova et al, 2000). Some early
studies based on the analysis of circular dichroism (CD) spectra
of DNA have suggested that the coordination of the cis isomer to
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DNA does not significantly alter the conformation of B-DNA
(Mestroni et al., 1989). The trans isomer binds to DNA more rapidly
with some changes in the CD spectra indicating conformational
alterations (Mestroni et al, 1989). Both isomers have a limited
preference for bifunctional binding to neighboring guanine
residues at their N7 atoms with the trans isomer being more
effective (Novakova et al., 2000). The DNA binding mode of trans-
[Ru(I)(DMSO0),4Cl,] includes formation of bifunctional adducts
such as intrastrand cross-links between neighboring purine
residues and a small amount (~1%) of interstrand cross-links.
Cis-[Ru(I)(DMS0),Cl;] forms on natural DNA mainly
monofunctional lesions. These findings are consistent with the
results of the binding of cis- and trans-[Ru(1I)(DMS0),Cl,] to the
dinucleotide demonstrating a considerably slower binding of
the cis isomer (Anagnostopoulou et al, 1999). Both ruthenium
isomers induce conformational alterations in DNA, the trans
compound being more effective. In addition, DNA adducts of
trans- [Ru(1I)(DMS0),Cl,] are capable of inhibiting RNA synthesis
by DNA-dependent RNA polymerases, while the adducts of the
cis isomer are not. Thus, several features of the DNA binding
mode of trans-[Ru(Il)(DMSO),Cl,] are similar to those of
antitumor cisplatin (Novakova et al., 2000), which may be relevant
to the biological effects of this antitumor ruthenium drug. On
the other hand, the different DNA binding mode of cis-
[Ru(I)(DMS0),Cl,] is consistent with its less pronounced
biological effects. The cytotoxicity and photocytotoxicity of cis-
and trans-[Ru(II)(DMSO),Cl;] complexes was tested in two
melanoma cell lines, human (SK-MEL 188) and mouse (S91)
(Brindell et al., 2005). The trans isomer was found to be more
effective for cell growth inhibition than its cis analogue both in the
presence and in the absence of light. However, the antiproliferative
activity of both isomers was significantly enhanced after
irradiation with UVA light in comparison with their activity in
the dark. Interesting results have been also obtained in studies of
the mechanism of antitumor activity of Ru(II)(C¢Hg)(DMSO)CI,
complex (compound 3) (Gopal et al, 1999). This compound
exhibits a strong DNA-binding affinity, but binding does not affect
substantially DNA conformation. On the other hand, it could
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completely inhibit DNA relaxation activity of topoisomerase II by
trapping it into a ternary complex with DNA. A model has been
proposed for this ternary complex, in which the ruthenium atom
is coordinately bound to DNA and its ligands are cross-linked to
topoisomerase II.
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8.3.2 Heterocyclic Complexes

Heterocyclic complexes of Ru(Ill) constitute a relatively new
group of potential anticancer compounds (Keppler et al, 1993;
Clarke et al,, 1999). The general formula of this structural class is
(HB)[Ru(IIN)B,Cl4], where B stands for a heterocyclic base, such
as imidazole (Im) or indazole (compounds 4 and 5, respectively).
These complexes exhibit activity in various tumor models and
are particularly effective against cisplatin-resistant colorectal
tumors (Keppler et al, 1993). The complex (HInd)[Ru(III)Cl,
(Ind),] (KP1019) (compound 5) is highly active against a
colorectal tumor cells both in vivo and in vitro (Berger et al,
1989; Galeano et al,, 1992; Seelig et al., 1992; Sava and Bergamo,
2000; Galanski et al., 2003), is completely devoid of side effects
and drug induced lethality at therapeutically relevant doses
(Keppler et al., 1993). Its therapeutic index is better than that
of (HIm)[Ru(II)Cl4(Im);,]. The complex (HInd)[Ru(IlI)Cl,(Ind),]
has been shown to be efficiently taken up into the cells probably
via interaction with transferrin (Kratz et al, 1994; Frasca et al,
2001; Pongratz et al., 2004). It induces apoptosis (Kapitza et al,,
2005), but the cellular mechanisms of the apoptosis induction
are still largely unknown.
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Ruthenium as a congener of iron, shows strong affinity
for transferrin and displays reductive activation (Frasca et al,
1996; Clarke, 2003) in cells. It can be assumed that Ru(Ill) can
substitute Fe(Ill) and can induce Fenton type redox processes and
intracellular radical formation. This may well result in cellular
damage that induces apoptosis. Hence, induction of oxidative
stress seems to be an essential component of the cytotoxic effect of
Ru(Ill) complexes. This cellular mechanism may provide rapid
onset of Ru(Ill) induced apoptosis. It also allows the protection
of normal tissues by the combination with moderate amounts of
antioxidants. The complex (HInd)[Ru(III)Cl4(Ind);] interacts with
DNA and forms cross-links or induces strand breaks. This complex
induces formation of H,0, and DNA-strand breaks in colorectal
tumor cells in a dose-dependent way (Kapitza et al,, 2005). Both
effects are inhibited by N-acetylcysteine and concomitantly
cytotoxicity is reduced. Induction of apoptosis has been shown
by loss of mitochondrial membrane potential and by caspase-
dependent cleavage of poly-(ADP-ribose)-polymerase (PARP).
Both effects were inhibited by N-acetylcysteine, which reduced
the population with depolarized mitochondrial membranes and
prevented cleavage by poly-(ADP-ribose)-polymerase. It indicates
an important role of oxidative stress in apoptosis induced by
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(HInd)[Ru(1II)Cl4(Ind),]. Later on, analogues of these complexes
were developed, namely Na[trans-Ru(III)((DMSO)Cl4(Im)] (NAMI)
and (HpIm)[trans-Ru(DMSO)Cl4(Im)] (NAMI-A) (compound 6)
was synthesized with the aim of improving the solid state stability
of the complex. Both NAMI and NAMI-A exhibit encouraging
antitumor and antimetastatic properties; NAMI-A exhibits high
efficiency in vivo against lung metastasis and is currently on
clinical trial as an antimetastatic drug (Sava et al, 1999; Sava
and Bergamo, 2000; Rademaker-Lakhai et al, 2004). Thus, the
spectrum of the antitumor effects of these ruthenium compounds
differs significantly from that of cisplatin while showing lower
systemic toxicity than platinum(II) compounds (Keppler, 1993).
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8.3.3 Polypyridyl Compounds

A third group of antitumor ruthenium compounds discussed in
this chapter are the ruthenium complexes of polypyridyl ligands.
The DNA binding and cleavage properties of various ruthenium
polypyridyl complexes have been investigated, because they have
been proposed as useful probes of tDNA conformation (Barton,
1986) or DNA cleavage agents (Grover et al., 1994; Neyhart et al.,
1995). Analogues of these ruthenium complexes containing aqua
or chloro groups have also been synthesized and it was found that
they bind DNA covalently in cell-free media (Barton and Lolis,
1985; Grover et al, 1994). The aqua or chloro-ligands in these
complexes represent leaving-ligands in contrast to the kinetically
more stable pyridyl groups. The cytotoxicity of chloropolypyridyl
ruthenium complexes of structural formulas [Ru(II)Cl(bpy)(terpy)]
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Cl, cis-[Ru(11)(bpy),Cl;] and mer-[Ru(II)Cl3(terpy)] (7) (bpy = 2,2'-
bipyridyl, terpy = 2,2":6',2"-terpyridine) has been demonstrated
in murine and human tumor cell lines (Novakova et al., 1995).
mer-[Ru(II)Cl3(terpy)] exhibits a remarkably higher cytotoxicity
than the other complexes. Moreover, investigations of antitumor
activity (studied on murine lymphosarcoma LS/BL ascitic tumor)
have revealed the highest efficiency for mer-[Ru(II)Clz(terpy)].
In a cell free medium, the ruthenium complexes coordinate to
DNA preferentially at guanine residues (Novakova et al., 1995; van
Vliet et al., 1995). The resulting adducts terminate DNA synthesis
in vitro. The reactivity of the complexes to DNA, their efficiency
to unwind supercoiled DNA and a sequence preference of their
DNA adducts do not show a correlation with biological activity.
On the other hand, the cytotoxic mer-[Ru(II)Cls(terpy)] exhibits
a significant DNA interstrand cross-linking, in contrast to the less
active complexes. Thus, this potential new class of metal-based
antitumor compounds may act by a mechanism involving DNA
interstrand cross-linking.

The cytotoxicity of three isomeric dichlororuthenium(II)
complexes «-, f-, and y-[Ru(ll)(azpy),Cl,] (azpy = 2-
phenylazopyridine) has been investigated against a series of
tumor cell lines (Hotze et al, 2005). The complex a-[Ru(II)
(azpy),Cl,] exhibits cytotoxicity higher than cisplatin. It is in
contrast to much lower cytotoxicity of trans-dichloro complex
y-[Ru(II) (azpy),Cl,] and the cis-dichloro isomer 3-[Ru(II) (azpy),Cl,].
The binding of the complex has been compared with previously
observed results for bis(bipyridyl)ruthenium(Il) complex (Hotze
et al, 2005). The ligands 9-ethylguanine and guanosine form
monofunctional adducts. The guanine derivatives in the azpy
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complexes can have more orientations than found for related
cis-[Ru(Il)(bpy),Cl,] species. This versatility is considered
important in the binding of a-[Ru(II)(azpy),Cl,] complex to DNA.
It is related to the cytotoxicity of this compound. Tris(ligand)
complexes [Rul3](PFg), (L = 2 phenylazopyridine or o-
tolylazopyridine) and mixed ligand [RuL'2L"](PF¢), (L' and L" are
2-phenylazopyridine or bpy) have been synthesized, structurally
characterized and investigated for their cytotoxicity (Hotze et al,,
2005). These complexes were designed to test the hypothesis
that the compound «a-[Ru(ll)(azpy),Cl,] exhibits a high
cytotoxicity due to its two cis chloride ligands, which might be
exchanged with biological targets such as DNA as in the case
of cisplatin. The cytotoxicity of mer-[Ru(ll)(azpy)s3](PF¢), and
mer [Ru(ll)(tazpy)s](PF¢), (tazpy = o-tolylazopyridine) against
human tumor cell lines (A498 (renal carcinoma cell lines), H226
(lung cancer cell line), IGROV (ovarian cancer cell lines), M19
(melanoma), EVSA-T, MCF-7 (human breast adenocarcinoma) and
WiDR (colon adenocarcinoma cell line)) was found moderate. So,
even though no chloride ligands are present in these tris(ligand)
complexes, cytotoxic activity is observed. This implies that the
2-phenylazopyridine ruthenium (II) complexes act by a completely
different mechanism than cisplatin. A series of monochloro-
ruthenium complexes, [Ru(ll)(terpy)(NN)CI]* (NN, bidentate
nitrogen ligand), containing different electron-donating groups
were also prepared (Cheng et al., 2000). DNA binding and formation
of Ru-DNA adducts were confirmed by gel mobility shift assay.
The preferential DNA binding sites of [Ru(II)(terpy)(tmephen)Cl]*
(tmephen = tetramethylphenanthroline) were purine residues.
Surprisingly, [Ru(I)(terpy)(tmephen)Cl]* inhibited bacterial cell
growth (E. coli) at lower concentrations than cis-[Ru(II)(bpy),Cl,].
It was suggested that ruthenium complexes modified with
electron-rich groups may represent a new class of anticancer
ruthenium drugs. The interactions of a metal complex [Ru(II)
(phen), PMIP]?>* {phen = 1,10-phenanthroline, PMIP = 2-(4-
methylphenyl) imidazo[4,5-f]1,10-phenanthroline} (8) with
yeast transfer RNA and calf thymus DNA have been investigated
(Xu et al, 2005). Binding modes of these Ru(ll) polypyridyl
complexes to both nucleic acids involve intercalation. The results
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also suggest that interactions with these nucleic acids are
enantioselective, with more binding of A-enantiomer than that of
A-enantiomer.
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Another novel ruthenium(II)-complex containing 4-carboxy
N-ethylbenzamide (CNEB) as (Ru(II)-CNEB) was found to interact
with and inhibit M4-lactate dehydrogenase (M4-LDH), a tumor
growth supportive enzyme, at the tissue level (Koiri et al., 2009).
Modulation of M4-LDH by this compound in a T-cell lymphoma
(Dalton’s Lymphoma: DL) causes regression of the tumor in vivo.
The compound showed a dose-dependent cytotoxicity to DL cells
in vitro. It has also been observed that Ru(Il)-CNEB could decline
expression of the inducible form of 6-phosphofructo-2-kinase
(iPFK2: PFKFB3), a regulator of glycolysis in DL cells. The complex
also activated superoxide dismutase activity but declined the
levels of catalase and glutathione peroxidase to impose oxidative
stress in the DL cells. This was found consistent with enhanced
p53 (a tumor supressor protein) level, decline in Bcl2/Bax
(Bax (an apoptosis promoter) and Bcl-2 (an apoptosis inhibitor))
ratio and activation of caspase 9 in those DL cells. The findings
suggest that Ru(I[)-CNEB is able to activate oxidative stress-
apoptosis pathway via p53-mediated repression of iPFK2, a key
glycolytic regulator, in the DL cells in vivo. These findings provide
a biochemical mechanism which can be utilized for defining
pharmacological targets for the novel anticancer agents suitable
for in vivo applications (Koiri et al., 2015).
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8.3.4 Ruthenium(ll) Arene Complexes

