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Abstract

Cancer is one of the leading causes of mortality worldwide. Platinum-based drugs are one of
the most widely used and most effective classes of anticancer agents in chemotherapy.
Despite their clinical success and high efficacy in certain malignancies, platinum drugs have
various limitations. Patients suffer from a series of adverse effects, while treatment failure
often results from acquired drug resistance. In the past decades researchers have sought to
rationally design potential anticancer agents to evade and/or overcome chemoresistance. As
such, ruthenium, osmium, and tungsten compounds have been recognized as lead drug
candidates. Currently, two prominent coordination compounds of ruthenium are under
clinical investigation (the Ru(lll) complex BOLD-100 and Ru(ll) complex TLD-1433), while
organometallic ruthenium(ll) complexes are also being developed. No clinical studies have
evaluated the impact of osmium and tungsten complexes so far, but impressive anticancer
activity in vitro and in vivo has been recently reported.

The aim of this doctoral thesis is to clarify several aspects of the biological activity of novel
metallodrugs and to further elucidate their mode of action in cancer cells. In particular, this
PhD thesis examines the following three groups of anticancer drug candidates: (i) 2-
phenylbenzothiazole derivatives and their ruthenium(ll) as well as osmium(ll) metallacycles;
(i) naphthoquinone-based ruthenium(ll) arene complexes; and (iii) tungstenocenes with a
diverse set of (O,0-), (O,S-) and (O,N-) chelates.

In the first project, a series of 2-phenylbenzothiazoles and their corresponding ruthenium(ll)
as well as osmium(ll) half-sandwich complexes have been investigated on their biological
properties. All of these compounds exhibited promising ICsq values in the low uM range in a
number of human cancer cell lines. The osmium complexes showed more potent
antiproliferative activity than the ruthenium analogues; moreover, all metal-containing
complexes exerted higher anticancer activity in comparison to the free ligands. Intriguingly,
an apoptosis/necrosis assay yielded results not mirroring those of the cytotoxicity tests, with
the ruthenium compounds being more potent in inducing apoptotic and necrotic events than
the osmium analogues. A finding of particular relevance for their cellular pharmacology was
the colocalization of a selected fluorescent 2-phenylbenzothiazole ligand and its
corresponding ruthenium arene complex in acidic organelles, such as lysosomes, in human
colon cancer cells.

In the second project, ruthenium(ll) organometallics with coordinating naphthoquinones were
investigated on their biological properties. Naphthoquinones are bioactive molecules of plant
origin, which exhibit auspicious anticancer and antibacterial activity. The naphthoquinone-
based ruthenium(ll) arene complexes yielded the expected in vitro anticancer activities in

short- and long-term colorimetric assays. The most striking result to emerge from the
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findings is that higher cytotoxicity has been found in SW480 colon cancer cells than in the
broadly chemosensitive CH1/PA-1 ovarian teratocarcinoma cells. The two most cytotoxic
complexes with (p-cymene and biphenyl as their arenes), had the highest aqueous stability,
and showed a positive correlation between their cellular accumulation and lipophilicity.
Furthermore, the naphthoquinone derivatives have been investigated on their mechanisms
of action, revealing a pronounced influence on the cell cycle (especially in SW480 cells), a
significant induction of apoptosis and partial inhibition of NAD(P)H quinone dehydrogenase 1
(NQO1) activity. Other effects known from the literature on naphthoquinones, such as
reactive oxygen species (ROS) generation and DNA interactions, could not be observed.

In the third project, tungstenocenes with various biologically active (O,0-), (S,0-) and (N,0O-
) chelates were characterised. Recent developments in in vitro cancer research suggest a
need for using three-dimensional cell culture techniques; therefore, experiments were
performed with monolayer as well as multicellular tumour spheroid cultures. Promising
antiproliferative activity was detected for compounds bearing (thio)flavone ligands in both
cellular models. These two complexes were capable of slowing down or completely stopping
spheroid growth, detected by capturing the diameter of spheroids and by
immunofluorescence staining with the KI67 proliferation marker. Tungsten uptake and
subcellular distribution were investigated in cryo-sectioned spheroids via LA-ICP-TOF-MS,
resulting in different signal intensity maps of the metal. Moreover, ROS generation and
apoptosis/necrosis induction could be detected in a concentration-dependent manner for
some of the tested compounds. The (S,0-) chelate bearing complexes tend to be more
active than their (O,0-) and (N,O-) counterparts, and the most promising candidates of this
series are compounds bearing (thio)flavone ligands.

In summary, structure-activity relationships could be elucidated, the most potent
representatives identified and previously unknown aspects of their biological activity in
cancer cell models revealed for all three classes of novel antitumour metal complexes,

illustrating the innovative potential still inherent in this field of research.

v



Zusammenfassung

Krebs ist eine der haufigsten Todesursachen weltweit. Platinhaltige Therapeutika sind eine
der am haufigsten angewendeten und wirksamsten Klassen von tumorhemmenden
Verbindungen in der Chemotherapie. Trotz des klinischen Erfolges und der hohen
Effektivitat bei bestimmten malignen Tumoren ist die Wirksamkeit von Platinmedikamenten
eingeschrankt. Die Patienten leiden unter einer Reihe von unerwunschten Nebenwirkungen
und die Behandlung scheitert haufig an einer erworbenen Arzneimittelresistenz. In den
letzten Jahrzehnten haben sich Wissenschaftlerinnen bemiuht, potenzielle
Krebsmedikamente zu entwickeln, um Chemoresistenz zu vermeiden oder zu Uberwinden.
Hierfir wurden Ruthenium-, Osmium- und Wolframverbindungen als vielversprechende
Wirkstoffkandidaten identifiziert. Derzeit werden zwei prominente  Ruthenium-
Koordinationsverbindungen in der Klinik untersucht (der Ru(lll)-Komplex BOLD-100 und der
Ru(ll)-Komplex TLD-1433), wahrend gleichzeitig auch organometallische Ruthenium(ll)-
Komplexe entwickelt werden. Osmium- und Wolframkomplexe wurden bisher in klinischen
Studien nicht untersucht, aber eine beeindruckende tumorhemmende Wirkung in vitro und in
vivo wurde in jungster Zeit berichtet.

Das Ziel dieser Dissertation ist es, verschiedene Aspekte der biologischen Aktivitat der
neuartigen Metallkomplexe zu klaren und ihre Wirkmechanismen in Krebszellen besser zu
verstehen. Im Speziellen wurden in dieser Dissertation die folgenden drei Gruppen
potentieller antitumoraler Wirkstoffe untersucht: (i) 2-Phenylbenzothiazol-Derivate und ihre
Ruthenium(ll)- sowie Osmium(ll)-Metallcyclen; (ii) Ruthenium(ll)-Aren-Komplexe auf
Naphthochinon-Basis; und (ii) Wolframocene mit einer Reihe verschiedener (O,0-)-,
(O,5-)- und (O,N-)-Chelate.

Im ersten Projekt wurde eine Serie von 2-Phenylbenzothiazolen und entsprechenden
Ruthenium(ll)- sowie  Osmium(ll)-Halbsandwich-Komplexen auf ihre biologischen
Eigenschaften untersucht. Alle diese Verbindungen wiesen in einigen humanen
Krebszelllinien vielversprechende ICso-Werte im niedrigen mikromolaren Bereich auf. Die
Osmium-Komplexe zeigten eine starkere antiproliferative Aktivitat als die Ruthenium-
Analoga; darlber hinaus wiesen alle metallhaltigen Komplexe eine bessere
tummorhemmende Aktivitat im Vergleich zu den freien Liganden auf. Bemerkenswerterweise
entsprachen die Ergebnisse von Apoptose/Nekrose-Tests nicht jenen der Zytotoxizitatstests,
da die Ruthenium-Verbindungen in héherem Mal apoptotische und nekrotische Vorgange
ausldsten als die Osmium-Analoga. Von Bedeutung fur die zellulare Pharmakologie dieser
Verbindungen ist die Kolokalisierung eines ausgewahlten fluoreszierenden
2-Phenylbenzothiazol-Liganden und des entsprechenden Ruthenium-Aren-Komplexes mit

sauren Organellen, wie etwa Lysosomen, menschlicher Darmkrebszellen.



Im zweiten Projekt wurden Ruthenium(ll)-Organometallverbindungen mit koordinierenden
Naphthochinonen auf ihre biologischen Eigenschaften untersucht. Naphthochinone sind
bioaktive Moleklle pflanzlichen Ursprungs, die eine vielversprechende krebshemmende und
antibakterielle Aktivitat aufweisen. Die Ruthenium(ll)-Aren-Komplexe auf Naphthochinon-
Basis zeigten in kolorimetrischen Kurz- und Langzeitexperimenten an Krebszellen die
erwarteten in-vitro-Aktivitaten. Das bemerkenswerteste Ergebnis ist, dass in SW480-
Kolonkarzinomzellen eine hohere Zytotoxizitat festgestellt wurde als in den weitgehend
chemosensitiven CH1/PA-1-Teratokarzinomzellen. Die beiden zytotoxischsten Komplexe
(mit p-Cymol und Biphenyl als den Arenen), welche die hochste Stabilitat in wassriger
Lésung aufweisen, zeigten eine positive Korrelation zwischen ihrer zellularen Akkumulation
und ihrer Lipophilie. Dartiber hinaus wurden die Naphthochinon-Derivate auf ihre moglichen
Wirkmechanismen untersucht, wobei sich ein ausgepragter Einfluss auf den Zellzyklus
(insbesondere in SW480-Zellen), eine signifikante Apoptose-Induktion und eine teilweise
Hemmung der Aktivitdt der NAD(P)H-Dehydrogenase 1 (NQO1) zeigten. Andere aus der
Literatur zu Naphthochinonen bekannte Effekte, wie die Bildung reaktiver Sauerstoffspezies
(ROS) und DNA-Interaktionen, konnten nicht beobachtet werden.

Im dritten Projekt wurden Wolframocene mit unterschiedlichen biologisch aktiven (O,0-)-,
(S,0-)- und (N,0-)-Chelaten charakterisiert. Aktuelle Entwicklungen der In-vitro-Forschung
legen eine Notwendigkeit der Verwendung dreidimensionaler Zellkulturtechniken nahe;
daher wurden Experimente sowohl an Monolayer- als auch an multizellularen
Tumorspharoid-Kulturen  durchgefihrt. In beiden Zellkultur-Modellen wurde eine
vielversprechende antiproliferative Aktivitdt fur Verbindungen mit (Thio-)Flavon-Liganden
festgestellt. Diese beiden Komplexe waren fahig, das Wachstum der Sphéaroide zu
verlangsamen oder vollstandig zu stoppen, wie mittels Bestimmung der Durchmesser der
Sphéaroide und Immunfluoreszenzfarbung des Proliferationsmarkers Kl67 nachgewiesen
wurde. Die Aufnahme und subzellulare Verteilung von Wolfram wurde in Gefrierschnitten
von Sphéaroiden mittels LA-ICP-TOF-MS untersucht, was unterschiedliche
Signalintensitatsverteilungen des Metalls ergab. Des Weiteren konnten flr einige der
getesteten Verbindungen die Bildung von ROS und konzentrationsabhangige
Apoptose-/Nekrose-Induktion nachgewiesen werden. Die (S,0-)-Chelat-Komplexe sind
tendenziell aktiver als ihre (O,0-)- und (N,0-)-Analoga, und die vielversprechendsten
Kandidaten dieser Serie sind Verbindungen mit (Thio-)Flavon-Liganden.

In Summe konnten fur alle drei Klassen neuartiger antitumoraler Metallkomplexe Struktur-
Aktivitats-Beziehungen aufgeklart, die potentesten Vertreter identifiziert und bisher
unbekannte Aspekte ihrer biologischen Aktivitdt in Krebszellmodellen aufgezeigt werden.
Dies illustriert das Innovationspotential, welches diesem Forschungsfeld nach wie vor

innewohnt.
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1.

Introduction

1.1. Cancer

Cancer is a major public health problem with a very high mortality rate [1]. The estimated
new incidences in 2020 were around 19 million worldwide, including all ages in both
genders. The estimated mortality in 2020 was around 10 million worldwide [2].

Cancer is often regarded as a disease of aging, as the estimated number of cancers can
vary greatly according to age in either gender (Figure 1) [3]. Among individuals in the age
group of 0-24 years, 185.578 (female) and 208.026 (male) new cancer incidences were
estimated in 2020. The occurrence of cancer cases substantially increases among
individuals of the cohort 25-49 years of age: 1.867.350 (female) and 1.051.249 (male). The
highest estimated number of cancers arise in individuals over the age of 50, reflecting the
influence of aging on the development of malignant neoplasms, with 7.174.556 (female) and
8.806.030 (male) cases reported [2]. There is strong biological evidence, statistically verified,
that aging dramatically influences tumour progression due to the time-dependent
accumulation of cellular damage, alterations in stromal homeostasis and changes of the
immune system [3]. The other prominent aspect influencing cancer statistics is sex-
dependent differences [4, 5]. For young individuals (ages 0-24) the two most common
cancer types are leukaemia (20.8%) and thyroid cancer (20.8%) in females, leukaemia
(20.8%) and brain and central nervous system cancer (10.3%) in males (Figure 1). Among
individuals of 25-49 years of age the sex-dependent emergence of certain cancer types is
very conspicuous, e.g. the increased incidence of breast (35.3%) and cervical/uterine
(13.4%) cancers in females. On the other hand, the estimated incidences of the most
prevalent cases in males, with liver (9.5%), colorectal (9.0%) and lung cancers (7.6%) are
not related to gender specificities. The most significant sex-dependent differences occur
over the age of 50, when the reproductive organs are most susceptible to neoplastic
disease, especially among males. Prostate cancers (15.8%) represented the most abundant
new cases in 2020. These statistical data underpin the relevance of sex differences for
developing novel anticancer agents and targeted therapies.

According to the World Health Organization (WHO) classification system, cancers are
divided into six groups based on histological type. The international classification/
nomenclature of cancers is based on the tissue of origin and laid down in the International
Classification of Diseases for Oncology, Third Edition (ICD-O-3): carcinoma (malignant
neoplasm with epithelial origin), sarcoma (originates in supportive and/or connective tissue),

myeloma (originates in plasma cells of the bone marrow), lymphoma (originates in the



glands and nodes of the lymphatic system), leukaemia (“blood cancer”) and mixed types of

different origins [6].
Females m

20,8%
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Figure 1: Estimated number of new cancer cases in 2020, worldwide in females (left) and males
(right) of the age of 0—24 (top), 25-49 (middle) and over 50 years (bottom); BNS: Brain and central
nervous system; NHL: Non-Hodgkin lymphoma. Globocan 2020 was used as data source, diagrams

are adapted from reference [2].



1.2. Hallmarks of cancer

When a single cell undergoes malignant transformation, it starts proliferating uncontrollably
and can develop into a malignant neoplasm, which can then spread to other tissues and
organs. The damaged cells manipulate existing molecular and cellular pathways for their
sustained proliferation. The perturbation of signalling pathways and networks are key factors
for tumour development, adding to the complexity of cancer (genetics and biology). In 2000
Hanahan and Weinberg summarized the key mechanisms, identified as fundamental for
cancer progression. These “hallmarks of cancer” offer a better understanding of the
multistep processes of tumour pathogenesis [7]. In this original framework Hanahan and
Weinberg defined six hallmarks of cancer, which in 2011 they expanded with the addition of
two more hallmarks and two enabling characteristics [7, 8]. In 2022 Hanahan published an
update on these hallmarks, extending the framework with four new facets. Collectively, nine
hallmarks of cancer and five enabling characteristics have so far been recognized and are

shown in Figure 2 [9].
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Figure 2: Hallmarks of cancer, including all the latest additions (adopted from reference [9] with

permission from the American Association for Cancer Research).



The original six core hallmarks

Sustaining proliferative signalling (Self-sufficiency in growth signals)

Cell division and growth in normal tissues are processes tightly controlled by mitogenic
growth signals (GS). The GS from neighbouring cells initiate intracellular signalling cascades
(such as the Akt, MAPK/ERK and mTOR pathways), which are essential for maintaining
tissue homeostasis and for controlling cell proliferation. Cancer cells can stimulate their own
cell cycle, they are not dependent on outside signals such as epidermal growth factor (EGF)

for their division, which leads to uncontrolled growth and self-sufficiency [7, 8].

Evading growth suppressors (Insensitivity to anti-growth signals)

In order to maintain an equilibrium between cell number and tissue homeostasis normal cells
produce growth suppressors, which act as stop signals. Cancer cells can evade these
external growth-inhibitory signals. Therefore, in a tumour tissue, cells bearing DNA damage
are not prevented from dividing. There are two key proteins, retinoblastoma-associated (RB)
and TP53 (p53), which are suppressors of proliferation. RB regulates the growth-and-
division cycle, whereas p53 can trigger apoptotic programmes. The functions of these
proteins are disrupted in cancer cells which become resistant to apoptotic signalling and

cannot enter the GO resting phase [7, 8].

Resisting cell death (Evading apoptosis)

Normally, damaged cells undergo programmed cell death (called apoptosis) to maintain
tissue homeostasis. The apoptotic machinery works by the activation of death receptors
through upstream regulators and downstream effectors. Apoptosis can occur by signals of
extracellular origin (extrinsic pathway) or by intracellular signals (intrinsic pathway). The
intrinsic apoptotic programme is more widely implicated as a barrier to cancer pathogenesis.
Cancer cells can limit or evade apoptosis through the dysregulation of several proteins,
such as the TP53 tumour suppressor (loss of function); Bcl-2, BcL-XL, BcL-W antiapoptotic
regulators (increased expression); Bax, Bak, Bid, Bim, Puma proapoptotic factors

(downregulation) or IGF1/2 survival signals (increased expression) [7, 8].

Enabling replicative immortality (limitless replicative potential)

Usually, normal cells do not have unlimited replicative potential, and their capacity for
dividing tends to enable around 60-70 divisions, also called the Hayflick limitation [7]. This is
caused by the shortening of the telomeres (repetitive sequences at the end of
chromosomes) during the DNA replication of each cell cycle, inducing senescence and

apoptosis in healthy cells and thereby providing proliferative barriers. Cancer cells are able



to produce their own telomerases (enzymes which elongate telomeres) leading to

abnormally high levels of the enzymes and resulting in sustained cellular division [7, 8].

Inducing or accessing vasculature (Sustained angiogenesis)

Angiogenesis, the formation of a vascular network supplying nutrients and oxygen and
eliminating metabolic waste and carbon dioxide from newly grown organs, is a normal
process during embryogenesis. Cancer cells, which require sustenance with nutrients and
oxygen, have the ability to stimulate the growth of new blood vessels from those pre-
existing. The two most important signalling proteins which play a significant role in promoting
tumour angiogenesis are vascular endothelial growth factor-A (VEGF-A), which is an
inducer, and thrombospondin-1 (TSP-1), which is an inhibitor [7, 8].

Activating invasion and metastasis (Tissue invasion & metastasis)

Under normal conditions the cells are either tightly connected to adjacent ones or to the
extracellular matrix (ECM) in a tissue. Cell-cell interactions are mostly mediated by calcium-
dependent cadherins (e.g. E-cadherin, N-cadherin) while the cell-ECM interactions through
integrins. These adhesion molecules are downregulated in cancer cells, which can detach
from neighbouring cells or ECM. Cells detached from the primary tumour mass can enter the
blood stream, migrate to other sites in the human body and establish new, secondary
tumours. This process of tumour spreading is called metastasis [7, 8]. Tissue invasion and
metastasis is a multistep process (invasion-metastasis cascade), which comprises five
stages: local invasion, intravasation into blood and lymphatic vessels, circulation through the
lymphatic and vasculatory system, extravasation from Ilumina into distant tissues,
micrometastasis and colonization [8, 10]. Cancerous epithelial cells at the invasive front of
the tumour can acquire a mesenchymal phenotype and develop a regulatory program, called
epithelial-mesenchymal transition (EMT). These transformed epithelial cells become

invasive, resist apoptosis and disseminate by migration [8, 10].

The two additional hallmarks and two enabling characteristics

Derequlating cellular energetics (reprogramming cellular metabolism)

Normal cells use glucose as a fuel source to generate energy in the form of ATP. Energy
metabolism can occur under aerobic and anaerobic conditions. Glucose is metabolised by
glycolysis to pyruvate, which enters mitochondria and undergoes oxidative phosphorylation
in an oxygen dependent process to produce ATP. Under anaerobic conditions, ATP is
preferentially produced by glycolysis in the cytoplasm. Cancer cells shift from oxidative
phosphorylation (36 ATP) to glycolysis (2 ATP) despite adequate oxygen levels, while



uptake of glucose as well as secretion of lactate increase dramatically. This effect is called
“aerobic glycolysis” or Warburg-effect (after Otto Warburg, who first observed this anomaly)
[8, 11]. The highly proliferative cancer cells have to compensate the 18-fold lower ATP
production; therefore, the increased need of glucose is associated with the upregulation of
glucose transporters (GLUT1), which provide increased glucose import into the cytoplasm
[8]. Furthermore, the increased level of lactate decreases the pH in the tumour

microenvironment, which in turn promotes invasiveness [11].

Avoiding immune destruction

In general, the human immune system surveys, detects, destructs and eliminates
pathogens, unhealthy or ailing cells, preventing the formation of incipient tumours. Some
types of cancer cells evade immune surveillance, especially in immunocompromised
individuals presenting virus-induced cancers. Cancer cells use inhibitory pathways to avoid
detection by T cells. Cytotoxic T-lymphocyte-associated protein 4 (CTLA4) and programmed
cell death ligand 1 (PD-L1) with programmed cell death protein 1 (PD-1) are essential
immune checkpoints. Cancer cells can block T cell activation via the increased expression of
PD-1, which leads to T cells becoming unresponsive [8, 12]. Immune system-mediated
cancer cell destruction involves the release of tumour growth factor B (TGF-B) or other
immunosuppressive factors, which negatively affect the infiltration of cytotoxic T lymphocytes
(CTLs) and natural killer (NK) cells in the tumour microenvironment. Furthermore, cancer
cells can recruit regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs),

which suppress the activity of CTLs [8].

Genome instability and mutation

Spontaneous genome mutations and other genetic changes, which occur during cell division,
are generally detected and resolved by the genome surveillance and maintenance systems,
whereas cancer cells with aberrant proliferation harbour increased levels of genomic
changes and mutations. Defects in DNA-repair mechanisms very often affect essential
genes (“caretaker genes”) and their encoded proteins through inactivating mutations or
epigenetic alterations (such as DNA methylation and histone modification). These caretaker
genes act like tumour suppressor genes and are responsible for detecting DNA adducts and
for activating the repair machinery [8].

The causes of genome instability and mutations differ between hereditary and
non-hereditary cancers. Hereditary cancers are characterized by genomic instability linked to
specific mutations in DNA repair genes. One of the best-documented examples is breast
cancer type 1 susceptibility protein (BRCA1), which is a tumour suppressor in breast tissues,

and mutations of this protein are responsible for inherited breast and ovarian cancers [13].



Moreover, the TP53 tumour suppressor, also known as “guardian of the genome”, plays a
pivotal role in inducing apoptosis/senescence to avoid the accumulation of DNA lesions.
Mutations of this gene are related to inherited cancers such as the Li-Fraumeni syndrome [8,
13]. Another example of hereditary cancer is the hereditary non-polyposis colon cancer
(HNPCC; also known as Lynch syndrome), in which mutations in DNA mismatch repair
genes lead to microsatellite instability (MSI) [13]. In sporadic cancers there are many
unknown factors which together cause malignant transformation by genetic and epigenetic

events, whereby the loss of “caretaker genes” causes uncontrolled proliferation [13].

Tumour-promoting inflammation

The innate immune system is responsible for wound healing and for removing dead cells.
Detection and engulfment of infectious invaders are carried out by adaptive immune
responses. Immune cells (e.g. leukocytes, NK cells, T and B lymphocytes, mast cells,
macrophage subtypes, neutrophils) exert diverse responses during infection and wound
healing. Intriguingly, their presence has been detected in the tumour microenvironment with
the evidence that the originally anti-tumour immune cells demonstrate tumour-promoting
effects as well as metastasis. It was also observed that chronic inflammation can promote
tumour progression. The capacity of tumour-promoting inflammation is classified as one of

the enabling characteristics due to its contribution to multiple cancer hallmarks [8].

One additional hallmark and three enabling characteristics

Unlocking phenotypic plasticity

Phenotypic plasticity is the ability of organisms with given genotypes to exhibit different
phenotypes in response to environmental changes. The differentiation of normal cells
ultimately leads to a non-proliferative status, which is an important process during
organogenesis, providing a barrier to neoplasia. Cancer cells can overcome terminal
differentiation and unlock the phenotypic plasticity, leading to sustained proliferation.
Unlocking plasticity can manifest in: (1) dedifferentiation from mature cells back to
progenitor-like states, (2) blocked differentiation from progenitor/stem cell states and (3)

transdifferentiation into alternative cell lineages [9].

Nonmutational epigenetic reprogramming

Epigenetic modifications such as DNA methylation, changes in chromatin and histone
structures and non-coding RNA interactions are well-known mechanisms during early
embryonic development. The whole genome is reprogrammed through epigenetic

modifications during the differentiation process, but without changes on the DNA sequence



level. It is a requirement for promoting cell differentiation and ensuring DNA replication in the
cell division cycle. Once epigenetic reprogramming becomes aberrant via global
hypomethylation/hypermethylation of target genes (caused by hypoxia), altered non-coding
RNA expression or disrupted histone modifications, it can promote tumour progression [9,
14].

Polymorphic microbiomes

The human microbiome (the entirety of body-resident microorganisms, such as bacteria and
fungi) can vary markedly among individuals. The variability of microbiomes conferred by
several factors, such as diet, environmental exposure and medication, can impact health and
disease and affect cancer phenotypes. One of the most studied is the gut microbiome, which
has been implicated in the pathogenesis of colon cancer though dysbiosis or the presence of
tumour-promoting bacteria (e.g. E. coli with PKS locus, butyrate-producing bacteria). The
disruption of the microbiome’s ecosystem has the capability to contribute or interfere with

other hallmarks of cancer [9].

Senescent cells

Cellular senescence is an important process by which cell division permanently and
irreversibly stops, yet cells do not die. It has evolved as a protective mechanism to prevent
neoplasia; however, senescent cells have been shown to contribute to tumour development.
Senescence can be induced by various triggers such as stress in microenvironment (e.g.
lack of nutrients, DNA damage), disruption of organelles and deregulation of signalling
pathways. Senescent cells are characterized by morphological and metabolic changes and

an adoption of a senescence-associated secretory phenotype (SASP) [9].

1.3. Tumour microenvironment (TME) and extracellular matrix (ECM)

The biology of solid tumours is very complex. Solid tumours present an organ-like structure
comprising of tumour cells, stromal cells (fibroblasts, endothelial cells, pericytes,
mesenchymal stem cells, adipocytes) and immune cells (natural killer (NK) cells, T cells, B
cells, dendritic cells (DCs), macrophages) in addition to vasculature and extracellular matrix
(ECM) [15, 16]. The TME, being a heterogenous population of cells, is ever evolving and
changing; therefore, it is important to investigate the contribution of each cell type and the
complexity of interactions among the various cell populations to better characterise it.

Fibroblasts are abundant in normal tissue stroma, whereas in solid tumours they are one of
the major cell types in the TME (up to 70-90% in breast and pancreatic cancers). Fibroblasts

produce the maijority of the extracellular matrix components such as collagen, fibronectin



and laminin, and secrete enzymes such as hydroxylases and metalloproteinases [16]. In
normal connective tissue fibroblasts are quiescent and metabolically inactive, but activation
can occur by acute or chronic inflammation. Fibroblasts activated in the TME are termed
cancer-associated fibroblast (CAFs) and differ substantially from their quiescent
counterparts, as they are mobile, invasive, synthetically active and promote proliferation and
immune responses [15, 17]. Pericytes are located on the outer wall of the blood vessels and
are responsible for (re)stabilizing the vascular network [16].

Multicellular organisms require a presence of scaffolds to support cell-to-cell connections
and communication. The extracellular matrix is a network of fibrillary proteins,
polysaccharide chains and other essential molecules. ECM as a fundamental component of
all tissues and organs provides structural and biomechanical support for cells and protects
plasma membranes. This complex network has been extensively studied in normal, non-
malignant tissues, but has only lately been recognised as a critical component of the TME.
Several parameters, such as the composition, organisation, amount of deposition,
degradation, posttranslational modifications of the ECM, differ substantially between normal
and malignant tissues. In cancer, the most ubiquitous components are produced by cancer
cells or by CAFs, which can amount up to 60% of the whole tumour mass and express high
levels of fibrillar collagen, fibronectin, laminin, hyaluronan and elastin in many solid tumours
(Figure 3) [15-23].

Collagen is the most abundant protein of the ECM, present as a triple coiled helix of
polypeptide chains. Collagen constitutes approximately 30% of the total protein amount in
the human body and 90% of the ECM. To date, 28 types of collagens have been identified,
encoded by 43 genes. The most important roles of collagen are to provide mechanical
strength, regulate cell adhesion and support cell migration in all tissues. In the TME an
increased deposition of collagen has been observed. In tumour tissues, fibrillar collagens
form large macromolecules by intermolecular cross-linking with elastin, which strongly
influences the behaviour of stromal and cancer cells of the TME and results in differential
matrix stiffness in tumour tissues [15, 16, 18, 19]. Besides collagen, glycoproteins especially
proteoglycans, have an important part in the ECM in normal and in tumour tissue.
Proteoglycans (PGs) are glycosylated proteins consisting of a core protein and several
covalently attached, negatively charged, sulphated side chains of glycosaminoglycans
(GAGs) [15, 19]. Fibronectin is a soluble, covalently bound dimer of PGs with a high
molecular weight, secreted by hepatocytes. Despite the low abundance of fibronectin, its
presence is critically important for the ECM. It supports several functions such as cell
adhesion, migration, proliferation and connects diverse proteins in the matrix. Fibronectin is
also more strongly expressed in the TME; therefore, it can assume a crucial role in

malignant transformation [16]. Laminin, a type of glycoprotein, is located in the basement



membrane of normal, healthy tissue and is involved in epithelization. Laminin is often
overexpressed in malignant tissues, especially in the stromal parts of tumours, is involved in
the loss of adherence of the basement membrane and the invasive behaviour of cancer cells
[15, 16]. Hyaluronan also termed hyaluronic acid (HA), is a linear GAG, which conjugates
gluconic acid and N-acetylglucosamine, resulting in large polyanionic polysaccharides. HA,
with its large molecular size is a primary component of the ECM, crucial for a number of
biological and structural functions, as it supports the gel-like architecture of the matrix. The
long, negatively charged polymer chains have the ability to bind a high number of water
molecules via hydrogen bonds. HA is one of the most studied GAGs in the TME due to its
overexpression in cancer tissues. It can interact as a ligand with receptors, such as CD44
(cell surface adhesion receptor) or the receptor for HA-mediated motility (RHAMM), thereby
regulating cancer progression and inflammatory events [15, 16, 18].

Integrins are bidirectional, heterodimeric cell-surface receptors. Currently 24 different
combinations of integrin receptors are known, formed by the combination of a-subunits (18
types) and B-subunits (8 types). Integrins preferentially bind to some ECM components,
such as collagen and several glycoproteins (fibronectin, laminin, efc.), through their
extracellular domains. A high level of integrin expression has been found in many solid
tumours. ECM-cell interactions are a dynamic process, which can be stimulated in two
different ways by integrin receptors acting as a bridge between the ECM and the
cytoskeleton. These transmembrane receptors act as reciprocal mediators in “inside-out”
(from cell to ECM) and “outside-in” (from ECM to cell) signalling. Hence, some of the cellular
functions (adhesion, migration, invasiveness) and homeostasis of organs and tissues are

strongly affected by integrin expression levels.

10



Normal ECM

og

| Matrix Stiffness in Cancer

J

Epithelial Cell | ? Cancer Cell QFlbroblast
Activated Endothelial Basement
Fibroblast Cell Membrane

Growth
. Growth Factor
Integrin f Factors
ﬂ 9 or Cytokine ﬁf Receptor
& Excessli\lﬁ .
Collagen ross-linke
Proteoglycan g S Gollagan

N

\

P Fibronectin ﬁ Elastin I"' Hyaluronan

Figure 3: Differences in the components and composition between normal and malignant extracellular
matrix (ECM) [16].

1.4. Three-dimensional (3D) cell culture systems

Two-dimensional (2D) cell culture models have been widely used since the early 1900s in
preclinical investigations based on their low cost and easy reproducibility between
experiments [24-28]. The traditional 2D monolayer cultures, with cells growing in monolayers
on planar, rigid plastic or glass surfaces, are not adequate for simulating the physiological

conditions in the human body due to the limited dimensionality. Approximately 50 years ago,
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in the 1970s, the three-dimensional cell culture techniques were introduced by Sutherland et
al. [29]. The 3D models, in contrast to the simpler 2D cell monolayer culture systems, more
realistically recapitulate the in vivo cell behaviour and the complex biology of human
tumours, particularly in aspects such as the presence of nutrient gradients and cell-cell as
well as cell-matrix interactions. 3D cultures simulate the architectural and functional features
of a tissue as well as the tissue-specific physiological and pathophysiological

microenvironment [24-28].

Multicellular Tumour Spheroids
Spheroid models are the most versatile and widely used scaffold-free methods for 3D cell

culture in preclinical research [25-27, 30-35]. The spherical structure is accomplished by
self- or induced aggregation of cells. The spherical geometry better reflects the 3D
architecture and physiological characteristics of complex tumour tissues with regard to
cell-cell contacts and cell-matrix interactions [27, 30]. To achieve adequate compactness,
three critical steps are necessary: (1) establishment of integrin-ECM interactions, (2)
cadherin expression and accumulation on the extracellular surface and (3) cadherin-
cadherin interactions [31]. The spherical architecture of a spheroid comprises different
layers, such as the proliferative rim, a quiescent zone and the apoptotic/necrotic core (Figure
4). These distinct zones of heterogeneous cells are organized in (1) a peripheral layer
containing proliferating and migrating cells with intact nuclei and active metabolism,
constantly exposed to growth factors, nutrients and oxygen from the medium; (2) a middle
layer composed of quiescent and senescent cells with shrunk nuclei and minimal metabolic
activity due to the limited diffusion of growth factors; and (3) a central apoptotic/necrotic core
consisting of inactive and dead cells with disintegrated nuclei and membranes due to the
limited distribution of oxygen and nutrients. In the internal zone of larger spheroids (>400 uym
diameter) the occurrence of hypoxia (lack of oxygen) is often detected, which induces
altered gene expression mediated by HIF-1a (hypoxia-inducible factor 1-alpha) and triggers
the Warburg effect, yielding an elevated level of lactic acid from aerobic glycolysis, thereby
lowering the pH of the internal layer of spheroids [30, 31, 33, 34]. Depending on the size of
the spheroids, the three layers have different thickness and distribution of nutrients, oxygen
and pH. The diffusion of small molecules (e.g. oxygen) becomes increasingly limited towards
the core of the spheroid at around 150-200 um depth [31, 32]. The stratified, spherical
organization due to the gradient differences in nutrients and oxygen availability plays an
important role in the observed reduced in vitro activity of anticancer drugs compared to 2D
cultures. The spheroid compactness and the difference in pH mimic tumour tissues, where

the penetration of the anticancer drugs is also limited [30, 33].
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Figure 4. Structure of a multicellular tumour spheroid, including the typical three different layers
(proliferating rim, quiescent zone and necrotic core), and the gradients of nutrient, oxygen, metabolic
waste, ATP and pH [35].

There is a multitude of techniques, which are used for spheroid formation. Basically they can

be divided into non-scaffold-based and scaffold-based ones. [25-37]

Non-scaffold-based techniques

The hanging drop culture method relies on the use of surface tension and gravity for the

formation of spheroids within droplets of medium. This method takes advantage of the self-
aggregation of cells at the bottom of the drop, which is hanging on the surface of an inverted
lid [27, 32]. Spheroid formation can be supported by the addition of methylcellulose and/or
agarose [32]. The hanging drop technique is widely applicable for many different cancer cell
lines and provides simplicity of handling. Difficulties in changing media, transferring
spheroids for drug treatments, and culturing for prolonged periods can be listed as
disadvantages of this method [26]. A more recent 3D-printed hanging drop dripper (3d-phd)
device overcomes some of these disadvantages and can achieve a robust long-term
production of spheroids of a constant size [38].

Liquid overlay culture is a simple aggregate-based technique for spheroid culture.

Microplates with round or conical well bottoms are used for promoting self-aggregation of
cells and the formation of spheroids [27, 30]. Ultralow-adhesion cell culture plates used are
coated with hydrophobic or hydrophilic agents (such as agarose, poly-2-hydroxyethyl
methacrylate (poly-HEMA) or poly(N-isopropyl-acrylamide) (PNIPAAm)) to support cell-cell
attachment and to minimize the interactions with the plates’ surface [30, 32]. Cells

spontaneously form spheroids, the size and the shape of which are less controllable. The
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liquid overlay technique is applicable for many different cell lines and allows long-term

experiments [30].

Magnetic levitation and 3D bioprinting are scaffold-free techniques, which use cells pre-

loaded with magnetic particles/nanoparticles (e.g. magnetic iron oxide) to generate
spheroids. Cells are forced to aggregate by applying an external magnetic field above
(magnetic levitation) or below (magnetic 3D bioprinting) [30, 32, 34]. These are quick
techniques and enable the broad use of several cell lines. However, the preparation of
magnetic nanoparticles is time-consuming, and some magnetic nanoparticles give treated
cells a characteristic brown colour due to iron oxide, thereby interfering with colorimetric

measurements [32, 34].

Rotatory methods/microgravity bioreactors refer to techniques in which suspended cells are

seeded into a rotating flask and forced to form spheroids through low shear and high mass
transfer rates. In the centrifuge chamber cells are exposed to gravitational, centrifugal and
Coriolis forces resulting in cell aggregation. The stirring rate must be well defined and
constant, since low stirring speed can lead to cell sedimentation, whereas high speed can
damage the cells and compromise spheroid formation. This is a high-cost method posing

difficulties in monitoring spheroid formation [25, 30, 38].

Scaffold-based techniques

Cells are seeded onto hydrogel- or hard polymer-based supports, which promote the
attachment, colonization, and formation of the three-dimensional structure. Hydrogels are 3D
networks of hydrophobic polymers; therefore, they can absorb a large amount of water and
recapitulate the diffusion of oxygen and nutrients. The scaffold, especially hydrogels, can
provide ECM for supporting the cell growth, proliferation, and migration [27, 30, 31, 33, 36,
37].

Synthetic scaffolds are constructed by using non-natural, natural or hybrid (non-natural and

natural) polymers for the development of 3D platforms with the required stiffness or porosity.

The most popular synthetic polymers are polyethylene glycol (PEG),

poly(lactide-co-glycolide) (PLG), poly(N-isopropylacrylamide) (PNIPAM), poly(vinyl alcohol)
(PVA), polyglycolic acid (PGA), poly-e-caprolactone (PCL) and polylactic acid (PLA), which
form hydrogels via their polymerization. These synthetic polymers with well-defined
physicochemical characteristics can be easily modified, controlled, and adjusted regarding
their chemical, mechanical and biological properties depending on the requirements of the
target cell populations. Furthermore, they are low-priced, inert and easily reproducible [25,

27, 30, 31, 33, 36, 37]. Alternatively, synthetic scaffolds can be created by natural polymers
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such as polysaccharides or peptides of plant or animal origin. These hydrogels are well

reproducible and robust for 3D structure formation. The most commonly used natural

polysaccharide for hydrogel formation is hyaluronic acid (HA), which is a non-toxic,

biodegradable component of the ECM, providing essential hydration for cellular
mechanisms. The HA hydrogel promotes spheroid formation based on its high
viscoelasticity, which resembles the stiffness of the natural environment [25, 27]. Based on
their favourable physicochemical properties, such as electric charge, hydrophilicity, water
solubility, biodegradability, non-toxicity and chemically active sites, mono- and
polysaccharides such as chitosan, dextran, and alginate are also used for generating

polysaccharide-based hydrogels [30, 38]. Peptide-based gels are an evolving area in

scaffold design for 3D cell culture. Some studies report advantages of self-assembling
peptide gels, such as better stiffness control and improved material properties through the
substitution of amino acids, and changes in the length of peptide sequence or pH [27, 38-
40].

The most common representatives for hydrogel scaffolds of biological origin are Matrigel®,

collagen, fibronectin, fibrin, and gelatine, which are natural and biocompatible substances.
These natural polymers exist in the ECM. Therefore, they can mirror the in vivo conditions
and some key physiological cell functions, such as controlled proliferation, differentiation and
metabolism [27, 30]. Matrigel® is a murine tumour-derived extract from the basement
membrane of Engelbreth—-Holm—-Swarm mouse sarcoma, which contains a composite of
important proteins such as collagen, fibronectin, laminin, filamin, actin, proteoglycans and
different growth factors. It is currently the most widely used substrate for 3D cell culture.
However, due to its animal origin the exact amount of tumour-extracted components cannot
be readily estimated [30, 41]. The other widely used natural polymer is collagen, which is an
abundant, structural protein in human tissues. The collagen system presents high flexibility,

biodegradability and customization [25, 30, 31].

1.5. Cancer treatment

After a cancer diagnosis, patients require therapeutically effective, precise/targeted and
individualised treatment. A personalised treatment plan may include a number of different
treatment options such as surgery, radiotherapy, phototherapy, targeted therapy,
immunotherapy, hormonal therapy, chemotherapy or a combination of the above, depending
on the localization and progression of the disease (Figure 5). Standard treatments in clinical
application (surgery, radiotherapy and chemotherapy) are often ineffective for treating
advanced, metastatic or recurrent cancer, therefore an unmet clinical need remains for new

therapies [42].
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Figure 5: Cancer treatment strategies

Surgical treatments depending on the location of the cancer offer a physical way to remove
tumours. Recent surgery techniques use laparoscopes (equipped with miniature cameras,
therefore avoiding large incisions), lasers and/or cryosurgery (destroying cancer cells by
extremely cold temperatures, using liquid nitrogen or argon gas) [43]. Robot-assisted

surgery is a practice affording more precision, flexibility and control [44].

Radiotherapy (RT) is one of the oldest and most cost-effective standard techniques, used
for treating about two-thirds of all cancer patients [45]. This treatment modality is based on
radiation-induced DNA damage (DNA strand breaks) by high-dose radiation directed to the
tumour, which leads to cell death, cell cycle arrest, and changes in the tumour
microenvironment [46]. Radiation therapies are given in two different ways: as external or
internal radiation. The external application employs sources of radiation external to the body
(e.g. X-rays, gamma-rays, electrons), which is associated with a high risk of harming normal
cells [45]. Internal radiotherapy such as brachytherapy involves sealed, high-dose
radioactive sources (e.g. iridium-192, cobalt-60, iodine-125, and palladium-103) placed next

to or directly into the tumour, thereby minimizing damage to normal cells [46].

Phototherapies are light-activated, photosensitizer-based approaches, such as
photodynamic therapy (PDT) and photothermal therapy (PTT) [47, 48]. In PDT
photosensitisers (e.g. porphyrin, chlorin and other chromophores) harvest the energy of light
and cause chemical damage by reactive oxygen species (ROS) generation [47]. PTT uses
photothermal agents, which absorb certain kinds of light (e.g. near-infrared light) and convert
the energy from light into heat to increase the temperature of the surrounding tissue and Kkill

cancer cells [48].
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Targeted therapy involves agents which specifically target genetic components,
macromolecules and biomarkers such as genes, proteins, antigens, growth factors,
receptors or certain specificities of the tissue microenvironment. Targeted therapy includes
monoclonal antibodies, small molecule inhibitors and antibody-drug conjugates [49, 50].
Monoclonal antibodies are designed to bind to a specific antigen presented by cancer cells
and inhibit tumour growth by disrupting oncogenic signalling or by making tumour cells
detectable for immune cells. In breast tumours overexpressing human epidermal growth
factor receptor 2 (HER2), monoclonal antibodies such as trastuzumab and pertuzumab,
targeting this receptor, have been developed as treatment [49]. Small molecule inhibitors
can penetrate into cells based on their low molecular weight. The majority of them inactivate
protein kinases, thereby modulating cell growth, proliferation, migration, and angiogenesis
and interrupt signalling in dysregulated pathways [50]. For instance, in gastrointestinal
stromal tumours the gene encoding tyrosine-protein kinase (c-KIT) is targeted by the small
molecule inhibitor imatinib [49]. Antibody-drug conjugates are monoclonal antibodies
covalently linked to biologically active, highly cytotoxic agents which can induce apoptosis.
The antibody component allows the targeted delivery of cytotoxic chemotherapy to the
cancer cells, sparing normal cells. One representative is ado-trastuzumab emtansine, which

is used for metastatic breast cancer with HER2 overexpression [49, 50].

Immunotherapy is one of the more recently developed options in cancer treatment,
originating from extensive studies of the molecular interactions between tumours and the
immune system [51]. The underpinning premise is to stimulate, activate and alert the
patient’s own immune system to combat cancer cells. Cancer cells often evade immune
surveillance (see the section ‘Hallmarks of cancer’); therefore, it is important to enhance
patients’ immunity [52]. Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), programmed
cell death protein 1 (PD-1) and programmed cell death ligand 1 (PD-L1) are well-studied
immune checkpoints, involved in adaptive immune responses against cancer cells [49, 52].
Food and Drug Administration (FDA)-approved targeted therapies for unresectable or
metastatic mismatch repair deficient (dAMMR) and microsatellite instability-high (MSI-H)
colorectal tumours are ipilimumab (targeting CTLA-4), nivolumab and brolizumab (targeting
PD-1) [50, 52]. Besides the immune checkpoint inhibitors, other immunotherapies such as
cytokine therapy, adaptive cellular immunotherapy (ACT), cancer vaccines, oncolytic virus
therapy and DC cell therapy are also available or are being developed [53]. The most novel
immunotherapy-based approaches utilise the clustered regularly interspaced short
palindromic repeats (CRISPR-Cas9) technology, which could enable gene editing for the
development of a cell-based therapy, where immune cells can recognize mutated proteins

specific for a patient’s tumour [53, 54].
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Hormonal therapy focuses on the treatment of gender-specific tumours. The formation of
breast, ovarian, cervical, endometrial, and prostate cancers are highly affected by the
hormone system. Patients with oestrogen receptor-positive breast cancer receive tamoxifen,
which inhibits oestrogen binding to its receptor and induces apoptosis [55]. Prostate cancer
is a highly androgen-dependent disease and patients with metastases are treated with
gonadal androgen deprivation therapy (ADT) agents, such as long-acting gonadotropin-
releasing hormone (GnRH) agonists (e.g. goserelin) or GnRH antagonists (e.g. degarelix),
slowing the tumour growth as a result of reduced luteinizing hormone (LH) and of lower

testosterone levels [56].

Chemotherapy is a mainstay in cancer treatment, with the primary mechanism of action
involving the interruption of the cell cycle and the induction of apoptosis of cancer cells [57].
According to the ATC (Anatomical Therapeutic Chemical) classification, chemotherapeutic
(antineoplastic) agents (LO1) can be divided in seven groups: alkylating agents (LO1A),
antimetabolites (LO1B), plant alkaloids and other natural products (LO1C), cytotoxic
antibiotics and related substances (L0O1D), protein kinase inhibitors (LO1E), monoclonal
antibodies and antibody drug conjugates (LO1F) and other antineoplastic agents (L01X) [58].

