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Abstract
Ru(arene) compounds which feature half-sandwich “piano-stool” geometry have been
identified as promising anticancer drugs. The structural scaffold provides several sites for
modifications to obtain desired antitumour properties. The three legs of the piano stool
complexes may be occupied by pharmacologically active ligands. Variations in the aromatic
seat of the complex offer potential locations for further functionalisation which has not been
widely investigated compared to the ancillary ligands.
In this doctoral thesis, novel generations of [Ru(arene)(L)Cl] complexes with L as bidentate
biologically active ligands coordinating to the Ru centre, such as N,O-chelating 8oxyquinolinato and O,O-chelating 3-oxyflavonato ligands are reported. The remarkable
difference for these complexes is that the arene ligand is functionalised and bears a protected
form of the amino acid L-phenylalanine. To prepare the desired complexes, a di-Ru precursor
was functionalised with protected-phenylalanine as the arene co-ligand, [(η6-N-acetyl-Lphenylalanine ethyl ester)RuIICl2]2. Introducing this modification altered the pharmacological
profiles of the complexes and increased their solubility and stability, compared to the analogous
p-cymene complexes in DMSO and water.
In addition to the investigations on novel organoruthenium compounds with N,O- and O,Ochelating ligands, N-heterocyclic carbenes, substituted with a pyridyl moiety (NHC-pyridyl),
were coordinated to the Ru atom as N,C-bidentate ligands. The different substituents were
identified as the key factors to provide them with special properties. The biological properties,
stability in different environment, in vitro anticancer activity and interactions with
biomolecules were found to be complex dependent.
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Introduction
1. Cancer
1.1 Foreword
The three main causes of death in New Zealand being ischaemic heart disease, lung and breast
cancer.1 Most New Zealanders experience the unfortunate diagnosis of cancer – either
personally or through a relative or friend at some point in their lives.2 The most common
cancers registered for females were breast followed by lung, colorectal, uterine and cervical
cancer (Figure 1) while for males they were prostate, lung, colorectal, liver and stomach cancer
(Figure 2) with the registration rates for all cancers combined varying throughout New Zealand
(Figure 3).3

Figure 1. Female cancer registration rates, by site, 25+ years, Māori and non-Māori, 2010–12.4

1

Figure 2. Male cancer registration rates, by site, 25+ years, Māori and non-Māori, 2010–12.4

2

Figure 3. Comparison of DHB region cancer registration rates, 2010–2012 3

In 2012, it was reported that nearly 1 in 5 the worldwide deaths from cancer happened because
of lung cancer (1628 deaths), and colorectal cancer was the second most common (1283
deaths). Overall one-third of all cancer deaths were due to these two cancer types, followed by
breast (617 females and 1 male), prostate (607), and pancreatic cancers (463).3 Figures 4 and
5, can display more detail about the most common cancer deaths in both genders.

3

Figure 4. The 10 most common cancer deaths in females, 2012 3

Figure 5. The 10 most common cancer deaths in males, 2012 3

Based on a report from the International Agency for Research on Cancer in 2012, the overall
age standardised cancer rate expressed almost a 25% higher incidence in men than in women.
Australia/New Zealand have the highest male diagnosis rates, specifically for prostate cancer,
compared to other countries in the world (Figure 6). 5
4

Figure 6. All cancers (excluding non-melanoma skin cancer) estimated incidence, mortality and
prevalence worldwide in 2012 5

1.2 Overview of Cancer
A large number of diseases which could affect any part of our body are summarized under the
generic term cancer. Malignant tumours and neoplasms are other terms used for these diseases.
Cancer is defined as the abnormal division of cells which proliferate beyond their usual
boundaries. Various signalling and communication systems among the cells of our tissues
5

support their social behaviours. Cells should renew themselves constantly by cell proliferation
which consist of the controlled consecutive cell cycles to maintain their function. Errors
(mutations) within the replication process may affect apoptosis of the cell and could make that
not viable. Several mutation steps could be the starting point to develop cancer. Therefore, cells
represent unsocial character which is determined among others by sustained proliferation and
invasion of other tissues. The continuous invasion to other parts of the body and metastasizing
to other organs are major cause of death from cancer.6

1.2.1 Biology of Cancer
The evolution of a normal cell into a malign tumour involves multiple mutations accompanied
by proliferation which is described as carcinogenesis (Scheme 1).7 The affected cell has a
reproductive advantage over the surrounding cells with respect to growth because of initial
mutations. These mutations result in DNA instability is facilitating further mutations leading
to uncontrolled proliferation, angiogenesis, followed by tissue invasion and metastasis
formation.

6

Scheme 1. A multistage mutation process forms the basis of carcinogenesis.

During recent years, the similarities between several hallmarks of cancer have been compiled
into six hallmarks of cancer, two enabling characteristics and two emerging hallmarks which
help to understand the features of malignant tumour cells are: (1) sustaining proliferative
signaling; (2) evading growth suppressors; (3) enabling replicative immortality; (4) activating
invasion and metastasis; (5) inducing angiogenesis and (6) resisting cell death (Figure 7).8
1) Sustaining proliferative signaling
The production of growth-promoting and growth-inhibiting factors is balanced in normal cells.
However, cancerous cells demonstrate deregulation of biochemical cascades, leading them to
proliferative independence and capable of endless growth.9 Tumour cells have several ways to
maintain the proliferative signaling. They are able to perform autocrine stimulation by
producing their own growth factors and corresponding receptor molecules. Also, they are able
to induce the production of growth factors by both normal and tumour-associated cells to

7

support the cancerous cell by producing paracrine signals. Tumour cells can alter their
sensitivity to growth factor receptor levels and corresponding receptor signalling cascades,
which leads to more hyper-responsive cells. Due to this disruption of the negative feedback
mechanism, cancerous cells gain complete independence from exogenous growth factors.8,9

Figure 7. The hallmarks of cancer.8 [Reprinted with permission from ref. 8, Copyright Elsevier.]

8

2) Evading growth suppressors
Tumour cells are capable of ignoring signals that usually prevent cells from dividing. The
normal cell cycle consists of resting, interphase and dividing phases. These processes need to
be regulated by tissues through matching the rate of cells death with the number of cells
dividing. Cell proliferation is maintained by negative feedbacking the use of growth
suppressors, however tumour suppressor genes, such as p53 and RB1 (Retinoblastoma protein),
are inactive in tumours. DNA damage, recognised by the p53 cascade, prevents cells from
entering the G0 stage of the cell cycle until the cell DNA is repaired. Additionally, RB1 acts by
the regulation of cyclin and cyclin dependent kinase (CDK) complexes blocking the cell cycle
between the G1 and the S phase. However, due to the inactivation and down-regulation of these
suppressors proteins results in uncontrolled growth of tumour cells.8,9

3) Resisting cell death (apoptosis)
Programmed cell death (apoptosis) is an important natural barrier for the prevention of cancer
development. The control over the cell division rate is just as important as controlling the rate
of cell death. When cells undergo apoptosis, they shrink and condense, the cytoskeleton is
collapsed and the nuclear envelope is disassembled. DNase breaks up the nuclear DNA into
fragments, then a signal is sent to neighbouring cells telling them to digest the remaining
fragments.8,10
Apoptosis is mediated by p53, known as "the guardian of the genome", and is involved in
blocking further progression through the cell cycle.8 By activation of p53 in the early stage of
the cell cycle, it will be arrested and division will not occur till the DNA damage is repaired.
However, apoptosis would happen, if p53 is activated later in the cycle. Thus, to prevent
abnormal division of cells and the creation of cancerous cells, the normal functioning gene
9

should suppress cell division.8 Cancerous cells are capable of evading apoptosis by the
mutation or loss of the p53 tumour suppressor gene.

4) Inducing angiogenesis
The creation of new blood vessels (angiogenesis) is a vital process for the growth and
development of cells. Cancer cells, like normal cells, need nutrients to maintain their growth.8
Therefore, tumour cells promote angiogenesis through releasing two cytokines, i.e., Vascular
Endothelial Growth Factor (VEGF) and Basic Fibroblast Growth Factor (bFGF), to
manufacture an intricate network of new blood vessels.9,11

5) Enabling replicative immortality
In normal cells, multiple replications cause shortening of the telomeres on chromosomes. When
the telomeres are shortened too much, the cell enter a stage known as senescence and the cell
can no longer grow and divide.8,12 However, tumour cells contain a specialised DNA
polymerase, known as telomerase. This enzyme can regenerate telomere segments onto the
endings of the chromosomes. Thus, an extension in the telomeres prevents telomere erosion
and ensure that the cell will be able to divide and grow indefinitely without entering
senescence.8

6) Activating tissue invasion & metastasis
The major cause of cancer related death is due to metastasis. Loss of cell-cell adhesion caused
by inhibition of the E-cadherin protein facilitating the separation of some tumour cells from
the primary tumour and invading into the surrounding tissues. Local invasion, intravasation,
10

transit through the lymphatic and haematogenous system, entering into the parenchyma of
distant tissues from the vessels (extravasation) and survival are several stages of invasion and
metastasis.8,13

7) Deregulating cellular energetics (emerging hallmark)
Anaerobic glycolysis is a process discovered in cells. Glucose is converted into pyruvate in
normal cells, whereas in a tumour cell, like muscle cells, it is transformed into lactate lactate
dehydrogenase in the presence of oxygen. Although, this process is far less efficient than
normal glycolysis, it facilitates the regeneration of NAD+ and biosynthesis of macromolecules
to form daughter cells. Therefore, the tumour cell will be able to grow and divide indefinitely
with limited oxygen perfision.8

8) Avoiding immune destruction (emerging hallmark)
The innate immune system is capable of monitoring cells and tissues to eliminate the incipient
cancer cell before formation development of tumours. Occasionally solid tumours have
displayed the potential to escape detection, bypassing the immune system. Therefore, more
solid tumours could avoid the eradiction.8,14
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9) Genome instability and mutation (enabling characteristic)
Due to the unregulated and unchecked cell division there is an increased number of DNA
mutations driving the evolution of tumour cells which may allow for advantageous adaptions
for their environment.8

10) Tumour-promoting inflammation (enabling characteristic)
Normal cells can develop pro-neoplastic mutations by chronic inflammation which will make
them resistant to apoptosis.15 Inflammation is able to release bioactive molecules into the
microenvironment such as growth factors which maintain proliferative signaling, survival
factors which prevent apoptosis, proangiogenic factors and extracellular matrix-modifying
enzymes (angiogenesis, invasion, and metastasis facilitators).8

1.2.2 Cancer Therapy
Surgery, radiation- ,16,17 chemo-,18 immuno- ,19 and antibody 20 therapy are various standard
types of cancer treatments. Depending on the location, type and size of the tumour, different
combinations of these treatments may be used to battle cancer. Recurrence of cancer after
surgery due to unrecognised microscopic lesions, make the combination of surgery and
chemotherapy the most commonly chosen therapy.16 Based on the fact that cancerous and
healthy cells are (bio)chemically very similar, healthy cells are often damaged during
chemotherapy, resulting in side effects such as hair loss, nausea, myelosuppression, nephro-,
hepato- and ototoxicity.21 These affect the quality of cancer patients’ lives.22 It is important to
limit the cytotoxic effects of chemotherapeutic agents on normal cells by designing tumour
targeting agents.23 Chemotherapeutics intend to target biomolecules involved in the rapid
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proliferation of cancer cells or to directly damage the cancer cells specifically. These drugs
have a variety of mechanisms of action and chemical structures:
1) Alkylating agents inhibit the cell cycle by alkylation of DNA and multiple compound classes
like mustard gas derivatives, ethyleneimines, nitrosoureas, triazines, hydrazines and
alkylsulfonates.24,25 The worldwide clinically approved PtII chemotherapeutics, cisplatin,
carboplatin, and oxaliplatin, act as alkylating agents forming DNA adducts killing cancer cells.
2) Antimetabolites are structurally similar to the building blocks of DNA and RNA. This
similarity could provide them with the ability to be incorporated into RNA and DNA, and affect
the cell cycle during the S-phase. They are low molecular weight compounds which are
grouped into the following categories: adenosine deaminase inhibitors, purine antagonists,
pyrimidine antagonists and folic acid antagonists.24,25
3) Topoisomerase inhibitors intervene by binding to the enzymes topoisomerase I or II, which
are involved in the process of unwinding DNA in the S-phase of the cell cycle. Topoisomerase
I and II inhibitors include camptothecin, doxorubicin, etoposides and mitoxantrone and
derivatives.24,25
4) Some antibiotics, which stop the cell cycle by the inhibition of the DNA replication
machinery, are also active in tumour cells through the same mechanism of action such as
Anthracyclines, chromomycins and others.24,25
5) Mitotic inhibitors block the cell cycle in M phase by pulling chromosomes apart. The classes
include

taxanes,

vinca

alkaloids,

epothilones,

camptothecan

analogues

and

podophyllotoxins.24,25
Since the last century rational chemotherapy drug design has emerged. These key advances in
the history of cancer chemotherapy are summarised in Figure 8.26
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Figure 8. Key advances in the history of cancer chemotherapy.26 [Reprinted with permission from
ref. 26, Copyright American Association for Cancer Research.]
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2. Medicinal Chemistry
2.1. Metal-Based Anticancer Drugs
2.1.1. Development towards selective chemotherapeutics
Paul Ehrlich’s discovery of salvarsan and his determined attempt to find a “magic bullet” was
the starting spark to the development of modern medicinal chemistry. Before replacing
salvarsan with penicillin after World War II. It was an important drug for the treatment of
syphilis.27 The serendipitous discovery of the anticancer activity of cisplatin by Barnett
Rosenberg and Loretta VanCamp in the 1960ies, initiated the flourishing of the
metallochemotherapeutics field.28 The unique anticancer activity of cisplatin became a
significant milestone in the field of metallodrug development resulted in various metals
integrated into the structure of metallodrugs. A variety of metal-based complexes with specific
applications were prepared for their anti-inflammatory, antibacterial, antirheumatic,
antimalarial and especially anticancer activity.29

2.1.2. Platinum-based anticancer drugs
Although Michele Peyrone synthesised cisplatin [cis-diamminedichloridoplatinum(II)] for the
first time in 1844, the antitumour properties were only discovered about a century later by
Barnett Rosenberg.18,30 These days, cisplatin is one of the most successful drugs in worldwide
clinical use, particularly active in testicular and ovarian cancers.31 Also, cisplatin is the main
chemotherapeutic drug for many other solid tumours, such as bladder, head-neck and small cell
lung cancers.32 The success of cisplatin in cancer therapy stimulated scientists and more PtIIbased anticancer drugs were designed and approved for clinical worldwide clinical use. These
resulted in the discovery of carboplatin and oxaliplatin.33,34 Carboplatin has tumour inhibiting
properties with a similar mode of action to cisplatin, while oxaliplatin exhibit antineoplastic
15

behaviour against colorectal cancer also is active in cisplatin resistant cell lines through its
different mode of action.35,36
Due to low oral bioavailability, cisplatin and analogous are administered by intravenous
injection. This ensures that the drugs are maintained in solution with a high chloride
concentration (100 mM), preventing drug hydrolysis from occurring and so cisplatin remains
intact in the systemic circulation.31,37,38 There are different ways for Pt-based drugs to enter the
cell. Cisplatin can enter a cell by passive diffusion or active transport mechanisms through the
copper transporter Ctr1.39-41 The low chloride concentration in the cytoplasm (4 mM) causes
drug hydrolysis inside the cell. Cisplatin undergoes a mono-aqua exchange with one or both of
the two chlorido ligands to form cis-[Pt(NH3)2Cl(OH2)]+ and cis-[Pt(NH3)2(OH2)2]2+.42 The
new reactive species are able to bind to nitrogen atoms of the DNA bases, particularly to the
N7 of guanine. The monofunctional DNA adducts form and are then converted into
bifunctional inter strand cross-links of the type 1,2-d(GpG) and 1,2-d(ApG).43 These adducts
will inhibit DNA replication and transcription by creating a kink in the DNA structure,
eventually causing apoptosis (Figure 9).

Figure 9. Schematic illustration of the cellular accumulation of cisplatin and mechanism of action.44
[Reprinted with permission from ref. 44, Copyright Elsevier.]
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Although the discovery of PtII-based anticancer drugs was a major success in cancer
chemotherapy, the severe side effects of these drugs such as nephrotoxicity, neurotoxicity,
ototoxicity, nausea and emetogensis became the main factor driving further research into the
development of other metallodrugs which have lower toxicities and improved activities.45

2.1.3. Ruthenium-based anticancer drugs
Despite the significant success of cisplatin and other analogues drugs, they only have limited
activity against other common cancer types such as breast cancer.46 Replacing Pt with other
metal ions with similar chemical properties became the goal of research in developing new
generations of metallodrugs. Ruthenium is a promising alternative to Pt for metal-based drugs
with promising antitumour activity in addition to low toxicity.46 Additionally, the ligand
exchange properties, coordination geometry and tuneable redox potential of ruthenium are the
important factors for the suitability of ruthenium in developing new anticancer agents.47
Ruthenium complexes are considered for medicinal applications due to three main reasons:
1. Slow ligand-exchange kinetics is the key factor explaining the antineoplastic properties of
platinum drugs. RuII and RuIII have similar ligand exchange kinetics as PtII.
2. Ruthenium has various accessible oxidation states of II, III and IV, under physiologic
conditions. The Ru centre usually has an octahedral geometry. RuIII drugs may stay intact
in oxidation state III until arrival at a tumour site. The low concentration of oxygen and
lower pH of the tumour environment compared to normal tissue, supports reduction of
RuIII to the more labile form, RuII.48 This activation by-reduction process provides Rubased compounds with tumour-targeting against hypoxic tumours which are often more
resistant to chemotherapy and radiation.49
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3. Ruthenium complexes have been found to bind to serum transferrin due to its iron
mimicking potential and also albumin. As the cancer cells’ iron requirement is higher than
that of normal cells due to rapid cell division, the number of transferrin receptors is
increased on the surface of the cancer cells. The presence of these receptors causes a
greater accumulation of iron in tumour site. In vivo studies of ruthenium-based drugs
showed that the concentration of ruthenium in cancer cells was increased 2- to 12-fold
compared to normal cells. This can cautiously be considered as a cancer targeting potential
for ruthenium complexes.50

2.1.3.1 Ruthenium(III)-based anticancer drugs
The investigation of Ru(III) anticancer complexes began with the discovery of the anticancer
activities of ruthenium red (ammoniated ruthenium oxychloride) and led to the exploration of
amine-tetrachloridoruthenium(III) group complexes.47 NAMI-A (imidazolium [transtetrachlorido(dimethylsulfoxide)(1H-imidazole)ruthenate(III)]) and KP1019 (indazolium
[trans-tetrachloridobis(1H-indazole)ruthenate(III)]) are the most successful ruthenium
compounds developed so far (Figure 10), and entered to the clinical trials (NKP1019 also was
reformulated as the sodium analogue KP1339).

Figure 10. Structures of KP1019 (left) and NAMI-A (right)
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NAMI-A expresses significant antimetastatic activity and entered clinical trials in 1999. The
anticancer activity of NAMI-A seems not to be dependent of the type of primary tumour or the
stage of metastases. The various possible modes of action for NAMI-A include: disrupting of
the G2/M phase and affecting the cell cycle,51,52 behaving as a matrix metalloproteinase
blocker,53 increasing extracellular matrix around tumour vasculature52 and binding to nucleic
acids.54 In preclinical studies, administration of NAMI-A in more frequent smaller dosages
showed more prominent antimetastatic effects. Eventually NAMI-A, with the metastasis
inhibitory potential became the first Ru drug to reach phase II clinical studies. However, due
to limited activity, further clinical trials on NAMI-A have been discontinued.55,56
KP1019 exhibits cytotoxic activity against colorectal carcinoma (SW480) cells by promoting
apoptosis via the mitochondrial pathway.57 It also shows activity in primary explants of human
tumours with resistance to standard anticancer drugs.57-59 KP1019 suffers from low aqueous
solubility and the hypothesised mode of action for KP1019 includes hydrolysis of a Ru–Cl
bond to form an aqua complex. The protein-binding studies of KP1019 showed the interaction
with serum proteins albumin and transferrin in the blood.60 Also KP1019 induces apoptosis
independent of the p53 status and DNA strand breakage process.61 KP1019 was the second
RuIII anticancer compound to reach clinical trials ith very promising results in phase I which
indicates the disease stabilization in five out of six patients with no serious side effects.62

2.1.3.2 Ruthenium(II)-based anticancer drugs
The motivation to design RuII compounds with the hope of activity against cancer came from
the theory of “activation-by-reduction” for RuIII metallodrugs.63,64 The first attempt to study
biological activity of RuII complexes was promising but suffered from low stability due to fast
ligand exchange.65 In 2000, Reedijk et al. synthesised the first in vitro active anticancer active
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chiral complex [RuII(azpy)2Cl2], where azpy is 2-phenylazopyridine (Figure 11).66 There were
three cytotoxic α-, β-, and γ-isomers which showed the low micromolar activities for β-, and γisomers and with sub- micromolar activity for the α-isomer in in vitro antiproliferation studies.
However, the in vivo tests could not be performed because of low solubility of these complexes.

Figure 11. The α-, β- and γ–isomers of the RuII coordination compound [Ru(azpy)2Cl2], where azpy
is 2-phenylazopyridine

In 1999, a new generation of RuII complexes stabilized by an η6-arene moiety were reported.67
The new Ru(II)-arene complexes have a pseudo-octahedral coordination geometry (Figure 12).
These “half-sandwich pianostool” organometallic compounds have specific properties which
have attracted the attention of researchers since their discovery. 68
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Figure 12. Structure and modifications options for ruthenium(II)-arene complexes. 69

The “aromatic seat” of the piano stool complexes has several functions: it stabilises the
ruthenium central atom in oxidation state +2, provides a hydrophobic side to facilitate passive
transport through cell membranes, reduces the number of isomeric complexes dependant on
the co-ligands and exhibit targeting properties by functionalising them. The three remaining
binding sites in fac position, or the legs of the stool, are able to coordinate with inert and/or
labile ligands.70-72 The substitution of ligands with various properties will affect the biological
and biophysical properties of the complex. Important examples of novel organometallic
anticancer agents are the RAPTA class ([Ru(ɳ6-arene(PTA)X2], PTA = 1,3,5-triaza-7phosphaadamantane) by Dyson et al.71,72 and the RAED complexes ([Ru(ɳ6-arene(en)Cl]+, en
= ethylenediamine) by Sadler et al. (Figure 13).73

21

Figure 13. The structures of face-capped RuII–arene organometallics

The singly positively charged RAED compounds feature ethylenediamine derivatives as
chelating ligands and a halide as the leaving group. The remarkable in vitro and in vivo
activities of the RAED subfamily are explainable by the similar mode of action of these
complexes to cisplatin.73,74 The leaving group can be replaced with an aqua ligand in low
chloride concentration environment of the tumour cell to form the more active aqua species to
react with biomolecules.75,76 Studies demonstrate that these RAED derivatives target nuclear
DNA and bind to the N7 of guanine.75,77 Based on the presence of ethylenediamine, which
occupies two binding sites on the ruthenium metal centre, only monofunctional adducts are
formed for cisplatin.78 However, it has been observed that extended arenes could be involved
in DNA bonding and affect the biological activity of ruthenium(II) complexes with the general
formula [Ru(η6-arene)(en)X]+ (en = ethylenediamine, X = Cl, Br, I). Increasing lipophilicity of
the arene moiety was the factor which could modify the cytotoxic activity of these complexes
(Figure 14).74 Additionally, arenes have an impact on the hydrolysis rate of the Ru–X bond.
Both the leaving group as well as the chelating ligand have a significant influence on the ligand
exchange rate, acidity and electronic structure of complexes.79
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Figure 14. Structure and properties of RAED complexes.

RAPTA type or “Ruthenium Arene PTA complexes” contain PTA as a monodentate nonleaving ligand. PTA possesses both hydrophilic and lipophilic properties and is therefore
amphiphilic. Also, PTA is a sterically undemanding ligand and is able to form a strong bound
to the Ru(II) metal centre. RAPTA-C (Ru[ɳ6-p-cymene] Cl2), reported in 2001, was the first
synthesised complex from this group. The biological studies on this compound showed pHdependent DNA damage, which could provide tumour targeting potential for this
compound.71,80 There is a hypothesis that the PTA protonation at low pH plays a role in the
tumour cell selectivity of RAPTA complexes. Therefore, a variety of RAPTA-C analogues
were synthesised and studied, which were modified with methylated PTA mono and bidentate
leaving ligands as well as various types of arene moieties (Figure 15).81
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Figure15. Structures of RAPTA ruthenium(II)-arene complexes.81

Investigations on RAPTA-type complexes, especially on RAPTA-C and RAPTA-B, indicated
that the mode of action under physiological conditions is related to the ligand exchange rates
of these compounds in different aqueous environments.81-83 A 100 mM NaCl aqueous solution
prevented the hydrolysis of the compound, and it stays intact until the compound is exposed to
an environment of low NaCl concentration (5 mM). Then, similar to Pt-based compounds and
Sadler’s [Ru(arene)(en)] complexes, hydrolysis will occur to form the more active aqua
analogue of the compounds (Figure 16). Further in vitro biological studies showed that the
methylated form of PTA as a ligand, resulted in high inhibitory effects towards a nontumourigenic cell
line (HBL-100 human mammary cells) whereas, the non-methylated PTA complex had no
cytotoxic activity. Also, in vivo tests in MCa mammary carcinoma bearing CBA mice,
demonstrated the antimetastatic effect rather than cytotoxic activity against the primary tumour
for both RAPTA-C and RAPTA-B.81
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Figure 16. Hydrolysis of a general structure of RAPTA under physiological conditions.83

In addition to PTA modifications arene functionalisation was widely studied to improve the
inhibitory concentration of RAPTA type complexes against primary tumours. These
modification include the addition of fluoro,84 alcohol and amine substituents to alter the degree
of hydrogen bonding,85 by replacement of the arene group with planar aromatic,86 addition of
maleimide

87

or other bioactive ligands, such as ethacrynic acid

targeting glutathione

transferase88 or chlorambucil to crosslinking DNA.89 Beside the PTA monodentate ligand in
RAPTA type complexes, there are two labile halido ligands which were the focus of further
research on RAPTA complexes to improve their properties.89,90 The success of RAED and
RAPTA-type complexes by entering the preclinical studies provided motivation for further
development of organoruthenium complexes as potential drugable complexes.

2.2 Diverse Ligands in Ruthenium(ɳ6-arene) Complexes.
Research and development on ruthenium(II) anticancer drugs to improve their properties in
order to target cancerous cells with low side effects are now focused on Ru(ɳ6-arene)
complexes with functionalised arenes along with biologically-active ligands. These
modifications can increase solubility, improve the cellular uptake, provide multi-targeting
potential and reveal different modes of action.91 Various pharmacologically active ligands such
as flavonols,92 8-oxyquinoline,93 quinolones,94 curcumin derivatives,95 chlorambucil,89 non-
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steroidal anti-inflammatory drugs,96,97 ethacrynic acid.98,99 and more have been coordinated to
metal centres.

2.2.1. Quinolines
Quinoline (1-aza-napthalene) is a heterocyclic aromatic nitrogen-containing compound.
Quinoline and derivatives are found in Mentha species, alcoholic beverages, cocoa, black tea
and scotch whiskey. Fresh quinoline is a colourless hygroscopic liquid with a strong odour but
when exposed to light, it will change to yellow and later brown. Quinoline is soluble in hot
water and most organic solvents. In addition to the variety of pharmacological applications for
quinoline due to its antiprotozoal, anti-inflammatory,100,101 antimalarial,102 anticancer, 101,103,104
antibacterial105 and anti-HIV activity106, it is mainly used as a building block in other versatile
chemicals such as 8-hydroxyquinoline.107 8-Hydroxyquinoline has a planar bicyclic structure
with a hydroxyl group in position 8. The proximity of the pyridine N and the OH groups
provide the special scaffold of this compound with metal-chelating ability (Figure 17).107

Figure 17. Structures of quinoline and 8-hydroxyquinioline (8-HQ).

Utilising the specific pharmacological properties of 8-hydroxyquinoline as well as, the
chelating ability to metal centres makes this ligand promising in the designing of complexes
for potential medicinal use.
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Antineurodegenerative activity:
Metal ions play an important role in biological processes. Alzheimer’s and Parkinson’s disease
are two famous neurodegenerative diseases, which are caused by dysregulation of metal
homeostasis. Generation of the reactive oxygen species (ROS) in specific parts of the brain due
to an increase in redox-reactive metal ions levels of Cu and Fe, will lead to the lipid
peroxidation, formation of toxic reactive aldehyde products and finally damaging cellular
components.108 Several 8-HQ chelators have been reported to have antineurodegenerative
effects with clioquinol or CQ (5-chloro-7-iodoquinolin-8-ol) having reached pilot phase II
clinical trials in Parkinson’s and Alzheimer’s patients.109,110

Anticancer activity:
Increased Cu ion content of cells is considered a risk factor for cancer, and has an essential
role as a cofactor for angiogenesis, growth and metastasis of tumour cells.111-114 In many tissue
and serum samples collected from patients who have been diagnosed with breast, prostate,
colon, lung, and brain cancer, a high concentration of Cu was found. 115-118 Therefore, chelation
of Cu could be an option to target cancer cells.119 Due to high affinity of 8-HQ derivatives,
specifically clioquinol (CQ) to Cu and Zn ions, CQ has demonstrated a selective
antiangiogenesis activity toward breast cancer,120 prostate cancer,119 leukaemia, and
myeloma.121 Another 8-HQ derivative with anticancer properties against human breast cancer,
P388 lymphoma and L1210 leukaemia cell lines, is NSC3852 (Figure 18). This compound is
an inhibitor of histone deacetylase (HDAC), which is a group of enzymes responsible for
allowing the histones to wrap the DNA more tightly (Figure 18).122
One important example of oral-anticancer drugs, which has reached to clinical trials, is the GaIII
anticancer complex KP46 [tris(8-oxyquinolinato)gallium(III)]. The mode of action suggested
for KP46 is binding to the iron-containing ribonucleotide reductase which supplies DNA with
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deoxyribonucleotides for cell proliferation.123 Therefore, the potential of KP46 binding to
human serum transferrin through the iron sites, make this compound more selective for tumour
tissues. (Figure 18).123,124

Figure 18: Pharmacologically active structures from the 8-hydroxyquinoline subfamily.107

Antibacterial activity:
The drug resistant version of tuberculosis (TB) is nonreplicating Mycobacterium tuberculosis
or latent TB.125 There are many 8-HQ-like compounds which showed inhibitory activity against
replicating TB.126 However, of all these compounds, 8-HQ itself was the most potent,127 and in
vitro results were promising showing the killing of both replicating and nonreplicating TB with
8-HQ being more effective against the nonreplicating TB.125 Moreover, the clioquinol (CQ)metal complexes were studied for potential antitubercular activity.127 It was found that both
Mn(II) and Cu(II) complexes were active against TB.127
8-HQ complexes exhibited significant antitubercular activity and antibacterial tests also
showed the inhibitory activity against Escherichia coli. Compounds such as 8-HQ, 2hydroxyquinoline (2-HQ), 4-hydroxyquinoline (4-HQ), 6-hydroxyquinoline (6-HQ) and 2methyl-8-HQ have assayed against human intestinal bacteria (Bifidobacterium longum,
Clostridium difficile, Clostridium perfringens, E. coli, Lactobacillus acidophilus, and
Lactobacillus casei).128 Only compounds with an OH group at the C-8 position exhibited
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inhibitory effect against E. coli, C. difficile, and C. perfringens inhibitions, while no activity
was observed in other compounds.128
There is a wide range of medicinal properties i. e. antiviral activity, antiparasitic activity and
antioxidant activity demonstrated by 8-HQ-type compounds which makes them one of the most
important, practicable bioactive ligands in research and development of novel metallodrugs.

