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Abstract and Keywords

The actual therapies for fighting cancers are not always efficient and are commonly
followed by side effects, since the solutions are not enough selective. Photodynamic therapy
(PDT) is an appealing treatment to tackle the issue of selectivity. In fact, to work and to be
efficient, PDT needs to combine in the same physico-temporal space three elements: a light,
a drug (also called photosensitizer) and oxygen. Nevertheless, the lack of oxygen is one of
the main characteristics in a majority of cancers. This phenomenon is called hypoxia. The
efficiency of a treatment which needs oxygen will consequently be reduced. So, there is a real

need to find a solution to bypass hypoxia.

One of the possible answers is the synthesis of new structures able to transport oxygen
into tumorous cells. Our attention was focused on arene ruthenium complexes with subunits
that can capture oxygen. These probes are derivatives of anthracene or
dimethyldihydropyrene cores. Then, this work consisted, not only in the synthesis and in the
characterization of these molecules, but also in their studies in solution and in vitro, to

determine their ability to transfer oxygen to cells, and ultimately to cancer cells.

Keywords: Arene ruthenium, dimethyldihydropyrene, anthracene, photodynamic therapy,
singlet oxygen, hypoxia.






Résumé et Mots-Clés

Les thérapies actuelles pour lutter contre les cancers ne sont pas toujours efficaces et
sont généralement accompagnées d'effets secondaires, car les solutions apportées ne sont
pas suffisamment sélectives et touchent également les cellules saines. La thérapie
photodynamique (photodynamic therapy, PDT) est un nouveau traitement trés prometteur
pour surmonter ce probléme de sélectivité. En effet, pour fonctionner et étre efficace, la PDT
a besoin d'avoir dans un méme espace spatio-temporel trois éléments: la lumiere, le
médicament sensible a la lumiere (appelé aussi photosensibilisateur) et 'oxygene. Or, le
manque d'oxygene, ou hypoxie, est la caractéristique de la plupart des cancers. L'efficacité
de ce nouveau traitement est donc réduite. Il est plus que nécessaire de trouver une solution

pour contourner |'hypoxie.

Une des clés possibles est la synthése de nouvelles structures pouvant transporter de
I'oxygéne jusqu’aux cellules cancéreuses. L'attention a été portée sur des dérivés d'aréne
ruthénium contenant des sous-unités jouant le réle de capteurs d’oxygéne. Ces derniers sont
des dérivés d'anthracéne ou de diméthyldihydropyréne. Ce travail de thése a donc consisté
non seulement a la synthése et a la caractérisation de ses molécules, mais également a leur

étude en solution et in vitro, afin de déterminer leur capacité a transporter I'oxygéne.

Keywords: Arene ruthénium, diméthyldihydropyrene, anthracene, thérapie photodynamique,
oxygene singulet, hypoxie.
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1 o General introduction

1.1. Cancer: a global burden

1.1.1. A disease that affects humankind

One of the major causes of morbidity and mortality in the world is cancers. The latter
term is plural because there are hundred kinds of cancer but all share common features. Then,
the term “cancer” is defined as an uncontrollable development of abnormal cells that can

acquire mobility through the body, infiltrate other tissues, and can unfortunately lead to

death.’

20 15 10 5 0 5 10 15 20
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Incidence Mortality

Figure 1: Age-standardized incidence and mortality rates for the most common cancers (2018, world, both sexes, all ages).*

Every year, the World Health Organization (WHO) publishes the global cancer statistics
on its website.? WHO reported for 2018, for both sexes and all ages, around 18 million of new
cases and almost 9.6 million of deaths, that is to say about 1 in 6 global deaths is due to
cancer.? So far, the deadliest cancers are lung (18.4% of the global total deaths), followed by
colorectal (9.2%), stomach and liver (8.2% each).* Figure 1 shows the repartition of the age-
standardized rates for the incidence and the mortality for the most commonly recorded
cancers.” Not all cancers automatically lead to death because people can be in remission or

totally cured, thanks to an early-diagnosis or a better access to treatment. From a global
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perspective, all the data concerning cancer are closely related to the value of the Human
Development Index (HDI). In fact, high-income countries show higher age-standardized
incidence and prevalence rates (figures 2 and 3) than countries with low HDIs.” These facts
can be explained by the development and the access to better care services in developed
countries, unlike to developing countries where there are poor clinical outcomes, coupled to
a lower education regarding the health care and unstable politics (wars and revolutions) and

economies.®
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Figure 2: Age-standardized incidence rate (2018, world, both sexes, all ages).®
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Figure 3: Age-standardized prevalence rate (2018, world, both sexes, all ages).®
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Cancer is not only a burden on health but also on the global economy. In fact, its total
annual cost in 2010 was estimated at about 1.16 trillion US$.” Therefore, for both economic
and medical reasons, governments and Non-Governmental Organizations (NGO) try to
educate people on health issues and to change people’s behaviors. The main risk factors are
multiple like tobacco use, being obese, lack of physical activity coupled with an unhealthy
diet and alcohol use, infections (HPV or hepatitis B) or radiations (UV/ionizing). An estimation
gives an interval between 30 and 50% of cases that could be avoided with intense prevention

campaigns or avoidance of risks factors.?

1.1.2. Main characteristics of cancers

Cancer appears when there is a collapse of regulatory mechanisms in a normal cell. All
the cell behaviors, such as proliferation, differentiation or death, are tightly controlled to
ensure the integrity of the cell, and consequently, of the whole organism. Cancer cells
succeed in escaping these controls: they grow quickly, they are uncontrollably divided and
they spread out to surrounding tissues, and eventually throughout the body.? Their principal

characteristics will be succinctly discussed in this section.

First, it is important to mention the existence of a wide variety of cancer. Many kinds of
human cells can be the starting point of tumors, leading to around a hundred different types
of cancers, all having specific and distinct characteristics.” Then, a specific vocabulary is
employed. Tumor is the generic term to indicate the abnormal proliferation of cells, gathering
benign and malignant tumors. A benign tumor is the static type of cancer, where cells remain
confined in their original location. Usually, when it is possible, a benign tumor is removed
during a surgery and the outcome is normally positive. A malignant tumor is more aggressive
because it is more invasive by spreading throughout the tissues, via the blood and/or the
lymphatic circulations. Then, the term of metastasis is used.'® Other words exist and depend
on the location where cancer cells arise. Three main types gather the majority of cancers:
carcinomas (around 90% of human cancers), lymphomas (around 7%) and sarcomas (rare in
humans). Carcinomas take for origin epithelial cells, whereas lymphomas appear from blood-
forming or immune system cells and sarcomas derivate from connective tissues (like fibrous

tissues, muscle, cartilage, bone).’
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Cancers start after a combination of several mutations in genes. Mutations permanently
occur in the body because each time the genome is replicated, there is a non-negligible
probability to get them. However, most of the mutations are silent because they are either
neutral for the entire genome, or not suitable and then suppressed. When it is not the case,
the combined mutations provoke a perturbation in the cell cycle control and in the information
sensing from the cell environment. Therefore, cancer cells can escape from all the regulatory
mechanisms and become immortal. Mutations can be generated by many factors and the
term of carcinogen is used for all substances that cause cancer. Carcinogens can be chemical
(components of tobacco smoke), physical (ultraviolet or ionizing radiations) or biological
(viruses, bacteria or parasites). They can damage the DNA with mutations or contribute to

cancer development with the stimulation of proliferation processes.**

As mentioned before, cancer cells can escape to cellular regulatory controls. Normally,
cells have the ability to sense their everchanging environment thanks to signals received via
receptors, which initiate one or several biochemical reactions. This phenomenon is described
as the signal transduction cascade. This succession of biochemical reactions regulates all the
information about cells behavior, like its proliferation, migration, differentiation, death,
motility or its metabolism. If the mechanisms are deregulated, cell homeostasis is impacted
and a tumor can appear and survive. In cancer, two main classes of genes are altered:
oncogenes and tumor suppressor genes. The first type facilitates the cell division, whereas
the second one stops or postpones it. 125 genes (54 oncogenes and 71 tumor suppressor
genes) have been identified in cancer propagation and describes as “must-driver genes”."' In
brief, gene mutations provoke either the activation of oncogenes or the suppression of tumor
suppressor genes, or even both, and cells can be expanded into the body."? There are also
several important distinctions between cancerous and normal cells. However, only the

principal characteristic of tumors and its consequences will be described in the next section.
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1.2. Hypoxia: a hallmark of cancer cells

1.2.1. General statements

1.2.1.1. Definition of oxygen levels

Blood vessel
Oxygen concentration = nourishing artery
R -

Aerobic cell

0-100 pm
NORMOXIA

Hypoxic cell

100-150 ym
HYPOXIA

Necrotic cell

>150 pm
ANOXIA

Figure 4: Three areas observed in a solid tumor, depending on the distance from the blood vessel.'>1¢

Hypoxia is a hallmark of human solid tumors.'? This fundamental physiological feature
corresponds to a low oxygen concentration in tissues.” Hypoxia happens when the oxygen
demand is outgrowing the supply. In fact, cancerous cells grow in the surroundings of blood
vessels, to ensure them a good nutrients and oxygen supply. However, the development of
abnormal cells is so fast that the oxygen consumption is high and its diffusion is struggled.™
In general, the available oxygen is consumed within 70-100 um from the blood vessel.
Therefore, this area is called normoxia and corresponds to well-oxygenated and very-
proliferative cells. Then, the zone of hypoxia is situated at around 100-150 pym from the
vasculature, where a population of cells survive despite a lower oxygen concentration. In such
situation, normal cells generally enter in apoptosis, while cancerous cells adapt their behavior
to survive in this hostile environment with a poor nutrition. Beyond this area, the oxygen
concentration is dramatically low, even zero. The term of anoxia describes the zone where
necrotic cells stand (figure 4).">'® When dealing with partial pressure of oxygen (pO2),
physoxia is another employed term to indicate the physiological oxygen level in healthy
tissues.” Table 1 summarizes the typical oxygen levels in various environment using a pO2

notation.’
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Situations mmHg %02
Standard atmospheric 760 100.0
Oxygen in air (atmospheric pressure) 160 21.0
Inhaled oxygen in pulmonar alveoli 100 13.5
Oxygen in arterial blood 70 9.5
Oxygen at the end of venous circulation 50 6.5
Physoxia (depending the tissue, see table 2) 38 5.0
Physiological hypoxia (with normal hypoxic responses) 15 2.0
Pathological hypoxia (disruption to normal homeostasis) 8 1.0

Table 1: Approximative oxygen levels in different situations.™

1.2.1.2. Determination of oxygen levels

Hypoxia was first described in the 1950s by Thomlinson and Gray. Gray observed the
importance of tissue oxygenation for a good efficiency of radiation treatments.”” Then, with
the collaboration of Thomlinson, he proved the existence of hypoxic and necrotic regions at
a certain distance of an irregular vasculature.’ After this discovery, information on hypoxia
was mostly pulled from in vivo studies on rodent tumors.” The 1990s saw the development
of a new method using an Eppendorf electrode, developed by Vaupel and his team.?’ Since
then, different values of oxygen levels were precisely measured in healthy and cancerous
tissues: they differ depending on their location (table 2). In general, physoxia is around 40
mmHg in healthy tissue and the value drops to an interval between 2 and 20 mmHg for

hypoxia in cancer cells.™

Nowadays, several different methods exist to detect and quantify hypoxia in tumors.
They are usually combined to obtain an accurate result. Some methods are direct but with
the disadvantage to be invasive, such as the use of a polarographic oxygen electrode or a
luminescence-based  optical sensor.??®  Other techniques are employed in
immunohistochemistry with hypoxic biomarkers. The most known markers derive from 2-
nitroimidazole: pimonidazole and EF5.2%° They can also be useful for the Positron Emission
Tomography (PET) imaging, a non-invasive method that can spatially map all the regions
affected by hypoxia. For that imaging method, tracers labelled with 18-F are used and they
are named FMISO, EF5, FAZA or HX4.2829313233 However, false results may be obtained
because of remained unbound tracers.”’ Another non-invasive method, the Magnetic

Resonance Imaging (MRI) is also routinely employed in hypoxia detection. Several types of
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MRI have been developed but the most widespread is the BOLD-MRI.22#3* Nevertheless, this
technique allows an indirect measurement of hypoxia levels and strongly depends on the

blood flow, leading sometimes to false estimations.?

Normal tissues Cancerous tissues
Tumor type pO2 (mmHg) %02 pO2 (mmHg) %02
Brain?' 26.0 3.4 13.0 1.7
Breast?' 52.0 6.8 10 1.3
Head and neck?® 51.2 6.7 14.6 1.9
Lung?® 42.8 5.6 16.6 2.2
Pancreas® 51.6 6.8 2.7 0.4
Prostate® 30.0 3.9 24 0.3
Rectal? 52.0 6.8 19.0 2.5

Table 2: Comparison of oxygen levels in some healthy and cancerous tissues.

Now, it is undoubtedly recognized that hypoxia leads to poor diagnostics because it
usually permits the tumor to withstand cancer treatments.* Basically, when their environment
becomes hypoxic, cancer cells modify their mechanism to survive and continue to grow. This
is possible mainly because of (1) the development of a new vascularization, (2) the
morphologic change after an epithelial-to-mesenchymal transition (EMT), (3) the formation of
metastases thanks to a higher motility, an improved plasticity and a bad quality vascularization

and finally (4) the resistance towards treatments.'

The mechanisms coming out of hypoxia are very complex but they will be explained
succinctly, with their consequences, in the next section in order to understand why hypoxia is

an important element to take into consideration when improving cancer treatments.

1.2.2. Implication of the HIF pathway and its main impacts on cancer cells

1.2.2.1. HIF pathway and its main characteristics

Our organism is extremely regulated by thousands of mechanisms: HIF pathway is one
of them. HIF is an abbreviation for Hypoxia-Inducible Factor and represents the major
transcriptional complex implied during cellular adaptation to oxygen levels. It was identified

almost 30 years ago by Semenza.* The transcriptional complex HIF is composed by three
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types: HIF-1, HIF-2 and HIF-3. So far, HIF-1 is the most studied and it is usually the one
overexpressed in a majority of tumors.* HIF-1 is a heterodimer protein and it consists of two
subunits, a and B. Instead of its innate partner 1B, HIF-1a is only detected when there is

hypoxia since it is more stimulating for a low cellular pO: (figure 5).%

Normoxia Hypoxia

(c) )]

Figure 5: Immunofluorescence pictures of Hela cell cultures in different oxygen levels, normoxia (a and c) and hypoxia (b and
d). The fluorescent stains color the nuclei (a and b) and the HIF-1a (c and d). HIF-1a is only detected in the nucleus during
hypoxia.®®

Then, HIF-1a can be viewed as a cellular oxygen sensor, even it is regulated by both
hypoxic and non-hypoxic factors (figure 6)."3? When there is a viable oxygen concentration
(normoxia), two prolines of HIF-a are hydroxylated with O by prolyl-4-hydroxylases (PHDs) to
form HIF-OH. Then, HIF-OH is destabilized and recognized by Von Hippel Lindau protein
(pVHL), to be ubiquitinated and finally degraded by a proteasome (figure 6). HIF-a is also
regulated by other factors during normoxia, such as ROS (Reactive Oxygen Species),
cytokines, lipopolysaccharides and/or growth factors via different receptors (figure 6). When
hypoxia appears in cancer cells: the hydroxylation process stops and provokes the
stabilization of HIF-a, that allows its accumulation within the cell. Then, HIF-a is translocated
into the nucleus and undergoes a dimerization with the other subunit B, generally called ARNT
(Aryl hydrocarbon Receptor Nuclear Translocator). The gene transcription starts and engages
cells to adaptive pathways with biological consequences, like the development of new blood

vessels and metastases, thus escaping from death or metabolic changes.''*%
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Figure é: Simplified HIF-a mechanism during normoxia and hypoxia, with implicated signaling molecules.*’

1.2.2.2. Development of a new vasculature

While the tumor grows, its nutrient and oxygen demands get bigger and bigger, to
finally surpass the supplies. Therefore, the environment slowly become hypoxic. To cope with
this issue and to recover the original nourishing function of the vasculature, one of the tumor
cells strategies is to modulate with angiogenic growth factors (VEGF, SDF-1 and Ang2) to
activate the creation of new vessels.”’ It combines three mechanisms: vasculogenesis,
angiogenesis and vessel maturation. Vasculogenesis is the proper formation of vessel;
angiogenesis is the formation of new vessels from the pre-existing vasculature; and
maturation consists of the consolidation of the new vasculature. However, hypoxia triggers a
disequilibrium in the production of the anti- and the pro-angiogenic factors. Therefore, the
blood vessel formation is fast but extremely chaotic, poorly organized and leads to an

abnormal, elongated, dilated, immature and leaky vasculature (figure 7).'44041

Figure 7: Vasculature in healthy (a) and in cancerous (b) mice.*'
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1.2.2.3. Metastasis and morphological changes

Partly because of these heterogeneous blood vessels, the formation of metastases is
greatly facilitated. Figure 8 shows their formation.*? The first step is the development of
mutated cells. The altered cells have selective advantages and promote the tumor growth. A
hyperplasia describes the development of abnormal cells, slowly forming a benign mass.
Because the tumor develops and its nutrients and oxygen needs increase, new blood vessels
grow in the surroundings. Then, the hyperplasia turns into a carcinoma and it becomes
invasive with the initiation of cell migration inside the tissue. Cancerous cells easily circulate
in the blood and the lymphatic system since the new vasculature is irregular and facilitates
the intra- and extra-vasation. Finally, cancer cells are spread somewhere else in the body:

metastases grow and succeed to escape their original hostile hypoxic environment.' ? 2

Carcinoma Invasive
in situ carcinoma

Mutated Hyperplasia N
cell N

N
Y R Cell migratioy
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Figure 8: Carcinoma progression, from its formation to the appearance of metastasis.*?

The development of metastases is also made possible by a morphological change
allowed by an epithelial-to-mesenchymal transition (EMT). This biological phenomenon, firstly
described by Hay in 1995, allows several biochemical modifications to generate mesenchymal
cells from polarized epithelial cells (figure 9).**** Epithelial cells are juxtaposed and tied to
each other. The whole form a coherent tissue with a specific function, whereas mesenchymal
tissue has a supporting role. During the EMT, cells lose their adhesion to each other in aid of

extracellular matrix (ECM) components, such as fibronectin and vitronectin, due to the
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downregulation of E-cadherins and integrins.*“¢” In that manner, cancer cells have a greater

motility and get a certain invasiveness.'#4243.4647

€) (b) ()

[o]

Epithelial cells Epithelial-to-mesenchymal transition Mesenchymal cells
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Figure 9: Epithelial and mesenchymal phenotypes before (a), during (b) and after (b) the EMT.4*

1.2.2.4. A metabolic switch towards an aerobic glycolysis

Metastases are the result of an uncontrollable division and rapid proliferation of tumor
cells. Another mechanism controlled by the HIF pathway is their metabolic adaption to follow
this cadence.™ It was observed that glucose consumption is higher in proliferative cells (for
instance, stem and tumor cells) than normal differentiated cells.*® A first hypothesis was made
by Warburg in the 1920s: the different nature of the glucose catabolism between cancer and
normal cells might be explained by the deregulation of mitochondria (powerhouse of the cell)
and let the glucose ferment to obtain a large amount of lactate.***%%" This adaptive behavior
is now described as the “"Warburg effect” or also called aerobic glycolysis, since this
mechanism is working perfectly with or without oxygen.** However, Warburg was wrong about
the non-functional mitochondria: instead of an irreversible injury in the respiratory mechanism,
an adaptative metabolism is set up in order to get a better balance between energy
(production of ATP, a biomolecule giving an efficient quantity of energy for all the cellular
processes) and small molecules (such as amino acids, lipids or nucleotides) productions.*?
Normally, depending on cellular pO:, cells have two possibilities for using molecules of
glucose: oxidative phosphorylation or anaerobic glycolysis. When oxygen is present in
enough quantity, the oxidative phosphorylation is the main pathway. It starts with the
progressive and enzymatic degradation of glucose into pyruvate. Then, the pyruvate is carried
into mitochondria and the cellular respiration initiates, with the Krebs cycle (also known as
TCA cycle), giving ATP and CO.. In contrast, when there is a low oxygen concentration, cells
can overcome this lack by promoting the anaerobic glycolysis and then, produce a large

quantity of lactate and in a smaller part, ATP.52%35* The first mechanism provides 36 moles of
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ATP per mole of glucose completely oxidized, whereas the second generates only 2 moles.>
The Warburg effect appears as a compromise between the oxidative phosphorylation and
anaerobic glycolysis: the aerobic glycolysis produces 4 moles of ATP for 1 mol of glucose.*
Cancer cells can cope with this sacrifice because they can easily find energy sources, since
they are able to circulate. Therefore, they do not have an urgent need to optimize and
increase their ATP yield. They prefer converting a part of the degraded glucose into small
biomolecules or NADPH in order to have enough material for building new cells and
proliferate.®*** Figure 10 summarizes the metabolic pathways in proliferating cells.>>” As
shown, there is the intervention of oncogenes (PI3K/AKT, tyrosine kinase, MYC) and tumor
suppressor genes (LKB1/AMPK, p53) to regulate the mechanistic flow and stimulate, for
example, the production of acetyl-CoA, glycolytic intermediates or ribose, respectively
essential for the synthesis of fatty acids (lipids), non-essential amino acids or nucleotides.
Glucose and glutamine bring a big part of free energy, nitrogen and carbon inside the cell.
Then, instead of ATP, glucose and glutamine appear to be fundamental for the cancer cells:
their transporters (GLUT for glucose or ASCT2/SN2 for glutamine) are also stimulated to bring
enough quantity of cellular fuel or to evacuate the produced lactate and H* ions, considered

as waste-products, outside the cell (via MCT).*?

The increased production of H* by the aerobic glycolysis leads to an acidic tumor
microenvironment (TME).” In fact, the activity of MCTs is increased and facilitates a H* efflux
from the cellular cytoplasm to the extracellular environment. This phenomenon contributes
to an inversion of pH between inside and outside of cancer cells.”” In healthy cells, the
intracellular pH (pH)) is around 7.2 and the extracellular pH (pH.) around 7.4; whereas in cancer
cells, pH; is higher than 7.4 and pH. between 6.7 and 7.1.%7°%% The rise of pH;encourages cell
proliferation, reduces apoptosis, stimulates glycolysis but in the meantime inhibits the
gluconeogenesis (that is to say, the synthesis of glucose from the lactate) and boosts the
cytoskeletal restructuring. As for the acidification of pHe, it promotes the degradation of ECM,
restricts the role of HCOjs ions, acting as a buffer outside of cells, and stimulates the activity

of acid-activated protease, for increasing tumor propagation.”’
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Figure 10: Metabolic pathways in proliferating cells. Box: tumor suppressor or oncogenes; Oval: main metabolic events; Light
italic: enzymes for biochemical reaction; Dark italic: transporter names.>%*’

1.2.2.5. Appearance of resistance towards anti-cancerous drugs

Because of the existence of complex mechanisms and all the consequences resulting
from their modification, tumors are difficult to fight because they develop a certain resistance
to treatments."?’ As already explained above, all these effects are mainly controlled by the
activated HIF-1a pathway, consecutively to hypoxia (see figure 6)."3? Radio resistance is
known for years to be less efficient when the oxygen concentration is low."”” Usually, when
radiations are carried out, there is a direct and an indirect impact on the DNA itself and the
production of radicals DNA®. When there is enough oxygen, molecules of water are either
converted by radiolysis to hydroxyl radicals or react with O, and electrons to form O*. All

these radicals provoke DNA damages and conduct to cell death. However, when the
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concentration is low (hypoxia), DNA is interacting with reducing species (such as SH-
containing species) and becomes DNA-H, that not damage the integrity of the genomic
support and lead to cell survival and by extension to radio resistance.®*¢'¢? As for drug
resistance, it is mainly due to the poor vasculature in cancer cells that induces a slowdown of
the proliferation, a bad delivery and a limited diffusion. A pH modification also changes the
drug distribution between intra- or extra-cellular compartments: the rise of the drug efflux
concentrates the major part of the drug outside of the cell. This phenomenon can be
explained by the combination of (1) protonation of drugs (usually weak bases) outside the
cell, which prevent their passive permeation through the membrane and (2) basification of the
cellular cytoplasm which permits the formation of charged compounds and lets the drug

across cellular membranes.3°7426344 Table 3 summarizes the different resistance phenotypes

noticed on cancer cell lines, using different types of drug.*

Cancer cell model

Drug

e Apoptosis inhibition
Breast cancer cells
Colon cancer cells
Fibrosarcoma cells
Gastric cancer cells
Glioblastoma cells
Head and neck squamous cell carcinoma
Neuroblastoma cells
Pancreatic cells
e Autophagy induction
Hela cells
e DNA damage inhibition
Breast cancer cells
Mouse embryonic fibroblasts
Prostate cancer cells
e  Drug efflux
Breast cancer cells
Colon cancer cells
Glioma cells
Oral squamous cell carcinoma
e  Senescence inhibition

Gastric cancer cells

Paclitaxel (Taxol®), Docetaxel (Taxotere®)
Adriamycin (Doxorubicin®), Etoposide, Oxaliplatin
Cisplatin, Etoposide

5-Fluorouracil (5-FU®)

Adriamycin (Doxorubicin®)

Paclitaxel (Taxol®)

Etoposide, Vincristine

5-Fluorouracil (5-FU®), Adriamycin (Doxorubicin®), Gemcitabine
4-HPR

Etoposide
Etoposide, Carboplatin
Etoposide

Methotrexate

Adriamycin (Doxorubicin®)

Etoposide, Adriamycin (Doxorubicin®)
5-Fluorouracil(5-FU®), Cisplatin

5-Fluorouracil (5-FU®)

Table 3: List of some cancer cells lines, developing drug resistance (phenotype, in italic).®?
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1.3. Photodynamic therapy: a promising treatment

