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‘It’s a dangerous business, Frodo, going out your door.
You step into the road, and if you don’t keep your feet,

there’s no knowing where you may be swept off to.’

— The Lord of the Rings: The Fellowship of the Ring
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Abstract

The photoactivation of metal complexes with potential anticancer activity is a hot topic
of current research, as it may lead to the development of more selective and efficient
drugs. Photoactivated chemotherapy (PACT) with coordination compounds is usually
based on photochemical processes taking place at the metal center. In contrast, an
innovative ligand-mediated photoactivation approach that exploits the outstanding
photochemical properties of diarylethenes has been developed in the present PhD
thesis. Platinum(ll) complexes from dithienylcyclopentene-based photoswitchable
ligands have been designed and prepared. These systems exhibit two thermally stable,
interconvertible photoisomeric forms, which present clearly distinct properties. The
photochemical behavior of all ligands and metal complexes has been examined by
means of *H NMR and UV-Vis spectroscopies, and a number of crystal structures have
been determined. Additionally, DFT calculations have been performed to analyze the
effect produced by the attachment of different metal-binding units on the
photochemical performance of the diarylethene synthon. Subsequently, the
interaction of each photoisomer of the platinum(ll) complexes with DNA has been
thoroughly investigated using different techniques. These studies revealed that the
light-triggered transformation of these systems effectively translates into different
DNA binding modes and affinities, as desired for a photoactivatable drug. The
antiproliferative activity of the complexes prepared has then been evaluated through
various cell viability in vitro assays, which validated the potential applications of such
diarylethene-based photoswitches for the development of a new class of

photochemotherapeutic metallodrugs.
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Introduction
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1.1. Medicinal bioinorganic chemistry

Metallic elements play a critical role in the metabolism of living organisms.1 Positively
charged metal ions are able to interact with a variety of electron-rich structures, such
as proteins, nucleic acids, molecular oxygen and other relevant anionic species, and
regulate countless biological processes. It is well known, for instance, that hemoglobin
contains an iron center that is responsible for dioxygen binding and transport.
Manganese is indispensable for oxygenic photosynthesis, since it is required for the
oxidation of water in photosystem Il, and zinc provides the structural framework that
governs the DNA-binding specificity of a number of proteins. Many other metal ions
are also found in the active site of a wide variety of metalloproteins and enzymes, and
are thus essential for life. Up to fifteen metallic elements (Na, K, Mg, Ca, V, Cr, Mn, Fe,
Co, Ni, Cu, Zn, Mo, Cd and Sn) are currently known to be required for normal biological
function in human beings, and the involvement of a few other metals is still under

investigation.z'3

In addition, metal ions are also a fundamental part of pharmacology. In fact, although
the rational design of metal-containing drugs is still a relatively recent field of research,
metals have been used as medicinal agents for several millennia. Copper, for example,

was already used for the sterilization of water and physical wounds in Ancient Egypt
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around 2500 BC, and later civilizations such as the Greeks and the Aztecs were also
aware of its beneficial properties.* Gold is found in a number of preparations in
Chinese and Arabic traditional medicine, and there is evidence that the Romans used
iron oxide, antimony sulfide and various zinc carbonates for healing purposes.’
Centuries later, after the relative stagnation of chemical research during the Middle
Ages, both mercury(l) and mercury(ll) chlorides were applied as medicines in the early
modern period; the former was commonly administered as a diuretic and laxative
agent, and the latter was widely used for syphilis treatment before the advent of
antibiotics.® However, their actual efficacy was never proven and they often led to
even worse effects due to mercury toxicity, which would not be eventually discovered

until the nineteenth century.

It was not until the early twentieth century that the first major discovery of a synthetic,
metal-based pharmacological agent finally took place. Arsphenamine, an
organoarsenic complex bearing 2-aminophenol ligands and typically known as
salvarsan, was introduced in 1910 by Paul Ehrlich as the first truly effective treatment
for syphilis.” The proposed chemical structure of salvarsan, which could not be
determined until recent years, is depicted in Figure 1.1, along with that of its
subsequent sulfoxylated, water-soluble derivative neosalvarsan. Both arsenic
compounds were replaced by penicillin after World War I, but they still represent the
first example of structure-activity relationship and chemical optimization of a synthetic

drug. Ehrlich, who was awarded the Nobel Prize in 1908 for his contributions to

OH
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Figure 1.1. Proposed chemical structures of salvarsan (left) and neosalvarsan (right).”
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immunology, also introduced the "magic bullet" concept to describe a chemical
compound able to hit a specific target without harming the whole organism, and is

thus considered one of the main founders of chemotherapy.

The clear landmark event that gave rise to medicinal bioinorganic chemistry as a
discipline is the key discovery of the antitumoral properties of cis-[PtCl;(NHs),],
universally known as cisplatin, by Barnett Rosenberg in 1965.8 Cisplatin, already
described in 1844 by Michele Peyrone and therefore referred to as Peyrone's salt for a
long time,” exhibited promising inhibition of cell replication in Escherichia Coli cultures.
Further studies in mice demonstrated its effectiveness in tumor growth regression,®
and the treatment of human patients started in 1971; in current terms, this
represented a remarkably short period of time since the original discovery. Finally,
cisplatin received worldwide clinical approval for testicular and ovarian cancer
treatment between 1978 and 1979, greatly increasing their cure rates. Nowadays,
despite its severe side effects and limitations, cisplatin is routinely used to treat
bladder and cervix cancer, as well as several types of sarcomas and carcinomas, and it
is currently included in the World's Health Organization Model List of Essential

Medicines.

From this important breakthrough, the development of novel pharmacological agents
based on transition metals became a whole new field of research which has attracted
ever-growing attention over the last decades. As a result of all these efforts, the
amount of metallic elements that have found application as both therapeutic or
diagnosis agents, along with the number of pathologies towards which these therapies
can be applied, have increased exponentially.’ A few representative examples of
compounds used clinically are depicted in Figure 1.2. Several gold(l) complexes are
commonly used in the treatment of rheumatoid arthritis, auranofin being the most

f 99m

prominent.’? A great number o Tc compounds are currently employed as imaging

agents that target specific organs or fluids, and highly paramagnetic gadolinium(lll) or
manganese(ll) complexes are used as injectable contrast agents for MRI scans.”>
Compounds containing copper, gallium, bismuth, vanadium, iron, ruthenium or silver
have also shown notable activities against several pathologies, such as cancer,
diabetes, cardiovascular disorders or parasitic diseases, and are either in clinical use or

in advanced clinical trials.™
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Figure 1.2. Selected examples of metal complexes in current clinical use.”*™

The key to this success lies in the intrinsic properties of metal ions. Transition-metal
complexes offer a wide range of accessible oxidation states and coordination
geometries, as well as particular thermodynamic and kinetic features closely linked to
the electronic structure of the chosen metal center. Moreover, they can also
effectively act as scaffolds or prodrugs that can undergo ligand-exchange or redox
reactions under specific conditions or external stimuli, which allows the selective
generation of active species upon reaching specific targets. In summary, metal
complexes represent a rich synthetic toolbox to achieve singular reactivities, in
combination with the vast range of functional groups and molecular recognition motifs
that organic molecules can offer. Metallodrugs hold a tremendous potential to help
overcoming currently intractable conditions and to lead to novel mechanisms of action
able to surpass drug resistance. Accordingly, they are expected to continue playing a

crucial role in the development of novel treatments in the coming years.
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1.2. Platinum anticancer drugs

1.2.1. Cancer incidence and treatment

Despite the constant widening of the spectrum of diseases towards which metal-
containing drug development is addressed, cancer is still one of the main focuses of
research in medicinal bioinorganic chemistry. Cancer is currently the second leading
cause of death among the adult population after cardiovascular disease; about 15
million new cases of cancer were diagnosed in 2013, accounting for over 8 million
deaths worldwide.'® Regrettably, these numbers are expected to continue growing in

the coming years.

Cancer can be defined as a group of more than a hundred of related pathologies
involving abnormal and uncontrolled cell growth, which results in the formation of
masses of tissue known as tumors. Tumors interfere with the normal biological
function of adjacent organs, ultimately producing their failure. In some cases, they are
even able to invade distant tissues in the body via the migration of malignant cells
through the blood stream and the lymphatic system, a process known as metastasis.
Malignant cancerous cells exhibit a series of specific features such as their ability to
stimulate their own growth and ignore the normal regulatory signals and cell-death

mechanisms, thus exhibiting a limitless replication potential."’

At the subcellular level, cancer originates from the undesired alteration of the cell-
growth regulation mechanisms in a healthy tissue, which may result from the eventual
mutation of specific genes during the normal cell-replication cycle.'® Two conceptually
different kinds of genes may be affected for cancer to occur; the oncogenes, which
promote different cell-growth and replication-related processes, and the so-called
tumor-suppressor genes, whose expression either inhibits cell division or promotes
regulation and cell-death mechanisms. The malignant transformation of healthy cells
into cancerous cells generally involves a cascade of mutations and DNA-replication
errors along subsequent cell-division cycles, ultimately leading to the overexpression
of oncogenes, the disabling of various tumor-suppressor genes and the failure of DNA-
repair mechanisms. Although many of these changes may be serendipitous, the

presence of carcinogenic substances in the cellular environment, e.g. as a result of a
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continuous exposure, greatly contributes to this process, since such species are
generally able to induce additional damage to the genome or disrupt the DNA-repair

pathways.19

Owing to the nature of this disease, cancer treatment focuses on the effective
destruction of malignant cells. Common current treatments include surgery,
radiotherapy, chemotherapy, immunotherapy, hormonal therapy and targeted
therapy, whose application depends on the location of the main tumoral mass and the
global stage of development of the pathology. Chemotherapeutic agents, such as
cisplatin, generally aim to destroy cancer cells by blocking their abnormally high
proliferation rates and inducing cell-death mechanisms, nuclear DNA being the main

target to achieve that goal.

1.2.2. The mechanism of action of cisplatin

Despite the fact that the full elucidation of the processes that govern cisplatin's
antitumoral activity is still the focus of several lines of research, it is widely accepted
that its biochemical mechanism of action stems from its binding to DNA, within the
cancer cell nucleus. This association interferes with the transcription and replication
mechanisms, triggering a cascade of events that ultimately leads to the activation of

irreversible cell-death programs, namely apoptosis or necrosis.?’

Owing to its limited oral bioavailability, cisplatin is commonly administered by
intravenous injection, rapidly diffusing into tissues. The high chloride concentration in
the blood stream (ca. 100 mM) prevents hydrolysis and maintains the compound in its
neutral state until reaching the tumoral cells. The high affinity of platinum(ll) towards
sulfur-containing amino acids, such as methionine or cysteine, allows cisplatin binding
to albumin and other plasma proteins; this association, which is estimated to affect 65-
90% of the administered platinum, reduces the drug's initial excretion, therefore

increasing its subsequent deposition in tissues.?*

The exact mechanism by which cisplatin crosses the cell membrane is still not fully
understood, although it is known that its accumulation does not saturate with

increasing drug concentration nor is it inhibited by structural analogues. Several
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studies indicate that the drug enters the cell via a combination of passive diffusion and
active transport mediated by membrane proteins, with a significant contribution of the
copper transporter CTR1.2 Once within the cytoplasm, where the chloride
concentration falls below 20 mM, cisplatin is activated by hydrolysis; the water-
mediated substitution of a chlorido ligand results in the formation of the more reactive
cis-[PtCI(H,0)(NH3),]" species, which readily interacts with a number of electron-rich
biological targets. In fact, although chromosomal DNA has been unequivocally
identified as the drug's primary objective, most of the internalized cisplatin binds to
various metalloproteins and other cellular components before actually reaching the
cell nucleus. Glutathione (GSH), a relatively abundant cysteine-containing tripeptide
with antioxidant functions, is considered the most important non-DNA cellular target
of cisplatin. Binding to GSH leads to the inactivation of cisplatin followed by
subsequent excretion, and its overproduction has been related with the development
of drug-resistance mechanisms.”® Other excretion pathways include the recognition by
copper transporters, such as ATP7A and ATP7B.** A schematic representation of all

these cisplatin's uptake-related processes is depicted in Figure 1.3.

Pt"""'('] Hydrolysis ~ NHso., 8 a

t
NH* VO

Figure 1.3. Schematic representation of the most important processes governing

cisplatin's cellular uptake, ligand-exchange activation and excretion.**
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1,2-Intrastrand 1,3-Interstrand
cross-link cross-link

Figure 1.4. Schematic representation of the main bifunctional adducts resulting from

the covalent binding of cisplatin to DNA.**

The nucleophilic N7 position of the purine bases (i.e. adenine and guanine), which is
readily accessible through the major groove of the double helix, constitutes the
preferential DNA binding site of cisplatin once the aquated drug enters the cell
nucleus. Following coordination through the substitution of the aqua ligand, the
remaining chlorido leaving group is subsequently substituted by another purine
residue, with a remarkable preference for guanine, thus forming a bifunctional DNA
cross-link. As depicted in Figure 1.4, the formation of the two covalent bonds may
involve purine bases in the same DNA strand or in separate strands, which gives rise to
intrastrand or interstrand cross-links, respectively.” It has been found that 1,2-d(GpG)
intrastrand cross-links, involving two guanine residues adjacent to each other, are the
most prevalent adducts formed by cisplatin (65%), followed by the 1,2-d(ApG) adduct
(25%). Other less-frequent platination products include the intrastrand and interstrand
1,3-d(GpXpG) cross-links, involving two non-adjacent guanine residues, whereas

monofunctional adducts and protein-DNA cross-links have also been reported.26

Cisplatin-induced cross-links severely distort the structure of duplex DNA, producing its
local unwinding and bending. Such alterations interfere with DNA replication and
transcription processes, due to the blockage of the required strand separation and
protein binding.”’ Even though most of these genomic lesions can be recognized by
mismatch-repair proteins and removed by the nucleotide excision repair (NER)

machinery, if the cell is unable to fully overhaul DNA damage, a complex network of
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signal transduction pathways leads to G2 phase cell-cycle arrest.”® Ultimately,

apoptotic or necrotic cell death occurs.?

However, as notable as its clinical impact may be, particularly against testicular or
ovarian cancer, it is also widely known that the treatment with cisplatin has important
limitations. Its relatively low accumulation specificity towards cancer cells accounts for
severe affectation of other tissues displaying high cell-replication rates, most
remarkably in the gastrointestinal tract. Additional dose-limiting side effects include
affectation of the kidney (nephrotoxicity), the nervous system (neurotoxicity) and the

auditory nerve (ototoxicity), as well as hemolytic anemia.*

Additionally, some types of tumors, such as non-small cell lung carcinoma (NSCLC),
exhibit intrinsic resistance to cisplatin treatment, whereas in other cases the drug
resistance is gradually acquired upon chronic exposure.31 The mechanisms of such
acquisition of platinum resistance are still scarcely understood, but from a general
perspective they usually result in an insufficient amount of platinum actually reaching
the cell nucleus, in addition to the inability to trigger apoptotic pathways upon DNA
cross-link formation. In this regard, it has been pointed out that the main metabolic
responses causing acquired resistance to platinum-based metallodrugs include the
eventual increase of the cellular levels of sulfur-containing detoxification components
—such as glutathione and metallothioneins—, as well as the overexpression of NER-

related proteins like ERCC1.3%%

1.2.3. Novel generations of platinum-based chemotherapeutics

Understanding the molecular mechanisms by which cancer cells react to cisplatin-
induced damage, as well as the origin of undesired side effects and drug resistance, led
to the design of subsequent generations of novel, more efficient platinum antitumoral
agents aiming to circumvent those limitations. Hence, over twenty novel platinum
compounds entered clinical trials in the last decades, although a very few of them

managed to be finally granted marketing approval.>*

A summary of all the platinum
drugs in current clinical use, together with the most promising compounds presently

undergoing clinical trials, is depicted in Figure 1.5.
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Figure 1.5. Currently approved platinum drugs in clinical use (top) and promising platinum
drugs presently undergoing advanced clinical trials (bottom). The year of first approval

or of clinical-trial entry, as well as region-limited approvals, are indicated in parentheses.**
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Carboplatin, introduced in the early 1980s, was the first successful platinum drug
specifically developed to reduce the side effects associated to cisplatin treatment. The
hypothesis behind carboplatin's design was that the replacement of the chlorido
ligands with a more stable carboxylate leaving group would account for lower aquation
rates and hence reduced systemic toxicity, although the active species resulting from
this slower process would still remain the same as those of cisplatin.> Interestingly,
this assumption turned out to be quite accurate; carboplatin can be essentially
considered as a cisplatin analogue with equivalent antitumoral properties, but showing
remarkably more tolerable side effects. In addition to being far less aggressive to the
nervous system and the gastrointestinal tract, it is devoid of excretion-related
nephrotoxicity, and can be administered in much higher doses with respect to its
parent compound. Carboplatin is now the drug of choice for the treatment of ovarian

cancer, and further expansion of its clinical application is yet under examination.®

The third platinum drug receiving worldwide approval for cancer treatment was the
third-generation compound oxaliplatin. If carboplatin managed to overcome toxicity by
incorporating the carboxylate motif, oxaliplatin was developed with the additional aim
of circumventing resistance mechanisms, through the additional replacement of the
ammine ligands with a (R,R)-1,2-diaminocyclohexane (DACH) moiety (see Figure 1.5).
Due to the presence of this bulky hydrophobic group, oxaliplatin-induced 1,2-
intrastrand cross-links result in a greater conformational alteration of DNA, preventing
the recognition and binding of DNA-repair proteins.®” Furthermore, it has also been
shown that oxaliplatin's uptake is far less dependent on copper transporters compared
to that of cisplatin and oxaliplatin, thus being able to overcome CTR1 underexpression-
mediated acquired resistance.*® Currently, oxaliplatin is widely used in the treatment
of colorectal cancer in combination with 5-fluorouracil, and its efficacy towards other

types of cancer is still being investigated.

Nedaplatin, lobaplatin and heptaplatin (see Figure 1.5) are also second- and third-
generation platinum drugs in clinical use, although their marketing approvals are still
limited to Japan, China and South Korea, respectively. Being a glycolate-containing,
more water-soluble analogue of cisplatin, nedaplatin exhibits features comparable to
those of carboplatin. The substitution of the chlorido leaving groups with the chelating

ligand provided comparable effectiveness with respect to its parent compound, but
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with reduced renal and gastrointestinal toxicity. Nedaplatin is now commonly used in
the treatment of lung, esophageal, head and neck cancers.® Lobaplatin and
heptaplatin, on the other hand, are third-generation derivatives bearing a chelating
carboxylate and a diamine bidentate ligand, and are thus structurally and functionally
equivalent to oxaliplatin. Both drugs show lower levels of toxicity and more potent
anticancer activity against cisplatin-resistant cells, and are applied in the treatment of

breast, lung and gastric cancers.*%*

In addition, a few platinum compounds that are currently undergoing phase Il and |l
clinical trials are also worth of attention, owing to the interesting approaches that led
to their development (see Figure 1.5, bottom). For instance, satraplatin is a
platinum(lV) octahedral complex specifically developed to display improved oral
bioavailability, which results from the inclusion of lipophilic axial acetato ligands.
Within the blood stream, satraplatin is reduced to majorly produce the active
cis-[PtCl,(CsHsNH,)(NH3)] species, whose mechanism of action is comparable to that of
the previously described complexes.42 Due to the fact that its uptake is independent of
copper transporters, satraplatin retains good activity against tumors exhibiting influx-
related acquired resistance to cisplatin, including lung, prostate, ovarian and cervix
cancers.”> Nevertheless, its approval was rejected on the basis of not showing
significant benefits in overall patient survival. Currently, satraplatin is undergoing

additional clinical trials for combined therapy, in several stages of development.‘m’45

Picoplatin was specifically designed to circumvent excretion and drug resistance
associated to glutathione and metallothioneine binding, by providing steric bulk
around the platinum center with a 2-methylpyridine ligand.*® Preclinical studies
showed that picoplatin was strongly active against cisplatin-resistant and carboplatin-
resistant cell lines, and it exhibited promising antitumor activity against ovarian and
prostate cancer in phase Il trials. However, picoplatin was also withdrawn from several
studies due to its low patient-survival improvement. It is now under examination for

combined therapy against colorectal cancer.

Lastly, ProLindac™ is an innovative formulation containing the [Pt{(R,R)-1,2-DACH}]**
active species from oxaliplatin, attached to a hydrophilic, biocompatible polymer, the

objective being to exploit the enhanced permeability and retention effect of
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macromolecules in malignant cells.*’ Additionally, it takes advantage of the more
acidic conditions typically found in the extracellular environment of solid tumors,
which facilitate the protonation of the amidomalonate chelate and subsequent local
release of the active compound.*® At present, ProLindac™ has completed several phase
Il clinical trials for the treatment of ovarian, head and neck cancers, with promising
results in patients unsuccessfully treated with other platinum formulations.
Furthermore, it also shows strong synergistic effects in combination with the organic

anticancer drug paclitaxel (Taxol®).

Actually, ProLindac™ constitutes a very illustrative example of the ever-growing
importance of introducing novel biochemical strategies in cancer treatment, in order
to develop more selective drugs able to overcome resistance and toxicity. In recent
years, much effort has been directed towards the design of targeted systems capable
of selectively transporting active species to tumors, through the application of a
variety of responsive approaches.” In this context, several types of drug-loaded
scaffolds able to be preferentially delivered and internalized by cancer cells have been
developed. For instance, the iron-storage protein ferritin has been used to selectively
deliver cisplatin to malignant cells, owing to their much higher iron requirements, and
cell membrane-derived microparticles displaying high affinity for tumors have also

2021 Attaching active drugs to various

been reported to accomplish the same function.
molecular recognition motifs, hence targeting specifically overexpressed cancer-cell
receptors, is also an interesting strategy. Folate or estrogen receptors, to name a few
relevant examples, are commonly overexpressed in several types of human cancer
cells, and can therefore be exploited to efficiently deliver conveniently functionalized

drug derivatives, leading to high tumor specificity.”*>>

Another elegant approach aimed at enhancing tumor selectivity, while reducing
systemic toxicity, is photochemical control. Recent advances in laser and fiber-optic
technologies have spurred the development of several medical applications based on
the use of light, including the design of novel metal-containing prodrugs that can be
conveniently activated upon irradiation. Photoactivated chemotherapy (PACT) is a
prominent investigation field able to provide both temporal and spatial control over
drug activity, which offers tremendous potential for the treatment of different types of

cancer.54
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1.3. Light-activated metallodrugs

1.3.1. Basic principles of photochemistry

Photochemistry is the chemistry of excited electronic states. Light irradiation produces
alteration of the inner electronic structure of absorbing molecules, modifying both
their physical and chemical properties. Typically, when a molecule absorbs a photon,
an electron is promoted to an orbital of higher energy, generating a short-lived excited
state. The excess of energy accumulated in this way shall therefore be dissipated for
the system to return to its starting, more stable ground state; this process may take
place through different modes of energetic deactivation, some of them involving the

emission of light at a longer wavelength with respect to that used for the excitation.”

A schematic representation of the processes related to light absorption in a singlet
ground-state model system is depicted in Figure 1.6. Following excitation through light
absorption, a partial relaxation from higher vibrational levels may take place through

different non-radiative modes of deactivation, namely vibrational relaxation and
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Figure 1.6. Jablonski energy diagram, depicting different processes triggered by light
excitation of a singlet ground-state (Sy) model system. Radiative and non-radiative

processes are indicated with solid (—) and dashed (--) lines, respectively.
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internal conversion, which lead to the most stable electronic excited state. Several
processes may occur at this point. The system may revert to the ground state by
emitting energy in the form of light, thus producing fluorescence; alternatively, the
remaining energy may be dissipated in the form of heat, through a non-radiative

decay.

The excited system may also experience a forbidden non-radiative transition to
another excited state with different spin multiplicity. This phenomenon, known as
intersystem crossing, becomes favored when the vibrational levels of different
electronic states overlap. From this long-lived alternative excited state, the system
may directly return to the ground state via a forbidden radiative transition, producing
phosphorescence emission. Otherwise, relaxation may also be attained by
intermolecular energy transfer to another species, which hence becomes excited. This
latter process, called photosensitization, may only take place between systems

displaying the same spin multiplicity, triplet oxygen being the most common target.

In addition, due to the electronic and structural changes induced by light absorption,
the system may eventually transit to a reactive state, which can lead to products
unattainable by other means. Metal complexes, in particular, exhibit a rich and diverse
photoreactivity, which can be efficiently tuned by varying the metal center and/or the
coordinated ligands. Photoactivation offers potential for initiating unusual ligand
substitution and redox reactions in otherwise non-reactive species, which can be

exploited to achieve new mechanisms of anticancer activity.56

1.3.2. Current strategies in inorganic PACT

Inorganic photoactivated chemotherapy takes advantage of some of the non-radiative
processes triggered by light-mediated excitation of a metal center, in order to
generate pharmacologically active species. An optimal photochemotherapeutic agent
should be stable and non-toxic to cells before activation, while exhibiting remarkable
antiproliferative activity after external light irradiation. Such pharmacological activity
may take place through different mechanisms of action, according to which three

broad categories of metal-based PACT agents can be distinguished: photosensitizers,
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photothermal therapy agents and photoactivatable prodrugs, the latter ones including
metal complexes designed to carry and release small organic molecules with

therapeutic action.”’

Photosensitizers

Photosensitizing compounds constitute the basis of photodynamic therapy (PDT), a
technique already used clinically to treat a wide range of disorders. Upon light
irradiation, photosensitizers efficiently undergo energy transfer from a long-lived
excited triplet state (attained by intersystem crossing) to neighboring dioxygen
molecules, which hence become excited. This activation results in the formation of
highly reactive singlet oxygen (*0,), which promotes the formation of other reactive
oxygen species (ROS) like hydroxyl radicals (¢OH) and superoxide anions (O,’). Such
ROS violently react with cellular membranes, nucleic acids and other cellular
components, inducing apoptotic or necrotic cell death by massive oxidative damage in
the surrounding area.’® Owing to the lack of toxicity of photosensitizing agents, PDT
offers crucial advantages over more conventional treatments, namely its non-invasive
character and the lack of associated side effects or cross-resistance. However, its
dioxygen dependence considerably hampers its application in the hypoxic environment

of several types of solid tumors.

Although most PDT agents are organic porphyrins and phthalocyanine-related
molecules, several examples of photosensitizing transition-metal complexes can also
be found in the literature.®® A low-energy triplet excited state with a long lifetime is
needed for a metal complex to behave as an efficient photosensitizer. Pt(ll) and Ir(lll)
cyclometalated complexes, for instance, fulfill these requirements and have lately
been reported to efficiently produce singlet oxygen upon irradiation with UV Iight.60
Ru(ll) polypyridyl compounds, which have been extensively studied for their rich
photochemistry, as well as several classes of pentacoordinated Cu(ll) compounds, can

also behave as singlet oxygen producers.61'62

Other examples include a number of
macrocyclic complexes coordinated to various metal or metalloid centers, like Pd(Il) or
Si(IV), which have been used to tune the photochemistry of such systems.®*®* A few of

these inorganic photosensitizers are illustrated in Figure 1.7.
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Figure 1.7. Selected examples of photosensitizing metal complexes for PDT.** %

Photothermal therapy agents

Photothermal therapy (PTT) focuses on the destruction of malignant cells by means of
light-induced hyperthermia, which stems from the thermal energy dissipated through
the non-radiative decay of an electronically excited sensitizer.® Several classes of
photothermal sensitizers have been developed and applied, including carbon
nanotubes and various porphyrin-based metal complexes.®® However, most PTT agents
developed to date are based on inorganic nanomaterials, which are preferentially
accumulated by cancer cells owing to the so-called enhanced permeability and
retention effect exhibited by tumors.®” Gold, in particular, has proven to be remarkably
valuable for such an application, due to the highly efficient photon-to-thermal energy

1.8 Gold-based nanostructures for

conversion exhibited by nanoparticles of this meta
PTT, such as nanorods, nanoshells and nanocages, have gained notable attention over
the last decade, and recently some of these systems have even managed to

successfully enter clinical trials.®

Photoactivatable prodrugs

Metal-based prodrugs are chemical systems designed to undergo light-mediated ligand
exchange, rearrangement or dissociation reactions, often associated to the redox

properties of the metal center. The pharmacologically active species liberated in these
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processes may either be the photoreleased ligand(s) or a more reactive metal complex,
which can readily interact with neighboring biological targets such as DNA. Several

remarkable examples of photoactivatable inorganic prodrugs are shown in Figure 1.8.

Besides their performance as dioxygen photosensitizers, octahedral Ru(ll) polypyridyl
complexes have also been studied for their potential application as light-activatable
prodrugs.70 The photoactivation of these systems generates a strongly oxidizing
excited state able to produce oxidative cleavage of the DNA strands; therefore, they
have been proposed as oxygen-independent photosensitizers. In addition, it has been
shown that irradiation of Ru(ll) complexes bearing highly m-deficient polyaromatic
ligands induces the formation of non-conventional covalent adducts with the
nucleobases, most likely through a radical recombination process (see Figure 1.8). As in
the case of classical platinum drugs, such genomic lesions interfere with DNA

replication and transcription mechanisms, thus promoting apoptosis..71

The design of platinum-based prodrugs able to generate cisplatin analogues upon
photoexcitation has been receiving more attention in recent years.72 This strategy,
pioneered by the groups of Bednarski and Sadler, takes advantage of a range of
chemically inert octahedral platinum(lV) complexes bearing photolabile ligands. Such
systems can be selectively irradiated to promote the reduction of the metal center and
the subsequent release of ligands, hence producing the corresponding bioactive,
square-planar Pt(ll) species. Diazido Pt(IV) complexes were recently developed; they
display strong cytotoxic activities in vitro after irradiation with UV light, while
remaining non-toxic in the dark. For instance, trans,trans,trans-[Pt(OH),(Ns),(NHs)(py)]
(see Figure 1.8) proved to be remarkably effective against cisplatin-resistant ovarian
cancer cells, owing to its ability to induce distinct DNA damage and cell-signaling

responses, with respect to classical platinum drugs.73

Photoactivatable prodrugs can also be applied to control the release of therapeutically
active small ligands, such as nitric oxide (NO) and carbon monoxide (CO). Both gases
are endogenously produced in living organisms and have important functions as
signaling molecules. In addition to this naturally occurring role, there is strong
evidence that NO and CO administration may be useful in the treatment of several

diseases, including anticancer applications.”* Numerous nitrosyl and carbonyl metal
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complexes with Fe(lll), Cr(lll), Co(lll), Ru(ll) or Mn(ll) have been described to be able to
release NO and CO upon light activation, due to the labilization of the metal-to-ligand
bond in the excited state. Current investigation in this area of research encompasses
the fine tuning of the coordination sphere of these metal-based prodrugs, so as to
properly modulate their photochemical properties. Moreover, their conjugation with
different targeting groups is also being examined, with the objective to achieve better

cancer-cell selectivities.”