Organometallic ruthenium(Il) complexes with arene ligands
represent a relatively new group of ruthenium compounds with
antitumor activity. The complexes of type [(n°-arene)Ru(ll)
(en)Cl][PF¢] (en = ethylenediamine) constitute a group of anticancer
compounds (Morris et al., 2001; Aird et al., 2002; Novakova et al,,
2005) with a mechanism of action different from those of
the ruthenium(Il) complexes NAMI-A and (HInd)[Ru(III)Cl,
(Ind),], which are currently on clinical trials (Alessio et al,
2004). The (n®%-arene)Ru(ll) z-bonds in the monofunctional
[(®-arene)Ru(I1)(en)(C)]* complexes are inert toward hydrolysis,
but the chloride ligand is readily lost and the complex is
transformed into correspondingly more reactive aquated species
(Wang et al., 2003). It has also been shown that in cell-free media
ethylenediamine Ru(ll) arene compounds, in which arene =
biphenyl (9), dihydroanthracene, tetrahydroanthracene 10),
p-cymene (11), or benzene, bind preferentially to guanine residues
in natural double-helical DNA. DNA may be a favored reaction site
for these ruthenium anticancer complexes since a recent study
(Wang et al, 2005) demonstrated that the presence of
cytochrome ¢ or l-histidine had little effect on the course of the
reaction with the short DNA fragment. In addition, DNA binding
of the complexes containing biphenyl, dihydroanthracene, or
tetrahydroanthracene ligands can involve combined coordination
to guanine N7 and non-covalent, hydrophobic interactions
between arene ligand and DNA, which may include arene
intercalation and minor groove binding (Chen et al, 2002;
Novakova et al., 2003). In contrast, the single hydrocarbon rings
in the p-cymene and benzene complexes of ruthenium cannot
interact with double-helical DNA by intercalation (Novakova
et al, 2003). Interestingly, adducts of the complex containing
p-cymene ligand, having methyl and isopropyl substituents,
distort the conformation and thermally destabilize double-helical
DNA distinctly more than the adducts of the tricyclic-ring Ru(II)
arene compounds.

The activity of two Ru(ll) arene complexes containing
tetrahydroanthracene or p-cymene ligand has also been examined
in two tumor cell lines A2780 (human ovarian cancer cell
line) and HT29 (Human Colorectal Adenocarcinoma Cell Line).
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These complexes were chosen as representatives of two different
classes of Ru(Ill) arene compounds for which initial studies of
global modification of natural DNA was revealed (Novakova
et al., 2003). They have different binding modes: one may involve
DNA intercalation (tricyclic-ring Ru(Il) complex containing tetra
hydroanthracene ligand) and other (mono-ring Ru(ll) complex
containing the p-cymene ligand) cannot interact with double-
helical DNA by intercalation. These ruthenium complexes are
capable of non-covalent, hydrophobic interaction with DNA
considerably with enhanced cytotoxicity against tumor cell lines
owing to presence of arene ligand (Novakova et al, 2005). An
analysis of DNA duplexes modified by mono-ring and tricyclic
ring Ru(ll) compounds revealed substantial differences in the
impact of their monofunctional adducts on the conformation
and thermodynamic stability of DNA and DNA polymerization
in vitro (Novakova et al, 2005). The adducts of Ru(Il) arene
compounds are preferentially removed from DNA by mechanisms
other than by nucleotide excision repair. This repair mechanism
is believed to be the main process by which major cisplatin
adducts are removed from DNA (Kartalou and Essigmann,
2001). The latter observation provides additional support for a
mechanism underlying antitumor activity of Ru(ll) arene
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compounds, different to that of cisplatin (Novakova et al.,, 2005).
Thus, these results support the view that the different character
of conformational alterations induced in DNA as a consequence
of its global modification by Ru(Il) arene compounds may
damage DNA. Consequently, different biological effects may result
in this new class of metal-based antitumor compounds (Novakova
etal, 2005).

8.4 Conclusions

DNA is most important molecule in any cell and any structural
change in it brought out by foreign bodies such as metallomolecules
has a greater impact in the fields of molecular biology and
medicine. Since the discovery of double-helical structure of
B-DNA recognized in 1950s, many synthetic molecules have been
shown to bind DNA in different binding modes and promoting a
variety of structural changes in the DNA. Early metallo-drugs such
as cisplatin, a leading chemotherapeutic agent, have been found
to target DNA. The binding modes of metallomolecules can be
divided into an external association with DNA, groove binding in
either the major or the minor groove and intercalation between
DNA base pairs. The precise binding mode and consequent DNA
structural changes can be analyzed using a range of experimental
techniques, such as UV visible, Emission and NMR spectra,
finally by X-ray crystallography, gel electrophoresis, circular
dichroism. Each of these techniques has different advantages and
limitations too. Despite several restrictions, they have been
proved reliable and accurate techniques when used appropriately
for discerning the nature of DNA-metallomolecule interactions.
Several ruthenium compounds are transported into cells relatively
easy and bind to cellular DNA. A variety of cytotoxic ruthenium
complexes induce different conformational distortions in DNA.
In addition, several studies have demonstrated that ruthenium
compounds discussed in this chapter are cytotoxic in tumor cell
lines which exhibited inherent or acquired resistance to cisplatin.
Thus, it suggested that DNA binding modes of ruthenium
compounds could be correlated with their anticancer activity.
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Ruthenium metal complexes involving organic sulfur donor
ligands are of considerable interest in coordination chemistry and
can serve as potential models to the biological systems. They are
known to exhibit a wide range of reactivity and chelating ability
at the sulfur atoms. In this chapter, ruthenium complexes
derived from aryl thiols, sulfides, and disulfides will be explored.
Ruthenium with aryl thiols leads to the formation of binuclear
and trinuclear complexes via-sulfur bridging. Diarylsulfides are
prone to rearrangement and sulfur redistribution in the presence
of ruthenium due to lability of S-S bond. In such cases, in situ
sulfur-sulfur cleavage followed by reductive oxidation to sulfoxide
or sulfinate anion prior to coordination occurs. In some cases,
the sulfur atom is bonded to ruthenium without any S-S cleavage.
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9.1 Introduction

Aryl sulfides are fundamental building blocks, which have
the capacity to coordinate with metal atoms to form different
structural frameworks, exhibiting interesting functional properties,
including biological and catalytic activities. Their synthetic
procedures for complexation show great advantages in obtaining
coordination architectures that are unattainable by direct
methods. The importance of sulfur as a single atom between
adjacent transition metal sites allows the delocalization of
electron-density toward the bridging atoms giving rise to
attractive supramolecular architectures. Among the d-block
transition metals, ruthenium, which occupies the central position,
is known for its rich coordination with the sulfur donor
ligands. These ruthenium sulfur compounds are useful in many
important fields and can serve as potential models to the biological
systems. Subsequent studies of ruthenium complexes include
a wide range of reactivities and chelating abilities at the sulfur
atoms. In this chapter, ruthenium complexes derived from aryl
thiols, sulfides and disulfides will be explored to develop a
thorough knowledge and understanding of the coordinating
properties of ruthenium toward sulfur.

9.2 Aryl Thiols

The aryl thiolate anion C¢HsS™ is a fundamental ligand and can be
classified as soft Lewis base and coordinate strongly with metals
that behave as Lewis acids. The sulfide can be considered as
a handle while the aryl group can be manipulated and adjusted
to effect steric and electronic control of ligation ability. There
have been various reports on the structural determination of
ruthenium aryl thiolate metal complexes with multi-dimensional
properties.

Ruthenium complexes with neutral aryl thiols are relatively
uncommon due to the high acidity of SH. In 1994, Tocher synthesized
mononuclear thiol complex [Ru(3:#%3-C;oH16)Cl,(HSCgHs) where
presence of neutral SH was confirmed by the vgy at 2460 cm™
in the IR spectrum. In 'H NMR spectrum, the broadness of the
aromatic signals suggested the dynamic equilibrium in the
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complex which was due to the weak binding of the aryl thiols
to the metal center leading to partial disproportionation of
the complex into free thiol and starting ruthenium(IV) chloro
bridge dimer [{Ru(3:53-C;oH14)Cl(u-C1)},] (Belchem, 1994).

Bis(2,6-dimethylbenzenethiolato) ruthenium complexes
containing mono, bi and tri-phosphine ligands are known.
Ru(n*-1,5-COD)(%%-1,3,5-COT) (COD = cyclooctadiene, COT =
cyclooctatetraene) reacted with 2,6-dimethylbenzenethiol in the
presence of PMe; to yield the mononuclear ruthenium complex
[Ru(77°-CgH;1)(SCcH3Me,-2,6)(PMes),], liberating 1,5-COD
(Fig. 9.1). On heating the mononuclear complex with PMej, the
thiaruthenacycle cis-Ru[SC¢H5(2-CH,)(6-Me)-.S,C](PMes), complex
is isolated with concomitant formation of 1,3-COD (Hirano et al,,
2005).

SH

Ri

Ru(1,5-COD) (1,3,5-COT) N Iu\pM63 PMe,
PMe; Me,P g
Me;Pry,,, llu\\\\\\\
Me;P” | “YPMe;
PMe;

Figure 9.1 Formation of thiaruthenacycle complex.

In these reactions, sp3-C-H bond activation of one of the
ortho-methyl group occurs. The sp3-C-H bond cleavage proceeds
by the concerted mechanism and the coordinative unsaturation
is an intrinsic factor for C-H bond cleavage reaction (Fig. 9.2).
It is proposed that the methyl C-H activation occurs via the
interaction of the sulfur atom of the arene thiolate group,
which also acts as a good acceptor of the cleaved proton (Hirano
etal, 2010).

The aryl thiolate anion can also act as a bridging ligand
between ruthenium centers, leading to the formation of mono,
bis, and tris-thiolate bridge complexes. The reaction of aryl thiols
with dimeric arene ruthenium dichloride complexes has been
extensively studied. The first examples are the cationic tristhiolato
complexes of the type [(7®-C¢Meg)Ru,(1-SCcH4R)3]* (Schacht et al.,
1992) and the p-cymene derivative [(p-MeCgH,Pr),Ru(SC¢Hs)s]*
(Mashima, 1992) where both complexes contain three thiophenolato
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bridges between two ruthenium centers. Since then, a number
of dithiolates [(5®-L;)Ru,(u-SC¢H4R),]*
trithiolates [(#°-L),Ru,(1-SC¢H,R)3]* (Cherioux etal., 2002, 2003a,b,
2004; Tschan et al., 2004; Fowe et al.,, 2008; Giannini et al., 2012,

2013; Gras et al,

(Ibao et al,

2012) and

2010) (L = C6H6’ C6Me6, Me4C6H2, MeC6H4iPr;

R = H, Br, CHs, OH, t-Bu, Pr, F, m-C4H,C¢Hs) ruthenium complexes

have been reported.

/

'—>
Q L\R|u':
Ir I{ )

2

™

Figure 9.2 Proposed mechanistic details of C-H bond cleavage of ortho-

methyl group.

These reactions proceed through the partial chloro bridge
cleavage and coordination of the monodentate thiolate anion
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as a two electron donor bridging ligand giving an intermediate
species which further bridge another thiolate anion leading to the
formation of bis and tris bridge thiolate binuclear ruthenium
complexes (Fig. 9.3). In these complexes, no metal-metal bond is
present and binuclear backbone is stabilized by the bridging
thiolate ligand. This has also been confirmed using DFT calculations
for the complexes [(57%-L);Ru,(u2-SCeH4R),(uo-H),] (n = 1, 2, 3;
x=0,1,2) (R=Br) (Fowe etal., 2008).

T c?|+ T cl —|+
N aa N a
/ = S\R }1 A S\Ru) \ /LR
a | a— |

Figure 9.3 General structures of mono, bis, and tris thiolato ruthenium
complexes.

