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ABSTRACT

There is an essential contribution of inorganic medicinal chemistry in the pharmacopeia. In particular,
platinum-based drugs revolutionized the anticancer chemotherapy, and nowadays they find wide application
in the treatment of several solid tumors. Nevertheless, their effectiveness is paralleled with severe side-
toxicity and the onset of drug resistance. In order to obtain compounds with a better chemotherapeuticindex
and increased bioavailability, several metal-based compounds have been designed and investigated in the
last decades. On these grounds, we present here the synthesis and characterization of a library of
coordination compounds containing a biologically-active metal center, namely Ru(lll), Cu(ll), and Au(lll), and
one or more dithiocarbamato (DTC) ligands, derived from cyclic amines (aliphatic or aromatic). Several
techniques have been used to characterize the compounds, such as elemental analysis, X-ray crystallography,
ESI-MS, 'H-NMR spectroscopy, FT-IR and UV-Vis spectrophotometries, highlighting different electronic
behaviors generated by the DTC substituents. Moreover, the synthetized compounds were tested for their
antiproliferative activity against two tumor models. This screening pointed out the druglikeness of some
derivatives, which have been successively encapsulated in micellar nanocarriers, being also carbohydrate-
functionalized on their hydrophilic surface for a cancer-selective delivery exploiting the Warburg effect. In
particular, the nonionic surfactant block copolymer Pluronic® F127 (PF127) has been chemically modified
with sugars and the derivatives characterized by means of NMR and FT-IR. Then, the two Lead Compounds
have been loaded into the hydrophobic core of PF127 non- and cancer-targeting micelles. These
nanoformulations have been studied for their dimensions (DLS, TEM) and stability, and tested for their
cytotoxicity. The promising results obtained with these nanosystems, accompanied by preliminary in vitro
mechanistic studies, open intriguing perspectives for the use of this solubility-increasing and neoplasia-
targeting strategy for our anticancer metal-DTC complexes.

In conclusion, this work is the basis for optimizing the investigated nanoformulations, followed by future pre-
clinical in vivo studies on animal models to evaluate i) their carrier capabilities, ii) the cancer-selective release

of the cytotoxic cargo, iii) the stability and PK, iv) the anticancer activity and v) the acute/chronic toxicity.







ABSTRACT

Nella farmacopea odierna vi & un contributo essenziale della chimica farmaceutica inorganica. In particolare,
la chemioterapia oncologica e stata rivoluzionata dai farmaci a base di platino, i quali al giorno d’oggi trovano
ampio utilizzo nella terapia di molte neoplasie solide. Tuttavia, tale efficacia & controbilanciata dalla tossicita
di tali composti, cosi come dall'insorgenza di resistenza al trattamento. Per questo motivo, negli ultimi
decenni sono stati progettati e studiati diversi composti a base di metalli, al fine di migliorare I'indice
chemioterapico e la biodisponibilita. Con queste premesse, in questo lavoro di dottorato viene presentata la
sintesi e la caratterizzazione di una libreria di composti di coordinazione contenenti un centro metallico attivo
biologicamente, ovvero Ru(lll), Cu(ll) e Au(lll), e uno o piu leganti ditiocarbammici derivanti da ammine
cicliche (alifatiche o aromatiche). Le diverse tecniche spettroscopiche utilizzate per la caratterizzazione di
questi complessi, quali I'analisi elementare, la cristallografia a raggi X, ESI-MS, spettroscopia H-NMR,
spettrofotometrie FT-IR e UV-Vis, hanno evidenziato comportamenti elettronici diversi generati dai
sostituenti del legante ditiocarbammico. Inoltre, la citotossicita dei composti sintetizzati € stata analizzata su
due modelli tumorali umani. | risultati ottenuti hanno dimostrato le ottime proprieta farmacologiche di alcuni
complessi, candidandoli ad un ulteriore sviluppo. Di conseguenza, essi sono stati incapsulati in micelle
polimeriche funzionalizzate convenientemente con carboidrati, al fine di veicolare selettivamente l'intero
sistema supramolecolare verso le cellule tumorali, sfruttando I'effetto Warburg. Al fine di eseguire questi
studi, il Pluronico® F127 (PF127), un tensioattivo non ionico co-polimerico, & stato modificato chimicamente
per legare degli zuccheri e successivamente caratterizzato mediante NMR e FT-IR. Quindi i due composti Lead
sono stati caricati sia in micelle di PF127 sia in micelle di PF127 funzionalizzate con carboidrati; le risultanti
formulazioni sono state studiate per la loro dimensione (DLS, TEM) e stabilita e successivamente testate in
vitro per la loro attivita citotossica. | risultati promettenti ottenuti con questi nanosistemi, accompagnati da
studi meccanicistici preliminari in vitro, aprono prospettive interessanti per I'utilizzo di questa strategia
capace di aumentare la solubilita dei complessi ditiocarbammici nonché di guidarli selettivamente verso le
cellule tumorali.

In conclusione, questo lavoro rappresenta il punto di partenza per I'ottimizzazione delle nanoformulazioni
precedentemente analizzate. Esso sara seguito in futuro da studi pre-clinici in vivo su modelli animali, al fine
di verificare i) la capacita di trasporto delle micelle, ii) la loro capacita di rilascio del complesso citotossico
contenuto in prossimita dell’ambiente tumorale, iii) la stabilita e la farmacocinetica degli aggregati, iv)

I'attivita tumorale e v) le tossicita cronica e acuta.







Introduction

1. INTRODUCTION

1.1 Biological and Medicinal Inorganic Chemistry

Medicinal Inorganic Chemistry is a cross-cutting field that embraces scientific advances in inorganic
chemistry, medicinal chemistry, biochemistry, advanced spectroscopy, biophysics, nuclear medicine,
physiology clinical medicine and other disciplines in order to bring improvements to human health [1].
Considering the human body, it contains at least 60 detectable elements, although only about 25 of them are
supposed to be essential, with an active participation in body healthy [2]. These comprise not only the most
common organic elements hydrogen, carbon, nitrogen, oxygen and sulfur as prevailing constituents. Indeed,
there is a reasonable amount (0.3 %) of metal cations of the s group, such as sodium, potassium, magnesium
and calcium, and the non-metals (0.25 %) phosphorous, selenium, silicon and halogens (i.e., chlorine, fluorine
and iodine). Finally, d-block metals (with the exception of the p-block element tin) are present as well, for
instance cobalt, chrome, copper, iron, manganese, molybdenum, nickel, vanadium and zinc [2-4]. Concerning
the latter category, there is a great diversity of metal active sites [5]. As an example, in an estimated 10% of
all human proteins, zinc has a catalytic or structural function and remains bound during the protein lifetime
, although it is redox-inert maintaining always the oxidation state +2 [6]. On the other hand, manganese has
an active redox role in the manganese-dependent superoxide dismutase (MnSOD), an enzyme located in the
mitochondria able to transform the toxic superoxide radical (Oy) into hydrogen peroxide (H,02) and oxygen
(0). Furthermore, other SOD-type proteins contain also nickel (NiSOD), iron (FeSOD), or copper and zinc
(CuznsoD) [7].

The discovery of important roles in biological processes of metals paved the way to the application of
inorganic chemistry to the therapy or diagnosis of different diseases. Nowadays, a significant number of
clinical trials or clinically-established molecular entities involve compounds derived from both essential and
non-essential metal elements [8].

The medical exploration of derivatives containing metal ions is due to their peculiar properties, such as
preferred oxidation states and coordination geometries, although the overall reactivity of a metal-based
compound depends on the type and number of ligands and on the biological environment (e.g., pH,
oxidizing/reducing conditions, presence of coordinating biomolecules) [9]. In other words, inorganic
elements provide for an incredible number of reactions, involving the reduction or oxidation of the metal

center and/or the ligands, ligand substitution (see Figure 1.1).
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Metal-based drug design

Metals Ligands

- coordination number (range 2-10) Hal - type of ligands (wide range, chelating)

- oxidation state (redox properties) C | _S - outer-sphere interactions (H-bond,

- coordination geometry (wide range, different /M'< hydrophobic interaction, targeting moiety)
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Figure 1.1 A coordination compound and some of the features that can be considered in the design of metal-based
drugs (or diagnostic agents) [9].

Although the ancient Chinese and Indian practitioners used the gold powder to treat a variety of ailments
[10], probably the first metallodrug was salvarsan (arsphenamine, a mixture of cyclo-Ass and cyclo-Ass, Figure
1.2 a), an arsenic-based antimicrobial agent developed by Paul Ehrlich in 1912 and used to fight infectious
diseases such as syphilis [11]. Successively, gold(l) thiolates and thiosulfates (e.g., sodium 2-(auriosulfanyl)-
3-carboxypropanoate, known as sodium aurothiomalate or Myocrisin, Figure 1.2 b) were introduced in the
1930s as injectable formulations against the rheumatoid arthritis, later followed by the oral drug auranofin
(2,3,4,6-tetra-O-acetyl-1-thio-B-L-glucopyranosato-kS?* triethylphosphoranyliden gold(l), Figure 1.2 c) [10].
However, the turning point in the field of Medicinal Inorganic Chemistry was the serendipitous discover of
the antitumor action of cisplatin (CisDDP, cis-diamminedichloroplatinum(ll), Figure 1.2 d) by Van Camp and
Rosenberg in late 1960s [12]. For its importance in the design and development of new metal-based drugs
and its current use against different solid malignances, cisplatin and other platinum derivatives are discussed

in detail in Section 1.3.1.
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Figure 1.2 Chemical structures of some inorganic derivatives which have influenced the development of the Medicinal
Inorganic Chemistry: salvarsan (mixture of 3-amino-4-hydroxyphenil-arsenic(lll) compounds) a; aurothiomalate (sodium
2-(auriosulfanyl)-3-carboxypropanoate) b; auranofin (2,3,4,6-tetra-O-acetyl-1-thio-B-L-glucopyranosato-kS*
triethylphosphoranyliden gold(l)) c; cisplatin (CisDDP, cis-diamminedichloroplatinum(il)) d.

In conclusion, to date promising novel metal-based drugs are in clinical trials, exploiting the large potential
of the inorganic elements, especially transition metals [4]. The applications are in different medical fields,
from imaging to the therapy of inflammatory diseases and some infections (e.g., antimalarial, antibacterial
and treatment of ophthalmic herpes). However, most researchers are addressing their attention to possible
new treatments of cancer as this plague is the first cause of death worldwide according to the recent WHO
data [13].

In light of these considerations and taking into account the success of cisplatin as an inhibitor of DNA
replication, there is a deep research of an inorganic anticancer therapy, able to overcome the hurdles of the

current drugs, including toxicity, onset of resistance and other pharmacological deficiencies.

1.2 Cancer as a global burden
In spite of scientific advances in the last decades in oncology, cancer is still the leading cause of death
worldwide. The most recent statistics of the World Health Organization (2014) states that the cancer

incidence has increased from 12.7 million in 2008 to 14.1 million in 2012, and this trend is projected to
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continue, with the number of new cases expected to rise of a further 75%. This will bring the number of
cancer cases close to 25 million over the next two decades [14]. If considering females, breast cancer is
reported as the most frequent, with 1.6 million of cases in 2012 (25.2 % of all female tumors, Figure 1.3 a),
whereas lung and prostate cancer are the most common in males, with 1.2 and 1.1 million of cases in 2012,
respectively (being 16.7 % and 15 % of all male malignances, Figure 1.3 b) [15].

In the last 50 years the amount of scientific publications (today about 2.3 million) and patents (more than 94
thousands) which deal with the word “cancer” are exponentially growing [16]. On the other hand, from the
pharmaceutical point of view, over the 2014-2021 forecast period, the breast cancer market (taken as an
example) in the eight major markets is expected to increase in value from $10.4 billion to over $17.2 billion
[17]. Overall, these data demonstrate that the social burden of cancer is associated with an enormous
interest from both the scientific community and the Pharma/Biotech industries, thus pushing researchers to

find new ways to understand and cure this life-threatening disease.
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Figure 1.3 Estimated new cancer cases by sex (female a; male b) and cancer site worldwide in 2012, with focus on the
most common breast cancer (in women) and prostate and lung cancer (in men) [15].

1.2.1 Cancer: brief description of an evolving disease
A tumor is an abnormal proliferation of cells leading to an uncontrolled growth of the whole mass, which

may be either benign or malignant. A benign tumor remains confined to its original location, neither invading
the surrounding normal tissue nor spreading to distant body sites. A malignant tumor is instead capable of
both invading the surrounding normal tissue and spreading throughout the body via the circulatory or
lymphatic systems (metastasis). Only malignant tumors are referred to as cancers, and it is their ability to
invade and metastasize that makes cancer so treacherous. Contrary to benign tumors which are usually
removed surgically, the spread of malignant tumors to distant body sites frequently makes them resistant to
localized treatments (see Section 1.3)[18].

To date, the scientific community has become able to classify the cancer types according to patterns of

epidemiology and pathology. Moreover, some malignances are recognized to usually occur at a particular
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age, with different frequencies on both sex and, most important, with a particular morphology which usually
resembles the originating tissue [19]. The advances in imaging techniques, also thanks to astonishing
developments in inorganic nuclear chemistry [20] and its magnetic applications (e.g., shift reagents) [21],
enable oncologists to distinguish cancer diagnoses at different stages and, hence, to better predict prognoses
and to define different therapies.

However, cancer comprehension is still at the tip of the iceberg. In fact, the definitive cure for this plague is
far to be found and, in most cases, the malignance is only medically controlled with an unfortunate prognosis
of few months or years.

The main reason of cancer-treatment failure is that tumors are not just masses of malignant cells, but
heterogeneous tissues made up of many distinct cell types involved in heterotypic mutual interactions to
create the tumor microenvironment (TME). The TME has a dynamic and often tumor-promoting function in
the multi-step process of cancer progression [22]. It is a complex milieu for tumor growth and survival
characterized by acidic pH, low nutrient levels, elevated interstitial fluid pressure (IFP) and fluctuating levels
of oxygenation that relate to the abnormal vascular network that exists in tumors. Apart from malignant
cells, the TME contains cells of the immune system, the tumor vasculature and lymphatics, as well as
fibroblasts, pericytes and sometimes adipocytes. All these “neighbors” act as mediators of the
communication among malignant cells and between them and healthy ones and are crucial in the
development and spread of the cancerous mass [23]. Going in detail, neoplasms are microcosms of evolution
where nature selects cells to produce therapeutically-resistant clones which cooperate each other by means
of ecological interactions (Figure 1.4), just as it is observed in an habitat shared by diverse species [24]. To
explain this behavior, Nowell postulated the clonal evolutionary hypothesis of cancer in 1976, which states
that the tumor initiation occurs in a single, previously normal, cell via an induced change, which makes it
“neoplastic” and provides it with a selective growth advantage over adjacent normal cells. Because of genetic
instability in the expanding tumor population, new mutant cells are produced but some of these variants are
eliminated, because of metabolic disadvantage or immunologic destruction. However, occasionally one cell
has an additional selective advantage with respect to the original tumor, and it becomes the precursor of a
new predominant subpopulation (Figure 1.4 a) [25]. In addition, pathological epigenetic changes (non-DNA
sequence-based alterations that are inherited through cell division) are increasingly being considered as
alternatives to mutations and chromosomal alterations in disrupting gene function [26]. Thus, in the more
recent epigenetic progenitor model of cancer, which may account for general alterations, such as hypo- and
hyper-methylation of DNA, a stem/progenitor cell is epigenetically altered and, after different mutations, it
drives the development of tumors (Figure 1.4 b) [27].

The evidences of these two models highlight the inherently Darwinian character of cancer (also referred to

as negative interaction), paving the way to the primary reason for the therapeutic failure. Patient treatment
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can indeed destroy some cancer clones, but it can also provide a potent selective pressure for the expansion

of resistant clones (Figure 1.4 a, b) [28].

ECOLOGICAL INTERACTIONS AMONG TUMOR CELL POPULATIONS
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Figure 1.4 Schematization of the ecological interactions occurring among tumor cell populations, which make tumor
microenvironment (TME) a sophisticated tissue, made up of many distinct cell types, able to adapt themselves, to invade
normal tissues and to spread to other distant organs. In particular, on the left side the negative interactions, associated
with a Darwinian competition in order to select the more fit sub-clonal population. Among this kind of interactions it is
possible to distinguish the clonal genetic model of cancer a, first postulated by Nowell in 1976, which is a classical view
of cancer as a consequence of a series of mutations. These are related to dominantly-acting oncogenes (ONC, mutated
genes that control cell proliferation, survival and motility) and recessively-acting tumor-suppressor genes (TSG, with the
role of inhibiting cell proliferation/survival). Each mutation leads to the selective overgrowth of a monoclonal population
of tumor cells, and each significant tumor property is accounted for by such mutation. In this model, epigenetic changes
are only a surrogate alteration for mutations, whereas in the epigenetic model of cancer b they start the modification
of the progenitor (or stem) cell by an aberrant regulation of the tumor-progenitor genes (TPG). The following step is a
gatekeeper mutation (GKM), the mutation of a gene leading to irregular growth and differentiation. Finally, genetic and
epigenetic instability leads to increased cancer evolution. Many properties of advanced tumors (represented in blue),
are intrinsic of the progenitor cells that give rise to the primary tumor and they do not require other mutations (and
this reflects the epigenetic factors in tumor progression [27].

On the right side the positive interactions ¢, namely a heterogenic driving force of the tumor, where different sub-
populations cooperate each other to grow and spread the neoplasia. The network of exchanges and communication
(biologically identified as synergism, mutualism and commensalism) between these cell families allows the different
sub-populations to take advantage of the tumor-developing mediators (e.g., grow factors, proteolytic factors and
angiogenic factors) produced in majority by others in the same TME [29].

Taking together, the negative and positive interactions drive tumor to its evolution, to adapt to different conditions,
and eventually to reorganize itself upon medicinal treatment.

Remarkably, if the Darwinian view of clonal selection may diminish the tumor heterogeneity by screening the
most resistant sub-clones, the clonal cooperation (also referred to as positive interaction) is probably the
main driver of persistent intratumor heterogeneity (Figure 1.4 c). The latter reflects the experimental

evidences on mouse mammary tumors of variation in growth rate, immunogenicity, drug response and ability
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to metastasize of cellular subpopulations taken from different sections of the same cancer sample [29]. This
is a sort of synergistic or mutualistic tendency, where the most resistant sub-clones modulate the TME in
certain ways that enable cancer to grow larger and larger and to metastasize. To better explain this concept,
it can be assumed that one sub-clone could secrete angiogenic factors so to form blood vessels in order to
bring in nutrients and oxygen, whereas another sub-clone could produce proteinases that degrade the
surrounding extracellular matrix to allow invasion and dissemination [30]. One experimental demonstration
of clonal cooperation was carried out by Polyak and coworkers in 2014, deriving approximately 20 different
sub-clones from the triple negative breast cancer line MDA-MB-468 and comparing their growth
(monoclonal tumor) versus the growth in the tumors in which all clones are present in equal proportions
(polyclonal tumor). In vivo evidences showed that the polyclonal tumor was much more aggressive (larger

and more metastasizing) than the monoclonal one [31].

1.2.2 Cancer: reprogramming cell division and metabolism
All the described interactions (Section 1.3) are the driving force of cancer, namely the ways by which

genetically-instable cells or progenitors evolve to generate selected clones able to cooperate. The result of
the mutations is a complex system, the TME, in which Hanahan and Weinberg recognized in 2000 [32], and
updated in 2011 [33], eight fundamental hallmarks, which are nowadays at the basis of the anticancer
research [34]. In fact, when normal cells evolve to a neoplastic condition, they progressively acquire a series
of new features, such as growth factor independence (or self-sufficiency), insensitivity to anti-growth signals,
avoidance of programmed cell death (apoptosis), immortalization by inhibition of telomerase,
reprogrammed energy metabolism, ability to evade immune destruction and to recruit a dedicated blood
supply, activating invasion and metastasis [33]. From a general point of view, these traits summarize the
evolution of the malignant cells to overcome the natural ageing and the peculiar controlled growth of healthy
tissues. In particular, the self-sufficiency refers to the ability of tumor cells to keep proliferating even in the
absence of stimulatory signals. This situation is managed by the oncogenes, mutated genes that promote the
synthesis of oncoproteins, proteins stimulating cell division and proliferation [35]. At the same time, tumor
suppressor genes act as negative regulators of the cell proliferation. Contrary to the oncogenes, which
become hyperactive in cancerous cells, the tumor suppressor genes lose their function in human cancers.

|ll

This leads to the resistance to the normal “apoptotic trigger”, a natural barrier to tumor development in
healthy tissues. In this regard, apoptosis is a mechanism of controlled cell death whereby the organism
maintains cell homeostasis in normal tissues and removes damaged cells [36]. However, despite the
accumulation of DNA damages in tumors, the natural apoptosis suffers from alteration via different
mechanisms. A common way to evade this process is the inactivation of the TP53 gene (observed in over 50

% of human tumors), which encodes for the “DNA guardian” p53 protein [37]. Another way used by the tumor

cells to avoid the programmed cell death is the suppression of “senescence”, the mechanism that stops cell
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replication once going through a certain number of divisions. This process is governed by telomeres, small
hexa-nucleotide sequences protecting the ends of chromosomes, which gradually become shorter after
every division, leading to cell cycle arrest or death. Malignant cells possess more extended telomeres to avoid
senescence or apoptosis, usually by up-regulating the expression of telomerase (a particular type of DNA
polymerase that adds telomere units to the ends of telomeric DNA). Thus, the newly produced telomerase is
able to stabilize the mutant genome, conferring an unlimited replication capacity [38].

The availability of oxygen and nutrients supplied by the novel vasculature is crucial for the accelerated
progression of malignant cells and the evolution of the TME. The introduction of the concept of angiogenesis
(i.e., formation of new blood vessels) in tumors goes back to the 18" century, although the details of
relationship with neoplastic cells is still debated [39]. Pre-clinical studies showed that tumors induce the
sprouting of new vessels from the surrounding vasculature (sprouting angiogenesis), and this process is vital
for the growth of tumors beyond 2-3 mm in size. The key driver of this process is the vascular endothelial
grow factor (VEGF), which is overexpressed in most solid cancers [40]. Furthermore, multiple molecular
mechanisms converge to alter the core cellular metabolism and to provide support for the basic needs of the
dividing cells: rapid ATP generation to maintain the energy status, increased biosynthesis of macromolecules,
and tightened maintenance of an appropriate redox cellular state. To meet these needs, malignant cells
acquire alterations to the metabolism of all the four major classes of macromolecules: carbohydrates,
proteins, lipids and nucleic acids [41]. The best-characterized metabolic phenotype observed in tumor cells
is the Warburg effect, which is a shift from ATP generation through the glycolysis followed by oxidative
phosphorylation to ATP generation through only glycolysis, even under normal oxygen concentrations (Figure
1.5). Indeed, despite the lower yield in ATP per mole of glucose, this mechanism is preferred because i) muted
cells have defects in the mitochondrial function; ii) the glycolytic metabolism arises as an adaptation to
hypoxic conditions during the early avascular phase of tumor development; iii) it generates ATP at a higher
rate than the whole process (glycolysis plus oxidative phosphorylation); iv) a high flux of substrate through
glycolysis allows for effective recycling in terms of biosynthetic carbon [42].