Light-upconverting drug carriers

Upconverting carriers are not pharmacological agents, but rather a new class of drug-
delivery systems specifically designed to overcome one of the major drawbacks of
most inorganic photochemotherapeutics. Indeed, not any kind of light can penetrate
tissues deep enough to treat all types of solid tumors in cancer patients; blue light is
more efficiently absorbed by hemoglobin or melanine, compared to lower-energy
radiations, and hence the optimal phototherapeutic window is considered to lie within
the range 600-1000 nm.”® However, since most metal-based prodrugs typically require
high-energy UV or visible light for their photoactivation to occur, the broadening of

their clinical application is still a considerable challenge.

(a) o} (b)

Figure 1.8. Non-conventional covalent adduct between a Ru(ll) polypyridyl complex

and guanine (a), and selected examples of metal-based photoactivatable prodrugs (b).”>”®
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In this regard, despite still being in early stages of development, light-upconverting
drug carriers have recently emerged as a very promising tool for PACT applications.
These systems are capable of absorbing penetrating near-IR light and dissipating the
accumulated energy in the form of a radiative emission of a shorter wavelength,
through different photochemical mechanisms. This phenomenon can hence be used
to achieve the local activation of photoresponsive drugs attached to their surface.
Currently, lanthanide-doped nanoparticles constitute one of the most promising
classes of light-upconverting systems; they have been used to promote the activation
of Mn, Fe, Ru or Pt complexes using red light, albeit with limited efficiencies.”’
Similarly, liposomes carrying triplet-triplet annihilation molecular pairs have lately
been reported to show auspicius light-upconverting properties, which can be applied

in photomedical applications requiring in situ generation of blue Iight.78

1.3.3. Photoresponsive molecules for ligand-based activation

A common feature for all the inorganic light-activatable systems described so far is the
fundamentally metal-centered nature of their photochemistry. However, in a context
of continuous development of novel biochemical and mechanistic strategies, which
may provide new tools to help overcoming the current limitations of these molecules,
ligand-mediated photoactivation of metal complexes has very recently started to gain

attention as a novel approach to the design of PACT drugs.

Several classes of organic molecular photoswitches, like those depicted in Figure 1.9,
offer the potential to serve as photoresponsive ligands in metal complexes. Such
systems exhibit a rich chemical diversity that may lead to novel mechanisms of action,
as well as an interesting photochemistry mostly based on reversible double-bond
isomerization or intramolecular pericyclic reactions. These transformations produce
remarkable changes not only in the chemical structure of the molecular switches, but
also in their optical and electronic properties.”” Accordingly, they have been used in
several areas of research, from catalysis to material sciences, and more recently in the
development of photocontrollable biological systems.80 Their utilization in drug design,

however, is still in its infancy, and more in-depth investigation is clearly required.
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Figure 1.9. Photoswitches based on azobenzenes (a), spiropyrans (b) and diarylethenes (c).”

One of the key aspects concerning the biological application of such molecules is their
thermal stability. Azobenzenes and spiropyrans, among other organic photoswitches,
are thermally unstable and gradually revert to their initial state in the absence of light.
While spontaneous deactivation can be useful for certain uses,® it certainly hampers
the implementation of these systems when a stable activation is desirable, as in the
case of DNA-targeting drugs. Diarylethenes, in contrast, might be more suitable for this
purpose. These remarkable systems exhibit negligible thermal relaxation and thus have
arisen as one of the most promising classes of photoresponsive molecular devices,

owing to their potentially broader range of applications.82

In the present PhD thesis, aimed at providing new insight into this emerging field of
inorganic photoactivated chemotherapy, the potential application of diarylethenes to
the design of ligand-mediated light-activatable metallodrugs has been investigated.
The premise behind this innovative approach was that the distinct properties exhibited
by the two thermally stable states of these molecular switches might allow to
selectively modulate the biological activity of their metal complexes, thus leading to a

novel mechanism of photochemical control.
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1.4. Diarylethene systems

1.4.1. Photochemical properties

Diarylethenes are photochromic molecules; they exhibit a light-induced reversible
transformation between two isomeric forms, each one exhibiting clearly different
absorption spectra. As previously stated, the photoisomers resulting from this process
differ not only in their geometrical structure and color, but also in all their intrinsic
features, including redox potentials, refractive indices, luminescent properties and

even chirality.83

The photochemistry of diarylethenes is based on that of 1,3,5-hexatriene. Systems
containing this remarkable synthon, such as (2)-stilbene (which is actually the most
simple diarylethene) are well-known to undergo photochemically induced electrocyclic
reactions, leading to the formation of the corresponding 1,3-cyclohexadiene products.
This process is promoted by the rearrangement of the terminal carbon bonds of the
hexatriene synthon, which, according to the Woodward-Hoffman rules for the
photoinduced cyclization of a [4n+2] 1t electrons system, proceeds via a conrotatory
mechanism at the LUMO excited state.®* A schematic representation of the reversible

photocyclization of (Z)-stilbene is illustrated in Figure 1.10.

Stilbene Dihydrophenanthrene
LUMO

Figure 1.10. Reversible photocyclization of (Z)-stilbene into dihydrophenanthrene.
The photoreactive 1,3,5-hexatriene system is highlighted in blue.
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(2)-Stilbene, however, is far from being an optimal molecular switch because
dihydrophenanthrene is not a thermally stable product. Thermal reversibility is directly
related to the activation barrier of the cycloreversion process, which correlates with
the ground-state energy difference between the open and closed isomers, and is
dependent on the aryl group.85 When this difference is large, as for (2)-stilbene, the
thermally induced cycloreversion reaction is favored and readily occurs. In contrast,
when the aryl groups are furan, thiophene or thiazole rings, which have low aromatic
stabilization energies, the activation barrier for the cycloreversion increases, and

hence the closed-ring species become thermally stable.

It should also be noted that stilbene, like azobenzene, can readily undergo an
alternative cis/trans (Z/E) isomerization of the central double bond upon light
irradiation, which directly interferes with the photocyclization process. However, this
undesired transformation can be prevented if the alkene is part of a cyclic structure.
Studies carried out with different diarylethene systems showed that those containing a
cyclopentene or other five-membered cyclic alkenes between the aryl units tend to

8287 On the other

display higher photoconversion quantum vyields and efficiencies.
hand, it is also known that the closed-ring species can be irreversibly oxidized to form a
central benzene ring by hydrogen elimination. Accordingly, hydrogen atoms must be
avoided in the terminal carbons of the hexatriene synthon so as to prevent this
decomposition pathway; they are usually replaced with methyl groups, which in the
closed-ring form adopt a trans relative disposition as a result of the conrotatory

photocyclization mechanism.

Dithienylcyclopentenes (DTCs) and dithienylperfluorocyclopentenes (DTFCs), depicted
in Figure 1.11, were designed taking into account all these considerations, and hence
constitute the most prominent class of diarylethenes.88 Mainly developed by the
groups of Irie and Feringa, these photochromic switches exhibit optimal thermal
stability and a very high fatigue resistance, being able to undergo up to 10*
coloration/bleaching cycles without noticeable decomposition.?? Furthermore, they
have also been reported to display remarkably high response times; both the
photocyclization and cycloreversion reactions of DTC systems proceed at the
picosecond scale, which is of special relevance in terms of their potential use in the

field of optoelectronics..90
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Figure 1.11. Reversible photocyclization of dithienylcyclopentenes (R = H) and
dithienylperfluorocyclopentenes (R = F).

The typical absorption spectral changes of a DTC system, corresponding to one of the
photoswitches prepared in this work (for which R = H and R' = pyridine; see Chapter 3)
is shown in Figure 1.12. The open form exclusively absorbs in the UV region, and hence
irradiation with light in this wavelength range induces its intramolecular electrocyclic
reaction. In contrast, the closed form typically exhibits a distinct absorption in the
visible region, owing to the destabilization of the ground state and thus to the
lessening of the HOMO/LUMO energy gap. This red shift of the closed species is
dependent on both the bridging structure connecting the aryl groups and the various

substituents attached to them, which means that the photochemical application

e 0pen form
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Figure 1.12. Typical UV-Vis absorption spectra of the open (solid line) and closed

(dashed line) forms of a DTC-based molecular switch.
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window of these systems can be properly tailored by rationally modifying their
chemical structure. In fact, while the photoreactive absorption of the open-ring form is
generally found in the 300-375 nm region, the position of the HOMO—LUMO
transition of the closed-ring species can range from 500 to 800 nm (being thus located
in the optimal phototherapeutic window), longer wavelengths being even attainable in
a few cases. Up to now, the longest reported wavelength for a DTC system in its closed

state is 828 nm.”!

Furthermore, the distinct structural features of the interchangeable isomeric forms of
these molecules are of special relevance considering their implementation in biological
environments. The open-ring species is noticeably more voluminous than the closed
one, being both longer and thicker. Moreover, the open form exhibits a much higher
degree of conformational flexibility, whereas the closed isomer is clearly more planar
and rigid, due to its more effective m conjugation. These differences may necessarily
translate into completely different intracellular interactions and molecular recognition
patterns, thus opening up new options in the development of biologically relevant

light-controlled tools.

In view of all these considerations, it is no surprise that the implementation of DTCs
and closely related systems in biology has been receiving growing attention in recent
years. The final part of this introductory chapter is aimed at providing a brief insight
into this emerging field, underlining some of the most promising current investigations

regarding the biological applications of these remarkable molecular switches.

1.4.2. Biological applications of dithienylcyclopentenes

The potential incorporation of photoresponsive moieties into nucleic acids is one of
the most attractive biological applications of molecular photoswitches. Such systems
can be used to provide light-mediated spatial and temporal control over replication
and transcription processes, by altering the structure and binding properties of this
vital biomacromolecule. Actually, different photochromic molecules have been
introduced in the various structural motifs of the DNA architecture, i.e. the phosphate

backbone, the nucleobases or the deoxyribose moieties.
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Jaschke and co-workers recently described an innovative class of DTC-based adenosine
derivatives, in which a nucleobase is directly incorporated into the photoswitching
framework, as depicted in Figure 1.13.%% These systems combine the photochemical
properties of the DTC structure with the ability to establish Watson-Crick base pairing
with the complementary thymidine residues of DNA, which could be exploited to
induce greater-scale conformational changes into the double helix. Uridine and
cytidine were also successfully incorporated into the photoswitchable unit in
subsequent investigations, and a partial control over transcription was demonstrated

by incorporating the photoresponsive nucleosides in promoter oligonucleotides.”

300 nm

>400 nm

OH OH

Figure 1.13. Photoswitchable diarylethene system incorporating a deoxyadenosine motif,

developed by Jdschke and co-workers.’

In a completely different approach, Andréasson and co-workers have designed
positively charged dithienylperfluorocyclopentenes able to selectively bind to linear
DNA. This association was used to induce chirality transfer from DNA to the
photoswitchable molecules, producing an enantiomeric enhancement of the closed-
ring products, which are normally composed of a racemic mixture of the R,R and §,S
stereoisomers resulting from the trans disposition of the methyl groups.®® This chirality
transfer from DNA has potential to be applied in asymmetric synthetic procedures

requiring enantioselective catalysts.

Diarylethenes can also be used to design light-controlled biocatalysts and enzyme-

targeting inhibitors, with potential applications in therapeutics, diagnostics and
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biosensoring. For instance, Konig and co-workers used a DTC derivative for the
photocontrolled inhibition of human carbonic anhydrase | (hCAl), an enzyme that has
been established as a target in the treatment of glaucoma, neurological disorders and
cancer.” To that end, the photoswitchable scaffold was functionalized with a
sulfonamide group that acts as the inhibitory moiety, as well as a copper(ll)
iminodiacetate binding unit, able to coordinate to the histidine residues near the
active site of the enzyme (Figure 1.14).°° Due to its much higher conformational
flexibility, the open form appeared to be a much more potent hCAl inhibitor than the

closed one, whose activity was severely limited by its geometrical constraints.

Inhibitory unit Enzyme-binding unit

A A
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Figure 1.14. Photoswitchable carbonic anhydrase | inhibitor developed by

Kénig and co-workers.”

The electronic redistribution caused by the photoisomerization of diarylethenes can be
used to selectively modify the luminescent properties of emissive systems, which can
have potential applications in bioimaging. Recently, Tian's research group reported a
diarylethene-based iridium(Ill) complex exhibiting intense phosphorescent emission
upon irradiation with visible light (488 nm), solely in its open-ring state (Figure 1.15).%’
Most remarkably, due to the notable red shift of the HOMO-to-LUMO transition
induced by the metal coordination, the ring-closing reaction and thus the selective
quenching of the luminescence could also be prompted by light in the visible region
(440 nm). The non-toxic complex was readily internalized by nasopharyngeal
epidermal carcinoma cells, after which its photocontrollable luminescent functionality

remained unaltered.
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Figure 1.15. DTC-based iridium(lll) luminescent complex developed by Tian and co-workers.”’

Lastly, the incorporation of a functional DTC scaffold within the aminoacid chain of
several antimicrobial cyclic peptidomimetics has been lately described by the group of
Ulrich (Figure 1.16).%® The resulting photoswitchable peptides, whose structure was
analogous to that of the well-known antimicrobial agent gramicidin S, displayed
biological activities comparable to those of its parent compound in their open-ring
state, but significantly lower efficacies after undergoing ring closure. Furthermore, the
results obtained demonstrated that the peptidomimetics' activity is dependent on the
actual position of the photoresponsive moiety within the aminoacid chain, due to

specific alteration of the global conformation of the drug.

NH,

H,N

Figure 1.16. An antimicrobial diarylethene-containing cyclic peptidomimetic developed

by Ulrich and co-workers.’®
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1.5. Aim and outline of the thesis

As mentioned earlier in this introduction, photoactivated chemotherapy represents
one of the most promising approaches towards spatial and temporal control over
anticancer drug activity. The current strategies concerning the development of
photocontrollable metal compounds aim to take advantage of the rich photochemical
properties of metal ions. In contrast, the implementation of photoresponsive ligands in
light-activatable metallodrug design is still a fairly unexplored field. Accordingly,

thorough examination of this alternative possibility clearly needs to be conducted.

The key aim of this PhD thesis is to introduce a novel approach to this field, by
developing an unprecedented class of dinuclear platinum(ll) complexes bearing
bridging, photoswitchable dithienylcyclopentene-based ligands. It is expected that the
distinct structural and electronic changes taking place upon the light-induced
transformation of these complexes may result in a modulation of their DNA binding

affinity, leading to a new type of photochemical control over the drug activity.

Hence, the second chapter of this thesis covers the design and chemical synthesis of
several dithienylcyclopentene-based ligands, as well as the preparation of the
corresponding dinuclear platinum(ll) complexes. Different synthetic strategies have
been followed to introduce several structural variations in the photoresponsive
ligands, with the objective to properly evaluate their influence on the biological activity

of the metal complexes.

The third chapter deals with the investigation of the photochromic properties of all the
photoswitchable ligands prepared and of their corresponding metal complexes, as well
as the structural characterization of several of the Pt(ll) compounds. In addition, a
computational study carried out to analyze the unexpected photochemical inertness of

one of the synthesized systems is also included in this chapter.

Finally, the biological evaluation of the metal complexes prepared is described in the
fourth chapter. The distinct interaction with DNA of their open and closed
photoisomers has been thoroughly investigated using different techniques. Several in
vitro studies against selected cancer cell lines were subsequently performed, the

ultimate goal being to validate the innovative strategy proposed in this PhD thesis.
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molecular switches






PREPARATION OF PLATINUM(II) MOLECULAR SWITCHES 59

2.1. Synthesis of photoswitchable ligands

2.1.1. General approaches to the synthesis of DTC systems

As discussed in the previous chapter, dithienylcyclopentenes (DTCs) and their
fluorinated analogues, dithienylperfluorocyclopentenes (DTFCs), constitute one of the
most remarkable classes of photochromic molecules, owing to their outstanding
photochemical properties.”” Accordingly, these were the chosen scaffolds to design a
new series of photoresponsive, DNA-targeting platinum(ll) complexes, with the aim of
evaluating their applicability in the development of photoactivatable metallodrugs.
However, despite their ever-growing popularity in several areas of research, the

chemical preparation of these molecules is far from being trivial.

The synthesis of the bisthienylcyclopentenyl synthon, which is responsible for the
reversible ring opening and closing photoswitching process, can be approached via two
conceptually different methods that mainly differ from each other in the introduction
of the bridging five-membered unit. That is, it is either possible to use a readily
available and conveniently functionalized cyclopentene ring as a starting material, or
obtaining that motif on a latter step of the synthetic route through an intramolecular

reaction. Both approaches were explored over the course of this work.
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A common strategy for obtaining dithienylcyclopentenes with a perfluorinated
backbone consists in a formal substitution reaction between octafluorocyclopentene
and a thiophene derivative bearing an exchangeable halogen at the 4-position, namely
bromine (Scheme 2.1).> This process, often referred to as the Dixon reaction,”
proceeds under a general addition-elimination mechanism, which is promoted by the
selective lithiation of the most reactive bromide position. Then the resulting carbanion
undergoes nucleophilic attack over the electron-deficient ring, promoting the

elimination of a fluorine atom and producing the new carbon-carbon bond.

Br Fe
n-Buli

o\ - VN

R Et,0 or THF, -78 °C R R
S F F 2 S s

Scheme 2.1. General preparation of dithienylperfluorocyclopentenes.

Even though this procedure has been —and actually is— extensively used in the
preparation of a wide range of photoswitches, it does present notable drawbacks. The
extremely high volatility of octafluorocyclopentene (b.p.: 26-28 °C) often accounts for
difficult handling and unsuitable stoichiometric control of the reaction, which
ultimately leads to poor yields and to the formation of undesired byproducts. In
addition, recent studies indicate that electronic effects from the substituents
introduced in the thiophene ring must be also considered, since they may also
contribute to further yield decrease due to the partial deactivation of the resulting
thienyl nucleophile.” Moreover, since 1,2-difluorocyclopentene is not a readily
available nor easily synthesizable reagent, this strategy does not allow the preparation

of perhydro switches, but only perfluorinated ones.

In view of the above considerations, an alternative synthetic pathway for obtaining the
photoswitchable dithienylcyclopentene core was proposed by Ben Feringa and co-
workers in 1998.° The key aspect of this novel approach, initially adopted to produce

perhydrogenated switches, is the formation of the cyclopentenyl ring via an
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intramolecular McMurry reaction with a proper 1,5-dithienyl-1,5-diketone substrate,
prepared by a simple Friedel-Crafts acylation reaction (Scheme 2.2). The main
advantage of Feringa's strategy relies on the fact that all reactions involved are well-
established and can be conducted in larger scales with moderate-to-high vyields,
whereas at the same time the formation of undesired monosubstituted products is
also avoided. Indeed, this method was applied successfully to prepare an enormous
variety of DTC-based switches, and is now the procedure of choice in most current

investigations owing to its high efficiency and versatility.

0] 0]

g A~ Al

R/@\ CSZ or CH3N02' 0°C R / \ / s \ R

S S

Zn, Ticl,
THF, 40 °C
R s S R

Scheme 2.2. Preparation of dithienylcyclopentenes via an

intramolecular McMurry reaction.

Nonetheless, in spite of the apparent simplicity of this approach, there is also room for
some considerations; in particular, the directing effect of each of the substituents of
the thiophene rings in the Friedel-Crafts acylation step shall be carefully considered.
Due to the presence of its electron-rich sulfur atom, thiophene is a strongly activated
molecule towards electrophilic attack from the acylium cation, which is generated by
reaction of the acyl chloride and the Lewis acid. However, the 2- and 5-positions of the
ring, which are the sulfur neighboring locations, constitute the most reactive sites as a
result of a higher resonance stabilization of the carbocationic intermediate, as
illustrated in Figure 2.1. Therefore, a proper functionalization of these carbon atoms is

strictly necessary for the reaction at the 3-position to occur. Besides the prevention of
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Figure 2.1. Resonance stabilization of thiophene's carbocationic intermediate after

an electrophilic attack at its 2- or 3-position.

the irreversible oxidation of the ring-closed species (see Chapter 1), the methyl groups
at the 2-position of the thiophene rings of most DTC systems also favors this synthetic
strategy, since their slightly activating character promotes the electrophilic
substitution at the neighboring ortho position. Accordingly, the substituent at the 5-
position of the thiophene ring shall be meta-directing, or at least less activating than
the opposite group, for the exclusive acylation at carbon 3 to occur. Halogens and
aldehydes may accomplish this function and constitute the functional groups of choice
towards the preparation of more complex DTC switches, due to vast range of

possibilities for their subsequent derivatization.

O E F (0]
. EtO OEt
Br n-Buli, e
/ /
CHCI Et,0,-78 °C
R/O\ 3 R 2%
S S
Fe
Zn, TiCl,
f N\ -\
THF, 40 °C
R
S S R

Scheme 2.3. Adaptation of the intramolecular McMurry reaction approach for the

preparation of perfluorinated DTCs.
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Moreover, it is worth noting that Feringa's approach can also be applied to the
preparation of perfluorinated DTCs with some modifications.® Due to the electron-
withdrawing perfluorinated backbone that hinders the formation of the required
acylium ion, the corresponding diketone intermediate is in this case not obtained
through Friedel-Crafts acylation, but rather by an addition-elimination reaction
between diethyl hexafluoroglutarate and a properly functionalized 3-bromothiophene
(Scheme 2.3). This product may then undergo intramolecular McMurry reaction, thus
forming the perfluorinated ring through the establishment of a new carbon-carbon

bond between both carbonyl positions.

2.1.2. Synthesis of symmetrical DTC ligands

Synthesis of the photoswitching core

Due to its apparent simplicity and attractive potential to serve as a versatile building
block, the first synthetic target of this work was 1,2-bis(5-chloro-2-methyl-3-
thienyl)cyclopentene (2), which was prepared following the procedure described by
Feringa with subtle modifications (Scheme 2.4). The starting compounds for 2 were
commercially available 2-chloro-5-methylthiophene and glutaryl dichloride, which

were connected via Friedel-Crafts acylation in cold nitromethane; aluminium chloride

0 0
(0] (0]
A~ Alc,
C|/©\ CH3NO,,0°C cl Cl

S S

S
1
Zn, TiCl,, pyridine
THF, 40 °C
Cl s S Cl
2

Scheme 2.4. Preparation of 1,2-bis(5-chloro-2-methyl-3-thienyl)cyclopentene (2).
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was then used to promote the formation of the acylium species by reaction with the
acyl chloride. Addition of ice-cold water to the reaction mixture and vigorous stirring in
an ice bath led to the formation of an abundant precipitate, corresponding to the
spectroscopically pure diketone 1, obtained with a yield of 81%. This product was then
used in a subsequent intramolecular McMurry reaction in THF, using the well-known
system composed of titanium(IV) chloride, Zn dust as the reducing agent and pyridine
as a low-valent titanium stabilizing ligand, in a nitrogen atmopshere.9 Extraction of the
slurry reaction crude with diethyl ether afforded the expected molecular switch 2 as a
colorless solid, with a yield of up to 72% after column chromatography purification
with cyclohexane. This synthetic route was remarkably consistent, and could be

repeatedly performed on multigram scale without significant loss in yield.

Synthesis of imine-based derivatives

The obtained 2,2'-dichloro DTC is an outstanding starting reagent which can be
derivatized in different ways by lithium-chlorine exchange and subsequent
electrophilic substitution. In this regard, a wide range of examples can be found in the
literature illustrating the functionalization with aldehyde, carboxylic acid, thioether,
silane or phosphine moieties, among many other possibilities.lo_12 The aldehyde
function was considered to be particularly interesting for the purpose of this study,
owing to the fact that it should allow to systematically attach different metal-binding
groups to the photoswitching core by simple condensation reactions with appropriate

amine derivatives (Scheme 2.5).

Initial attempts to functionalize compound 2 showed that the required double lithium-
chlorine exchange could not be achieved under the commonly used dry-ice
temperature conditions; actually, monofunctional products were rather obtained even
upon addition of an excess of n-buthyllithium. However, the lithiation of both chlorine
positions was successfully achieved by performing this reaction at room temperature,
as indicated by the slow apparition of a pale brown precipitate attributed to the DTC
dilithium salt. Quenching of this intermediate with anhydrous dimethylformamide,
followed by subsequent acid hydrolysis, produced the bis-aldehyde compound 3 with a
yield of 65%.
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- aw s

R-NH,

MeOH, reflux

Sl

_N —N—_
=~
R S S R

Scheme 2.5. Proposed synthetic route for the preparation of photoswitchable

imine derivatives.

Compound 3 was then used in a common condensation reaction with 1,10-
phenantrolin-5-amine in refluxing methanol, in order to generate a photoswitchable
bis-bidentate Schiff-base ligand. However, this simple process did not take place, and
TLC analysis of the reaction crude revealed the sole presence of both unaltered
starting reagents. Similar unsuccessful results were also obtained applying various
modifications of the reaction conditions, including the use of different solvents (i.e.
methanol or toluene), extended reaction times and the introduction of either a drying
agent or a Dean-Stark trap. Most strikingly, this lack of reactivity was also repeatedly
observed with other heterocycle-containing amine substrates, and even with more

activated reagents such as 2-hydrazinopyridine (Scheme 2.6).

Close inspection of literature reports revealed that, although a number of imine

derivatives starting from compound 3 have been actually described by several

[ N\ —J MeOH or toluene [ N\ —/

N —N
OHC R ~
S S cHo reflux, 2-48 h S S R

Scheme 2.6. Unsuccessful preparation of several imine derivatives.
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authors, successful preparations mostly rely on the inclusion of aryl or alkyl groups.13’14

Certainly, the lack of reported imine derivatives bearing heterocyclic residues is
consistent with the observed inertness towards this kind of substrates, and suggests
that the aldehyde groups of 3 may not be reactive enough to undergo condensation
with slightly deactivated amines carrying aromatic N-donor groups. This synthetic
methodology was therefore ruled out in favor of an alternative and more effective

approach to derivatize compound 2, based on the Suzuki cross-coupling reaction.

Derivatization of the DTC core using the Suzuki reaction

The Suzuki cross-coupling reaction, also known as Suzuki-Miyaura reaction, is a process
first described in 1979 by Akira Suzuki,™ in which a halide derivative is connected to an
organoboron species in the presence of a palladium catalyst and a base (Scheme 2.7).
Some of the most striking features of this transformation include its remarkably mild
reaction conditions and its tolerance to a wide range of functionalized substrates, as
well as the relatively low toxicity of the boronic acid derivatives; in addition, moderate-
to-high vyields are generally obtained. As a result, the Suzuki cross-coupling reaction
constitutes one of the most common procedures for the formation of carbon-carbon
bonds in several areas of chemical research, being a particularly important process in

the pharmaceutical industry.16

Pd(0)

|

R—X + R,—BY, R—R,

Base

Scheme 2.7. General overview of the Suzuki cross-coupling reaction.

A detailed view of the mechanism of this reaction is depicted in Figure 2.2. As other
metal-catalyzed processes, the Suzuki cross-coupling involves a series of consecutive
basic inorganic reactions and is originated by the metal's ability to activate the R;-X
bond through oxidative addition, generating the organopalladium R;-Pd(l1)-X species.17

Common palladium(0) sources for this purpose include Pd(PPhs)s and Pd(dba), (dba =
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dibenzylideneacetone), but the active catalytic species might also be generated in situ

from less air-sensitive Pd(Il) complexes such as Pd(OAc), or PdCl,(PPhs),.*8

Following palladium's insertion, the coordination of the R, group to the transition
metal center takes place via transmetalation with the organoboron species. Although
the exact mechanism of this step remains to be elucidated, it is well known that the
presence of a base is needed for the reaction to occur. Namely, it has been recently
proposed that the base is able to generate a more active intermediate upon
replacement of the halide in the palladium complex, which then undergoes ligand
exchange with the boronic acid derivative.” Finally, the new carbon-carbon bond is
formed in the latter step by reductive elimination of the coupled R;-R; product, and

the Pd(0) catalyst is regenerated.

Although a deeper insight into the enormous relevance of this process in several areas

2021 ;

greatly surpasses the purpose of this brief overview and can be found elsewhere, t

is indeed worth stressing that, among the numerous applications that the Suzuki

reaction has found in chemical research, the preparation of a wide variety of

L
|
Ry—FPd

1—X
(-
kl | base
— - X
Oxidative addition
L

PdOL, — PdOL, Ry—Pd-L

|
o (e

Reductive elimination ) base
L
| 2—B(OH)Yz
—Pd-L

R
Ry
F|12 B(OH),Yo Transmetalation

Figure 2.2. Detailed reaction mechanism of the Suzuki-Miyaura

cross-coupling reaction.



68 CHAPTER 2

diarylethene switches is no exception. Feringa and co-workers used this approach in
the synthesis of a series of various aryl-containing dithienylcyclopentenes in moderate-
to-high yields,22 and similar procedures have been extensively used to gain access to a

number of more complex switches showing remarkable photochromic properties.zg'24

However, due to the lower reactivity of most carbon-chlorine bonds towards oxidative
addition, compared to that of bromide, iodide or triflate substrates,25 the DTC
precursor 2 is not a suitable reagent to directly undergo Suzuki cross-coupling reaction
with an organoboron species. One possible solution to this problem would be to
transform compound 2 into its much more reactive dibromide analogue, as done in a
few recent studies,”® and another possibility would be to convert it into the coupling
organoboron derivative. This latter approach seems to be preferred by most authors,
judging by its much higher impact in the literature, and was also the chosen strategy in
this work owing to the wider scope of commercially available aryl bromides to react

with.

The introduction of a pyridine ring, which is one of the simplest metal-binding units as
well as one of the very few heterocycles reported to have been connected to a
dithienylcyclopentene structure,”’” was the first to be tested. Thereby, the 2,2'-dichloro
precursor 2 was lithiated at room temperature under a nitrogen atmosphere, and the
resulting dilithium salt suspension was then treated with tributyl borate to generate
the bis-boronic ester derivative 2b (Scheme 2.8). Since this kind of intermediate
organoboron species has been described to be air-unstable and to easily undergo
deboronization into its hydrogenated analogue,28 the unaltered reaction crude was
subsequently coupled with 4-bromopyridine hydrochloride. This reaction was
performed in the presence of catalytic amounts of Pd(PPhs), as the palladium source
and K,COs; as the needed base, using a solvent mixture of THF and water. Such
conditions proved to be quite effective and the formation of the expected pyridine-
containing molecular switch 4 was confirmed by TLC analysis of the crude product, due
to its characteristic colorless-to-blue color change upon exposure to UV radiation.
Column chromatography purification, using ethyl acetate as the eluent and a few
drops of ammonia so as to diminish the affinity of the pyridine residues towards the
slightly acidic silica gel matrix, afforded the pure ligand as an off-white solid with a

yield of up to 48%.
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i) n-BuLi
ii) B(OBu);

»

N\ \ HE L /N \

cl cl (BuO),B

Pd(PPh3),, K,CO4
THF / H,0, 40 °C

Scheme 2.8. Introduction of a pyridine function using the Suzuki cross-coupling reaction.