The dithiolates compounds are often contaminated with
either the monothiolates or trithiolates derivatives. Reaction of
[p-MeCgH,Pr],Ru,Cl,] with p-‘BuC¢H,CH,SH gives a mixture of
trithiolate, [p-MeCgH,Pr],Ru,(p-‘BuCqH,CH,S)s]* and dithiolate,
[p-MeCgH,'Pr],Ru,(p-BuC¢H,4CH,S),Cl,]  complexes which are
difficult to separate. When the reaction is carried out under
milder conditions (room temperature, 0°C), the neutral dithiolate
complexes [(p-MeCgH,Pr),Ru,(SR),Cl;] (R = CH,CcHg, CH,CH,C4Hs,
CH,C¢H,p-tBu, C¢Hy4, CH,CgH,-OCHj3) are isolated (Ibao et al., 2012;
Stilbal et al., 2015).

Electron-withdrawing groups on the aryl ring favor the
formation of the monothiolato complex. The monothiolato complex
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[(7%-p-MeCgH 4iPr),Ru,Cl, (u-C) (1-SCHLR)]] (L = MeCgH,iPr; R =
NO,) is formed as the major product and the dithiolato complex is
formed in trace amount (Stilbal et al.,, 2014). When the sterically
demanding substituent such as admantyl thiol is used, the pure
monothiolato complex is isolated.

h

\P +
N

OH
Figure 9.4 Structure of [(17°-C¢Meg),Ruy,(u,-SCoH4OH) (1e2-PPhy) (u,-H)]*.

These types of arene ruthenium thiolato complexes have
been reported to exhibit anticancer properties. Tristhiolato
complexes show better activities compared to the dithiolato and
monothiolato complexes. The tristhiolato complexes exhibited
an ICs, value in the range of nanomolar for A2780 human ovarian
cancer cells and the cis-platin-resistant mutant A2780cisR
(Stilbal et al., 2014; Giannini et al,, 2013, 2015).

Another triple bridge dinuclear cation [(#°-C¢Meg); Rug(iy-
SC¢H4OH) (u-PPhy) (u,-H)]* (Fig. 9.4) is formed by the reaction of
[(7°-CsMeg),Ru, (uo-PPhy) (1,-H),]* and  p-hydroxy thiophenol,
(Tschan et al, 2006). The presence of two phenyl groups on
the phosphorus bridging ligand forces the Ru-Ru system to
adopt a distorted geometry, with no chiral centers and Ru-Ru
bond length of 2.852 A.

The thiolato bridge trinuclear ruthenium cluster
[HRu3(CgHg) (CeMeg) 2 (u3-SCeH4CH3) (142-X)]?* (Fig. 9.5) are obtained
when dinuclear thiolato complex [HyRu,(CgMeg),(u2-SC¢H4CH3)]*
reacts with [Ru(C¢Hg)(H,0)3]%*. The two complexes adopt a nido
Ru; framework. The two Ru-Ru single bonds are in the range of
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2.926-2.947 A. The non-bonding Ru-Ru distance (3.599 A) of the
U-S is slightly longer than the u,-0 (3.437 A) (Tschan et al.,, 2005).

"
CMeg —‘+ Me —|2

|
Ru\
0\ Va [Ru(CaH)(H0), T
S
CgMeg Me CgMeg—Ru | )l?u—C(,Meé

CeHy X=S,0

Figure 9.5 Structure of trinuclear cluster [HRu3(CgHg)(CcMeg),
(143-SCsH,CH3) (u2-X)]*".

Another u,-S trinuclear cluster [H,Ruz(1,2,4,5-Me,CeH3)3)-
(u2-S) (CD]* (Fig. 9.6) was isolated when p-bromo thiophenol
was reacted with tetra-nuclear hydrido complex [H4Ru,(1,2,4,5-
(Me),CeH,)4]?*. In this reaction, C-S bond cleavage occurred
(Tschan et al, 2005) together with the desulfurization of the
bromo thiophenol into bromobenzene were observed. The Ru-
Ru distance (2.784 A) of the u,-S bridge is of the range of metal-
metal single bond and the complex adopts a closo framework.

Br

Cl

H +
- \
[HyRuy (1,2,4,5"(Me)sCeHy)a* céMeG—Ru/ Ru—CGMe:|
H S
~
i

SH C6Me()

Figure 9.6 Structure of trinuclear cluster [H,Rus3(1,2,4,5-Me,CqH5)3);
(u2-S)(CD]".

The tetra-nuclear [(u-SCgH3z(Me),)2{Ru,(CO)4(re-Cl),(2e-SCqH3
(Me);)},,0orhexa-nuclear[(u-SC¢H,(Me)3)3{Ru,(CO) 4(u-Cl),(1-SCcH,
(Me)3)}3 clusters are obtained when [Ru(CO),(u-Cl),], is reacted
with  2,6-dimethylthiophenol  or  2,4,6-trimethylthiophenol,
respectively, displaying unique 8 and 12 metallocycle rings with
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Ru,S, and RugSg cores (Fig. 9.7) (Ye et al., 2013). In the tetranuclear
complex, the two dinuclear ruthenium species {[[Ru(CO),(u-Cl)],
(u-SCgH3(Me),]}* linked through two thiolate anions doubly
bridging the two ruthenium(II) atoms, forming an eight atom planar
Ru,S, planar ring. The structure of hexanuclear complex contains
three dinuclear ruthenium {[Ru(CO),(u-Cl)],(«-SCsH,(Me)s]}* and
three double bridging thiolate anions giving RusSg with alternating
chloride and thiolate bridge between ruthenium(II) atoms.
The average distances from the ruthenium to the bridging chloro
atoms are non-equivalent (2.082 and 2.289 A for tetra; 2.438 A and
2.478 A for hexa) and average Ru-S bond lengths are 2.415 A (tetra)
and 2.414 A (hexa).

X
| ==
&

|
\l/CO
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Figure 9.7 Structures of tetra and hexanuclear ruthenium complexes.



Aryl Thiols

Treatment of Rus(CO);, with CgHsSH/RC¢H,SH (R = Me, 'Pr)
resulted in the formation of the hexamer [Ru(SC¢HsR),(CO);]¢
and octamer [Ru(SC¢Hs),(CO),]g (Fig. 9.8) complexes, respectively.
These complexes adopt a Mg/Mg wheel where two thiolate ligands
are bridged between two metal centers. These molecular wheels
have planar Mg/Mg arrangement constituting of regular hexagons/
octagons (Chan et al,, 2012).
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Figure 9.8 Structure of Mg molecular wheel.

The hexamer [Ru(SC¢HsR),(C0);]6 (R = 'Pr) exhibited in vitro
cytotoxic effect against various number of human cells with 1Cs, >
100 M using the Mosmann-based cytotoxic MTT assay (Chan et al,,
2014).

Reaction of the substituted thiol, (N3S; = trianion of 1,4,7-
tris(4-tert butyl-2-mercaptobenzyl)-1,4,7-triazacyclononane) with
RuCl,(DMS0), yields an air sensitive mononuclear [RuN;S;]
complex. Further chemical or electrochemical oxidation of
mononuclear complex gives dinuclear [Ru,(N3S3),](PFg)4 complex
containing two reduced Ru(Il) ions and a neutral tris(disulfide).
The dinuclear complex having a C, symmetry and the two
ruthenium centers are connected by three coordinated disulfide
group with the average S-S bond at 2.209 A. Further reaction
of mononuclear with RuCl,(DMSO), gave trinuclear complex
[Ru3(N3S3),](PFg), where two terminal Ru ions have C; symmetry,
(cisN3S3) donor set and the central Ru ion is in a distorted
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octahedral environment comprising of 6 bridging sulfur atoms
(Fig. 9.9). The Ru-Ru distance (2.775 A) is indicative of a metal-
metal bond with a formal bond order of 0.5. The Ru-S distances of
terminal ruthenium ion are slightly shorter (2.321 A) than those
of central ion (2.390 A) (Albela et al,, 1999).
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Figure 9.10 Structure of mononuclear and triply bridged ruthenium
complexes.

Reaction of [(7°-L)Ru(en)Cl]PF; with 2-mercaptobenzanilide
at pH 7.4 or 5.3 yielded the mononuclear[r®-L)Ru,(en)(SR)
(L = p-cymene; R = (C4¢H4)CONH(C4Hs), en = ethylene diamine)
or dinuclear triply bridged [5°-L)Ruy(en)(u-SR);] ruthenium
complexes (Fig. 9.10). The (NH-OC) bond length of 2.02 A
indicates the presence of strong H-bond between the NH of the
en ligand and the carbonyl oxygen in the mononuclear complex.
The triply bridged complex adopts a sandwich configuration
with an intermolecular H-bond between the amide NH and the

]m
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adjacent sulfur atom in the thiolate ligand. The bond lengths of
the three thiolato ligands and the six Ru-S bonds differ slightly
from each other, while the angles of the three thiolato differ
markedly from each other (Han et al., 2011).

9.3 Ortho-Substituted Aryl Thiols

O-Substituted aryl thiols can be described to have a rigid
structure, with a constant S and other donor atoms and can bring
accommodating changes by variations in the angles at the sulfur
and other donor chelating atoms. The presence of hard donor
together with soft thiolate donors makes them versatile
potential ligands to form ruthenium complexes of different
nuclearities.

9.3.1 Thiosalicylic Acid

Thiosalicylic acid (TSA), often known as 2-mercaptobenzoic acid
or 2-sulfanylbenzoic acid, is commercially available as an odorless
and off-white solid, which is readily soluble in lower alcohols
and water under alkaline conditions. In acidic condition, TSA
remains unchanged, while at pH 6, 50% of the TSA is oxidized
to its disulfide derivative (HOOCCzH,SSCcH,COOH) while-at pH 7,
complete oxidation of TSA is observed (Rowland, 2011).

TSA is known to show a variety of coordination modes
toward metals due to the presence of both hard (0) and soft
(S) donor atoms, which have the ability to bridge between the
ruthenium centers, giving rise to binuclear and trinuclear
complexes.

The reaction of TSA with [(0%-L)RuCl(u-Cl)], (L = MeCgH,iPr)
in the presence of EtzN (triethylamine) gives the binuclear
complex [(¢%-L)Ru(TSA)], (Fig. 9.11). The metal is found to adopt a
distorted octahedral geometry with ruthenium lying almost
directly under the center of the cymene ring. The thiosalicylate
forms a six-membered ring bonded to ruthenium via sulfur
and one of the oxygen atoms of the carboxyl group, with sulfur
bridging to another Ru center forming a dimer having a Ru-S-Ru-S
four membered ring core. X-ray diffraction studies show that
ruthenium does not bind equidistantly to the benzene ring of the
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cymene ligand (Henderson et al, 2001). This complex proved to
be quite stable as no cleavage of the thiolate bridge was observed
when dimer was made to react with CO, PPh; or cis-[PtCl,(PPhs),].
Addition of TSA to the dimer gives rise to the tris-(thiosalicylate)
species (Fig. 9.11), having m/z value of 931. In this complex,
the carboxylic acid did not coordinate and remain protonated.
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Figure 9.11 Structures of bis and tris-bridge thiolate complexes.

A trinuclear complex [NEt,] [Rus"(TSA-H),(TSA),] is formed
when the TSA reacts with Ru(acac); (acac=acetyl acetonate) in the
presence of NEt,(OAc). 6H,0 in one pot reaction. In the complex,
each TSA is bonded to two Ru atoms, one via the u-S bridging
and one via the S,0-chelating mode (Chan et al,, 2011, 2012). The
structure is a linear S-bridged face sharing tri-octahedral [Ruj]
unit with Ru-Ru distance of 2.736 A, which is shorter than the
sum of van der Waals radii (2.8 A) but is comparable to the
reported Ru-Ru distances of 2.805 A. The complex has a Ru''(4-S);
Ru'(-S)sRul core with Ru-Ru bonding interaction and six
carboxylate groups, each coordinated to Ru via one oxygen
atom. The Ru-S distances of the complex varied with two Ru-S
being 2.271-2.280 A and one Ru-S being 2.393-2.395 A.

The trinuclear ruthenium complex [Ru;"(TSA-H),(TSA),][NEt,]
(Fig. 9.12) is stable under physiological conditions, forming
adducts with biological reductant glutathione. The complex shows
cytotoxic activities toward a panel of human cancer cell lines
including cervical epithelioid carcinoma (HeLa), breast cancer
(MDA-MB-231), nasopharyngeal carcinoma (SUNE1) and
hepatocellular carcinoma (HepG2) using MTT assay which are
comparable to the clinically used cis-platin. This is the first
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ruthenium complex reported to significantly attenuate the Wnt-g3-
catenin signaling in both transcriptomic and proteomic levels.