2.2.2. Flavones
Flavonoids are known as the most common phenolic structures in plant sources which are
ubiquitous in fruits, vegetables, nuts, seeds, herbs, spices, stems and flowers. Flavonoids were
identified as the reason for the appearance of the various shades of yellow, orange and red
colour in plants and their subsets.129-131 Not only autumnal colours of plants are related to
flavonoids, the blue colour of flowers in different plant families originates from anthocyanin–
flavone compounds. Also, the green colour of leaves comes from chlorophylls, which contain
flavonoids as UV-B protectors.132 Flavones are low molecular weight compounds with a
common three ring structure and are found in the human diet from of citrus fruits or other types
of food.133 Flavonoids are grouped in flavanols (a), anthocyanidins (b), and flavones,
flavanones, and chalcones (c), according to their structures and substituents (Figure 19).
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Figure 19. The basic flavonoid structure and main derivatives

Nutraceutical properties of Flavonoids:
In 1979, the term “Nutraceutical” was defined by Stephen DeFelice as a food stuff which has
potential medicinal properties in addition to its nutritional value.134 Flavonoids are a major
subgroup of nutraceuticals. Anti-inflammatory, antiallergic, hepatoprotective, antithrombotic,
antiviral, anticarcinogenic and antioxidant activities are some of the known medicinal
properties of flavonoids.135
The most common property in almost all types of flavonoids is the antioxidant capability.
Reactive oxygen species (ROS) along with free radicals always threaten cells and tissues in the
body. They are main causes for diseases like atherosclerosis, neuronal degeneration, cancer
and rheumatoid arthritis.136 ROS are generated during normal oxidative metabolism or are
induced by exogeneous damage.137,138 Antioxidants are able to protect the body against ROS.
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Among the flavonoids, flavones and catechins expose the highest antioxidant activities. The
reaction between flavonoids, and a ROS radical will oxidise flavonoids generating a stable
oxygen radical (Figure 20).135

R• = free radical
O• = Oxygen free radical
Figure 20. Equation for the inactivation of radicals by flavonoids 135

Quercetin is a flavone that can affect the nitric-oxide synthase activity and lessen the ischemiareperfusion injury with the scavenging of free radicals. By preventing a free radical from
reacting with nitric oxide, there is no free radical to react with nitric oxide, no peroxynitrile
would be the available to oxidize low-density lipoprotein (LDLs) and therefore, damage the
cell membrane. Furthermore, quercetin and silibin, have inhibitory properties against xanthine
oxidase, a source of superoxide free radicals.135
Flavonoids can protect the vascular system because of their antioxidative properties. They can
inhibit the oxidisation of LDL by preferentially reacting with oxygen radicals and reduce the
injuries of the endothelial wall. Therefore, they can display atherosclerotic inhibiting
properties.139
Flavonoids have inhibitory effects on both of the cyclooxygenase and 5-lipoxygenase
pathways.140-142 Cyclooxygenases and lipoxygenases are known as inflammatory mediators by
releasing arachidonic acid, which is the origin for a general inflammatory response.
DNA damage could be a consequence of the presence of reactive oxygen species which could
lead to mutations. Depending on which critical genes get damaged in DNA, cancer initiation
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or progression will occur. As ROS can impact cell signalling and growth, flavonoids are able
to scavenge radicals and exhibit antitumor properties. Additionally, flavonoids as inhibitors of
protein kinases143 influencing the signal transduction and angiogenesis processes. Therefore,
angiogenesis inhibitors such as flavonoids will have anticancer potential.144,145
Wang et al. studied the antiviral activity of flavonoids against herpes simplex virus, respiratory
syncytial virus, parainfluenza virus, and adenovirus.146 The modes of action are considered
based on anti-infective and antireplicative abilities.147 However, studies were performed mostly
in vitro rather than in vivo. Because of the general prevalence of the human immunodeficiency
virus (HIV) since the 1980s, HIV has become the target for antiviral studies of flavonoids. The
mechanism behind the anti-HIV properties of flavonoids includes the inhibitory effect on
RNA-directed DNA polymerase,148 as well as anti-integrase and antiprotease properties.149
However, flavonoids have not been approved as a treatment for HIV-infected human
patients.150

Metal-Flavonoids as Anticancer Agents:
Utilising the positive pharmacological properties of flavonoids, they were studied as potential
ligands for bio-active metal complexes. Investigations into metal-flavonoid complexes
indicated various biological activities such as antioxidant, anti-inflammatory and antitumor
activity.151,152 Cisplatin became the model to design the flavonoid analogues. Two 3Aminoflavone derivatives were used to replace the NH3 ligands in cisplatin to synthesise
complex 26 (Figure 21). The complex has high toxicity against leukemia cells in mice, induces
cell necrosis and apoptosis, while 26 showing low cytotoxic activity against normal cells. The
modes of action for this complex are considered as induction of DNA, inhibition of p53 and
BAX proteins.153
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Not only PtII but other transition metals such as ZnII, MnII, CuII, CoII and NiII, were used to
develop metal-flavonoid complexes (Figure 21, 27). These complexes were more effective
against tumour cells compared to the free ligand. In case of Mn and Ni complexes, higher
antitumour activity than cisplatin was observed. Complexes induce early apoptosis by G2/M
phase arrest.154
RuII flavanonol complexes are one of the most recent potent compounds against cancer
cells.155 The piano stool structure of RuII(η6-p-cymene) complexes improved the flavanol’s
aqueous solubility and antiproliferative properties. These complexes possess DNA binding
properties through chlorido ligand exchange in aqueous solution. Biological studies indicated
that apoptosis observed in G0/G1 phase, additionally, these complexes had CDK2 and
topoisomerase IIα inhibiting activities (Figure 21, 28).92,155

Figure 21. Anticancer flavonoid complexes: 3-Aminoflavone derived cis-Pt(II) complex
(26). Structures of transition metal complexes (M = ZnII, MnII, CuII, CoII, NiII) with
isoflavone (27) and of [RuII(η6-p-cymene)(3-hydroxyflavone) complexes (28).
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2.2.3. N-Heterocyclic Carbenes
Carbenes are a series of neutral compounds with high reactivity due to presence of a divalent
carbon atom with six valence electrons.47 Their specific structure makes them short-lived
molecules which cannot be isolated.156 Studies on the isolation of an N-heterocyclic carbene
(NHC) were begun in 1991 by Arduengo, and this marked the start of the development of
NHCs for applications in coordination chemistry and catalysis.157,158 Linear (sp hybridised) or
bent (sp2 hybridised) geometries are considered the main forms of carbene compounds,47 which
will cause different multiplicities, i. e. singlet or triplet carbene (Figure 22).

47

NHCs are

classified as a subgroup of the carbenes, with the carbene carbon adjacent to two nitrogen
heteroatoms in, preferably, five-membered ring. The stability of NHCs is due to the adjacent
σ-electron withdrawing and π-donating nitrogen atoms, makes them of practical use in various
fields of chemistry (Figure 23). 159

Figure 22. Orbital structures of singlet and triplet carbenes 160

NHCs are classified as a subgroup of the carbenes, with the carbene carbon adjacent to two
nitrogen heteroatoms in, preferably, five-membered ring. The stability of NHCs is due to the
adjacent σ-electron withdrawing and π-donating nitrogen atoms, makes them of practical use
in various fields of chemistry (Figure 23). 159
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Figure 23. Ground state electronic structure for N-heterocyclic carbenes161

N-heterocyclic carbenes (NHC) as σ-donor ligands have been used to design from novel
transition metal complexes. NHCs are known as a monodentate ligands derived for compounds
such as imidazole, imidazolidine, benzimidazole, and triazole162,163 and as parts of larger,
multidentate ligand systems i. e. in combination with pyridyl groups. NHCs are considered for
applications in a number of chemical transformations,164 including palladium-catalyzed C−N
coupling,165,166

rhodium-catalyzed

hydroformylation,167

ruthenium-catalyzed

olefin

metathesis,168 and Heck- and Suzuki-type C–C coupling reactions.169 More recently, NHCs
have been shown to be medicinally active within metal–NHC complexes.170-173 Inhibitory
properties of metal–NHC complexes against cancer and infectious diseases are two of many
active fields for these complexes.

Metal NHC complexes as anti-infectives:
Metal NHC complexes with promising antibacterial and antimicrobial properties have been
reported. A vast number of NHC-metal complexes have shown significant activities with
minimum inhibitory concentration (MIC) values against Gram-positive and/or Gram-negative
bacteria below 10 μg mL−1.174 In 1996, Cetinkaya et al., undertook studies to determine
possible antibacterial and antifungal properties of ruthenium and rhodium NHC complexes.175
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However, since 2004 the most studied complexes for their anti-infective activities are silver
NHC complexes.176 Youngs et al. reported complexes 1 and 2 (Figure 24) were active against
E. coli, Staphylococcus aureus (S. aureus) and Pseudomonas aeruginosa (P. aeruginosa).
Results showed MIC values which are much lower than for AgNO3, known as an appropriate
reference for this type of study. Another successful NHC complex against the mentioned
bacterial strains is the dinuclear complex 3, which exhibited a similar activity as AgNO3.177-179
Youngs et al.180,181 and Tacke et al.182-186 have synthesized more silver(I) NHC complexes,
which contain NHC and acetato ligands coordinated to the metal centre, such as complex 4
(Figure 24) and are active against various kinds of bacterial strains.187

Figure 24. Anti-infective silver-NHC complexes

Besides the successful investigations on silver(I), these studies have extended to other metals.
Gold(I) NHC complexes are another group of potential anti-infective agents. Complexes 5, 6
and 7 have been studied by Özdemir et al. against E. coli, Staphylococcus epidermidis, S.
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aureus, Enterococcus faecalis, Enterobacter cloacae, P. aeruginosa and C. albicans.188
Reports indicated activity of 5 and 6 against most of the strains except E. coli, while 7 was the
only active compound against Gram-negative strains. (Figure 25).188,189

Figure 25. Anti-infective gold-NHC complexes

As mentioned before rhodium and ruthenium are two other metals used to design NHCcomplexes by Cetinkaya et al..187 These complexes were tested against E. coli, S. aureus,
Enterococcus faecalis and P. aeruginosa. The lowest MIC values were collected for complexes
8, 9 and 10, which were only active against Gram-positive bacteria strains. On the other hand,
no activity was displayed for all ruthenium derivatives (Figure 26). 175,190

Figure 26. Antibacterial rhodium-NHC complexes

37

Metal NHC complexes as anticancer agents:
Silver NHC complexes show promising antibacterial properties. To expand the scope of
activities for these ligands, their gold analogues were studied as anticancer agents. Gold
complexes received much attention for their applications in the therapy of rheumatoid
arthritis.191-193 There are many publications with gold compounds having micromolar or submicromolar activity against various types of human cell lines.189,194-208 Due to their potent
activity, other metal-based NHC complexes with anticancer properties have been developed.
Barnard et al. reported several dinuclear gold(I) NHC complexes capable of mitochondrial
targeting such as complex 11 and 12 (Figure 27).209 Further studies showed both cationic and
lipophilic character of the gold(I) NHC complexes combine to have a significant effect on
mitochondria. Their accumulation in the mitochondria can inhibit mitochondrial respiration
and induce depolarisation of the mitochondrial membrane which results in these complexes
having the ability to trigger apoptosis. This class of complexes is known as delocalized
lipophilic cations (DLCs).210 The antimitochondrial activities were seen for the gold(I) NHC
complexes containing benzimidazol-2-ylidene NHC ligands as complexes 13 and 14 (Figure
27).
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Figure 27. Anticancer gold-NHC complexes

In addition to research on gold, other transition metal-NHC complexes were designed and
studied for their cytotoxic activities.205,211,212 After the considerable success of cisplatin,
platinum was considered to use for preparation of a new series of NHC complexes. The
limitation which Pt-based molecules encountered was their inactivation by glutathione which
will result in efflux from the cell.213 This could be related to the shorter bond length of Pt–NHC
compounds compared to the Pt–L bond in Pt-based drugs where L is a halido, amino or a
phosphane moiety.214 The platinum NHC complexes were extended using a wide range of NHC
ligands as xanthine, benzimidazole or imidazole derivatives. Among all new complexes, most
of the complexes with a trans configuration displayed cytotoxic activity in the range of
cisplatin.212 The planar configuration of Pt-NHC in complexes 17 and 18 could resulted in
different mechanism of action compare to traditional Pt-based drugs (Figure 28). In these cases
the compound interaction with DNA occurred through non-covalent ligand-ligand π–stacking
which is different from covalent binding of previous platinum based drugs to DNA.211 The
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luminescent complexes 15 and 16 showed an unexpected result in biodistribution experiments
(Figure 28). The complexes were mostly localised in the cytosol and minor interaction with
DNA was found in cell free titration experiments.211 Therefore, DNA interaction may not be
the case for mechanism of action in trans-platinum complexes. They could behave as an
inhibitor for survivin and increase the cleavage of PARP to induce apoptosis.

Figure 28. Anticancer platinum-NHC complexes

Palladium NHC complexes showed interesting antiproliferative activities in the micromolar
range. Complex 19 with a trans-configuration showed more cytotoxic activity compared to
complexes with cis configurations. Complexes 19, 20 and 21 are examples of cytotoxic PdNHC complexes (Figure 29).215 Studies on 21, which has a modified side chain of imidazol-2ylidene with an amine, showed significant cytotoxic results as it was involved in cell cycle
arrest at the G2/M phase.206,215 While complex 20 interacted with maturation-promotion factors
(MPF) and promote apoptosis by inducing the nuclear accumulation of p21 and p53 factors.187
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Figure 29. Anticancer Palladium-NHC complexes

Since the discovery of the excellent catalytic properties of Ru-NHC complexes in the Grubbs
and Hoveyda–Grubbs catalysts, their increased popularity led researchers to investigate their
potential as bioactive agents.216 The first series of Ru based NHC complexes containing pcymene were designed by Oehninger et al. (Figure 30).187

Figure 30. Oehninger’s benzimidazole-derived RuII p-cymene complexes206

These complexes exhibited the enzyme inhibitory properties of Thioredoxin reductases (TrxR)
and cathepsin B which are overexpressed in invasive or metastatic cancers.187 Interaction with
biologically relevant thiols and selenols through ligand exchange at the metal centre are the
proposed modes of action for these complexes.187
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2.3 Aims of the Doctoral Thesis

Organoruthenium compounds are considered as potent anticancerous agents with only a
handful of complexes having reached an advanced stage of preclinical development. The aim
of this thesis is to synthesis and investigate novel families of RuII(arene) complexes bearing
modified ligands (Figure 31):

Figure 31. Chemical structures of aimed organorethuim complexes using bidentate ancillary ligands
with p-cymene (Cym) and L-phenylalanine derived (Phe) arene moieties.
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Modified ancillary ligands: Three groups of bidentate ligands with differing coordination
spheres around the ruthenium metal centre are selected. They are all known for the biological
and non-biological properties. These ligands include:
1. N,O-chelating ligands based on the 8-oxyquinolinato backbone
2. O,O-donor ligands 3-hydroxyflavones
3. N,C-coordinating ligands based on N-heterocyclic carbene (NHC) substituted with a
pyridyl moiety
Modified of arene ligands: Beside RuII(p-cymene) dimer(Cym), which is one of the most
common used precursor in preparing organoruthenium complexes, a new dimeric ruthenium
compound has to be made and used for further complexation. An acetyl derivative of Lphenylalanine (Phe), which has inhibitory properties on alkaline phosphatase of intestine, is
chosen to be used for functionalization of the arene ligand in dimeric structure.

The goals of this Ph.D. were as follows:
1. Introduce the organoruthenium dimeric compound bearing modified arene with Phe
moieties.
2. Synthesise and characterise RuII(arene) complexes containing a range of bidentate
ligands
3. X-ray diffraction analysis of single crystals and density functional theory (DFT)
calculations for a number of compounds.
4. Investigate the effect of modified ancillary and arene ligands on stability studies and
lipophilicity
5. Investigate the biological properties of compounds using: biomolecule interaction
studies, cell proliferation, flow cytometry and cellular uptake assays.
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3. Results
The results of my thesis are presented in the form of the published papers listed below:

Making organoruthenium complexes of 8-hydroxyquinolines more
hydrophilic: Impact of a novel L-phenylalanine-derived arene ligand on the
biological activity
Sanam Movassaghi, Muhammad Hanif, Hannah U. Holtkamp, Tilo Söhnel, Stephen M. F.
Jamieson and Christian G. Hartinger
Dalton Transactions (2018) 47, 2192-2201
Ru(arene) compounds have many desirable features making them promising candidates for
further development in anticancer drug research. While a lot of emphasis has been placed on
the modification of the ancillary ligands, there are not many examples of arene ligands bearing
functional groups. Herein, we report the preparation of [Ru(arene)(8-oxyquinolinato)Cl]
complexes with the arene being a protected form of the amino acid L-phenylalanine and 8oxyquinolinato ligand substituted with halogens. With this approach we aimed to alter the
pharmacological properties of the complexes and address issues with the aqueous solubility of
the analogous p-cymene complexes. The complexes were shown to be stable in DMSO and
water and reacted readily with L-histidine and 9-ethylguanine as protein and DNA models,
respectively. Assaying the antiproliferative activity in cancer cells gave IC50 values in the low
μM range. While the lipophilicity of the p-cymene analogues correlated well with their in vitro
cytotoxicity, the potency of the complexes with the
independent of lipophilicity.
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L-phenylalanine-derived

arene was

A bioactive L-phenylalanine-derived arene in multitargeted organoruthenium
compounds: Impact on the antiproliferative activity and mode of action
Sanam Movassaghi,a Euphemia Leung,b Muhammad Hanif,a Betty Y. T. Lee,a Hannah U.
Holtkamp,a Tilo Söhnel,a Stephen M. F. Jamieson,b Christian G. Hartingera,*
Inorganic Chemistry (2018) 57, 8521-8529
RuII(η6-arene) compounds carrying bioactive flavonol ligands have shown promising anticancer
activity against tumor cells via a multitargeting mode of action, i.e., through interaction with DNA
and inhibition of topoisomerase IIα. By introducing a novel arene ligand based on the amino acid Lphenylalanine (Phe), we aimed to alter the pharmacological properties of the complexes. We report
here a series of novel RuII(η6-arene)Cl complexes with different substituents on the phenyl ring of
flavonol which should maintain the multitargeting capability of the parent η6-p-cymene (cym)
complexes. Studies with selected examples revealed stability in aqueous solution after quickly
forming aqua complexes but rapid decomposition in pure DMSO. The reactions with protein and
DNA models proceeded quickly and resulted in cleavage of the flavonol or adduct formation,
respectively. The compounds were found to be cytotoxic with significant antiproliferative activity
in cancer cells with IC50 values in the low μM range, while not following the same trends as observed
for the cym analogues. Notably, the cellular accumulation of the new derivatives was significantly
higher than for their respective cym complexes and they induced DNA damage in a manner similar
to cisplatin but to a lesser extent.
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(Pyridin-2-yl)-NHC Organoruthenium Complexes: Antiproliferative
properties and Reactivity Toward Biomolecules
Sanam Movassaghi, Sukhjit Singh, Aewan Mansur, Kelvin K. H. Tong, Muhammad Hanif,
Hannah U. Holtkamp, Tilo Söhnel, Stephen M. F. Jamieson, Christian G. Hartinger
Organometallics (2018) 37, 1575-1584
Organoruthenium compounds are widely investigated for their anticancer activity. Here we use
one of the classic ligand classes found in organometallics, i.e., N-heterocyclic carbenes (NHC),
and coordinate them to the Ru(η6-p-cymene) scaffold as N,C-bidentate ligands substituted with
a pyridyl moiety. Introduction of different substituents gave compounds with a wide variety of
properties. We investigated their stability in solution and in the presence of biomolecules, in
vitro anticancer activity, and cellular uptake to rationalize their biological properties in
dependence of the structure. A clear impact of their structure on the stability in water and
DMSO was found for some derivatives, which was reflected in the reactivity to biomolecules
that was determined with selected representatives of the compound classes. The
antiproliferative activity of the compounds was widely dependent on the lipophilicity of the
N,C-bidentate ligand but, as cellular accumulation studies revealed, lipophilicity does not
provide the full picture and additional effects must be responsible for the anticancer activity.
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Introduction
Metallopharmaceuticals have flourished since the discovery of the antineoplastic properties of
cisplatin. However, despite their major impact as anticancer agents, the observed side effects
as well as intrinsic or acquired resistance call for the development of novel platinum and nonplatinum compounds.91,217,218 This has led to the development of complexes featuring a range
of metal ions,218-221 and Ru compounds are at the forefront with different drug candidates
studied in clinical trials.222-226
RuII(arene) complexes based on the half-sandwich “piano-stool” scaffold may be equipped
with unique structural features to form specific interactions with biomolecules and have
revealed promising anticancer activity.89,96,227-232 RAPTA-type complexes are one of the most
widely investigated classes of this compound type and have the general formula
[Ru(arene)(PTA)X2] (PTA = 1,3,5-triaza-7-phosphatricyclo-[3.3.1.1]decane; X = halido or
biscarboxylato ligands). RAPTA-C (arene = ƞ6-p-cymene [cym]) displayed antimetastatic
activity both in vitro and in vivo.90 While RAPTA complexes were initially considered as
cisplatin analogues to modify DNA through bifunctional modification, recent investigations
showed that they tend to preferentially interact with proteins over DNA.227,233 In contrast to the
RAPTA derivatives, the RAED compound class with the general formula [Ru(arene)Cl(en)]+
(en = 1,2-ethylenediamine) showed inhibition of primary tumour growth, and were effective in
cisplatin-resistant tumour models.232,234 Unlike RAPTA-C, this compound class preferentially
binds to DNA and the co-ligands impact both the cytotoxicity and reactivity toward biological
targets.235,236
The arenes most commonly found in Ru(arene) complexes are cym and other related structures.
Usually they are very simple and do not feature functional groups. Sadler and co-workers have
shown that an expanded π-system leads to higher anticancer activity of RAED complexes,
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probably through intercalation between the DNA bases. In the case of the RAPTA compounds,
the arene had only a minor impact on the biological activity.81,231 More recently a few reports
have been published where the arene was further functionalised providing the compounds with
additional features.86,89,98,228,231,237
Both RAED and RAPTA organometallics are simple structures and do not have a means
incorporated that leads necessarily to selectivity and therefore lower side effects. The use of
bioactive ligands in complexes is a promising approach towards multifunctional compounds,
ideally resulting in synergistic effects between the metal centre and the ligands. Examples of
biomolecules that were coordinated to metal centres include flavonols,238 8-oxyquinoline,93
quinolones,94 curcumin derivatives,95 chlorambucil,89 non-steroidal anti-inflammatory
drugs,96,97 and ethacrynic acid.98,99 This concept has gained considerable attention in the design
of new organoruthenium antitumour drugs and is currently widely applied.
One of the structures often observed in natural products is the quinoline framework. Quinolines
(and also quinolones) have been widely investigated in recent years and are known by their
broad biological activities that include anticancer, anti-HIV, antifungal, antileishmanial,
antischistosomal, antioxidant, antibacterial, and neuroprotective properties.239,240 The 8oxyquinoline clioquinol (5-chloro-7-iodoquinolin-8-ol) is effective against Parkinson’s and
Alzheimer’s diseases.109,110
In addition to their biological properties such structures have been shown to be good ligands to
many different metal centres.241 One important example is the GaIII anticancer complex KP46
[tris(8-oxyquinolinato)gallium(III)] which has been investigated in clinical trials.242,243 These
observations have sparked interest in the design of anticancer agents based on bioactive
quinolones and their metal complexes. We and others have developed ruthenium compounds
of 8-oxyquinoline-derived ligands.93,244-248 Organoruthenium compounds of 8-oxyquinoline
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derived from clioquinol have shown promising antiproliferative activities, but they have poor
aqueous solubility.
Herein we report the replacement of the cym ligand in [Ru(cym)(8-oxyquinolinato)Cl]Cl
complexes with a natural compound, i.e.,

L-phenylalanine,

to alter its pharmacological

properties and aqueous solubility. We discuss the synthesis of the new organoruthenium
dimeric precursor and its use to prepare a range of 8-oxyquinolinato complexes. The synthesis
was complemented with studies on the physicochemical and biological properties to elucidate
the potential of the compounds as anticancer agents.

Results and discussion
The design of anticancer drugs requires a good balance between hydrophilicity and
lipophilicity to make them sufficiently soluble in aqueous media but still allow for efficient
cell membrane penetration in order to exert their tumour-inhibiting potential. Several studies
have shown that [Ru(cym)(8-oxyquinolinato)Cl] complexes are highly potent in cancer cells
with IC50 values in the low μM range.93,244 However, their aqueous solubility is poor which has
also been found for other promising anticancer organoruthenium complexes of bioactive
ligands like flavones.249,250 Therefore, we introduced here

L-phenylalanine

(Phe) as a

biologically relevant arene ligand to replace cym. We expected that this approach would
increase the solubility of the compound and in addition it would provide functional groups for
further modification in future.
To prepare the target compounds, the acetyl-protected Phe was converted to its 1,4cyclohexadiene analogue A by Birch reduction. Diene A was refluxed with RuCl3·xH2O in
ethanol over night to give [(η6-N-acetyl-L-phenylalanine ethyl ester)RuIICl2]2 B as a red solid.
To the best of our knowledge, B is the first organoruthenium dichlorido bridged dimeric
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compound bearing phenylalanine as the arene co-ligand, although Phe was introduced as an
arene co-ligand to ruthenocenes such as [(η5-Cp)Ru(η6-N-acetyl-L-phenylalanine ethyl
ester)]PF6251 and [(η5-C6H3Me4)Ru(η6-N-acetyl-L-phenylalanine ethyl ester)]PF6.252 In the
latter cases, the compounds were studied for applications in the labelling of amino acids and
peptides. Both A and B were characterised by 1H and 13C{1H} NMR spectroscopy and the 1H
spectrum of B showed the typical signals for the CH3 protons of ethyl ester and the acetyl group
at 1.14 and 1.80 ppm, respectively.

Scheme 1. Preparation of the Ru complexes 1a–5a from 8-oxyquinoline 1 or its derivatives 2–5 and
Ru precursor B. The numbering scheme was used to assign the peaks observed in the NMR spectra.

Single crystals of B were obtained by slow diffusion of ethyl ether into a methanol solution
and they were analysed by X-ray diffraction (Fig. 1). The compound crystallised in the
monoclinic space group P21. The molecular structure of the dimeric structure shows ‘pianostool’ geometry around the Ru atom, where three chlorido ligands act as the legs of the chair
and the seat is formed from the η6-coordinated arene ring of Phe to the RuII centre. The
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individual molecules form hydrogen bonds with each other through the amide NH and the
acetyl O atoms with bond lengths for N2H···O3 of 2.027(7) and N1H···O6 of 2.153(5) Å.

Figure 1. Molecular structure of B given at 50% probability level.

The dimeric Ru structure was found to be not symmetrical with regard to the substituents on
the η6-coordinated phenyl moiety. The [Ru(μ-Cl2)Ru] moiety is virtually planar and
comparison of the bond lengths around the Ru centre with those observed for [Ru(cym)Cl2]2
revealed that the bond lengths were slightly shorter compared to the same bonds in
[Ru(cym)Cl2]2 (Table 1).

Table 1. Key bond lengths (Å) for the structure of B as compared to [Ru(cym)Cl2]2.
B

[Ru(cym)Cl2]2 [a]

Ru–arenecentroid

1.645

1.647

Ru–Claverage

2.431

2.443

C1–C2

1.423(12)

1.389(11)

C1’–C2’

1.416(12)

C1–C6

1.435(11)

C1’–C6’

1.397(12)

[a]

taken from ref. 253 (CCDC 192375).
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1.391(10)

The structure of B was also confirmed by electrospray ionisation mass spectrometry in the
positive ion mode. The base peak at m/z 371.9944 was assigned to the singly-charged cation
[½B – Cl]+ (mtheor = 371.9935). In addition peaks of lesser intensity were assigned to the ions
[½B – 2Cl – H]+ (m/z 336.0180, mtheor = 336.0172) and [B – Cl]+ (m/z 780.9566, mtheor =
778.9559).
Ru dimer B was then used to prepare a series of organometallic compounds of the general
formula of [Ru(arene)(L)Cl] (arene = η6-N-acetyl-L-phenylalanine ethyl ester) with L = 8oxyquinoline 1 and its derivatives 2–5 with different halogen substitution pattern on the
quinoline ring. The 8-oxyquinoline derivatives were deprotonated using NaOMe and then
dimer B was added in MeOH. The reaction mixture was stirred at room temperature for about
5-6 h and 1a–5a were then precipitated by addition of diethyl ether and n-hexane after
transferring the compounds into dichloromethane.
The complexes were characterised by elemental analysis, NMR spectroscopy and electrospray
ionisation mass spectrometry (ESI-MS). The presence of the Phe chiral centre in combination
with the chiral RuII centre resulted in the formation of diastereomers, as shown by NMR
spectroscopy. Both 1H and 13C{1H}MR spectra featured two sets of signals (Fig. 2 for the 1H
NMR spectra of 2a and 4a). We used the singlets assigned to the amide proton and H19,
neighbouring the halogen substituents, to determine the ratios between the two diastereomers.
The diastereomers were found to be present at different ratios depending on the size of the
halogen substituents at the 8-oxyquinolinato ligand. While for the 8-oxyquinolinato a ratio of
1 : 1 was determined, the diiodo derivative 4a feature in a 3.2 : 0.8 ratio. The clioquinol
derivative 5a with a iodo and a chloro substituent was found in the middle between the two
extremes at 2.2 : 1.8.
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Table 2. Ratio of diastereomers detected for compounds 1a–5a based on 1H NMR spectroscopy data.

Compound

R1, R2

Ratio

1a

H, H

1.0 : 1.0

2a

Cl, Cl

2.1 : 1.9

3a

Br, Br

2.4 : 1.6

4a

I, I

3.2 : 0.8

5a

Cl, I

2.2: 1.8

Figure 2. Aromatic region of the 1H NMR spectra of 2a and 4a showing two sets of signals due to
presence of the chiral centres at the arene ligand and the ruthenium centre. The two sets of diastereomers
are colour-labelled. The peaks of H15 and H16 for the two diastereomers overlap in the NMR spectra.

Comparison of the chemical shifts observed in the 1H NMR spectra reveals a dependence of
the peaks assigned to H19 on the halogen substitution pattern. The peaks shift gradually from
1a–4a towards lower field while for the mixed halogen compound 5a the resonance was
detected close to the one for the dibromo derivative (at around 7.8 ppm for both diastereomers).
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All the other protons resonate at approximately the same frequencies and are substitution
independent. The nature of the compounds was confirmed by ESI-MS studies in the positive
mode. All mass spectra for 1a–5a featured the [M – Cl]+ base peak.