As described previously, cancer cells have many characteristics which differ from normal
cells. Therapies have been drawn on them, trying to find weaknesses in the diabolical
mechanism of tumors. Nowadays, the most effective way to fight cancer is the prevention
coupled with an early detection, especially for people with inherited cancer suscepitibilities,
since early-stage cancers are easier to treat. Late-discovered cancers are fought with common
treatments when it is possible (depending on the stage, localization, type of tumors and on
the general health of patients): surgery, radiotherapy and chemotherapy. Usually, they are
combined to lower the recurrence of cancer by maximizing the rate of cell death. However,
these treatments are usually followed by unpleasant side effects: hair loss, mouth sores,
appetite loss, nausea/vomiting, diarrhea/constipation, increased risk of infection and fatigue.
As just explained before, common anti-cancer therapies lead to some resistance and the risk
of relapse is high. In order to avoid that, researchers are focusing their attention on more
specific therapeutics to target only cancer cells. For instance, there is a development of
antiangiogenic drugs, immunotherapy, cancer vaccines or the improvement of a new
promising method, photodynamic therapy (PDT).”¢>%¢ Next sections will be dedicated to the

description of PDT.
1.3.1. The therapeutic power of the combination “light-drug”

Since thousands of years, the great potential of the light is known. Egyptian, Chinese or
even Indian civilizations already employed a combination of drugs and light to cure skin
diseases, such as vitiligo, psoriasis or rickets.®’”¢¢¢?7° However, the real capacity of the light
was not well exploited until the beginning of the 20" century. This century saw the rise of a
number of modern discoveries and inventions. It starts with Raab in 1900: he observed lethal
effects of acridine orange on infusoria and the correlation between the strength of the
response and the red-light dose.”" The same year, Prime employed eosin dye as an oral drug
for epilepsy and noticed the development of dermatitis on his patients, after being exposed
to sun light.’? In 1903, Finsen received the Nobel Prize in Medicine for his work on

phototherapy (figure 11, a). He was able to develop a treatment for smallpox and tuberculosis,
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using red light and UV light respectively.”® Few years later, Von Tappeiner (figure 11, b) and
his collaborator Jesionek saw improvements in curing skin cancer after using eosin and white
light.”* It leads Von Tappeiner to define in 1907 the photodynamic therapy as a new treatment
combining drug and a certain dose of light.””In 1913, Meyer-Betz reported for the first time
human photosensitization by hematoporphyrin: he exposed his own skin to the light after

using hematoporphyrin and noted the swelling of the irradiated area and felt a certain pain.”®

Figure 11: (a) Niels Ryberg Finsen [1860-1904]; (b) Hermann Von Tappeiner [1847-1927].7778

The next important step in the field was the detection of the tumor by employing
fluorescent methods. In 1955, Rassmussan, Taxal and Figge measured a red fluorescence
after the intravenous administration of hematoporphyrin hydrochloride. The fluorescence rate
was proportional to the administrated dose of photosensitizer (PS).” In the 1960s, Lipson and
Baldes observed the accumulation of HpD (hematoporphyrin derivative, isolated by Schwartz
few years earlier) in tumors by measuring its fluorescence.?®' These discoveries are important
for the development of cancer diagnosis. Then, HpDs were extensively studied. In 1972,
Diamond noticed the reduction of the growth of a mice glioma after using HpD for several
weeks, but only in the superficial area and not in the deeper zone.?? In 1975, Dougherty and
his collaborators published a study where 87% of mice showed a complete response after
treating their skin cancer by a combination of red light and HpD.® Consecutively, in 1976,
Kelly and Snell made the first human study with HpD within the scope of PDT for bladder
cancer.® Finally, in 1993, Canada was the first country to authorize clinical trials with the first
approved PDT drug, photofrin®.#* Since then, many PS as PDT drugs have been synthesized

and studied (more detailed in section 1.3.2.4).
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1.3.2. PDT: a three-element mechanism

Photodynamic therapy is an innovative treatment which creates a certain phototoxicity
by the combination of three elements: a light-absorbing drug, also called photosensitizer (PS),
a light at a specific wavelength and molecular oxygen. PDT appears to be promising because
of its high selectivity. In fact, its biggest advantage is to be harmful only when the three

elements are gathered in a same physical and temporal space.®*#

1.3.2.1. PDT in practice

In clinics, the photosensitizer is generally administrated intravenously, but it can be also
given topically. Then, it is taken up by both healthy and cancer cells (systemic distribution of
the drug). Normally, the organism is able to evacuate the drug through a good lymphatic
circulation. Nevertheless, as largely explained before, tumor vasculature is very bad and there
is a poor lymphatic drainage. So, PS is mostly retained by cancer cells. This phenomenon is
commonly known as the Enhanced Permeability and Retention (EPR) effect and was first
detailed by Maeda in 1986.8¢ After a certain time, varying between 5 minutes and 24 hours,
the cancerous area is irradiated by a light, with a wavelength specific to the drug (figure 12).%’
Finally, the combination of the light and the PS, in presence of oxygen, triggers oxidative

damages and leads to cell death. ##

®) 6

(@) (b) (©

Figure 12: PDT in clinics is composed of three steps: (a) PS administration, usually intravenously; (b) distribution of the drug in all
the body; (c) concentration of PS in the cancerous area and after, irradiation of the zone. PS is represented as dots.®’
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1.3.2.2. Energetic transfers involved in PDT

The mechanism of PDT corresponds to an energy transfer between the three main
elements with several stages.®”® The first step consists of the irradiation of the PS, initially at
its singlet ground state So (so PS is named as 'PSo): the energy is absorbed and the
photosensitizer reaches an excited singlet state S ('PSs). This state is very unstable and it has
a short lifetime. 'PS; quickly reacts (within 107-10% s), either by returning to its ground state
(by emitting fluorescence, heat or by being subjected to a non-radiative transition) or
sometimes by undergoing an intersystem crossing (ISC). Due to the ISC, the PS is able to get
to a triplet excited state Ti (*PS1) by reversing one electron spin. The triplet state T; is lower
in energy than the singlet state S; and results of a spin forbidden transition: its probability to
occur is very small and when it is made possible, Ts has a longer lifetime (roughly from 10 to
102 s). Therefore, 3PS; has more time to interact with the molecules in its surroundings. Three
outcomes can happen to the drug: (1) it can come back directly to its ground state So by
emitting phosphorescence; (2) it can interact with biological substrates such as vitamins, flavin
compounds, amino acids, unsaturated lipids or nitrogenous bases (type I) or (3) it can transfer
its non-radiative energy to molecular oxygen, also named 3O, to permit its own conversion
in singlet oxygen 'O: (type ). Types | and Il are two kinds of photochemical reaction that
trigger the formation of ROS, which creates an oxidative stress and leads to a fatal outcome

for the cell (figure 13). 77" Both reactions will be better explained in the next section.

Cellular death €mmmm Oxidative stress

_ Radicals
p | 4
Biological

substrate | |

S

I
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Intersystem crossing

—
Absorption D
Fluorescence
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Figure 13: Modified Jablonski diagram: energy transfers between light, PS and Oz during PDT.
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1.3.2.3. Mechanisms leading to an oxidative stress

o S PS + RH — PS-H* +
l302 J 302
302
PS** + O, O, + PS
| | RO’
Fe3+
\ ' ROOH + F )
30, + H,0, Fe+ + 30, TYPE I(ii)

\—'——/ %S + 30, — 'PS + 0,
+ Fed* + /
I Oxidative damage

0, + TYPE I(i) TYPE Il

Figure 14: The three different routes during PDT reaction.”

Figure 14 shows the three different mechanisms of reaction when the photosensitizer is
at its T1 state.”?”® Type | is subdivided into two reactions. On the one hand, the type I(i)
corresponds to an electron transfer and it starts with the excited photosensitizer (in figure 14,
named as PS’). It reacts either with a biological substrate R (predominant path) or with 3O,
(low probability to occur). In both routes, the PS” becomes a radical, an anion PS* or a cation
PS**, and generates a superoxide radical anion O2". The superoxide will instantly react with
Fe® or with two protons H*. On one part, thanks to a superoxide dismutase (SOD), O2* can
be disproportionated into *O2 and H20.. On the other part, the Haber-Weiss reaction begins:
Fe®* is reduced into Fe?*, which can catalyze the formation of the hydroxyl radical OH* from
H.O,. The OH* is one of the most damaging radicals for cells because it can easily cross
membranes and cannot be excreted from intracellular compartments. Moreover, OH* has a
high redox potential (Eo = +2,3 V) that allows it to oxidize nearby molecules.” On the other
hand, type (i) corresponds to a transfer of protonss. The excited PS™ reacts with a biological
substrate bearing a labile proton (R-H) and produces the substrate radical R®, that can interact
with O and form other kinds of radicals. Finally, for both subtypes I(i) and I(ii), chain reactions
with cytotoxic free radicals are triggered and led to oxidative damages and cell death.

Alternatively, type Il involves a spin-allowed transition between *PS" and *O,. When they
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interact, there is a triplet-triplet annihilation: in other words, triplet state compounds become
singlet state compounds. During that process, 'PS and two forms of singlet oxygen 'O, (1Ag
and 12g) are produced. Singlet oxygen is extremely reactive and particularly oxidizes
unsaturated lipids of cellular membranes. These lipids undergo a peroxidation which
provokes structure damages.” Like type |, the production of singlet oxygen results in the cells
death. Both type | and Il play a role in the death mechanisms but, it is established that type II
is the main pathway during PDT in human cells. It can be explained by the very fast reaction
of 'O, with its surroundings, since its lifetime is very short (< 0.04 to 3 ps in biological media)
limiting then its own diffusion to the cell, where the PS is standing (about 10 nm).”® Therefore,

all PDT damages strongly depend on the PS localization.?"?2%

1.3.2.4. PDT elements: a deeper description

1.3.2.4.1. Oxygen
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Figure 15: Electronic configurations of molecular oxygen and its first excited states.

Molecular oxygen (*O;) is a diatomic mononuclear molecule. It can be also named as
O,(%2,). Following Pauli’'s and Hund's rules, its electronic configuration is (10g4)? (10°,)? (20,)?
(26")2(30g)? (T11u)? (111 )2 (119" (11'gy)": there are two unpaired electrons with the same value

of spin in the external orbital.” Then, the multiplicity of its ground state is triplet, unlike the

20
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majority of molecules (figure 15). The two lowest states of 'O correspond to either a spin
pairing or a spin inversion, both in the 3m, orbital, respectively for Oz('Ag) and O('%,). Figure
15 explicitly represents their electronic configuration. In terms of energy levels, 94.3 kJ.mol”
are required to reach the first excited state ('Ag) from the ground state; and add 63 kJ.mol
on top of that to get the second first excited state ('Z,). Then, two implications can be
highlighted: O('Ay) can be detected at 1270 nm and Ox('%,) is too high in energy to be stable,

so Oy('Ay) is the usual state involved in PDT reactions.”®?%

1.3.2.4.2. Photosensitizer

The drug employed during PDT is a light-absorbing compound, mostly based on a
tetrapyrrolic structure. It can be hematoporphyrin (Photofrin®), chlorin (Foscan®, Litx®),
phtalocyanin (Photosens®) or benzoporphyrin (Visudyne®) derivatives.” To be efficient, the PS
should have ideal properties. First of all, it must show a very low toxicity when it is injected
and without light irradiation, which also implies a high stability during storage and when the
PS is traveling inside the body. Its administration should be easy, painless and realized in
multiple ways. PS should absorb a light in the therapeutic window (see next section), with a
high extinction coefficient (around 5.10* to 1.10°> M"'.cm™) in order to receive enough light
and have enough energy to produce singlet oxygen upon irradiation. So, PS should have a
high singlet oxygen quantum yield. Moreover, PS should present a high tumor selectivity and
a good clearance (natural removal of the drug), in order to reduce the possibility of skin
photosensitivity. Photosensitizers are categorized in three generations.” The first generation
gathers all the hematoporphyrin and its derivatives (HpD). Nowadays, the most widely used
PS in clinics is the porfimer sodium, commercially known as photofrin®. Even its large
utilization, photofrin® still has a lot of defects: its poor tumor selectivity, its low absorption
wavelength (630 nm; e=3000 M".cm™) and to be efficient, its high required dose. Then, other
PS were synthetized to overcome these issues and tune their properties (2" and 3™
generations).''%" Despite a large number of PS under clinical trials, a relatively small number
of drugs have received authorizations from national organizations (table 4)." Since there is
still no PS bringing all the requirements to become an ideal drug, a lot of research is focusing

on developing new molecules for PDT applications.%104105.10
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Photosensitizer

Trade name of drugs

Chemical structure of PS

Approval
Country (Date of the first trial)

Potential recommendations

8-Methoxypsoralen

USA (1999)

Cutaneous T-cell lymphoma

7
(8-MOP) o
Methoxsalen® o0
o\
9-acetoxy-2,7,12,17- o O/ Germany (1997) Psoriasis non-melanoma skin cancer
tetrakis-(B- 4 o Head and neck cancer
methoxyethyl) 737/
ATMPn® “o
&
Aluminium HO,S " so i Russia (2001) Stomach cancer
phthalocyanine NN Skin cancer
tetrasulfonate ) N el N { Lip cancer
AN A N
(AIPcS4) = N { Oral cavity cancer
Photosens® - N% Breast cancer
HO.S ; SO,H Age-related macular degeneration
Aminolevulinic acid o Levulan®: USA (1994), EU Actinic keratosis
(5-ALA) W (2001), Sweden (2001) ; Basal cell carcinoma
Alacare®, Ameluz®, HN OH Alacare®: UK (2009), Austria Esophageal dysplasia
Levulan® © (2009), Germany (2009);
Ameluz®: EU (2011)
Benzoporphyrin USA (1999) Age-related macular degeneration
derivative monoacid
ring A
Visudyne®

Basal cell carcinoma

Chlorin e6 (Ce6-PVP) 7 Republic of Belarus (2001),
Photolon®, Russia (2004) Squamous cell carcinoma
Phoditazin®, Esophageal cancer
Radachlorin® Breast cancer
Oral cancer
COOH Skin cancer
o So  f

Hexaminolevulinate o o " EU (2006), USA (2010 Bladder cancer diagnosis
(HAL) e E‘A/U\/ ’ Colon cancer diagnosis
Hexvix®, Cysview® Cervical intraepithelial neoplasia
Methyl ester- o) EU (2001), Sweden (2001), Actinic keratosis
aminolevulinate HzN/\H/\)J\O/ Ausltraléa (2200003)' NeWZOO Basal cell carcinoma
(MAL) o) Zealand (2004), USA (2004), Bowen’s disease

Metvixia®, Metvix®

Canada (2009)
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N-Aspartyl chlorin eé
(NPeb) or taloporphin

Laserphyrin®, Litx®

Japan (2003)

Lung cancer

Glioma

Porfimer sodium
Photofrin®,
Photosan®,
Photogem?®,
Photohem®

NaO,C(H,C), CH,
n=06

3
R= HO-CH and/or wC=CH,
CH, H

Canada (1993), USA (1995),
Germany (1997), UK (1999),
EU (2000)

Bladder cancer

Obstructive esophageal cancer
Lung cancer

Actinic Keratosis

Barrett's esophagus

Gastric cancer

Basal cell carcinoma

Squamous cell carcinoma

Tetra (m-hydroxy
phenyl) or mTHPC

Foscan®

EU (2001)

Advanced head and neck cancer
Squamous cell carcinoma

Prostate cancer

Pancreatic cancer

Table 4: Approved photosensitizers for anti-cancer treatment and diagnosis (EU = European Union; UK = United Kingdom; USA
= United States of America),

1.3.2.4.1. Light

The choice of PDT light is mainly based on the employed PS; but it also depends on the tumor
type, its physical availability and the cost of the PDT setting up.'” Moreover, not all
wavelength can penetrate the human skin. In fact, crossing a heterogenous milieu, the light
beam can be either reflected, refracted, scattered or absorbed. The light wavelength plays
an important part in the efficiency of PDT for deeper tumors: lower values affect only
peripheral tumors (figure 16)."% The interval between 600 and 1200 nm is known to be the
optimal therapeutic window. However, the optimal therapeutic window for PDT ranges from
680 to 800 nm because of (1) a smaller number of interactions with natural pigments in the
body (for example, hemoglobin or melanin) and (2) the light energy is adequate to obtain a
high singlet oxygen quantum yield. In practice, diode lasers are widely used because they are
very practical, have a reasonable cost and an easy set up. Nowadays, Light-Emitting Diodes
(LEDs) are the preferential light source for treatments since they can furnish narrow spectral

bandwidths and permit a better targeting of the PS."1%
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Figure 16: The light penetration in human skin depends on its wavelength.'%

1.3.3. Impacts of PDT treatment

1.3.3.1. Importance of PS location after its administration

PDT affects cancer cells at different levels (cellular and tumoral). However, its impacts
are very complex and results from many factors. One of the most important factor is the
location of the photosensitizer, rather than ROS production.’ In fact, two dyes employed as
PS, crystal violet and methylene blue, were compared. Despite the fact that crystal violet
produces less ROS than methylene blue, they have a similar impact on cells after PDT. This is
due to the location of the PS: for crystal violet, PS is in the mitochondria, whereas it is in the
cytosol and in the lysosomes for methylene blue.""® Generally, PS is efficient when it is
concentrated in organelles such as Golgi apparatus, lysosomes, endoplasmic reticulum,

mitochondria and plasma membrane.'"

1.3.3.2. Cellular damages

At the cellular level, photodamages from PDT lead to cell death via three main death
morphotypes: necrosis, apoptosis and autophagy (figure 17)."2113114115 One mechanism is
preferred over the others depending on the PDT dose (light and drug quantities) received by
cells and the location of the PS.'" Firstly, apoptosis is the common mechanism for cells to

die. Usually, it arises when light and drug are in small quantities. In that case, PS is commonly
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located in mitochondria. After irrradiation, photodamages causes the permeabilization of the
mitochondrial membrane: the cytochrome ¢, a key element intiator of the pro-apoptotic
cascade, is released into the cytosol and the cell enter in apoptosis.''® Secondly, necrosis takes
over apoptosis when PDT doses are higher. In that case, PS is found in plasma membranes
and frequently leads to an inflammatory response after intracellular material leakage and the
destruction of membranes.'” "> Lastly, autophagy can also replace apoptosis when it is
impaired. In normal cell, autophagy is a cytoprotective mechanism that recycle all the
damaged material. Neverthless during PDT, autophagy leads as well to cell death when doses

are considerably high.'%71"®
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Figure 17: Cell death morphologies and their characteristics.'"?
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1.3.3.3. Consequences of PDT on tumors

At the tumor level, all the former types of destruction cause fatal damages that bring
destruction to the tumor. Three frequent phenomena occur when PDT is carried out: the direct
death by generation of ROS, the shortage of the vascularization and the activation of the
immune system. % First, the production of free radicals, especially ROS, disrupts the fine
tuned redox balance of cells and thus, provokes an oxidative stress. ROS directly attack a
specific tissue, called stroma. Stroma is a supportive and vascularized tissue that brings all the
nutrients needed by cells and throws out all their waste. So, reaching the nutritive zone of
tumor cells, PDT leads to their death by apoptosis or necrosis.””'"® Another event that
disturbed the nourishement of cancerous cells is the destruction of their circulation. Many
anti-cancerous strategies are based on the production of anti-angiogenic drugs. In the case
of PDT, photodamages have an impact on tumor vessels. This impact is proportional to the
drug light interval (DLI): the more reduced DLI is, the more vascularization is destroyed.
During this proccess, endothelial cells are mainly ruined and they release some signals that
activate platelets and lead to the formation of thrombus and vasoconstriction. Blood flow is
then reduced, tumors cells are deprived of their nutritive elements, and the cell destruction
occurs.'? 113 119120 Another consequence of PDT on cancer cells is the activation of the
immune system. In the first place, an inflammatory response is triggered due to the release
of several molecules, such as Heat Shock Proteins (HSPs) or damage-associated molecular
paterns (DAMPS). There is also the activation of NFkB, the key factor in inducing inflammatory
responses. Furthermore, the number of nucleophiles in the circulation increases. These white
blood cells play a major part in phagocytosis, that allows the removal of damaged cells, and
intensify the activity of T cells, also important in the immunity response. Finally, a memory
immunity sets in: an adaptative immune reaction takes place and primes the organism to a

relapse or an attack by similar tumor cells.'07121122123
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1.3.4. PDT for treating: advantages and limitations

Figure 18: Use of PDT in complement of chemoradiotherapy (CRT) for treating esophageal squamous cell carcinoma. (a) before
the beginning of any treatment; (b) local residue after the first treatment (CRT); (c) ischemic change after two days of PDT, (d)
remained ulceration after one month of PDT; (e) complete response after 3 years of PDT.'?

Nowadays, PDT is a technique for a wide spectrum of applications: diagnostic tool,
palliative, curative or preventive cares. It can take place before or after classical treatments
(surgery, radio- and chemotherapies) and be repeated, without overlapping the toxicities. As
already explained, PDT drugs show no toxicity until they are irradiated and lead to different
biological mechanisms for damaging or killing cancer cells. Even though it is not yet largely
used as anti-cancer treatment, PDT represents also a cheaper technique, since it is an
ambulatory method. The one-day treatment can also appear more pleasant for patients.”:'%
Some examples of clinical application are summarized in table 4. Figure 18 shows the
evolution of an esophageal squamous cell carcinoma during a multimodal treatment.'> On
the first picture (figure 18, a), the tumor, without treatment, is clearly present.
Chemoradiotherapy (CRT) is carried out but is inefficient (figure 18, b). To complete the
treatment, PDT is employed and causes damages on the tumoral zone (figure 18, c and d).
Three years after, there is no trace of tumor: it is a success for the PDT treatment (figure 18,
e). However, there are many reasons why PDT is not yet a common therapy for cancers. The
main ones are: (1) an insufficient light penetration in the body to reach deep tumors, (2) no
general-purpose light devices, (3) skin photosensitivity and (4) a considerable lack of oxygen
in solid tumors. 6887126

Then, there is a real need to optimize the photodynamic therapy by synthesizing more
efficient PSs, by building devices providing a light at an optimal wavelength or by founding a

strategy to overcome hypoxia and providing a favorable oxygen level for the success of PDT.
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1.4. Thesis project

To tackle the hypoxic issues in solid cancers during PDT, oxygen concentrations should
be increased. The general strategy is to carry molecular oxygen in the treated area in order
to maximize the PDT effect with a higher singlet oxygen production. Supramolecular
chemistry can be a solution and more specifically assemblies with arene ruthenium units. In
fact, our team has demonstrated the great potential of these complexes for a PDT
purpose.'?1%127 A recent work was about the synthesis of an octonuclear metalla-cube
[Rus(n®-p-cymene)s(tpvb)(donq)s]®* (with tpvb: 1,2,3,4-tetrakis{2-(4-pyridyl)vinyllbenzene; and
dong: 5,8-dioxido-1,4-naphtoquinonato) and the study of its ability to entrap and transport a
photosensitizer to cancer cells. The study showed first, the non-toxic effect of PS when it is
inside the hydrophobic cavity, being shielded by the assembly; and second, the release of
the photosensitizer within the cell allows its toxicity to be revealed, upon irradiation with an
adapted light wavelength.*® Some other supramolecular assemblies with ruthenium or other
d-metals were also studied and described in the literature for PDT purposes (e.g. singlet

oxygen production or photosensitizer improvements)."*'

Figure 19: Schematic representation of the followed synthetic strategies in the perspective of oxygen carriers: formation of
metalla-rectangles (first line), di- (second line) or mono- (third line) nuclear assemblies. Dark ball: arene ruthenium; Light
rectangle: organic linker of ruthenium clip; Dark rectangle: oxygen carrier (ligand); Big dark ball: molecular oxygen.

Therefore, a new strategy consists of using arene ruthenium metalla-assemblies to
transport molecules of oxygen into the cancer area (figure 19). Metalla-assemblies could be

either rectangles, dinuclear or mononuclear species. They can be tuned and functionalized to
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1. General introduction

optimize their properties, such as their solubility, their stability or their ability to encapsulate

a photosensitizer.

For that purpose, oxygen carriers can be added anywhere on the assembly: on the linker
or attached on the ruthenium clip. The literature gives several examples of oxygen carriers
but the most intensively studied is undoubtedly the acene class.’®*' One of the
characteristics of many polycyclic aromatic hydrocarbons is to trap singlet oxygen, in a
reversible manner. The first observations were made by Dufraisse and Moureu in 1926:
rubrene, initially red, slowly becomes colorless in contact with air at room temperature and
becomes again red under heating at 120 °C (scheme 1)."3* Later, Dufraisse described this

phenomenon as “the labile bonding of oxygen to carbon”.'®®

CeHs CeHs CeHs CeHs
CoC) == CCC
120°
CeHs CeHs CeHs CeHs

Scheme 1: Singlet oxygen reacts with rubrene, the first observation made by Dufraisse.''