Figure 9.12 Structure of [Rus"(TSA-H),(TSA),].

2-(Pyridine-2-methylsulfanyl)-benzoic acid, formed by the
reaction of TSA with 2-chloromethylpyridine, reacts with [CpRu
(17°-C¢Hg)Cl(u-Cl], to give the water soluble pseudo octahedral
half sandwich piano stool ruthenium(Il) complex [Ru(n®-C4Hg)
(2-(Pyridine-2-methylsulfanyl)-benzoic acid)CI|PF (Fig. 9.13) with
Ru-S bond length of 2.407 A (Prakash et al,, 2014). This complex
has been reported to catalyze a series of aromatic aldehydes into
alcohols in water using glycerol as hydrogen donor.

OH
& CsH,NCH,CLHCI Q [h6- CaH RuCl,], q
SH

/Ru

cl
CH(

Figure 9.13 Synthesis of [Ru(n®-C¢Hg) (2-(Pyridine-2-methylsulfanyl)-
benzoic acid)Cl].

9.3.2 Hydroxythiophenol

Ortho-hydroxythiophenol (Htp) has two coordination sites, the O
and S donor atoms behaving as a bidentate ligand with ruthenium
metal ion.
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The reaction of Ru(CO)(CL,)(trpy) (trpy = terpyridine) with
Htp gave [Ru(CO)(Htp)(trpy)]. The IR spectrum displays two
strong bands at 1925 and 1911 cm™ with peak intensity of 1:1
indicating the formation of two isomers (Fig. 9.14) due to the
difference in the orientation of the chelate ring of the Htp (Sugimoto
and Tanaka, 2001).

R= Me, Et, iPr,Bn, Nap

Figure 9.15 Synthesis of [Ru(bipy),(CsH4(SR)O)] and [Ru(bipy),(CgH4
(S(0)R)O)].

Reaction of Htp with alkylbromide in the presence of
KHCO; as base yielded 2-alkylthiophenol (C¢H4(SR)O) which
reacts with Ru(bipy),Cl,/[Ru(bipy),py,]** to form the complex,
[Ru(bipy),(C¢H4(SR)0)], where oxygen and sulfur of thiophenol
are bonded to ruthenium (Fig. 9.15). In the presence of m-CPBA
(CPBA = chloro perbenzoic acid) as oxidant, the obtained complex
is oxidized to sulfoxides derivative [Ru(bipy),(CsH4(S(O)R)0)]
(Fig. 9.15) where the sulfoxide ligand is generated in situ and forms
hydrogen bonding with the bipy (bipy = 2,2'-bipyridine). The
Ru-S bond length is 2.250 A and Ru-N (2.105 A) is slightly longer
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than those of other Ru-N (2.058-2.070 A), indicating the stronger
trans effect of coordinated sulfur atom. The configurations of
the complexes are stable during the coordination and oxidation
reactions (Li et al,, 2014).

9.3.3 Aminothiophenol

Ortho-aminothiophenol (Atp) is known to act as either uninegative
bidentate ligand or can behave as a redox active chelating
ligand existing in three oxidation states (i) fully reduced
catecholate dianion (tQ?"), fully oxidized neutral quinone (tQY)
and partially oxidized semi-quionone monoradical (tSQ*7)
(Fig. 9.16).

—_— —_—

NHE NHE NH

Figure 9.16 Resonance structures of o-aminothiophenol.

Kingston reported the first octahedral ruthenium complex
[Ru{CcH4(S)NH,},(CO),] of Atp (Kingston et al, 1967). Later
Velasquez synthesized [Ru(CO),(SC¢H4NH;);] complex by the
reaction of RuCl; with o-aminothiophenol in ethanol in the
presence of CO (Velasquez et al., 2012). Similar type of ruthenium
complexes RuCO(L),(S-CcH4NH;)Cl], [Ru(L),(S-CcH4NH;),] and
[RuX(L)(S-C¢H4NH;),] are reported when Atp reacts with RuCl,(L,),
RuH(CO)L; and RuX3L3; (L = PPhs, AsPhs; X = Cl, Br), respectively
(Fig. 9.17). In these complexes Atp binds through S and N in a
bidentate manner (Pandey and Sharma, 2013).
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Figure 9.17 Structures of ruthenium aminothiophenol complexes.
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When CpRuCl(PPh3), reacts with Atp, the mononuclear
ruthenium complex [CpRu(PPh3)(NHC¢H,4S)]Cl is formed where
Atp coordinates via fully oxidized neutral quinone in a bidentate

manner (Fig. 9.18).
—‘ Cl

N=—"
Cp /
~
TU\S/
PPh
Figure 9.18 Structure of [CpRu(PPh;3)(NHC¢H,S)]CL

When the thiol proton is replaced by either methyl or phenyl
group, then a dicationic dinuclear complex [Cp,Ru,(PPh;),
(NHCgH,4S),]Cl, is isolated where the metal coordinates via the
semi-quionone monoradical form of Atp (Fig. 9.19). In this
reaction, a bischelated NH-(CH3S)C¢H3-CqH3(SCH3)-NH bridging
ligand is generated in situ via an unusual C-C bond formation
which occurs between two Atp that act as bridge between
two [CpRu(PPh3)] moieties (Ghosh et al.,, 2015).
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Figure 9.19 Structure of [Cp,Ru,(PPh3),(NHC¢H,S),]%*.
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In the reaction of RuCl,(PPh3); or Ru(acac),(CH3CN), with
Atp, the ruthenium(IIl) iminosemiquinone complexes are isolated
(Bhattacharya et al., 2002; Patra et al., 2003).

There are many reports of ruthenium Schiff base complexes
derived from Atp which gives mononuclear or binuclear
complexes. In these complexes, the ruthenium binds via S and N
donor atoms of the Schiff base together with other ligands (Fig. 9.20)
(Arunachalam et al, 2009, 2011; Bhattacharya et al, 1999;
Prabhakaran et al,, 2004; Thangadurai and Natarajan, 2001; Roy
et al, 2009). These ruthenium Schiff base complexes are known
to act as potential catalyst for the hydrogenation reactions of
methoxybenzene and benzaldehyde, oxidation of alcohols and
C-C coupling reactions and the products are obtained in good
yield. These complexes also exhibits good antibacterial activity
against a panel of bacterial strains such as E. feacalis, A. hydrophilla,
E. Coli, S aureus, S. Typhi, V. cholera, and P. aeruginosa (Thangadurai
and Natarajan, 2001; Prabhakaran et al., 2004).

R

oc— Ru<—PPh3

NCH,C

Figure 9.20 Examples of ruthenium Schiff base complexes.
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9.4 Diaryl Sulfides

Diaryl sulfide ligands possess flexible S, spacer groups between
the two aryl rings and can adopt different conformation when
coordinated to ruthenium metal giving rise to mononuclear and
binuclear complexes with sulfur or no sulfur co-ordination. In
the presence of other donor atoms, the sulfur atom can remain
uncoordinated or take part in weak coordination or undergo
reductive cleavage.

9.4.1 Diaryl Monosulfide Complexes

Reaction of (CgHs),S with Ru(5°-CsHs)(dppe)Cl (dppe = 1,2-bis
(diphenylphosphino)ethane) in the presence of AgBF, led to
the formation of cationic mononuclear complex [Ru(7°-CsHs)
(Ar,PCH,CH,PAr;)(C¢Hs),S]BF, (Ohkita et al.,, 1994) (Fig. 9.21).

Sweh

Arz
P —Ru-~

T

Figure 9.21 Structure of [Ru(#°-CsHs)(Ar,PCH,CH,PAr;)(C¢Hs),S]".

Another mononuclear complex [RuCl,(C0),(S(C¢Hs)z),] is
formed by the reaction of [RuCl,(CO)3], with (Cg¢Hs),S in THF
(Fig. 9.22). In this complex, the ruthenium is in an octahedral
geometry with CO and Cl atoms in cis position while the two
diarylsulfides are trans to each other. The two Ru-S bond lengths
are 2.387 A and 2.406 A and the complex is joined into stacks by
a weak three dimensional H-Cl hydrogen bonding network. When
CH,Cl, is used as solvent, a mixture of two products [RuCl,(C0O);H,0]
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and [RuCl3(CO)3],-2H,0 are isolated where no coordination with
diaryl sulfide occurred and on prolonged refluxing only trace
amount ofthe [RuCl,(C0O),(S(Cg¢Hs),),] complexis obtained (Taimisto

etal, 2003).
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I|{ —Cl
1

50

Figure 9.22 Structure of [RuCl,(C0),(S(CeHs),)2]-

Diaryl monosulfides containing additional donor groups are
known to coordinate with ruthenium via tridentate, bidentate or
monodentate fashion.

[Ru(%-L)Cl,], (L = MeCgH,4Pr) reacted with [(p-Ph,POCgH,),S]
in a non-coordinating solvent such as toluene to afford the
binuclear complex [Ru(n®-L)Cl,],[u-(p-Ph,POC¢H,),S] with no
sulfur coordination and with cymene group in a trans position with
respect to Ru-Ru axis (Fig. 9.23) (Arena et al.,, 1999). The 3P NMR
shows a single resonance peak at 115.4 ppm indicating chemical
equivalence of the phosphorus atoms. In the presence of the
coordinating solvent, CH3CN, substitution of one terminal Cl with
CH3CN is observed leading to the formation of cationic complex
[Ru(®-L)Cl (CH5CN)], [u-(p-Ph,POCGH,),S][PF¢l,. In  these
complexes, the two stereogenic ruthenium atoms are held together
by the bridging phosphinito ligands. Bubbling of CO in the cationic
complex gives [Ru(#°-p-cymene)CI(CO)], [u-(p-Ph;POC¢H,),S]
[PF¢], where CH3CN is replaced by CO and the complex is only
detected in the CO atmosphere and have limited stability.
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Figure 9.23 Structure of [Ru(#°-L)Cl,],[1-(p-Ph,POC¢H,),S].

The binol-based diphosphate ligand (PSP) is not capable of
chelating a transition metal since the p-thiophenol spacer is too
large. However, it readily bridges two ruthenium centers to give
the dinuclear complex [Ru,Cl4(L),(PSP)] (L = C¢Hg, CgH4(CH3)(*Pr),
(Fig. 9.24) upon the reaction of the dimeric complex [(°-
CgHg)RuCl,], with PSP in CH,Cl,/benzene. In this complex PSP act
as a bidentate bridging ligand bonded to two ruthenium atoms
via phosphorous atoms (Chen et al., 2002).

Figure 9.24 Structure of [Ru,Cl,(L),(PSP)].

Similar type of complexes with no sulfur coordination to
ruthenium is also reported (Punji and Balakrishna, 2007). The
diphosphate ligand is prepared by the reaction of chlorophosphate
with 2,6-pyridinedimethanol in the presence of NEt; which on
reaction with [Ru(y°-L)(u-CI)Cl,] gives [RuCl((3°-L)(53-2,6-
CgH3N{CH,0P(u-0CoHg) (u-S)(C1oHgO0-)}2-kPkP]Cl (L = p-cymene)
(Fig. 9.25).

The reaction of the dimeric complex [(#%-C4Hg)RuCl,],
with bis(diarylamido)/thioether, led to the formation of the
mononuclear complex [(7°-C¢Hg)Ru(X,NSN)](X = xylene, 3,5-
(CF3),C4H3), where the ligand co-ordinates in a tridentate
manner (NSN) with the ruthenium center. The arene group can be
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replaced by PMes;, PhCN, MeCN, N,H, to yield [(PMe3)3Ru(X;NSN)]
and [(PMe3),LRu(X,;NSN)] (L = PhCN, MeCN, N,H,), respectively
(Fig. 9.26) (Takemoto et al., 2002).
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Figure 9.25 Synthesis of RuCl((5%-L)(32-2,6-C¢H3N{CH,0P(-0C;oHg)(-S)
(C10Hg0-)}2-kP.kP]CL
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Figure 9.26 Structures of bis(diarylamido)/thioether ruthenium complexes.
When [(PMe3)3Ru(X,;NSN)] reacts with benzoylhydrazine,

the complex [(PMe3);Ru(k?-(0-N)PhC(0O) = NNH) H(X;NSN)]
(Fig. 9.27) is isolated, where the ruthenium is bonded to
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bidentate amido/thioether (NS) with a dangling XNHCgH,. The
n? benzoylhydrazido ligand is bonded to ruthenium via oxygen
and terminal N atom forming a five-membered chelate ring.