Stability in DMSO and Aqueous Solution
The stability in DMSO and water was determined for 1a as a representative example for the
presented compound class. Stability under these conditions is a prerequisite for biological
studies and it was determined with 1H NMR spectroscopy over a time span of 3 days. The
complexes were very stable in water (Fig. 3) and only after 24 h minor peaks around 6.2 ppm
were observed in the 1H NMR spectra. Addition of 1 eq of AgNO3 induced abstraction of the
chlorido ligand and formation of the aqua complex which resulted in a clear change in the NMR
spectrum, especially in the region were the Ru(arene) protons would be expected (Fig. 3).

Figure 3. 1H NMR spectroscopic study on stability of 1a in D2O monitored over 3 d. After a 3 dincubation period 1 eq of AgNO3 was added to induce abstraction of the chlorido ligand and
formation of the aqua complex.
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Complex 1a was also found to be stable in D6-DMSO for at least 24 h (Fig. S1), after which
another set of signals appeared in the 1H NMR spectra, possibly due to DMSO coordination.

Biomolecule Interaction
The formation of covalent bonds with DNA is the foundation of the anticancer activity of
cisplatin. Likewise, in the blood stream metal complexes are prone to undergo ligand exchange
and coordinate to donor atoms of proteins or other blood components. In order to understand
the nature of interactions between the organoruthenium compounds and biomolecules, 1a was
studied for its reactions with small biomolecules such as L-cysteine (Cys), L-methionine (Met),
L-histidine, and 9-ethylguanine (EtG), which were monitored by 1H NMR spectroscopy in 10%

D6-DMSO/D2O.
The reaction of 1a with His at a molar ratio of 1 : 1 was monitored over a period of 3 days and
resulted in the formation of a dative bond between the imidazole-N and the ruthenium centre
by exchange of a chlorido ligand. Within the first hours of reaction, significant changes
occurred in the 1H NMR spectra (Fig. 4). The peaks assigned to His and some of those
attributed to 1a disappeared over time, while new species were forming as indicated by the
appearance of additional signals in the 1H NMR spectra. One example of a pair of disappearing
peaks was found at about 9.5 ppm (Figs. 4 and S2). While the original peak assigned to H14 of
the complex, which neighbours the Ru-coordinating quinoline nitrogen atom, decreases over
time, a new signal forms at about 9.6 ppm. Similar observations were made for a series of other
peaks (compare Fig. 4). Notably, while initially the signals in the 1H NMR spectrum were quite
broad, after 72 h of reaction the peaks of the His adduct were sharp and well defined.
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Figure 4. 1H NMR spectroscopic study of the reaction between 1a and His in 10% D6-DMSO/D2O,
monitored for a period of 3 d. The disappearing peaks assigned to imidazole-CH of His are
highlighted in grey.

The adduct formation of His with 1a was also confirmed by ESI-MS which showed formation
of a His adduct in the samples used for the NMR studies and after dilution with acetonitrile.
All samples featured as the base peak [1a – Cl]+, in which proton(s) had partly been exchanged
with deuterium (Fig. S3). In addition, two ions were detected in which His was coordinated to
the Ru centre. The signal at m/z 637.1445 was assigned to [1a + His – Cl]+ (mtheor = 637.1461;
partly H/D exchanged), while the peak at m/z 441.0718 was identified as [1a + His + 2 D2O –
Cl – arene]+ (mtheor = 441.0649). The latter two species increased in relative intensity over time
and after 48 h of incubation, they were detected at about 1/3 and 2/3 relative intensity to the
[1a – Cl]+ base peak, respectively.
The reaction of 1a with Cys (1 : 1) resulted in the quick decomposition of the complex (Fig.
S4), while it did not react with Met under the same conditions. The decomposition of Ru(arene)
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complexes in the presence of Cys has been observed before and is also indicated by a release
of the arene ligand from the metal centre. This results in the disappearance of the typical
Ru(arene) signals in the range of 5.5–6.5 ppm and the appearance of additional peaks in the
aromatic region of the 1H NMR spectrum. The low reactivity with Met was confirmed by ESIMS which indicated that [1a – Cl]+ was by far the major species in solution, followed by a
transesterification product with MeOH, which was used in the MS experiment for dilution, and
an unidentified dimeric compound.

Fig. 5. Aromatic region of the 1H NMR spectra recorded for the reaction of 1a with 1 and 2eq
9-EtG, as well as EtG for comparison. The grey box indicates the region that features the H8
signal for coordinated and free EtG.

DNA was identified as the cellular target for anticancer platinum drugs and also the ruthenium
anticancer agent RAED with its bidentate en ligand. Therefore, we assayed the reaction
between 1a and 9-ethylguanine (EtG) as a DNA model base to estimate the ability of the
complex to form DNA adducts. Incubation mixtures of molar ratios of 1 : 1 and 1 : 2 (1a : EtG)
were analysed immediately after mixing by 1H NMR spectroscopy (Fig. 5). The reaction
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occurred very quickly, as shown by following the H8 signal, and the NMR spectra contained
an additional peak with only a minor highfield shift compared to that of H8 in 9-EtG. Addition
of a second equivalent of EtG, which cannot coordinate to the Ru centre as there is only a single
labile ligand that can be substituted, resulted in an increase of the minor peak of unreacted EtG
in the reaction mixture. The formation of the adduct was confirmed by the presence of a peak
at m/z 663.1691 in the ESI-mass spectrum (ESI-MS) which was assigned to [1a + EtG – Cl]+
(mtheor = 663.1715; partly H/D exchanged, compare Fig. S5). The base peak in the spectrum
was however again assigned to the [1a – Cl]+ ion.
These studies show that the compounds have a clear preference for the reaction with nitrogen
donors, while both DNA and proteins could be targets for coordinative bond formation.

In vitro Anticancer Activity and Lipophilicity
The in vitro antiproliferative activity of complexes 1a–5a was studied in HCT116 human
colorectal, NCI-H460 non-small cell lung, SiHa cervical carcinoma, and SW480 colon
adenocarcinoma cells (Table 3) and compared to the cytotoxic activity of the analogous cym
complexes 1a’–5a’ as well as dimeric precursor B. While B was non-cytotoxic, all the 8oxyquinolinato complexes were potent antiproliferative agents with IC50 values in the low
micromolar range. The cytotoxicity was virtually independent of the cell line used in these
studies. The IC50 values increased gradually in the order 1a < 2a < 3a < 4a, much in line with
the addition of larger halogens. The mixed Cl,I-substituted 5a showed IC50 values between
those of the Br,Br and I,I derivatives 3a and 4a. This follows the trend of the calculated log P
(clog P) values for the ligands 1–5 (Table S1). This is in contrast to the p-cymene analogues
for which the non-halogenated compound was less active than the other derivatives which
showed very similar IC50 values considering the standard deviations.
62

Table 3. In vitro cytotoxic activity of compounds 1a–5a in the human cancer cell lines HCT116 (colon),
NCI-H460 (non-small cell lung), SiHa (cervix), and SW480 (colon) given in μM. The data of complexes
1a’–5a’ was taken from ref. 93

compound

IC50 values (μM)
HCT116

NCI-H460

SiHa

SW480

B

152 ± 24

317 ± 63

132 ± 17

196 ± 40

1a

2.5 ± 0.3

3.6 ± 0.5

5.7 ± 0.5

3.8 ± 0.2

2a

4.7 ± 0.8

4.2 ± 0.1

14 ± 1

9.0 ± 1.0

3a

7.5 ± 1.1

7.1 ± 1.0

20 ± 0.1

14 ± 1

4a

16 ± 2

14 ± 1

27 ± 0.2

26 ± 1

5a

12 ± 3

11 ± 0.3

25 ± 4

21 ± 0.4

1a’

12 ± 1

11 ± 2

19 ± 2

n.d.

2a’

5.0 ± 0.7

4.0 ± 0.7

7.6 ± 1.3

n.d.

3a’

6.3 ± 0.9

5.8 ± 0.6

8.2 ± 0.9

n.d.

4a’

5.2 ± 1.9

4.6 ± 1.3

7.3 ± 0.9

n.d.

5a’

7.7 ± 0.6

5.6 ± 0.3

8.5 ± 0.4

n.d.

n.d., not determined.

Comparison with the cym analogues 1a’–5a’ shows that introduction of the protected Phe
group as the arene has not much impact on the cytotoxicity and there is no clear trend between
the two series of compounds. This is an interesting observation given the fact that the novel
arene ligand impacted the solubility of some of the compounds, especially those which were
found to be very cytotoxic in our previous studies and had the lowest solubility (Table 4).93
This suggests that in some cases the introduction of a more hydrophilic arene ligand could
make the compounds more accessible for studies in aqueous environment, while only a minor
impact on the biological activity is achieved.
To validate the observations, we also determined the n-octanol-water partition, expressed as
the octanol-water partition coefficient (log P), using the shake flask method. The log P value
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is used to give an estimation of the lipophilicity of a compound, which has a major impact on
cell membrane penetration and therefore cellular accumulation, as well as oral bioactivity of
drugs. The log P values of 1a–5a were found to be in the range of -1.33 to -0.15 which is
significantly lower than those found for 1a’–5a’ (Table 4).93 This would be expected based on
the introduction of a more hydrophilic π-bound arene ligand. The trend found for the log P
values also match the clog P values for the ligands 1–5 well (Table S1), taking into
consideration the standard deviations, and being found in the negative log P range. Compound
1a with the unsubstituted 8-oxyquinolinato ligand had the lowest log P value. In contrast the
diiodo derivative 4a has the highest log P values while the mixed halogen compound 5a gave
a log P similar to that of 2a. This again confirms the impact of the size of the halogen
substituent on the properties of the compounds. Interestingly, the correlation is inverse to the
cytotoxic activity, which is a noteworthy observation as most commonly cytotoxic activity
goes hand in hand with lipophilicity.254 However, we speculated for anthracene-derivatised
compounds that the lipophilicity may shadow effects such as cellular accumulation and target
interaction.86
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Table 4. Comparison of the solubility and lipophilicity (log P) of 1a–5a with the analogous cym
complexes 1a’–5a’, the latter were taken from ref. 93.

Complex

Solubility (mM)

Log P

1a

5.625

-1.33 ± 0.131

2a

3.501

-0.43 ± 0.06

3a

2.778

-0.20 ± 0.02

4a

0.135

-0.15 ± 0.01

5a

0.125

-0.47 ± 0.01

1a’

0.458

0.46 ± 0.01

2a’

0.450

0.43 ± 0.07

3a’

0.222

0.61 ± 0.02

4a’

0.026

0.85 ± 0.09

5a’

0.028

0.24 ± 0.02

CONCLUSIONS
In recent years we and others have reported the high cytotoxic activity of [Ru(cym)(8oxyquinolinato)Cl] complexes.93,244 In order to alter their pharmacological properties and
improve their limited aqueous solubility, we report here the introduction of an L-phenylalaninederived arene ligand to replace the commonly used cym and vary the halogen substituents on
the 8-oxyquinolinato ligand. The complexes were thoroughly characterised and the molecular
structure of the dimeric precursor was determined by X-ray diffraction analysis.
The organometallic compounds were found to be less lipophilic than their cym counterparts.
The novel arene ligand had only a significant impact on the solubility of the compounds which
were found to be very cytotoxic in our previous study.93 The complexes were demonstrated to
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have sufficient stability in aqueous solution and in DMSO. While they did not react with Met
and decomposed in the presence of Cys, His and EtG reacted readily with 1a after a ligand
exchange reaction with the chlorido ligand.
In general, the replacement of cym with the protected Phe ligand did not alter the in vitro
anticancer activity of the complexes significantly, which was found in the low μM range.
Notably, the most active compounds featuring cym as the arene were not the most
antiproliferative agents with the Phe-derived ligand. The most potent derivative was complex
1a with the unsubstituted 8-oxyquinolinato ligand, as also found in the clinically tested Ga
complex KP46.

Experimental
All reactions were performed in Schlenk flasks with dry solvents under nitrogen atmosphere.
Chemicals acquired from commercial supplier were used without any prior purification. Dry
solvents were prepared according to literature procedures.255 Ruthenium(III) chloride hydrate
(99%) was obtained from Precious Metals Online. N-Acetyl-L-phenylalanine (99%), 5,7dibromo-8-hydroxyquinoline (98%) and 8-hydroxyquinoline (99%) were purchased from AK
Scientific.

N-Octanol,

camphorsulfonic

acid

5,7-diiodo-8-hydroxyquinoline
were

obtained

from

(97%),

Sigma-Aldrich.

and

(1S)-(+)-10-

5-Chloro-7-iodo-8-

hydroxyquinoline (ultrapure) was bought from OFC Inc., 5,7-dichloro-8-hydroxyquinoline
(99%) from Acros, and sodium methoxide from Fluka.
Elemental analyses were conducted on a vario EL cube (Elementar Analysensysteme GmbH,
Hanau, Germany). 1D and multinuclear 2D (1H−13C HSQC, and HMBC) NMR spectra were
recorded on Bruker Avance AV 300 MHz, AVIII 400 MHz, and AVIII-HD 500 MHz NMR
spectrometers at ambient temperature at 400.13 MHz (1H) or 100.6 MHz (13C{1H}).
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High resolution mass spectra were recorded on a Bruker microOTOF-Q II ESI-MS in positive
ion mode.
X-ray

diffraction

measurements

of

single

crystals

of [(ɳ6-ethyl

2-acetamido-3-

phenylpropanoate)RuIICl2]2 B were performed on a Siemens/Bruker SMART APEX II singlecrystal diffractometer with a CCD area detector using graphite-monochromated Mo Kα
radiation (λ = 0.71073 Å; Table S2). The data were processed with the SHELX2016 software
packages.256 All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were
inserted at calculated positions and refined with a riding model or without restrictions. Mercury
3.9. was used to visualise the molecular structure.

Syntheses
2-Acetamido-3-(cyclohexa-1,4-dien-1-yl)propanoic acid (A)
A solution of N-acetyl-l-phenylalanine (5.0 g, 24 mmol) in 100 mL dry methanol was mixed
with 300 mL of NH3 at -70 °C. Sodium (10.0 g, 434 mmol) was added in small portions. The
colour of the solution changed to dark blue, which changed to white after an hour. The reaction
was stirred for 3 h, after which ammonium chloride (50.0 g, 935 mmol) was added to the
mixture to quench the reaction. The mixture was stirred for 20 min. By leaving the reaction
open overnight the ammonia evaporated, giving a white residue. The white residue was
dissolved in a minimal amount of water and extracted with diethyl ether. The product remained
in the aqueous phase which was evaporated to dryness. The white precipitate was dissolved in
250 mL ethanol and refluxed for 3 h with (1S)-(+)-10-camphorsulfonic acid (2.2 g, 9.5 mmol).
Ethanol was evaporated under reduced pressure and the residue was dissolved in water and
extracted with ethyl acetate. The product crystallised after evaporation of the solvent under
vacuum and was immediately used for the next reaction step. It was dissolved again in 100 mL
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of ethanol and (1S)-(+)-10-camphorsulfonic acid (2.0 g, 8.6 mmol) was added and the mixture
was refluxed for 3 h. Ethanol was evaporated under reduced pressure and the residue was
dissolved in water and extracted with ethyl acetate. Ethyl acetate was evaporated under reduced
pressure and the product A was crystallised as a white solid inside the flask (1.7 g, 35%). ESI+:
m/z 260.1258 [M + Na]+ (mtheor = 260.1257). 1H NMR (400.13 MHz, CDCl3): δ 1.28 (t, 3JH10,H11
= 7 Hz, 6H, H11), 2.02 (s, 3H, H13), 2.31−2.54 (m, 2H, H7), 2.56-2.76 (m, 4H, H3/H6), 4.134.26 (m, 2H, H10), 4.62-4.72 (m, 1H, H8), 5.50 (s, 1H, H2), 5.69 (m, 2H, H4/H5), 5.88 (d,
3

JNH,H7 = 8 Hz, 1H, NH) ppm.
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C{1H} NMR (100.6 MHz, D6-DMSO): δ 14.05 (C11), 22.3

(C13), 26.3 (C3), 28.1 (C6), 39.0 (C7), 50.2 (C8), 59.7 (C10), 120.9 (C2), 123.7 (C4), 134.1
(C5), 130.6 (C1), 169.1 (C12), 173.6 (C9) ppm
[(ɳ6-Ethyl 2-acetamido-3-phenylpropanoate)RuIICl2]2 (B)
A mixture of RuCl3·xH2O (100 mg, 0.48 mmol) in ethanol was refluxed for 3 h, A (200 mg,
0.84 mmol) was added to the mixture and the reaction was continued at reflux overnight. The
red solution was filtered hot through a glass sinter and then B formed as a red precipitate in the
filtrate (126 mg, 37%). Single crystals suitable for X-ray diffraction analysis were obtained by
diffusion of diethyl ether in a solution of B in methanol. Anal. Calcd. for
C26H34Cl4N2O6Ru2·0.25H2O: C, 38.13; H, 4.25; N, 3.42%. Found: C, 38.34; H, 4.17; N, 3.23.
ESI+: m/z 838.9150 [B + Na]+ (mtheor = 838.9140). 1H NMR (400.13 MHz, D6-DMSO): δ 1.14
(t, 3JH10,H11 = 7 Hz, 6H, H11), 1.79 (s, 6H, H13), 2.61−3.90 (m, 4H, H7), 4.02-4.15 (m, 4H,
H10), 4.46-4.56 (m, 2H, H8), 5.76-5.90 (m, 6H, H2, H4, H6), 5.92-6.05 (m, 4H, H3, H5), 8.39
(d, 3JNH,H7 = 8 Hz, 2H, NH) ppm. 13C{1H} NMR (100.6 MHz, D6-DMSO): δ 14.5 (C11), 22.7
(C13), 35.2 (C7), 52.5 (C8), 61.3 (C10), 85.4 (C6), 87.4 (C2), 87.9 (C4), 88.2 (C5), 88.2 (C3),
101.4(C4), 169.9 (C12), 171.3 (C9) ppm.

68

General Procedures for the Synthesis of (8-Oxyquinolinato}Ru Complexes
Two different methods were used to prepare the complexes:
Method I. Compound B (0.45 equiv) was added to a stirred solution of sodium methoxide (1.1
equiv) and 8-oxyquinoline derivative (1.0 equiv) in methanol. The reaction mixture was
refluxed for 1.5−4 h under a nitrogen atmosphere. The solvent was evaporated, the residue was
dissolved in dichloromethane, the solution was filtered, and the complex was precipitated with
n-hexane.
Method II. An 8-oxyquinoline derivative (1.0 equiv) and sodium methoxide (1.1 equiv) were
added to a mixture of chloroform (8 mL) and methanol (15 mL). Compound B (0.45 equiv)
was added to the reaction mixture. The reaction mixture was stirred for 1 h at room temperature
under a nitrogen atmosphere. The formed precipitate was collected by filtration, washed with
n-hexane, and dried under vacuum.

Chlorido(8-quinolinolato-κ2N,O)(ɳ6-ethyl-2-acetamido-3-phenylpropanoate)ruthenium(II)
(1a)
The reaction was performed following method I and using 8-oxyquinoline 1 (50 mg, 0.34
mmol) and B (130 mg, 0.16 mmol) to afford a dark green solid (122 mg, 69%). Anal. Calcd.
for C22H23Cl N2O4Ru·H2O·0.2 CH2Cl2: C, 48.27; H, 4.34; N, 5.39%. Found: C, 48.40; H, 4.65;
N, 5.08. ESI+: m/z 481.0714 [M − Cl]+ (mtheor = 481.0780). The reaction gave a mixture of
diastereomers in a ratio of 50:50, indicated as d1 and d2 in the NMR data. 1H NMR (400.13
MHz, D6-DMSO): δ 1.15 (t, 3JH9,H8 = 7, 6H, H11), 1.80 (s, 3H, H13d1), 1.81 (s, 3H, H13d2),
2.69−3.97 (m, 4H, H7), 4.03−4.14 (m, 4H, H10), 4.49−4.58 (m, 2H, H8), 5.58−5.72 (m, 6H,
Harom), 5.87−5.97 (m, 4H, Harene), 6.64-6.71 (m, 2H, H18), 6.80 (d, 3JH20,H19 = 5 Hz, 1H, H20d1),
6.82 (d, 3JH20,H19 = 5 Hz, 1H, H20d2), 7.20-7.26 (m, 3JH19,H18 = 8 Hz, 3JH19,H20 = 8 Hz, 2H, H19),
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7.46 (d, 3JH16,H15 = 9 Hz, 3JH14,H15 = 9 Hz, 1H, H15d1), 7.48 (d, 3JH16,H15 = 9 Hz, 3JH14,H15 = 9 Hz,
1H, H15d2), 8.20-8.26 (d, 3JH16,H15 = 9 Hz, 2H, H16), 8.42 (d, 3JH17,NH = 8 Hz, 1H, NHd1), 8.53
(d, 3JH17,NH = 8 Hz, 1H, NHd2), 9.21-9.28 (m, 2H, H14) ppm. 13C{1H} NMR (100.6 MHz, D6DMSO): δ 14.5 (C11), 22.7 (C13), 34.9 (C7d1), 35.1 (C7d2), 52.5 (C8d1), 52.7 (C8d2), 61.2
(C10), 79.4 (C4d1), 79.5 (C4d2), 80.7 (C6), 81.1 (C3d1), 81.2 (C3d2), 84.7 (C2), 86.3 (C5), 97.9
(C1), 109.8 (C18d1), 109.9 (C18d2), 113.6 (C20), 122.8 (C15), 130.2 (C19), 123.8 (C17), 137.6
(C16), 150.7 (C14), 169.6 (C21), 169.8 (C12), 170.3 (C9) ppm.

Chlorido(5,7-dichloro-8-quinolinolato-κ2N,O)(ɳ6-ethyl-2-acetamido-3phenylpropanoate)ruthenium(II) (2a)
The reaction was performed following method I and using 5,7-dichloro-8-oxyquinoline 2 (133
mg, 0.62 mmol) and B (114 mg, 0.32 mmol) to afford an ochre solid (135 mg, 74%). Anal.
Calcd. for C22H21Cl3N2O4Ru·H2O: C, 43.59; H, 3.50 N, 4.76%. Found: C, 43.83; H, 3.85; N,
4.65%. ESI+: m/z 548.9915 [M − Cl]+ (mtheor = 548.9994). The reaction gave a mixture of
diastereomers in a ratio of 52:48, indicated as d1 and d2 in the NMR data. 1H NMR (400.13
MHz, D6-DMSO): δ 1.15 (t, 3JH9,H8 = 7 Hz, 6H, H11), 1.80 (s, 3H, H13d1), 1.81 (s, 3H, H13d2),
2.71−3.01 (m, 4H, H7), 4.04−4.14 (m, 4H, H10), 4.52−4.61 (m, 2H, H8), 5.68−5.81 (m, 6H,
Harom), 5.99−6.08 (m, 4H, Harom), 7.58 (s, 1H, H19d1), 7.59 (s, 1H, H19d2), 7.66-7.72 (m, 1H,
H15), 8.36-8.40 (m, 2H, H16), 8.44 (d, 3JH17,NH = 8 Hz, 1H, NHd1), 8.49 (d, 3JH17,NH = 8 Hz,
1H, NHd2), 9.43 (d, 3JH14,H15 = 5 Hz, 2H, H14) ppm. 13C{1H} NMR (100.6 MHz, D6-DMSO):
δ 14.1 (C11), 22.3 (C13), 34.3 (C7d1), 34.7 (C7d2), 51.8 (C8d1) 52.1 (C8d2), 60.8 (C10d1), 60.8
(C10d2), 78.5 (C4d1), 78.9 (C4d2), 80.0 (C6d1), 79.8 (C6d2), 81.0 (C3d1), 80.1 (C3d2), 85.2 (C2d2),
85.3 (C2d1), 86.9 (C5d1), 86.1 (C5d2), 98.3 (C1d2), 98.7 (C1d1), 110.3 (C18d1), 110.1 (C18d2),
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116.1 (C20d1), 116.1 (C20d2), 123.7 (C15), 125.6 (C17), 128.8 (C19), 134.1 (C16), 144.3 (C22),
152.3 (C14d1), 152.2 (C14d2), 163.1 (C21d1), 162.9 (C21d2), 169.5 (C12), 171.0 (C9) ppm.

Chlorido(5,7-dibromo-8-quinolinolato-κ2N,O)(ɳ6-ethyl-2-acetamido-3
phenylpropanoate)ruthenium(II) (3a)
The reaction was performed according to method II using 5,7-dibromo-8-oxyquinoline 3 (220
mg, 0.73 mmol) and B (200 mg, 0.33 mmol) to afford an ochre solid (357 mg, 73%). Anal.
Calcd. for C22H21Br2ClN2O4Ru·1.3H2O·0.2CH2Cl2: C, 37.51; H, 3.01; N, 3.96%. Found: C,
37.34; H, 3.39; N, 3.92. ESI+: m/z 638.8883 [M − Cl]+ (mtheor = 638.8973). The reaction gave
a mixture of diastereomers in a ratio of 60:40, indicated as d1 and d2 in the NMR data. 1H
NMR (400.13 MHz, D6-DMSO): 1.15 (t, 3JH9,H8 = 7 Hz, 6H, H11), 1.80 (s, 3H, H13d1), 1.81
(s, 3H, H13d2), 2.71−3.03 (m, 4H, H7), 4.04−4.14 (m, 4H, H10), 4.53−4.67 (m, 2H, H8),
5.65−5.81 (m, 6H, Harom), 5.98−6.08 (m, 4H, Harom), 7.67-7.73 (m, 1H, H15), 7.79 (s, 1H,
H19d1), 7.81 (s, 1H, H19d2), 8.28-8.33 (m, 1H, H16), 8.43 (d, 3JH17,NH = 8 Hz, 1H, NHd1), 8.49
(d, 3JH17,NH = 8 Hz, 1H, NHd2), 9.40 (d, 3JH14,H15 = 5 Hz, 2H, H14) ppm. 13C{1H} NMR (100.6
MHz, D6-DMSO): δ 14.1 (C11), 22.3 (C13d1), 22.4 (C13d2), 34.2 (C7d1), 34.7(C7d2),
51.7(C8d1), 52.1 (C8d2), 60.9 (C10), 78.3 (C4d1), 78.7 (C4d2), 79.6 (C6d1), 79.7 (C6d2), 80.0
(C3d1), 80.7 (C3d2), 85.3 (C2d1), 85.5 (C2d2), 86.5 (C5d1), 87.4 (C5d2), 98.5 (C1d1), 98.9 (C1d2),
99.0 (C18d1), 99.2 (C18d2), 106.2 (C20d1), 106.3 (C20d2), 124.1 (C15), 127.4 (C17), 134.1
(C19), 136.5 (C16), 144.1 (C22), 152.3 (C14), 164.9 (C21d1), 164.8 (C21d2), 169.5 (C12d1),
169.5 (C12d2), 171.0 (C9) ppm.

Chlorido(5,7-diiodo-8-quinolinolato-κ2N,O)(ɳ6-ethyl-2-acetamido-3phenylpropanoate)ruthenium(II) (4a)
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The synthesis was performed following method II and using 5,7-diiodo-8-oxyquinoline 4 (300
mg, 0.76 mmol) and B (208 mg, 0.34 mmol) to afford an ochre product (408 mg, 70%). Anal.
Calcd. for C22H21ClI2N2O4Ru·H2O: C, 33.77; H, 2.69; N, 3.57. Found: C, 33.63; H, 2.95; N,
3.57. ESI+: m/z 732.8652 [M − Cl]+ (mtheor = 732.8713). The reaction gave a mixture of
diastereomers in a ratio of 80:20, indicated as d1 and d2 in the NMR data. 1H NMR (400.13
MHz, D6-DMSO): δ 1.16 (t, 3JH9,H8 = 7 Hz, 6H, H11), 1.80 (s, 3H, H13d1), 1.82 (s, 3H, H13d2),
2.69−3.06 (m, 4H, H7), 4.05−4.15 (m, 4H, H10), 4.54−4.63 (m, 2H, H8), 5.58−5.81 (m, 6H,
Harom), 5.97−6.09 (m, 4H, Harom), 7.63-7.70 (m, 2H, H15), 8.05(s, 1H, H19d1), 8.06 (s, 1H,
H19d2), 8.13-8.20 (m, 2H, H16), 8.41 (d, 3JH17,NH = 8 Hz, 1H, NHd1), 8.46 (d, 3JH17,NH = 8 Hz,
1H, NHd2), 9.34 (d, 3JH14,H15 = 5 Hz, 2H, H14) ppm. 13C{1H} NMR (100.6 MHz, D6-DMSO):
δ 14.5 (C11), 22.8 (C13), 34.6 (C7d1), 35.0 (C7d2), 52.1 (C8d1), 52.5 (C8d2), 61.3 (C10), 74.0
(C18), 78.3 (C4), 79.6 (C6), 79.7 (C3), 83.3 (C20), 85.9 (C2d1), 86.1 (C2d2), 88.6 (C5), 99.8
(C1), 124.8 (C15), 131.1 (C17), 141.4 (C16), 142.9 (C22), 145.6 (C19), 152.5 (C14), 168.7
(C21), 169.9 (C12d1), 170.0 (C12d2), 171.5 (C9) ppm.

Chlorido(5-chloro-7-iodo-8-quinolinolato-κ2N,O)(ɳ6-ethyl-2-acetamido-3phenylpropanoate)ruthenium(II) (5a)
The synthesis was performed following method I and using 5-chloro-7-iodo-8-oxyquinoline 5
(300 mg, 0.98 mmol) and B (270 mg, 0.44 mmol) to afford an olive-green product (504 mg,
76%). Anal. Calcd. for C22H21Cl2IN2O4Ru·0.2H2O·0.5 CH2Cl2: C, 37.69; H, 2.92; N, 3.99.
Found: C, 37.41; H, 3.13; N, 3.88. ESI+: m/z 640.9332 [M − Cl]+ (mtheor = 640.9353). The
reaction gave a mixture of diastereomers in a ratio of 55:45, indicated as d1 and d2 in the NMR
data. 1H NMR (400.13 MHz, D6-DMSO): δ 1.16 (t, 6H, H11), 1.79 (s, 3H, H13d1), 1.82 (s, 3H,
H13d2), 2.68−3.05 (m, 4H, H7), 4.03−4.15 (m, 4H, H10), 4.54−4.63 (m, 2H, H8), 5.60−5.81
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(m, 6H, Harom), 5.97−6.07 (m, 4H, Harom), 7.67-7.72 (m, 2H, H15), 7.77(s, 1H, H19d1), 7.78 (s,
1H, H19d2), 8.33-8.38 (m, 2H, H16), 8.42 (d, 3JH17,NH = 8 Hz, 1H, NHd1), 8.47 (d, 3JH17,NH = 8
Hz, 1H, NHd2), 9.39 (d, 3JH14,H15 = 5 Hz, 2H, H14) ppm.
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C{1H} NMR (100.6 MHz, D6-

DMSO): δ 14.1 (C11), 22.3 (C13d1), 22.4 (C13d2), 34.1 (C7d1), 34.6 (C7d2), 51.6 (C8d1), 52.1
(C8d2), 60.8 (C10), 77.8 (4d1), 78.3 (4d2), 79.2 (C6), 80.0 (C20d1), 80.1 (C20d2), 79.7 (C3d1),
80.4 (C3d2), 85.5 (C2d1), 85.7 (C2d2), 87.2 (C4 d1), 88.2 (C4d2), 98.8 (C1d1), 99.3 (C1d2), 111.0
(C18) ,123.9 (C15), 126.6 (C17), 134.2 (C16), 135.8 (C19), 141.6 (C22), 152.0 (C14d1), 152.1
(C14d2), 167.0 (C21), 169.5 (C12d1), 169.6 (C12d1), 171.0 (C9) ppm.