During the 1960s, Foote and Wasserman proved the involvement of singlet oxygen in
the formation of endoperoxides (EPOs) from polycyclic aromatic compounds.’*'¥ The
mechanism of this reaction, a [2+4] cycloaddition, is similar to a normal Diels-Alder reaction,
where singlet oxygen is considered the dienophile and the aromatic molecules, the dienes
(scheme 2).138139.140

Aubry and coworkers studied extensively the formation of naphthalene and anthracene
EPOs and their ability to reversibly bind 'O.."" They resume the principal effects of
modifications on or around the molecule: (1) the addition of electron donating groups on the
binding site of 'O has an activating effect on its cycloaddition; (2) the reactivity increases
when the number of fused rings is higher; (3) the cycloaddition kinetics depend on the polarity
of the solvent (e. g. water or N-methylformamide slow down the reactivity of 'O,)."* Then,
both electronic and steric factors are important to consider when dealing of cycloaddition of

singlet oxygen.
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1. General introduction

Scheme 2: General mechanism of the [2+4] cycloaddition between polycyclic aromatic hydrocarbons and singlet oxygen.™

This subject holds also Fudickar's and Linker's attention.’ They studied the formation
of EPOs from attractive pyridylanthracenes (scheme 3)."# They demonstrated that the
cycloaddition kinetics is controlled by the position of the nitrogen on the pyridine group and
also by the employed solvent. In fact, in polar solvents, the reaction is faster with the pyridine
containing nitrogen on meta position than on ortho or on para positions; and in non-polar
solvents, it is the ortho position that permits a faster formation of EPOs than the nitrogen on

meta and on para positions.'*

*wga

NT N X AN
| or | or
= N~ N/

Scheme 3: Formation of EPOs from different isomers of 9,10-dipyridylanthracene.’®

In addition, the anthracene pattern was already tested as a PDT agent on cancer cells
(Hela, breast, lung, prostate or ovarian cancer cell lines). In these examples, anthracene was
attached to BODIPY or coordinated to d-block metals (cobalt, rhodium or iridium). They
showed excellent results on tested cell lines and they demonstrate a great potential as new

generation of PDT drugs.'*

However, for all the species described in these examples, the need of an external
photosensitizer (usually porphyrin derivatives or methylene blue) is required and its activation
is only possible by irradiation. To extend the possibilities of singlet oxygen formation, another
interesting pattern was developed by the team of Royal.’*'* They studied the pyridinium-

substituted couple dimethyldihydropyrene-cyclophanediene (DHP-CPD) and they found that
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1. General introduction

it can reversibly link oxygen (scheme 4). DHP is a molecular switch and it is described as a
negative T-photochrom.' % The rigid and planar 14 ni-electrons structure (DHP) can undergo
an opening of its central C-C bond under light irradiation and give a less aromatic system
(CPD), with two virtually isolated 6 m-electrons benzoic core. This process is a sine qua non
condition for the structure to capture 'O.. The attractiveness of this molecule is also its useful
property to be activated by a low-energy light. The team of Royal, Mitchell and Muratsugu
gave some examples of DHP structures that can be coordinated with ruthenium atoms.™
Then, with the perspective of using them as a PDT agent, DHP derivatives seem to be an

appealing pattern, despite its long and laborious synthetic route (see section 2.3.1.).

light (> 630 nm)
=

P —
UV or heating

DHP CPD CPD-EPO

Scheme 4: Singlet oxygen reacts with CPD, the open form of DHP, to give CPD-EPO.'%

So, this research manuscript is describes the synthesis and the characterization of
derivatives  containing these two last building blocks (anthracene and
dimethyldihydropyrene), to be used as oxygen carriers, and grafted on ruthenium(ll)
assemblies (chapter 2). Some studies in solution and on cancer cells were carried out to

determine their effectiveness as possible new PDT drugs (chapter 3).
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2. Synthesis and characterization of
new ruthenium(ll) assemblies with 0.

carriers

This chapter is dedicated to the realization of all the molecules that will be studied and
discussed in the next chapter, as potential new biological singlet oxygen carriers and with the
perspective of a PDT application. All the reaction and characterization details are described

in the experimental part of the manuscript.

2.1. Synthesis of ruthenium(ll) precursors

All the dinuclear clips are prepared according to standard procedures, initially from
ruthenium(lll) chloride hydrate.'0131152153134 Three types of OONOO ligands between two
ruthenium atoms were chosen in order to have rectangles of different size: [Ruz(n®-p-
cymene);(p*-oxa)Clz], [Ruz(n’-p-cymene)z(u*-dobg)Clz], [Ruz(n®-p-cymene)(u*-dong)Cly] (figure
20). However, it is not the size itself that is important, but the distance between two
anthracene units. In fact, as already mentioned before, the formation of endoperoxides is
dependent on the electronic environment. Then, changing the degree of with the n-rt stacking
interactions between the two anthracene units can have an impact on the [2+4] cycloaddition.

The synthesis of different kinds of ruthenium(ll) rectangles will permit to discuss that point.

The complex [Ru(n®-p-cymene)(pta)Clz] was also synthetized (figure 20) in order to
increase the solubility of the corresponding ruthenium assemblies containing at least one
anthracene derivative (Aann). In fact, the presence of pta can give versatile soluble properties
to the new molecules: their solubilization in water and polar organic solvents should be higher,

which is convenient for a future biological application.'?
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Figure 20: Ruthenium(ll) precursors: (a) = [Ruz(né—p—cymene)z(p“—oxa)Clz], (b) = [Ruz(né—p—cymene)z(p“—dobq)Clz], (c) = [Ruz(n(’—p—
cymene)z(p‘l—donq)Clz] and (d) = [Ru(n"—p—cymene)(pta)CIz].

2.2. Synthesis and characterization of ligands with an anthracenyl core

(Lanthr)
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Figure 21: Structures of the different Lanthr.

Pyridylanthracene derivatives, described by Fudickar and Linker, were chosen for two
main reasons: (1) for their coordination site with ruthenium atoms, via the nitrogen of the
pyridyl group; and (2) for the fact that pyridine is inert towards singlet oxygen and that cannot
be an impediment to the ability of anthracene to catch 'O2."*2 Both mono- and di-substitutions
were considered with different pyridyl isomers (meta and para). Lanthr Were synthetized via
different palladium-catalyzed cross-coupling reactions, starting from a bromo- or a dibromo-
anthracene. All reactions were realized under an inert atmosphere in order to avoid the

oxidation of the catalyst, especially when palladium(0) tetrakis(triphenylphosphine) was used,
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2. Synthesis and characterization of new ruthenium(ll) assemblies with 'Oz carriers

which would have reduced the reaction yield. First, Suzuki reactions were realized to obtain
L1, L2, Ls and Le'#'% ™7, then, Heck reactions for Ls and L7'*8; and finally, a Sonogashira reaction
for Lk, As shown in figure 21, the structures of Li-L; differ from each other by a different
electronic repartition around the 'Oz capture unit, thanks to simple, double or triple bond(s)
between the anthracene and the pyridyl units. All syntheses were previously published and
were realized with minor modifications to their initial protocol (cf experimental part). They are
all obtained as a powder, with different tints of yellow or white, in yields ranging from 27 to

73%, depending on the ligands.

All ligands were characterized by 'H NMR, *C NMR and mass spectrometry. Since only
Ls was never described in the literature, it was more thoroughly characterized, including 2D
NMR (COSY, HSQC and HBMC) experiments (figure 22), UV-VIS measurements and elemental
analysis. In "TH NMR spectra (figure 23), signals for the different patterns are easy to recognize
because they possess the typical shifts for pyridylanthracene derivatives. For example, the
signal for the proton just next to the nitrogen atom on the pyridyl group is always deshielded
in comparison to the others (superior at 8.7 ppm); the two doublets corresponding to the vinyl
protons of Ls and Ly are in the similar area of the spectrum and their coupling constant *Juu is
16.4 Hz; signals for the anthracene unit are almost the same for the two isomers (4- and 3-

pyridyl, Ls and Ls respectively).
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Figure 22: COSY (a) and HSQC (b) NMR spectra for Ls (CDCl3, 23 °C).
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9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6 74 7.0

Figure 23: '"H NMR spectra of Li-L7 (CDCl;, 23 °C, 400 MHz). In the aromatic region, signals are identified as pyridyl ( @),
anthracenyl ( A) and vinyl protons ( l). The signal for CHCls was removed for clarity.

The UV-spectra of Lanr show typical absorption bands for the anthracene core, in the
region between 300 and 400 nm and the pyridyl group, below 270 nm."® All data are
summarized in table 5. Peaks for Ls and Ly are emphasized in comparison to the others: only
two absorption bands for the derivative containing two double bonds (Ls) and six for the
molecule with two triple bonds (Ls). In the window between 325 and 385 nm, the bands for
the monopyridyl compounds Ls and Ls are blue shifted in comparison to their corresponding

di-substituted analogues Ly and Lo.

Lanthr Wavelength, nm (g, x10* M-".cm™)
L, 255 (11.3), 337 (1.5), 354 (2.7), 375 (3.8), 394 (5.7)
254 (10.9), 336 (9.4), 355 (2.1), 376 (3.0), 397 (4.4)
)
),

Lo
Ls 260 (11.6), 398 (5.5

Ly 275 (10.4), 299 (4.2), 314 (5.1), 438 (5.9), 464 (6.2)

Ls 258 (14.1), 333(1.4), 349 (2.5), 367 (3.1), 398 (7.5)

Lg , 335(0.8), 349 (1.6), 367 (2.3), 387 (2.3), 399 (2.9)
, 350 (1.3), 370 (1.9), 398 (3.7)

255
L, 259

11.3
11.9

AAAAAA
S L=

Table 5: UV-VIS spectroscopic data for Lanthr (10°°M, CH2Cly).

Crystals were obtained by slow vapor diffusion of toluene into a solution of Ls in CH2Cl,
and by a slow evaporation of a solution of Ls in CH2Cl./EtOAc (8/2). Both structures were also
fully characterized by "H and *C NMR but their crystallographic data confirm their molecular

structures (figure 24).
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2. Synthesis and characterization of new ruthenium(ll) assemblies with 'Oz carriers

Figure 24: Ortep drawing of La (a) and Le (b) at 50% probability level ellipsoids.

Compound Ly crystallized in the non-centrosymmetric space group P2;, a monoclinic
crystalline system. In the solid state, the anthracene unit is nearly planar with the root mean
square deviation of the 12 carbon atoms of the plane being 0.024 A. The angles between the
anthracene plane and the pyridyl rings are 1.6° and 2.9°, respectively. As illustrated in figure
24, the occupancy of the nitrogen atoms of pyridyl rings is poorly defined, showing the
rotating flexibility around the ethynyl axes despite the conjugated aromatic system.
Concerning L, it crystallized in the centrosymmetric space group P2/, a monoclinic crystalline
system. In the crystal, the anthracene and pyridyl units are in two different planes, almost
orthogonal (respectively, in blue and orange, in figure 25). This is confirmed by the value of
the angle between the three carbons Cy,, Crand C that is 103,11°. So, there is 13,11° of
deviation from a hypothetical orthogonal plane. This configuration is probably due to an
optimization of the electronic density repartition within the molecule, since the nitrogen atom

is in a meta position from the anthracene core.

Figure 25: Crystallographic structure of Ls with two planes: one containing the anthracene core and one corresponding to the
pyridyl group. 103,11° is the value of the angle between Cp, Crand Ci.
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2. Synthesis and characterization of new ruthenium(ll) assemblies with 'Oz carriers

2.3. Synthesis and  characterization of ligands with a

dimethyldihydropyrenyl core (Lahp)

The other main ligand for building new arene ruthenium(ll) assemblies is a derivative of
dimethyldihydropyrene (Lang). This molecule was first extensively studied by Mitchell and then
by Royal and others, mainly for its redox properties.’"'¢2'¢3 The biggest advantage of that

molecule is its ability to trap singlet oxygen without the need of an external photosensitizer.

2.3.1. Synthesis of DHP precursor: 4,9-dibromo-2,7-di-tert-butyl-trans-10b, 10c-dimethyl-
10b,10c-dihydropyrene (DHP-Br>)

To obtain a dibromo derivative, a multi-step synthesis is required (scheme 5). The
procedure was well described in the literature, mostly by Mitchell, and then slightly modified
by Royal.’®*'®> The main drawback of this synthesis is its overall yield, that is only 1% after

seven steps, as illustrated in scheme 5.

t-Bu t-Bu t-Bu

b
R —_—
45% 37%
Br Br SH SH
c | 44%
u

B t-Bu t-Bu 12 BF4® tBu
e L (O
9 - i “® f
S .S — 6. ——>
100% s~ 46% - 52%
tj ® T ®
t-Bu t-Bu +Bu
t-Bu
g | 65%
t-Bu

Scheme 5: Multi-step synthesis of DHP-Br2 a) 1,3,5-trioxane, ZnBrz, 33% HBr in acetic acid, acetic anhydride, 85 °C, 4 days; b)
thiourea, EtOH, 80 °C, 3 h; NaOH, 100 °C, 3 h; c¢) KOH, NaBHas, EtOH/H20/CsHe, 25 °C, 2 days; d) n-Buli, dried THF, 0 °C, 1 h;
Mel, 0 °C, 30 min; e) BFs.Et2O, trimethylorthoformate, dried CH2Clz, -30 °C, 5 h; f) t-BuOK, dried THF, 85 °C, 15 h; g) NBS,
DMF/CH2Clz; -78 °C, 2 h.
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2.3.2. Synthesis of pyridyl substituted DHP: Lg and Ls

t-Bu
N
X ! Br
4-pyridine boronic acid 4-vinylpyridine
Na,CO,, Pd(PPh,), PPh,, Pd(OAG),
THF/H,0 Br Et;N
48h, reflux 48h, reflux
58% 72%
t-Bu t-Bu

I\
N~

Scheme é: Cross-coupling reactions from DHP-Br to obtain Ls (left) and Ls (right).

As illustrated in scheme 6, DHP-Br; is the starting material for the synthesis of the
bispyridyl derivatives Ls and Ls.'®® To obtain them, palladium-catalyzed cross-coupling
reactions were carried out under an inert atmosphere: Suzuki and Heck reactions for Ls and Lg
respectively (scheme 6). Ls was isolated as a dark green powder, while Ly as a dark red solid.
Both molecules were characterized by 'H, *C, mass spectrometry and UV-VIS measurements;
elemental analysis was made only for Ly, since it was not previously described in the literature
(see experimental part). The "H NMR spectra for both Ls and Ls show typical signals for DHP:
internal methyl groups, in the anisotropic cone of the pyrenyl core, as depicted by a singlet
at around -3.50 ppm, tert-butyl groups by a singlet at around 1.70 ppm and all other signals

being located in the aromatic region, superior to 7.30 ppm (figure 26).'¢
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Figure 26: "H NMR spectrum of Ls (CDCl3, 23 °C, 400 MHz).
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The UV-VIS spectrum of Ly shows not only the typical absorption bands, attributed to
T-1* transitions involving the first excited singlet states of the DHP unit, but also additional
bands, in comparison to Le (figure 27)."” This is probably due to the extension of the

aromaticity with the double bonds between the DHP and the pyridyl moieties.

A (A.U)

400 450 500 550 600 650 700

Wavelength (nm)

Figure 27: UV-VIS spectra of Ls and Ls (10° M in CH3CN).

2.3.3. Synthesis of pyridinium substituted DHP: Lio, L11 and L1z

In 2015, Royal and coworkers published their studies about trapping and releasing
singlet oxygen by two DHP derivatives.'*>'* Both structures contain at least one pyridinium
group. Moreover, the suggested mechanism of such molecular trap was confirmed by DFT
calculations in 2017 and the study concluded with “this type of system could be attractive
oxygen carriers and singlet oxygen delivery agents”."” Therefore, our goal was to introduce

pyridinium groups to Ls and Ls.

t-Bu

CH,Cl,
2h, reflux
87%

t-Bu

Scheme 7: Synthesis of compound Lia.

First, to compare with the known bis-pyridinium structure of Le, the same procedure was

carried out on Ly to obtained 2,7-di-tert-butyl-4,9-di-(N-methyl-4-vinylpyridyl)-trans-10b, 10c-
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dimethyl-10b,10c-dihydropyrene hexafluorophosphate (Lio)."* lodomethane was added in
excess in a solution of Ly in dichloromethane and was stirred for two hours at reflux (scheme
7). Then, the exchange of counter anion, from I to PFs, was easily made by the dissolution of
the iodo product in methanol followed by precipitation in a saturated aqueous solution of
potassium hexafluorophosphate. Lio was obtained as a black powder, with an excellent yield
(87%). It was fully characterized by NMR ("H and "*C), mass spectrometry, UV-VIS spectroscopy
and elemental analysis. Typical shifts of the DHP core are observed in the 'H NMR spectrum
of Lio. It differs from Ly by the appearance of a singlet corresponding to the protons of the

two methyl groups brought by the pyridinium units.

To introduce several pyridinium units on DHP cores, another synthetic route is to attach
4'-(4-(bromomethyl)phenyl)-2,2":6',2"-terpyridine to the pyridyl groups of Ls or Ly (scheme
8).181¢? The molecules were also isolated as hexafluorophosphate salts, in moderate yields.
L11 was already described in the literature, but not Li2. They are both characterized by 'H and
3C NMR and mass spectrometry (figure 28 and experimental part). The mass spectrum of Liz
(electrospray ionization in a mixture acetonitrile/methanol) shows a cationic peak,

corresponding to the drawn molecule in figure 29, with a m/z value of 597.8.

CH,Cl,/DMF
15h, reflux

Scheme 8: Synthesis of compounds L11 and Li2.
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Figure 29: ESI-MS of compound L1z (CH3CN/MeOH, positive mode).

The three Lowe containing pyridinium derivatives have similar profiles on their UV-VIS
spectra: a strong absorption in the UV region and smaller bands in the visible part (figure 30).
However, the transitions associated to the absorption bands might depend more on the
presence of a double bond than a terpyridyl unit. In fact, the spectrum of Lo is almost the
same as Liz, only slightly blue shifted, and totally different from Li1. Regarding L1, it
undergoes an important hypsochromic shift compared to Lio and Li2 and it presents two bands

with a lower intensity in the region of 250-275 nm, those matches with the terpyridyl unit.
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Figure 30: UV-VIS spectra of Lig, L11and L2 (10° M in CH3CN).

2.4. Synthesis and characterization of ruthenium(ll) assemblies

The general idea is to attach the former ligands Li-Li2 to arene ruthenium(ll) entities in
order to get mono-, di- or tetra-nuclear complexes. General procedures were carried out to

obtain the assemblies A1-Ass (see experimental part).°

2.4.1. Description of tetranuclear ruthenium(ll) complexes

For the synthesis of metalla-rectangles As-Ay (figure 31), one equivalent of ruthenium(ll)
precursor is first mixed with two equivalents of silver trifluoromethanesulfonate (AgOTf) to
remove four chlorine atoms from the ruthenium precursor and to afford a reactive
intermediate, that is not isolated. After the elimination of silver chloride by filtration, one
equivalent of Lar is added, and the mixture stirred overnight in dichloromethane. The
resulting product is concentrated and purified by precipitation in ether. Cationic p-cymene
ruthenium(ll) rectangles Ai-Ay were isolated as their trifluoromethanesulfonate salts, in
variable yields (between 39% and 82%). The color is usually the same as the ruthenium(ll)
precursors: yellow for Ru(oxa), red for Ru(dobg) and green for Ru(dong). They were all
characterized by various common spectroscopic techniques. Unfortunately, elemental
analysis were consistent with theoretical calculations for only three rectangles (A7, As, Av),

despite several purifications (precipitation in diethyl ether and in pentane) and a long drying
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period, using a vacuum pump (about 10 mbar). The solubility of the assemblies depends on
the nature of the dinuclear ruthenium(ll) precursors: Az and Ay are both soluble in ethanol and
slightly in dichloromethane, while the others (Ai-Az; As-As and As-Ag) show an opposite

tendency. However, they are all soluble in acetone and in acetonitrile.
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Figure 31: Structures of ruthenium(ll) rectangles A1-As. With Ru(x) = ruthenium precursors, with x corresponding to oxa =
oxalate; dobq = 2,5-dioxido-1,4-benzoquinonato; dong = 5,8-dioxido-1,4-naphtoquinonato.

The formation of the tetranuclear ruthenium(ll) complexes As-Ag were first confirmed by
electrospray mass spectrometry (ESI-MS). These analyses were realized by the team of Pr.
Schalley, at the University of Berlin (Germany). Some of the spectra show typical patterns of
arene ruthenium(ll) assemblies with trifluoromethanesulfonate counterions: mono- to tetra-
cationic structures were observed, corresponding to the loss of the equivalent quantity of
trifluoromethanesulfonate anions (table 6). Some others display more original peaks, with the
loss of parts from the p-cymene (methyl or isopropyl) and parts of the ruthenium clip (table
6). The experimental results perfectly correlate with the calculated isotopic distributions of

the different species.
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[M-4OTf*  [M-30TfP* [M-20Tf]* [M-OTfT* Other peaks

A 470.6 6771 1090.1 23291 /

Az 496.1 / 1140.2 / /

As / / 1041.1 / /

A 471.1 677.8 10911 / /
[M-2dong-2methyl-30Tf ]**: 575.9

As / / / / [M-2pcymene-4methyl-30T{]**: 603.1
[M-isopropyl-2methyl-30Tf ]**: 689.9

A / / / / [M-2methyl-4O0T{]**: 489.0

A; / / 1088.9 2323.2 [M-2Ls-20Tf7]#*+: 708.0

As / / 1139.2 2423.0 [M-2L4-20Tf]#*: 759.3

Ao / / 1188.1 / [M-2Ls-20Tf]#*: 809.0

Table 6: m/z values from ESI-MS spectra for A1-As

'"H NMR spectra show typical peak multiplicities and chemical shifts of the arene
ruthenium units (table 7). For example, depending on the assembly, aryl protons of the p-
cymene are present around 5.65 and 6.65 ppm; isopropyl protons at around 1.25-1.45 ppm;
and methyl protons at 1.95-2.35 ppm. Figure 32 shows the 'H NMR spectrum of As, displaying
the common peaks and multiplicities of this kind of ruthenium(ll) assemblies. The signals are
well-defined, like on the spectra of As and As. Interestingly, the majority of the tetranuclear
complexes (Ai-As and Ay) has broad signals in the aromatic region and additional splitting of
some protons from the p-cymene unit. Such observation strongly suggests the formation of
two isomers, cis and trans, in which the pyridyl units are pointing to the same or opposite

sides of the metalla-rectangles.

The presence of cis-trans isomers can also be explained by the shorter distance between
two ruthenium atoms, which forces the two anthracene units to be in close proximity and be
stabilized by m-mt stacking interactions. This is illustrated in figure 33, which shows the single-
crystal X-rays structure of A;. Crystals were obtained by slow diffusion of a mixture of diethyl
ether/benzene (99/1) into an acetone solution of A;. The tetracationic salt crystallized in the
triclinic space group P-1. The asymmetric unit includes the ruthenium(ll) rectangle, its four
trifluoromethanesulfonate counterions and four acetone molecules. The size of As as defined

by the four Ru-Ru edges is 5.4 x 17.7 x 5.4 x 17.9 A
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A A As A As A A; As As
CDsCN CDsCN CDsCN CDsCN CDsCN CDsCN (CD3),CO  (CD3)CO  (CD3).CO
® ' 6.82 7.59 7.56 7.46 7.37 717 7.34 7.47 7.48
T
v 7.27 7.59 7.56 7.63 7.37 7.90 8.16 8.05 8.01
Nea 8.46 8.92 / / / 8.18 / / /
PN
! 7.50 7.78 / / / 7.66 / / /
/ / 8.67 8.66 8.86 / 8.16 8.64 8.48
[ J
.©l / / 7.84 7.70 8.14 / 7.65 7.70 7.62
AN '
| / / 8.06 7.93 7.85 / 8.64 8.31 8.56
/ / 8.97 8.81 9.04 / 8.64 8.58 8.72
2.28 1.96 211,207 1.96 2.05 2.20 2.35 2.33 2.26
5.81 6.30 5.67 5.82 5.81 5.73 6.05 6.11 5.86
] A *
° ? ol 6.01 5.83 5.67 5.82 5.81 5.95 6.20 6.34 6.09
Ru
2.96 2.97 2.84 2.84 2.85 2.88 3.04 3.04 3.04
1.41 1.32 1.30 1.29 1.24 1.36 1.43 1.42 1.42
dobq 5.93 / / 7.46 / 5.78 / 5.96 /
dong / 7.59 / / 7.37 / / / 7.44

Table 7: Chemical shifts (in ppm) of ruthenium(ll) complexes A1-As.
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Figure 32: "TH NMR spectrum of As (CDsCN, 23 °C, 400 MHz).
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As mentioned before, n-nt stacking interactions play an important role in the formation
of these ruthenium(ll) complexes. On figure 33, both anthracene units are positioned in a
“parallel fashion” and are separated by a distance of about 3.8 A, which is smaller than the
distance between two ruthenium atoms (5.4 A). The existence of m-m interactions and its
maximization can explain this spatial arrangement. This optimization can also be a reason why
the pyridyl groups are not in the same plane as the anthracene units. In fact, two of them are
observed at an angle of approximately 7°, while the two others are rotated by 34° from the

idealized plane of the anthracene units.

Figure 33: Ortep drawing of A7-4 acetone at 50% probability level ellipsoids. Trifluoromethanesulfonate and acetone molecules
are omitted for clarity.

The tetracationic ruthenium(ll) complexes A1-As were also characterized by UV-VIS
spectroscopy. All measurements, in the range of 250 and 700 nm, were made at room
temperature in a mixture of dichloromethane/acetonitrile (95/5), in order to dilute the metalla-
rectangles and to compare them in similar conditions (table 8). The intense high energy band
centered at 270-330 nm is assigned to ligand m-r* transition and intra-ligand charge transfer
(ILCT). They also display a broad low-energy band, which corresponds to metal-to-ligand
charge transfer (MLCT). Anthracene units let their prints in the UV-VIS spectra in the region
around 300 and 550 nm. However, the absorption bands are usually broader than the

respective Lantr alone.'?
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Aoy Wavelength, nm (g, x10* M'.cm™)
306 (7.76); 361 (4.27); 379 (5.55); 399 (9.33); 482 (5.52), 513 (5.99)
340 (1.98); 358 (3.05); 375 (4.22); 398 (0.70)
340 (2.50); 360 (3.93); 378 (5.61); 399 (7.63); 468 (0.8)
304 (7.19); 362 (5.36); 382 (6.87); 400 (9.90)
324 (2.69); 341 (3.24); 359 (5.16); 377 (7.57)
309 (12.0); 397 (8.97); 458 (9.16); 513 (6.32)
( (10.3); (6.26)
( (11.7);
( (12.7);

)

)i

)i

); ; 396 (8.73)
);

271 (16.7); 310 (10.3); 459 (9.80); 486 (6.26

;447 (11.7); 476 (11.3)

;310 (12.7); 445; (10.9); 473 (9.19)

zrr2P2r2>

274 (13.2
A, 271

LS

16.6

Table 8: UV-VIS data for Aanthr (10°M, CH2Clo/CH3CN = 95/5).