Moreover, the adaptation to the acidic microenvironment caused by the excess of lactate, the final by-
product of anaerobic glycolysis, further drives the evolution to the advanced glycolytic phenotype. Indeed,
this condition facilitates tumor invasion, since a large number of protons can diffuse from the tumor into
peritumoral normal tissue, forcing nontrasformed adjacent cells to an extracellular pH significantly lower
than normal (pH= 6.5 — 6.9 in malignant tumors vs pH= 7.2 — 7.4 in normal tissues). This leads to the
degradation of the interstitial matrix, loss of intracellular gap junctions, enhanced angiogenesis, and
inhibition of the host immune response to tumor antigens, allowing cancer cells to remain proliferative and

migrate beyond the pritumoral normal tissue [43].
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Figure 1.5 Comparison of glucose metabolism between normal tissues (left) and malignant cells (right).The oxidative
phosphorylation is an oxygen-dependent process coupling the oxidation of macromolecules and the electron transport
chain with ATP synthesis in mitochondria. In eukaryotic cells it is a source of reactive oxygen species (ROS). On the other
hand, glycolysis is an oxygen-independent metabolism of carbohydrates, being degraded into pyruvate to produce
energy in the form of ATP and other metabolites [41].

The direct consequence of this mutated ATP production is a need of higher levels of glucose, which
determines an increase of the expression of glucose transporters (GLUT) on the tumor cell surface, by means
of the hypoxia-inducible factor 1 (HIF1) transcriptional program [44, 45].

On the other hand, the metabolic adaption in tumors extends beyond the Warburg effect. Another key
molecule produced from the altered cancer metabolism is reduced nicotinamide adenine dinucleotide
phosphate (NADPH), as “reducing power” in many enzymatic reactions and antioxidant defense against the
large amount of ROS species produced during rapid proliferation. At the same time, other antioxidants found
in high concentrations in malignant cells include glutathione (GSH) and thioredoxin (Trx) [46].

The ultimate process related to the hallmarks of cancer postulated by Hannah is the metastatization.
Metastases are the result of a multistage process that includes local invasion by the primary tumor cells,
intravasation into the blood or lymphatic system, survival in circulation, extravasation at a distant organ,
survival in a new environment, and metastatic colonization to yield a secondary tumor. Each of these steps
relies on specific phenotype features of the tumor cell, as well as interactions with the host
microenvironment and escaping from the immune system [47]. However, the fact that the oncological
patients might develop metastasis after years or even decades from the diagnosis of their primary tumor,
makes metastasis even a more complex phenomenon, although different models have been elaborated to
examine this process [48]. On the other hand, it should be remembered that metastases, similarly to primary
tumor cells, often use strategies that promote the evasion from the immune recognition, including the
adoption of low immunogenicity profile via a reduced expression of the major histocompatibility complex
(MHC), and the promotion of cell error recognition by natural killer cells (NK) [34]. In addition, the tumor

microenvironment can prevent the expansion of tumor antigen-specific helper and cytotoxic T cells, and
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instead it can promote the production of pro-inflammatory cytokines and other factors. The infiltration of
tumors by inflammatory immune cells can result in a state of chronic inflammation that maintains and
supports cancer progression and suppresses the innate anticancer immune response [49].

So far, the hallmarks of cancer have been described as acquired functional capabilities that allow the
neoplastic cell to survive, proliferate and disseminate. The emerging concept is the adaptability of the
neoplasia to ever-evolving conditions. However, thanks to the knowledge of several pathophysiological and
molecular traits that distinguish tumor cells from normal ones, in the last 30 years cancer has transformed
from a largely fatal disease to one in which many patients receive treatments that result in long-term disease-
free survivorship [50]. Conversely, much progress still needs to be made in the field of some lethal cancers

that lack of effective treatments or suffer from aggressive surgical treatment as the best possible outcome.

1.3 Cancer treatments: from chemotherapy and radiotherapy to targeted therapies

The word cancer comes from the Greek term karkinos, used by Hippocrates (460 - 370 B.C.) to describe
carcinomas. Historically, according to ancient Egyptian inscriptions (1500 B.C.), surface tumors were
surgically removed in a similar manner as they are removed today [51]. On the other hand, the first milestone
to treat cancer was the advent of general anesthesia in 1846 thanks to William T. G. Morton, opening the
doors for the modern cancer surgery. With the Marie Curie’s discovery of radium, culminated with the Nobel
Prize in 1903, the radiation became widely used to treat many different cancers and, nowadays, the
brachytherapy (i.e., implantation of small pieces of radioactive material inside tumors) along with the use of

external radiation sources, remains an essential part of cancer diagnosis and treatment (Figure 1.6) [52].
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Figure 1.6 Nowadays cancer treatment usually involves one or more between surgery, radiotherapy and systemic
therapy. In the early stage of the disease, low-risk patients are often cured with the sole surgery to remove localized
tumors and some neighboring tissue. This method is integrated with chemo- and radiotherapy treatments, to avoid
further development of residual cancer cells. Systemic therapy comprises the classic unselective chemotherapeutics,
but also targeted treatments based on small molecules and monoclonal antibodies.

The World Wars, which teared the Europe in the first middle of the twentieth century, paved the way to the
discovery of the potential of nitrogen mustards (e.g., cyclophosphamide, still used), the first chemotherapy
approach approved by the Food and Drug Administration (FDA) in 1949 for the treatment of Hodking
lymphoma. In particular, the cyclophosphamide kills cancer cells alkylating their DNA, thus creating a
mismatch in the repair process that leads to apoptosis [53]. The progress in chemotherapy was successful in
the 1950s, with the development of some compounds which are still used in the treatment of some
malignances, for instance the methotrexate (acting as a folate antagonist), 6-mercaptopurine
(immunosuppressor in the treatment of leukemia), and 5-fluorouracil (antimetabolite s able to alter RNA)
(Figure 1.7 a-c) [54]. However, the turning point in the anticancer treatments was the discovery in the early
1960s and the subsequent FDA approval in 1978 of cisplatin (Figure 1.2 d) [12]. To date, the cisplatin-based
therapy can be considered part of a standard treatment regimen against many forms of neoplasia, including
the malignant mesothelioma, squamous cell carcinoma of the head and neck, testicular, bladder, cervical,
ovarian, and non-small-cell lung cancers [55]. This discovery opened the way for two new Pt(ll) derivatives,
namely carboplatin (Paraplatin®) and oxaliplatin (Eloxatin®) (FDA approved in 1989 and 2002 respectively,
Figure 1.7 d, e), which possess a broad spectrum of antitumor activity and lower nephrotoxicity compared

to cisplatin.
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Figure 1.7 Some examples of non-tumor-specific chemotherapeutics developed in the twentieth century: the folate
antagonist methotrexate ((25)-2-[(4-{[(2,4-diaminopteridin-6-yl)methyl](methyl)amino}benzoyl)amino]pentanedioic
acid a; the immunosuppressor 6-mercaptopurine (6-MP, 3,7-dihydropurine-6-thione) b; the inhibitor of thymidylate
synthase 5-fluorouracil (5-FU, 5-fluoro-1H,3H-pyrimidine-2,4-dione) c; the alkylating agent carboplatin (Paraplatin®)
(cis-diammine(cyclobutane-1,1-dicarboxylate-O,0’)platinum(Il)) d; the platinum-based antineoplastic agent oxaliplatin
(Eloxatin®) ([(1R,2R)-cyclohexane-1,2-diamine](ethanedioato-0,0’)platinum(ll)] e.

1.3.1 Cisplatin: virtues and faults of the milestone drug in anticancer chemotherapy and medicinal
inorganic chemistry
The discovery of the anticancer activity of cisplatin (Figure 1.2 d) is an historic achievement that has had a

worldwide impact on the lives of millions of cancer patients afflicted with solid cancers. Moreover, it has had
an enormous impact not only on the current anticancer pharmacopeia, but it has also promoted the
exponential growth of the field of medicinal inorganic chemistry [56].

The first one to chemically study cisplatin was the Italian chemist Michele Peyrone in 1845. The drug was
biologically discovered by the researchers Bernett Rosenberg and Loretta Van Camp at the Michigan State
University in 1965, during their studies on the effects of an electric field on the growth of E. coli bacteria. In
particular, platinum electrodes used in the experiment reacted by electrolysis with the bacterial growth
medium containing NH4Cl to produce Pt(ll) and Pt(IV) compounds, including [Pt(NHs),Cl;] [12]. The accurate
observations made up by the two scientists, revealed the ability of cisplatin to inhibit cell division, thus
causing the bacteria to become long and filamentous. This generated an enormous interest in metal-based
drugs in academia, governments, and commercial entities and overcame the stigma that all metal-based

compounds are “heavy metal” poisons and devoid of biological activity [56].
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Investigating the cisplatin mechanism of action when administered by intravenous injection, the neutral form
of the drug can easily diffuse to cytoplasm. In particular, the drug enters the cell membrane by both passive
diffusion and active transport, mediated by the copper transporter Ctrl [57]. The relatively high (~150 mM)
serum level of the chloride ion inhibits the extracellular conversion into the hydrolyzed cis-[Pt(NHs)2(H.0),]**
form. The much lower intracellular concentration of the anion (~4 mM) leads instead to the formation of first
the mono- and then the cis-diaguadiammineplatinum(ll) complex (Figure 1.8) [58]. These activated species
can then react with a variety of intracellular macromolecules including DNA, RNA and proteins. Among these,
DNA is acknowledged as the main target of cisplatin, forming bifunctional adducts by either intrastrand or
interstrand cross-links (Figure 1.8). In fact, binding of cisplatin to DNA causes a significant distortion of the
helical structure and results in inhibition of DNA replication and transcription. This suggests that it might kill
cancer cells by blocking their ability to synthetize new DNA required for subsequent cell division. The main
adducts are 1,2-intrastrand cross-links involving adjacent bases (47-50 % cis-GG and 23-28 % cis-AG). This
evidence accounts for the inactivity of the trans isomer, unable to form this type of adducts. In addition, 8-
10 % of the products are associated with 1,3-intrastrand cross-links between non adjacent guanines and

interstrand adducts. In all of these cases, platinum(ll) is bound to the N7 atom of purine bases [59, 60].
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Figure 1.8 The accumulation of cisplatin in the cytoplasm occur by passive diffusion across the phospholipid barrier or
through the copper transporter Ctrl; once within the cell the low chloride concentration causes the loss of one or both
chloride ligands, converting the complex to the positively charged mono- and di-aquo derivatives, respectively.
Successively, the hydrolyzed Pt(ll) complex forms DNA-adducts that lead to a mismatch in the DNA-repair mechanism,
followed by the apoptosis induction. On the other hand, in the cytoplasm, the activated aqua species can react with
sulfur-containing proteins and molecules, such as glutathione (GS) or metallothioneins. Consequently, the active export
of platinum from the cells - by means of the copper exporters (ATP-based) or GS-adducts export pumps MRP - can
contribute to platinum-drug resistance.

From the first FDA approval of cisplatin in 1978 for metastatic testicular cancer, its dose-limiting

nephrotoxicity was a problem, paralleled with other patient-disabling side effects, such as nausea, alopecia,

18



Introduction

ototoxicity and neurotoxicity [61]. The main reason for organ-related toxicity is ascribable to the
accumulation of the drug into the functional cells of the tissues, as in the case of the parenchymal cells of the
kidney, due to a high expression of the Ctrl transporter. In addition, also the organic cation transporter OCT2
seems to participate in the nephrotoxicity and cisplatin uptake. At this point, the Pt(ll) drug is transformed
into a more toxic derivative by sulfur-containing biomolecules, such as glutathione (GSH), yielding for
instance  Pt(ll)-GSH complexes which accumulate in proximal tubule cells. The overall result is the
accumulation of these Pt(ll) adducts, with subsequent cytotoxic effects through the previously explained
interactions with DNA. Moreover, there is a growing recognition of the importance of inflammation
associated with cisplatin toxicity (e.g., an increase in renal expression of cytokines, neutrophils, macrophages
and T cells after chemotherapeutic treatment) [62]. Different strategies have been used to limit
nephrotoxicity, such as patient pre-hydration with 0.9 % saline solution and the use of amifostine (2-(3-
aminopropylamino)ethylsulfanyl phosphonic acid) as a chemoprotector containing a thiol group [63].
Moreover, the studies of less toxic Pt(ll) derivatives produced carboplatin (Figure 1.7 d), based on the
hypothesis that a more stable leaving group than chloride might lower the toxicity without affecting
antitumor efficacy. Compared with cisplatin, carboplatin is essentially devoid of nephrotoxicity and is less
neurotoxic; by contrast, myelosuppression, principally thrombocytopenia, is dose-limiting for carboplatin
[64].

A second drawback of platinum-based therapies emerged soon after the initial promising clinical trial data
with cisplatin, and later with carboplatin. Tumor resistance was indeed acquired during the cycles of therapy
with these drugs. In other cases, tumors were intrinsically resistant. Further studies have demonstrated that
the resistance might be mediated by two mechanisms, i) no sufficient amount of platinum reaching the target
DNA and ii) failure to achieve cell death after platinum-DNA adduct formation [61]. Concerning the first one,
scientists demonstrated that the exposure to clinical dosage of cisplatin leads to a downregulation of Ctrl
transporters in human ovarian cancer cell lines, by an internalization followed by proteasome-dependent
degradation of the copper-designated transporter [65]. Moreover, early studies highlighted the role of efflux
proteins, such as MDR1, the multidrug resistance proteins MRP1 and MRP2, and the ATP-mediated copper
efflux pumps (ATP7A-B) (Figure 1.8) [66]. There is also an extensive body of evidence implicating increased
levels of cytoplasmic thiol-containing species with a key role in the resistance to cisplatin or carboplatin.
These species, such as the tripeptide glutathione (GSH) and metallothioneins, are rich in the sulphur-
containing aminoacids cysteine and methionine, and lead to cell detoxification because a soft ion as Pt(ll) has
a great affinity towards a soft donor as sulfur (in the Pearson’s HSAB concept, which states that atoms that
are strongly polarizable - soft - interact very well due to an optimal orbital overlap [67]). These reactions
make the compound more readily exported out from cells by the ATP-dependent glutathione S-conjugate
export (GS-X) pump (i.e., MRP1 or MRP2) (Figure 1.8) [68]. In addition, cisplatin can target other sulfur-based

proteins, promoting cytotoxic effects in cancer cells, but at the same time unbalancing fundamental
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processes in healthy counterparts (e.g., redox mechanisms), associated with side effects such as ototoxicity
[69, 70]. On the other hand, after DNA binding the resistance can occur either by DNA repair (i.e., removal of
the adducts) or by tolerance mechanisms. The tolerance might occur with platinum-based drugs (and other
oncological drugs) through a decreased expression or loss of the apoptotic signaling pathways (either the
mitochondrial or death-receptor pathways), being mediated by various proteins, such as the anti-apoptotic
and pro-apoptotic members of the BCL2 family [71]. Despite our knowledge on resistance to cisplatin or
carboplatin has largely arisen from studies that have been carried out in cell lines in vitro, four major DNA-
repair mechanisms have been elucidated, i.e., the nucleotide-excision repair (NER), the base-excision repair
(BER), the mismatch repair (MMR), and the double-strand-break repair.

Similarly to carboplatin, thought to be less toxic than cisplatin, oxaliplatin (Figure 1.7 e), described at the end
of 1970s, showed a different pattern of sensitivity in some cell lines (e.g., the NCI-60 tumor cell lines panel)
compared to cisplatin, and its cell uptake seems to be less dependent on the Ctrl transporter. Better results
have been also obtained in terms of DNA-repair mediated resistance, where the oxaliplatin-DNA adducts are
not affected by the MMR pathway [72].

To date, about 23 platinum-based drugs have entered clinical trials, and besides the three cases previously
discussed, other three compounds obtained marketing approval in individual countries (i.e., nedaplatin in
Japan, heptaplatin in Korea and lobaplatin in China) (Figure 1.9 a-c). Among the platinum derivatives in
clinical trials, satraplatin (at present under consideration for approval by the FDA), and picoplatin might
further broaden the current activity spectrum to other tumors, such as prostate cancer and small-cell lung
cancer, respectively (Figure 1.9 d, e) [73].

Undoubtedly, the Rosenberg’s discovery has revolutionized the treatment of many types of cancer, especially
testicular. In the last years, cisplatin has been attached to carbon nanotubes, gold nanoparticles and
polymers, showing an ever-green research on potential new drugs based on this metal center [61]. In other
words, the evidence that a metal center could be crucial in the fight against cancer, paved the way to the
exploration of the periodic table, so to exploit the different peculiarities of the elements, especially those of

the d-group [8].
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Figure 1.9 Cisplatin derivatives approved in single countries or still under clinical trials: nedaplatin (Aqupla®) (cis-
diamine(glycolato-0,0’)platinum(ll)) a; heptaplatin (Sunpla®) (cis-(4R,5R)-4,5-bis(aminomethyl)-2-isopropyl-1,3-
dioxolane](3-acetoxyl-cycobutane-1,1’-dicarboxylato)platinum(ll)) b; lobaplatin (1,2-diamino-methyl-
cyclobutaneplatinum(ll)-lactate isomer SSS + RRS) c; satraplatin (bis-(acetato)-ammine
dichloro(cyclohexylamine)platinum(IV)) d; picoplatin (azane(2-methylpyridine)dichloroplatinum(Il)) e.

1.3.2 Targeted treatments based on the cancer hallmarks: “-ib” and “—mab” therapies
Throughout the clinical development of anticancer drugs, researchers repeatedly encountered significant

problems because of the acute and long-term toxicities of chemotherapies, which affected virtually every
organ of the body (e.g., the cisplatin case) [74]. Fortunately, the discovery of the oncogenes and tumor
suppressor genes in the 1970s helped to define the biological hallmarks of cancer, opening a new era based
on the use of “targeted small-molecule therapeutics”. Targeted therapies are rationally-designed low-
molecular weight compounds (generally identified with the -ib suffix), blocking essential biochemical
pathways or mutant proteins that are required for the tumor cell growth and survival. Indeed, these drugs

can arrest tumor progression and can induce a striking regression in molecularly-defined subsets of patients.
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Although this approach is relatively recent, the concept of targeted therapy was conceived by Paul Ehrlich in
1908, who observed that certain substances are capable of selectively staining either tissues or
microorganisms [75]. The forefather of this class of anticancer agents is imatinib mesylate (Gleevec®, Figure
1.10 a), identified in the late 1980s at Ciba Geigy (Novartis) during studies on inhibitors of protein kinase.
This molecule, the first small-molecule-targeted agent, has completely transformed the cure for chronic
myeloid leukemia (CML), whose malignant cells present the enzyme tyrosine kinase in its active form,
encoded by the mutated gene BCR-Abl. Imatinib blocks the phosphorylation process, leading only tumor cells
to death [76]. Successively, the awareness of cancer as a multi-factorial disease paved the way for the
development of multi-target inhibitors, such as sunitinib (Sutent®, Figure 1.10 b), a selective inhibitor of the
receptor of tyrosine kinases, including the vascular endothelial growth factor receptors (VEGFRs) [77].
Another example of targeted therapy is the first proteasome inhibitor bortezomib (Valcade®, Figure 1.10 c),
FDA approved in 2003 for the treatment of multiple myeloma. Proteasome is an enzymatic complex
responsible for the degradation of over 80% cell proteins. Bortezomib binds to the core of this crucial protein
blocking the degradation. This molecule is an excellent example of “inorganic medicine” since its boron atom
is involved as a Lewis acid in the binding with the catalytic site of the 26S proteasome, and the consequent
stop of degradation process leads to cell death by apoptosis [78]. Curiously, the bortezomib development is
one of the first examples of translational research between academia and industry. In particular, Alfred
Goldberg from the Harvard Medical School decided to exploit his growing basic knowledge of the proteasome
by founding a biotech company (named ProScript) in 1992, being focused on the design of proteasome
inhibitors. After that, the Goldberg’s fruitful collaborations with academic researchers and the National
Cancer Institute (NCI) allowed the company to discover bortezomib and to obtain a sound preclinical proof-

of-concept. After a successful phase | trial, the drug was sold to LeukoSite for $2.7 million in 1999 [79].
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Figure 1.10 Some examples of cancer-targeting molecules, designed on the basis of the tumor hallmarks: the tyrosine
kinase inhibitor imatinib (Gleevec®) (4-[4-methylpiperazin-1-yl)methyl]-N-(4-methyl-3-{[4-(pyridine-3-yl)pyrimidin-2-
yllamino}phenyl)benzamide mesylate salt) a; the multi-target tyrosine kinase receptor inhibitor sunitinib (Sutent®) (N-
(2-diethylaminoethyl)-5-[(2)-(5-fluoro-2-oxo-1H-indol-3-ylidene)methyl]-2,4-dimethyl-1H-pyrrole-3-carboxamide)  b;
the proteasome inhibitor bortezomib (Valcade®) ([(1R)-3-methyl-1-({(2S)-3-phenyl-2-[(pyrazine-2-
ylcarbonyl)amino]propanoyl}amino)butyl]boronic acid) c.

Although the targeted therapies can generate impressive tumor response in specific subtypes of patients,
relapse is very common due to the onset of drug-resistant variants. The major reasons are connected to i)
resistance (irreversible lack of response due to secondary mutations associated with the target or feedback
changes), and/or ii) persistence (i.e., cell turning into a reversible state usually without requiring any new
genetic modification; e.g., quiescence) [29, 80].

Taking into account the well-known hallmarks of cancer, parallel strategies and different from small-
molecules, involve monoclonal antibodies to block selected antigens overexpressed in malignant cells, or to
manipulate the immune system to give a response against tumors. The fundamental concepts of antibody-
based therapy date back to the 1960s with the original observation of antigen expression by tumor cells
through serological techniques [81]. The monoclonal antibodies (mAbs, identified by the -mab suffix) are
made by identical immune cells, being all clones of a unique parent cell and endowed with monovalent
affinity, since they bind to the same antigenic epitope [82]. Rituximab (Mabthera®) was the first-in-class to
be FDA approved in 1997 for the treatment of non-Hodking lymphoma of B cells, and to date 23 mAbs are
currently used for the treatment of both solid and liquid cancers [83, 84].