This effective pathway was subsequently used to prepare the series of ligands 5-9,
bearing various metal-binding moieties introduced via the coupling of 2b with the
corresponding bromide derivatives, under almost identical reaction conditions. The
resulting products, most of which are hitherto unreported in the literature, were
isolated in moderate yields (37-68%) after purification as either off-white or slightly
colored solids, and were fully characterized by means of common techniques,
including *H NMR spectroscopy, mass spectrometry and elemental analysis. Figure 2.3
depicts the chemical structure of the molecules prepared; these were designed to

exhibit extended or modified conjugated systems, as well as different metal-binding

N 8 R U\
AN 7 N\
6 R= | —

L c .
S S R=O:N(/\N/>

~N

Figure 2.3. Synthesized series of symmetrical DTC-based ligands.
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modes, with the ultimate aim of thoroughly studying the influence of the structure of
the photoswitching ligands on the biological performance of the corresponding metal

complexes.

Furthermore, the alternative bis-aldehyde compound 10 was also prepared with a
yield of 58% by reaction of the DTC precursor 2 with 4-bromobenzaldehyde, so as to
further explore the formation of photoswitching, metal-binding ligands through Schiff-
base condensation reactions (Scheme 2.9). This strategy was encouraged by recent
reports on the perfluorinated analogue of compound 10, which was used as an
effective starting material for the synthesis of photoswitchable Schiff bases, although
as in the case of bis-aldehyde 3 such preparations were again limited to a number of

aryl and alkyl derivatives.?

OHC

Scheme 2.9. Ineffective imine-based derivatization of the alternative

bis-aldehyde molecular switch 10.

Regrettably, as for compound 3, the subsequent functionalization of this alternative
bis-aldehyde precursor using different amine substrates (i.e. 2-aminomethylpyridine or
2-hydrazinopyridine) was unsuccessful under all the tested experimental conditions,
and only unaltered starting materials were identified by TLC analysis after all attempts.
Tiny amounts of additional photoreactive products could be detected in a few cases,
but they could not be properly isolated nor identified by spectroscopic means.

Accordingly, this strategy was abandoned.
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2.1.3. Synthesis of symmetrical, perfluorinated DTC ligands

The preparation of perfluorinated analogues of the previously synthesized ligands, so
as to further analyze the influence of the ligand's structural features on the biological
interactions of the metal complexes, was carried out using the Dixon reaction

approach described at the beginning of this chapter (see Scheme 2.1).

For this purpose, the corresponding substituted bromothiophenes were prepared
beforehand by means of the Suzuki cross-coupling reaction, starting from readily
available 3,5-dibromo-2-methylthiophene (Scheme 2.10). Treatment of this product
with one equivalent of n-buthyllithium at low temperature, followed by subsequent
addition of tributyl borate, led to the exclusive formation of a boronic ester function at
the more reactive 5-position of the thiophene ring. In contrast with compound 2b, this
organoboron intermediate was air stable and could be isolated as the corresponding,
spectroscopically pure boronic acid derivative 11 in almost quantitative yield, upon
precipitation with hydrochloric acid. In a following step, reaction of this intermediate
with 4-bromopyridine hydrochloride produced the expected pyridine-bearing
bromothiophene 12, with a vyield of up to 82% after column chromatography

purification with dichloromethane.

i) n-BulLi
ii) B(OBu);
|||) HCl 1M

Br,

/ \

gr THF,-78°C B(OH),  Pd(PPhs),, 2CO3
THF / H,0, 40 °C

/

S

11

Scheme 2.10. Synthesis of 4-bromo-5-methyl-2-(4-pyridyl)thiophene (12).

The insertion of 12 into the fluorinated ring motif had to be optimized. The established
procedures in THF or dioxane vyielded mixtures of various unidentifiable
photoswitching products, as revealed by TLC analysis of the reaction crudes. It was
eventually found that previous dilution of the highly volatile octafluorocyclopentene in
the appropriate anhydrous solvent considerably helped in reducing the apparition of

such byproducts; upon applying this slight modification, the pyridine-containing
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ligand 13 (analogous to the non-fluorinated ligand 4) was finally obtained by reaction
in anhydrous diethyl ether, with a low yield of 26% (Scheme 2.11), in agreement with
the lower efficiencies reported for such preparations. The presence of the fluorinated
backbone was verified by F NMR spectroscopy, revealing the expected two sets of

signals at ca. -132 and -110 ppm.

Using 3-bromoquinoline, the corresponding thiophene derivative 14 was obtained with
a yield of 59%, and ligand 15 was subsequently prepared in anhydrous THF (Scheme
2.11). In this latter case, the quinolyl ligand was isolated among several unidentified
byproducts, with a poor vyield of 14%. Unfortunately, even poorer results were
achieved when trying to apply this methodology for the preparation of the rest of the
perfluorinated series. Even though the derivatization of the boronic acid precursor 11
with the corresponding bromo derivatives was successful, the following substitution
reactions with octafluorocyclopentene did not generate substantial quantities of the
expected molecular switches, regardless of all tested modifications of the reaction

conditions.

On the basis of these results, an alternative pathway for the preparation of the
perfluorinated ligands was employed (Scheme 2.12). Following a recently published
procedure,®® bromination of commercially available 2-chloro-5-methylthiophene
produced 3-bromo-5-chloro-2-methylthiophene (16), which was then connected to
octafluorocyclopentene to afford compound 17 with a vyield of 64%. As a
perfluorinated analogue of the bis-chloride precursor 2, this compound was hence

used as a photoswitchable building block in a new series of Suzuki cross-coupling

reactions.
Fe
Fe N
Br 12,13 R= |
/N
n-Buli, ¢ =
/ A\ -\ \ ~
THF or Et,0, -78 °C 14,15 R=

S R 2 R S s R N/

12,14 13,15

Scheme 2.11. Preparation of several dithienylperfluorocyclopentene ligands.
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Fe

Fe

- LA
Br, / \ n-Buli, ¢ F
2 Sl
CI/O\Br CHCl,, r.t. cl Et,0,-78°C cl Cl

S S S S
16 17
i) n-Buli
Fo _ Fo ii) B(OBu);

R-Br
Pd(PPhs),, K,CO4

/ \ / \ ) THF / H,0, 40 °C / \ / \

R S S R (BuO),B S S

17b

THF, r.t.

B(OBu),

Scheme 2.12. Proposed preparation of perfluorinated DTC ligands using the Suzuki reaction.

In fact, a comparative study regarding the preparation of several aryl-containing
dithienylcyclopentenes via Suzuki cross-coupling reaction, starting from the related
compounds 2 and 17, was already described by Feringa's group in 2003.%” The results
obtained showed that remarkably lower yields were systematically achieved for the
derivatization of the fluorinated precursor (e.g. 70% vs. 7% for the coupling with
bromophenyl), and some of the expected products could not even be properly
obtained. On account of these precedents, it was decided to first synthesize again
ligands 13 and 15 starting from compound 17, in order to establish a comparison

between this alternative synthetic route and the Dixon reaction.

Ligand 13 could be isolated with a yield of 12% through this method. As expected, the
reaction was clearly less efficient compared with that of its non-fluorinated analogue 4
(48%), but in addition the yield was also substantially poorer than that achieved by
employing the addition-elimination Dixon reaction over octafluorocyclopentene (26%).
Moreover, ligand 15 could only be detected as a minor product by TLC analysis after
reaction of 17b with 3-bromoquinoline, and no substantial quantities could be
properly isolated. Comparable results were obtained with all other bromo derivatives
tested, and consequently the preparation of perfluorinated analogues remained

limited to ligands 13 and 15.
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2.1.4. Synthesis of unsymmetrical DTC ligands

Besides the symmetrical ligands 4-9, 13 and 15, presenting two identical coordination
pockets that would generate dinuclear metal complexes upon coordination, the
preparation of unsymmetrical ligands was also considered of interest so as to evaluate
the biological activity of the resulting mononuclear complexes. For the sake of
comparison, it was chosen to prepare the unsymmetrical analogues of the simpler
pyridine-containing ligands 4 and 13. Hence, aiming to preserve maximal structural
equivalence, it was decided to replace one of the metal-binding units with a non-

coordinating phenyl ring.

The synthesis of the non-symmetrical hydrogenated ligand was performed by means of
two consecutive Suzuki cross-coupling reactions, starting from compound 2 (Scheme
2.13). This strategy had also been successfully applied by Feringa's group for the
preparation of non-symmetrical switches.>* However, in the present work, the order in

which the different substituents were attached to the DTC core turned out to be

Path A Path B

i) n-BulLi
i) B(OBU),

N\ / \ / \ iii) Pd(PPh3),, K,CO5 R-Br / \ / \
N/ S S cl THF / H,0, 40 °C cl S s O

Scheme 2.13. Proposed synthetic pathways towards the desymmetrization

of the photoswitching precursor 2.
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non trivial. Initially, compound 2 was treated with 1.1 equivalents of n-buthyllithium to
generate lithium-halide exchange in just one of the chloride positions. This lithiathion
step was first carried out at dry-ice temperature, with the objective to favour the
exclusive formation of the monosubstituted species, although it was eventually found
that lithiation performed at room temperature produced higher yields and similar
byproduct ratios. Addition of tributyl borate and subsequent one-pot reaction of the
unsymmetrical boronic ester intermediate with 4-bromopyridine hydrochloride
afforded the monosubstituted compound 18, which was obtained as a slightly orange

oil with a yield of 79% (Scheme 2.13, path A).

However, the successive substitution of the remaining chloride position with
bromophenyl did not proceed; instead of the expected unsymmetrical ligand, a major
pyridine-containing, photochromic byproduct could be isolated but not unequivocally
identified, even after "H NMR and mass spectrometry analysis. The same product was
also obtained when bromophenyl was replaced with other aryl bromides, thereby
suggesting that its formation starting from 18 was somehow favored, and was not
occurring through Suzuki cross-coupling. In agreement with these observations, it may
be noted that compound 18 has been described as an intermediate in the preparation
of photochromic organogels,32 but no further derivatization of its remaining halide
position has ever been successfully reported in the literature. Consequently, the
synthetic approach was readjusted to introduce the pyridyl function at a latter step,
after the coupling of the phenyl group (Scheme 2.13, path B). Hence, reaction of 2 with
bromobenzene produced compound 19 as a light-colored oil, with a yield of 66%. After
purification, this product was then put to react with bromopyridine hydrochloride in a
second Suzuki cross-coupling process, from which the desired unsymmetrical ligand

20, hitherto non-described in the literature, was obtained with a yield of 72%.

The synthesis of the analogous perfluorinated unsymmetrical ligand was initially
addressed applying a similar method described by Irie,* consisting of two consecutive
nucleophilic substitutions of derivatized bromothiophenes on the central fluorinated
ring. Hence, 4-bromo-5-methyl-2-(4-pyridyl)thiophene (12) was reacted with an
equimolar amount of octafluorocyclopentene with the aim of vyielding the

corresponding monosubstituted compound (Scheme 2.14).
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Fe

Fe

n-Buli, ¢ E F
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S \ THF or Et,0, -78 °C s \
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12

Scheme 2.14. Inefficient monosubstitution over octafluorocyclopentene.

However, the reaction did not proceed satisfactorily and the subsequent coupling step
with 3-bromo-2-methyl-5-phenylthiophene (21), prepared as compound 12 with a
yield of 52%, could not be carried out. Since comparable results were achieved upon
swapping the order of the two substitutions, it was decided to perform a modified
one-pot synthesis. Thereby, the bromothiophene derivatives 12 and 21 were
simultaneously lithiated and immediately reacted with octafluorocyclopentene, the
aim being to produce at most 50% of the unsymmetrically substituted ligand with
respect to the corresponding symmetrical ones (Scheme 2.15). This approach was
successful, as indicated by TLC analysis of the reaction crude; three clearly
distinguishable photochromic products could be identified, the one with an
intermediate R, ascribed to the unsymmetrical compound, being apparently more
abundant. Separation of this product via column chromatography afforded the
expected unsymmetrical ligand 22 as a dark green solid, with a reasonable yield of

25%, thus completing the series of ligands synthesized.

Br. ™
/ \ = Fe
<) 1
Y n-Buli, ¢ F
Br. 2 > o
Et,0, -78 °C
/
S
21 /

Scheme 2.15. One-pot preparation of the unsymmetrical perfluoro derivative.
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2.2. Synthesis of the platinum(Il) complexes

All the photochromic ligands prepared are depicted in Figure 2.4 together with their
code names, which will be used from this point onwards. It can be pointed out here
that, apart from L1"and L1, which were previously reported by other autors, and L5,
which was actually described as a synthetic intermediate, the rest of the series is

hitherto unreported.

Symmetrical, bis-monodentate

Re N
L1" R=H, Ar= | M R=H, Ar=
N

AN
/ \ / \ L1F R=F Ar= | 2F R=F, Ar=
N
Arz S S Ar1
: Y °Y/“
13" R=H, Ar= | _ 4" R=H, Ar= N\/)
N Ve
Unsymmetrical, monodentate Symmetrical, bis-multidentate
sH R=H, Af1-O\O Ar2=0\© Z |
AN
6" R=H, Ar= 7" R=H, Ar=
N7
5F R=F A= , Ar,= | /

Figure 2.4. lllustration of the designed and synthesized series of

photochromic ligands.

Following the synthesis and full characterization of these molecular switches, the
preparation of platinum(ll) complexes of biological interest was subsequently
addressed, with the objective to assess the potential application of such systems in the
field of photoactivated chemotherapy (PACT). The coordination compounds were
obtained through direct ligand-substitution reactions with the appropriate metallic
precursor, namely cis-[PtCl,(DMSO),], which was previously synthesized according to

standard published procedures.*
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Owing to the monodentate nature of most of the ligands prepared, it was decided to
maintain unaltered one of the DMSO molecules of the metal precursor to complete
the coordination sphere of the platinum(ll) centers. This was chosen for a number of
reasons. The aim of the present work focuses on the evaluation of the biological
properties and potential application of the photochromic ligands; therefore, for the
proof of concept, all the systems investigated were kept as simple as possible.
Moreover, keeping this position unaltered was also interesting in terms of activity;
indeed, antitumor and antimethastatic properties have been reported for a number of
complexes containing DMSO and other sulfoxide ligands,*® 2 including the well-known
NAMI-A ruthenium(Il) compound, which was able to reach Phase Il clinical trials before
its recent withdrawal.* Lastly, it was also considered that the presence of the S-DMSO
ligand in the coordination sphere would contribute to reducing undesired substitution
reactions (e.g. solvolysis) upon solubilization in dimethylsulfoxide, since this solvent is

commonly used in biological studies of platinum compounds prior to their dilution in

buffered aqueous media.

The first metal complex was obtained by addition of ligand L1" onto a refluxing
methanolic solution containing a slight excess of cis-[PtCl,(DMSO),], previously hot
filtered to remove any traces of Pt(0) impurities. The resulting mixture was stirred in
the dark at room temperature to eventually produce a green precipitate. This solid,
recovered in an almost quantitative yield (i.e. 94%), was identified as the neutral 16-

electron species [{trans—PtCIz(DMSO)}Z(u—LlH)], noted as complex c1" (Scheme 2.16).

cis-[PtCl,(DMSO0),] o
~

MeOH, reflux tor.t. N

" ‘ Cl ciH /

Scheme 2.16. Preparation of the photochromic complex [{trans-PtCl,(DMSO)},(u-L1")], €1".
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The dinuclear nature of this complex was confirmed by 'H NMR spectroscopy; no
changes in the symmetry of the organic ligand were detected, thus implying identical
coordination environments at each side of the molecule, and an intense additional
peak at 3.47 ppm could be ascribed to the chemically equivalent DMSO groups.
Moreover, a subtle chemical shift increase of ca. 0.05 ppm was detected for the
thiophene and pyridine signals of the photochromic ligand, as a result of the

deshielding effect induced by the coordination to the metal center.

The same procedure applied to all the other symmetrical bis-monodentate ligands
produced the corresponding [{trans-PtCl,(DMSO)}(u-LX')] complexes, respectively
noted as C1F, 2", c3", ¢3F and ca", with yields in the range 79-95% and spectroscopic
features comparable to those of c1". The trans disposition of the chlorido ligands in all
these complexes was confirmed by the resolution of several crystal structures (see
Chapter 3), thus implying a configurational change in the stereochemistry of the
platinum centers during the substitution reaction. Such cis-to-trans isomerization has
actually been previously reported in a number of publications, and may be explained
by both the well-known strong trans-directing effect of the m-acidic S-DMSO ligand and

40742 1t §s likely that, upon substitution with the

its affinity towards the soft Pt(Il) atoms.
entering ligand, non-coordinated DMSO molecules might subsequently induce
consecutive substitution processes that ultimately lead to the formation of the
thermodynamically favored product, which in this case is illustrated by the formation
of the less soluble species. Similar isomerization processes of S-DMSO ligands have

also been observed for several ruthenium or osmium complexes.*?

Similarly, reaction of cis-[PtCl,(DMSO),] with the unsymmetrical ligand L5" afforded
the corresponding mononuclear complex C5", identified as trans-[PtCl,(DMSO)(L5")],
which was isolated with a comparably lower yield of 42%. As for the previous species,
the presence of the [PtCl,(DMSO)] fragment was confirmed by the appearance of a
characteristic *H NMR peak at 3.47 ppm, ascribed to the dimethylsulfoxide group.
Surprisingly, addition of the analogous perfluorinated ligand L5' to a solution of the
metal precursor did not produce the desired platinum(ll) complex, even under reflux
or after several days of reaction. This unforeseen lack of reactivity may be due to a
much lower o-donating character of this particular ligand, which may be related with

the inductive effect of the fluorinated backbone.
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The unexpected chemical inertness of the bis-bidentate ligand L6" towards platination
was even more surprising. Despite the fact that the substitution of both neutral ligands
of cis-[PtCl(DMSO),] by bidentate N-N and N-O donors is commonly found in the
literature, producing the corresponding cis-[PtCly(N-X)] neutral complexes,***> no
reaction was observed between the bipyridyl ligand and the platinum(ll) precursor
under all tested conditions. Lastly, lack of reactivity was also observed for the
terpyridyl ligand L7" although in this particular case it could be attributed to the

extremely low solubility of this compound in all the solvents tried.

Symmetrical, dinuclear

Re
X
c2" R=H, Ar= | _
H N )
C1" R=H, Ar= | N cl CI—FI’(—CI

Ar.
2 S S Ar1 N
C2F R=F, Ar= | _
F o “I‘
c1fF rR=F Ar= | P o——
Unsymmetrical, mononuclear [/ Tsowe; SOMe;
X ~NTN
csH R=H, A= | I ca" R=H, Ar= Nﬁ
Z i . N O>—N\ o
CI/ SOMe, c3" R=H, Ar= | /Pt\
N cl 'SOMe,
|
Ar, = CI—PII—CI
SOMe,

Figure 2.5. /llustration of the series of photoswitchable Pt(ll) complexes synthesized.

In summary, the expected dinuclear complexes were successfully obtained with high
efficiencies for most of the monodentate ligands, although platination of ligands L5,
L6" and L7" could not be achieved. As a result, the subsequent photochemical and
biological studies were carried out with complexes 1", c1f, c2", ¢3" c3F, ca" and c5",

which are depicted in Figure 2.5.
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2.3. Experimental section

2.3.1. Materials and methods

Chemicals and HPLC-grade solvents were purchased from commercial sources and
used as received. Anhydrous solvents were distilled under an inert atmosphere using a
PureSolv solvent purification system from Innovative Technologies. When needed,
reactions were performed under an atmosphere of N, using standard procedures.
Column chromatography purifications were carried out in air, using ultrapure silica gel
(60-200 pum, 60A) from Acros Organics, and monitored by analytical thin-layer

chromatography using pre-coated aluminium plates.

Nuclear magnetic resonance (NMR) spectra were registered at 298 K on a Varian
Mercury 400 MHz spectrometer. Chemical shifts (8) are reported in ppm and coupling
constants (J) are given in Hz. Proton chemical shifts are referenced to the
corresponding non-deuterated solvent peak (CHCls: 7.26 ppm; DMSO: 2.50 ppm);
fluorine chemical shifts are referenced to trifluoroacetic acid (-76.55 ppm). Signal
multiplicities are defined as s (singlet), d (doublet), t (triplet), q (quartet), quint
(quintet), br (broad signal) and m (multiplet).

ESI mass spectrometry was carried out using a LC/MSD-TOF spectrometer from Agilent
Technologies equipped with an electrospray ionization (ESI) source, at the Centres
Cientifics i Tecnologics de la Universitat de Barcelona. Samples were commonly eluted
using a H,O/CH3CN 1:1 mixture and measured in the positive mode. C, H, N and S
elemental analyses were also performed at the Centres Cientifics i Tecnologics de la
Universitat de Barcelona, using a Thermo EA 1108 CHNS/O analyzer from Carlo Erba

Instruments.

2.3.2. Synthesis and characterization

1,5-Bis(5-chloro-2-methyl-3-thienyl)pentane-1,5-dione (1)

AICl3 (29.0 g, 217 mmol) was slowly added to an ice-cooled mixture of 2-chloro-5-

methylthiophene (25.0 g, 189 mmol) and glutaryl dichloride (12.0 mL, 94 mmol) in 200
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mL of nitromethane. After the addition of AlCls;, the resulting dark red solution was
stirred for 3 h at room temperature and 150 mL of ice-cold water were added in small
portions. This mixture was then placed in an ice bath and vigorously stirred for 1 h,
until an abundant precipitate formed. This precipitate was then poured over a glass
filter, washed with cold n-pentane and finally dried under reduced pressure to yield

the crude final product as a pale brown solid (27.6 g, 81%).

'H NMR (400 MHz, CDCl3): & = 2.06 (m, 2H, J = 6.8 Hz, CH,), 2.66 (s, 6H, Me), 2.86 (t,
4H, ) = 6.8 Hz, COCH,), 7.18 (s, 2H, thiophene). MS (ESI): m/z = 361 [M+H]". EA
calculated for C35H14Cl,0,S; (%): C 49.86, H 3.91, S 17.75; found: C 50.19, H 3.94, S
16.56.

1,2-Bis(5-chloro-2-methyl-3-thienyl)cyclopentene (2)

To an ice-cooled suspension of zinc dust (5.2 g, 80 mmol) in 150 mL of anhydrous THF,
TiCl (4.4 mL, 40 mmol) was carefully added under a nitrogen atmosphere using a
syringe. The resulting grey-blue mixture was slowly heated to 50 °C and stirred for 2 h,
after which pyridine (3.2 mL, 40 mmol) was added dropwise to yield a brown solution.
After 10 min, 1,5-bis(5-chloro-2-methyl-3-thienyl)pentane-1,5-dione (7.2 g, 20 mmol)
was added and the reaction mixture was stirred in the dark overnight. The solution
was then cooled in an ice bath and quenched with 20% aqueous K,CO; solution (25
mL), producing an abundant black precipitate. The mixture was vigorously stirred with
diethyl ether (40 mL) and poured over a glass filter, and the filtrate was washed with
additional diethyl ether (2 x 25 mL). The combined organic phase was placed in an ice
bath for 30 min and filtered again to eliminate the resulting undesired white
precipitate, then washed with acidified water (2 x 20 mL), dried (Na,SO,), filtered and
concentrated under reduced pressure to afford an orange oil. This oil was purified by
column chromatography on silica gel with cyclohexane as the eluent, yielding an oil

that slowly turned into a colorless solid (4.75 g, 72%).

'H NMR (400 MHz, CDCl3): & = 1.88 (s, 6H, Me), 2.02 (m, 2H, J = 7.6 Hz, cyclopentene),
2.71 (t, 4H, J = 7.6 Hz, cyclopentene), 6.57 (s, 2H, thiophene). MS (ESI): m/z = 329
[M+H]". EA calculated for Ci5H14Cl5S; (%): C 54.71, H 4.29, S 19.47; found: C 54.89, H
4.37,5 18.78.
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1,2-Bis(5-formyl-2-methyl-3-thienyl)cyclopentene (3)

1,2-Bis(5-chloro-2-methyl-3-thienyl)cyclopentene (1.0 g, 3.0 mmol) was dissolved in
anhydrous THF (10 mL) under a nitrogen atmosphere and treated with n-buthyllithium
(4.0 mL of a 1.6 M solution in hexane, 6.4 mmol) at room temperature. The reaction
mixture was stirred in the dark for about 45 min until a light brown precipitate
appeared, and anhydrous dimethylformamide (0.5 mL, 6.5 mmol) was subsequently
added. The resulting yellow solution was stirred for 2 h, quenched with diluted
hydrochloric acid (30 mL of a 2 M solution) and extracted with diethyl ether (3 x 25
mL). The combined organic phase was then washed with saturated NaHCO; solution (2
x 25 mL) and water (25 mL), dried (Na,SQO,), filtered and concentrated under reduced
pressure, affording a pale-brown solid. This solid was purified by column
chromatography on silica gel with a 3:1 mixture of cyclohexane and ethyl acetate as

the eluent, yielding a white product (143 mg, 15%).

'H NMR (400 MHz, CDCl3): 6 = 2.05 (s, 6H, Me), 2.12 (m, 2H, J = 7.6 Hz, cyclopentene),
2.83 (t, 4H, J = 7.6 Hz, cyclopentene), 7.42 (s, 2H, thiophene), 9.74 (s, 2H, CHO). MS
(ESI): m/z =317 [M+H]".

1,2-Bis(2-methyl-5-(4-pyridyl)-3-thienyl)cyclopentene (4, L1")

1,2-Bis(5-chloro-2-methyl-3-thienyl)cyclopentene (1.0 g, 3.0 mmol) was dissolved in
anhydrous THF (10 mL) under a nitrogen atmosphere and treated with n-buthyllithium
(4.0 mL of a 1.6 M solution in hexane, 6.4 mmol) at room temperature. The reaction
mixture was stirred in the dark for about 45 min until a light brown precipitate
appeared, and then tributyl borate (2.4 mL, 8.9 mmol) was added. The resulting bright
orange solution was stirred in the dark for 1 h and subsequently used for the Suzuki
cross-coupling reaction. Meanwhile, in a separate flask, [Pd(PPhs)4] (360 mg, 5% mol)
and 4-bromopyridine hydrochloride (1.46 g, 7.5 mmol) were dissolved in a mixture of
anhydrous THF (20 mL) and 20% aqueous K,COs solution (20 mL) under a nitrogen
atmosphere. This two-phase system was stirred at 50 °C for 15 min and the previous
freshly prepared boronic derivative solution was added dropwise with a syringe. The

resulting mixture was then stirred in the dark overnight, after which it was cooled to
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room temperature and treated with dichloromethane (25 mL) and water (15 mL). The
organic layer was separated, washed with brine (25 mL), dried (Na,SO,), filtered and
concentrated under reduced pressure. The crude product was purified by column
chromatography on silica gel with ethyl acetate (containing 1% NHs) as the eluent,

yielding the final product as a white solid (0.60 g, 48%).

'H NMR (400 MHz, CDCl3): & = 2.03 (s, 6H, Me), 2.11 (m, 2H, J = 7.6 Hz, cyclopentene),
2.85 (t, 4H, ) = 7.6 Hz, cyclopentene), 7.22 (s, 2H, thiophene), 7.35 (m, 4H, J,pp = 6.4 Hz,
pyridine), 8.53 (m, 4H, Jap = 6.4 Hz, pyridine). MS (ESI): m/z = 415.1 [M+H]". EA
calculated for CysH22N,S; (%): C 72.43, H 5.35, N 6.76, S 15.47; found: C 72.75, H 5.40,
N 6.59, S 15.30.

1,2-Bis(2-methyl-5-(3-quinolyl)-3-thienyl)cyclopentene (5, L2")

Compound 5 was prepared following the procedure described for compound 4, but
using 3-bromoquinoline (1.0 mL, 7.5 mmol) as the bromide derivative in the Suzuki
cross-coupling reaction. The crude product was then purified by column
chromatography on silica gel with a 4:1 mixture of dichloromethane and ethyl acetate

as the eluent to yield the final product as a bright white solid (0.87 g, 56%).

'H NMR (400 MHz, CDCl3): & = 2.10 (s, 6H, Me), 2.15 (m, 2H, J = 7.6 Hz, cyclopentene),
2.91 (t, 4H, J = 7.6 Hz, cyclopentene), 7.23 (s, 2H, thiophene), 7.53 (m, 2H, J; = 6.8 Hz, J,
= 1.2 Hz, quinoline), 7.66 (m, 2H, J; = 6.8 Hz, J, = 1.2 Hz, quinoline), 7.79 (d, 2H, J = 8.0
Hz, quinoline), 8.07 (d, 2H, J = 8.0 Hz, quinoline), 8.14 (d, 2H, J = 2.0 Hz, quinoline), 9.09
(d, 2H, J = 2.0 Hz, quinoline). MS (ESI): m/z = 515.1 [M+H]". EA calculated for
Cs3H26N3S; (%): C77.01, H5.09, N 5.44, S 12.46; found: C 76.73, H5.22, N 5.59, S 12.29.

1,2-Bis(2-methyl-5-(5-methyl-3-pyridyl)-3-thienyl)cyclopentene (6, L3")

Compound 6 was prepared following the procedure described for compound 4, but
using 3-bromo-5-methylpyridine (0.85 mL, 7.5 mmol) as the bromide derivative in the
Suzuki cross-coupling reaction. The crude product was then purified by column
chromatography on silica gel with a 3:1 mixture of ethyl acetate and dichloromethane

as the eluent to yield the final product as a white solid (0.69 g, 52%).
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'H NMR (400 MHz, CDCl3): 6 = 2.02 (s, 6H, Me), 2.10 (m, 2H, J = 7.6 Hz, cyclopentene),
2.34 (s, 6H, Me), 2.85 (t, 4H, J = 7.6 Hz, cyclopentene), 7.05 (s, 2H, thiophene), 7.55 (s,
2H, pyridine), 8.29 (s, 2H, pyridine), 8.56 (s, 2H, pyridine). MS (ESI): m/z = 443.1
[M+H]". EA calculated for C,7H,6N5S, (%): C 73.26, H 5.92, N 6.33, S 14.49; found: C
72.31,H6.17, N 6.33, S 14.09.

1,2-Bis(2-methyl-5-(1-methyl-1H-imidazol-2-yl)-3-thienyl)cyclopentene (7, L4")

Compound 7 was prepared following the procedure described for compound 4, but
using 2-bromo-1-methyl-1H-imidazole (1.0 g, 6.2 mmol) as the bromide derivative in
the Suzuki cross-coupling reaction. The crude product was then purified by column
chromatography on silica gel with ethyl acetate (containing 1% NHs) as the eluent, to

yield the final product as a slightly pink solid (0.47 g, 37%).

'H NMR (400 MHz, CDCl3): & = 2.08 (m, 2H, J = 7.6 Hz, cyclopentene), 2.10 (s, 6H, Me),
2.83 (t, 4H, J = 7.6 Hz, cyclopentene), 3.65 (s, 6H, N-Me), 6.84 (d, 2H, J = 1.2 Hz,
imidazole), 6.96 (s, 2H, thiophene), 7.01 (d, 2H, J = 1.2 Hz, imidazole). MS (ESI): m/z =
421.1 [M+H]". EA calculated for CpsH,aN4S, (%): C 65.68, H 5.75, N 13.32, S 15.25;
found: C 65.38, H6.07, N 13.21, S 15.43.