2.4.2. Description of mono- and di-nuclear ruthenium(ll) complexes

2.4.2.1. Ruthenium(ll) assemblies containing Lanthr

In order to have an idea of the impact of the number of ruthenium atoms composing
the assembly and the n-it stacking interaction between the anthracene units on the ability
of Aunthr to capture singlet oxygen, mono- and dinuclear ruthenium(ll) complexes Ajo-Ats were
synthetized. They were all prepared from [Ru(n®-p-cymene)(pta)Cla], since the use of the
chloro derivative [{Ru(n®-p-cymene)(u?-CI)Cl}.] reduced the solubility and generated

purification issues (schemes 9 and 10).
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Scheme 9: Synthesis of dinuclear ruthenium(ll) assemblies Ao-Aaa.
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Scheme 10: Synthesis of mononuclear ruthenium(ll) assemblies A1a-Aus.

As for the tetranuclear structures, AgOTf was employed to obtain a reactive
intermediate before the addition of L. The purification of the trifluoromethanesulfonate
salts was made by precipitation in cold diethyl ether and/or pentane. They were isolated as

yellow or orange solids, in various yields (from 45 to 87%).

The "H NMR spectra of Ap-Ass show similar chemical shifts to those observed for the
ligands (figure 34). The main difference is the appearance of two multiplets for the -CH.

groups of the pta ligand (at around 4.20 ppm and 4.55 ppm respectively).
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Figure 34: "H NMR spectrum of Ao (CD3CN, 23 °C, 400 MHz).

Diffusion ordered spectroscopy (DOSY) experiments were carried out for all the Aanthr
derivatives."”! This experiment can prove the formation of ruthenium assemblies since it
provides an idea of their size, with the calculation of their hydrodynamic radius via the
determination of the diffusion coefficients and the use of the Stokes-Einstein equation. Then,
diffusion coefficients also strongly depend on physical parameters, such as the temperature
and the solvent viscosity. Table 9 gives the diffusion coefficients for As-Ass. Different solvents

were used (acetonitrile and acetone) and they can have an impact on the diffusion.

49



2. Synthesis and characterization of new ruthenium(ll) assemblies with 'Oz carriers

Nevertheless, their viscosity are very close: 3.2 x10 Pa.s and 3.7 x10* Pa.s, respectively for
acetone and acetonitrile, and therefore do not really influence the values in table 9.7? The
calculated values correspond to the ones usually found for ruthenium(ll) assemblies and there

is almost no difference between mono-, di- or tetra-nuclear entities (figure 35)."

Aanihr D (m2s™) Log D NMR Solvent
A 6.76 x 10710 -9.17 CDsCN
Ao 8.96 x 1010 -9.05 CDsCN
As 9.41 x 100 -9.03 CDsCN
A 6.39 x 1010 -9.19 CDsCN
As 9.67 x 1010 -9.01 CDsCN
Ag 6.09 x 1010 -9.22 CDsCN
Ay 6.67 x 10710 -9.18 (CD3)2CO
As 6.04 x 1010 -9.22 (CD3)2CO
Ao 6.80 x 100 -9.17 (CD3)2CO
Aso 5.85 x 10 -9.23 CDsCN
A 5.49 x 10 -9.26 CDsCN
As 6.09 x 10 -9.22 CDsCN
Ads 6.57 x 10 9.18 CDsCN
Aus 6.57 x 10 9.18 CDsCN
Ass 6.86 x 100 -9.16 CDsCN

Table 9: Diffusion coefficients (D) and their corresponding log D for A1-Aus.
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Figure 35: DOSY NMR superimposed spectra of As, As, As, A11 and A1a (CD3CN, 23 °C, 400 MHz).

The formation of A1o-A1s was also confirmed by ESI-MS experiments and the appearance
of common peaks for arene ruthenium(ll) complexes, with the loss of one or several OTf ions
(table 10). For Asz, the mass spectrum displays a peak with a m/z value of 619.1 corresponding

to the additional loss of the entity {Ru(p-cymene)(pta)Cl} and one CI-.
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[M-20Tf]>*  [M-OTf]*  [M-{Ru(p-cymene)(pta)Cl}- 20T ]* [M-{Ru(p-cymene)(pta)Cl}-CI--20Tf 1

Aso / 1337.2 760.2 /
Ass 594.6 1337.2 760.2 /
A / / 808.2 619.1
A 618.1 1385.2 / /
A / 683.2 / /
Ass / 709.3 / /

Table 10: m/z values from ESI-MS spectra for Aig-Aus.

2.4.2.2. Ruthenium(ll) assemblies containing Lowp

With the perspective of introducing arene ruthenium(ll) units and exploiting its potential
as cytotoxic agent, several reactions were carried out with Ls, Ly, L11 and Li2. Unfortunately,
only one reaction was successful as illustrated in scheme 11. The failure of the other reactions,
especially with L11 and L1z, might come from the possible steric hindrance with the particular
geometry of the ruthenium complexes, constrained by the presence of the p-cymene with the

terpyridyl units.

t-Bu t-Bu

Ve
\
G‘ X [{Ru(n®-p-cymene)(p?-CI)CI},] G‘
O CH,Cl, N
15h,R.T. a ‘
63% CI_R\U/N 7
t-Bu t-Bu

O

Scheme 11: Synthesis of [[Ru(n’-p-cymene)Cllz(u?-Ls)Cl2] (Avs).

l\
N~

Ass was obtained by mixing Ls and [{Ru(n-p-cymene)(u?-CI)Cl}.] in dichloromethane
overnight. The resulting solution was poured into cold diethyl ether and the product was
obtained as a brownish powder, in a moderate yield (63%). It was characterized by all the
common analytical techniques. In the '"H NMR spectrum, all chemical shifts correspond
perfectly to the precursors of Ass (Ls and the ruthenium complex). First, in the upper aromatic
region, two doublets associated to the protons of the pyridine and three singlets to the
pyrenyl core are observed. The lower aromatic region displays the multiplets for the aryl

protons of the p-cymene. In the shielded part of the '"H NMR spectrum, all signals for the
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protons of the tert-butyl, -CHs and -CH; are observed. Finally, the two internal methyl groups

of the DHP core are observed at -3.71 ppm (figure 36).

A solution of A was prepared in acetonitrile and analyzed by UV-VIS spectroscopy. In
comparison with the corresponding ligand Ls, this ruthenium(ll) complex has a quite similar
absorption spectrum (figure 37). However, three differences are noticeable: (1) a less intense
band centered at 350 nm, (2) a bathochromic shift and a more intense band at 410 nm and
(3) the appearance of a weak low-energy band at around 600 nm. These observations can be
explained by the addition of the arene ruthenium(ll) unit to the ligand Ls and the presence of
new transitions. In fact, the introduction of an electron withdrawing metal center changes the
energy of the LUMO and has a direct consequence on the absorption spectra, especially with

the appearance of bands corresponding to metal-to-ligand charge transfers (MLCT).'¢®
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Figure 36: "H NMR spectrum of A1s (CDCls, 23 °C, 400 MHz).
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Figure 37: UV-VIS spectra of Ls (10 M in CH3CN) and A1s (10° M in CH2Cl2).
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3. Photooxygenation of Lanthr and
Aanthr: behaviors in solution and in

vitro studies

The first part of the studies focusses on the comparisons between the
photooxygenation of Lantr and Aantr. The main question is to determine if the formation of
metal-based assemblies and the presence of arene ruthenium unit(s) enhance the reactivity
towards 'O in solution or, quite the contrary, decrease the endoperoxide formation. A
second part consists to test Lone and determine their ability to trap 'O.. Finally, the last part

is about the biological studies on prostatic cancer cells, with the anthracene derivatives.

3.1. Photooxygenation of Lanir and Aanthr in solution

In this section, the ability of the species with one or several anthracene units, ligands
or arene ruthenium(ll) assemblies, to capture 'O is determined by several techniques: UV-
VIS measurements, '"H NMR spectroscopy and mass spectrometry. The solutions were strictly
prepared just before the experiments, with solvents previously made “oxygen free” by
several cycles of freeze-pumping, followed by the addition of anthracene derivative (Lanthr OF
A.t) and an external photosensitizer, such as tetraphenylporphyrin (TPP). For each
experiment, a first analysis was carried out to obtain a result without oxygen in order to
compare the following results with O.. Then, a closed vial was filled with oxygen gas for 30
seconds and it was placed inside of a photoreactor, equipped with white light lamps (400-
800 nm).

For the photooxygenation, several photosensitizers were commonly employed

because of their attractive characteristics: they have a higher triplet energy than singlet
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oxygen (> 94.2 kJ.mol”), a long triplet lifetime, a high absorption coefficient and a high
quantum yield of the triplet state. Among them, TPP was arbitrarily chosen. The ratio

TPP/anthracene was 1/5.'%
3.1.1. Results for anthracenyl ligands Lanthr

Since the ability of Lantr to trap and release singlet oxygen was already described in the
literature, several series of tests were realized for two main reasons: (1) to physically tune the
experiment conditions (UV-VIS spectrometer, wavelength, irradiation time, etc.); and (2) to
have an idea of how the anthracene unit is behaving during/after the photooxygenation of
Lanthr. "2

Unlike Ls, "H NMR spectra of all Lanr display signal shifts after 15 hours of irradiation.
Generally, the signals for the pyridyl protons are deshielded, whereas the signals for the
anthracenyl protons are shielded. These observations are encountered for both mono- and
di-substituted Lanthr (figure 38 and 39). The most impacted signals by the [2+4] cycloaddition
correspond to the protons around the site where singlet oxygen is added. It is the case for
the proton which is directly linked to the same carbon as the singlet oxygen on
monosubstituted anthracene derivatives (Ls, Ls and L;). This signal is usually displaced by
around 2 ppm (figure 39). All these observations can be explained by the fact that the addition
of the singlet oxygen increases the electron density on the anthracenyl core, which is
translated in '"H NMR spectra into an upfield shift of its signals; while the electronic

impoverishment of the pyridyl core is expressed by the downfielded signals.
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Figure 38: '"H NMR spectra of L1 with TPP (), before and after irradiation (CD2Clz, 23 °C, 400 MHz). The signal shifts show the
formation of L1-EPO.
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Figure 39: '"H NMR spectra of Ls with TPP (), before and after irradiation (CD2Clz, 23 °C, 400 MHz). The signal shifts show the
formation of Ls-EPO.

Another hint for the formation of the endoperoxide forms of Lanthr (Lanth-EPO) can be
seen on UV-VIS measurements. In fact, when the [2+4] cycloaddition takes place, the
aromaticity and the electronic density change, which also affects the electronic transitions and
by extension, the UV-VIS profile. Then, the addition of 'O on Lanr can be monitored by the
extinction of the absorption band corresponding to the anthracenyl core (around 300 and 400
nm). Figure 40 shows the UV-VIS spectra of Lane dichloromethane solutions during the first
hour of irradiation. Three profiles can be seen. First, ligands containing one or several pyridyl
group(s) (L1, Lz, Ls, Le): four or five bands in the spectral window are nicely distinguishable;
while the second profile, corresponding to the derivatives with one or two (pyridin-4-yl)vinyl
unit(s) (Ls and Ly), presents a less well-drawn bands in the same spectral window. For both
groups, the overnight irradiation with a white lamp provokes a progressive extinction of the
absorption bands, which strongly suggests the formation of the corresponding
endoperoxides Lann~-EPO. Finally, the last type is composed by only Ls. Despite a two-day
irradiation, no change on UV-VIS spectrum and "H NMR was noticeable. In 2012, Fudickar and
Linker published a study about a set of alkynyl acenes and their unusual behavior to undergo
a slow cycloaddition of singlet oxygen."* They observed the same behavior as Ly towards

singlet oxygen. This phenomenon will be described in more details later (section 3.1.3.).
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Figure 40: UV-VIS spectra of L1-L7(5.0 x 10° M in CH2Cl2) during irradiation (white light; t = 0 to 60 min).
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'"H NMR and UV-VIS analysis do not completely prove the existence of Lantn~-EPO. In
order to confirm their formation, mass spectra were realized by the team of Pr. Schaley in
Berlin. Two batches of solutions were analyzed. The first batch was the irradiated Lanhr
solutions in dichloromethane (5.0 x 10° M) without photosensitizer and the second batch
correspond to the same solution but with the addition of TPP (10°M in dichloromethane). The
results undoubtedly confirm the formation of Latn-EPO, and only when a photosensitizer is

added to the solution (figure 41). As expected, no peak corresponding to [M-EPO+H]*" was

found for Ly (table 11).

100+

145.0

165.1

50 100 150

284.2

333.2

Figure 41 : TOF ESI-MS of compound Li-EPO (CH:Clz, positive mode).

[M+H]* [M-Oz+H]*
L-EPO 365.2 333.2
L-EPO 365.1 333.1
Ls-EPO 4171 385.1
L-EPO / 381.1
Ls-EPO 288.2 256.2
L-EPO 288.1 256.1
L-EPO 314.2 284.2

Table 11 m/z values from TOF ESI-MS spectra for Lant~EPO.
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3.1.2. Results for anthracenyl ruthenium(ll) assemblies Aanthr

Once the characteristics and the behaviors of Lannr Were determined, our attention was
focused on the corresponding Aunthr. These experiments are similar to the previous ones in

order to compare the formation of Auin~EPO with the corresponding Lanin-EPO.

First, contrary to the spectra obtained after the photooxygenation of Lantr, the
conversion into Aunt-EPO is not clear, since the appearance of new signals in "H NMR spectra
was really shy. The best quality spectrum that was recorded is displayed in figure 42 and it
corresponds to the monitoring of As photooxygenation. The first line shows the ruthenium(ll)
assembly in CD.Clz, while the second depicts the signals of As when TPP is added to the first
solution. Interestingly, the signals for the ligand Ls are slightly upshifted. It suggests that TPP
may be in interaction with As or be encapsulated into the cavity of A, since our team already
observed this phenomenon with the encapsulation of a porphyrin in an octanuclear metalla-
cube.”*The third spectrum was recorded after 15 hours of irradiation and it shows new
signals. Unfortunately, there was no improvement of the spectrum even after one week of
irradiation. Nevertheless, the appearance of new signals can be a sign for the formation of
A¢-EPO. This description in 'H NMR spectrum can also be valid for the other Aunr. However,

other analysis should be done to clearly prove the formation of Aun-EPO after irradiation.

]

WW A/J\J\u

As
N men M N e

Figure 42: "H NMR spectra of As with TPP (), before and after irradiation (CD2Cl2), 23 °C, 400 MHz). New signals are present
after 15 h of irradiation (white light).

Then, photooxygenations of Aanhr solutions in a mixture of dichloromethane/acetonitrile
(95/5) were monitored by UV-VIS spectroscopy. For tetranuclear ruthenium(ll) rectangles As-

As, a tendency appears at first sight (figure 43). Firstly, when Lanr are attached to Ru(oxa), the
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complexes seem more sensitive to the irradiation. As is prey to a higher decrease of its
absorption bands than A4 and As; and A7 was the only derivative from L4 to be impacted by
white light irradiation. Surprisingly, during the first five minutes of irradiation of Az, two
isobestic points were observed, followed by an important decrease of the whole absorption
profile (figures 43 and 44). Usually, the presence of an isobestic point reveals an equilibrium
of two species in solution, which gives hope of the formation of A;-EPO. Secondly, the
introduction of Ru(dobq) has a more negative impact than the introduction of Ru(dong). This
observation comes from the comparison of the spectra of ruthenium(ll) complexes derivating
from Ly and Lz (so A1, Az, As and Ay), since the ones from Ly do not give a real change of the
general behavior. Finally, for the major part of the di- and mono-nuclear ruthenium(ll)
assemblies Aio-Ass (figure 45), the presence of Ru(pta) does not prevent the irradiation. Only
Asz, derivating from Ls, appears to be unreactive towards the photooxygenation. Here again,
the decrease of the absorption bands is a good omen for the cycloaddition of 'Oz on Aanthr,

but it must be confirmed by additionnal analysis.
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Figure 43: UV-VIS spectra of A1-A9 (5.0 x 10° M in CH3CN/CH2Cl2) during irradiation (white light; t = 0 to 60 min; with TPP).
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Figure 44: UV-VIS spectra of A7(5.0 x 10° M in CH3CN/CH2Cl2) during irradiation (white light; t = 0 to 5 min).
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Figure 45: UV-VIS spectra of A10-A15(5.0 x 10° M in CH3CN/CH2Cl2) during irradiation (white light; t = 0 to 60 min; with TPP).
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Therefore, mass spectra were obtained from the team of Pr. Schaley in Berlin. As for
Lanthr, two batches of solutions were analyzed (with and without a photosensitizer). The results
are not as clear as those obtained for L (table 12). In fact, they are sometimes inconclusive
because of an easy fragmentation of Aio-Ass, since a peak corresponding to Ru(pta) (with a
m/z value of 428.1) is always present. In addition, some fragments can also overlap with a
peak corresponding to the half ruthenium(ll) assemblies, which lead to a small change of the
isotopic pattern. However, some patterns matching with the loss of some OTf ions and/or
the loss of one molecule of O, are typically found for the big majority of Aa. Figure 46
focuses on the fragmentation of As, with and without the use of TPP. The formation of A;-EPO
was clearly proven. Nevertheless, the solution of this ruthenium(ll) rectangle, without TPP,
displays two peaks, in a very low proportion, that can be also assigned to the formation of A¢-
EPO. Then, another experiment was carried out to have more information about the ability of

As to be oxygenated without a photosensitizer.

Aanihr Founded peaks m/z values
A.-EPO [M-40T-Oz]* 478.6
[M-30Tf-O2J3* 688.1
[M-20Tf-O2J?* 1106.6
A,-EPO  [M-40Tf-Oz-arene-3CHs-3isopropyl]**  431.9
As-EPO  [M-40Tf-Og]* 474.1
[M-30Tf-O2J3* 663.3
[M-40Tf]4 487 .1
[M-30Tf-OJ3* 688.1
AEPO 1 ooTr-00 1106.6
[M-20Tf% 1123.1
As-EPO  [M-30Tf-Oz-3arene-CH3]** 583.1
[M-40T-Oz]* 504.6
A+EPO [M-40Tf]4 513.2
[M-20Tf% 11741
A;-EPO [M-40T-Oz]* 489.8
Ai-EPO  [M+2HP* 760.2
An-EPO  [M+2HP* 760.2
As-EPO  [M-OTfT 741.2

Table 12: m/z values from TOF ESI-MS spectra for some Auntn-EPO
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A mass experiment was performed with a solution of A in acetonitrile (1 uM), by Daniel
Stares from the team of Pr. Schaley. Two measurements were realized: one after keeping the
solution in the dark and one after letting the solution stand under irradiation (with natural
light), without any sensitizer, for only 30 minutes. Interestingly, the fragmentation gave the

same peaks as observed for A¢-EPO (figures 46 and 47), confirming with no ambiguity that As

can act as a photosensitizer.

[M-40tf]4+
106a) 497.1084
496.1063
-~ T4 00
o S
e Sy
495.6105, 497.6049 ?wéf%'_c 1
a5 i
% 4981115 0 (’
{ p
23 PR
A RN 7
495.1052 o = o
worsos ‘ ‘ 499.1059 M=A
: 513.1017
[l ‘ “ | ’ A9B6086 g0 4097 SOHE0Z5 sos 4034 5121033 5141010
’\“H\H\‘ Al WL il 007 )
BEANY! u‘»‘. L UL UL UL ‘.“,‘J;‘\,’;:,»u Y ’u,‘w‘:'“_» L myz
490 492 494 496 498 500 502 504 506 508 510 512 514 516 518
1 497.1576
%)
496.6613
[M'-40tF-20,]4
Taom
o = R
497.6581 PR = S
495.6596 ( Jo o
()
% ‘ [M"-40tf-O, ¢+ () &
Q0 S 2 ~ . L
498.1607 M'-4OtF 1+ N N)J% SalU
1951504 504,9067 [ 1 o o
\ [ 504.1516 513.1508 M’ = A,-EPO
' ‘ 505.6525 5121525 Ag
494.6590_ 498.6577 503.4069 511.6487 514.6552
n ( ‘ [ 5061533 | ‘(
I ‘ ‘ /| so2¢530 || ‘ [ o || 5136853
| | s R UL mTnnninn
‘ L L L . m/z
450 492 94 49 98 500 502 504 506 508 510 512 514 516 518

Figure 46: TOF ESI-MS of compound As and As-EPO (CH2Clz, positive mode); experiments with (b) and without (a) TPP.
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Figure 47: TOF ESI-MS of compound As (CH3CN, positive mode), (a) after 30 min in the dark and (b) after 30 min of irradiation.
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3.1.3. Kinetics of the photooxygenations of Lantr and Aanthr.

Now, it is interesting to approach the kinetics of the former photooxygenations. In fact,
it was proven for some of A.ninr that they are able to undergo a [2+4] cycloaddition with 'O;
and they should be compared to “known” species as well as to the corresponding Lanth. These
comparisons will help to determine if the presence of the arene ruthenium(ll) unit is an

advantage, or not, for the photooxygenation.

To carry out kinetic studies, some kinetic statements should be made.'”® The reaction
of the photooxygenation is described by equation (1). “Anthr” is a general term for the

molecule, both Lanthr or Aanthr, that reacts with 'O», to afford ”Anthr-EPO”

Anthr + 'O, — Anthr-EPO )
d[anthr—EPO] d[anthr]
= - = ——— =k~ [anthr] - [10, ] 2

The rate of this reaction is proportional to the concentration of the two reactants, Anthr
and 'O, as explained in equation (2). So, the photooxygenation of Lantr and Aantr correspond
to a second order reaction but it can be simplified. In fact, the concentration of 'O can be
assumed to be constant since it is in excess compared to “Anthr”. The reaction becomes then
a pseudo-first order reaction. The equation (2) can be simplified by equation (3), and gives by

the following equation (4).

v =k~ [anthr] - [*0, | =Kk’ [anthr] where k = k'['O;] )
_ dlanthr] _ ., .
v = ke k" - [anthr]
dlanthr] _ ., .
(=1 — m =k'- dt

_J-[anthr] d[anthr]
[anthr]y [anthr]

=K [ dt

[anthr]g _ .
< ln([anthr]) =k'-t
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o In(ZEl) = K-t 4)

So, if the natural logarithm of the concentration of Lanthe Or Aante On its initial
concentration is plotted against the time, the slope will give a value of the rate coefficient.
The higher this value is, faster is the reaction and the more efficient is the photooxygenation.
Therefore, the graphs were drawn for the first 50 minutes of the reaction for all anthracenyl
derivatives, with TPP (figure 48). For an easier comparison and for determining the impact of
the presence of ruthenium(ll), the same data were used in different fashions (figure 49). Here,
diphenylanthracene (DPA) was always taken for reference, since it is already well described in

the literature.’”®
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Figure 48: Semi logarithmic plots of the photooxygenation of: (a) L1-L7 (10 M in CH2Cl,); (b) A1-As (10> M in CH2Cl2/CHsCN)
and (c) A10-A15(10° M in CH2Cl2/CH3CN).
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Figure 49: Semi logarithmic plots of the photooxygenation of: (a) L1 derivatives, (b) Lzderivatives, (c) Ls derivatives and (d) Ls
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As shown on figures 48 and 49, not all the curves are linear. This is the case for a majority
of molecules derivating from Ls or Ly and also for those derived from L. Then, their kinetics
are different from the postulated simplification and in other words, they did not have a
pseudo-first order reaction. For Lanthr and Aaninr that present a linear curve, the kinetics data are

summarized in table 13.

k' (s) k (x10® M'.s")
DPA 6.14 x 10* 4.20
L 1.50 x 104 1.02
L, 1.91 x 10* 1.31
Ls 8.20x 10 0.06
Ls 4.47 x 10 0.31
Le 1.35x10* 0.92
A 1.53 x10°% 0.10
Az 4.07 x 10 0.28
Az 8.52 x 10* 0.58
A 5.15x 10 0.04
As 5.65x 10° 0.39
JART 3.37x10° 0.23
An 478 x 10 0.33
Az 6.37 x 10° 0.44
Ay 1.08 x 10 0.74
As 478 x 10 0.58

Table 13: Determination for Lanthr and Aanthr of k’ and their corresponding absolute second order rate constant (k) values, based
on literature data for DPA."7®

The absolute second order rate constant values can be determined by using the data
in the literature for DPA, which is 4.20 x10° M".s".'7¢ The results found for Ly and L. are
consistent with the ones obtained by Fudickar and Linker."* Nevertheless, to correctly use
these results, a particular caution must be made: the chemical deactivation is assumed to be
done by Lanthr and Aunir and the physical deactivation only by the solvent. Then, from the
collected kinetic data and from a general point of view, it appears that all the anthracenyl
derivatives are less efficient than DPA, with at least a factor of 3.2. Then, the introduction of
ruthenium(ll) complexes does not improve the photooxygenation, except for the molecules

derived from L.

To summarize from these kinetic experiments, some statements can be made:

e There is not a logical sequence for the whole group of studied molecules when
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introducing ruthenium(ll) precursors;

e The different precursors bring different behaviors of photooxygenation;

e However, for Ly and Lz and their derivatives, the difference of isomerization of the
pyridyl group almost does not affect the impact of the addition of arene ruthenium
units. The efficiency of these species can be summarized by: Ru(oxa) > Ru(dong) >
Ru(dobq);

e L is the most powerful derivative, while the corresponding Ru(dobg) Ay is the least
efficient;

e The disubstituted ligand of L4 is more effective than the corresponding
monosubstituted ligand and ruthenium(ll) assemblies;

¢ Ls Ly and Ly have their own kinetics but do not fit with other approximations (order
0,1 or 2);

¢ Nonetheless, Lz and Ly seems to be more reactive than the other Lanthr.