Several antigens have been successfully targeted so far, for instance the epidermal growth factor receptor

EGFR, the vascular endothelial growth factor VEGF, the cytotoxic T lymphocyte-associated antigen 4 CTLA4,
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and the B-lymphocyte antigen CD20. The efficacy can result from a direct action on the target, an immune-
mediated cell-killing mechanism, or a payload delivery of a cytotoxic agent for the antibody-drug conjugates
[82].

Latest advances in the field of immunotherapy relate to the mechanism used by tumor cells to evade immune
recognition through the down-regulation of foreign antigens. For instance, the transmembrane protein
programmed death-ligand 1 (PD-L1) is present on the surface of cancer cells, and binds its receptor PD1
present on the surface of activated T and B cells, thus generating an immunosuppressive effect which allows
the tumor to evade immune destruction.

The recent development of agents that inhibit the interaction between PD-L1 and PD-1 have produced
innovative mAbs, and among them nivolumab (Opdivo®) was FDA approved in 2014 for the treatment of
metastatic melanoma [85]. However, although most antibodies that have been approved have different and
often milder toxicities compared with conventional chemotherapeutic drugs, they often cause severe side-
immune response, namely immunogenicity (i.e., humoral and/or cell-mediated immune response) or
hypersensitivity (i.e., allergies or autoimmunity) [86]. Moreover, their use is limited to subjects that
histologically present the specific antigens. Unfortunately, the narrow spectrum of applicability of this most
recent anticancer strategy (immunotherapy), highlights those cancers which still nowadays suffer from the
lack of an effective cure, such as the triple negative breast cancer (TNBC). Indeed, this particular subtype of
breast cancer is negative for estrogen receptors (ER), progesterone receptors (PR) and human epidermal
growth factor receptor 2 (HER2), making useless any hormonal therapy or the mAbs therapies targeting HER2
(generally performed with trastuzumab, marketed as Herceptin®). The common treatment-protocol for TNBC
is called AC-T, from the names of the used drugs, namely a cocktail of doxorubicin (Adriamycin®),
cyclophosphamide (Cytoxan®) and docetaxel (Taxotere®). All of them are non-cancer-specific, toxic and old

chemotherapeutics, thus demonstrating the incessant need of innovative therapies [87].

1.4 Discovering and developing new anticancer drugs: the role of academia and the problem

of translational science

Over the last decades, many therapeutic targets have been identified for cancer treatment, and the day-by-
day progress in genomic techniques for the individuation of new cancer-related mutations pushes continuous
optimization in the methodology of drug discovery and development (Figure 1.11) [88]. Whilst large Pharma
companies continue to be the major source of new drugs, they also need research support from other
Institutions due to the increasing difficulty to find out new drugs. In this regard, there is a compelling need
that academia is more directly involved in translation of fundamental science into therapeutics, thus
becoming key players in early stage drug discovery. Indeed, academic research groups are updated and

possess new ideas and a broad range of expertise and can enable multidisciplinary collaborations to develop
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new approaches in different areas, such as compound design, synthetic methodologies, data mining,
informatics, computational chemistry, compound library selection, in silico predictions and in vitro and in
vivo models for efficacy and toxicity [89].

On average today, companies spend an estimated $ 1.2 — 1.3 billion in R&D for each approved drug
(accounting also for the cost of failures along the way), almost double compared to the costs of ten years ago
[90]. Consequently, pharmaceutical companies have become increasingly risk-averse, less ready to pursue
truly innovative new products. In fact, only 113 new drugs approved by the FDA from 1999 to 2013 could be
considered “first-in-class” (i.e., drugs that modulate a new drug target or biological pathway) [91]. In this
context, the “innovation gap” between basic discoveries related to human diseases and the marketing of
new therapeutic options remains stubbornly persistent. Going into detail, there are three stages of medicinal
research: i) basic research or discovery (in most cases it is performed in academia), ii) translational research,

and iii) clinical research (Figure 1.11).
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Figure 1.11 Drug discovery and development proceeds through a series of steps, from basic research to clinical research,
passing through the so-called “Valley of death” (i.e., translational research), where researchers encounter difficulties to
acquire funding to carry out “killer” experiments. All the process takes about 10-15 years for an experimental drug,
going from laboratory to market, with a success rate around 0.01 % (1 marketed drug every 10,000 synthetized in
laboratory).

Basic research uses a critical and free approach, leading to many advances in our understanding of human
disease biology, but it is not sufficient to develop a therapy for a patient due to lack of preclinical and clinical
expertise as well as of funding. Nowadays, the enormous progresses in cancer genome sequencing facilitate

the identification of new targets, as well as the overexpression of proteins or biomarkers in particular cancer
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cells to be exploited for a possible targeted therapy [92]. From the drug chemistry point of view, the general
procedure envisages i) the design and the synthesis of a library of similar molecules, thought to inhibit or
affect the activity of the chosen hallmark, and ii) the selection of the Lead compound(s) on the basis of its
optimal features (both chemical and biological) [93]. Most of the targeted-small-molecules approved by FDA
have been selected on the basis of the structure-activity relationship concept (SAR), evaluating the potential
of a compound with respect to an analogue [94]. In particular, a range of similar molecules (libraries) with
quantifiable parameters (e.g., charge distribution and electronic, steric and hydrophobic effects), are related
to their biological activity, as a standard tool for the development of cancer therapeutics. SAR generally
involves three steps: i) to collect or, if possible, to design a training set of chemicals; ii) to choose a descriptor
that can properly relate the chemical structure to the biological activity; iii) to apply statistical methods that
correlate changes in structure with changes in biological activity [95]. At this point, the Lead molecule is
identified taking into account its activity (mainly in vitro screening), and its chemical features (e.g.,
hydrophobicity, water solubility, stability in physiological media), and it is ready for a patent application. The
following step is the optimization of the Lead compound and the collection of preclinical proof-of-concept
data to apply for an Investigational New Drug (IND) at the FDA, a permission to ship an experimental drug
across human clinical investigation. This stage is the translational research, often defined as the “Valley of
death”, namely the place where many good ideas in the drug development pipeline drop off.

Translating a basic discovery into a compound or another entity (e.g., antibody) that is ready for clinical
testing is not a simple matter [96, 97]. There are a number of complicated and time-consuming steps in
between, and the academic scientists who make the discoveries are rarely prepared to translate them to the
next step, also because they do not speak the proper language to better interface with investors. First of all,
the transformation of a Lead molecule into a drug requires the knowledge of the compound’s absorption,
distribution, metabolism and excretion (ADME) profile to optimize its ‘drugability’ (Lead compound
optimization) [95]. Then, the compound has to be tested in a rodent species and a non-rodent species (in
general, it is dog for anticancer compounds) to assess the activity, lack of toxicity, the pharmacodynamics
and pharmacokinetic profiles. All these experiments are very expensive, since they have to be performed
under Good Laboratory Practice (GLP) conditions in specialized centers to obtain a certified documentation
to submit along with the IND application. Besides, the manufacturing of the tested drug has to be carried out
under Good Manufacturing Practice (GMP) [98]. Consequently, although the basic research continues to
provide numerous promising ideas and knowledge for all diseases, structural, intellectual, and above all
funding barriers have made it difficult to translate basic research into clinical applications.

The final consideration about the so-called “death valley” regards the investors, who to date are often private
or venture capitalists (VC) since Pharma companies are highly risk-averse. The reason is that among 5,000-
10,000 compounds that enter the drug discovery pipeline, only 250 will progress to pre-clinical development

and only five will move forward to Phase | studies, and only one will survive to be an approved drug [90].




Introduction

The final step is the clinical research, which refers to studies or trials carried out in people. It is sub-divided
in three phases, i) the Phase | with the purpose to assess safety and dosage of the tested drug, ii) the Phase
Il to verify the efficacy and side-effects and iii) the Phase lll to monitor adverse reactions and again to check
the efficacy during a longer period. In general, the percentage of drugs that move from the Phase | to Il is
70%, reducing to 33% from Phase Il to Ill, and being 25-30 % after Phase IIl (Figure 1.11) [99]. During the
development process of a drug, the phase Il stage is the most expensive one, but large Biotech or Big Pharma
that previously signed a contract with the drug developers, commonly sponsor it. Moreover, in the case of
anticancer drug candidates, some phases can be fused (e.g., phase I/Il trial to study safety, side effects and
the best dose of a new treatment), in order to allow researchers to have results more quickly or with fewer
patients. Another facilitation in oncology is the “breakthrough therapy designation”, established in 2012 by
the US Congress to expedite the development of drugs that show promising early clinical evidence of benefit
compared to available therapies [100].

Overall, the traditional route of drug development presented is curvy and subject to high-risk of failure.
Considering the percentage of drugs that gain success, from laboratory to market, is around 0.01 %, most of
researchers and investors are discouraged to undertake such an adventure. On the other hand, the
progresses in cancer genome sequencing and the every-day discovery of cancer targets and biomarkers, open
a new challenge in terms of designing and developing innovative molecules and therapies that combine the

targeting action with the cytotoxic properties in a more effective manner [101, 102].

The discussion in this chapter has been drafted sailing in the wake of current medicinal approaches, being
mainly related to small organic molecules, antibodies, peptides and proteins, considering for instance their,
the success percentage, the concept of libraries, etc. Conversely, this PhD thesis places in a new branch of
biomedicine, whose forerunner is cisplatin, and with the hope to widen the examples of metallo-drugs in

advanced pre-clinical testing, involving metal centers other than platinum.
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2. AIM OF THE WORK

To date, platinum-based drugs are among the most widely used anticancer chemotherapeutics.
Nevertheless, their effectiveness is counterbalanced by severe adverse effects and the development of drug
resistance. Since these drawbacks, in particular renal insufficiency, were shown to be sensibly reduced upon
administration of sulfur nucleophiles (e.g., diethyldithiocarbamate), Prof. Fregona’s research group has
combined - in a single compound - the chemoprotecting action of the latter with the anticancer properties
of a metal center. In this regard, a number of metal-dithiocarbamato complexes (i.e., involving Pt(ll), Pd(ll),
Au(ll1), Ru(ll), Zn(11), Cu(ll) centers) showed outstanding antitumor activity (both in vitro and in vivo) together
with negligible or even no nephrotoxicity in animal models. In general, the most promising results were
obtained with the Au(lll), Ru(lll) and Cu(ll) dithiocarbamates, which proved much more potent than the
chemotherapeutic drug cisplatin even at nanomolar concentrations against a wide panel of human tumor
cell lines.

The biological in vitro screening of the abovementioned metal-dithiocarbamato complexes put in evidence
that the antiproliferative activity is triggered by the metal center, but the structure of the ligand also affects
the effectiveness of the final antitumor agent. Moreover, it has been observed that the pyrrolidine
dithiocarbamato derivatives of Ru(lll), Cu(ll) and Au(lll) are associated with very promising antiproliferative
effects. Therefore, in order to gain further insights into structure/activity relationships for this class of
compounds, the first goal of this work has been the synthesis of N,N-disubstituted dithiocarbamato salts
derived from both aliphatic and aromatic cyclic amines (i.e., pyrrolidine, piperidine, morpholine, indoline, L-
proline methyl and tert-butyl ester, carbazole, indole and pyrrole, Chapter 4). Afterwards, these chelating
agents have been combined with ruthenium, copper, gold centers to form a number of new coordination
compounds, which have been investigated for their physico-chemical features by means of different
techniques, such as elemental and ESI-MS analysis, H-NMR spectroscopy, FT-IR and UV-Vis
spectrophotometries (Chapters 5-7). This deep analysis has been carried out for 9 dithiocarbamato ligands
and total 54 metal-DTC complexes. The second goal has been indeed to investigate how the electronic
properties of the DTC ligand (affected by the type of substituents) as well as the oxidation state and the
coordination geometry of the metal center, influence the strength of the metal-ligand bonds.

The third goal of this PhD work has been the rationalization of the in vitro antiproliferative activity data
collected for all the synthetized coordination compounds (using DMSO as a vehicle) against three different
human tumor cell lines (HelLa, HepG2 and HepG2/SB3) (Chapter 9). Hela cells derive from ovarian carcinoma
and represent a starting point for preliminary testing in the light of their widespread use in the last sixty-five
years. On the other hand, HepG2 cells come from liver carcinoma, which nowadays is the 2" most common

cause of death from cancer worldwide and represents a disease with a high unmet medical need.
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This biological evaluation has been aimed at comparing the observed chemical features of the synthetized
coordination compounds with their anticancer activity. In addition, in the perspective of developing new drug
candidates for preclinical studies, the most promising metal-DTC derivatives have been studied for their
lipophilicity, a fundamental criterion to determine the “druglikeness” of a new chemical entity. In this
context, a correlation between the biological activity of the compounds and their partition coefficient n-
octanol/water is useful to generate a LipE (lipophilic efficiency) profile which allowed us to select the two
final Lead Compounds for subsequent testing.

The attention has been then addressed to the investigation of bio-compatible nanosystems for the cancer-
selective delivery of the Lead Compounds. In fact, in order to increase both the poor water solubility and the
stability (in other words, the overall bioavailability) of the Lead Compounds, we exploited the micelle
formation of the nonionic surfactant co-polymer Pluronic® F127 (PF127). The choice of this surfactant was
not accidental. In fact, PF127 is already in Phase | clinical trial in doxorubicin-based formulations, reporting
high maximum tolerated doses.

Notably, based on the blood capillary-leaking of tumor tissues, macromolecular carriers can accumulate in
tumor vasculature much more than in the normal one (passive cancer-targeting), thus leading to the delivery
and retention of antiblastic cargos in the tumor microenvironment (this phenomenon is referred to as the
enhanced permeability and retention -EPR- effect). On the other hand, the active cancer-targeting approach
is growing in importance and exploits biomolecules with high affinity for their cell-surface targets to
selectively deliver drugs to cancerous cells, in order to minimize the damage to healthy ones. In line with
these considerations, the fourth aim of this PhD project has been the chemical modification of terminal
hydroxyl groups of the PF127 co-polymer for its convenient functionalization with carbohydrates (i.e., B-D-
glucopyranose, glucosamine and B-maltose). The new macromolecules have been characterized by means of
IH- and 3C-NMR spectroscopy and FT-IR spectrophotometry. The following purpose has been the
encapsulation of the selected Lead Compounds in micelles of these modified PF127 polymers. Their structure
and stability have been studied via DLS and TEM analyses, and UV-Vis evaluation in human serum and cell
culture medium (Chapter 8), followed by the screening for their cytotoxic activity towards the Hela,
HepG2/CTR and HepG2/SB3 cell lines. Finally, the ultimate goal has been the preliminary investigation of the
mechanism of action of the two Lead Compounds (Chapter 9), in terms of time-dependent cellular response
profiles (RTCA), confocal microscopy analysis on the fluorescein-labeled nanosystems, and in vitro
competition with the antagonist 4,6-O-ethylidene-D-glucose, a glucose transporter (GLUT1) inhibitor.

For clarity reasons, the NMR and FT-IR spectra of all the synthetized complexes and polymers have been

collected in a distinct Chapter (Supporting Information, A-J) at the end of the work.
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3. MATERIALS AND INSTRUMENTAL

3.1 Chemicals for the synthesis of the dithiocarbamato ligands and the Ru(lll), Cu(ll) and

Au(l)/(I11) related complexes

The following chemicals were purchased and wused as provided by suppliers: sodium
pyrrolidinedithiocarbamate (NaPDT, 80%), piperidine (99%), morpholine (299%), indoline (99%), carbazole
(295%), indole (299%), pyrrole (98%), carbon disulfide (CS,, anhydrous >99%), sodium tert-butoxide (NaOtBu,
97%), sodium hydride (NaH, 60% suspension in mineral oil), ruthenium(lll) chloride trihydrate (RuCls-:3H,0),
copper chloride dihydrate (CuCl,-2H,0, 299%), sodium chloride (NaCl, 99%), sodium sulfite (Na;SOs, 298%),
pyridine (anhydrous 99.8%), manganese(IV) oxide (MnO,, 99%), hydrochloric acid (HCI, 37%) (Sigma Aldrich).
L-Proline methyl ester hydrochloride (L-ProOMe-HCl, 98%), L-Proline tert-butyl ester hydrochloride (L-
ProOtBu-HCI, 98%), sodium tetrachloroaurate(lll) dihydrate (NaAuCl;-2H,O, 99%), potassium
tetrabromoaurate(lll) hydrate (KAuBrs-xH,0, 99.9%) (Alfa Aesar). Potassium hydroxide (KOH), bromine (Br,
99%), phosphorous pentoxide (P.0s) (VWR). Silica gel 60 (0.063-0.200 mm, 70-230 mesh) (Merck).

Solvents: ethanol (EtOH), methanol (MeOH), diethyl ether (Et,0), tetrahydrofuran (THF), dichloromethane
(CHCl,), chloroform (CHCIs), n-hexane, n-pentane, acetone, acetonitrile, dimethyl sulfoxide (DMSO) (Sigma-
Aldrich). When used anhydrous, the solvents were purchased from Sigma-Aldrich, with a purity of 299.9%,
or alternatively dried using standard distillation procedures.

The H-NMR chemical shifts (8) of the signals are given in ppm and referenced to residual protons in the
deuterated solvents: chloroform-d (CDCls;, 7.26 ppm), dichloromethane-d; (CDCly, 5.32 ppm), methanol-d,
(CDs0D, 3.31 ppm), dimethylsulfoxide-ds (DMSO-ds, 2.50 ppm) (VWR).

All the aqueous reactions were conducted in distilled water, purified by means of ionic exchange membrane

filters.

3.2 Chemicals for the modifications of Pluronic® F127

The following chemicals were purchased and used as provided by suppliers: Pluronic® F127 (BioReagent, for
cell cultures), p-toluenesulfonyl chloride (TsCl, 298%), triethylamine (TEA, 298%), 4-(dimethylamino)pyridine
(DMAP, >299%), hydrazine hydrate solution (24-26%), sulfur trioxide pyridine complex (Py-SOs, 98%),
1,2,3,4,6-penta-O-acetyl-B-D-glucopyranose (98%), 1,3,4,6-acetyl-2-amino-2-deoxy- [B-D-glucopyranose
hydrochloride (298%), boron trifluoride diethyl etherate (BFs-Et,0), sodium cyanoborohydride (NaBHsCN,
95%), sodium methoxide (95%), Amberlite® IR120 hydrogen form (strongly acid), fluorescein isothiocyanate
(FITC, 290%), levulinic acid (98%), acetobromo-a-D-glucose (95%), acetobromo-a-maltose (90%), N-
hydroxyphtalimide (97%), tetrabuthylammonium bisulfate (TBAHS, 99%), methylhydrazine (98%), citric acid

- sodium citrate buffer solution, ammonium hydroxide solution (28-30%), sodium sulfate anhydrous (Na,SO4)
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(Sigma-Aldrich). Phthalimide potassium salt (99%), diyclohexylcarbodiimide (DCC, 98%) Silica gel 60 (0.063-
0.200 mm, 70-230 mesh) (Merck).

Solvents: ethanol (EtOH), methanol (MeOH), isopropyl alcohol (iPrOH), diethyl ether (Et,0), tetrahydrofuran
(THF), dichloromethane (CH,Cl,), chloroform (CHCls), n-hexane, n-pentane, acetone, acetonitrile, dimethyl
sulfoxide (DMSO) (Sigma-Aldrich). When used anhydrous, the solvents were purchased from Sigma-Aldrich,
with a purity of 299.9%, or alternatively dried using standard distillation procedures.

The H-NMR chemical shifts (8) of the signals are given in ppm and referenced to residual protons in the
deuterated solvents: dichloromethane-d; (CD.Cl;, 5.32 ppm), methanol-d; (CDs0D, 3.31 ppm), deuterium
oxide (D20, 4.79 ppm) (VWR).

3.3 Chemicals for the in vitro biological studies

The following chemicals were purchased and used as provided by suppliers: Hela cells (American Type
Culture Collection, ATCC). HepG2 cells (Provitro). Dulbecco Modified Eagle’s Medium (D-MEM), L-glutamine,
penicillin, streptomycin, fetal bovine serum (FBS), trypsin (0.05%, EDTA 0.02% in PBS) (Euro Clone).
Lipofectamin® reagent, PLUS reagent, Opti-MEM, (Invitrogen). RPMI-medium 1640, MEM-non essential
aminoacids (100x), Minimum Essential Medium (MEM), DMSO (>99.9%, for biological treatments), in vitro
toxicology assay kit (resazurin based), Thiazolyl Blue Tetrazolium Bromide (MTT), MTT Detergent Reagent,

paraformaldehyde, Elvanol™ (polyvinyl alcohol) (Aldrich).

3.4 Instrumental information

Silica gel and thin layer chromatography

Analytical TLC TLC were performed on Kiesegel F254. UV light (A= 254 nm). Gravity column chromatography
was performed on Silica gel 60 (0.063-0.200 mm, 70-230 mesh) (Merck); the elution of the loaded compound

was obtained by using the proper eluent mixture.

Elemental analysis

Elemental analyses were carried out at Microanalysis Laboratory of the Department of Chemical Sciences,
University of Padova by using a microanalyzer Fisons EA-1108 CHNS-O and a microanalyzer Carlo Erba 1108
CHNS-O.

FTIR spectroscopy
Near-FTIR spectra (4000-400 cm-1) were registered at room temperature (32 scans, resolution 2 cm-1) by
Nicolet Nexus 5SXC spectrophotometer. KBr pellets of samples were prepared according to standard

procedures.
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Far-FTIR spectra (600-50 cm-1) were registered at room temperature with a Nicolet Nexus 870
spectrophotometer. For the analysis, films of sample dispersed in nujol were loaded on polyethylene discs

(250 scans, resolution 4 cm-1). Spectra were processed with OMNIC 5.2 (Nicolet Instrument Corporation).

NMR spectroscopy

'H-NMR spectra of metal-DTC complexes were recorded at 298 K on a Bruker Avance DRX300 spectrometer
equipped with a BBI [1H, X] probe-head, Bruker. Typical acquisition parameters for 1D 1H-NMR spectra (1H:
300.13 MHz): 64 transients, spectral width 15 ppm (80 ppm in case of [Ru(DTC)s] compounds), using delay
time of 1.0-4.0 seconds. The data sets were processed with the standard Bruker processing software package
Topspin 1.3. Chemical shifts were referenced to solvent signal. Peak assignment and integral calculations
were carried out by means of MestReNova version 6.2.0 (Mestrelab Research S.L.).