Alkylating agents (nitrogen mustards, alkyl sulphonates, ethylene imines, nitrosoureas,

epoxides) are the oldest class of anticancer drugs. They are chemically reactive and
covalently bind to DNA via C-N bonds between the carbon atom of an alkyl group and the
nitrogen atom of a nucleobase. Alkylation leads to single-strand or highly deleterious double-
strand DNA breaks that cause DNA replication to halt and eventually lead to cell death [59].
Most alkylating agents are monofunctional, bearing one reactive group, e.g. dacarbazine and
temozolomide. Bifunctional alkylating agents, such as nitrogen mustards (chlorambucil and
cyclophosphamide), have two nucleophilic sites and can generate interstrand (between two
opposite strands) and/or intrastrand (on the same strand) DNA cross-links [60]. 5-Flurouracil

(5-FU), cytarabine, and gemcitabine are widely used antimetabolites, acting by interrupting

DNA synthesis, based on their highly similar structure to purines and pyrimidines [57]. Plant

alkaloids and other natural products include taxanes (e.g. paclitaxel), Vinca alkaloids (e.g.

vinblastine and vincristine) and topoisomerase 1 (TOP1) inhibitors (e.g. irinotecan and
topotecan) [57]. Paclitaxel is a microtubule-stabilizing agent, which binds to the B-tubulin
subunit of the microtubule, leading to microtubule polymerisation and inhibition of mitosis
[61]. Vinblastine and vincristine interact with intracellular tubulin and lead to cell cycle arrest
by blocking DNA repair and RNA synthesis mechanisms [62]. Irinotecan and topotecan are
derivatives of camptothecin. They inhibit the action of topoisomerase 1 by binding and
stabilizing the TOP1-DNA complexes, thereby causing DNA-stand breaks, which in turn lead

to cell death [63]. Cytotoxic antibiotics and related substances are mostly represented by
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anthracyclines (e.g. doxorubicin and daunorubicin). Doxorubicin has several intracellular
targets and modes of action: generation of reactive oxygen species (ROS), intercalation into
DNA, DNA-adduct formation, TOPIl activity inhibition, Ca?* and iron haemostasis
dysregulation, ceramide overproduction, immune cell mediated clearance of tumours, efc.

[64]. Protein kinase inhibitors have numerous representatives (around 150 kinase-targeted

drugs), classified as tyrosine, serine-theonine or nonspecific kinase inhibitors. Their main
target is the ATP binding site of the kinases, which leads to DNA damage and cell death.
Furthermore, kinase inhibitors more effectively discriminate between non-malignant cells and
rapidly proliferating cancer cells, producing fewer side effects. Common tyrosine kinase
inhibitors are gefitinib and erlotinib, targeting the epidermal growth factor receptor (EGFR)
family [65].

1.6. Anticancer metal-based drugs

Platinum (Pt) metallodrugs

In the late 1960s, the serendipitous discovery of the antiproliferative effects of platinum
derivatives by Rosenberg opened a new therapeutic opportunity for cancer treatment [66,
67]. The anticancer activity of the first coordination complex, known as cisplatin, was
discovered after experiments with E.coli had revealed on inhibition of bacterial growth.
Around 20 years later, in 1978, the Food and Drug Administration (FDA) approved cisplatin,
cis-diamminedichloridoplatinum(ll), as the first platinum-based anticancer drug for clinical
application. Based on the success of cisplatin, second- and third-generation platinum(ll)
complexes were designed, such as carboplatin, cis-diammine(1,1-
cyclobutanedicarboxylato)-platinum(ll), and  oxaliplatin, trans-R,R-cyclohexane-(1,2-
diamine)-oxalatoplatinum(ll), both widely used clinically to this day [68, 69]. There are a few
platinum(Il) drugs, which are only approved in specific countries: nedaplatin and miriplatin in
Japan, lobaplatin and dicycloplatin in China and heptaplatin in South Korea (structures are

shown in Figure 6) [70].
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Figure 6: Structures of platinum(ll)-based chemotherapeutics: (a) cisplatin, (b) carboplatin, (c)

oxaliplatin, (d) nedaplatin, (e) heptaplatin, (f) lobaplatin, (g) dicycloplatin and (h) miriplatin [70].

Platinum(ll) metallodrugs are employed in 25% of the treatment protocols for several
different cancer types, such as urogenital cancer, non-small cell lung cancer, bladder
cancer, head and neck cancer, pancreatic cancer, colorectal and other gastrointestinal
cancers, various lymphomas, sarcomas, and multiple myeloma [70, 71]. The main target of
the platinum drugs is DNA and their mode of action involves four key steps: (1) cellular
uptake via passive diffusion or active transport, (2) aquation-mediated activation, (3) binding
to DNA and formation of cross-links, and (4) inhibition of DNA transcription, replication and
induction of apoptosis [72]. Despite their well-established cancer cell killing capacity,
platinum drugs are non-selective, affecting both cancer and normal cells. This lack of
selectivity causes serious systemic toxicity and provokes several undesirable side effects in
patients, such as nephrotoxicity, ototoxicity (cisplatin), myelosuppression (carboplatin), and
peripheral neurotoxicity (oxaliplatin) [68, 69]. Furthermore, cancer cells may become
resistant against platinum drugs, compromising the therapeutic outcome. Resistance can
emerge because of altered cellular drug accumulation, increased detoxification, enhanced
DNA repair, decreased apoptosis, and autophagy [71]. Certain strategies have been
developed for the reduction of inherent toxicity and resulting side effects, such as the
liposomal encapsulation of platinum drugs and drug delivery by nanomaterial carriers [68,
69].
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Ruthenium (Ru) and osmium (Os) metallodrugs

Among the transition metals, ruthenium and osmium are promising candidates for the
extension of the therapeutic spectrum of metal-based drugs.

Ruthenium presents favourable chemical and biochemical properties for medicinal use such
as: (1) multiple oxidation states (+I1I, +lll and +IV), which enable activation by reduction of the
inert Ru(lll) prodrugs to active Ru(ll) drugs by ascorbate or glutathione, or supported by
hypoxic tumour microenvironment, (2) slow ligand-exchange kinetics mimicking the time
scale of cell division, and (3) the ability to replace Fe(lll) ions and binding to certain
biological molecules such as serum transferrin or albumin. Ruthenium-based complexes
have shown lower toxicity and higher water solubility. Due to their octahedral coordination
geometry ruthenium complexes exert modes of action different from those of platinum-based
drugs [73-75]. NAMI-A, imidazoliumtetrachlorido(dimethylsulfoxide)(imidazole)ruthenate(lll)
was the first intensively studied Ru(lll) coordination complex evaluated clinically, progressing
up to phase Il trials (Figure 7) [76]. Two ruthenium coordination compounds are currently
investigated in clinical trials, the ruthenium(lll) drug BOLD-100 (formerly KP1339, NKP1339,
IT139; the sodium salt analogue of KP1019), sodium tetrachloridobis(indazole)ruthenate(lll)
of Keppler's group, and the ruthenium(ll) drug TLD1433 (Figure 7) [77]. Beside the
coordination complexes, organometallic compounds have also been considered as
anticancer drug candidates. Organometallic compounds are usually uncharged metal
complexes with at least one, covalent metal-carbon bond, where the metal atom has a low
oxidation state. They provide a diversity of structural variations and stereochemistry, and
well-controlled, stable kinetics (such as hydrolysis) [78]. Intensively investigated
organometallic ruthenium complexes are the RAPTAs of Dyson’s group and RAEDs of
Sadler's group (Figure 7). RAPTAs are half-sandwich arene-ruthenium(ll) complexes
containing two monodentate chlorido ligands and one 1,3,5-triaza-7-phosphaadamantane
(PTA) ligand with a piano-stool (pseudo-octahedral) geometry. The most promising
prototype is RAPTA-C (dichlorid Ru(ll)-p-cymene-1,3,5-triaza-7-phosphaadamantane)
demonstrating antimetastatic, antiangiogentic and antitumour activity. RAEDs are
ruthenium(ll)-arene-ethylenediamine complexes, with RM175 being the most promising
candidate [78-81].
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Figure 7: Chemical structure of octahedral ruthenium coordination complexes (NAMI-A, BOLD-100
and TLD1433) and half-sandwich organometallic compounds (RAPTA and RAED) [82].

Osmium as a d-block metal, located in the iron group like ruthenium, received some
attention from bioinorganic chemists. Osmium complexes are very often studied together
with ruthenium analogues to compare their chemical properties and biological relevance.
Initial results have indicated promising anticancer activity of osmium metallodrugs, exerted
by various mechanisms such as DNA interactions, redox modulation and protein inhibition
[78, 83]. Osmium analogues of well-known ruthenium complexes (such as NAMI-A, KP1019,
RAPTA-C and RM175) have been synthetized and studied. Interestingly, some osmium
compounds (e.g. Os-RAPTA-C) exhibit less pronounced anticancer activity in vitro than in
vivo compared to the ruthenium analogues, suggesting different biological behaviour.
Several studies concluded that the cytotoxic activity in vitro/in vivo strongly depends on the
ligand system of these metallodrugs. These crucial differences may rely on: (1) osmium is a
softer Lewis acid, thus the coordination affinity to biomolecules is different and (2) the metal-

ligand exchange processes are slower [84, 85].

Tungsten (W) metallodrugs

Tungsten and molybdenum (Mo) are transition metals of the group 6 in the d-block and have
received more attention in medicinal chemistry over the last 50 years. The first spanking idea
originated from Kopf-Maier and Képf in 1979, when they reported on the antiproliferative
activity of titanocene dichloride (Cp.TiCl,), establishing a new research field in
bioorganometallic chemistry [86]. The term metallocene(s) was also introduced: on the
central atom two cyclopentadienyl (Cp) ligands are bound by 1-bonds. In metallocenes two
main structures are distinguished, depending on the bonding angles of the Cp rings: (1)
classic metallocenes with parallel bonds of two Cp ligands, resulting in a sandwich structure
(e.g. ferrocene), and (2) bent metallocenes with two additional ligands (e.g. titanocene,
molybdenocene, tungstenocene), shown in Figure 8 [78]. Metallocenes are mostly applied

as biosensors and experimental antitumour agents [87]. Titanocene dichloride, as a bent
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metallocene, has shown a promising anticancer activity in breast, colon and lung cancers.
The positive results were attributed to the cis-dihalido motif, which is similar to the cis-
dichlorido motif of cisplatin [78, 88]. Inspired by the initial success of titanocene dichloride
(which due to its low response in metastatic cancer was abandoned after clinical phase | and
Il trials), molybdocene dichloride (Cp-MoCl;) and tungstenocene dichloride (Cp2WCI;) were
developed as potential antitumour agents beside other metallocenes based on vanadium,
niobium and rhenium, capitalising on their particular physical and chemical properties, such
as electronic structure [87-91]. Cp2MoCl; has received more interest, than Cp,WCl, based
on its higher stability of metal-Cp bonds, improved anticancer properties and favourable
hydrolysis chemistry [87, 92]. Tungstenocene chemistry has been abandoned for many
years in research, until the great cytotoxic activity of Cp2WClI, derivatives bearing 3-hydroxy-
4-pyrone ligands (one representative is shown in Figure 8) was discovered by Meléndez’'s
group and compared to the cytotoxicities of molybdenocenes [93]. Moreover, the structure
modification by replacing chlorido ligands with bidentate ligands modulates the aqueous
solubility as well as stability, and the functionalisation of the bidentate ligands can provide
improved anticancer potential. Another strategy for increasing anticancer activity could be
the functionalization of the Cp ring with hydrophobic or hydrophilic groups and bioactive

molecules [94, 95].

< T =

| X \
M I<X \\‘-'.::‘_“:)0 e
M = Fe (ferrocene) M’ = Ti (titanocene) [Cp,W(ethyl maltolato)]CI

Mo (molybdocene)
W (tungestenocenes)

Figure 8: Structure of classic sandwich metallocenes with parallel Cp rings (left), bent metallocenes
with two additional X ligands (middle) and a substituted tungstestenocene; [Cp2W(ethyl maltolato)]CI
(right) [78, 93].
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A series of 2-phenylbenzothiazole derivatives and their corresponding organometallic
ruthenium(ll) and osmium(ll) complexes were synthesized, designed to exploit both, the
attributes of the half-sandwich transition metal scaffold and the bioactivity spectrum
of the applied 2-phenylbenzothiazoles. All synthesized compounds were characterized
via standard analytical methods. The obtained organometallics showed antiproliferative
activity in the low wM range and are thus at least an order of magnitude more potent
than the free ligands. ESI-MS measurements showed that the examined compounds
were stable in agqueous solution over 48 h. Additionally, their binding preferences to small
biomolecules, their cellular accumulation and capacity of inducing apoptosis/necrosis
were investigated. Based on the fluorescence properties of the selected ligand and
the corresponding ruthenium complex, their subcellular distribution was studied by
fluorescence microscopy, revealing a high degree of colocalization with acidic organelles
of cancer cells.

Keywords: metallacycles, anticancer, benzothiazoles, ruthenium complexes, osmium complexes

INTRODUCTION

The first stepping stone toward the application of coordination compounds for tumor therapy
was the discovery of the antiproliferative activity of cisplatin (Rosenberg, 1971, 1973). Soon,
other compounds were investigated with the aim of overcoming severe limitations of cisplatin,
which include a broad range of side effects, limited spectrum of responsive cancer types, and the
development of tumor cell resistances. The first approach was the modification of this original
Pt(II) compound (Galanski and Keppler, 2007). However, the scientific community branched out
quickly to neighboring transition metals (Jakupec et al., 2008). Promising results have been reported
for the first-in-class Ru(III) complex BOLD-100 (formerly IT-139 and KP1339, see Chart1) in
a clinical phase I study (Trondl et al., 2014). The second intensively studied Ru(III) complex is
NAMI-A; however, further clinical investigations have been canceled due to insufficient efficacy
(Alessio, 2017). Another class of antitumor ruthenium coordination compounds is represented
by half-sandwich complexes with piano-stool geometry. Most of these complexes also act as
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CHART 1| Chemical structures of BOLD-100, RM175, RAPTA-T, and a biologically active C,N-chelate half-sandwich Ru(ll) complex (Yellol et al., 2015).

prodrugs, where activation is achieved by hydrolysis of a
labile ligand (leaving group). The formed positively charged
aqua species are very attractive binding partners for biological
nucleophiles, i.e., proteins or DNA. The two most prominent
representatives of this compound class are Dyson’s RAPTA
complexes and Sadler's RAEN organometallics (Chart 1;
Bergamo et al, 2012). Our group established organometallic
complexes with high antitumor efficacy by utilizing O,0-, or
S,0-chelating bioactive ligands, such as maltol, and S,O-chelating
ligands, such as thiomaltol, and attempted structure-activity
relationship assertions (Kandioller et al., 2009). The drawback of
these organometallics is their lowered stability in physiological
media which can be increased by exchange of the halido leaving
groups, e.g., N-heterocyclic nitrogen donors (Hackl et al., 2016;
Mokesch et al., 2019).

Another approach to circumvent stability issues is the
synthesis of complexes with ligands chelating the transition metal
via a heterocyclic nitrogen and an aromatic-carbon atom. This
C,N-chelating motif has been applied to different transition
metals such as Ni(II), Pt(IT), Pd(II) (Chen et al., 2008; Cross et al.,
2011), Ru(II) (Djukic et al., 2006; Li et al., 2015; Kondrashov et al.,
2016), Rh(III), and Ir(III) (Ruiz et al., 2012). The resulting Ru
complexes are mostly used as catalysts; e.g., for the stereoselective
reduction of ketones (Facchetti et al., 2016), reduction of nitrile
functionalities (Nirmala et al., 2016), and hydrogen transfer
reactions (Ferrer Flegeau et al., 2011; Yu et al., 2015). In other
cases, they are the transition states of the utilized Ru(II) catalyst
(Zhang et al., 2014; Rajkumar et al,, 2015; Sabater et al., 2016).
More recently, Ru complexes of C,N-chelating ligands were
investigated for anticancer activity (Ruiz et al, 2011; Yellol
et al., 2015; Riedl et al., 2017). There is a definite trend toward
the exploitation of possible synergistic effects of utilized ligand
systems with inherent bioactivity and the potential affinity of
the piano-stool configured transition metal complexes toward
biological nucleophiles. Pérez et al. synthesized Ru complexes of
benzodiazepine ligands (Pérez et al., 2002), Ruiz et al. use C,N-
chelating conjugates of steroids in Ru(II) and the aforementioned
Rh(IIT)/Ir(III) complexes (Ruiz et al, 2011, 2012). Recently

published studies report promising bioactive piano-stool Ru(II)
complexes of the pharmacologically widely used benzimidazole
scaffold (Chart 1; Belsa et al., 2013; Yellol et al., 2015).

The benzothiazole scaffold has been extensively investigated
for non-invasive diagnosis of Alzheimer’s disease (Jia et al., 2015)
as well as anti-inflammatory (Ban et al., 1998; Papadopoulou
et al, 2005), antimicrobial (Singh et al., 2016), anti-allergic
(Ban et al., 1998), analgesic (Baell et al., 2001; Westaway et al.,
2008), antineoplastic (Chua et al., 2000; Starcevic et al., 2006;
Caleta et al., 2009), topoisomerase I/II (Abdel-Aziz et al., 2004;
Pinar et al., 2004; Mohmed et al., 2015), and tyrosine kinase
inhibiting (Okaniwa et al., 2013; Gabr et al., 2015) properties.
Apart from biological applications, C,N-coordination of 2-
phenylbenzothiazoles to Ir(III) are promising new candidates for
the preparation of organic light-emitting diodes (OLEDs), due to
their high quantum yield phosphorescence in yellow and orange
(Li et al., 2014).

The goal of this study was the synthesis of 2-
phenylbenzothiazole-based Ru(II) and Os(II) piano-stool
complexes, investigations on their biological activity profiles, and
an attempt to derive preliminary structure-activity relationships.

MATERIALS AND METHODS

All solvents were purchased from commercial sources and
distilled prior use. 2-Aminothiophenol (98%, Aldrich),
benzaldehyde (>98%, Acros), 4-fluorobenzaldehyde (98%,
Aldrich),  4-chlorobenzaldehyde  (>98.5%,  Acros), 4-
methylbenzaldehyde (97%, Acros), 4-methoxybenzaldehyde
(>98%, Fluka), 2-(4-aminophenyl)benzothiazole (98%, Alfa
Aesar), ruthenium(III) chloride hydrate (Johnson Matthey),
osmium(VIII) tetroxide (Johnson Matthey), hydrazine
hydrochloride (>98%, Aldrich), o-terpinene (90%; Acros
Organics), and sodium acetate (>98.5%, Fluka) were purchased
and used without further purification. Bis [(1®-p-isopropyltoluol)
dichloridoruthenium(II)] (Bennett and Smith, 1974) and bis
[(n°-p-isopropyltoluol)dichloridoosmium(IT)] (Kiel et al., 1990)
were synthesized as described by other authors.
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Melting points were determined with a Biichi Melting
Point M-560. The solubility was determined by dissolving
the compound in DMF and subsequent dilution to a final
concentration of 1% DMF/MEM (minimal essential medium).
The highest concentrated dilution, where no precipitation of
the compound occurred, was the determined solubility. The
NMR spectra were recorded at 25°C using a Bruker FT-
NMR spectrometer Avance III'™ 500 MHz. 'H NMR spectra
were measured at 500.10 MHz and '>C-NMR Spectra at
125.75 MHz in deuterated chloroform (CDCl3). 2D-NMR
spectra were measured using a gradient-enhanced mode.
CHNS elemental analyses were performed with a Eurovector
EA3000 Elemental Analyzer in the microanalytical laboratory
of the University of Vienna. Single crystals of L5, 1a, and
1b suitable for X-ray diffraction analysis were grown from
DCM/Et,O at 4°C. The X-ray intensity data was measured
on a Bruker D8 Venture or X8 APEX II diffractometer
equipped with multilayer monochromators, Cu K/a INCOATEC
micro focus sealed tube and Kryoflex cooling device. The
structure was solved by direct methods and refined by full-
matrix least-squares techniques. Non-hydrogen atoms were
refined with anisotropic displacement parameters. Hydrogen
atoms were inserted at calculated positions and refined with
a riding model, respectively, as rotating groups. The following
software was used: Bruker SAINT software package using
a narrow-frame algorithm for frame integration, SADABS
(Sheldrick, 1996) for absorption correction, OLEX2 (Dolomanov
et al, 2009) for structure solution, refinement, molecular
diagrams, and graphical user-interface, Shelxle (Hubschle et al.,
2011) for refinement and graphical user-interface SHELXS-
2013 (Sheldrick, 2015b) for structure solution, SHELXL-2013
(Sheldrick, 2015a) for refinement, Platon (Spek, 2009) for
symmetry check. Experimental data and CCDC-code can be
found in Table S1. Electronspray ionization mass spectra were
recorded on a Bruker AmaZon SL ion trap mass spectrometer
(Bruker Daltonics GmbH).

General Procedure for the Synthesis of

4’-Substituted 2-Phenylbenzothiazoles

The appropriate aldehyde (1 eq) was dissolved in ethanol
and 2-aminothiophenol (1 eq) was added, followed by slow
addition of hydrogen peroxide (30%, 1.8 eq) and HCI
(37%, 1.1 eq). After 2.5h of stirring at room temperature,
NaOH (10%) was added until an alkaline solution was
obtained. After 10min in an ice bath, the precipitated
product was collected by filtration in good yields (Guo et al,
2009).

General Complexation Procedure

The appropriate dimeric metal precursor (0.9 eq) and sodium
acetate (1.1 eq) were dissolved in MeOH or MeOH:DCM (3:1)
and stirred for 1h at 40°C. After the addition of the desired
benzothiazole (1 eq), the reaction mixture is either stirred at
40°C or irradiated under microwave conditions. The solvent was
evaporated, the residue taken up in DCM, filtrated, concentrated
and the product was then precipitated by addition of n-hexane.

2-Phenylbenzothiazole (L1)

The synthesis was performed according to the general procedure
for the synthesis of 4'-substituted 2-phenylbenzothiazoles,
using benzaldehyde (479 pL, 4.7 mmol), 2-aminothiophenol
(504 pL, 4.7 mmol), H,O, (866 L, 8.5 mmol), and HCI
(432 pL, 5.2 mmol), yielding an off-white solid (706 mg, 71%).
Mp: 111°C, Solubility: 0.02 mg/mL = 0.09 mM (MEM, 1% DMF);
'H-NMR (500.10 MHz, d¢-DMSO) 8: 7.47 [dd, *J(H,H) = 8 Hz,
3J(H,H) = 8 Hz, 1H, H5], 7.56 [dd, *J(H,H) = 8 Hz, *J(H,H) =
8 Hz, 1H, H6], 7.58-7.60 (m, 3H, H3', H4'), 8.07 [d, 3J(H,H) =
8 Hz, H7], 8.09-8.12 (m, 2H, H2'), 8.15 [dd, 3J(H,H) = 8 Hz,
4J(H,H) = 1Hz, 1H, H4]; *C-NMR (125.75 MHz, ds-DMSO)
§: 122.4 (C7), 122.9 (C4), 125.6 (C6), 126.7 (C5), 127.2 (C2)),
129.5 (C4'), 131.5 (C4'), 132.9 (C7a), 134.5 (C1’), 153.6 (C3a),
167.3 (C2); m/z 212.23, myy: 212.05; elemental analysis calcd. for
C13HyNS: C 73.90, H 4.29, N 6.63, S 15.18%; found: C 73.55, H
4.20, N 6.66, S 15.4 6%.

2-(4-Fluorophenyl)benzothiazole (L2)

The synthesis was performed according to the general procedure
for the synthesis of 4'-substituted 2-phenylbenzothiazoles, using
4-fluorobenzaldehyde (505 pL, 4.7 mmol), 2-aminothiophenol
(504 L, 4.7 mmol), H,O; (866 |LL, 8.5 mmol), and HCI (432 nL,
5.2 mmol), yielding an off-white solid (802 mg, 75%). Mp: 100°C,
Solubility: 0.03 mg/mL = 0.13 mM (MEM, 1% DMF); 'H-NMR
(500.10 MHz, dg-DMSO) 8: 7.41 [ddd, *J(H,H) = 9 Hz, 3J(H,H)
= 9Hz, 3J(H,F) = 2 Hz, 2H, H3')], 7.46 [ddd, *J(H,H) = 8 Hz,
3J(H,F) = 8 Hz, 4J(H,H) = 1Hz, 1H, H5')|, 7.55 [ddd, 3J(H,H)
= 8Hz, 3J(H,H) = 8Hz, *J(H,F) = 1Hz, 1H, He')], 8.06 [d,
3J(H,H) = 8 Hz, 1H, H7], 8.13-8.17 (m, 3H, H4, H2')), > C-NMR
(125.75 MHz, dg-DMSO) &: 116.5 [d, %J(C,F) = 22Hz, C3)],
122.4 (C7), 122.9 (C4), 125.6 (C6), 126.8 (C5), 129.5 [d, *J(C,F)
= 3Hz, Cl')], 129.6 [d, 3J(C,F) = 9 Hz, C2')], 134.6 (C7a), 153.5
(C3a), 163.9 [d, 1J(C,F) = 250 Hz, C4')], 166.1 C2); m/z 231.21,
mth: 230.04; elemental analysis calcd. for Ci3HgFNS-0.1H,0:
C 67.57, H 3.58, N 6.06, S 13.88%; found: C 67.68, H 3.56,
N 6.03, S 13.92%.

2-(4-Chlorophenyl)benzothiazole (L3)

The synthesis was performed according to the general procedure
for the synthesis of 4'-substituted 2-phenylbenzothiazoles, using
4-chlorobenzaldehyde (661 mg, 4.7 mmol), 2-aminothiophenol
(504 pL, 4.7 mmol), H,O, (866 nL, 8.5 mmol), and HCI
(432 pL, 5.2 mmol), yielding a purplish gray solid (955mg,
83%). Mp: 109 °C, Solubility: 0.03 mg/mL = 0.12 mM (MEM, 1%
DMF); 'H-NMR (500.10 MHz, ds-DMSO) 5: 7.49 [dd, *J(H,H)
= 8Hz, *J(H,H) = 8Hz, 1H, H5], 7.57 [dd, ’J(H,H) = 8 Hz,
’J(H,H) = 8Hz, 1H, H6], 7.62-7.66 (m, 2H, H3‘), 8.08 [d,
3J(H,H) = 8Hz, 1H, H7], 8.10-8.14 (m, 2H, H2°), 8.17 [d,
3J(H,H) = 8 Hz, 1H, H4]; 3C-NMR (125.75 MHz, dg-DMSO)
8: 122.5 (C7), 123.0 (C4), 125.8 (C6), 126.9 (C5), 128.9 (C3')),
129.5 (C2)), 131.7 (C1)), 134.6 (C4')), 136.1 (C7a), 153.5 (C3a),
166.0 (C2); m/z 246.17, my,: 246.01; elemental analysis calcd. for
C13HgCINS-0.1H,0: C 63.08, H 3.34, N 5.66, S 12.95%; found: C
62.99, H 3.23, N 5.72, S 13.25%.
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2-(4-Methylphenyl)benzothiazole (L4)

The synthesis was performed according to the general procedure
for the synthesis of 4'-substituted 2-phenylbenzothiazoles, using
4-tolualdehyde (554 pL, 4.7 mmol), 2-aminothiophenol (504
L, 4.7 mmol), H,O;, (866 L, 8.5 mmol), and HCI (432 L,
5.2 mmol), yielding a gray solid (897 mg, 85%). Mp: 81°C,
Solubility: 0.04 mg/mL = 0.18 mM (MEM, 1% DMF); IH-NMR
(500.10 MHz, dg-DMSO) §: 2.37 (s, 3H, H5')), 7.36 [d, *J(H,H) =
8 Hz, 1H, H3')], 7.44 [dd, *J(H,H) = 8 Hz, 3J(H,H) = 8 Hz, 1H,
H5],7.53 [dd, *J(H,H) = 8 Hz, *J(H,H) = 8 Hz, 1H, H6], 7.97 [d,
3J(H,H) = 8 Hz, 1H, H2')], 8.04 [d, *J(H,H) = 8 Hz, 1H, H7], 8.11
[d, *J(H,H) = 8 Hz, 1H, H4]; 3C-NMR (125.75 MHz, dg-DMSO)
§:21.1(C5)), 122.3 (C7), 122.7 (C4), 125.4 (C6), 126.6 (C5), 127.2
(C2')), 130.0 (C3')), 130.3 (C4')), 134.3 (C7a), 141.5 (C1')), 153.6
(C3a), 167.4 (C2); m/z 226.24, my,: 226.07; elemental analysis
caled. for C14H 1 NS-0.1H,0: C 74.04, H 4.97, N 6.17, S 14.12%;
found: C 73.83, H 4.88, N 6.23, S 14.39%.

2-(4-Methoxyphenyl)benzothiazole (L5)

The synthesis was performed according to the general procedure
for the synthesis of 4'-substituted 2-phenylbenzothiazoles,
using p-anisaldehyde (572 L, 4.7 mmol), 2-aminothiophenol
(504 nL, 4.7 mmol), H,O, (866 L, 8.5 mmol), and HCI (432
nL, 5.2 mmol), yielding a gray solid (929 mg, 82%). Mp: 115°C,
Solubility: 0.06 mg/mL = 0.25 mM (MEM, 1% DMF); 'H-NMR
(500.10 MHz, dg-DMSO) §: 3.85 (s, 3H, H5')), 7.12 [d, *J(H,H) =
9 Hz, 2H, H3')], 7.42 [dd, *J(H,H) = 8 Hz, *J(H,H) = 8 Hz, 1H,
H5], 7.52 [dd, *J(H,H) = 8 Hz, *J(H,H) = 8 Hz, 1H, H6], 8.01
[d, 3*J(H,H) = 8 Hz, 1H, H7], 8.03-8.06 (m, 2H, H2')), 8.10 [d,
3J(H,H) = 8 Hz, 1H, H4]; 3 C-NMR (125.75 MHz, dg-DMSO) 8:
55.5(C5')), 114.8 (C3')), 122.3 (C7), 122.5 (C4), 125.2 (C6), 125.6
(C1")), 126.6 (C5), 129.0 (C29), 134.3 (C7a), 153.7 (C3a), 161.9
(C4)), 167.2 (C2); m/z 242.22, my,: 242.06; elemental analysis
caled. for C14H11NOS: C 69.68, H 4.60, N 5.80, S 13.29%; found:
C 69.59, H 4.50, N 5.83, S 13.49%.

[(Chlorido)(2-phenylbenzothiazolato-kN,
kC2))(n8-p-cymene)ruthenium(ll)] (1a)

The synthesis was performed according to the general
complexation procedure, using  bis[dichlorido(n®-p-
cymene)ruthenium(II)]  (234mg, 382 pmol), sodium
acetate (78 mg, 935 pmol), MeOH:DCM 3:1, 4mL), and 2-
phenylbenzothiazole L1 (177mg, 850 pmol). The reaction
mixture was stirred at 40°C for 24 h. The product was obtained
as red crystals (291 mg, 79%). Mp: >197°C (decomposition),
Solubility: 0.1 mg/mL = 0.21 mM (MEM, 1% DMF); 'H-NMR
(500.10 MHz, CDCl3) 8: 0.76 [d, 3J(H,H) = 7 Hz, 3H, Hf], 0.91
[d, 3J(H,H) = 7 Hz, 3H, Hf], 2.13 (s, 3H, Hg), 2.25 [sept, *J(H,H)
= 7Hz, 1H, He], 5.13 [d, *J(H,H) = 6Hz, 1H, Hb], 5.38 [d,
J(H,H) = 6 Hz, 1H, Hc], 8.73 [d, *J(H,H) = 6 Hz, 1H, Hc], 5.91
[d, 3J(H,H) = 6 Hz, 1H, Hb], 7.08 [dd, 3J(H,H) = 8 Hz, 3J(H,H)
= 8Hz, 1H, H5')],7.23 [dd, *J(H,H) = 8 Hz, *J(H,H) = 8 Hz, 1H,
H4')], 7.45 [dd, *J(H,H) = 8 Hz, *J(H,H) = 8 Hz, 1H, H6], 7.63
[dd, *J(H,H) = 8 Hz, *J(H,H) = 8 Hz, 1H, H5], 7.68 [dd, *J(H,H)
= 8 Hz, 4J(H,H) = 1 Hz, 1H, H6')], 7.86 [d, 3J(H,H) = 8 Hz, 1H,
H7],8.26 [d, *J(H,H) = 8 Hz, 1H, H3')], 8.38 [d, *J(H,H) = 8 Hz,
1H, H4]; 3C-NMR (125.75 MHz, CDCl3) 8: 19.1 (Cg), 21.8 (Cf),

22.8 (Cf), 31.6 (Ce), 80.6 (Cb), 82.3 (Cc), 90.1 (Cc), 90.7 (Cb),
99.3 (Cd), 102.6 (Ca), 121.3 (C4), 122.9 (C7), 123.1 (C5')), 125.5
(C6), 126.0 (C6')), 127.3 (C5), 130.3 (C4')), 132.2 (C7a), 139.6
(C1")), 140.0 (C3')), 151.2 (C3a), 174.6 (C2')), 183.4 (C2); m/z
504.23, my,: 504.01; elemental analysis calcd. for Cy3H,, CINRuS:
C57.43, H 4.61, N 2.91, S 6.67%; found: C 57.19, H 4.57, N 2.94,
S 6.44%.

[(Chlorido)(2-(4")-fluorophenyl)benzothiazolato-kN,
kC2'))(n8-p-cymene)ruthenium(ll)] (2a)

The synthesis was performed according to the general
complexation procedure, using  bis[dichlorido(n®-p-
cymene)ruthenium(II)] (51 mg, 84 pmol), sodium acetate
(17mg, 200 pmol), MeOH:DCM (3:1, 4mL), and 2-(4-
fluorophenyl)benzothiazole L2 (44 mg, 182 pmol). The reaction
mixture was stirred at 40°C for 24 h. The product was obtained
as red crystals (68 mg, 82%). Mp: >199°C (decomposition),
Solubility: 0.1 mg/mL = 0.20mM (MEM, 1% DMF); 'H-NMR
(500.10 MHz, CDCl3) 8: 0.77 [d, 3J(H,H) = 7 Hz, 3H, Hf], 0.91
[d, *J(H,H) = 7 Hz, 3H, Hf], 2.14 (s, 3H, Hg), 2.25 [sept, >J(H,H)
= 7Hz, 1H, He], 5.15 [dd, *J(H,H) = 6Hz, 4J(H,H) = 1Hz,
1H, Hb], 541 [d, *J(H,H) = 6Hz, 1H, Hc], 5.70 [d, *J(H,H)
= 6Hz, 1H, Hc], 5.91 [d, *J(H,H) = 6 Hz, 1H, Hb], 6.77 [ddd,
3J(H,H) = 6Hz, *J(H,F) = 3Hz, *J(H,H) = 1Hz, 1H, H50)],
7.45 [dd, 3J(H,H) = 8 Hz, 3J(H,H) = 8 Hz, 1H, He6], 7.63 [dd,
*J(H,H) = 8Hz, *J(H,H) = 8Hz, 1H, H5], 7.67 [dd, 3J(H,H)
= 8Hz, YJ(H,F) = 5Hz, 1H, H6')], 7.85 [dd, *J(H,H) = 8 Hz,
4J(H,H) = 1Hz, 1H, H7], 7.94 [dd, 3J(H,H) = 8 Hz, *J(H,F) =
2Hz, 1H, H3)], 8.33 [d, 3J(H,H) = 8 Hz, 1H, H4]; *C-NMR
(125.75 MHz, CDCl3) 8: 19.1 (Cg), 21.8 (Cf), 22.8 (Cf), 31.1
(Ce), 80.8 (Cb), 82.8 (Cc), 90.1 (Cc), 90.7 (Cb), 99.5 (Cd), 103.1
(Ca), 110.9 [d, 3J(C,F) = 24 Hz, C5')], 121.1 (C4), 123.0 (C7),
125.5 (C6), 125.9 [d, 3J(C,F) = 18 Hz, C3')], 127.4 (C5), 127.4
[3J(C,F) = 9Hz, C6')], 132.0 (C7a), 135.9 (C1’)), 151.1 (C3a),
162.8 [d, *J(C,F) = 257 Hz, C4')], 173.6 (C2), 186.6 [d, *J(C,F)
= 5Hz, C2)]; m/z 464.21, my,: 464.04; elemental analysis calcd.
for Co3H,; CIFNRuS: C 55.36, H 4.24, N 2.81, S 6.43%; found: C
55.14, H 4.26, N 2.83, S 6.28%.

[(Chlorido)(2-(4’)-chlorophenyl)benzothiazolato-kN,
kC2'))(n8-p-cymene)ruthenium(ll)] (3a)

The synthesis was performed according to the general
complexation procedure, using bis[dichlorido(n®-p-
cymene)ruthenium(II)] (100mg, 160 pmol), sodium acetate
(33mg, 400 pmol), and MeOH (4mL). Before the addition
of the ligand, the mixture was irradiated under microwave
conditions for 5min at 40°C. After addition of 2-(4-
chlorophenyl)benzothiazole L3 (89 mg, 360 umol), the reaction
mixture was again irradiated for 10 min at 80°C. The product
was obtained as dark red crystals (91 mg, 54%). Mp: >162°C
(decomposition), Solubility: 0.04 mg/mL = 0.08 mM (MEM, 1%
DMF); "H-NMR (500.10 MHz, CDCl3) 8: 0.76 [d, *J(H,H) =
7 Hz, 3H, Hf], 0.91 [d, *J(H,H) = 7 Hz, 3H, Hf], 2.15 (s, 3H, Hg),
2.24 [sept, 3J(H,H) = 7 Hz, 1H, He], 5.16 [dd, 3J(H,H) = 6 Hz,
4J(H,H) = 1 Hz, 1H, Hb), 5.43 [d, 3J(H,H) = 6 Hz, 1H, Hc], 5.72
[dd, 3J(H,H) = 6 Hz, 4J(H,H) = 1 Hz, 1H, Hc], 5.93 [d, *J(H,H)
= 6Hz, 1H, Hb], 7.06 [dd, *J(H,H) = 8 Hz, *J(H,H) = 2Hz,
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1H, H5)], 7.46 [dd, 3J(H,H) = 8 Hz, 3J(H,H) = 8 Hz, 1H, H6],
7.59 [d, 3J(H,H) = 8 Hz, 1H, H6')], 7.64 [dd, *J(H,H) = 8 Hz,
3J1(H,H) = 8Hz, 1H, H5], 7.86 [dd, 3J(H,H) = 8 Hz, *J(H,H)
= 1Hz, 1H, H7], 8.22 [d, J(H,H) = 2Hz, 1H, H3')], 8.35 [d,
3J(H,H) = 8 Hz, 1H, H4]; *C-NMR (125.75 MHz, CDCl3) $:
19.2 (Cg), 21.9 (Cf), 22.8 (Cf), 31.1 (Ce), 80.7 (Cb), 83.0 (Cc),
90.0 (Cc), 90.8 (Cb), 99.5 (Cd), 103.2 (Ca), 122.3 (C4), 123.0
(C7), 123.6 (C5)), 125.7 (C6), 126.6 (C6')), 127.5 (C5), 132.1
(C7a), 135.9 (C1)), 138.1 (C4)), 139.1 (C3')), 151.0 (C3a), 173.6
(C2)), 184.9 (C2); m/z 538.16, my,: 537.97; elemental analysis
caled. for Cy3H,;CLbNRuS: C 53.59, H 4.11, N 2.72, S 6.22%;
found: C 53.32, H 4.08, N 2.77, S 6.11%.

[(Chlorido)(2-(4")-methylphenyl)benzothiazolato-kN,
kC2))(n8-p-cymene)ruthenium(ll)] (4a)

The synthesis was performed according to the general
complexation procedure, using  bis[dichlorido(n®-p-
cymene)ruthenium(II)] (202mg, 320 pmol), sodium acetate
(70mg, 800 pwmol), and MeOH (4mL). Before the addition
of the ligand, the mixture was irradiated under microwave
conditions for 5min at 40°C. After addition of 2-(4-
methylphenyl)benzothiazole L4 (164mg, 720 wmol), the
reaction mixture was again irradiated for 10 min at 80°C. The
product was obtained as green needles (134mg, 41%). Mp:
>187°C (decomposition), Solubility: 0.05 mg/mL = 0.10 mM
(MEM, 1% DMF); 'H-NMR (500.10 MHz, CDCl3) §: 0.75 [d,
3J(HH) = 7Hz, 3H, Hf], 0.90 [d, *J(H,H) = 7Hz, 3H, Hf],
2.13 (s, 3H, Hg), 2.23 [sept, *J(H,H) = 7Hz, 1H, He], 2.44 (s,
3H, H7')), 5.13 [dd, *J(H,H) = 6 Hz, 4J(H,H) = 1 Hz, 1H, Hb],
5.40 [dd, *J(H,H) = 6Hz, *J(H,H) = 1Hz, 1H, Hc], 5.71 [dd,
3J(HH) = 6Hz, *J(HH) = 1Hz, 1H, Hc], 591 [d, *J(H,H)
= 6Hz, 1H, Hb), 6.88 [dd, 3J(H,H) = 8 Hz, 4J(H,H) = 1Hz,
1H, H5")], 7.42 [dd, 3J(H,H) = 8 Hz, 3J(H,H) = 8 Hz, 1H, He],
7.57 [d, }J(H,H) = 8 Hz, 1H, H6¢')], 7.61 [dd, *J(H,H) = 8 Hz,
3J(HH) = 8Hz, 1H, H5], 7.83 [dd, *J(H,H) = 8 Hz, *J(H,H)
= 1Hz, 1H, H7], 8.08 (s, 1H, H3")), 8.35 [d, *J(H,H) = 8 Hz,
1H, H4]; *C-NMR (125.75 MHz, CDCl3) &: 19.1 (Cg), 21.9
(Cf), 22.3 (C7°), 22.8 (Cf), 31.0 (Ce), 80.3 (Cb), 82.5 (Cc), 89.9
(Cc), 90.7 (Cb), 98.8 (Cd), 102.4 (Ca), 121.1 (C4), 122.9 (C7),
124.4 (C5)), 125.2 (C6), 125.8 (C6')), 127.2 (C5), 132.1 (C7a),
137.0 (C1’), 140.4 (C3'), 140.5 (C4), 151.2 (C3a), 174.5 (C2'),
183.4 (C2); m/z 518.20, my,: 518.03; elemental analysis calcd.
for Cp4H4CINRuS-0.75H,0: C 56.68, H 5.05, N 2.75, S 6.31%;
found: C 56.65, H 4.89, N 2.76, S 6.19%.

[(Chlorido)(2-(4’-methoxyphenyl)benzothiazolato-kN,
kC2')(n®-p-cymene)ruthenium(ll)] (5a)

The synthesis was performed according to the general
complexation procedure, using  bis[dichlorido(n®-p-
cymene)ruthenium(II)] (117 mg, 187 pmol), sodium acetate
(38mg, 460 pmol), MeOH:DCM (3:1, 4mL), and 2-(4-
methoxyphenyl)benzothiazole L5 (100 mg, 416 pmol). The
reaction mixture stirred at 40°C for 24h. The product
was obtained as red crystals (120mg, 63%). Mp: >148°C
(decomposition), Solubility: 0.08 mg/mL = 0.16 mM (MEM, 1%
DMEF); 'H-NMR (500.10 MHz, CDCls) §: 0.77 [d, *J(H,H) =
7Hz, 3H, Hf], 0.92 [d, *J(H,H) = 7Hz, 3H, Hf], 2.13 (s, 3H,

Hg), 2.25 [sept, 3J(HH) = 7Hz, 1H, He), 3.94 (s, 3H, H7'),
5.12 [d, 3J(H,H) = 6 Hz, 1H, Hb], 5.38 [d, >J(H,H) = 6 Hz, 1H,
Hc], 5.70 [d, 3J(H,H) = 6 Hz, 1H, Hc], 5.88 [d, 3J(H,H) = 6 Hz,
1H, Hb], 6.63 [dd, 3J(H,H) = 8 Hz, 4J(H,H) = 2Hz, 1H, H5],
7.40 [dd, 3J(H,H) = 8 Hz, 3J(H,H) = 8 Hz, 1H, He], 7.59 [dd,
3J(H,H) = 8Hz, 3J(H,H) = 8 Hz, 1H, H5], 7.62 [d, 3J(H,H) =
8Hz, 1H, H6'], 7.77 [d, 4J(H,H) = 2Hz, 1H, H3'], 7.81 [dd,
3J(H,H) = 8Hz, *J(H,H) = 1Hz, 1H, H7], 8.30 [d, *J(H,H) =
8 Hz, 1H, H4J; *C-NMR (125.75 MHz, CDCl3) 3: 19.1 (Cg),
21.8 (Cf), 22.9 (Cf), 31.0 (Ce), 55.4 (C7'), 80.6 (Cb), 82.5 (Cc),
90.0 (Cc), 90.5 (Cb), 98.8 (Cd), 102.5 (Ca), 109.8 (C5'), 120.8
(C4), 122.8 (C7), 124.1 (C3'), 124.9 (C6), 127.1 (C6'), 127.3 (C5),
131.9 (C7a), 132.9 (C1), 151.2 (C3a), 160.3 (C4), 173.9 (C2)),
185.7 (C2); m/z 534.20, mth: 534.02; elemental analysis calcd.
for Cy4H,4CINORuS: C 56.41, H 4.73, N 2.74, S 6.27%; found: C
56.27, H 4.63, N 2.78, S 6.14%.

[(Chlorido)(2-(4’-aminophenyl)benzothiazolato-kN,
kC2)(n%-p-cymene)ruthenium(ll)] (6a)

The synthesis was performed according to the general
complexation procedure, using  bis[dichlorido(n®-p-
cymene)ruthenium(I)] (451 mg, 737 pmol), sodium acetate
(152mg, 1,810 pmol), MeOH:DCM (3:1, 4mL), and 2-(4-
aminophenyl)benzothiazole L6 (370mg, 1,640 pmol). The
reaction mixture stirred at 40°C for 24h under argon. The
product was obtained as a green powder (73 mg, 10%). Mp:
>222°C (decomposition), Solubility: 0.08 mg/mL = 0.16 mM
(MEM, 1% DMF); 'H-NMR (500.10 MHz, CDCl3) 8: 0.76 [d,
3J(H,H) = 7 Hz, 3H, Hf], 0.91 [d, *J(H,H) = 7 Hz, 3H, Hf], 2.12
(s, 3H, Hg), 2.24 [sept, *J(H,H) = 7 Hz, 1H, He], 5.06 [d, 3J(H,H)
= 6Hz, 1H, Hb], 5.37 [d, *J(H,H) = 6Hz, 1H, Hc], 5.67 [d,
3J(H,H) = 6 Hz, 1H, Hc], 5.88 [d, *J(H,H) = 6 Hz, 1H, Hb], 6.37
[dd, *J(H,H) = 8 Hz, *J(H,H) = 2 Hz, 1H, H5'], 7.35 [dd, *J(H,H)
= 8Hz, *J(H,H) = 8 Hz, 1H, H6], 7.48 [d, *J(H,H) = 8 Hz, 1H,
H6'], 7.52-7.59 (m, 2H, H3', H5), 7.77 [d, }J(H,H) = 8 Hz, 1H,
H7], 8.25 [d, 3J(H,H) = 8 Hz, 1H, H4]; 13C-NMR (125.75 MHz,
CDCl3) 8: 19.1 (Cg), 21.9 (Cf), 22.8 (Cf), 31.0 (Ce), 80.2 (Cb),
82.6 (Cc), 89.7 (Cc), 90.5 (Cb), 98.4 (Cd), 102.4 (Ca), 110.8 (C5'),
120.4 (C4), 122.7 (C7), 124.5 (C6), 124.8 (C3'), 127.0 (C5), 127.5
(C6'), 130.6 (C1’), 131.7 (C7a), 148.2 (C4'), 151.3 (C3a), 173.9
(C2), 185.6 (C2); m/z 461.24, my,: 461.06; elemental analysis
calcd. for C23H23C1N2RUS-O.Z5H201 C 55.19, H 4.73, N 5.60, S
6.41%; found: C 55.11, H 4.74, N 5.47, S 6.42%.