Concerning Ls and its derivatives, this study shows that they have a different behavior
than the other species. It is not surprising since the initial ligand Ls has an uncommon reactivity
towards singlet oxygen. From Fudickar and Linker's observations and comparison with
different substituted anthracene, alkynyl derivatives react slower with singlet oxygen and in
an opposite tendency, are transformed faster in the parent anthracene. To explain this fact,
they suggested a change in the mechanistic pathway during the addition of 'O, on ethynyl
anthracene derivatives, and consequently, a change of the kinetics and the feasibility of the
reaction.’” In fact, they explained this hypothesis by combining their observations and the
results of their theoretical calculations. In general, a reaction depends on the difference of
energy between the HOMO and the LUMO. So, each substituent able to lift the HOMO
energy will enhance the reactivity of the anthracene core. However, despite their different
abilities to capture 'O, the aryl and the alkynyl substituents have similar HOMO energies.
Then, the idea of a change in the singlet oxygen addition mechanism was mentioned (scheme
12). Usually, a stepwise process is commonly involved. The creation of a zwitterionic
intermediate is possible thanks to the stabilization of a positive charge combined with the
rotation of the substituent (in the study, the aryl core directly attached to the anthracene). The

energy demand is lower for that kind of mechanism, so it is the preferred pathway. However,
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when a triple bond is present, the stabilization of the corresponding propargy! anion is not
efficient enough and the mechanism is converted into a concerted process, which is

energetically unfavorable and then, the reaction is slower.”*

=

@

e~
Fastor QY \

R

(L 1T +'o, =r

Slower\ J

Scheme 12: Proposed mechanisms for the reactivity of different substituted anthracene."”

e

This explanation may fit also with the pyridinyl substituents and can explain why L4 is
the only one to not undergo a cycloaddition with singlet oxygen. This explanation can be also
transposed to all ruthenium(ll) assemblies As-Ass. In fact, the presence of ruthenium orders a
stiffness of the whole structure, especially when concerning rectangles. The geometrical
constraints are important in those kinds of structures and the stabilization of a zwitterionic
cation is consequently more difficult. In addition, the smaller reactivity of As-Asscan also be
ascribed to the decrease of the electron density on the anthracenyl core after the coordination
of the ruthenium atoms to the pyridyl units. The same phenomenon was also recently
observed by Stang, in collaboration with Fudickar and Linker, on organoplatinum(ll)
metallacycles.”'

To conclude on the studies of anthracene derivatives, the introduction of arene
ruthenium(ll) units clearly decreases the ability of the whole structure to capture singlet
oxygen, whatever the number of metal atoms or the isomer pattern of the pyridine core, but
it is not totally impossible. With the perspective of clinical applications, the low kinetics can

become a severe barrier for its use.
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3.2. Studies about the trapping of 'Oz by Lo+r in solution

3.2.1. General behavior of DHP under irradiation

When a DHP core is irradiated with light, its central C-C bond opens and it provokes

several common consequences (scheme 13)"":

e Aloss of the aromaticity: the planar structure with 14 delocalized n-electrons (DHP)
becomes two virtually isolated 6 m-electrons benzoic core in a twisted arrangement
(CPD);

e A change of symmetry: the two internal methyl groups, initially pointing in opposite
direction on each side of the DHP core, are now in the same plane;

e On UV-VIS spectrum, a progressive disappearance of the absorption bands
corresponding to the m-mt* transitions and in the meantime, the emergence of a new
band in the UV region;

e In 'H NMR spectrum, a global shifting of the aromatic protons and of the two
internal methyl,

e The possible appearance of isobestic points on UV-VIS spectra can support the idea

of a clean one-step isomerization DHP-CPD process.

y Visible light
K ) =——
QP

UV light or heating

H;C

DHP CPD

Scheme 13: Isomerization of the DHP core.'””

With the introduction of pyridyl substituents on DHP core, the electronic and steric
environments are different. Then, the initial opening of the central C-C bond and the
photooxygenation of the DHP derivatives should be impacted and deserve to be studied.
The first section will be dedicated to a surprising and unexpected result with Ls, then several
experiments on Ly and its pyridinium version Lio were carried out and finally tests were realized

on the terpyridinyl DHP derivates Ly and Liz.
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3.2.2. Studies of the ligand Ls

To have a “control-solution”, a solution of Ls was prepared in acetonitrile (10> M) and
was irradiated with a green light A= 510-530 nm). This light was chosen because it
corresponds to one of the absorption bands. After 15 hours of irradiation, a diminution of the
bands in the visible region was noticed on the UV-VIS spectrum, at the expense of an increase
in the UV region (figure 50). After 24 hours, the evolution of the absorption profile stops,
suggesting that the transformation is finished. These observations are typical of the opening

of the central C-C bond of Ls, as explained in the former section.

A(A.U)

240 340 440 540 640 740
Wavelength (nm)

Figure 50: UV-VIS spectra of Ls(10° M in CH3sCN) during irradiation (green light; t = 0 to 39 h).

However, a '"H NMR spectroscopy study of a CDCl; solution of Ls (10 M) revealed that
not only the C-C bond was opened, but also a loss of symmetry has happened as indicated
by the presence of new signals (figures 51 and 52). In 'H NMR spectrum post-irradiation (after
15 hours), all the signals of Ls were impacted and shifted: (1) each doublet of the pyridyl
protons is split into two upfielded doublets (at about 8.65 and 7.43 ppm), (2) the protons for
the DHP core are located in a lower part of the aromatic region (around 7.21-6.30 ppm) and
are also split into two signals each, (3) the split into two singlet for the protons of tert-butyl
(at 1.22 and 1.05 ppm) and the internal methyl groups (at 2.10 and 0.03 ppm). The absence
of signals corresponding to the initial molecule demonstrates also the total conversion of Ls

into another form. In 2015, Royal and his team observed similar shifts for the protonated
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version of Ls, while singled oxygen was trapped.”” So, the idea of a possible
photooxygenation was established and was further confirmed by mass spectrometry. For both
solutions (10° M and 10° M), a peak with a value m/z of 531.9 was found and it corresponds

to [Le-EPO+H]".
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Figure 51: "H NMR spectra of Ls, before and after irradiation (CDCls, 23 °C, 600 MHz). New signals are present after 15 h of
irradiation (green light).
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Figure 52: "H NMR spectrum of Ls-EPO (CDCls, 23 °C, 600 MHz).
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Supported by theoretical calculations, Royal and Boggio-Pasqua have proposed a
mechanism that can explain the ability of the protonated version of Lsto capture 'O."*¢’
Figure 53 describes the steps during its photooxygenation. Upon the irradiation, DHP can
reach its first excited state, from where, two routes are possible: (1) its conversion into CPD
form or (2) reaching its triplet state by ISC. From the second option, DHP can quench oxygen,

resulting in the production of singlet oxygen and the return of DHP in its ground state. The

'O; produced can in turn react with CPD to give the oxygenated form CPD-EPO.

DHP(S) — DHP(S) —

|

DHP (T,)

| -

DHP (Sp) +

Figure 53: Mechanism of the photooxygenation proposed by Boggio-Pasqua and Royal."*1¢

In the case of Ls, without the quaternization of the pyridyl units, this mechanism might
be also the one that rules the cycloaddition of singlet oxygen, but most probably with the
second excited state S;. However, the formation of Le-EPO was only observed when the
irradiation was made with light at a specific wavelength (A= 510-530 nm). Then, this interval
should be the one, specific to Le, that permits to pass through the different energetic states
and allows the addition of singlet oxygen. Now, Ls can undoubtedly be considered as an 'O,

trap.

3.2.3. Studies of the ligands Ly and Lo

It is known that the ability of a DHP core to capture 'O is intimately dependent to the
electronic environment around the addition place. The new compounds Ly and Lio were
synthetized and studied, to firstly, explore the potential of an extended m-system and

secondly, to keep track of Royal's work in order to compare the results.

Initially, Ly was dissolved in acetonitrile under an inert atmosphere in a glovebox. The

solution was irradiated with a Xe-Hg lamp with a 469 nm cut-off filter and UV-VIS
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measurements were realized during the 24 hours of the irradiation. The resulting decrease of
absorption bands in the visible region is only the consequence of the opening of the central

C-C bond of Ly, since there is no oxygen dissolved in solution (figure 54).

A(A.U)
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Figure 54: UV-VIS spectra of Lo (10° M in CH3CN) during irradiation (469 nm; t = 0 to 24 h).
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Figure 55: 'H NMR spectra of Ls, before and after irradiation (CDCls, 23 °C, 600 MHz). New signals are present after 15 h of
irradiation (green light).

A similar experiment was performed at a different wavelength (510-530 nm) and with

O.. The result on the UV-VIS spectrum was similar. The irradiation of the CDCl; solution of Ly
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was also monitored by "H NMR spectroscopy (figure 55). New small signals appear from the
first measurement after the beginning of the irradiation (15 hours). The sets of new peaks
follow the same trend as molecules able to undergo a cycloaddition with 'O,."*>% Moreover,
the mass spectrum shows the formation of Ly-EPO, with a m/z peak at 583.9. However, the 'H
NMR spectra also show that the conversion of Ly into Ls-EPO, or even just into the open form

of Ly, was not complete since the major peaks correspond to the initial molecule.

Later on, the quaternization of nitrogen atoms of the pyridyl group was considered. To
obtain LoH2**, few microliters of methanesulfonic acid (MSA) were added in excess to a
solution of Ly in acetonitrile. Surprisingly, the red solution turned into a dark green solution
from the first drop of MSA. On figure 56, the change of color was observed by a severe
bathochromic shift of all the absorption bands, combined with a hyperchromic effect. So, the
electronic transitions corresponding to bands on the UV-VIS spectrum have also changed and
will have a possible positive impact on the aptitude to produce LsH,**-EPO. A solution of
LoH2?* was irradiated firstly at 715 nm for 18 hours and then, at 555 nm for three additional
hours. All the expected trends were visible on the UV-VIS spectra (figure 57), showing here
again, the ability of LyH2** to undergo an opening of its central C-C bond and maybe also the

capture of singlet oxygen.
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Figure 56: UV-VIS spectra after each addition of 0.25 equivalent of MSA in a solution of Ls (1 0° M in CH3CN).
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A(A.U)
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Figure 57: UV-VIS spectra of LsH2?* (10° M in CH3CN) during irradiation (715 nm, t = 0 to 18 h; and then 555 nm, t = 0 to 3 h).

To confirm this eventual characteristic of LsHz**, "H NMR spectra were recorded before
and after the irradiation with a Xe-Hg lamp with a 469 nm cut-off filter (figure 58). After
irradiation, the spectrum displays new signals, with no remaining traces of the initial LyH2**,
suggesting a total conversion into LsH2**-EPO. The splitting and the shift of the signals for the

internal methyl groups and for the tert-butyl units are reliable clues for this hypothesis.
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Figure 58: "H NMR spectra of LoH2?*, before and after the irradiation at 715 nm (CD2Clz, 23 °C, 600 MHz).

76



3. Photooxygenation of Lanthr and Aantnr: behaviors in solution and in vitro studies

After the promising results obtained with LsH:**, the photooxygenation of Lo was
expected to be as efficient as the protonated form of Ls. The irradiation of an acetonitrile
solution of 10° M was made with an amber light, at 580-600 nm, for more than four days and
then with a green light, at 510-530 nm for 39 additional more. As usual, the UV-VIS spectra
on figure 59 show the opening of the central C-C bond and eventually the fixing of 'Oz 0on the
DHP core of L. Concerning the 'H NMR monitoring, the results are not as exciting as
expected at first sight (figure 60). The appearance and the splitting of new signals are
undoubtedly linked to the capture of singlet oxygen. In fact, the formation of Li,-EPO was
also confirmed by mass spectrometry, displaying a peak for [(Lio-EPO/2)-2PF¢]** with a m/z
value at 307.5. However, the conversion rate is obviously insufficient. Nevertheless, this
experiment reveal an interesting characteristic of Lio. With the wavelength change (from 580-
600 to 510-530 nm), new signals attributed to L1o-EPO disappeared progressively and resulted
in the signals for the initial L1o. So, the application of a green light, a lower energy light than
UV, allows the system to reverse and probably release 'O.. Unfortunately, no more
experiments were done to prove this statement. To conclude, vinyl-DHP derivatives are really
interesting molecules, since the modifications on the nitrogen atom from the pyridyl core
change their reactivity towards singlet oxygen. It deserves to be extensively studied in the

future.

A(A.U)

420 520 620 720
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Figure 59: UV-VIS spectra of L1o(10° M in CH3CN) during irradiation (amber light; t = 0 to 39 h).
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Figure 60: "H NMR spectra of Lo, before and after irradiation (CD3CN, 23 °C, 600 MHz). New signals are present after 15 h of
irradiation (amber light). The successive green-light irradiation seems to convert back L1o-EPO into Lio.

3.2.4. Studies of the ligands L11 and Li2

Terpyridyl derivatives of DHP L1 and Li2 were also tested. The irradiation is efficient
only when the employed wavelength corresponds to absorption bands: two types of light
were chosen for L1 and Liz according to their own UV-VIS spectra. For Li1, green light (510-
530 nm) was used, whereas the amber light (580-600 nm) was employed for Li2. Solutions of
L11 and Liz in acetonitrile (10 M) were then irradiated for 39 hours. They were monitored by
UV-VIS spectroscopy (figure 61). As usually observed, the decrease of the absorption bands

suggests the opening of the central C-C bond.

b (a) 2 (b)
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A(A.U)

2
220 320 420 520 620 720 Wavelength (nm)
Wavelength (nm)

Figure 61: UV-VIS spectra of L11(a) and L2 (b) during irradiation (10° M in CH3CN; t = 0 to 39 h).
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Here again, 'H NMR spectroscopy was used to monitor the irradiation of L1 and L.
The solutions were prepared in CDsCN at 10° M and were irradiated for 39 hours. On one
hand, only the color of Li1 changed after 15 hours. In '"H NMR spectrum (figure 62), all peaks
are shifted and the ones that can considered as indicators for the photooxygenation of the
structure are present. In fact, the internal methyl groups are at -0.04 and -0.06 ppm, and tert-
butyl groups are at 1.03-1.00 and 1.23-1.21 ppm. In addition, all the peaks seem to be split
in two sets, due to the loss of symmetry. The formation of L11-EPO was also proven by mass
spectrometry: a m/z peak 585.1 was observed, corresponding to [(L11-EPO/2)-2PF.1%*. So, L
can react with 'Oz but L11-EPO is not stable at room temperature. After one night of non-
irradiation, the color of the solution in the NMR tube changed. 'H NMR spectra were then
recorded to follow the back reaction and in two days, Li1 was totally recovered and without
any traces of L11-EPO. This characteristic could be an important drawback for its use,

depending on the conditions of its application.
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Figure 62: "TH NMR spectra of L11, before and after irradiation (CDsCN, 23 °C, 600 MHz). New signals are present after 15 h of
irradiation (green light).

On the other hand, the results are less enthusiastic for Li2. There is not a real conversion
of L1z into Li2-EPO. Only small signals appear in the expected regions of the '"H NMR spectrum
(figure 63). Even the mass spectrum does not display a proof of its formation. Then, the

quaternization of the nitrogen atoms plays a central role in the ability and in the efficiency of
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the vinyl-pyridine derivatives of DHP to undergo its transformation into CPD and CPD-EPO

forms.
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Figure 63: "H NMR spectra of L1z, before and after irradiation (CD3CN, 23 °C, 600 MHz). New signals are present after 15 h of
irradiation (amber light, succeeded by a green light).

To sum up, only some Lowe derivatives are good candidates to be considered as oxygen
carriers. Only the photooxygenation of Ls, LsH:** and Li1 seems to be adequate for the
purpose of PDT. In fact, the formation of their endoperoxide forms were confirmed but the
light irradiation was not the best in terms of biological context (too high in energy to cross
the different layers of the skin). Efforts are still needed on the tuning of the light and the

substitution on the DHP core to obtain appealing structures for PDT.

3.3. Biological studies on cancer cells with anthracene derivatives

The photocytoxiciy of Lanter and Aantr Were also determined by performing MTT assays
(MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide). All experiments were
carried out by my colleague, Manuel Angel Gallardo Villagrén, in the laboratory of Pr.
Bertrand Liagre at the University of Limoges (France). DU145 prostatic cancer cells were
plated in 96-well plates (7000 cells/100 pL per well). They were incubated in the dark and the
temperature was maintained at 37 °C. After 24 hours of incubation, 100 uL medium with

different concentrations of Lanthr OF Aantnr (10, 100, 250, 500, 750 and 1000 nM), sometimes

80



3. Photooxygenation of Lanthr and Aantnr: behaviors in solution and in vitro studies

mixed with TPP (1/5 of concentrations of the anthracenyl derivatives), were added and
maintained with the cells for 24 additional hours. Then, after the change of medium, cells
were irradiated at 630 nm (40 mW/cm?) for 30 minutes. Cell survival was tested by MTT assay
24 hours after irradiation, using 10 pL of MTT per well. After four hours, the medium was

removed and 200 pL of DMSO were added.

Dark and phototoxicity were tested, with and without TPP for both. The results are
presented in figure 64. In addition, from MTT assays results, IC50 were calculated and the
phototoxic index (Pl) was estimated (table 14). Pl is the ratio of the ICs in the dark to the ICso
upon light irradiation: the higher is PI, the higher is the phototoxicity; in other words, the
irradiation was efficient and has a real impact on cell viability. From these studies, some
observations can be made:

¢ Generally, the addition of TPP does not have an impact on the toxicity provoked

by the compounds;

e For the majority of the compounds, there is not an important phototoxicity
observed, since Pl is close to 1. However, some exceptions can be made;
e As: a phototoxicity is observed at 500 nM (TPP and irradiation), with a percentage

of surviving cells at 50%, while about 100% are noticed under other conditions;

e Ag and Aso: there is a clearer difference between the dark and light conditions. A
phototoxicity was then observed.

e A;: The use of TPP has only a real impact on the toxicity;

Li-Ls: they showed a relative toxicity, with similar values of cell viability.
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Figure 64 (Part A): MTT assays and determination of dark and phototoxicity of Lanthr and Aanthr.
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Figure 65 (Part B): MTT assays and determination of dark and phototoxicity of Lanthr and Aanth.
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Figure 66 (Part C): MTT assays and determination of dark and phototoxicity of Lanthr and Aanthr.
Product alone Product with TPP Phototoxic index
non irradiated irradiated non irradiated irradiated without TPP with TPP
TPP - - 1993 + 333 853.5 + 84 - 2.3
Ls 630.4 = 96 525.9 + 38 450.4 + 48 387.2 £ 37 1.2 1.2
L 705.9 = 61 643.5 = 56 370.5 = 40 420.0 = 47 1.1 0.9
Ls 544.0 = 33 563.3 = 56 396.2 = 36 382.5 +33 1.0 1.0
L 681.9 = 44 586.3 = 41 336.3 =43 254.7 + 44 1.2 1.3
A n.d. n.d. n.d. n.d. n.d. n.d.
Az n.d. n.d. n.d. 929.9 = 99 n.d. n.d.
As 878.7 £ 29 800.9 + 65 851.2 £43 722.0 £ 25 1.1 1.2
As 1028.0 + 145 n.d. n.d. 902.3 = 33 n.d. n.d.
As 750.4 £ 16 690.8 = 22 6795+ 16 521.9 £ 13 1,1 1.3
As n.d. n.d. 946.5 + 25 936.8 = 24 n.d. 1.0
A 2106.0 £ 1769 1325.0 = 261 466.4 + 47 402.5 = 54 1.6 1.2
As 766.3 £ 96 784.2 = 97 557.3 58 330.2 = 31 1.0 1.7
As 152.5 + 46 138.5 = 49 97.6 = 21 83.4 = 21 1.1 1.2
Aro 547.3 + 37 345.4 = 50 336.7 =23 2335+ 28 1.6 1.4
A 556.0 = 45 504.0 = 31 480.8 = 30 468.5 + 48 1.1 1.0
Az 452.0 = 56 4145 + 77 431.3 =57 411.2 = 65 1.1 1.0
A 343.0 =28 266.2 =25 305.3 = 35 263.5 =30 1.3 1.2
Ais 207.7 = 15 231.5 + 27 305.3 = 35 263.5 =30 0.9 1.2

Table 14: ICso (in nM) and phototoxic index values of TPP, Li-Ls and As-Ass. Values calculated with the data of MTT assays on
DU145 prostatic cancer cells. “n.d”, for values non determined; “-", for conditions non tested. Data obtained with the software
GraphPad.
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To conclude, the results of MTT assays are not showing a real phototoxicity of the tested
anthraceny! derivatives Lanthr and Aanine o0n DU145 prostatic cancer cells. These results were
expected since their studies in solution did not show an efficient photooxygenation. However,
a remark must be made: the wavelength used for these biological tests was not the same as
the one employed for the studies in solution. Then, a lack of energy is conceivable and the

transfer of energy may be not possible to provoke the toxicity on cancerous cells.
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4. Conclusions and perspectives

The work presented in this thesis was realized in the context of a biological application,
photodynamic therapy. The lack of oxygen in most cancers is one of the main reason why the
efficiency of treatments is limited. Therefore, our attention has focused on the design and the
study of new molecules, and among them new arene ruthenium(ll) complexes that can
transport oxygen into cancer cells. To reach our goal, dinuclear ruthenium(ll) clips were
attached to oxygen carrier(s), such as derivatives of anthracene (anthr) or
dimethyldihydropyrene (DHP). Seven Lantr ligands, five Lowe ligands and 16 ruthenium(ll)
complexes, divided in to fifteen Aune and one Apppe derivatives, were synthesized and fully
characterized by common analytic methods (chapter Il). To determine their ability to capture
singlet oxygen, most compounds were irradiated in solution and monitored by UV-VIS and "H
NMR spectroscopic methods and mass spectrometry (chapter Ill). Both ligands and
ruthenium(ll) assemblies with anthracene core were also evaluated in vitro on DU145 prostatic

cancer cells to determine their cytotoxicity and phototoxicity (chapter Il).

The coordination of ruthenium atoms to Lawte generally prevents the molecules to
perform a [2+4] cycloaddition with singlet oxygen. It was also noticed that isomerization of
the pyridine has a limited impact on the efficiency of the photooxygenation. After
optimization of the experiments with the already known anthracenyl derivatives Li-Ls, all
experiments showed that the photooxygenation of the majority of Aunr assemblies can occur
(confirmed by 'H NMR and mass analyses) but with a low conversion. However, some
ruthenium(ll) complexes emerged unscathed. Three ruthenium(ll) rectangles, composed by a
vinyl-pyridinyl anthracene derivative (As) as well as A7 and As, composed by an ethynyl-pyridyl
anthracene derivative and one dinuclear ruthenium(ll) assembly (A1), display interesting
features and deserve further attention in the future. In fact, some observations allow us to

conclude that these compounds: (1) have different kinetics than the other structures; (2) mass
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analysis confirmed the formation of Ae-EPO after irradiation of As with normal light and
without photosensitizer; (3) As and Ao seem to be the only ruthenium(ll) assemblies tested on
cancer cells that provoke a small degree of phototoxicity, since the percentage of viable cells
are noticeably reduced compared with the one under dark conditions; (4) The use of TPP is

not necessary to obtain a toxicity on cancer cells with A;.

Furthermore, it seems promising to consider the synthesis of other assemblies that
involve arene ruthenium(ll) and anthracenyl derivatives but not directly linked together (figure
65). An ideal strategy can be to introduce an alkyl chain in order to isolate the singlet oxygen
probe from the metal. Therefore, the coordination to ruthenium atoms will have a smaller
impact on: (1) the electronic density around the reactive center of the anthracenyl core; and
(2) the stiffness of the structure, which can be a reason for the low reactivity of Aanthr
Introducing a relative flexibility in the molecule can enhance the photooxygenation and the

phototoxicity. Some examples of structures bearing a remote anthracenyl core have showed

178

a certain ability to produce singlet oxygen and ROS (figure 66).

Figure 65: Possible structures with arene ruthenium(ll) to consider in future projects (n=0).
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Figure 66: Structures from the literature that can generate singlet oxygen.'”?

The tuning of the irradiation may be also a key to obtain a better response of
phototoxicity on cancer cells, since the wavelength applied was low in energy, and can

decrease the efficiency of the tested molecules.

Concerning the derivatives of DHP, only the ligands were studied to determine their
ability to produce Lowr-EPO. Our observations led to the conclusions that the addition of a
new unit on the nitrogen, to provoke its quaternization, changes the ability of the DHP core
to act as a photosensitizer. In fact, when there is a double bond between the DHP unit and
the pyridinyl group, LsH2** and Li1, the transformation into LyH2**-EPO and L11-EPO was easier,
unlike Lio that remains unreactive. Surprisingly, the structure without a pyridinium core Ls
underwent a cycloaddition with 'O and various analyses demonstrated the formation of Le-
EPO. A reverse reaction was also observed when Le-EPO was irradiated with a green light
(510-530 nm). So, from this study, the ionization of the structure of DHP is not always required

to obtain the capture and the release of singlet oxygen.

In the future, tests should be performed with Lowe linked to arene ruthenium(ll) units.
The addition of terpyridine units was tested in order to introduce the quaternization of the
nitrogen atoms and to get three coordination sites. However, the results were disappointing:
possibly because of the arene ruthenium geometry, that is not compatible with the terpyridine
units. Furthermore, to gain coordination flexibility, the same strategy could be employed by

replacing the terpyridinyl unit by a bipyridine. A general structure is depicted in figure 67.
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Finally, after the synthesis and the characterization of these new arene ruthenium(ll)
complexes Aok, biological tests should be perfomed in order to determine the ability of DHP

to generate phototoxicity in cancer cells.
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Figureé7: A strategy to coordinate arene ruthenium to Lowp.