1,2-Bis(2-methyl-5-(6-[2,2'-bipyridyl])-3-thienyl)cyclopentene (8, L6")

Compound 8 was prepared following the procedure described for compound 4, but
using 6-bromo-2,2'-bipyridine (1.75 g, 7.5 mmol) as the bromide derivative for the
Suzuki cross-coupling reaction. The crude product was then purified by column
chromatography on silica gel with a 4:1 mixture of dichloromethane and ethyl acetate
as the eluent to yield a dark oil, which was then vigorously stirred in the presence of

pentane until precipitation of the final product as a grey solid (0.67 g, 65%).

'H NMR (400 MHz, CDCl3): & = 2.07 (s, 6H, Me), 2.13 (m, 2H, J = 7.6 Hz, cyclopentene),
2.90 (t, 4H, J = 7.6 Hz, cyclopentene), 7.31 (m, 2H, J,5, = 6.0 Hz, bipy), 7.41 (s, 2H,
thiophene), 7.54 (d, 2H, J = 7.6 Hz, bipy), 7.77 (m, 2H, J,5p = 7.6 Hz, bipy), 7.82 (m, 2H,
Japp = 7.6 Hz, bipy), 8.27 (dapp 2H, J = 7.6 Hz, bipy), 8.54 (d, 2H, J = 7.6 Hz, bipy), 8.67
(m, 2H, Japp = 4.0 Hz, bipy). MS (ESI): m/z = 569.2 [M+H]". EA calculated for C3sHysN4S,
(%): C73.91,H4.96, N 9.85,S 11.27; found: C 73.23, H 5.36, N 9.66, S 10.96.
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1,2-Bis(2-methyl-5-(4'-[2,2":6',2"-terpyridyl])-3-thienyl)cyclopentene (9, L7")

Compound 9 was prepared following the procedure described for compound 4, but
using 4'-bromo-2,2".6',2"-terpyridine (2.35 g, 7.5 mmol) as the bromide derivative for
the Suzuki cross-coupling reaction. The crude product was then stirred in a 9:1 mixture
of dichloromethane and diethyl ether until the apparition of a pale precipitate, which
was filtered, washed with additional dichloromethane and dried under reduced

pressure to yield the final product as a slightly pink solid (0.64 g, 68%).

'H NMR (400 MHz, CDCl3): & = 1.97 (s, 6H, Me), 2.14 (m, 2H, J = 7.6 Hz, cyclopentene),
291 (t, 4H, J = 7.6 Hz, cyclopentene), 7.32 (m, 4H, J.p, = 4.8 Hz, terpy), 7.58 (s, 2H,
thiophene), 7.85 (m, 4H, J,,, = 8.0 Hz), 8.58 (s, 4H, terpy), 8.61 (d, 4H, J = 8.0 Hz, terpy),
8.71 (d, 4H, J = 4.8 Hz, terpy). MS (ESI): m/z = 723.2 [M+H]". EA calculated for
CasH34NgS; (%): C74.76, H4.74, N 11.63, S 8.87; found: C 74.07, H 5.00, N 11.59, S 8.78.

1,2-Bis(2-methyl-5-(4-formylphenyl)-3-thienyl)cyclopentene (10)

Compound 10 was prepared following the procedure described for compound 4, but
using 4-bromobenzaldehyde (1.39 g, 7.5 mmol) as the bromide derivative in the Suzuki
cross-coupling reaction. The crude product was then purified by column
chromatography on silica gel with a 4:1 mixture of cyclohexane and ethyl acetate as

the eluent, to yield the final product as a slightly blue solid (0.82 g, 58%).

'H NMR (400 MHz, CDCl): & = 2.04 (s, 6H, Me), 2.12 (m, 2H, J = 7.6 Hz, cyclopentene),
2.86 (t, 4H, J = 7.6 Hz, cyclopentene), 7.19 (s, 2H, thiophene), 7.63 (d, J = 8.4 Hz,
phenyl), 7.84 (d, J = 8.4 Hz, phenyl), 9.97 (s, 2H, CHO). MS (ESI): m/z = 469.1 [M+H]".

4-Bromo-5-methylthiophene-2-boronic acid (11)

Under a nitrogen atmosphere, n-buthyllithium (10 mL of a 1.6 M solution in hexane,
16.0 mmol) was added dropwise to a solution of 3,5-dibromo-2-methylthiophene (2.0
mL, 15.6 mmol) in anhydrous diethyl ether (25 mL) at -78 °C, after which the initially
colorless solution turned bright orange. The mixture was stirred for 30 min, and then

tributyl borate (8.0 mL, 29.6 mmol) was added. After stirring the resulting solution at
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room temperature overnight, 5% HCl aqueous solution (20 mL) was added to
redissolve the formed pale yellow precipitate. The organic phase was then separated
and extracted with aqueous NaOH solution (1 M, 2 x 20 mL), and the resulting
combined aqueous phase was acidified (HCl, 37%) under vigorous stirring until the
apparition of an off-white precipitate. The product was then filtered, washed with

acidified water and dried under reduced pressure (3.3 g, 96%).

'H NMR (400 MHz, DMSO-d®): 6 = 2.36 (s, 3H, Me), 7.49 (s, 1H, thiophene), 8.32 (s, 2H,
B(OH),). MS (ESI): m/z = 220.9 - 222.9 [M+H]".

4-Bromo-5-methyl-2-(4-pyridyl)thiophene (12)

To a mixture of anhydrous THF (20 mL) and 20% aqueous K,COs solution (20 mL),
[Pd(PPh3)s4] (260 mg, 5% mol), 4-bromopyridine hydrochloride (1.3 g, 6.7 mmol) and 4-
bromo-5-methylthiophene-2-boronic acid (1.0 g, 4.5 mmol) were subsequently added
under a nitrogen atmosphere. The resulting two-phase system was heated to 50 °C,
stirred in the dark overnight and then cooled to room temperature before
dichloromethane (25 mL) and water (15 mL) were added. The organic layer was
separated, washed with brine (25 mL), dried (Na,S0O,), filtered and concentrated under
reduced pressure. The crude product was purified by column chromatography on silica
gel with dichloromethane as the eluent, to yield the final product as an off-white solid

(0.94 g, 82%).

'H NMR (400 MHz, CDCl5): & = 2.45 (s, 3H, Me), 7.32 (s, 1H, thiophene), 7.38 (m, 2H, J;
= 6.0 Hz, J, = 2.4 Hz, pyridine), 8.59 (m, 2H, J; = 6.0 Hz, J, = 2.4 Hz, pyridine). MS (ESI):
m/z = 254.0 - 256.0 [M+H]".

1,2-Bis(2-methyl-5-(4-pyridyl)-3-thienyl)perfluorocyclopentene (13, L17)

4-Bromo-5-methyl-2-(4-pyridyl)thiophene (1.0 g, 4.0 mmol) was suspended in
anhydrous diethyl ether (15 mL) under a nitrogen atmosphere and treated dropwise
with n-buthyllithium (2.6 mL of a 1.6 M solution in hexane, 4.2 mmol) at -78 °C. After
stirring the resulting pink suspension for 30 min, octafluorocyclopentene (1.35 mL of a

20% solution in anhydrous Et,0, 2.0 mmol) was added and the reaction mixture was
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stirred for 1 h at -78 °C. The cooling bath was then removed and the stirring continued
at room temperature for 3 h, after which dichloromethane (25 mL) and water (25 mL)
were added. The organic layer was separated, washed with brine (25 mL), dried
(Na,SQy), filtered and concentrated under reduced pressure. The crude product was
purified by column chromatography on silica gel using ethyl acetate (containing 1%

NHs) as the eluent, yielding the final product as a pale brown solid (0.27 g, 26%).

'H NMR (400 MHz, CDCl5): & = 2.00 (s, 6H, Me), 7.41 (m, 4H, J; = 4.4 Hz, J, = 1.6 Hz,
pyridine), 7.47 (s, 2H, thiophene), 8.61 (m, 4H, J; = 4.4 Hz, J, = 1.6 Hz, pyridine). 9
NMR (400 MHz, CDCl3): 6 = -131.81 (quint, 2H, J = 5.6 Hz), -110.11 (t, 4H, J = 5.6 Hz).
MS (ESI): m/z = 523.1 [M+H]*. EA calculated for CosH16FsN,S; (%): C 57.47, H 3.09, N
5.36,512.27; found: C58.14, H 3.43, N 5.42,S 12.14.

4-Bromo-5-methyl-2-(3-quinolyl)thiophene (14)

Compound 14 was prepared following the procedure described for compound 12, but
using 3-bromogquinoline (0.9 mL, 6.7 mmol) as the bromide derivative. The crude
product was purified by column chromatography on silica gel with dichloromethane as

the eluent, to yield the final product as an off-white solid (0.81 g, 59%).

'H NMR (400 MHz, CDCls): 6 = 2.48 (s, 3H, Me), 7.31 (s, 1H, thiophene), 7.58 (m, 2H,
quinoline), 7.71 (m, 2H, quinoline), 7.84 (d, 2H, J = 8.8 Hz, quinoline), 8.12 (d, 2H, J =
8.8 Hz, quinoline), 8.21 (d, 2H, J = 2.4 Hz, quinoline), 9.11 (d, 2H, J = 2.4 Hz, quinoline).
MS (ESI): m/z = 304.0 — 306.0 [M+H]".

1,2-Bis(2-methyl-5-(3-quinolyl)-3-thienyl)perfluorocyclopentene (15, L2")

4-Bromo-5-methyl-2-(3-quinolyl)thiophene (1.2 g, 4.0 mmol) was suspended in
anhydrous THF (15 mL) under a nitrogen atmosphere and treated dropwise with n-
buthyllithium (2.6 mL of a 1.6 M solution in hexane, 4.2 mmol) at -78 °C. After stirring
the resulting pink suspension for 30 min, octafluorocyclopentene (1.35 mL of a 20%
solution in anhydrous THF, 2.0 mmol) was added and the reaction mixture was stirred
for 1 h at -78 °C. The cooling bath was then removed and the stirring continued at

room temperature for 3 h, after which dichloromethane (25 mL) and water (25 mL)
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were added. The organic layer was separated, washed with brine, dried (Na,SO,),
filtered and concentrated under reduced pressure. The crude product was purified by
column chromatography on silica gel using ethyl acetate as the eluent, yielding the

final product as a pale blue solid (0.18 g, 14%).

'H NMR (400 MHz, CDCls): 6 = 2.08 (s, 6H, Me), 7.47 (s, 2H, thiophene), 7.58 (m, 4H,
quinoline), 7.72 (m, 4H, quinoline), 7.84 (d, 2H, J = 8.0 Hz, quinoline), 8.11 (d, 2H, J =
8.0 Hz, quinoline), 8.24 (br, 2H, quinoline), 9.12 (d, 2H, J = 2.0 Hz, quinoline). **F NMR
(400 MHz, CDCl5): 6 = -131.82 (quint, 2H, J = 5.6 Hz), -109.97 (t, 4H, J = 5.6 Hz). MS
(ESI): m/z = 623.1 [M+H]". EA calculated for Cs3HoFsN5S; (%): C 63.66, H 3.24, N 4.50, S
10.30; found: C63.59, H 3.70, N 4.47, S 9.76.

3-Bromo-5-chloro-2-methylthiophene (16)

2-Chloro-5-methylthiophene (5.0 mL, 45.6 mmol) was dissolved in chloroform (25 mL)
and treated with bromine (1.4 mL, 0.6 eq.) at room temperature under a nitrogen
atmosphere. After stirring this mixture overnight, the solvent was evaporated under
reduced pressure and the resulting crude was then purified by column
chromatography on silica gel using cyclohexane as the eluent, affording the product as

a colorless liquid (7.4 g, 76%).

'H NMR (400 MHz, CDCls): 6 = 2.32 (s, 3H, Me), 6.73 (s, 1H, thiophene). MS (ESI): m/z =
210.9 - 212.9 [M+H]".

1,2-Bis(5-chloro-2-methyl-3-thienyl)perfluorocyclopentene (17)

3-Bromo-5-choro-2-methylthiophene (2.15 g, 10 mmol) was dissolved in anhydrous
diethyl ether (25 mL) under a nitrogen atmosphere and treated dropwise with n-
buthyllithium (6.5 mL of a 1.6 M solution in hexane, 10.4 mmol) at -78 °C. After stirring
the resulting solution for 30 min, octafluorocyclopentene (3.4 mL of a 20% solution in
anhydrous Et,0, 5 mmol) was added and the reaction mixture was stirred for 1 h at -78
°C. The cooling bath was then removed and the stirring continued at room
temperature for 3 h, after which water (25 mL) was added. The organic layer was

separated, washed with brine (25 mL), dried (Na,S0Q,), filtered and concentrated under
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reduced pressure. The crude product was purified by column chromatography on silica
gel using cyclohexane as the eluent, yielding the final product as a yellow solid (1.4 g,

64%).

'H NMR (400 MHz, CDCls): 6 = 1.89 (s, 6H, Me), 6.88 (s, 2H, thiophene). >F NMR (400
MHz, CDCls): & = -131.96 (quint, 2H, J = 5.6 Hz), -110.36 (t, 4H, J = 5.6 Hz). MS (ESI): m/z
= 436.9 [M+H]".

1-(2-Methyl-5-chloro-3-thienyl)-2-(2-methyl-5-(4-pyridyl)-3-thienyl)-cyclopentene
(18)

1,2-Bis(5-chloro-2-methyl-3-thienyl)cyclopentene (1.0 g, 3.0 mmol) was dissolved in
anhydrous THF (10 mL) under nitrogen atmosphere and treated with n-buthyllithium
(2.0 mL of a 1.6 M solution in hexane, 3.2 mmol) at room temperature. After stirring in
the dark for about 45 min, tributyl borate (1.2 mL, 4.5 mmol) was added and the
resulting bright orange solution was then stirred in the dark for 1 h and subsequently
used for the Suzuki cross-coupling reaction. Meanwhile, in a separate flask, [Pd(PPhs),]
(180 mg, 5% mol) and 4-bromopyridine hydrochloride (0.73 g, 3.75 mmol) were
dissolved in a mixture of anhydrous THF (20 mL) and 20% aqueous K,COs solution (20
mL) under a nitrogen atmosphere. This two-phase system was stirred at 50 °C for 15
min and the previous freshly prepared boronic derivative solution was added dropwise
with a syringe. The resulting mixture was then stirred in the dark overnight, after
which it was cooled to room temperature and treated with dichloromethane (25 mL)
and water (15 mL). The organic layer was separated, washed with brine (25 mL), dried
(Na,SQy), filtered and concentrated under reduced pressure. The crude product was
purified by column chromatography on silica gel with ethyl acetate as the eluent,

yielding the final product as a slightly colored oil (0.88 g, 79%).

'H NMR (400 MHz, CDCl5): 6 = 1.88 (s, 3H, Me), 2.03 (s, 3H, Me), 2.07 (m, 2H, 7.6 Hz,
cyclopentene), 2.75 (m, 2H, J,pp = 7.6 Hz, cyclopentene), 2.81 (m, 2H, J,5p = 7.6 Hz,
cyclopentene), 6.61 (s, 1H, thiophene), 7.18 (s, 1H, thiophene), 7.34 (m, 4H, J,pp, = 6.4
Hz, pyridine), 8.54 (m, 4H, J,,p = 6.4 Hz, pyridine). MS (ESI): m/z = 372.1 [M+H]".
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1-(2-Methyl-5-chloro-3-thienyl)-2-(2-methyl-5-phenyl-3-thienyl)-cyclopentene
(19)

1,2-Bis(5-chloro-2-methyl-3-thienyl)cyclopentene (1.0 g, 3.0 mmol) was dissolved in
anhydrous THF (10 mL) under a nitrogen atmosphere and treated with n-buthyllithium
(2.0 mL of a 1.6 M solution in hexane, 3.2 mmol) at room temperature. After stirring in
the dark for about 45 min, tributyl borate (1.2 mL, 4.5 mmol) was added and the
resulting bright orange solution was then stirred in the dark for 1 h, and subsequently
used for the Suzuki cross-coupling reaction. Meanwhile, in a separate flask, [Pd(PPhs),]
(180 mg, 5% mol) and bromobenzene (0.4 mL, 3.75 mmol) were dissolved in a mixture
of anhydrous THF (20 mL) and 20% aqueous K,COs solution (20 mL) under a nitrogen
atmosphere. This two-phase system was stirred at 50 °C for 15 min and the previous
freshly prepared boronic derivative solution was added dropwise with a syringe. The
resulting mixture was then stirred in the dark overnight, after which it was cooled to
room temperature and treated with dichloromethane (25 mL) and water (15 mL). The
organic layer was separated, washed with brine (25 mL), dried (Na,SO,), filtered and
concentrated under reduced pressure. The crude product was purified by column
chromatography on silica gel with a 19:1 mixture of cyclohexane and ethyl acetate as

the eluent, yielding the final product as a slightly colored oil (0.74 g, 66%).

'H NMR (400 MHz, CDCl;): & = 1.88 (s, 3H, Me), 2.00 (s, 3H, Me), 2.05 (m, 2H, 7.6 Hz,
cyclopentene), 2.75 (m, 2H, J,pp = 7.6 Hz, cyclopentene), 2.81 (m, 2H, J,5p = 7.6 Hz,
cyclopentene), 6.62 (s, 1H, thiophene), 6.99 (s, 1H, thiophene), 7.23 (m, 1H, Jopp = 7.2
Hz, phenyl), 7.34 (m, 2H, J,pp = 7.2 Hz, phenyl), 7.49 (m, 2H, Japp = 7.2 Hz, phenyl). MS
(ESI): m/z = 371.1 [M+H]".

1-(2-Methyl-5-(4-pyridiyl)-3-thienyl)-2-(2-methyl-5-phenyl-3-thienyl)-cyclopentene
(20, L5")

1-(2-Methyl-5-chloro-3-thienyl)-2-(2-methyl-5-phenyl-3-thienyl)cyclopentene (0.7 g,
1.9 mmol) was dissolved in anhydrous THF (10 mL) under a nitrogen atmosphere and
treated with n-buthyllithium (1.3 mL of a 1.6 M solution in hexane, 2.1 mmol) at room
temperature. After stirring in the dark for about 45 min, tributyl borate (0.8 mL, 3.0

mmol) was added and the resulting bright red solution was then stirred in the dark for
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1 h, and subsequently used for the Suzuki cross-coupling reaction. Meanwhile, in a
separate flask, [Pd(PPhs)s] (115 mg, 5% mol) and 4-bromopyridine hydrochloride (0.47
g, 2.4 mmol) were dissolved in a mixture of anhydrous THF (20 mL) and 20% aqueous
K,CO3 solution (20 mL) under a nitrogen atmosphere. This two-phase system was
stirred at 50 °C for 15 min and the previous freshly prepared boronic derivative
solution was added dropwise with a syringe. The resulting mixture was then stirred in
the dark overnight, after which it was cooled to room temperature and treated with
dichloromethane (25 mL) and water (15 mL). The organic layer was separated, washed
with brine (25 mL), dried (Na,SO,), filtered and concentrated under reduced pressure.
The crude product was purified by column chromatography on silica gel with ethyl

acetate as the eluent, yielding the final product as a brown solid (0.57 g, 72%).

'H NMR (400 MHz, CDCl3): 6 = 1.99 (s, 3H, Me), 2.07 (s, 3H, Me), 2.11 (m, 2H, 7.6 Hz,
cyclopentene), 2.85 (t, 4H, J = 7.6 Hz, cyclopentene), 7.01 (s, 1H, thiophene), 7.23 (m,
1H, Japp = 7.2 Hz, phenyl), 7.29 (s, 1H, thiophene), 7.34 (m, 2H, Japp = 7.2 Hz, phenyl),
7.44 (m, 2H, J; = 4.8 Hz, J; = 1.6 Hz, pyridine), 7.49 (m, 2H, J,pp = 7.2 Hz, phenyl), 8.51
(m, 2H, J1 = 4.8 Hz, J, = 1.6 Hz, pyridine). MS (ESI): m/z = 414.1 [M+H]".

3-Bromo-2-methyl-5-phenylthiophene (21)

To a mixture of anhydrous THF (20 mL) and 20% aqueous K,COs solution (20 mL),
[Pd(PPhs)4] (260 mg, 5% mol), 4-bromobenzene (0.72 mL, 6.7 mmol) and 4-Bromo-5-
methylthiophene-2-boronic acid (1.0 g, 4.5 mmol) were subsequently added under a
nitrogen atmosphere. The resulting two-phase system was heated to 50 °C, stirred in
the dark overnight and then cooled to room temperature before dichloromethane (25
mL) and water (15 mL) were added. The organic layer was separated, washed with
brine (25 mL), dried (Na,S0O,), filtered and concentrated under reduced pressure. The
crude product was purified by column chromatography on silica gel with a 1:1 mixture
of dichloromethane and cyclohexane as the eluent, to yield the final product as a white

solid (0.59 g, 52%).

'H NMR (400 MHz, CDCls): 6 = 2.42 (s, 3H, Me), 7.11 (s, 1H, thiophene), 7.28 (m, 1H,
Japp = 7.2 Hz, phenyl), 7.37 (m, 2H, Japp = 7.2 Hz, phenyl), 7.51 (d, 2H, J = 7.2 Hz, phenyl).
MS (ESI): m/z = 253.0 - 255.0 [M+H]".
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1-(2-Methyl-5-(4-pyridyl)-3-thienyl)-2-(2-methyl-5-phenyl-3-thienyl)-

perfluorocyclopentene (22, L5)

4-Bromo-5-methyl-2-(4-pyridyl)thiophene (1.0 g, 4.0 mmol) and 3-Bromo-2-methyl-5-
phenylthiophene (1.0 g, 4.0 mmol) were suspended in anhydrous diethyl ether (20 mL)
under a nitrogen atmosphere and treated dropwise with n-buthyllithium (5.2 mL of a
1.6 M solution in hexane, 8.3 mmol) at -78 °C. After stirring the resulting pale yellow
suspension for 30 min, octafluorocyclopentene (2.7 mL of a 20% solution in anhydrous
Et,0, 4.0 mmol) was added and the reaction mixture was stirred for 1 h at -78 °C. The
cooling bath was then removed and the stirring continued at room temperature for 3
h, after which dichloromethane (25 mL) and water (25 mL) were added. The organic
layer was separated, washed with brine, dried (Na,SQ,), filtered and concentrated
under reduced pressure. The crude product was purified by column chromatography
on silica gel with a 3:2 mixture of dichloromethane and ethyl acetate as the eluent,

yielding the final product as a dark green solid (0.51 g, 25%).

'H NMR (400 MHz, CDCl5): & = 1.98-2.04 (2s, 6H, 2 Me), 7.26 (Sapp, 2H, thiophene), 7.32
(m, 1H, Japp = 7.2 Hz, phenyl), 7.39 (m, 2H, Japp = 7.2 Hz, phenyl), 7.54 (d, 2H, Japp = 7.2
Hz, phenyl), 7.57 (dapp, 2H, Japp = 6.4 Hz, pyridine), 8.62 (dapp, 2H, Japp = 6.4 Hz,
pyridine). *>F NMR (400 MHz, CDCls): & = -131.85 (quint, 2H, J = 5.6 Hz), -110.24 (br,
2H), -109.91 (br, 2H). MS (ESI): m/z = 522.1 [M+H]". EA calculated for CysH17FsNS; (%):
€ 59.88, H3.29, N 2.69, S 12.29; found: C 59.87, H 3.70, N 2.88, S 12.01.

[{trans-PtCl,(DMSO)},(p-L1")] (c1")

cis-[PtCl,(DMSO),] (211 mg, 0.5 mmol) was suspended in methanol (40 mL), and the
system was refluxed until the complex was completely dissolved. After hot filtering the
resulting yellow solution to remove any Pt(0) impurities, ligand L1" (104 mg, 0.25
mmol) was immediately added and the mixture was stirred in the dark at room
temperature overnight, yielding a pale-green solid, which was filtered, washed with

methanol and dried under reduced pressure (260 mg, 94%).

'H NMR (400 MHz, CDCl3): 6 = 2.03 (s, 6H, Me), 2.13 (m, 2H, J = 7.6 Hz, cyclopentene),
2.85 (t, 4H, J = 7.6 Hz, cyclopentene), 3.47 (s, 12H, DMSOQ), 7.28 (s, 2H, thiophene), 7.39
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(m, 4H, J,pp = 6.4 Hz, pyridine), 8.59 (m, 4H, J,pp = 6.4 Hz, pyridine). MS (ESI): m/z =
1123.9 [M+Na]+. EA calculated for C29H34C|4N202Pt254 (%)I C 3158, H 3.11, N 2.54, S
11.63; found: C 31.11, H 3.09, N 2.52, S 11.53.

[{trans-PtCl,(DMSO)},(p-L17)] (c1)

Complex c1f was prepared following the procedure described for the synthesis of c1"
but using ligand L1F (136 mg, 0.25 mmol) to obtain the corresponding product as an
off-white solid (295 mg, 95%).

'H NMR (400 MHz, CDCl3): & = 2.03 (s, 6H, Me), 3.48 (s, 12H, DMSO), 7.50 (m, 4H, J; =
5.6 Hz, J, = 1.6 Hz, pyridine), 7.55 (s, 2H, thiophene), 8.71 (m, 4H, J; =5.6 Hz, J, = 1.6
Hz, pyridine). **F NMR (400 MHz, CDCl3): & = -131.78 (quint, 2H, J = 5.6 Hz), -110.10 (t,
4H, ) = 5.6 Hz). MS (ESI): m/z = 1231.9 [M+Na]". EA calculated for CygH,5Cl4FsN20,Pt,S,
(%): €28.77,H 2.33, N 2.31, S 10.59; found: C 29.01, H 2.30, N 2.48, S 10.36.

[{trans-PtCl,(DMSO)},(p-L2")] (c2")

Complex c2" was prepared following the procedure described for the synthesis of c1¥
but using ligand L2" (129 mg, 0.25 mmol) to obtain the corresponding product as a
pale-green solid (255 mg, 85%).

'H NMR (400 MHz, CDCl3): 6 = 2.09 (s, 6H, Me), 2.17 (m, 2H, J = 7.6 Hz, cyclopentene),
2.93 (t, 4H, J = 7.6 Hz, cyclopentene), 3.47 (s, 12H, DMSO0), 7.30 (s, 2H, thiophene), 7.65
(m, 2H, Japp = 7.6 Hz, quinoline), 7.82-7.88 (m, 4H, quinoline), 8.29 (d, 2H, J = 2.0 Hz,
quinoline), 9.25 (d, 2H, J = 2.0 Hz, quinoline), 9.30 (d, 2H, J = 8.8 Hz, quinoline). MS
(ESI): m/z = 1224.0 [M+Na]". EA calculated for Cs37H3gCl4N,0,Pt,S, (%): C 36.94, H 3.18,
N 2.33, S 10.66; found: C 36.44, H 3.18, N 2.35, S 10.11.

[{trans-PtCl,(DMSO)},(n-L2°)] (€29

Complex c2f was prepared following the procedure described for the synthesis of c1"
but using ligand L2F (156 mg, 0.25 mmol) to obtain the corresponding product as an
off-white solid (260 mg, 79%).



PREPARATION OF PLATINUM(II) MOLECULAR SWITCHES 95

'H NMR (400 MHz, CDCl3): 6 = 2.12 (s, 6H, Me), 3.52 (s, 12H, DMSO0), 7.51 (s, 2H,
thiophene), 7.71 (m, 2H, Js5p = 7.6 Hz, quinoline), 7.89-7.93 (m, 4H, quinoline), 8.39 (d,
2H, J = 2.0 Hz, quinoline), 9.27 (d, 2H, J = 2.0 Hz, quinoline), 9.37 (d, 2H, J = 9.2 Hz,
quinoline). *>F NMR (400 MHz, CDCl3): & = -131.84 (quint, 2H, J = 5.6 Hz), -109.87 (t, 4H,
J=5.6 Hz). MS (ESI): m/z = 1331.9 [M+Na]". EA calculated for C37H3,ClsFgN20,Pt,S4 (%):
C33.90,H 2.46, N 2.14,59.78; found: C 33.86, H 2.47, N 2.33, S 9.64.

[{trans-PtCl,(DMSO)},(n-L3")] (C3")

Complex €3" was prepared following the procedure described for the synthesis of 1",
but using ligand 3" (111 mg, 0.25 mmol) to obtain the corresponding product as an
off-white solid (235 mg, 83%).

'H NMR (400 MHz, CDCl): & = 2.02 (s, 6H, Me), 2.11 (m, 2H, J = 7.6 Hz, cyclopentene),
2.38 (s, 6H, Me), 2.84 (t, 4H, J = 7.6 Hz, cyclopentene), 3.46 (s, 12H, DMSO0), 7.10 (s, 2H,
thiophene), 7.66 (s, 2H, pyridine), 8.35 (s, 2H, pyridine), 8.66 (d, 2H, J = 1.6 Hz,
pyridine). MS (ESI): m/z = 1154.0 [M+H]". EA calculated for C3;H35ClaN,0,Pt,Ss (%): C
32.93,H3.39, N 2.48, S 11.34; found: C 33.03, H 3.64, N 2.62, S 11.12.

[{trans-PtCl,(DMSO)},(u-L4")] (ca™)

Complex C4" was prepared following the procedure described for the synthesis of €1",
but using ligand La" (105 mg, 0.25 mmol) to obtain the corresponding product as an
off-white solid (205 mg, 74%).

'H NMR (400 MHz, CDCl5): 6 = 2.12 (m, 2H, cyclopentene), 2.23 (s, 6H, Me), 2.89 (t, 4H,
cyclopentene), 3.33 (s, 12H, DMSO), 3.68 (s, 6H, N-Me), 6.95 (d, 2H, J = 1.2 Hz,
imidazole), 7.15 (d, 2H, J = 1.2 Hz, imidazole), 7.25 (s, 2H, thiophene). MS (ESI): m/z =
1107 [M+H]". EA calculated for C,7H36Cl4N4O,Pt,S4 (%): C 29.25, H 3.27, N 5.05, S 11.57;
found: C29.21, H3.37, N 5.04, S 11.69.

trans-[PtCl,(DMSO)(L5")] (c5")

Complex c5" was prepared following the procedure described for the synthesis of c1"
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but using equimolar amounts of cis-[PtCl,(dmso),] (105 mg, 0.25 mmol) and ligand Ls"
(103 mg, 0.25 mmol) to obtain the corresponding mononuclear product as a dark

green solid (80 mg, 42%).

'H NMR (400 MHz, CDCl3): 6 = 1.97 (s, 3H, Me), 2.07 (s, 3H, Me), 2.11 (m, 2H, 7.6 Hz,
cyclopentene), 2.84 (m, 4H, cyclopentene), 3.47 (s, 6H, DMSQ), 6.99 (s, 1H, thiophene),
7.24 (m, 1H, J; = 7.6 Hz, J, = 1.2 Hz, phenyl), 7.31 (s, 1H, thiophene), 7.34 (m, 2H, Japp =
7.6 Hz, phenyl), 7.39 (m, 2H, J; = 5.6 Hz, J, = 1.6 Hz, pyridine), 7.48 (m, 2H, J,pp = 7.6 Hz,
phenyl), 8.56 (m, 2H, J; = 5.6 Hz, J, = 1.6 Hz, pyridine). MS (ESI): m/z = 780.0 [M+H]".
EA calculated for CysH,9Cl,NOPtS; (%): C 44.38, H 3.86, N 1.85, S 12.69; found: C 43.28,
H3.94, N 2.04,S 12.46.
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3.1. Photochromic properties

Given its crucial importance towards their potential application in photoactivated
chemotherapy, the photochromic behavior of all the synthesized ligands and metal
complexes, namely their capacity to undergo reversible photocyclization, was
thoroughly studied by irradiation with a xenon light source at selected wavelength
ranges. The resulting photochemical reactions were monitored by means of UV-Vis and

'H NMR spectroscopies.