Stability studies. For DMSO stability studies, 1a (1–2 mg) was dissolved in D6-DMSO and
1

H NMR spectra were recorded after 0, 1.5, 24 and 72 h. For the studies on the stability in

aqueous solution, 1a (1–2 mg) was dissolved in D2 O and 1H NMR spectra were collected over
3 days. After a 3 d-incubation period, 1 eq of AgNO3 was added to induce the exchange of the
chlorido with an aqua ligand and a 1H NMR spectrum was recorded immediately. All 1H NMR
spectra were collected on a Bruker Avance AVIII-400 MHz NMR spectrometer at ambient
temperature at 400.13 MHz (1H).

Biomolecule Interaction. The biomolecule interactions of complex 1a were studied by 1H
NMR spectroscopy. Complex 1a was dissolved in D6-DMSO and diluted with D2O to obtain a
10% D6-DMSO/D2O solution. Equimolar amounts of the amino acids L-methionine,

L-

cysteine, and L-histidine were added to 1a and 1H NMR spectra were collected over periods of
up to 3 d. The 1H NMR spectra for the reactions of 1a and 9-ethylguanine at equimolar and
1 : 2 ratios were recorded immediately after mixing. The mass spectra were recorded on a
Bruker microOTOF-Q II ESI-MS in positive ion mode.
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Sulforhodamine B Cytotoxicity Assay. HCT116, SW480 and NCI-H460 cells were supplied
by ATCC, while SiHa cells were from Dr.David Cowan, Ontario Cancer Institute, Canada. The
cells were grown in αMEM (Life Technologies) supplemented with 5% fetal calf serum
(Moregate Biotech) at 37 °C in a humidified incubator with 5% CO2.
The cells were seeded at 750 (HCT116, NCI-H460), 4000 (SiHa) or 5000 (SW480) cells/well
in 96-well plates and left to settle for 24 h. The compounds were added to the plates in a series
of 3-fold dilutions, containing a maximum of 0.5% DMSO at the highest concentration. The
assay was terminated after 72 h by addition of 10% trichloroacetic acid (Merck Millipore) at 4
°C for 1 h. The cells were stained with 0.4% sulforhodamine B (Sigma-Aldrich) in 1% acetic
acid for 30 min in the dark at room temperature and then washed with 1% acetic acid to remove
unbound dye. The stain was dissolved in unbuffered Tris base (10 mM; Serva) for 30 min on a
plate shaker in the dark and quantified on a BioTek EL808 microplate reader at an absorbance
wavelength of 490 nm with 450 nm as the reference wavelength to determine the percentage
of cell growth inhibition by determining the absorbance of each sample relative to a negative
(no inhibitor) and a no-growth control (day 0). The IC50 values were calculated with SigmaPlot
12.5 using a three-parameter logistic sigmoidal dose−response curve between the calculated
growth inhibition and the compound concentration. The presented IC50 values are the mean of
at least 3 independent experiments, where 10 concentrations were tested in duplicate for each
compound.

n-Octanol-water partition coefficient (log P). The previously published procedure was
followed,93 where the OECD guidelines257 for the log P determination via the shake flask
method were slightly modified. A known amount of each complex (1a–5a) was suspended in
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water (pre-saturated with n-octanol) and shaken for four days on an orbital shaker. Afterwards,
the solution was centrifuged for 5 min at 2,000 rpm to allow phase separation and the ruthenium
content of the saturated aqueous solution was measured by ICP-MS to give the solubility of
the compounds in H2O. To obtain the partition coefficient, different ratios (0.5 : 1, 1 : 1, and 2
: 1) of the saturated solutions were shaken with pre-saturated n-octanol for 30 min on an orbital
shaker. After shaking for an additional 5 min by hand and centrifugation for 5 min at 10000
rpm, the aqueous phase was collected with a syringe according to OECD guidelines. For the
analysis, the samples were diluted 1 : 100 with 5% HNO3. The Ru content was determined on
an Agilent 7700 ICP-MS equipped with a MicroMist nebuliser, a Scott double pass spray
chamber, and an ASX-500 autosampler (CETAC Technologies) in a Serie SuSi laminar flow
hood (SPECTEC).
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Supporting Information

Making organoruthenium complexes of 8-hydroxyquinolines more
hydrophilic: Impact of a novel L-phenylalanine-derived arene ligand on the
biological activity

Sanam Movassaghi, Muhammad Hanif, Hannah U. Holtkamp, Tilo Söhnel, Stephen M. F.
Jamieson and Christian G. Hartinger.
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Table S1. Calculated log P (clog P) values for ligands 1–5 as calculated with ChemDraw 12.0. Taken
from ref. 93.

ligand

clog P

1

2.08

2

3.34

3

3.69

4

4.14

5

3.73
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Table S2. Details of collected X-ray data for B.

B
Formula

C26H34Cl4N2O6Ru2

CCDC Nr.

1585951

Molecular weight (g mol-1)

814.49

Temperature (K)

100(2)

Wavelength (Å)

0.71073

Crystal system

Monoclinic

Space group

P21

a (Å)

9.7994(4)

b (Å)

10.2685(4)

c (Å)

15.0143(5)

β (°)

94.369(2)

Volume (Å3)

1506.43(10)

Z

2

Calculated density (g cm-3)

1.796

Absorption coefficient (mm-1)

1.400

F(000)

816

Crystal size (mm × mm × mm)

0.380 × 0.220 × 0.080

2θ (min, max) (°)

2.401 to 27.840

Limiting indices

-12 ≤ h ≤ 12
-13 ≤ k ≤ 13
-19 ≤ l ≤ 19

Reflections collected / unique

17862 / 6938

Data / restraints / parameters

6938 / 1 / 364

Goodness-of-fit on F2

1.007

Final R indices [I>2ơ(I)]

R1 = 0.0362, wR2 = 0.0711

R indices (all data)

R1 = 0.0581, wR2 = 0.0805

Largest diff. peak and hole (e Å-3)

0.603 and -0.850
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Figure S1. 1H NMR spectroscopic study on the stability of 1a in D6-DMSO over the time course
of 72 h.

integration H14
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Figure S2. Time dependent decrease and increase of the 1H NMR signals for H14 at 9.6 and 9.5 ppm,
respectively, observed during the reaction between 1a and His in 10% D6-DMSO/D2O within the first
60 min of incubation.
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Figure S3. Section of the mass spectrum recorded for a 48-h incubation mixture of 1a and His in D6DMSO (5% in 95% D2O) and diluted with acetonitrile before analysis with ESI-MS. The peak at m/z
638.1538 was assigned to [1a + His – Cl]+ and is the result of overlapping species with different degrees
of H/D exchange.

Figure S4. 1H NMR spectroscopic study on the reaction of 1a with Cys over the time course of 72 h.
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Figure S5. Section of the mass spectrum recorded for a mixture of 1a and 9-ethylguanine (EtG) in
D6-DMSO (5% in 95% D2O) and diluted with acetonitrile before analysis with ESI-MS. The peak at
m/z 663.1718 was assigned to [1a + EtG – Cl]+ and is the result of overlapping species with different
degrees of H/D exchange.
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Chapter 5
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Introduction
The discovery of the anticancer activity of cisplatin has led to the development of
metallopharmaceuticals based on a variety of metal centers.31,217,258 Ruthenium complexes are
considered the most promising next generation anticancer metallodrugs and the RuIII drug IT139 (Chart 1; also known as NKP-1339) is undergoing clinical trials.222-226 In the last decade
the field of organometallic anticancer agents has received considerable attention and
particularly RuII(η6-arene) complexes have been widely investigated for their tunability and
novel modes of action.90,220,259 These properties are related to unique structural features of such
half-sandwich “piano-stool” compounds which direct their specific interactions with target
biomolecules.89,96,227-232 The RAPTA family with the general formula [Ru(arene)(PTA)X2]
(PTA = 1,3,5-triaza-7-phosphatricyclo-[3.3.1.1]decane; X = halido or biscarboxylato ligands)
and the RAED compound class [Ru(arene)Cl(en)]+ (en = 1,2-ethylenediamine) are the most
advanced representatives of the Ru(arene) derivatives with their modes of action dependent on
the ligands.90,235

Chart 1. Chemical structures of anticancer Ru complexes.
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A recent approach in anticancer metallodrug design is to use nature-inspired, bioactive ligands,
such as 8-oxyquinoline,93 quinolones,94 curcumin derivatives,95 chlorambucil,89 non-steroidal
anti-inflammatory drugs,96,97 ethacrynic acid,98,99 and flavonols,238 and coordinate them to
biologically active metal centers. Flavonoids are secondary metabolites of plants with
interesting biological properties such as antioxidant, antiinflammatory, estrogenic,
antimicrobial, and anticarcinogenic activity.133,260 The 3-hydroxy-4-keto structural motif found
in 3-hydroxyflavones coordinates bidentately to many metal ions and forms stable metal
complexes with interesting applications and properties, such as intrinsic fluorescence.261-264
One example for an application is the use as ligands in metal-based anticancer agents.265-270 We
reported a series of multitargeted anticancer Ru(arene) compounds carrying flavonol ligands
with the metal center able to form covalent bonds to DNA while the complex inhibits
topoisomerase IIα.238,249,250,264,271 The potent antiproliferative activity of the organoruthenium
compounds was driven by the cytotoxicity of the flavonol ligands and the complexes were
more potent topoisomerase inhibitors than the flavonols.238,250 However, the aqueous solubility
of flavonols and their Ru(arene) complexes was limited. In case of 8-oxyquinolinato
complexes, we overcame this issue by replacing the apolar arene with an L-phenylalanine
(Phe)-derived arene ligand.272 Phe is bioactive and inhibits alkaline phosphatase, an enzyme
which is overexpressed in many tumors.273 Herein, we borrow the concept to study the impact
of substituting cym with the Phe-derived arene in 3-hydroxyflavonol Ru complexes on its
biological activity and chemical properties in comparison to the analogous cym complexes.
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Results and discussion
We recently reported a series of [Ru(arene)(8-oxyquinolinato)Cl] complexes, in which we
replaced the routinely used arene p-cymene with a protected L-phenylalanine (Phe) derivative.
This modification maintained the in vitro anticancer activity of the complexes in the low μM
range but improved the aqueous solubility significantly and may contribute to interaction of
the complexes with other targets.272 In order to expand this work on highly potent anticancer
organometallics, we translate here this concept from N,O-chelating 8-oxyquinolinato
complexes to O,O-donor systems as in 3-oxyflavonato ligands.249,250 A series of substituted 3hydroxyflavones 1–5 was used that had shown promising anticancer activity in the past upon
coordination to metal centers, in particular 1.238,249,250,264,271 They were converted with the
dimeric Ru precursor A into the respective organometallic compounds [Ru(η6-N-acetyl-Lphenylalanine ethyl ester)(3-oxyflavonato)Cl] 1a–5a (Scheme 1). The 3-hydroxyflavone
derivatives were deprotonated using NaOMe and A was added in dry MeOH. The reaction
mixture was stirred at room temperature under nitrogen atmosphere for 18 h. The solvent was
evaporated in vacuo, and the residue was dissolved in dichloromethane, and filtered.
Complexes 1a–5a were obtained by precipitation with n-hexane in high yields of 65–78%
(Scheme 1). The reaction results in the formation of diastereomers given the chiral nature of
the Phe-derived arene ligand and another chiral center sitting at the Ru ion.
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Scheme 1. The preparation of complexes 1a–5a.

All synthesized compounds were characterized by standard methods including NMR
spectroscopy, ESI-mass spectrometry and elemental analysis. The 1H NMR spectra show
signals for the ethyl ester CH3 in the range 1.22–1.37 ppm and around 1.90 ppm for the acetyl
group. In both cases, we saw more than one set of signals owing to the diastereomeric nature
of the complexes. Protons H7 and H8 of the Phe-derived arene ligand were found at ca. 3.3
and 4.2 ppm, respectively, while the five arene protons resonated in the range of 5.4–5.9 ppm.
As expected, the signals assigned to the flavone ligand along with the amide NH were found
between 7.1 and 8.7 ppm. The ESI-MS results confirmed the nature of compounds with [M –
Cl]+ ions detected for complexes 1a–5a in positive ion mode.
Single crystals of 1a were grown by slow diffusion of diethyl ether into a mixture of
methanol/dichloromethane (approximately 1/1) and they were analyzed by X-ray diffraction
analysis (Figure 2). A diastereomer of the complex crystallized in the monoclinic space group
P21. The compound features the pseudo-octahedral piano-stool configuration around the metal
center,220,274 and is involved in a network of hydrogen bonds through co-crystallized water
molecules. The amide carbonyl oxygen atom forms a hydrogen bond with a water molecule,
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which bridges it to another molecule of 1a through an interaction with the amide NH proton.
Another H bond was found for 1a from the deprotonated flavone O atom to another water
molecule. The flavone backbone is involved in intermolecular π-stacking interactions and the
shortest distance is 3.425 Å (Figure S1). The Ru−arenecentroid distance is found at 1.638 Å
(Table 1). The 3-oxyflavonato ligand forms a virtually planar five-membered metallocycle
with the Ru center, while the phenyl substituent of the ligands are twisted with torsion angles
of 29.1°. The two Ru−O bond lengths are very similar at 2.068(5) and 2.117(6) Å, with the
longer bonds formed between the Ru and flavone-carbonyl O atoms. The C15–O1 bond is
significantly longer (1.374(8) Å) than the C16–O2 distance (1.259(8) Å), indicating higher
single bond character. The Ru−Cl bond length is 2.423(2) Å.

Figure 1. Molecular structures of a crystallized diastereomer of 1a and of an enantiomer of 1acym
drawn at 50% probability level. Co-crystallized solvent molecules were omitted for clarity.
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Comparison of these structural parameters with those of the analogous p-cymene complex
1acym (crystals of a mixture of enantiomers were grown from MeOH; Figure 2) shows that the
Ru–Cl bond is slightly longer than in 1acym (2.4326(10) Å). The Ru–O1 distance is slightly
shorter, while the other distances around the Ru center are similar (Table 1).238,250 The most
notable difference is the more planar nature of the 3-oxyflavonato ligand in 1acym as compared
to 1a.
Table 1. Key bond lengths (Å) and angles (◦) for complexes 1a in comparison to the analogous
p-cymene complex 1acym.
1a

1acym a

1.638

1.639

Ru–Cl

2.423(2)

2.4186(6)

Ru–O1

2.068(4)

2.078(2)

Ru–O2

2.117(6)

2.112(2)

29(1)

14.1(4)

C1–Ru–O1

84.8(2)

85.41(5)

C1–Ru–O2

83.98(13)

86.00(5)

O1–Ru–O2

79.4(2)

78.39(7)

Bond Lengths (Å)
Ru–arenecentroid

Torsion Angles (°)
C15–C14–C23–
C24
Bond Angles (°)
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Stability in DMSO and Aqueous Solution
The stability in DMSO and water was determined for 1a as a representative example for the
compound class with 1H NMR spectroscopy over a time span of 2 days. The complex was
stable in DMSO for less than 1 h, after which additional sets of signals appeared in the 1H NMR
spectra, probably due to a combination of cleavage of the arene ligand and additional ligand
exchange reactions at the metal center (Figure S2). When stability studies were carried out at
low concentrations of DMSO-d6 (10% in D2O), an immediate chlorido/aqua ligand exchange
was observed (Figure 2). This was confirmed by the addition of 1 equivalent of AgNO3 which
resulted in the same spectrum as recorded over the 48 h period. These experiments demonstrate
that the compounds are sufficiently stable to carry out cell viability studies under conditions
routinely used in biological assays.

Figure 2. 1H NMR spectroscopy study on the stability of 1a in 10% DMSO-d6 in D2O over a period of
48 h.
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Biomolecule Interaction
Metal complexes are prone to undergo ligand exchange reactions, especially in biological
systems with many binding partners available. These interactions may be beneficial and
support the accumulation of the pharmacophore in the desired tissue or allow interaction with
the target. On the other hand, these reactions may deactivate drugs. In order to understand the
nature of interactions of the novel organoruthenium compounds with biomolecules such as
proteins and DNA, we reacted 1a with the biomolecules L-cysteine (Cys), L-methionine (Met),
L-histidine,

and 9-ethylguanine (EtG) in 10% DMSO-d6/D2O and the progress of the reactions

was monitored by 1H NMR spectroscopy. The spectra recorded for the reaction mixtures with
the amino acids revealed the signals assigned to the flavone protons vanished very rapidly
(Figures 3 and S3), while in the region of the spectra characteristic for the arene ligand,
additional signals formed. These are most likely from the formed amino acid complexes upon
coordination to the Ru center. During the experiments, in particular for Cys, precipitation was
observed which is not unsurprising given the low aqueous solubility of 3-hydroxyflavones
when cleaved from the metal center.

Figure 3. 1H NMR spectroscopy study on the reaction of 1a with His (1 : 1) in 10% DMSO-d6/D2O
over a period of 48 h.
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The reaction with the DNA model EtG resulted in the formation of EtG complexes after ligand
exchange with Cl-. DNA has been suggested as the target for the RAED anticancer agents.275
The reaction between 1a and EtG in a molar ratio of 1 : 1 proceeded very quickly and already
1 h after the start of the incubation, the complex was transformed quantitatively into its EtG
adduct (Figure S4). This is supported by an experiment in which a second equivalent of EtG
was added to the reaction mixture and the peak assigned to unreacted EtG at 7.88 ppm grew
while the rest of the spectrum remained unchanged (Figure 4). Both reaction mixtures were
also analyzed by ESI-MS in positive ion mode. For example, the mass spectrum recorded from
the 1 : 1 reaction mixture showed a peak at m/z 773.1609 which was assigned to the ion [1a +
EtG – Cl]+ (mtheor = 773.1661), while the base peak was identified as [1a – Cl]+ (Figure S5).
The low abundance of the adduct peak relative to the latter species may be explained by the
low stability of the EtG adduct in the gas phase. Since the samples were prepared in deuterated
solvents, species were detected in which protons had exchanged with deuterium.

Figure 4. 1H NMR spectroscopy study on the reaction of 1a with 1 or 2 equivalents of EtG in 10%
DMSO-d6/D2O after an incubation period of 3 h.
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In vitro cytotoxicity against human cancer cells and cellular accumulation
The in vitro antiproliferative activity of complexes 1a–5a was studied in HCT116 human
colorectal, NCI-H460 non-small cell lung, SiHa cervical carcinoma, and SW480 colon
adenocarcinoma cells using the sulforhodamine B assay (SRB; Table 3) and compared to the
cytotoxic activity of the analogous cym complexes 1acym–5acym. All RuII(arene)–flavonoid
complexes were potent antiproliferative agents with IC50 values in the low micromolar range,
especially in HCT116 and NCI-H460 cells. Compound 4a with its trifluoromethyl substituent
was the most potent derivative while the trismethoxy (5a) and the fluoro (1a) derivatives were
the least active, depending on the cell line used. This trend is in contrast to that found for the
analogous cym complexes 1acym–5acym, for which the CF3 (4acym) derivative was among the
least active compounds while the p-fluoro (1acym) complex was of the most potent compounds.
The introduction of the protected Phe group as an arene had a significant impact on the
cytotoxicity of complexes with ligands 2–5, which all became more cytotoxic, while 1a was
similarly potent to its cym analogue 1acym. We found a similar effect for hydroxyquinoline
complexes, where the introduction of the Phe-based arene ligand also resulted in complexes
with limited correlation of their cytotoxic activity to those of the parent cym complexes.272
These results suggest that organoruthenium compounds with the Phe-derived arene may have
different modes of action and that the biological activity is not necessarily a function of the
lipophilicity and associated increased cell penetration ability. This conclusion is also supported
by cellular accumulation data for 1a and 1acym. The cellular Ru content after treatment of
HCT116 cells with these complexes at concentrations similar to their IC50 values (3.79 μM for
1acym, and 4.43 μM for 1a) was measured after 4 and 24 h by inductively-coupled plasma mass
spectrometry. After incubation of the cells with the compounds for 4 h, only 1a was found to
enter the cells while the detected amount of 1acym was negligible. Increasing the incubation
time to 24 h resulted in significantly higher Ru levels for both compounds (Figure 5), however,
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overall the Ru content for 1a was about 5-times higher than for 1acym, despite similar in vitro
cytotoxicity which was however determined over 72 h. Note that 1acym was strongly interacting
with the well plates resulting in significant blanks which were considered when determining
the cellular accumulation.

Table 2. In vitro cytotoxic activity of compounds 1a–5a in the human cancer cell lines HCT116
(colon), NCI-H460 (non-small cell lung), SiHa (cervix), and SW480 (colon). The IC50 values are
given as means ± standard deviation.

Compound

IC50 values (μM)
HCT116

NCI-H460

SiHa

SW480

1a

4.4 ± 0.4

2.4 ± 0.1

22 ± 1

9.5 ± 0.4

2a

2.1 ± 0.1

1.5 ± 0.1

15 ± 1

5.7 ± 0.1

3a

2.8 ± 0.2

2.0 ± 0.2

19 ± 2

7.2 ± 0.3

4a

1.3 ± 0.1

1.0 ± 0.3

13 ± 2

2.5 ± 0.1

5a

8.3 ± 1.9

5.9 ± 0.8

20 ± 1

8.1± 0.1

1acym

3.8 ± 0.1

2.7 ± 0.5

23 ± 1

7.2 ± 0.4

2acym

3.4 ± 0.2

2.9 ± 0.6

29 ± 1

8.5 ± 0.7

3acym

5.8 ± 0.8

5.4 ± 0.3

22 ± 4

13 ± 4

4acym

8.7 ± 0.1

9.2 ± 1.1

64 ± 6

21 ± 0.3

5acym

14 ± 1

14 ± 1

41 ± 2

30 ± 1
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Figure 5. Cellular accumulation of 1a and 1acym determined by ICP-MS after treatment of HCT116
cells for 4 and 24 h.

In addition, the in vitro antiproliferative activity of complexes 1a and 1acym in HCT116 cells
was compared to that of cisplatin in SRB and 3H-thymidine incorporation assays (Figures 6
and S6, Table S2). Overall, the 2 assays gave similar IC50 values for all compounds, although
the values were slightly higher by SRB assay, especially for cisplatin. This supports that the
organometallics are cytotoxic rather than cytostatic.

Figure 6. Viability and proliferation of HCT116 cells measured by the SRB and 3H-thymidine assays,
respectively, after incubation with 1a for 72 h.
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Induction of DNA damage by 1a and 1acym
As pointed out earlier, metal complexes are prone to undergo ligand exchange reactions with
biomolecules and the flavone complexes were designed to act as enzyme inhibitors while still
being able to coordinate to DNA. Therefore, we examined whether the antiproliferative effect
of 1a and 1acym is related to DNA damage. For this purpose, HCT116 cells were exposed to
1a, 1acym, cisplatin (30 μM each), doxorubicin (1 μM), and camptothecin (1 μM). The DNA
damage response was measured by the level of γH2AX phosphorylation using flow cytometry
as compared to control (Figure 7). Camptothecin specifically induces DNA damage in the S
phase, while the DNA damage caused by doxorubicin is cell phase independent. Both 1a over
1acym showed very similar DNA damaging ability, which is surprising given the differing
cellular accumulation. The amount of Ru in the cells at 6 h was found to be about 4-times
higher for 1a over 1acym when they were treated with the compounds at the same concentration
as used for the flow cytometry sample preparation (30 μM; data not shown). The DNA damage
profile of 1a and 1acym after 6 h treatment is unlike that of both camptothecin and doxorubicin
but resembles to some extent that of cisplatin (Figure 7). Cisplatin was reported to induce an
S/G2 cell cycle arrest and apoptosis in V79 cells,276 which supports a similar conclusion for
the compounds studied here. However, the induction level of γH2AX phosphorylation was
significantly lower with averages of 27% for 1a and 24% for 1acym as compared to 45% for
cisplatin. This may be a result of the higher lability of the DNA–metal bonds for RuII as
compared to PtII. Also, cisplatin forms bifunctional adducts whereas DNA can coordinate to
the organoruthenium compounds only monodentately.
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Figure 7. DNA damaging ability in HCT116 cells as determined for γH2AX by flow cytometry
after treatment with 1a, 1acym, cisplatin (30 μM each), doxorubicin (1 μM), and camptothecin (1
μM) for 6 h.

Exposure of cells to 1a and 1acym for 24 h at concentrations of 30 and 60 μM revealed that
both compounds induced higher dose-dependent DNA damage than the damage response found
after 6 h, as was indicated by a higher number of cells expressing γH2AX (Figure S7). In all
cases, 1a caused slightly more DNA damage than its cym counterpart, which may explain the
slightly differing antiproliferative activity of the compounds. This was especially pronounced
in the samples containing only 30 μM of the compounds.
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Conclusions
The design concept of coordinating bioactive ligands to metal centers resulted in the
preparation of [Ru(η6-p-cymene)(flavonolato)Cl] compounds with interesting biological
activity defined by its flavonolato ligand and the properties of the metal center. We have
borrowed here a concept in which we replace the commonly used arene cym with a recently
introduced novel arene derived from the bioactive amino acid L-phenylalanine, which may add
to the biological activity of the complex. The synthesis and characterization of the series of
organoruthenium compounds was complemented with studies on the stability in water and
DMSO, as well as the reactivity with biomolecules. High stability in aqueous solution after
dissolution in DMSO was demonstrated for a representative example of the complexes, after
rapidly forming aqua complexes. In contrast, the complex quickly decomposed in DMSO, as
determined by NMR spectroscopy. The reactions with the amino acids His, Met and Cys
showed quick cleavage of the flavonolato ligand from the Ru center, while incubation with EtG
resulted in substitution of the chlorido ligand with the DNA model compound. All new
compounds were potent anticancer agents in a panel of cancer cells with IC50 values as low as
1 μM in NCI-H460 non-small cell lung cancer cells. The IC50 values of the Phe-derived
compounds did not follow the same trends as observed for their cym analogues, but the values
were in a similar range. This is surprising given that the cellular accumulation of a
representative Phe-derived complex was found to be much higher than of its cym analogue,
independent of the concentration used and the incubation times. Comparison of the IC50 values
determined by 3H-thymidine incorporation and sulforhodamine B assays revealed cytotoxic
rather than cytostatic activity. As the compounds were designed to be able to coordinate to
DNA, which was confirmed in the reactivity studies with EtG, it is important to note that they
damage DNA, which may contribute to their cytotoxic activity. The DNA damage profile was
similar to that of cisplatin, however, the amount of DNA damage detected was lower for the
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tested compounds than for cisplatin. These data support the hypothesized DNA binding ability
of the compounds while not contradicting the topoisomerase inhibitory activity, which was
demonstrated for the parent compounds, as another contributor to the biological activity.

Experimental
All reactions were performed in Schlenk flasks with dry solvents under nitrogen atmosphere.
Chemicals acquired from commercial supplier were used without any prior purification.
Sodium methoxide was purchased from Fluka. Dry solvents were prepared according to
standard methods.255 [(ɳ6-Ethyl 2-acetamido-3-phenylpropanoate)RuIICl2]2272 (A), 1acym
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and ligands 1–5250,264 were synthesized following literature procedures.
Elemental analyses were conducted on a vario EL cube (Elementar Analysensysteme GmbH,
Hanau, Germany). 1D and 2D (1H-13C HSQC and HMBC) NMR spectra were recorded on a
Bruker Avance AVIII 400 MHz NMR spectrometer at ambient temperature at 400.13 MHz
(1H) or 100.57 MHz (13C{1H}). CDCl3, D2O or DMSO-d6 were used as NMR solvents. High
resolution mass spectra were recorded on a Bruker micrOTOF-Q II ESI-MS in positive ion
mode.
X-ray diffraction measurements of single crystals of 1a were performed on a Rigaku Oxford
Diffraction XtaLAB-Synergy-S single-crystal diffractometer with a PILATUS 200K hybrid
pixel array detector using Cu Kα radiation (λ = 1.54184 Å; Table S2). Single crystals of 1acym
were grown from a MeOH solution and analyzed on a Siemens/Bruker SMART APEX II
Single Crystal Diffractometer with a CCD area detector using graphite monochromated MoKα radiation (λ = 0.71073 Å; Table S2). The data were processed with the SHELX2016 and
Olex2 software packages.277,278 All non-hydrogen atoms were refined anisotropically.
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Hydrogen atoms were inserted at calculated positions and refined with a riding model or
without restrictions. Mercury 3.10 was used to visualize the molecular structure.

Biomolecule Interaction. The biomolecule interactions of 1a were studied by 1H NMR
spectroscopy. It was dissolved in DMSO-d6 and diluted with D2O to obtain a 10% DMSOd6/D2O solution. Equimolar amounts of the biomolecules L-methionine (Met), L-cysteine
(Cys), L-histidine (His), or 9-ethylguanine (EtG) were added to 1a and NMR spectra were
collected over periods of 48 h. In case of the reaction with EtG, 1a was incubated with the
DNA model at ratios of 1 : 1 and 2 : 1 (EtG : 1a) and 1H NMR spectra were recorded after 3 h
of incubation.

Cellular Uptake. The cellular uptake experiments were carried out as described
previously.93,279 HCT116 cells were grown in αMEM (Life Technologies) supplemented with
5% fetal calf serum (Moregate Biotech) at 37 °C in a humidified incubator with 5% CO2.
HCT116 cells (4 × 105/well) were seeded into 6-well plates and allowed to settle for 24 h time
at 37 °C and 5% CO2. Compounds 1a and 1acym were dissolved in DMSO (379 and 443 μM,
respectively) and diluted with media to a concentration of 1% DMSO to reach their previously
determined IC50 values. The cells were incubated with metal complexes for 4 and 24 h, after
which the medium was removed and the cells were washed twice with 1 mL of ice-cold PBS
buffer.
In order to determine the cell uptake of 1a and 1acym at the same concentration as the DNAdamaging ability was measured, stock solutions of 300 μM in DMSO were prepared and diluted
with media to a concentration of 1% DMSO. The cells were incubated with the metal
complexes for 6 h, after which the medium was removed and the cells were washed twice with
1 mL of ice-cold PBS buffer.
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The cells from all the experiments were lysed with 2 mL of concentrated nitric acid (containing
0.1 μL of a 1000 ± 3 μg/mL thulium as an internal standard) and digested with an Ethos Up
microwave digestion system (Milestone). After the solutions were diluted with 10 mL of H2O,
the ruthenium content was determined by ICP-MS (Agilent 7700) with an ASX-500
autosampler (CETAC Technologies) in a Serie SuSi laminar flow hood (SPECTEC). The ICPMS was equipped with a MicroMist nebulizer and a Scott double pass spray chamber. The
carrier gas flow rate was 1 mL min-1. The instrument was tuned for cerium, cobalt, lithium,
magnesium, thallium, and yttrium. The reported values are the mean of at least three
independent experiments conducted with blank wells for each substance to account for
unspecific binding to the plastic of the well plates.