Figure 9.27 Structure of [(PMe3);Ru(k?-(0-N)PhC(0)=NNH) H(X,NSN)].

9.4.2 Diaryl Disulfide Complexes

Diaz et al. reported the ruthenium diaryl disulfide complex
[CpRu(PPhj3),(CeH5SSCeH5)]PF by the reaction of CpRu(PPh;),Cl
with (C¢HsS), in methanol in the presence of PFg where only
one S atom is coordinated to the metal (Diaz and Gémez, 2001).

The reaction of (CgHsS), with the ruthenium azobenzene
complex [Ruy{n®n1:u-CcHs(CH;);0},(Y)](BF,), (Y = (PhN=NPh,
PhN=NCgH,;-4-OCH3) in CH,Cl, under irradiation (>510 nm)
gives the complex [Ru,{n®n1: u-CeHg(CH,)30},(u-CoHsSSCeH:)]
where both sulfur atoms are coordinated to two ruthenium
metals (Fig. 9.28) (Kitaura et al, 2002). The S-S bond length
(2110 A) is slightly longer compared to the free disulfide
ligand (1.900-2.000 A). The S atoms adopt a chiral non-planar
configuration in order to avoid repulsions from the azobenzene
fragment.

A striking feature of compounds containing S-S linkers is that
these ligands can undergo diversified changes such as oxidative or
reductive cleavage or extrusion of one sulfur atom. The cleavage
of the S-S bond occurs via thermal, chemical, or photochemical
conditions, in the presence of metal ions. The mechanism
involves (i) in situ S-S function reactions (ii) in situ cleavage and
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(iii) in situ thiol atom reactions. The activation of the S-S bond
probably involves coordination of C¢HsSSC¢Hs to RuL, leading
to an intermediate producing a back-donation (electron donation)
from metal to sulfur atom (;r) — S(7r). This leads to a destabilization
of the S-S bond, resulting into its cleavage to give rise to
either mononuclear or dinuclear complexes with bridging thiolate
ligands.

Figure 9.28 Structure of [RUZ{ﬂG:ﬂI:ﬂ'C6H5(CH2)3O}Z(C6HSSSCGHs)]2+.

The reaction of the tetranuclear complex [CpRu(u-Cl)],
with (C¢HsS), yields an anti-isomer phenyl thiolate bridged
diruthenium complex [CpRuCl(x,-SC¢Hs)],, in which the S-S bond
is cleaved (Fig. 9.29). The reaction of the neutral phenyl thiolate
bridged ruthenium complex with AgOTf in THF yields the
cationic phenyl thiolate bridged ruthenium complex [CpRu(g,-
Cl)(u,-SCeHs), RuCp]* (Fig. 9.29) (Nishibayashi et al., 2004). The
X-ray structure suggests that the ruthenium atoms are bridged
by one chloride and two benzene thiolate groups in a
cis-configuration.

cl
C PhS
N\ ’7 SPh >
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Figure 9.29 Structures of [CpRuCl(u,-SC¢Hs)], and [CpRu(u,-Cl) (12-SCsHs),
RuCp]*.
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Treatment of RuTp(COD)Cl (Tp = hydridotris(pyrazalyl)
borate anion) with RC¢H,SSCcH4R (R = H, Me) in DMF gives the
complexes of RuTpg?(S,S)-SC¢H3R-S-C¢H,R)(CO) (Fig. 9.30). In these
reactions the conversion of (CgHsS), into 2-(arylmercapto)aryl
mercaptan is observed in the coordination sphere of the ruthenium
(IV) center. This may be due the presence of the steric shielding
of Tp ligand which inhibits the formation of binuclear bridging
complex. The CO ligand in the product stems from the
decomposition of the solvent, DMF. The coordination geometry
around the ruthenium atom is slightly distorted octahedral
(Standfest-Hauser et al., 2004).
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Figure 9.30 Synthesis of RuTpg?(S,S)-SC¢H5R-S-C4H,4R)(CO).

The reaction of 2-aminophenyl disulfide with RuCl;, gives the
mononuclear [Ru(C4H5SSC¢Hs)Cl3(H,0)] (Bhowon et al, 2007)
where metal is bonded to NH, group and no S coordination is
observed.

2,2'-Dithiobenzoic acid, a multifunctional ligand containing
both thio and carboxylic groups, adopts unique structural
topologies and exhibits interesting properties upon coordination
with metals. The dithiodibenzoic acid undergoes S-S mediated
bond reaction followed by S-oxidation leading to the formation of
sulfinato-benzoate ligand (C4H4(S0,)COO07) in the presence of RuCl;
and phen/bipy under slow diffusion conditions. The sulfinato-
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benzoate ligand coordinates with ruthenium where the metal
ion coordinates with oxygen, the sulfur atom of the ligand and
4 nitrogen atoms of phen/bipy (Fig. 9.31). This is a rare example
where the ruthenium is coordinated to the sulfur atom rather
than the oxygen of sulfinate (Moosun et al., 2015).
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Figure 9.31 Structures of ruthenium sulfinato complex.

When Schiff bases of 2-aminophenyl disulfide are reacted with
RuCl; in the presence of bipy, phen and PPhs, binuclear complexes
are isolated where one ruthenium is coordinated to an imine
nitrogen, one terminal chlorine, one bipyridine and two bridging
chlorine atoms while the other ruthenium is coordinated to the
other imine nitrogen, one terminal Cl, two bridging Cl and two
water molecules with (Fig. 9.32) (Bhowon et al., 2005) or without
sulfur coordination (Bhowon et al., 2007).

N/

Figure 9.32 Structure of ruthenium Schiff base complex of 2-aminophenyl
disulfide.
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When the imine group is replaced by amide group, the
resulting 2,2’'-dithiobisbenzoylbenzamide ligand reacts with RuCl;
in the presence of PPh; and N-donor ligands such as phen, bipy,
pyridine and diaminotoluene to yield the binuclear complexes
with no sulfur coordination (Bhowon et al.,, 2001; Jhaumeer Laulloo
etal, 2003).

These ruthenium disulfide complexes possess interesting
catalytic and biological properties. Ruthenium disulfide diamine
complexes (Bhowon et al, 2007) are found to catalyze the
oxidation of primary alcohols into corresponding aldehyde and
cyclohexeneinto cyclohexene-oxide, cyclohexenone and cyclohexenol
derivatives.

Ruthenium diaryl disulfides containing diimines or diamides
moieties show antibacterial activities against a panel of bacteria
such as E. Coli, S aureus, S. Typhi, P. vulgaris, B. subtilus, and
P. aeroginosa (Bhowon et al,, 2007, 2001; Jhaumeer-Laulloo et al,,
2002).

9.5 Conclusion

This chapter presents an overview of the coordination chemistry
of diaryl sulfide ligands with ruthenium, where the useful
data has been selected for the readers who are not familiar with
this topic and to detail the most promising systems for future
development. In all well-characterized cases, ruthenium with
aryl thiols leads to the formation of mononuclear and polynuclear
complexes via u-sulfur bridging. Thiosalicylic acid gives rise to
the formation of binuclear and trinuclear complexes with u-sulfur
bridging while the derivatives such as o-hydroxythiophenol and
o-aminothiophenol gives rise to only mononuclear complexes.
Diarylsulfides are prone to rearrangement and sulfur redistribution
in the presence of ruthenium due to lability of S-S bond.
In addition, after careful review of these ruthenium compounds,
it becomes apparent that, given the molecular design and the
ease with which the structure of these complexes can be modified,
they offer a promising approach in the development of key
compounds in both medical and catalytic fields.
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community to get involved in the design and development of new
and novel ruthenium-based drugs. One of the classic targets for
the cancer chemotherapy is DNA. Its binding with metal-based
drugs is believed to be the dominant mechanism for their
cytotoxicity. However, non-classical targets such as topoisomerases
are thought to be more important. Present chapter deals with
the development of novel ruthenium-DMSO-based drugs. Due
to larger list of metallo-drugs, this is limited only to ruthenium-
DMSO complexes with greater emphasis on their DNA binding,
nuclease activity, bioactivities and their mode of actions.

10.1 Introduction

There is an enormous rise in the number of cancer patients,
which constantly demands more efficient and potent anticancer
agent for clinical purpose. To meet the demand, a variety of
ruthenium complexes have been developed in the laboratory of
chemists and they have of course shown activity against wider
range of cancers, but most of them caused serious side effects.
Against this backdrop, selective targeting of a chemotherapeutic
agent specifically at the tumor site has been the most challenging
task in the area of cancer therapy. The deeper understanding
of cancer biology triggered the introduction of targeted
chemotherapies, using metal-based agents/drugs, able to address
specific cancer physiology or diseased states. Metal-based agents
are used in about 50% of all tumor therapies and display
tremendous therapeutic activity in a series of cancerous cells
(Jakupec, 2008). Metal-based chemotherapeutic agents offer
remarkable versatility owing to a variety of building blocks,
different interactions (H-bond, m-7m-stacking, coordinative bond,
spatial recognition), redox properties, flexibility to coordinate
with ligands and different reaction kinetics when interacted with
biomolecules.

The interest in metal-based chemotherapeutic agents
originated in the early 1970s with the serendipitous discovery
of cisplatin by Rosenberg (Rosenberg, 1969), and it became
world’s first selling anticancer drug. It showed the inhibition of
the division of bacterial cells and mainly used in the treatment of
metastatic testicular, ovarian, and transitional bladder cancer
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(Kelland, 2007). Several promising metal-based chemotherapeutic
agents have been extensively studied after the discovery of
cisplatin (Allardyce, 2016). After cisplatin, nearly 40 platinum-
based agents have been designed and investigated clinically as
anticancer agents. These include carboplatin, oxaliplatin, and
satraplatin. Generally, platinum-based complexes (cisplatin and
carboplatin) inhibit DNA synthesis through covalent binding of
DNA molecules to form intrastrand and interstrand DNA cross-
links. However, oxaliplatin showed a different mechanism of
action as its bulky diaminocyclohexane carrier ligand activates
oxaliplatin and form platinum-DNA adduct, which blocks the DNA
replication and turns out to be more cytotoxic (Alcindor, 2011).
At present, octahedral platinum(IV) complex satraplatin is the
most promising as applied orally due to its kinetic inertness in
advanced clinical stage (Bhargava, 2009). Despite several efforts
of current platinum-based drugs, they were found effective only
to a limited range of cancerous cells. Some cancerous cells attain
intrinsic resistance and these drugs have severe side effects such
as gastrointestinal symptoms (nausea, vomiting, diarrhea, and
abdominal pain), renal tubular injury, neuromuscular complications,
and ototoxicity. Therefore, there is still a need to design new
approaches to outwit these drawbacks (Jakupec, 2003). Among
transition metal complexes, octahedral ruthenium complexes are
found appealing candidates in the search for new diagnostic and
therapeutic agents (Erkkila, 1999).

A large number of Ru(Il) and Ru(IlI) compounds were studied
for their DNA binding, cleavage, and cytotoxic properties and have
emerged as most promising antitumor and antimetastatic agents
after platinum complexes (Antonarakis, 2010) and are being
extensively studied in clinical trials to fight metastases and colon
cancer (Ang, 2006). Theoretically, ruthenium complexes possess
unique biochemical features allowing them to be exploited as
chemotherapeutic agent. These features include (1) long span
of variable accessible oxidation states to tune ability of electron
transfer rates and redox potentials under biochemical processes,
(2) slow rate of ligand exchange, (3) well-developed coordination
chemistry with reliable approaches, and (4) less toxic effects
with easy absorption and excretion by body (Jakupec, 2008).
It is believed that active ruthenium complexes can mimic iron
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in binding to several proteins (e.g., transferrin, albumins) in
order to exert low toxicity and transport iron in plasma. Owing
to high stability of the ruthenium(II) complexes also proved to be
good models for the study of in vitro interactions of octahedral
complexes with DNA and related molecules (Alessio, 1989). The
first systematic investigation of ruthenium complexes and their
antitumor properties against the platinum resistant murine
P388 leukemia (P388/DDP) was studied on fac-[RuCl3(NH3)s]
and cis-RuCl,(NH3),]Cl in the early 1980s by Clarke et al. (Clarke,
1980). With this, am(m)ine complexes of Ru(Il) and Ru(IIl) are
approaching as novel innovative new metallopharmaceuticals. The
am(m)ine complexes of Ru(Il) and Ru(IIl) tend to bind selectively
histidyl imidazole nitrogens on proteins and N7 site on the
imidazole ring of purine nucleotides (Clarke et al, 1999; Messori
et al, 2000; Bailey et al, 1997) and considered to be specific
target for specific tissues (Gray et al., 1996; Messori et al., 2000;
Messori et al., 2000; Bailey et al., 1997). Wang et al. also reported
ethylenediamine Ru(Il) arene compounds, in which arene =
biphenyl, dihydroanthracene, tetrahydroanthracene, p-cymene,
or benzene, bind preferentially to guanine residues in natural
double-helical DNA in cell-free media (Wang, 2005). However,
the real breakthrough in clinic trial of ruthenium complexes was
demonstrated by Keppler et al. in bis-imidazoletetrachlororuthenate
[RuCl4(Im),], Im = imidazole for autochthonous colorectal cancers
(Keppler, 1987) and in the early 1990s, Sava et al. Na[trans-
RuCl,(Im)(DMSO-S)] (NAMI) found it active specifically against
solid metastasizing tumors in mice (Sava et al, 1994-1996).
In the search of more active anti-metastatic drug NAMI-A (ImH)
[trans-RuCl,(Im)(DMSO-S)] was developed by the modification
in NAMI and has completed phase 1 clinical trials (Bratsos
et al,, 2007; Bergamo et al.,, 2007). It is observed that ruthenium
complexes, characterized by the presence of at least one sulfoxide
ligand, display the capacity to interfere with the process of lung
metastasis formation of solid metastasizing tumors of the mouse.
For the past five decades, a steady growth of ruthenium
complexes as chemotherapeutic agent is reflected by the
accelerating growth of publications in this area. Therefore, it
was found interesting to have an overlook of ruthenium-DMSO
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complexes embodied in the form of a chapter. This chapter
describes the historical prospects, mechanism of action, targets,
and present scenario of ruthenium-DMSO complexes.