[(Chlorido)(2-phenylbenzothiazolato-kN,
kC2)(n%-p-cymene)osmium(il)] (1b)

The synthesis was performed according to the general
complexation procedure, using  bis[dichlorido(n®-p-
cymene)osmium(II)] (100mg, 130 pmol), sodium acetate
(26 mg, 310 pmol), MeOH:DCM 3:1, 4mL), and 2-
phenylbenzothiazole L1 (60mg, 280 pmol). The reaction
mixture was irradiated with microwaves for 1.5h at 70°C.
The product was obtained after a second precipitation as red
crystals (91 mg, 63%). Mp: >228°C (decomposition), Solubility:
0.09 mg/mL = 0.16mM (MEM, 1% DMF); 'H-NMR (500.10
MHz, CDCl3) 8: 0.71 [d, *J(H,H) = 7Hz, 3H, Hf], 0.87 [d,
3J(H,H) = 7 Hz, 3H, Hf], 2.16 [sept, *J(H,H) = 7Hz, 1H, He],
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2.27 (s, 3H, Hg), 5.37 [d, *J(H,H) = 5Hz, 1H, Hb], 5.66 [d,
3J(H,H) = 5Hz, 1H, Hc], 5.75 [d, 3J(H,H) = 5Hz, 1H, Hc],
5.89 [d, *J(H,H) = 5Hz, 1H, Hb], 7.06 [ddd, d, *J(H,H) = 7 Hz,
3J(H,H) = 7Hz, *J(H,H) = 1Hz, 1H, H5'], 7.15 [ddd, 3J(H,H)
= 7Hz, 3J(H,H) = 7Hz, 4J(H,H) = 1 Hz, 1H, H4'], 7.45 [ddd,
3J(H,H) = 8 Hz, *J(H,H) = 8 Hz, *J(H,H) = 1 Hz, 1H, H6], 7.60
[ddd, 3J(H,H) = 8Hz, 3J(H,H) = 8Hz, *J(H,H) = 1Hz, 1H,
H5], 7.75 [dd, 3J(H,H) = 8 Hz, 4J(H,H) = 1Hz, 1H, H6'], 7.86
[dd, 3J(H,H) = 8 Hz, *J(H,H) = 1 Hz, 1H, H7], 8.12 [d, 3J(H,H)
= 8Hz, 1H, H3'], 8.17 [d, 3J(H,H) = 8 Hz, 1H, H4]; '*C-NMR
(125.75 MHz, CDCl3) 3: 19.0 (Cg), 22.1 (Cf), 23.2 (Cf), 31.4
(Ce), 69.7 (Cb), 73.2 (Cc), 80.7 (Cc), 80.8 (Cb), 89.6 (Cd), 96.8
(Ca), 121.7 (C4), 123.0 (C5'), 123.0 (C7), 125.6 (C6), 125.8 (C6'),
127.4 (C5), 131.3 (C3'), 132.0 (C7a), 139.7 (C4)), 139.9 (C1’),
150.9 (C3a), 169.0 (C2'), 178.1 (C2); m/z 594.26, me,: 594.07;
elemental analysis calcd. for C;3H2,CINOsS: C 48.45, H 3.89, N
2.46, S 5.62%; found: C 48.25, H 3.86, N 2.52, S 5.55%.

[(Chlorido)(2-(4’-fluorophenyl)benzothiazolato-kN,
kC2')(n8-p-cymene)osmium(ll)] (2b)

The synthesis was performed according to the general
complexation procedure, using bis[dichlorido(n®-p-
cymene)osmium(II)] (200mg, 225 pmol), sodium acetate
(51mg, 620 pmol), and MeOH (4mL). Before the addition
of the ligand, the mixture was irradiated under microwave
conditions for 5min at 40°C. After addition of 2-(4-
fluorophenyl)benzothiazole L2 (130mg, 562 pmol), the
reaction mixture was again irradiated for 20 min at 90°C. The
product was obtained as a gray powder (124 mg, 42%). Mp:
>227°C (decomposition), Solubility: 0.10 mg/mL = 0.17 mM
(MEM, 1% DMF); 'H-NMR (500.10 MHz, CDCl3) &: 0.72 [d,
3J(H,H) = 7 Hz, 3H, Hf], 0.88 [d, *J(H,H) = 7 Hz, 3H, Hf], 2.17
[sept, *J(H,H) = 7 Hz, 1H, He], 2.27 (s, 3H, Hg), 5.37 [d, *J(H,H)
= 5Hgz, 1H, Hb], 5.68 [d, *J(H,H) = 5Hz, 1H, Hc], 5.72 [d,
3J(H,H) = 5Hz, 1H, Hc], 5.88 [d, *J(H,H) = 5Hz, 1H, Hb], 6.77
[ddd, d, 3J(H,H) = 8 Hz, *J(H,H) = 2Hz, *J(H,F) = 2 Hz, 1H,
H5'], 7.45 [dd, *J(H,H) = 8 Hz, *J(H,H) = 8 Hz, 1H, H6], 7.61
[dd, *J(H,H) = 8 Hz, *J(H,H) = 8 Hz, 1H, H5], 7.71-7.80 (m,
2H, H3, H6’), 7.85 [d, *J(H,H) = 8 Hz, 1H, H7], 8.13 [d, *J(H,H)
= 8 Hz, 1H, H4]; 3 C-NMR (125.75 MHz, CDCl3) 8: 19.0 (Cg),
22.1 (Cf), 23.2 (Cf), 31.4 (Ce), 70.0 (Cb), 73.8 (Cc), 80.7 (Cc),
80.8 (Cb), 90.1 (Cd), 97.3 (Ca), 110.8 [d, 3J(C,F) = 24 Hz, 1C,
C5'], 121.6 (C4), 123.0 (C7), 125.4 [d, *J(C,F) = 17 Hz, 1C, C3'],
125.6 (C6), 127.5 [d, 3J(C,F) = 9Hz, 1C, C6'], 127.5 (C5), 131.8
(C7a), 136.4 [d, 4J(C,F) = 2 Hz, 1C, C1'], 150.9 (C3a), 164.0 [d,
J(CF) = 256 Hz, 1C, C4], 171.8 [d, *J(CF) = 6 Hz, 1C, C2],
176.9 (C2); m/z 612.25, my,: 612.06; elemental analysis calcd.
for Cy3H;1CIFNOsS-0.1H,0: C 46.82, H 3.62, N 2.37, S 5.44%;
found: C 46.49, H 3.70, N 2.31, S 5.15%.

[(Chlorido)(2-(4’-chlorophenyl)benzothiazolato-kN,
kC2")(n8-p-cymene)osmium(ll)] (3b)

The synthesis was performed according to the general
complexation procedure, using  bis[dichlorido(n®-p-
cymene)osmium(II)] (250 mg, 316 pmol), sodium acetate
(63mg, 772 pmol), and MeOH (4mL). Before the addition
of the ligand, the mixture was irradiated under microwave

conditions for 5min at 40°C. After addition of 2-(4-
chlorophenyl)benzothiazole L3 (172mg, 702 pmol), the
reaction mixture was again irradiated for 20 min at 90°C. The
product was obtained as orange crystals (87 mg, 23%). Mp:
>202°C (decomposition), Solubility: 0.04 mg/mL = 0.07 mM
(MEM, 1% DME); 'H-NMR (500.10 MHz, CDCl3) &: 0.71 [d,
3J(H,H) = 7Hz, 3H, Hf], 0.88 [d, *J(H,H) = 7Hz, 3H, Hf],
2.16 [sept, *J(H,H) = 7Hz, 1H, He], 2.28 (s, 3H, Hg), 5.39 [d,
3J(H,H) = 5Hz, 1H, Hb], 5.70 [d, *J(H,H) = 5Hz, 1H, Hc], 5.74
[d, 3J(H,H) = 5Hz, 1H, Hc], 5.89 [d, *J(H,H) = 5Hz, 1H, Hb],
7.04 [dd, 3J(H,H) = 8 Hz, 4J(H,H) = 2 Hz, 1H, H5'], 7.46 [ddd,
3J(H,H) = 8 Hz, 3J(H,H) = 8 Hz, *J(H,H) = 1 Hz, 1H, H6], 7.61
[ddd, 3J(H,H) = 8 Hz, 3J(H,H) = 8 Hz, *J(H,H) = 1 Hz, 1H, H5],
7.67 [d, 3J(H,H) = 8Hz, 1H, H6'], 7.86 [dd, *J(H,H) = 8 Hz,
4J(H,H) = 1 Hz, 1H, H7], 8.08 [d, *J(H,H) = 2 Hz, 1H, H3], 8.17
[d, 3J(H,H) = 8 Hz, 1H, H4]; *C-NMR (125.75 MHz, CDCl3)
8: 19.0 (Cg), 22.1 (Cf), 23.2 (Cf), 31.4 (Ce), 69.8 (Cb), 73.9 (Cc),
80.7 (Cc), 80.8 (Cb), 90.1 (Cd), 97.4 (Ca), 121.7 (C4), 123.1 (C7),
123.4 (C5’), 125.8 (C6), 126.6 (C6'), 127.6 (C5), 131.9 (C7a),
137.1 (C1'), 138.5 (C4), 139.0 (C3'), 150.9 (C3a), 170.3 (C2),
177.0 (C2); m/z 628.20, my,: 628.03; elemental analysis calcd.
for Cp3H,1Cl,NOsS: C 45.69, H 3.50, N 2.32, S 5.30%; found: C
45.75, H 3.46, N 2.29, S 5.27%.

[(Chlorido)(2-(4’-methylphenyl)benzothiazolato-kN,
kC2’)(n8-p-cymene)osmium(l)] (4b)

The synthesis was performed according to the general
complexation procedure, using bis[dichlorido(n®-p-
cymene)osmium(II)] (120mg, 150 pmol), sodium acetate
(30mg, 370 pmol), and MeOH (4mL). Before the addition
of the ligand, the mixture was irradiated under microwave
conditions for 5min at 40°C. After addition of 2-(4-
methylphenyl)benzothiazole L4 (76 mg, 340 umol), the reaction
mixture was again irradiated for 25min at 90°C. The product
was obtained as yellow needles (109 mg, 62%). Mp: >192°C
(decomposition), Solubility: 0.03 mg/mL = 0.05mM (MEM,
1% DMF); 'H-NMR (500.10 MHz, CDCl3) &: 0.71 [d, 3J(H,H)
= 7Hz, 3H, Hf], 0.87 [d, 3J(H,H) = 7Hz, 3H, Hf], 2.15 [sept,
3J(H,H) = 7Hz, 1H, He], 2.27 (s, 3H, Hg), 2.43 (s, 3H, H7'),
5.36 [d, *J(H,H) = 5Hz, 1H, Hb], 5.67 [d, *J(H,H) = 5Hz, 1H,
Hcl, 5.73 [d, *J(H,H) = 5Hz, 1H, Hc], 5.87 [d, *J(H,H) = 5Hz,
1H, Hb], 6.88 [d, *J(H,H) = 8 Hz, 1H, H5'], 7.42 [dd, *J(H,H)
= 8Hz, *J(H,H) = 8Hz, 1H, H6], 7.58 [dd, *J(H,H) = 8Hz,
3J(H,H) = 8 Hz, 1H, H5], 7.64 [d, *J(H,H) = 8 Hz, 1H, H6'], 7.83
[d, *J(H,H) = 8 Hz, 1H, H7], 7.93 (s, 1H, H3), 8.13 [d, *J(H,H)
= 8 Hz, 1H, H4]; *C-NMR (125.75 MHz, CDCl;3) 8: 19.0 (Cg),
22.1 (Cf), 22.2 (C7'),23.2 (Cf), 31.4 (Ce), 69.4 (Cb), 73.4 (Cc),
80.5 (Cc), 80.6 (Cb), 89.3 (Cd), 96.7 (Ca), 121.5 (C4), 122.9 (C7),
124.3 (C5), 125.3 (C6), 125.6 (C6'), 127.3 (C5), 131.8 (C7a),
137.4 (Cl'), 140.1 (C3'), 141.6 (C4'), 150.9 (C3a), 169.1 (C2),
178.0 (C2); m/z 608.26, my,: 608.08; elemental analysis calcd. for
C4H4CINOsS-0.5H,0: C 48.59, H 4.25, N 2.36, S 5.41%; found:
C48.38, H 4.11, N 2.26, § 5.10%.

[(Chlorido)(2-(4’-methoxyphenyl)benzothiazolato-kN,
kC2’)(n8-p-cymene)osmium(ll)] (5b)

The synthesis was performed according to
the general complexation procedure, using
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bis[dichlorido(n6-p-cymene)osmium(H)] (150 mg, 190 pmol),
sodium acetate (38 mg, 465 pmol), and MeOH (4 mL). Before
the addition of the ligand, the mixture was irradiated under
microwave conditions for 5min at 40°C. After addition of
2-(4-methoxyphenyl)benzothiazole L5 (102mg, 422 pmol),
the reaction mixture was again irradiated for 30 min at 90°C.
The product was obtained as brown needles (74 mg, 32%). Mp:
>137°C (decomposition), Solubility: 0.02 mg/mL = 0.03 mM
(MEM, 1% DMF); 'H-NMR (500.10 MHz, CDCl3) §: 0.72 [d,
3J(H,H) = 7 Hz, 3H, Hf], 0.88 [d, *J(H,H) = 7 Hz, 3H, Hf], 2.16
[sept, *J(H,H) = 7Hz, 1H, He], 2.27 (s, 3H, Hg), 3.93 (s, 3H,
H7), 5.35 [d, *J(H,H) = 5Hz, 1H, Hb], 5.66 [d, *J(H,H) = 5 Hz,
1H, Hc], 5.71 [d, 3J(H,H) = 5Hz, 1H, Hc], 5.86 [d, 3J(H,H)
= 5Hz, 1H, Hb), 6.63 [dd, 3J(H,H) = 8Hz, 4J(H,H) = 2Hz,
1H, H5’], 7.40 [ddd, *J(H,H) = 8 Hz, *J(H,H) = 8 Hz, *J(H,H)
= 1Hz, 1H, H6], 7.56 [ddd, 3J(H,H) = 8 Hz, *J(H,H) = 8 Hz,
4J(H,H) = 1Hz, 1H, H5], 7.61 [d, J(H,H) = 2Hz, 1H, H3],
7.70 [d, *J(H,H) = 8 Hz, 1H, H6'], 7.81 [d, *J(H,H) = 8 Hz, 1H,
H7'], 8.09 [d, 3J(H,H) = 8 Hz, 1H, H4]; '*C-NMR (125.75 MHz,
CDCl3) &: 18.9 (Cg), 22.1 (Cf), 23.2 (Cf), 31.4 (Ce), 55.4 (C7'),
69.7 (Cb), 73.5 (Cc), 80.4 (Cc), 80.5 (Cb), 89.4 (Cd), 96.8 (Ca),
109.9 (C4'), 121.2 (C4), 122.9 (C7), 123.5 (C5'), 125.0 (C6), 127.2
(C6'), 127.3 (C5), 131.7 (C7a), 133.4 (C1’), 151.0 (C3a), 161.5
(C4),171.2 (C2'), 177.2 (C2); m/z 624.24, my,: 624.08; elemental
analysis calcd. for Cy4Hy4CINOOsS-H,O: C 46.63, H 4.24, N
2.27, S 5.19%; found: C 46.66, H 3.92, N 2.29, S 5.06%.

[(Chlorido)(2-(4’-aminophenyl)benzothiazolato-kN,
kC2')(n®-p-cymene)osmium(ll)] (6b)

The synthesis was performed according to the general
complexation procedure, using  bis[dichlorido(n®-p-
cymene)osmium(II)] (100mg, 130 pmol), sodium acetate
(26 mg, 310 pmol), and MeOH (4mL). Before the addition
of the ligand, the mixture was irradiated under microwave
conditions for 5min at 40°C. After addition of 2-(4-
aminophenyl)benzothiazole L6 (64 mg, 280 pwmol), the reaction
mixture was again irradiated for 45 min at 90°C. The product
was obtained as a green powder (114mg, 77%). Mp: >134°C
(decomposition), Solubility: 0.06 mg/mL = 0.10mM (MEM,
1% DMF); 'H-NMR (500.10 MHz, CDCl3) &: 0.72 [d, 3J(H,H)
= 7Hz, 3H, Hf], 0.88 [d, *J(H,H) = 7 Hz, 3H, Hf], 2.14 [sept,
3J(H,H) = 7Hz, 1H, He], 2.26 (s, 3H, Hg), 4.00 (s, 2H, H7’),
5.30 [d, *J(H,H) = 5Hz, 1H, Hb], 5.64 [d, *J(H,H) = 5Hz, 1H,
Hc], 5.68 [d, *J(H,H) = 5Hz, 1H, Hc], 5.85 [d, *J(H,H) = 5Hz,
1H, Hb], 6.38 [dd, *J(H,H) = 8 Hz, *J(H,H) = 2Hz, 1H, H5],
7.37 [d, *J(H,H) = 2Hz, 1H, H3'], 7.54 [dd, *J(H,H) = 8 Hz,
3J(H,H) = 8 Hz, 1H, H5], 7.76 [d, *J(H,H) = 8 Hz, 1H, H6'], 7.89
(d, *J(H,H) = 8 Hz, 1H, H7], 8.03 [d, *J(H,H) = 8 Hz, 1H, H4J;
BC-NMR (125.75 MHz, CDCl3) 8: 18.9 (Cg), 22.1 (Cf), 23.2
(Cf), 31.4 (Ce), 69.3 (Cb), 73.6 (Cc), 80.2 (Cc), 80.4 (Cb), 88.8
(Cd), 96.6 (Ca), 110.8 (C5'), 120.8 (C4), 122.7 (C7), 124.3 (C3'),
124.6 (C6), 127.1 (C5), 127.5 (C6'), 131.1 (C1’), 131.4 (C7a),
149.5 (C4), 151.0 (C3a), 171.1 (C2'), 177.2 (C2); m/z 609.25, my,:
609.08; elemental analysis calcd. for Cp3H,3CIN,OsS-0.5H,0:
C 46.49, H 4.07, N 4.71, S 5.40%; found: C 46.30, H 4.07,
N 4.48, S 5.02%.

ESI-MS Experiments

Electrospray ionization mass spectra were recorded on a Bruker
AmaZon SL ion trap mass spectrometer (Bruker Daltonics
GmbH). The data was acquired and processed using Compass
1.3 and Data Analysis 4.0 software packages (Bruker Daltonics
GmbH). Protein spectra were deconvoluted by applying the
maximum entropy algorithm with a m/z 0.2 mass step and a m/z
0.5 instrument peak width. The mass spectra were recorded by
direct infusion with a sample concentration of 5 M and a flow
rate of 240 pL/h. Amino acids and nucleoside triphosphates were
measured with the following settings: dry temperature 180°C,
nebulizer 8.00 psi, dry gas 6 L/min, and the high voltage capillary
was set to £4.5 kV for positive and negative modes and the
target mass was set to m/z 600. Proteins were measured with
the following settings: dry temperature 180°C, nebulizer 6.00
psi, dry gas 6.00 L/min, the high voltage capillary was set to
—3.5 kV and the target mass was set to m/z 1,000. Amino acids,
nucleoside triphosphates and stability measurement samples
were diluted with water: methanol mixture (50: 50), whereas
protein samples were diluted with water: methanol: formic
acid (49.9: 49.9: 0.2). The stock solutions of the ligands and
complexes were prepared in DMF and diluted to a final
concentration of 1% DMF in H,O. The molar ratios used for the
interaction studies were ligand/complex: L-histidine: L-cysteine:
L-methionine (1: 1: 1: 1), ligand/complex: N-Ac-L-cysteine: N-
Ac-L-histidine: N-Ac-L-methionine: and Se-methyl-L-cysteine
(I: 1: 1: 1: 1), ligand/complex: Se-L-cystine: DTT (1: 1: 1),
ligand/complex: 5°-ATP: 5’-GTP (1: 1: 1), ligand/complex: amino
acids: nucleoside triphosphates (1: 1: 1) and ligand/complex:
cytochrome-c: ubiquitin (1: 1: 1). The mass spectra were recorded
after 1, 3, 6, 24, and 48h of incubation at 37°C. The relative
intensities described in the discussion section refer to the percent
peak area of all visible ruthenium and osmium adducts in
the spectrum.

Cell Culture

CH1/PA-1 (ovarian teratocarcinoma) cells were a generous gift
from Lloyd R. Kelland (CRC Center for Cancer Therapeutics,
Institute of Cancer Research, Sutton, UK). A549 and SW480
cells were kindly provided by the Institute of Cancer Research,
Department of Medicine I, Medical University of Vienna,
Austria. All cell lines were grown as monolayer cultures in
Eagle’s minimal essential medium (MEM) supplemented with L-
glutamine (4 mM), sodium pyruvate (1 mM), and 1% (v/v) non-
essential amino acid solution (all from Sigma-Aldrich) and 10%
(v/v) heat-inactivated fetal calf serum (FCS, from BioWest) in
75 cm? flasks (Starlab) at 37°C under a humidified atmosphere
containing 5% CO; in air.

MTT Assay

Antiproliferative activity of the compounds was determined
with the colorimetric MTT assay (MTT = 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide). 1 x 10°
CHI1/PA-1, 2 x 10° SW480 and 3 x 10° A549 cells were
seeded in 100 pL per well into 96-well microculture plates
(Starlab). After 24 h, test compounds were dissolved in DMF
(Acros), serially diluted in complete MEM not to exceed a
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final DMF content of 0.5% v/v and added in 100 pL per
well. After 96h, the drug-containing medium was replaced
with 100 pL of RPMI 1640/MTT mixture [6 parts of RPMI
1640 medium (Sigma-Aldrich; supplemented with 10% heat-
inactivated fetal bovine serum and 4 mM L-glutamine), 1 part of
MTT solution in phosphate-buffered saline (5 mg/mL; both from
Sigma-Aldrich)]. After incubation for 4h, the MTT-containing
medium was replaced with 150 pL DMSO per well to dissolve
the formazan product formed by viable cells. Optical densities
at 550nm (and at the reference wavelength of 690 nm) were
measured with a microplate reader (ELx808, Bio-Tek). The 50%
inhibitory concentrations (ICsg) relative to untreated controls
were interpolated from concentration-effect curves. At least three
independent experiments were performed, each with triplicates
per concentration level.

Flow Cytometry

Compounds were studied for their capacity of inducing
programmed cell death (apoptosis) or necrosis by the flow-
cytometric annexin V/propidium iodide (PI) assay. SW480 cells
were harvested by using trypsin and 7 x 10* cells were placed
into 24-well culture plates (Starlab) in 600 pL of complete
MEM per well. After 24 h preincubation, cells were treated with
different concentrations of the test compounds. The 20 mM stock
solutions of the test compounds in DMF were diluted with MEM
so that the final DMF concentration never exceeded 0.5% v/v of
the treatment solution to avoid DMF toxicity. After incubation
for 24h at 37°C under 5% CO,, the media were aspirated
and collected; cells were washed once with 37°C warm PBS,
trypsinised with TrypLE™ Express (Thermo Fisher) and mixed
with the corresponding supernatant. Cell pellets were obtained
by centrifugation (300g, 3min) and the supernatants were
discarded. Then, cells were resuspended with FITC-conjugated
annexin V (0.25pg/mL; BioVision) in binding buffer (10 mM
HEPES/NaOH, pH 7.4, 140 mM NacCl, 2.5 mM CacCl,), incubated
at 37°C for 15 min and stained with PI (1 pg/mL; Fluka) shortly
before measurement with a Millipore Guava easyCyte 8HT flow
cytometer and InCyte software. The resulting dot plots were
analyzed with FlowJo software (TreeStar). All experiments were
performed at least three times independently using the same
conditions, and each comprised of three replicates.

Cellular Accumulation

Accumulation of selected compounds in SW480 cells was
determined analogous to a method recently developed for the
quantification of Os in biological samples (Klose et al., 2017),
which was applied here to Ru as well for reasons of comparability.
1.8 x 10° cells per well were seeded in 1 mL of complete MEM
into 12-well plates (Starlab) and incubated at 37°C for 24h.
Test compounds were dissolved in DME, diluted to 50 wM (0.5%
DMF) with complete MEM and added in 500 pL per well
upon removal of the medium that had been used for seeding.
After exposure for 2h at 37°C, the medium was removed and
cells were washed three times with phosphate buffered saline
(PBS; Sigma-Aldrich) and lyzed with 400 pL of an adjusted
radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl,
1.0% Triton X-100, 0.1% SDS, and 50 mM Tris, pH 8.0) on a

shaker for 2h at 4°C. Residues were scraped off the wells, and
350 L of lysates were transferred into 1.5mL microtubes and
centrifuged at 14,000 rpm for 10 min at 4°C. Three hundred
microliter of lysates were diluted with a stabilization solution
(ascorbic acid, thiourea, EDTA, each 0.5mM in water, and
HNO3 as appropriate to yield a final content of 3%) to final
volumes of 8 mL. Ru and Os were quantified by ICP-MS with
an Agilent 7500ce instrument equipped with a CETAC ASX-520
autosampler and a MicroMist nebulizer at a sample uptake rate
of ~0.25 mL/min. The Agilent MassHunter software package
(Workstation Software, version B.01.01, Build 123.11, Patch 4,
2012) was used for data processing. Nickel was used as cone
material. The experimental parameters were as follows: 1,560 W
RF power, 0.92-0.97 L/min carrier gas, 0.22-0.27 L/min make
up gas, 15 L/min plasma gas, 0.3 s dwell time and 10 replicates
each with 100 sweeps. Results are the means of at least three
independent experiments. The ICP-MS was tuned on a daily
basis to achieve maximum sensitivity. Additional instrument
parameters can be found in Table S11.

Fluorescence Microscopy

SW480 cells were seeded on coverslips in 6-well plates (1.5
x 10° cells per well in 2mL of MEM) and allowed to attach
overnight. Cells were incubated with L6 and 6a (50 uM, 60-
120 min) in MEM and stained with LysoTracker Red (Invitrogen)
(I uM, 5min). After removing the medium and washing with
PBS (1x), the cells were treated with fixing solution (2 %
paraformaldehyde in PBS) for 5 min and washed with PBS (1x).
A BX40 fluorescence microscope with an F-View CCD camera,
CellAF fluorescence imaging software, and a 60x magnification
oil immersion objective lens (all from Olympus) were used
for the visualization of compound distribution. The green
fluorescence signal of compounds L6 and 6a upon excitation
at wavelengths of 330-395nm as well as the red fluorescence
signal of LysoTracker Red upon excitation at wavelengths of
510-550 nm were recorded. The exposure time (100 ms) for both
channels was kept as short as possible to minimize bleaching.
The recorded images were colocalized by means of Image]
1.52a and GIMP 2.10.12 software. The correlation analysis of
fluorescence images was performed by using Fiji Image] software
(https://imagej.net/Fiji/Downloads). To evaluate the degree of
colocalization of the green (drug) and red (LysoTracker) signals,
Pearson’s correlation coefficients were calculated (Image], Coloc2
plugin). For this purpose, regions of interest (ROIs) were selected
to delineate single cells for analysis (n = 15 for each sample).

RESULTS AND DISCUSSION

A set of six 4’-substituted 2-phenylbenzothiazoles and their
respective Ru(II) and Os(II) complexes was synthesized
(Scheme 1). The ligands were prepared by facilitating an
acid catalyzed nucleophilic attack of the amino group of 2-
aminothiophenol on the carbonyl carbon of the appropriate
4-substituted benzaldehyde, followed by oxidative ring closure to
form the desired product in good yields. Their respective
complexes were synthesized by initial activation of the
dimeric precursor [M(cym)Cly]; by sodium acetate, where
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M is either Ru(Il) or Os(II). Addition of the appropriate
2-phenylbenzothiazole lead to the formation of the desired
C,N-metallacycle. The reactions were performed either at 40°C
(ruthenium complexes la—6a and 1b) or under microwave
conditions (osmium complexes 2b—6b). After work-up the pure
products were obtained by precipitation from dichloromethane
(DCM) and n-hexane.

Characterization

All ligands and complexes were characterized by means of 'H-
NMR, 3C-NMR in DMSO-dg (ligands) and CDCl; (complexes),
elemental analysis, and ESI-MS. 'H-'H-COSY, 'H-!*C-HMBC,
and 'H-3C-HSQC were recorded to unambiguously assign
the detected NMR signals. Furthermore, their melting points
and solubilities were determined. 'H and *NMR spectroscopy
confirmed the formation of the desired metallacycles. The ligand
spectra showed two doublets for the 4-substituted phenyl ring
(see Figures S1-S3). Upon C,N-coordination the symmetry
is broken, yielding separate signals for the phenyl protons.
Additionally, the coordinated benzothiazole ligand hinders
inversion at the metal center in aprotic solvents such as CDCls.
As a consequence, the arene protons of p-cymene were found
as four distinct doublets (see Figures S3-S9). At first glance
complex spectra of 6a,b look impure; however, it was found that

partial protonation of the aniline took place due to common acid
traces in CDCl3, leading to two sets of signals.

The crystal structure of L5 and the ruthenium(II) and
osmium(II) complex of 2-phenylbenzothiazole (la and 1b,
respectively) was determined via X-ray diffraction analysis
(Tables S2-S8).

The elemental cell of L5 was composed of four molecules
with slightly different bond lengths. L5 crystallized in the
monoclinic crystal system and in the crystal structure (Figure 1)
the distortion of the thiazole ring due to the heteroatoms is
clearly visible. The bond length between C3a and C7a ranges
from 1.4072 to 1.4104 A, whereas the carbon-nitrogen bonds are
slightly shorter (C3a-N: 1.3858-1.3944 A, C2-N: 1.3026-1.3113
A) and the carbon-sulfur bonds are significantly longer (C7a-
S: 1.7225-1.7341 A, C2-S: 1.7566-1.7625 A). This distortion is
caused by the difference in size between the carbon atoms and
the sulfur and nitrogen atoms. Further bond lengths and angles
are listed in Table S1. Both the ruthenium and the osmium
complex crystallized in an orthorhombic crystal system in the
centrosymmetric space group P2;2;12; The crystal structures
(Figure 1) illustrate the typical piano-stool configuration, with
the facial coordinated cym as the seat of the piano-stool and the
chlorido ligand and the bidentate 2-phenylbenzothiazole ligand
acting as the three legs. In the pseudo-octahedral geometry of the
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FIGURE 1 | Crystal structures of L5, 1a, and 1b drawn at the 50% probability
level. Hydrogen atoms are omitted for clarity.

complex, a new distorted five-membered ring is formed by the
chelating ligand and the metal center. The coordination bonds
are very similar for both metal analogs, which was to be expected
as the atomic radii for both metals differ only by 0.01 A (Ru: 1.34
A, Os: 1.35 A). In the ruthenium complex, the bond length is
2.1115(19) A and 2.047(2) A for the coordination bond between
the metal and the nitrogen and carbon atom, respectively. The
analogous bond lengths in the osmium complex are 2.109(7)
and 2.073(19) A. The M-CI distance is in the expected range,
with 2.4133(6) and 2.411(2) A in the ruthenium and osmium
complex, respectively. Moreover, the coordination ring is not
planar and features a torsion angle of 5.1(2)° (between M-N-
C2-CY’) in the ruthenium complex. In the osmium complex this
twist is less pronounced with a torsion angle of 2.4(10)°. Due
to this torsion, the thiazole ring loses its planarity as well and
shows a slight torsion of 1.4(2)° in complex 1a and 2.1(10)°
in complex 1b (between C3a-N-C2-S). When comparing the
structure of the free ligand and the ligand in the complex, it
is evident that the coordination to the metal atom causes the
bond between the benzothiazole ring system and the phenyl
ring as well as the bond C1’-C6’ to shorten, while the bond
CI’-C2’ is elongated. Although this effect is apparent in both
metal complexes, it is slightly more prominent in the osmium
complex. In the benzothiazole ring system, more differences
between the two complexes become apparent. For instance, in
the ruthenium complex the bond C2-N is stretched minimally
upon coordination (for the bond C3a-N no difference in bond
length can be observed), whereas in the osmium complex
both bonds C2-N and C3a-N appear shortened. In general,
complexation with the osmium center seems to have a more
pronounced effect on bond lengths and angles than coordination
to ruthenium.

Stability Investigations
The stability of 1a, 6a, 1b, and 6b in aqueous solution over a
period of 48h at 37°C was investigated to confirm sufficient

stability for further biological experiments. All complexes form
immediately the corresponding aqua species after dissolution in
aqueous systems. Mass spectra were recorded after 1, 3, 6, 24,
and 48 h. L1 and L6 were examined as well and were completely
stable. As expected no solvent adducts or decomposition
products were detected for the investigated organometallics
over 48 h.

la proved to be nearly stable over the entire period, with a
characteristic [M-CI]™ peak (m/z 446.07 £ 0.01, my,: 446.05),
with only minor traces of a dimeric hydrolysis product starting
to form after 6 h (m/z 550.06 £ 0.03), until it reached a total of
7% after 48 h. Complex 6a showed the [M-CI] T peak (m/z 461.08
=+ 0.01, my,: 461.07) and no solvent adduct peaks were found.
Osmium complexes 1b and 6b were stable over the entire period
and only the peaks [M-Cl]* were found (m/z 536.11 & 0.01, my,:
536.11) and (m/z 551.11 & 0.01, my,: 551.12), respectively.

Understanding the affinity of the selected compounds (1a,
6a, 1b, and 6b) toward small biomolecules like amino acids,
proteins and nucleoside triphosphates gives valuable information
about possible modes of action in vivo. In order to gain
this understanding, the compounds were incubated with the
respective biomolecule-containing solution for 48h at 37°C.
Again, the mass spectra were recorded after 1, 3, 6, 24, and 48 h.
Solution 1 (equimolar mixture of L-cysteine [Cys], L-histidine
[His] and L-methionine [Met] in 1% DMF) was used to point
out preferences toward the typical donor amino acids. Solution
2 (equimolar mixture of N-Ac-L-cysteine [N-Ac-Cys], N-Ac-L-
histidine [N-Ac-His], N-Ac-L-methionine [N-Ac-Met] and Se-
methyl-L-cysteine [Cys-SeM¢] in 1% DMF) was applied as an
adapted amino acid model closer to proteins, where bidentate
binding is not accessible. Solution 3 (equimolar mixture of Se-L-
cystine and DTT in 1% DMF) was tested with regards to selenium
binding affinity of the complexes. Solution 4 (equimolar mixture
of 5-ATP [ATP] and 5'-GTP [GTP] in 1% DMF) is a mixture
used to determine possible binding preferences toward the
typical DNA targets for metal-based anticancer agents. Solution
5 (equimolar mixture of solution 2 and solution 4) was employed
for competitive observations and solution 6 is equimolar mixture
of ubiquitin and cytochrome c as potential binding partners in
biological systems.

When administered into the blood stream, the first biological
nucleophiles able to interact with the compounds are serum
proteins. To gain insight into preferences of the investigated
complexes, they were incubated with different mixtures of
biologically relevant amino acids and model proteins. When
incubated with the amino acid containing solutions 1-3
and 5 all complexes showed the characteristic [M-CI]" peak
[M(cym)(L)]™ (see Table $9). Additionally, all complexes formed
a thermodynamically favored adduct with L-methionine with an
amount of 49-62% of all assignable adducts with solution 1:
[M(cym)(L)(Met)]* (Ru, L1, 56%; Ru, L6, 49%; Os, L1, 56%; Os,
L6, 62%; see Table S9). Complex 1la also formed an additional
methionine adduct lacking the ligand [Ru(cym)(Met)]* (m/z
384.09 + 0.02, my,: 384.06, 9%). When incubated with
solution 2 all complexes formed a thermodynamically stable
[M(cym)(L)(N-Ac-Met)]* adduct in the range of 59-83% (Ru,
L1, 59%; Ru, L6, 61%; Os, L1, 74%; Os, L6, 83%; see Table S9).
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TABLE 1 | Inhibition of cancer cell growth in three human cancer cell lines; 50%
inhibitory concentrations (uM; means =+ standard deviations), obtained by the
MTT assay (exposure time: 96 h).

Compound A549 SW480 CH1/PA-1
L1 >40 >40 >40
L2 >50 >50 >50
L3 >50 >50 >50
L4 >100 >100 >100
L5 76+8 >100 4 +7
L6 78+ 8 143+ 8 27+ 4
1a 12 +£1 6.8+ 0.9 414+0.3
2a 84+04 40403 2.7+03
3a 82+06 41+02 40+04
4a 1442 85+0.7 7.8+0.7
5a 105 +£0.2 53+0.7 4.2+06
6a 1642 183+ 1 6.4+15
1b 40+06 48+09 1.2+£0.2
2b 40+0.7 4.4+ 041 2.1+0.3
3b 49+10 55+1.1 20+£03
4b 56+13 6.1+15 1.7+01
5b 3.9+06 50+1.0 1.3+02
6b 8.7+0.7 72+16 25+05

The ruthenium complexes also formed several cysteine adducts:
[Ru(cym)(L)(N-Ac-Cys)]™ (L = L1, m/z 607.04 + 0.02, my,:
607.09, 7%; L = L6, m/z 624.07 £+ 0.01, my,: 623.77, 11%) and
[Ru(cym)(Cys—SeMe)]+ (m/z 417.99 +£ 0.02, my,: 417.99, 5-9%).
Complex 1a also formed two additional L-cysteine adducts upon
treatment with solution 2: [Ru(cym),(N-Ac-Cys)s ]t (m/z 958.01
£ 0.01, my: 958.12, 8%) and an adduct with N-acetylated L-
cystine: [Ru(cym),(N-Ac-Cys-Cys-N-Ac)]t (m/z 795.04 & 0.03,
my,: 795.07, 3%). Apart from the characteristic [M-CI]™", all
complexes formed an adduct with DTT, rather than with Se-L-
cysteine when incubated with solution 3: [M(cym)(L)(DTT)]*"
(Ru, L1, 74%, Ru, L6, 55%; Os, L1, 63%; Os, L6, 52%; see
Table §9). Overall, L-methionine was the preferred binding
partner for all compounds, with the osmium complexes 1b and
6b exclusively forming the methionine adduct described above.
The ruthenium complexes la and 6a also formed L-cysteine
adducts in low amounts, especially 1a. None of the complexes
showed any affinity toward L-histidine. The selective DTT adduct
formation over Se-L-cysteine allows the assumption that the
mode of action of the investigated complexes does not depend
on interference with selenium dependent pathways (relevant cell
functions based on glutathione peroxidase, glutathione reductase
and y-glutamyl transpeptidase).

The reactivity of the complexes toward the proteins ubiquitin
(Ub) and cytochrome ¢ (Cyt) were investigated to gain better
knowledge of their in vivo behavior. Cytochrome ¢ has three
possible binding sites (His26, His23, and Met65) and represents
a possible biological target, while Ub has two possible binding
sites (Metl and His68) and was chosen as a model protein in
order to understand the reactivity of the complexes to proteins in
general. The solutions were diluted with 0.2% formic acid (v/v)

prior to recording of the spectra, so the proteins occurred in their
highest possible charged states (Ub: 7-14 and Cyt: 11-19). This
convoluted the spectra for obvious reasons, hence the recorded
mass spectra needed to be deconvoluted. In the following
paragraph all percent values are percent of the assignable protein
peaks, rather than percent of the assignable metal peaks.

When incubated with Cyt, none of the complexes showed any
interaction and Cyt was only found in its unreacted form [Cyt]
(m/z 12358.54 = 0.42, my,: 12365), even though Met65 would be
a possible binding site according to the amino acid experiments.
In contrast, all complexes showed a mediocre reactivity toward
Ub: [M(cym)(L)(Ub)]* (Ru, L1, 12%; Ru, L6, 17%, Os, L1;
28%; Os, L6, 3%; see Table S9). Both ruthenium complexes also
formed an adduct with Ub where the ligand was cleaved off:
[Ru(cym)(Ub)]™ (m/z 8797.31 + 0.66, my,: 8799.64, 9-11%).
These results suggest that the reaction with cytochrome c is not
a likely pathway for possible biological activity. On the other
hand interactions with ubiquitin were observed even though the
affinity was not very high.

The reactivity of all complexes toward the nucleoside-
triphosphates ATP and GTP revealed a selectivity of the
compounds toward guanine. The kinetically favored adduct
was [M(cym)(L)(GTP)]>~ (Ru, L1, ~20-30%; Ru, L6, ~60%;
Os, L1, ~74%; Os, L6, ~70%; see TableS9). Complexes
la and 6a also formed other kinetically favored products:
[Ru(cym)(GTP)(DMF)]2~ (m/z 41595 + 0.02, my,: 416.03,
~30-40%, only 1a) and [(Ru(cym)(GTP)]~ (m/z 757.95 £ 0.01,
my,: 757.45, 26-60%). The thermodynamically stable products
of ruthenium complexes 1a and 6a were [Ru(cym)(GTP)]>~
(m/z 377.49 + 0.01, mg,: 377.50, 36-48%) and an adduct
with ATP [Ru(cym)(ATP)]™ (m/z 739.96 £ 0.01, my,: 740.01,
27-39%). Complex 6b also formed a second guanine adduct:
[(Os(cym)(DMF),(GTP)]~ (m/z 992.02 £+ 0.02, mg,: 992.16,
~30% during the entire period). The osmium complex 1b also
showed reactivity with adenine: [(Os(cym)(DMEF),(ATP)]~ (m/z
977.02 £ 0.02, mg,: 977.17, ~26% during the entire period).
These results suggest that all complexes have at least twice the
reactivity toward guanine than to adenine.

Incubation with the mixture of amino acids and nucleotides
(solution 5) revealed that all complexes showed the same
distribution of amino acid adducts as described for incubation
with solution 2, and none with the nucleotides. These results
suggest that biological activity can be primarily attributed to
protein interactions, whereas DNA as the biological target is
rather unlikely.

Antiproliferative Activity in Cancer Cells

The antiproliferative activity of ligands L1-L6 and the respective
ruthenium (la—6a) and osmium (1b—6b) complexes was
evaluated in human ovarian teratocarcinoma (CHI1/PA-1),
colon (SW480) and non-small cell lung carcinoma (A549) cell
lines (Table 1, Figures S10-S12). In general, the free ligands
hardly show relevant antiproliferative effects in the tested
cell lines. Overall coordination of the benzothiazole ligand
scaffold to organometallic fragments resulted in highly cytotoxic
compounds with ICsy values in the low micromolar range. Based
on the obtained data most complexes were at least about one
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Brightfield

revealing an extensive colocalization of fluorescence (yellow).

FIGURE 2 | Brightfield and fluorescence microscopy images of SW480 cells treated with L6 and 6a (green), stained with LysoTracker Red (red), and merged images

LysoTracker Red

LysoTracker Red Merge

order of magnitude more active than the free ligand. Although
CHI1/PA-1 cells were found to be the most sensitive of the
cell lines used, the difference in efficacy compared to the more
chemo-resistant A549 and SW480 cells is remarkably small.
The antiproliferative potency of the investigated compounds,
hence, seems to depend on the metal center and increases
in the following order: ligands << ruthenium(II) compounds
< osmium(II) compounds; with differences in cytotoxicity of
the complexes being far less pronounced. The obtained trends
are in good agreement with recently reported triazole-based
metallacycles, where also a pronounced increase of cytotoxicity
upon C,N-coordination to organoruthenium and -osmium
moieties was observed (Riedl et al., 2018). With regard to
variation of the substituent on the phenylbenzothiazole ligand,
consistent structure-activity relationships are difficult to derive,
as their impact on cytotoxic potency is rather small. For further
biological experiments we have chosen ruthenium complexes 2a,
6a and osmium derivatives 2b, 6b to cover the whole range of
determined ICs values.

Apoptosis Assay

Flow-cytometric analysis of SW480 cells treated with 2a, 2b,
6a, and 6b for 24h and then double-stained with an annexin
V-FITC conjugate (AV) and propidium iodide (PI) revealed
strong apoptotic effects of the Ru compound 2a (Figure S13),
comparable to the positive control (50 LM of Pt complex KP1998;
Scaffidi-Domianello et al., 2012). Surprisingly, the Os analog 2b,
which is as potent as 2a according to the 96-h MTT assay, does

not induce apoptosis within 24h (Table $10). Compound 6a,
the least potent of the Ru series according to the MTT assay,
induces apoptosis to a similar extent as 2a at 20 uM, but is by
far surpassed by the latter at 40 M (18% vs. 88% of apoptotic
cells in total). The Os analog 6b is less active than both of them,
but induces apoptosis noticeably (14%) at 40 WM.

Cellular Accumulation

Cellular accumulation of these compounds in SW480 cells after
2h exposure is generally high with rather small differences: 6b
(382 £ 86 fg Os/cell), 2a (301 + 86 fg Ru/cell), 6a (254 +
58 fg Ru/cell), 2b (243 £ 83 fg Os/cell). Since this rank order
does neither correlate with antiproliferative nor with apoptotic
potency, the high initial uptake alone cannot account for the
outstanding effects of compound 2a in the apoptosis assay.

Colocalization of L6 and 6a With

Lysosomes

The fluorescence properties of L6 and 6a were exploited
to visualize their intracellular distribution in SW480 colon
carcinoma cells by fluorescence microscopy in a live cell
setting (Figure 2). Staining with LysoTracker Red was used
to study the localization of both compounds with regard
to lysosomal compartments, and a high degree of overlap
between the fluorescence images strongly suggests a pronounced
colocalization with lysosomes (see Figure2). To statistically
confirm the visual colocalization of the drug with the acidic
compartments of the cell (Figure 2), correlation analysis was
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conducted. Pearson’s coefficients of 0.77 £ 0.08 and 0.81
£ 0.06 between red fluorescence (LysoTracker Red) and
green fluorescence (corresponding to compounds L6 and 6a,
respectively) were obtained, indicating a substantial extent of
correlation. Lysosomes might represent a potential target for the
novel Ru complexes with alkaline and lipophilic physiochemical
properties. Trapping of the compounds in acidic compartments
due to changes in charge based on the weakly basic properties
of the aniline group is conceivable, but remains speculative at
this stage. Furthermore, morphological differences between the
samples treated with two different compounds (L6 and 6a) can
be observed. In comparison to cells treated with L6, the cells
exposed to 6a show a pronounced cytoplasmic disparity due to
beginning vacuolation.