Cell proliferation assays
Sulforhodamine B Cytotoxicity Assay. HCT116, SW480 and NCI-H460 cells were supplied by
ATCC, while SiHa cells were from Dr. David Cowan, Ontario Cancer Institute, Canada. The
cells were grown in αMEM (Life Technologies) supplemented with 5% fetal calf serum
(Moregate Biotech) at 37 °C in a humidified incubator with 5% CO2.
The cells were seeded at 750 (HCT116, NCI-H460), 4000 (SiHa) or 5000 (SW480) cells/well
in 96-well plates and left to settle for 24 h. The compounds were added to the plates in a series
of 3-fold dilutions, containing a maximum of 0.5% DMSO at the highest concentration. The
assay was terminated after 72 h by addition of 10% trichloroacetic acid (Merck Millipore) at 4
°C for 1 h. The cells were stained with 0.4% sulforhodamine B (Sigma-Aldrich) in 1% acetic
acid for 30 min in the dark at room temperature and then washed with 1% acetic acid to remove
unbound dye. The stain was dissolved in unbuffered Tris base (10 mM; Serva) for 30 min on a
plate shaker in the dark and quantified on a BioTek EL808 microplate reader at an absorbance
wavelength of 490 nm with 450 nm as the reference wavelength to determine the percentage
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of cell growth inhibition by determining the absorbance of each sample relative to a negative
(no inhibitor) and a no-growth control (day 0). The IC50 values were calculated with SigmaPlot
12.5 using a three-parameter logistic sigmoidal dose−response curve between the calculated
growth inhibition and the compound concentration. The presented IC50 values are the mean of
at least three independent experiments, where 10 concentrations were tested in duplicate for
each compound.
Thymidine incorporation assay. HCT116 cells were seeded at 750 per well in 96 well plates.
The compounds were added to the plates in a series of 3-fold dilutions, containing a maximum
of 0.5% DMSO at the highest concentration for 3 days. 3H-Thymidine (0.04 μCi per well) was
added to each well and incubated for 6 h. The cells were harvested on glass fiber filters using
an automated TomTec harvester. The filters were incubated with Betaplate Scint and 3Hthymidine incorporation was measured in a Trilux/Betaplate counter. The inhibition of 3Hthymidine incorporation by the metal complexes was determined relative to the incorporation
of 3H-thymidine into DNA of control cells. The presented IC50 values are the means of two
independent experiments, where 10 concentrations were tested in duplicate for each compound.

Flow cytometry
HCT116 cells (7.2 × 105 cells per well) were plated in 6-well plates overnight and incubated
with 1a, 1acym, cisplatin (30 μM each), doxorubicin (1 μM), and camptothecin (1 μM) for 6 h.
Cells were harvested, fixed with 80% ethanol for 10 min, washed and resuspended in 1 ml of
blocking buffer (1% FCS/PBS), and incubated with antibody to γH2AX (phosphorylated
Ser139; Millipore, USA) in blocking buffer (1 : 500 dilution) at room temperature for 2 h. Cells
were washed, incubated with goat anti-mouse Alexa Fluor 488 Fab fragment secondary
antibody (Invitrogen, New Zealand; 1 : 400 in blocking buffer for 1 h, at room temperature;
dark), washed and resuspended in 1 mL of blocking buffer containing RNase (1 μg/mL) and
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propidium iodide (PI; 10 μg/mL) for 10 min at room temperature. Anti-phospho-Histone
H2A.X (Ser139) Antibody, clone JBW301 (Millipore) and Alexa Fluor 488 (Life
Technologies) were used according to the manufacturer instructions. Briefly, cells were
harvested, fixed with 2% paraformaldehyde, permeabilized with 0.1% Triton-X, and incubated
with antibody (5 μL in 300 μL blocking buffer for 2 h, at room temperature, dark), washed and
resuspended in 1 mL of blocking buffer. Cells were analyzed in Becton Dickinson BD Accuri
C6 flow cytometer.

General procedure for the synthesis of the Ru(ɳ6-ethyl-2-acetamido-3-phenylpropanoate)
complexes 1a−5a
A solution of [(η6-N-acetyl-L-phenylalanine ethyl ester)RuIICl2]2 A (0.45 eq.) in dry methanol
(5 mL) was added to a solution of 3-hydroxyflavone 1−5 (1.00 eq.) and sodium methoxide
(1.10 eq.) in a mixture of methanol (15 mL) and dichloromethane (5 mL). The reaction mixture
was stirred at room temperature and under nitrogen atmosphere for 18 h. The solvent was
evaporated in vacuo, and the residue was dissolved in dichloromethane, and filtered. The
complexes were precipitated from dichloromethane by addition of n-hexane.

Chlorido[3-(oxo-κO)-2-(4-fluorophenyl)-chromen-4(1H)-onato-κO](ɳ6-ethyl-2-acetamido-3phenylpropanoate)ruthenium(II) (1a)
The reaction was performed according to the general procedure using 1 (100 mg, 0.39 mmol),
NaOMe (23 mg, 0.43 mmol), and A (143 mg, 0.18 mmol) to afford 1a as a deep red solid
(193 mg, 72%). Single crystals suitable for X-ray diffraction analysis were grown from MeOH
and CH2Cl2/diethyl ether. MS (ESI+): m/z 592.0695 [M – Cl]+ (mtheor = 592.0712). Elemental
Analysis Calculated for C28H25ClFNO6Ru·0.3CH2Cl2: C 52.09, H 3.95, N 2.15%. Found: C
52.15, H 3.64, N 1.98%. 1H NMR (400.13 MHz, CDCl3): δ = 1.20–1.37 (m, 6H, H11), 1.83 (s,
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3H, H13d1), 1.90 (s, 3H, H13d2), 2.19−3.32 (m, 4H, H7), 4.21−4.34 (m, 4H, H10), 4.85−4.97
(m, 2H, H8), 5.41 (d, 3J = 5 Hz, 2H, Harom), 5.48 (t, 3J = 6 Hz, 2H, Harom), 5.38−5.51 (m, 4H,
Harom), 5.66−5.72 (m, 2H, Harom), 5.77−5.88 (m, 4H, Harom), 7.12−7.28 (m, 4H, H25/H27),
7.32−7.39 (m, 2H, H20), 7.54 (d, 3J = 8 Hz, 2H, H21), 7.59−7.66 (m, 2H, H19), 7.77 (d, 3J =
8 Hz, 2H, NH), 8.11–8.22 (m, 2H, H18), 8.47−8.58 (m, 4H, H24/H28) ppm.

13

C{1H} NMR

(100.57 MHz, CDCl3): δ = 14.3 (C11), 22.7 (C13d1), 23.0 (C13d2), 33.4 (C7d1), 34.3 (C7d2),
50.8 (C8d1) 51.3 (C8d2), 61.9 (C10d1), 62.0 (C10d2), 75.6 (C4d2/C4d2), 77.5 (C6d1), 77.7 (C6d2),
78.8 (C3d1), 79.1 (C3d2), 82.9 (C2d1), 83.3 (C2d2), 85.1 (C5d1, C5d2), 95.0 (C1d1), 95.3 (C1d2),
115.6 (d, 2JC-F = 21 Hz, C25d1/C27d1), 115.8 (d, 2JC-F = 21 Hz, C25d2/C27d2), 117.9 (C21), 119.9
(C22), 124.5 (C20), 124.6 (C18), 128.1 (C14), 129.6 (d, 3JC-F = 8 Hz, C24d2/C28d2), 129.7 (d,
3

JC-F = 8 Hz, C24d1/C28d1), 132.1 (C19d1), 132.2 (C19d2), 146.7 (C23), 154.0 (C17), 155.1

(C15), 164.4 (C26), 170.6 (C12d1), 171.2 (C12d2), 171.5 (C9), 183.5 (C16) ppm.

Chlorido[3-(oxo-κO)-2-(4-bromophenyl)-chromen-4-onato-κO](ɳ6-ethyl-2-acetamido-3phenylpropanoate)ruthenium(II) (2a)
The reaction was performed according to the general procedure using 2 (100 mg, 0.32 mmol),
NaOMe (19 mg, 0.35 mmol), and A (116 mg, 0.14 mmol) to afford 2a as a deep red solid
(155 mg, 78%); MS (ESI+): m/z 653.9889 [M – Cl]+ (mtheor = 653.9901). Elemental Analysis
Calculated for C28H25ClBrNO6Ru·0.3CH2Cl2: C 47.65, H 3.62, N 1.96%. Found: C 47.89, H
3.25, N 1.60%. 1H NMR (400.13 MHz, CDCl3): δ = 1.22–1.37 (m, 6H, H11), 1.82 (s, 3H,
H13d1), 1.91 (s, 3H, H13d2), 3.07−3.31 (m, 4H, H7), 4.21−4.33 (m, 4H, H10), 4.86−4.98 (m,
2H, H8), 5.42 (d, 3J = 5 Hz, 2H, Harom), 5.49 (t, 3J = 6 Hz, 2H, Harom), 5.65−5.73 (m, 2H, Harom),
5.77−5.87 (m, 4H, Harom), 7.32− 7.39 (m, 2H, H20), 7.53 (d, 3J = 8 Hz, 2H, H2), 7.57−7.72 (m,
8H, H25, H27, H19, NH), 8.13–8.22 (m, 2H, H18), 8.33−8.43 (m, 4H, H24/H28) ppm. 13C{1H}
NMR (100.57 MHz, CDCl3): δ = 14.2 (C11d1), 14.3 (C11d1), 21.7 (C29), 22.6 (C13d1), 22.9
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(C13d2), 33.2 (C7d1), 33.9 (C7d2), 50.8 (C8d1) 51.2 (C8d2), 61.8 (C10d1), 61.9 (C10d2), 75.8(C4),
77.6 (C6d1), 77.7 (C6d2), 78.8 (C3d1), 79.1 (C3d2), 83.0 (C2d1), 83.3 (C2d2), 85.4 (C5), 95.0
(C1d1), 95.3 (C1d2), 117.9 (C21), 119.9 (C22), 120.1 (C26), 124.4 (C20), 124.5 (C18), 128.7
(C24), 128.9 (C28), 130.8 (C14), 131.6 (C25), 131.9 (C27), 133.8 (C19d1), 133.4 (C19d2), 148.8
(C23), 153.6 (C17), 153.9 (C15), 171.2 (C12), 171.4 (C9), 183.7 (C16) ppm.

Chlorido[3-(oxo-κO)-2-(4-methylphenyl)-chromen-4(1H)-onato-κO](ɳ6-ethyl-2-acetamido-3phenylpropanoate)ruthenium(II) (3a)
The reaction was performed according to the general procedure using 3 (100 mg, 0.40 mmol),
NaOMe (20 mg, 0.44 mmol), and A (146 mg, 0.18 mmol) to afford 3a as a deep red solid
(170 mg, 68%). MS (ESI+): m/z 588.0956 [M – Cl]+ (mtheor = 588.0968). Elemental Analysis
Calculated for C29H28ClNO6Ru·0.1CH2Cl2: C 55.34, H 4.50, N 2.22%. Found: C 55.30, H 4.12,
N 1.82%. 1H NMR (400.13 MHz, CDCl3): δ = 1.25–1.37 (m, 6H, H11), 1.75 (s, 3H, H13d1),
1.89 (s, 3H, H13d2), 2.39–2.46 (m, 6H, H29), 3.22−3.32 (m, 4H, H7), 4.22−4.34 (m, 4H, H10),
4.85−4.98 (m, 2H, H8), 5.37–5.42 (m, 2H, Harom), 5.45–5.51 (m, 2H, Harom), 5.66−5.73 (m, 2H,
Harom), 5.76−5.88 (m, 4H, Harom), 7.27–7.38 (m, 6H, H25, H27, H20), 7.55 (d, 3J = 8 Hz, 2H,
H21), 7.58−7.64 (m, 2H, H19), 7.93 (d, 3J = 8 Hz, 2H, NH), 8.13–8.21 (m, 2H, H18), 8.37 (d,
3

J = 8 Hz, 2H, H24d1, H28d1), 8.42 (d, 3J = 8 Hz, 2H, H24d2, H28d2) ppm. 13C{1H} NMR (100.57

MHz, CDCl3): δ = 14.2 (C11d1), 14.3 (C11d1), 22.8 (C13d1), 23.0 (C13d2), 33.5 (C7d1), 34.3
(C7d2), 50.9 (C8d1) 51.4 (C8d2), 61.9 (C10d1), 62.1 (C10d2), 75.8 (C4), 77.6 (C6d1), 77.8 (C6d2),
78.9 (C3d1), 79.2 (C3d2), 82.9 (C2d1), 83.3 (C2d2), 84.9 (C5), 95.1 (C1d1), 95.3 (C1d2), 117.9
(C21), 120.1 (C22), 124.4 (C20), 124.5 (C18), 127. (C24) 127.6 (C28), 129.1(C14), 129.8
(C25), 129.4 (C27), 132.8 (C19d1), 132.9 (C19d2), 140.4 (C26), 150.7 (C23), 153.0 (C17), 154.0
(15), 170.8 (C12), 171.5 (C9), 183.1 (C16) ppm.
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Chlorido[3-(oxo-κO)-2-(4-trifluoromethylphenyl)-chromen-4-onato-κO](ɳ6-ethyl-2acetamido-3-phenylpropanoate)ruthenium(II) (4a)
The reaction was performed according to the general procedure using 4 (100 mg, 0.33 mmol),
NaOMe (19 mg, 0.36 mmol), and A (120 mg, 0.15 mmol) to afford 4a as an orange solid (167
mg, 75%). MS (ESI+): m/z 642.0692 [M – Cl]+ (mtheor = 642.0680). Elemental Analysis
Calculated for C29H25ClF3NO6Ru·2.5H2O: C 48.25, H 4.19, N 1.94%. Found: C 48.39, H 3.99,
N 1.68%. 1H NMR (400.13 MHz, CDCl3): δ = 1.27–1.36 (m, 6H, H11), 1.86 (s, 3H, H13d1),
1.93 (s, 3H, H13d2), 3.20−3.33 (m, 4H, H7), 4.22−4.33 (m, 4H, H10), 4.90−4.98 (m, 2H, H8),
5.45 (d, 3J = 6 H, 2H, Harom), 5.48–5.54 (m, 2H, Harom), 5.71 (t, 3J = 5 H, 2H, Harom), 5.79−5.89
(m, 4H, Harom), 7.35–7.41 (m, 2H, H20), 7.51 (d, 3J = 8 Hz, 2H, NH), 7.58 (d, 3J = 8 Hz, 2H,
H2), 7.64–7.70 (m, 2H, H19), 7.72 (d, 3J = 8 Hz, 4H, H25d1, H27d1), 7.77 (d, 3J = 8 Hz, 4H,
H25d2, H27d2), 8.16–8.24 (m, 2H, H18d1+d2), 8.59–8.65 (m, 4H, H24, H28) ppm. 13C{1H} NMR
(100.57 MHz, CDCl3): δ = 14.1 (C11), 22.8 (C13d1), 23.0 (C13d2), 33.8 (C7d1), 34.5 (C7d2),
50.9 (C8d1) 51.4 (C8d2), 62.0 (C10d1), 62.1 (C10d2), 76.1(C4), 77.6 (C6d1), 77.7 (C6d2), 77.9,
79.1 (C3d1), 79.2 (C3d2), 82.7 (C2d1), 83.3 (C2d2), 83.3, 84.6 (C5d1, C5d2), 95.3 (C1d1), 95.5
(C1d2), 118.0 (C21), 119.9 (C17), 124.6 (C21), 124.7 (C18), 125.4 (C29), 127.2 (C25), 127.4
(C27), 130.0 (C20), 130.8 (C23), 133.6 (C24), 133.7 (C19), 147.8 (C15), 154.2 (C14), 155.8
(C22), 165.5 (C12), 181.1 (C9), 184.7 (C16) ppm.

Chlorido[3-(oxo-κO)-2-(3,4,5-trimethoxyphenyl)-chromen4-onato-κO](ɳ6-ethyl-2-acetamido3-phenylpropanoate)ruthenium(II) (5a)
The reaction was performed according to the general procedure using 5 (100 mg, 0.30 mmol),
NaOMe (18 mg, 0.33 mmol), and A (112 mg, 0.14 mmol) to afford 5a as an orange solid (136
mg, 65%); MS (ESI+): m/z 664.1131 [M – Cl]+ (mtheor = 664.1124). Elemental Analysis
Calculated for C31H32ClNO9Ru: C 53.26, H 4.61, N 2.00%. Found: C 53.00, H 4.89, N 1.88%.

107

1

H NMR (400.13 MHz, CDCl3): δ = 1.26–1.35 (m, 6H, H11), 1.91 (s, 3H, H13d1), 1.97 (s, 3H,

H13d2), 3.14−3.35 (m, 4H, H7), 3.93 (s, 3H, OMe), 3.99 (s, 6H, OMe), 4.19−4.30 (m, 4H,
H10), 4.86−4.99 (m, 2H, H8), 5.42–5.53 (m, 4H, Harom), 5.64−5.70 (m, 2H, Harom), 5.72−5.87
(m, 4H, Harom), 7.15−7.22 (m, 1H, NH), 7.33−7.41 (m, 2H, H20), 7.53–7.67 (m, 4H, H21, H19),
7.84 (s, 2H, H24d1, H28d1), 7.87 (s, 2H, H24d2, H28d2), 8.13–8.23 (m, 1H, H18) ppm. 13C{1H}
NMR (100.57 MHz, CDCl3): δ = 14.1 (C11), 22.8 (C13), 34.6 (C7d1), 34.7 (C7d2), 51.2 (C8),
56.3 (OMe), 61.0 (OMe), 62.0 (C10), 77.8 (C4), 78.7 (C6), 81.6 (C3), 82.9 (C2), 83.5 (C5),
94.9 (C1), 105.1 (C24d1/C28d1), 105.1 (C24d2/C28d2), 114.7 (C17), 117.7 (C21), 124.3 (C20),
124.4 (C18 d1), 124.5 (C18 d2), 132.7 (C23), 132.8 (C19), 138.7 (C14), 146.7 (C15), 153.0 (C25,
C27), 161.8 (C22), 170.5 (C12), 171.1 (C9), 185.8 (C16) ppm.
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A bioactive L-phenylalanine-derived arene in multitargeted
organoruthenium compounds: Impact on the antiproliferative activity and
mode of action

Sanam Movassaghi, Euphemia Leung, Muhammad Hanif, Betty Y. T. Lee, Hannah U.
Holtkamp, Jason K. Y. Tu, Tilo Söhnel, Stephen M. F. Jamieson, Christian G. Hartinger.
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Table S1. X-ray crystallography measurement parameters for complexes 1a and 1acym.

1a

1acym

C28H25ClFNO6Ru · 1.63
H2O

C25H22ClFO3Ru · 0.5
CH3OH

1840317

1840404

656.39

541.95

monoclinic

monoclinic

Temperature [K]

100(1)

100(2)

Wavelength [Å]

1.54184

0.71073

P21

C2/c

a [Å]

11.4611(3)

30.4204(12)

b [Å]

6.9354(2)

7.6819(3)

c [Å]

18.2352(6)

18.9772(8)

β [º]

106.836(3)

96.099(2)

1387.34

4409.6(3)

2

8

Calculated density [mg m-3]

1.571

1.609

Absorption coefficient [mm-1]

5.949

0.869

4000 / 181 / 381

3990 / 0 / 297

6.870 to 67.737 deg

2.663 to 25.251 deg

-13 ≤ h ≤ 12

-36 ≤ h ≤ 36

8≤k≤7

-8 ≤ k ≤ 9

-21 ≤ l ≤ 21

-22 ≤ l ≤ 22

9579 / 4000 [R(int) =
0.0389]

22178 / 3990 [R(int) =
0.0343]

99.6% (to theta = 67.737)

99.8% (to theta = 25.251)

R1, wR2 [I>2sigma(I)]

0.0369 / 0.0911

0.0264 / 0.0656

R1, wR2 (all)

0.0416 / 0.0934

0.0296 / 0.0676

1.204

1.054

-0.016(16)

-

Formula
CCDC
FW
Crystal System

Space group

V [Å3]
Z

Data (unique) / restraints /
parameters
Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness

S (all)
Absolute structure parameter
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Figure S1. π-Stacking observed between the flavone backbones of two molecules of 1a with the
shortest distance (3.425 Å) indicated as a dashed line. Co-crystallized water molecules were omitted
for clarity.

Figure S2. 1H NMR spectroscopy study on the stability of 1a in DMSO-d6 over a period of 48 h.
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Figure S3. 1H NMR spectroscopy study on the reaction of 1a with Met (1:1) in 10% DMSO-d6/D2O
over a period of 48 h.

Figure S4. 1H NMR spectroscopy study on the reaction of 1a with EtG (1:1) in 10% DMSO-d6/D2O
over a period of 48 h.
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Figure S5. ESI-MS study on the reaction of 1a with 1 or 2 equivalents of EtG in 10% DMSO-d6/D2O
after an incubation period of 3 h.

Figure S6. Viability of HCT116 cells measured by the SRB and 3H-thymidine assays after incubation
with A) 1acym and B) cisplatin for 72 h.
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Table S2. IC50 values for 1a, 1acym and cisplatin in HCT116 cells measured by the SRB and 3Hthymidine assays after incubation for 72 h.

IC50 values / μM
3

SRB

H-thymidine

13 ± 2

11 ± 1

1acym

8.6 ± 0.4

6.7 ± 0.4

cisplatin

7.3 ± 0.8

3.4 ± 0.5

1a

Figure S7. DNA damaging ability in HCT116 cells as determined for γH2AX by flow cytometry after
treatment with 30 or 60 μM of 1a or 1acym for 24 h.
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Introduction
N-Heterocyclic carbenes (NHC) are currently receiving much attention for their wide
application in coordination chemistry and catalysis.280,281 In the latter area, NHC ligands are
considered an alternative to phosphanes,280-284 and a large number of different monodentate
NHC ligands derived from imidazole, imidazolidine, benzimidazole, and triazole6 have been
synthesized.162,163 They have been used in a number of chemical transformations,164 including
palladium-catalyzed C−N coupling reactions,165,166 rhodium-catalyzed hydroformylation,167
ruthenium-catalyzed olefin metathesis reactions,168 and Heck- and Suzuki-type C–C coupling
reactions.169 NHCs can also be part of larger, multidentate ligand systems for example in
combination with pyridyl groups, where for example a tridentate pincer framework gave
remarkable catalytic activities in the Heck reaction.164,280,285,286
More recently, NHC ligands have entered the area of medicinal inorganic chemistry.170-173 For
example, metal–NHC complexes (Figure 1) have been investigated for the treatment of cancer
and infectious diseases. The earliest documentation of metal–NHC complexes with promise
for medicinal application was on RuII and RhI organometallics which expressed antibacterial
properties.173,287-289 Later, Youngs and co-workers reported Ag–NHC compounds with
outstanding antimicrobial activity against both gram-positive and/or gram-negative bacteria.290
The effective antimicrobial properties of the Ag–NHC complexes were concluded to be a result
of the slow release of Ag+ ions from the stabilizing ligands into the culture medium.290 Inspired
by the use of gold(I) complexes in the therapy of rheumatoid arthritis, a series of NHC–AuI
complexes derived from imidazolium salts were reported as anticancer agents.170,193 The
lipophilicity of linear AuI complexes led to the triggering of Ca2+ sensitive mitochondrial
swelling.291 The primary mode of action for the NHC–AuI complexes is thought to involve
targeting the enzyme thioredoxin reductase (TrxR),292 which plays an important role in
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sustaining the intracellular redox homeostasis, promotes cell growth and survival and is
upregulated in some cancer types.193,292

Figure 1. Exemplary structures for metal–NHC complexes with promising properties for medicinal
applications.

RuII-arene complexes of the general formula [RuII(arene)(X)(Y)(Z)] are well-established
bioactive compounds.68,90,293-295 The ligands coordinated to the Ru center can be mono- or
multidentate and influence the chemical and biological properties of the compounds.87,93,97,296298

NHC ligands coordinated to bioactive metals such as Ru afforded remarkably stable

complexes and some (benz)imidazole-derived NHC–Ru complexes exhibiting strong
antiproliferative effects possibly through inhibition of TrxR.299 Compared to the number of
monodentate NHC ligands used in complexes with biological properties, the literature is scarce
for bioactive complexes that feature bidentate ligands containing an NHC group.170,173 In this
paper, we aim to fill this gap with the introduction of N,C-coordinating pyridyl-functionalized
NHC ligands and studies on the impact of such modifications on stability and reactivity towards
biomolecules as well as in vitro cytotoxicity and cellular uptake.
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Results and discussion
The precursors 2-(1H-imidazol-1-yl)-pyridine I, 2-(1H-benzimidazol-1-yl)-pyridine II, 1-(2pyridinylmethyl)-1H-imidazole III and 1-(2-pyridinylmethyl)-1H-benzimidazole IV were
prepared using a modified Ullman-type CuI coupling reaction between 2-bromopyridine
derivatives and the chosen azole in DMSO instead of DMF and by replacing K2CO3 with
K3PO4.300-304 The subsequent N-alkylation of the second imidazole nitrogen atom in I−IV
afforded 1−10 in mostly high yields (Table S1) following literature procedures for 1−5 and
7−10.300-304 The identity of precursors I–IV and ligands 1–10 was confirmed by NMR
spectroscopy and electrospray ionization mass spectrometry (ESI-MS; Supporting
Information, Table S2). In case of the ethyl ester derivative 5, the ESI mass spectra showed a
transesterification with methanol during the analysis of the compounds.
The synthesis of the RuII(arene) compounds was initially attempted using the classic silvermediated transmetalation with Ag2O to form the Ag(NHC) intermediate, to which [RuII(η6-pcymene)Cl2]2 was added.305-307 However, this strategy was unsuccessful and instead a route
using first AgPF6, and subsequently adding Ag2O and [RuII(η6-p-cymene)X2]2 was used
(Scheme 1). The presence of the halide in the complexation reaction led to the formation of an
insoluble product and caused difficulties in the isolation of the products and addition of AgPF6
to the imidazolium halides leads to the formation of AgX (X = Br, I).302 A solvent combination
of dichloromethane (DCM) : 1,2-dichloroethane (DCE) (3: 1) provided the best results to afford
the bidentate NHC complexes. The imidazolium carbene precursor was dissolved in DCE
before DCM was added. Addition of AgPF6 to the mixture caused immediate precipitation of
AgX, indicating halide/PF6 metathesis. The reaction was then kept in darkness and stirred at
55 °C for 3 h before Ag2O was added and the temperature was increased to 65 °C to produce
the AgI(NHC-pyridin-2-yl) intermediate. A reaction time of 24 h was identified as the optimal
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time to allow for complete conversion. Then, [RuII(η6-p-cymene)X2]2 was added and the
reaction mixture was stirred overnight. The stoichiometry of Ag2O and NHC-pyridin-2-yl
precursor was identified as crucial for successful conversion and the highest yield and purity
was obtained when using ratios around 2 : 2.5 : 1.5 : 1.5 of NHC precursor : AgPF6 : Ag2O :
[RuCl2(η6-p-cymene)]2 (compare the experimental part for the exact ratios used for the
individual complexes). This synthetic approach allowed the isolation of the novel compounds
4a–6a, 9a and 10a, while 1a–3a, 7a and 8a have been reported earlier.286,308-310

Scheme 1. Preparation of the Ru complexes 1a–10a. The counter ions to the imidazolium compounds
1–10 were bromide (3–5, 7, 9, 10) or iodide (1, 2, 8) The numbering scheme was used to assign the
peaks observed in the NMR spectra.

Characterization of the complexes by NMR, ESI-MS, elemental analysis and X-ray diffraction
(for the new derivatives 4a–6a and 10a) indicated successful formation of 1a−10a in which the
ligands can form five- or six-membered rings with the Ru center. In the 1H NMR spectra, the
absence of a signal assignable to the pro-carbenic proton H-3 (compare Scheme 1 for the atom
labelling) and the downfield shift (from 8.7 to 9.4 ppm) of H-13 suggested that the RuII centre
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coordinated to the bidentate ligand through its C-3 and N-12 atoms. Introduction of the RuII(η6p-cymene) moiety resulted in several distinct signals in the aromatic and aliphatic regions. In
addition, the protons of the methylene linker between the (benz)imidazole and/or of the CH2
group of the benzyl or of the 2-acetyl substituents became diastereotopic upon metal
coordination (compare Figure S1). The p-cymene aromatic protons H-25a/b and H-26a/b were
observed in the range of 5.76–6.45 ppm as four individual doublets which is common for
compounds featuring bidentate co-ligands.
The NMR data was supported by ESI-MS studies, providing further confirmation on the
identity of the complexes synthesized. The ESI-mass spectra contained mainly the
pseudomolecular ions [M – PF6]+ (Table S3). In addition, for 5a transesterification to the
methyl ester was detected, most probably again due to MeOH being used as the solvent for the
MS experiments. The compounds were found to be hygroscopic and the elemental analyses
indicated for several compounds the presence of solvent molecules. Furthermore, the X-ray
crystallographic data for 4a indicated the presence of small amounts of bromide ligands instead
of chlorido (see below).
Single crystals suitable for X-ray diffraction analysis of 4a, 5a, 6a, 8a and 10a were grown via
slow diffusion of diethyl ether into a saturated solution of the complex in acetone. The X-ray
crystallographic data for all complexes is given in Table S4 and the key bond parameters in
Table 1. Complexes 5a and 6a crystallized in the triclinic space group P-1, while 4a, 8a and
10a gave the monoclinic, orthorhombic, and monoclinic space groups P21/n, Pna21, and I2/c,
respectively. As expected, the complexes adopted a pseudo-octahedral piano-stool
configuration (Figures 2 and S2), with the p-cymene acting as the seat and the bidentate NHC
ligand and chlorido group as the legs. In all cases the complexes crystallized as a mixture of
enantiomers with the chiral center located at the metal. The structures of 8a and 10a feature a
methylene spacer between the NHC and the pyridyl groups which is absent in 4a–6a.
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Therefore, the latter structures form a virtually planar 5-membered ring with the ruthenium
center. In the structures of 8a and 10a, the metal center is part of a 6-membered ring system
and the planarity is absent. This makes the latter compounds less rigid.

Figure 2. ORTEP representation of the molecular structure of one of the enantiomers of 4a (top) and
of 10a (bottom) drawn at 50% ellipsoid levels. The counter ions and any solvent molecules were omitted
for clarity.

For complex 4a the Ru–CNHC bond length is the shortest of the structures analyzed (1.997(3) Å) while
10a features the longest (2.039(6) Å). The Ru–Cl bonds were as expected in the range of 2.4 Å. Note
that the structure of 4a was refined with 11.4(3)% Br replacing the chlorido ligands. The Ru–N bond in
8a is notably longer than in the other complexes (Table 1). Inspection of the structures of 8a and 10a
revealed that the methylene protons are in different chemical environments, explaining the
diastereotopic behavior in the 1H NMR spectroscopy experiments. For complexes 4a, 8a and 10a π-
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stacking interactions were observed occurring between the benzimidazole moieties of the NHC ligands
of the two enantiomers found in the molecular structures (Figure S3 for 4a). In contrast, in the structures
of 5a and 6a (Figure S2), the π-stacking interactions were formed between the pyridyl rings of the two
enantiomers. The shortest distances were found for 4a at 3.357 Å, followed by 10a (3.376 Å), 6a (3.378
Å), 8a (3.473 Å), and 5a (3.510 Å). Notably, for 5a a mixture of the methyl and ethyl derivatives [36(1)
: 64(1)], were identified in the single crystal, confirming the propensity of transesterification of the
compound class.