'H- and 3C-NMR spectra of Pluronic® F127 derivatives were recorded at 298 K on a Bruker Avance DMX600
spectrometer equipped with a Triple Resonance Probe TXI [1H, 13C, 15N], 5 mm, 3 axes gradient, Bruker.
Typical acquisition parameters for 1D *H-NMR spectra (1H: 599.90 MHz): 64 transients, spectral width 12
KHz, using delay time of 1.0 seconds. Typical acquisition parameters for 1D 3C-NMR spectra (13C: 150.84
MHz): 2048 transients repeated 32 times, spectral width 210 ppm, using delay time of 2.0 seconds, 'H-
decoupled 3C spectrum without NOE (zgig experiment). The data sets were processed with the standard
Bruker processing software package Topspin 1.3. Chemical shifts were referenced to solvent signal. Peak
assignment and integral calculations were carried out by means of MestReNova version 6.2.0 (Mestrelab

Research S.L.).

UV-vis analysis

Absorption spectra of freshly prepared solutions of samples were acquired at 25 °C and 37 °C in the range
200-800 nm, taking into account the solvent cutoff, with an Agilent Cary 100 UV-Vis double beam
spectrophotometer. Samples were dissolved in the appropriate solvents and the resulting solutions were

placed in QS quartz cuvette (path length 1 cm).

ESI-MS analysis

ESI-MS spectra were recorded with a positive mode on a Mariner Perspective Biosystem instrument, setting
a 5kV ionization potential and a 20 pL/min flow rate. A mixture of coumarin and 6-methyl-triptophan was
used as a standard. Samples were dissolved in methanol, water or acetonitrile, whereas methanol with 1%

formic acid was used as eluent. ESI-MS spectra have been processed by the software Data Explorer.

X-ray structural analysis
Single crystal data were collected with a Bruker Smart APEXII diffractometer (Mo Ka radiation, A= 0,71073
R). The unit cell parameters were obtained using 60 w-frames of 0.5° width and scanned from three different

zone of reciprocal lattice. The intensity data were integrated from several series of exposure frames (0.3°
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width) covering the sphere of reciprocal space. Absorption corrections were applied using the program
SADABS. The structures were solved by direct methods (SIR2004) and refined F? with full matrix least squares
(SHELXL-97), using the WinGX software package. Grafical material was prepared with Mercury 3.5 for

Windows.

Dynamics Light Scattering (DLS) analysis

Mean diameter was measured using a ZetasizerNano-S (Malvern Instruments) at 37°C using disposable sizing
cuvettes. DLS samples were prepared in deionized water and filtered with a 20 uM micro-filter. For each
batch, hydrodynamic radius and size distribution were the mean of ten measurements and final values were

calculated as the mean of three different batches.

Transmission electron microscopy (TEM) analysis

Experiments were performed at the Electronic Spectroscopy Laboratory of the Department of Biology,
University of Padova with a Tecnai G2 (FEI) transmission electron microscope operating at 100 kV. Images
were captured with a Veleta (Olympus Soft Imaging System) digital camera. To prepare the samples, a drop
of investigated micellar solution has been deposited on 400 mesh copper grids type “holy film”, and
subsequently contrasted with a 1% uranyl acetate solution for about 2 minutes. The sample was then

analyzed without further manipulations.

Incubator
Cell cultures have been incubated at 37 °C in a 5% carbon dioxide controlled atmosphere of a Hera Cell 150i

CO2 incubator (Termo Scientific).

Optical plate reader
Cellular vitality was determined by absorbance measurements at 595 nm (resazurin test) and 550 nm (MTT
assay), using a plate reader ELISA Microplate Reader Model 550 (Bio-Rad). Data were obtained and processed

by Microplate Manager 4.0 and Origin 8.0 software.

Confocal Microscopy

For confocal microscopy analysis of cell samples treated with fluorescein-labelled PF127 micelles, a Zeiss
Axiovert 200M fluorescence/live cell imaging microscope was used (Carl Zeiss Microlmaging GmBH). The
optical sectioning of the samples was achieved with structured illumination with Apotome.2, a system that
increases the resolution of conventional fluorescence analysis, calculating the optical section from three

images with different grid positions without time lag.

XCELLigence experiment
Impedance for quantification of cell proliferation was monitored with a xCELLigence RTCA DP device (Roche
Diagnostics, GmbH) placed in the in the incubator (37 °C in a 5% CO,) and controlled via a cable connected

to the external control unit using RTCA 2.0 software for real-time interfacingThe three cradles of the DP
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instrument enable three separate electronic 16-well plates (E-plate, Roche Diagnostics GmbH) to be
controlled and monitored in parallel or independently of one other. The impedance value of each well was

automatically monitored by the xCELLigence system and expressed as a Cell Index value (Cl).
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4. THE DITHIOCARBAMATES AS CHEMOPROTECTANT LIGANDS

4.1 Chemical and biological overview of dithiocarbamates

N-substituted dithiocarbamates (DTC, R:NCS;', Figure 4.1) form a class of compounds with an extensive use
in chemical practice [103]. Indeed, they are used in the industry of polymers [104] or as fungicides [105],
pesticides [106] and antioxidants [107]. Moreover, DTC are a versatile class of anionic sulfur-donor ligands of
the type LX, widely used in coordination chemistry, with applications in qualitative inorganic analysis [108]

and bioinorganic medicine [109].

Figure 4.1 General structure of N-substituted dithiocarbamates, where R, R’= H, alkyl group, aryl group. The C-N bond
has the character of an almost double bond as the nitrogen atom makes its lone pair available to the carbon atom, and
the extent of this phenomenon relies on the type of the R (and R’) groups.

DTCs are obtained by the exothermic reaction between carbon disulfide (CS;) and a primary or secondary
amine in the presence of a base. The base may be an alkali, such as sodium hydroxide, or an excess of the
amine itself. In the last case, the ammonium salt of the ligand ([R:NH2]*[R2NCS;]’) is formed. According to
Miller and Latimer, the reaction of DTC formation occurs via nucleophilic attack of the amine to the electron-
poor C atom of carbon disulfide, the crucial step being the hydrogen-transfer from nitrogen to sulfur atoms,
followed by acid/base reaction giving rise to the corresponding dithiocarbamato salt [110] (Figure 4.2 a). N-
(mono)substituted dithiocarbamates were found to be more stable in acid solutions, since the N-
disubstituted ones suffer from the steric influence of the second alkyl group causing a higher strain on the C-
N bond [111-113] (Figure 4.2 b). On the other hand, dithiocarbamato derivatives of secondary amines are
usually stable in alkaline solution, whereas the mono-substituted counterparts can undergo a reaction with
hydroxide ions, yielding isothiocyanates (R-N=C=S) and elemental sulfur [114] (Figure 4.2 c). Finally,
dialkyldithiocarbamates form thiuram disulfides upon oxidation with iodine, bromine, hydrogen peroxide,

and other common oxidants [115] (Figure 4.2 d).
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Figure 4.2 The process of synthesis of a dithiocarbamato salt from a primary or secondary amine by reaction with carbon
disulfide in the presence of a base a. A dithiocarbamate can undergo acid decomposition in the case of N-(di)substituted
dithiocarbamates b, basic degradation to isothiociyanates for mono-substituted DTC ¢, oxidation to thiuram disulphides
in the presence of an oxidant d.

Concerning the chelating coordination, according to the ionic model for the electron counting, the DTC ligand
can be considered as a four-electron donor (LX) but the two sulfur atoms can coordinate the metal center
likewise (Figure 4.3. a). In other words, two sulfur atoms in a m-system can coordinate the metal center by a
binding mode described by n? hapticity (also labelled as k? since we are dealing with non-carbon donor
ligands, Figure 4.3 a) [116]. Moreover, in a number of cases the dithiocarbamate may act as a monodentate

ligand (Figure 4.3 b). This often results from the presence of other sterically hindered coordinated ligands or
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it is a consequence of the coordination geometry preferentially adopted by the metal center [117]. Finally,
this type of sulfur-based ligands can bridge two metal atoms in a number of other ways (Figure 4.3 c-i). In
fact, a significant group of complexes involving the n,n'-coordination mode (where each S atom binds to a

single metal center) have been characterized by X-ray crystallography [118].
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Figure 4.3. Possible coordination modes of dithiocarbamates.

The biological profile of dithiocarbamates was extensively explored from 1930s onwards, when they were
introduced as pesticides in agriculture. The first DTC derivative to achieve prominence as a fungicide was the
tetramethylthiuram disulfide (TMDTS), commonly known as Thiram® (Figure 4.4 a) [119]. In 1948 Jacobsen
and co-workers discovered the ethanol-sensitizing action of tetraethylthiuram disulfide, sold under the trade
names of Antabuse® or Antabus®, as a support to the treatment of chronic alcoholism (Figure 4.4 b) [120].
On the other hand, the DTC anions, in the form of salts (R,NCSS"M*, M= alkali or NH.*), proved highly reactive
towards other molecules containing -SH groups in vitro [121]. Moreover, they were investigated as chelating
agents for heavy-metal intoxications in vivo, even if they can also bind to endogenous metals, thus triggering
toxic effects in the organism [122].

In the oncological field, these sulfur-based ligands appeared for the first time in 1979 in the studies of Borch
and coworkers about the chemoprotective effect of diethyldithiocarbamate sodium salt (NaDEDT) (Figure
4.4 c) during cisplatin-based chemotherapeutic treatment [123]. In fact, this ligand has got the ability to

selectively remove platinum centers from the thiol groups of different proteins but not from nucleotides
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involved in Pt-DNA adducts. The administration of NaDEDT to patients 3 hours after the drug showed an
improvement of the anticancer activity. In this time span, the drug is indeed on its way towards the
acknowledged target DNA and NaDEDT can act as a chemoprotectant by removing Pt(ll) from several S-donor
biomolecules. DEDT reacts indeed with platinum resulting in the formation of DTC-Pt species, thus decreasing
the nephrotoxicity and, at the same time, enhancing the bioavailability of the metal for triggering additional
antitumor activity as a new anticancer complex (between platinum and the DEDT ligand) [124].

Moreover, diethyldithiocarbamate showed a protective effect against cisplatin-induced ototoxicity,
associated with a recovery of the antioxidant system in the cochlea [125]. Nevertheless, the overall benefits
of NaDEDT are somewhat limited by its acute toxicity. Metabolic studies have shown that this molecular
entity undergoes detoxification through S-glucoronidation or biodegradation to different metabolites such
as carbon disulfide, thiourea and alkylamine. CS; is a neuropathic and teratogen agent while thiourea
interferes with iodine uptake by thyroid and can cause carcinogenic effects. In addition, the sulfur atoms of
free dithiocarbamates can react with different enzymes, by creating S-S bonds (e.g., with cysteine or

methionine) or chelating biologically active metals, thus inhibiting essential pathways [122, 126].
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Figure 4.4 Chemical structure of tetramethylthiuram disulfide (TMDTS, Thiram®) a; tetraethylthiuram disulfide
(Antabuse® or Antabus®) b; diethyldithiocarbamate sodium salt (NaDEDT) c.

4.2 Focus on the coordination chemistry of cyclic N, N-disubstituted dithiocarbamates

The first studies of electronic features generated by different substituents of the dithiocarbamic nitrogen
appeared in the first 1950s, when Klopping and van der Kerk explored the relationship between chemical
composition of nitrogen substituents and antifungal activity of organic sulfur-based fungicides [127, 128]. In

this context, considering the dithiocarbamato ion, the canonical structures I-lll can be distinguished (Figure

4.5).
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Figure 4.5 Canonical structures of dithiocarbamato ligands: the dithiocarbamato forms I and II, and the thioureidic
form IIl.

Structures | and Il are equivalent regardless of the nature of the N-substituents while the structure Il can
occur only if the nitrogen atom is capable of electron-donating towards the -CSS group. The investigation
about this capability is carried out taking into account the inductive and mesomeric (or resonance) effects of
different R groups on the electronic charge distribution in the -NCSS moiety [129]. The inductive effect (1) is
due to the alteration of the potential field in the -NCSS moiety because of the presence of the substituents,
and the main consequence of thisis anincrease (- 1) in the electronegativity of the nitrogen atom (or decrease
(+ 1) if the electronegativity of the N-linked R groups is lower (vice versa higher) than that of nitrogen). On
the other hand, mesomeric effect (+ or — M) is associated with the addition of two or more m-electrons to
the system (resonance), and this is proportional to the corresponding difference in electronegativity between
the nitrogen atom and the R substituent. The smaller the latter is, the easier the penetration of the electrons
of the N-linked group into the -NCSS moiety [129]. In this context, the presence of an electron-donating group
attached to the N atom enhances the electron density around the nitrogen itself, and hence on the CSS
moiety (i.e., + | and + M); vice versa, electron-withdrawing groups have the opposite effects (i.e., -l and — M).
In the light of the previous considerations, with respect to coordination chemistry, it is evident that
dithiocarbamato salts possess the ability to be, at the same time, strong- and weak-field ligands. As an
example, in DTC of aromatic amines the nitrogen lone pair is involved in the aromaticity of the ring (the
aromatic ring acts as — M on the nitrogen atom), thus endowing the N-CSS bond with a single-bond character
(form | and Il in Figure 4.5). In this case, the dithiocarbamate is a m-acceptor ligand, involving m* orbitals
arising from the low-energy d-orbitals of the sulfur atoms (Figure 4.6 a), which are characterized by lower
electron density if compared with the aliphatic derivatives [130, 131] (form Ill in Figure 4.5 and Figure 4.6 b).
On the other hand, in aliphatic-DTC analogues the lone pair on the nitrogen atom is mostly shifted towards
the -CSS moiety, resulting in an increase of the electron density on the sulfur atoms. Therefore, the
abovementioned d-orbitals of S atoms are partially filled, making the ligand a potential m-donor species [132,
133] (Figure 4.6 b). Finally, it is evident that besides the inductive and mesomeric effects of the N-
substituents, also the type of the metal ion, its oxidation state, the stereochemistry of the complex, and the
presence of other different groups in the coordination sphere affect to a great extent the behavior of the

dithiocarbamato ligand [133, 134].
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Figure 4.6 The two limit forms of coordination of a metal center by a DTC ligand are presented, involving as an example
the DTC derivatives of pyrrole (a) and pyrrolidine (b). Aromatic N-heterocycles are good examples of DTC which decrease
the electron-donating capacity of the N atom since the nitrogen lone pair is involved in the aromaticity of the system.
Consequently, * orbitals located on sulfur atoms are poor in electron density, making possible a metal back-donation.
On the contrary, dithiocarbamato derivatives of aliphatic amines are associated with coordination structures of the type
b, wherein the R substituents donate electron density to the N atom, which in turn shift its lone pair onto the -CSS
moiety and ultimately onto the metal ion, thus hampering metal back-donation.

As stated in Chapter 2, the first purpose of this work was to compare the structural features of some metal
dithiocarbamates derived from cyclic amines. Indeed, based on the previous discussion, the nature the N-
heterocycle influences the behavior of the corresponding dithiocarbamate. In particular, N-substituents
influence the electron-donating ability of nitrogen towards the -CSS moiety and this is higher in cyclic amines
than that of the acyclic counterpart, because of a smaller distance between substituent group and nitrogen
(inductive effect), and the presence of conjugate system involving nitrogen lone pair (mesomeric effect) [135,
136]. Moreover, also the steric hindrance may affect the electronic density on the nitrogen atom, and
ultimately on the sulfur atoms [137].

The choice of investigating cyclic dithiocarbamates was laid down by recent in vitro studies. First, Au(lll)
derivatives involving a cyclic dithiocarbamate (i.e., pyrrolidine dithiocarbamate, PDT) showed greater
anticancer activity than the related acyclic complexes with sarcosine dithiocarbamate as ligand [138].
Similarly, PDT derivatives of Ru(lll) and Au(lll) proved generally more active than the diethyl dithiocarbamate
counterpart as antiproliferative compounds tested on human cancer cell lines [139, 140].

The ligands considered for this project are pyrrolidine dithiocarbamate (PDT, Na salt, commercially available)
for comparison purposes, piperidine dithiocarbamate (PipeDTC, K salt), morpholine dithiocarbamate
(MorphDTC, K salt), indoline dithiocarbamate (IndolineDTC, K salt), L-proline methyl ester dithiocarbamate
(ProOMeDTC, Na salt), L-proline tert-butyl ester dithiocarbamate (ProOtBuDTC, Na salt), carbazole
dithiocarbamate (CDT, Na salt), indole dithiocarbamate (IndDTC, Na salt) and pyrrole dithiocarbamate
(PyrrDTC, Na salt) (Figure 4.7 a-i).
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Figure 4.7. Chemical structure of the dithiocarbamato salts of pyrrolidine (Na PDT) a, piperidine (K PipeDTC) b,
morpholine (K MorphDTC) ¢, indoline (K IndolineDTC) d, L-proline methyl ester (Na ProOMeDTC) e, L-proline tert-butyl
ester (Na ProOtBuDTC) f, carbazole (Na CDT) g, indole (Na IndDTC) h, pyrrole (Na PyrrDTC) i.

4.3 Synthesis of the selected cyclic N, N-disubstituted dithiocarbamato ligands
Taking into account that pyrrolidine dithiocarbamate sodium salt (PDT Na) is commercially available, the

remaining eight dithiocarbamate salts have been synthetized as described below.

4.3.1 Synthesis of dithiocarbamato ligands derived from piperidine (K PipeDTC) and morpholine (K

MorphDTC)
The syntheses of potassium salts of piperidine dithiocarbamate (K PipeDTC) and morpholine dithiocarbamate

(K MorphDTC) are as follows.

10 mmol of KOH were dissolved in 100 mL of ethanol; then 10 mmol of the selected amine (piperidine or
morpholine) were added and the solution mixture was set at 0°C. Successively, an excess of carbon disulfide
(CS2) was added, leading to a deeply yellow mixture which was kept under vigorous stirring for 1 hour.
Afterwards, the solvent volume was reduced and the product precipitated by adding cold diethyl ether,
filtered and washed with cold ethanol, before being dried in vacuum in the presence of P,0s.

Piperidine dithiocarbamate potassium salt (K PipeDTC)
Aspect: white solid

Yield: 95 %
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Anal. Calc. for CsH10KNS; (MW = 199.38 g-mol™?): C 36.14; H 5.06; N 7.03; S 32.16. Found: C 35.84; H 5.02; N
7.05; S 32.22.

1H-NMR (DMSO-ds, 300.13 MHz): & (ppm) = 1.39 (m, 4H, Hg) + His)), 1.54 (M, 2H, H), 4.27 (t, 4H, He) + Hee)).

Medium FT-IR (KBr): ¥ (cm™) = 2923.75, 2851.10 (v, C-H); 1417.12 (va, N-CSS); 965.00 (va, CSS); 516.25 (v,
CSS).

ESI-MS m/z, [DTC] found (calc.): 160.03 (160.02).

Morpholine dithiocarbamate potassium salt (K MorphDTC)
Aspect: white solid
Yield: 85 %

Anal. Calc. for CsHsKNOS, (MW = 200.97 g-mol™*): C 29.83; H 4.00; N 6.96; S 31.85. Found: C 29.88; H 4.03; N
6.91;S31.91.

'H-NMR (DMSO-ds, 300.13 MHz): 6 (ppm) = 3.47 (m, 4H, H() + Hg), 4.30 (t, 4H, He) + H(s)

Medium FT-IR (KBr): ¥ (cm™) = 2982.44, 2921.73, 2867.68 (v, C-H); 1410.44 (va, N-CSS); 1109.77 (va, C-O);
989.60 (va, CSS); 546.56 (vs, CSS).

ESI-MS m/z, [DTCT] found (calc.): 162.01 (162.00).

4.3.2 Synthesis of dithiocarbamato ligands derived from indoline (K IndolineDTC)
An excess of potassium hydroxide (KOH) was suspended in 100 mL of tetrahydrofuran (THF); then 5.5 mmol

of indoline were added and the solution mixture was set at 0°C. Successively, 10 mmol of carbon disulfide
were added, resulting in a bright yellow mixture which was kept under vigorous stirring for 1 hour. Then, the
residual KOH was filtered and the solution evaporated, leading to a solid product, which was dried in vacuum

over P;0s.

Indoline dithiocarbamate potassium salt (K IndolineDTC)
Aspect: bright yellow solid

Yield: 88 %

Anal. Calc. for CoHgKNS, (MW = 233.39 g-mol?): C 46.31; H 3.45; N 6.00; S 27.48. Found: C 46.19; H 3.44; N
6.09; S 27.40.

1H-NMR (DMSO-ds, 300.13 MHz): & (ppm) = 2.87 (t, 2H, Hg), 4.45 (t, 2H, Hp), 6.80 (t, 1H, H), 7.00 (t, 1H,
Hie), 7.10-7.12 (d, 1H, He), 9.52-9.55 (d, 1H, H)).

Medium FT-IR (KBr): ¥ (cm™) = 2931.52 (v,, C-H); 1452.26 (v, C=C ring); 1371.36 (va, N-CSS); 931.11 (v, CSS);
743.21 (8, C-H); 507.81 (vs, CSS).

ESI-MS m/z, [DTC] found (calc.): 194.02 (194.01).
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4.3.3 Synthesis of dithiocarbamato ligands of L-proline derivatives (Na ProOMeDTC and Na
ProOtBuDTC)
The sodium salts of L-proline methyl ester dithiocarbamate (Na ProOMeDTC) and L-proline tert-butyl ester

dithiocarbamate (Na ProOtBuDTC) were synthetized in a Schlenk-line apparatus under a N, atmosphere. 10
mmol of sodium tert-butoxide were dissolved in 20 mL of anhydrous methanol. Afterwards, 5 mmol of the
chosen amine hydrochloride, previously dissolved in 10 mL of anhydrous methanol, were added and the
solution mixture was set at 0°C. Successively, 10 mmol of carbon disulfide were added, leading to a light
yellow mixture which was kept under vigorous stirring for 1 hour. Then, the solvent was evaporated under
reduced pressure and the product was taken up in dichloromethane in order to remove NaCl as a byproduct.
Finally, the solvent was removed, yielding a hygroscopic solid which was dried in pump over P,0s. Both

products are stored under inert atmosphere, being highly hygroscopic.
L-proline methyl ester dithiocarbamate sodium salt (Na ProOMeDTC)
Aspect: white hygroscopic solid

Yield: 78 %

Anal. Calc. for C;H10NNaO,S; (MW = 227.28 g-mol™): C36.99; H 4.43; N 6.16; S 28.22. Found: C 36.82; H 4.51;
N 6.10; S 28.28.

1H-NMR (CD50D, 300.13 MHz): & (ppm) = 2.03-2.33 (m, 4H, Hg) + Hia), 3.69 (s, 3H, O-CHs), 3.95 (m, 2H, Hs),
5.07-5.11 (dd, 1H, Hp)).

Medium FT-IR (KBr): ¥ (cm) = 2953.03 (va, C-H); 1733.20 (v, C=0); 1392.38 (va, N-CSS); 1177.76 (va, C-OMe);
944.78 (va, CSS); 504.45 (vs, CSS).

ESI-MS m/z, [DTC] found (calc.): 204.03 (204.02).