CONCLUSIONS

A series of 2-phenylbenzothiazoles and their corresponding
ruthenium(II) and osmium(II) half-sandwich complexes were
synthesized. The obtained compounds were characterized by
standard analytical methods and their aqueous stability was
investigated. Additionally, ESI-MS studies showed general
binding preferences with regards to possible binding partners,
after administration. Surprisingly, no complex showed any
affinity toward Se- and N-donor amino acids. Almost only
sulfur-donor amino acid adducts were found, especially with
thioether moieties over thiols; a preference also observed with
5-GTP adducts, which were almost exclusively formed, leaving
present 5-ATP untouched. However, competition experiments
revealed a pronounced affinity toward amino acids over NTPs.
Furthermore, the ICsg values were determined in human cancer
cell lines, and proved to be in the low pwM range, with
comparatively small differences between the most sensitive and
the most resistant cell line. Although osmium complexes showed
a stronger overall effect on cancer cell proliferation over 96 h
than their ruthenium counterparts, the ruthenium complexes
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Figure S1: *H-NMR spectra of compound L1 (top) and L2 (bottom)
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Figure S2: *H-spectra of compound L3 (top) and L4 (bottom)
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Figure S3: *H-spectra of compound L5 (top) and 1a (bottom)
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Figure S4: 'H-spectra of compound 2a (top) and 3a (bottom)



Supplementary Material

T T T T T T T T T
12.0 115 11.0 105 10.0 95 9.0 85 8.0 75 70 65 60 55 50 45 40 35 3.0 25 20 1.5 1.0 05 0.0 -0.f

Cr6ye LI /

i

\ W "
OB dDD o Smdd p &R & &
Sagans 9 5580 S =S a9
- O0O0OO0O - o o o (2] - M N ™M
T T T T T T T T T T T T T T T T T T T T T T T T T
12.0 11.5 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4. 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

f1 (ppm)

Figure S5: *H-spectra of compound 4a (top) and 5a (bottom)



S il

LJUMMMJ

2

=56'¢C

BT'E
ezt

[t

"80°1
60T
0T
L00°T

ST
¥60°T
H/NO.N

“or

=960

12.0 11.5 11.0 10.5 10.0 9.5

=56°C
66'C

z<0'T

3 vee

12.0 11.5 11.0 105 10.0 9.5

40 35 30 25 20 15 1.0 05 0.0

4.5

85 80 75 70 65 60 55 50

9.0

1 (ppm)

Figure S6: *H-spectra of compound 6a (top) and 1b (bottom)
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2 Crystallographic Data

Table S1. Experimental parameters and CCDC-Codes

Short Machine Source Temp. D_etector Time/ #Frames Fr_ame CCDC
Distance Frame width
Bruker [K] [mm] [s] ]
la D8 Mo 100 35 16 2954 0.4 1978569
1b X8 Mo 100 35 5 440 0.5 1978570
L5 D8 Mo 100 34 18 2326 0.5 1978571

Table S2. Relevant bond lengths, angles and torsion angles in compounds 5. 1a. and 1b

Compound 5 la 1b
M-CI [A] - 2.4133(6) 2.411(2)
M-N [A] - 2.1115(19)  2.109(7)

M-C2’ [A] - 2.047(2) 2.073(10)

M-CyMeentr - 1.712 1.704
C2-N[A] 1.3026-1.3113 1.318(3) 1.301(12)
C3a-N[A] 1.3858-1.3944 1.392(3) 1.374(14)
C2-S[A] 1.7566-1.7625 1.732(2) 1.733(8)
C7a-S[A] 1.7225-1.7341 1.747(3) 1.746(11)

C3a-C7a[A] 1.4072-1.4104 1.400(3) 1.427(13)

C2-CI’ [A] 1.4637-1.4662 1.444(3) 1.439(15)

C1’-C2’ [A] 1.3942-1.3979 1.411(3) 1.425(13)

C1’-C6’ [A] 1.4056-1.4108 1.396(4) 1.389(14)

N-M-C2’ [°] - 77.52(8) 76.6(4)
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CI-M-N [] - 88.93(5)
CI-M-C2’ [°] - 84.93(6)
C2-N-M [] - 115.00(15)
CI’-C2-M[7] - 116.84(15)
C2-CI'-C2’[°]  119.25-119.83  112.25(19)
C3a-N-C2 [] 109.73-110.76  111.49(19)
N-C2-S [] 115.43-115.87  115.29(16)
C2-S-C7a[°] 89.14-89.25 89.37(10)
C2’-C1’-C6’[°]  118.59-118.72 123.2(2)
M-N-C2-C1’ [°] - 5.1(2)
C3a-N-C2-S [] - 1.4(2)

83.9(2)

86.4(2)

116.4(7)

116.4(8)

111.7(9)

112.8(8)

114.8(8)

90.1(5)

123.3(11)

2.4(10)

2.1(10)

Table S3. Sample and crystal data of L5

Chemical formula C14H11NOS Crystal system monoclinic

Formula weight [g/mol] 241.3 Space group C2/c

Temperature [K] 100 Z 32

Measurement method \@ and \w scans Volume [A?] 9182.1(7)

Radiation (Wavelength [A]) | MoKa (=0.71073) [Ynitcell dimensions | g 4 .5) 90
[A]and []

Crystal size [mm?] 0.63 x 0.181 x 0.1 9.6018(3) 103.666(3)

Crystal habit clear yellowblock 25.5966(10) 90

Density (calculated) [g/cm®] 1.396 ?n?fr?%p tion coeff. / 0.262

Abs. correction Tmin 0.6055 Abs. correction 0.7460
Tmax

Abs. correction type multiscan F(000) [e7] 4032
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Table S4. Data collection and structure refinement of L5

-54<h<54.-13<k<

Theta range for data

Index ranges 13. 36 <1<36 collection [°] 4.586 to 60.242
Reflections number 227554 Data / restraints / 13526/0/617
parameters
. R1 =0.0526.
Refinement method Least squares all data WR2 = 0.1134
Final R indices 0.0383
. L 2 22 R1=0. .
Function minimized T w(F," - F) >20() WR2 = 0.1030

Goodness-of-fit on F?

1.013

Largest diff. peak and hole [e

A3

0.91/-0.32

Weighting scheme

w=1/[c*(F,?)+(0.0588P)%+
9.5500P]

where P=(F,2+2F2)/3

Table S5. Sample and crystal data of 1a

Chemical formula C23H22CINRuUS Crystal system orthorhombic
Formula weight [g/mol] 480.99 Space group Pna2l
Temperature [K] 100 Z 4
Measurement method \® and \w scans Volume [A%] 1956.05(16)
Radiation (Wavelength [A]) | MoKa (0= 0.71073) | Unit cell dimensions 7.9904(4) 90
[A]and []
Crystal size [mm?] 0.183 x 0.173 x 0.099 14.5823(7) 90
Crystal habit clear orange block 16.7875(8) 90
Density (calculated) [g/cm?] 1.633 Abso_[ptlon coeff. / 1.053
[mm~]
Abs. correction Tmin 0.6927 Abs. correction 0.7460
Tmax
Abs. correction type multiscan F(000) [e7] 976
Table S6. Data collection and structure refinement of 1a
-11<h<11.-20<k [ Theta range for data
Index ranges <20.-23<1<23 ] collection [°] 3.71060.198
Reflections number 96508 Data / restraints / 5762/1/247
parameters
. R1=0.0184.
Refinement method Least squares all data WR2 = 0.0465
Final R indices
. S 2 22 R1 =0.0180.
Function minimized 2 w(Fy” - FY) [>20(1) WR2 = 00461

Goodness-of-fit on F2

11

Largest diff. peak and hole [e
A3

0.98/-0.58

Weighting scheme

w=1/[6(F,?)+(0.0258P)+
0.8970P]

where P=(F,2+2F2)/3

13
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Table S7. Sample and crystal data of 1b

Chemical formula C23H22CINOsS Crystal system orthorhombic
Formula weight [g/mol] 570.12 Space group P212121
Temperature [K] 100 Z 4
Measurement method \@ and \w scans | Volume [A?] 1941.52(13)
Radiation (Wavelength [A]) | MoKa (n = 0.71073) | Ynitcell dimensions | 5 gaq63) 90
[Aland []
Crystal size [mm?] 0.160 x 0.150 x 0.050 10.4181(3) 90
Crystal habit clear orange block 24.3005(11) 90
Density (calculated) [g/cm®] 1.95 Abso_[ptlon coeff. / 6.821
[mm~]
Abs. correction Tmin 0.4696 Abs. correction 0.7460
Tmax
Abs. correction type multiscan F(000) [e7] 1104
Table S8. Data collection and structure refinement of 1b
-9<h<8.-12<k< | Theta range for
Index ranges 12.-29<1<24 data collection [°] 5.151050.69
Reflections number 7981 Data / restraints / 3562/18/247
parameters
. R1 =0.0352.
Refinement method Least squares all data WR2 = 0.0660
Final R indices
. L 2 N2 R1 =0.0320.
Function minimized 2 w(F," - F) >20(1) WR?2 = 0.0643

Goodness-of-fit on F?

1.055

Largest diff. peak and hole [e
A

2.55/-1.18

w=1/[6%(F,?)+(0.0235P)*+
3.1903P]

Weighting scheme

where P=(F,2+2F2)/3

15



3

Table S9. Common adducts and their measured and theoretical m/z ratios

Abundant adducts found in different ESI-mass spectra

Supplementary Material

m/z

adduct found st dev calc
[1a-CI]* 446.07 0.01 446.05
[6a-CI]* 461.08 0.01 461.07
[1b-CI]* 536.11 0.01 536.11
[6b-CI]* 551.12 0.01 551.12
[Ru(cym)(L1)(Met)]* 595.07 0.01 595.11
[Ru(cym)(L6)(Met)]* 610.08 0.01 610.12
[Os(cym)(L1)(Met)]* 685.12 0.01 685.17
[Os(cym)(L6)(Met)]* 700.13 0.01 700.18
[Ru(cym)(L1)(N-Ac-Met)]* 637.08 0.01 637.12
[Ru(cym)(L6)(N-Ac-Met)]" 652.09 0.01 652.13
[Os(cym)(L1)(N-Ac-Met)]* 727.11 0.01 727.18
[Os(cym)(L6)(N-Ac-Met)]* 742.11 0.01 742.19
[Ru(cym)(L1)(DDT)]* 598.00 0.01 598.07
[Ru(cym)(L6)(DTT)]* 613.02 0.01 613.08
[Os(cym)(L1)(DDT)]* 688.05 0.01 688.13
[Os(cym)(L6)(DDT)]* 703.07 0.01 703.14
[Ru(cym)(L1)(Ub)]* 9008.3 1.3 9009.69
[Ru(cym)(L6)(Ub)]* 9023.46 0.42 9024.70
[Os(cym)(L1)(Ub)]* 9103.25 8.13 9100.75
[Os(cym)(L6)(Ub)]* 9113.42 1.73 9114.75
[Ru(cym)(L1)(GTP)]* 483.00 0.02 483.02
[Ru(cym)(L6)(GTP)]* 490.51 0.01 490.53
[Os(cym)(L1)(GTP)]* 528.00 0.01 528.05
[Os(cym)(L6)(GTP)]* 535.98 0.02 536.06

16



4 Biological data
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Figure S10: Concentration-effect curves of compounds la and 1b (left), 2a and 2b (right) in
A549 (top), CH1/PA-1 (middle) and SW480 (bottom) cells, obtained by the MTT assay
(exposure: 96 h). Values are means + standard deviations from at least three independent
experiments.
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Figure S11: Concentration-effect curves of compounds 3a and 3b (left), 4a and 4b (right) in
A549 (top), CH1/PA-1 (middle) and SW480 (bottom) cells, obtained by the MTT assay
(exposure: 96 h). Values are means + standard deviations from at least three independent
experiments.
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Figure S12: Concentration-effect curves of compounds L5, 5a and 5b (left), L6, 6a and 6b
(right) in A549 (top), CH1/PA-1 (middle) and SW480 (bottom) cells, obtained by the MTT
assay (exposure: 96 h). Values are means + standard deviations from at least three independent

experiments.
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4.1 FACS Studies

Table S10. Apoptosis induction by 2a, 2b, 6a and 6b after 24 h in SW480 cells, analyzed by the
flow-cytometric AV/PI assay differentiating viable (AV—/Pl-), early apoptotic (AV+/Pl-), late
apoptotic (AV+/Pl+) and necrotic (AV-/PI+) cell fractions. Percentages are means + standard
deviations from three independent experiments.

Conc.  viable cells early apoptotic late apoptotic necrotic cells

Compound 1 /vy [%] cells [%] cells [%] [%]
neg. control 0 954+ 1.0 21408 2204 04202
pos. control 50 6.4+55 18+26 87.7+£5.9 4129
2a 5 91.6+2.6 20+16 57+14 0.8+0.3
10 759+ 2.2 13.7+25 8907 16+0.8
20  69.3+123 23+0.9 224+8.1 6.0£5.1
40 1.0£0.2 3.0%0.2 85.1+2.3 10.9+1.9
2b 5 954+ 1.0 1.820.7 25+05 0.3+0.2
10 959+ 1.0 1.0+ 0.4 28206 0320.2
20 953+ 1.4 09+04 3409 0.4+0.3
40 943+1.3 1.0£05 4310 04201
6a 5 95.6+ 1.6 18+12 21+05 0520.1
10 94.6+1.0 23212 27+0.3 0.620.3
20 71.0+3.1 17.4+ 3.4 10.6+ 1.0 10205
40 80.7 3.3 71+14 10.9+ 2.0 14201
6b 5 953+ 1.2 21412 22403 0.4+0.3
10 946+1.1 22+1.0 2903 0.420.2
20 93.9+0.6 1.820.7 3.8+0.2 0520.2
40 853+ 1.0 32101 10.7+ 1.0 0.8+ 0.4
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Figure S13. Apoptosis induction by 2a after 24 h in SW480 cells, analyzed by the flow-
cytometric AV/PI assay. Dot plots represent necrotic (Ql: AV-/Pl+), late apoptotic (Q2:
AV+/Pl+), early apoptotic (Q3: AV+/PIl-) and viable (Q4: AV-/PI-) cell fractions (percentages
indicated correspondingly) from a selected experiment: (A) untreated control; (B) positive
control (50 puM of Pt complex KP1998(Scaffidi-Domianello et al., 2012)); (C) 5 uM, (D) 10 pM,
(E) 20 uM and (F) 40 uM of 2a.
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4.2  Cellular Uptake Studies

Table S11. Instrumental parameters for ICP-MS analysis. (Klose et al., 2017)

ICP-MS Agilent 7500ce
RF power [W] 1560
Cone material Nickel
Carrier gas [L/min] 0.92-0.97
Make up gas [L/min] 0.22-0.27
Plasma gas [L/min] 15
Monitored isotopes 102Ru, *°In, **Re, *¥0s
Dwell time [s] 0.3
Number of replicates 10

For Ru, In served as internal standard, while Re was used as internal standard for Os.

5 References

Klose, M.H.M., Hejl, M., Heffeter, P., Jakupec, M.A., Meier-Menches, S.M., Berger, W., et al.
(2017). Post-digestion stabilization of osmium enables quantification by ICP-MS in cell
culture and tissue. Analyst 142(13), 2327-2332. doi: 10.1039/c7an00350a.
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Abstract: The main purpose of this study was to synthesize a new set of naphthoquinone-based
ruthenium(II) arene complexes and to develop an understanding of their mode of action. This study
systematically reviews the steps of synthesis, aiming to provide a simplified approach using mi-
crowave irradiation. The chemical structures and the physicochemical properties of this novel group
of compounds were examined by 'H-NMR and '*C-NMR spectroscopy, X-ray diffractometry, HPLC-
MS and supporting DFT calculations. Several aspects of the biological activity were investigated
in vitro, including short- and long-term cytotoxicity tests, cellular accumulation studies, detection of
reactive oxygen species generation, apoptosis induction and NAD(P)H:quinone oxidoreductase 1
(NQO1) activity as well as cell cycle analysis in A549, CH1/PA-1, and SW480 cancer cells. Further-
more, the DNA interaction ability was studied in a cell-free assay. A positive correlation was found
between cytotoxicity, lipophilicity and cellular accumulation of the tested complexes, and the results
offer some important insights into the effects of the arene. The most obvious finding to emerge from
this study is that the usually very chemosensitive CH1/PA-1 teratocarcinoma cells showed resistance
to these phthiocol-based organometallics in comparison to the usually less chemosensitive SW480
colon carcinoma cells, which pilot experiments suggest as being related to NQO1 activity.

Keywords: metal-based drugs; ruthenium; piano-stool complexes; anticancer

1. Introduction

Platinum-based compounds are an important pillar in the fight against cancer, par-
ticularly the worldwide-approved drugs cisplatin, carboplatin and oxaliplatin [1,2]. How-
ever, these drugs cause severe side effects such as nephrotoxicity, myelosuppression and
neurotoxicity [3]. To overcome these drawbacks, scientists worldwide are searching for
alternatives, such as small-molecule receptor tyrosine kinase inhibitors (e.g., sunitinib),
monoclonal antibodies (e.g., cetuximab, bevacizumab, ipilimumab), CAR-T cells, vaccines,
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oncolytic viruses and new cytostatic drugs (e.g., novel platinum-based compounds) [4-6].
Since the latter interfere with cell proliferation, not only cancer cells but also normal cells
are affected, which leads to severe side effects.

One line of research is the use of ruthenium instead of platinum, due to the lower
toxicity of active complexes [7]. There are two prominent ruthenium coordination com-
pounds which have shown promising results in (pre)clinical trials, namely TLD-1433 and
BOLD-100 (formerly KP1139, IT-139). The ruthenium(II) compound TLD-1433 (Figure 1A)
is under investigation for photodynamic therapy and a clinical phase two trial in pa-
tients with non-muscle invasive bladder cancer is in progress (ClinicalTrials.gov, Identifier:
NCT03945162) [8]. The ruthenium(IIl) drug BOLD-100 (Figure 1B) was granted an Orphan
Drug Designation (ODD) in pancreatic cancer and a clinical trial of a combination therapy
with FOLFOX (5-fluorouracil + folinic acid + oxaliplatin) in gastro-intestinal cancers is
ongoing (ClinicalTrials.gov Identifier: NCT04421820) [9].

A _|2 Cr B _|Na*
—

TLD-1433 BOLD-100

Figure 1. Chemical structures of clinically studied ruthenium compounds. Ru(Il) coordination
compound TLD-1433 (A) and Ru(IIl) drug BOLD-100 (B).

However, not only coordination compounds of ruthenium are in the focus of metal-
based anticancer drug research, but also organometallic ruthenium(Il) compounds. The
best-studied compounds are RAPTA-C from Dysons’ group, which mainly interacts with
proteins, and RM175 from Sadlers” group, which mainly interferes with DNA [10]. This
complex class exhibits a piano-stool structure, in which the metal center is surrounded by
an arene and variable ligands with different denticities. The three coordination sites can
be occupied by three monodentate, one bidentate and one monodentate, or one tridentate
ligand. This pseudo-octahedral geometry provides a powerful tool for controlling phar-
macokinetic and pharmacodynamic properties. Each building block of the complex can
influence chemical and biological properties, such as stability, cytotoxicity, cellular uptake,
electrochemical behavior, and hydrolysis [11-13]. Furthermore, bioactive ligands were
often used in order to increase the cytotoxic effect or for targeting.

One interesting compound class is naphthoquinones, which demonstrate several
potential modes of action, such as ROS (reactive oxygen species) generation, apoptosis
induction through ER (endoplasmic reticulum) stress and inhibition of topoisomerase, as
well as interference with p53 or NAD(P)H:quinone oxidoreductase 1 activity (NQO1) [14].

Due to this broad range of properties favoring anticancer activity, naphthoquinone-
based organometallics were developed and investigated. Complexes with a labile chlorido-
leaving group have shown promising results in vitro and in vivo [15,16]. However, low
stability in an aqueous solution may explain the occurrence of severe side effects during
in vivo experiments. Stability was improved by an in situ formation of a hemiaminal bond
between an azole and a naphthoquinone moiety, yielding complexes with a tridentate
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ligand, which increased the stability enormously [17]. Only a few examples of tridentate
ligands are reported in the literature for anticancer drug research (Figure 2). The N, N,
N-coordinated ruthenium complex from Babak et al. has shown high stability, which
leads to inertness against biomolecules resulting in low activity in vitro [18]. However,
our group synthesized novel tridentate naphthoquinone complexes, providing highly
cytotoxic and more stable N, O, O-complexes compared to the parental bidentate chlorido
compounds [17,19]. Furthermore, Martinez-De-Leén et al. published cationic N, N, S- and
N, N, Se-iminophosphorane organometallics with good cytotoxicity in several cancer cell
lines [20].

Geisler et al. (2020,2021) Martinez-De-Ledn et al. (2020) Babak et al. (2013)
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Figure 2. Tridentate ruthenium arene complexes with anticancer properties [17-20].

Within this work, we synthesized, characterized and investigated phthiocol-based
organometallics with different arenes and their stabilities at physiological pH by HPLC-MS
measurements. Density Functional Theory (DFT) calculations were performed to prove
the stability and hydrolysis hypotheses. In addition, the most relevant aspects of their
biological activity were investigated in several biological assays, such as determination
of cytotoxicity, cellular accumulation, ROS generation ability, apoptosis induction, DNA
interaction, as well as influence on the cell cycle and NQO1 activity.

2. Materials and Methods

The wused dimeric metal precursors [Ru(p-cymene)Cly]y, [RuCly(benzene)]y,
[RuCl,(toluene)],, [RuCl,(indane)], and [RuCl,(biphenyl)], were synthesized according
to the literature [21-23]. Phthiocol (L) [24,25] and complex 1 [17]) were synthesized as
reported. The following chemicals were used without further purification for the syntheses:
RuCl; x H,O (Johnson Matthey, London, UK), biphenyl, cyclohexa-1,3-diene, indane,
sodium (Sigma-Aldrich, St. Louis, MO, USA), 1-methyl-1,4-cyclohexadiene, a-terpinene
(Alfa Aesar, Haverhill, MA, USA), 1H-pyrazole, triethylamine, menadione (Acros-Fisher,
Waltham, MA, USA), [RuCl,(hexamethylbenzene)], (TCI, Tokyo, Japan) and hydrogen
peroxide (30%, VWR, Radnor, PA, USA).

Solvents were purchased from commercial suppliers and dried before use if needed.
Microwave reactions were performed with a Biotage® Initiator+ system (Uppsala, Sweden).
Purification via flash column chromatography was conducted with Biotage® Isolera system
(Uppsala, Sweden) and silica gel (VWR, mesh 40-63 um). Elemental analyses were per-
formed by the Microanalytical Laboratory of the University of Vienna with a Eurovector EA
3000(2009), equipped with a high-temperature pyrolysis furnace (HT, Hekatech, Osnabrtick
Germany, 2009). Elemental analysis samples were weighed on a Sartorius SEC 2 ultra-micro
balance with 0.1 ug resolution. Sample weights from 1-3 mg were used. For calibration,
two NIST-certified reference materials were used: sulfanilamide (C¢HgN,O,S) and BBOT (2,
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5-bis-(5-tert-butyl-2-benzoxazole-2-yl)-thiophenone, Co6HpsIN2O;S). The limit of quantifica-
tion (LOQ) was 0.05 w-% for C, H, N and 0.02 w-% for S. For samples without N and/or S,
the content of these elements was determined and verified to be below LOQ. The presented
values are the average of determinations in triplicate. The general numbering of carbons
and hydrogens and the corresponding NMR spectra of complexes 2—6 were described in
the SI (Figures S1-S10). 'H-,'3C-and 2D-NMR spectra were recorded at 298 K on a Bruker
AV TIT 600 or AV NEO 500 spectrometers at 600.25/500.10 MHz ('H) and 150.95 MHz (13C)
(Bruker, Billerica, MA, USA). Single crystals of four compounds (24, 6) were obtained by
vapor diffusion or liquid-liquid diffusion method from dichloromethane/diethyl ether
or dichloromethane/n-hexane. The X-ray intensity data were measured on a Bruker D8
Venture diffractometer equipped with a multilayer monochromator, Mo and Cu K/ & IN-
COATEC microfocus sealed tube and Oxford cooling system (Bruker, Billerica, MA, USA).

2.1. Synthesis
General Procedure for Complex Syntheses (2-6) [17]

The corresponding dimer (0.10 mmol), 1H-pyrazole (0.19-0.21 mmol), NEt; (0.6 mmol)
and the desired phthiocol (L) (0.19-0.21 mmol) were dissolved in 8-12 mL methanol and
stirred at 50-60 °C for 20-30 minutes under microwave irradiation. The solvent was
removed, and the residue was purified by flash chromatography (S5iO,) with a ternary
eluent system (EtOAc/n-hexane/NEt; or EtOAc/MeCN/NEts). The fractions were com-
bined, evaporated and dried in vacuo. Oily residues were dissolved in dichloromethane,
precipitated with n-hexane, separated and washed with n-hexane, and dried in vacuo.

[3-Methyl-4-oxo-(1H-kN2-pyrazol-1-yl)-1,4-dihydronaphtalene-1,2-bis(olato)-k O -k O?)
(176—benzene)ruthenium(H)](2)

The reaction was performed according to the general procedure using [RuCly(benzene)],
(150 mg, 0.30 mmol), 1H-pyrazole (39 mg, 0.57 mmol), phthiocol (107 mg, 0.57 mmol) and
NEt; (251 pL, 182 mg, 1.80 mmol). The mixture was stirred at 60 °C for 20 minutes under
microwave irradiation. Flash chromatography with EtOAc/MeCN/NEts (88/10/2). Yield:
93 mg yellow /green solid (0.21 mmol, 38%). Elemental analysis found: C, 52.61; H, 4.03; N,
6.12; O, 14.23. Calc. for CogH1sN,O3Ru-(H,0); 1 C, 53.00; H, 4.05; N, 6.18; O, 14.47%. 'H
NMR (600.25 MHz, MeOD-dy4) 6 8.40 (dd, ] = 2.1, 0.6 Hz, 1H, H3'), 8.12-8.08 (m, 1H, H5-8),
7.65-7.59 (m, 3H, H5-8), 6.70 (d, | = 2.0 Hz, 1H, H5'), 6.35 (dd, ] = 2.4, 2.4 Hz, 1H, H4'), 5.93
(s, 5H, Harene) and 1.74 (s, 3H, H9). 13C NMR (150.93 MHz, MeOD-d,) 5 184.2 (C4), 182.3
(C2), 142.0 (C3'), 137.4 (C4a/8a), 134.0 (C4a/8a), 132.5 (C5-8), 131.4 (C5-8), 128.0 (C5),
127.6 (C5-8), 127.2 (C5-8), 108.8 (C4'), 105.8 (C3), 94.9 (C1), 82.9 (Carene) and 8.12 (C9).

[3-Methyl-4-oxo-(1H-kN2-pyrazol-1-yl)-1,4-dihydronaphtalene-1,2-bis(olato)-k O -k O?)
(176—toluene)ruthenium(II)](3)

The reaction was performed according to the general procedure using [RuCl,(toluene)],
(150 mg, 0.28 mmol), 1H-pyrazole (36 mg, 0.53 mmol), phthiocol (100 mg, 0.53 mmol) and
NEt; (234 pL, 170 mg, 1.68 mmol). The mixture was stirred at 50 °C for 20 minutes un-
der microwave irradiation. Flash chromatography with EtOAc/n-hexane/NEt; (90/5/5).
Yield: 117 mg yellow solid (0.26 mmol, 49%). Elemental analysis found: C, 54.62; H, 4.20;
N, 6.27; O, 12.31. Calc. for C1H1gN,O3Ru-(H,O)q 7: C, 54.82; H, 4.25; N, 6.09; O, 12.87%.
H NIMR (600.25 MHz, MeOD-dy) & 8.34 (dd, ] = 2.2, 0.6 Hz, 1H, H3’), 8.12-8.08 (m, 1H,
H5-8), 7.65-7.58 (m, 3H, H5-8), 6.69 (dd, | = 2.6, 0.6 Hz, 1H, H5), 6.34 (t, ] = 2.4 Hz, 1H,
H4'),6.12 (dd, ] =5.7,5.7 Hz, 1H, Hc), 5.98 (dd, | = 5.7, 5.7 Hz, 1H, Hc), 5.66 (d, | = 5.8 Hz,
1H, Hb), 5.64 (dd, ] = 5.6, 5.6 Hz, 1H, Hd), 5.57 (d, | = 5.6 Hz, 1H, Hb), 2.37 (s, 3H, He) and
1.75 (s, 3H, H9). 3C NMR (150.95 MHz, MeOD-d,) &: 184.0 (C4), 183.0 (C2), 141.8 (C3'),
137.6 (C4a/8a), 134.0 (C4a/8a), 132.4 (C5-8), 131.3 (C5-8), 128.0 (C5'), 127.7 (C5-8), 127.2
(C5-8),108.7 (C4'), 105.7 (C3), 101.1 (Ca), 94.9 (C1), 86.2 (Cc), 85.8 (Cc), 79.9 (Cb), 79.5 (Cb),
77.0 (Cd), 18.6 (Ce) and 8.1 (C9).

[3-Methyl-4-oxo-(1H-kN?-pyrazol-1-yl)-1,4-dihydronaphtalene-1,2-bis(olato)-kO' -k O?)
(7°-indane)ruthenium(IT)](4)
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The reaction was performed according to the general procedure using [RuCl,(indane)],
(150 mg, 0.26 mmol), 1H-pyrazole (40 mg, 0.59 mmol), phthiocol (111 mg, 0.59 mmol) and
NEt; (259 uL, 188 mg, 1.86 mmol). The mixture was stirred at 50 °C for 20 minutes under
microwave irradiation. Flash chromatography with EtOAc/n-hexane/NEt3 (80/10/2).
Yield: 144 mg yellow/green solid (0.30 mmol, 58%). Elemental analysis found: C, 57.58;
H, 4.29; N, 6.08; O, 10.50. Calc. for Cp3HygN,O3Ru-(H,0)g25: C, 57.79; H, 4.32; N, 5.86; O,
10.88%. 'H NMR (600.25 MHz, MeOD-dy) & 8.32 (d, ] = 2.3 Hz, 1H, H3'), 8.12-8.08 (m, 1H,
Harom.), 7.63-7.57 (m, 3H, Harom.), 6.68 (d, ] = 2.6 Hz, 1H, H5'), 6.34 (dd, | = 2.4, 2.4 Hz,
1H, H4'), 5.97 (d, ] = 5.7 Hz, 1H, Hb/d), 5.93 (d, ] = 5.8 Hz, 1H, Hb/d), 5.87 (dd, ] = 5.6,
5.6 Hz, 1H, Ha/c), 5.65 (dd, | = 5.5, 5.5 Hz, 1H, Ha/c), 2.99-2.92 (m, 1H, Hf), 2.90-2.84
(m, 1H, Hf), 2.83-2.75 (m, 2H, Hf), 2.17-2.04 (m, 2H, Hg) and 1.75 (s, 3H, H9). 3C NMR
(150.93 MHz, MeOD-dy) § 183.9 (C4), 183.4 (C2), 141.5 (C3'), 137.8 (C4a/8a), 134.1 (C4a/8a),
132.3 (C5-8), 131.3 (C5-8), 128.0 (C5’), 127.8 (C5-8), 127.1 (C5-8), 108.7 (C4’), 105.7 (C3),
102.4 (Ce), 100.1 (Ce), 94.8 (C1), 82.2 (Ca/c), 80.4 (Ca/c), 79.4 (Cb/d), 78.9 (Cb/d), 30.9
(2xCf), 24.1 (Cg) and 8.1 (C9).

[3-Methyl-4-oxo-(1H-kN2-pyrazol-1-yl)-1,4-dihydronaphtalene-1,2-bis(olato)-kO' -k O?)
(7°-biphenyl)ruthenium(II)](5)

The reaction was performed according to the general procedure using [RuCl, (biphenyl)]»
(100 mg, 0.15 mmol), 1H-pyrazole (21 mg, 0.31 mmol), phthiocol (55 mg, 0.29 mmol) and
NEt; (128 pL, 93 mg, 0.92 mmol). The mixture was stirred at 50 °C for 20 minutes under
microwave irradiation. Flash chromatography with EtOAc/MeCN/NEt; (88/10/2). Yield:
144 mg yellow/green solid (0.19 mmol, 66%). Elemental analysis found: C, 60.76; H, 4.12; N,
5.53; O, 9.86. Calc. for CosHooN>O3Ru-(Hy0)g0: C, 60.86; H, 4.01; N, 5.46; O, 9.98%. 'H NMR
(600.25 MHz, MeOD-dy) 6 8.10-8.07 (m, 1H, H5-8), 7.99 (d, | = 2.2 Hz, 1H, H3/), 7.87-7.82 (m,
2H, Hf-h), 7.61-7.57 (m, 3H, H5-8), 7.53-7.49 (m, 3H, Hf-h), 6.66 (d, ] = 2.5 Hz, 1H, H5'), 6.26
(dd, J=2.4,2.4Hz, 1H, H4'),6.24 (d, ] = 6.2 Hz, 2H, Hb), 6.20 (dd, ] = 5.9, 5.9 Hz, 1H, Ho),
6.09 (dd, ] =5.9, 5.9 Hz, 1H, Hc), 5.92 (dd, ] = 5.6, 5.6 Hz, 1H, Hd), 1.67 (s, 3H, H9). 13C NMR
(150.95 MHz, MeOD-d4) § 184.0 (C4), 182.6 (C2), 141.3 (C3'), 137.4 (C4a-8a), 136.2 (Ce), 134.0
(C4a-8a), 132.4 (Cf-h), 131.3 (C5-8), 130.9 (C5-8), 130.0 (Cf-h), 129.9 (Cf-h), 128.0 (C5'), 127.7
(C5-8), 127.2 (C5-8), 108.6 (C4"), 105.7 (C3), 99.3 (Ca), 95.0 (C1), 84.1 (Cc), 83.8 (Cc), 81.1 (Cb),
80.9 (Cb), 80.7 (Cd) and 8.1 (C9).

[3-Methyl-4-oxo-(1H-kN2-pyrazol-1-yl)-1,4-dihydronaphtalene-1,2-bis(olato)-kO' -k O?)
(17°-hexamethylbenzene)ruthenium(I1)](6)

The reaction was performed according to the general procedure using [RuCl,
(hexamethylbenzene)], (150 mg, 0.23 mmol), 1H-pyrazole (37 mg, 0.54 mmol), phthio-
col (102 mg, 0.54 mmol) and NEts3 (226 pL, 164 mg, 1.62 mmol). The mixture was stirred at
60 °C for 30 minutes under microwave irradiation. Flash chromatography with EtOAc/n-
hexane/NEt; (80/15/5). The fractions were combined, evaporated and the orange residue
was dissolved in dichloromethane. Crystallization with n-hexane provides orange crys-
tals, which were separated and dried in vacuo at 60 °C. Yield: 80 mg orange crystals
(0.15 mmol, 27%). Elemental analysis found: C, 59.04; H, 5.39; N, 5.46; O, 9.21. Calc. for
C26H28N203RU'(CH2C12)0.152 C,59.22; H, 5.38; N, 5.28; O, 9.05%. 1I—I NMR (700.40 MHZ,
MeOD-dy) § 8.11 (s, 1H, H3'), 8.10-8.07 (m, 1H, H5-8), 7.63-7.53 (m, 3H, H5-8), 6.63 (d,
J=25Hz, 1H, H5'), 6.34 (dd, ] = 2.4, 2.4 Hz, 1H, H3'), 2.30 (s, 18H, Hb), 1.76 (s, 3H, H9).
13C NMR (176.13 MHz, MeOD-d) 5 185.4 (C4), 183.5 (C2), 139.1 (C3'), 138.4 (C4a/8a), 134.3
(C4a/8a), 132.0 (C5-8), 131.0 (C5-8), 128.2 (C5'), 128.1 (C5-8), 126.9 (C5-8), 108.6 (C4'),
105.4 (C3), 94.5 (C1) 91.8 (Ca), 16.0 (Cb) and 8.0 (C9).

2.2. HPLC-MS Stability Measurements

The 10 mM stock solutions were prepared by dissolving compounds 2-6 in DMSO.
4 uL of stock solution was mixed with 990 uL of PBS buffer (pH 7.4) and 6 uL DMSO
to obtain a final concentration of 40 M. After injection, the chromatogram at 225 nm
and the corresponding mass spectra (positive mode) were recorded hourly (4 h) and
after 24 h at 20 °C. Peak areas were determined by integrating complex signals of the
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respective chromatogram. The measurements were performed with an HPLC system
(Agilent Technologies, 126 Infinity) equipped with a C18 column (Waters, Atlantis T3 3 uM,
1.0 x 150 mm?) coupled to an MS (Bruker, amaZon SL, ESI, positive mode) with a flow rate
of 0.2 mL/min at 20 °C and a gradient (5-95%) with Milli-Q water/ACN.

2.3. Theoretical Simulations

Optimizations of energetic minima and maxima (transition states) were carried out
with the ORCA program suite [26] and the PBEh-3c method [27]. The PBEh-3c method
is based on DFT that uses the PBEO functional, reparametrized with 42% Hartree—Fock
exchange, and the def2-mSVP double-zeta basis set. It further accounts for dispersion
correction, the basis set superposition error, and includes the ZORA effective core potential
for the Ru atom. This method has been shown to be more reliable than most frequently
applied DFT protocols, such as B3LYP/6-31G*, and turned out to be most suitable for the
purpose of this study [26,27]. A tight convergence was set for the self-consistent field and
the DFT grid was set to 4. The conductor-like polarizable continuum model [28] was used
to model the solvent with a dielectric constant of 80.4 and a refractive index of 1.33. Due
to numerical instabilities and to obtain smoother potentials, Gaussian smearing [29] was
applied to the point charge. After every converged optimization, a frequency calculation
was carried out to confirm a minimum or transition state on the potential energy landscape.

The structure of the aqua complex was estimated by elongation of the bond between
the metal and the weaker bound oxygen (next to the C=C double bond in the dihydronaph-
talene unit) and by placing a water molecule close to the Ru atom. The initial structures
were pre-optimized at the semi-empirical HF-3c level of theory. The relaxed structure was
used as an input for subsequent optimization with PBE3h-3c.

In order to estimate the energy barrier for the aquation process, we carried out a
transition state search. The optimization was carried out in ORCA with the settings
described above. A frequency calculation with a single imaginary frequency confirmed the
found transition state.

2.4. Cell Culture

CH1/PA-1 ovarian teratocarcinoma cells (provided by L. R. Kelland, CRC Centre
for Cancer Therapeutics, Institute of Cancer Research, Sutton, UK; confirmed by STR
profiling as PA-1 ovarian teratocarcinoma cells at Multiplexion, Heidelberg, Germany),
SW480 colon carcinoma and A549 non-small cell lung cancer cells (both obtained from the
American Type Culture Collection, Manassas, VA, USA) were grown as adherent cultures
in 75 cm? culture flasks (CytoOne, Starlab, Hamburg, Germany) by using minimal essential
medium (MEM) supplemented with 1 mM sodium pyruvate, 4 mM L-glutamine, 1% (v/v)
nonessential amino acids from 100-fold stock (all purchased from Sigma-Aldrich) and 10%
heat-inactivated fetal bovine serum (BioWest, Nuaillé, France). Cells were maintained
under standard culture conditions with 5% CO, at 37 °C in a humidified atmosphere.

2.5. MTT Assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT, Acros
Organics, Geel, Belgium) assay was used to detect the cytotoxicity of the compounds after
24 h and 96 h incubation. In brief, cells were harvested from culture flasks and the following
cell numbers (each in 100 pL) were seeded into 96-well culture plates (CytoOne, tissue
culture treated, Starlab, Hamburg, Germany) for 24 h incubation: 1 x 10* (CH1/PA-1),
1 x 10* (SW480) and 1.5 x 10* (A549) cells per well; and for 96 h incubation: 1 x 103
(CH1/PA-1), 2 x 10% (SW480) and 3 x 10 (A549) cells per well. After 24 h, cells resuming
their exponential growth rate were treated with test compounds at nine concentrations
obtained by serial two-fold dilution. Stock solutions were prepared in DMSO (20 mM or
40 mM) and diluted in supplemented MEM. An amount of 100 uL of each concentration
was added to the plates in triplicates and cells were exposed for 24 or 96 h. Afterward,
the medium was replaced with 100 pL of MTT solution (5 mg/mL) in phosphate-buffered
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saline (PBS, Sigma-Aldrich), diluted 1:7 in RPMI 1640 medium (supplemented with 4 mM
L-glutamine and 10% heat-inactivated FBS). Upon cell-viability-dependent conversion of
the yellow, water-soluble tetrazolium salt into purple formazan products for 4 h, the crystals
were dissolved in 150 uL DMSO. The absorbance of the resulting solutions, which is directly
proportional to the number of viable cells, was measured at 550 nm (and at 690 nm as a
reference) with a microplate reader (ELx808, BioTek, Winoosky, VT, USA) and Gen5TM 3.08
software (BioTek). Blank-corrected optical densities were subjected to graphical evaluation
and interpolation of IC5j values. At least three biologically and technically independent
experiments were performed.

2.6. Colony Formation Assay

For the colony formation assay, SW480 cells were seeded at a density of 350 cells/2 mL
into each well of 6-well plates (CytoOne, tissue culture treated) and left to adhere for 24 h.
To determine the long-term effects of the test compounds, the cells were exposed to them
for 11 days at 37 °C and 5% CO,. After incubation, the wells were gently washed with
1 mL cold PBS and the colonies were fixed with 1 mL cold (4 °C) 100% methanol (Thermo
Fisher, Waltham, MA, USA) for 30 min at 4 °C and washed with 1 mL PBS again. The fixed
colonies were stained with 1 mL of 0.5% w/v crystal violet (Sigma-Aldrich) in methanol
for 2 min and the plates were washed under tap water. After drying the plates, images
of the wells were captured, and colonies were counted with the colony counting function
of Fusion Fx7 software (Vilber Lourmat, Collégien, France). Results were normalized to
untreated controls. Data are averaged from at least three independent experiments.

2.7. Cellular Ruthenium Accumulation

SW480 cells were seeded at densities of 1.8 x 10° cells/well in 12-well plates (CytoOne,
tissue culture treated) in 1 mL of supplemented MEM per well. (As CH1/PA-1 cells tend to
detach during the required washing steps, cellular accumulation studies were performed
only in SW480 cells). After 24 h, compounds dissolved in DMSO and diluted in MEM were
added to the cells to final concentrations of 2 uM and 5 uM, and cells were incubated at
37 °C for 2 h. During incubation, the cell number was determined from three control wells
of a plate seeded in parallel to the treatment plates. After the 2 h incubation, the medium
was removed and all wells were washed with 3 x 1 mL PBS, and cells were lysed by adding
400 uL HNOj3 per well for 1 h at room temperature. An amount of 300 uL of each lysate
was added to 7.7 mL MilliQ water to get a total volume of 8 mL, and determination of
the ruthenium content was carried out by ICP-MS. The measured amount of accumulated
metal was normalized to the cell number and results were given in fg [Ru]/cell from at least
three independent experiments. An Agilent 7800 ICP-MS instrument (Agilent Technologies,
Tokyo, Japan) equipped with an Agilent SPS 4 autosampler (Agilent Technologies, Tokyo,
Japan) was used to determine the ruthenium content. The ICP-MS parameters were tuned
on a daily base to achieve high sensitivity. The ICP-MS was equipped with a MicroMist
nebulizer with a sample uptake rate of ~0.2 mL/min and standard nickel cones. The
Agilent MassHunter software package (Workstation Software, Version C.01.04, 2018) was
used for data evaluation. The instrumental parameters can be found in the supplementary
information (Table S9).

2.8. Cell Cycle Studies

For the flow-cytometric determination of cell cycle distribution, CH1/PA-1
(8 x 10* cells/well) and SW480 (1.2 x 10° cells/well) cells were seeded into 12-well plates
(CytoOne, tissue culture treated) in 1 mL supplemented MEM. In the first 24 h, the cells
were allowed to settle and resume exponential growth. Afterward, the cells were treated
with three different concentrations of the test compounds (~half of ICsg, ~ICsp and ~two
times ICsp) and continuously exposed for 24 h at 37 °C and at 5% CO;. Gemcitabine
(Sigma-Aldrich, 0.01 and 0.05 uM) and etoposide (Sigma-Aldrich, 0.25, 0.5 and 1 uM) were
used as positive controls. After removal of the treatment medium, cells were washed with
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1 mL PBS and trypsinized. Cells were collected in Eppendorf tubes and centrifuged (300 g,
3 min), and the supernatant was discarded. In the following step, cells were washed with
1 mL PBS and resuspended in 500 uL PI/HFS buffer (0.1% v/v Triton X-100, 0.1% w/v
sodium citrate, in PBS) containing 25 ug/mL propidium iodide (PI, 1.0 mg/mL, Sigma-
Aldrich). The staining was carried out overnight at 4 °C in the dark, and 200 puL of the cell
suspension was loaded into 96-well round bottom plates (Falcon). Samples were measured
with a Millipore Guava easyCyte 8HT flow cytometer with GuavaSoft™ software in the
InCyte-modus, and 10,000 events/sample were detected. Data were analyzed with Flow]o
software v 10.8.1 (Tree Star, Ashland, OR, USA) using Watson algorithm. Percentages of
cells in the three cell cycle phases (G1/G0, S and G2/M) were calculated by integrating
the resulting histograms of fluorescence signals (Figures 529 and S30). Experiments were
repeated at least three times. For statistical evaluation, an unpaired ¢-test with Welch’s
correction was performed by using GraphPad PRISM software.

2.9. Apoptosis Assay (Annexin V/PI)

Cell death induction was quantitatively analyzed via flow cytometry using double
staining with FITC-conjugated annexin V (eBioscience, San Diego, CA, USA) and propidium
iodide (PI, 1.0 mg/mL, Sigma-Aldrich). SW480 cells were seeded into 24-well plates
(7 x 10* cells/well) in 600 uL. MEM per well and allowed to settle for 24 h. Afterward,
cells were exposed to two or three different concentrations (0.1-100 uM) of the compounds
(based on their cytotoxic activity) for 24 h. After treatment, the medium was collected, and
cells were washed once with 37 °C warm PBS and harvested. Following trypsinization,
the cell suspension was added to the pre-collected medium and cells were centrifuged
(300 g, 3 min). The supernatant was removed, and the cell pellet was resuspended with
1.5 uL FITC-conjugated annexin V in 150 pL binding buffer (10 mM HEPES/NaOH pH 7 .4,
140 mM NaCl and 2.5 mM CaCl,) and incubated at 37 °C for 15 min. An amount of 1 uL of
propidium iodide (PI, Thermo Fisher) was added shortly before flow-cytometric analysis
using a Guava easyCyte 8HT instrument (Merck Millipore, Burlington, MA, USA) with
InCyte software. Results were quantified by using the Flow]o software (TreeStar). At least
three independent experiments were conducted.

2.10. DCFH/DA Assay

To monitor the cellular levels of reactive oxygen species (ROS), SW480 cells were
seeded into 96-well plates (2.5 x 10* cells/well) in volumes of 100 uL per well. After
a 24 h pre-incubation, the cells were washed with 200 uL Hanks’” balanced salt solution
(HBSS, Sigma-Aldrich, containing 1% FCS) and incubated with 100 uL of 25 uM DCFH-DA
(2/,7'-dichlorofluorescein diacetate, Sigma-Aldrich) in HBSS (containing 1% FCS) for 45 min
at 37 °C. Cells were washed with 200 uL HBSS and exposed to the compounds in a range
of concentrations (0.2-200 uM) in 200 pL phenol-red-free Opti-MEM (Gibco, with 1% FCS)
in triplicates. All experiments included blanks (phenol-red-free medium with 1% FCS),
negative controls (non-drug-treated cells) and positive controls (cells treated with 200 uM
and 400 uM tert-butyl hydroperoxide (Sigma Aldrich)). ROS production was measured
at 10 min intervals with the Biotek Synergy HT reader (excitation: 485/20 nm, emission:
516/20 nm) over a 2 h period. For representation, the values were given as the ratios of the
means of treated samples and the means of the negative control & standard deviations from
two independent experiments (due to a lack of effect, no more repeats were performed).

2.11. DNA Interaction Assay

For detecting changes in DNA secondary structure upon drug treatment, 400 ng of
the pUC19 plasmid (2686 bp, New England Biolabs, Ipswich, MA, USA) was incubated
with the test compounds at a final concentration of 50 uM (dissolved and diluted in MilliQ
water). The incubation was performed at 37 °C for different time intervals (15 min to 6 h)
with continuous shaking. Additionally, 4 puL aliquots of a 6 x DNA loading dye (Thermo
Fisher) were added to the 20 uL reaction solution, and the DNA samples were separated
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in a 1% agarose gel in 1 x Tris-Borate-EDTA (TBE) buffer. Electrophoresis was initiated at
60 V for 5 min and continued at 120 V for 90 min in 1 x TBE buffer. For visualization of
the DNA modification degree, the agarose gel was stained with ethidium bromide (EtBr)
in1 x TBE (0.75 ug/mL) for 20 min. Images were captured with the GelDoc-It Imaging
System Fusion Fx7 (Vilber Lourmat, Eberhardzell, Germany), and data were quantified
with Image] /Fiji 1.46 software.

2.12. NQO1 Activity Assay

To determine NQO1 activity, SW480 and CH1/PA-1 cells were seeded into 6-well
plates in densities of 2 x 10° cells/well in 2 mL supplemented MEM. After the recovery
time of 24 h, cells were treated with two or three different concentrations of test compounds
(0.1-100 uM, based on the corresponding ICsj values). The test substances were dissolved
in DMSO/medium. To exclude that assay validity was compromised by the use of DMSO,
cells treated with DMSO alone (at concentrations corresponding to those in substance solu-
tions) were measured in parallel. After 24 h drug exposure, the medium was aspirated, and
the cells were gently washed twice with PBS. The further steps were performed following
the manual instructions of the NQO1 activity assay kit (ab184867, abcam, Cambridge, UK).
Protease inhibitor phenylmethylsulfonyl fluoride (PMSF, Merck, Darmstadt, Germany)
and phosphatase inhibitor PhosSTOP™ (Roche, Basel, Switzerland) were applied. For
determining the protein concentration, the Micro BCA™ protein assay (prod # 23235,
Thermo Scientific) kit was used. For NQO1 activity determination, 100 pug/mL of total
protein was loaded. The development of yellow color was monitored for 5 min in 20-sec
intervals with a microplate reader (BioTek ELx808) at 450 nm. The measured data were
evaluated according to the instructions of the NQOT1 activity assay kit: “NQO1 activity was
calculated by subtracting the OD value with Inhibitor from the one without Inhibitor. The
activity is expressed as the change in absorbance per minute per amount of sample loaded
into the well” [30]. Data are expressed as rates of increase of mean absorbance & SDs from
three independent experiments.