Table 1. Key bond lengths (Å) and angles (°) for 4a-6a, 8a and 10a.
Complex

4a

5a

6a

8a a

10a

2.395(3)

2.414(1)

Bond length / Å
Ru–Cl

2.4012(6)

2.3999(6)

2.4152(5)

2.404(3)
Ru–CNHC

1.997(2)

2.017(3)

2.012(2)

2.022(9)

2.039(6)

2.013(9)
Ru–NPy

2.080(2)

2.100(2)

2.1079(17)

2.133(8)

2.114(2)

2.134(7)
Bond Angle / °
CNHC–Ru–NPy

76.09(10)

76.28(10)

76.44(7)

84.7(4)

85.31

85.1(3)
Cl–Ru–NPy

85.73(6)

86.52(6)

87.60(5)

86.3(3)

84.69

86.5(3)
Cl–Ru–CNHC

84.20(8)

83.00(8)

82.87(6)

86.5(3)
87.7(3)

a

two crystallographically independent molecules.
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87.80

Stability in DMSO and Aqueous Solution
Representative examples of complexes where the Ru center is part of five- (1a–3a) or sixmembered (8a and 10a) rings as well as 5a and 6a bearing an ester moiety were selected for
stability studies in DMSO-d6 and/or 20 %DMSO-d6/D2O by 1H NMR spectroscopy (Table S5).
In general, the compounds were fairly stable in DMSO-d6, however, over time a slow release
of the p-cymene ligand was observed as indicated by the appearance of signals around 7 ppm
in the 1H NMR spectra (compare Figure 3 for 1a). Compound 1a was the least stable of the
complexes investigated in terms of p-cymene release while bulkier groups around the metal
center where found give higher stability. The presence of the methylene linker did not influence
the stability in DMSO significantly (compare Figure S4 for 8a).

Figure 3. Time-dependent 1H NMR spectroscopic stability study for 1a in DMSO-d6 over 72 h. The
box denotes peaks assigned to the slow release of the p-cymene ligand.

In the case of the ester derivatives 5a and 6a, minor arene ligand cleavage was observed. It
appears as the ethyl ester moiety of 5a reacted slowly with residual water in the NMR solvent
124

yielding a carboxylic acid, while 6a did not seem to undergo such a hydrolysis process. The 1H
NMR spectra of 5a featured increasing signals at about 1.1 ppm which can be assigned to the
CH3 group of ethanol (Figure S5), while the signal of the CH2 group was covered by the water
peak. For the investigation of aqueous stability, studies were conducted for 2a and 8a, which
were dissolved in DMSO-d6, followed by immediate dilution with D2O to give a DMSO : D2O
ratio of 1 : 5) and analyzed by 1H NMR spectroscopy. Compound 8a was very stable with no
signs of chlorido/aqua ligand exchange observed, even after 72 h of incubation at room
temperature (Figure S6). In contrast, 2a underwent the ligand exchange reaction to form the
respective aqua complex 2aH2O with the first signs of a second species appearing in the 1H
NMR spectrum recorded after about 12 h of dissolution. The formation of the aqua complex
was indicated by additional peaks appearing both in the aromatic and aliphatic regions of the
1

H NMR spectra. Very notable changes were observed for H-13 which shifted upfield to about

9.2 ppm. Furthermore, the p-cymene protons were detected downfield of those assigned to the
chlorido complex (Figure 4). The assignment of these peaks as the respective aqua species was
achieved by experiments in which AgNO3 was added to the reaction mixture (Figure S7) and
comparison of the 1H NMR spectra showed large overlaps with the signals obtained in DMSOd6/D2O (Figure 4). In addition, p-cymene cleavage was observed to occur after around 1 d of
dissolution (grey shaded box in Figure 4). Similar observations were made in the reaction of
5a with AgNO3 in DMSO-d6/D2O while 8a could not be activated under these conditions (data
not shown). This behavior for 8a also confirms the observations made in pure DMSO-d6.
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Figure 4. Time-dependent 1H NMR spectroscopic stability study for 2a in DMSO-d6/D2O over 72 h
and for comparison a spectrum recorded 72 h after addition of AgNO3. The grey shaded box denotes
peaks assigned to the slow release of the p-cymene ligand. The boxes with the dashed lines indicate the
peaks assigned to the aqua complex formed over time.

In general, it appears that complexes with ligands that form six-membered rings with the metal
center are more stable than five-membered metallacycles, especially if they contain bulky
groups on the NHC. However, the stability studies indicate that the compounds have sufficient
stability for the preparation of samples for biological assays.
The exchange of the chlorido ligands of 1a and 7a was also investigated by density functional
theory (DFT) calculations in water and the gas phase using GAUSSIAN 09W to optimize
ground state structures and frequencies. In both cases the calculated energy difference for a
ligand Cl-/H2O exchange was slightly positive (Table S6; ΔE1a = 4.5 kcal/mol; ΔE7a = 7.9
kcal/mol). However, the calculations suggest that the formation of hydroxido complexes is
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energetically favored (ΔE1a = -59.5 kcal/mol; ΔE7a = -66.0 kcal/mol). This may be related to
the charge of the complex cation, which changes from + to 2+ in case of Cl-/H2O exchange but
remains constant for Cl-/OH-. Both complexes gave very similar results in these calculations
and the energetically favorable formation of the hydroxido complexes, will likely impact the
pKa values of their aqua complexes in solution. When measuring the pH values of aqueous
solutions of both 1a and 7a (0.7 µM), values of 4.9 and 4.2, respectively, were found. Analysis
of the frontier molecular orbitals of [1a]+ and [7a]+ and their respective aqua and hydroxido
analogues [1a/7aH2O]2+, and [1a/7aOH]+ (Figures S8 and S9) revealed that the LUMO orbitals
of [1a]+ and its derivatives are delocalized over the metal center and ligands with the Ru d
orbitals and π electrons of the pyridyl group contribute extensively, while the π electrons of the
carbene moiety only partially contribute. The HOMOs of [1a]+ and [1aH2O]2+ showed similar
Ru d orbital contribution and involve π electrons of the imidazolium moiety rather than of the
pyridyl group. The HOMOs of [1aOH]+ are delocalized over the Ru center and the OH- ligand.
For [7a]+, the HOMO and LUMO orbitals are similar to each other with the orbitals delocalized
over the metal center and ligands. Contrary to the LUMOs of [7a]+ and its derivatives, the
pyridyl group did not contribute to the LUMOs or HOMOs.

Interactions with biological molecules
Metallodrugs are exposed to a variety of biomolecules once administered to a living organism.
Their pharmacological properties depend on the nature of these interactions. In order to
investigate the NHC complexes for their reactivity with biomolecules, the five- or sixmembered metallacycles 1a and 7a were selected for studies with the small biological
molecules L-cysteine (Cys), L-methionine (Met), L-histidine, and 9-ethylguanine (EtG) in 10%
D6-DMSO/D2O. The reactions were monitored by 1H NMR spectroscopy for up to 2 d.
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The reaction of 7a with His at a molar ratio of 1 : 1 was monitored over a period of 24 h and
resulted in the immediate formation of a dative bond between the imidazole-N and the
ruthenium center by exchange of a chlorido ligand (Figure 5). This was indicated by the
appearance of a new signal in the 1H NMR spectra at about 8.5 ppm which was assigned to H2imidazole of His. A significant downfield shift of about 0.8 ppm clearly indicates coordination
of Ru to the N-imidazole moiety of His. The five-membered metallacycle 1a also initially
reacted with His in a similar fashion. However, over the course of the experiment, several sets
of signals were detected in the 1H NMR spectra, which may be a sign for further reactions
taking place, possibly with His acting as a bidentate ligand (Figure S10). This clearly shows
that there is a differing degree of reactivity between the two classes of compounds, with the 6membered metallacycle being more stable than the 5-membered analogues.

Figure 5. 1H NMR spectroscopic study of the reaction between 7a and His in 10% D6-DMSO/D2O,
monitored for a period of 24 h. The new peaks assigned to reacted complex with His are highlighted in
a box.
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Neither 1a nor 7a reacted with Cys (molar ratio of 1 : 1) to form defined products (Figures.
S11 and S12). While 7a was remarkably stable, given that many other Ru(arene) compounds
decompose within minutes when reacted with Cys,311-313 1a underwent slow decomposition
and after 24 h a significant amount of the compound had decomposed. However, interestingly
also for this compound type the most abundant signals were still Some of the changes in the
spectra recorded for 7a may be due to oxidation of Cys itself (Fig. S9). The reactions under the
same conditions but with Met are in line with these observations. While 7a did not react with
Met, 1a slowly decomposed over time (Figures S13 and S14).
A similar set of experiments was conducted for 1a and 7a with the DNA model 9-ethylguanine
(EtG) by 1H NMR spectroscopy. DNA is considered as the main cellular target of the Ru
compound RAED, bearing a bidentate 1,2-ethylenediamine ligand and therefore being
structurally related to 1a. Incubation mixtures at molar ratios of approximately 1 : 1 and 1 : 2
(metal complexes : EtG) were analyzed 3 and 24 h after mixing by 1H NMR spectroscopy
(Figures 6 and S15). Metallacycle 1a only formed EtG adducts to a minor extent independent
of the molar ratio of the incubation mixture, as indicated by the appearance of a signal at around
8.3 ppm which can be assigned to H-8 of Ru-coordinated EtG (Figure S15). After 24 h, the
spectra markedly changed and featured several species, again supporting the low stability of
1a. In contrast, 7a formed in all cases a defined product with EtG coordinated to the Ru center,
while still some unreacted EtG was detected (Figure 6). The reaction occurred very quickly as
demonstrated by a significant downfield shift of the H8 signal of 9-EtG from ca. 7.8 to 8.3
ppm, indicating coordination of Ru to N7 of guanine. Integration of the signals at about 8.3 and
9.2 ppm showed after 3 h for both incubation mixtures a ratio of 0.6 : 1.0 (EtG : 7a) which
changed after 24 h to 1 : 0.8 and 1 :1.3 for the equimolar and 1 : 2 reaction mixtures,
respectively. Addition of a second equivalent of EtG did not impact the signal at 8.3 ppm but
led to an increase in intensity of the peak assigned to H8 of unreacted EtG at ca. 7.8 ppm.
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Figure 6. 1H NMR spectroscopic study of the reaction between 7a and EtG at molar ratios of 1 : 1 and
1 : 2 in 10% D6-DMSO/D2O and analyzed after 3 and 24 h. The box indicates the region that features
the signal for H-8 of Ru-coordinated EtG.

In vitro Anticancer Activity and Cell uptake
The in vitro antiproliferative activity of all complexes was studied in HCT116 human
colorectal, NCI-H460 non-small cell lung, SiHa cervical carcinoma, and SW480 colon
adenocarcinoma cells. The compounds resulted in a wide range of cytotoxic activity ranging
from IC50 values as low as 6.2 μM to not even reaching the IC50 value in the concentration
range used (Table 2). In general, the compounds were slightly more active in SiHa cells than
the other cell lines tested. Considering the structures of the complexes, the cytotoxicity
appeared to be dependent upon the lipophilicity as well as the stability of the complexes. The
most lipophilic and stable complexes were potent antiproliferative agents with IC50 values in
the low micromolar range (compare Table S7 for calculated octanol-water partition coefficients
for the imidazolium salts as the pro-carbene ligands). Both 4a and 10a are based on
benzimidazole and feature a benzyl group rather than a methyl group as in their derivatives 2a
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and 8a, and they were the most cytotoxic compounds of the series tested. While the clog P for
pro-carbene 4 is higher than for 10, the higher stability of 10a may explain the slightly higher
antiproliferative potency. When replacing benzimidazole with imidazole as in 3a and 9a, the
activity markedly dropped which was more pronounced in the case of 9a for which
antiproliferative activity was an order of magnitude lower than for 10a.
Table 2. In vitro cytotoxic activity of compounds 1a–10a in the human cancer cell lines HCT116
(colon), NCI-H460 (non-small cell lung), SiHa (cervix), and SW480 (colon) as determined by SRB
assay after 72 h incubation.

6-membered

5-membered

compound
HCT116

NCI-H460

SiHa

SW480

1a

> 250

> 250

> 250

> 250

2a

201 ± 22

174 ± 9

209 ± 13

> 215

3a

51± 3

48 ± 3

44 ± 1

58 ± 5

4a

16 ± 1

16 ± 0.3

14 ± 1

17 ± 1

5a

> 428

> 428

> 428

> 428

6a

199 ± 19

202 ± 23

159 ± 13

223 ± 17

7a

> 244

> 244

> 244

> 244

8a

69 ± 15

149 ± 7

57 ± 4

107 ± 11

9a

107 ± 5

130 ± 11

91 ± 3

130 ± 8

10a

8.3 ± 0.6

12 ± 1

6.2 ± 0.02

12 ± 2

-

-

-

5.9 ± 0.7

RAED-C a
a

IC50 values (μM)

taken from ref. 314, determined by MTT assay with 96 h incubation.

Making the compounds even more hydrophilic by the introduction of ester groups (5a and 6a)
caused another decrease in cytotoxicity with the IC50 values increasing significantly. The
compound most active in SW480 cells was 10a and it showed a similar activity as the widely

131

studied Ru complex RAED-C, though the conditions used to determine the antiproliferative
activity were different.314
With the aim of explaining the low antiproliferative activity of 8a as compared to 10a, the
cellular accumulation of these complexes was determined in HCT116. The structural difference
is that 8a features a methyl substituent which in 10a is replaced with a benzyl group. The
cellular content of the complexes was measured through the Ru levels in HCT116 cells after
incubations for 4, 24, and 48 h by ICP-MS. Within the first 24 h there was hardly any difference
in the intracellular Ru amounts detectable (Figure 7). Incubation experiments for 48 h showed
that 10a is taken up into the cells slightly more effectively than its methyl counterpart 8a and
significantly higher Ru levels for both compounds were measured than at the first two time
points. Some of the behavior of the complexes may be explained by their lipophilicity (Table
S7) which is considerably lower for pro-carbene 8 than for 10. However, the impact of
lipophilicity on cellular uptake was less than expected and cannot fully explain the difference
in IC50 values between these compounds. The higher cytotoxic activity of 10a is probably
related to additional factors and may be the result of a differing interaction with biological
targets due to the hydrophobic benzyl residue.

Figure 7. Cellular uptake of compounds 8a and 10a in HCT116 cells after incubation for 4, 24, or 48
h. Statistical analysis was carried out using the t test (* p < 0.05).
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CONCLUSIONS
Organoruthenium complexes with monodentate NHC ligands have been demonstrated to
possess tunable cytotoxic activity depending on the substituent.288 Herein, we report bidentate
NHC-pyridyl ligands and the preparation of the respective Ru(cym) complexes to study the
effect of both hydrophobic and hydrophilic groups on their biological activity. The compounds
were characterized by standard methods and were found to crystallize as enantiomer mixtures.
In case of the ester compound 5a, transesterification was observed in methanol solution.
Stability studies in DMSO with the complexes featuring five- (1a–3a) or six-membered (8a
and 10a) rings as well as the ester-functionalized 5a and 6a revealed that 1a was the least stable
compound. In water, 8a was very stable while 2a underwent a chlorido/aqua ligand exchange,
which was further supported by studies using AgNO3 to abstract the chlorido ligand from the
Ru center. We used the five- and six-membered metallacycles 1a and 7a, respectively, to
investigate the compounds’ reactivity to biological molecules. Compound 7a was stable in
presence of Cys while 1a slowly decomposed. This is remarkable given that many other
organoruthenium compounds decompose rapidly in the presence of Cys. In general both
compounds behaved differently; while 7a reacted with His and EtG, 1a slowly degraded with
His and EtG.
The in vitro anticancer activity studies showed that 10a was the most active compound in all
cell lines investigated while the more hydrophilic compounds were least active. The impact of
the lipophilicity is reflected in the clog P values found for the pro-carbenes and taking into
consideration the stability of the complexes and therewith the retained +1 charge for the
complex cation, while chlorido/aqua exchange would give a +2 charge state. This was
confirmed to some extent by the higher cellular accumulation for 10a as compared to its closest
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analogue in the series 8a. However, additional factors, such as target interaction in dependence
of the substituents, must contribute to the overall biological properties.

EXPERIMENTAL SECTION
General
All air-sensitive reactions were carried out under N2 flow in standard Schlenk or round-bottom
flasks. The preparation of RuII(NHC-pyridin-2-yl) complexes was done in darkness by
covering the flask with aluminium foil to prevent photolytic degradation. Solvents such as
acetonitrile (MeCN) and dichloromethane (DCM) were dried using a solvent purification
system (LC Technology Solutions., SP-1 solvent purifier). Purified solvents were transferred
into flasks that were dried under high vacuum and purged with N2 prior to use.
Chemicals and Reagents
The chemicals and solvents were purchased from commercial suppliers. 1-Methylimidazole
(99%) was from Arcos Organic, 2-(bromomethyl)pyridine hydrobromide (98%), imidazole
(99%), potassium phosphate tribasic (98%), silver hexafluorophosphate (98%), α-terpinene
(89%) and 2-bromopyridine (99%) were from Sigma-Aldrich. Benzimidazole (98%), L-proline
(98%), and copper(I) iodide (98%) were bought from AK Scientific. Ethyl-2-bromoacetate
(98%) and iodomethane (99%) were products of Merck. Ruthenium(III) chloride trihydrate
(99%) was obtained from Precious Metals Online and silver(I) oxide (AR) from Oakwood
Products. Compounds 1–10, 1a–3a, 9a and 10a were synthesized following literature
procedures with slight modifications.300-304
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Physical Measurements
Elemental analyses were conducted on a vario EL cube (Elementar Analysensysteme GmbH,
Hanau, Germany). 1D and 2D (1H−13C HSQC, and HMBC) NMR spectra were recorded on
Bruker Avance AVIII 400 MHz NMR spectrometers at ambient temperature at 400.13 MHz
(1H) or 100.57 MHz (13C{1H}). Acetone-d6, CDCl3, MeOD-d4 and DMSO-d6 were used as
NMR solvents. High resolution mass spectra were recorded on a Bruker micrOTOF-Q II ESIMS in positive ion mode.
X-ray diffraction measurements of single crystals of 4a–6a, and 10a were performed on a
Rigaku Oxford Diffraction XtaLAB-Synergy-S single-crystal diffractometer with a PILATUS
200K hybrid pixel array detector using Cu Kα radiation (λ = 1.54184 Å; Table S2). The X-ray
single crystal diffraction measurement of 8a was performed on a Siemens/Bruker SMART
APEX II single-crystal diffractometer with a CCD area detector using graphitemonochromated Mo Kα radiation (λ = 0.71073 Å; The data were processed with the
SHELX2016 and Olex2 software packages.256,315 All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were inserted at calculated positions and refined with a riding
model or without restrictions. Mercury 3.9.316 was used to visualize the molecular structures.

Syntheses
1-(Pyridin-2-yl)-3-(tert-butylacet-2-yl)imidazolium bromide 6
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Compound 6 was prepared by refluxing I (100 mg, 0.44 mmol) with tert-butyl bromoacetate
(0.10 mL, 0.63 mmol) in acetonitrile (40 mL) for 24 h. The solvent was removed under reduced
pressure, and the crude product was purified by trituration with acetone, affording the pure
product as a pale brown solid (0.12 g, 81%). HRMS (ESI+): m/z = 260.1389 [M – Br]+ (mcalc =
260.1394). 1H NMR (400.13 MHz, DMSO-d6); δ (ppm) 10.14 (s, 1H, H-3), 8.65–8.68 (m, 1H,
H-13), 8.58 (t, 3J = 2 Hz, 1H, H-5), 8.24 (m, 1H, H-15), 8.08 (d, 3J = 9 Hz, 1H, H-16), 8.04 (t,
3

J = 2 Hz, 1H, H-1), 7.65–7.69 (m, 1H, H-14), 5.27 (s, 2H, H-17), 1.48 (s, 9H, H-20, H-21, H-

22). 13C{1H} NMR (100.57 MHz, DMSO-d6): δ (ppm) 165.3 (C-18), 149.3 (C-13), 146.43 (C11), 140.9 (C-15), 136.1 (C-3), 125.5 (C-14), 125.1 (C-1), 119.0 (C-5), 114.5 (C-16), 83.1 (C19), 50.3(C-17), 27.6 (C-20, C-21, C-22).

General procedure for the synthesis of the Ru complexes: Compounds 1–10 (2.0 mol
equiv.) and silver hexafluorophosphate (2.5–3.0 mol equiv.) were added to dry acetonitrile or
THF (Table S1) and methanol (1 mL) in a dry Schlenk flask under N2. The flask was sealed
and the mixture was allowed to stir in darkness at 55 °C for 3 h. Ag2O (1.4–1.5 mol equiv.)
was added and the mixture stirred in darkness for a further 24 h at 65 °C. A solution of
[RuCl2(ƞ6-p-cymene)]2 (1.4-1.5 mol equiv.) in dry 1,2-dichloroethane and dichloromethane
was added and allowed to stir at 70 °C in darkness overnight. The resultant suspension was
filtered over celite, the filtrate collected and reduced to dryness. Purification was performed
via column chromatography over silica (MeOH : CH2Cl2 [1 : 25]). The solvent of the collected
fractions was evaporated, the crude compound was dissolved in a minimal amount of MeOH
and precipitated by addition of diethyl ether. The precipitate was dried in vacuo to afford the
Ru(ƞ6-p-cymene) complexes.
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[Chlorido(1-benzyl-3-{pyridin-2-yl}-benzimidazole-2-ylidene)(ƞ6-p-cymene)ruthenium(II)]
hexafluorophosphate 4a

The synthesis of 4a was performed according to the general procedure using 4 (100 mg, 0.21
mmol), silver hexafluorophosphate (80 mg, 0.32 mmol), silver oxide (48 mg, 0.21 mmol), and
[RuCl2(ƞ6-p-cymene)]2 (110 mg, 1.7 mol equiv., 0.18 mmol) in dry dichloromethane and 1,2dichloroethane to afford an orange powder (120 mg, 88%). Single crystals suitable for X-ray
diffraction

analysis

were

grown

from

acetone/diethyl

ether.

Calcd.

for

C28H27ClF6N3PRu·0.5H2O: C, 48.32; H, 4.05; N, 6.04%. Found: C, 48.45; H, 3.94; N, 6.21.
HRMS (ESI+): m/z = 556.1076 [M – PF6]+ (mcalc = 556.1094). 1H NMR (400.13 MHz, acetoned6); δ (ppm) 9.48–9.51 (m, 1H, H-13), 8.61 (d, 3J = 8 Hz, 1H, H-6), 8.49 (d, 3J = 8 Hz, 1H, H16), 8.34 (td, 3J = 8 Hz, 4J = 2 Hz, 1H, H-15), 7.54–7.24 (m, 9H, H-7, H-8, H-9, H-19, H-20,
H-21, H-22, H-23), 6.42 (dd, 3J = 7 Hz, 4J = 1.9 Hz, 1H, H-26a/b), 6.31 (dd, 3J = 7 Hz, 4J = 2
Hz, 1H, H-25a/b), 6.21 (d, 2J = 17 Hz, 1H, H17a/b), 6.16 (dd, 3J = 7 Hz, 4J = 2 Hz, 1H, H25a/b), 5.99 (d, 2J = 16 Hz, 1H, H17a/b), 5.91 (dd, 3J = 7 Hz, 4J = 2 Hz, 1H, H-26a/b), 2.35
(sept, 3J = 7 Hz, 1H, H-28), 2.11 (s, 3H, H-30), 0.83 (d, 3J = 7 Hz, 3H, H-29a/b), 0.81 (d, 3J =7
Hz, 3H, H-29a/b). 13C{1H} NMR (100.57 MHz, acetone-d6): δ (ppm) 183.1 (C-3), 156.5 (C13), 152.6 (C-11), 142.0 (C-15), 135.6 (C-18), 135.2 (C-5), 130.7 (C-1), 129.0 (C-20, C-22),
128.3 (C-21), 127.4 (C-19, C-23), 125.4 (C-8, C-7), 122.9 (C-14), 113.5 (C-16), 113.1 (C-9),
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113.0 (C-6), 109.7 (C24), 107.2 (C27), 92.0 (C-25a/b), 88.0 (C-26a/b), 52.8 (C-17), 30.4 (C24), 22.0 (C-29a/b), 21.8 (C-29a/b), 18.6 (C-30).
[Chlorido(1-{ethylacet-2-yl}-3-{pyridin-2-yl}-imidazole-2-ylidene)(ƞ6-pcymene)ruthenium(II)] hexafluorophosphate 5a

The synthesis of 5a was performed according to the general procedure using 5 (150 mg, 0.48
mmol), silver hexafluorophosphate (160 mg, 0.65 mmol), silver oxide (75 mg, 0.32 mmol) and
[RuCl2(ƞ6-p-cymene)]2 (202 mg, 0.33 mmol) in dry acetonitrile to afford a yellow powder (120
mg, 74%). Single crystals suitable for X-ray diffraction analysis were grown from acetonemethanol/diethyl ether. Anal. Calcd. for C22H27ClF6N3O2PRu·H2O·1.5CH2Cl2.0.6MeCN: C,
36.31; H, 4.17; N, 6.17%. Found: C, 36.04; H, 4.00; N, 6.56. HRMS (ESI+): m/z = 502.0826
[M – PF6]+ (mcalc = 502.0832). 1H NMR (400.13 MHz, acetone-d6): δ (ppm) 9.42 (d, 3J = 6 Hz,
1H, H-13), 8.33 (d, 1H, 3J = 2 Hz, H-1), 8.30 (t, 3J = 7 Hz, 1H, H-15), 8.16 (d, 3J = 8 Hz, 1H,
H-16), 7.83 (d, 3J = 2 Hz, 1H, H-5), 7.57 (t, 3J = 7 Hz, H, H-14), 6.31 (d, 3J = 6 Hz, 1H, H25a/b), 6.22–6.25 (m, 2H, 26a/b, 25a/b), 5.73 (d, 3J = 6 Hz, 1H, H-25a/b), 5.37–5.48 (m, 2H,
17a/b), 4.39 (quart, 3J = 7 Hz, 2H, H-19), 2.53 (sept, 3J = 7 Hz, 1H, H-28), 2.21 (s, 3H, H-30),
1.35 (t, 3J = 6 Hz, 3H, H-20), 0.98 (d, 3J = 7 Hz, 6H, H-29a, 29b).13C{1H} NMR (100.57 MHz,
acetone-d6): δ (ppm) 169.4 (C-18), 166.3 (C-3), 156.7 (C-13), 152.9 (C-11), 142.5 (C-15),
127.2 (C-5), 124.2 (C-14), 117.9 (C-1), 113.5 (C-16), 109.3 (C-24), 92.1 (C-25a/b), 91.9 (C-
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26a/b), 87.8 (C-25a/b), 83.1 (C-26a/b), 63.2 (C-19), 53.1 (C-28), 52.9 (C-17a/b), 31.8 (C-28),
22.7 (C-29a/b), 22.3 (C-29a/b), 19.1 (C-30), 14.4 (C-20a/b).
[Chlorido(1-{t-butylacet-2-yl}-3-{pyridin-2-yl}-imidazole-2-ylidene)ruthenium(II)]
hexafluorophosphate 6a

The synthesis of 6a was performed according to the general using 6 (150 mg, 0.44 mmol),
silver hexafluorophosphate (150 mg, 0.58 mmol), silver oxide (100 mg, 1.7 mol equiv., 0.43
mmol) and [RuCl2(ƞ6-p-cymene)]2 (180 mg, 0.29 mmol) in dry dichloromethane and 1,2dichloroethane to afford an orange powder (310 mg, 79%). Anal. Calcd. for
C24H31ClF6N3O2PRu·H2O·2CH2Cl2: C, 36.19; H, 4.32; N, 4.87%. Found: C, 36.17; H, 4.26;
N, 5.33. HRMS (ESI+): m/z = 530.1147 [M – PF6]+ (mcalc = 530.1144). 1H NMR (400.13 MHz,
DMSO-d6); δ (ppm) 9.33 (d, 3J = 6 Hz, 1H, H-13), 8.48 (d, 3J = 2 Hz, H-5), 8.29 (td, 3J = 8 Hz,
4

J = 2 Hz, 1H, H-15), 8.22 (d, 3J = 8 Hz, 1H, H-14), 7.84 (d, 3J = 3 Hz, 1H, H-1), 7.56 (td, 3J

= 7 Hz, 4J = 2 Hz, 1H, H-14), 6.28 (d, 3J = 7 Hz, 1H, H-25a/b), 6.21 (d, 3J = 6.4 Hz, 1H, H26a/b), 6.04 (d, 3J = 7 Hz, 1H, H-25a/b), 5.75 (d, 3J = 6 Hz, 1H, H-26a/b), 5.33 (d, 2J = 17 Hz,
1H, H-17a/b), 5.15 (d, 2J = 18 Hz, 1H, H-17a/b), 2.68 (sept, 3J = 7 Hz, 1H, H-28), 2.11 (s, 3H,
H-30), 1.55 (s, 9H, H-20a/b/c), 0.86 (d, 3J = 3 Hz, 3H, H-29a/b), 0.84 (d, 3J = 3 Hz, 3H, H29a/b). 13C{1H} NMR (100.57 MHz, DMSO-d6): δ (ppm) 185.6 (C-18), 167.2 (C-3), 155.7 (C13), 150.8 (C-11), 141.8 (C-15), 126.2 (C-1), 123.1 (C-14), 117.0 (C-5), 115.9 (C-24), 114.7
(C-27), 112.6 (C-16), 90.8 (C-25a/b), 90.6 (C-26a/b), 86.3 (C-26a/b), 83.1 (C-19), 81.8 (C139

25a/b), 52.4 (C-17), 30.5 (C-28), 27.7 (C-20a/b/c), 27.6 (C-22a/b), 21.9 (C-29a/b), 18.5 (C30).
[Chlorido(1-benzyl-3-{pyridin-2-ylmethyl}-imidazole-2-ylidene)(ƞ6-pcymene)ruthenium(II)] hexafluorophosphate 9a

The synthesis of 9a was performed according to the general complexation procedure using 9
(150 mg, 0.46 mmol), silver hexafluorophosphate (150 mg, 0.60 mmol), silver oxide (75 mg,
0.33 mmol) and [RuCl2(ƞ6-p-cymene)]2 (194 mg, 0.32 mmol) in dry dichloromethane and 1,2dichloroethane to afford an orange powder (70 mg, 46%). Anal. Calcd. for
C26H29ClF6N3PRu·0.2CH3(CH2)4CH3: C, 47.88; H, 4.70; N, 6.16%. Found: C, 47.57; H, 4.34;
N, 5.85. HRMS (ESI+): m/z = 520.1075 [M – PF6]+ (mcalc = 520.1092).1H NMR (400.13 MHz,
DMSO-d6); δ (ppm) 9.22 (d, 3J = 6 Hz, 1H, H-13), 8.08 (td, 3J = 8 Hz, 4J = 2 Hz, 1H, H-15),
7.71 (d, 3J = 8 Hz, 1H, H-16), 7.66 (d, 3J = 8 Hz, 1H, H-1) 7.56 (t, 3J = 7 Hz, 1H, H-5), 7.34–
7.45 (m, 5H, H-19, H-23, H-21, H-22, H-20), 7.24 (d, 3J = 8 Hz, 1H, H-1), 5.87 (d, 3J = 6 Hz,
1H, H-26a/b), 5.82, (dd, 3J = 17 Hz, 4J = 6 Hz, 1H, H-25a/b), 5.66 (d, 3J = 16 Hz, 1H, H-10a/b),
5.56–5.63 (m, 2H, H-23, H26a/b), 5.44 (d, 3J = 15 Hz, 2H, H-17a/b), 4.98 (d, 3J = 16 Hz, 1H,
H-10a/b), 2.69–2.77 (m, 1H, H-28), 2.06 (s, 3H, C30), 1.10 (d, 3J = 7 Hz, 6H, H-29a, H-29b).
13

C{1H} NMR (100.57 MHz, acetone-d6): δ (ppm) 176.2 (C-11), 159.9 (C-13), 157.5 (C-3),

140.6 (C-15), 137.7 (C-18), 129.7 (C- 23/19), 129.4 (C-22/20), 129.1 (C-21), 125.9 (C-1),
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125.6 (C-5), 123.9 (C-16), 123.6 (C-14), 112.4 (C-27), 103.3 (C-24), 90.1 (C-25a/b), 87.2 (C26a/b), 85.7 (C-25a/b), 85.6 (C-26a/b), 55.0 (C-710a/b), 54.5 (C-17), 32.3 (C-28), 24.0 (C-30),
21.4 (C-29a/b), 18.7 (C-29a/b).
[Chlorido(1-benzyl-3-{pyridin-2-ylmethyl}-benzimidazole-2-ylidene)(ƞ6-pcymene)ruthenium(II)] hexafluorophosphate 10a

The synthesis of 10a was performed according to the general procedure using 10 (150 mg, 0.40
mmol), silver hexafluorophosphate (130 mg, 0.51 mmol), silver oxide (90 mg, 1.96 mol equiv.,
0.39 mmol) and [RuCl2(ƞ6-p-cymene)]2 (180 mg, 0.30 mmol) in dry dichloromethane and 1,2dichloroethane to afford an orange powder (75 mg, 42%). Single crystals suitable for X-ray
diffraction

analysis

were

grown

from

acetone/diethyl

ether.