L-proline tert-butyl ester dithiocarbamate sodium salt (Na ProOtBuDTC)
Aspect: beige hygroscopic solid
Yield: 77 %

Anal. Calc. for C1o0H1sNNaO,S; (MW = 269.36 g-mol™?): C44.59; H 5.99; N 5.20; S 23.81. Found: C44.41; H6.02;
N 5.19; S 23.76.

'H-NMR (CDs0D, 300.13 MHz): & (ppm) = 1.47 (s, 9H, O-C(CHs)3), 2.01-2.30 (m, 4H, Hg3) + H), 3.94 (m, 2H,
His), 4.97-4.99 (dd, 1H, H().

Medium FT-IR (KBr): ¥ (cm™) = 2974.63 (va, C-H); 1722.65 (v, C=0); 1388.27 (va, N-CSS); 1151.18 (v, C-OtBu);
932.89 (v,, CSS); 502.02 (vs, CSS).

ESI-MS m/z, [DTC] found (calc.): 246.07 (246.06).
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4.3.4 Synthesis of dithiocarbamato ligand of aromatic N-heterocycles (Na CDT, Na IndDTC, and Na
PyrrDTC)
The sodium salts of carbazole dithiocarbamate (Na CDT), indole dithiocarbamate (Na IndDTC), and pyrrole

dithiocarbamate (Na PyrrDTC) were synthetized in a Schlenk-line apparatus in a N, atmosphere. Pyrrole was
purified by distillation immediately before use. To 1.44 mmol of aromatic amine previously dissolved in THF
(freshly distilled), 2.88 mmol of NaH 60% suspension were added at 0 °C. The mixture was kept under
vigorous stirring for 10 minutes, followed by filtration in inert atmosphere of nitrogen to remove NaH
residues. Successively, 2.88 mmol of carbon disulfide were added to the resulting solution under stirring at 0
°C. After 2 h the solvent was removed under reduced pressure and the solid was taken up in a minimum
amount of anhydrous THF and precipitated with hexane. The resulting solid was filtered and dried under
vacuum in the presence of P;0s.

All products were stored under inert atmosphere, as they resulted highly hygroscopic and air sensitive.
Carbazole dithiocarbamate sodium salt (Na CDT)

Aspect: orange hygroscopic solid

Yield: 88 %

Anal. Calc. for C;3HsNNaS, (MW = 265.33 g-mol™): C 58.85; H 3.04; N 5.28; S 24.17. Found: C 58.69; H 3.15; N
5.31;S24.11.

H-NMR (DMSO-ds, 300.13 MHz): 6 (ppm) = 7.17 (t, 2H, He) + Hg), 7.33 (t, 2H, Hz) + H»), 8.05-8.08 (d, 2H,
Hi) + Hs), 8.45-8.47 (d, 2H, Hiy) + Heg).

Medium FT-IR (KBr): ¥ (cm™) = 1435.84 (v, C=C ring); 1281.47 (va, N-CSS); 1040.03 (va, CSS); 832.62 (w, C-H);
742.53 (5, C-H); 569.77 (vs, CSS).

ESI-MS m/z, [DTC] found (calc.): 242.01 (242.01).

Indole dithiocarbamate sodium salt (Na IndDTC)
Aspect: yellow-orange hygroscopic solid
Yield: 71 %

Anal. Calc. for CsHsNNaS; (MW = 215.27 g-mol™?): C50.21; H 2.81; N 6.51; S 29.79. Found: C 50.11; H 2.99; N
6.40; S 29.89.

'H-NMR (DMSO-ds, 300.13 MHz): & (ppm) = 6.36-6.37 (d, 1H, H), 7.03-7.11 (m, 2H, Hs) + He), 7.45-7.48 (d,
1H, Hi), 8.66-8.68 (d, 1H, H(z), 9.31-9.34 (d, 1H, Hp).

Medium FT-IR (KBr): ¥ (cm™) = 2923.17 (va, C-H); 1439.44 (v, C=C ring); 1289.94 (v,, N-CSS); 997.91 (va, CSS);
824.65 (w, C-H); 752.33 (6, C-H); 550.32 (vs, CSS).

ESI-MS m/z, [DTC] found (calc.): 192.00 (191.99).
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Pyrrole dithiocarbamate sodium salt (Na PyrrDTC)
Aspect: dark yellow hygroscopic solid
Yield: 66 %

Anal. Calc. for CsHsNNaS; (MW = 165.21 g-mol™): C 36.35; H 2.44; N 8.48; S 38.22. Found: C 36.22; H 2.57; N
8.69; S 38.31.

1H-NMR (DMSO-ds, 300.13 MHz): & (ppm) = 5.99 (s, 2H, He) + Ha), 8.03 (s, 2H, He) + His)).

Medium FT-IR (KBr): ¥ (cm™) = 2923.10 (va, C-H); 1457.21 (v, C=C ring); 1259.12 (va, N-CSS); 1012.45 (va, CSS);
815.10 (w, C-H); 746.04 (5, C-H); 548.16 (vs, CSS).

ESI-MS m/z, [DTC] found (calc.): 141.98 (141.98).

4.4 Discussion

4.4.1 Considerations about the synthetic routes

The syntheses of the dithiocarbamato salts derived from aliphatic amines follow the general route presented
in Figure 4.2 a, where the acid-base equilibrium is shifted to products by the addition of an equivalent of
base (KOH for piperidine, morpholine and indoline or sodium tert-butoxide for L-proline esters). In addition,
to avoid the hydrolysis of the —OR group (R= Me, tBu) of the L-proline esters, the syntheses of the
corresponding DTC salts were performed under anhydrous conditions (N, atmosphere, dry methanol) and
using a sterically hindered base. On the other hand, the formation of the dithiocarbamato salts of aromatic
N-heterocycles (i.e., carbazole, indole and pyrrole) was carried out in dry THF under inert atmosphere and
using NaH to remove the hydrogen at the N-H position, thus yielding the easy-to-remove by-product H..
Then, the anionic species acts as a nucleophile attacking the electrophilic carbon of CS,, generating the
correspondent dithiocarbamate. The syntheses here discussed for the aromatic amines are a modification of
those described by Bereman and Nalewajek, who used metallic Na instead of NaH. The same authors stated
that these aromatic dithiocarbamates were extremely air sensitive, “decomposing into a black tar in few
minutes” [141]. On the contrary, we found that the products are very hygroscopic, but we did not observe
any decomposition over time (e.g., 8 hours of air or water exposition), confirmed by 'H-NMR (Figure 4.8).
Finally, all the dithiocarbamato salts obtained were analyzed for their purity by means of elemental analysis

and negative ESI-MS (mixture MeOH/H,0 50:50 % v/v), confirming their stoichiometry and ionic nature.
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Figure 4.8: 'H-NMR (D20, 300.13 MHz) of indole dithiocarbamate sodium salt over 8 h. The compound is stable in water,
as well as air stable, except for its hygroscopicity.

4.4.2 'H-NMR characterization
All the selected dithiocarbamato salts have been analyzed by *H-NMR spectroscopy (Supporting Information

A), and compared to the parent amines. The results are reported in Table 4.1.

The 'H-NMR analysis has been useful to assess the completeness of the formation reaction of
dithiocarbamato salts. In fact, the signal ascribed to the N-H proton disappeared in all cases. Interestingly,
on passing from the free amine to the corresponding DTC ligand, the C-H signals closest to the nitrogen atom
overall shift to lower fields of about 1 — 2 ppm, thus highlighting the electron-withdrawing properties of the
-NCSS moiety. This feature is observed for both the aliphatic and aromatic derivatives but occurs to a lesser
extent for the L-proline dithiocarbamates, as their ester groups compete as electron-withdrawing moieties

with the -NCSS one, affecting mainly the chemical shift of the proton in position 5.
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Hiy Hpz) Hs) Hu) His) Hie) Hz) His) His)  OMe OtBu

n.d. 3.67 1.84 1.84 3.67 - - - - - -

Na PDT
(2.24) (2.67) (1.55) (1.55) (2.67)
n.d. 4.27 1.39 1.54 1.39 4.27 - - - - -
K PipeDTC
(2.21) (2.68) (1.40) (1.40) (1.40) (2.68)
- 3.47 4.30 n.d. 4.30 3.47 - - - - -
K MorphDTC
(3.53) (2.77) (2.42) (2.77) (3.53)
n.d. 4.45 2.87 7.11 6.80 7.00 9.53 - - - -
K IndolineDTC
(3.51) (3.40) (2.91) (7.08) (6.69) (6.97) (7.12)
n.d. 5.09 2.03- 2.03- 3.95 - - - - 3.69 -
(3.57) (4.72) 2.33 2.33 (2.84- (3.67)
Na ProOMeDTC
(1.80- (1.80- 3.06)
2.10) 2.10)
n.d. 4.98 2.01- 2.01- 3.94 - - - - - 1.47
(3.59) (4.71) 2.30 2.30 (2.85- (1.50)

Na ProOtBuDTC
(2.79- (1.79- 3.05)

2.11) 2.11)
8.46 7.33 7.17 8.07 8.07 7.17 7.33 8.46 n.d. - -
Na CDT
(7.42) (7.42) (7.24) (8.09) (8.09) (7.24) (7.42) (7.42) (11.22)
n.d. 8.67 6.36 7.46 7.07 7.07 9.33 - - - -
Na IndDTC
(11.04) (7.05) (6.42) (7.57) (7.33) (7.33) (7.29)
n.d. 8.03 5.99 5.99 8.03 - - - - - -
Na PyrrDTC

(10.75) (6.73) (6.01) (6.01) (6.73)

Table 4.1 Comparison between proton chemical shifts (ppm) of the dithiocarbamato salts and the parent amine
(reported in brackets). The H-signals proximal to the dithiocarbamic moiety are highlighted by bold fonts; n.d. stands
for “not detected”. Attribution was made following IUPAC nomenclature for N-heterocyclic compounds. All the spectra
were recorded in DMSO-ds except for those of L-proline esters, obtained in CD30OD, with a 300.13 MHz NMR
spectrometer.

4.4.3 FT-IR characterization
As described in Section 4.2, the dithiocarbamate can be considered as a strong-field ligand when the

resonance form endowed with the negative charge delocalized between the two sulfur atoms is dominating
(form I and Il, Figure 4.5). On the other hand, a significant contribution of the thioureide resonance hybrid
(form 1ll, Figure 4.5) suggests a weak-field ligand behavior. The preference for one or the other depend on
the nature of the parent amine, which determines whether or not the nitrogen lone pair shifts towards the -
CSS moiety [130-133]. The medium-infrared spectra (4000-500 cm™) of the selected dithiocarbamato salts
(Supporting Information F) are likely the foremost tool to detect the molecular signatures for the two forms

mentioned above.
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The diagnostic absorptions have been identified by comparison of the IR spectra of the free amines with

those of the related DTC ligands and the fundamental vibrations are summarized in Table 4.2.

v(C=0)  v(C=C)  V(N-CSS) Vu(C-0)  vu(CSS)  w(C-H)  &(C-H)  vs(CSS)

Na PDT - - 1422 cmt - 942 cm? - - 542 cm?
K PipeDTC - - 1417 cm - 965 cm™? - - 516 cm™
K MorphDTC - - 1410 cm? 1109 cm? 990 cm™? - - 547 cm?
K - 1452 cm? 1371 cm' - 931 cm? 743 cm?® 508 cm?
IndolineDTC
Na 1733 cm’! - 1392cm?  1178cm?®  945c¢m’? - - 504 cm™
ProOMeDTC
Na 1723 cm™? - 1388 cm?  1151cm?® 933 cm? - - 502 cm™?
ProOtBuDTC
Na CDT - 1436 cm? 1281 cm' - 1040cm?  832cm?  742cm?  570cm’
Na IndDTC - 1439 cm? 1290 cm™ - 998 cm?  825cm?  752cm?  550cm’
Na PyrrDTC - 1457 cm? 1259 cm’? - 1012cm?  815cm?  746cm? 548 cm?

Table 4.2 Collection of diagnostic IR-vibrations (4000-500 cm?) of the synthetized dithiocarbamato salts.

Three main IR-regions must be taken into account when characterizing dithiocarbamato derivatives, both
salts and metal-DTC complexes. First, the spectral region 1100-1550 cm™* wherein the v(N-CSS) band can be
found and its position depends on the form adopted by the dithiocarbamato ligand (Figure 4.5) [132]. In the
case of a single-bond-form (resonance form lll), the band is located at 1250+1350 cm™, whereas it is found
at higher wavenumbers (1640-1690 cm™) if the DTC ligand contains a basically double C=N bond. It is worth
noting that the Figure 4.5 collects limiting forms and that the real situation is intermediate between them
and shifted toward form | (and Il) or Il based on the extent of electron lone pair sharing in the -NCSS moiety.
At this point, observing the v(N-CSS) values presented in Table 4.2, it is clear that substituents with a
significant +| effect, such as those of pyrrolidine and piperidine, confer to the corresponding dithiocarbamate
a preference for form I/1l, while aromatic DTC of carbazole, indole and pyrrole are associated with the
preferred form lll. Indeed, in the latter case, the nitrogen lone pair is engaged in the aromaticity of the ring
(this is a - M effect), thus making the electron shift to the -NCSS group impossible. Halfway between these
two situations there are DTC salts of morpholine, indoline, and L-proline ester derivatives, which contain
either electron-withdrawing groups (i.e., ester moiety for the two prolines or an oxygen atom in the case of
morpholine, acting as — | units), or resonance groups with a - M effect (i.e., the aromatic ring of indoline)
[142]. However, these dithiocarbamates possess also a + | effect, mediated by the piperidine-like ring for
morpholine and from the pyrrolidine ring for the prolines and indoline, thus accounting again for an

intermediate situation between the forms I/1l and IlI.
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In light of these observations, plotting the N-CSS stretching mode versus the pK, of the conjugate acid of the
parent amines highlights a linear correlation (Figure 4.9). Thus, the weaker the conjugate acid of the parent
amine, the stronger is the N-CSS bond, being supported from a larger propensity of the nitrogen atom to
share its lone pair. PDT and PipeDTC showed the highest v(N-CSS) wavenumbers (ca. 1417 cm) while the
PyrrDTC the lowest (1259 cm™®). In other words, the inductive and mesomeric effects underlying the base
strength of the investigated amines (with respect to their acid-base equilibria, [135, 136]) are the same that
contribute to the possibility of shifting the nitrogen lone pair towards the -NCSS moiety. The steric influence
of different cyclic substituents may account for mall deviations from linearity... with specific effects being

difficult to envisage, especially in the case of dithiocarbamato derivatives [137].
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Figure 4.9 Plot of the pKa values of the conjugate acid of the parent amines for the synthetized dithiocarbamato salts
against the wavenumbers of the N-CSS stretching mode. The plot follows an almost linear correlation (p?= 0.97). The
pKa values are: pyrrolidine 11.27 [136]; piperidine 11.22 [136]; morpholine 8.36 [136]; L-proline methyl ester 8.50 [143];
L-proline tert-butyl ester 8.47 [143]; indoline 4.90; carbazole -6.00 [144]; indole -6.50 [145]; pyrrole -5.90 [146].

The second diagnostic region spans from 800 to 1100 cm™, and it is ascribable to the asymmetric stretching
va(CSS) (Table 4.2). It is also possible to detect the symmetric counterpart vs(CSS) in the range 410-700 cm™
[132, 147]. Contrary to the N-CSS stretching mode, the v(CSS) does not show any correlation with the strength
of the parent amine. Indeed, this vibration is influenced by steric effects, which are determined by the
hindrance of the N-substituents. However, the CSS stretching is fundamental in the determination of the
coordination mode of the dithiocarbamato ligand. According to the Bonati-Ugo method [148], the presence

of only one band in this diagnostic region is assumed to point out a symmetric bidentate ligand, whereas a
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double band is associated with either an asymmetrically bidentate or monodentate coordination (Figure 4.3).
According to these considerations, this vibration will be used in the next chapters (Chapters 5-7) to identify
the coordination mode of the metal-dithiocarbamato derivatives studied in this work. Metal-sulfur

vibrations, found in the Far-IR region at 200-500 cm™, [149] are the third diagnostic modes, and will be

discussed later.
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5. RUTHENIUM DITHIOCARBAMATES

5.1 Ruthenium as a key player for new metallodrugs

Ruthenium is the 44™ element of the periodic table and belongs, along with iron and osmium, to the 6" group
of transition metals. Its electronic configuration is [Kr]4d’5s?.

The aqueous chemistry of ruthenium is mainly represented by the Ru(ll) and Ru(lll) ions; in both oxidation
states the metal is hexa-coordinated, with a distorted octahedral geometry. Due to the high ligand-field
energy of stabilization, Ru(lll) complexes have the electronic configuration t,,°, with an unpaired electron
that confers a paramagnetic character on the ion, generating a ground state of the type 2T, Conversely,
Ru(ll) complexes are diamagnetic, characterized by low-spin with the electronic configuration t°, which is
reflected in a *Ajg ground state. All complexes of Ru(Il) and Ru(lll) are usually kinetically inert [150].
Ruthenium is one of the rarest metals on hearth, found uncombined in nature or associated with other metals
of the platinum family in the minerals pentlandite and pyroxinite [151]. Concerning the uses, most of this
metal is used in the electronics industry for chip resistors and electric contacts or, as oxide, to coat anodes
[152]. Moreover, some ruthenium compounds find application in catalysis, for the production of ammonia
[153], acetic acid [154], and in the Noyori catalyst BINAP-Ru(ll) (BINAP= 2,2’-bis(diphenylphosphino)-1,1’-
(binaphthyl)) used in the asymmetric hydrogenation of ketones [155].

Intriguingly, ruthenium has been attracting a considerable interest as the starting material and key player for
the development of new compounds in anticancer therapy. This is confirmed by the ever-growing number of
review papers about this topic, highlighting the properties of this metal and its coordination compounds,
especially versus those of platinum derivatives [156]. In 1950s Dwyer first recognized the biological activity
of Ru metal center, demonstrating the inhibition of the enzyme cholinesterase by the Ru(ll) derivative
[Ru(phen)s](ClO,), (Figure 5.1 a) [157]. However, only after the unexpected discovery of cisplatin, the interest
in new metal-based drugs led researchers to focus their attention on this element. In fact, in 1980 Clarke and
his collaborators hypothesized the cancer-selective action of Ru(lll) derivatives in terms of “activation by
reduction”, proposing that Ru(lll) may work as a “pro-drug” by reduction to Ru(ll) in tumor tissues (E°ruqin/ru()
=+0.25 V vs. SHE at 298.15 K [158]). This would allow a faster coordination to biomolecules [159]. In fact, the
reduction of Ru(lll) to Ru(ll) results in completely filled d (t2¢) orbitals , therefore preventing any m-donor
ligand from electron donating to the metal ion. This reduces the overall stability of the complex that can lose
one or more ligands, hence favoring interactions with biological targets. The low O, content (hypoxic
conditions) and the decreased pH in tumor cells (due to the well-known Warburg effect, see Section 1.2)
favor a strongly reducing environment [160]. This evidence was demonstrated with experiments carried out
with the Ru(lll) complex [cis-RuCl>(NHs)4]Cl (Figure 5.1 b) (E°rugi/rugn=-0.10 V vs. SHE at 298.15 K [158]), which

was able to concentrate in tumor tissues [161]. In this context, it is worth noting that glutathione (E°s.s/s.n = -
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0.26 vs. SHE at pH 7.07, 298.15 K, 0.1 M buffer phosphate) and a large number of redox-active proteins are
capable of reducing Ru(lll) complexes in vivo [161]. On the contrary, if Ru(ll) compounds were transported
far from the tumor microenvironment, they would turn into Ru(lll) counterparts by reaction with molecular
oxygen, cytochrome oxidase and other oxidants [162]. Notably, we should bear in mind that the “activation
by reduction” mechanism of action is only a hypothesis and it cannot account for the cytotoxicity of all Ru(lll)
complexes. For instance, the widely studied Ru(lll) complex NAMI-A ([ImH][trans-RuCls(DMSO)(Im)], Im=
imidazole, Figure 5.1 c), first synthetized by Alessio and co-workers, was the first ruthenium-containing
anticancer drug to enter clinical evaluation [163], and has been recently studied in phase I/ll in combination
with gemcitabine as anti-metastasizing agent [164]. In particular, contrary to its low cytotoxicity in vitro,
NAMI-A inhibits lung metastasis formation in vivo, without affecting primary tumors [165]. Intriguingly, lung
metastases lie in a tissue which is considered as the most oxygenated in the body, thus ruling out a reductive
environment. Accordingly, the “activation by reduction” mechanism is questionable when exploring the
anticancer activity of the Ru(lll) derivative NAMI-A [166].

In the investigation on the biological peculiarities of ruthenium, another important step was the work of Som
and co-workers, who studied the iron-mimicking properties of this metal center. In 1983 they labeled
transferrin with the radioisotopes “Ru and %Ru, demonstrating the uptake of these adducts in tumor- and
abscess-bearing animals [167]. Ruthenium can indeed mimic iron in binding to serum transferrin (Tf) and
albumin (HSA) [168]. Remarkably, the accumulation of ruthenium complexes in tumors might be mediated
by the former since neoplastic cells require high levels of iron. In particular, in vivo studies have shown that
there is a 2- to 12-fold increase in ruthenium concentration inside cancer cells compared to healthy ones
[169]. In this context, recent investigations have revealed that the reducing properties of tumor-
microenvironment can influence the affinity of the above-mentioned NAMI-A complex, and likely other
similar Ru(lll)-baswed compounds, towards albumin and transferrin. These experiments have demonstrated
that even small changes in the composition of serum models (e.g., pH) can result in a pronounced effect on
binding of ruthenium complexes to proteins [170].