3. Results and Discussion
3.1. Syntheses and Characterization

The dimeric ruthenium arene precursors were synthesized according to the litera-
ture’s procedures or purchased from commercial suppliers ([Ru(n®-hexamethylbenzene)
Cly]2) [21-23]. The desired dienes were obtained via Birch reduction (2,3,4,7-tetrahydro-
1H-indene and 1,4-dihydro-1,1"-biphenyl) or were commercially available (x-terpinene,
1,4-dihydrocyclohexen and 1-methylcyclohexa-1,4-diene) [31,32]. Treatment of the respec-
tive diene with RuCls x H,O yielded the desired dimeric precursors in good to excellent
yields (71-98%). 2-Hydroxy-3-methyl-1,4-naphthoquinone (phthiocol, L) was synthesized
according to the literature, where menadione was formed via epoxidation and subsequent
SiO,-mediated ring opening (yield: 79%) [24,25]. The tridentate complexes were obtained
by treating the respective ruthenium dimer, 1H-pyrazole and an excess of triethylamine
in methanol under microwave irradiation, resulting in moderate to good yields (28-77%)
(Scheme 1) [17,19]. The enhanced complex stabilities allowed a straight-forward purifica-
tion by column chromatography with a ternary eluent system. Furthermore, this complex
class exhibits two stereo centers, one at the C1 atom, which connects the pyrazole moiety
with the phthiocol ligand, and one at the Ru(ll) itself. Theoretically, four stereoisomers
should occur, however, only two isomers can be formed due to geometrical reasons (Rc1,
Rgu and Sc1, Sru) [17].

The low yield of 6 may result from the favored formation of the parental chlorido com-
plex, which could be isolated via column chromatography during the work up. However,
the bidentate chlorido compound was not investigated in this project, due to the focus on
tridentate complexes.
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(1) R = p-cymene (77%)
(2) R = benzene (38%)
/Q Cl\ Cl OH (3) R = toluene (49%)
/ o) (4) R = indane (58%)
(5) R = biphenyl (67%)
(6) R = hexamethylbenzene (28%)

Scheme 1. Synthetic pathway of phthiocol (L) (A) and complex syntheses (1-6) (B). (i) = HyO,,
Na,CO3, MeOH; 0 °C to room temperature, 1.5 h; (ii) = SiO,, H,SO4, THE, 70 °C; (iii) = MeOH,
microwave, 50-60 °C, 20-30 min.

All complexes were characterized with standard analytical methods and the purity was
proved by using elemental analysis. In the 'H-NMR spectra of 1-6, the signal corresponding
to the pyrazolate proton in position three (denoted by an asterisk in Figure 3) was shifted
the most upon complex formation due to the spatial proximity to the arene. The electron-
rich arenes shift the signal to higher fields. The other pyrazolate protons and those of the
naphthoquinone showed only negligible shift changes, due to the increased distance to the
arene. The occurrence of a quaternary carbon signal around 90-100 ppm confirmed the
formation of a hemiaminal bond (Figures 51-510).

6 ““L_ _J L JL L

87 86 85 84 83 82 81 80 79 78 77 76 75 74 73 72 71 70 69 68 67 66 65 64 63 62 6.1
f1 (ppm)
Figure 3. Arene influence towards the chemical shifts of pyrazolate in MeOD-d4. R = p-cymene =1,

R =benzene = 2, R = toluene = 3, R = indane = 4, R = biphenyl = 5, R = hexamethylbenzene = 6.
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3.2. X-ray Crystallographic Studies

Single crystals of four compounds (24, 6) were obtained by vapor diffusion or the
liquid-liquid diffusion method from dichloromethane/diethyl ether or dichloromethane /n-
hexane. The respective ORTEP plots and sample data can be found in the supplementary
information (Figures S11-514 and Tables S1-S5). The toluene derivative (3) crystallized in
the orthorhombic space group Ibca, compound 4 in the triclinic group P-1 and the other
complexes in monoclinic space groups (C2/c for 1, P2; /n for 2 and 6). For all complexes,
the following order of bond lengths was observed: Ru-O2 > Ru-N2 > Ru-O1. It confirmed
the hydrolysis mechanism reported in our previous work, where the Ru-O2 bond cleaved
firstly to obtain the aqua complex [19]. A comparison of the bond lengths and the stability
data showed no correlation (Table 1, Figure 4).

Table 1. Selected bond lengths of complexes 1-6 obtained X-ray single crystal diffraction [Al

Ru-O1 Ru-02 Ru-N2 C1-N1 M-Arene
1@ 2.059(2) 2.121(2) 2.096(3) 1.528(4) 1.651
2 2.077(2) 2.086(2) 2.088(2) 1.514(3) 1.650
3 2.057(2) 2.104(2) 2.111(3) 1.507(4) 1.655
4 2.049(1) 2.116(1) 2.086(2) 1.516(2) 1.649
6 2.062(1) 2.117(1) 2.094(2) 1.523(2) 1.659

@ Bond lengths data from reference [17].
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Figure 4. The percentage amount of initial complex vs. time in PBS (pH =7.4) at 20 °C.

3.3. Stability Studies

Complex stability in an aqueous solution is an important parameter for drug can-
didates since the intact compound should reach the tumor tissue in sufficient amounts
to take effect [33]. Transition metal complexes tend to hydrolyze in an aqueous solution,
yielding highly reactive aqua species which can rapidly interact with biomolecules. There-
fore, the aqueous behavior of all complexes (1-6) under physiologically relevant pH (7.4)
at 20 °C was investigated via HPLC-MS. The percentage amount of the initial complex
was determined by the integration of the complex signal hourly (for 4 h) and after 24 h
(Figure 4).
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The complex signals were detected between 12.1-15.9 min with the corresponding
masses [M+H]* and [M—pz]* (Figures S15-520). Depending on the arene, hydroxido- and
pyrazolato-bridged dimers were observed in a time-dependent manner.

The p-cymene complex (1) showed the highest stability, with more than 70% of the
original complex still existing after 24 h. Similar aqueous behavior was observed for
compounds 2-5, with 40-60% of the initial complexes persisting. The hexamethylbenzene
derivative (6) exhibited the lowest stability, with less than 70% of the complex remaining
intact after 4 h. The reduced stability, poor yield and formation of the parental bidentate
chlorido complex suggest that tridentate pyrazolate naphthoquinone complex 6 exhibits an
unfavorable structure.

3.4. DFT Calculations

In order to obtain further insight into the complexes’ stabilities, DFT calculations of all
complexes (1-6), their corresponding hydrolyzed aqua species, and the respective transition
states were carried out (Table 2). The energies of complexes (1-6) are set to zero for better
comparison of barrier heights (Figure 5). According to the results, the experimentally found
stability (Figure 4) can only be explained by a complex interplay of follow-up reactions,
kinetic effects and thermodynamics.

Table 2. Computed energies in [a.u.] of Ru-naphthoquinone-complexes in their initial- and transition-

state, as well as their corresponding aqua complexes.

Arene Reactant [a.u.] Transition State [a.u.] = Aqua-Complex [a.u.]
p-Cymene (1) —1356.045552 —1432.265348 —1432.285092
Benzene (2) —1199.219445 —1275.437208 —1275.459690
Toluene (3) —1238.431142 —1314.648960 —1314.670467
Indane (4) —1315.656248 —1391.875753 —1391.894567
Biphenyl (5) —1429.689526 —1505.909387 —1505.919352
HMB (6) —1434.464410 —1510.686025 —1510.704607
351

I
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Figure 5. DFT calculations regarding the hydrolysis of complexes (1-6). Relative free energies of
complexes (1-6) are set to zero (left) in order to compare the energetic order of the corresponding

transition states (middle) and aqua complexes (right).

The first striking point is that the complexes (1-6) should be more stable than their
hydrolyzed counterparts. The experimentally found decomposition is likely due to follow-
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up reactions, where, e.g., the aqua complexes dimerize and, in this way, shift the equilibrium
of the hydrolyzation reaction towards the aqua products. Furthermore, the relative stability
of the complexes (1-6) can neither be explained alone by the energetic order of the product
energies (aqua complexes) nor alone by the energetic order of the respective transition states.
Instead, an interplay of transition barrier heights and product energy (i.e., a combination
of kinetic and thermodynamic effects) leads to the experimentally found stabilities. This
complex interplay obstructs the rational design of more stable complexes because the
hydrolyzation stability cannot be predicted with a simple rule of thumb.

3.5. Biological Studies
3.5.1. Effects on Cell Proliferation and Cytotoxicity

The cytotoxicity of compounds 1-6 was determined in three different cancer cell
lines after 24 h and 96 h incubation (Figures S21 and 522). These compounds exhibit a
similar cytotoxic profile to those reported previously, where low activity was observed in
CH1/PA-1 and high activity in A549 and SW480 cancer cells [17,19]. The IC5, values in
CH1/PA-1 cells of the complexes (1-6) were only slightly lower or in the same range as
that of phthiocol (L) (Table 3). In contrast, the data indicate a pronounced selectivity for
SW480 cells. In the latter, the lowest ICsy values were observed for compounds 1 and 5
(bearing an electron-rich arene) after 24 h as well as after 96 h incubation.

Table 3. Cytotoxicity of compounds (L, 1-6), 50% inhibitory concentrations in human carcinoma cell
lines A549, SW480 and CH1/PA-1. Values are means + SDs obtained by the MTT assay (exposure
time: 24 h and 96 h), n.d. = not determined.

IC50 Values [UM]

A549 SW480 CH1/PA-1
Compound 24h 96 h 24h 96 h 24h 96 h
1 38+26 12+02@ 046 +0.14  0.094+0.031 @ 59 + 18 >50 @
2 >200 141 + 38 31+3 99+25 170 £ 23 157 + 8
3 >200 724+ 12 11+2 28+0.7 121 + 18 138 + 10
4 119 + 21 91+15 35+ 16 0.52 £+ 0.09 146 + 18 88 + 10
5 43+16 12402 0.77 + 0.24 0.072 £ 0.019 42 +4 30+3
6 38 4+ 21 34+ 0.6 28+ 16 0.27 £+ 0.06 57 4+ 16 3544
L >400 210+ 32® >400 116 £ 37 ® >400 129 + 29 ()
[Ru(p-cym)Cl, ], © nd. >100 nd. >100 nd. >100
[Ru(benzene)Cl,], © n.d. >100 nd. >100 nd. >100
[Ru(toluene)Cl,], © nd. >100 nd. >100 nd. >100
[Ru(indane)Cl,], © nd. 257 + 66 nd. 166 + 35 nd. 51 + 13
Cisplatin n.d. 38+ 1.0 n.d. 23402 nd. 0.073 + 0.001
Carboplatin @ n.d. 38+3 n.d. 42 +10 n.d. 0.79 +0.11
Oxaliplatin (© nd. 0.98 + 0.21 nd. 0.29 + 0.05 nd. 0.18 & 0.01

@ 1Cs values from reference [15]. ® ICs; values from reference [17]. © ICs; values from reference [34]. @ ICs
values from reference [35]. ® ICsq values from reference [36].

These observations lead to the assumption that lipophilicity plays a major role in the
activity profile, with more lipophilic compounds showing higher cytotoxicity. Plotting the
ICsp values (Table 3) against the calculated miLogP values of the different arenes (www.
molinspiration.com, Table S6, (accessed on 13 October 2022) showed a good agreement
between cytotoxicity and calculated lipophilicity (Figure S23), demonstrating that the more
lipophilic compounds 1, 5 and 6 had the lowest IC5y values. The benzene and toluene
derivatives (2, 3), on the other hand, exhibited the lowest cytotoxicity in all treated cancer
cell lines. Complex 4, with indane as the arene, is an exception since it has similar miLogP
and stability values to 2 and 3 but an enhanced cytotoxicity in all three cancer cells.

To determine the long-term effect of drugs on proliferating tumor cells, a colony
formation assay (CFA) was performed for 11 days [37]. The ability of single cells to grow
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into a colony was tested at three different concentrations based on ICs values of 96 h MTT
results in SW480 cells (Figures S24-527 and 6). After 11 days of exposure, only a minor
fraction of seeded cells retained the capacity for growth at a concentration of about half
of the 96-h ICsy values. For the two most cytotoxic compounds, 1 and 5, 18 £ 5% and
19 & 7% colonies, respectively, were counted (relative to the untreated control) (Table S7).
The determination of clonogenic growth at a concentration of about the 96-h ICs value
yielded the expected results: 3.1 £ 0.8% (compound 1) and 4.0 £ 2.0% (compound 5),
which correlates well with the results of the MTT assay (24 and 96 h). Treatment with
a concentration of approximately the double 96-h ICs value significantly decreased the
colony formation upon treatment with all substances, as almost no colonies were observed.
Remarkably, the phthiocol ligand (L) showed strong inhibition of colony growth (at the
96-h ICsp no colonies could be detected), even though it showed modest cytotoxicity
(116 £ 37 uM) after 96 h treatment in the MTT assay.

B ctrl
100 I -~ half of ICs

B ~IC5

@ 80 ~ double of ICs,

=

S

S 60

U

o

g 40

E

=

c

= 20

0
ctrl 1 2 3 4 5 6 L

complexes

Figure 6. Inhibition of colony formation in SW480 cells exposed to L and 1-6 at two or three different
concentrations for 11 days. The results are given in percentage (%) relative to the untreated control.
Columns represent the mean =+ standard deviation of three independent experiments.

3.5.2. Cellular Accumulation

In order to understand if there is a correlation between cytotoxicity, cellular accumu-
lation and lipophilicity, the total cellular ruthenium content was quantified by ICP-MS.
After 2 h of incubation with the compounds 1-6, SW480 cells were lysed and analytically
diluted for metal quantification. The diversity in structure among the (arene) ligands is
reflected in a wide range of cellular accumulation of ruthenium from 4.5 fg to 107 fg per
cell (treated with 2 uM of the test compound) and from 11 fg to 336 fg per cell (treated with
5 uM of the test compound, Table S8). According to the quantified ruthenium content, the
ligands can be ranked with regard to cellular accumulation of the corresponding complex
as follows: benzene (2) < toluene (3) < indane (4) < hexamethylbenzene (6) < p-cymene (1) <
biphenyl (5) (Figure S28). The highest cellular ruthenium levels were observed for the most
cytotoxic compounds (1, 5 and 6). Complex 4, with milder cytotoxicity, yielded a lower
level of cellular accumulation, as expected. The ruthenium accumulation was relatively
limited in complexes 2 and 3, as only minor amounts of the metal were detected, suggesting
that the coordinated arene may be unfavorable for membrane permeation. Overall, drug
accumulation correlates fairly well with the cytotoxicity and lipophilicity of the complexes
(Figure 7).
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Figure 7. Semi-logarithmic plot of cellular accumulation after 2 h exposure to compounds 1-6
vs. their ICsy values (96 h exposure) in SW480 cells (A). Correlation between drug accumulation
and a theoretical lipophilicity coefficient (96 h exposure) (B). The symbols indicate the compound
concentrations applied in cellular accumulation experiments, with filled symbols for 2 uM and open
symbols for 5 uM.

3.5.3. Analysis of Cell Cycle Distribution

To deepen the understanding of how the novel naphthoquinone complexes exert their
biological activity, cell cycle distribution was studied in CH1/PA-1 and SW480 cells upon
treatment with these compounds (Figures 529 and S30). In several publications, a significant
impact on the cell cycle was reported for naphthoquinone derivatives, which can target the
checkpoints of the cell cycle and thereby affect cell proliferation [14,38,39]. In this approach,
percentages of cells in G1/GO0 (cells preparing for DNA replication/quiescent state), S (cells
performing DNA synthesis) and G2/M (cells preparing for/undergoing mitosis) phases
can be detected by flow cytometry. In both cell lines, three different concentrations (based
on ICs( values) were applied to cover a wider range for the detection upon 24 h treatment.

In the CH1/PA-1 cell line, a characteristic pattern could be observed for all tested
complexes (Figure S31 and Table 510). The G1/G0 phase fraction is reduced by complexes
1-6 at all concentrations tested, whereas the S phase fraction remains unchanged, or is
slightly increased by complex 1 (up to 11% relative to untreated control) in a concentration-
dependent manner. An increase in the cell fraction in the G2/M phase relative to the control
was measured in all cases. The effect of the ligand (L) on cell cycle distribution deviates
from the trend observed for complexes 1-6 in CH1/PA1 cells. The ligand caused a gradual
increase in the G1/GO cell fraction and a decrease in the G2/M fraction, while the S phase
was unaffected.

In the SW480 cell line (which is more sensitive to complexes 1-6), the cell cycle
distribution was affected more strongly than in the CH1/PA-1 cell line (Figure 532 and
Table S11). All compounds induced a significant reduction of cell number in the G1/G0
phase and correspondingly increased the cell fraction in S and G2/M phases. In general,
a G2/M phase arrest (up to 28% increase relative to untreated control) or S phase arrest
(up to 22% increase relative to the untreated control) could be observed. The ligand (L) did
not show any cell cycle perturbation in SW480 cells at tested concentrations. In conclusion,
the investigated complexes have effects on DNA replication and cell division. The most
pronounced effect on the cell cycle was measured for complexes 1 and 5 at concentrations
around the respective ICsy values in both cell lines (Figure 8).
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Figure 8. Impact of the most cytotoxic complexes 1 and 5 on cell cycle distribution in CH1/PA-1
(A) and SW480 cells (B) upon exposure for 24 h. Complex 1 was applied at 50 ptM concentration
in CH1/PA-1 cells and 0.078 uM in SW480 cells. Complex 5 was applied at 25 uM in CH1/PA-1
cells and 0.078 uM in SW480 cells. Histograms represent the effects of the IC5 (according to MTT
assays) relative to untreated control in a representative experiment. The different colors indicate
the cell fractions in G1/GO0 phase (purple), S phase (yellow) and G2/M phase (green), calculated
by integrating the histograms of fluorescence signals by using Watson algorithm (indicated by
magenta lines). In the column diagrams, the data are given as means + SDs from at least three
independent experiments. Unpaired t-test with Welch’s correction was performed for statistical
evaluation (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; ns: not significant).

3.5.4. Apoptosis Induction

Regarding the types of cell death that are induced by anticancer compounds, two
main categories can be distinguished: necrosis and programmed cell death, with the latter
comprising apoptosis and non-apoptotic mechanisms (such as autophagy, necroptosis, and
apoptosis-like programmed cell death) [40,41]. In this study, the ability of apoptosis and
necrosis induction was examined by the flow-cytometric annexin V/propidium iodide
(AV/PI) assay. The double staining applied in this assay enables the differentiation of
viable cells (AV-/PI-), early apoptosis (AV+/PI-), late apoptosis (AV+/PI+) and necrosis
(AV-/PI+). If cancer cells undergo early or late apoptosis, phosphatidylserines (PS) are
located from the inner leaflet to the outer side of the lipid bilayer of the plasma membrane
and (FITC-coupled) annexin V can selectively bind to PS. At the same time, PI can be
used for the identification of cells with damaged cell membranes such as necrotic or late

apoptotic cells.

The SW480 cells were treated with complexes 1-6 and free ligand L at concentrations
that roughly cover the wide ICsy range (24 h incubation) (Table 512, Figure S33). Only
complexes 1 and 5 induced apoptosis to a high extent, which increased with concentration
(Figure 9). With the highest applied concentration (10 uM) they had a strong influence on
the percentages of viable (AV-/PI-), early apoptotic (AV+/PI-) and late apoptotic (AV+/PI+)
cells. The increase of late apoptotic cells to 64 £ 6% (complex 1) and 40 £ 6% (complex 5)
is very prominent. In accordance with the data above, apoptotic events were expected of
complex 6 carrying a hexamethylbenzene ligand, but neither apoptotic nor necrotic cells
exceeded the percentages in untreated controls. The other tested complexes 2—4 as well as
L did not induce any of these processes either.
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Figure 9. To distinguish the viable (Q4), early apoptotic (Q33), late apoptotic (Q2) and necrotic (Q1)
cell counts, SW480 cells treated with complexes 1 and 5 at three different concentrations were subject
to annexin V-FITC (x-axis) and PI (y-axis) staining, detected by flow cytometry. As a positive control,
1-P was used [42]. The dot plots represent a representative experiment out of at least three.

3.5.5. ROS Assay

Naphthoquinones are obvious candidates for testing the capacities of reactive oxygen
species (ROS) production due to their ability to easily accept electrons, resulting in the
formation of semi-quinones/hydroquinones on the one hand, and radical formation of
an electron—donor substrate on the other hand. Those radical species undergo reactions
rapidly, thereby causing damage such as DNA mutations, which cells might not be able to
repair properly. Alternatively, ROS are able to inactivate biologically important enzymes,
e.g., ubiquitin-specific proteases 1 and 2 (USP 1 and USP 2), which are associated with the
repair of DNA damage and resistance to apoptosis induction [14].

To check their ability to induce ROS in cancer cells, the DCFH-DA-assay has been
applied to the new naphthoquinone-comprising metallodrugs (complexes 1-6) and their
parental ligand (L). The 2/,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) precursor is
oxidized by reactive oxygen species, and the product DCF emits fluorescence signals, which
may increase or decrease in a time-dependent manner. As compounds are most cytotoxic in
SW480 and less active in CH1/PA-1 cells, both cell lines were treated with the compounds.
Results indicate no noteworthy increase in ROS levels for all tested complexes or the
parental naphthoquinone ligand (Figures S34 and S35). At higher applied concentrations
(200 uM for CH1/PA-1 and 20 uM for SW480) slightly reduced levels of ROS could be
detected compared to the negative control, while complex 1 even caused overall lowered
ROS levels (approximately half the amount of the negative control: T/C ~ 0.5) with a
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further decrease at the highest concentration in CH1/PA-1 cells. Intriguingly, complex 5
seems to be the most constant compound, with T/C-values around 0.9-1 throughout the
concentration range. Therefore, increased amounts of reactive oxygen species do not seem
to be responsible for the cytotoxic potency of the complexes.

3.5.6. DNA Interaction Studies

The compounds’ capacities to alter DNA secondary structure were investigated in a
cell-free environment with a dsDNA assay to assess whether DNA could be a possible target
of their mode of action. For the assay, intact pUC19 plasmid (2.7 kbp) was incubated with
complexes (2-6) for up to 6 h, and the possible changes in plasmid secondary structure were
detected by agarose gel electrophoresis. The plasmid dsDNA mostly holds a negatively
supercoiled (sc) form, and may, upon drug treatment, gradually converge to the open
circular (oc) form. For the compounds studied here, the only signs of interaction detected
were single-strand breaks induced by a few of them (Figure S36). However, other forms of
DNA interaction such as cross-linking, intercalation, or double-strand breakage could not
be observed, in contrast to effects reported for the ruthenium(III) complexes KP1019 and
KP418, which may cause untwisting and bending of DNA [43]. Compounds 2-4 moderately
induced single-strand breaks; after 6 h of incubation the oc form reached 11.8 & 0.9%,
11.7 £ 1.6% and 12.1 & 1.9%, respectively (Figure S37). The interaction showed a clear time
dependency, with the detected amount of oc form increasing over time in comparison to the
baseline value of 3.6 £ 0.7% (control after 6 h). These findings are nevertheless remarkable
because the other compounds (1, 5, 6 and L) demonstrated only a minor influence on
pUC19 [19]. Apparently, DNA interaction may not contribute to the cytotoxic behavior
of the tested complexes, as 2-4 only exhibited moderate cytotoxicity in comparison to the
other test substances. Overall, this supports the hypothesis that this series of complexes do
not have a platinum-like mode of action (cf. cisplatin and related platinum drugs) [19,44].

3.5.7. NQO1 Activity

In the literature, it has been reported that naturally occurring naphthoquinones, such
as -lapachone, act as effective cytotoxic agents and selectively kill cancer cells with high
expression levels of the NQO1 enzyme (located primarily in the cytosol) [45]. Furthermore,
NQOT1 activity has been reviewed by Pereyra et al. as a potential mechanism of how
naphthoquinones eliminate cancer cells [14]. NAD(P)H:quinone oxidoreductase 1 (NQO1,
E.C.1.6.99.2) is a quinone-detoxifying enzyme in normal cells, which utilizes NADH or
NADPH as electron donors for the two-electron reduction of quinones to unstable, reactive
hydroquinones. The enzyme protects the structure and functioning of normal cells against
quinones (exogenous and/or endogenous) and prevents tumor progression. Inhibiting its
activity in cancer cells may support therapeutic efficacy by suppressing cancer cell growth
or by potentiating the activity of chemotherapeutic drugs [46,47]. One of the most studied
and widely used inhibitors of the NQO1 enzyme is dicoumarol, which suppresses the
enzymatic activity by competing with NAD(P)H [48].

Compounds L and 1-6 are assumed to be substrates of the NQO1 enzyme. They may
induce structural changes in NQO1, resulting in the inhibition of the enzyme’s activity
in vitro. In SW480 colon carcinoma cells, complexes 1 and 5 lowered NQO1 activity tremen-
dously at 10 uM concentration, which is 21- and 13-fold higher than the corresponding ICs
values (cytotoxicity) after 24 h of incubation (Figure 10). At lower concentrations (0.1 pM
and 1 uM), negligible effects were detected compared to the untreated control. Compound
4 exhibited a moderate suppression of enzyme activity, also at 10 uM (2.8-fold higher
than ICsg), which may explain its enhanced cytotoxicity compared to 2 and 3 with similar
miLogP values and stability. Phthiocol (L) at 10 uM moderately inhibited the activity of
NQO1 to a similar extent as compound 4 (Figure S38). Experiments were also performed in
CH1/PA-1 cells to better understand the unexpected chemoresistance of the usually very
sensitive ovarian teratocarcinoma cancer cell line. Surprisingly, CH1/PA-1 cells showed a
very low baseline level of NQO1 activity (Figures 10 and S39). We assume that their lack of
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NQOT1 activity might be a key to understanding their pronounced resistance to the tested
compounds compared to SW480 cells.

Swa4s0 CH1/PA-1
0.6- 0.6
# untreated control # untreated control
f{ft""‘ 0.0005 % DMSO ® 0.05 % DMSO
0.4 = + 0.005 % DMSO 0.4 + 0.5 % DMSO
’ : * 005 % DMSO
-+ 0.5%DMSO
0.2 / 0.2
o7
’/
O.OI o‘l\. -
0 100 200 300 0 100 200 300
dicoumarol dicoumarol
0.8 0.6
o control * control
et 2 1M - BJ;.\AM
0.6 -
o ;oM 0.4 = 100 uM
¥ P
_ ¥
) 0.4 . =¥
-
] -
o “ 0.2
~ 0.2 £
3
: P - au "8
E o0l 008392332122 2 2 oo oo
c 0 100 200 300 0 100 200 300
(=]
Tp)
< complex 1 complex 1
e
0.6 0.6
© -+ control -+ control
e = 1M = 100 M
% 0.4 ¥ = t = 10uM 0.4
,
0 -"=
—_ Y
Q 02{ am 0.2
2] i
0 "
© 0.0 0.0 —
0 100 200 300 0 100 200 300
complex 5 complex 5
0.6- 0.6
-+ control -+ control
2 e L = 10pM
e = = 1M = 100 pM
0.4 t"" & - 10 M 0.4
A
¥ |
0.2 ¥ ¥ 0.2
X
o.olﬂﬂ 0.0
0 100 200 300 0 100 200 300
t/sec

Figure 10. Time-dependent impact on NQO1 activity in SW480 (left panel) and CH1/PA-1 (right
panel) cell extracts after treatment with the most active complexes, 1 and 5, or dicoumarol (positive
control) compared to negative controls with and without DMSO (concentrations corresponding to
the content in solutions of the test compounds). Data are expressed as OD (450 nm) per 100 pug/mL
of total cellular protein.

4. Conclusions

Phthiocol (L) and complexes 1-6 with six different arenes, p-cymene (1), benzene
(2), toluene (3), indane (4), biphenyl (5) and hexamethylbenzene (6), were successfully
synthesized via microwave irradiation. This new set of tridentate phthiocol-based ruthe-
nium arene complexes was characterized by using 'H-NMR and '*C-NMR spectroscopy,
the crystal structures were examined by X-ray single-crystal spectroscopy. The aqueous
stability of all complexes 1-6 was studied by HPLC-MS chromatography. DFT calculations
were performed, and the theoretical results were in good agreement with the experimental
stability data.

Cytotoxicity assays yielded remarkable results, as the broadly chemosensitive CH1/PA-
1 teratocarcinoma cells were considerably less affected upon treatment with L and com-
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plexes 1-6 than SW480 colon carcinoma cells, which usually show moderate response to
anticancer agents compared to CH1/PA-1 cells. The long-term cytotoxic effect was tested
by a colony formation assay for 11 days, the results of which correspond well to those of
the 24-h and 96-h MTT assays. Based on these data, the most promising compounds seem
to be complexes 1 and 5 with a p-cymene and biphenyl arene, respectively. The cellular
accumulation was determined by ICP-MS, where the most cytotoxic compounds, 1 and
5 (with the highest aqueous stability), yielded the highest total ruthenium content in the
cell lysates. Moreover, complex 6 showed enhanced cellular accumulation with a similar
magnitude as compounds 1 and 5, despite the lowest stability in the aqueous milieu. A
correlation could be found between cellular accumulation and lipophilicity, with complexes
having higher calculated miLogP values for the arene showing significantly enhanced
cellular ruthenium levels.

Since Pereyra et al. reviewed various aspects of the mechanisms of action of naph-
thoquinone derivatives, we focused on some of these, such as the influence on cell cycle,
apoptosis induction, ROS generation, DNA damage and inhibition of NQO1 activity. As for
cytotoxicity, the experimental evidence from cell cycle studies suggests that the compounds
have a stronger impact on SW480 cells than on CH1/PA-1 cells. Data from the apoptosis
assay revealed a pronounced increase of early and late apoptotic cells by complexes 1 and
5 in SW480 cells. Neither ROS generation nor a meaningful extent of interaction with DNA
could be observed. Remarkably, NQO1 enzyme activity and its inhibition by some of the
compounds at high concentrations could be detected only in SW480 but not CH1/PA-1
cells, which suggests that the unexpected resistance of CH1/PA-1 cells to the new agents
might be due to a negligible baseline activity of this enzyme in the latter cell line.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pharmaceutics14112466/s1. Materials, NMR spectra of complexes
(Figures S1-510), experimental parameters for X-ray analysis, crystal structures (Figures S11-S14),
sample and crystal data, data collection, and structure refinement (Tables S1-S5), HPLC and HPLC-MS
chromatograms (Figures S15-520), calculated miLogP values of used arenes (Table S6), concentration—
effect curves (Figures 521 and 522), correlation between ICs values and miLogP values (Figure 523),
colony formation assay (Table S7, Figures 524-527), cellular accumulation results (Table S8, Figure S28);
ICP-MS parameters (Table S9), cell cycle distribution and histograms (Tables S10 and S11, Figures 529—
532), apoptosis induction (Table S12, Figure S33), ROS assay results (Figures S34 and S35), dsDNA
plasmid assay results (Figures S36 and S37) and NQO1 activity assay results (Figures S38 and S39).
(References [49-55] are cited in the supplementary materials).
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ek

S1

g0

100
f1 (ppm)

Figure 52: BC-NMR (MeOD-d4, 150.93 MHz) spectrum of (2)
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X-Ray Diffraction Analysis

The X-ray intensity data were measured on Bruker D8 Venture diffractometer equipped
with multilayer monochromator, Mo K/a INCOATEC sealed tubes and Oxford cooling
system. The structures were solved by Direct and Iterative Methods. Non-hydrogen atoms
were refined with anisotropic displacement parameters. Hydrogen atoms were inserted at
calculated positions and refined with riding model. The following software was used:
Bruker SAINT software package [1] using a narrow-frame algorithm for frame integration,
SADABS [2] for absorption correction, OLEX2 [3] for structure solution, refinement,
molecular diagrams and graphical user-interface, Shelxle [4] for refinement and graphical
user-interface, SHELXS-2015 [5] for structure solution, SHELXL-2015 [6] for refinement,
Platon [7] for symmetry check. Experimental data and CCDC-Codes Experimental data

(Available online: http://www.ccdc.cam.ac.uk/conts/retrieving.html) can be found in

Table S1. Crystal data, data collection parameters, and structure refinement details are

given in Tables 52-55. Asymmetric Units visualized in Figure S11-514.

Table S1: Experimental parameter and CCDC-Code.

Detector Time/ Frame
Sample Machine Source Temp. #Frames CCDC

Distance Frame width

(K] [mm] [s] [°]

2 Bruker D8 Mo 100 40 10 360 0.5 2210525
3 Bruker D8 Mo 100 40 15 209 0.5 2210526
4 Bruker D8 Mo 100 40 10 2403 0.5 2210527
6 Bruker D8 Mo 100 36 1 1896 0.36 2210528
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Figure S11: Asymmetric Unit drawn with 50% displacement ellipsoid. Solvent omitted for clarity. The
bond precision for C-C single bonds is 0.0037 A.

Table S2: Sample and crystal data, data collection and structure refinement

Identification code mo_hege PhBr004_P21n b [A] 9.7557(8)

Empirical formula Ca0H18N,03RU c[A] 14.7947(11)

Formula weight [g/mol] 451.43 o] 90

Temperature [K] 100.0 B[] 94.244(5)

Crystal system monoclinic vI[°] 90

Space group P21/n Volume[A3! 1691.2(3)

a[A] 11.7496(12) z 4

Pealc. [g/cm3] 1.773 Reflections collected 9577

M [mm-1] 0.958 Independent reflections 3074 [Rint = 0.0377,
Rsigma = 0.0406]

F(000) 912.0 Data/restraints/parameters 3074/0/248

Crystal size[mm?3] 0.1 x0.09 x 0.04 Goodness-of-fit on F2 1.066

Radiation

MoKa (A =0.71073)

Final R indexes [I1>=20 ()]

R1=0.0246, wR2 = 0.0619

20 range for data collection [°]

4.596 to 50.686

Final R indexes [all data]

R1=0.0274, wR2 = 0.0640

Index ranges

-14<h<14,-11<k<11,-17<1<17

Largest diff. peak/hole [e- A-3]

0.49/-0.42
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Figure S12: Asymmetric Unit drawn with 50% displacement ellipsoid. Solvent omitted for clarity. The
bond precision for C-C single bonds is 0.0046 A.

Table S3: Sample and crystal data, data collection and structure refinement

Identification code mo_hege PhBr005_lbca b [A] 18.5085(11)

Empirical formula C21H19N203RuU c[A] 24.2359(14)

Formula weight [g/mol] 456.45 o] 90

Temperature [K] 100.0 B[] 90

Crystal system orthorhombic vI[°] 90

Space group Ibca Volume[A3! 7146.1(7)

a[A] 15.9307(8) z 16

Pealc. [g/cm3] 1.697 Reflections collected 12602

M [mm-1] 0.906 Independent reflections 3276 [Rint = 0.0638,
Rsigma = 0.0508]

F(000) 3696.0 Data/restraints/parameters 3276/0/254

Crystal size[mm?3] 0.06 x 0.04 x 0.02 Goodness-of-fit on F2 1.019

Radiation

MoKa (A =0.71073)

Final R indexes [I1>=20 ()]

R1=0.0330, wR2 = 0.0706

20 range for data collection [°]

4.762 to 50.692

Final R indexes [all data]

R1=0.0451, wR2 =0.0783

Index ranges

-19<h<17,-21<k<22,-26<1<29

Largest diff. peak/hole [e- A-3]

0.38/-0.56
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Figure S13: Asymmetric Unit drawn with 50% displacement ellipsoid. The bond precision for C-C single

bonds is 0.0027 A.

Table S4: Sample and crystal data, data collection and structure refinement

Identification code mo_hege PhBr015_P-1 b [A] 9.9658(4)
Empirical formula Ca3H20N203RuU c[A] 14.1016(5)
Formula weight [g/mol] 473.48 al’] 96.1229(14)
Temperature [K] 100.0 B[] 104.6352(14)
Crystal system triclinic vI[°] 101.1567(14)
Space group P-1 Volume[A3! 1047.14(7)
a[A] 7.9569(3) z 2
Pealc. [g/cm3] 1.502 Reflections collected 51436
M [mm-1] Independent reflections 6115 [Rint = 0.0371, Rsigma =

0.774

0.0208]

F(000) 480.0 Data/restraints/parameters 6115/0/263
Crystal size[mm?3] 0.09 x 0.07 x 0.05 Goodness-of-fit on F2 1.053

Radiation

MoKa (A =0.71073)

Final R indexes [I1>=20 ()]

R1=0.0248, wR, =0.0579

20 range for data collection [°]

4.776 t0 60.114

Final R indexes [all data]

R1=0.0278, wR; = 0.0596

Index ranges

-11<h<11,-14<k<14,-19<1<19

Largest diff. peak/hole [e- A-3]

0.87/-0.66
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Figure S14: Asymmetric Unit drawn with 50% displacement ellipsoid. Solvent omitted for clarity. The bond
precision for C-C single bonds is 0.0023 A. A solvent mask was calculated, and 40 electrons were found in
a volume of 130 A%in 1 void per unit cell. This is consistent with the presence of 2[H>0] per Unit Cell which
account for 40 electrons per unit cell.

Table S5: Sample and crystal data, data collection and structure refinement

Identification code HeGe764_P21n b [A] 20.8855(3)
Empirical formula Cy7H30Cl2N,03Ru c[A] 14.4325(2)
Formula weight [g/mol] 602.50 o] 90
Temperature [K] 100.0 BI1 105.1468(6)
Crystal system monoclinic vI[°] 90
Space group P21/n Volume[A3! 2470.99(6)
a[A] 8.49260(10) z 4
Pealc- [8/cm3] 1.620 Reflections collected 73651
u[mm-1] Independent reflections 7494 [Rint = 0.0659, Rsigma =

0.884

0.0383]

F(000) 1232.0 Data/restraints/parameters 7494/6/342
Crystal size[mm?3] 0.176 x 0.16 x 0.087 Goodness-of-fit on F2 1.035

Radiation

MoKa (A = 0.71073)

Final R indexes [1>=20 (1)]

R1=0.0287, wRz = 0.0680

20 range for data collection [°]

4.874 t0 61.09

Final R indexes [all data]

R1=0.0451, wR; =0.0726

Index ranges

-12<h<12,-29<k<29,-17<1<20

Largest diff. peak/hole [e- A-3]

0.64/-0.78
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HPLC-MS data

“A

10 5 20 Fic Time [min]

Figure S15: HPLC-MS chromatogram (A) and HPLC chromatogram (B) of compound 1 after 0, 1, 2, 3, 4, 24
h (from front to back; conditions see experimental section).
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Figure S16: HPLC-MS chromatogram (A) and HPLC chromatogram (B) of compound 2 after 0, 1, 2, 3, 4, 24
h (from front to back; conditions see experimental section).
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Figure 517: HPLC-MS chromatogram (A) and HPLC chromatogram (B) of compound 3 after 0, 1, 2, 3, 4, 24
h (from front to back; conditions see experimental section).

S11



|
:fﬁ' - — = —
Figure 518: HPLC chromatogram-MS (A) and HPLC chromatogram (B) of compound 4 after 0, 1, 2, 3, 4, 24
h (from front to back; conditions see experimental section).
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Figure 519: HPLC chromatogram-MS (A) and HPLC chromatogram (B) of compound 5 after 0, 1, 2, 3, 4, 24
h (from front to back; conditions see experimental section).

" P

‘i\\ ﬂ

o 15 2 Fi Time [min]

Figure 520: HPLC chromatogram-MS (A) and HPLC chromatogram (B) of compound 6 after 0, 1, 2, 3, 4, 24
h (from front to back; conditions see experimental section).
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Calculated miLogP values

Table S6: Calculated milLogP values of

www.molinspiration.com

used arenes. Calculations were

Arene miLogP | Arene miLogP
3.90 2.38
p-Cymene Indane

© 1.94 O 3.73

Benzene
Biphenyl

©/ 2.39 4.34

Toluene Hexamethylbenzene
(HMB)
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Biological studies

MTT assay
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Figure S21: Concentration-effect curves of compounds L and 1-3 in three cell lines A549, SW480 and
CH1/PA-1 after 24 h and 96 h exposure in the MTT assay.
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Figure S22: Concentration-effect curves of compounds 4-6 in three cell lines A549, SW480 and CH1/PA-1

after 24 h and 96 h exposure in the MTT assay.
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Figure S23: Correlation between ICso values (96 h exposure) and theoretical lipophilicity coefficient in
Ab549, CH1/PA-1 and SW480 cells.
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Colony formation assay

Table S7: Impact of compounds 1-6 and L on colony formation in SW480 cells. Data are means + standard
deviations of three independent experiments and normalized to the negative control. (In negative controls
168 + 18 colonies were counted.)

Compound Concentration [uM] Number of colonies [%]

control 0 100
1 0.039 18+5
0.078 3.1+0.8
0.16 0.26+0.43
2 5 48 +9
10 20+4
20 35+15
3 1.25 53 +8
2.5 23 +8
5 43+3.7
4 0.31 22+5
0.63 51+21
1.25 0.82 +0.85
5 0.039 19+7
0.078 4.0+2.0
0.16 022+048
6 0.16 28+12
0.31 9.2+32
0.63 12+1.1
L 50 62 +25
100 0+0
150 0+0
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Ligand | |C,, (SW480) 116 + 37 uM |

control ~half of ICs, (50 pM) ~ICso (100 pM)
- =T <. W e J = \. :

Figure S24; Representative images of the colony formation assay with compound L, which reduced the
long-term proliferation capacity of SW480 cells in vitro. Chosen concentrations are based on 96-h ICso values
in the MTT assay.

Complex 1 | ICs, (SW480) 0.094 £ 0.031 uM |
control ~haif of ICso (0.039 kM) _~ICs (0.078 M) ~double of IC50 (0.16 uM)

Complex 2 | ICs, (SW480) 9.88 + 2.49 uM |

control

~haif of ICs, (5 M) ~ICs (10 M) ~double of |c50 (20 uM)

Figure S25: Representative images of the colony formation assay with compounds 1 and 2, which reduced
the long-term proliferation capacity of SW480 cells in vitro. Chosen concentrations are based on 96-h ICso
values in the MTT assay.
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Complex 3 | ICs, (SW480) 2.81 £ 0.73 uM |
control ~half of ICg, (1.25 M)

\

Figure S26: Representative images of the colony formation assay with compounds 3 and 4, which reduced
the long-term proliferation capacity of SW480 cells in vitro. Chosen concentrations are based on 96-h ICso
values in the MTT assay.

Complex 5 | ICs, (SW480) 0.072 +0.019 uM |

control

~ICs, (0.078 pM) ~double of ICs, (0.16 uM)

==

7 -A\\ =

Figure S27: Representative images of the colony formation assay with compounds 5 and 6, which reduced
the long-term proliferation capacity of SW480 cells in vitro. Chosen concentrations are based on 96-h ICso
values in the MTT assay.
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Cellular accumulation

Table S8: Cellular accumulation in SW480 cells after 2 h of incubation with the tested complexes 1-6 at
37 °C and two different concentrations (2 uM and 5 pM).

Compound Concentration [uM]  Ru [102])/cell [fg]

1 2 97 +8
5 299 + 54
5 2 45+0.3
5 11+2
3 2 152
5 33+10
1 2 44 +3
5 100 + 15
5 2 107 £ 14
5 336 +10
6 2 100 + 15
5 206 + 32
SW480
400 2 uM

B 5uM

fg Ru/ cell

3001

2004

1004 .= i . I
0- - - i * . .

NN Y Y Y % X © H 60 O
compounds

Figure S28: Cellular ruthenium accumulation of compounds 1-6 in fg Ru/cell, measured by ICP-MS. SW480
cells were treated for 2 h with 2 uM and 5 uM of test solutions. Values are means + SDs from at least three
independent measurements performed in triplicates.
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Table S9: Instrumental parameters for the determination of the ruthenium content using ICP-MS.

RF power [W] 1550

Nebulizer MicroMist

Spray chamber Scott double-pass
Spray chamber temp. [°C] 2

Cone materials Ni

Plasma gas flow (Ar) [L min"] 15.0

Auxiliary gas flow (Ar) [L min-] 0.90

Nebulizer gas flow (Ar) [L min] 1.03

Monitored Isotopes 102Ry, 115In
Integration time [s] 0.1
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Cell cycle distribution
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Figure S29: Histograms of cell cycle phase distribution in CH1/PA-1 cells after 24 h drug exposure. The
cells were exposed to L and complexes 1-6 in a subcytotoxic concentration (around ICso values from 96 h
MTT assays). The top left histogram represents an untreated control. All histograms are from one
representative experiment out of at least three repetitions per tested concentration.
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Figure S30: Histograms of cell cycle phase distribution in SW480 cells after 24 h drug exposure. The cells
were exposed to L and complexes 1-6 in a subcytotoxic concentration (around ICso values from 96 h MTT
assays). The top left histogram represents an untreated control. All histograms are from one representative
experiment out of at least three repetitions per tested concentration.
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Figure S31: Impact of L and complexes 1-6 on cell cycle distribution in CH1/PA-1 cells. Graphs indicate the
percentages (means + SDs) of cells in G1/G0, S and G2/M phases of the cell cycle.
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Figure S32: Impact of L and complexes 1-6 on cell cycle distribution in SW480 cells. Graphs indicate the
percentages (means + SDs) of cells in G1/G0, S and G2/M phases of the cell cycle.
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Table 510: Cell cycle alterations in CH1/PA-1 cells treated with compounds L and 1-6 at three different
concentrations (around the ICso values based on 96 h MTT assays). Data are mean percentages + SDs of at
least three experiments.

CH1/PA-1 Cell cycle phase
Compound Concentration [uM] G1/G0 S G2/M
Control 0 33.5+23 41.8+27 28225
L 100 37.0+0.3 414+24 229+28
150 40.8 +1.7 42.1+2.7 19.3+1.9
200 472+1.7 37.6 3.5 16.8+8.9
1 50 18.7+1.7 39.2+87 48.2+55
100 19.8+2.1 45.8 +3.8 40.9+4.0
150 20.0+1.3 529+19 31.0+32
2 100 29.9+57 399+14 37.0+6.1
150 30.8+7.1 36.5+3.3 38.3+5.3
200 29.7 +8.5 39.1+0.8 33.0+3.0
3 100 25.8+4.6 38.6+1.5 40.1+2.7
150 23.1£7.0 40.8+0.6 369+1.5
200 249+58 364+1.2 403+2.6
4 50 25.1+4.7 384+1.7 39.8+29
100 23.9+4.7 38.3+23 42.2+4.7
200 245+38 39.1+3.9 40.0+3.8
5 12.5 20.1+5.0 43.1+6.3 39.1+54
25 19.2+4.38 38.0+4.0 46.7+1.9
50 17.5+1.8 39.3+1.4 46.8+1.8
6 25 25.1+25 35.0+0.9 442+71
50 22.8+4.7 38.6 +4.2 40.8+25
75 25.6+3.5 394 +25 38.4+37
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Table S11: Cell cycle alterations in SW480 cells treated with compounds L and 1-6 at three different
concentrations (around the ICso values based on 96 h MTT assays). Data are mean percentages + SDs of at
least three experiments.