The UV-Vis absorption of a 20 uM solution of ligand L1" in dichloromethane was firstly
studied. As expected for this kind of molecular switch, the starting open form of the
ligand exhibits intense absorption bands in the UV region of the spectrum, centered
around Amaxt = 286 nm and Anaxe = 322 nm. This latter absorption corresponds to the
HOMO—-LUMO transition that, according to the Woodward-Hoffmann rules, is
required for the photocyclization process to occur.* Thus, the irradiation of the system
with UV light (A < 365 nm) led to the apparition of an increasingly intense new
absorption band in the visible region of the spectrum, located around Ay = 544 nm,
indicative of the formation of the more conjugated closed-ring species. This
photochemical transformation was accompanied by a clear color change of the

solution, turning from colorless to deep purple, and proceeded until a photostationary
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state (PSS) was reached after a few minutes of UV light exposure. As previously
discussed (see Chapter 1), this PSS corresponds to the final equilibrium situation of the
photocyclization reaction and, although complete photoconversion is rarely achieved,
it is generally assumed to represent the closed form of the molecular switch.? A
summary of these spectral changes is shown in Figure 3.1, which depicts the

absorption spectra of both the open form and the PSS of L% in organic solvent.
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Figure 3.1. Absorption spectral changes of a CH,Cl, solution of ligand L1" before
(solid line) and after (dashed line) photoirradiation at A < 365 nm.

While the closed isomer remained in this state if kept in the dark at room temperature
for several days, irradiation with visible light (A > 425 nm) produced a progressive
bleaching of the colored solution as well as the full recovery of the original absorption
spectrum, corresponding to the open form of the ligand. This process, however, took a
noticeably longer time than the photocyclization reaction, in agreement with the well-
known lower quantum yield of such ring-opening reactions.’ Additionally, despite its
lesser relevance towards potential biological applications, the fatigue resistance of the
system was briefly assessed by performing up to five consecutive coloring/bleaching

cycles, after which no significant spectral changes were detected.

Analogous studies with the rest of the photochromic ligands prepared produced
similar results. All the open-ring systems display strong absorption bands in the UV

region, the less energetic one corresponding to the photoreactive HOMO—LUMO
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transition. In contrast, the closed isomers present characteristic visible absorption
bands within the 525-600 nm range, which confer them purple or blue colorations. The
UV-Vis absorption data for all the studied systems, including the position and intensity

of all the relevant bands, are summarized in Table 3.1.

Some interesting trends can be noticed by comparing the position of the photoreactive
bands of the perfluorinated and hydrogenated switches bearing identical functional
groups, as a result of the different electronic density of the central double bond. The
HOMO—LUMO transition of the open form of compounds L1f, L2F and L5F is
systematically located at shorter wavelengths with respect to that of their
corresponding non-fluorinated counterparts, with a hypsochromic shift of about 20-30
nm. For the closed species, this trend is inverted and a significant bathochromic shift is
observed for the perfluoro compounds, amounting to 40-60 nm. Such results are in
agreement with those obtained by Feringa and co-workers in their comparative studies
between hydrogenated and perfluorinated dithienylcyclopentenes,4 and hence
indicate that the photochemical reaction window of these molecules can indeed be
tuned to some extent through chemical modification of the central ring. Since light-
penetration depth in living tissues is highly dependent on the wavelength of the
incident radiation,” such considerations may thus be of paramount importance for
forthcoming investigations, when the fine tuning of other DTC-based ligands for

specific biological applications will be eventually undertaken.

Ligand L4" stands out as a striking exception among the studied systems, due to its
apparent lack of photoreactivity. Contrary to what was observed for all other
molecules, prolonged irradiation of a dichloromethane solution of this
methylimidazole-containing compound only produced very minor coloration and
spectral changes, hence indicating that its photoisomerization is seemingly hindered.
Further investigation of the properties of this peculiar system was specifically

addressed on account of these observations.

The photochemical transformation of all these molecules, as well as the unexpected
behavior of ligand 14", was subsequently monitored by means of 'H NMR
spectroscopy. For instance, a series of "H NMR spectra of a CDCl; solution of ligand L1F

after different photoirradiation times is illustrated in Figure 3.2. In this way, the
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Table 3.1. UV-Vis absorption Amey (nm) and € (10° M ¢cm™) values for all the photochromic

ligands in CH,Cl, solutions. The photoreactive transitions are indicated in bold; shoulder peaks

are noted with [s].

Ligand Amax and g, open form Amax and g, PSS
L1" 230 (21.5), 286 (30.4), 267 (23.6), 346 (11.0),
322 (20.9) 353 (10.9), 544 (11.6)
L1f 277 (32.7), 303 (36.7) 274 (28.3), 299 (25.7),
377 (7.7), 593 (10.1)
12" 229 (54.5), 275 (50.9), 229 (44.8), 266 (43.2),
353 (23.4) 309 (31.5), 558 (25.4)
L2 229 (29.7), 273 (36.4), 230 (33.6), 275 (21.0),
320 (23.9) 335 (23.6), 600 (12.3)
L3" 229 (24.2), 278 (29.1), 229 (24.6), 273 (24.4),
312 (23.0) 526 (12.4)
La" 250 (23.3), 283 (31.0), 309 (24.6), 518 (6.8)
Ca. 310[51 (244)
L5 230 (21.9), 282 (29.6), 229 (18.9), 269 (21.8),
ca. 325, (16.9) 340 (11.0), 532 (9.4)
Ls* 294 (34.1) 277 (23.8), 303 (23.6),
375 (8.0), 595 (10.8)
L6" 241 (42.8), 281 (46.2), 241 (42.8), 278 (39.4),

332 (31.7)

377 (19.1), 566 (19.5)

photoisomerization of the ligand upon UV light exposure was easily followed via the
gradual disappearance of the original NMR signals, which was concomitantly
accompanied by the progressive apparition of a new set of peaks ascribed to the
closed-ring species. The occurrence of the expected electrocyclic reaction was
corroborated by the observed upfield shift of the proton at the 4-position of the

thiophene ring, from 7.47 to 6.85 ppm. This is indicative of the loss of aromaticity
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caused by the progressive formation of the new intramolecular bond at the proximal
2-position. This transformation continued until the PSS was reached; after 5 minutes of
light exposure, no further variation of the peaks was observed, and in the resulting
equilibrium situation, a photoconversion ratio of 0.86 could be directly determined

from the relative intensity of the two sets of signals.

| Jl fL 5min UV
| _l A 4 min UV

Mom MA M . JL A 3min UV

MM N m k A____ 2ZminUV
S .rv_JMu_._ R _,'Mn'x__;w : _,'hn_. . Amnly
J“L M Cpenform
T 1114 [ L N A N A S T ppm
8.8 8.6 8.4 7.6 74 7.2 70 6.8

Figure 3.2. 'H NMR spectra of a CDCl; solution of L1 before (red)
and after different photoirradiation times at A < 365 nm. Signals corresponding

to the closed isomer are indicated with blue asterisks.

'H NMR spectroscopy measurements conducted with the rest of the photoswitches
produced, with the notable exception of ligand L4", similar results that are
summarized in Table 3.2. For these systems, a stable PSS was also reached within 5
minutes of UV light irradiation, and although ligand L2° showed a particularly lower
ring-closing efficiency, high photoconversion rates were generally obtained.
Furthermore, in addition to the quite remarkable upfield shift of the thiophene signal
that was observed for all closed species (as discussed for L1F), a substantial
modification of the methyl signal was also noted for —and only for— all perfluorinated
ligands upon ring-closure. A downfield shift of the CHs singlet, of about 0.2 ppm, was
systematically observed in these cases; this fact evidences a stronger electron-
withdrawing inductive effect of the fluorine substituents over the methyl groups in the
closed species, most likely arising from the more effective electronic conjugation of

these photoisomers.
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In contrast, experiments carried out with the methylimidazolic ligand L4" were
consistent with the previously obtained UV-Vis absorption data, and disclosed an
almost entire lack of photochromic behavior; even after extended photoirradiation
times, less than 10% of the starting compound could be converted into its closed
isomer. Considering that the underlying cause of this anomalous performance could
have a remarkable impact on the future design of similar molecules for biological
applications, the distinct properties of this system were then further investigated
computationally. The results obtained in this theoretical study are fully discussed at

the end of this chapter.

After successfully completing the photochromic characterization of the series of
ligands, equivalent studies were subsequently performed with all the platinum
complexes, with the aim of assessing any potential alterations of the photochemical

properties of these systems induced by the coordination to the metal centers.

Table 3.2. Characteristic 'H NMR chemical shifts of the open and closed forms of the studied

ligands in CDCl3, and maximum photoconversion efficiency.

Ligand Conversion &6CHzopen & CHopen &CHszclosed &CH closed

L1" 0.82 2.03 7.22
L1f 0.86 2.00 7.47
L2" 0.74 2.10 7.23
L2 0.42 2.08 7.47
L3" >0.95 2.02 7.05
La" 0.09 2.10 6.96
Ls" 0.78 1.99, 2.07 7.01,7.29
L5* 0.88 1.98, 2.04 7.26

Le" 0.84 2.07 7.41
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As an illustration, Figure 3.3 shows the UV-Vis absorption spectra of the open form and
the PSS of a dichloromethane solution of complex C1". Akin to the corresponding free
ligand, c1" exhibited strong UV absorption in the form of two major bands located at
Amaxt = 312 nm and Anae = 359 nm, the latter one corresponding to the photoreactive
HOMO—-LUMO transition. Irradiation with UV light (A < 365 nm) produced the
immediate formation of the closed form of the complex, which presented a
characteristic absorption in the visible region of the spectrum, around Amax = 624 nm.
As observed for its metal-free counterpart, an intense color change of the solution
accompanied the photochemical reaction of the complex, whereas subsequent
irradiation with visible light (A < 425 nm) produced its bleaching and the full recovery

of the original absorption spectrum.
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Figure 3.3. Absorption spectral changes of a CH,Cl, solution of complex C1" before

(solid line) and after (dashed line) photoirradiation at A < 365 nm.

In addition, the complementary '"H NMR spectroscopy measurements revealed that
the photochromic performance of C1" is in fact more efficient than that of ligand L1".
Less than 3 minutes of UV light irradiation were in this case sufficient to attain the PSS
of the system, hence implying a higher quantum yield for the photocyclization reaction
of the metal complex. Furthermore, an almost quantitative photoconversion into the
closed species was achieved, in contrast with the 0.82 conversion ratio displayed by

the free ligand.
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Table 3.3. UV-Vis absorption Ame (nm) and € (10° M cm™) values for all photochromic
platinum(ll) complexes in CH,Cl, solutions. The photoreactive transitions are indicated in bold;

shoulder peaks are noted with [s].

Complex Amax and g, open form Amax and g, PSS
c1¥ 230 (40.5), 312 (42.5), 245 (36.0), 289 (35.8),
359 (45.1) 411 (17.8), 624 (30.6)
c1f 230 (29.2), 275 (29.8), 229 (31.1), 283 (33.3),
332 (64.1) 399 (13.9), 627 (19.6)
c2" 233 (69.8), 294 (49.5), 230 (58.5), 276 (49.1),
380 (16.1) 375 (14.6), 591 (26.9)
c2' 232 (61.1), 275 (61.4), 232 (62.5), 288 (45.4),
359 (21.9) 330 (36.3), 610 (20.1)
c3" 231 (41.4), 286 (37.9), 231 (48.2), 276 (35.1),
334 (23.0) 364 (13.0), 559 (21.8)
(o 230 (35.8), 249 (31.4), n/a
275 (33.2)
cs" 232 (31.0), 301 (32.0), 239 (26.9), 284 (31.4),
358 (20.2) 391 (14.2), 604 (23.0)

With the exception of complex c4a", which was obtained from the non-switching ligand
L4" and turned out to be completely photoinactive, such an enhanced photochromic
performance was also displayed by all other platinum complexes. Higher ring-closing
reaction times and efficiencies, compared to those of the corresponding free ligands,
were achieved for all the systems, including a two-fold photoconversion rate
improvement for the perfluorinated, quinoline-bearing complex €2° (see Tables 3.2
and 3.4). Furthermore, it is worth noting that the ring-closing reaction was in all cases
a clean process; no additional signals (which would be indicative of the formation of
undesired species) were detected after irradiation of all complexes, other than those

corresponding to the photocyclization products. All these promising results contrast
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with those of previous reports on similar DTC-based N-donor systems coordinated to
various transition metals such as ruthenium, iron or copper, whose photochromic
performance was affected or even inactivated upon metal binding.®’ Accordingly,
platinum(ll) coordination appears to be a more promising synthetic approach for the
preparation of novel photoactivatable metallodrugs incorporating this kind of

molecular devices.

Given the intended biological application of these transition-metal systems, their
photochromic performance was also evaluated in buffered aqueous media containing
small amounts of DMSO, which was needed for the complete solubilization of all
compounds. Absorption data obtained under these conditions, summarized in Table
3.5, show a general decrease of the absorbance of all the metal complexes, compared
to that displayed in organic solution. Regarding the position of the photoreactive
bands, no major differences were noted for the open isomers, with the exception of a
slight shift towards higher energies of the ring-closing transition of the quinoline-
bearing complexes c2" and €2, For the closed isomers, in contrast, a hypsochromic

displacement of the ring-opening band, of about 15-40 nm, was systematically

Table 3.4. Characteristic 'H NMR chemical shifts of the open and closed forms of the studied

platinum(ll) complexes in CDCl;, and maximum photoconversion efficiency.

Complex Conversion &6CHsopen 6CHopen &CH;3closed 6CH closed

c1" >0.95 2.03 7.28 2.01 6.67
c1f 0.84 2.03 7.55 2.22 6.89
c2" >0.95 2.09 7.30 2.06 6.74
c2f 0.82 2.12 7.51 2.27 6.97
c3" >0.95 2.02 7.10 1.99 6.50
ca” n/a 2.23 7.25 n/a n/a

cs" 0.82 1.97, 2.07 6.99, 7.31 2.01, 2.02 6.41, 6.69
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Table 3.5. UV-Vis absorption Ame (nm) and € (10° M cm™) values for all photochromic
platinum(ll) complexes in aqueous solution. Photoreactive transitions are indicated in bold;

shoulder peaks are noted with [s].

Complex Amax and g, open form Amax and g, PSS

(o 238 (25.2), 314 (23.6), 239 (23.5), 280 (21.3),
358 (19.5) 404 (9.0), 601 (15.3)

c1f 237 (22.9), 279 (24.4), 237 (22.8), 277 (23.6),
325 (30.3) 393 (9.0), 608 (12.0)

c2" 238 (45.1), 273 (38.0), 238 (43.0), 307 (23.0)
357 (14.6) 363 (10.8), 559 (15.8)

c2f 237 (36.6), 271 (41.8), 238 (42.0), 335 (24.9),
315 (24.7) 597 (14.5)

c3" 238 (28.3), 280 (24.2), 238 (27.4), 274 (21.9),

ca. 335 (13.1) 365 (9.7), 545 (13.3)
ca" 238 (24.4), 274 (25.9) n/a
cs" 237 (23.3), 283 (23.8), 238 (19.7), 278 (20.3),

Ca. 360[5] (88)

378 (9.3), 568 (12.1)

observed. Most importantly, the previously noted differences in the photoreactive
band positioning between perfluorinated and hydrogenated switches remained
unaltered in buffered aqueous media. Hence, this interesting structure-activity
outcome may be of particular use for the future spectral tuning of biologically relevant

DTC-based metal complexes.

Finally, the photocyclization of the complexes in pure dimethylsulfoxide solutions was
also briefly assayed, obtaining photoconversion rates and optimal irradiation times
comparable to those obtained in other organic solvents. This was examined in view of
their subsequent evaluation in a series of biological interaction studies, requiring their

solubilization in aqueous media from DMSO stock solutions.
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3.2. Crystallographic analysis

In addition to common spectroscopic and spectrometric characterization, the crystal
structure of some of the synthesized metal complexes could be determined by means
of single-crystal X-ray diffraction measurements (see experimental section for details).
The data obtained corroborated the proposed structure for all compounds, and in
particular the trans disposition of the anionic chlorido ligands coordinated to each

platinum(ll) center.

3.2.1. Crystal structure of open complex C1*

Single crystals of the open form of complex C1F, suitable for X-ray diffraction studies,
were obtained by slow evaporation of a concentrated dimethylsulfoxide solution. A
representation of the molecular structure of this compound is depicted in Figure 3.4;
crystallographic data and selected bond lengths and angle values are listed in Tables

3.6 and 3.7, respectively.

Figure 3.4. Crystal structure of the open form of complex €1".

Hydrogen atoms are omitted for clarity.

As expected, €17 is a dinuclear platinum(ll) complex, with two symmetry-related metal
centers exhibiting a slightly distorted square-planar geometry. The coordination

sphere of these platinum centers is composed of two chlorido ligands in trans
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disposition, a dimethylsulfoxide molecule bound through its sulfur atom and one of
the pyridine residues of the bridging photochromic ligand. The slight distortion of each
of these square planes is evidenced by the unequal values of the CI-Pt-S angles, which
amount to ca. 94 and 88 degrees, and most likely arises from steric hindrance induced

by the methyl groups of the DMSO ligand.

The extended conjugation of the system is illustrated by the high coplanarity of the
thiophene and pyridine rings, which exhibit a relative torsion angle of approximately 4
degrees. The pyridine moieties are not orientated in a fully perpendicular disposition
with respect to the square-planar coordination plane, as would be expected for
minimal repulsion; instead, the corresponding torsion angle amounts to ca. 48
degrees, most likely as a result of the numerous short-contact interactions with vicinal
molecules. Regarding the tridimensional crystal packing, no significant high-order

structuring can be noted.

Table 3.6. Selected data for the crystal structure of the open form of complex C1".

Open complex c1f

Crystal data

Formula CygH55Cl4FgN,0,Pt,S,

Fw (g mol™) 1210.75

Crystal system, space group Orthorhombic, Pbcn

a, b, c(A) 26.845(1), 8.8724(4), 15.5304(6)
o B,v(°) 90, 90, 90

Vv (A% 3699.0(3)

VA 4

i (mm™) 8.132

Data collection and refinement

Temperature (K) 100

Trmins Trmax 0.49, 0.75

No. of measured, independent and 23958, 5628, 4072
observed [I > 20(l)] reflections

R[> 2a(1)], wR(l), S 0.0439, 0.1204, 1.044

No. of parameters 252
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Table 3.7. Selected structural parameters for the crystal structure of the open form of

complex €1,

Bond distances (A) Angle values (degrees)

i 2305(2) G 88.38(1)
i 2:306(2) e 94.23(6)
P, 2.061(5) o h N 89.05(1)
s, 221902) S, 88.36(6)

3.2.2. Crystal structure of open and closed complex C2"

Single crystals of complex €2", suitable for X-ray diffraction measurements, were
obtained by slow diffusion of diethyl ether into a concentrated solution of the complex
in dichloromethane. Interestingly, the structural resolution revealed that the crystals
obtained were composed of a mixture of the open and closed isomers of the
compound, both being depicted in Figure 3.5. Crystallographic data and selected
structural parameters, obtained as mean values for both isomers, are listed in Tables

3.8 and 3.9, respectively.

c2" is also a dinuclear platinum(ll) complex containing two slightly distorted square-
planar metal centers, with chemical connectivity and structural parameters analogous
to those of complex C1F. The enhanced electronic delocalization along the extended
conjugated system is again evidenced by the low torsion angles between the
thiophene and the quinoline moieties, which amount to ca. 10 degrees. The almost
completely parallel relative disposition of the quinoline planes at each side of the
bridging ligand is another significant feature of the crystal structure of this complex,

since it accounts for effective m—m stacking between adjacent molecules. As shown in
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Figure 3.5. Crystal structure of the open (top) and closed (bottom) forms of complex €2".

Hydrogen atoms are omitted for clarity.

Table 3.8. Selected data for the crystal structure of the open and closed forms of complex €2".

Open and closed complex €2"

Crystal data

Formula Cs7H35Cl4N,0,Pt,S,

Fw (g mol™) 1202.91

Crystal system, space group Triclinic, P-1

a, b, c(A) 7.4854(8), 13.993(2), 19.545(2)
a,B,y(°) 86.078(7), 83.201(7), 86.543(8)
Vv (A% 2025.2(4)

V4 p)

g (mm™) 9.190

Data collection and refinement

Temperature (K) 200

Toniny Trax 0.26, 0.75

No. of measured, independent and 7783, 7783, 5448
observed [l > 20(l)] reflections

R[I>2a(1)], wR(l), S 0.1089, 0.2676, 1.082

No. of parameters 614
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Figure 3.6. i—t stacking interactions established between the quinoline rings of
adjacent molecules of complex €2", separated by a distance of 3.745 A. Hydrogen atoms

are omitted for clarity.

Figure 3.6, this interaction facilitates a continuous ordering of intercalated molecules,
with mean distances between nearby ring centroids of about 3.75 A. This
intermolecular distance is found within the common range for this kind of m-stacking
association, as discussed in Janiak's extensive study on ring interactions in metal

complexes bearing aromatic N-donor ligands.®

Figure 3.7. Bidimensional layered framework observed in the crystal structure of

complex €2". Hydrogen atoms are omitted for clarity.
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Moreover, the association of several chains of stacked complex molecules gives rise to
a two-dimensional network of offset parallel molecular layers, which is depicted in
Figure 3.7. This supramolecular 2D structure is further sustained through several short-
contact interactions between the anionic chlorido ligands and the electron-deficient
hydrogen atoms from the DMSO groups in the vicinity, with mean H---Cl distances

ranging from 2.65 to 2.85 A.

Table 3.9. Selected structural parameters for the crystal structure of the open and closed forms

of complex €2".
Bond distances (A) Angle values (degrees)
Pt,—Cl, 2.29(1) Cl,—Pt;—N;,
Pt,—Cls 2.28(1) Cl—Pt,—N,
Pt,—Cl, 2.27(1) Cl,—Pt;—S;
Pt,—Cl, 2.26(1) Cl;—Pt,—S,
Pt;—N; 2.08(3) Cl,—Pt;—N;
Pt,—N, 2.11(4) Cl,—Pt,—N,
Pt;—S; 2.22(1) Cl,—Pt;—S;
Pt,—S, 2.28(2) Cl,—Pt,—S,

3.2.3. Crystal structure of open complex C2°

Single crystals of complex €2F, suitable for X-ray diffraction studies, were obtained by
slow diffusion of diethyl ether into a concentrated solution of the complex in
dichloromethane. A representation of the molecular structure of this compound is
depicted in Figure 3.8; crystallographic data and selected bond lengths and angle

values are listed in Tables 3.10 and 3.11, respectively.

In the crystalline state, complex C2F exhibits analogous structural features to those of
its hydrogenated equivalent, i.e. compound c2" including very similar bond distances

and angles around the platinum(ll) metal centers (see Table 3.9). In addition,
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Figure 3.8. Crystal structure of the open form of complex €2".

Hydrogen atoms are omitted for clarity.

it is worth noticing that the presence of fluorine atoms on the central cyclopentene
ring does not seem to substantially alter the electronic conjugation of the whole
molecule, as shown by almost identical torsion angles between the cyclopentene and

quinoline units, of about 10 degrees.

However, noticeable differences are found in the crystal packing of €2f, compared to
that of its hydrogenated analogue. Although similar m—mt stacking interactions are again
established between adjacent molecular entities, the higher relative torsion angle
between the quinoline planes of the complex hinders the generation of a layered 2D
structure like that observed for C2". Instead, monodimensional molecular chains are in
this case formed, displaying a distance of 3.730 A between n—m interacting rings that is
comparable to the separation of 3.745 A observed for the previous complex. This

particular feature is illustrated in Figure 3.9.

Besides, the presence of halogen-bonding interactions between the stacked molecular
chains is also noteworthy. This unusual interaction arises from the anisotropic
distribution of the electronic density of covalently bound halogen atoms. Under these
circumstances, a region of lower electron density, known as o hole, is generally formed
along the projection of the covalent bond. This electrophilic spot is able to attractively
interact with neighboring electron-rich regions, such as those surrounding the

corresponding o hole of neighboring halogens, hence producing halogen bonding.9
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Open complex C2°

Crystal data

Formula

Fw (g mol™)

Crystal system, space group
a,b,c (A)

a,B,v(%)

V (A%

VA

W (mm™)

Data collection and refinement

Temperature (K)

Tmins Trax

No. of measured, independent and
observed [I > 20(l)] reflections

R[I > 2a(1)], wR(l), S

No. of parameters

complex €2,

Bond distances (A)

Table 3.10. Selected data for the crystal structure of the open form of complex €2".

C37H3,Cl4FgN,0,Pt,S,

1310.85

Monoclinic, C2/c

25.739(1), 22.713(1), 9.9361(5)
90, 90.957(3), 90

5808.2(5)

8

5.186

100
0.53, 0.75
51558, 8893, 6776

0.0797, 0.2229, 1.066
261

Table 3.11. Selected structural parameters for the crystal structure of the open form of

Angle values (degrees)

E:;E:;m; 86.8(1)
R 94.51(7)
E:jiﬁﬁgjﬂ; 89.9(1)
ELCEE;ZE: 89.00(7)
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Figure 3.9. t—7t stacking interactions established between the quinoline rings of adjacent
molecules of complex €2°, separated by an intermolecular distance of 3.730 A and generating

a 1D chain. Hydrogen atoms are omitted for clarity.

Such supramolecular association can be seen in Figure 3.10, in which the halogen
bonding between the cyclopentene rings of opposing c2F molecules, with an
intermolecular F--F distance of 3.015 A, are depicted. This interaction gives rise to a
multidimensional, ordered framework, which is extended along the axis of the m-m ring

stacking.

Figure 3.10. Halogen-bonding interaction between fluorine atoms of two molecules of
complex €2" belonging to different molecular chains, characterized by a F--F distance of

3.015 A. Hydrogen atoms are omitted for clarity.



122 CHAPTER 3

3.2.4. Crystal structure of open complex C4"

Twinned crystals of €4" suitable for X-ray diffraction studies using a synchrotron
source, were obtained by slow diffusion of diethyl ether into a concentrated solution
of the complex in dichloromethane. A representation of the molecular structure of this
compound is depicted in Figure 3.11; crystallographic data and selected parameters

are listed in Tables 3.12 and 3.13, respectively.

Figure 3.11. Crystal structure of the open form of complex ¢4".

Hydrogen atoms are omitted for clarity.

The crystal structure of €4", which is also a dinuclear platinum(ll) complex, exhibits the
same chemical connectivity as all previously described complexes, as well as
comparable bond distances and angle values around the metal centers. However,
significant differences regarding the electronic delocalization of this system may be
expected from the much higher torsion angles between the thiophene and imidazole
rings (amounting to ca. 55 degrees), in contrast to the high ligand planarity displayed

by all other compounds.

Although this distortion could be partially attributed to steric hindrance due to the
presence of the methyl group at the ortho position of the imidazole ring, this was
further investigated through computational analysis of the electronic structure of the
free ligand (discussed in the next section). These studies revealed a much less effective
electronic delocalization for this particular system, which may account for the

structural differences observed for the metal complex.
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Open complex c4"

Crystal data

Formula

Fw (g mol™)

Crystal system, space group
a,b,c (A)

a,B,v(%)

V (A%

VA

W (mm™)

Data collection and refinement

Temperature (K)

Tmins Trax

No. of measured, independent and
observed [I > 20(l)] reflections

R[I > 2a(1)], wR(l), S

No. of parameters

Table 3.12. Selected data for the crystal structure of the open and closed forms of complex €2".

C,7H36ClI4N40,Pt,S,

1108.82

Triclinic, P-1

13.339(2), 16.241(3), 17.767(3)
109.26(1), 90.81(1), 101.45(1)
3548(1)

4

10.481

100
0.22,0.68
43733, 8076, 6142

0.1163, 0.3369, 1.040
442

Table 3.13. Selected structural parameters for the crystal structure of the open form of

complex €4".

Bond distances (A) Angle values (degrees)

Pt,—Cl, Cli—Pt;—N; 89(1)
Pt,—Cl Cli—Pt,—N, 90(1)
Pt,—Cl, Cli—Pt;—S; 87.4(5)
Pt,—Cl, Cl3—Pt,—S, 88.5(5)
Pt;—N, Cl,—Pt,—N; 89(1)
Pt,—N, Cl,—Pt,—N, 88(1)
Pt,—S, Cl,—Pt;—S, 94.9(5)

Cl,—Pt,—S; 93.6(6)
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3.3. Computational study of the photoinactive ligand L4"

The unexpected photochemical behavior of the imidazole-containing ligand L4", which
is unable to undergo photocyclization upon irradiation with UV light, was extensively
analyzed by means of density functional theory (DFT) calculations (see experimental
section for details), in order to get a better understanding of the structural and

electronic effects related to this particularly ineffective process.

A comparative structural study of L4" and L1", the latter one being used as a reference
photoswitchable ligand, was initially addressed through their geometry optimization in
the gas phase. Close inspection of the models obtained revealed no significant
structural differences; for instance, the distance between the carbon positions prone
to forming the new intramolecular C-C bond amounted to about 3.69 A in both cases.
Besides, subsequent inclusion of solvent effects (namely dichloromethane, in which
both compounds are highly soluble) by means of a polarizable continuum model did
not give rise to significant variations in the optimized structures, as evidenced in Figure
3.12. Accordingly, with the aim of attaining a proper simulation of the experimental
conditions, all successive calculations were carried out under the presence of solvent

modeling.

Figure 3.12. Optimized structures of the open form of ligands L1" (top) and L4" (bottom).

Hydrogen atoms are omitted for clarity.
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Following these initial observations, the change in free energy upon ring closing was
subsequently calculated for both systems, so as to assess any potential differences
regarding their thermodynamic stability. For that purpose, the corresponding closed
isomers of L4" and L1", shown in Figure 3.13, were also structurally optimized and
their relative free energy was compared to that of their open form, thus obtaining the
computed A,G° values associated to the photocyclization process. In agreement with
their structural equivalence, the change in free energy for both systems was indeed
quite similar, amounting to 13.75 and 15.17 kcal-mol™ for L1" and L4", respectively.
Consequently, this would indicate that the photoreaction should be almost equally
favorable for both systems, hence implying that the non-occurrence of the ring-closing

process for La"is not a thermodynamic issue, but rather a kinetic one.

Figure 3.13. Optimized structures of the closed form of ligands L1" (top) and L4" (bottom).

Hydrogen atoms are omitted for clarity.