For our lab, this work was a first step of the study of arene ruthenium(ll) complexes used
as oxygen carriers with the perspective of PDT applications. Even though the introduction of
ruthenium atoms can constitue a barrier to the efficiency of the trapping of 'O, next studies
should take into account the results of this work and slowly steer towards the synthesis of

structures that can transport both the PS and 'O into hypoxic cancerous areas.
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General remarks

All commerecially available chemicals and solvents were purchased from Sigma-Aldrich,
Brunschwig, TCI Europe and/or Fisher Scientific. Chemicals were used as received, without
further purification. All solvents were dried before use on silica, molecular sieve or by
distillation. All reactions were performed under an inert N2> atmosphere (unless specified
otherwise). Thin layer chromatography (TLC) plates were purchased from Merck and the
products were visualized with UV light (254 or 365 nm). Purifications by column
chromatography were realized on silica gel 60 A (32-63 Mesh) and technical solvents were
used for elution. Removal of solvents was performed on a rotary evaporator at 40 °C and
under reduced pressure. Final products were dried under high vacuum (around 10 mbar) at

room temperature.

NMR spectra were recorded on a Bruker Avance Il 400 Spectrometer or on a Bruker
Avance Neo Ascend 600 MHz (Karlsruhe, Germany), using deuterated solvents as internal
standard. The chemical shifts are referenced to deuterated solvent residual peaks [CDCls: 6 =
7.26 ppm; CD2Cl,: & = 5.32 ppm; CD30D &6 =3.31 ppm; (CD3).CO: & = 2.05 ppm; and (CD3)CN:
& = 1.94 ppm]. 'H signals are assigned as s for singlet, d for doublet, t for triplet, sept for
septet and m for multiplet. UV-Visible absorption spectra were recorded with a PerkinElmer
Lambda 25 spectrophotometer (Waltham, Massachusetts, USA) using quartz cells having an
optical path length of 1 cm. IR spectra were recorded with a Thermoscientific Nicolet iS5
spectrometer (Waltham, Massachusetts, USA). Signals were defined as s for strong, m for
medium and w for weak. Electrospray ionization mass spectrometry (ESI-MS) spectra were
obtained in a positive mode with a LCQ Finnigan mass spectrometer (San Jose, California,

USA\) at the University of Fribourg (Switzerland) under the supervision of Dr. Freddy Nydegger
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and Dr. Albert Ruggi. ESI-MS spectra were also recorded with a 4000 QTrap mass
spectrometer at the University of Neuchatel, under the supervision of Dr. Armelle Vallat-
Michel. Ruthenium(ll) assemblies were studied by mass spectroscopy at the University of
Berlin (Germany), under the supervision of Pr. Christoph Schalley. ESI-MS were recorded on
a Synapt G2-S HDMS (Waters Co., Milford, Massachusetts, USA). Typical tunings were:
capillary voltage of 2.5-3 kV; source temperature of 80-100 °C, sampling cone voltage of 10-
20 V, source offset of 10-20 V; desolvation gas temperature 180 °C. Microanalyzes were
carried out by the Mikroelementaranalytisches Laboratorium, ETH Zirich (Zirich, Switzerland).
Irradiation studies were performed using a Luzchem LZC-ORG photometer (Montreal, QC,
Canada) equipped with the corresponding lamp (cool white lamp, Hg, 8 W, Sylvania®
F8T5/CW), Green LED (LZC-LGR, centered at 510-530 nm, 8W) or Amber LED (LZC-LAM,
centered at 580-600 nm, 8W).

Precursors molecules were prepared according to published methods: 4,9-dibromo-
2,7-di-tert-butyl-trans-10b, 10c-dimethyl-10b,10c-dihydropyrene'®, 4'-(4-(bromomethyl)
phenyl)-2,2":6',2"-terpyridine'®®,  [Ruz(n®-p-cymene);(u*-oxa)Cla]"™,  [Ruz(n®-p-cymene)(p’-
2"

dobq)Cl2]"",  [Ruz(n®-p-cymene);(u*-dong)Cl2]™?,  [Ru(n’-p-cymene)(pta)Cl
cymene)Ru(u-CI)Cl},] ">,

and  [{(n*-p-

Synthesis and characterization

General procedure for 9,10-bis(pyridyl)anthracene (L1 and L) "43'%¢1%7

9,10-Dibromoanthracene (1.00 g, 2.98 mmol), 4-pyridylboronic acid (914 mg, 7.44 mmol, for
L1) or 3-pyridylboronic acid (914 mg, 7.44 mmol, for L), potassium carbonate (4.11 g, 20
mmol) and tetrakis(triphenylphosphine) palladium(0) (344 mg, 0.29 mmol) were dissolved in
DMF (80 mL) and H2O (10 mL). Three cycles of freeze pumping were realized. After stirring 12
h at 105 °C, the solvents were removed under vacuum. The residue was dissolved in CHCls
and then extracted with the same solvent. The organic layer was twice washed with H2O.
Hydrochloric acid (1 M) was slowly added until the aqueous pH reached 1: the phase got a

yellow color, and the organic phase was discarded. Then, potassium hydroxide (1 M) was
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slowly added until the aqueous pH reached 8. The product was isolated by another extraction
using CHCls. The evaporation of the solvent, after drying the organic phase over dried
MgSQs, gave the desired product. When needed, a column chromatography (silica gel;

EtOAc) was realized for further purification.

9,10-bis(4-pyridyl)anthracene (L1) pale-yellow solid (633 mg; 64%). '"H-NMR (CDCls, 400 MHz).
68.89(dd, J=4.4Hzand J= 1.6 Hz, 4H, H.), 7.62 (dd, J = 6.8 Hz and J = 3.2 Hz, 4H, Hj),
7.45(dd, J=4.4Hzand J= 1.6 Hz,4H, Hy), 7.40 (dd, J = 6.8 Hzand J = 3.2 Hz, 4H, Ha)."*C{"H}-
NMR (CDCls, 100 MHz). & 150.3 (4C, C.), 147.5 (2C, CJ), 134.9 (2C, Cq), 129.2 (4C, C.), 126.6
(4C, Cy), 126.5 (4C, Cyp), 126.1 (4C, Cy).

9,10-bis(3-pyridyl)anthracene (L2) pale-yellow solid (742 mg; 75%). '"H-NMR (CDCls, 400 MHz).
6884 (dd, J=4.8Hzand J = 1.6 Hz, 2H, Hy), 8.75 (dd, J = 4.8 Hz and J = 2.4 Hz, 2H, H.),
7.84 (m, 2H, Hq), 7.64 (dd, J = 6.8 Hz and J = 3.6 Hz, 4H, Hy), 7.59 (m, 2H, H), 7.40 (dd, J =
8.0 Hz and J = 3.2 Hz, 4H, H)). *C{"H}-NMR (CDCl;, 100 MHz). 6§ 152.0 (1C, C,), 151.9 (1C, C,),
149.3 (2C, Cy), 139.0 (1C, Cq), 138.9 (1C, Cd), 134.8 (2C, C.), 133.9 (2C, Cy, 130.3 (2C, C,),
126,6 (4C, Ch), 126.0 (4C, C), 123.6 (1C, CJ), 123.6 (1C, C.).

Procedure for 9,10-bis((pyridin-4-yl)vinyl)anthracene (Ls) '*®

9,10-Dibromoanthracene (1.00 g, 2.98 mmol), 4-vinylpyridine (625 mg, 5.94 mmol),
palladium(ll)acetate (67 mg, 0.30 mmol), triphenylphosphine (156 mg, 0.60 mmol) and
triethylamine (600 mg, 5.93 mmol) were dissolved in dried DMF (20 mL). Nitrogen was
bubbled through the solution in a Schlenk flask for 20 min. After stirring 24 h at 115 °C, the
solution was poured into H.O. The product was extracted several times with CH.Cl; and the
combined organic phases were washed with brine, dried over MgSO, and concentrated by
rotary evaporator. The crude product was purified by column chromatography (silica gel;
hexane/EtOAc = 4/1). The pure product was obtained as a yellow solid (229 mg; 27%). 'H-
NMR (CDCls, 400 MHz). 6 8.70 (m, 4H, H.), 8.33 (dd, J = 6.8 Hz and J = 3.2 Hz, 4H, H;), 8.17
(d, J=16.4 Hz, 2H, H.), 7.56 (m, 4H, Hy), 7.52 (dd, J = 6.8 Hz and J = 3.2 Hz, 2H, H), 6.91 (d,
J=16.4Hz, 2H, H)). *C{"H}-NMR (CDCl;, 100 MHz). § 150.6 (4C, C,), 144.5 (2C, C,), 135.4 (2C,
Cq), 132.3 (2C, Cy), 130.2 (2C, Co), 129.6 (4C, Cg), 126.3 (4C, C1), 126.0 (4C, C), 121.2 (4C, Cy).

93



5. Experimental part

Procedure for 9,10-bis(3,3"-ethynylpyridyl)anthracene (Ls) ™

In a Schlenk flask, a mixture of 9,10-dibromoanthracene (400 mg, 1.19 mmol) and 3-
ethynylpyridine (270 mg, 2.62 mmol) was dissolved in a solution of toluene/EtsN (1/1, 25 mL)
and kept under a nitrogen atmosphere for 20 min. Then, a mixture of palladium(ll)acetate (5
mg, 0.024 mmol), copper(l)iodide (6 mg, 0.030 mmol) and triphenylphosphine (17 mg, 0.065
mmol) was added with the other reactants. The reaction mixture was stirred at reflux for 24 h.
Then, the solvent was removed under vacuum. The residue was dissolved in H.O and stirred
for 2 h at room temperature, to eliminate the triethylammonium salt. The solid was filtered off
and dried under vacuum. Recrystallization was done in toluene and the product was obtained
as orange needles, which were dried under vacuum (285 mg, 63%).'"H-NMR (CDCl;, 400 MHz):
6 9.02 (s, 2H, H.), 8.66 (m, 6H, Hy, and H)), 8.06 (d, J = 7.6 Hz, 2H, Hy), 7.69 (m, 4H, Hy), 7.42
(m, 2H, HJ). *C{"H}-NMR (CDCls, 100 MHz): 6 152.4 (2C,C,), 149.2 (2C, Cy), 138.6 (2C, Cy),
132.3 (4C, C), 127.4 (4C, Cy, 127.3 (4C, C), 123.4 (2C, CJ), 120.7 (2C, Co), 118.4 (2C, C,),
99.12 (2C, Cy), 89.77 (2C, Cg). IR (cm™): 3078 (w; C-H aromatic), 2200 (w; C=C), 1557 (m; C=C
aromatic), 1477 (m; C=C aromatic), 799 (s, C-H aromatic), 763 (s, C-H aromatic), 697 (s, C-H
aromatic). ESI-MS (+): m/z = 381.2 [M+H]*. UV—-vis [1.0 x 107> M, CH2Cly; Amax, nm (g, M~".m™")]:
275 (1.4 x 10°), 299 (4.2 x 10%, 314 (5.1 x 10%), 438 (5.9 x 107, 464 (6.2 x 10%. Anal. calc. for
CasH16N2 (380.46): C 88.38, H 4.25, N 7.37; Found: C 88.26, H 4.14, N 7.26.

General procedure for 9-(pyridyl)anthracene (Ls and L) 3%

9-Bromoanthracene (1.00 g, 3.89 mmol), 4-pyridylboronic acid (526 mg, 4.28 mmol, for Ls) or
3-pyridylboronic acid (526 mg, 4.28 mmol, for L), potassium carbonate (5.39 g, 39 mmol) and
tetrakis(triphenylphosphine) palladium(0) (451 mg, 0.39 mmol) were dissolved in THF (40 mL)
and H2O (20 mL). Three cycles of freeze pumping were realized. After stirring 48 h at 110 °C,
the solvents were removed under vacuum. The residue was extracted with EtOAc several
times. The organic layer was twice washed with brine and dried over MgSQO.. Then, the solvent
was removed by rotary evaporation. The crude product was recrystallized from hot acetone

to yield a pure white powder.

9-(4-pyridyl)anthracene (Ls) (436 mg, 44%). '"H-NMR (CDCls, 400 MHz). & 8.85 (d, J = 5.2 Hz,
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2H, H.), 8.55 (s, 1H, Hy), 8.06 (d, J = 8.4 Hz, 2H, Hy, 7.57 (d, J = 8.8 Hz, 2H, H), 7.49 (t, J =
7.4 Hz, 2H, Hg), 7.39 (m, 4H, Hy + Hy). *C{'"H}-NMR (CDCl;, 100 MHz). & 150.1 (2C, C.), 147.6
(1C, C), 137.7 (1C, Cq), 131.4 (2C, Co), 129.6 (2C, C), 128.7 (2C, Cy), 127.7 (1C, Cy), 126.6 (2C,
Ce), 126.2 (2C, C), 126.0 (2C, Cg), 125.5 (2C, Cy).

9-(3-pyridyl)anthracene (Le) (626 mg, 63%). '"H-NMR (CDCls, 400 MHz). & 8.81 (d, J = 4.8 Hz,
TH, He), 8.71 (s, 1H, H.), 8.56 (s, 1H, Hy), 8.08 (d, J = 4.2 Hz, 2H, H}), 7.79 (dd, J = 7.6 Hz, 1H,
Hdy), 7.59 (d, J = 4.4 Hz, 2H, Hy), 7.55 (t, J = 6.8 Hz, 1H, HJ), 7.49 (t, J = 7.4 Hz, 2H, H)), 7.39
(m, 2H, H)). C{"H}-NMR (CDCl;, 100 MHz). § 150.1 (2C, C.), 147.6 (1C, CJ), 137.7 (1C, Cy),
131.4 (2C, Co), 129.6 (2C, C), 128.7 (2C, Cy), 127.7 (1C, Cy), 126.6 (2C, Cp), 126.2 (2C, Cy),
126.0 (2C, C,), 125.5 (2C, C4). IR (cm™): 3050 (w; C-H aromatic), 1403 and 1027 (m; C=C
aromatic), 741 (s, C-H aromatic). ESI-MS (+): m/z = 256.1 [M+H]*. UV—-vis [1.0 x 107> M, CH,Cly;
Amax, M (g, M7".m™")]: 253 (1.1 x 10°), 333 (0.8 x 107, 349 (1.6 x 10%), 367 (2.3 x 10%), 387 (2.3
x 10%, 399 (2.9 x 10%. Anal. calc. for Ci9H13N (255.33): C 89.38, H 5.13, N 5.49; Found: C
89.21, H5.15, N 5.34.

Procedure for 9-((pyridin-4-yl)vinyl)anthracene (L) ™%

9-Bromoanthracene (500 mg, 1.94 mmol), 4-vinylpyridine (322 mg, 3.06 mmol),
palladium(ll)acetate (46 mg, 0.19 mmol), triphenylphosphine (102 mg, 0.39 mmol) were
dissolved in a mixture of dried DMF (10 mL) and Et;N (0,5 mL). Nitrogen was bubbled into
the solution for 20 min. After stirring 24 h at 115 °C, H.O (10 mL) was added. The product
was extracted several times with CHzCl; and the combined organic phases were washed with
brine, dried over MgSO, and concentrated by rotary evaporator. The crude product was
purified by column chromatography (silica gel; hexane/EtOAc = 4/1 to 1/1). The pure product
was obtained as a yellow solid (398 mg; 73%). "H-NMR (CDCl;, 400 MHz). 6 8.68 (d, J = 6 Hz,
2H, H,), 8.45 (s, 1H, Hx), 8.28 (s, 2H, H:), 8.15 (d, J = 16.4 Hz, 1H, He), 8.06 (m, 2H, Hy), 7.53
(d, J=6Hz, 2H, Hy), 7.50 (dd, J = 6.4 Hz and J = 3.4 Hz, 4H, H,and H)), 6.92 (d, J = 16.4 Hz,
1H, Ho). BC{"H}-NMR (CDCl;, 100 MHz). & 150.6 (2C, C.), 144.5 (2C, CJ), 135.1 (1C, C4), 131.6
(2C, Cg), 131.4 (2C, C), 130.0 (1C, Cy), 129.8 (1C, Cy), 129.0 (2C, Cy), 127.4 (1C, Cy), 126.1 (2C,
C), 125.7 (2C, C), 125.5 (2C, Cy), 121.1 (2C, Cy).
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Procedure for 2,7-di-tert-butyl-4,9-di-(4-pyridyl)-trans-10b, 10c-dimethyl-10b, 10c-

dihydropyrene (L) '*°
4,9-Dibromo-2,7-di-tert-butyl-trans-10b, 10c-dimethyl-10b, 10c-dihydropyrene '¢"¢? (250 mg,
0.50 mmol) and 4-pyridinylboronic acid (141 mg, 1.15 mmol) were dissolved in fresh distilled
THF (20 mL) in a Schlenk tube. Three cycles of freeze pumping were realized. A degassed
(with nitrogen) aqueous solution (5 mL) with sodium carbonate (265 mg, 2.50 mmol) and
tetrakis(triphenylphosphine) palladium(0) (58 mg, 0.05 mmol) was then added into the Schlenk
tube. The resulting mixture was heated to reflux and was stirred for 48 h. After cooling the
mixture to room temperature, the solution was concentrated under reduced pressure. The
product was extracted with CH,Cl.. The organic phase was washed with H:O and dried over
anhydrous MgSQOs. The solvent was evaporated under reduced pressure. The crude solid
product was purified by a column chromatography (silica gel; from cyclohex./EtOAc = 1/0 to
cyclohex./EtOAc = 1/1). The pure product was isolated as a dark green solid (177 mg,
71%)."H-NMR (CDsOD, 400 MHz). 6 8.63 (s, 2H, Hy), 8.53 (s, 2H, Hg), 8.40 (s, 2H, H)), 7.62 (d,
J=8Hz, 4H, H,), 7.04 (d, J = 8 Hz, 4H, H.), 1,60 (s, 18H, HJ), -3.71 (s, 6H, H.) . *C{"H}-NMR
(CDsOD, 100 MHz). 6 157.8 (2C, Cy), 146.7 (2C, C), 138.1 (2C, Cy), 136.3 (2C, C4), 135.2 (2C,
C), 134.7 (2C, C.), 132.9 (4C, C,), 126.2 (4C, C), 122.0 (2C, Cy), 121.0 (2C, C¢), 116.1 (4C, C.,),
36.9 (1C, Cq), 32.2 (6C, Co), 31.5 (1C, Cy), 15.3 (2C, C,).

Procedure for 2,7-di-tert-butyl-4,9-di-(4-vinylpyridyl)-trans-10b, 10c-dimethyl-
10b,10c-dihydropyrene (Ls)

In a Schlenk tube, 4,9-dibromo-2,7-di-tert-butyl-trans-10b,10c-dimethyl-10b,10c-
dihydropyrene %% (200 mg, 0.4 mmol), 4-vinylpyridine (168 mg, 1.6 mmol),
palladium(ll)acetate (9 mg, 0.04 mmol) and triphenylphosphine (11 mg, 0.04 mmol) were
dissolved in dried EtsN (10 mL). Nitrogen was bubbled through the Schlenk during 20 min.
The resulting mixture was heated to reflux and was stirred for 48 h. After cooling the mixture
to room temperature, the solution was filtrated through a celite pad. HCI (1 M, 10 mL) was
carefully added to the solution and the product was extracted with CH.Cl. The organic layer
was washed several times with H,O and dried over anhydrous MgSQO.. The solvent was then

concentrated under reduced pressure and then the product was precipitated in Et.O. The
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pure product was isolated as a dark red solid (128 mg, 58%)."H-NMR (CDCls, 400 MHz). &
8.88 (s, 2H, Hy), 8.80 (s, 2H, Hj), 8.70 (m, 6H, Hnand Hy), 8.58 (s, 2H, Hy), 7.60 (m, 4H, H.), 7.45
(d, J =16 Hz, 2H, H)), 1.74 (s, 18H, H.), -3.57 (s, 6H, H.) . *C{'H}-NMR (CDCls, 100 MHz). &
150.5 (4C, C,), 147.2 (2C, Cy), 145.6 (2C, C,), 138.2 (2C, C), 135.3 (2C, C4), 130.7 (2C, Cn),
128.3 (2C, Cy), 127.4 (2C, C), 122.6 (2C, Cy), 121.2 (4C, Co), 121.1 (2C, C), 117.5 (2C, Cy), 36.5
(2C, C.), 32.0 (2C, CJ), 31.4 (2C, Cy), 16.0 (2C, C.). ). IR (cm™): 3041 (w; C-H aromatic), 2957
(m; C-H aromatic), 2865 (w; C-H aromatic), 1615 (w; C=C aromatic), 1592 (m; C=C aromatic),
122 (m; C=C aromatic), 961 (m, C-H aromatic), 795 (m, C-H aromatic). ESI-MS (+): m/z = 551.8
[M+H]*. UV—=vis [1.0 x 107> M, CH3CN; Anax, nm (g, M~'.m™)]: 277 (1.8 x 10°), 379 (3.0 x 109,
396 (3.5 x 10%), 420 (5.1 x 10%, 497 (1.7 x 10%), 535 (2.1 x 10, 700 (4.6x 10°). Anal. calc. for
CioH13N (255.33): C 87.23, H 7.69, N 5.09; Found: C 87.12, H 7.54, N 5.12.

Procedure for 2,7-di-tert-butyl-4,9-di-(N-methyl-4-vinylpyridyl)-trans-10b, 10c-

dimethyl-10b,10c-dihydropyrene hexafluorophosphate (L1o) '*

2,7-Di-tert-butyl-4,9-di-(4-vinylpyridyl)-trans-10b, 10c-dimethyl-10b, 10c-dihydropyrene (Ls, 50
mg, 0.09 mmol) was dissolved in CH,Cl, (25 mL). Nitrogen was bubbled in the solution for 20
min. lodomethane (1 mL, excess) was added. The solution was refluxed for 2h. After cooling
down to room temperature, the black precipitate was filtrated, washed with cold CHzCl, and
then dissolved in CH3OH (40 mL). The product was precipitated into a saturated aqueous
solution of potassium hexafluorophosphate. Then, it was washed with cold CH3OH and dried
under vacuum. The product was isolated as a black solid (68 mg, 87%). "H-NMR (CDsCN, 400
MHz). 6§ 9.18 (d, J = 16 Hz, 2H, H), 9.11 (s, 2H, Hy), 9.05 (s, 2H, Hy), 8.77 (s, 2H, H)), 8.51 (d, J
= 6.4 Hz, 4H, H,), 8.28 (d, J = 6.8 Hz, 4H, H,), 7.78 (d, J = 15.6 Hz, 2H, H.), 4.25 (s, 6H, Hy),
1.76 (s, 18H, Ho), -3.56 (s, 6H, H.). *C{'H}-NMR (CDsCN, 100 MHz). 6 154.6 (2C, C.), 150.2 (2C,
Ca), 145.5 (4C, C;), 140.0 (2C, Cy), 138.8 (2C, C)), 137.9 (2C, Cy), 128.8 (2C, C), 125.0 (4C, C,),
124.8 (2C, Cv), 124.6 (2C, C), 122.4 (4C, Cy), 119.7 (2C, Cy), 48.2 (2C, C), 37.2 (2C, C¢), 31.9
(6C, C), 16.7 (2C, CJ). IR (cm™): 2952 (m; C-H aromatic), 2864 (m; C-H aromatic), 1641 (m;
C=C aromatic), 1587 (m; C=C aromatic), 1189 (m; C=C aromatic), 842 (s, C-H aromatic). ESI-
MS (+): m/z = 290.3 [M-2PF4]?*; 275.3 [M-2PF¢-CHs)?*. UV—-vis [1.107° M, CH3CN; Amax, nm (g,
M~".m™")]: 264 (2.5 x 10%), 348 (5.4 x 10°), 447 (8.6 x 10°), 588 (8.8x 10%), 735 (2.7x 10%) . Anal.
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calc. for CisH1sN (255.33): C 57.93, H 5.56, N 3.22; Found: C 58.18, H 5.83, N 3.24.

General procedure for 2,7-di-tert-butyl-4,9-di-(N-(4'-(4-methylphenyl)-2,2":6",2"'-
terpyridin-yl)pyridin-4-yl)-trans-10b, 10c-dimethyl-10b, 10c-dihydropyrene
hexafluorophosphate (L11) and 2,7-di-tert-butyl-4,9-di-(N-(4'-(4-methylphenyl)-
2,2":6',2"-terpyridin-yl)4-vinylpyridyl)-trans-10b, 10c-dimethyl-10b, 10c-

dihydropyrene hexafluorophosphate (Li2) '

2,7-Di-tert-butyl-4,9-di-(4-pyridyl)-trans-10b,10c-dimethyl-10b, 10c-dihydropyrene (Ls, 50 mg,
0.1 mmol) or 2,7-di-tert-butyl-4,9-di-(4-vinylpyridyl)-trans-10b,10c-dimethyl-10b, 10c-
dihydropyrene (Ls, 50 mg, 0.1 mmol) was dissolved in 50 mL of degassed CH;CN and 4'-(4-
(bromomethyl)phenyl)-2,2":6',2"-terpyridine ' (161 mg, 0. 4 mmol) was dissolved in CHzCl;
(10 mL). The second solution was slowly added to the first solution, under a constant stirring.
The mixture was stirred for 15 h at reflux. After cooling down to room temperature, the
solution was concentrated under reduced pressure. The product was precipitated with Et.O.
The precipitated was then dissolved in CH3OH and poured into a saturated aqueous solution
of potassium hexafluorophosphate. The final precipitate was filtered, washed several times

with H,O and dried under vacuum.