SW480 Cell cycle phase
Compound  Concentration [uM] G1/GO S G2/M
Control 0 49.1+17 355+1.9 17.5+2.8
L 50 47.4+20 38.8+1.7 145+05
100 51.5+5.0 359+3.4 121+04
150 52.0+29 36.3+2.2 11.3+0.5
1 0.039 23.8+6.1 40.0+2.1 372+23
0.078 154+1.2 534+1.1 345+21
0.16 25.0+8.2 56.2 +8.4 22.5+4.3
2 5 36.0+£6.7 342+38 320+2.6
10 22.6+5.7 38.8+7.9 409+4.2
20 22.3+6.3 521+3.3 279+9.0
3 1.25 284+78 382+71 35.1+1.8
25 17.6+4.5 43.3+74 43.1+7.6
5 204+59 54.1+3.2 282+5.6
4 0.31 24.7+9.2 421+71 36.1+3.0
0.63 19.0+4.6 42.0+3.5 458 +4.2
1.25 20.7+5.3 57.1+45 25.0+5.8
5 0.039 32.3+12.9 38.8+72 30.5+6.2
0.078 19.5+4.3 469+77  359+35
0.16 155+1.3 57.1+0.1 274+13
6 0.16 232+41 43.7+4.8 35.7+0.7
0.31 15.0+3.8 53.7+49 32.6+4.7
0.63 24.2+20 53.5£2.6 25.6+4.5
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Apoptosis assay

Table S12: Apoptosis and necrosis induction, examined by annexin V-FITC/PI staining. SW480 colon cancer
cells were exposed to compounds L and 1-6 at the indicated concentrations for 24 h and cell populations

were analyzed by flow cytometry. Results are mean percentages + standard deviations of at least three

independent experiments.

Compound Concentration (uM) mean + SD
necrotic cells [%] 20+1.6
Control 0 late apoptotic. cells [%] 3.5£1.5
early apoptotic cells [%] 2.9+2.3
viable cells [%] 92 +4
0.1 necrotic cells [%] 0.77 £0.33
late apoptotic cells [%] 3.6+£2.6
early apoptotic cells [%]  3.7+3.1
viable cells [%] 922+6
1 necrotic cells [%] 1.2+0.8
1 late apoptotic cells [%] 49+28
early apoptotic cells [%]  1.3+0.5
viable cells [%] 93 +4
10 necrotic cells [%] 6.7+3.1
late apoptotic cells [%] 64+6
early apoptotic cells [%] 161
viable cells [%] 13+3
1 necrotic cells [%] 1.4+0.8
late apoptotic cells [ %] 20+0.2
early apoptotic cells [%] 1.1+0.4
’ viable cells [%] 95+1
10 necrotic cells [%] 1.5+0.8
late apoptotic cells [ %] 20+03
early apoptotic cells [%]  1.0+0.3
viable cells [%] 9% +1
1 necrotic cells [%] 1.0+£0.5
late apoptotic cells [%] 21+03
early apoptotic cells [%] 1.0+0.7
3 viable cells [%] 9% 1
10 necrotic cells [%] 0.72+0.49
late apoptotic cells [%] 2107
early apoptotic cells [%]  0.7+0.3
viable cells [%] 97 +1
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0.1 necrotic cells [%] 1.7+1.1
late apoptotic cells [%] 21+04
early apoptotic cells [%] 1.1+0.5
viable cells [%] 95+2

1 necrotic cells [%] 0.93 £ 0.65
late apoptotic cells [%] 24+12
early apoptotic cells [%] 1.1+0.7
viable cells [%] 96 +2

10 necrotic cells [%] 34+4.0
late apoptotic cells [%] 83+49
early apoptotic cells [%] 1.0+0.4
viable cells [%] 87 +8

0.1 necrotic cells [%] 1.0£0.5
late apoptotic cells [%] 29+15
early apoptotic cells [%]  3.0+2.2
viable cells [%] 93+4

1 necrotic cells [%] 0.85+0.48
late apoptotic cells [%] 33+1.3
early apoptotic cells [%]  1.0+0.5
viable cells [%] 95+2

10 necrotic cells [%] 6.3+22
late apoptotic cells [%] 40£6
early apoptotic cells [%] 25+7
viable cells [%] 29+11

0.1 necrotic cells [%] 17 £27
late apoptotic cells [%] 47+28
early apoptotic cells [%] 1.0+0.7
viable cells [%] 77 £29

1 necrotic cells [%] 1.0+1.3
late apoptotic cells [%] 20+0.7
early apoptotic cells [%]  1.1+07
viable cells [%] 96 +2

10 necrotic cells [%] 0.94 +0.52
late apoptotic cells [%] 3.7+0.1
early apoptotic cells [%] 1.1+0.3
viable cells [%] 94+0

10 necrotic cells [%] 0.61 +0.44
late apoptotic cells [%] 1.6+0.2
early apoptotic cells [%]  1.0+0.5
viable cells [%] 97 +1

100 necrotic cells [%] 0.86 +0.33
late apoptotic cells [%] 1.9+0.2
early apoptotic cells [%]  1.0£0.2
viable cells [%] 96 +0
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Figure S33: Flow-cytometric analysis of apoptosis/necrosis induction in SW480 cells incubated with
different concentrations of L and 1-6 for 24 h. Percentages of necrotic (AV-/PI+), late apoptotic (AV+/PI+),
early apoptotic (AV+/PI-) and viable (AV-/PI-) cells were determined by double-staining with annexin
V-FITC/PL

ROS assay
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Figure S34: ROS induction in CH1/PA-1 cells by L and complexes 1-6 in four different (0.2-200 uM)
concentrations and by a positive control (200 and 400 uM tert-butylhydroperoxide) over time for up to 2 h.
The values are normalized to the untreated control.
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Figure S35: ROS induction in SW480 cells by L and complexes 1-6 in four different (0.2-20 pM)
concentrations and by a positive control (200 and 400 uM tert-butylhydroperoxide) over time for up to 2 h.
The values are normalized to the untreated control.
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dsDNA plasmid assay
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Figure S36: Electropherograms of dsDNA plasmid (pUC19) interactions with 50 uM of compounds 2-6.
The pUC19 plasmid was incubated with the complexes for different time periods (from 15 min to 6 h) at 37
°C and the different plasmid forms were separated by agarose gel electrophoresis. ‘COh’ corresponds to an
untreated, non-preincubated control at the time point of gel loading, while ‘C6h’ corresponds to an
untreated, 6 h incubated control; oc, open circular; sc, supercoiled are forms of the plasmid DNA
(Electropherograms of 1 and L were published previously [8] (as complex 2a and ligand 2 in Figure S79).
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Figure S37: Quantified data from the electrophoretic plasmid DNA interaction studies shown in Figure 536.
The grey columns correspond to the open-circular (oc) form and black columns to the supercoiled (sc) form

of the pUC19 plasmid after 6 h of incubation and the controls (COh and Céh). Data for complexes 1 and L
are taken from [8].
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NOQOL1 activity assay
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Figure S38: Time-dependent impact on NQO1 activity in SW480 cell extracts after treatment with
compounds L and 1-6 or dicoumarol (positive control) compared to negative controls with and without
DMSO (concentrations corresponding to the content in solutions of the test compounds). Data are
expressed as OD (450 nm) per 100 pg/mL of total cellular protein.
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Figure 539: Time-dependent impact on NQO1 activity in CH1/PA-1 cell extracts after treatment with
compounds L and 1-6 or dicoumarol (positive control) compared to negative controls with and without
DMSO (concentrations corresponding to the content in solutions of the test compounds). Data are
expressed as OD (450 nm) per 100 pg/mL of total cellular protein.
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Abstract: The synthesis, characterization and biological activity of tungstenocenes with varying
biologically active (O,0-), (S,0-) and (N,0-) chelates are described. Complexes were characterized
by 1H and 13C NMR, elemental analysis, ESI-mass spectrometry, FT-IR spectroscopy and X-ray
diffraction analysis. The aqueous stability was studied by UV /Vis spectroscopy and the W!V to
WY process by cyclic voltammetry. The cytotoxicity was determined by the MTT assay in A549,
CH1/PA-1 and SW480 cancer cells as well as in IMR-90 human fibroblasts. Extensive biological
evaluation was performed in three other human cancer cell lines (HCT116, HT29 and MCEFE-7) in
monolayer and multicellular tumor spheroid cultures to better understand the mode of action. Lead
compounds showed promising in vitro anticancer activity in all cancer cell lines. Further studies
yielded important insights into apoptosis induction, ROS generation, different patterns in metal
distribution (detected by LA-ICP-TOF-MS), changes in KI67 (proliferation marker) expression and
DNA interactions. The results based on qualitative and quantitative research designs show that
complexes containing (S,0-) chelates are more active than their (O,0-) and (N,O-) counterparts. The
most striking results in spheroid models are the high antiproliferative capacity and the different
distribution pattern of two complexes differing only in a W-S or W-O bond.

Keywords: metal-based drugs; tungstenocenes; anticancer; 3D cell culture; multicellular tumor spheroids

1. Introduction

Over the past 30 years, the field of bioorganometallic chemistry with advances in
catalytic and medicinal applications has risen in importance. A major focus currently is the
search for potential cancer drugs with fewer and less severe side effects than those currently
employed [1-3]. Our work focuses on group 6 metal complexes containing molybdenum,
the only second row transition metal necessary for life, and its heavier analogue tungsten.
Molybdenum is easily transported within and excreted from the human body as molybdate.
Both excess molybdenum and tungsten are removed in the urine and should be generally
less toxic than other metals [4,5]. The group 6 ‘bent” metallocenes allow for additional
ligands to be bound to the metal center and result in a decrease in the angle between the
Cp rings. The molybdenocenes and tungstenocenes, therefore, bear a cis-dihalido motif
like cisplatin, the initial reason for their interest in anticancer research [1]. By replacing
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the halides with bioactive chelating ligands, we aim to synthesize anticancer agents which
are more tolerable, stable, and ideally would show synergistic effects between the metal
and ligand.

Kopf and Kopf-Maier first described the antitumor activity of several metal-based
organometallic complexes containing titanium, vanadium, niobium, molybdenum, tung-
sten and rhenium in 1979 [6-9]. Around two decades later, several research groups reported
anticancer activities for neutral and charged metallocene derived compounds of these
metals [10-15]. However, tungstenocenes were abandoned due to their lower activity
and stability when compared to the other metallocenes. Anticancer research with tung-
stenocenes, therefore, is very rare; in fact, the only published work in this area is from the
Kopf/Kopf-Maier and Meléndez groups [8,16].

While titanocene dichloride exhibited the highest cytotoxic activity in several tumor
cell lines, it also showed negative side effects like cisplatin and was abandoned in clinical
phase II [17,18]. Molybdenocene dichloride has a unique and potentially useful stability of
the metal-cyclopentadienyl bonds under physiological conditions [19]; however, the same
stability is not observed in the tungstenocenes. All metallocenes readily lose the chlorido
ligands and form aqua, hydroxido or even oxo-bridged dimeric species in aqueous solu-
tions [19,20]. The exchange of the dichlorido motif for chelates to increase stability as well
as solubility has been a popular approach explored by various research groups [16,21,22].
The cytotoxic activity of Cp,WCI, bearing 3-hydroxy-4-pyrone ligands was reported by
Meléndez and coworkers in 2013 (Figure 1), showing an improved in vitro cytotoxicity of
tungstenocenes bearing (O,0-) donor ligands, when compared to Cp,WCl,, in HT29 colon
cancer and MCF-7 breast cancer cell lines [16].

WO

WO —==—"20 | a

Figure 1. [Cp,W(maltolato)]Cl complex synthesized by Meléndez and coworkers [16].

Due to the increased stability of the molybdenocenes they have been studied to a
greater degree than the more unstable tungsten compounds, the former showing promising
in vitro anticancer activity in many different cell lines [21-23]. Nevertheless, with the
correct choice of chelating ligands (containing softer sulfur donors) an improved stability
of the tungstenocenes can be attained, making this class of compounds more interesting,
especially if they exhibit activity against cancer cells.

This paper presents the synthesis, characterization and biological studies of ten tung-
stenocenes containing an (0,0-), (5,0-) or (N,O-) chelate. A comparison of their cytotoxic
activities with previous research and preliminary mode-of-action studies are presented. The
bidentate ligand scaffolds were coordinated to the already cytotoxic tungstenocene dichlo-
ride, enhancing the cytotoxic activity further as well as increasing the stability in aqueous
media [16]. The impact on the aqueous stability of the W-S vs. W-O bonds and counter
ion exchange from chloride to hexafluorophosphate is discussed. Previous studies from
our research group reported that attempts to synthesize molybdenocene derivatives with
chloride as counter ion did not yield any product; however, exchanging the chloride for
PFg~ (hexafluorophosphate anion) allowed for the successful isolation of the products [21].
This anion exchange allowed for a more straightforward purification of the complexes,
avoiding size-exclusion column chromatography and resulted in improved yields.

A broad range of ligand scaffolds were utilized in this work, including thiol deriva-
tives of 3-hydroxy-4-pyrones, demonstrated to improve the stability as well as the cytotoxic
activity in vitro [21,24]. We have made use of maltol (3-hydroxy-2-methyl-4-(1H)-pyrone),
a natural product which is commonly utilized as a ligand with a broad range of biologi-



Pharmaceutics 2023, 15, 1875

3 0f27

cally relevant metals because of its potentially beneficial effect on bioavailability [25-30].
Allomaltol and thioallomaltol are interesting since we have shown that this small change in
the methyl group from the 3-position in maltol and thiomaltol to the 5-position has a signif-
icant effect on the biological activity of the resultant complexes [31]. Ethylmaltol, already
employed by Meléndez and coworkers [16] as a ligand for tungstenocene, was also used for
comparison purposes as well as its thioethylmaltol analogue. Besides pyrones, flavonoids
also possess antioxidant and antiproliferative properties [32], and their thiol derivatives
have also been employed as ligands in our work [31]. Picolinic acid has demonstrated
many positive effects in the human body, such as immunological, neuroprotective and an-
tiproliferative effects [33], while deferiprone has been shown to selectively kill tumor cells
over normal cells [34]. We attempted to determine which chelating motif is most promising
as well as to identify structure-activity relationships for the maltol-based complexes.

2. Materials and Methods
2.1. Experimental Part

All utilized solvents, purchased from commercial sources, were of HPLC grade and
used without any further purification, except for methanol, which was dried over molecular
sieves (3 A) prior to use [35]. Bis(cyclopentadienyl)tungsten dichloride (99%, Abcr, Karl-
sruhe, Germany), sodium methoxide (~95%, Fluka), ammonium hexafluorophosphate (99%,
Sigma-Aldrich, Vienna, Austria), Lawesson’s reagent (99%, Acros Organics, Geel, Belgium),
PBS (sterile filtered, Sigma Life Science, Vienna, Austria), maltol (L1) (99%, Sigma-Aldrich),
picolinic acid (L5) (99%, Sigma-Aldrich), deferiprone (L6) (98%, Sigma-Aldrich) and ethyl-
maltol (L9) (99%, Sigma-Aldrich) were purchased from the respective commercial source
and used as obtained. Thiomaltol (L2) [36], 3-hydroxy-2-(4’-chlorophenyl)chromen-4-one
(L3) [37] and allomaltol [26] were synthesized according to the literature procedures and
3-hydroxy-2-(4’-chlorophenyl)-chromen-4-thione (L4), thioallomaltol (L8) [38], thioethyl-
maltol (L10) [39] were synthesized using Lawesson’s reagent [36] (see Supporting Informa-
tion for synthesis and characterization). The synthesis of Bis(n°-cyclopentadienyl)[2-methyl-
3-(ox0-k0)-4-(1H)-pyron-4-ato-kO]tungsten(IV) chloride (1A) was modified compared with
the one in the literature [16].

NMR spectra were recorded with a Bruker FT-NMR Avance I11™ 500 MHz spectrom-
eter at 500.10 (\H), and 125.75 MHz (13C) using DMSO-dg. 2D-NMR measurements were
recorded utilizing standard pulse programs COSY, HSQC and HMBC. The Microanalytical
Laboratory of the University of Vienna performed the elemental analyses with a Eurovec-
tor EA 3000(2009) equipped with a high temperature pyrolysis furnace (HT, Hekatech,
Germany, 2009). Elemental analyses” samples were weighed (weights from 1-3 mg were
used) on a Sartorius SEC 2 ultra-micro balance with £0.1 pg resolution. Two NIST-certified
reference materials were used for calibration: sulfanilamide (C¢HgN»O,S) and BBOT
(2,5-bis-(5-tert-butyl-2-benzoxazol-2-yl)-thiophenone, CysHpsN2O5S). The limit of quan-
tification (LOQ) was 0.05 w% for C, H, N and 0.02 w% for S. For samples without N
and/or S, the content of these elements was determined and verified to be below the LOQ.
X-ray diffraction analyses were carried out on a Bruker X8 APEX II CCD diffractometer
at 100 K. ESI-MS were recorded on a Bruker AmaZon SL ion trap mass spectrometer
(Bruker Daltonics GmbH). Data were obtained and processed with Compass 1.3 and Data
Analysis 4.0 (Bruker Daltonics GmbH). Infrared spectra were attained on a Bruker Vertex
70 FT-IR-spectrometer with an ATR-unit (attenuated total reflection unit) in the range of
4000-600 cm~!. Intensities of the reported bands are described with w for weak, m for
medium and s for strong; broad signals are additionally specified with the letter b in front
of these abbreviations. Cyclic voltammograms (CVs) were measured in a three-electrode
cell using 2 mm diameter glassy carbon disk working electrode, a platinum auxiliary elec-
trode and an Ag | Ag™ reference electrode containing 0.1 M AgNOs3. Measurements were
carried out at room temperature using an EG&G PARC potentiostat/galvanostat 273A.
The solutions were deoxygenized by purging a stream of argon for 3 min through the
solution and the experiment was performed under an argon atmosphere. The potentials
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were measured in a freshly prepared solution of (n BuyN)[BF4] (0.1 M) in acetonitrile using
ferrocene (Fe(°-CsHs)y) (E1/2 = +0.72 V vs. NHE) [40] as an internal standard and are
quoted relative to the normal hydrogen electrode (NHE).

Stock solutions in DMSO of compounds 1-10 were utilized to determine the solu-
bility in PBS by adding 1 vol% of the stock solution to a suitable amount of PBS. The
solubility in aqueous media of compounds 1-10 was sufficient (0.01-1.20 mg/mL) for
biological experiments. UV /Vis data were recorded on a Perkin Elmer Lambda 650 UV /Vis
Spectrophotometer with a Peltier element for temperature control.

2.2. Synthesis
2.2.1. General Complexation Synthesis A

Bis(cyclopentadienyl)tungsten dichloride (1 eq.), ligand (1-1.1 eq.) and sodium
methoxide (1.1 eq.) were dissolved in 20-25 mL dry methanol (over molecular sieves
3A) and stirred for 4-72 h at room temperature or reflux under argon. After any solid
impurities were removed by filtration, ammonium hexafluorophosphate (1.1-4.5 eq.) was
added and stirred for a further 2—4 h. The formed precipitate was filtered, washed with
methanol, for some samples taken up into dichloromethane to filter off impurities and,
subsequently, the solvent was removed and then dried in vacuo.

2.2.2. General Complexation Synthesis B

Ligand (1.2 eq.) and sodium methoxide (1.4 eq.) were dissolved in 24 mL dry methanol
(dried over molecular sieves 3A) and stirred at room temperature under argon for 10 min.
In a separate Schlenk flask, bis(cyclopentadienyl)tungsten dichloride (130 mg, 0. 33 mmol,
1 eq.) was dissolved in dry dichloromethane (8 mL), the prior solution was added via
cannula and the resulting mixture was stirred at room temperature for 20 h. Sodiumhex-
afluorphosphate (2 eq.) was added, and the mixture was stirred for another 2 h.

Bis(nS—cyclopentadienyl)[2—methyl—3—(oxo—KO)—4—(1H)—pyran—4—ato—KO]tungsten(IV)
hexafluorophosphate (1)

The synthesis was performed according to the general procedure A using
bis(cyclopentadienyl)tungsten dichloride (135 mg, 350 umol), 3-hydroxy-2-methyl-4H-
pyran-4-one (48 mg, 385 pmol) and sodium methoxide (21 mg, 385 pmol) with a reaction
time of 16 h. Ammonium hexafluorophosphate (63 mg, 385 umol) was added and stirred
for 2 h. The formed precipitate was filtered and washed with methanol. Yield: 119 mg
(58%), brown powder. Solubility in PBS (1% DMSO): 0.23 mg/mL. 'H-NMR (DMSO-dy)
6 =2.35 (s, H, CH3) 5.90 (s, 10H, Cp), 7.03 (d, 3J(H, H) = 5.0 Hz, H, C5-H), 8.34 (d, 3J(H,
H) = 5.0 Hz, H, C6-H) ppm. *C-NMR (DMSO-dg) § = 14.5 (CH3), 98.1 (Cp), 110.4 (C5),
156.6 (C6), 157.5 (C2), 161.5 (C3), 187.0 (C4=0) ppm. Elemental analysis: Calculated for
C16H15FsO3PW: C, 32.90; H, 2.59; P, 5.30%. Found: C, 32.79; H, 2.63; P, 5.07%. (ESI*) m/z:
439.05 [CpyW(maltolate)]*. IR: v = 3128 w (vc_p1, Cp), 1604, 1547 m (vcoo), 1476, 1429 m
(ve=c), 820 s (veop) em L.

Bis(17°-cyclopentadienyl)[2-methyl-3-(oxo0-xO)-4-(1H)-pyran-4-ato-xO]tungsten(IV)
chloride (1A)

Bis(cyclopentadienyl)tungsten dichloride (128 mg, 330 pmol), 3-hydroxy-2-methyl-4H-
pyran-4-one (42 mg, 330 pmol) and sodium methoxide (18 mg, 330 pmol) were dissolved in
20 mL methanol (dried over molecular sieves 3A) and stirred for 16 h at room temperature
under an argon atmosphere. The solvent was removed in vacuo and the remaining solids
were dissolved in dichloromethane. Afterwards, the mixture was filtered leaving a blue
insoluble precipitate behind. Dichloromethane was removed under reduced pressure and
the product was washed several times with THEF, followed by diethyl ether. Yield: 60 mg
(42%), brown powder. Solubility in PBS (1% DMSO): 5.00 mg/mL. Elemental analysis:
Calculated for C14H15C103W-0.75H,0: C, 39.37; H, 3.41%. Found: C, 39.48; H, 3.68%. (ESI*)
m/z: 439.03 [Cp,W(maltolate)]*.
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Bis(;75-cyclopentadienyl)[2-methyl—3—(oxo-KO)-4—(1H)—pyran—4—thionato—KS]tungsten(IV)
hexafluorophosphate (2)

The synthesis was performed according to the general procedure A using
bis(cyclopentadienyl)tungsten dichloride (135 mg, 350 umol), 3-hydroxy-2-methyl-4H-
pyran-4-thione (50 mg, 350 umol) and sodium methoxide (19 mg, 350 pmol) with a reaction
time of 48 h. Ammonium hexafluorophosphate (118 mg, 700 umol) was added and stirred
for 3 h. The formed precipitate was filtered and washed with methanol. Yield: 108 mg
(52%), red powder. Solubility in PBS (1% DMSO): 0.25 mg/mL. TH-NMR (DMSO-dg)
§=2.34 (s, H, CH3) 5.70 (s, 10H, Cp), 7.83 (d, 3J(H, H) = 4.6 Hz, H, C5-H), 8.21 (d, 3](H,
H) = 4.6 Hz, H, C6-H) ppm. *C-NMR (DMSO-dg) & = 15.3 (CH3), 96.3 (Cp), 119.4 (C5),
149.7 (C6), 156.7 (C2), 171.4 (C3), 181.5 (C4=S) ppm. Elemental analysis: Calculated for
Ci6H15FsOPSW: C, 32.02; H, 2.52, S, 5.34%. Found: C, 32.28; H, 2.45; S, 5.01%. (ESI*)
m/z: 455.17 [CpyW(thiomaltolate)]*. IR: v = 3124 m (vc_g, Cp), 1583, 1505 m (vc=0), 1470,
1424 m (vec), 822 s (veop) cm L

Bis(17°-cyclopentadienyl)[2-(4-chlorophenyl)-3-(oxo0-xO)-4(H)-chromen-4-oato-
xOJtungsten(IV) hexafluorophosphate (3)

The synthesis was performed according to the general procedure A using
bis(cyclopentadienyl)tungsten dichloride (128 mg, 300 pmol), 3-hydroxy-2-(4'-chlorophenyl)
chromen-4-one (90 mg, 330 pmol) and sodium methoxide (18 mg, 330 umol) with a reaction
time of 72 h at 40 °C. Ammonium hexafluorophosphate (270 mg, 1.50 mmol) was added
and stirred for 2 h. After washing with MeOH the precipitate was dissolved in DCM and
the remaining solids were filtered off. Yield: 69 mg (32%), green powder. Solubility in PBS
(1% DMSO): 0.03 mg/mL. 'H-NMR (DMSO-dg) 6 = 6.06 (s, 10H, Cp), 7.64 (m, 1H, C7-H),
7.69 (d, 3J(H, H) = 8.7 Hz, 2H, C3/-H’ and C5'-H), 7.97-8.02 (m, 1H, C8-H), 8.03 (d, 3J(H,
H) = 8.0 Hz, 1H, C6-H), 8.08 (d, ®J(H, H) = 8.0 Hz, 1H, C9-H), 8.37 (d, *J(H, H) = 8.7 Hz,
2H, C2/-H and C6'-H) ppm. 3C-NMR (DMSO-dg) & = 98.5 (Cp), 118.0 (C5), 118.4 (C6-H),
123.9 (C9-H), 126.2 (C7-H), 129.0 (C3'-H and C5'-H), 129.2 (C1’), 129.3 (C2’-H and C6’-H),
135.3 (C8-H), 136.0 (C4), 150.7 (C2), 154.2 (C10), 158.4 (C3), 188.8 (C4=0) ppm. Elemental
analysis: Calculated for Cp5H13CIFsO3PW: C, 41.09; H, 2.48%. Found: C, 41.22; H, 2.55%.
(ESI*) m/z: 585.05 [CpyW(flavonolate)]*. IR: v = 3121 w (vc_p, Cp), 1587, 1536 w (vc=0),
1489, 1430 s (vc=c), 823 s (Veopp) cm ™ L.

Bis(175 -cyclopentadienyl)[2-(4-chlorophenyl)-3-(oxo-xO)-4(H)-chromen-4-thionato-
xS]tungsten(IV) hexafluorophosphate (4)

The synthesis was performed according to the general procedure A using
bis(cyclopentadienyl)tungsten dichloride (128 mg, 300 umol), 3-hydroxy-2-(4'-chlorophenyl)
chromen-4-thione (94 mg, 330 pmol) and sodium methoxide (18 mg, 330 umol) with a
reaction time of 48 h under reflux. Ammonium hexafluorophosphate (54 mg, 330 pmol)
was added and stirred for 4 h. The formed precipitate was filtered off, dissolved in
dichloromethane and filtered off in order to remove insoluble materials. Yield: 94 mg
(39%), brown powder. Solubility in PBS (1% DMSO): 0.01 mg/mL. TH-NMR (DMSO-dg)
5 =5.85 (s, 10H, Cp), 7.69 (d, 3J(H, H) = 8.7 Hz, 2H, C3'-H and C5'-H), 7.70-7.76 (m, 1H, C7-H),
7.96-8.01 (m, 1H, C8-H), 8.14 (d, 3J(H, H) = 8.0 Hz, 1H, C9-H), 8.33 (d, 3J(H, H) = 8.0 Hz,
1H, C6-H), 8.42 (d, ®J(H, H) = 8.7 Hz, 2H, C2’-H and C6'-H) ppm. 3C-NMR (DMSO-dy)
§ =96.5 (Cp), 118.7 (C9-H), 124.7 (C5), 125.7 (C6-H), 127.6 (C7-H), 129.1 (C3'-H and C5'-H),
129.1 (C1'), 130.5 (C2’-H and Cé’-H), 134.4 (C8-H), 136.7 (C4’), 148.3 (C2), 149.3 (C10),
169.4 (C3), 187.2 (C4=S) ppm. Elemental analysis: Calculated for CysH13CIFsO,SPW: C,
4021; H, 243; S, 4.29%. Found: C, 3995, H,2.71; S, 4.26%. (ESI*) m/z: 601.02 [Cp,W(thioflavonolate)]*.
IR: v =3124 w (vc_p, Cp), 1580 w (vc=0), 1479, 1426 m (vc=c), 817 s (vc_p) cm~ L
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Bis(;75-cyclopentadienyl)[2-(carboxylato—KO)—pyridine-KN]tungsten(IV)
hexafluorophosphate (5)

The synthesis was performed according to the general procedure B using
bis(cyclopentadienyl)tungsten dichloride (130 mg, 330 umol), picolinic acid (50 mg,
400 pmol) and sodium methoxide (26 mg, 460 pmol). Afterwards, sodium hexafluorophos-
phate (112 mg, 660 pmol) was added and stirred for 2 h. The resulting solids were filtered
off, redissolved in water and filtered through a folded filter. The filtrate was concen-
trated to 5 mL and stored at 4 °C overnight. The formed precipitate was filtered off,
washed with THF and n-hexane and dried in vacuo. Yield: 52 mg (27%), red powder.
Solubility in PBS (1% DMSO): 0.18 mg/mL. 'H-NMR (DMSO-dg) ¢ = 6.01 (s, 10H, Cp),
7.85-7.91 (m, 1H, C5-H), 8.16 (d, *J(H, H) = 7.7 Hz, 1H, C3-H), 8.46-8.52 (m, 1H, C4-H),
9.09 (d, 3J(H, H) = 5.3 Hz, 1H, C6-H) ppm. >*C-NMR (DMSO-dy) & = 97.2 (Cp), 126.5 (C3-
H), 129.8 (C5-H), 143.4 (C4-H), 150.4 (C6-H), 160.0 (C2), 178.8 (C7=0) ppm. Elemental
analysis: Calculated for C14H14FsNO,PW-0.5H,0: C, 32.57; H, 2.56; N, 2.37%. Found: C,
32.54; H, 2.45; N, 2.33%. (ESI*) m/z: 436.05 [Cp,W(picolinato)]*. IR: v = 3121 m (vc_g, Cp),
1684, 1610 s (vc=0), 1484, 1438 m (vc=c), 817 s (ve_p) cm ™ 1.

Bis(17°-cyclopentadienyl)[1,2-dimethyl-3-(oxo-xO)-4-(1H)-pyridonato-«OJtungsten(IV)
hexafluorophosphate (6)

The synthesis was performed according to the general procedure A using
bis(cyclopentadienyl)tungsten dichloride (128 mg, 300 umol), 3-hydroxy-1,2-dimethyl-
4-(1H)-pyridone (46 mg, 330 umol) and sodium methoxide (18 mg, 330 umol) with a
reaction time of 4 h. Ammonium hexafluorophosphate (54 mg, 330 umol) was added and
stirred for 2 h. The formed precipitate was filtered off and dissolved in dichloromethane.
Afterwards, the insoluble materials were removed by filtration. Yield: 95 mg (54%),
dark brown powder. Solubility in PBS (1% DMSO): 1.20 mg/mL. TH-NMR (DMSO-dg)
5 =2.28 (s, 3H, 2-CHj), 3.84 (s, 3H, N-CH3), 5.78 (s, 10H, Cp), 6.68 (d, *J(H, H) = 6.0 Hz, 1H,
C5-H), 7.73 (d, 3J(H, H) = 6.0 Hz, 1H, C6-H) ppm. 3C-NMR (DMSO-d¢) § = 11.7 (2-CH3),
42.4 (N-CH3), 97.6 (Cp), 108.4 (C5-H), 135.7 (C6-H), 136.4 (C2), 162.6 (C3), 176.4 (C4=0) ppm.
Elemental analysis: Calculated for C17H1g8FsNO,PW: C, 34.19; H, 3.04; N, 2.35%. Found: C,
34.08; H, 3.10; N, 2.35%. (ESI*) m/z: 452.08 [CpyW(deferipronato)]*. IR: v = 3125 w (vc_y,
Cp), 1610, 1555 w (vc=0), 1496, 1462 m (vc=c), 825 s (vc-n) cm L

Bis(1°-cyclopentadienyl)[2-methyl-5-(oxo0-xO)-4-(1H)-pyran-4-ato-xO] tungsten(IV)
hexafluorophosphate (7)

The synthesis was performed according to the general procedure A using
bis(cyclopentadienyl)tungsten dichloride (135 mg, 350 umol), 5-hydroxy-2-methyl-4H-
pyran-4-one (44 mg, 350 pumol) and sodium methoxide (21 mg, 385 pmol) with a reaction
time of 72 h. Ammonium hexafluorophosphate (118 mg, 700 pmol) was added and stirred
for 4 h. Yield: 78 mg (38%), brown powder. Solubility in PBS (1% DMSO): 0.35 mg/mL.
"H-NMR (dg-DMSO): § = 2.48 (s, 3H, H7), 5.91 (s, 10H, Hcp), 6.98 (s, 1H, H3), 8.31 (s,
1H, H6). 13C-NMR (ds-DMSO): & = 19.83 (C7), 98.53(Cp), 109.61 (C3), 144.72 (C6), 163.61
(C5), 169.95 (C2), 190.41 (C4=0). Elemental analysis: Calculated for Ci1cH;5FsO3PW: C,
32.90; H, 2.59%. Found: C, 32.72; H, 2.58%. (ESI*) m/z: 439.02 [Cp, W (allomaltolato)]*. IR:
v =3118 w (vc_p, Cp), 1606, 1551 m (vc=0), 1472, 1433 m (vc=c), 819 s (vc_n) cem L,

Bis(1°-cyclopentadienyl)[2-methyl-5-(oxo0-xO)-pyran-4-(1H)-thionato-xS] tungsten(IV)
hexafluorophosphate (8)

The synthesis was performed according to the general procedure A using
bis(cyclopentadienyl)tungsten dichloride (135 mg, 350 umol), 5-hydroxy-2-methyl-4H-
pyran-4-thione (50 mg, 350 umol) and sodium methoxide (21 mg, 385 umol) with a reaction
time of 72 h. Ammonium hexafluorophosphate (114 mg, 700 pmol) was added and stirred
for 4 h. The flask was stored at 4 °C overnight. The formed precipitate was filtered off
and dissolved in dichloromethane and potential salt rests were filtered off. Yield: 88 mg
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(42%), red powder. Solubility in PBS (1% DMSO): 0.41 mg/mL. H-NMR (dg-DMSO):
=248 (s,3H,H7), 5.70 (s, 10H, Hcp), 7.86 (s, 1H, H3), 8.15 (s, 1H, H6). 3C-NMR (ds-
DMSO): & = 18.97 (C7), 96.61 (Cp), 119.36 (C3), 142.92 (C6), 162.85 (C5), 172. 97 (C2),
187.96 (C4=S). Calculated for C14H15F¢O,PSW: C, 32.02; H, 2.52; S, 5.34%. Found: C, 31.68;
H, 2.48; S, 5.57%. (ESI*) m/z: 454.98 [Cp,W(thioallomaltolato)]*. IR: v = 3126 m (vc_p, Cp),
1587, 1510 m (vc=g), 1439 m (vec), 826 s (vep) em ™ L.

Bis(175-cyclopentadienyl)[2-ethy1—3-(oxo—KO)—4-(1H)—pyran-4—ato—KO] tungsten(IV)
hexafluorophosphate (9)

The synthesis was performed according to the general procedure B using
bis(cyclopentadienyl)tungsten dichloride (130 mg, 330 umol), 2-ethyl-3-hydroxy-4H-pyran-
4-one (56 mg, 400 umol) and sodium methoxide (26 mg, 460 umol). Sodium hexaflu-
orophosphate (112 mg, 660 umol) was added and stirred for 2 h. The solvents were
removed, the residue was taken up into dichloromethane, washed with water (3 x 20 mL),
dried over magnesium sulfate and filtered through a folded filter. The solution was
concentrated to 5 mL and the product was precipitated through the addition of diethyl
ether, filtered, washed with n-hexane and dried in vacuo. Yield: 73 mg (37%), brown
powder. Solubility in PBS (1% DMSO): 0.55 mg/mL. TH-NMR (dg-DMSO): § = 1.14 (t,
3H, 3] (H, H) = 7.6 Hz, H8), 2.71 (q, 2H, %] (H, H) = 7.6 Hz, H7), 591 (s, 10H, Hcp),
7.06 (d, 1H, 3] (H, H) = 5.0 Hz, H5), 8.39 (d, 1H, 3] (H, H) = 5.0 Hz, H6). 3C-NMR (d¢-
DMSO): 6 =11.3 (C8), 21.95 (C7), 98.57 (Cp), 110.88 (C5), 157.16 (C6), 161.3 (C2), 161.9 (C3),
187.74(C4=0). Calculated for C17H17FsO3PW: C, 34.14; H, 2.86%. Found: C, 34.06; H, 2.87%.
(ESI*) m/z: 452.97 [CpyW(ethylmaltolato)]*. IR: v = 3125 w (v, Cp), 1597, 1522 m (vc-0),
1475, 1429 m (vcc), 998, 945, s (vce_c), 819 s (ve_n), 725 s (V_chp-) cm L

Bis(1°-cyclopentadienyl)[2-ethyl-3-(ox0-xO)-4-(1H)-pyran-4-thionato-xS] tungsten(IV)
hexafluorophosphate (10)

The synthesis was performed according to the general procedure B using
bis(cyclopentadienyl)tungsten dichloride (130 mg, 330 umol), 2-ethyl-3-hydroxy-4H-pyran-
4-thione (62 mg, 400 pmol) and sodium methoxide (26 mg, 460 umol). Sodium hexafluo-
rophosphate (112 mg, 660 pmol) was added and stirred for 2 h. The solvents were removed,
the residue was taken up into dichloromethane, washed with water (3 x 20 mL), dried
over magnesium sulfate and filtered through a folded filter. The solution was concen-
trated to 5 mL and the product was precipitated through the addition of diethyl ether,
filtered, washed with n-hexane and dried in vacuo. Yield: 126 mg (62%), dark green
powder. Solubility in PBS (1% DMSO): 0.32 mg/mL. TH-NMR (dg-DMSO): § = 1.12 (t, 3H,
*] (H, H) = 7.6 Hz, CH3), 2.70 (q, 2H, *] (H, H) = 7.5 Hz, CHy), 5.71 (s, 10H, Hcp), 7.86 (d,
1H, 3] (H, H) = 4.6 Hz, H5), 8.25 (d, 1H, 3] (H, H) = 4.6 Hz, H6). 3C-NMR (d¢-DMSO):
5 =10.94 (C8), 22.57 (C7), 96.74 (Cp), 119.89 (C5), 150.25 (C6), 160.77 (C2), 171.30 (C3),
182.38 (C4=S). Calculated for C;7H;7FsO,PSW: C, 33.24; H, 2.79; S, 5.22%. Found: C, 33.21;
H, 2.80; S, 5.23%. (ESI*) m/z: 468.93 [Cp,W(thioethylmaltolato)]*. IR: v = 3126 w (vc_p,
Cp), 1571 m (vc=s), 1499, 1408 m (vc=c), 815 s (v p) cm L.

2.3. Cell Lines and Culture Conditions

CH1/PA-1 (ovarian teratocarcinoma), SW480 (colon carcinoma) and A549 (non-small
cell lung cancer) cells were maintained as described in the reference [41]. IMR-90 human
fetal lung fibroblasts (from the European Collection of Authenticated Cell Cultures, Porton
Down, Salisbury, UK) were cultured in Stable Cell™ DMEM/F12 supplemented with
0.01 mg/mL human recombinant insulin (both purchased from Sigma-Aldrich) and 10%
fetal bovine serum (FBS, BioWest, Nuaillé, France). Human colon carcinoma cell lines
HCT116 and HT29 (both kindly provided by the Institute of Cancer Research, Department
of Medicine I, Medical University of Vienna, Austria) were cultured in McCoy’s 5a medium
supplemented with 4 mM L-glutamine (both purchased from Sigma-Aldrich) and 10% FBS.
MCE-7 human breast adenocarcinoma cells (kindly provided by M. Ogris, Department of
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Pharmaceutical Sciences, University of Vienna, Austria) were maintained in DMEM (high
glucose) supplemented with 4 mM L-glutamine, 0.1 mg/mL human insulin (all purchased
from Sigma-Aldrich) and 10% FBS. All cell lines were grown as monolayers in 75 cm?
culture flasks (CytoOne, Starlab, Hamburg, Germany) at 37 °C in a humidified atmosphere
containing 5% COs.

2.4. Spheroid Formation and Growth

For growing multicellular tumor spheroids, 400 HCT116, 400 HT29 or 800 MCF-7
cells per well were plated into round-bottom ultra-low attachment 96-well plates (Corning,
Glendale, AZ, USA) in the media described above and incubated at 37 °C for 96 h. Spheroids
were treated with 10 uM of the two most cytotoxic compounds 3 and 4 for another 96 h. The
diameters of the spheroids were measured with Cell"F software under a CKX41 Olympus
microscope before treatment and in constant daily intervals over the 96 h treatment period.
For statistical analysis the t-test with Welsh’s correction was implemented in GraphPad
Prism software (Version 6.01).

2.5. Cell Viability (MTT Assay)

Exponentially growing cells were plated into 96-well microculture plates (CytoOne,
tissue culture treated, Starlab, Hamburg, Germany) in densities of 1 x 103 CH1/PA-1,
2 x 10° SW480, 3 x 10° A549 and 7 x 10° IMR-90 cells per well (each in 100 uL). After a 24 h
preincubation, drugs were added in serial dilution to give a final volume of 200 puL/well
and exposed for 96 h. At the end of the exposure, the drug solutions were replaced
by 100 uL. RPMI 1640/MTT mixture (7:1 ratio). MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-2H-tetrazolium bromide), (Acros Organics, Geel, Belgium) solution was prepared
in phosphate-buffered saline (5 mg/mL) and mixed with RPMI1640 medium supplemented
with 4 mM L-glutamine (both from Sigma-Aldrich) and 10% FBS. After 4 h incubation, the
formazan crystals were solubilized in 150 uL of DMSO per well. Absorbance was measured
at 550 nm (and at 690 nm as a reference) with a microplate reader (ELx808, BioTek, Winoosky,
VT, USA) and Gen5™ 3.08 software (BioTek). The 50% inhibitory concentrations (ICsg)
relative to untreated controls were interpolated from concentration-effect curves. At least
three biologically and technically independent experiments were performed.

2.6. Cell Viability (Resazurin Assay)

For the resazurin assay in monolayer cultures, cells were seeded into 96-well micro-
culture plates (CytoOne, tissue culture treated, Starlab, Hamburg, Germany) in densities
of 2 x 103 HCT116, 2 x 103 HT29 and 4 x 103 MCF-7 cells per well (each in 100 puL). For
tests in 3D cultures, spheroids were grown as described above. After 24 h (for monolayers)
or 4 days (for spheroids) the test compounds in the appropriate medium were added in
serial dilution to the plates to obtain a total volume of 200 uL/well. Wells without cells,
containing medium and resazurin (Alfa Aesar, Thermo Fisher, Kandel, Germany) solution
were used as blanks. After 96 h exposure 20 pL of the resazurin solution (440 uM) were
added to each well, followed by a 4 h (2D) or 12 h (3D) incubation period. Resorufin
fluorescence was quantified at 530 nm (and a reference wavelength of 620 nm) by using a
microplate reader (Synergy HT, BioTek) with Gen5™ 3.10 software (BioTek).

2.7. Apoptosis Studies

Apoptosis and necrosis induction upon drug treatment was analyzed by double
staining with FITC-conjugated annexin V (eBioscience, San Diego, CA, USA) and propidium
iodide (PI, 1.0 mg/mL, Sigma-Aldrich) via flow cytometry. In brief, HCT116 and HT29 cells
(7 x 10* cells/well) as well as MCE-7 cells (9 x 10* cells/well) were seeded into 24-well
plates in 600 uL. MEM and incubated overnight for adherence. After resuming exponential
growth, cells were exposed to different concentrations of the test compounds for further
24 h. Positives controls were treated with KP1998 (compound 7 in reference [42]). Following
treatment, the drug-containing medium was collected, cells were washed once with PBS
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and harvested. After trypsinization, the cell suspension was added to the pre-collected
medium and cells were pelleted by centrifugation (300 x g, 3 min). The supernatant was
removed, and cells were stained with FITC-conjugated annexin V (0.4 pg/mL) in binding
buffer (10 mM HEPES/NaOH pH 7.4, 140 mM NaCl, 2.5 mM CaCl,) and incubated at
37 °C for 15 min in the dark. Propidium iodide (1.6 pg/mL) was added shortly before flow
cytometry analysis. Samples were analyzed with a Millipore Guava easyCyteTM 8HT flow
cytometer (Merck Millipore, Burlington, MA, USA) with InCyte software. Five thousand
events were collected for each experiment, and at least three independent experiments

were performed. The recorded results were analyzed with Flow]o software 10.6.1 (TreeStar,
Ashland, OR, USA).

2.8. Electrophoretic dASDNA Plasmid Assay

An amount of 400 ng of the pUC19 plasmid (2686 bp, New England Biolabs, Ipswich,
MA, USA) was incubated with the test compounds (50 pM). Stock solutions of the test
compounds were prepared in MilliQQ water. The samples were incubated for different
intervals (15 min to 6 h) with continuous shaking at 37 °C. Following the incubation time,
4 uL aliquots of 6 x DNA loading dye (Thermo Fisher, Kandel, Germany) were added to
the 20 uL DNA samples. Electrophoresis was performed in a 1% agarose gel in 1 x TBE
buffer, started at 60 V for 5 min and continued at 120 V for 90 min. Ethidium bromide
(EtBr, Serva Electrophoresis GmbH, Heidelberg, Germany) staining was conducted in
1 x TBE (0.75 pg/mL) for 20 min. Images were taken by the GelDoc Imaging System
Fusion Fx7 (Vilber Lourmat, Eberhardzell, Germany). For quantification Image] /Fijil.46
was used.

2.9. Reactive Oxygen Species (ROS) Detection

Reactive oxygen species (ROS) generation was measured by means of the DCFH-DA as-
say. HCT116 and HT29 cells (2.5 x 10* cells/well) as well as MCF-7 cells (3.5 x 10* cells/well)
were seeded into 96-well plates (100 pL/well) and incubated overnight for attachment. On
the following day, cells were washed with 200 uL Hanks’ balanced salt solution (HBSS,
Sigma-Aldrich, containing 1% FBS) and stained with 100 puL of 25 uM DCFH-DA (2/,7'-
dichlorofluorescein diacetate, Sigma-Aldrich) in HBSS (containing 1% FBS) for 45 min at
37 °C in the dark. After the incubation period, cells were washed with 200 uL. HBSS (1%
FBS) and loaded with compounds at concentrations of 2 uM, 20 pM, 100 uM and 200 uM
in 200 pL phenol-red-free MEM (1% FBS) in triplicates. As positive controls, cells were
treated with 200 uM and 400 pM tert-butylhydroperoxide (Sigma-Aldrich). Wells contain-
ing only phenol-red-free medium with 1% FBS were used as blanks, and non-drug treated,
cell containing wells as reference values. Fluorescence (excitation: 485/20 nm, emission:
516/20 nm) was recorded in 10 min intervals with the Synergy HT reader (BioTek) over 2 h.

To verify interactions of complex 4 with the fluorescence of DCF (2/,7'-dichlorofluorescein,
Sigma-Aldrich), a fluorescence quenching assay was performed. For this purpose, DCF
was dissolved in abs. ethanol (Sigma-Aldrich), diluted in phenol-red-free MEM (1% FBS)
to 5 uM and complex 4 dissolved in DMEF, diluted to 20 and 200 uM in the same medium.
Furthermore, two combinations of 5 uM DCF with 20 and 200 uM of complex 4 were
prepared. The fluorescence intensity of the substances alone and their combinations were
measured (excitation: 485/20 nm, emission: 516/20 nm) in 10 min intervals with the
Synergy HT reader (BioTek) over 2 h.

2.10. LA-ICP-TOF-MS Analysis

Totals of 400 HCT116, 400 HT29 and 800 MCF-7 cells per well were seeded into
round-bottom ultra-low attachment 96-well plates (Glendale, AZ, USA) for production of
spheroids within 4 days. On the fifth day, spheroids were treated with the test compounds
at concentrations based on their ICs values (according to the 3D resazurin assay). After
72 h spheroids were collected, embedded in TissueTek (Sakura, Tokyo, Japan) and stored
at —80 °C until further processing. Samples were cut with a Cryostat CM3050S (Leica
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Biosystems, Nussloch, Germany) in 5 um thin sections and placed on Superfrost slides
(Thermo Fisher Scientific, Kandel, Germany). An Iridia 193 nm excimer laser ablation
system (Teledyne Photon Machines, Bozeman, MT, USA) was coupled to an icpTOF 2R
(TOFWERK AG, Thun, Switzerland) via an aerosol rapid introduction system (ARIS). The
LA and ICP-TOF-MS settings were optimized on a daily basis using NIST SRM612 glass
certified reference material (National Institute for Standards and Technology, Gaithersburg,
MD, USA). Laser ablation sampling was performed in NoGas mode, in fixed dosage mode
2, at a repetition rate of 200 Hz, a fluence of 0.7 ] cm? and using a 5 um x 5 pm square spot.
The line scans overlapped one another by 2.5 um.