A comparative analysis of the absorption spectra and molecular orbital distribution of
both molecules, in their starting open forms, was then performed using Time-
Dependant Density Functional Theory (TD-DFT) calculations, with the objective of
gaining a deeper insight into the photoreaction mechanism of each system at the
electronic level. For that purpose, a survey of different density functionals was firstly
carried out to determine the most adequate method to reproduce experimental

evidence, using as a reference value the experimental position of the HOMO—LUMO



126 CHAPTER 3

Table 3.14. TD-DFT calculated position and oscillator strength values for the HOMO—LUMO

transition of open ligand L1" in dichloromethane, using different computational methods.

HOMO—-LUMO transition for L1"

Functional Acarc (nm) f Aoy (NnM)
B3LYP 351.63 0.2668 30.63
BLYP 452.16 0.0728 131.16
BP86 455.32 0.0727 134.32
PBEPBE 455.42 0.0694 134.42
TPSSh 382.73 0.1539 61.73
wB97xD 288.44 0.7671 -32.56

band for ligand L1" in the chosen solvent (Aexp = 322 nm). Among all the tested
methods (TPSSh, PBEPBE, BP86, BLYP, B3LYP and wB97xD), the one that better
reproduced this value was the B3LYP functional, which in fact had already been used
for obtaining the ground-state optimizations. The calculated position of the studied

HOMO—LUMO transition of L1" using each of these methods are listed in Table 3.14.

Table 3.15. Allowed TD-DFT calculated absorption transitions for the open form of L1” and L4"

in dichloromethane. The most relevant transitions are indicated in blue.

Absorption data for L1" Absorption data for L4"

Band f Energy (nm) Transition Band f Energy (nm) Transition
1 0.2668 351.63 109B — 110B 1 0.1897 320.37 111B - 112B
2 0.0015 345.61 109A — 111A 2 0.0503 312.71 111A - 113A
3 0.3489 306.44 108B — 110B 3 0.0266 300.41 110A — 112A
4 0.4694 305.74 108B — 111B 4 0.9487 295.79 109B — 112B
5 0.2959 293.23 107A — 110A 5 0.0195 285.47 110B — 113B
6 0.0556 286.96 107B —» 111B 6 0.1701 273.78 109B — 113B
7 0.1132 280.29 109A = 112A 7 0.2178 273.53 111A - 114A
8 0.0017 273.61 109B — 113B 8 0.0572 259.89 110B — 114B
9 0.0084 272.51 105A — 110A 9 0.0307 245.89 111B —» 115B
10 0.0024 272.29 104B — 111B 10 0.0008 242.42 111B — 116B
11 0.0507 268.99 109B — 114B 11 0.0892 238.48 108B — 112B
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Following this determination, the absorption transitions of each of the open-ring forms
of the studied systemes, i.e. L1" and L4", were then calculated using the selected B3LYP

density functional. The values obtained are collated in Table 3.15.

In the case of ligand L1", the most interesting feature arising from the calculated
absorption data is the distribution of the most relevant transitions into two well-
differentiated regions of the spectrum. As already stated above, the computed
HOMO—LUMO transition of this system is located at Ac;c = 352 nm (f = 0.2668); this is
noticeably separated from other transitions of significant intensity that are unrelated
to the expected ring-closing process, which appear to be mainly centered around the
300 nm region (see Table 3.15). These computed data are in good agreement with the
experimental absorption spectrum of the ligand, which, as previously discussed at the
beginning of this chapter, shows two major well-defined bands located at A1 = 286

nm and Amax2 = 322 nm (see Figure 3.1).

In contrast, substantial differences emerge upon close inspection of the absorption
data corresponding to ligand L4". As experimentally observed, the computed
HOMO—-LUMO transition of this system is found at a slightly higher energy with
respect to that of L1t namely at Acyc = 320 nm (f = 0.1897), while a second relevant
transition, exhibiting a much higher oscillator-strength associated value, is in this case
found closer to the former one, at Acac = 296 nm (f = 0.9487). This neighboring band,
which was partially forbidden for the previous system, corresponds to a non-
photoreactive HOMO-2—LUMO transition, which becomes fully allowed in the

particular case of L4".

Such a remarkable difference between the computed oscillator strength values of the
HOMO—-LUMO and HOMO-2-LUMO bands implies that the non-reactive latter
transition has indeed a much higher probability of absorbing the incident UV radiation,
which is most likely the cause of the blockage of the photocyclization process. These
results correlate well with the experimental absorption spectrum of La", which is
shown in Figure 3.14; a shoulder peak, which may correspond to the HOMO—-LUMO
transition, is easily noticeable at slightly lower energy values with respect to the band
of highest intensity, which may be ascribed to the computed HOMO-2—-LUMO

transition.



128 CHAPTER 3

Nevertheless, although there is little doubt that the presence of the strongly absorbing
HOMO-2 to LUMO transition may severely contribute to hindering the photocyclization
process of ligand La" it may also be noticed that, under these circumstances, the
gradual formation of the closed species should still be to some extent expected upon
continuous UV light exposure. Consequently, since these observations were not
sufficient to thoroughly explain the complete inertness of the ligand towards the ring-
closing reaction, the relevant molecular orbitals involved in the photoisomerization of
both L1" and L4" were subsequently analyzed, in order to assess potential key

differences between their electronic structures.

283 nm open

310nm

Absorbance

T I T I

200 300 400 500 600 700 800

Wavelength (nm)

Figure 3.14. Experimental absorption spectrum of a CH,Cl, solution of L4", showing a

shoulder peak next to the band of highest intensity.

As seen in Figure 3.15, the composition of the HOMO is comparable for both systems.
Despite the occurrence of some minor delocalization over the imidazole rings in the
case of ligand L4", the electronic density of the orbital is mainly localized over the
central [4n+2] m-electrons system for both molecules. According to the Woodward-
Hoffmann rules, this electronic structure should lead to the adoption of a conrotatory
rearrangement mechanism for the electrocyclic reaction under photochemical control,
via the corresponding excited-state orbital rotation at the 2-position of the thiophene

moieties.°
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HOMOs

KRy L4H

Figure 3.15. Calculated HOMOs for the open form of ligands L1" and L4".

On the contrary, the corresponding excited-state molecular orbitals of each of the
studied systems exhibit key divergences that further help explaining the photoreactive
behavior disparity between these compounds. As evidenced in Figure 3.16, the LUMO
of L1" exhibits a major delocalization over the pyridine groups anchored to the
photoswitchable synthon, whereas in the case of La" the electronic density of the
LUMO is strongly localized over the central cyclopentene moiety and the thiophene
structure. This unexpected feature, which is more easily appraised in the schematic
representation depicted in Figure 3.17, greatly increases the antibonding character of
the frontier orbital of L4", as a result of the larger nodal p contribution of the carbon
and sulfur atoms surrounding the photoreactive 2-position of the thiophene rings.
Therefore, and as already reported by Staykov and co-workers for a closely related

series of diarylperfluorocyclopentenes,'! it appears that this strong antibonding

LUMOs

L1H L4H

Figure 3.16. Calculated LUMOs for the open form of ligands L1" and L4".
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LUMOs

LaH

Figure 3.17. Schematic representation of the most relevant contributions of the

calculated LUMOs. Orbitals prone to rotation are indicated in blue.

interaction with the adjoining atomic orbitals is the main cause of the blockage of the
conrotatory orbital rearrangement, which impedes ligand L4 to effectively undergo

ring closure.

With the aim of further verifying these observations, the electronic structures of two
additional systems were subsequently studied using the same computational methods.
The quinoline-substituted igand L2" was chosen as a second reference photoswitching
molecule, for which an electronic structure comparable to that of L1" was expected. In
addition, a modeled derivative of ligand La" with non-methylated imidazole rings
(symbolized as La" (HxMe), see Figure 3.18) was also investigated. The aim of this
model was to confirm whether the distinct LUMO distribution of L4" was indeed an
intrinsic feature of this particular system, and not an artifact originated by the lower
ring coplanarity of the initially optimized structure, due to steric hindrance imposed by

the methyl groups.

The corresponding LUMOs of these two additionally considered systems, which are
shown in Figure 3.18, were in agreement with the previously obtained results. In this
way, the LUMO of ligand L2" certainly presents features comparable to those of L1"; it
exhibits a significant electronic delocalization over its extended aromatic system, as
well as little to no contribution from the atomic orbitals surrounding the key 2-position
of the thiophene rings. On the contrary, the non-methylated model of L4" does
maintain, with slight variations, the already discussed orbital distribution that leads to

an increased antibonding character able to hinder the required rotation. Most
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importantly, considering that the structurally modified model of L4" indeed displays an
appreciably lower torsion angle between the thiophene and imidazole rings (from ca.
24° for L4" to about 12° for L4" (HxMe), compared to the angle of ca. 17° observed for
L1"), it is thus safe to assert that this defining orbital differentiation does not arise
from optimization deviations, but from the intrinsic structural and electronic features

of the imidazolic ligand.

LUMOs

Figure 3.18. Calculated LUMOs for the open form of ligand L2" and the L4" (HxMe) model.

In conclusion, the herein reported computational studies support the proposal of the
distinct shape and antibonding interactions of the LUMO of the particular five-
membered system of ligand L4" as the cause of its striking photochemical inertness.
The results obtained hence emphasize that the chemical modification of the
dithienylcyclopentene backbone may have a crucial impact not only on the
spectroscopic features of the resulting molecular switches, but also on their most
elementary photochromic performance. At the same time, it is also worth noting that,
in light of the good experimental correlation displayed by the studies carried out,
computational analysis may thus be considered an invaluable tool for the prediction of
the photochemical functioning of DTC derivatives. This might become especially useful
in future investigations aimed at the rational design of novel photoresponsive systems
with specific properties, resulting in a much more efficient approach, in terms of time

and resources, to the synthetic chemical work.
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3.4. Experimental section

3.4.1. Materials and methods

HPLC grade solvents for the spectroscopic measurements were purchased from Sigma-
Aldrich and used as received. Spectroscopic measurements in buffered aqueous media
were performed in cacodylate buffer solution (1 mM sodium cacodylate, 20 mM Nacl,
pH = 7.2), which was prepared from ultrapure water. The UV and visible irradiation
experiments were carried out with a MAX-303 light source from Asahi Spectra, using
appropriate bandpass filters. UV-Vis absorption spectra were recorded on a Varian
Cary 100 Bio spectrophotometer. Nuclear magnetic resonance (NMR) spectra were
registered at 298 K on a Varian Mercury 400 MHz spectrometer; proton chemical shifts
(6) are reported in ppm and are referenced to the corresponding non-deuterated

solvent peak (CHCl5: 7.26 ppm).

3.4.2. X-Ray crystallography

Data reduction and absorption corrections were commonly performed with the SAINT
and SADABS software packages, respectively; the structures were then solved and

refined using SHELXL2014 or SHELXTL.™

Data for the open form of complex €1 were collected on a blue block at 100 K on a
Bruker APEX Il QUAZAR diffractometer, equipped with a microfocus multilayer
monochromator with Mo Ka radiation (A = 0.71073 A). Non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were placed in calculated positions and
refined isotropically. Five fluorine atoms and one carbon atom of the
perfluorocyclopentene motif were disordered over two equivalent positions due to the
existence of two possible conformations of the ring, and were refined with

displacement parameters restraints.

Data for the open and closed forms of complex c2" were collected on an orange block

at 200 K on a Bruker PHOTON100 CMOS diffractometer at beamline 11.3.1 of the
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Advanced Light Source (Synchrotron radiation, A = 0.7749 A). Non-hydrogen atoms
were refined anisotropically. The central part of the ligand was heavily disordered as a
result of the presence of both photoisomers, which were defined from electron-
density peaks and refined with both distance and displacement parameters restraints.

Hydrogen atoms were placed in calculated positions and refined with a riding model.

Data for the open form of complex C2F were collected on a colorless plate at 100 K on
a Bruker SMART CCD 6000 diffractometer, equipped with a graphite crystal
monochromator with Mo Ka radiation (A = 0.71073 A). Non-hydrogen atoms were
refined isotropically. Hydrogen atoms were placed in calculated positions and refined

isotropically using a riding model.

Data for the open form of complex ca" were collected on a colorless plate at 100 K on
a Bruker PHOTON100 CMOS diffractometer at beamline 11.3.1 of the Advanced Light
Source (Synchrotron radiation, A = 0.7749 A). Absorption, twinning and other effects
were corrected using the Multi-Scan method (TWINABS). Only the heavy atoms were
refined anisotropically, while all light atoms were refined isotropically. Hydrogen
atoms were found in the difference map for the methyl groups, and placed in
calculated positions for all other carbon atoms. All hydrogen atoms were then
constrained and refined using a riding model. Bond distance restraints were used in

modeling one of the ligands.

3.4.3. Computational details

All calculations were performed using the Gaussian 09 electronic structure code (rev.
D01)."* Cartesian coordinates for the optimized structures of all the studied complexes
can be found in Tables 3.16 to 3.21. A survey of different density functional methods
was done using as a reference value the experimental position of the HOMO-LUMO
band for L1" (Aexp = 321 nm). From the different tested functionals (TPSSh, PBEPBE,
BP86, BLYP, B3LYP and wB97xD), the one that better reproduced this value was the
B3LYP functional, which was therefore used to perform all ground-state

14-16

optimizations. The fully optimized contracted triple-C all-electron Gaussian basis

set with added polarization functions, developed by Ahlrichs and co-workers, was used
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for all the elements in the molecule.’” The studied systems were fully optimized in
vacuum and modeling the dichloromethane solvent properties using a polarizable
continuum model (self-consistent reaction field approximation); subsequently, the
vibrational analysis was performed. The UV-Vis spectra were calculated by means of

the Time-Dependent Density Functional Theory (TD-DFT) methodology,18

using the
same functional as for the optimizations. The number of excited states included in the

TDDFT calculation was 30.
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Table 3.16. Cartesian coordinates for the optimized structure of the open form of ligand L1".

Cartesian coordinates for open L1" (CH,Cl,)

Atom X Y Z Atom X Y z
S 1.22066 3.73129 2.21339 H 452030 5.17145 2.23390
S 2.80872 1.35213 7.00374 H -0.36682 4.53286 4.51441
N 3.80137 3.20853 -2.51701 H 0.88290 5.18418 5.58661
N -0.04890 1.19628 11.60019 H 0.70397 3.44265 5.40523
C 2.75623 4.17264 1.51660 H 2.26624  4.60579  8.44547
C 3.51537 4.82611 2.43678 H 4.83188 1.37471 4.91821
C 2.89612 496491 3.71608 H 496133 3.10855 4.58072
C 1.63522 4.43300 3.74645 H 3.59103 2.19506 3.96125
C 0.65458 4.39476  4.87087 H 1.75475 2.15823 -0.07147
C 3.57456  5.60957  4.84807 H 2.41440 1.69425 -2.39169
C 4.15991 6.99786 4.71301 H 5.12306 4.78219 -2.41051
C 497687 7.17136  6.00297 H 455348 5.42345 -0.10704
C 435974 6.17385 6.99641 H 2.21252 0.01063 9.42011
C 3.70971 5.14445 6.09708 H 0.87299 -0.62934 11.37703
C 2.18852 2.47271  8.18559 H -0.84558 3.09348 11.62142
C 2.53025 3.74478 7.84621 H 0.37651 3.89316 9.64460
C 3.27145 3.84910 6.62981

C 3.51631 2.62793 6.06154

C 426679 2.30149 4.81362

C 3.10068 3.83990 0.13341

C 2.50047 2.78165 -0.54856

C 2.87716  2.51495 -1.85391

C 437557 4.21852 -1.86238

C 4.06198 4.57428 -0.56285

C 1.42246  2.02356  9.34948

C 1.53826 0.73234 9.86374

C 0.78884 0.37314 10.97109

C -0.15717 2.43074 11.10777

C 0.53740 2.88426 10.00059

H 5.09751 5.73085 7.66812

H 3.60099 6.65076 7.62771

H 6.01533 6.89268 5.81295

H 497223 8.19633  6.37265

H 476497 7.11293 3.81096

H 3.34721 7.72946  4.63963
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Table 3.17. Cartesian coordinates for the optimized structure of the closed form of ligand L1".

Cartesian coordinates for closed L1" (CH,Cl,)

Atom X Y Z Atom X Y Z

0.08077 1.82761  2.09838
-0.06294 -1.85374 2.07611
-0.24921 -7.23557 2.37112
0.32403  7.20302  2.45305
-0.43042 0.64931 0.75448
0.38024 -0.65643 0.72513

H 2.21240 -0.00111 1.71754
H -0.00676 -3.53256 -1.18396
H 0.29028 -2.13040 -3.31793
H -1.28291 -1.33611 -3.37435
H 1.43823 -0.10783 -3.98173
H -0.02743 0.02876 -4.95118
-0.08107 0.74058 -1.69628 H -0.99375 1.62821 -3.41478
-0.16332 141863 -0.54084 H 0.70373  2.05729 -3.24451
-0.08936 2.83698 -0.31961 H -0.58056 4.13508 3.47610
-0.09711 -0.71556 -1.70527 H 0.91752  5.43592 -0.33929
-0.05828 -3.21418 0.92786 H -0.37943  6.46594  4.23965
0.05041 -1.40941 -0.56583 H 1.02215 7.71037 0.58443
-1.94724 0.43119 0.87266 H 0.67972 -4.17388 3.39118
1.90110 -0.43848 0.77057 H -0.98643 -5.43747 -0.36664
-0.22616 -1.18987 -3.12678 H 0.53187 -6.51587 4.13238
0.03343  3.20257 0.96902 H -1.03062 -7.72434 0.53073
-0.00053 -2.83131 -0.36011
-0.01306 1.24553 -3.11487
0.35163 -0.00964 -3.93070
0.13919 4.57121 1.48542
-0.21264 4.89178  2.79539
0.59923 5.61384 0.67908
-0.10429 6.20519  3.22333
0.66638 6.89242  1.20163
-0.12935 -4.59009 1.43068
0.28590 -4.92465 2.71844
-0.61910 -5.62595 0.63317
0.20742 -6.24430 3.13357
-0.65220 -6.91162 1.14134
-0.11971 3.54895 -1.13357
-2.29451 -0.22299 0.07114
-2.45558 1.39123  0.78205
-2.21230 -0.01655 1.82878
2.20761 0.22485 -0.03994
240473 -1.39692 0.64406
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Table 3.18. Cartesian coordinates for the optimized structure of the open form of ligand L4".

Cartesian coordinates for open L4" (CH,Cl,)

Atom X Y Z Atom X Y z
S 0.73926  4.25059  2.22242 H 2.32454  4.27461  8.39321
S 2.28105 1.16272 6.58817 H 4.15167 1.11967 4.36606
N 1.24989 0.65326 9.76029 H 452212 2.84265 4.19002
N 1.70048 4.61253 -0.99778 H 2.99545  2.20929 3.58927
C 2.26925 4.54648 1.43896 H 1.77816 -1.08233 8.69092
C 3.18733 4.96713  2.34705 H 3.13674 -0.06269 9.21425
C 2.69028 5.05353  3.68399 H 2.25773 -1.04196 10.39755
C 1.36777 4.71549  3.77435 H -0.38089 4.63438 -0.67741
C 0.47568 4.70295 497131 H 0.48563 6.10460 -0.18107
C 3.53731 5.47122 4.80881 H 0.23169 5.76470 -1.89910
C 431245 6.76889  4.75785 H 0.23894 -0.12325 11.48070
C 5.23443  6.68592  5.98460 H 1.85940 4.35552 -3.11759
C 454755 5.68373  6.92646 C 3.49057 3.63061 -1.77212
C 3.68853 4.86021 5.99131 H 4.24909 3.19000 -2.39903
C 1.93971 2.21980 7.93252 N 3.61694 3.66977 -0.41118
C 2.44025 3.45955  7.69222 N 0.22757 2.61445 9.64015
C 3.09734 3.59086 6.43004 C -0.26256 1.91269 10.70627
C 3.11303  2.41951 5.72300 H -1.03114 2.31677 11.34541
C 3.72838 2.12440 4.39540
C 2.15768 -0.44823 9.49215
C 1.13698 1.83359 9.08673
C 2.52534 4.26573 0.03112
C 0.43166 5.31592 -0.92905
C 0.35118 0.69812 10.79352
C 2.31217 4.20184 -2.15283
H 5.25721 5.07072  7.48553
H 3.91550 6.19087 7.66459
H 6.20412 6.28642 5.68073
H 5.40792 7.65564  6.45038
H 4.86293 6.89278  3.82267
H 3.61499 7.61173  4.82452
H 421005 5.18828 2.07423
H -0.53656 5.02069 4.71880
H 0.87053 5.37450 5.73345
H 0.42035 3.70490 5.41302
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Table 3.19. Cartesian coordinates for the optimized structure of the closed form of ligand L4".

Cartesian coordinates for closed L4" (CH,Cl,)

Atom X Y Z Atom X Y Z

-0,18365 1,85051  2,14858
-0,42315 -1,82107 2,13748
0,06375 -5,12666 2,56434
0,55260 5,06765 2,58951
-0,56660 0,67353  0,75953
0,20674 -0,65264  0,83440
0,06338 0,72871 -1,63346
-0,13318 1,42312 -0,50193
-0,04343 2,84039 -0,28324
0,00616 -0,72694 -1,63237
-0,29445 -3,19507 1,01096
0,00640 -1,41297 -0,47942
-2,09265 0,49738  0,70539
1,71754 -0,47370  1,05347
0,02451 -1,21267 -3,05586
-0,05672 3,21473  1,00810
-0,09483 -2,83228 -0,26644
0,30979 1,21563 -3,03858
0,72657 -0,05915 -3,79726
-0,36159 -6,42645  2,61332
0,36318  6,42244  2,60889
-0,50673 -4,56772  1,45910
-0,04240 4,60260  1,45321
1,00154 -4,52058  3,49546
1,29843  4,32163  3,58964
0,05529  3,55734 -1,08650
-2,36265 -0,15415 -0,12730
-2,55941 1,47036  0,55169
-2,47834 0,06416  1,62655
2,13306 0,17086 0,27701
2,20564 -1,44685 0,99460
1,92990 -0,03261 2,02575
-0,04831 -3,55593 -1,06882
0,52915 -2,17073 -3,18000
-1,00130 -1,32942 -3,42103

1,80845 -0,19023 -3,72242
0,46853 -0,02110 -4,85496
-0,61668 1,62526 -3,45319
1,06214  2,00370 -3,09037
-0,04764 -7,09444 3,39737
0,74104  7,03352  3,41088
1,70912 -3,89543  2,95506
0,47995 -3,91429 4,23496
1,54565 -5,31478  4,00093
0,62522  3,77170  4,24672
1,98309 3,62703  3,10699
1,87486  5,02666 4,18331
-1,17318 -6,60038 1,53004
-1,70055 -7,49170 1,23041
-1,25989 -5,43991 0,81486
-0,58869 5,58837 0,76314
-0,33875 6,72345 1,47755
-0,68059  7,69021  1,14457
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Table 3.20. Cartesian coordinates for the optimized structure of the open form of ligand L2".

Cartesian coordinates for open L2" (CH,Cl,)

Atom X Y z Atom X Y z
S 1,08736 4,00823 2,18554 H 1,94693 -0,13035 9,31117
S 2,48601 1,20058 6,80443 H 0,27275 3,81542  9,44256
C 2,64978 4,31478 1,47583 C -0,32429 1,28759 11,41587
C 3,49453  4,82548  2,41050 C 0,51165 -1,00690 11,44516
C 2,91900 4,95559 3,71311 C -1,11999 0,98271 12,54358
C 1,60915 4,56339  3,74827 C -0,26686 -1,27490 12,53562
C 0,65350 4,56135 4,89481 H 1,14581 -1,77388 11,01609
C 3,68823 5,45650 4,85961 C -1,09008 -0,27018 13,08981
C 4,42158 6,77742  4,78242 H -1,74555 1,76491 12,95481
C 5,27986 6,78797  6,05693 H -0,25588 -2,26160 12,98124
C 4,57630 5,81127 7,01280 H -1,70098 -0,49910 13,95409
C 3,79656  4,91100 6,07849 N -0,37944  2,54475 10,89141
C 2,02629  2,31478  8,06343 C 2,92333  4,03184 0,06595
C 2,50272  3,55694  7,78352 C 2,30446  3,02864 -0,63311
C 3,22723  3,64460 6,55356 C 3,87745  4,82193 -0,63540
C 3,32144  2,43900 5,91445 C 2,62461  2,81261 -1,99033
C 4,00553 2,10026 4,63194 H 1,57571 2,38342 -0,15427
H 5,27406  5,25311 7,64006 H 4,36496 5,64037 -0,11393
H 3,88919 6,33332 7,68883 C 3,60117 3,64922 -2,58219
H 6,27641 6,40715 5,82428 C 2,02444  1,79366 -2,76869
H 5,39779 7,78514  6,48012 C 3,95165 3,45152 -3,93710
H 5,01626  6,87558  3,87152 C 2,38241 1,62328 -4,07634
H 3,69391 7,59689  4,77035 H 1,27866  1,15408 -2,31119
H 4,52784 5,06865 2,20138 C 3,35528 2,46030 -4,66561
H -0,35415 4,82998 4,57523 H 4,69865 4,10331 -4,37240
H 0,98051 5,27665 5,64919 H 1,92047 0,84328 -4,66840
H 0,60993 3,57885 5,37175 H 3,62721  2,31209 -5,70323
H 2,35091 4,40762  8,43449 N 4,21128 4,64826 -1,88347
H 4,46016 1,10966 4,67111
H 4,78570  2,83325  4,42653
H 3,30697 2,12295  3,79156
C 1,23570 1,88645 9,21878
C 1,29084 0,61990 9,73934
C 0,35774  2,81230 9,85000
C 0,50029 0,28131 10,85794
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Table 3.21. Cartesian coordinates for the optimized structure of the open form of L4" (HxMe).

Cartesian coordinates for open L4" (HxMe) (CH,Cl,)

Atom X Y YA Atom X Y Z

0,81356  4,24316  2,19384
2,23784 1,21854  6,64026
0,97207 0,60735 9,52212
1,60444  4,19955 -0,90913
2,35859 4,51860 1,43727
3,26410  4,95270  2,35136
2,74318 5,05824  3,67826
1,41737  4,73020 3,75130
0,50439  4,73297  4,93182
3,57460 5,48355  4,81207
436542 6,77151  4,75354
526747 6,69673  5,99544
4,55382 571815  6,94201
3,70010 4,88972  6,00630
1,88564  2,30445  7,95578
2,40843 3,53338  7,71081
3,08864 3,63418 6,45731
3,10467 2,45147 5,77015
3,73247 2,12848  4,45548
1,11718 1,89861 9,12011
2,59197 4,28317  0,02254
0,20713 0,60868 10,65864
2,19722  3,99424 -2,12707
5,24687 5,10584  7,52219
3,91609 6,24451  7,66151
6,23661 6,28062  5,71285
544588  7,67146  6,44864
4,93152  6,87489  3,82531
3,67674 7,62298  4,79665
4,28882 5,17707  2,09015
-0,49755 5,06845  4,66155
0,89782 5,39879  5,69956
0,42386 3,73643  5,37333
2,30077 4,35701  8,40273
4,15775 1,12416  4,45150

4,52694  2,84387 4,24341
3,00696  2,19546  3,64084
-0,05427 -0,29847 11,17471
1,62520 3,89111 -3,03245
3,53673  3,96437 -1,87379
4,34151 3,81994 -2,57634
3,77630  4,14069 -0,53555
0,48581 2,71776  9,93523
-0,07893 1,92045 10,89716
-0,66422 2,33597 11,70144
1,38350 -0,20444 9,09231
0,61626  4,30271 -0,74912
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CHAPTER 4

Biological evaluation
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4.1. DNA interaction studies

4.1.1. Metal-complex interactions with DNA

Nuclear DNA is generally considered to be the primary biological target of most
chemotherapeutical drugs, both in current clinical use and under several development
stages.’ Although the detailed mechanism through which many nucleic acid-drug
interactions proceed still remains to be fully understood, DNA targeting with small
molecules is a particularly efficient way of interfering with a number of paramount
biological processes, including gene expression, protein synthesis and cell division.
Such DNA-interacting agents thus may find their utility in the treatment of several
diseases for which the inhibition of the normal DNA function may be of particular

interest, among which cancer stands in a paradigmatic position.

The vast range of possibilities offered by DNA-drug interactions arises not only from
the inherent structural complexity of this biomolecule, but also from its polymorphic
nature. Aside from the well-known, double-stranded helical structure of the most
common B-DNA form described by Watson and Crick, a number of alternative DNA
conformations and even non-duplex structures can also be found. All these structures

take part of a number of relevant biological processes, and each one of them
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represents a potential chemotherapeutic target through which the regulation of a

particular function may be eventually achieved.?

When addressing the study of the specific interaction of small molecules with DNA,
including that of transition-metal complexes such as those reported in this thesis, both
covalent and non-covalent binding modes may be considered.®> Covalent binding, in
particular, is a common mode of DNA interaction for most metal complexes, providing
that one or more of the ligands surrounding the metal center are labile enough to be
readily hydrolyzed, and hence generate vacant binding sites. As previously described
for cisplatin in the introductory chapter of this thesis, metallic covalent binders
generally coordinate to the electron-rich N7 position of the purine residues of DNA,
forming monofunctional adducts, and/or bifunctional inter- and intrastrand crosslinks.*
This generally results in the local bending and unwinding of the double helix, which in
turn blocks the replication and transcription processes; ultimately, following the failure

of DNA-repair and nucleotide-excision mechanisms, programmed cell death occurs.”

Intercalator

Major groove binder

Major groove

External binder

Minor groove binder
Minor groove

Bis-intercalator

Figure 4.1. Schematic representation of non-covalent DNA-drug interactions.

Non-covalent DNA binding, on the other hand, encompasses three fundamentally
different intermolecular interactions depicted in Figure 4.1: intercalation between DNA
base pairs; minor and major groove binding; and, to a much lesser extent, non-specific

backbone association.® Being governed by a combination of Van der Waals forces,
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hydrogen bonding, electrostatic attraction or hydrophobic effects, non-covalent
binding activity has an interesting reversible nature from the perspective of drug
metabolism and hence of side-effect reduction, and in the case of transition-metal
complexes, it typically arises from particular interactions between the organic ligands

and the double helix.

Intercalation can be defined as the insertion of a planar, electron-deficient aromatic
ring system between the stacked base pairs of DNA.” Several conformational changes
take place as a result of this interaction, which is stabilized by the overlap of the
orbitals of both the intercalator and the adjoining nucleobases; DNA must dynamically
open a space between its base pairs for intercalation to occur, which results in the
local unwinding, lengthening and stiffening of the double helix. Blockage of
transcription, replication and DNA-repair mechanisms result from this insertion, which
is why most intercalating agents are considered strong mutagens; for the same

reasons, they can also be successfully applied as strong cancer cell-growth inhibitors.®®

[Pt(R-Phen)(en)]% [PtCl(Terpy)]*

[Ru(Phen),(dppz)]**

Figure 4.2. lllustrative examples of Pt(ll) and Ru(ll) intercalating metal complexes.'***

Many metal complexes bearing a variety of polyaromatic ligands, like those depicted in
Figure 4.2, typically exhibit strong intercalating and anticancer properties. For instance,
planar-shaped platinum(ll) complexes of the type [Pt(R-Phen)(en)]** have been
extensively studied and are known to display noteworthy antitumoral activity.'