Anal.

Calcd.

for

C30H31ClF6N3PRu·0.3H2O: C, 50.01; H, 4.42; N, 5.83%. Found: C, 50.28; H, 4.79; N, 5.72.
HRMS (ESI+): m/z = 570.1267 [M – PF6]+ (mcalc = 570.1245). 1H NMR (400.13 MHz, DMSOd6); δ (ppm) 9.25 (d, 3J = 6 Hz, 1H, H-13), 8.13 (td, 3J = 8 Hz, 4J =2 Hz, 1H, H-15), 8.08 (d, 3J
= 8.4 Hz, 1H, H-6), 7.96 (dd, 3J = 8 Hz, 4J =2 Hz, 1H, H- 16), 7.61 (td, 3J = 7 Hz, 4J = 2 Hz,
1H, H-14), 7.44–7.42 (m, 8H, H-19, H-21, H-23, H-20, H-22, H-7, H-8, H-9), 6.27 (d, 2J = 17
Hz, 1H, H-10a/b), 5.96 (dd, 3J = 6 Hz, 4J = 2 Hz, 1H, H-26a/b), 5.93 (s, 2H, H-17), 5.82 (dd,
3

J = 6 Hz, 4J = 2 Hz, 1H, H-25a/b), 5.77 (dd, 3J = 6 Hz, 4J = 2 Hz, 1H, H-25a/b), 5.67 (dd, 3J

= 7 Hz, 4J = 2 Hz, 1H, H-26a/b), 5.08 (d, 2J = 16 Hz, 1H, H-10a/b), 2.73 (sept, 3J = 7 Hz, 1H,
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H-27), 2.02 (s, 3H, H-30), 1.13 (d, 3J = 7 Hz, 3H, H-29a/b), 1.05 (d, 3J = 7Hz, 3H, H-29a/b).
13

C{1H} NMR (100.57 MHz, DMSO-d6): δ (ppm) 190.7 (C-11), 156.5 (C-13), 151.7 (C-3),

139.9 (C-15), 136.4 (C-18), 134.2 (C-5), 133.8 (C-1), 128.7 (C- 19/23), 127.8 (C-21), 126.5
(C-20/22), 125.1 (C-7), 124.7 (C-8/14),123.5 (C-8/14), 111.7 (C-6), 111.1 (C-27), 110.6 (C9), 101.45 (C-24), 88.8 (C-25a/b), 87.8 (C-26a/b), 85.8 (C-25a/b), 85.2 (C-26a/b), 51.4 (C10a/b), 49.7 (C-17), 30.7 (C-28), 22.7 (C-30), 21.1 (C-29a/b), 17.9 (C-29a/b).

Stability studies. For the stability studies in DMSO, 1a–3a, 5a, 6a, 8a and 10a (1–2 mg) were
dissolved in in DMSO-d6 and 1H NMR spectra were recorded after 0, 1, 3, 12, 24, 48 and 72
h. To determine the stability in aqueous solution, 2a and 8a (1–2 mg) were dissolved in DMSOd6 and diluted with D2O (1 : 5) and 1H NMR spectra were collected over 3 days. The same
experiment was conducted but 1 eq of AgNO3 was added to induce the exchange of the chlorido
with an aqua ligand.

DFT calculations. GAUSSIAN 09W317 was used to calculate the optimized ground state
structures and frequencies for the different molecules by density functional theory (DFT) with
the B3LYP hybrid exchange functional and a split basis set for C, H, N, O, Cl (6-31G(d,p))
and the transitional metal ruthenium (SDDAll) in vacuum. The SCRF (self-consistent reaction
field) keyword was implemented for the optimization of aqueous simulation of the molecules.
This method is the integral equation formalism variant of the Polarizable Continuum Model
(IEFPCM).318 The frontier orbitals were viewed and obtained through the Avogadro software
(version 1.2.0).319
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Biomolecule Interaction. The biomolecule interactions of 1a and 7a were studied by 1H NMR
spectroscopy. The complexes 1a were dissolved in DMSO-d6 and diluted with D2O to obtain
a 20% DMSO-d6/D2O solution. Equimolar amounts of the amino acids Met, Cys, and His were
added to each complex and 1H NMR spectra were collected over periods of up to 24 h. The 1H
NMR spectra for the reactions of each complex and 9-ethylguanine at equimolar and 1 : 2 ratios
were recorded 3 and 24 h after mixing.

Sulforhodamine B Cytotoxicity Assay. HCT116, SW480 and NCI-H460 cells were supplied
by ATCC, while SiHa cells were from Dr.David Cowan, Ontario Cancer Institute, Canada. The
cells were grown in αMEM (Life Technologies) supplemented with 5% fetal calf serum
(Moregate Biotech) at 37 °C in a humidified incubator with 5% CO2.
The cells were seeded at 750 (HCT116, NCI-H460), 4000 (SiHa) or 5000 (SW480) cells/well
in 96-well plates and left to settle for 24 h. The compounds were added to the plates in a series
of 3-fold dilutions, containing a maximum of 0.5% DMSO at the highest concentration. The
assay was terminated after 72 h by addition of 10% trichloroacetic acid (Merck Millipore) at 4
°C for 1 h. The cells were stained with 0.4% sulforhodamine B (Sigma-Aldrich) in 1% acetic
acid for 30 min in the dark at room temperature and then washed with 1% acetic acid to remove
unbound dye. The stain was dissolved in unbuffered Tris base (10 mM; Serva) for 30 min on a
plate shaker in the dark and quantified on a BioTek EL808 microplate reader at an absorbance
wavelength of 490 nm with 450 nm as the reference wavelength to determine the percentage
of cell growth inhibition by determining the absorbance of each sample relative to a negative
(no inhibitor) and a no-growth control (day 0). The IC50 values were calculated with SigmaPlot
12.5 using a three-parameter logistic sigmoidal dose−response curve between the calculated
growth inhibition and the compound concentration. The presented IC50 values are the mean of
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at least 3 independent experiments, where 10 concentrations were tested in duplicate for each
compound.
Cellular Accumulation
The cellular uptake experiments were carried out as described previously. HCT116 cells (4 ×
105 /well) were seeded into 6-well plates and allowed to settle for 24 h at 37 °C and 5% CO2.
The compounds 8a and 10a were dissolved in DMSO (6900 and 824 μM, respectively) and
diluted with media to a concentration of 1% DMSO to reach their previously determined IC50
values. The cells were incubated with metal complexes for 4, 24, and 48 h, after which the
medium was removed and the cells were washed twice with 1 mL of ice-cold PBS buffer. The
cells were lysed with 2 mL of concentrated nitric acid (containing 0.1 μL of a 1000 ± 3 μg/mL
thulium standard as internal standard) and digested with an Ethos Up microwave digestion
system (Milestone). After the solutions were diluted with 10 mL of H2O the ruthenium content
was determined by ICP-MS (Agilent 7700) with an ASX-500 autosampler (CETAC
Technologies) in a Serie SuSi laminar flow hood (SPECTEC) equipped with a MicroMist
nebulizer and a Scott double pass spray chamber. The carrier gas flow rate was 1 mL min-1.
The instrument was tuned for cerium, cobalt, lithium, magnesium, thallium, and yttrium. The
reported values are the mean of at least 3 independent uptake experiments conducted with blank
wells for each substance to account for unspecific binding to the plastic of the well plates.
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(Pyridin-2-yl)-NHC Organoruthenium Complexes: Antiproliferative
properties and Reactivity Toward Biomolecules

Sanam Movassaghi, Sukhjit Singh, Aewan Mansur, Kelvin K. H. Tong, Muhammad Hanif,
Hannah U. Holtkamp, Tilo Söhnel, Stephen M. F. Jamieson, Christian G. Hartinger.
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Preparation and Characterization of I–IV and 1–12

Table S1. Reaction conditions for the preparation of ligands 1–10.

Ligand

Reagents/solvents

Conditions

Yield

1

Iodomethane, THF

reflux, 24 h

86%

2

Iodomethane, THF

reflux, 24 h

89%

3

Benzyl bromide, MeCN

reflux, 24 h

86%

4

Benzyl bromide, MeCN

reflux, 24 h

74%

5

Ethyl 2-bromoacetate, MeCN

reflux, 24 h

94%

6

tert-Butyl bromoacetate, MeCN

reflux, 24 h

81%

7

2-(Bromomethyl) pyridine, MeCN

reflux, 48 h

75%

8

Iodomethane, THF

reflux, 24 h

95%

9

Benzyl bromide, MeCN

reflux, 24 h

50%

10

Benzyl bromide, MeCN

reflux, 24 h

74%

Method (A): A mixture of (benz)imidazole (1.25 mol equiv.) and 2-bromopyridine (1.00 mol
equiv.) was suspended in a solution of degassed dimethyl sulfoxide (30 mL) and stirred for 5
min. Potassium phosphate (1.70 mol equiv.), L-proline (0.17 mol equiv.), (benz)imidazole
(1.25 mol equiv.) and copper(I) iodide (0.08 mol equiv.) were added to the mixture and kept at
110 °C for 48 h. The crude product was filtered and washed with dichloromethane (3 × 10 mL),
resulting in a brown filtrate which was collected. The organic phase was washed with water in
an extraction funnel until the aqueous layer turned clear. Anhydrous sodium sulfate was used
to dry the organic phase. The solvent was removed under reduced pressure and dried under
reduced pressure to afford the product.
Method (B): A mixture of (benz)imidazole (1.00 mol equiv.) and 2-(bromomethyl)pyridine
(1.00 mol equiv.) was suspended in a solution of tetrahydrofuran (30 mL). Potassium hydroxide
(4.00 mol equiv.) was added to the mixture and refluxed at 70 °C for 48 h, resulting in the
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formation of a crude yellow solid. The crude product was dissolved in dichloromethane and
washed with water in an extraction funnel resulting in the formation of a yellow solution. The
organic phase was then dried with anhydrous magnesium sulfate and filtered. The solvent was
removed under reduced pressure resulting in the formation of product as a yellow powder.
Method (C): A mixture of I–IV (1 mol equiv.) with the appropriate alkyl halide (methyl iodide
or benzyl bromide and ethyl-2-bromoacetate; 1–7 mol equiv.) was refluxed in acetonitrile or
tetrahydrofuran for 24 h. The solvent was removed under reduced pressure, and the crude
product was purified by trituration with acetone, affording the pure product.

Synthesis of 1-(pyridin-2-yl)imidazole I
The synthesis of I was performed according to method (A) using 2-bromopyridine (3.80 g, 24
mmol), potassium phosphate (8.50 g, 40 mmol), L-proline (0.50 g, 4 mmol), imidazole (2.0 g,
30 mmol) and copper(I) iodide (0.40 g, 2 mmol) to afford the product as a brown solid (2.80 g,
81%). HRMS (ESI+): (C8H7N3) m/z = 146.0717 [M + H]+ (mcalc = 146.0713).1H NMR (400.13
MHz, CDCl3): δ (ppm) 8.46–8.47 (m, 1H, H-13), 8.33 (s, 1H, H-3), 7.78–7.83 (m, 1H, H-15),
7.63 (brs, 1H, H-5), 7.33–7.35 (m, 1H, H-16), 7.20–7.24 (m, 1H, H-14), 7.18 (brs, 1H, H1).13C{1H} NMR (100.57 MHz, DMSO-d6): δ (ppm) 148.8 (C-13), 148.6 (C-11), 139.7 (C15), 135.1 (C-3), 130.1 (C-1), 122.2 (C-14), 116.5 (C-5), 112.7 (C-16).

Synthesis of 1-(pyridin-2-yl)benzimidazole II
The synthesis of II was performed according to method (A) using 2-bromopyridine (3.80 g, 24
mmol), potassium phosphate (8.50 g, 40 mmol), L-proline (0.46 g, 4 mmol), benzimidazole
(3.50 g, 30 mmol) and copper(I) iodide (0.40 g, 2 mmol) to afford the product as a dark brown
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solid (3.90 g, 84%). HRMS (ESI+): (C12H9N3) m/z = 196.0872 [M + H]+ and 218.0691 [M +
Na]+ (mcalc = 196.0869 and 218.0689). 1H NMR (400.13 MHz, CDCl3): δ (ppm) 8.60–8.62 (m,
1H, H-13), 8.58 (s, 1H, H-3), 8.05–8.08 (m, 1H, H-9), 7.86–7.92 (m, 2H, H-7, 15), 7.57–7.59
(m, 1H, H-16), 7.34–7.41 (m, 2H, H-6, 14), 7.28–7.32 (m, 1H, H-8).13C{1H} NMR (100.57
MHz, DMSO-d6): δ (ppm) 149.8 (C-11), 148.9 (C-13), 144.2 (C-9), 142.1 (C-2), 139.5 (C-15),
131.9 (C-1), 123.8 (C-14), 123.0 (C-6), 121.9 (C-8), 119.8 (C-7), 114.5 (C-16), 113.9 (C-9).

Synthesis of 1-(pyrid-2-ylmethyl)imidazole III
The synthesis of III was performed according to method (A) using 2-(bromomethyl)pyridine
(1.58 g, 6 mmol), potassium phosphate (4.20 g, 21 mmol), L-proline (0.24 g, 2 mmol),
imidazole (0.64 g, 9 mmol) and copper(I) iodide (0.19 g, 2 mmol) to afford the product as a
dark brown oil after flash chromatography (0.38 g, 38%). HRMS (ESI+): (C9H9N3) m/z =
160.0869 [M + H]+ (mcalc = 160.0869). 1H NMR (400.17 MHz, DMSO-d6): δ (ppm) 8.53–8.55
(m, 1H, H-13), 7.79 (td, 3J = 8 Hz, 4J = 2 Hz, 1H, H-15), 7.74 (s, 1H, H-3), 7.30–7.34 (m, 1H,
H-14), 7.19 (s, 1H, H-5), 7.13–7.15 (m, 1H, H-16), 6.91 (s, 1H, H-1), 5.29 (s, 2H, H-10).
13

C{1H} NMR (100.57 MHz, CDCl3): δ (ppm) 156.0 (C-11), 149.6 (C-13), 137.5 (C-15), 137.2

(C-3), 129.9 (C-1), 122.9 (C-14), 121.0 (C-5), 119.4 (C-16), 52.4 (C-10).

Synthesis of 1-(2-pyridylmethyl)benzimidazole IV
The synthesis of IV was performed according to method (B) using benzimidazole (0.47 g,
40 mmol), 2-(bromomethyl)pyridine (1.00 g, 40 mmol) and KOH (0.89 g, 158 mmol) in
tetrahydrofuran (30 mL) to afford the product as a yellow powder (0.68 g, 83%). HRMS (ESI+):
(C13H11N3) m/z = 210.1028 [M + H]+ and 232.0845 [M + Na]+ (mcalc = 210.1026 and 232.0845).
1

H NMR (400.13 MHz, DMSO-d6): δ (ppm) 8.51–8.52 (m, 1H, C-13), 8.37 (s, 1H, C-3), 7.77
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(td, 3J = 8 Hz, 4J = 2 Hz, 1H, H-15), 7.65–7.67 (m, 1H, H-9), 7.47–7.49 (m, 1H, H-6), 7.26–
7.31 (m, 2H, H-14, 16), 7.12–7.20 (m, 2H, H-7, 8), 5.59 (s, 2H, H-10).13C{1H} NMR (100.57
MHz, DMSO-d6) δ (ppm) 155.9 (C-11), 149.4 (C-13), 144.6 (C-3), 143.5 (C-5), 137.2 (C-15),
133.8 (C-1), 122.9 (C-14), 122.5 (C-6), 121.7 (C-7), 121.5 (C-8) 119.4 (C-16), 110.6 (C-9),
49.4 (C-10).

Synthesis of 1-methyl-3-(pyridin-2-yl)imidazolium iodide 1
The synthesis of 1 was performed according to method (C) using I (0.50 g, 2.21 mmol) and
iodomethane (0.55 mL, 8.83 mmol) in tetrahydrofuran (25 mL) to afford the product as a fine
white powder (0.84 g, 87%). HRMS (ESI+): (C9H10N3I) m/z = 160.0875 [M – I]+ (mcalc =
160.0869). 1H NMR (400.13 MHz, DMSO-d6): δ (ppm) 10.03 (s, 1H, H-3), 8.64–8.67 (m, 1H,
H-13), 8.50 (t, 3J = 2 Hz, 1H, H-5), 8.22 (td, 3J = 8 Hz, 4J = 2 Hz, 1H, H-15), 8.00–8.02 (m,
1H, H-16), 7.96 (t, 3J = 2 Hz, 1H, H-1), 7.63–7.66 (m, 1H, H-14), 3.98 (s, 3H, H-17).13C{1H}
NMR (100.57 MHz, DMSO-d6): δ (ppm) 149.2 (C-13), 146.3 (C-11), 140.6 (C-15), 135.5 (C3), 125.1(C-1), 124.7 (C-14), 118.8 (C-5), 114.1 (C-16), 36.4 (C-17).

Synthesis of 1-methyl-3-(pyridin-2-yl)benzimidazolium iodide 2
The synthesis of 2 was performed according to method (C) using II (0.50 g, 1.81 mmol) and
iodomethane (0.45 mL, 7.71 mmol) in tetrahydrofuran (25 mL) to afford the product as a fine
brown powder (0.95 g, 89%). HRMS (ESI+): (C13H12N3I) m/z = 210.1032 [M – I]+ (mcalc =
210.1026). 1H NMR (400.13 MHz, DMSO-d6): δ (ppm) 10.47 (s, 1H, H-3), 8.78–8.80 (m, 1H,
H-13), 8.46–8.49 (m, 1H, H-9), 8.30 (td, 3J = 8 Hz, 4J = 2 Hz, 1H, H-15), 8.14–8.16 (m, 1H,
H-7), 8.03–8.05 (m, 1H, H-16), 7.78–7.81 (m, 2H, H-6, 14), 7.71–7.74 (m, 1H, H-8), 4.20 (s,
3H, H-17).
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C{1H} NMR (100.57 MHz, DMSO-d6): δ (ppm) 149.4 (C-13), 147.3 (C-11),
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142.7 (C-3), 140.6 (C-15), 132.3 (C-5), 129.3 (C-1), 127.6 (C-14), 127.0 (C-6), 125.0 (C-8),
116.8 (C-7), 115.7 (C-16), 113.9 (C-9), 33.8 (C-17).

Synthesis of 1-benzyl-3-(pyridin-2-yl)imidazolium bromide 3
The synthesis of 3 was performed according to method (C) using I (0.50 g, 2.21 mmol) and
benzyl bromide (0.41 mL, 3.45 mmol) in acetonitrile (40 mL) to afford the product as a brown
oil (0.66 g, 86%). HRMS (ESI+): m/z = 236.1189 [M – Br]+ (mcalc = 236.1180). 1H NMR
(400.13 MHz, DMSO-d6); δ (ppm) 10.31 (s, 1H, H-3), 8.66–8.68 (m, 1H, H-13), 8.57 (dd, 3J
= 2.2, 4J = 1.7 Hz, 1H, H-5), 8.23 (dd, 3J = 8.8, 4J = 7.9 Hz, 1H, H-15), 8.08 (d, 3J = 8.4 Hz,
2H, H-1, H-16), 7.67 (dd, 3J = 4.8, 4.2 Hz, 1H, H-21), 7.54–7.58 (m, 2H, H-19, H-23), 7.42–
7.49 (m, 3H, H-14, H-20, H-22), 5.57 (s, 2H, H-17). 13C{1H} NMR (100.57 MHz, DMSO-d6)
δ (ppm) 149.2 (C-13), 146.4(C-11), 140.5 (C-15), 135.3, (C-3), 134.5 (C-18), 129.0 (C-20, C22), 128.8 (C-21), 128.6 (C-19, C-23), 125.2 (C-1), 123.5 (C-14), 119.7 (C-5), 114.4 (C-16),
52.4 (C-17).

Synthesis of 1-benzyl-3-(pyridin-2-yl)benzimidazolium bromide 4
The synthesis of 4 was performed according to method (C) using II (0.50 g, 1.81 mmol) and
benzyl bromide (0.31 mL, 2.61 mmol) in acetonitrile (40 mL) to afford the product as a white
solid (0.52 g, 74%). HRMS (ESI+): m/z = 286.1347 [M – Br]+ (mcalc = 286.1340). 1H NMR
(400.13 MHz, DMSO-d6); δ (ppm) 10.78 (s, 1H, H-3), 8.78–8.80 (m, 1H, H-10), 8.48–8.50 (m,
1H, H-19), 8.31 (dd, 3J = 9, 4J = 8 Hz, 1H, H-22), 8.11 (d, 3J = 8 Hz, 1H, H-8), 7.99 (d, 3J = 7
Hz, 1H, H-7), 7.71–7.76 (m, 3H, H-16, H-21, H-20), 7.65 (d, 3J = 3 Hz, 2H, H-14, H-18), 7.39–
7.43 (m, 3H, H-9, H-15, H-17), 5.90 (s, 2H, H-12). 13C{1H} NMR (100.57 MHz, DMSO-d6) δ
(ppm) 149.4 (C-13), 147.4 (C-11), 142.7 (C-3), 140.5 (C-15), 133.5, (C-5), 131.2 (C-1), 129.8
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(C-18), 129.0 (C-20, C-22), 128.8 (C-21), 128.5 (C-19, C-23), 127.8 (C-14), 127.3 (C-6), 125.2
(C-8), 117.2 (C-7),116.1 (C-16), 114.43 (C-9), 50.5 (C-17).

1-(Pyridin-2-yl)-3-(ethylacet-2-yl)imidazolium bromide 5
The synthesis of 5 was performed by refluxing I (0.50 g, 2.21 mmol) and ethyl-2-bromoacetate
(0.37 mL, 3.34 mmol) in acetonitrile (40 mL) for 24 h. The solvent was removed under reduced
pressure to afford the product as a white powder (0.75 g, 94%). HRMS (ESI+): (C12H14N3O2Br)
m/z = 218.0928 [M – Br – CH2CH3 + CH3]+ (mcalc = 218.0924) and 232.1082 [M – Br]+ (mcalc
= 232.1080). 1H NMR (400.13 MHz, DMSO-d6): δ (ppm) 10.17 (s, 1H, H-3), 8.66–8.67 (m,
1H, H-13), 8.62 (t, 3J = 2 Hz, 1H, H-5), 8.23 (td, 3J = 8 Hz, 4J = 2 Hz, 1H, H-15), 8.09–8.11
(m, 1H, H-16), 8.07 (t, 3J = 2 Hz, 1H, H-1), 7.65–7.68 (m, 1H, H-14), 5.42 (s, 2H, H-17), 4.24
(q, 3J = 7 Hz, 2H, H-19), 1.26 (t, 3J = 7 Hz, 3H, H-20). 13C{1H} NMR (100.57 MHz, DMSOd6): δ (ppm) 166.4 (C-18), 149.3 (C-13), 146.2 (C-11), 140.7 (C-15), 136.1 (C-3), 125.4 (C-1),
125.0 (C-14), 119.0 (C-5), 114.3 (C-16), 62.0 (C-19), 50.1 (C-17), 14.0 (C-20).

Synthesis of 1-(pyridin-2-yl-methylene)-3-methyl imidazolium bromide 7
A mixture of potassium carbonate (0.66 g, 4.77 mmol) and 1-methylimidazole (0.24 g, 2.92
mmol) was suspended in a solution of degassed acetonitrile (50 mL). 2-(Bromomethyl)pyridine
(0.61 g, 2.41 mmol) was added to the mixture and refluxed at 75 °C for 48 h to afford a brown
solution. The solvent was removed under reduced pressure and the oil was suspended in
dichloromethane (30 mL). The solution was filtered, the filtrate dissolved in a small amount of
dichloromethane and added dropwise to a cold solution of diethyl ether (150 mL). A red
precipitate was formed and placed in the fridge overnight. The precipitate was collected by
filtration and dried under reduced pressure, affording a dark red solid (0.38 g, 75%). HRMS
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(ESI+): (C10H12N3Br) m/z = 174.1026 [M – Br]+ (mcalc = 174.1026).1H NMR (400.13 MHz,
DMSO-d6): δ (ppm) 9.34 (s, 1H, H-3), 8.53–8.55 (m, 1H, H-13), 7.88 (td, 3J = 8 Hz, 4J = 2 Hz,
1H, H-15), 7.82 (t, 3J = 2 Hz, 1H, H-5), 7.76 (t, 3J = 2 Hz, 1H, H-1), 7.51–7.53 (m, 1H, H-16),
7.37–7.40 (m, 1H, H-14), 5.61 (s, 2H, H-10), 3.91 (s, 3H, H-17). 13C{1H} NMR (100.57 MHz,
DMSO-d6): δ (ppm) 153.6 (C-11), 149.6 (C-13), 137.6 (C-3), 137.2 (C-15), 123.7 (C-1), 123.7
(C-14), 123.1 (C-5), 122.6 (C-16), 53.0 (C-10), 35.9 (C-17).

Synthesis of 1-(pyridin-2-yl-methylene)-3-methyl benzimidazolium iodide 8
The synthesis of 8 was performed according to method (C) using (0.50 g, 1.72 mmol) of IV
and iodomethane (0.78 mL, 12.5 mmol) in tetrahydrofuran (25 mL) to afford the product as a
fine brown powder a light yellow powder (0.48 mg, 80%). HRMS (ESI+): (C14H14N3I) m/z =
224.1184 [M – I]+ (mcalc = 224.1182). 1H NMR (400.13 MHz, DMSO-d6): δ (ppm) 9.88 (s, 1H,
H-3), 8.48–8.51 (m, 1H, H-13), 8.03–8.05 (m, 1H, H-9), 7.88–7.95 (m, 2H, H-6, 15), 7.63–
7.71 (m, 3H, H-7, 14, 16), 7.36–7.40 (m, 1H, H-8), 5.93 (s, 2H, H-10), 4.15 (s, 3H, H-17).
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C{1H} NMR (100.57 MHz, DMSO-d6): δ (ppm) 153.0 (C-11), 149.6 (C-13), 143.4 (C-3),

137.5 (C-15), 131.8 (C-5), 131.1 (C-1), 126.7 (C-8) 126.5 (C-14), 123.7 (C-16) 122.7 (C-7),
113.7 (C-9), 113.6 (C-6), 50.7 (C-10), 33.4 (C-17).

Synthesis of 1-benzyl(2-pyridyl-methylene) imidazolium bromide 9
The synthesis of 9 was performed according to method (C) using III (0.50 g, 2.08 mmol) and
benzyl bromide (0.38 mL, 3.20 mmol) in acetonitrile (40 mL) to afford the product as a brown
oil (0.35 g, 50%). HRMS (ESI+): m/z = 250.1338 [M – Br]+ (mcalc = 250.1340). 1H NMR
(400.13 MHz, DMSO-d6); δ (ppm) 9.46 (s, 1H, H-3), 8.55–8.59 (m, 1H, H-13), 7.91 (td, 3J =
7.6 Hz, 4J = 2 Hz, 1H, H-15), 7.86 (t, 3J = 1.5 Hz, 1H, H-5), 7.77 (t, 3J = 1.5 Hz, 1H, H-13),
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7.5–7.53 (m, 2H, H-14, H-23), 7.40–7.48 (m, 5H, H-1, H-15, H-20, H-21, H-22), 5.60 (s, 2H,
H10), 5.51 (s, 2H, H17). 13C{1H} NMR (100.57 MHz, DMSO-d6): δ (ppm) 153.5 (C-11), 149.6
(C-13), 146.3 (C-3),137.5 (C-15), 134.8 (C-18), 129.3 (C5), 129.0 (C-20/22), 128.8 (C-21),
128.3 (C-19/23), 127.8 (C-1), 123.7 (C-14), 122.6 (C-16), 53.1 (C-10), 52.0 (C-17).