2.11. Immunofluorescence Staining

Spheroids were grown and cryosectioned, as described in the section above. For
immunofluorescence staining the samples were fixed with 4% PFA (in PBS) for 15 min.
The slides were washed with PBS before permeabilization with 0.1% Triton-X (Sigma-
Aldrich, Steinheim, Germany) for 10 min. After three times washing with PBS the samples
were stained for 45 min with 10% goat serum (G9023, Sigma-Aldrich) und 5% BSA for
avoiding non-specific antibody binding. After one washing step a primary antibody against
Ki67 (#9129, Cell Signaling Technology) was applied and samples incubated overnight at
4 °C. On the next day, slides were washed with PBS and incubated with goat anti-rabbit
Alexa Fluor 594 (#8889 Cell Signaling Technology) for 1 h at room temperature in the
dark, followed by two washing steps with PBS. Slides were mounted with ProlonGold
Antifade Reagent with DAPI (Invitrogen, Thermo Fisher) and analyzed with a confocal
laser scanning microscope Zeiss LSM800 (Zeiss, Jena, Germany). Images were processed
with Zen software (Zeiss). For fluorescence signal intensities data extraction Image] /Fijil.46
was used. For quantification, the maximum signal intensity of the KI67" cells was evaluated
relative to the untreated control. For statistical analysis the ¢-test with Welsh’s correction
was implemented in GraphPad Prism software (Version 6.01).

3. Results and Discussion
3.1. Synthesis and Characterisation

The syntheses of the (S,0-) chelates (L2, L8, L10) using Lawesson’s reagent and 1H-
NMR spectra can be found in the supporting information (Figures S1-511 and see Scheme 1
for structures of ligands and complexes). Complexes 1-10 were obtained by exchanging
the chlorido ligands of the CpyWCl, starting material through a standard complexation
method, resulting in positively charged complexes. All reactions were performed under
inert conditions under an argon atmosphere. Anion exchange reactions, however, were
carried out open to air. The general synthetic procedure involved weighing the starting
material CpyWCly, the corresponding ligand L1-L10 and the base sodium methoxide in
a glove-box under an argon atmosphere, adding dry methanol and stirring for 4-72 h
at room temperature or under reflux. Unreacted materials, if present, were removed by
filtration. Afterwards, ammonium or sodium hexafluorophosphate (PF;~) was added and
the solution stirred again for 2—4 h. The formed precipitate was filtered off and washed
with methanol or extracted using dichloromethane, yielding 1-10 in low to moderate yields:
27-62%. Complex 1A also contains the maltolato ligand but has a chloride as counterion, it
did not undergo the PF;~ exchange reaction described above (for comparison purposes).
All compounds are soluble in chlorinated solvents, acetone, ethyl acetate and sparingly
soluble in water, methanol and ethanol. The solids are highly stable in air; however, storage
for longer periods under argon is recommended.

The IR spectra of complexes 1-10 showed the typical C-H stretch for the Cp moi-
eties (3130-3120 cm~!) as well as the characteristic vc—o and vc-c bands (1610-1505 and
1500-1420 cm !, respectively) for coordinated complexes. Due to the uncoordinated C=0O
of compound 5, the vc—o stretch appears at higher wavenumbers (1684 and 1610 cm™1),
which is typical. In addition, vc_g bending is observed in the common wavenumbers
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(ca. 820 cm™1) [43]. These values are comparable with the tungstenocenes found in the
literature [16].
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Scheme 1. Synthesis of complexes 1-10.

An advantage of bent metallocenes is that the 'H-NMR spectra of each complex
(Figures S1-511) shows just one signal for both cyclopentadienyl rings, since the rings
are symmetrically coordinated to tungsten in a n° manner and the bidentate ligand is in
an ancillary position, located in the plane bisecting the Cp-W-Cp. All NMR spectra were
recorded in dg-DMSO and all peaks in the 'H and '3C have been fully assigned. The signal
of the Cp ring in complexes 1-10 shifts downfield (5 = 6.06-5.70 ppm) in the 'H-NMR
compared with tungstenocene dichloride (5 = 5.63 ppm). Signals for the 'H-NMR spectrum
of compound 1 show exactly the same chemical shifts as the chloride analogue reported in
the literature [16]. All (S,0-) chelates show an upfield shift in the Cp signal of 0.20 ppm
compared to their (O,0-) analogues.

Compounds 1-10 were dissolved in 1% methanol/water and identified by ESI-MS
measurements, where peaks for the [CpyW(L)]* fragment were observed in the positive
mode. Characteristic tungsten isotope patterns were also found for all complexes. The
theoretical and experimental m/z values are listed in Table S1.

3.2. X-ray Diffractometry

X-ray suitable crystals of all compounds were obtained by slow diffusion of n-hexane in
acetone (compounds 1A, 3-6, and 8-10) or ethanol (compounds 2 and 7) solutions (Figure 2).
Compound 1A (with a chloride counterion instead of the hexafluorophosphate) crystallized
in the orthorhombic Cmca space group, compounds 2 and 9 in the orthorhombic Pnma
space group, compounds 3, 4 in the monoclinic P2; /n space group and 8 in the monoclinic
P2 /c space group, compounds 5 and 6 in the orthorhombic Pca2; and Pna2; space groups,
respectively, compound 7 in the orthorhombic Pmn2; space group, and compound 10 in
the P-1 triclinic space group. Unfortunately, the structure of 1A contains a disordered
maltolato ligand (the two disordered states of the maltolato moiety rotate by 180°) and
further discussions of this structure are not useful. We obtained more than one measurable
crystal of 1A but in each measurement the disorder appeared. The bond lengths of the



Pharmaceutics 2023, 15, 1875 12 of 27

coordinating carbonyl or thione in position 1 are, as expected, very distinctive. W-S bonds
are the longest, with values in the range 2.430-2.454 A, whereas the W-O bonds are the
shortest, in the range of 2.067-2.127 A. In between lies the W-N bond, at 2.157 A (see Table 1
for selected bond lengths). The bond lengths between the W and the Cp-centroids are
found to be the in same range, from 1.964 to 1.983 A. The ring slippage is not insignificant
(0.106-0.173 A) and indicates a strain on the Cp moieties most likely resulting from their
interactions with each other rather than interactions with the bidentate ligands since no
discernable trend could be identified. The W—O2 bond lengths in complexes 2-10 do not
differ much from each other and are found to be in a narrow range (2.067-2.102 A).

Crystal data, data collection parameters and structure refinement details are given in
Tables 52-522.

1 2
3 4
5 6
7 8
9 10

Figure 2. Crystal structures of compounds 1-10, drawn with 50% displacement ellipsoids.
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Table 1. Relevant bond distances for compounds 2-10. Due to the disorder in the structure of 1 it has
been omitted. Centroid distances calculated by Platon [44].

Bond Lengths [A]

Compound W-02 W-O/S/N W-Cpentroid Ring Slippage C1=0/S1
2 2.067 (2) 2441 (1) 1.9821 (8) 0.151 1.710 (2)
3 2.072 (7) 2.127 (8) 1.965 (6)-1.979 (6) 0.106-0.147 1.309 (12)
4 2.0812 (15) 2.4298 (5) 1.9776 (11)-1.9824 (12) 0.130-0.173 1.699 (2)
5 2.097 (9) 2.157 (11) 1.966 (3)-1.972 (3) 0.107-0.128 1.35(2)
6 2.0940 (19) 2.097 (2) 1.9690 (14)-1.9745 (14) 0.143-0.161 1.312 (3)
7 2.102 (8) 2.114 (13) 1.964 (5) 0.143 1.32 (2)
8 2.091 (11) 2.454 (4) 1.974 (10)-1.975 (9) 0.117-0.153 1.709 (15)
9 2.074 (5) 2.118 (4) 1.970 (2) 0.156 1.287 (8)
10 2.082 (1) 2.454 (1) 1.9822 (11)-1.9832 (12) 0.125-0.145 1.706 (2)

3.3. Cyclic Voltammetry

The electrochemical behavior of all complexes and the precursor Cp, WCl, was studied
by cyclic voltammetry with a scan rate of 200 mV /s, from —0.5 to +1.2 or +1.5 V. Mea-
surements were performed in triplicate. Due to low water solubility of compounds 1-10
acetonitrile (MeCN) was utilized in order to reach the 2 mM concentration. All complexes
exhibit a reversible one-electron process, W'V to WV.

The oxidation of WV to WY for complexes 1-10 takes place in the potential range
0.885 to 1.330 V vs. Normal Hydrogen Electrode (NHE) measured in acetonitrile, whereas
for CppWCl, it occurs at 0.648 V (Table 2). Hence, the coordination of the bidentate ligands
increases the redox stability of the complexes, making them more difficult to oxidize. Due
to solvent effects, the values obtained for complexes 1-10 cannot be distinctively compared
with physiological significant potentials [40]. The physiological significant potential in
the cell is delimited by NADP* at —0.320 V (NADP* + H* + 2e~ — NADPH) and by
oxygen at +0.820 V (O, + 4 H* + 4e~ — 2 H,0O). All compounds, except for possibly
compound 6 because of its significantly lower oxidation potential of 0.886 V, will most
likely, but we cannot say absolutely, show redox activity outside the physiological region.
The donor atoms directly influence the redox potential; compounds 1, 7 and 9, bearing
the (O,0-) donors (Figure 3, for the CV of maltol, allomaltol and ethylmaltol complexes
and the supporting information Figures S12-516 for all other compounds), show lower
redox potentials (1.037-1.071 V) than their (S,0-) counterparts (1.047-1.080 V), whereas
the (N,0-) donor-atom derivative compound 5 exhibits the highest oxidation potential
(1.330 V). Furthermore, the molybdenum counterpart of compound 5 also showed a consid-
erably higher redox potential when compared to the precursor and to other molybdenocene
derivatives [21]. The lowest oxidation potential, as already mentioned, belongs to com-
pound 6, the deferiprone derivative (0.885 V). Compounds 1 and 2, bearing the maltol and
thiomaltol ligands, are more easily oxidized than compounds 3 and 4, which bear the (O,0-)
and (5,0-) flavone moieties, respectively, and exhibit higher oxidation potentials. The
shifting to higher redox potentials upon coordination to the bidentate ligands has also been
observed in the literature; previous studies with (O,0-) donor ligand scaffolds reveal that
upon coordination of the (O,0-) moiety the redox potential increases by 0.35-0.40 V [16].
As we did not observe any color changes during the CV experiments, we are confident that
the MeCN does not interact with the complexes. In order to confirm this, we recorded an 'H
NMR in MeCN-d3 of compound 3, over the time span of a cyclic voltammetry experiment,
and no change in the NMR spectra was observed over 30 min (Figure S17).
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Table 2. Cyclic voltammetry data for compounds 1-10 and Cp,WCl, in MeCN. The redox potentials
are reported vs. NHE.

Compound Eqjp (V)
1 1.037
2 1.047
3 1.059
4 1.082
5 1.330
6 0.885
7 1.071
8 1.080
9 1.038
10 1.064
CpoWClp 0.648

0.000087 —— maltol complex
1 allomaltol complex
0,00006 —— ethylmaltol complex
0,00004 |
1 fj'/'\ h
0,00002 - /\ ,
s | e
- ] )
0000004 EE————
-0,00002 - ) \‘v |
-0,00004
-0,00006 . : : . .
05 0,0 05 1,0 15
E vs. NHE (V)

Figure 3. Cyclic voltammogram of the maltol derivatives ((O,0-) chelates), compounds 1, 7 and 9, in
MeCN referenced to the NHE.

3.4. Aqueous Solubility and Stability Measurements

In order to examine the stability of the compounds in aqueous solution, UV /Vis
measurements were performed every hour during 24 h at 293 K. Solutions of compounds
1-10 were prepared in PBS (10%) from a previously prepared DMSO stock solution of each
compound. The total concentration of DMSO was 1 vol% for the final complex solutions of
1-10.

All complexes were found to be stable in PBS over 24 h, as the peak maxima (Amax) do
not shift. However, compounds 3, 4, 7, 8 and 10 slowly precipitate out of the solution over
time (Figures S18-527). Precipitation, however, was not a problem when working at low
concentrations in the in vitro experiments. The wavelength of the peak maxima and molar
extinction coefficients are reported in the supplementary information Table 523.

Opverall, compounds 1-10 showed sufficient aqueous solubility and stability for further
biological investigations.

3.5. Cytotoxic Activity In Vitro (MTT Assay)

The cytotoxic activities in vitro of compounds 1-10 as well as the starting material
CpaWCl, and compound 1A (cation of compound 1 with a chloride as counter ion) were
investigated by means of the colorimetric MTT assay in the human cancer cell lines A549
(non-small cell lung carcinoma), SW480 (colon carcinoma), CH1/PA-1 (ovarian teratocarci-
noma) and in human lung fibroblasts IMR-90. Compounds 2, 3, 4, 10 and Cp,WCl, show a
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typical pattern of antiproliferative activities in cancer cell lines, with the highest activity in
the cell line CH1/PA-1, which is a broadly chemosensitive cell line [26], moderate activity
in the cell line SW480 and the lowest activity in the intrinsically multi-drug resistant A549
cell line (Figures 528 and S29) [45]. Furthermore, compounds 2, 3, 4 and 10 show lower
cytotoxicity in IMR-90 fibroblasts, which suggests a capacity of these drugs to selectively
eliminate malignant cells (Figures 528 and 529). Remarkably, complex 2, containing the
(S,0-) donor thiomaltol ligand, shows a moderate non-selective activity in all tested cancer
cell lines, which is promising with regard to overcoming multidrug resistance. Compounds
3 and 4, bearing a flavone and a thioflavone ligand, respectively, show the most promising
ICsq values, reaching the low micromolar range in the cell lines CH1/PA-1 and SW480, and
compound 4 even in the A549 cell line. The high in vitro anticancer activity of transition
metal complexes bearing flavones and their derivatives is known in the literature [37,46,47].
The thioethylmaltol (10) derivative shows an enhanced potency in all three cell lines. In the
case of the maltolato complexes 1, bearing PF¢ ™ as the anion, and 1A, bearing Cl1~ as the
anion, no activity was observed in the SW480 and A549 cell lines.

The in vitro anticancer activity data of the analogous molybdenocene derivatives
synthesized by our group have also been included in Table 3 [21]. Compound 2 shows
greater activity in two cells lines (SW480 and A549) than its molybdenum counterpart;
however, the ICsy values in the CH1/PA-1 cell line are in the same range. Compounds
3 and 4, bearing the (thio)flavone ligands, are the most active of the series, mirroring
the molybdenum (thio)flavone complexes, which show a very similar in vitro anticancer
activity and were also the most active compounds in their series. The picolinic acid (5) and
deferiprone (6) derivatives show negligible activity, while the allomaltol (7), thioallomaltol
(8) and ethylmaltol (9) derivatives show similar activities as complex 1 (bearing a maltol
ligand). In general, the (S,0-) chelates are more active than their (O,0-) counterparts
and the tungstenocenes are more active than the molybdenocenes with some exceptions.
According to Meléndez et al., the enhancement in cytotoxicity of the tungstenocene deriva-
tives is due to their lower oxidation potentials when compared with their molybdenum
analogs, resulting in higher redox activity under physiological conditions [16]. Even though
the in vitro anticancer activity of Cp,WCl, seems to be quite promising (ICsy values of
38 uM in SW480 and 2.4 uM in CH1/PA-1 cells), this compound is not stable enough when
exposed to air and it is known to decompose in the physiological environment in less than
3 h, making the active species unidentifiable [16].

Table 3. In vitro cytotoxicity (ICsy values) in monolayer cultures of three human cancer cell lines
(A549, SW480 and CH1/PA-1) and IMR-90 fibroblasts; 50% inhibitory concentrations (mean + SD),
obtained by the MTT assay (exposure time: 96 h); n. d., not determined * [21] ** [41].

ICS() Values [HM]

Compound A549 SW480 CH1/PA-1 IMR-90
[CpoW(L1)]PFq (1) >200 >200 85 4 41 n. d.
[Cp,W(L1)ICI (1A) >200 >200 147 + 18 n. d.
[CpoMo(L1)]PFg * >200 >200 >200 n. d.
[CpoW(L2)]PF; (2) 36+ 6 364+ 7 2443 107 4 30
[Cp,Mo(L2)]PFg * 106 + 15 55 4 9 29 + 10 n. d.
[Cp,W(L3)]PF; (3) 19+3 54411 2.7 404 382 + 0.4
[CpaMo(L3)]PF, * 2444 5.6+ 0.2 1.7 +04 n. d.
[Cp,W(L4)]PF, (4) 6.3+05 24405 1.6 £0.5 1142
[CpoMo(L4)]PFg * 57+1.0 1.6 £0.2 0.72 £ 0.13 n. d.
[CpoW(L5)]PF (5) >200 147 4+ 21 >200 n. d.
[CpaMo(L5)]PFg * >200 >200 >200 n. d.

6 141 £ 36 154 + 29 >200 n. d.
7 >200 >200 152 £ 16 n. d.
8 >200 129 +£ 14 93 +15 n. d.
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Table 3. Cont.

ICsy Values [uM]

Compound A549 SW480 CH1/PA-1 IMR-90
9 >200 101 £15 >200 n. d.
10 53+8 13+1 21+1 114 £+ 33
CpoWCl, >200 38 +21 24405 n. d.
CpaMoCl, >200 * >200 * >200 * n. d.
Cisplatin 3.8+1.0* 23+£02* 0.073 if 0.001 14+1

3.6. Drug Sensitivity in 2D and 3D Cultures, Effects on Growth and Morphology

The activity of compounds 1A, 2-10 and Cp,WCl, was compared in conventional 2D
monolayer and 3D multicellular tumor spheroid models. In publications of Meléndez et al.,
new tungstenocenes and molybdenocenes were studied for their cytotoxic activity in 2D-
cultured cell lines such as HT29 (colorectal adenocarcinoma) and MCEF-7 (breast adenocarci-
noma) [16,22]. In addition to these two cell lines, HCT116 (colorectal adenocarcinoma) cells
were selected for analyzing drug sensitivity, effects on growth and morphology, as well as
apoptosis and ROS induction by our novel tungstenocenes. To overcome the limitations of
monolayer-based assays, 3D cell cultures have been chosen to improve the screening of an-
ticancer drug candidates by increasing the dimensionality with all its implications [48-52].
All three cell lines are applicable for 3D cell culture, which more realistically mimics the
biochemical and biophysical environment of solid tumors. For determining the activity
of the new tungstenocenes in 2D and 3D cell cultures the resazurin assay was chosen,
where metabolically active cells reduce the blue non-fluorescent resazurin to red, highly
fluorescent resorufin, enabling the quantification of cell viability by measurement of relative
fluorescent units (RFU) [53].

Compounds 3 and 4, bearing (thio)flavone as chelating ligand, must be highlighted
based on their strong antiproliferative activity. Both complexes showed markedly increased
activity in the low micromolar range in both monolayers and spheroid cultures in the
tested cell lines. These results correlate well with the MTT-based results, where compounds
3 and 4 were found the most cytotoxic ones in CH1/PA-1, SW480 and A549 cell lines
(Tables 3 and 4). The ratios of ICsy values in 3D over 2D models were calculated, where
compounds 3 and 4 displayed their lowest 3D /2D ratios (2.3 and 2.5, respectively) in
HCT116 cells and their highest ratios in MCEF-7 cells (7.0) (Table 524). Thiomaltol complex
2 showed nearly equal but modest activity in 3D and 2D (ratio 1.6) in HCT116 cells;
furthermore, an IC5y was reached in MCF-7 monolayers (66 + 12 uM), but otherwise
ICs) values were higher than the maximum tested concentration (>200 pM). Complex 10
demonstrated activity in monolayers of the two cell lines, whereas in 3D models ICs5( values
could only be reached in HCT116 spheroids, but with a remarkably low ratio between
3D and 2D (1.6) (Table S24). Concentration—effect curves for compounds 2—4 and 10 are
depicted in Figures S30-S32. The other tested tungstenocenes showed nearly no cytotoxicity
in HCT116, HT29 and MCF-7 cells. Obviously, the leaving groups play a crucial role for
cytotoxic activity. Generally, compounds with enhanced cytotoxicity bear (S,0-) bidentates
in the ancillary position, whereas complex 3 bearing a (O,0-) chelating flavone ligand
tends to be similarly cytotoxic as complex 4 in 2D and 3D cell culture models.

The two most cytotoxic compounds 3 and 4 bearing (thio)flavone ligands, were in-
vestigated for their impact on long-term proliferation capacity. For better comparison,
a concentration of 10 pM was used for both complexes in all three cell lines. Spheroids
were grown for 4 days (to average diameters of 304 £ 1 um (HCT116), 334 £ 6 um (HT29)
and 331 & 7 um (MCF-7)) and then treated with the tungstenocenes for a further 4 days.
Cell growth and morphology was monitored every day and the respective diameters were
determined (Figures 4 and 533-536). Both compounds were capable of inhibiting spheroid
growth with similar magnitude. HCT116 spheroids treated with complex 3 showed a
markedly reduced growth (p < 0.0001) compared to the untreated control, and complex 4
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completely stopped spheroid growth (p < 0.0001) already after 24 h incubation (Figure 4).
In the other two cell lines, HT29 and MCF-7, both complexes were able to completely stop
spheroid growth (in all cases p < 0.0001) already after 24 h treatment (Figures S33-536).
When comparing the morphologies of the three different spheroid models, the compactness
and the nice spherical shape of HCT116 and HT29 could be noticed, while MCF-7 demon-
strated a less even outer margin. Remarkably, the structural integrity in the proliferating
zone of HT29 spheroids under treatment with complex 4 was obviously lower, already after
48 h incubation.

Subsequently, the tungstenocene-induced inhibition of cell proliferation was inves-
tigated via the cell cycle regulated protein KI67, which is widely used as a proliferation
marker [54-56]. HCT116 spheroids were grown for 4 days and exposed to complexes 3
and 4 (both 10 uM) for 72 h. The treated spheroids were cryo-sectioned followed by KI67
immunofluorescence labelling and confocal laser scanning microscopy. The low number of
KI67* cells indicated high antiproliferative activity of the treated sample. In the untreated
control, the vast majority of KI67* cells were detected at the periphery of the multicellular
tumor spheroid (MTS) section. In total 38.1 = 7.3% of cells in the control were found to be in
proliferating state, in contrast to the exposed samples, where the numbers of proliferating
cells decreased significantly (15.8 £ 2.8% for complex 3 and 19.1 £ 1.3% for complex 4)
(Figure 5, Table S25). While it is apparent that tungstenocene treatment inhibits the pro-
liferation of cells in the outermost layers of the spheroid (Figure 5) Ki67" cells could be
observed in deeper regions, showing that proliferation persists in the inner parts of the MTS.
A 2.4- and 2-fold reduction in number of KI67* cells was quantified relative to untreated
control, for complex 3 and complex 4, respectively (in both cases p < 0.05 (Figure S37)).
Interestingly, complex 4 was observed to efficiently inhibit the proliferation of the cells on
the edge but barely in the inner of the spheroid (Figure 5). These findings might reflect a
limited uptake of complex 4 into the deeper zones of HCT116 spheroids; for this purpose,
W distribution was investigated in cryo-sectioned HCT116 spheroids via LA-ICP-TOF-MS
(laser ablation (LA) in combination with inductively coupled plasma time-of-flight mass
spectrometry (ICP-TOF-MS)).

Table 4. Inhibition of cancer cell growth (ICsg) in 2D and 3D cultures of the human cancer cell
lines HCT116, HT29 and MCEF-7; 50% inhibitory concentrations (mean =+ SD) of Cp,WCl, and ten
tungstenocenes, obtained by the resazurin assay (exposure time: 96 h).

ICso Values [uM]

Compound HCT116 HT29 MCE-7
2D 3D 2D 3D 2D 3D

1A >200 >200 >200 >200 >200 >200
2 98 £12 158 + 28 53+ 9 >200 66 £ 12 >200
3 92+14 21 +4 17+ 4 86 £2 6.5+ 1.8 4 +1
4 6.0 09 15+4 55+1.0 31+6 27+£07 19+2
5 >200 >200 >200 >200 >200 >200
6 >200 >200 >200 >200 172 + 45 >200
7 >200 >200 >200 >200 >200 >200
8 >200 178 + 14 >200 >200 163 + 32 >200
9 >200 >200 >200 >200 147 £15 >200
10 42 +3 69 £12 54 £2 >200 29+4 >200

CpoWCl, >100 >100 >100 >100 >100 >100
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Figure 4. (A) Time-dependent growth of HCT116 spheroids upon treatment with complexes 3 and
4 (both 10 pM) and untreated control, detected for 96 h (treatment started on day 4 after seeding).
Images represent one captured spheroid out of three experiments. Scale bar = 500 um (B) Growth
curves for spheroids of HCT116 cells treated with complexes 3 and 4 (both 10 uM) and untreated
control. Measurements started on day 4 (after seeding) with spheroid diameters of 304 = 1 um and

were continued every 24 h for additional 4 days. (C) Spheroids were initiated on day 0, treated with

complexes 3 and 4 (both 10 uM) on day 4, diameters of spheroids were obtained at the beginning
of the treatment (0 h) and at the end (96 h). Unpaired ¢-test with Welch's correction (n = 72) was
performed for statistical evaluation (**** p < 0.0001).
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complex 3 untreated

complex 4

KI67 DAPI Overlay

Figure 5. Confocal laser scanning fluorescence microscopy of paraformaldehyde (PFA)-fixed, 5 um
cryo-sectioned HCT116 spheroids, untreated or treated with complex 3 (20 uM) and complex 4
(15 uM) for 72 h. Detection of KI67 (proliferation marker, red) and DAPI-staining (nuclei, blue), and
co-localized fluorescence (magenta). Scale bar = 50 pum.

3.7. W Distribution in HCT116 Tumor Spheroids

Multicellular HCT116 spheroids were treated with complexes 3 and 4 at sub cytotoxic
concentration (10 uM) for analyzing the distribution of W (Figure 6) and qualifying a panel
of other abundant elements by using high-resolution laser ablation (LA) in combination
with inductively coupled plasma time-of-flight mass spectrometry (ICP-TOF-MS). Signal
intensity of elements (isotopes) of biological relevance were measured after 48 and 72 h
incubation with the two selected tungstenocenes. Flavone complex 3 yielded the highest
tungsten accumulation in the inner layers of multicellular tumor spheroids (indicated by
yellow color in Figure 6). These findings correlate well with proliferation marker (KI167)
analysis (Figure 5), where a significantly lower level of KI67 signal was detected in the
outer rim of the spheroid section, illustrating a clear decline in proliferative activity. The
capacity of deep penetration of complex 3 indicates an increased chance of damaging
non-proliferating tumor cells in the quiescent zone and in the spheroid core. Remarkably,
thioflavone complex 4 displayed a tungsten enrichment predominantly in the proliferating
zone and slighter signals in the quiescent zone or in the inner core. This suggests that the
actively dividing cancer cells in the periphery of MTS accumulate tungsten to a high extent.
Thus, the W distribution pattern of the two most cytotoxic tungstenocenes differs extremely,
although these two complexes only differ in the presence of W-S or W-O bonds. These
findings also suggest that the flavone ligand is more favorable for entering the spheroids
and reaching the inner core, whereas it induces less cytotoxicity in all three tested cell lines
than the thioflavone counterpart. In addition to tungsten (\82W*), qualitative bioimaging
was evaluated of 2Na*, 24Mg‘r, 31p+ and %0Zn* after 48- and 72-h incubation at different
concentrations, at 10 uM and additionally roughly at ICsy values (15 pM and 20 uM) for
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each compound. A pronounced accumulation of 2*Na*, 2Mg* and 3!P* could be observed
in the outer rim of the selected spheroid sections, whereas the accumulation of 667n* is
negligible (Figures S38-540).

1827+

complex 3

—
100 um

182w+ [cts]

complex 4

[R——
0 100 um

48 h 72 h

Figure 6. Qualitative images obtained by LA-ICP-TOF-MS for W distribution in HCT116 spheroids
after treatment with complex 3 (10 uM) and complex 4 (10 uM) for 48 and 72 h. High-resolution laser
ablation images were measured with a 5 um square mask, double oversampling and a repetition rate
of 200 Hz. (Scale bar = 100 um).

3.8. Oxidative Stress Studies

Intracellular reactive oxygen species (ROS) levels were quantified in HCT116, HT29
and MCF-7 cell lines by using the fluorescent dye DCFH-DA. Fluorescence induction is pro-
portional to the number of radicals produced by cells which were exposed to metallocenes,
and the development of the fluorescence signal was detected every 10 min for two hours.
Due to the short incubation time, higher concentrations (2, 20, 100 and 200 uM) than the
ICs) values determined after 96 h were applied. Pronounced elevation of ROS levels by
complexes 1A, 3 and 9, which are (O,0-) chelate bearing tungstenocenes, was observed in
all three cell lines (Figure 7, Figures 541 and 542). Complex 10 is the only tungstenocene
with a (S,0-) chelate, which elicits relevant ROS generation. With these four complexes,
clear concentration- and time-dependent effects could be observed. Unexpectedly, the
behavior of compound 4 differed markedly, because measurements suggest concentration-
dependent anti-oxidative properties. However, the intensely red colored complex 4 was
found to quench the fluorescence of the product DCF (2/,7'-dichlorofluorescein) in a cell-
free assay. DCF (5 pM) and complex 4 (20 and 200 uM) were applied alone as well as in
combination (DCF (5 uM) + complex 4 (20 uM) and DCF (5 pM) + complex 4 (200 uM)).
In the combination with lower concentration of complex 4 36.8% and with the higher
concentration 77.2% lower fluorescence intensities were detected relative to DCF (5 M)
alone (Figure 543). The other tested complexes caused only minor or negligible alterations
of ROS signals in a concentration- and time-dependent manner. These findings indicate that
ROS production may play a role in the mode of action for at least some of the compounds.
For a better understanding of the biological activity of tungstenocenes containing (O,0-),
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(5,0-) and (N,0O-) chelates, the relation between intracellular ROS levels and initiation of
apoptosis and necrosis was examined.
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Figure 7. Time- and concentration-dependent intracellular reactive oxygen species (ROS) generation
in HCT116 cells. Cells were treated with tungstenocenes (2, 20, 100 and 200 uM) and tert-butyl-
peroxide (200 and 400 pM) as positive control. Fluorescence intensities of DCF indicating ROS
levels (relative to the untreated control) were measured with a spectrophotometer. Data from
three independent experiments with n = 3 wells per measurement are given as means =+ standard
deviations. The dashed, blue line indicates the ROS level of untreated controls to which the other
values were normalized.

3.9. Apoptosis Studies

Translocation of phosphatidylserines (PS) is a classic apoptotic hallmark [57,58]. In
viable cells, they are located on the inner leaflet of the plasma membrane, whereas they
are translocated to outer leaflet in cells undergoing apoptosis. There, they can be detected
with fluorescent-labeled annexin V, which specifically binds to PS. Besides annexin V, the
DNA-intercalating agent propidium iodide (PI) is used to stain the nuclei of necrotic and
late apoptotic cells. This annexin V-FITC/PI double staining enables a differentiation
between viable cells, which are negative for both dyes (AV—/PI—), early apoptotic cells,
which are annexin V positive and PI negative (AV+/PI—-), late apoptotic cells, which are
positive for both annexin V and PI (AV+/PI+), and necrotic cells, which are positive for PI
only (AV—/PI+) [59,60].



Pharmaceutics 2023, 15, 1875

22 of 27

In accordance with ROS and cytotoxicity studies (resazurin assay), 200 uM were
applied of almost all tested tungstenocenes for 24 h; only complexes 3 and 4, with the
most promising cytotoxicity, were examined with a wider concentration range. Flavone
complex 3 strongly induced apoptosis at the highest tested concentrations with up to 94%
in HCT116 (200 uM), 83% in HT29 (200 uM) and 17.5% in MCF-7 (50 uM) cells (Table S26).
Furthermore, complex 3 caused a tremendous concentration-dependent increase in early
and late apoptotic phases in all three cell lines (Figure S44), exemplarily illustrated for
HCT116 cells in Figure 8. The other potent compound was thioflavone complex 4, which
induced apoptosis even at 20 pM in up to 33% (HCT116), 36% (HT29) and 13% (MCEFE-7) of
cells (Table S26 and Figure 545). In MCF-7 cells a distinct concentration dependency was
shown for the detection of total apoptotic events induced by compound 4; however, also the
necrotic population increased. This specific phenomenon was obtained only in MCF-7 cells,
whereas in the other two cell lines the necrotic fractions were rather minor (Figure 545).
Surprisingly, thiomaltol complex 2 (200 uM), demonstrated strong apoptotic effect in
HCT116 cells with up to 34% and in MCF-7 cells with up to 30%. Thioethylmaltol complex
10 (200 pM) also induced apoptosis in up to 52%, but only in MCF-7 cells (Table 526).

negative control complex 3 [2 uM] complex 3 [20 uM]

4
" Jen @z
399 ‘. 155

" Jan @z L =]
a7 . 612 477

complex 3 [200 uM]

" Jen @z
429 . i asn
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[=L3 i Q3
069 o
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Figure 8. Flow-cytometric analysis (annexin V/PI assay) of apoptosis induction by complex 3 after
24 h in HCT116 cells. Scatter plots represent necrotic (Q1: AV—/PI+), late apoptotic (Q2: AV+/PI+),
early apoptotic (Q3: AV+/PI—) and viable (Q4: AV—/PI—) cell fractions (percentages indicated
correspondingly) of a representative experiment.

To sum up the results of annexin V/PI assay, the tungstenocenes bearing a (S,0-)
chelate revealed a higher ability to induce early or late apoptosis than the complexes with
(O,0-) or (N,0O-) chelates.

3.10. Cell-Free DNA Interaction Assay

In order to elucidate if tungstenocenes interact with DNA, a cell-free dsDNA plasmid
assay was performed. The intact dSDNA plasmid is mostly present in negatively super-
coiled (sc) form, and upon drug interaction it may gradually convert to an open circular
(oc) form, linear or interhelically cross-linked DNA, which results in altered electrophoretic
mobility of the plasmid. This DNA damage may result from various forms of interaction
such as cross-linking, intercalation or strand breakage. Platinum complexes such as cis-
platin are capable of altering the secondary structure of the DNA mainly by formation of
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cross-links [61,62]. To investigate a possible platinum-like behaviour of tungstenocenes,
50 uM of the complexes were incubated with pUC19 plasmid up to 6 h at 37 °C. A consider-
able interaction was observed by complexes 2—4, 8 and 10, suggesting single-strand breaks
rather than cross-linking (Figure S46) in contrast to cisplatin [63]. Complex 8 showed the
highest ability to induce single-strand breaks (15 &+ 2%) untwisting the sc form to the oc
form, even though this complex did not show pronounced cytotoxicity (Figure S47). From
a comparison of the five most dsDNA damaging complexes (24, 8 and 10), it becomes
obvious that all of the (O,5-) chelate bearing tungstenocenes interact with DNA. The only
complex with an (O,0-) chelate showing the ability to induce DNA nicks is complex 3.
The other tested tungstenocenes did not induce any or only negligible changes in the
electrophoretic pattern. The minor effects on dsDNA observed and their poor correlation
with cytotoxic potency argue against a crucial involvement of DNA interactions in the
mode of action of the tested compounds.

4. Conclusions

Severe side effects, acquired tumor resistance and a limited number of responsive
tumors are the limiting factors for platinum-based anticancer drug therapy in the clinic.
Among the diverse metal compounds that might overcome these obstacles by potentially
different modes of action and more selective anticancer activity, tungsten complexes have
hardly received any attention thus far. Hence, we synthesized and characterized ten
tungstenocene derivatives bearing different ligand scaffolds with various coordination
motifs. Stability studies over 24 h in aqueous solution (1% DMSO in 10% PBS) via UV /Vis
spectroscopy showed that some compounds precipitated over time; however, no hydrolysis
or decomposition is indicated. The electrochemistry of all compounds was investigated
by cyclic voltammetry. Although a direct comparison to the physiological system is not
possible, due to measurements in MeCN, all complexes except for 6 show reversible W'V
to WV peaks at such high potentials that decomposition due to redox processes in the
physiological range should not be problematic.

Very auspicious in vitro anticancer activity was found in six human cell lines (A549,
CH1/PA-1, HCT116, HT29, MCE-7, SW480), especially for complexes 3 and 4, exhibiting
ICs values mostly in the low micromolar range in monolayer cultures. An impact of
the bidentate ligand donor system on the cytotoxicity was observed, with (S,0-) donors
demonstrating improved ICsy values when compared to the (O,0-) donors. Furthermore,
a certain selectivity of compounds 2, 3, 4 and 10 for malignant cells over non-malignant
fibroblasts was observed. The cytotoxicity of complexes 3 and 4 is hardly affected in 3D cell
culture (ICsq ratios 3D/2D: 2.3 and 2.5, respectively). Growth curves of HCT116, HT29 and
MCEF-7 multicellular tumor spheroids under treatment with complexes 3 and 4 (both 10 uM)
indicate that both complexes were able to inhibit or completely stop growth and induce
changes in the morphology of spheroids within the first 24 h of a 96-h treatment. To support
these results, proliferating cells in cryo-sectioned HCT116 spheroids were detected via
immunofluorescence imaging of KI67. Notable decreases of KI67* cells were observed upon
treatment with complexes 3 and 4 after 72 h incubation. A 2.4-fold reduction in number of
KI67* cells by complex 3 (20 uM) and 2-fold reduction by complex 4 (15 uM) was observed
relative to the untreated control, (p < 0.05, respectively). Both compounds inhibited the
proliferation of cells in the periphery of the spheroid with differing distribution patterns of
KI67* cells. This prompted us to investigate the W distribution in cryo-sectioned HCT116
spheroids via LA-ICP-TOF-MS. The signal intensity maps of W differed fundamentally,
suggesting that the flavone-bearing complex 3 is more capable of entering deeper parts of
the spheroids, whereas the thio-analogue 4 showed a higher accumulation in the outer rim
of the spheroids.

To dig deeper into the mode of action of the novel tungstenocenes, the potential to
form reactive oxygen species and apoptosis induction were studied in monolayer cultures
of three cell lines (HCT116, HT29, MCE-7). The measured intracellular ROS levels spanned
a wide range from slightly antioxidant up to highly oxidant effects, depending on the
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cell line as well. In all three cell lines an increase of ROS upon treatment with complexes
1A, 3, 9 and 10 (except complex 3 in MCEFE-7 cells) was detected. Complex 10 is the only
tungstenocene with a (S,0-) chelate which was able to induce ROS development. Both
complexes 3 and 4 induced apoptosis (and necrosis) in a concentration-dependent manner
in all three cell lines. Furthermore, the capacity of altering DNA secondary structure of the
ten tungstenocenes was investigated in a cell-free assay. Complexes 2—4, 8 and 10 interacted
with plasmid dsDNA by causing single-strand breaks to a certain extent, but no other forms
of DNA damage were indicated. Over all assays, the (S,0-) chelate bearing complexes tend
to be more active than their (O,0-) and (N,O-) counterparts, but the current study also
suggests a somewhat different mode of action of these complexes, although they only differ
by the presence of a W-S or W-O bond.
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www.mdpi.com/article/10.3390/pharmaceutics15071875/s1, Synthesis of ligands, materials, NMR-
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finement of compound (Tables S3-522), cyclic voltammetry data (Figures S12-517), UV /Vis spec-
troscopy data (Figures S18-527), wavelength of the peak maxima and molar extinction coefficients
(Table S23), concentration-effect curves of MTT assay (Figures S28 and 529), resazurin assay (Table 524,
Figures S30-532), time-dependent growth of spheroids and growth curves (Figures S33-S36), statis-
tical data of immunofluorescence staining (Table S25, Figure S37), laser ablation (Figures S38-540),
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Synthesis of Ligands

3-Hydroxy-2-methyl-4H-pyran-4-thione (L2)

0] S
OH OH
| | Lawesson's reagent __ | |
1,4-Dioxane
0] 0]
M= 126,11 g/mol M= 142,18 g/mol

Maltol (1.00 g, 8.2 mmol) and Lawesson’s reagent (1.70 g, 4.2 mmol) were dissolved in 1,4-
dioxane (20 mL) and refluxed for 4 hours. The solvent was removed and after column
chromatography (n-hexane/ethyl acetate = 10:1) the yellow crystalline product was obtained

and dried in vacuo.
Yield: 0.368 mg (32%), yellow crystals

NMR-Spectroscopy: 'H-NMR (ds-DMSO): & = 2.40 (s, 3H, CHzs), 7.35 (d, 1H, 3J(H, H)= 5 Hz,
H5), 8.0 (d, 1H, 3J(H, H) = 5 Hz, H6), 8.28 (s, 1H, OH).



5-Hydroxy-2-methyl-4H-pyran-4-thione (L8)

0O S
OH OH
| | Lawesson's reagent | |
1,4-Dioxane
O O
M =126.11 g/mol M =142.18 g/mol

Allomaltol (1.00 g, 8.2 mmol) and Lawesson’s reagent (1.70 g, 4.2 mmol) were dissolved in 1,4-
dioxane (20 mL) and refluxed for 4 hours. The solvent was removed and after column

chromatography (n-hexane/ethyl acetate = 10:1) the yellow crystalline product was obtained
and dried in vacuo.

Yield: 0.210 mg (17%), yellow crystals

NMR-Spectroscopy: 'H-NMR (ds-DMSO): & = 2.33 (s, 3H, CHz), 7.35 (s, 1H, H3), 8.27 (s, 1H,
H6), 8.42 (s, 1H, OH).




2-Ethyl-3-hydroxy-4H-pyran-4-thione (L10)

0 S
OH OH
| | Lawesson's reagent __ | |
1,4-Dioxane
@) 0]
C,HgO; C7HgO,S
M = 140.14 g/mol M = 156.2 g/mol

Ethylmaltol (2.00 g, 14.3 mmol) and Lawesson’s reagent (1.92 g, 4.8 mmol) were dissolved in
1,4-dioxane (40 mL) and refluxed for 4 hours. The solvent was removed and after column
chromatography (n-hexane/ethyl acetate = 10:1) the yellow product was obtained and dried in

vacuo.
Yield: 1.304g (59%), yellow-orange oil
NMR-Spectroscopy: 'H-NMR (ds-DMSO): & = 1.22 (t, 3H, 3J(H, H)= 7,6 Hz, CHzs), 2.78 (q, 2H,

3J(H, H)= 7,6 Hz, CHz), 7.36 (d, 1H, 3J(H, H)= 5 Hz, H5), 8.13 (d, 1H, 3J(H, H)= 4,9 Hz, H6),
8.29 (s, 1H, OH).
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Figure S1: Complex atom numbering for NMR peak assignments of compounds 1-10.

Figure S2: '"H NMR of compound 1 measured in DMSO-ds.
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Figure S3: '"H NMR of compound 2 measured in DMSO-ds.
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Figure S4: '"H NMR of compound 3 measured in DMSO-ds.
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Figure S5: '"H NMR of compound 4 measured in DMSO-ds.
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Figure S6: "H NMR of compound 5 measured in DMSO-ds.
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Figure S7: '"H NMR of compound 6 measured in DMSO-ds.
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Figure S8: '"H NMR of compound 7 measured in DMSO-ds.
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Figure S9: '"H NMR of compound 8 measured in DMSO-ds.

Figure $10: '"H NMR of compound 9 measured in DMSO-de.
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Figure S11: '"H NMR of compound 10 measured in DMSO-ds.

Mass Spectrometry

Table S1: ESI-MS experimental and theoretical m/z values of compounds 1-10.

Detected ion m/z [Cp2W(L)]*calc
[Cp2W(L1)T* 439.05 439.05
[Cp2W(L2)]* 45517 455.03
[Cp2W(L3)T* 585.05 585.05
[Cp2W(L4)T* 601.02 601.10
[Cp2W(L5)]* 436.05 436.05
[Cp2W(L6)]* 452.08 452.07
[Cp2W(LT)]* 439.02 439.05
[Cp2W(L8)I 454.98 455.03
[Cp2W(L9)T* 452.97 453.07

[Cp2W(L10)]* 468.93 469.05

12
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X-ray diffraction analysis

Table S2: Experimental parameters.

Detector

Time/

Frame

Sample Machine Source Temp. Distance Frame #Frames width CCDC
Bruker K] [mm] [s] [°]
1 KP2576 D8 Mo 100.0 40 6 180 1.000 2074976
2 Albal12 D8 Mo 100.0 34 10 473 0.500 2074974
3 Ikbe318a X8 Mo 100.0 35 60 1100 0.500 2074975
4 Ikbe313a X8 Mo 100.0 35 60 1100 0.500 2074977
5 Ikbe335a D8 Cu 100.0 34 10 5316 0.500 2074979
6 Tkbe334a X8 Mo 100.0 35 10 5615 0.500 2074980
7 Alball9 D8 Mo 100.0 35 6 758 0.500 2074978
8 Alball5 D8 Mo 100.0 35 50 2168 0.500 2074981
9 Albal39 D8 Mo 100.0 35 60 239 0.500 2074982
10 Albal47 D8 Mo 100.0 35 7 5150 0.500 2074983
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Bis(n°-cyclopentadienyl)[2-methyl-3-(oxo-kO)-4-(1H)-pyran-4-ato-kOJtungsten(lV) chloride, 1A

Table S3: Sample and crystal data of compound 1A.

Chemical formula C16H15CIOsW Crystal system orthorhombic
Formula weight

| [g/mol] 474.58 Space group Cmca
Temperature [K] 100 Z 8
Measurement \f and \w scans Volume [A3] 3638.3(7)
method
Radiation MoKa (A = 0.71073) dimensions c[lel 12.8287(10) 90
(Wavelength [A]) ' and [] '
Crystal size / [mm?] 0.2 x 0.1 x 0.09 24.661(3) 90
Crystal habit clear red needle 11.5002(12) 90

. Absorption
Density (calculated) / 1733 coefficient |/ 6.502
[glcm ] [mm1]
Abs. correction Tmin 0.6395 Abs. correction 0.7452
Tmax

Abs. correction type multiscan F(000) [e] 1808

Table S4: Data collection and structure refinement of compound 1A.

Index ranges

-156=sh<14,-28<k

Theta range for
data collection

4.844 to 50.724

<29, -13<1<13 o
[°]
Reflections number 11264 Pata I restraints 1750/24/127
parameters
. R1=0.0331, wR2 =
Refinement method Least squares all data 0.0497
Final R indices
. C R1 =0.0245, wR2 =
2 2\2 .
Function minimized 2 w(Fo® - Fe?) 1>20(1) 0.0468

Goodness-of-fit
F2

on

1.062

Largest diff. peak
and hole [e A?]

0.57/-0.66

Weighting
scheme

w=1/[02(F0?)+(0.0116P)?+4.3718P]

where P=(Fo?+2F?)/3
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Bis(n5-cyclopentadienyl)[2-methyl-3-(ox0-kO)-4-(1H)-pyran-4-thionato-kSJtungsten(IV)

hexafluorophosphate, 2.

Table S5: Sample and crystal data of compound 2.

Chemical formula

C16H1502SWPFs

Crystal system

orthorhombic

Formula weight 600.16 Space group Pnma
[g/mol]
Temperature [K] 100 V4 4
Measurement method \® and \w scans Volume [A3] 1745.34(7)
Radiation MoKa Uni cell dimensions 16.7909(4) 90
( Wavelength [A] ) (A=0.71073) [A] and [°]
Crystal size / [mm?] 0.1 x 0.07 x 0.03 8.3122(2) 90
Crystal habit clear red block 12.5052(3) 90
Density calculated / 2.284 Absorption coefficient / 6.901
[g/cm?’] [mm"]
Abs. correction type multiscan F(000) [e] 1144.0

Table S6: Data collection and structure refinement of compound 2.