2,7-di-tert-butyl-4,9-di-(N-(4'-(4-methylphenyl)-2,2":6',2"-terpyridin-yl)pyridin-4-yl)-trans-10b,
10c-dimethyl-10b,10c-dihydropyrene hexafluorophosphate (L11) Red powder (107 mg, 75%).
'H-NMR (CDsCN, 400 MHz). 6 8.93 (m, 4H, Hrand H,), 8.70 (m, 162H, Hg, H;, H. and H,), 8.51
(s, 4H, Hn), 8.07 (s, 4H, H), 7.97 (s, 4H, H,), 7.80 (s, 4H, Ho), 7.45 (s, 4H, H,), 5.94 (m, 4H, H,),
1.62 (m, 18H, Ho), -3.65 (m, 6H, H.). *C{’"H}-NMR (CDsCN, 100 MHz). § 159.0 (2C, C\), 156.3
(4C, C)), 155.5 (4C, C,), 150.1 (1C, C..), 149.8 (1C, C.a), 149.3 (2C, C.J), 149.0 (2C, Cy), 148.0
(2C, C), 143.9 (2C, C,), 143.8 (2C, C,), 139.9 (1C, Cy), 139.8 (1C, CJ), 137.9 (2C, Cy), 137.3 (4C,
C,), 134.1 (2C, C.), 134.0 (2C, C), 133.8 (2C, C4), 130.3 (4C, Cy), 130.2 (4C, Cy), 129.8 (1C, C),
129.6 (1C, C), 129.1 (2C, Cp), 128.2 (4C, C), 125.7 (1C, Cg), 125.0 (1C, Cy), 124.5 (2C, C)),
124.4 (2C, C), 123.8 (1C, Cy, 122.9 (1C, Cy, 121.1 (2C, C)), 120.4 (2C, C)), 118.6 (2C, C.),
118.5(2C, C), 63.4 (1C, C,), 63.2 (1C, C,), 36.2 (1C, Cq), 35.9 (1C, Ca), 30.8 (3C, Co), 30.7 (3C,
Co), 14.4 (2C, C,).
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2,7-di-tert-butyl-4,9-di-(N-(4'-(4-methylphenyl)-2,2":6',2"-terpyridin-yl) 4-vinylpyridyl)- trans-
10b, 10c-dimethyl-10b,10c-dihydropyrene hexafluorophosphate (Liz) Green powder (99 mg,
67%)."H-NMR (CDCl,, 400 MHz). § 9.11 (d, J = 16 Hz, 2H, H)), 8.98 (s, 2H, Hy), 8.92 (s, 2H, Hy),
8.76 (s, 4H, H.), 8.70 (m, 4H, H;and Hy), 8.67 (d, J = 8 Hz, 4H, H.), 8.61 (d, J = 6.4 Hz, 4H, H)),
8.20 (d, J = 6.4 Hz, 4H, H,), 8.02 (d, J = 8 Hz, 4H, H,), 7.90 (t, J = 7.6 Hz, 4H, H..), 7.65 (m,
4H, Hn and Ho), 7.38 (m, 4H, H.u), 5.76 (s, 4H, Hg), 1.73 (m, 18H, HJ), -3.50 (s, 6H, H.). *C{'H}-
NMR (CD.Cl;, 100 MHz). § 156.7 (2C, CJ), 156.2 (4C, C,), 155.1 (4C, C,), 150.3 (2C, C)), 149.6
(4C, C.o), 149.2 (2C, C.), 143.6 (4C, CJ), 140.1 (1C, Cu), 140.0 (1C, Cu), 139.5 (2C, C), 138.1
(2C, Cy), 137.4 (4C, C..), 134.8 (2C, C.), 134.4 (2C, C), 133.8 (2C, C4), 130.2 (4C, C,), 129.2
(6C, Coand C), 124.9 (4C, Cy), 124.7 (2C, Cub), 124.5 (2C, Cup), 123.2 (2C, C), 121.9 (4C, C)),
121.6 (2C, Cg), 119.2 (2C, C)), 119.1 (6C, Crand C,), 64.2 (2C, C,), 36.9 (2C, C4), 31.8 (3C, CJ),
29.5 (3C, CJ, 16.7 (2C, C.). IR (cm™): 3660 (w; C-H aromatic), 2968 (m; C-H aromatic), 2865
(w; C-H aromatic), 1635 (m; C=C aromatic), 1582 (s; C=C aromatic), 1155 (m; C=C aromatic),
845 (s, C-H aromatic). ESI-MS (+): m/z = 597.8 [M-2PF,?*. UV—vis [1.107> M, CH3CN; Amax, NM
(e, M".m™)]: 262 (2.5 x 10%), 352 (1.1 x 10%, 454 (1.3 x 10%, 597 (1.4 x 10%), 743 (4.9 x 10°).
Anal. calc. for CisHisN (255.33): C 67.92, H 5.02, N 7.54; Found: C 68.03, H 5.18, N 7.35.

General procedure for the synthesis of ruthenium rectangles with anthracene

derivatives (A1 — Ay)

152°°0.27 mmol) and silver

A mixture of metalla-clip (oxa ™°, dobg ™', or donq
trifluoromethanesulfonate (139 mg, 0.54 mmol) was dissolved in CH,Cl, and stirred for 3 h at
room temperature. The mixture was filtrated in order to eliminate silver chloride. The resulting
solution was added to a CHCl; solution containing the anthracene ligand (Li-Ls, 0.27 mmol).
Then, the mixture was refluxed overnight and consequently concentrated under vacuum. The

concentrated solution was slowly poured into cold Et:O to induce precipitation. After

filtration, the metalla-rectangles were dried under vacuum.

[Rua(n®-p-cymene)s(p*-dobq)z(p?-L1)2][CFsSOsls (A1): Red solid (374 mg, 56%). 'H-NMR (CDsCN,
400 MHz): 6 8.46 (d, J = 5.6 Hz, 8H, H:), 7.50 (m, 8H, H), 7.27 (dd, J = 6.8 Hz and J = 3.2 Hz,
8H, Hn), 6.82 (m, 8H, H.), 6.01 (d, J = 6 Hz, 8H, Hd), 5.93 (s, 4H, Hy), 5.81 (d, J = 6.4 Hz, 8H,
He), 2.96 (sept, J = 6.8 Hz, 84H, Hy), 2.28 (s, 12H, Hy), 1.41 (d, J = 8.8 Hz, 24H, H.). *C{"H}-

99



5. Experimental part

NMR (CDsCN, 100 MHz): 6 184.55 (8C, C,), 184.6 (8C, C.), 153.1 (8C, Cy), 133.1 (12C, Cvand
C), 128.9 (8C, C), 128.3 (4C, C), 126.3 (8C, C.), 125.5 (8C, C.), 103.6 (4C, C), 101.8 (4C, Cp),
98.8 (4C, Cy), 83.6 (8C, Cq), 82.2 (8C, Co), 31.3 (4C, Cy), 21.53 (8C, C,), 17.4 (4C, Cg). IR (cm™"):
3071 (w; C-H aromatic), 2969 (w; C-H aromatic), 1610 (w; C=C aromatic), 1518 (s; C=C
aromatic), 1374 (s; C=C aromatic), 1255 (s; C=C aromatic), 1153 (m; C=C aromatic), 1028 (s;
C=C aromatic), 635 (s; C-H aromatic). ESI-MS (+); m/z = 470.6 [M-4OTf]**, 677.1 [M-30Tf J**,
1090.1 [M-20Tf]?*, 2329.1 [M-OTf]*. UV-vis [1.0 x 107> M, CH3CN; Amax, Nm (g, M™".m™)]:
306 (4.6 x 109, 361 (2.5 x 10, 379 (2.5 x 10%, 396 (5.5 x 10%), 482 (3.3 x 10%, 513 (3.3 x
10%. Anal. calc. for CioaHeoF12N12O20RusS4 (2476.50): C 50.44, H 3.67, N 2.26; Found: C 45.08,
H 3.58, N 1.92.

[Rua(n®-p-cymene)s(p*-donq)z(p?-L1)2][CFsSOsls (A2): Green solid (341 mg, 49%). 'H-NMR
(CDsCN, 400 MHz): 6 8.92 (m, 8H, Hs), 7.78 (m, 8H, HJ), 7.59 (m, 24H, Hn, H, and Hp), 6.30 (m,
8H, He), 5.83 (m, 8H, Hy), 2.97 (sept, J = 6.5 Hz, 4H, Hy), 1.96 (s, 12H, Hy), 1.32 (m, 24H, H.).
BC{"H}-NMR (CDsCN, 100 MHz): & 156.2 (4C, C:), 156.1 (4C, Cy), 152.5 (4C, C), 139.9 (8C,
Co), 130.7 (4C, Cy), 129.8 (4C, Cy), 129.6 (8C, C), 127.7 (8C, C,), 127.3 (8C, C)), 126.9 (8C, C.),
123.7 (8C, C,), 120.5 (4C, CJ), 111.0 (4C, Cy), 88.6 (8C, Cy), 86.4 (8C, C.), 31.9 (4C, Cy), 22.6
(4C, C,), 22.4 (4C, C,), 18.5(4C, Cy). IR (cm™): 3073 (w; C-H aromatic), 2973 (w; C-H aromatic),
1612 (w; C=C aromatic), 1256 (s; C=C aromatic), 1167 (m; C=C aromatic), 1029 (s; C=C
aromatic), 636 (s; C-H aromatic). ESI-MS (+); m/z = 496.1 [M-40Tf]**, 1140.2 [M-20Tf ]?*.
UV—-vis [1.0 x 107> M, CH3CN; Anax, nm (g, M~".m™")]: 340 (1.2 x 10%), 358 (1.8 x 10%, 379 (2.5
x 10%), 398 (4.2 x 10%). Anal. calc. for Cq12HesF12N4O20RusS4 (2578.64): C 52.16, H3.76, N 2.17,
Found: C 49.90, H 4.22, N 2.71.

[Rua(n®-p-cymene)s(p*-oxa)2(u*L2)2J[CFsSOsls  (As): Yellow solid (270 mg, 42%). 'H-NMR
(CDsCN, 400 MHz): & 8.97 (m, 4H, H),8.67 (m, 4H, H), 8.06 (m, 4H, Hy), 7.84 (m, 4H, H)), 7.56
(m, 16H, Hoand Hy), 5.67 (m, 16H, Haand He), 2.84 (m, 4H, Hy), 2.11 (s, 6H, Hy), 2.07 (s, 6H,
Hg), 1.30 (m, 24H, H,). *C{'"H}-NMR (CDsCN, 100 MHz): § 155.3 (4C, C:), 153.7 (4C, C), 142.9
(2C, Cy), 142.7 (2C, Cy, 137.5(4C, C)), 130.8 (4C, C), 129.2 (4C, C), 127.7 (4C, C,), 127.6 (4C,
Co), 127.0 (4C, Cp), 126.8 (4C, C,), 123.7 (4C, C,), 120.5 (4C, C,), 102.7 (2C, Co), 102.3 (2C, CJ),
98.2 (4C, Cy), 87.1 (2C, C4), 87.0 (2C, C4), 84.5 (2C, C4), 83.4 (4C, C), 81.6 (4C, C,), 76.9 (2C,
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Cq), 31.8 (2C, Cp), 31.7 (2C, Cy), 22.6 (4C, C,), 22.4 (2C, C,), (2C, Cy), 22.3 (2C, C.), 18.5 (2C,
Cy), 18.0 (2C, C,). IR (cm™): 3068 (w; C-H aromatic), 2974 (w; C-H aromatic), 1672 (m; C=C
aromatic), 1627 (s; C=C aromatic), 1274 (s; C=C aromatic), 1254 (s; C=C aromatic), 1157 (m;
C=C aromatic), 1028 (s; C=C aromatic), 636 (s; C—H aromatic). ESI-MS (+); m/z = 1041.1 [M-
20T #*. UV=vis [1.0 x 107> M, CH3CN; Amax, nm (g, M~".m™)]: 341 (1.5 x 10%), 356 (2.3 x 10%,
377 (3.4 x 10%, 399 (4.6 x 10%. Anal. calc. for CogHgsF12N4sO20Ru4S4 (2378.4): C 48.48, H 3.74,
N 2.36; Found: C 47.80, H 4.08, N 3.31.

[Rua(n®-p-cymene)s(p*-dobq)a(p?-L2)2][CFsSOsls (As): Red solid (361 mg, 54%). 'H-NMR (CDsCN,
400 MHz): 6§ 8.81 (d, J = 4.8 Hz, 4H, H)), 8.66 (s, 4H, H:), 7.93 (d, J = 8 Hz, 4H, Hy), 7.70 (d, J
= 6.6 Hz, 4H, H), 7.63 (m, 8H, H.), 7.46 (m, 12H, H,and H,), 5.82 (m, 16H, Hqand H.), 2.84
(sept, J=7 Hz, 4H, Hp), 1.96 (s, 12H, Hg), 1.29 (m, 24H, H.). *C{'H}-NMR ((CD3).CO, 100 MHz):
6 185.3 (8C, Cy), 151.6 (2C, C1), 151.2 (2C, C4), 148.6 (2C, C), 147.6 (2C, C), 140.8 (8C, Cy),
136.6 (4C, C), 133.8 (8C, C), 127.7 (2C, Cy), 127.6 (2C, Cy), 127.2 (2C, C), 126.9 (2C, C),126.4
(4C, C), 120.8 (8C, Co), 111.1 (4C, C), 105.8 (4C, Cy), 105.0 (4C, C.), 84.4 (8C, Cy), 83.3 (8C,
Co), 32.2 (4C, Cy), 22.7 (8C, C.), 18.5 (4C, Cy). IR (cm™): 3072 (w; C-H aromatic), 2968 (w; C-
H aromatic), 1631 (w; C=C aromatic), 1518 (s; C=C aromatic), 1374 (s; C=C aromatic), 1255
(s; C=C aromatic), 1156 (m; C=C aromatic), 1027 (s; C=C aromatic), 635 (s; C-H aromatic).
ESI-MS (+); m/z = 471.1 [M-4OTf]*, 677.8 [M-30Tf **, 1091.1 [M-20Tf]**. UV-vis [1.0 x
107> M, CH3CN; Amax, nm (g, M™".m™")]: 303 (4.3 x 10%), 362 (3.2 x 107, 381 (4.2 x 10%), 402 (5.9
x 10%. Anal. calc. for Ci0sHsoF12N4O20Ru4S, (2476.50): C 50.44, H 3.67, N 2.26; Found: C 40.15,
H 3.63, N 2.28.

[Rua(n®-p-cymene)s(p*-donq)z(p?-L2)2][CFsSOsls (As): Green solid (271 mg, 39%). 'H-NMR
(CDsCN, 400 MHz): 6 9.04 (m, 4H, Hy), 8.86 (m, 4H, H), 8.14 (m, 4H, Hy),7.85 (m, 4H, H)), 7.37
(m, 24H, Ho, Hp and H), 5.81 (m, 16H, Hyand H.), 2.85 (sept, J = 6.8 Hz, 4H, Hy), 2.05 (m, 12H,
Hg), 1.24 (m, 24H, H,). *C{'"H}-NMR (CDsCN, 100 MHz): § 156.8 (2C, C), 155.9 (2C, C:), 155.3
(2C, C), 151.1 (2C, C1), 143.3 (2C, C) 142.9 (2C, Cy), 137.2 (8C, C)), 135.8 (4C, C.), 133.3 (2C,
Cs), 133.0(2C, Cy), 130.9 (4C, Cp), 129.3 (4C, Cp), 127.7 (4C, C,), 127.5 (4C, Cy), 127.0 (2C, C),
126.8 (2C, C), 123.7 (8C, C,), 120.5 (4C, C), 110.9 (4C, C)), 106.6 (4C, Com), 102.3 (4C, Cy),
87.0 (4C, Cy), 86.0 (4C, Cy), 84.6 (2C, C.), 84.5 (4C, C,), 84.4 (2C, Co), 31.7 (4C, Cy), 22.4 (4C,
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C.), 22.3 (4C, C.), 18.5 (4C, C,). IR (cm™): 3070 (w; C-H aromatic), 2975 (w; C-H aromatic),
1611 (w; C=C aromatic), 1274 (s; C=C aromatic), 1258 (s; C=C aromatic), 1156 (m; C=C
aromatic), 1030 (s; C=C aromatic), 637 (s; C-H aromatic). ESI-MS (+); m/z = 575.9 [M-2dong-
2CH3-30Tf Y, 603.1 [M-2pcymene-4CH3-30T ", 689.9 [M-isopropyl-2CH;-30Tf **.
UV—-vis [1.0 x 107> M, CH3CN; Anax, nm (g, M~".m™")]: 341 (1.9 x 10%), 359 (3.1 x 10%, 377 (4.5
x 107, 398 (5.3 x 10%). Anal. calc. for Ci12HesF12NaO20Ru4S,s (2578.64): C 52.16, H 3.76, N 2.17;
Found: C 51.91, H 4.01, N 2.96.

[Rua(n®-p-cymene)s(p*-dobq)z(p?-Ls)2][CFsSOsls (Ae): Red solid (502 mg, 72%). 'H-NMR (CDsCN,
400 MHz): 6§ 8.18 (d, J = 6 Hz, 8H, Hy), 8.05 (d, J = 16.4 Hz, 4H, H)), 7.90 (dd, J = 6.8 Hz and
J=3.6Hz8, Hy), 7.66 (d, J=6Hz 8H, H), 7.17 (dd, J = 6.8 Hz and J = 3.2 Hz, 8H, H,), 6.72
(dd, J=16.4 Hz, 4H, H\), 5.95 (d, J = 6 Hz, 8H, H4), 5.78 (s, 4H, H,), 5.73 (d, J = 6 Hz, 8H, H.),
2.88 (sept, J = 6.8 Hz, 4H, Hy), 2.20 (s, 12H, Hg), 1.36 (d, J = 6.8 Hz, 24H, H.). *C{'"H}-NMR
(CDsCN, 100 MHz): 6 185.0 (8C, Cg), 153.8 (8C, Cy), 148.5 (4C, Cy), 134.6 (4C, C)), 133.8 (4C,
Ci), 132.1 (4C, C), 129.5(8C, C,), 126.8 (8C, C,), 124.1 (8C, C), 104.6 (4C, CJ), 102.4 (4C, C),
98.8 (4C, Cy), 84.6 (8C, Cy), 82.7 (8C, Co), 32.16 (4C, Cy), 22.5(8C, C,), 18.4 (4C, Cg). IR (cm™"):
3072 (w; C-H aromatic), 2974 (w; C-H aromatic), 1610 (w; C=C aromatic), 1521 (s; C=C
aromatic), 13745 (s; C=C aromatic), 1257 (s; C=C aromatic), 1158 (m; C=C aromatic), 1028 (s;
C=C aromatic), 636 (s; C—H aromatic). ESI-MS (+); m/z = 489.0 [M-4OTf-2CHs]*". UV-vis [1.0
x 107> M, CH3CN; Amax, nm (g, M™'.m™")]: 399 (5.3 x 10%), 458 (5.5 x 10%), 513 (3.8 x 10%. Anal.
calc. for Ci12HegF12NaO20Ru4Ss (2580.66): C 52.12, H 3.84, N 2.17; Found: C 50.75, H 3.91, N
2.03.

[Rua(n®-p-cymene)s(p*-oxa)2(u®Ls)2J[CFsSOsls  (A7): Yellow solid (494 mg, 74%). 'H-NMR
((CD3).CO, 400 MHz): & 8.64 (m, 8H, Hy and Hy), 8.16 (m, 12H, Hiand H,), 7.65 (t, J = 6.6 Hz,
4H, H), 7.34 (m, 8H, H), 6.20 (dd, J = 11.6 Hz and J = 6.0 Hz, 8H, Ha), 6.05 (m, 8H, H.), 3.04
(sept, J = 6.6 Hz, 4H, Hy), 2.35 (s, 12H, Hg), 1.45 (d, J = 6.8 Hz, 12H, H.), 1.43 (d, J = 6.8 Hz,
12H, H.). *C{'"H}-NMR ((CD).CO, 100 MHz): 6§ 172.1 (2C, C), 172.0 (2C, CJ), 154.7 (4C, Cy),
152.5 (4C, C)), 143.8 (4C, Cy, 137.2 (4C, C), 131.4 (4C, C,), 128.2 (8C, C), 127.7 (4C, Cy),
127.2 (8C, Cg), 123.78 (4C, C)), 120.9 (4C, C.), 117.9 (4C, Com), 103.4 (4C, C,), 99.0 (4C, Cy),
97.4 (4C, C,), 92.9 (4C, C,), 83.3 (2C, Cy), 83.2 (2C, C4), 83.1 (4C, Cy), 82.9 (2C, C,), 82.8 (2C,
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Cs), 82.3 (4C, C.), 32.0 (4C, Cy), 22.7 (4C, C,), 22.4 (4C, C,), 18.2 (4C, Cy). IR (cm™): 3079 (w;
C-H aromatic), 2211 (w; C=C), 1625 (s; C=0), 1482 (m; C=C aromatic), 765 (m; C-H aromatic),
636 (s; C-H aromatic). ESI-MS (+); m/z = 708.0 [M-2L,-20Tf]**, 1088.9 [M-20Tf ]**, 2323.2
[M-OTf]". UV—-vis [1.0 x 107> M, EtOH; Amax, nm (g, M™-cm™)]: 271 (3.1 x 10°), 312 (7.5 x 109,
437 (7.6 x 10%, 459 (7.8 x 10%), 742 (7.3 x 10°). Anal. calc. for CioaHgsF12NaO20RU4S4 (2474.48):
C 50.48, H 3.59, N 2.27; Found: C 50.56, H 3.68, N 2.22.

[Rua(n®-p-cymene)s(p*-dobq)a(p-Lu)][CFsSOsls  (As): Red solid (472 mg, 68%). 'H-NMR
((CDs).CO, 400 MHz): 6 8.64 (d, J = 7.6 Hz, 4H, H), 8.58 (s, 4H, Hy), 8.31 (d, J = 6.0 Hz, 4H,
Hy),8.05 (dd, J = 6.8 Hz and J = 3.2 Hz, 8H, H), 7.70 (t, J = 6.8 Hz, 4H, H)), 7.47 (m, 8H, H),
6.34(d, J=6.0Hz, 8H, Hy), 6.11 (d, J = 6.0 Hz, 8H, H.), 5.96 (s, 4H, Hy), 3.04 (sept, J = 6.6 Hz,
4H, Hy), 2.33 (s, 12H, Hg), 1.42 (d, J = 6.8 Hz, 24H, H.). *C{'"H}-NMR ((CD3).CO, 100 MHz): §
184.4 (8C, C,), 155.3 (4C, Cy), 153.2 (4C, Cy), 142.8 (4C, Cy), 131.3 (8C, C,), 128.3 (8C, C),
127.3 (4C, C), 127.1 (8C, C,), 124.0 (1C, C,), 123.3 (1C, C,), 120.8 (4C, C), 117.7 (2C, C,),
104.8 (4C, CJ), 102.4 (4C, Cy), 100.1 (4C, Com), 97.0 (4C, Cy, 92.1 (4C, C.), 90.6 (4C, C,), 84.6
(8C, Cq), 82.6 (8C, Co), 32.1 (4C, Cy), 22.5 (8C, C.), 18.24 (4C, Cy). IR (cm™): 3075 (w; C-H
aromatic), 2198 (w; C=C), 1574 (m; C=C aromatic), 817 (m; C-H aromatic), 764 (m; C-H
aromatic) and 693 (s; C-H aromatic). ESI-MS (+); m/z = 759.3 [M-214-20Tf?*, 1139.2 [M-
20Tf)?*, 2423.0 [M-OTf]*. UV—-vis [1.0 x 10> M, CH,Clz; Amax, nm (g, M~-cm™)]: 274 (1.2 x
10%), 314 (8.3 x 10%, 457 (8.2 x 10%, 722 (8.2 x 10%. Anal. calc. for Ci12HozF12N4O20RusS4
(2572.46): C52.24, H 3.61, N 2.18; Found: C 52.45, H 3.81, N 2.22.

[Rua(n®-p-cymene)s(p*-donq)z(p?-La)2][CFsSOsls (Ag): Green solid (570 mg, 82%). 'H-NMR
((CD3).CO, 400 MHz): 6 8.72 (s, 4H, H.), 8.55 (d, J =6.8 Hz, 4H, Hy), 8.48 (d, J = 5.6 Hz, 4H,
H), 8.01 (dd, J = 6.4 Hz and J = 2.8 Hz, 8H, H), 7.62 (t, J = 6.8 Hz, 4H, H), 7.48 (dd, J = 6.8
Hz and J = 3.2 Hz, 8H, H)), 7.44 (s, 8H, Hy), 6.09 (d, J = 6.0 Hz, 8H, Hy), 5.86 (d, J = 6.0 Hz, 8H,
He), 3.04 (sept, J = 6.8 Hz, 4H, Hy), 2.26 (s, 12H, Hy), 1.42 (d, J = 6.8 Hz, 24H, H.). *C{"H}-NMR
((CD3).CO, 100 MHz): 6 154.9 (4C, Cy), 152.7 (4C, C), 142.4 (4C, Cy), 138.6 (8C, Cy), 133.0 (4C,
Cu), 131.8 (8C, Cp), 128.3 (8C, C)), 127.0 (8C, Cy), 126.8 (4C, C), 122.9 (4C, C), 117.7 (4C, C,),
112.4 (8C, C,), 109.3 (4C, Com), 104.4 (4C, CJ), 100.9 (4C, Cy), 97.2 (4C, C.), 91.7 (4C, C,), 85.5
(8C, C4), 83.72 (8C, C¢), 31.62 (4C, Cy), 22.48 (8C, C,), 17.43 (4C, Cy). IR (cm™): 2971 (w; C-H
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aromatic), 2204 (w; C=C), 1531 (m; C=C aromatic), 267 (m; C-H aromatic), 852 (m; C-H
aromatic), 763 (m; C-H aromatic), 635 (s, sharp; C-H aromatic). ESI-MS (+); m/z = 809.0 [M-
2L4-2 OTF %%, 1188.1 [M-2 OTf]**. UV—-vis [1.0 x 10° M, CH2Cly; Amax, nm (g, M~"-cm™")]: 271
(1.8 x 10°), 310 (9.0 x 10%, 445 (9.1 x 10%, 476 (6.7 x 10%, 694 (1.9 x 10%. Anal. calc. for
Ci20H9sF12N4O20Ru4S4 (2674.72): C 53.88, H 3.63, N 2.08; Found: C 53.69, H 3.59, N 2.15.