Synthesis of 1-benzyl(2-pyridyl-methylene) benzimidazolium bromide 10
The synthesis of 10 was performed according to method (C) using IV (0.50 g, 1.72 mmol) and
benzyl bromide (0.28 mL, 2.36 mmol) in acetonitrile (40 mL) to afford the product as a yellow
solid (0.52 g, 74%). HRMS (ESI+): m/z = 300.1492 [M – Br]+ (mcalc = 300.1500). 1H NMR
(400.13 MHz, DMSO-d6); δ (ppm) 10.31 (s, 1H, H-3), 8.56–8.59 (m, 1H, H-13), 8.01–8.08 (m,
2H, H-6, H-9), 7.99 (td, 3J = 7.7 Hz, 4J = 1.7 Hz, 1H, H-14), 7.81 (d, 3J = 7.6 Hz, 1H, H-7),
7.64–7.69 (m, 2H, H-19, H-18), 7.58–7.62 (m, 2H, H-15, H-21), 7.41–7.50 (m, 4H, H-16, H14, H-20, H-22), 7.36 (d, 3J = 4.23 Hz, 1H, H-8), 6.08 (s, 2H, H17), 5.96 (s, 2H, H-10). 13C{1H}
NMR (100.57 MHz, DMSO-d6): δ (ppm) 152.6 (C-11), 149.5 (C-13), 143.5 (C-3), 137.7 (C15), 134.0 (C18), 131.5 (C-5), 130.8 (C-1), 129.0 (C-20/22), 128.7 (C-21), 128.2 (C-19/23),
126.9 (C-6), 126.7 (C-9),123.8 (C-14), 122.8 (C-16), 114.0 (C-7/8), 50.8 (C-10), 48.0 (C-17).
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Table S2. ESI-MS data for compounds 1–10.
Precursor

Assignment

Observed m/z

Theoretical m/z

I

[M + H]+

146.0711

146.0710

[M + Na]+

168.0536

168.0530

[M + H]+

196.0876

196.0870

[M + Na]+

218.0695

218.0690

III

[M + H]+

160.0871

160.0870

IV

[M + H]+

210.1023

210.1030

1

[M – I]+

160.0875

160.0869

2

[M – I]+

210.1032

210.1026

3

[M – Br]+

236.1189

236.1180

4

[M – Br]+

286.1347

286.1340

5

[M – Br]+

232.1082

232.1080

6

[M – Br]+

260.1389

260.1394

7

[M – Br]+

174.1026

174.1026

8

[M – Br]+

224.1184

224.1182

9

[M – Br]+

250.1338

250.1340

10

[M – Br]+

300.1492

300.1500

II
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Preparation and Characterization of 1a–3a, 7a and 8a

[Chlorido(1-methyl-3-{pyridin-2-yl}-imidazole-2-ylidene)(ƞ6-p-cymene)ruthenium(II)]
hexafluorophosphate 1a
The synthesis of 1a was performed according to the general procedure for Ru complexes
described in the main text using 1 (150 mg, 0.52 mmol), AgPF6 (197 mg, 0.78 mmol), Ag2O
(91 mg, 0.39 mmol) and [RuCl2(ƞ6-p-cymene)]2 (240 mg, 0.39 mmol) in dry 1,2-dichloroethane
and dry dichloromethane (1 : 3) to afford a brown powder (170 mg, 86%). Anal. Calcd. for
C19H23ClF6N3PRu·1.6H2O·0.7CH2Cl2: C, 35.68; H, 4.19; N, 6.34%. Found: C, 35.33; H, 4.07;
N, 6.68. HRMS (ESI+): (C19H23ClN3RuPF6) m/z = 430.0615 [M – PF6]+ (mcalc = 430.0620). 1H
NMR (400.13 MHz, acetone-d6): δ (ppm) 9.40 (d, 3J = 6 Hz, 1H, H-13), 8.23–8.25 (m, 2H, H15, H-16), 8.09 (d, 3J = 8 Hz, 1H, H-5), 7.71 (d, 3J = 2 Hz, 1H, H-1), 7.52 (t, 3J = 6 Hz, 1H, H14), 6.45 (d, 3J = 6 Hz, 1H, H-26a/b), 6.38 (d, 3J = 6 Hz, 1H, H-25a/b), 6.17 (d, 3J = 6 Hz, 1H,
H-26a/b), 5.76 (d, 3J = 6 Hz, 1H, H-25a/b), 4.27 (s, 3H, H-17), 2.55 (sept, 3J = 7 Hz, 1H, H28), 2.23 (s, 3H, H-30), 0.98 (d, 3J = 7 Hz, 6H, H-29a, H-29b).13C{1H} NMR (100.57 MHz,
acetone-d6): δ (ppm) 186.1 (C-3), 156.7 (C-13), 153.0 (C-11), 142.4 (C-15), 127.2 (C-1), 123.9
(C-14), 117.3 (C-5), 113.2 (C-16), 109.2 (C-27), 106.3 (C-24), 92.2 (C-26a/b), 91.1 (C-25a/b),
87.7 (C-26a/b), 83.1 (C-25a/b), 38.8 (C-17), 31.9 (C-28), 22.7 (C-29a/b), 22.4 (C-29a/b), 19.1
(C-30).

[Chlorido(1-methyl-3-{pyridin-2-yl}-benzimidazole-2-ylidene)(ƞ6-p-cymene)ruthenium(II)]
hexafluorophosphate 2a
The synthesis of 2a was performed to the general procedure for Ru complexes described in the
main text using 2 (150 mg, 0.45 mmol), silver hexafluorophosphate (170 mg, 0.67 mmol),
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silver oxide (78 mg, 0.34 mmol) and [RuCl2(ƞ6-p-cymene)]2 (210 mg, 0.34 mmol) in dry 1,2dichloroethane and dichloromethane (1:3) to afford a yellow powder (140 mg, 83%). Anal.
Calcd. for C23H25ClF6N3PRu·0.1H2O·2.5CH2Cl2·1.9CH3CN: C, 38.37; H, 3.95; N, 7.48%.
Found: C, 38.03; H, 3.56; N, 7.73. HRMS (ESI+): (C23H25ClN3RuPF6) m/z = 480.0770 [M –
PF6]+ (mcalc = 480.0778). 1H NMR (400.13 MHz, acetone-d6): δ (ppm) 9.52 (d, 3J = 6 Hz, 1H,
H-13), 8.53–8.56 (m, 2H, H-16, H-15), 8.32–8.39 (m, 2H, H-6, H-9), 7.96 (d, 3J = 8 Hz, 1H,
H-14), 7.57–7.66 (m, 2H, H-7, H-8), 6.58 (d, 3J = 6 Hz, 1H, H-26a/b), 6.53 (d, 3J = 6 Hz, 1H,
H-25a/b), 6.31 (d, 3J = 6 Hz, 1H, H-26a/b), 5.93 (d, 3J = 6 Hz, 1H, 25a/b), 4.51 (s, 3H, H-17),
2.61 (sept, 3J = 6 Hz, 1H, H-28), 2.29 (s, 3H, H-30), 1.00 (d, 3J = 6 Hz, 6H, H-29a, H-29b).
13

C{1H} NMR (100.57 MHz, acetone-d6): δ (ppm) 163.8 (C-3), 157.3 (C-13), 152.3 (C-11),

142.6 (C-15), 137.5 (C-5), 131.1 (C-1), 125.5 (C-7), 125.3 (C-8), 123.6 (C-14), 114.1 (C-16),
113.4 (C-6), 113.0 (C-9),110.7 (C-24), 108.9 (C-27), 93.5 (C-26a/b), 92.5 (C-25a/b), 89.0 (C26a/b), 84.8 (C-25a/b), 36.4 (C-17), 32.0 (C-28), 22.6 (C-29a/b), 22.5 (C-29a/b), 19.2 (C-30).

[Chlorido(1-benzyl-3-{pyridin-2-yl}-imidazole-2-ylidene)(ƞ6-p-cymene)ruthenium(II)]
hexafluorophosphate 3a
The synthesis of 3a was performed according to the general procedure for Ru complexes
described in the main text using 3 (100 mg, 0.32 mmol), silver hexafluorophosphate (113 mg,
0.45 mmol), silver oxide (73 mg, 0.32 mmol) and [RuCl2(ƞ6-p-cymene)]2 (140 mg, 0.22 mmol)
in dry dichloromethane and 1,2-dichloroethane to afford a dark orange powder (120 mg, 80%).
Anal. Calcd. for C25H28ClF6N3PRu 2.1H2O·0.5CH2Cl2: C, 41.82; H, 4.57; N, 5.74%. Found:
C, 42.15; H, 4.52 N, 5.60. HRMS (ESI+): m/z = 506.0934 [M – PF6]+ (mcalc = 506.0934). 1H
NMR (400.13 MHz, DMSO-d6); δ (ppm) 9.34–9.38 (m, 1H, H-13), 8.48 (d, 3J = 2 Hz, 1H, H1), 8.26 (t, 3J = 8 Hz, 1H, H-15), 8.17 (d, 3J = 8 Hz, 1H, H-16), 7.51 (d, 3J = 3 Hz, 1H, H-5),
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7.51 (t, 3J = 7 Hz, 1H, H-14), 7.32–7.47 (m, 5H, H-19, H-20, H-21, H-22, H-23), 6.34 (dd, 3J
= 6 Hz, 4J = 2 Hz, 1H, H-26a/b), 6.13–6.19 (m, 2H, H25a/b, H17a/b), 5.73–5.79 (m, 2H,
H25a/b, H26a/b), 5.63 (d, 2J = 13 Hz, H17a/b), 2.27–2.34 (sept, 3J = 6 Hz, 1H, H-28), 2.11 (s,
3H, H-30), 0.81 (d, 3J = 7 Hz, 6H, H-29a, H-29b). 13C{1H} NMR (100.57 MHz, DMSO-d6): δ
(ppm) 184.3 (C-3), 155.7 (C-13), 151.7 (C-11), 141.6 (C-15), 136.0 (C-18), 128.9 (C-19, C23), 128.3 (C-21), 128.1 (C-20, C-22), 124.9 (C-5), 123.0 (C-14), 117.7 (C-1), 112.3 (C-16),
90.7 (C-25a/b), 90.6 (C-26a/b), 86.7 (C-25a/b), 81.5 (C-26a/b), 53.9 (C-17), 30.3 (C-28), 22.0
(C-29a/b), 21.9 (C-29a/b), 18.6 (C-30).

[Chlorido(1-methyl-3-{pyridin-2-ylmethyl}-imidazole-2-ylidene)(ƞ6-pcymene)ruthenium(II)] hexafluorophosphate 7a
The synthesis of 7a was performed according to the general procedure for Ru complexes
described in the main text using 7 (100 mg, 0.39 mmol), silver hexafluorophosphate (145 mg,
0.57 mmol), silver oxide (66 mg, 0.29 mmol) and [RuCl2(ƞ6-p-cymene)]2 (180 mg, 0.29 mmol)
in dry 1,2-dichloroethane and dichloromethane (1:3) to afford an orange powder (160 mg,
96%). Anal. Calcd. for C20H25ClF6N3PRu·0.1 CH3CN: C, 40.91; H, 4.30; N, 7.32%. Found: C,
40.69; H, 3.92; N, 7.28. HRMS (ESI+): (C20H25ClN3RuPF6) m/z = 444.0782 [M – PF6]+ (mcalc
= 444.0777). 1H NMR (400.13 MHz, acetone-d6): δ (ppm) 9.34 (d, 3J = 6 Hz, 1H, H-13), 8.04
(t, 1H, 3J = 6 Hz, H-5), 7.71 (d, 3J = 6 Hz, 1H, H-1), 7.58 (d, 3J = 2 Hz, 1H, H-16), 7.53 (t, 3J
= 6 Hz, 1H, H-15), 7.46 (d, 3J = 2 Hz, 1H, H-14), 5.98–6.02 (m, 2H, H-10a/b, 26a/b), 5.77 (d,
1H, 3J = 6 Hz, 1H, H-25a/b), 5.64–5.69 (m, 2H, H-19a/b, 26a/b), 5.16 (d, 3J = 16 Hz, 1H, H10a/b), 4.02 (s, 3H, H-17), 2.87 (sept, 3J = 7 Hz, 1H, H-28), 2.24 (s, 3H, H-30), 1.22 (dd, 3J =
12 Hz, 4J = 6 Hz, 6H, H-23). 13C{1H} NMR (100.57 MHz, acetone-d6): δ (ppm) 206.2 (C-3),
175.4 (C-13), 159.8 (C-11), 157.4 (C-15), 140.5 (C-16), 125.8 (C1), 125.3 (C-14), 123.3 (C-
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5), 112.1 (C-24), 103.3 (C-27), 90.2 (C-26a/b), 86.5 (C-25a/b), 85.8 (C-26a/b), 85.4 (C-25a/b),
54.9 (C-10a/b), 38.1 (C-17), 32.3 (C-28), 24.0 (C-29a/b), 21.3 (C-29a/b), 18.9 (C-30).

[Chlorido(1-methyl-3-{pyridin-2-ylmethyl}-benzimidazole-2-ylidene)(ƞ6-p-cymene)(ƞ6-pcymene)ruthenium(II)] hexafluorophosphate 8a
The synthesis of 8a was performed according to the general procedure for Ru complexes
described in the main text using 8 (150 mg, 0.43 mmol), silver hexafluorophosphate (170 mg,
0.67 mmol), silver oxide (78 mg, 0.34 mmol) and [RuCl2(ƞ6-p-cymene)]2 (200 mg, 0.34 mmol)
in dry 1,2-dichloroethane and dichloromethane (1 : 3) to afford a brown powder (140 mg, 80%).
Anal. Calcd. for C24H27ClF6N3PRu·0.7H2O·0.1 CH3CN: C, 44.33; H, 4.41; N, 6.62%. Found:
C, 44.04; H, 4.58; N, 6.97. HRMS (ESI+): (C24H27ClN3RuPF6) m/z = 494.0939 [M – PF6]+
(mcalc = 494.0934). 1H NMR (400.13 MHz, acetone-d6): δ (ppm) 9.36 (dd, 3J = 6 Hz, 4J = 2 Hz,
1H, H-13), 8.08 (td, 3J = 6 Hz, 4J = 2 Hz, H-15), 7.91–7.94 (m, 2H, H-6,H-16), 7.72–7.75 (m,
1H, H-9), 7.57 (td, 3J = 6 Hz, 4J = 2 Hz, H-14), 7.42–7.45 (m, 2H, H-7, H-8), 6.18 (d, 3J = 16
Hz, 1H, H-10a/b), 6.14 (dd, 3J = 6 Hz, 4J = 2 Hz, 1H, H-26a/b), 6.11 (dd, 3J = 6 Hz, 4J = 2 Hz,
1H, H-25a/b), 5.95 (dd, 3J = 6 Hz, 4J = 2 Hz, 1H, H-26a/b), 5.82 (dd, 3J = 6 Hz, 4J = 2 Hz, 1H,
H-25a/b), 5.28 (d, 3J = 16 Hz, 1H, H-10a/b), 4.25 (s, 3H, H-17), 2.95 (sept, 3J = 7 Hz, 1H, H28), 2.26 (s, 3H, H-30), 1.24 (dd, 3J = 7 Hz, 4J = 3 Hz, 6H, H-29a/b). 13C{1H} NMR (100.57
MHz, acetone-d6): δ (ppm) 190.6 (C-3), 159.8 (C-13), 157.2 (C-11), 140.7 (C-15), 136.5 (C5), 134.7 (C-1), 126.1 (C-14), 125.7 (C-16), 124.5 (C-7/8), 113.8 (C-24),111.5 (C-6), 111.1
(C-9), 103.4 (C-27), 90.6 (C-26a/b), 87.8 (C-26a/b), 86.6 (C-25a/b), 51.2 (C-10a/b), 35.4 (C17), 32.3 (C-28), 22.2 (C-29a/b), 21.6 (C-29a/b), 18.7 (C-30).
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Table S3. ESI-MS data for complexes 4a–6a, 8a and 10a analyzed in positive ion mode.

Complex

Observed m/z

Theoretical m/z

556.1076

556.1094

[M – PF6]+

371.9836

371.9840

[M – p-cymene – PF6]+

488.0670

488.0675

[M – PF6 – CH3CH2 + CH3]+

502.0826

502.0832

[M – PF6]+

6a

530.1147

530.1144

[M - PF6]+

8a

494.0939

494.0934

[M – PF6]+

10a

570.1267

570.1245

[M – PF6]+

4a

5a
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Assignment

Table S4. X-ray crystallographic data for complex 4a–6a, 8a and 10a.

4a

5a

6a

8a

10a

C29H29Br0.11Cl0.89
N3RuPF6

C21.65H26.30ClN3O2RuP
F6

C24H31ClN3O2RuPF6

C24H27ClN3RuPF6

C30H31ClN3RuPF6C3H
6O

1826988
706.04

1826989
642.04

1826990
675.01

1826991
638.97

1826992
773.14

Crystal System
Space group

monoclinic
P21/n

triclinic
P-1

triclinic
P-1

orthorhombic
Pna21

monoclinic
I2/c

a [Å]

9.8476(1)

9.9267(2)

10.3327(3)

21.307(2)

13.9418(1)

b [Å]
c [Å]

9.3167(1)
30.9092(3)

10.9195(2)
11.9838(1)

10.9286(3)
13.9677(4)

12.914(14)
18.823(2)

16.5056(2)
30.6628(3)

α [º]
β [º]

90
91.864(1)

93.695(1)
94.656(1)

86.300(2)
68.295(3)

90
90

90
92.994(1)

γ [º]
V [Å3]

90
2834.33(5)

100.516(2)
1268.78(4)

69.274(3)
1366.59(8)

90
5179.3(10)

90
7046.42(12)

4

2

2

8

8

dcalcd [mg m ]

1.655

1.681

1.640

1.639

1.458

-1

6.545

7.204

6.719

0.832

5.270

5076 / 6 / 374

4577 / 1 / 334

4761 / 0 / 349

6168 / 73 / 657

6354 / 0 / 420

0.0526

0.0378

0.0320

0.0792

0.0285

Reflections collected

14672

23289

25309

22340

34115

R1, wR2 [I>2sigma(I)]
R1, wR2 (all)

0.0369, 0.0984
0.0394, 0.1002

0.0287, 0.0680
0.0296, 0.0684

0.0236, 0.0629
0.0254, 0.0635

0.0415, 0.0747
0.0594, 0.0818

0.0227, 0.0571
0.0239, 0.0578

1.032

1.106

1.062

1.031

1.056

Formula
CCDC
Fw

Z
-3

μ [mm ]
Data (unique) /
restraints / parameters
R(int)

S (all)
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Table S5. Summary of stability data in DMSO-d6 and 20% DMSO-d6/D2O

Compound

DMSO

20% DMSO/H2O

1a

cym cleavage started after 3 h

-

2a

-

chlorido/aqua exchange started after
12 h

3a-

stable for up to 72 h

-

5a-

minor arene cleavage over time,
slow ester hydrolysis

-

6a

minor arene cleavage over time

-

8a

cym cleavage started after 12 h

stable

10a

cym cleavage started after 24 h

-

Table S6. Calculated energy differences for the interaction of the complex cations of 1a and
7a, i.e., [1a]+ and [7a]+, with H2O and OH- in aqueous condition.

Ligand exchange reaction in water

ΔE (kcal/mol)

[1a]+ + H2O → [1aH2O]2+ + Cl-

4.5

[1a]+ + OH- → [1aOH]+ + Cl-

-59.5

[7a]+ + H2O → [7aH2O]2+ + Cl-

7.9

[7a]+ + OH- → [7aOH]+ + Cl-

-66.0
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Table S7. Calculated octanol-water partition coefficients clog P for the imidazolium precursors
1–10 as calculated with ChemDraw 12.0.

Complex

clog P

1

-3.11

2

-1.52

3

-0.94

4

0.65

5

-1.94

6

-1.24

7

-3.84

8

-2.24

9

-1.67

10

-0.07

Figure S1. Comparison of the 1H NMR spectra (400.13 MHz) of 10 (top) and 10a (bottom).
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Figure S2. ORTEP representation of the molecular structure of one of the enantiomers of 5a (top left),
the enantiomers of 6a in π-stacking interaction (bottom; the shortest distance is indicated with a dashed
line) and one of the enantiomers of 8a (top right) drawn at 50% probability level. The counterions and
any solvent molecules were omitted for clarity.
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Figure S3. ORTEP representation at 50% probability level of the two enantiomers of complex 4a
interacting through π-stacking. The shortest distance between the benzimidazole rings is indicated. The
PF6- counterions were omitted for clarity.

Figure S4. 1H NMR spectroscopic stability study (400.13 MHz) for 8a in DMSO-d6. Boxes denote
changes observed over a period of 72 h.
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Figure S5. 1H NMR spectroscopic stability study (400.13 MHz) for 5a in DMSO-d6. Boxes denote
changes observed over a period of 72 h.

Figure S6. 1H NMR spectra (400.13 MHz) recorded in a stability study of 8a in DMSO-d6/D2O (1 : 5)
over the course of 72 h.
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Figure S7. 1H NMR spectra (400.13 MHz) recorded for the time-dependent reaction of 2a in D2O with
AgNO3. Boxes denote changes observed over a period of 72 h.

Figure S8. Energies and plots of the calculated frontier orbitals for [1a]+, [1aH2O]2+, and [1aOH]+.
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Figure S9. Energies and plots of the calculated frontier orbitals for [7a]+, [7aH2O]2+, and [7aOH]+.

Figure S10. 1H NMR spectroscopic study (400.13 MHz) of the reaction between 1a and His in 10%
D6-DMSO/D2O, monitored for a period of 24 h.
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Figure S11. 1H NMR spectroscopic study (400.13 MHz) of the reaction between 1a and Cys in 10%
D6-DMSO/D2O, monitored for a period of 24 h.

Figure S12. 1H NMR spectroscopic study (400.13 MHz) of the reaction between 7a and Cys in 10%
D6-DMSO/D2O, monitored for a period of 24 h.
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Figure S13. 1H NMR spectroscopic study (400.13 MHz) of the reaction between 1a and Met in 10%
D6-DMSO/D2O, monitored for a period of 24 h.

Figure S14. 1H NMR spectroscopic study (400.13 MHz) of the reaction between 7a and Met in 10%
D6-DMSO/D2O, monitored for a period of 24 h.
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Figure S15. 1H NMR spectroscopic study (400.13 MHz) of the reaction between 1a and EtG at molar
ratios of 1 : 1 and 1 : 2 in 10% D6-DMSO/D2O and analyzed after 3 and 24 h.
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Conclusions and Outlook
Half-sandwich “piano-stool” Ru(arene) complexes have flourished as developmental
anticancer agents due to their specific properties. A wide variety of mono- and bidentate ligands
have been coordinated to Ru forming this structural motif. After the introduction of the lead
structure RAED ([Ru(ɳ6-arene(en)Cl]+, en = 1,2-ethylenediamine), this single positively
charged complex became one of the most widely biologically studied compounds carrying a
bidentate ligand. Therefore, many bidentate ligands were coordinated to this scaffold in order
to develop new complexes including flavones, naphthoquinones, quinolines and other classic
ligand classes such as NHCs. Based on the properties of these ligands, pyridyl-functionalized
NHCs as N,C-, hydoxyquinones as N,O- and flavones as O,O-chelating ligands were used in
this PhD thesis for the preparation of organoruthenium complexes with novel properties and
anticancer activity.
Quinolines are known as a group of natural products with a broad range of biological activities,
including anticancer, anti-HIV, antifungal, antileishmanial, antischistosomal, antioxidant,
antibacterial, and neuroprotective properties.107,320 The specific structure of these compounds
makes them good ligands to coordinate to metal centres through the endocyclic nitrogen atom
and the deprotonated OH group as N,O-chelators, and this was found useful in the design of
biologically active organometallics. A large number of organoruthenium compounds of 8oxyquinoline-derived have been synthesised and studied.246,321-325 Despite the promising
antiproliferative activities of these complexes, they suffer from poor aqueous solubility.
Flavonoids are another group of natural compounds which have very attractive
pharmacological

properties

and

anti-inflammatory,

antiallergic,

hepatoprotective,

antithrombotic, antiviral, anticarcinogenic and antioxidant studies have been conducted. In
addition to studies on flavonoids as potent biologically active compounds, metal-flavonoid
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complexes have been created with the purpose of designing compounds with interesting
pharmacological properties. The synthesis of RuII(arene) complexes bearing bioactive
flavonoid ligands is facile as 3-hydroxyflavones may act as O,O-chelators after deprotonation.
The complexes exhibit cytotoxic activities in the low µM region. Biological studies indicated
DNA-DNA and DNA-protein crosslinking and inhibitory effects on CDK2 and topoisomerase
IIα in vitro.
To design anticancer agents, a drug that can be administered intravenously needs to be
sufficiently soluble in aqueous media. At the same time, it also should be adequately lipophilic
to penetrate cell membranes and exhibit its antitumor properties. In order to overcome the
solubility issues a hydrophilic, bioactive group was introduced as the arene. The arene ligand
designed was a protected derivative of L-phenylalanine (Phe). Therefore, [(η6-N-acetyl-Lphenylalanine ethyl ester)RuIICl2]2 was used to prepare a new series of organoruthenium
complexes of the general formula [Ru(η6-N-acetyl-L-phenylalanine ethyl ester)(L)Cl], where
L = 8-oxyquinolinato or derivatives and 3-oxyflavonato or derivatives. This approach increased
the aqueous solubility of the compounds and in addition the functional group could be a
potential site for further modification in future (Scheme 2).

Scheme 2. The reactions between the Phe-derived dimeric ruthenium compound and natural bioactive
ligands.
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All novel complexes were comprehensively characterised. The molecular structures of the
dimeric precursor and several complexes were determined by XRD analysis. The complexes
were found to be sufficiently stable in DMSO and aqueous solutions for further studies of their
interactions with biomolecules and their antiproliferative properties. The 8-oxyquinolinato
complexes showed higher stability in pure DMSO compared to the 3-oxyflavonato complexes.
Both complex types were quite stable in aqueous solution after dissolution in 10% of DMSO
after rapid formation of aqua complexes. All complexes decomposed in reactions with Lmethionine (Met) and L-cysteine (Cys). In case of the reaction with L-histidine (His) both
complexes reacted immediately but the 3-oxyflavonato complex decomposed over time, while
the 8-oxyquinolinato complex was stable for 72 h. Incubation of the complexes with the DNA
model 9-ethylguanine (EtG) resulted in coordination of EtG to the Ru centre through the
exchange with the chlorido leaving group. The resulting adducts were very stable in both cases
and their structure was confirmed by ESI-MS.
In order to estimate the lipophilicity of the novel 8-HQ complexes, the octanol-water partition
coefficient (log P) was determined using the shake flask method. This was employed for the
8-hydroxyquinolines complexes. Lipophilicity is an important factor for cellular accumulation
and oral administration of drugs. The log P values showed a decrease in the lipophilicity of the
novel 8-HQ complexes as they were all negative in the range of -1.33 to -0.15, while their cym
analogues showed log P values between 0.24 and 0.85.
For the in vitro antiproliferative studies, the cell line: HCT116, NCI-H460, SiHa, and SW480
were incubated with the complexes. The IC50 values were in the low micromolar region and
indicated significant anticancer activity of the complexes. The IC50 values were similar to those
of their p-cymene (cym) analogues. This revealed that the modification did not affect the in
vitro anticancer properties of the complexes. This data demonstrates that the cytotoxicity is not
only a consequence of the lipophilicity and this claim was confirmed by cellular accumulation
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studies on 3-oxyflavonato complexes. The results demonstrated higher Ru content in HCT116
cells after incubation with the newly designed complexes compared to the cym analogues.
The potential of flavonoids and their complexes as DNA targeting agents led to further
investigations an 3H-thymidine incorporation and DNA damaging ability. The 3H-thymidine
incorporation showed similar IC50 values as the sulforhodamine B cytotoxicity (SRB) assay
which confirmed that the complexes are cytotoxic rather than cytostatic as well as having the
capability to arrest the cell cycle. Moreover, independent of the arene ligand, very similar DNA
damaging in the HCT116 cell line was found. Comparison of the data of these complexes to
other known drugs, such as camptothecin, doxorubicin and cisplatin, demonstrated the
resemblance to cisplatin which induced apoptosis in V79 cells by causing a cell cycle arrest in
G2/S phase.326 However, cisplatin showed a higher DNA damaging ability compared to the 3oxyflavonato complexes. This could be explained by cisplatin’s bifunctional modification of
DNA rather than the monofunctional addicts formed by the Ru complexes.
The NHC ligands chosen were functionalised with a pyridyl group so that the ligands would
coordinate in a bidentate N,C-chelating fashion through both the carbene of the
(benz)imidazole as well as the nitrogen donor of the pyridine to the metal centre. Depending
on the pyridyl group precursor, i.e. 2-bromopyridine or 2-(bromomethyl)pyridine, two subfamilies of organoruthenium complexes were synthesised. Complexation of the ligand
synthesised from 2-bromopyridine to Ru resulted in the formation of a five-membered ring
around ruthenium centre, while in case of 2-(bromomethyl)pyridine as the reagent, the formed
ligand gave a six-membered ring with the Ru centre (Figure 28). The [Ru(cym)(NHCpyridyl)Cl]+ complexes were characterized thoroughly and studied for the effect induced by
different substituents on their biological activity. X-ray diffraction analysis revealed that the
compounds crystallised as enantiomeric mixtures.
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Figure 28. Structures of five-membered and six-membered ruthenacycles.

A stability study of the complexes in DMSO showed that they were reasonably stable, and the
complexes with bulkier substituents on the NHC ligands were the most stable. However, in
water, the six-membered metallacycle is more stable than the corresponding five-membered
metallacycle. This is understood by the intercomplex variation when they undergo
chlorido/aqua ligand exchange as the six-membered ring complexes are stable in solution,
however, the five-membered analogues undergo cleavage of the cymene-Ru bond. The
exchange of the chlorido ligands of five- and six-membered metallacycles was also
investigated by density functional theory calculations in water and the gas phase. In both cases
the calculated energy difference of the complexes for a Cl-/H2O ligand exchange was slightly
positive (4.5 and 7.9 kcal/mol), while for a Cl-/OH- ligand exchange they were negative (-59.5
and -66.0 kcal/mol). This could be related to the charge of the complexes. In the case of Cl/H2O ligand exchange the single positively charged complexes will be converted into doubly
charged complexes but in case of Cl-/OH- exchange the charge of the complex will remain +1.
Analysis of the frontier molecular orbitals of the five- and six- membered metallacycles and
their respective aqua and hydroxido analogues revealed that the pyridyl group for the sixmembered metallacycle and its derivatives did not contribute to either the LUMOs or HOMOs.
In contrast, for the five-membered metallacycle, various contributions for different parts of the
structure were observed. The LUMO orbitals of the chlorido complex are predominantly
175

contributed to by the Ru d orbitals and pyridyl π electrons rather than the carbene π electrons.
The HOMOs of the complex and the corresponding aqua species showed a higher contribution
of the imidazolium π electrons, a lower contribution from the pyridyl π electrons and the same
contribution from the Ru d orbitals. However, the HOMO of the hydroxido complex was
delocalised over the Ru centre and the hydroxido ligand.
Biomolecular interaction studies for the six- and five-membered metallacycles with His, Met,
Cys and EtG indicated that both complexes reacted with His and EtG, but not with Cys. In the
case of Met, the five-membered metallacycle decomposed while the six-membered one did not
react. Although both complexes showed coordination to His and EtG, the five-membered
metallacycle slowly degraded while the six-membered analogue did not. The complexes were
studied for the in vitro antiproliferative activities against HCT116 human colorectal, NCI-H460
non-small cell lung, SiHa cervical carcinoma, and SW480 colon adenocarcinoma cells. The
results showed a wide range of IC50 values from low to high micromolar concentration. The
best results were obtained with compounds containing bulkier groups around the ruthenium
centre. A cellular uptake study to explain the differences in IC50 values however revealed that
the uptake was not sufficiently different.
The use of dimeric [(η6-N-acetyl-L-phenylalanine ethyl ester)RuIICl2]2 as a precursor for
complex synthesis is worth further exploration. There is the potential for additional arene
modification following cleavage of the L-phenylalanine ethyl ester. This reactive site can be
utilised to conjugate other compounds including bioactive molecules, peptides and
fluorophores for many possible purposes such as tumour targeting or facile tracking of the
metal complex inside cells. As the use of this arene moiety improved solubility of the resulting
flavonol and quinolone Ru complexes in biological media, its use can be expanded towards
other important ligand classes whose solubility is the limiting factor preventing further
biological studies. Additionally, the new NHC bidentate ligands can be further derivatised with
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a wider range of structural modifications. Finally, all of these novel compounds which were
synthesised in this thesis contained a Ru metal centre and there is the potential of the
substitution of Ru for other metal centres such as Os, Rh and Ir. Such in depth structure-activity
relationship studies will inform the further development of such complexes towards clinical
application as cancer chemotherapeutics.
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