10.2 Historical Background

During the past five decades, ruthenium-DMSO complexes have
been interesting starting materials for the synthesis of new
coordination compounds (Evans, 1973) and exhibit antitumor
and antimetastatic activities (Allessio et al., 2004; Hesek et al,
1999). They also unveiled their applications in medicinal
chemistry particularly radiosensitizers (Mandal et al, 2004;
Chan et al, 1989) as well as catalytic property for the organic
transformations. Dimethyl sulfoxide displayed ambidentate
nature, coordinating as S-DMSO and 0-DMSO depending on the
nature and characteristics of transition metal ions. As sulfynil
group, it provides a good acceptor site for m-electron donor
species (soft metal atoms) such as low spin iron (II) and ruthenium
(II) ions depending on the electronic and steric factors (Calligaris,
1996). In most of ruthenium(Il) complexes, ruthenium center
favored coordination through sulfur (S-DMSO) over coordination
through oxygen (0O-DMSO) to get stable species owing to steric
hindrance, unless ligand overcrowding occurs (Alessio, 1988)
or DMSO is trans to strong m-acceptors like CO (Alessio, 1995)
and NO (Serli, 2002). So, Ru(Il) center usually prefers S-bonding
site while Ru(Ill) favor inverted O bonding donor site of DMSO.
This ambidentate nature of DMSO is responsible for linkage
isomerism that often accompanies changes in oxidation states
of ruthenium metal. Tomita et al. described a classic example of
linkage isomerism in [Ru(NH;)s(DMSQ)]%* as shown in Scheme 10.1
(Tomita, 1994). The S/0-DMSO linkage isomerization is mostly
the oxidation state dependent on the metal center and has a
significant effect on the redox nature, kinetics, and thermodynamics
of ligand-exchange reactions with biological molecules (Heffeter,
2005). This potential importance of linkage isomerization of metal
complexes and showed diverse biological environments which
enabled them as prodrugs.
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Scheme 10.1 Linkage isomerization of ruthenium DMSO complex (Tomita,
1994).

The pioneering work began in 1988, when Alessio et al
screened cis- and trans-[Ru(DMS0)4X,] (where X = Br, Cl) isomers
for high activity in tumor systems, including the metastasizing
Lewis lung tumors (Alessio et al, 1988; Sava et al, 1989).
Examination of their effects on the primary tumor and on
metastasis revealed that trans-Ru(DMS0),Cl, is 20-fold more
active against metastasis than its cis analogue. Both cis- and trans-
Ru(DMSO0),Cl, isomers have been shown to react with nucleoside
and nucleotide components in water (Davey, 1998). In water, cis
isomer immediately form trans,cis,cis-[RuCl,(DMS0),(H,0),] by
loss of the O-bonded DMSO whereas the trans compound rapidly
loses two S-bonded DMSO ligands yielding cis-diaqua complex,
i.e., cis,fac-[RuCl(DMS0)3(H,0),], respectively, as shown in
Scheme 10.2. These hydrolyzed isomers then form cationic
compounds undergoing slow reversible chloride dissociation. So,
the trans compound contains three reactive groups, while the cis
isomer contains only two, which makes the cis aqua species inert
relative to the trans isomer (Mestroni, 1989). This difference
correlates with a higher potency of the trans isomer as an
antitumor agent (Alessio, 1991).
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Scheme 10.2 Hydrolysis of cis and trans isomer of Ru(DMSO0),Cl,
(Mestroni, 1989).

The cis- and trans-RuCl,(DMSO), interacted with DNA
coordinating via intrastrand cross-linking between two adjacent
purines to the Ru center and displayed remarkable anticancer
activity (Coluccia, 1993). Earlier studies based on circular dichroism
(CD) suggested that the coordination of the cis isomer to DNA
does not significantly alter the conformation of B-DNA, whereas
trans isomer binds to DNA more rapidly with some changes in the
CD spectra indicating conformational alterations in DNA of non-
denaturational character (Mestroni, 1989). The trans isomer binds
with DNA more effectively with bifunctional lesion to neighboring
guanine residues at their N7 atoms whereas cis isomer forms
mainly monofunctional lesions only on natural DNA (Novakova,
2000). These findings demonstrated considerably slower binding
of the cis isomer to the dinucleotide d(GpG) compared with trans-
[Ru(11)(DMSO0),Cl;] (Anagnostopoulou, 1999). The cis-Ru(DMS0),Cl,
has also been used to prepare heterodinuclear Pt-Ru compound
(Fig. 10.1) cross-linked by 1,4-diaminobutane, i.e., [{cis, fac-RuCl,-(D
MSO0)3}(NH,(CH;)4NH,){cis-Pt(NH3)Cl,}] with a view to developing
a compound that could cross-link DNA-DNA or DNA-protein
structures. On the basis of DNA-binding studies, it was demonstrated
that the heterodinuclear compound could form specific DNA
lesions that could cross-link proteins to DNA, but its sensitivity
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to light and rapid hydrolysis prevented further evaluation (Van
Houten, 1993).
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Figure 10.1 Examples for ruthenium-DMSO complexes evaluated for
antitumor activity (Van Houten, 1993).

Yapp and coworkers reported in vitro studies of analogues of
cis- and trans Ru-(DMS0),Cl, containing chelating DMSO ligands
such as bis(methylsulfinyl)ethane, bis(ethylsulfinyl)ethane (BESE),
bis(propylsulfinyl)ethane and bis(methylsulfinyl)propane (Yapp,
1997). The in vitro experiments described that trans-complexes
accumulate in the cells and bind to DNA to a greater degree than
the cis-complexes without any cytotoxicity under aerobic and
hypoxic conditions. Arene-ruthenium complexes containing BESE,
which is essentially a bidentate DMSO ligand, have been tested
in vitro (human breast cancer cells: MDA-MB-435s), but their
cytotoxicities were more than fivefold higher than that of
cisplatin, and no further investigation was reported (Huxham,
2003).

10.3 Primary Targets for the Development of
Metal-Based Therapeutic Agents

In the search of new and novel metal complexes for their
anticancer activity, they are targeted initially at DNA, proteins (BSA
and HSA), enzymes, i.e., topoisomerase, kinase, metalloproteinases
(MMPs), telomerase etc. Here, we focus mainly on DNA and
topoisomerase enzyme. DNA is an attractive target for the
development of therapeutic agents owing to the availability of
several binding sites on its skeleton. DNA stores genetic information
and distribute it into the cell. Metal complexes can bind and
interact with specific sites of DNA which can enable an access to
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information at cellular level. The interaction of transition metal
complexes with DNA is found interesting with their applications
in molecular biology, cancer therapy (Lippert, 2000) and
photodynamic therapy (PDT) (Levina, 2009). In the development
of anticancer activity, primary factors affecting the interaction
of DNA with the metal complexes are binding behavior, binding
mode (covalent, noncovalent binding: hydrogen bonding, groove
binding and intercalation), reaction kinetics and cleavage
(Metcalfe, 2003). Several metal complexes were bound with DNA
and delivered into the cells. The binding behavior of ruthenium
complexes with DNA reinforced by hydrophobic, base -7 stacking
interactions, large number of aromatic rings, large surface area,
H-bonding interactions, etc. The first technique for monitoring the
direct DNA metal interaction was explored by Barton and Lolis
using spectrophotometric covalent binding assay (Barton, 1985).
Metal complexes bind with nucleobase or phosphate through
intra- or inter-strand cross-link covalent bond and form metal
DNA adduct. As a consequence, there are different biochemical
and analytic techniques which have been gaining an insight into
the mechanisms by which these molecules interact with DNA and
assist to explore new therapeutic and diagnostic agents. These
techniques include absorption spectrophotometry (Liu, 1998),
nuclear magnetic resonance (NMR) spectroscopy (Haq, 1995),
X-ray crystallography, gel electrophoresis, molecular modeling,
fluorescence spectroscopy (Mahadevan, 1997), isothermal
titration calorimetry, viscosity measurements (Mitsopoulou,
2008), electrochemiluminescence (Hu, 2009), inductively coupled
plasma mass spectrometry (ICP-MS) (Egger, 2009), atomic
absorption spectroscopy (AAS) (Kirin, 2008), electrochemical
methods (Johnston, 1995), electrochemiluminescence (Cao, 2006),
and circular dichromism spectroscopy (Carcell, 1995). Metal
complexes displaying luminescence allow ready characterization
of their uptake characteristics. They can be examined by fluorometry,
confocal microscopy (Montgomery, 2009), and flow cytometry
(Puckett, 2007).

The complex NAMI, Na[trans-RuCl,(Im)(DMSO-S)], interacts
with DNA irreversibly and construct double-helical bifunctional
intrastrand DNA adducts efficient for terminating RNA synthesis
in vitro (Malina, 2001). Whereas, NAMI-A was less cytotoxic than
cisplatin as correlated to DNA binding and intracellular metal
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accumulation. NAMI-A, (ImH)[trans-RuCly(Im)(DMSO-S)] binds
only with DNA without any intracellular ruthenium accumulation
and attributed lower cytotoxicity than the cisplatin (Pluim, 2004)
(Fig. 10.2). Mura et al. reported two less cytotoxic ruthenium
complexes, thiazolium (bisthiazole)tetrachlororuthenate and
thiazolium (thiazole, DMSO) tetrachlororuthenate, closely related
to imidazole containing NAMI (Mura, 2004). Replacement of
imidazole ligand by less basic thiazole exhibited slow rate of
ligand exchange but displayed high reactivity of serum albumin
compared to calf thymus DNA. Thus, low cytotoxicity of these
complexes was associated with slow rate of ligand exchange
and low reactivity with DNA. Aquation reaction followed by the
binding of two adjacent guanine nucleobases with metal complexes
can induce deformation in DNA structure and stimulate the cell
death via apoptosis (Alderden et al.,, 2006; Reedijk et al., 2009).
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Figure 10.2 Structure of some ruthenium Ru (III) complexes (Kratz et al.,
1994; Sava et al,, 1999; Bergamo et al., 2000).

The study of DNA interaction with ruthenium-DMSO complexes
and ruthenium-mediated DNA damage are important area of
chemical research because of their therapeutic and anticancer
research interest. DNA or RNA cleavage is elementary reaction in
gene therapy as well as gene regulations and leads to apoptosis
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(Hernandez-Gil, 2011). DNA cleavage generally occurs because of
the break of basic units of DNA-heterocyclic base, phosphate, and
sugar. Many complexes showed potential DNA-cleavage activity via
hydrolytic or oxidative pathway. The hydrolytic cleavage mainly
proceeds via targeting phosphodiester linkage of DNA. However,
oxidative cleavage involves the oxidation of nucleobase and
nucleosidic bond breakage. Guanine base is the most susceptible
site for oxidation in all nucleobases.