After the hypothesis of “activation by reduction” and the description of the iron-mimicking properties, in
2002 Brabec showed the ability of ruthenium to bind DNA in a different manner if compared to cisplatin
[171]. In this regard, it is worth noting that Pt(Il) and both Ru(ll) and Ru(lll) centers are associated with a slow
rate of ligand exchange. Thus, the derived complexes do not undergo ligand dissociation before reaching any
of their biological targets [172]. On the other hand, even if the initial DNA binding site of several ruthenium
derivatives were the same of cisplatin and its analogues, their DNA-binding mode would be diverse, inducing
different conformational distortions [173]. In fact, in both oxidation states +2 and +3 ruthenium is placed in
an octahedral environment, contrary to the square planar coordination geometry of Pt(Il) species. This
behavior may account for important cytotoxic effects of ruthenium derivatives in tumor cell lines, inherently

or treatment-induced, resistant to cisplatin [174]. The RM- and RAPTA-complexes (Figure 5.1 d, e), developed
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by Sadler [175] and Dyson [176] respectively, are ruthenium (lIl) derivatives with DNA as a major target. These
complexes are characterized by the presence of metal-carbon bonds, chloride ligands as leaving groups and
diamine or phosphaadamantane as non-leaving groups. On passing from the ethylenediamino (RM) complex
to phosphaadamantane (RAPTA) derivative, the adduct formation profile switches from merely DNA-
targeting to binding proteins associated with cromatin [177]. In addition to the previous examples of DNA-
interacting ruthenium compounds, it is worth mentioning the Ru(lll) drug KP1019 ([IndH][trans-RuCl4(Ind)],
Ind= indazole) and its sodium salt NKP-1339 (Na[trans-RuCls(Ind),]) (Figure 5.1 f, g), where the latter is the
first-in-class ruthenium-based anticancer drug in clinical development (phase I) against solid malignances
[178]. These two derivatives efficiently untwist DNA and weakly bend it, showing a preference for N7 of the
purine bases guanosine and adenosine and inducing lesions with different biochemical outcomes if compared

to cisplatin [179].
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Figure 5.1 Ruthenium (I1)/(Ill) compounds that showed biologically-relevant properties, [Ru"(phen)s](ClO4). (phen=
phenantroline) a, [cis-Ru"'Cl2(NHs)4]Cl b, NAMI-A [ImH][trans-RuCls(DMSO)(Im)] (Im= imidazole) ¢, the RM-type complex
[Ru"Cl(n®-diphenyl)(en)]PFs (en= ethylenediamine) d, the RAPTA-type complex RAPTA-C [Ru"Clz(n®-p-cymene)(pta)]
(pta= 1,3,5-triaza-7-phosphaadamantane) e, KP1019 [IndH][trans-Ru"'Cls(Ind)] (Ind= indazole) f, and the sodium salt of
the latter NKP-1339 Na[trans-Ru"'Cls(Ind),] g.
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5.2 Ruthenium dithiocarbamates and their application in the oncological field

Ruthenium-dithiocarbamates (DTC) were first synthetized by the Italian chemist Lamberto Malatesta in 1938,
by mixing the corresponding salt NaS,CNR, with K»[Ru'Cls] to obtain Ru(lll)-DTC derivatives (with the
consequent oxidation of a ligand to disulfide) [180]. However, the in-depth investigation on the chemical
properties of this class of complexes dates back to the early 1970s, when Hendrickson and Pignolet reported
the synthesis and the chemical/electrochemical interrelations of a number of tris- and pentakis-
(dialkyldithiocarbamato) complexes of Ru(lll), with the formulae [Ru(DTC)s] and [Ruz(DTC)s]Cl, respectively
[181-184]. These were obtained from the reaction between RuCl; and the dithiocarbamato salt, followed by
purification via gravity column chromatography (Figure 5.2). In both the mono- and dinuclear Ru(lll)
derivatives, the metal centers are characterized by a distorted octahedral coordination attained by six sulfur-
donor atoms. Moreover, [Ru(DTC)s] is paramagnetic, whereas the [Ruz(DTC)s]Cl is diamagnetic, with the two
ruthenium centers antiferromagnetically coupled at a distance of ~ 2.7 A. Furthermore, two isomers (a and
B) of the [Ruxz(DTC)s]Cl are obtained and the conversion to the thermodynamically favored B-[Ru,(DTC)s]Cl is

carried out in methanol under reflux (Figure 5.2) [181].
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Figure 5.2 Strategy for the synthesis of homoleptic Ru(lll)-DTC derivatives, resulting in a product mixture andconsisting
of the neutral mononuclear paramagnetic [Ru(DTC)3] and the two ionic dinuclear diamagnetic isomers a- and B-
[Ru2(DTC)s]Cl. The compounds are generally separated by silica gel chromatography, and the dinuclear derivatives are
treated in methanol under reflux to obtain only the termodinamically stable $-[Ru2(DTC)s]Cl.

To broaden these studies, in the past years our research group developed novel homoleptic Ru(lll) complexes
with different dithiocarbamato ligands. In particular, we focused on the dithiocarbamato ligands of
dimethylamine (DMDT), diethylamine (DEDT), sarcosine ester (RSDT, where R can be methyl (M), ethyl (E) or
tert-butyl (T) ester) and, more recently of the pyrrolidine(PDT) [185-187]. Their stability was studied in
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dimethyl sulphoxide (used as solubilizing agent for in vitro antitumor screening), phosphate buffered saline
and cell culture medium DMEM by means of UV-Vis spectrophotometry. All the compounds, both mono- and
dinuclear, proved stable without significant spectral changes over 24 hours, thus confirming the
chemoprotective and stabilizing action of the DTC ligands [186]. Afterwards, the in vitro cytotoxicity assays,
performed with 13 human tumor cell lines over 72-h exposure to different concentrations of the Ru(lll)
complexes, highlighted the significant antiproliferative effects of the ionic dinuclear derivatives [Ru,(DTC)s]Cl,
with 1Cso values (the concentration of the test agent inducing 50% reduction in cell number compared with
control cell cultures), in some cases, up to ten-fold lower than cisplatin, which was used as a reference drug.
Moreover, a comparison between the corresponding a- and B isomers of the dinuclear derivatives
[Ruz(DMDT)s]Cl and [Ruz(PDT)s]Cl pointed out similar cytotoxic effects, hence ruling out that isomerism
affects the biological activity of these complexes. On the other hand, [Ru(DTC)s] derivatives are generally less
active than the dinuclear counterparts, except against the CEM lines (leukemia cells), thus highlighting the
possibility of a selective action of mononuclear complexes against not-solid tumors [140].

The crystal structures of some of these derivatives have been solved and confirmed the observations of

Hendrickson and Pignolet (Figure 5.3).

[Ru(PDT)] [Ru(DMDT),] B-[Ru,(DMDT)]
a b C

Figure 5.3 Crystal structures of some Ru(lll) dithiocarbamato derivatives which displayed promising in vitro
antiproliferative activity against a number of human tumor cell lines: tris(pyrrolidinedithiocarbamate)ruthenium(lll)
[Ru(PDT)3] a, tris(dimethyldithiocarbamate)ruthenium(lll) [Ru(DMDT)3s] b, and the dinuclear complex
pentakis(dimethyldithiocarbamate)diruthenium(lil) tetrafluoroborate B-[Ru2(DMDT)s]BF4 c.

When considering heteroleptic Ru(lll)-DTC complexes, it is worth mentioning the work of Cameron and
collaborators, which developed the Ru(lll) triazacyclononane dithiocarbamate [Ru"(tacn)(n?-DTC)(n*-
DTC)]PFe (tacn=1,4,7-tri-azacyclononane) [188]. In the reported complexes, the dithiocarbamato ligands are
both mono- and bidentate, while the tacn ligand coordinates the Ru(lll) center with a facial geometry (Figure

5.4 a). The researchers demonstrated the nitric oxide (NO) scavenging properties of this class of compounds,

57
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since NO is able to replace the monodentate DTC, forming an extremely strong Ru-NO bond [189]. These
findings are important, as there are many diseases in which the overproduction of NO is implicated, including
cancer, where the large amount of nitric oxide seems to promote tumor growth by regulating the blood flow
or by acting as a mediator in angiogenesis [190]. Concerning our researches, we reported the synthesis of
heteroleptic DTC derivatives of both Ru(lll) and Ru(ll) [187, 191]. In the first case, the dithiocarbamato ligand
was methylated to obtain the neutral forms DTCM, with the methylation occurring only at one of the two
sulfur atoms. The resulting ligand possesses a less nucleophilic character than the starting DTC salt, so the
reaction with the Ru(lll) precursor Na[trans-Ru"'Cl4(DMSO),] in a 1:1 metal-to-ligand stoichiometry yields the
neutral paramagnetic complex [mer-Ru"'Cl3(DMSO)(DTCM)] DTCM= methylated DMDT and methylated PDT
Figure 5.4 b) [191]. With respect to the oxidation state +2, although it is overall the most common for
dithiocarbamato complexes of ruthenium [116], and Ru(ll) derivatives are object of intense studies in the
research of new anticancer drugs [192, 193], Ru(ll)-DTC complexes of the type [Ru(DTC),(DMSO),] (DTC=
DMDT and PDT, Figure 5.4 c) described by our research group are the only examples of application in the
oncological field [187]. However, both Ru(lll) and Ru(ll) heteroleptic dithiocarbamato derivatives tested in
our laboratories did not afford any result in terms of in vitro cytotoxic activity, with 1Cso values being largely

higher than those of cisplatin towards the investigated human tumor cell lines [140].
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Figure 5.4 Chemical structures of some heteroleptic ruthenium dithiocarbamato derivatives tested for their potential
anticancer activity: the Ru(lll) triazacyclononane dithiocarbamate complex [fac-Ru"(tacn)(n?-DTC)(n -DTC)]PFs (tacn=
1,4,7-tri-azacyclononane) a, the neutral Ru(lll) paramagnetic complex [mer-Ru"'Cl3(DMSQ)(DTCM)] (DTCM= methylated
DMDT and methylated PDT) b, and the Ru(ll) compound of the type [Ru(DTC)2(DMSO).] (DTC= DMDT and PDT) c.

The previously discussed results, achieved in the last years about the cytotoxic properties of some ruthenium
dithiocarbamato complexes, pave the way to some considerations. First of all, the Ru(l1)-DTC compounds are
not active, hence the abovementioned “activation by reduction” mechanism, already hypothesized for other
ruthenium derivatives such as NAMI-A, is not conceivable for Ru-DTC derivatives [140]. Moreover,

experimental evidence showed that homoleptic Ru(lll) compounds are usually associated with a better
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antiproliferative profile than heteroleptic ones. Among them, the ionic dinuclear complexes of the type
[Ruz(DTC)s]Cl stand out. In this context, it is worth noting that new polynuclear complexes of different metals
(i.e., Pt(11), Au(l/111), Os(0)) are also reported in literature and involve novel modes of action [194-196]. They
make use of chemical features that are often not accessible with mononuclear complexes, such as improved
redox activity by cooperative action of two or more metal centers or steric hindrance associated with rigidity
of the polynuclear structure. As an example, some researchers have very recently demonstrated that
dinuclear polypyridylruthenium(ll) complexes are able to induce cell death via a reactive oxygen species
(ROS)-mediated pathway, by damaging the cytoplasmic cell membrane [197]. Finally, the in vitro biological
tests put in evidence that the antiproliferative activity is not only associated with the +3 oxidation state of
ruthenium, but it strongly depends on the chemical structure of the dithiocarbamato ligand as well [140]. In
this scenario, it appears of particular importance to design and screen for antiproliferative activity, a library
of new ruthenium(lll)-based agents with varied ligands characterized by different electronic, steric and

lipophilic properties, so to evaluate how the ligand affects the cytotoxic potential of the Ru(lll) center.

5.3 Synthesis of the Ru(lll) derivatives of the selected cyclic N,N-disubsituted dithiocarbamato
ligands

Taking into account the final considerations about ruthenium dithiocarbamates as potential anticancer
agents, and considering the different electronic, steric and lipophilic properties of the cyclic dithiocarbamato
ligands presented in Chapter 4, we designed and obtained a library of Ru(lll) mono and dinuclear derivatives.
Indeed, the aims of this work were to evaluate how the features of the DTC ligand affect the chemical
characteristics of the final complexes, and ultimately the cytotoxic activity of the Ru(lll) center. The Ru(lll)-
PDT complexes have been synthetized and characterized for comparison purposes in light of our previous

work.

5.3.1 Synthesis of Ru(lll) dithiocarbamato complexes of PDT, PipeDTC, MorphDTC and IndolineDTC
To a solution of RuCls-3H,0 (1.5 mmol) in water (4 mL), 10 mL of an aqueous solution of the dithiocarbamato

salt (4.5 mmol) were added dropwise. A dark brown solid started to precipitate in few minutes. The mixture
was stirred for 1 h at room temperature, afterwards the solid was filtrated and washed with water (3 x 3.0
mL) and diethyl ether (2 x 2.5 mL). The isolated product was dried and re-dissolved in CH,Cl, to be purified
by silica gel chromatography. A gradient from CH>Cl> 100% to CH>Cl,/MeOH 90%:10% was used to elute first
the mononuclear complex and then the dinuclear derivative (as mixture of a+B isomers, Figure 5.2).
Successively, the mixture of a,B-[Ruz(PDT)s]Cl was isomerized to the thermodynamically stable PB-
[Ruz(PDT)s]Cl by reflux in methanol for 8 hours. All the compounds were re-precipitated from CH,Cl; - diethyl

ether, washed with n-pentane, and dried in vacuum pump in the presence of P,0s.
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Tris(pyrrolidine dithiocarbamate)ruthenium(lll), [Ru(PDT)s]
Aspect: dark green solid
Yield: 31 %

R.f. (on silica gel, CH,Cl,): 0.85

Anal. Calc. for C15H24N3RuSs (MW = 539.83 g-mol™?): C 33.37; H 4.48; N 7.78; S 35.64. Found: C 33.50; H 4.49;
N 7.72; S 35.51.

IH-NMR (CDCls, 300.13 MHz): & (ppm) = 0.39 (s, 12H, He) + Huy), 35.83 (s br, 6H, Hzy + His)), 44.29 (s br, 6H,
Hiz) + His).

Medium FT-IR (KBr): ¥ (cm™) = 2945.32, 2865.58 (va, C-H); 1487.12, 1469.76, 1444.15 (v., N-CSS); 942.18 (va,
CSS).

Far FT-IR (nujol): ¥ (cm™) = 565.37 (vs, CSS); 447.75 (va, Ru-S); 318.90 (vs, Ru-S).

ESI-MS m/z, [M*] found (calc.): 539.96 (539.93).

B-pentakis(pyrrolidine dithiocarbamate)diruthenium(lll) chloride, B-[Ru,(PDT)s]C/
Aspect: dark red solid

Yield: 32 %

R.f. (on silica gel, CH,Cl,/MeOH 92:8): 0.23

Anal. Calc. for C35H40CINsRu,S10 (MW = 968.86 g:mol™): C 30.99; H 4.16; N 7.23; S 33.10. Found: C 31.12; H
4.26; N 7.39; S 33.30.

1H-NMR (CDCl3, 300.13 MHz): & (ppm) = 1.81-2.19 (m, 20H, He) + Ha), 3.46-3.94 (m, 20H, Hp) + His)).

Medium FT-IR (KBr): ¥ (cm™) = 2947.10, 2667.69 (va, C-H); 1505.71, 1473.13, 1447.94 (v., N-CSS); 946.59 (va,
CSS).

Far FT-IR (nujol): ¥ (cm™) = 563.86 (vs, CSS); 445.81 (v,, Ru-S); 347.83 (v, Ru-S).

ESI-MS m/z, [M-CI*] found (calc.): 932.87 (932.86).

Tris(piperidine dithiocarbamate)ruthenium(lll), [Ru(PipeDTC)s]
Aspect: dark green solid
Yield: 34 %

R.f. (on silica gel, CH,Cl»): 0.80

Anal. Calc. for C1gH30N3RuSs (MW = 581.91 g-mol™?): C 37.15; H 5.20; N 7.22; S 33.06. Found: C 37.21; H 5.29;
N 7.25; § 33.22.

'H-NMR (CDCls, 300.13 MHz): 6 (ppm) = 0.87 (s, 12H, Hz) + Hys)), 3.54 (s, 6H, H)), 24.03 (s br, 12H, Hpy) +
Hee).
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Medium FT-IR (KBr): ¥ (cm!) = 2936.08, 2850.82 (va, C-H); 1487.83, 1455.07, 1439.06 (v., N-CSS); 1001.97
(Va, CSS).

Far FT-IR (nujol): ¥ (cm™) = 538.14 (vs, CSS); 405.74 (va, Ru-S); 330.99 (v, Ru-S).

ESI-MS m/z, [M*] found (calc.): 581.98 (581.98).

B-pentakis(piperidine dithiocarbamate)diruthenium(lll) chloride, B-[Ruz(PipeDTC)s]Cl
Aspect: brown solid

Yield: 29 %

R.f. (on silica gel, CH,Cl,/MeOH 9:1): 0.39

Anal. Calc. for C3oHsoCINsRu,S10 (MW = 1039.00 g-mol™): C 34.68; H 4.85; N 6.74; S 30.86. Found: C 34.58; H
4.80; N 6.81; S 30.88.

1H-NMR (CDCls, 300.13 MHz): & (ppm) = 1.50 (m, 10H, He), 1.83 (M, 20H, He) + Hes), 3.03-4.65 (M, 20H, H
+ Hg).

Medium FT-IR (KBr): ¥ (cm!) = 2933.43 (va, C-H); 1503.23, 1441.03 (va, N-CSS); 1001.63 (vs, CSS).
Far FT-IR (nujol): ¥ (cm™) = 544.23 (vs, CSS); 406.62 (va, Ru-S); 321.88 (vs, Ru-S).

ESI-MS m/z, [M-CI*] found (calc.): 1003.93 (1003.94).

Tris(morpholine dithiocarbamate)ruthenium(lll), [Ru(MorphDTC)s]
Aspect: dark green solid
Yield: 33 %

R.f. (on silica gel, CH,Cl,/MeOH 98:2): 0.83

Anal. Calc. for Ci5H24N303RuSg (MW = 587.83 g-mol™?): C 30.65; H 4.12; N 7.15; S 32.73. Found: C 30.62; H
4.15; N 7.19; S 32.56.

1H-NMR (CDCl3, 300.13 MHz): & (ppm) = 3.15 (s, 12H, Hpz) + Hg), 24.90 (s br, 12H, Hi) + Hgs).

Medium FT-IR (KBr): ¥ (cm™) = 2859.46 (va, C-H); 1486.03, 1430.57 (va, N-CSS); 1111.74 (va, C-O); 994.13 (va,
CSS).

Far FT-IR (nujol): ¥ (cm™) = 541.55 (vs, CSS); 412.70 (va, Ru-S); 324.59 (vs, Ru-S).

ESI-MS m/z, [M*] found (calc.): 587.92 (587.92).

B-pentakis(morpholine dithiocarbamate)diruthenium(Ill) chloride, B-[Ruz(MorphDTC)s]Cl
Aspect: brick red solid
Yield: 32 %

R.f. (on silica gel, CH,Cl,/MeOH 9:1): 0.30
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Anal. Calc. for C3pHsoCINsOsRuzS10 (MW = 1048.86 g-mol™): C 28.63; H 3.84; N 6.68; S 30.57. Found: C 28.49;
H 3.90; N 6.72; S 30.63.

'H-NMR (CDC|3, 300.13 MHZ): 6 (ppm) =3.25-4.65 (m, 40H, Hiz) + Hzy+ His) + H(e)).

Medium FT-IR (KBr): ¥ (cm™) = 2846.95 (va, C-H); 1503.25, 1435.18 (va, N-CSS); 1106.81 (va, C-O); 993.99 (va,
CsS).

Far FT-IR (nujol): ¥ (cm™) = 546.95 (vs, CSS); 413.98 (va, Ru-S); 310.23 (vs, Ru-S).

ESI-MS m/z, [M-CI*] found (calc.): 1013.86 (1013.83).

Tris(indoline dithiocarbamate)ruthenium(lll), [Ru(IndolineDTC)s]
Aspect: dark green solid
Yield: 27 %

R.f. (on silica gel, CH,Cl,): 0.92

Anal. Calc. for C37H24N3RuSs (MW = 683.96 g-mol?): C47.41; H 3.54; N 6.14; S 28.13. Found: C 47.58; H 3.56;
N 6.15; S 28.24.

1H-NMR (CD,Cl,, 300.13 MHz): & (ppm) = 0.16 (m, 6H, Hz)), 7.27 (m, 3H, Hs), 8.67 (s, 3H, Hu), 8.95 (s, 3H,
Hee), 35.92 (s br, 3H, H), 45.63 (s br, 3H, Hp).

Medium FT-IR (KBr): ¥ (cm™) = 2842.06 (va, C-H); 1475.67 (v, C=C ring); 1387.37, 1347.88, 1322.11 (va, N-
CSS); 947.54 (va, CSS); 750.41 (5, C-H).

Far FT-IR (nujol): ¥ (cm™) = 546.68 (vs, CSS); 424.20 (va, Ru-S); 333.12 (v, Ru-S).

ESI-MS m/z, [M*] found (calc.): 683.95 (683.93).

B-pentakis(indoline dithiocarbamate)diruthenium(Ill) chloride, B-[Rux(IndolineDTC)s]C/
Aspect: brown solid

Yield: 25 %

R.f. (on silica gel, CH,Cl,/MeOH 95:5): 0.40

Anal. Calc. for C3oHsoCINsRu,S10 (MW = 1209.08 g-mol™): C 44.70; H 3.33; N 5.79; S 26.52. Found: C 44.74; H
3.38;, N 6.01; S 26.47.

'H-NMR (CD,Cl,, 300.13 MHz): & (ppm) = 3.22-4.88 (m, 20H, Hpz) + H3)), 7.35-8.87 (m, 20H, Hg) + His) + Hig) +
Hz).

Medium FT-IR (KBr): ¥ (cm™) = 2850.49 (va, C-H); 1484.25 (v, C=C ring); 1431.19, 1323.61 (va, N-CSS); 952.20
(Va, CSS); 750.98 (5, C-H).

Far FT-IR (nujol): ¥ (cm™) = 558.76 (vs, CSS); 421.19 (va, Ru-S); 323.76 (v, Ru-S).

ESI-MS m/z, [M-CI*] found (calc.): 1173.88 (1173.86).
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5.3.2 Synthesis of Ru(lll) dithiocarbamato complexes of L-proline ester derivatives (ProOMeDTC and
ProOtBuDTC)
To a solution of RuCls-:3H,0 (1.5 mmol) in water (4 mL), 10 mL of an aqueous solution of the sodium salt of L-

proline ester dithiocarbamate (4.5 mmol) were added dropwise. A dark brown solid quickly precipitated but
the mixture was stirred for 1 h at room temperature. Then, the solid was filtrated and washed with water (3
x 3 mL) and n-hexane (3 x 5 mL). The isolated product was dried and re-dissolved in CH,Cl, to be purified by
silica gel chromatography (gradient from CH,Cl, 100% to CH,Cl,/MeOH 90%:10%, to elute first the
mononuclear complex and then the dinuclear derivative). The dinuclear derivative is obtained as a mixture
of a+P isomers, then put at reflux in methanol for 8 hours to isolate the thermodynamically stable B-
[Ruz(PDT)s]CI. . All the compounds were re-precipitated from ethyl acetate-hexane, washed with n-pentane,

and dried in vacuum over P,0s.