Polypyridyl ruthenium(ll) compounds such as [Ru(Phen),(dppz)]** (dppz =
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dipyridophenazine) are also potent intercalators exhibiting interesting potential
applications as diagnosis agents,11 and copper(ll) porphyrin-based systems have been
described to induce redox-mediated DNA cleavage after intercalative DNA
association.”® Other interesting examples include platinum(ll) terpyridyl complexes
able to covalently bind to DNA after being inserted, or even polynuclear compounds
displaying multiple intercalating moieties tethered by a flexible linker; such additional

interactions usually account for increased antiproliferative capacity.lz’14

—’3*'
(\NHZ I N
HzN """J \.‘\\\N /
.,,_Cd‘\
HZN/ \N e
k/NHz | ~
[CO(EH)Z(pYr)2]3+ [Fesz)3]4+

Figure 4.3. lllustrative examples of Ru(ll) and Fe(ll) groove-binding metal complexes."*®

Groove binding is the other main non-covalent nucleic acid interaction mode. Just as
most DNA-binding proteins, long-shaped molecules or metal complexes with a certain
degree of conformational flexibility may exhibit particular affinity for either the major
or minor grooves of DNA, owing to complementary hydrophobic and electrostatic
effects.”’ Although this intermolecular association does not generally induce any
particular rearrangement of the double helix, groove binders are able to inhibit several
DNA-protein readout processes and the expression of specific gene sequences. In
other cases, groove association is a required prior step for metal complexes to cause
further DNA damage. Ruthenium(ll) and cobalt(lll) complexes such as [Ru(MesPhen)s])**
(MesPhen = 3,4,7,8-tetramethylphenanthroline) or [Co(en),(py),]** are illustrative
examples of compounds capable of binding electrostatically within the grooves of

18,15

DNA, and of subsequently inducing strand cleavage upon light irradiation. Some
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iron or copper supramolecular metallohelicates are also known as major-groove
binders and have received notable attention in recent years, due to their particular

16,19

ability to induce dramatic DNA supercoiling. A few of these compounds are shown

in Figure 4.3.

In summary, metal-containing molecules are able to induce an array of notable effects
on the structure and conformation of DNA, which may have a defining impact on an
even wider range of cellular processes. Since DNA stands as the main and most
effective biological target for many antiproliferative agents, evaluating the nature of
these interactions is a crucial step in the early development of novel metallodrugs.
Such investigations are crucial to get a better understanding of both their mechanism
of action and their key structural features, which may eventually lead to rational

design refinement and hence an activity enhancement.

With these objectives in mind, the thorough evaluation of the DNA-interacting
capabilities of both the open and closed isomers of the synthesized photoswitchable
complexes was subsequently addressed using various techniques. The results obtained
successfully corroborated the suitableness of the innovative DTC-based approach for

the design of novel light-activatable metallodrugs, and are discussed below.

4.1.2. Agarose gel electrophoresis studies

Gel electrophoresis is a fairly simple technique that is commonly used to separate and
analyze charged biomolecules, such as nucleic acids, according to their size and
conformation.’® This separation takes place by application of an electric field through a
porous gel matrix generally made of agarose or polyacrylamide, which is loaded with
the studied samples. Due to the negatively charged nature of their phosphate
backbone, DNA molecules are attracted by the opposite electrode and move across
the gel, displaying distinct migration rates through the porous network based on their
structural features. In practice, gel electrophoresis can be used to qualitatively assess
the activity of a DNA binder as a function of its effect over the electrophoretic mobility
of nucleic acid samples, which will be directly related to the induced conformational

changes.
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Plasmidic DNA is typically used in gel electrophoresis experiments. Plasmids are small,
double-stranded and circular DNA sequences, which akin to chromosomal DNA are
generally found in vivo in a tightly compacted supercoiled conformation. This compact
state, however, may be altered by the action of either topoisomerase enzymes or
accidental single-strand breaking, producing in both cases the unwinding of the
supercoils and the adoption of a relaxed, open circular conformation. These two
naturally-occurring supercoiled and relaxed topologies of plasmidic DNA are also
respectively known as forms | and Il. Strong DNA-cleaving agents, in addition, may be
able to induce double-strand breaking of the circular structure, which then results in a
linear DNA chain commonly denoted as form Ill. As could be expected, each of these
plasmid DNA topologies, which are schematically represented in Figure 4.4, displays a
distinct electrophoretic mobility and may be affected in different ways by DNA-

interacting agents.

Supercoiled Nicked Open Circular Linear
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Figure 4.4. Schematic representation of the three main plasmid DNA topologies.

Gel electrophoresis experiments were thus performed for an initial screening of the
DNA-interacting behavior of the open and closed forms of all the synthesized
photoswitchable platinum(ll) complexes. Native pBR322 plasmid DNA samples were
separately treated with increasing quantities of both isomers of each compound, and
the effect on their electrophoretic mobility was subsequently evaluated after an

incubating period of 24 h at 37 °C, during which all samples were kept in the dark (see
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Figure 4.5. Agarose gel electrophoresis image for pBR322 DNA incubated for 24 h at
37 °C with increasing quantities of complex €1" in its open and closed forms.
Lane 1: Native plasmid DNA; lane 2: DNA + 0.5 equiv. cisplatin; lanes 3-6: DNA + 0.5 to 2.0
equiv. €1" (open form); lanes 7-10: DNA + 0.5 to 2.0 equiv. €1" (closed form).

experimental section for details). Following the mobility shift assays, the resulting gels

were then treated with an appropriate DNA marker for visualization.

Figure 4.5 shows the agarose gel electrophoresis image obtained after incubating
plasmid DNA samples with the open and closed forms of complex €1". Lane 1
corresponds to native pBR322 DNA, which, as stated above, is principally found in its
supercoiled conformation (form I). A small presence of nicked circular conformation
(form 1l) is also appreciated, exhibiting a lesser electrophoretic mobility due to its more
voluminous nature. Lane 2 corresponds to a sample of DNA incubated with 0.5
equivalents of cisplatin, which affects the mobility of both DNA conformations and was
used as a positive control. As observed in the gel, cisplatin's binding to supercoiled
DNA causes the unwinding of the double helix, hence producing the removal of
negative supercoils; as a result, the electrophoretic mobility of form | is reduced.” The
same unwinding process, on the contrary, does increase the mobility of the open
circular conformation upon platinum binding, due to a shortening effect on the DNA
contour length that results in a more compact structure.?? These effects are known to
become more pronounced in a dose-response fashion, up to the point that all
metal/DNA adducts would co-migrate in the form of a single broad band in the

presence of increasing amounts of cisplatin.

Lanes 3 to 6 and 7 to 10 correspond to plasmid DNA samples incubated with increasing
quantities of the open and closed isomers of the complex, respectively. A promising

and clearly distinct DNA-interacting behavior of the two isomeric forms can easily be
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appreciated. Low concentrations of the open form of c1" appear to produce a variable
decrease of the electrophoretic mobility of supercoiled DNA, as observed in lane 3.
This effect could be ascribed to the gradual unwinding of the double helix, although it
becomes apparently much less pronounced at higher complex concentration; indeed,
lanes 4-6 exhibit a much better defined form | band, whose mobility diminution is
comparable to that of supercoiled DNA treated with cisplatin. These results suggest
that the open isomer of complex C1" is able to interact with the double strand of DNA
in multiple ways, most probably as a result of cooperative effects between the
platinum centers and the organic ligand, leading to an equilibrium governed by
compound concentration. It is likely that intercalative interaction may have a role at
lower complex concentrations, generating the observed partial unwinding, whereas

increasing quantities of the complex seem to lead to typical DNA-platination effects.

On the contrary, the closed isomer of complex c1" exhibits a strong intercalative
interaction with DNA, most likely arising from its much higher stiffness, planarity and
electronic conjugation. As previously discussed, DNA intercalation is known to induce
stronger local unwinding of the double helix than covalent binding; this may result in
the relaxation of the negatively supercoiled plasmid sequences until virtually reaching
an open circular conformation, whereas further addition of the intercalating agent will
then lead to positive supercoiling.23 Such features are clearly observed in lanes 7-10,
containing increasing concentrations of closed C1". Lane 7 exhibits an initial decrease
of the mobility of negatively supercoiled DNA (form I), due to partial twist reduction of
the biomolecule; increasing the amount of complex enhances this effect, up to the
point that, in lane 8, all initially supercoiled DNA appears to be completely relaxed and
co-migrates with the unaffected nicked DNA fraction. Finally, a mobility increase is
then observed in lanes 9 and 10, as a result of the subsequent induction of positive

supercoiling to the previously relaxed structure.

Moreover, the distinguishable vanishing of the bands accompanying this mobility
increase is also worth mentioning, as it most likely arises from the precipitation of
highly platinated DNA adducts. This suggests that covalent binding of the metal centers
may take place following the insertion of the compound between base pairs, which, as
in the case of the previously described terpyridine platinum(ll) complexes, may

account for a stronger antiproliferative activity of this closed species.
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Different DNA interactions of their open and closed photoisomers, thereby supporting
their potential application as photoactivatable drugs, were also observed for some
other tested compounds like the perfluorinated complex C1F. The corresponding
agarose gel electrophoresis results are shown in Figure 4.6. As for the previous
compound, incubation of DNA with increasing quantities of the open isomer of €1
produces the unwinding of the supercoiled circular structure, the complete conversion
into form Il being now observed at the highest complex concentration (lane 6). This
may be explained by single-strand cleavage of the plasmid induced by platinum
binding, resulting in the complete relaxation of supercoiled DNA fragments through

free rotation around the nicked strand.

Form I

Forml

Figure 4.6. Agarose gel electrophoresis image for pBR322 DNA incubated for 24 h at
37 °C with increasing quantities of complex €1 in its open and closed forms.
Lane 1: Native plasmid DNA; lane 2: DNA + 0.5 equiv. cisplatin; lanes 3-6: DNA + 0.5 to 2.0
equiv. €1% (open form); lanes 7-10: DNA + 0.5 to 2.0 equiv. €1° (closed form).

The closed-ring form of complex c1f, on the other hand, presents well-defined
intercalating properties comparable to those of the previous compound, even though
higher concentrations are in this case needed to produce similar results. Indeed,
whereas 1.0 equivalent of closed c1? is sufficient to give rise to the complete
relaxation of supercoiled circular DNA (Figure 4.5, lane 8), twice that amount of closed
c1fis required in order to achieve the same effect (Figure 4.6, lane 10). Such a
decrease in the activity of the complex can be justified by its potentially repulsive
interactions with the phosphate backbone, due to the presence of the fluorine atoms
in the inserted ligand. These results thus indicate that the favored DNA interaction

mode for these cyclized photoisomers is intercalation.
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1 2 3 4 5 6 7 8 9 10

Figure 4.7. Agarose gel electrophoresis image for pBR322 DNA incubated for 24 h at

Formll
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37 °C with increasing quantities of complex €2" in its open and closed forms.
Lane 1: Native plasmid DNA; lane 2: DNA + 0.5 equiv. cisplatin; lanes 3-6: DNA + 0.5 to 2.0
equiv. €2" (open form); lanes 7-10: DNA + 0.5 to 2.0 equiv. €2" (closed form).
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Figure 4.8. Agarose gel electrophoresis image for pBR322 DNA incubated for 24 h at
37 °C with increasing quantities of complex €2° in its open and closed forms.
Lane 1: Native plasmid DNA; lane 2: DNA + 0.5 equiv. cisplatin; lanes 3-6: DNA + 0.5 to 2.0
equiv. €2" (open form); lanes 7-10: DNA + 0.5 to 2.0 equiv. €2° (closed form).

The assays carried out with complexes €2" and €2F, however, revealed minor
differences regarding the DNA-interacting capabilities of their open and closed forms.
As seen in Figures 4.7 and 4.8, a noticeable decrease of the electrophoretic mobility of
supercoiled DNA is observed for all samples treated with increasing quantities of each
compound, even producing its co-migration with open circular DNA in the case of both
the open and closed isomers of complex €2" (Figure 4.7, lanes 4-6 and 8-10). This
feature may be attributed to the presence of the planar-shaped quinoline rings in both
ligands, which apparently confers a comparable intercalating activity to all these

species regardless of the state of the photoswitchable core (i.e. open or closed).

It is nevertheless worth noting that, as observed for the first tested complexes, both

the open and closed isomers of C2F show a weaker affectation of supercoiled DNA
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compared with their non-fluorinated counterparts (Figure 4.8, lanes 3-10). Altogether,
these findings suggest that the fluorination of the ligand backbone has a negative
impact on the affinity of the resulting complexes towards the double helix, probably
due to its incompatibility with the otherwise favored intercalating binding mechanism.
Therefore, in the absence of complementary interactions, it is likely that complexes
bearing this structural motif might be prone to display poorer antiproliferative

properties.

Figures 4.9 and 4.10 show the agarose gel electrophoresis images obtained after
incubating pBR322 plasmid DNA with increasing amounts of complex c3" and the non-
photoreactive complex C4", respectively. If the previously examined compounds
allowed evaluating the influence of the perfluorinated backbone on their DNA-
interacting performance, complexes c3" and ca" were considered of particular interest
to analyze both the role of the metal-binding unit in DNA association and the effects

produced by slight chemical modifications, by comparison with compound €1".

Form I

Forml

Figure 4.9. Agarose gel electrophoresis image for pBR322 DNA incubated for 24 h at
37 °C with increasing quantities of complex €3" in its open and closed forms.
Lane 1: Native plasmid DNA; lane 2: DNA + 0.5 equiv. cisplatin; lanes 3-6: DNA + 0.5 to 2.0
equiv. €3" (open form); lanes 7-10: DNA + 0.5 to 2.0 equiv. €3" (closed form).

The results obtained show that the alteration of the electrophoretic mobility of
plasmid DNA induced by the open forms of either €3" or €4" follows a similar dose-
dependent pattern, as that observed for complex c1". 05 equivalents of c3" or ca"
clearly produce the complete unwinding of supercoiled circular DNA and hence its
conversion to form I, whereas higher complex concentrations lead again to effects

comparable to those of cisplatin, therefore suggesting a metal covalent binding. Such
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Figure 4.10. Agarose gel electrophoresis image for pBR322 DNA incubated for 24 h at
37 °C with increasing quantities of complex €4". Lane 1: Native plasmid DNA;

lane 2: DNA + 0.5 equiv. cisplatin; lanes 3-6: DNA + 0.5 to 2.0 equiv. C4" (open form).

covalent binding, in addition, seems to be particularly strong in the case of complex
ca", for which a clear vanishing of the bands (indicative of adduct precipitation) is

noticed at the highest concentrations (Figure 4.10, lanes 5-6).

Clear differences, however, arise when comparing the DNA-binding behavior of closed
c3" and that of closed c1". Despite their similar chemical structure, the former
compound does not seem to show the strong intercalative activity displayed by the
latter one; instead, its effects on the electrophoretic mobility of supercoiled circular
DNA are comparable to those of its non-cyclized counterpart (Figure 4.9). Albeit it is
unclear whether the alteration of the activity of closed c3" stems from the presence of
the methyl group or from the variation of the relative disposition of the metal centers,
the results obtained for these complexes plainly indicate that solely the activity of the
closed-ring species is significantly altered by the subtle modification of the metal-
binding unit of the ligands. Consequently, this further corroborates that the DNA-
binding activity of the open and closed photoisomers does actually proceed via two

different mechanisms.

Finally, Figure 4.11 depicts the agarose gel corresponding to the mobility shift assays
performed with the mononuclear complex €5". This complex allowed assessing the
extent to which the dinuclear nature of the platinum compounds has a significant
impact on the DNA-binding performance of these systems. Surprisingly, no isomeric
differentiation was observed upon treating pBR322 plasmid samples with the open
and closed forms of this complex, which produce in both cases solely a comparable

retardation of the mobility of supercoiled DNA. The induction of such a slight
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unwinding of the double helix may be expected for the open covalently-binding
isomer, as a result of the loss of one of the active metal centers, but in the case of the
closed-ring species this fact may have key implications. Closed ¢5" does not display
such a strong intercalating activity as closed c1” despite the fact that the substitution
of a metal-binding unit with a phenyl ring may have somewhat favored the insertion of
the organic ligand between DNA base pairs; consequently, covalent platinum binding
appears to be crucial. It may thus be inferred that the strong DNA-unwinding activity
displayed by most of the closed complexes is due to not only their insertion between
DNA base pairs, but also to subsequent platinum covalent anchoring. Actually, this was
already suggested by the band disappearance taking place when high amounts of
closed complex c1" are used (see Figure 4.5), which can thus be ascribed to the

precipitation of covalent metal/DNA adducts.

Form i

Forml

Figure 4.11. Agarose gel electrophoresis image for pBR322 DNA incubated for 24 h at
37 °C with increasing quantities of complex €5" in its open and closed forms.
Lane 1: Native plasmid DNA; lane 2: DNA + 0.5 equiv. cisplatin; lanes 3-6: DNA + 0.5 to 2.0
equiv. C5" (open form); lanes 7-10: DNA + 0.5 to 2.0 equiv. C5" (closed form).

In summary, the agarose gel electrophoresis experiments disclosed two fundamental
facts concerning the herein presented series of platinum(ll) metalloswitches. First and
foremost, the two interchangeable photoisomers of these complexes possess an
inherently different DNA-binding behavior, seemingly governed by either metal-
mediated covalent binding or ligand-mediated base-pair insertion. This important
feature, consequently, validates the use of DTC-based ligands as a novel approach to
design photoactivated chemotherapeutics. Secondly, and as a result of their distinct

comportment, the activity of the open and closed isomers of these DNA-interacting
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agents can be independently fine-tuned by means of chemical modification of the
metal environment or the bridging photoswitchable ligand, opening up a whole new
way of designing metal-based anticancer drugs. After these initial observations, and
with the aim of fully characterizing these unprecedented systems, the distinct
properties of their open and closed photoisomers were then investigated using
competitive binding assays, which allowed to further evaluating the base-pair

association exhibited by most of the cyclized species.

4.1.3. Fluorescent intercalator displacement assays

Following the gel electrophoresis assays, the intercalating activity of the closed form of
the metalloswitches was further examined using ethidium bromide displacement
experiments. Ethidium bromide (EB), depicted in Figure 4.12, is a phenanthridine-

based organic dye that acts as a strong intercalating agent; this results from its ability

to efficiently bind between stacked base pairs of DNA, adopting a parallel disposition
24,25

with respect to the base-pair axis.

Figure 4.12. Chemical structure of the fluorescent dye, ethidium bromide (EB).

The binding of this pigment to double-stranded DNA does not only inhibit a wide range
of relevant biological functions due to its interference with gene expression, but it also
produces a great increase of its fluorescent emission intensity and lifetime, which can

26,27

thus be used to monitor the binding process. The explanation to this impactful

fluorescence enhancement upon binding to duplex DNA can be found in the loss of
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solvation produced by the dye's insertion within the hydrophobic base-pair
environment. The resulting absence of surrounding water molecules causes the
inactivation of the proton-transfer quenching mechanism, to which ethidium
bromide's excited state is particularly susceptible due to its remarkably long radiative

lifetime.?®%°

Because of the singular fluorescent features of the DNA/EB system, ethidium bromide
is a very convenient spectroscopic probe of nucleic acid conformation and interactions,
being widely used to study the binding properties of other DNA-interacting agents
through competitive assays.30 In such studies, based on the ability of the tested species
to compete with the dye for intercalation positions, the partial displacement of DNA-
bound ethidium bromide produces an emission decrease of the monitored system,
whose magnitude can directly be related to the interacting capability of the competing

agent.

In the present work, this fluorescence assay was used to further investigate the DNA-
interacting behavior of the open and closed photoisomers of the platinum
metalloswitches, with the objective to corroborate the results obtained in the agarose
gel electrophoresis experiments (see above). For that purpose, samples containing
linear calf thymus DNA (ct-DNA) and ethidium bromide (15 puM and 75 uM,
respectively) were incubated at 37 °C for a small period of time, sufficient to promote
the occupation of all intercalation sites by the fluorescent dye. The resulting solutions
were then treated with increasing amounts of either the open or closed isomers of the
photoswitching complexes, and after an additional incubation period of 24 h in the
dark, fluorescence emission spectra of all samples were recorded in the range 530-800
nm, using an excitation wavelength of A = 514 nm (see experimental section for

details).

Representative results corresponding to the treatment of DNA/EB samples with the
open and closed forms of the pyridine-containing complex c1" are shown in Figures
4.13 and 4.14, respectively. Although a decrease of the fluorescent emission of the
DNA/EB adduct —indicative of the dye's displacement— is easily appreciable in both
graphs, the quenching effect is drastically more pronounced in the case of the closed

species, hence implying its much higher capacity to expel DNA-bound ethidium
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Figure 4.13. Fluorescence emission spectra of ct-DNA/EB samples ([DNA]y, = 15 uM,
[EB] = 75 uM) treated with increasing quantities (1-25 uM) of the open form of €1”,
registered after incubation for 24 h at 37 °C.
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Figure 4.14. Fluorescence emission spectra of ct-DNA/EB samples ([DNA]y, = 15 uM,
[EB] = 75 uM) treated with increasing quantities (1-25 uM) of the closed form of €1",
registered after incubation for 24 h at 37 °C.
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bromide. Accordingly, these data further evidence that, contrary to its open-ring
isomer, closed C1" exhibits a remarkably strong intercalating behavior owing to its
distinct structural and electronic features, which is in good agreement with the

previous gel electrophoresis observations.

Additionally, in order to establish a proper comparison between the DNA binding
affinity of all studied species, these fluorescent emission results have been used to
determine the corresponding Stern-Volmer quenching constants (Ksy) for

intermolecular deactivation, by applying the Stern-Volmer equation (4.1).3

I
70 =1+ KSV[Q] (4‘1)

In this expression, lp represents the initial fluorescence emission intensity of the
system; | represents the fluorescence emission intensity after the addition of a
guencher; and Q represents the quencher, which in this particular case corresponds to
the tested complex. Accordingly, a plot of Iy/I versus [complex] at the maximum
emission wavelength (Anax = 610 nm) can be adjusted to a straight line, whose slope is
equal to the Kgy value. In this manner, Stern-Volmer constants of Ky = 6.6 + 0.8 - 10°
M and Key = 42.5 + 0.6 - 10> M were respectively calculated for the open and closed
isomers of complex C1"; the corresponding plots, obtained after three independent

experimental sets of measurements, are shown in Figure 4.15.

Similar trends were observed for the open and closed isomers of all the studied
metalloswitches, whose corresponding calculated Stern-Volmer constants are
summarized in Table 4.1. As evidenced by the remarkably higher constant values
obtained, the closed species exhibit in all cases a greatly enhanced capability of
displacing the fluorescent dye from stacking interbase positions of DNA, therefore
corroborating that an intercalative binding mode is in effect inherent to the cyclized
form of all the complexes. In addition, noticeably lower quenching constants were
systematically achieved for the fluorinated closed-ring species, compared with their
corresponding non-halogenated analogues, which is also in agreement with the data
achieved by electrophoretic mobility shift assays. Whilst the Stern-Volmer constants

obtained from the titration of the DNA/EB system with closed c1" and c2" are of
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Figure 4.15. Plots of |/ vs [complex] for the titration of ct-DNA/EB samples
([DNA]y, = 15 uM, [EB] = 75 uM) with the open (red) and closed (blue) isomers of c1”
at Aexe =514 nm and A., = 610 nm: experimental data points, obtained in triplicate,

and linear fitting of the data. Ks, values are indicated in 10° M™.

Table 4.1. Calculated Stern-Volmer quenching constants for the titration of ct-DNA/EB
samples ([DNA],, = 15 uM, [EB] = 75 uM) with the open and closed isomers of all the

synthesized metalloswitches, at Aey. =514 nm and A.,, = 610 nm.

Complex Ksv (10° M), open form Ksv (10° M%), closed form

(o 6.6 £ 0.8
c1f 4.8 + 0.9
c2" 13.7 £+ 0.7
c2f 18.4 + 0.7
c3" 99 + 0.4
(o' 17.1 £+ 0.9

cs" 1.4 + 0.3
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respectively Ksy = 42.5 + 0.6 - 10° M™ and Ky = 58 + 3 - 10° M, these values are
correspondingly reduced to Ksy = 26.8 + 0.9 - 10° M and Ksy = 45 + 3 - 10°> M for
closed €1F and c2". Hence, these results corroborate former observations on the
negative impact of the fluorination of the cyclopentene backbone towards the DNA
intercalation of these compounds. As previously speculated, these differences may
originate from the probable induction of unfavorable electrostatic repulsion between
the fluorine atoms and the negatively charged phosphate backbone of the double

helix, which may cause slight destabilization of the resulting DNA/complex adducts.*

Moreover, a noticeably reduced dye-displacement ability is exhibited by the
mononuclear complex ¢5", whose Stern-Volmer guenching constants for the open and
closed isomers amount to Ky = 1.4 + 0.3 - 10° M? and Ky = 21.7 £ 0.6 - 10° M'l,
respectively. The latter value, noticeably lower than that of closed c1" is again in line
with earlier results obtained with plasmid DNA, confirming that the binding of the
dinuclear species to neighboring nucleobases (subsequent to the compounds'
insertion) is crucial with regard to the stabilization of the resulting DNA/complex

adducts.

To sum up, the data achieved by the fluorescent intercalator displacement
experiments allowed confirming the distinct DNA-binding activity and the structure-
activity relationships that had previously been assessed by means of agarose gel
electrophoresis assays. Moreover, the results obtained clearly support the fact that
closed photoisomers are capable of inducing a stronger alteration of the double helix
conformation, through a combination of intercalative and covalent associations.
Consequently, it may be expected that such closed-ring species are able to induce a
stronger inhibition of gene expression and DNA replication processes, which may
eventually be reflected by a more potent antiproliferative activity. Therefore, further
investigation on this issue was subsequently carried out applying several in vivo cell

viability assays.

However, apart from all these somewhat expected findings, the outcome of the
titration of the EB/DNA system with the non-photoreactive complex €4" requires
special attention. As indicated by its associated Stern-Volmer quenching constant, i.e.
Ky = 17.1 + 0.9 - 10®> M, this imidazolic species exhibits a far superior degree of

interaction with the DNA chain than other structurally similar complexes, like the open
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forms of €C1" and €3". Its dye-displacement activity, in fact, is comparable or even
greater than that of the open isomers of €2" and €2F (see Table 4.1), whose reasonably
stronger intercalative binding capacity can be directly related to their planar-shaped
quinoline metal-binding units. Nevertheless, this is not the case for the open form of
complex €4", whose lack of potentially intercalating structural motifs hence suggests
that it is presumably able to expel ethidium bromide through a different type of DNA

interaction.

A possible explanation for this fact lies in the potential induction of strong alterations
of the double-helix conformation through metal binding; local modifications of the
secondary or tertiary structure of the DNA chain, such as those produced by the
formation of 1,3-interstrand crosslinks, may indeed force the dye to abandon the
nearby interbase positions due to the destabilization of the m-stacking interactions,
and thereby cause fluorescence emission decrease. Such a distinctly strong binding
effect, moreover, could also justify the high degree of platination and band fading
observed by electrophoretic mobility shift assays of circular DNA treated with €4",
which as aforementioned is far superior to that of all the other open-ring complexes.
With a view to the future design of a subsequent generation of novel DTC-based
metalloswitches with improved biological performances, this particularly interesting
structure-activity relationship was further investigated using circular dichroism
spectroscopy, which was expected to disclose potential key alterations of the DNA

structure induced by the imidazole-bearing metallodrug.

4.1.4. Circular dichroism measurements

Circular dichroism (CD) spectroscopy is a light-absorption technique extensively used
for the conformational analysis of a wide variety of optically active samples in solution,
even though it is in the study of large biomolecules such as DNA and proteins where it

finds its most important applications.*?

The experimentally measured parameter in CD spectroscopy is the difference in
absorbance of left- and right-handed circularly polarized light; this phenomenon,

which is what the term "circular dichroism" stands for, is inherent to chiral samples
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and can be defined as AA = A_ - Ag, although for historical reasons most CD
measurements are commonly reported in degrees of ellipticity (6). Since a detailed
explanation of this parameter surpasses the purpose of this brief introduction and can
be found elsewhere,** it suffices to say that ellipticity is a measure of the distortion
experienced by the circularly polarized light beam after going through a sample (due to
the unequal absorption of its linear components), and that it can be easily obtained

from differential absorbance as 6 = 32.98 AA.

Being a light-absorption phenomenon, circular dichroism is in fact tightly related to
conventional UV-Vis spectroscopy, which means that the chromophores that
contribute to both spectra are exactly the same. This fact, along with its high sensitivity
to structural changes of the studied sample, whatever their origin, makes it an
incredibly valuable tool for the structural analysis of a variety of biological systems,
with common application fields including the estimation of protein secondary-
structure content or the monitoring of protein and nucleic acid unfolding processes.
Additionally, CD is also useful for the assessment of protein and nucleic acid
interaction with small molecules, such as organic ligands, short-chain peptides or

metal complexes, which is highly valuable for the present study.

As illustrated in Figure 4.16, the main naturally-occurring DNA conformations (namely
A-DNA, B-DNA and Z-DNA) possess distinct CD spectra in the near-UV region, owing to

their unique structural parameters and electronic interactions.>® The spectrum of the

h —
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Figure 4.16. Characteristic CD spectra corresponding to the A,

B and Z conformations of DNA.>
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most common B conformation, in particular, is characterized by the presence of two
bands of similar intensity and opposite sign, with a crossover point located at ca. 260
nm. These positive and negative bands, centered around 275 and 245 nm, act as
conformational fingerprints, respectively ascribed to the asymmetry derived from the
base-pair alignment and the right-handed helicity of the molecule. Thus, they can be
monitored to qualitatively assess the nature and magnitude of the changes related to
the secondary structure of B-DNA, such as those induced by the binding of a metal

complex.

CD measurements were hence carried out with the aim of further analyzing the
distinct interaction of open complex ca" with B-DNA, compared with that of the other
open-ring metalloswitches. To that end, linear calf thymus DNA (ct-DNA) solutions
were treated with increasing quantities of the open form of all the platinum
complexes, and the CD spectra of all the resulting samples were subsequently
recorded in the near-UV region, between 235 and 315 nm, after an incubating period

of 24 h in the dark at 37 °C (see experimental section for details).

Direct comparison of the CD spectra obtained after titration of B-DNA solutions with
the open forms of C1" and €4" clearly reveals noticeable differences regarding their

ability to induce structural alterations of the double helix. As shown in Figure 4.17, the
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Figure 4.17. CD spectra of ct-DNA samples ([DNA],, = 50 uM) treated
with increasing concentrations (5-25 uM) of the open form of complex €1",

registered after incubation for 24 h at 37 °C.