Cell nucleus is composed by highly compact state of DNA
strands and wrap-around scaffolding histone proteins to construct
the coiled condensed form chromatin. Various proteins/enzyme
regulate the mechanism of DNA accessibility and chromatin
formation. DNA topoisomerases are a prominent class of enzymes
which manipulate DNA topology as well as nuclear processes
together with the unwinding and rewinding of the DNA helix during
replication, recombination, repair, transcription and chromatin
transformation (Chen, 2013). DNA topoisomerases are categorized
in monomeric type I and multimeric type II, which are further
divided according to their structures and mechanisms of action
into IA/B and IIA/B (Chikamori et al, 2010; Wang et al.,, 2009).
Most of the therapeutic drugs target mainly topoisomerase I and
topoisomerase II for chemotherapy as they block the ligation
phase of cell cycle and destruct the integrity of the genome.
Topoisomerase | (topo I) changes the degree of supercoiling by
unwinding duplex DNA and break phosphodiester bond of one
strand. When one strand of supercoiled DNA is cleaved by
topoisomerase I, the subsequent unwound DNA is more relaxed
and easily detectable by gel electrophoresis technique (Gaur, 2013).
The supercoiled double-stranded DNA reacts with topoisomerase
I and forms a covalent 3’-phosphorotyrosyl adduct denoted as
cleavable complex. Several drugs such as irinotecan, topotecan,
and camptothecin (CPT) stabilize the cleavable complex by blocking
the re-ligation step and enhance the formation of lethal DNA
strand breaks. Topoisomerase I causes single strand cleavage and
is nontoxic for cells because of efficient and rapid repair
mechanism (Tsao et al., 1993; Wu et al., 1997).

On the other hand, topoisomerase Il enzyme is crucial for
the cellular division of rapidly growing proliferating tumor cells.
Therefore, the inhibition of topo II has also been primary targeted
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for numerous antitumor agents (Larsen et al.,, 2003; Nitiss et al,,
2009). The nuclear enzyme topoisomerase II is referred to as
a “molecular engineer;” which is essential for DNA replication,
repair, transcription, topological changes, and chromosomal
segregation at mitosis under physiological condition (Spence,
2005). The topoisomerase catalyzes the transient double strand
of DNA, transport it into an intact fragment of DNA and relegate
cleaved strands. The enzyme is a combination of three domains:
(1) N-terminal ATP-binding domain: various catalytic inhibitors
reduce ATPase activity by blocking ATP from its binding site,
(2) DNA-binding/cleaving domain: catalytic active site necessary
for construction of covalent complex, and (3) C-terminal tail (Bailly,
2012). To understand the mechanism of action, two categories of
Topo II inhibitors were studied in detail: (1) those that form
DNA-Topo-II cleavable complex by binding with the topo II
and stimulate the cleavage of double standard DNA (etoposide)
(Zeglis, 2011), (2) other class, which includes catalytic inhibitors
which antagonize the activity of enzyme to implement catalysis
(merbarone) Larsen (2003). The wide range of topoisomerase
inhibitors, including etoposide, mitoxantrone, amsacrine, idarubicin,
and doxorubicin mainly destroy all cells in DNA replication
and sensing of DNA in protein production or DNA-damage repair
(Li, 2001). The topoisomerase inhibition is fundamentally
influenced by the nature of complexes, ligands, and available
uncoordinated sites in the skeleton of coordinated ligands. In this
connection, Jayaraju et al. reported topo II inhibitor salicylaldoxime
cobalt complex (CoSAL), which results in cleavable complex
formation by interacting oxime moiety of the salicylaldoxime
ligand with the topo II (Jayaraju, 1999). Furthermore, (°-
benzene)Ru(DMSO)Cl, (Fig. 10.3) displayed strong DNA-binding
affinitytogetherwithcross-linkingwithtopoisomerasellandinhibited
the activity of topoisomerase II by cleavage complex formation
(Gopal, 2002). Gopal et al. suggested that ruthenium complex
interacts with DNA and forms cross-links with topoisomerase II.
The complex exhibited antiproliferative activity in two human
cancer cell lines Colo-205 (colon adenocarcinoma) and ZR-75-1
(breast carcinoma) in vitro, but it is inconclusive if there is a
direct link to its ability to inhibit topoisomerase II activity
(Gopal, 2002).
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Figure 10.3 Structure of (5°-benzene) Ru (DMSO)Cl, complex (Gopal,
2002).

10.4 Types of Ruthenium-DMSO Complexes

The activity of metal complexes in therapeutic action usually
depends upon the nature of ligand and metal center. Therefore,
suitable combination of biologically active ligand with ruthenium
metal complexes provides important prerequisite for the
construction of a highly efficient drug. Ruthenium-DMSO complexes
have been explored in the construction of other metal-based
active drugs owing to the presence of labile DMSO molecule
which provides its facile substitution with biomolecules. The
activity of ligand is facilitated by the potency of overall metal
complex and serves to modulate this activity in the development
of anticancer agent. To follow this approach, we classified
Ru-DMSO complexes according to coordinating ligands.

10.4.1 Ruthenium-DMSO Complexes Containing
N-Coordinated Ligands

After the successful clinical trial of NAMI-A, its analogues have been
studied for potential antimetastatic activity as a means to ascertain
the structure-activity relationships in this class of compounds.
Similar to NAMI-A, Hdmtp[trans-RuCl,(DMSO)dmtp] (dmtp = 5,7-
dimethyl[1,2,4]triazolo[1,5-a]pyridmidine) exhibited significant
cytotoxicity (Velders, 2004) whereas [mer-RuClz(DMSO)(acv)
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(H,0)] and [mer-RuCl3(DMSO)(acv)-(MeOH)] and [trans-
RuCl,(DMSO) guaH] (where acv = acyclovir and gua = guanine
in Fig. 10.4) displayed very low cytotoxicity in in vitro studies
(Turel, 2004).
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Figure 10.4 Structure of ruthenium dmtp, acyclovir, and guanine DMSO
complexes (Velders, 2004; Turel, 2004).

Some ruthenium nitrosyl DMSO complexes were explored
as controlled NO-releasing agents for biomedical applications,
particularly anticancer agents owing to release of cytotoxic NO
within tumor cells which leads to cell death (Lang et al., 2000;
Slocik et al,, 2001). It is well established that diamagnetic Ru(II)
center binds to NO* and features the linear {Ru(NO)}¢ moiety
(Wescott, 1999). Generally, modulation of NO release is induced
by one electron reduction at NO* or by photolysis to yield
coordinated NO°®. Based on these facts, Serli et al. reported the
nitrosyl-nitro  derivative trans,cis,cis-RuCl,(DMS0),(NO)(NO,)
from the precursors trans-RuCl,(DMSO-S), or cis-RuCl,(DMS0),,
which is redox active (Scheme 10.3) (Serli, 2003). The site of
reduction in trans,cis,cis-RuCl,(DMS0),(NO)(NO;) is the NO*
moiety. The reduced complex readily liberates a NO, followed by
NO* free radical. These observations reveal that the complex
might be implicated in some pharmacological applications as
potential NO-releasing agents by in vivo reduction.

Griffith et al. reported three new NAMI-A type analogues
of pyridinehydroxamic acid (pyha) complexes, [NBuy][trans-
RuCl,(DMSO-S)(4-pyha)]. CH3COCH; 12, [4-pyhaH][trans-
RuCly(dmso-S)(4-pyha)] 13, and [3-pyhaH][trans-RuCl,(dmso-S)
(3-pyha)] 14, for pharmacological evaluation of their in vitro
cytotoxicity, inhibition of cell invasion, and their gelatinase activity
as depicted in Fig. 10.5. Complex 14 showed higher extent of
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inhibition of the highly invasive human breast adenocarcinoma
cells (MDA-MB-231) than complex 13. However, both complexes
did not display any remarkable inhibitory effect on matrix
metalloproteinase (MMP) enzyme production and activity (Griffith,
2008).
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Scheme 10.3 The ruthenium nitrosyl-nitro derivative trans,cis,cis-
RuCl,(DMS0-0),(NO)(NO,) (Serli, 2003).

& oH |© B ?H e - o 10
| OH
[s) N—H o] N—H = N/
I, Ny
= B N
@ i @ P 9| cin, 'Iu_“‘.m
Clu, | €1 c"""n-l Gl a” | e
“Ru u’ S
a” | c|’é“’0l 7 Yo
s
/)" -'.L\O L /)f Q“O i - -
OH o
| _OH
® 0 N—H YN
L= NBu, P Ny
= T@)
i L]
"f@
H
12 13 14

Figure 10.5 NAMI-A type analogues of pyridinehydroxamic acid complexes
(Griffith, 2008).

The compound Hdmtp[trans-RuCl,(DMSO)dmtp] strongly
inhibits lung metastases formation without affecting primary
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tumors (Ang, 2006). The same traits were also observed in
dinuclear analogues of NAMI-A with pyrazine, pyrazole, and
bidentate N-heterocyclic ligands, e.g, 4,4'-bipyridine, 1,2-bis
(4,4'-pyridyl)ethane, which displayed a mild cytotoxic activity
against human and murine tumor cell lines and modify the cell
cycle distribution of murine adenocarcinoma cells (Alessio et
al., 2000; Bergamo et al, 2003; Bergamo et al, 2003; Bergamo
et al, 2004) as shown in Fig. 10.6. These dinuclear ruthenium
complexes form faster interstrand cross-links with DNA compared
with NAMI-A.
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Figure 10.6 Ruthenium dimers with bridged ditopic non-chelating
aromatic N-ligands (Alessio et al,, 2000; Bergamo et al., 2003; Bergamo
etal, 2003; Bergamo et al., 2004).

On the other hand, ruthenium-DMSO-thiolactam-modified
kenpaullone derivatives 19, 20 displayed remarkable cytotoxicity
against three different cell lines A549 (human alveolar epithelial
cell line), CH1 (Lymphoma cancer cell line) and SW480 (colon
cancer cell line), as shown in Fig. 10.7 (Schmid, 2007). Complex
19 easily solubilizes in aqueous media and exhibits hydrolysis
compared to complex 20. The binding of GMP, along with the
inhibition of ethidium bromide, provides the evidence that the
cytotoxicity of complexes owes to intact mono cation intercalation
into DNA.

For further development of ruthenium-DMSO complexes,
Caiping et al. established a relationship between the chemical
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properties and the biological activity of four related ruthenium(III)
complexes, with the formulas mer-[RuCl;(DMSO)(N-N)] (N-N =
2,2'-bipyridine 21, 1,10-phenanthroline 22, dipyrido[3,2-f:2,3'-h]
quinoxaline 23, and dipyrido[3,2-a:2’,3'-c|]phenazine 24) as shown
in Fig. 10.8 (Tan, 2008). They established the hydrolysis process
and DNA binding affinity of complexes which showed that the
extension of the N-N ligands can increase the stability, DNA
binding affinity as well as cytotoxic studies in the order 21 < 22
< 23 < 24. The lack of correlation between cell growth inhibition,
DNA binding affinity, and hydrolysis stability suggests that
differences in cellular uptake, subcellular distribution, and
additional biological targets may play even more important roles
in their antitumor activity.
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Figure 10.7 Structure of some ruthenium DMSO kenpaullone complexes
(Schmid, 2007).
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Figure 10.8 Structures of some ruthenium-DMSO complexes containing
polypyridyl ligands (Tan, 2008).

21 22 23

Furthermore, a well-established specific inhibitor of epidermal
growth factor receptor (EGFR), i.e., ethylenediamine or imidazole
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group modified 4-anilinoquinazoline ligand, was combined with
Ru(1I)/Ru(11I)-DMSO complexes (25-28 in Fig. 10.9) and explored
in the treatment of metastatic non-small cell lung cancer (NSCLC)
(Ji, 2014). The complex 26 with 4-(3’-chloro-4'-fluoroanilino)-6-
(2-(2-aminoethyl)-aminoethoxy)-7-methoxyquinazoline ligand
exhibited more potency specifically on the EGF-induced proliferation
of breast cancer cell line MCF-7 than its ligand. The complex also
actively influence the early-stage apoptosis and inhibit proliferation
of MCF-7 via blocking the EGFR signaling, DNA synthesis and
replication.
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Figure 10.9 The structures of Ru(Il) (25) and Ru(Ill) (26-28) complexes
containing 4-anilinoquinazoline derivatives (Ji, 2014).