Tris(L-proline methyl ester dithiocarbamate)ruthenium(lll), [Ru(ProOMeDTC);]
Aspect: dark green solid
Yield: 34 %

R.f. (on silica gel, CH,Cl,): 0.50

Anal. Calc. for Cy1H30N303RuSs (MW = 713.94 g-mol™?): C 35.33; H 4.24; N 5.89; S 26.95. Found: C 35.31; H
4.28; N 5.95; S 26.83.

1H-NMR (CDCls, 300.13 MHz): & (ppm) = 0.47-2.27 (m, 12H, Hs)+ Hi), 3.07 (m, 9H, O-CH), 23.55-28.34 (4s
br, 3H, Hs), 31.41-34.64 (3s br, 3H, Hs)), 38.65-46.27 (4s br, 3H, Hp).

Medium FT-IR (KBr): ¥ (cm™) = 2949.05 (v,, C-H); 1742.31 (v, C=0); 1439.74 (va, N-CSS); 1169.25 (v, C-OMe);
942.14 (v,, CSS).

Far FT-IR (nujol): ¥ (cm™) = 546.88 (vs, CSS); 453.06 (va, Ru-S); 323.86 (v, Ru-S).

ESI-MS m/z, [M*] found (calc.): 713.97 (713.95).

B-pentakis(L-proline methyl ester dithiocarbamate)diruthenium(lll) chloride, B-[Ruz(ProOMeDTC)s]CI
Aspect: dark red solid

Yield: 37 %

R.f. (on silica gel, CH,Cl,/MeOH 94:6): 0.40

Anal. Calc. for C3oHsoCINsRuS10 (MW = 1259.04 g-mol™): C 33.39; H 4.00; N 5.56; S 25.47. Found: C 33.46; H
4.04; N 5.59; S 25.40.

1H-NMR (CDCls, 300.13 MHz): & (ppm) = 2.20 (m, 20H, Hs) + H), 3.28-3.98 (m, 25H, H(s) + O-CHs), 5.02-5.38
(m, 5H, H(z)).

Medium FT-IR (KBr): ¥ (cm™) = 2950.23 (v,, C-H); 1741.36 (v, C=0); 1480.37, 1447.83 (va, N-CSS); 1170.04 (v,,
C-OMe); 944.45 (v,, CSS).

Far FT-IR (nujol): ¥ (cm™) = 546.95 (vs, CSS); 461.98 (va, Ru-S); 335.16 (vs, Ru-S).
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ESI-MS m/z, [M-CI*] found (calc.): 1223.92 (1223.89).

Tris(L-proline tert-butyl ester dithiocarbamate)ruthenium(lll), [Ru(ProOtBuDTC)s]

Aspect: dark green solid

Yield: 29 %

R.f. (on silica gel, CH,Cl,): 0.70

Anal. Calc. for C3HagN3O3RuSs (MW = 840.18 g-mol™?): C 42.89; H 5.76; N 5.00; S 22.90. Found: C 42.83; H
5.72; N5.17; S 22.99.

1H-NMR (CDCls, 300.13 MHz): & (ppm) = 0.50-2.27 (m, 39H, Hez)+ Hu)+ O-C(CHs)s), 23.65-26.70 (4s, 3H, Hg),
30.00-33.38 (4s, 3H, H(s)), 40.07-44.47 (4s, 3H, H).

Medium FT-IR (KBr): ¥ (cm™) = 2975.22, 2872.34 (va, C-H); 1736.11 (v, C=0); 1440.10 (va, N-CSS); 1148.66 (v,
C-OtBu); 933.50 (va, CSS).

Far FT-IR (nujol): ¥ (cm™) = 547.60 (vs, CSS); 470.56 (va, Ru-S); 320.98 (vs, Ru-S).

ESI-MS m/z, [M*] found (calc.): 840.12 (840.09).

B-pentakis(L-proline tert-butyl ester dithiocarbamate)diruthenium(lll) chloride, B-[Ru,(ProOtBuDTC)s]CI
Aspect: dark red solid

Yield: 32 %

R.f. (on silica gel, CH,Cl,/MeOH 94:6): 0.52

Anal. Calc. for CsoHsoCINsO10RU2S10 (MW = 1469.64 g-mol™?): C 40.87; H 5.49; N 4.77; S 21.82. Found: C 40.80;
H5.39; N 4.60; S 21.88.

14-NMR (CDCls, 300.13 MHz): & (ppm) = 1.41-2.26 (m, 65H, Hs)+ Hu + O-C(CHs)s), 3.21-4.02 (m, 10H, Hs),
4.36-5.30 (m, 5H, H).

Medium FT-IR (KBr): ¥ (cm™) = 2975.16 (va, C-H); 1735.39 (v, C=0); 1481.10, 1450.06 (v., N-CSS); 1148.87 (v,
C-OtBu); 935.12 (va, CSS).

Far FT-IR (nujol): ¥ (cm™) = 551.30 (vs, CSS); 471.19 (v, Ru-S); 325.69 (v, Ru-S).

ESI-MS m/z, [M-CI*] found (calc.): 1434.16 (1434.12).

5.3.3 Synthesis of Ru(lll) dithiocarbamato complexes of CDT
The synthesis was carried out in a Schlenk-line apparatus under N, atmosphere. Briefly, 2.7 mmol of

synthesized carbazole dithiocarbamate Na(CDT) and 0.9 mmol of RuCls:3H,0 were dissolved in 18 mL of
anhydrous tetrahydrofuran (THF). The mixture was left under stirring for 15 h at room temperature. The
solvent was subsequently removed under reduced pressure leaving a black solid that was washed with cold
pentane (5 x 5.0 mL). The dinuclear complex [Ruz(CDT)s]Cl (as a mixture of a+B isomers) was isolated by

several precipitation cycles in THF/pentane mixture (roome temperature), and then refluxed in CH,Cl, for 8
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hours to obtain the isomer B-[Ru,(CDT)s]Cl. On the other hand, the THF/pentane solution was concentrated
up to obtain a dark green solid that was dried under vacuum and purified by silica gel chromatography using
CH,Cl,/n-hexane 40%:60% to elute the mononuclear complex. All the complexes have been re-precipitated
in CH,Cl>- n-hexane, washed with n-pentane and dried in vacuum over P,0s.

Tris(carbazole dithiocarbamate)ruthenium(lll), [Ru(CDT)s]

Aspect: dark green solid

Yield: 20 %

R.f. (on silica gel, CH,Clo/hexane 1:1): 0.88

Anal. Calc. for C3sH24N3RuSs (MW = 828.09 g-mol?): C 56.57; H 2.92; N 5.07; S 23.23. Found: C 56.59; H 2.96;
N 5.21; S 23.20.

IH-NMR (CDCl3, 300.13 MHz): & (ppm) = 7.71-7.73 (d, 6H, Hu + Hs)), 8.90 (t, 6H, Hg) + Hig), 9.01-9.03 (d, 6H,
Hez) + Hiz).

Medium FT-IR (KBr): ¥ (cm™) = 2953.17 (va, C-H); 1484.71, 1435.79 (v, C=C ring); 1363.04, 1324.09, 1294.58
(Va, N-CSS); 1035.97 (va, CSS); 847.98 (w, C-H); 745.87 (8, C-H).

Far FT-IR (nujol): ¥ (cm™) = 586.98 (vs, CSS); 459.76 (va, Ru-S); 413.25 (vs, Ru-S).

ESI-MS m/z, [M*] found (calc.): 827.97 (827.94).

B-pentakis(carbazole dithiocarbamate)diruthenium(lll) chloride, B-[Ru»(CDT)s]Cl
Aspect: brown solid

Yield: 22 %

R.f. (on silica gel, CH,Cl>/hexane 1:1): 0.60

Anal. Calc. for CgsHaoCINsRuS10 (MW = 1449.29 g-mol™): C 53.87; H 2.78; N 4.83; S 22.12. Found: C 53.94; H
2.91; N4.92; 5 22.18.

H-NMR (CDC|3, 300.13 MHZ): 6 (ppm) =7.46-7.53 (m, 20H, Hz) + Hiz) + Hg) + H(7)), 7.98-8.00 (d, 10H, Hia) +
H(s)), 9.17-9.19 (d, 10H, H(1) + H(g)).

Medium FT-IR (KBr): ¥ (cm™) = 3056.37 (va, C-H); 1485.29, 1436.67 (v, C=C ring); 1364.09, 1325.58, 1299.44
(va, N-CSS); 1038.43 (v,, CSS); 851.92 (w, C-H); 744.39 (5, C-H).

Far FT-IR (nujol): ¥ (cm™) = 586.98 (vs, CSS); 466.20 (va, Ru-S); 415.14 (v, Ru-S).

ESI-MS m/z, [M-CI*] found (calc.): 1490.89 (1490.87).
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5.4 Discussion

5.4.1 Considerations on the synthetic routes

To optimize the synthesis of homoleptic Ru(lll) dithiocarbamato compounds, several media (e.g., MeOH,
EtOH, toluene, water) as well as different Ru(lll) precursors (e.g., Na[trans-Ru"'Cls(DMS0),]) or different
Ru(l11)/DTC molar ratios were investigated but in any case a mixture of mono- and dinuclear derivatives was
obtained [140]. Comparing all these synthetic routes, no one leads to pure dinuclear derivatives or an
enriched mixture thereof, as these derivatives are the most promising from the biological point of view (see
Section 5.2 and 9.3). For all the performed syntheses, we observed also the formation of the disulfide
byproduct (DTC),, and consequently an accurate purification was necessary (Figure 5.5 a).

As reported in Section 5.3, in general 3 equivalents of chelating dithiocarbamato ligand totally can replace
the chlorido ligands of the starting material RuCls, resulting in a mixture of the neutral mononuclear
[Ru(DTC)s], and the ionic dinuclear [Rux(PDT)s]Cl, both as o and B isomer.

In light of the previous biological data (Section 5.2) [140], we mainly addressed our attention to the dinuclear
derivatives. Thus, in order to increase their yields, the RuCls precursor was preferred owing to its polymeric
nature, which favors a bridging coordination of the DTC ligand between two metal centers.

Concerning the a-to-f conversion of [Ruy(DTC)s]Cl isomers, methanol was usually a suitable solvent, but also
dichloromethane and chloroform lead to the same results. According to Hendriksen, the thermal conversion
to the most termodinamically stable B-[Ruz(DTC)s]Cl is achieved by the breaking of the strongest Ru-S bond
(bridge), followed by rearrangement [199].

At the best of our knowledge, except for the Ru(lll)-PDT derivatives and [Ru(MorphDTC)s] whose crystal
structure was solved by Raston [200], this is the first library of homoleptic Ru(lll) compounds with the
selected cyclic dithiocarbamato ligands. Indeed, Preti and coworkers reported in 1979 the synthesis of some
ruthenium derivatives of morpholine and piperidine, but they stated to obtain only Ru-DTC complexes with
a metal-to-ligand stoichiometry 1:1 and 1:2 [201].

To date, we obtained and well characterized by means of different techniques the mono and dinuclear Ru(lll)
complexes of PDT, PipeDTC, MorphDTC, IndolineDTC, ProOMeDTC, ProOtBuDTC, and CDT. Conversely, the
IndDTC and PyrrDTC derivatives have not been isolated because of the presence of a large amount of by-
products, not easily removable. It is possible to hypothesize that these aromatic ligands are not stable in the
reaction environment in presence of RuCls, leading to some side-reactions. The crystal structure recently
solved for an unexpected species from the mother liquor of the reaction between RuCls and Na IndDTC may
account for this (Figure 5.5 a).

In addition, the carried out reactions occur in low yields because of the side reaction of Ru(lll) ion with O-
donor ligands (i.e. H,0), leading to the formation of [Ru(H.0)s]**, [Ru(H20)sCl]*, [Ru(H,0)sOH]** and
[Ru(H20)4(0OH),]* species. These possess a strong tendency to oligomerize and, successively, to form an inert

brown-orange precipitate, thus removing metal ions from the reaction environment [198].
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OMW
2w

a b

Figure 5.5 Crystal structures of two by-products from the reaction between RuCls-3H20 and IndDTC sodium salt in THF:
the ligand dimer (IndDTC)2 a and an unforeseen species, likely formed via a catalytic process promoted by Ru(lll) centers
b.

5.4.2 ESI-MS analysis
As an example, the Figure 5.6 shows two expanded views of the ESI-MS spectra (positive ion mode) collected

for solution samples of the purified compounds Ru(MorphDTC); (left) and [Rux(MorphDTC)s]Cl (right) in
methanol, and their simulations (below). The spectrum for the mononuclear complex showed a molecular
ion [M]* at 587.92 m/z (calc. = 587.92), whereas for the dinuclear one a pattern was detected at 1013.86
m/z and ascribed to the cation of the complex, [M-CI]* (calc. = 1013.93). These two examples highlight the
general behavior observed in ESI-MS analysis of all the synthetized Ru(lll)-DTC derivatives. In fact, for
mononuclear complexes, the presence of a M* signal is observed, consistent with the oxidation of the Ru(lll)
center to Ru(lV), and the pattern of the peaks reflects the wide ruthenium isotopic range. On the other hand,
due to their ionic nature the dinuclear compounds generate a MS signal as such. All the attributions have

been confirmed by simulations of the spectra, which totally match the experimental data.
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Figure 5.6 ESI-MS spectra (positive ion mode) of [Ru(MorphDTC)3] (left) and B-[Ruz(MorphDTC)s]Cl (right) in methanol.
For the mononuclear complex the experimental spectrum (top) is perfectly simulated by the signals of the species
[Ru"(MorphDTC)s]* (down). A similar match was found when simulating the spectrum of the dinuclear ionic complex
[Ru2(MorphDTC)s]*.

The behavior exhibited by the Ru(lll)-MorphDTC compounds was found for all the other ruthenium dithiocarbamato
products synthetized in this work.

5.4.3 'H-NMR characterization
All the synthetized ruthenium-dithiocarbamato derivatives have been characterized by means of *H-NMR

spectroscopy (300.13 MHz, 298 K, see Supporting Information B). The assignments were carried out by
comparing the spectra of the obtained complexes with those of the ligands (see Section 4.4.2), taking into
account the paramagnetic nature of the Ru(lll) metal center, and the summary is reported in Table 5.1.
The H-NMR spectrum of [Ru(DTC)s] complexes confirms the coordination of dithiocarbamato ligands to the
Ru(lll) ion that significantly broadens and downfield shifts the a-CH signals (bold-labeled in Table 5.1). The
paramagnetic nature of the metal ion drastically reduces the relaxation time and affects the resonance of
the proximal protons (a protons, with respect to the nitrogen atom). Indeed, such an effect is the
consequence of the coupling of the magnetic moment of the unpaired electron with that of the observed
nuclei. In particular, the observed shift of a nucleus / can be formalized as:

5

where the term &, is associated with the shielding of diamagnetic contributes, &¢c derives from the Fermi

= 60 +6FC + 6PC

contact (which takes into account the coupling between nucleus and electron spins), and &ec (i.e., pseudo-
contact component) accounts for the dipolar interaction between the static magnetic moment arising from
the unpaired electron spin and the magnetic moment of the nuclear spin. The last term is appreciable only
within a few angstrom distance where the unpaired spin density resides, since it is proportional to the
anisotropy of the magnetic susceptibility tensor x. Hence, this accounts for the small spatial effect of the

Ru(lll) center, limited to the case of a-CH signals [202].
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Hy  Hp His) Hia His) Hie) Hiz  Hs  Hsg OMe OtBu

nd. 35.83, 0.39 0.39  35.83, - - - - - -

[Ru(PDT)3]
44.29 44.29
n.d. 3.46- 1.81- 1.81- 3.46- - - - - - -
B[Ru2(PDT)s]CI
3.94 2.19 2.19 3.94
[Ru(PipeDTC)3] n.d. 24.03 0.87 3.54 0.87 24.03 - - - - -

n.d. 3.03- 1.83 1.50 1.83 3.03- - - - - -
B[Ru2(PipeDTC)s]Cl
4.65 4.65

[Ru(MorphDTC)3] - 3.15 2490 n.d 2490 3.15 - - - - -

- 3.25-  3.25- n.d. 3.25-  3.25- - - - - -
B[Ru2(MorphDTC)s]Cl
4.65 4.65 4.65 4.65

nd. 35.92, 0.16 8.67 7.27 8.95 n.d. - - - -
[Ru(IndolineDTC)s]

n.d. 3.22- 3.22- 7.35- 7.35- 735 7.35- - - - -
B[Ruz(IndolineDTC)s]Cl
4.88 4.88 8.87 8.87 8.87 8.87

nd. 38.65- 0.47- 0.47- 23.55- - - - - 3.07 -
46.27 2.27 2.27 28.34,
[Ru(ProOMeDTC)s]
31.41-
34.64
n.d. 5.02- 2.20 2.20 3.28- - - - - 3.28- -
B[Ruz2(ProOMeDTC)s]Cl
5.38 3.98 3.98
n.d. 40.07- 0.50- 0.50- 23.65- - - - - - 0.50-
44.47 2.27 2.27 26.70, 2.27
[Ru(ProOtBuDTC)3]
30.00-
33.38
n.d. 4.36- 1.41- 1.41- 3.21- - - - - - 1.41-
B[Ruz2(ProOtBuDTC)s]Cl
5.30 2.26 2.26 4.02 2.26
n.d. 9.01- 8.90 7.71- 7.71- 8.90 9.01- n.d. n.d. - -
[Ru(CDT)s]
9.03 7.73 7.73 9.03
9.17- 7.46- 7.46- 7.98- 7.98- 7.46- 7.46- 9.17- nd. - -
B[Ruz(CDT)s]Cl

9.19 7.53 7.53 8.00 8.00 7.53 7.53 9.19

Table 5.1 List of the proton chemical shifts (ppm) of Ru(lll)-DTC derivatives, both mono- and dinuclear, synthetized in
this work. The signals of protons close to the dithiocarbamic moiety are highlighted by bold font; n.d. stands for “not
detected”. Attribution was made based on the IUPAC nomenclature for N-heterocyclic compounds. All the spectra were
recorded with a 300.13 MHz spectrometer at 298 K in CDCls, except for those of the Ru(lll)-IndolineDTC derivatives,
obtained in CD2Cly,

Taking into account these considerations the resonances related to the aliphatic a-CH protons shift to

downfields in the range 20-40 ppm, while the signals of the N-CH protons of aromatic derivatives (H7 of
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indoline and H), Hs) of carbazole), disappear upon coordination to the Ru(lll) center, as they are broadened
under the limit of detection (Table 5.1).

An additional effect influences the H-NMR spectra of Ru(DTC)s derivatives, namely their dynamic
stereochemistry [203-206]. In fact, at the NMR timescale, this type of complexes undergo metal-centered
inversion between the two optical isomers Aand A, thus giving a signal for each species at equilibrium (Figure
5.7 a). Such intramolecular inversion may occur according to four different mechanisms but for our Ru(DTC);
complexes the trigonal twist (or Bailar’s twist) is the most favored (Figure 5.7 b) [207]. This mechanism does
not involve bond breakage and the inversion takes place by means of a rotation around a Cs symmetry axis,

with a transitional state Ds, [208].

2 s <)

s, | s s.. | s
" ~
[Ru(PDT),] AU ) ( P
H-NMR, 300.13 MHz s© 4 S $7
€DCly bs S

A A
Cyv
i D3y,
A A

Figure 5.7 [Ru(DTC)3] complexes are examples of tris-chelate complexes, which undergo metal-centered intramolecular
inversion between the two optical isomers A and A. Based on the NMR timescale, it is possible to observe this
equilibrium, as in the case of Ru(PDT)s which exhibits two distinct broad singlets (at downfield compared to the free
ligand) and corresponding to the two isomers (300.13 MHz, 298 K, CDCls3) a. The mechanism proposed for the dynamic
conversion is the Bailar’s twist, which considers the rotation around one of the Cs symmetry axes with a Dan transitional
state, without bond breakage b.

To better explain this phenomenon, the spectra of the complexes [Ru(PDT)s] and [Ru(ProOtBuDTC)s] have
been compared as they contain N-substituent symmetric and asymmetric ligands, respectively. In the first
case, the 'H-NMR analysis shows the presence of two different broad singlets at 35.83 and 44.29 ppm, related
to the a-CH; protons of the A and A isomers whose unambiguous attribution is not possible (Figure 5.7 a).
The spectrum of the [Ru(ProOtBuDTC)3] derivative is more complex as 12 singlets are detected that appear

in three four-membered sets.
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Considering ProOtBuDTC as an asymmetric ligand, with reference to Figure 5.8, the —CH group in position 2
and the two protons in position 5 (diasterotopic) result magnetically different, thus leading to three distinct
resonances. Moreover, from the spectrum analysis one can infer that for each of them there is a split likely
due to the presence of the A and A isomers and cis or trans geometric isomers [203]. According to this
hypothesis, the resonances could come from the coupling of 3 (protons) x 2 (optical isomers A and A) x 2
(geometric isomers cis and trans) = 12 total signals (Figure 5.8). Such hypothesis will be checked in future

studies via homo- and heteronuclear NMR analysis at different temperatures in halogenated solvents.

[Ru(ProOtBuDTC),]
1H-NMR, 300.13 MHz
cDdl,

_cH, \_CHR

TCH,

cis-A trans-A cis-A trans-A

Figure 5.8 Particular of the *H-NMR spectrum of [Ru(ProOtBuDTC)s] (300.13 MHz, 298 K, CDCls), range 50-20 ppm. It is
possible to observe 12 different singlets, corresponding to three chemically different a-protons (position 2 and 5), which
are in the limit of NMR timescale-slow cis-trans isomerization (by rotation around the C-N bond) and slow optical
inversion (A and A isomers).

Concerning the dinuclear species [Ruy(DTC)s]Cl, the *H-NMR spectra appear quite complex. The absence of
signals out of the 0-12 ppm range points out the diamagnetic nature of these derivatives, which possess two
antiferromagnetically-coupled Ru(lll) ions. The complexity of the spectra could be ascribed to the different
coordination modes adopted by the ligands, which lead the proton signals to be different even if placed in
similar chemical environment [187]. However, despite of the high number of multiplets, the *H-NMR analysis
of this type of complexes is fundamental to verify the completeness of the isomerization reaction between
a and B isomers. After silica gel purifications of the compounds, a mixture of a and B-[Rux(DTC)s]Cl is indeed
obtained (Section 5.3). Refluxing this mixture in methanol for 8 hours results in the complete isomerization

of the residual a-[Ru,(DTC)s]Cl to the most termodinamically stable B-[Ruz(DTC)s]Cl complex. In particular,
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taking as an example [Rux(PipeDTC)s]Cl, we observe the disappearance of some multiplets (blue boxes, Figure

5.9) and the increase in intensity of others (orange boxes Figure 5.9).

o + B [Ru,(PipeDTC)s]CI pre-isomerization |
IH-NMR, 300.13 MHz

CDCl;
N

S
g,j &.‘éu_\\xﬁ) a |
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Figure 5.9 H-NMR analysis of [Ruz(PipeDTC)s]Cl before and after isomerization in methanol at reflux for 8 hours,
showing the disappearance of the a-isomer signals (blue boxes) and progressive increase in intensity of B-
[Ruz2(PipeDTC)s]Cl multiplets (orange boxes). It is worth underlining that in the crude dinuclear product (top spectrum),
the a-isomer is prevalent but after reflux the conversion (bottom spectrum) is quantitative.