Index ranges

-23=h=<23,-10<k
=1,-17=1=<17

Theta range for
data collection

[]

4.852 10 60.138

hole [e A?]

Reflections number 14654 Data / 2718/0/143
restraints /
parameters
Refinement method Least squares [all data] R1=10.0185, wRz =
Final R indices 0.0355
Function minimized Z w(Fo? - Fc?)? [>=20 (1) R1=0.0156, wR2 =
0.0347
-of-fi 2
Goodness-of-fit on F 1.065 Weighting w=1/[02(F0?)+(0.0182P)%+ 0.0507P]
Largest diff. peak and 0.46/-1.22 scheme

where P=(Fo?+2F?)/3
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Bis(n®-cyclopentadienyl)[2-(4-chlorophenyl)-3-(ox0-kO)-4(H)-chromen-4-oato-kOJtungsten(lV)

hexafluorophosphate, 3.

Table S7: Sample and crystal data of compound 3.

Chemical formula C28H24CIF604PW | Crystal system monoclinic
Formula weight
[g/mol] 788.74 Space group P21/n
Temperature [K] 100.0 Y4 4
Measurement 3
method \® and \w scans Volume [A3] 2687.6(7)
Radiation Unit cell
(Wavelength [A]) MoKa (A =0.71073) dimensions 11.5665(17)) 90
g [A] and []
Crystal size / [mm?3] 0.1 x 0.09 x 0.02 15.593(2) 99.365(7)
Crystal habit clear brown plate 15.103(2) 90
. Absorption
Density (calcsulated) / 1.949 coefficient / 4.534
[g/cm?] p
[mm~]
Abs.
Abs. correction Tmin 0.5993 correction 0.7452
Tmax
Abs. correction type multiscan F(000) [e7] 1536.0

Table S8: Data collection and structure refinement of compound 3.

Index ranges

13<h<13,-18 <k
<18,-17<1<18

Theta range for
data collection

[°]

4.422 t0 50.792

Reflections number

33217

Data /
restraints /
parameters

Refinement method

Least squares

Function minimized

2 W(F02 - Fc2)2

Final R indices

4860/24/372

R1 = 0.1453 wR2 =
all data 0.1280

R1 = 0.0592, wR2 =
1>20(1) 0.1023

Goodness-of-fit on
F2

0.966

Largest diff. peak
and hole [e A3]

1.35/-1.80

Weighting
scheme

w=1/[02(F0?)+(0.0533P)?]

where P=(Fo>+2F?)/3
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Bis(n°-cyclopentadienyl)[2-(4-chlorophenyl)-3-(oxo-kO)-4(H)-chromen-4-

thioato-kS]tungsten(1V) hexafluorophosphate, 4.

Table S9: Sample and crystal data of compound 4.

Chemical formula C28H24CIF603PSW Crystal system monoclinic
Formula weight
[g/mol] 804.80 Space group P21/n
Temperature [K] 100.0 Z 4
Measurement 3
method \® and \w scans Volume [A3] 2749.9(2)
Radiation Unit cell
A MoKa (A =0.71073) dimensions 11.4548(5) 90
(Wavelength [A]) [A] and []
Crystal size / [mm?] 0.2x0.1x0.08 15.8196(7) 98.874(2)
Crystal habit clear brown block 15.3591(7) 90
. Absorption
Density (calculated) / 1.944 cooficient | 4.504
[glcm3] ' [mm-1] '
Abs.
Abs. correction Tmin 0.5497 correction 0.7460
Tmax
Abs. correction type multiscan F(000) [e] 1568.0

Table S10: Data collection and structure refinement of compound 4.

Index ranges

-16<h<16,-22<k
<22,-21<1<21

Theta range for
data collection

[]

4.426 to 60.558

Reflections number

191709

Refinement method

Least squares

Function minimized

b3 W(Fo2 - F02)2

Data /
restraints / 8120/1/391
parameters
R1=0.0251, wR2 =
all data 0.0499
Final R indices m— (')200 >
= 0. , W =
1>2a(1) 0.0464

Goodness-of-fit on
FZ

1.070

Largest diff. peak
and hole [e A?]

1.15/-0.78

Weighting

w=1/[62(F0?)+(0.0186P)2+ 3.9570P]

scheme

where P=(F,?+2F:?)/3
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Bis(n®-cyclopentadienyl)[2-(carboxylato-kO)-pyridine-kS]tungsten(lV) hexafluorophosphate, 5.

Table S11: Sample and crystal data of compound 5.

Chemical formula C16H14F6NO2PW | Crystal system orthorhombic
Formula weight
[g/mol] 581.10 Space group Pca2+
Temperature [K] 100.0 V4 4
Measurement 3
method \® and \w scans Volume [A3] 1685.40(15)
Radiation Unit cell
(Wavelength [A]) MoKa (A =0.71073) dimensions 12.3684(6) 90
g [A] and [*]
Crystal size / [nm3] | 0.388 x 0.267 x 0.026 9.9666(5) 90
Crystal habit clear brown plate 13.6723(7) 90
. Absorption
Density (calculated) / 2.290 coefficient / 14.334
[g/cm?] "
[mm™]
Abs.
Abs. correction Tmin 0.3492 correction 0.7536
Tmax
Abs. correction type multiscan F(000) [e] 1104.0

Table S12: Data collection and structure refinement of compound 5.

Index ranges

-14=h=<14,-11 <Kk

Theta range for
data collection

6.464 to 130.124

<11,-16<1<14 o
[l
Data /
Reflections number 33349 restraints / 2841/1/245
parameters
Refinement method Least squares all data R1= Obofg;aWRz -
Final R indices '
Function minimized % w(Fo? - Fe?)? 1>20() R1= OOOSSQ%WRZ -

Goodness-of-fit on
FZ

1.107

Largest diff. peak
and hole [e A?]

3.51/-1.43

Weighting

w=1/[02(F0?)+(0.0748P)%+ 1.5724P]

scheme

where P=(Fo?+2F?)/3
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Bis(n’-cyclopentadienyl)[1,2-dimethyl-3-(ox0-kO)-4-(1H)-pyridonato-kOJtungsten(lV)

hexafluorophosphate, 6.

Table S13: Sample and crystal data of compound 6.

Chemical formula C17H18F6NO2PW | Crystal system orthorhombic
Formula weight
[g/mol] 597.14 Space group Pna2;
Temperature [K] 100.0 Y4 4
Measurement 3
method \® and \w scans Volume [A3] 1782.06(14)
Radiation Unit cell
A MoKa (A =0.71073) dimensions 20.8991(10) 90
(Wavelength [A]) [A] and []
Crystal size / [mm?3] 0.15x0.13 x 0.04 7.9947(4) 90
Crystal habit clear brown plate 10.6658(4) 90
. Absorption
Density (calculated) / 2.226 coefficFi)eIntl 6.646
[glcm3] ) [mm1] '
Abs. correction Tmin 0.5250 Abs. _c;:nr;e(ction 0.7460
Abs. correction type multiscan F(000) [e]] 1144.0

Table S14: Data collection and structure refinement of compound 6.

Index ranges

29<h<29, -11<k

Theta range for
data collection

1.948 to 60.322

<11,-15<1<14 o
[°]
Data /
Reflections number 115981 restraints / 5108/1/280
parameters
Refinement method Least squares all data R1= 00033?1 wR2 =
Final R indices -
Function minimized % W(Fo? - F?)? 1>20(1) R1= 0603 ;”3’7“”” =

Goodness-of-fit on
FZ

1.045

Largest diff. peak
and hole [e A?]

1.36/-0.69

Weighting
scheme

w=1/[0%(Fo?)+(0.0142P)?+ 0.4852P]

where P=(F,?+2F:?)/3
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Bis(n°-cyclopentadienyl)[2-methyl-5-(ox0-kO)-4-(1H)-pyran-4-ato-kO]
hexafluorophosphate, 7.

Table S15: Sample and crystal data of compound 7.

tungsten(IV)

Chemical formula C16H15FsO3PW Crystal system orthorhombic
Formula weight 584.10 Space group Pmn24
[g/mol]
Temperature [K] 100 Y4 2
Measurement method | \® and \w scans Volume [A3] 854.39(7)
Radiation MoKa (A = Unit cell dimensions 8.5280(4) 90
( Wavelength [A] ) 0.71073) [A] and []
Crystal size / [mm?] 0.14 x 0.14 x 0.04 6.8174(3) 90
Crystal habit Clear brown block 14.6957(6) 90
Density calculated / 2.270 Absorption coefficient / 6.931
[g/cm?] [mm-']
Abs. correction type multiscan F(000) [e] 556.0
Table S16: Data collection and structure refinement of compound 7.
Index ranges -10=h<10,-8<k | Thetarange for 5.522 to 50.692
<8,-17=<1=<17 data collection [°]
Reflections 6904 Data / restraints / 1666/1/143
number parameters
Refinement Least squares [all data] Ri= 0.0283, wR:2=
method Final R indices 0.0647
Function z w(Fo? - Fc?)? >=20(I) | Ri= 0.0269, wRz2=
minimized 0.0642
?2°°d"ess'°f'f't on 1.059 w=1/[0%(Fo2+(0.0383P)2+1.1113P]
Largest diff. peak 2.08/-0.65 Weighting scheme

and hole [e AJ]

where P=(Fo?+2F:?)/3
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Bis(n®-cyclopentadienyl)[2-methyl-5-(ox0-kO)-pyran-4-(1H)-thionato-kS] tungsten(1V)

hexafluorophosphate, 8.

Table S17: Sample and crystal data of compound 8.

Chemical formula Ci16H15F6O2PSW Crystal system monoclinic
Formula weight 600.16 Space group P21/c
[g/mol]
Temperature [K] 100 Y4 4
Measurement method | \® and \w scans Volume [A3] 1730.5(6)
Radiation MoKa (A =0.71073) Unit cell dimensions 7.6463(16) 90
( Wavelength [A] ) [A] and [°]
Crystal size / [mm?] 0.3x0.2x0.01 20.383(4) | 93.003(7)
Crystal habit clear brown block 11.118(2) 90
Density calculated / 2.304 Absorption coefficient / 6.960
[g/lcm?] [mm]
Abs. correction type multiscan F(000) [e] 1144.0

Table S18: Data collection and structure refinement of compound 8.

Index ranges -8<h=<9,-24 <| Thetarange for 5.334 to 50.698
k <24, -13 < | < | data collection [°]
13
Reflections 18772 Data / restraints / 3111/60/245
number parameters
Refinement Least squares [all data] R1=0.0859, wR2 = 0.1671
method Final R indices
Function Z w(Fo? - Fc?)? 1>=20 (I) R1=0.0671, wR2 = 0.1546
minimized
Goodness-of-fit on 1.164 A2 5 5
F2 Weighting w=1/[0%+(Fo*+(0.0175P)“+93.7428P]
Largest diff. peak 2.13/-2.36 scheme e 2 2
and hole [e A] where P=(Fo*+2F:?)/3
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Bis(n®-cyclopentadienyl)[2-ethyl-3-(0x0-kO)-4-(1H)-pyran-4-ato-kO]

hexafluorophosphate, 9.

Table S19: Sample and crystal data of compound 9.

tungsten(IV)

Chemical formula C17H17FsOsPW Crystal system orthorhombic
Formula weight 598.12 Space group Pnma
[g/mol]
Temperature [K] 100 Y4 4
Measurement \® and \w scans Volume [A3] 1782.58(12)
method
Radiation MoKa Unit cell dimensions 13.7943(4) 90
( Wavelength [A] ) (A=0.71073) [A] and []
Crystal size / 0.12 x 0.11 x 8.3019(3) 90
[mm?3] 0.03
Crystal habit clear brown 15.5658(7) 90
block
Density calculated 2.229 Absorption 6.647
/ coefficient /
[g/cm?] [mm"]
Abs. correction multiscan F(000) [e] 1144.0
type

Table S20: Data collection and structure refinement of compound 9.

Index ranges -10=h <16, -9 Theta range for data 5.562 to 50.688
<ks7,-11<1<18 collection [°]
Reflections 4136 Data / restraints / 1732/0/149
number parameters
Refinement Least squares [all data] [R1=0.0339, wR2=0.0577
method Final R indices
Function z w(Fo? - Fc?)? I>=20 (I) |R1=0.0252, wR2 =0.0548
minimized
g o ocness ottt 1.048 N W=1/[0%+(Fo2+(0.0228P)2+5.4016P)]
- eighting scheme
peak anmoie oA | wheroP=(F+25)3
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Bis(n5-cyclopentadienyl)[2-ethyl-3-(ox0-kO)-4-(1H)-pyran-4-ato-kS]

tungsten(1V)
hexafluorophosphate, 10.
Table S21: Sample and crystal data of compound 10.
Chemical formula C17H17FsO2PSW Crystal system triclinic
Formula weight 614.19 Space group P-1
[g/mol]

Temperature [K] 100 Y4 2
Measurement \® and \w scans Volume [A3] 905.88(6)
method

Radiation MoKa Unit cell dimensions 7.6662(3) | 82.659(2)
( Wavelength [A] ) (A=0.71073) [A] and [°]
Crystal size / [mm?] 0.14 x 0.1 x 0.04 10.7376(4) | 79.687(2)
Crystal habit clear brown block 11.3297(4) | 83.341(2)
Density calculated / 2.252 Absorption coefficient / 6.650
[g/cm’] [mm-']
Abs. correction type multiscan F(000) [e] 588.0
Table S22: Data collection and structure refinement of compound 10.
Index ranges k10 <h <10, -15 < Theta range for data 5.018 to 60.416
b,-15<1<15 collection [°]
Reflections number 50145 Data / restraints / 5295/0/254
parameters
Refinement method Least squares Final R indices [all data] R1=0.0181,
wR2 =0.0364
Function minimized | < w(F.? - Fc?)? 1>=20 (1) R1=0.0165,
wR2 =0.0357
Goodness-of-fit on 1.031 W=1/[0%+(Fo2+(0.0132P)2+1.1500P]
- Weighting scheme
Largest diff. peak | 0.91/-0.88 —(E.2 2
and hole [e A“] where P=(Fo*+2F:*)/3
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Cyclic Voltammetry

Due to low water-solubility of the compounds 1-10 MeCN was utilized in order to reach the
desired concentration of 2 mM. All complexes exhibit a reversible one-electron process WV to
WY,
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Figure S12: Cyclic Voltammogram of the (O,0-) chelates, compounds 1, 3 and 6 in MeCN
referenced to the NHE.
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Figure S13: Cyclic Voltammogram of the (S,0-) chelates, compounds 2 and 4 in MeCN
referenced to the NHE.

24



0.00003 ~

0.00002 ~

0.00001

0.00000 ~

I(A)

-0.00001

-0.00002

T T T T T T T

-0.5 ' 0.0 0.5 1.0 1.5
E vs. NHE (V)

Figure S14: Cyclic Voltammogram of the (N,O)-chelate compound 5 in MeCN referenced to

the NHE.
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Figure S15: Cyclic Voltammogram of the (S,0-) chelates compounds 2, 8, 10 and a
dithiomaltolato derivative in MeCN referenced to the NHE.

25



0.00003
_ —— Cp,WCl,

0.00002 ~

0.00001

1 (A)

0.00000 ~

-0.00001

-0.00002

-0.00003 : . : : : :
05 0.0 0.5 1.0 15

E vs. NHE (V)

Figure S16: Cyclic Voltammogram of Cp2WCI2 in MeCN referenced to the NHE.
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Figure S17:'H NMR in MeCN of complex 3 to gauge the stability over the timespan of a cyclic

voltammetry experiment.
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UV/Vis spectroscopy
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Figure S18: UV/Vis spectra of complex 1 (0.039 mM) over 24 h in PBS (1% DMSO).
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Figure $19: UV/Vis spectra of complex 2 (0.042 mM) over 24 h in PBS (1% DMSO).
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Figure S20: UV/Vis spectra of complex 3 (0.041 mM) over 24 h in PBS (1% DMSO).

Precipitation over the time can be observed.
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Figure S21: UV/Vis spectra of complex 4 (0.013 mM) over 24 h in PBS (1% DMSO).

Precipitation over the time can be observed.
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Figure S22: UV/Vis spectra of complex 5 (0.031 mM) over 24 h in PBS (1% DMSO).
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Figure S23: UV/Vis spectra of complex 6 (0.080 mM) over 24 h in PBS (1% DMSO).
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Figure S24: UV/Vis spectra of complex 7 (0.062 mM) over 24 h in PBS (1% DMSO).
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Figure $25: UV/Vis spectra of complex 8 (0.034 mM) over 24 h in PBS (1% DMSO).
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Figure $26: UV/Vis spectra of complex 9 (0.043 mM) over 24 h in PBS (1% DMSO).
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Figure S27: UV/Vis spectra of complex 10 (0.052 mM) over 24 h in PBS (1% DMSO).

Table S23: Wavelength of peak maxima and molar extinction coefficients (g) of
compounds
1-10 in 10% PBS (1% DMSO)

Compound Amax [nm] (€ [M"! cm™])
1 330 (39049)
2 402 (120301), 301 (119818), 276 (99628)
3 256 (110446), 265 (111269), 333 (57762), 419 (83286)
4 505 (93412), 384 (82852), 295 (51368), 242 (100662)
5 305 (74304)
6 270 (49723)
7 320 (60272)
8 395 (85700), 310 (105823)
9 331 (73797)
10 403 (115229), 302 (116416), 276 (102373)
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MTT assay
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Figure S28: Concentration-effect curves of Cp2WCI2 and five other tungstenocenes (1A, 1-4)
in A549, CH1/PA-1 and SW480 cancer cells as well as (partially) in IMR-90 fibroblasts, obtained

by the colorimetric MTT assay after 96 h incubation. Data are means + standard deviations from

at least three experiments (except for compounds that did not yield an ICso value; these were

tested only twice). The dashed line refers to the 50% inhibitory level relative to the untreated

controls.
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Figure S29: Concentration-effect curves of six tungstenocenes (5-10) in A549, CH1/PA-1, and
SWA480 cancer cells as well as (partially) in IMR-90 fibroblasts, obtained by the colorimetric MTT

assay after 96 h incubation. Data are means + standard deviations from at least three

experiments (except for compounds that did not yield an ICso value; these were tested only

twice). The dashed line refers to the 50% inhibitory level relative to the untreated controls.
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Resazurin assay

Table S24: ICso values and calculated ratios of ICso values obtained in 2D and 3D cultures

(determined by the resazurin assay) for complexes 2—4 and 10 in three cell lines (HCT116,

HT29 and MCF-7).

ICs0 [UM]
compound HCT116 HT29 MCF-7
ratio ratio 2D 3D ratio
2D 3D 3D/2D 2D 3D 3D/2D 3D/2D
2 98 +12 158 + 28 1.6 539 > 200 >3.8 66 +12 > 200 >3.0
92+14 214 2.3 1714 862 5.1 6.5+1.8 44 £ 1 6.8
6.0+09 1514 25 55+1.0 316 5.6 2707 19+2 7.0
10 42+ 3 69 +12 1.6 54 +2 > 200 >3.7 29+4 > 200 >6.9
complex 2 complex 3
g g ;
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Figure S30: Concentration-effect curves of complexes 2—4 and 10 obtained by the resazurin

assay (96 hours exposure) in monolayer (2D, grey lines) and multicellular spheroid (3D, black

lines) cultures of HCT116 cells. The dashed, green line refers to the 50% inhibitory level relative

to untreated controls.
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Figure S31: Concentration-effect curves of complexes 2—4 and 10 obtained by the resazurin
assay (96 hours exposure) in monolayer (2D, grey lines) and multicellular spheroid (3D, black
lines) cultures of HT29 cells. The dashed, green line refers to the 50% inhibitory level relative to
untreated controls.
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Figure S32: Concentration-effect curves of complexes 2—4 and 10 obtained by the resazurin

assay (96 hours exposure) in monolayer (2D, grey lines) and multicellular spheroid (3D, black

lines) cultures of MCF-7 cells. The dashed, green line refers to the 50% inhibitory level relative

to untreated controls.
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Growth curve
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Figure S33: Time-dependent growth of HT29 spheroids upon treatment with complexes 3 and
4 (both 10 uM) and untreated control, detected for 96 hours (treatment started on day 4 after
seeding). Images represent one captured spheroid out of three experiments. Scale bar = 500
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Figure S34: (A) Growth curves for spheroids of HT29 cells treated with complexes 3 and 4 (both
10 yM) and untreated control. Measurements started on day 4 (after seeding) with spheroid
diameters of 304 + 1 um and were continued every 24 hours for additional 4 days. (B) Spheroids
were initiated on day 0, treated with complexes 3 and 4 (both 10 uM) on day 4, diameter of
spheroids were obtained at the beginning of the treatment (0 h) and at the end (96 h). Unpaired

t-test with Welch's correction (n=72) was performed for statistical evaluation (**** p < 0.0001).
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Figure S35: Time-dependent growth of MCF-7 spheroids upon treatment with complexes 3 and

4 (both 10 uM) and untreated control, detected for 96 hours (treatment started on day 4 after

seeding). Images represent one captured spheroid out of three experiments. Scale bar = 500
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Figure S36: (A) Growth curves for spheroids of MCF-7 cells treated with complexes 3 and 4

(both 10 pM) and untreated control. Measurements started on day 4 (after seeding) with

spheroid diameters of 304 £ 1 ym and were continued every 24 hours for additional 4 days. (B)

Spheroids were initiated on day 0, treated with complexes 3 and 4 (both 10 uM) on day 4,

diameter of spheroids were obtained at the beginning of the treatment (0 h) and at the end

(96 h). Unpaired t-test with Welch's correction (n=72) was performed for statistical evaluation

(**** p < 0.0001).
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Immunofluorescence staining

Table $25: Statistical analysis of KI67* cells in cryo-sectioned HCT116 spheroids of untreated

control and treated samples with complex 3 (20 uM) and complex 4 (15 uM) after 72 hours

exposure.
KI67* cells
untreated control 381+7.3%
complex 3 (20 pM) 158+28 %
complex 4 (15 pM) 191+13%
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Figure S37: Quantitative analysis of KI67* cells in cryo-sectioned HCT116 spheroids, untreated
or treated with complex 3 (20 uM) and complex 4 (15 yM) for 72 hours. Unpaired t-test with
Welch's correction (n=3 for untreated control, n=4 for treated samples) was performed for
statistical evaluation (* p < 0.05). The asterisks mark the difference relative to the untreated
control, the difference between the means of complex 3 and complex 4 treated samples was

found to be not significant.

41



Laser ablation
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Figure S38: Signal intensity maps of 2Na*, 2*Mg*, 3'P*, 6Zn* and '®W* obtained by LA-ICP-
TOF-MS in selected HCT116 tumor spheroid sections after treatment with 10 yM of complexes
3 and 4 for 48 hours. High-resolution laser ablation images were measured with a 5 um square

mask, double oversampling and a repetition rate of 200 Hz.
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Figure S39: Signal intensity maps of 2Na*, 2*Mg*, 3'P*, %6Zn* and 'W* obtained by LA-ICP-
TOF-MS in selected HCT116 tumor spheroid sections after treatment with 10 pM of complexes
3 and 4 for 72 hours. High-resolution laser ablation images were measured with a 5 ym square

mask, double oversampling and a repetition rate of 200 Hz.
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Figure S40: Signal intensity maps of 23Na*, 2*Mg*, 3'P*, ¥Zn* and '®W" obtained by LA-ICP-
TOF-MS in selected HCT116 tumor spheroid sections after treatment with 20 uM of complex 3
and 15 pM of complex 4 for 72 hours. High-resolution laser ablation images were measured

with a 5 ym square mask, double oversampling and a repetition rate of 200 Hz.
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Reactive oxygen species (ROS) detection
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Figure S41: Time- and concentration-dependent intracellular reactive oxygen species (ROS)
generation in HT29 cells. Cells were treated with tungstenocenes (2, 20, 100 and 200 uM) and
tert-butyl-peroxide (200 and 400 pM) as positive control. Fluorescence intensities of DCF
indicating ROS levels (relative to the untreated control) were measured with a
spectrophotometer. Data from three independent experiments with n=3 wells per measurement

are given as means + standard deviations. The dashed, blue line indicates the ROS level of

untreated controls to which the other values were normalized.
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Figure S42: Time- and concentration-dependent intracellular reactive oxygen species (ROS)
generation in MCF-7 cells. Cells were treated with tungstenocenes (2, 20, 100 and 200 uM) and
tert-butyl-peroxide (200 and 400 pM) as positive control. Fluorescence intensities of DCF
indicating ROS levels (relative to the untreated control) were measured with a
spectrophotometer. Data from three independent experiments with n=3 wells per measurement
are given as means + standard deviations. The dashed, blue line indicates the ROS level of

untreated controls to which the other values were normalized.

45



4 DCF (5 uM)
800004 O 4 (20 uM)

O 4 (200 uM)

40000@__o > 08 @ DCF (5 uM) + 4 (20 uM)
=/ DCF (5 pM) + 4 (200 uM)

RFU [a.u.]

O—O— O OO OO OO0
0 20 40 60 80 100 120
t [min]

Figure S43: Quenching of DCF (2',7'-dichlorofluorescein) fluorescence by complex 4 in a cell-
free assay. DCF (5 yM) and complex 4 (20 and 200 uM, the highest concentrations used in
ROS assays) were applied alone as well as in combination. Fluorescence intensity was

measured over 120 min every 10 min in triplicates (standard deviations are too small to be

shown on this scale).
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Apoptosis studies

HT29

neg. control - W ™ == AV-PI+
pos. control_100 uM - | | 1 AV+/PI+
Cp2WCl2_100 uM I Bl AV+/PI-
1A_200 pM B T Avp-
2200 pMA B
3_2 uM- 5 I
3_20 pM- [ I
3_200 uM- |
4_2 uM- B ]
4 20uMA [ \ |
5_200 uM- r
6_200 pMA B
7_200 uM |
8_200 uMA [ |
N

|

9_200 pM- I
10_200uM 0
0% 50% 100%

HCT116

pos. control_100 M - ] | 1 AV+/Pl+
Cp2WCl2_100 uM = Bl AV+/PI-
1A_200 uM+ 1 AV-/PI-
||
||

2_200 pM ||
3_2 M
3_20 uM -
3_100 uM - || |
3_200 puM -

neg. control - Bl = @ AV-/Pl+
0
=
O
I
I
I

4_2 pM || |
4_20uM 1 W I
5_200 pMA W=
6_200 uM I
7_200 M | ]
8_200 uM - | |
9_200 uM N
10_200uM 4 -
T E—— |
0% 50% 100%

47



MCF-7
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Figure S44: Apoptosis induction by Cp2WCI2 and ten other tungstenocenes (1A-10) after 24 h
incubation in HCT116, HT29 and MCF-7 cancer cells. Cells were double-stained with annexin
V-FITC and propidium iodide (PI) and analyzed by flow cytometry. Percentages of necrotic (AV-
/PI+), late apoptotic (AV+/PI+), early apoptotic (AV+/PI-) and viable (AV-/PIl-) cells are given as
averages of at least three independent experiments. Positive control was treated with KP1998

(compound 7 in reference ©?)

48



untreated complex 3 complex 4
control [20 pM) [20 pM]

107 3
417

HCT116 *

HT29

3

Propidium iodide fluorescence

163

MCF7 " SLPY g

Annexin V-FITC fluorescence

Figure S45: Dot plots of viable (Q4), early apoptotic (Q3), late apoptotic (Q2) and necrotic (Q1)
HCT116, HT29 and MCF-7 cells treated with two most cytotoxic complexes 3 and 4 at 20 uM.
The dot plots represent the annexin V-FITC (x-axis) and PI (y-axis) staining detected by flow

cytometry and represent a single experiment out of at least three repetitions.
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Table S26: Apoptosis induction by Cp2WClI2 and tungstenocenes containing (O,0-), (S,0-)
and (N,O-)chelate in three different cell lines after 24 h exposure to the indicated
concentrations. For each setting, the total apoptotic subpopulation is the sum of early and late
apoptotic events (Zapoptotic cells [%]). Results are means + standard derivations from at least
three independent experiments. Positive control was treated with KP1998 (compound 7 in

reference ©3)

cell line | compound | concentration viable early late necrotic > apoptotic
cells [%] apoptotic apoptotic cells [%] cells [%]
AV-/ PI- cells [%] cells [%] AV-/ PI+
AV+/PI- AV+/Pl+

neg. ctrl 88.2+8.6 28+27 6.1+£5.5 29+1.8 8.9
pos. ctrl 100 uM 16.1+1.9 3.3+1.6 61.7+27 19.0+4.3 65
Cp.WClI, 100 pM 747 +49 75+3.0 15.1+£2.1 27+05 22.6
1A 200 upM 745+7.0 56+2.1 16.1+4.6 3.8+2.1 21.7
2 200 upM 63.5+18.6 72+1.9 27.1+17.6 22+0.2 34.3

2 uM 77.7+1.6 46+17 13.5+0.6 43+0.7 18.1

20 uM 80.4+2.6 5.0+£0.9 121129 25+0.6 171
3 100 uM 8.6+4.3 3.3+1.1 75556 12.8+0.2 78.8
HCT116 200 uM 0.4+0.3 00£0.0  941+48 55+4.9 94.1
4 2 uM 87.3+7.8 23+0.0 8.0+£6.2 24+15 10.3

20 yM 55.5+4.8 19+04 31.1+4.7 11.5+1.2 33

5 200 uyM 92.7+1.3 20+1.1 29+0.7 24+1.2 4.9
6 200 uyM 74.7 + 141 50+£1.3 17.2 +£122 3.1+07 22.2
7 200 uM 78.2+9.3 45+1.8 13.7+8.2 3.6+0.9 18.2
8 200 uyM 79.4+3.5 55+2.0 124+24 28+13 17.9

9 200 uM 93.9+0.5 1.5+0.8 23+0.3 23+04 3.8

10 200 yM 89.6+75 3.8+3.2 43+3.6 24+07 8.0
neg. ctrl 91653 25+23 29+22 3.1+£1.2 4.5
pos. ctrl 100 uM 29.2+94 55+1.9 491+7.8 16.1+9.7 54.6
Cp,WCI, 100 pM 86.5+0.3 40+22 5.0+0.3 46+25 9.0
1A 200 upM 87.8+4.0 35+25 43+0.9 44+48 7.8

2 200 upM 86.8+24 39+1.8 6.1+1.0 3.3+24 10
2 uM 83.0+3.8 46+41 72+3.8 51142 11.8
3 20 uM 749+3.3 8.6+25 11.1+£1.0 54+1.2 19.7
HT29 200 uM 22+13 0.8+0.5 82.2+4.1 149+238 83.0
4 2 uM 86.2+ 3.1 3.7+3.2 48+13 54+5.0 8.5
20 yM 50.4 +4.1 16.8+5.2 19.5+2.0 13.3+5.1 36.3

5 200 uM 91.5+8.9 09+0.7 53+6.9 23+15 6.2

6 200 uyM 89.1+04 43+1.8 42+0.6 24+07 8.5

7 200 uyM 88.4+3.38 3.0+1.6 55+1.9 3.1+£23 8.5

8 200 yM 88.4+36 3.3+2.1 6.2+4.1 21+0.9 9.5

9 200 uyM 92.9+5.38 09+0.6 3.9+45 23+13 4.8

10 200 uM 89.5+8.5 3.1+28 51+5.2 23+0.9 8.2
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neg. ctrl 909051 1307 4731 3117 38
pos. ctrl 100 gM 500£19  25%11  241%26  145:18 26.6

CpaWCl, 100 pM 926:21 15207 37:12 23:03 51

1A 200 M 943:23 1106 32:13 23%05 43

2 200 pM 551:101  74%27  227%45 14983 30.1

2 1M 918190 1405 43:15 25:06 56

10 M 86.9+59 1403 7.7:4.4 4118 9.1
3 20 uM 785+10  15%06  114%07  87+0.3 12.9
50 uM 57.7+22  13%05 16225 25£0.9 175

MCF-7 2 M 939%21  10%08 34£12 1800 44
. 10 M 752+22 12405  120%20 11747 13.2
20 uM 502+108  1.0%04  151+33  33.8+145 16.0
50 uM 5066  00£0.0  434%37  51.5:10.3 43.4

5 200 M 86676 13207 79%53 42122 9.2

6 200 uM 92822 14208 3615 21205 5.1

7 200 M 87.4:66 1304 8155 3212 9.4

8 200 M 873:83 1203 8.7%6.9 27+14 9.9

9 200 M 872:72 1610 8455 2918 7.3
10 200 M 15.7£60  55:3.2 46332 324123 51.8
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Figure S46: Electropherograms of plasmid DNA interactions with 50 yM of compounds
Cp2WCl2 and 1A-10. The pUC19 plasmid was incubated with the complexes for different time
periods (from 15 min to 6 h) at 37 °C and the different plasmid forms were separated by agarose
gel electrophoresis. ‘Con’ corresponds to an untreated, non-modified plasmid DNA control at the
time point of gel loading (0 h), while ‘Cen’ corresponds to an untreated control for the total

duration of the experiment (6 h); oc, open circular; sc, supercoiled.
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Figure S47: Bands of Figure S46 were quantitatively analyzed by the ImageJ 1.51j8 software.
The black columns correspond to the open-circular (oc) form and grey columns to the
supercoiled (sc) form of the pUC19 plasmid, presented as percentages of total plasmid DNA

content.
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5. Concluding Discussion

Anticancer drug design and development is a complex process that is built up on recent
advances in the elucidation of the biological mechanisms driving carcinogenesis, structure-
activity relationship studies of a vast number of chemical leads, identification of promising
compounds for clinical evaluation, as well as the conduct and analysis of clinical trials.
Options for chemical synthesis are almost limitless, but they should be thoughtful, creative,
and appropriate. The present work has focused on three different groups of novel metal-
based (Ru, Os and W) agents, establishing their anticancer activity and elucidating aspects

of their mode of action in vitro.

Ground-breaking studies of antineoplastic metallodrugs focused on platinum(ll) agents, as a
result of serendipitous observations. Cisplatin bearing two ammines as non-leaving groups
and two chloride ions as leaving groups with planar-square geometry and cis configuration
was the first metal-based anticancer drug. Cisplatin has since been intensively studied and
the general mechanism of action has been proposed, involving the activation by hydrolysis
(replacement of CI ions by water molecules) followed by binding to nuclear DNA. Cisplatin
interacts with nucleophilic sites of DNA, producing a number of distorting lesions, mainly on
guanine (G) by formation of monoadducts, inter- and intra-strand cross-links. Treatment with
cisplatin produces a number of toxicities, while the overall therapeutic efficacy is hampered
by the emergence of acquired resistance [74]. To overcome those limitations, carboplatin
and oxaliplatin were subsequently designed as representatives of the second and third
generation of platinum-based compounds, respectively. Carboplatin, bearing bidentate
cyclobutene dicarboxylate as the leaving group, shows greater water-solubility, higher
stability and slower reactivity compared to cisplatin, producing overall milder side effects
[74]. Oxaliplatin with the more lipophilic 1,2-diaminocyclohexane ligand (non-leaving group)
and oxalate (leaving group) partially overcomes resistance compared to cisplatin, forms
fewer DNA adducts than cisplatin but is highly effective, especially at inhibiting DNA
synthesis.

Other metallodrugs, e.g. of ruthenium, osmium or tungsten, were initially developed with the
intention to mimic the mode of action of platinum antineoplastic agents. Although DNA was
assumed as their target, it was found that the novel species mostly bind to proteins (e.g.
serum proteins in blood), suggesting a significantly different pharmacology compared to
platinum drugs [84, 97].

Ruthenium(lll) (pro)drugs, and subsequently ruthenium(ll), osmium(ll) and other
metallodrugs have been investigated. The two main chemical properties of Ru(lll) drugs are:

(1) they can be activated in the cellular environment to the more active Ru(ll) species by
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reduction, especially under low oxygen partial pressure (hypoxia), acidic pH and high levels
of glutathione (GSH), which collectively result in greater selectivity for malignant tissues and
sparing of normal cells; (2) Fe(lll) and Ru(lll) are chemically very similar, therefore Fe(lll)
can be replaced by Ru(lll), exerting a “Trojan horse” mechanism [74]. The two most studied
Ru(lll) agents, NAMI-A and BOLD-100, interact with DNA to a lesser extent than platinum
drugs and exhibit interactions with blood serum proteins such as transferrin and albumin
[98]. Furthermore, BOLD-100 induces oxidative stress through the interaction with cytosolic
proteins and endoplasmic reticulum (ER) stress by targeting the major cellular chaperone
GRP78, ultimately inducing apoptosis through the intrinsic mitochondrial pathway [74, 84].
Additionally, it has been reported that BOLD-100 triggers immunogenic cell death (ICD)
signatures in colon cancer multicellular spheroids, indicated by relocation of calreticulin on
the cell membrane and secretion of high mobility group box 1 (HMGB1) and ATP [99].
Ruthenium(ll) compounds on the other hand are not activated by reduction but by hydrolysis
of the labile metal-halido (e.g. Ru-Cl) bond. It has been shown that the N-heterocycles or
né-arene moiety stabilize the lower oxidation state of ruthenium [79, 84, 100]. These
compounds with half-sandwich piano-stool structures have, beside the arene, three binding
sites which can be occupied by: (1) one monodentate and two halido ligands, (2) one
bidentate and one halido ligand (as in Mokesch et al., 2020) or (3) one tridentate ligand (as
in Cseh et al., 2022). One of the most studied drug candidates of the Ru-arene group is
RAPTA-C, which triggers cell cycle arrest in G2/M phase, induces apoptosis via the
mitochondrial pathway by upregulation of c-Jun NH.-terminal kinase (JNK) and DNA
damage [84, 100]. Osmium(ll) compounds have several distinct features compared to
ruthenium analogues such as: increased inertness resulting in slower ligand exchange
kinetics, with the formed Os-aqua species being more acidic than the Ru-aqua species, and
osmium as a softer Lewis acid preferably coordinating to biomolecules [84, 101]. The
organometallic half-sandwich compound RM175 and its osmium analogue AFAP51 are
among of the most studied couples. RM175 preferentially targets DNA at the guanine-N7
position and interacts with biological nucleophiles, e.g. L-cysteine, L-methionine and
cytochrome-C, ultimately inducing apoptosis, while exhibiting anti-metastatic activity [84,
102]. AFAP51 showed more potent in vitro antiproliferative activity, while RM175 was more
active in reducing metastasis in vivo, highlighting the key role of the metal centre [102].
Studies have shown the different mode of action of arene-osmium complexes depending on
the chelating ligands such as (N,N-) and (N,O-) chelators, which mostly target DNA, while
those with (N,S-) chelators act as enzyme inhibitors, highlighting the variety of mechanisms
brought about by the different ligands [101].
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In the first project presented in this thesis ruthenium(ll) and osmium(ll) complexes with
4’-substituted 2-phenylbenzothiazoles in piano-stool configuration were evaluated. The
synthesised (C,N-) metallacycles contain a bidentate bioactive ligand, namely
2-phenylbenzothiazole, which is a heterocyclic ring system with a thiazole moiety.
Benzothiazoles have been extensively studied and exert antiviral, antimicrobial, antioxidant,
antidiabetic and anticancer activity. The mode of action of benzothiazole and its derivatives
has been well described, including anticancer mechanisms such as tyrosine kinase inhibition
(through MAPK, PI3-AKT and JNK pathways), topoisomerase | & Il inhibition, induction of
apoptosis through the activation of ER and/or mitochondrial signalling pathways mediated by
ROS production [105]. The delineated structure-activity relationships (SAR) suggest that an
aryl substitution on position 2 substantially improves the solubility and anticancer activity,
and the amide substituted 2-phenylbenzothiazoles confer anticancer activity in several cell
lines, highlighting the importance of phenyl ring substituents [105]. The antiproliferative
activity of six ligands (2-phenylbenzothiazole and 2-(4-fluorophenyl/
chlorophenyl/methylphenyl/methoxyphenyl/aminophenyl)bezothiazole) and their ruthenium
and osmium complexes was evaluated in three different human cancer cell lines. The
ligands exhibited moderate cytotoxicity in the micromolar range, while coupling with
ruthenium and osmium resulted in increased cytotoxicity; especially osmium(ll) compounds
yielded 1Cso values in the submicromolar range. Complexes with fluorophenyl and
aminophenyl moieties were selected for further biological evaluation. The two ruthenium-
containing complexes showed greater apoptosis induction in SW480 cells at the same
concentration compared to osmium analogues. Cellular accumulation in SW480 cells was
determined by ICP-MS measurements, which showed a similar range of cellular metal
content for all four organometallics. Furthermore, the aminophenyl-bearing ligand and its
ruthenium(ll) analogue were investigated by fluorescence microscopy, making use of
inherent fluorescent properties and revealing localization in the acidic lysosome
compartments. These data suggest that the anticancer activity of organoruthenium and -
osmium compounds is highly dependent on the ligand incorporated. Os metallodrugs tend to
be more potent or equipotent to Ru analogues upon (C,N-) coordination, as also shown by
Riedl et al. [106, 107].

In the second project naphthoquinone-based ruthenium(ll) complexes were synthesized,
prompted by previous publications reporting on the anticancer activity of naphthoquinone-
based organometallics [108-111]. Naphthoquinones are a prominent class of quinones,
which are ubiquitous in nature, occurring in a range of organisms (animals, plants, bacteria,
etc.) and show similarities to the clinically used anthracyclines doxorubicin and daunorubicin

which are quinone derivatives. Besides their anticancer properties quinones have also been
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reported to possess antibacterial, antifungal and anti-inflammatory activity. Their anticancer
mode of action is multifaced and comprises the generation of ROS, the inhibition of critical
enzymes such as NQO1 (NADPH: quinone oxidoreductase 1), MALT1 (mucosa-associated
lymphoid tissue lymphoma translocation protein) and DNA topoisomerases, the repression
of telomerase activity, the regulation of the tumour suppressor p53, apoptosis induction
through ER stress and tumour-associated inflammation [112]. In this project a
naphthoquinone moiety (phthiocol) together with azole yielded a tridentate (N,O,0-) ligand
with increased stability, which coordinates to the ruthenium metal centre substituted with
different arenes (p-cymene, benzene, toluene, indane, biphenyl, hexamethylbenzene
(HMB)). The short- (24 h and 96 h) and long-term (11 days) cytotoxicity assays revealed that
the most stable complexes with p-cymene and biphenyl arene are the most cytotoxic,
followed by a complex with HMB. An unexpected finding from the in vitro cytotoxicity studies
was that the SW480 colon carcinoma cells were more sensitive to all compounds than the
otherwise broadly chemo-sensitive CH1/PA-1 ovarian teratocarcinoma cells. Cellular uptake
studies revealed that the p-cymene and biphenyl arene complexes yielded the highest total
ruthenium content in treated SW480 cells, in accordance with their higher lipophilicity. These
two compounds readily induced apoptosis in exposed SW480 cells. In contrast no ROS
generation and interactions with DNA were observed under the same experimental
conditions. All tested compounds had a greater impact on cell cycle distribution in SW480
cells, compared to CH1/PA-1 cells. Both NQO1 enzyme activity and its inhibition was
prominent in SW480 cells, while CH1/PA-1 cells were devoid of the enzyme activity.
Collectively, results suggest that ruthenium organometallics exhibit a mode of action distinct

from that of platinum complexes, attributed to their distinct structural features.

Metallocenes were introduced into experimental cancer therapy when titanocene dichloride
(Cp2TiCly) bearing structural similarities to cisplatin was developed by Képf-Meier and Kopf.
It showed promising results in phase | trials but did not progress past phase Il due to low
response in metastatic renal-cell carcinoma and metastatic breast cancer, which was
attributed to poor solubility in aqueous milieu and hydrolytic instability. It was reported that
Cp2TiClz binds to DNA, inhibits DNA synthesis as well as topoisomerase activity and induces
apoptosis [94, 103]. Other metallocene dihalides with structural similarities to Cp2TiCl, with
the general formula CpoMX2 (M: Mo, W, V and X: halides or pseudo-halides) exhibited potent
activity in several human and murine cancer cell lines. Aspects of the mechanism of action
of Cp2MoCl> have been intensively studied and include the inhibition of cell proliferation-
regulating protein kinase C (PKC), coordination of Cp.Mo?* to cysteine residues of tubulin,
formation of stable adducts with glutathione (GSH) and weak interaction with DNA [95].

Subsequent efforts aiming to improve the anticancer activity of metallocenes include two
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structural modification strategies: (1) replacement of ancillary halides (X) by hydrophobic
ligands (e.g. bidentate) to modulate stability and biological activity and/or (2)
functionalization of the cyclopentadienyl ring with hydrophobic or hydrophilic groups and
bioactive molecules. These modifications have resulted in improved biological activity of
metallocenes, e.g. increased cytotoxicity of Cp.Mo(malonate) and [Cp2Mo(maltolato)]Cl
complexes compared to the mother compound Cp,MoCl; [95]. Meléndez and coworkers
synthesized Cp,WCl., derivatives bearing 3-hydroxy-4-pyronato ligands and tungstenocenes
with (O,0-) bidentate ligands, which were shown to possess enhanced cytotoxic potency

compared to the parent complex Cp,WCl. and molybdenocene analogues [93].

In the third project tungstenocenes bearing various bioactive bidentate ligands were
developed and evaluated. These compounds were additionally investigated in 3D cell culture
models (multicellular HCT116, HT29 and MCF-7 spheroids). Kandioller et al. had previously
reported on the improved stability under physiological conditions and increased cytotoxicity
of molybdenocenes by incorporating bioactive chelating ligands, compared to molybdocene
dichloride [113]. The same concept of replacing the halido ligands was applied in this project
studying tungstenocenes with a diverse set of biologically active (O,0-), (O,S-) and (O,N-)
chelates: maltol, flavonol, allomaltol, ethylmaltol and their thionated modifications,
deferiprone and picolinic acid. All of these ligands bind in a bidentate manner via their
(0,0-), (0,S-) or (O,N-) donor atoms to the central metal atoms, as previously shown in the
context of other organometallics [93, 114-119]. The cytotoxicity studies performed for this
project showed that complexes with flavonol and (more so) with thioflavonol chelates are the
most potent in cancer cells, mirroring previous findings on molybdenocenes with
(thio)flavonol ligands [113, 119]. The novel tungstenocenes were tested for their ROS
generation and apoptosis induction potential and their DNA interactions. Some complexes
with (O,0-) chelates (maltol, flavonol and ethylmaltol) and one with a (S,0-) chelate
(thioethylmaltol) were able to increase the ROS levels in treated cells. Only a subset of the
studies complexes (bearing thiomaltol, flavonol, thioflavonol, thioallomaltol or thioethylmaltol
ligands) directly interacted with the DNA and were capable of producing DNA single-strand
breaks, as shown in an assay employing naked plasmid DNA. Induction of apoptosis as
detected by flow cytometry analysis was observed only for the most cytotoxic compounds.
The two flavonol or thioflavonol bearing complexes were further tested in 3D multicellular
spheroid models. Treatment with them strongly affected spheroid growth (inhibiting or
completely abolishing it) and markedly changed their morphology. Immunofluorescence
imaging of HCT116 spheroids stained for the KI67 proliferation marker revealed a decreased
number of proliferative cells in the treated samples. Qualitative bioimaging of 82 W*, 23Na*,

%Mg*, *'P* and %2Zn* distribution was performed in cryosections of treated HCT116
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spheroids by LA-ICP-TOF-MS. The intensity map of the metal contents in the spheroids
showed differential distribution patterns between the two complexes, with the thioflavone
bearing complex exhibiting greater cellular uptake. Taken together, the (S,0-) chelate

bearing complexes were more active in vitro than their (O,0-) and (N,O-) counterparts.

Collectively, following the biological evaluation of the three classes of novel metal complexes
under consideration in this thesis, a number of structure-activity relationships were
established, and the most potent analogues were identified. By employing several biological
assays in different cellular models including 3D spheroid models, novel aspects of the mode
of action and cellular pharmacology of ruthenium, osmium and tungsten complexes were
revealed, highlighting the novelty and potential of these classes of compounds for further

development as anticancer agents.
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