10.4.2 Ruthenium-DMSO Complexes Containing
O-Coordinated Ligands

The introduction of chelating ligands generally increases the
stability of Ru(II)-DMSO complexes against aquation and hydrolysis
in aqueous solutions (Bratsos, 2008). Based on these facts, Bratsos
et al. have reported a series of new Ru(I[)-DMSO complexes
containing dicarboxylate ligands (dicarb), namely, malonate (mal),
methylmalonate (mmal), dimethyl-malonate (dmmal), succinate
(suc), and oxalate (o0x), 1,1-cyclobutane dicarboxylate (cbdc) and
structurally characterized for their biological evaluations (Bratsos,
2008). These complexes were Kkinetically stable in an aqueous
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solution. Among all dicarboxylates, only dimer [fac-Ru(DMSO-S);
(H,0)(u-cbdc)], (complex 35 in Fig. 10.10), exhibited moderate
activity against both the human oral carcinoma (KB) and the
murine B16-F10 melanoma cell lines. Unfortunately, studies in vivo
displayed no activity against both the primary tumor growth and
the formation of spontaneous metastases on the MCa mammary
carcinoma model.

Figure 10.10 Structures of some Ru(I[)-DMSO carboxylate complexes
(Bratsos, 2008).
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For the past several years, we have been working on
ruthenium-DMSO complexes and their DNA binding, cleavage
and anticancer activities. In 2010, we reported two ruthenium-
DMSO complexes 40, 41 (Fig. 10.11) containing biologically active
3-(4-benzyloxyphenyl)-1-(2-hydroxylphenyl)-prop-2-en-1-one
and 2-(4-benzyloxyphenyl)-3-hydroxy-chromen-4-one ligand and
their anticancer activity on Dalton Lymphoma (DL) cells. Both
complexes enhance their anticancer activity in vitro compared to
cisplatin and they owe it to biologically active ligands (Prajapati,
2010).

40 41

Figure 10.11 Structure of ruthenium-DMSO complexes with chalcone and
flavanol ligands (Prajapati, 2010).

In our continuation to investigate the induced effect of
biologically active chalcone ligand, a new ruthenium complex
containing electron donating chloro group attached to the skeleton
of a chalcone was structurally characterized (complex 42 in
Scheme 10.4). Its binding with DNA sequence d(ACCGACGTCGGT),
and ruthenium guanine adduct reveals that the complex is
stabilized by additional electrostatic and hydrogen bonding
interaction with DNA besides the probable displacement of a
labile DMSO by the N7 of guanine. The complex cleaved DNA via
its major groove and oxidative pathway (Gaur, 2011). Further, five
new ruthenium complexes (43-47) bearing different substituted
chalcones were synthesized and structurally characterized.
Their binding affinity to CT-DNA increased with increase in the
conjugation of aromatic ring owing to larger surface area and
facilitate its partial intercalation with base pair through DNA
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groove. Complex 46 and 47 bearing thiophene derivatives in their
structural frameworks not only bind to DNA strongly but also show
self-cleavage of DNA via oxidative pathway. The strong binding of
complex 47 owes to electron releasing methyl group attached
to a thiophene ring in its ligand. It reinforces electron density on
the surface of chalcone, which strongly overlaps between
symmetrical orbital of DNA bases. Further, both complexes 46 and
47 also inhibited topoisomerase II enzyme activity (Gaur, 2012).
Both complexes 46 and 47 exerted their cytotoxic effect through
G2 phase cell cycle arrest. The complex 47 inhibited MMP-2
activity of HeLa cells and exhibited greater cytotoxicity and
apoptosis induction (Jovanovic, 2016).
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Scheme 10.4 Synthesis of ruthenium-DMSO chalcone complexes (Gaur,
2011; Gaur, 2012; Jovanovic, 2016).

As an extension, two dinuclear ruthenium complexes [Ru(ILI1)]
were synthesized from bis-chalcone and its flavonol (Fig. 10.12).
Complexes transformed supercoiled DNA to nicked circular
form under photo-induced conditions in visible region at A,
560 nm. Highly conjugated structural framework of complex 48
showed its strong binding with DNA through intercalation and
minor groove compared to complex 49. Results supported that
both complexes follow type I pathway by the formation of *OH,
which involves light-induced excitation of the photosensitizer
promoting an electron to a higher energy state. In addition,
both complexes inhibited topoisomerase 1 enzyme activity (Gaur,
2013).
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Figure 10.12 The structure of ruthenium-DMSO bis-chalcone and bis-
flavanol complexes (Gaur, 2013).

Recently, Singh et al. also synthesized four Ru(II)-DMSO
complexes 50-53 with substituted chalcone ligands viz. (E)-1-
(2-hydroxyphenyl)-3-(4-methoxyphenyl)prop-2-en-1-one,  (E)-1-
(2-hydroxyphenyl)-3-(4-nitrophenyl)prop-2-en-1-one, (E)-3-(4-
(dimethylamino)phenyl)-1-(2-hydroxyphenyl)prop-2-en-1-one,
and (E)-1-(2-hydroxyphenyl)-3-(4-chlorophenyl)prop-2-en-1-one
(Fig. 10.13) and screened for anti-cancer activity against breast
cancer cell lines (MCF-7 and MDA MB-231). The complexes 50-53
displayed significant enhanced anticancer activity against MCF-7
topoisomerase I inhibition (Singh, 2016).
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Figure 10.13 Structure of ruthenium-DMSO-chalcone complexes (Singh,
2016).
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10.4.3 Ruthenium-DMSO Complexes Containing
N,O-Coordinated Ligands

In particular, cis-Ru(DMS0)4Cl, had been used as a synthon
for numerous compounds, ie., ciscis trans-RulL,(DMS0),Cl,
(L = nitrofurylsemicarbazone ligands with increased conjugation
in Fig. 10.14), although the conjugated products did not offer
improved cytotoxicity (MCF-7, TK-10, HT-29) (Cabrera, 2004).
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Figure 10.14 Structure of ruthenium nitrofurylsemicarbazone complexes
(Cabrera, 2004).

Chen et al. reported cis-[RuCl,(liriodenine)(DMSO),]-
1.5H,0 57 where natural occurring liriodenine (isolated from
Zanthoxylum nitidum), an active component of the anticancer
traditional Chinese medicine (TCM) (Chen, 2009), shown in
Fig. 10.15. The interactions of CT DNA and complex revealed that
it adopts a classical interaction mode and binds covalently to
DNA simultaneously because it easily hydrolyzes to give coordinate
active sites.
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Figure 10.15 Structure of liriodenine-based cis-[RuCl,(Liriodenine)
(DMSO0),]-1.5H,0 (Chen, 2009).
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Alegesan et al. investigated the binding of biomolecules, i.e.,
calf thymus DNA (CT-DNA) and bovine serum albumin (BSA)
protein with some bivalent ruthenium hydrazine DMSO complexes
and revealed their intercalation mode of interactions (Fig. 10.16).
The high cytotoxicity of these complexes toward cancer cells
was attributed to the nature of the hydrazide moiety and impacts
their biological activities (Alagesan, 2014).
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Figure 10.16 Molecular structure of ruthenium hydrazine DMSO complexes
(Alagesan, 2014).

10.5 Mechanism of Action of Ru-DMSO
Complexes

In view of the rapid coordination of Ru(Il) to biomolecules, Clarks
proposed “activation by reduction” hypothesis (Clarke, 1999).
Since, tumor cells rapidly spread under hypoxic (poor in 0,)
and acidic conditions than normal tissues, the low oxygen
content together with lower extracellular pH and the presence of
appreciable amounts of cellular reducing agents such as glutathione
induce the reduction of Ru(Ill) to Ru(ll) in vitro (Kelman, 1977).
The reducing capability of ruthenium(Ill)-based drugs mostly
depends on their ligand environment, and they serve as a prodrug.
The prodrug is activated by this selective reduction and generates
an active specie which rapidly reacts with target and ultimately
leads to cell death (apoptosis). In accordance with this hypothesis,
a large number of Ru(Ill) complexes were exploited for their
anticancer activity. The first real breakthrough of this hypothesis
was made by Alessio and Sava on the imidazole-dimethylsulfoxide
ruthenium(IIl) complex named sodium trans-(dimethylsulfoxide)
(imidazole)  tetrachloro ruthenate-(III)  Na[trans-RuCly(Im)
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(DMSO0-S)] (NAMI), which was specifically active against solid
metastases tumors in mice. At doses active on lung metastases,
NAMI represents the most extensively studied compound of a
new class of ruthenium complexes endowed with an interesting
antitumor activity (Alessio et al., 1991; Sava et al., 1992). Later on,
Alessio and Sava also explored its analogue (ImH)[trans-
RuCl,(Im)(DMSO0-S)] (NAMI-A) (Im = imidazole) which prevented
tumor metastases via a mechanism not to involve Ru-DNA binding
(Cocchietto, 2003). Hypoxia induced by drugs generally affects
cancerous cells via iron-dependent processes. In particular,
hypoxia-activated prodrugs were efficient to transferrin-mediated
cellular uptake selectivity and induce elevated transferrin receptor
expression in tumor cells (Tacchini, 1999). The compounds
NAMI-A and KP1019 followed the anticancer mechanism by
binding to its iron-binding pockets (Kratz et al., 1994; Sava et al,,
1999; Bergamo et al,, 2000).

NAMI-A is very well-studied ruthenium DMSO complex in
clinical trials. It has also undergone phase I clinical trials and it
was well tolerated in patients; reversible blister formation is the
dose-limiting toxicity (Rademaker-Lakhai et al, 2004; Sava
et al,, 2002). NAMI-A coordinated with nucleic acids and directly
affected the DNA of cancerous cells (Sava, 2004). It is documented
that NAMI-A seems to be independent of direct cytotoxic effects
but showed inhibitory effects in various types of primary
tumors or metastases (Sava, 1999). Among Ru (III) complexes,
NAMI-A is a leading compound that has the cooperative effects of
anti-angiogenic and anti-invasive properties on tumor cells and
blood vessels involving the inhibition of the processes of tumor
invasiveness. The scavenging properties of NAMI-A influenced the
NO produced by the endothelial cells probably control the
angiogenesis in chick allantoic membrane (embryonic membrane)
and the eye cornea model in rabbit (Vacca et al, 2002;
Morbidelli et al,, 2003). The molecular investigation showed that
it blocks extracellular mitogen-activated protein kinase/mitogen
and activates phosphokinase/extracellular signal-regulated kinase
pathway in endothelial cells. This is probably due to the suppression
of a membrane PKC (protein kinase C), leading to the arrest of
c-myc transcription, capspase-3 activation, and apoptosis (Sanna,
2002). In view of anti-invasive effects, NAMI-A also reduces the
spontaneous invasion of matrigel (gelatinous protein mixture)
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by tumor cells in a dose-dependent reduction of gelatinase
release by the same cells and activation of adhesion molecules
such as beta-integrins (Sava, 2004). According to further
pharmacological studies, NAMI-A is also capable of changing cell
shape or reduce metastases growth by combining to CD44 (cell
membrane receptor modulator: cell surface glycoprotein involved
in cell/cell and cell/matrix interactions) and tumor infiltrating
lymphocyte recruitment (Pacor, 2004).

It is well established that albumin and transferrin are
responsible for most of bindings in blood cells (Messori et al,
2000; Messori et al., 2000). Iron is essential for the fast growth
of malignant cells and transferrin appears to induce entry into
cells (Som, 1983) and transferrin is appropriate for the delivery
of drugs into cancerous cells (Sun, 1999). The drugs, owing to
strong binding with serum proteins, could be explored in selective
delivery to cancer cells through receptor-mediated transferrin
delivery (Bergamo, 2003). The iron-binding site of apo transferrin
protein also binds with diaqua intermediates of Na[trans-
RuCl,(Im)(DMSO0-S)] and its indazole analogue in 2:1 stoichiometry
and Im-Ru-DMSO core can be reversibly detached with citrate
(Messori et al, 1996; Kratz et al, 1994; Smith et al, 1996).
NAMI-A mostly binds to surface accessible histidyl imidazole
nitrogens on a number of proteins.

10.6 Conclusion

Finally, the evolution of a new therapeutic agent for the anticanacer
activity is a multistep operation which involves design, synthesis,
structural characterization, promotion to biological activity,
mode of mechanism, and clinical testing. It is worth to emphasize
that biologically active ligands together with ruthenium-DMSO
complexes can improve the anticancer activity. The improvement
of biological activity of ruthenium-DMSO complexes implicates
primary molecular targets such as DNA and topoisomerase
enzyme, activity against cultured cells (in vitro), or activity in
animals (in vivo). Unanticipated side effects in clinical trials
have generated a demanding situation for the emergence of new
pharmaceuticals. Consequently, a large number of new chemical
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compounds are being produced. In this outlook, the challenge and
prospects of ruthenium-DMSO-based therapeutics, activity against
DNA binding, DNA cleavage, enzymes inhibition, low cytotoxicity,
and apoptosis, can only be reliably identified in animal models.

In spite of extensive research work carried out in this area of
research, it demands deeper investigation.
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