General procedure for the synthesis of dinuclear ruthenium(ll) complexes with

anthracene derivatives (Ajo— Ai3)

A mixture of [Ru(n®-p-cymene)(pta)Clz] ™ (100 mg, 0.22 mmol) and silver
trifluoromethanesulfonate (55 mg, 0.22 mmol) was dissolved in CH,Cl, (10 mL) and stirred for
3 h at room temperature. The mixture was filtrated in order to eliminate silver chloride. The
resulting solution was added to a CHCl; solution containing the anthracene ligand (Li-Ls, 0.11
mmol). Then, the mixture was refluxed overnight and consequently concentrated under
vacuum. The concentrated solution was slowly poured into cold Et:O and/or pentane to

induce precipitation. After filtration, the dinuclear assemblies were dried under vacuum.

[{Ru(n®-p-cymene)(pta)Cll(u?L1)[CFsSOs] (Avo): Yellow solid (142 mg, 87%). "H-NMR (CDsCN,
400 MHz): & 8.97 (m, 4H, H)), 7.64 (m, 4H, HJ), 7.60 (m, 4H, H,), 7.52 (m, 4H, H), 5.93 (m, 8H,
Hgand He), 4.60 (m, 12H, H), 4.31 (m, 12H, H:), 2.67 (sept, J = 6.8 Hz, 2H, Hy), 2.09 (s, 6H,
Hy), 1.31(d, J = 6.8 Hz, 6H, H.), 1.17 (d, J = 7.2 Hz, 6H, H.). *C{"H}-NMR (CDs;CN, 100 MH2):
6 157.5 (4C, C), 134.5 (2C, C,), 129.8 (4C, C), 129.7 (2C, C), 127.8 (4C, C,), 126.9 (4C,
Cp),123.7 (4C, C,), 111.0 (2C, Co), 101.4 (2C, Cy), 91.5 (2C, Cy), 89.7 (2C, Cq), 89.5 (2C, Co),
85.6 (2C, C.), 73.3 (3C, C)), 73.2 (3C, C), 52.1 (3C, Cy), 52.0 (3C, C4), 31.9 (2C, Cy), 22.5 (2C,
C.), 22.4 (2C, C.), 18.6 (2C, C,). IR (cm™): 3070 (w; C-H aromatic), 2938 (w; C-H aromatic),
1609 (m; C=C aromatic), 1255 (s; C=C aromatic), 1155 (m; C=C aromatic), 1028 (s; C=C
aromatic), 637 (s; C-H aromatic). ESI-MS (+); m/z = 760.2 [M-{Ru(p-cymene)(pta)Cl}-20Tf ",
1337.2 [M-OTf]*. UV=vis [1.0 x 107> M, CH3CN; Amax, nm (g, M~".m™")]: 359 (1.3 x 10%), 377 (1.8
x 10%, 399 (3.0 x 10%), 439 (2.2 x 10%. Anal. calc. for CsgHgsNsFsP2OsRu2S,Cl, (1485.84): C
46.88, H4.62, N 7.54; Found: C 44.07, H4.66, N 7.17.

[{Ru(n®-p-cymene)(pta)Cll(u?L2)][CFsSOs) (A11): Yellow solid (113 mg, 69%). "H-NMR (CDsCN,
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400 MHz): § 8.91 (m, 4H, Hjand Hy), 8.17 (d, J = 8 Hz, 2H, H.), 7.86 (m, 2H, Hy), 7.58 (m, 8H,
Hoand Hy), 5.89 (m, 8H, Haand He), 4.59 (m, 12H, H), 4.24 (m, 12H, H.), 2.58 (sept, J = 6.4 Hz,
2H, Hp), 2.01 (m, 6H, Hg), 1.15 (m, 12H, H,). C{"H}-NMR (CDsCN, 100 MHz): 6§ 157.8 (1C, C)),
157.0 (1C, C), 150.0 (2C, Cy), 143.2 (2C, Cn), 137.7 (2C, C.), 133.1 (2C, Cp), 130.9 (2C, C,),
129.8 (1C, C), 129.6 (1C, C), 127.7 (1C, Cy), 127.6 (1C, Co), 127.5 (1C, Co), 127.4 (1C, C,),
127.2 (1C, C), 127.0 (1C, C), 126.9 (1C, C), 124.8 (1C, C), 123.7 (1C, C,), 120.7 (1C, C,),
113.0 (2C, Co), 101.3 (2C, Cy), 91.2 (1C, Cq), 89.6 (1C, Cq), 89.5 (1C, Cq), 89.4 (1C, Cy), 89.3
(1C, Co), 89.2 (1C, Co), 85.7 (1C, Co), 85.6 (1C, C.), 73.3 (3C, C), 73.2 (3C, Cy), 52.2 (3C, Cy),
52.0 (3C, Cv), 31.9 (1C, Cy), 31.7 (1C, Cy), 22.4 (1C, C,), 22.3 (1C, C.), 22.2 (1C, C.), 22.1 (1C,
CJ), 18.6 (1C, Cy), (1C, Cy). IR (cm™): 3071 (w; C-H aromatic), 2936 (w; C-H aromatic), 1608
(m; C=C aromatic), 1257 (s; C=C aromatic), 1155 (m; C=C aromatic), 1028 (s; C=C aromatic),
636 (s; C-H aromatic). ESI-MS (+); m/z = 594.6 [M-20Tf ]**, 760.2 [M-{Ru(p-cymene)(pta)Cl}-
20Tf]", 1337.2 [M-OTf]*. UV—vis [1.0 x 107> M, CH3CN; Amax, nm (g, M~".m™")]: 357 (1.4 x 104,
376 (1.9 x 10%, 399 (3.0 x 109, 441 (1.1 x 10%. Anal. calc. for CssHesNsFsP2OcRU2S.Cl>
(1485.84): C 46.88, H 4.62, N 7.54, Found: C 44.88, H 4.49, N 7.16.

[{Ru(n®-p-cymene)(pta)Cll(u?Ls)][CFsSOsl. (A12): Dark yellow solid (93 mg, 55%). 'H-NMR
(CDsCN, 400 MHz): & 8.68 (m, 4H, H), 8.47 (d, J = 16.4 Hz, 1H, H.), 8.39 (m, 4H, H,), 8.31 (d,
J=16.4Hz, 1H, H,), 7.74 (m, 4H, Hy), 7.58 (m, 4H, H,), 7.06 (d, J = 16.8 Hz, 1H, H.), 6.97 (d,
J=16.4Hz, 1H, H.), 5.83 (m, 8H, Hgand H.), 4.56 (m, 12H, H)), 4.22 (m, 12H, Hy), 2.60 (sept,
J=7Hz, 2H, Hy), 2.00 (s, 6H, Hg), 1.20 (m, 12H, H,). IR (cm™"): 3065 (w; C-H aromatic), 2940
(w; C-H aromatic), 1607 (m; C=C aromatic), 1257 (s; C=C aromatic), 1155 (m; C=C aromatic),
1029 (s; C=C aromatic), 637 (s; C-H aromatic). ESI-MS (+); m/z = 619.1 [M-{Ru(p-
cymene)(pta).Clz}-20Tf 1", 808.2 [M-{Ru(p-cymene)(pta)C}-20Tf]*. UV-vis [1.0 x 10 M,
CH3CN; Amax, nm (g, M™'.m™)]: 442 (5.1 x 10%, 384 (1.3 x 10%, 470 (3.6 x 10%. Anal. calc. for
Ce2H72NgFsP2OsRuU,S,Cl, (1537.92): C 48.42, H 4.73, N 7.29; Found: C 47.24, H 4.39, N 6.62.

[{Ru(n®-p-cymene)(pta)Cll(u*L)[CFsSOsl.  (A1s): Orange solid (130 mg, 77%). 'H-NMR
(CDsCN, 400 MHz): 6 8.92 (d, J = 5.6 Hz, 2H, H)), 8.73 (s, 1TH, Hy), 8.17 (d, J = 8.4 Hz, 2H, H),
7.61 (d, J = 6 Hz, 2H, H.), 7.58 (s, 1H, Hy), 7.52 (m, 8H, Hsand Hy), 5.78 (m, 8H, Hqand He),
4.56 (m, 12H, H), 4.28 (m, 12H, H:), 2.65 (sept, J = 7.1 Hz, 2H, Hy), 2.06 (s, 6H, Hg), 1.30 (d, J
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= 6.8 Hz, 6H, H.), 1.16 (d, J = 7.2 Hz, 6H, H,). *C{'"H}-NMR (CDsCN, 100 MHz): § 157.1 (2C,
C), 151.6 (1C, Cy), 150.6 (1C, Cy), 144.9 (2C, C), 132.1 (2C, C)), 132.0 (2C, C)), 129.9 (1C, C)),
129.8 (1C, Cy), 129.6 (1C, Cy), 129.5(1C, Cy, 129.4 (1C, C)), 128.5(1C, C), 127.7 (1C, C,), 127.3
(1C, Cn), 127.1 (1C, Cy), 126.6 (1C, Cs), 126.5 (1C, CJ), 126.3 (1C, Cy), 126.0 (1C, Cg), 110.8 (2C,
CJ), 101.1 (1C, Cy), 100.8 (1C, Cy), 96.8 (2C, C,), 95.8 (2C, C,), 21.2 (2C, Cy), 89.5 (2C, Cy), 89.2
(2C, Co), 88.7 (2C, C.), 73.1 (3C, C), 73.0 (3C, C), 52.8 (1C, Cy), 52.6 (1C, Cy), 52.1 (2C, Cy),
52.0 (2C, Cy), 31.8 (1C, Cy), 31.7 (1C, Cy), 22.4 (1C, C,), 22.3 (1C, C.), 22.2 (1C, C,), 22.0 (1C,
C.), 18.5(2C, Cy). IR (cm™): 3057 (w; C-H aromatic), 2940 (w; C-H aromatic), 2385 (w; C=C),
1609 (m; C=C aromatic), 1259 (s; C=C aromatic), 1156 (m; C=C aromatic), 1029 (s; C=C
aromatic), 367 (s; C-H aromatic). ESI-MS (+); m/z = 618.1 [M-20Tf]?*, 808.2 [M-{Ru(p-
cymene)(pta)Cl}-20Tf]*, 1385.2 [M-OTf]". UV-vis [1.0 x 10> M, CH3CN; Anax, nm (€, M~'.m™)]:
371 (1.7 x 10%, 385 (1.9 x 10%, 396 (2.6 x 10%, 444 (8.3 x 10°. Anal. calc. for
Ce2HesNsFsP2OsRu,S,Cl, (1533.88): C 48.54, H 4.48, N 7.31; Found: C 48.18, H 5.01, N 6.82.

General procedure for the synthesis of mononuclear ruthenium(ll) complexes with

anthracene derivatives (A4 — Ass)

A mixture of [Ru(n®-p-cymene)(pta)Cl] ™ (50 mg, 0.11 mmol) and silver
trifluoromethanesulfonate (28 mg, 0.11 mmol) was dissolved in CH,Cl, (5 mL) an stirred for 3
h at room temperature. The mixture was filtrated in order to eliminate silver chloride. The
resulting solution was added to a CH.Cl solution containing the anthracene ligand (L or Ly,
0.11 mmol). Then, the mixture was refluxed overnight and consequently concentrated under
vacuum. The concentrated solution was slowly poured into cold pentane to induce

precipitation. After filtration, the mononuclear assemblies were dried under vacuum.

[{Ru(n®-p-cymene)(pta)CIHp?Le)l[CFsSOs] (Ada): yellow solid (71 mg, 78%). "H-NMR (CDsCN,
400 MHz): 6 8.91 (d, J = 6 Hz, 1TH, H\), 8.74 (m, 2H, H;and H.), 8.19 (t, J = 7 Hz, 2H, H,), 8.12
(d, J=8Hz, 1H, Hw), 7.78 (t, J = 6.4 Hz, 1H, H), 7.51 (m, 6H, Hy, H-and HJ), 5.73 (m, 4H, Hq
and He), 4.54 (m, 6H, Hj), 4.20 (m, 6H, H:), 2.54 (sept, J = 7 Hz, 1H, Hy), 1.96 (s, 3H, Hy), 1.17
(d, J = 6.6 Hz, 3H, H,), 1.09 (d, J = 6.8 Hz, 3H, H.). *C{'"H}-NMR (CDsCN, 100 MHz): § 157.1
(1C, C), 155.5 (1C, Cy), 142.2 (1C, Cy), 137.1 (1C, C,), 131.3 (1C, C,), 130.2 (4C, Cyand Cy),
128.8 (1C, C)), 128.7 (1C, Cy), 128.6 (1C, Co), 126.7 (2C, C), 126.2 (2C, C,), 125.6 (1C, C)),
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125.2 (2C, Cy, 111.5 (1C, CJ), 100.3 (1C, Cy, 90.0 (1C, Cy), 88.3 (1C, Cs), 84.9 (2C, Cy), 72.3
(2C, C), 72.2 (1C, C), 51.2 (2C, C}), 51.1 (1C, Cy), 30.7 (1C, Cy), 21.4 (1C, C.), 21.2 (1C, C,),
17.6 (1C, Cg). IR (em™): 3057 (w; C-H aromatic), 2940 (w; C-H aromatic), 1444 (w; C=C
aromatic), 1257 (s; C=C aromatic), 1156 (m; C=C aromatic), 1029 (s; C=C aromatic), 659 (s;
C-H aromatic). ESI-MS (+); m/z = 683.2 [M-OTf]*. UV—vis [1.0 x 107> M, CH3CN; Amax, nm (€,
M~".m™)]: 370 (1.4 x 10%), 388 (1.5 x 107, 398 (2.2 x 10%. Anal. calc. for CssH3sN4F3PO3sRuSCI
(832.04): C51.96, H4.73, N 6.74; Found: C 48.35, H 4.78, N 6.85.

[{Ru(n®-p-cymene)(pta)CI{p?L7)I[CFsSOs] (Ass): yellow solid (42 mg, 45%). "H-NMR (CDsCN,
400 MHz): 6 8.68 (d, J = 6.4 Hz, 2H, H)), 8.59 (s, 1H, H.), 8.48 (d, J = 16.4 Hz, 1H, Hx), 8.34 (m,
2H, Hy), 8.12 (m, 2H, Hy), 7.78 (d, J = 6.2 Hz, 2H, H\), 7.56 (m, 4H, H,and H,), 7.09 (d, J = 16.8
Hz, 1H, H.), 5.87 (m, 4H, Hyand H.), 4.58 (m, 6H, H)), 4.19 (m, 6H, Hy), 2.60 (sept, J = 6.8 Hz,
1H, Hy), 2.00 (s, 3H, Hg), 1.27 (m, 3H, H.), 1.13 (d, J = 7.2 Hz, 3H, H.). *C{'"H}-NMR (CDsCN,
100 MHz): 6 157.1 (2C, C), 147.4 (1C, C), 134.7 (1C, C,), 133.9 (1C, C,), 132.4 (1C, Cg), 131.7
(1C, C), 130.2 (1C, Co), 129.9 (2C, C), 128.9 (1C, C,), 127.3 (2C, C), 126.6 (2C, CJ), 126.3 (2C,
Cq), 124.3 (2C, CJ), 116.4 (1C, CJ), 109.9 (1C, Cy, 91.5 (1C, C), 89.1 (2C, C.), 85.8 (1C, Cy),
73.1 (3C, C), 51.5 (3C, C), 31.9 (1C, Cy), 22.5 (1C, C.), 22.2 (1C, C.), 18.6 (1C, Cg). IR (cm™):
3064 (w; C-H aromatic), 2942 (w; C-H aromatic), 1609 (m; C=C aromatic), 1253 (s; C=C
aromatic), 1156 (m; C=C aromatic), 1027 (s; C=C aromatic), 637 (s; C-H aromatic). ESI-MS
(+); m/z = 709.3 [M-OTf]*. UV-vis [1.0 x 107> M, CH3CN; Amax, nm (€, M7'.m™)]: 371 (1.0 x
10%, 396 (2.0 x 10%, 342 (3.5 x 10%. Anal. calc. for CssHa1N4FsPO3RuSCI (858.08): C 53.19, H
4.83, N 6.53; Found: C 41.85, H 3.96, N 5.74.

Procedure for [{Ru(n®-p-cymene)Cl}a(u®-Ls)Cl2] (Ass)

A mixture of [{Ru(n®-p-cymene)(u?-CI)Cl}] "** (122 mg, 0.20 mmol) and 2,7-di-tert-butyl-4,9-di-
(4-pyridyl)-trans-10b,10c-dimethyl-10b, 10c-dihydropyrene (Ls, 100 mg, 0.20 mmol) were
dissolved in CHzCl, (20 mL) and was stirred overnight at room temperature. The mixture was
consequently concentrated under vacuum. The concentrated solution was slowly poured into
cold Et;O to induce precipitation. After filtration, the dinuclear assembly was dried under
vacuum. The product was obtained as a brownish solid (140 mg, 63%). '"H-NMR (CDCls, 400
MHz): & 9,24 (d, J = 6 Hz, 4H, H.), 8.65 (s, 2H, Hy), 8.63 (s, 2H, Hy), 8.46 (s, 2H, H), 7.81 (d, J =
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5.6 Hz, 4H, Hy), 5.57 (d, J = 6 Hz, 4H, H), 5.34 (m, 4H, H,), 3.08 (sept, J = 6.8 Hz, 2H, H,), 2.23
(s, 6H,Hy), 1.62 (s, 18H, Ho), 1.39(d, J= 6.8 Hz, 12H, H,), -3.72 (s, 6H, H,). *C{"H}-NMR (CDCls),
100 MHz): & 154.6 (4C, C.), 152.1 (2C, C), 148.4 (2C, C.), 134.6 (2C, Cp), 133.3 (2C, C4), 126.6
(4C, Cy), 125.6 (2C, C), 124.8 (2C, C), 123.2 (2C, Cy), 120.8 (2C, C), 120.1 (2C, Cy, 110.2 (2C,
Cq), 97.6 (2C, C), 83.4 (4C, C)), 82.4 (4C, Cy), 31.9 (6C, Cy), 30.9 (1C, Cy), 30.4 (2C, Cy), 29.9
(1C, Cp), 22.6 (4C, C,), 18.5 (2C, Cu), 15.1 (2C, CJ). IR (cm™): 3038 (w; C-H aromatic), 2959 (m;
C-H aromatic), 2866 (w; C-H aromatic), 1608 (m; C=C aromatic), 1467 (m; C=C aromatic),
1057 (m; C=C aromatic), 584 (s; C—H aromatic). ESI-MS (+); m/z = 520.2 [M-20Tf]*. UV-vis
[1.0 x 107> M, CHCl3; Amax, nm (g, M7'-cm™")]: 341 (3.7 x 10%), 366 (3.9 x 10%), 410 (5.6 x 109,
493 (1.5 x 10%, 602 (1.3 x 10%, 665 (3.9 x 10%. Anal. calc. for CseHssN2RuCls (1111.18): C
60.53, H 6.00, N 2.52; Found: C 50.67, H 5.84, N 2.24.

X-ray Crystallographic data

Crystals were mounted on a Stoe Image Plate Diffraction system equipped with a ®
circle goniometer, using Mo Ka graphite monochromated radiation (\ = 0.71073 A) with ®
range 0-200°. The structures were solved by direct methods using the program SHELXS-97
'8 while the refinement and all further calculations were carried out using SHELXL-97. The
H-atoms were included in calculated positions and treated as riding atoms using SHELXL-97
default parameters. The non-H atoms were refined anisotropically using weighted full-matrix
least-square on F2. Figures were drawn with ORTEP-32 '®'. The structural data deposited at
The Cambridge Crystallographic Data Center: CCDC-1853676 (L), CCDC-1853677 (A7 - 4
acetone). This can be obtained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html
(or from the Cambridge Crystallographic Data Center, 12, Union Road, Cambridge CB2 1EZ,
UK; fax: (internat.) +44-1223/336-033; E-mail: deposit@ccdc.cam.ac.uk).
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Ls Ls A - 4 acetone
Chemical formula CasH16Nz2 CisH13N Ci16H112F12N4O24RUS4
Formula weight 380.43 255.33 2706.61
Crystal system monoclinic monoclinic triclinic
Space group P 24 P 21, P-1

Crystal size (mm3)
Crystal color and shape

0.23x0.13x0.12
colorless rod

0.20x0.18 x0.17
Colorless block

0.25x0.18 x0.14
yellow plate

a(d) 5.0015(6) 9.2682(11) 16.0557(11)
b A 16.944(2) 13.8896(17) 20.7694(15)
c(A) 11.5374(15) 11.0542(12) 21.3136(14)
a(®) 90 90 115.639(5)
B 92.433(10) 113.744(8) 98.267(5)
7(©) 90 90 101.194(6)
Cell volume (A3) 976.9(2) 1302.57 6073.6(8)

T (K) 293(2) 293(2) 203(2)

V4 2 4 2

Scan range (°) 1.77 <9< 29.30 240 <9< 26.21 1.48 <3< 29.33
Pealed (9.cm) 1.293 1.302 1.480
u(mm-T) 0.076 0.076 0.644
Unique reflections 5272 2611 32944
Reflections used [I > 20())] 1378 1959 9666

Rint 0.1715 0.0244 0.2498

final Rindices [I > 2o(/)]E
R indices (all data)®!
GOF

max, min Ap/e (A3)

0.0799, wR20.1714
0.2499, wR-0.2388
0.805

0.268, -0.196

0.0608, wR>0.1040
0.0396, wR20.0912
1.074
1.138,-0.124

0.0911, wR20.2228
0.2609, wR> 0.2939
0.836

1.627,-1.213

B Ry = TRl — IFII/ZIFl. ®T wRy = {E[W(Fo? — FAZ/ZIW(FA?V2. 1 GOF = {E[w(Fo? — F)?)/(n — p)}}'?, where n is the

number of reflections and p is the total number of parameters refined.

Procedure for the photooxygenation of ligands Lantr (Li-L7) and

assemblies Aanihr (A1-A1s) with anthracene derivatives. 43

Stock solutions of Lannr (L1-L7; 10° M; 2 mL) and TPP (1.10* M; 2 mL) were prepared in CH.Cl,
while stock solutions of Aanr (A1-Ass; 102 M; 2 mL) were prepared in CH3;CN, both solvents
were firstly degassed with three cycles of freeze-pumping. The different samples were
prepared by mixing TPP (250 pL) and Lanthr OF Aanire (500 pL). Each sample has a final
concentration in CH,Cl, of TPP of 1.10° M and Lanthr OF Aanthe of 5.10° M.

Photooxygenation was realized on each sample by first, bubbling O in a closed vial for 30
seconds and then, by irradiating with white lamp in a photoreactor. In order to follow the
kinetics of the photooxygenation, measurements were realized at 0, 30, 60, 90, 120, 150, 180,
240, 300, 360, 420, 480, 540, 600, 720, 840, 960, 1200, 1500, 1800, 2100, 2400, 3000
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seconds. '"H NMR were also realized to follow the formation of endoperoxides (at 0 h and 15

h of irradiation).

Procedure for the photooxygenation of ligands Lowp (Ls-L12).

Solutions of Lowp (Le-L12; 2.5 or 1.0 x 10° M; 5 mL) were prepared in CH3CN. For Ls and Ly, few
drops of CDCl; were added to help the dissolution of the compound. Several cycles of freeze-
pumping were realized to remove the diluted oxygen. In some case, preparation of solutions
was made in a glovebox to avoid any contamination with oxygen. The irradiations were made
either with a Xe-Hg lamp (500 W, unless otherwise specified) and using appropriate cut-off
filter (490, 555 and 715 nm) or with the special LEDs (green and amber, see above). Oxygen
gas was not bubbled into the solution: the atmospheric air was enough for the experiment.
Measurements were realized at different time points. '"H NMR of the Lo solutions (1.0 x 10°
M, 500 pL) were also realized to follow the formation of endoperoxides (usually at 0,15, 24,
39 h of irradiation). 0.25 equivalent of MSA was used for each addition in an acetonitrile

solution (2.5 x 10° M), until an excess (3 equivalents).

Biological tests for ligands and assemblies with anthracene

derivatives

All manipulations were carried out under an inert atmosphere and strict sterilization
conditions. DU145 prostatic cancer cells were provided by the American Type Culture
Collection (LGC Standards,Middlesex, UK). 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromide (MTT) and L-glutamine were purchased from Sigma-Aldrich
Steinheim, Germany. Dimethyl sulfoxide (DMSO) were purchased from Acros Organics New
Jersey, USA. RPMI-1640, fetal bovine serum (FBS) and penicillin/streptomycin were purchased
from Gibco BRL Cergy-Pontoise, France. The organometallic complexes and organic
compounds were dissolved at 1 mM in DMSO as the stock solution and then diluted in
complete medium to the required concentration immediately preceding to use. DMSO
concentrations used were always < 0.1 %. Cell irradiation was carried out using a red light

source of 630 nm, 75 J/cm?, CureLight®, PhotoCure ASA. Absorbanse after MTT assay was
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measured by Dynex Triad Multi Mode Microplate Reader, Dynex Technologies.

Cell culture

DU145 cells were grown in a 75 cm? culture flasks in RPMI complete medium containing
10 % of FBS, 5 % of L-glutamine and 5 % of penicillin/streptomycin. The culture medium was
renewed every 2 days. Cells were subcultured by dispersal with trypsin-EDTA and replated at

7.5 x 10* cells/ml in fresh medium.

Photodynamic therapy

DU145 prostatic cancer cells were plated in 96-well plates (7000 cells/100 pl per well)
and incubated in the dark in complete medium for 24 h, maintained at 37 °C in humidified
atmosphere with 5 % COz. Then, 100 pl of medium with different concentrations of ruthenium
complexes (10, 100, 250, 500, 750 and 1000 nM) and TPP (1/5 of concentrations of the
complex) were added, maintained 24 h at 37 °C in humidified atmosphere with 5% CO,. After
24 h, the medium was removed and replaced by medium without phenol red containing 10
% FBS, 5 % of L-glutamine and 5 % of penicillin/streptomycin. Cells were irradiated at 40
mW/cm? for 30 minutes. Cell survival was tested by MTT assay 24 h after, using 10 uL of MTT
per well. After 4 h, the medium was removed and added 200 pL of DMSO.
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