BIOLOGICAL EVALUATION 167

10 4 ——— DNA
— 5 UM
10 uM
= 5 . 11 \
b} — 15 UM
k]
F 0 - 25 uM —
.0
=]
2
¥V ] _5 A
-10 L] 1
235.0 275.0 315.0

Wavelength (nm)

Figure 4.18. CD spectra of ct-DNA samples ([DNA],, = 50 uM) treated
with increasing concentrations (5-25 uM) of the open form of complex €4",

registered after incubation for 24 h at 37 °C.

addition of increasing amounts of open C1" to ct-DNA results in a small bathochromic
shift of both the positive and the negative characteristic bands of its CD spectrum, as
well as a progressive slight increase of the ellipticity of the positive signal, until
reaching saturation. Such spectroscopic features, which are known to be indicative of
the covalent binding of monodentate platinum(ll) drugs to the DNA structure, are
thus in agreement with the previously proposed metal-mediated activity of the open
photoisomers, and corroborate as well that the binding of the complex does not have
a significant impact on the helical conformation nor on the base-pair stacking of the
biomolecule. In the same way, the open forms of all other complexes, apart from ca"
do also display CD spectroscopic features comparable to those of open c1" hence
evidencing that no significant alteration of the B-DNA topology is produced upon their
covalent binding. The corresponding results are summarized in Table 4.2, which
gathers the spectral changes induced upon the treatment of ct-DNA samples with the

highest tested concentration of each complex.

The open isomer of C4", on the contrary, induces a drastically distinct alteration of the
conformation of the double helix. The progressive binding of this imidazolic species
leads to a severe decrease of the whole CD signal of B-DNA, which is especially

pronounced in the case of the negative band (see Figure 4.18). These spectral changes
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clearly evidence that c4" fixation on DNA has a distinct incidence on the secondary
structure of the biomolecule, generating local disruptions of the helical turn and

destabilization of the alignment of adjacent base pairs. This effect is plainly consistent

with the efficient expulsion of ethidium bromide noted by fluorescence assays.

Due to €4" being the only metal complex exhibiting such a distinct DNA-interacting

behavior, this comportment may necessarily arise from the presence of the

Table 4.2. CD spectral changes induced upon the treatment of 50 uM,, ct-DNA samples

with a 25 uM concentration of the open form of the studied complexes, after incubation for 24

h at 37 °C. Mean values for free DNA samples are given in the top row as a reference.

Sample

CD data, negative band

CD data, positive band

DNA
(50 UM,)

Amin = 245.0 nm
Omin = -9.85 mdeg

Amax = 275.5 nm
Omax = 8.65 mdeg

DNA + C1"
(25 um)

DNA + C1f
(25 um)

DNA + C2"
(25 um)

DNA + C2F
(25 um)

DNA + 3"
(25 um)

DNA + C4"
(25 um)

DNA + C5"
(25 um)

Amin = 247.5 nm
AB = +0.87 mdeg

Amin = 247.0 nm
AB =+0.53 mdeg

Amin = 247.5 nm
AB =+0.33 mdeg

Amin = 247.0 nm
AB =+0.42 mdeg

Amin = 247.5 nm
AB = +1.85 mdeg

Amin = 247.0 nm
AB = +5.41 mdeg

Amin = 247.5 nm
AB = +0.40 mdeg

Amax = 279.0 nm
AB = +0.95 mdeg

Amax = 278.0 nm
AB =+0.74 mdeg

Amax = 280.5 nm
AB = +0.59 mdeg

Amax = 278.0 nm
AB =+1.35 mdeg

Amax = 279.5 nm
AB =-0.46 mdeg

Amax = 280.0 nm
AB =-1.92 mdeg

Amax = 278.5 nm
AB = +0.80 mdeg
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methylimidazole units in the photoswitching ligand, albeit the exact mechanism
through which this platinum compound induces such a structural alteration of B-DNA
remains to be elucidated. Although the alkylating potential of the N-methyl group
should not be completely overlooked, it is probable that the singular electronic
structure of this ligand, as supported by theoretical calculations (see Chapter 3), has a
direct effect on the ligand-exchange kinetics and/or the binding affinity of the
platinum(ll) centers, which may thus become more prone to mediate DNA cross-links.
Accordingly, efforts shall be made in future investigations to assess any potential
benefits of using other imidazolic structures towards the development of biologically
active DTC-based ligands. The aim of such upcoming studies shall be to reach a
compromise between efficient DNA interaction and optimal photochemical control,

which may eventually lead to more potent photoactivatable metallodrugs.

4.2. In vitro studies against selected cancer cell lines

4.2.1. Cell viability assays

After successfully completing all the DNA interaction studies, which revealed
interesting distinct DNA binding affinities and properties for the open and closed forms
of the photochromic complexes, the potential application of such metalloswitches as
novel photochemotherapeutic agents was subsequently examined. This was addressed
through a series of cell viability assays, in which the effect of the open and closed
isomers of each complex on cancer cell proliferation and survivability was thoroughly

evaluated.

The cancer cell viability was analyzed with the MTT assay.>”*® In this colorimetric
method, the living cell population of a sample after drug treatment is determined by
the addition of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), a
pale-yellow dye, and the monitoring of its subsequent mitochondrial reduction into its
deep-purple formazan derivative. Since this reduction process (shown in Figure 4.19) is
exclusively carried out by living cells, the remaining population —and therefore the

cytotoxic effect of the tested drug— can be directly estimated from the relative
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Figure 4.19. Mitochondrial reduction of MTT (yellow) into Formazan (purple).

absorbance of the sample near the formazan's absorption maximum, which is

compared to that displayed by non-treated control cells.

Up to five cancer cell lines, with different characteristics, were selected for the initial
screening of the compounds, namely A549 (lung adenocarcinoma), A375 (melanoma),
MCF7 (breast carcinoma), SW620 (colorectal adenocarcinoma) and SKOV3 (ovarian
adenocarcinoma). Single-point screening assays at constant complex concentrations
(10 and 50 uM) were first conducted, in order to get a general estimation of the
cytotoxic potential and isomeric differentiation of all species. Following the chemical
treatment, all cell samples were incubated for 48 h under standardized conditions,
after which the resulting viability was determined with the MTT method (see
experimental section for details). The results obtained for each complex, out of three

independent measurements, are depicted in Figures 4.20 to 4.26.
Cell line screening - C1"
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A549 A375 MCF7 SW620 SKOV3
Open, 10 uM Open, 50 pM Closed, 10 uM  ® Closed, 50 uM

Cell viability (%)
g

Figure 4.20. Cell viability assays for the open and closed forms of €1" at constant complex

concentrations (10 and 50 uM), after treatment for 48 h. Results are given in % of cell viability.
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Figure 4.21. Cell viability assays for the open and closed forms of C1F at constant complex

concentrations (10 and 50 uM), after treatment for 48 h. Results are given in % of cell viability.
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Figure 4.22. Cell viability assays for the open and closed forms of €2" at constant complex

concentrations (10 and 50 uM), after treatment for 48 h. Results are given in % of cell viability.
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Figure 4.23. Cell viability assays for the open and closed forms of €2* at constant complex

concentrations (10 and 50 uM), after treatment for 48 h. Results are given in % of cell viability.
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Cell line screening - C3H
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Figure 4.24. Cell viability assays for the open and closed forms of €3" at constant complex

concentrations (10 and 50 uM), after treatment for 48 h. Results are given in % of cell viability.

Cell line screening - C4"

75

5 ]
> 50
E
2 3 - .
O] I -
o = x - =
0
A549 A375 MCF7 SW620

Open, 10 uM Open, 50 uM

Figure 4.25. Cell viability assays for the open form of €4" at constant complex concentrations

(10 and 50 uM), after treatment for 48 h. Results are given in % of cell viability.
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Figure 4.26. Cell viability assays for the open and closed forms of €5" at constant complex

concentrations (10 and 50 uM), after treatment for 48 h. Results are given in % of cell viability.
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Strikingly, most of the screened platinum(ll) complexes exhibit very poor cytotoxicity
towards all the selected cancer cell lines, along with the absence of noticeable
discrimination between the activity of their open and closed isomers. In spite of the
noteworthy results achieved in the DNA interaction assays, above 75% survival of the
cancer cell populations were systematically obtained after treatment with either the
open or closed forms of complexes €17, €2", c2F or €3". Among all these poorly-active
agents, only the mononuclear complex €5" shows slightly better results. Its closed
isomer is somewhat more active than the open one, and in particular it is able to
induce 50% growth inhibition of SKOV3 ovarian cancer cells at a 10 uM concentration

(see Figure 4.26).

Much more promising results were achieved with complex c1f (see Figure 4.21).
Whereas the open form of this pyridine-bearing, fluorinated species is also ineffective
in all tested cancer cell lines, its closed-ring counterpart presents a remarkably high
cytotoxic activity against most of them, which corroborates the data obtained from all
the previous DNA interaction studies. Specifically, treatment with a 50 uM
concentration of closed €1 led to cell survival levels below 35% in all cases, except for
the ovarian SKOV3 line. Even more interesting is the fact that such high cancer-cell
death ratios were also achieved with the melanoma, breast carcinoma and colorectal
adenocarcinoma cell lines when using a therapeutically more relevant dose, namely 10
UM. Consequently, these results constitute the ultimate proof of concept for the
rational design of metal-containing DTC-based photoswitches as potential
photochemotherapeutic agents, confirming that the structural and electronic changes
taking place upon their light-mediated transformation can effectively translate into

drastically different antiproliferative activities.

Additionally, the cell viability results achieved with the photochemically inert complex
ca" were also noteworthy (see Figure 4.25). In accordance with the notably distinct
features exhibited by this compound in all the previous DNA interaction studies, ca"
displays a highly cytotoxic activity, far beyond that of any other open-ring species and
even slightly better than that of closed C1F. In fact, €4" was able to induce cell death
ratios of over 85% in all the screened cancer cell lines at a 50 uM dose, and most
remarkably, similarly high antiproliferative levels were achieved even at a complex

concentration of 10 uM. In addition to further supporting previous evidence on a
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different mechanism of action taking place with this complex, these biological data
hence highlight the promising cytotoxic potential of such imidazole-based ligands,

which accordingly should be further evaluated in forthcoming investigations.

To gain a better insight of the chemotherapeutic potential of complexes c1f and ca"
after this initial screening, half maximal inhibitory concentrations (ICso) in selected cell
lines were subsequently determined. This parameter can be defined as the minimum
concentration of a drug that is required to produce an in vitro 50% inhibition of a
specific biological function, such as cancer cell proliferation. The cell lines chosen for
this determination, performed by means of dose-response cell viability assays, were
A375 and SW620; not only because both closed c1f and open c4a" had exhibited
remarkably high cytotoxicity against them, but also due to their particular interest,
owing to their intrinsic characteristics. On the one hand, melanoma cells constitute the
most suitable target for PACT drug candidates such as those presented in this thesis,
due to the inherent accessibility to the treatment area,*® whereas the interest in the
colorectal cancer line mostly arose from its bad prognosis and current shortfall of
effective therapies.40 In addition, the ICsy values of cisplatin in these cell lines were
determined as well under exactly the same experimental conditions, with the aim of
setting out a proper comparison of the activity of the complexes with a well-

established clinical reference.

Table 4.3. Half inhibitory concentrations (ICs,, uM) of cisplatin and the selected complexes
for the A375 and SW620 cell lines, after incubation for 48 h. The results are expressed as mean

values * SD out of three independent experiments.

Compound 1C50, A375 cells (uM) 1Cs50, SW620 cells (uM)
Cisplatin 6.6 £ 0.6 14 + 2

€1 (open) >75 >75

C1F (closed) 31 +0.2 2.4 + 0.2

ca" 3.4 + 0.6 1.8 + 0.3
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The outcome of these experiments, summarized in Table 4.3, not only further
corroborate the results obtained by single-point cell viability assays, but also show that
the cytotoxic potential of these complexes in the selected cancer cell lines is even
greater than that of cisplatin. The determined ICsy values for closed c1f and the non-
photoreactive complex €4", all in the low micromolar range, reveal that both
compounds are twice as effective as the classical platinum drug against malignant
A375 melanoma cells. Moreover, the antiproliferative activity is even better against
SW620 colorectal cancer cells, for which the ICso values obtained for ca" and closed

€1F are almost an order of magnitude lower than those of cisplatin.

In summary, the paramount fact regarding the in vitro cell viability studies performed
is that they allowed validating the initial challenging and innovative research proposal
developed in the present thesis. Despite the preliminary nature of these results, the
fact that photoresponsive metallodrugs based on a DTC ligand-activation approach
exhibit such antitumoral activities, especially against melanoma cells, is indeed highly
promising. The pioneering data achieved, thus, clearly open up new perspectives in the
field of PACT, which shall be further explored in future investigations through the
rational design and fine-tuning of additional members of this class of metal-containing

switches.

However, in view of all the results obtained from the DNA interaction studies, the
explanation to the drastically distinct antitumoral activity of the closed isomer of
complex C1F still remained unclear. Actually, neither complex €17 nor the mononuclear
compound €5" —whose closed-ring form is particularly active against ovarian SKOV3
cancer cells— had shown the most prominent DNA-interacting capabilities, compared
to those of all other systems designed and prepared in this work. Consequently, to
better understand the origin of their cytotoxic behavior, it was decided to carry out a
comparative analysis of the cellular uptake and location of the highly active closed
isomer of complex c1f, as well as the structurally analogous, but inactive, closed form
of €1". The main idea behind this study was to try to assess whether the antitumoral
activity of C1F might be due to any potential affinity towards an alternative cellular
target, apart from nuclear DNA. This investigation was performed by fluorescence

confocal miscroscopy imaging.
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4.2.2. Fluorescence confocal microscopy studies

Fluorescence confocal microscopy is an optical imaging technique widely used in
biomedical research, especially for the detailed analysis of fixed cells and tissues that
have been labeled with fluorescent probes.41 In contrast with a conventional optical
microscope, a confocal microscope is designed to exclude most of the out-of-focus
light emitted by the sample, by adding a pinhole aperture before the detector that
rejects any rays not directly coming from the focal plane.42 This setup is illustrated in
Figure 4.27. The resulting imaging, accordingly, is restrained to a thin cross-section of
the specimen, being thus able to provide a more accurate local analysis, as well as a
better contrast and optical resolution. Moreover, it even enables the reconstruction of
three-dimensional models, which can be attained by progressively sectioning the

sample at different depths along a vertical axis.

Pinhale Beamsplitter e )
‘ Laser Focal plane

Figure 4.27. Schematic confocal microscopy setup, displaying laser excitation and
fluorescent emission collection. The red-dotted shape represents out-of-focus emitted light

that gets excluded by the pinhole.

Since the highly conjugated closed isomers of the metal complexes exhibit reasonable
fluorescence emission under excitation at the standard A = 488 nm channel of the
confocal microscope laser source, this was used to monitor the cellular uptake and

distribution of closed €1" and €1F. To that end, A375 melanoma samples were
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Figure 4.28. Confocal microscopy images showing the uptake of closed €1 (left) and
closed €1 (right) in A375 cells, after 24 h. The white bar symbolizes a length of 20 um.
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incubated with the closed complexes for 24 h (using a concentration of 25 uM), and
subsequently treated with an appropriate nuclear fluorescent staining prior to imaging
(see experimental section for details). A comparative view of the resulting confocal

microscopy images is shown in Figure 4.28.

The obtained fluorescent emission data clearly indicate that both complexes are
capable of crossing the cell membrane and entering the cytoplasmic matrix. However,
their intracellular distribution is notably different. While the highly active closed
isomer of C1F appears to be uniformly scattered across the cytosol and even in the cell
nucleus, being thus able to reach its main biological target, this is not the case for the
closed form of C1". Instead, a clearly distinguishable vesicular pattern is detected for
this inactive compound, which is confined in small circular areas, unable to reach the
nucleus. These observations hence suggest that, after entering the cell, closed ciMis
apparently recognized and systematically captured by secretory vesicles, most likely
producing its subsequent excretion. This efflux mechanism would therefore justify its

lack of significant toxicity, and probably that of some other tested complexes.

Moreover, since most platinum(ll) drugs are expected to primarily target nuclear DNA,
intensity profile line scans were also performed to confirm whether the efficacy of
closed complex crf may effectively be associated with its actual localization within the
cancer cell nucleus. Hence, the emission of the nuclear staining and of the tested
complexes in the cell samples was measured separately as a function of the distance
along a thin cross-section comprising both the nuclear and the cytoplasmic matrices,
with the aim of assessing whether both signals converged. The outcome of these
measurements, along with an image of the corresponding scanned area, is shown in

Figures 4.29 and 4.30.

The resulting fluorescence intensity profile scans further explain the different cytotoxic
activity exhibited by closed €1" and closed C1. As seen in Figure 4.29, for C1", only the
nuclear staining signal is seen during the scan of the nuclear matrix, along the white
arrow. The fluorescence emission due to the closed complex is solely observed when
the focal point reaches the cytosol, at about 14 um from the starting scanning point.
These data indicate that the compound is exclusively localized outside of the cell

nucleus, and is therefore unable to reach its biological target.
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Figure 4.29. Fluorescence intensity profile for TO-PRO-3 nuclear staining (blue) and closed

complex €1" (green) in A375 cells. The scanning direction is indicated with a white arrow.

On the contrary, for closed c1f (Figure 4.30), a continuous significant contribution of

the fluorescence emission of the compound was detected along the full scan, the first

half of which, as evidenced by both the depicted arrow and the staining contribution,

corresponded to the analysis of the cellular nucleus. The observed full superimposition

of both signals (i.e. from the nuclear staining and from closed €1F) unequivocally

implies that the complex is in this case able to cross the nuclear membrane and

effectively bind to DNA, thus explaining its high cytotoxic activity.

C1F, closed form
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Figure 4.30. Fluorescence intensity profile for TO-PRO-3 nuclear staining (blue) and closed

complex C1F (green) in A375 cells. The scanning direction is indicated with a white arrow.
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In conclusion, the confocal microscopy studies carried out demonstrate that the
singularly distinct antiproliferative activity of the closed form of complex €1 is not
strictly related with its particular interaction with biological targets, but with its ability
to actually reach nuclear DNA. In fact, it is likely that this perfluorinated species may be
the only closed-ring complex able to efficiently avoid vesicle-mediated excretion, and

to enter the cancer cell nucleus.

Most importantly, these interesting findings leave room for more research. For
instance, the use of different nuclear internalization strategies for the so-far ineffective
DTC-based platinum(ll) photoswitches may help to achieve more potent
antiproliferative activities, as suggested by the higher degree of DNA interaction
displayed by some of these complexes. Hence, the pioneering investigations carried
out in this PhD thesis work bring new scientific questions to the ever-growing field of
inorganic photoactivated chemotherapy, which will have to be addressed in the near

future.
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4.3. Experimental section

4.3.1. Materials

Ethidium bromide, sodium cacodylate, TAE (Tris Acetate-EDTA) buffer solution and calf
thymus DNA were purchased from Sigma-Aldrich and were used as received. Plasmid
pBR322 DNA was purchased from Roche. Ultrapure water was used for the
preparation of all buffer and sample solutions. The pH of the prepared cacodylate
buffer solution (1 mM sodium cacodylate, 20 mM NaCl, pH = 7.2) was adjusted with an
ultrapure aqueous solution of hydrochloric acid. Fluorescence and circular dichroism
spectra were collected in 1 cm pathlength quartz cuvettes. All reagents used during

the various in vitro studies were purchased from Sigma-Aldrich and Invitrogen.

4.3.2. DNA interaction studies

Stock solutions - Commercial plasmid pBR322 stock solution (250 pg/mL, ca. 385
MMpp) was used as received. A 150 pM ct-DNA stock solution was prepared by
dissolution of the highly polymerized sodium salt in cacodylate buffer, and its exact
concentration was established by absorbance at 260 nm (e, = 13200 m? cm'l). 5 mM
stock solutions of the studied complexes were freshly prepared in DMSO before each
experiment, and further diluted in DMSO/buffer mixtures as needed. Closed complex
stock solutions were obtained by irradiation of the initial stock solution for 3 min

at A < 365 nm (see Chapter 3).

Agarose gel electrophoresis - Samples containing 15 uM (base pair) pBR322 plasmid
DNA, 0.5-2.0 equivalents of the complexes (7.5-30 uM) and a constant 5% DMSO
content in a 20 ulL final volume of cacodylate buffer solution were incubated in the
dark for 24 h at 37 °C. Analogous samples of free plasmid DNA and DNA bound to
cisplatin (0.5 equiv., no DMSO content) were also prepared and used as controls.
Following incubation, all samples were treated with 4 pL of xylene cyanol 1x aqueous
solution (containing 30% glycerol) and subsequently electrophoretized in agarose gel

(1% in TAE buffer, Tris-Acetate-EDTA) for 1 h at 6.25 V cm?, using a Bio-Rad horizontal
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tank connected to a Consort EV231 variable potential power supply. Afterwards, the
gel was treated with SYBR® Safe DNA gel stain and subsequently photographed with a
Bio-Rad Gel Doc EZ imager.

Ethidium bromide displacement assays - Samples containing 15 uM (base pair) ct-DNA
and 75 uM ethidium bromide in cacodylate buffer solution were incubated for 1 h at
37 °C, after which they were subsequently treated with increasing amounts of the
complex stock solutions. The resulting samples, containing 1-25 uM of the studied
complexes and up to a 5% DMSO content in a 3 mL final volume, were then incubated
in the dark for 24 h at 37 °C. Following incubation, the fluorescence emission spectra
of all samples were recorded at room temperature in the range 530-800 nm, using a
Horiba Jovin Yvon SPEX Fluorolog 3-22 spectrofluorometer and applying an excitation
wavelength of Aec = 514 nm. Non complex-containing ct-DNA/EB solutions in

cacodylate buffer were used as control references.

Circular dichroism spectroscopy - Samples containing 50 UM (base pair) ct-DNA, 5-25
UM of the studied complexes and up to a 5% DMSO content in a 3 mL final volume of
cacodylate buffer solution were incubated for 24 h at 37 °C. Following incubation, the
circular dichroism spectra of all samples were recorded at room temperature using a
Jasco J-815 CD spectropolarimeter. The spectra were measured over the 235-315 nm
wavelength range in order to minimize DMSO interference, using a bandwidth of 2 nm,
a data pitch of 0.5 nm, scanning speed of 50 nm min™, response time of 1 s and 4
accumulations. Non complex-containing ct-DNA solutions in cacodylate buffer were

used as control references.

4.3.3. In vitro studies

Cell lines and culture - Human lung adenocarcinoma (A549), melanoma (A375), breast
adenocarcinoma (MCF7), colorectal adenocarcinoma (SW620) and ovarian
adenocarcinoma (SKOV3) cell lines used in this study were purchased from the
American Type Culture Collection (ATCC). A549, A375, SW620 and SKOV3 cells were
cultured in DMEM medium supplemented with 10% (v/v) fetal bovine serum (FBS), 100
unit/mL penicillin, 100 pg/mL streptomycin and 2 mM L-glutamine. MCF7 cells were
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cultured in DMEM-F12 (Ham) media (1:1) supplemented with 5% horse serum (v/v),
100 pM sodium pyruvate, 10 pg/mL insulin, 100 unit/mL penicillin, 100 pg/mL
streptomycin and 2 mM L-glutamine. All cell lines were grown at 37 °C under a 5% CO,

atmosphere.

Cell viability assays - Cell proliferation was evaluated by the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay. Cells were plated in 96-well sterile
plates at a density of 10> cells per mL (100 pL) and allowed to grow for 24 h. After
attachment to the surface, cells were then incubated with various concentrations of
the studied complexes (10 and 50 uM for single-point experiments and a 0.5-5 uM
range for dose-response curves), freshly dissolved in DMSO and diluted in the
corresponding culture medium (DMSO final concentration = 1%), for 48 h at 37 °C.
Control cells were cultured in the corresponding culture medium plus the carrier
(DMSO final concentration = 1%). Following the treatment, 10 uM MTT was added to
each well for an additional 4 h. Afterwards, the medium was aspirated, the purple
formazan precipitate was dissolved in 100 uL of DMSO, and the absorbance at 570 nm
was measured in a multi-well plate reader (Multiskan FC, Thermo Scientific). Cell
viability was expressed as percentage values with respect to control cells, and data are
shown as the mean value + SD of three independent experiments. Dose-response
curves and the corresponding ICso values were obtained by means of non-linear fitting,
calculated with GraphPad Prism 5.0 software. For comparison purposes, the cytotoxic

effect of cisplatin was also evaluated under identical experimental conditions.

Confocal microscopy - A375 cells were seeded on glass coverslips at a density of 10°
cells per mL (100 uL) and allowed to grow for 24 h. After attachment to the surface,
cells were then incubated with a 25 uM concentration of the studied complexes,
freshly dissolved in DMSO and diluted in the corresponding culture medium (DMSO
final concentration = 1%), for 48 h at 37 °C. Control cells were cultured in the
corresponding culture medium plus the carrier (DMSO final concentration = 1%).
Following the treatment, cells were washed twice with 1x PBS (phosphate buffer
solution) and fixed with 4% paraformaldehyde for 20 min, after which they were
permeabilized with 0.2% Triton X-100 for 15 min at room temperature and washed
twice with 1x PBS. Finally, 15 min incubation with 2 uM of TO-PRO®-3 iodide was

performed to stain the cell nuclei, and the coverslips were then placed on the slides
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using Mowiol® 4-88 mounting medium. The Z-stack images were captured using a
Leica TCS-SL filter-free spectral confocal microscope equipped with a 488 nm argon
laser and a 633 nm helium/neon laser, using a 63x oil immersion objective (1.4
numerical aperture), with a z voxel size of 0.56 um and an image resolution of
1024x1024 pixels. Images were projected into a single layer and the resulting two-
dimensional data set was merged using the Imagel) software package. In a first
instance, the microscope was set up appropriately taking into account the

autofluorescence of the studied cell line.
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Summary and conclusions

The main aim of this PhD thesis was to examine whether potential photoactivatable
metal compounds for anticancer application could be achieved through the
photomodification of coordinated ligands. For that purpose, a series of
photoswitchable platinum(ll) complexes based on photoresponsive
dithienylcyclopentene moieties were designed, synthesized and fully characterized,

and their biological properties were subsequently evaluated.

Hence, following different established procedures, various heterocyclic, N-donor
metal-binding units were connected to dithienylcylopentene synthons, bearing either a
hydrogenated or a perfluorinated backbone. In this manner, ten photoresponsive
ligands were obtained with reasonable yields, most of them being hitherto unreported
in the literature. These molecules were then used to yield up to six dinuclear Pt(ll)
complexes, as well as a mononuclear Pt(ll) species. All compounds were fully
characterized by means of common techniques, i.e. 'H NMR spectroscopy, mass

spectrometry and elemental analysis.

The connectivity of all metal complexes was further confirmed via X-ray determination
of several crystal structures. These measurements actually revealed the trans

disposition of the chlorido ligands coordinated to the Pt(ll) centers, as well as the
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ability of some of the complexes to generate distinct supramolecular associations in

the solid state, as a result of their fluorinated cyclopentene backbone.

The photochemical properties of all the ligands and metal complexes synthesized were
evaluated through UV-Vis absorption and *H NMR spectroscopies. The photochemical
window of the ligands, in both their open and closed states, was found to be
dependent on both the metal-binding units and the bridging cycloalkene moiety. With
the exception of ligand L4", which turned out to be photoinactive, all other ligands
showed thermally-stable photochromic performances. Most remarkably, the
coordination to the Pt(ll) metal centers produced an enhancement of these
capabilities, as evidenced by the higher photoconversion rates and quantum yields

displayed by the corresponding metal complexes.

DFT calculations were carried out to investigate the distinct photochemical properties
of the imidazolic ligand La" which was unable to undergo light-mediated cyclization.
The results obtained pointed to a distinct electronic distribution of the LUMO of this
system as the main cause of its photoinertness. In fact, the larger p contribution of the
atoms next to the reactive 2-position of the thiophene rings of this species confers a
much higher antibonding character to the frontier orbital, which ultimately blocks the
required orbital rotation leading to the formation of the new carbon-carbon bond.
Furthermore, the applied calculation methods evidenced a remarkable capacity of
accurately reproducing the experimental features of the systems studied. Hence,
computational analysis shall be considered as a highly valuable tool for the future

design of novel DTC-based systems with specific spectroscopic characteristics.

DNA-interaction studies performed with the platinum(ll) metal complexes confirmed
that the overall activity of these unprecedented class of photoactivatable agents can
be efficiently modified through their light-mediated conversion. Clearly distinct DNA-
interacting properties for the open and closed forms of the metal complexes were
observed. Different metal covalent binding and ligand intercalative association for the
two forms were established by agarose gel electrophoresis and fluorescent dye-
displacement assays. Accordingly, these very important results imply that the activity
of each photoisomer may be independently tailored through appropriate structural
modifications, which opens up new synthetic possibilities for the future development

of more specific DTC-based metallodrugs.
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Circular dichroism measurements were performed to assess the particular alteration of
the DNA structure induced by the binding of the non-photoswitching complex €4". The
experiments carried out suggest that this compound displays a prominent ability to
produce covalent DNA cross-linking. Hence, these observations demonstrate that the
electronic structure of the bridging ligand has a direct impact on the binding properties

of the metal centers, which can be exploited to selectively modify their activity.

In the last part of this study, the antiproliferative activity of the open and closed forms
of the complexes prepared was tested against several cancer cell lines. Although the
distinct DNA-interacting capability of each photoisomer did not translate into
noticeable cytotoxic performances for most of the compounds, highly promising
results were achieved for complex C1F. The closed form of this platinum(ll) complex
exhibited better cytotoxic activity than cisplatin against melanoma and colorectal cells,
while its open form remained non-toxic. This outstanding outcome thus represents a
‘proof of concept’ regarding the potential application of DTC photoswitches in the

development of novel PACT agents.

In addition, very high cytotoxic activities were also presented by the non-photoreactive
complex €4". This fact, may be directly related to the strong DNA cross-linking capacity
displayed by this complex, as revealed through circular dichroism measurements.
Consequently, the potential benefits of incorporating other imidazolic structures in
DTC-based metal complexes constitute a promising perspective requiring further

thorough investigation.

Finally, confocal microscopy experiments carried out to analyze the cellular uptake of
these novel metallodrugs suggest that the inactivity of most of the complexes studied
may stem from their inability to actually reach their primary target, i.e. nuclear DNA.
Accordingly, the exploration of the possible internalization of these compounds
through their incorporation into drug-delivery systems represents another very

challenging topic for forthcoming investigations.

In summary, the results obtained during this PhD validated the proposed approach, as
the objective set at the beginning of the work was reached. Indeed, the data obtained
have allowed to clearly demonstrate that DTC-based systems can be considered as an

alternative new class of molecules in the area of PACT. However, a number of new
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scientific questions opened up by the pioneering work presented in this thesis need to
be addressed in future studies. For instance, the biological photoactivation of the
compounds so far prepared takes place in the UV region, which is not ideal for real in
vivo applications. Therefore, modification of these systems is necessary to shift the
photocyclization process towards visible light (or even towards near IR). This may be
achieved through the modification of the ligands (for example by incorporating
withdrawing and/or donating groups) and/or the metal complexes (different metal
ions can be used or the preparation of organometallic compounds can be envisaged),

as well as their potential combination with light-upconverting carriers.
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