5.4.4 FT-IR characterization
The FT-IR spectra were recorded for all Ru(lll)-DTC derivatives in both medium (4000-600 cm™) and far (600-

200 cm™) wavenumber range (Supporting Information G) and the diagnostic absorptions are reported in
Table 5.2.
The main features of the IR spectra of metal-DTC derivatives have been previously discussed in Section 4.4.3.
Three fundamental IR-regions must be taken into account to when studying transition metal-
dithiocarbamato complexes, of which the following bands corresponding to stretching vibration modes (v)
can be found [209, 210]:

- backbone v(SSC-N) vibration, between 1200 and 1550 cm™;

- v,(C-S) vibration between 950 and 1050 cm™ and vs(C-S) vibration between 550 and 650 cm™%;

- v(Ru-S) vibration between 300 and 470 cm™.
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v(C=0) v(C=C) v(N-css) ve(C-O) ve(CSS) w(C-H)  6(C-H) vs(CSS)  Vo(Ru-S)  vs(Ru-S)

- - 1487, - 942 - - 565 448 319
1470, cm! cm! cm! cm!
[Ru(PDT)3] 1444
cmt
- - 1506, - 947 - - 564 446 348
B{Ru>(PDT):]CI 1473, cmt cmt cm?t cm?
uz 5
1448
cm1
- - 1488, - 1002 - - 538 405 330
) 1455, cm? cm? cm? cm?
[Ru(PipeDTC)s] 1439
cm1
- - 1503, - 1002 - - 544 407 322
[Ruy(PipeDTC)s]Cl 1441 cm? cm? cm1 cm?
B p
cm1
- - 1486, 1112 994 - - 542 413 325
[Ru(MorphDTC)3] 1431 cm? cm? cm? cm? cm?
cm1
- - 1503, 1107 994 - - 547 414 310
B[Ruz(MorphDTC)s]Cl 1435 cmt cm? cmt cmt cmt
cm1
- 1476 1387, - 948 - 750 547 424 333
. cm? 1348, cm? cmt cmt cmt cmt
[Ru(IndolineDTC)3] 1322
cmt
- 1484 1431, - 952 - 751 559 421 324
B[Ruz(IndolineDTC)s]Cl cm? 1324 cm? cm? cm? cm? cm?
cmt
1742 - 1440 1169 942 - - 547 453 324
[Ru(ProOMeDTC)s]
cmt cmt cmt cm? cmt cmt cmt
1741 - 1480, 1170 944 - - 547 462 335
B[Ruz(ProOMeDTC)s]Cl cmt 1448 cmt cm? cmt cmt cmt
cm?
1736 - 1440 1149 934 - - 548 471 321
[Ru(ProOtBuDTC)s]
cmt cmt cmt cm? cmt cmt cmt
1735 - 1481, 1149 935 - - 551 471 326
B[Ruz(ProOtBuDTC)s]Cl cmt 1450 cmt cm? cmt cmt cm?
cm?
- 1485, 1363, - 1036 848 746 587 460 413
1436 1324, cm? cm? cm? cm? cm? cm?
[Ru(CDT)5]
u 3
cm? 1295
cm?
- 1485, 1364, - 1038 852 744 587 466 415
B[RU>(CDT)s]C! 1437 1326, cm? cm? cm? cm? cm? cm?
uz 5
cmt 1299
cmt

Table 5.2 Collection of the main IR-vibrations (4000-200 cm™?) of the analyzed Ru(lll)-DTC complexes.

First of all, concerning the v(SSC-N) vibration, the Ru-DTC derivatives, both mono- and dinuclear, show the
same trend observed for the correspondent dithiocarbamato ligands. Indeed, moving from PDT and PipeDTC

complexes to indoline derivatives, then to the Ru(lll)-CDT compounds, a shift to lower energies of the v(SSC-

73



Ruthenium Dithiocarbamates

N) bands is detected. In general, comparing the energy of the v(SSC-N) vibration, for the analyzed Ru(lll)
dithiocarbamato complexes the following series is obtained:

Ru-PDT = Ru-PipeDTC = Ru-MorphDTC > Ru-ProOMeDTC = Ru-ProOtBuDTC > Ru-IndolineDTC > Ru-CDT
As observed for the free ligands, it is possible to state that in the coordinated PDT, PipeDTC and MorphDTC
the thioureido form is predominant. On the contrary, moving to DTC ligands which contain electron
withdrawing groups (i.e., L-proline ester derivatives) or dithiocarbamates where resonance effects are
relevant (i.e., IndolineDTC, and CDT to a greater extent), the dithiocarbamic form is majority.

Another important feature associated with the v(SSC-N) vibration is the number of bands observed in the
spectra of Ru(lll)-DTC derivatives. In particular, the IR spectra of mononuclear complexes show three bands
(or one very broad), due to the distorted octahedral geometry adopted by the complexes, which makes not
equivalent the three dithiocarbamato ligands. A similar behavior was previously reported for [Fe(PyrrDTC);]
[211], as well as for our [Ru(DTC)s] derivatives (DTC= PDT, ESDT, DMDT, Figure 5.3 a, b) [186]. On the other
hand, the different coordination modes of the dithiocarbamato ligands in the dinuclear derivatives may
account for the observed splitting in the v(SSC-N) band (Figure 5.3 c).

The second diagnostic region, ascribed to the C-S stretching mode, is useful to determine the coordination
mode of the dithiocarbamato ligands. Indeed, according to the Bonati-Ugo method, the presence of only a
band in the region 950 and 1050 cm™ (corresponding to the asymmetric C-S stretching) is assumed to point
out a symmetric bidentate coordination of the ligand [148]. Moreover, this diagnostic mode, together with
the Ru-S vibration modes (occurring in the far IR domain, at 450-300 cm™ [212]), is a fingerprint of the ligand
effect on the Ru-DTC bond-strength. Indeed, the previously reported analysis of the v(SSC-N) vibration
highlights how some ligands coordinated to the ruthenium center prefer a thioureidic form, whereas others,
affected by inductive or resonance effects, are associated with a dithiocarbamic form (Figure 5.10). As
observed in Section 4.2, a thioureido form reflects the presence of electron density in low energy d-orbitals
of sulfur atoms, due to the shift of the nitrogen lone pair towards the NCSS moiety. The direct consequence
is the reduced tendency of the metal center to back-donate to the sulfur atoms. On the contrary, the
dithiocarbamato form provides empty d-orbitals at the sulfur atoms, which are able to accept metal m-

retrodonation [130-133]. This effect is related to a more covalent character of the Ru-S bond and,

consequently, to a higher electron density in the Ru<§>C ring. To confirm this behavior, the C-S and Ru-S
stretching frequencies were compared between the Ru-PDT complexes and Ru-CDT counterparts, taken as
examples for the thioureidic form (Figure 5.10 a) and dithiocarbamic form (Figure 5.10 b). From the data
reported in Table 5.2, it is evident that Ru-CDT derivatives are associated with higher values, whereas Ru-
PDT complexes basically show no or negligible ruthenium-to-sulfur back-donation, being endowed with

lower C-S and Ru-S bond orders.
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Figure 5.10 The two limiting forms for dithiocarbamato-chelation of transition metals, representing forbidden (i.e., PDT,
a) and allowed (i.e., CDT, b) metal-to-sulfur retrodonation.

5.4.5 UV-Vis characterization
Electronic absorption studies were carried out for the synthetized ruthenium dithiocarbamato complexes by

means of UV-Vis spectrophotometry in CH,Cl; (800-240 nm) at 25 °C, and the diagnostic absorptions are

summarized in Table 5.3.

Ale, M em™)

band | band Il band Il band IV band V band VI
[Ru(PDT)5] 241 nm 255sh nm 280sh nm 362 nm 467 nm 565 nm
u
: (42450) (39130) (25761) (10190) (2542) (1415)
B[Ru,(PDT)s]Cl 247 nm 268 nm 283 nm 333sh nm 468" nm -
ATEs (42097) (44151) (43678) (21886) (2633)
[Ru(PipeDTC)s] 242 nm 259 nm 290 nm 367 nm 472 nm 557 nm
u(Pi
P : (43002) (41288) (26690) (11716) (2980) (1823)
B[Ruz(PipeDTC)s]Cl 246 nm 267 nm 287 nm 332 nm 464 nm -
2AFIp > (42333) (42667) (42351) (18040) (2033)
[Ru(MorphDTC)s] 241 nm 258 nm 286 nm 368 nm 470 nm 566 nm
P : (41989) (38726) (26096) (10078) (2236) (1020)
BIRU>(MorphDTC)s]Cl 244 nm 268 nm 284 nm 327 nm 445 nm -
u
2Morp > (39666) (41001) (39618) (19050) (3167)
[Ru(IndolineDTC)s] - - 280 nm 345 nm 449 nm 612 nm
} (33333) (29740) (16206) (2073)
-2 -a 286 330 410 -
B[Rua(IndolineDTC)s)Cl nm nm nm
(54229) (50490) (31116)
[Ru(ProOMeDTC)s] 240 nm 259 nm 284 nm 359 nm 460 nm 575 nm
} (40920) (34654) (20950) (9181) (1693) (956)
B[RU>(ProOMeDTC)s]Cl 248 nm 262 nm 288 nm 323 nm 453 nm -
g ° (39500) (39371) (38552) (14706) (2533)
[Ru(ProOtBUDTC)s] 241 nm 260 nm 283 nm 362 nm 463 nm 577 nm
u u
} (41996) (35400) (23840) (9297) (2076) (1626)
B[Ru(ProOtBuDTC)s]Cl 249 nm 264 nm 287 nm 322 nm 449 nm _
? ° (40433) (41860) (37448) (15880) (2666)
[Ru(CDT)s] -2 -2 279 nm 341 nm 445 nm 626 nm
: (39870) (31920) (18440) (2760)
BIRu2(CDT)s]Cl -2 -2 278 nm 361 nm 421 nm -
u
? ° (60794) (56490) (35672)

Table 5.3 UV-Visible spectral data (800-240 nm) of the synthetized Ru(lll) dithiocarbamato complexes in CH2Cl; at 25
°C; sh=shoulder; 2= the band is not reported since it is placed below the solvent cut-off (240 nm).
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All the analyzed complexes proved stable in CH,Cl; solution for at least 10 days, as no significant spectral
changes were observed. As examples, the recorded spectra of Ru(lll)- derivatives of PDT and CDT are reported
in Figure 5.11.

The band I at 240-250 nm for the aliphatic complexes is still subject of debate in the literature, and so far it
has been assigned either to an intraligand m*<& transition located in the -NCSS moiety or to an intraligand
p<éd transition between levels originated by sulfur atoms [213].

The band Il at around 250-260 nm and the band /Il at 280-290 nm have been attributed to the intraligand
*&m transition located in the N-C-S and the S-C-S moieties of the dithiocarbamato ligands, respectively
[214].

In the 300-800 nm range, the spectra of the mononuclear species consist of three absorption bands,
significantly differing from each other in terms of intensity and spectral shape (Figure 5.11 a, b). Based on
the high values of the molar extinction coefficient (e > 100 M cm?), the absorption band IV at about 330-
360 nm can be assigned to a charge-transfer (CT) transition rather than to d-d transitions. As the
dithiocarbamato ligand is characterized by both filled m (bonding) and empty n* (antibonding) orbitals
localized at the sulfur atoms, it is conceivable an interaction with the metal ion t,, orbitals. Although both
the transitions ligand-to-metal (d$-m, LMCT) and the metal-to-ligand (mé-d, MLCT) charge transfer are
theoretically allowed, the first one is the most favored in this case, as it can easily occur when the metal is in
a high oxidation state [215, 216]. On the other hand, the band V at 440-460 nm and the band VI at ca. 600
nm may be assigned to d-d transitions. According to the Tanabe-Sugano diagrams, the crystal field ground
state of low-spin Ru(lll) centers is 2Ty, arising from the ty;°e,° electronic configuration in a O, environment.
All d-d transitions are spin-allowed and the absorption spectrum should show four bands, as the excited
states are °Tig and A (degenerate), 2Ty, °Eg, and 2Ag [217]. It is known that the d-d transitions have small
molar extinction coefficients (ca. 1-100 M* cm™?) since they are Laporte-forbidden. Nevertheless, the X-ray
structure of [Ru(PDT)s] (Figure 5.3 a) displays a slightly distorted octahedral geometry for this class of
complexes and, therefore, upon loss of symmetry, more intense d-d transitions are foreseen and actually
detected in the spectra (g ca. 1000-2000 M* cm®) [186]. Remarkably, the high molar extinction coefficients
observed for the band V can be explained by considering also the contribution of charge-transfer transitions.
Moreover, in the case of [Ru(DTC)s] with IndolineDTC and CDT as ligands, the aromatic nature of the ligand
favors this behavior, giving rise to an € value of ca. 9000 Mt cm™ (Figure 5.11 b, d). Finally, it is worth noting
that the absorption bands observed in the visible region are very broad, supporting the hypothesis that some
transitions are overlapped.

The absorption spectra of the B-[Rux(DTC)s]Cl derivatives show in the 300-700 nm region an intense band IV
at 330-360 nm and a broad weak band V at 420-470 nm (Figure 5.11 c, d). Due to their quite dissimilar
structures, any correlation between the spectra acquired for mono- and di-nuclear complexes cannot be

assessed. Indeed, dinuclear complexes involve two ruthenium centers anti-ferromagnetically coupled. This,
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as previously reported (Section 5.4.3), annihilates the paramagnetic effects of the metal centers. Therefore,

since a strong metal-metal interaction may take place between the two units, the absorption band IV can be

ascribed to a metal-metal to ligand charge transfer transition (MMLCT), whereas the very broad band V may

be due to a metal-to-metal charge transfer (MMCT) as the molar extinction coefficient values are higher than

expected for a d-d transition [216].
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Figure 5.11 UV-Vis spectra of [Ru(PDT)z] a, [Ru(CDT)s] b, B-[Ruz2(PDT)s]Cl ¢, and B-[Ru2(CDT)s]Cl d in CH2Cl2 at 25 °C.
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6. COPPER DITHIOCARBAMATES

6.1 Copper: an essential element for live beings

Copper is the 29" element of the periodic table with a [Ar]3d%4s* configuration and belongs to the 11t group
and the 1% row of transition metals. Copper presents four oxidation states: Cu(l), Cu(ll), Cu(lll) and rarely
Cu(IV). Although Cu(ll) is the most stable oxidation state, copper is the only metal of the first row to show
also a quite satisfying stability in the +1 oxidation state [150].

Copper has a wide range of available redox potentials, thus being capable of forming adducts with many
classes of ligands bearing different donor atom sets and endowed with distinct properties in terms of
electronic and steric effects, and possible chelation. At the same time, both the nature of the possible
neighboring ligands and the easy switch between the two main oxidation states +1 and +2 allow remarkable
modifications in the geometry of the related complex, with no high energy requirements [218]. For example,
a distorted octahedral Cu(ll) complex can smoothly turn into a tetrahedral Cu(l) species. It is worth noting
that all these features make the Cu(l)/Cu(ll) complexes much less predictable from the structural point of
view than other first-row transition metal counterparts as well as the Cu(l)/Cu(ll) redox pair a catalytic-active
moiety widely involved in biological macromolecules [219].

The chemistry of copper is mainly represented by the +2 oxidation state especially in solution. With a 3d°
electronic configuration cupric compounds are paramagnetic and susceptible to Jahn-Teller distortion in an
octahedral coordination [220]. Thereby, all Cu(ll) compounds should virtually be blue or green despite there
are some exceptions generally caused by strong ultraviolet bands (charge-transfer bands) tailing off into the
blue-end of the visible spectrum and, hence, they appear red or brown [221]. According to the “hard and
soft acids and bases” (HSAB) theory of Pearson, the cupric ion is regarded as a borderline metal, therefore
capable of being tightly coordinated by both soft and hard ligands, even if it prefers nitrogen donor atoms
[67]. Furthermore, Cu(ll) can adopt different coordination numbers, most commonly 4, 5 and 6 and
associated with distinct coordination geometries, respectively the i) tetrahedral/ square planar, ii) the
trigonal bipyramidal/ the square-based pyramidal and iii) the octahedral [222].

Concerning the role of copper in the homeostasis of living beings (Figure 6.1), its involvement in biological
pathways started about 1.7 billion years ago with the increase of O, concentration to a significant value [223].
In fact, the biologically-essential iron was oxidized to Fe(lll), thus leading to the precipitation of hydroxides
and making its use more energy-demanding. On the other hand, the insoluble Cu(l) turned into the more
soluble and bioavailable Cu(ll) ion [224]. Moreover, a larger and larger amount of O, was produced by
cyanobacteria and other prokaryotic organisms, resulting in an oxidizing environment with the need for a
redox-active metal endowed with reduction potentials between 0.0 and 0.6 V [225], being satisfied by the

Cu(ll)/Cu(l) catalytical pair. Therefore, it is not surprising that copper plays a key role in many enzymes and
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proteins involved in reactions with oxygen as a substrate, as well as in the degradation or transformation of
its side products (i.e., O3, NO3, NO or N,0) [226]. For instance, the Cu(ll)/Cu(l) pair can be found in the
hemocyanin (oxygen carrier found in the hemolymph of most mollusks and some arthropods), in the
superoxide dismutase (catalyst of the dismutation of reactive O; radical into both O, and H>0>) and in many
other oxidoreductase and hydroxylase enzymes (i.e., tyrosinase, ascorbate oxidase, dopamine-B-
hydroxylase) [227]. Furthermore, copper is also involved as a catalytic center in many electron transfer
proteins due to its ability to switch between various oxidation states and to easily twist among different
coordination numbers and geometries. Although trivalent copper sites were hypothesized in the literature
as possible intermediates in some enzymes [228], further studies ruled out their presence [229] and, at the
best of our knowledge, no example of the oxidation state +3 has been observed yet in copper biochemistry

[230].

Brain: astrocytes as regulators of copper homeostasis
Prevention of oxidative stress (SOD)

Implication in different diseases: Menkes disease,
Wilson's disease and Alzheimer

t-QMEI’E_T

-

‘{ \\ Blood transportation: ceruloplasmin,
Liver: hepatoytes as / i \ albumin
regulators of copper 4—/_1-,'_ \
homeostasis { { {
l

Many tissues need copper since it is used to produce
copper dependent enzymes (SOD, cytocrome-c
oxidase) and tissue specific functions

Figure 6.1 Experiments in rats using orally administered radioactive copper revealed that newly absorbed copper
appears in the bloodstream in two waves: an initial peak (after 2 h) corresponds to copper exiting the intestine, and the
second peak (after ~6 h) represents copper incorporated into ceruloplasmin, which is secreted by the liver. This element
is fundamental in the homeostasis of human beings and its lack or altered distribution is associated with aggressive
diseases. If moving towards intracellular details (top, on the left), copper enters the cell through the high-affinity copper
transporter Ctrl and binds to its cytosolic chaperones. Current structural data as well as dependence of copper
trafficking proteins on reducing reagents suggest that copper enters the cell, migrates within the cell, and then is
exported from the cell in the reduced Cu(l) form. Cox17 may participate in the delivery of copper to the mitochondrion,
although this role has recently been questioned, and together with Sco proteins facilitates the incorporation of copper
into cytochrome-c oxidase (Cox). CCS transfers copper to cytosolic SOD1. The red arrows indicate the pathway regulated
by Cu-ATPases. In this pathway, Cu-ATPases receive copper from ATOX1, transfer copper into the lumen of the secretory
pathway, and also export excess copper from the cell [231].
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In humans, copper ranks third among the most abundant transition metals and it is considered as an essential
element. The body of a healthy 70-kg adult contains less than 110 mg of Cu, mainly found in the liver (10 mg),
brain (8.8 mg), blood (6 mg), skeleton (bone marrow includes 46 mg) and skeletal muscles (28 mg) [232]. The
Recommended Dietary Allowance (RDA) for adult men and women is 0.9 mg of copper/day and the Tolerable
Upper Intake level has been set at 10 mg/day [233], since an excessive uptake results in potentially harmful
free ions. Ccopper is indeed a potent source of free radicals and reactive oxygen species (ROS) [234].
Copper is primarily absorbed in the small intestine and then delivered mainly to the liver wherein it is
incorporated into ceruloplasmin and, hence, released into the blood. Ceruloplasmin is the main vector in the
serum carrying about 70% of the total copper, followed by albumin with 12-18% [219]. Afterwards, copper is
uptaken by the eukaryotic cells as Cu(l) by the hCTR copper transporter proteins (Figure 6.1) [235]. All the
members of this family show similar structures consisting of three transmembrane helices, with a hydrophilic
N-terminus, usually rich in methionine residues towards the extracellular matrix and a number of conserved
Cys/His residues at the C-terminus in the cytoplasm [236]. The suggested model of action of these proteins
envisages firstly the coordination of the cuprous ion by the methionine-rich motifs at the extracellular N-
terminus and, then, a series of copper-exchange reactions between specific Cu(l) binding sites exploiting well-
defined conformational changes [237-239]. Once inside the cytosol, Cu(l) is coordinated and vehicled by
different soluble proteins called copper chaperones through a currently unknown mechanism (Figure 6.1).
First of all, the chaperones for superoxide dismutase (CCS) deliver copper to the antioxidant enzyme Cu,Zn
superoxide dismutase (SOD1) [240]. On the other hand, the Cox17 (cytochrome c oxidase copper chaperone)
is proposed to transport this metal ion to Scol (cytochrome c¢ oxidase assembly protein) in the inner
mitochondrial membrane, which may then transfer copper to the cytochrome c oxidase (COX) subunit 2 Cua
site [241]. Differently, the human Atox1 (Antioxidant-1) transfers Cu(l) to the mitochondrial membrane-
bound metal-transporting P1B-type ATPases, respectively ATP7A and ATP7B, in the trans-Golgi network for
the ultimate incorporation into ceruloplasmin [242]. Finally, the intracellular excess of copper is removed by
metallothioneins, thus avoiding acute hepatitis owing to the production of ROS [243].

Alterations of this tightly-regulated homeostasis can lead to peculiar disorders, including Alzheimer (AD),
PRION diseases (PrPD), amyotrophic lateral sclerosis (ALS), Menkes’ disease (MD) and Wilson’s disease (WD)
[233, 234]. In particular, the latter two are characterized by a mutation in ATP7A and ATP7B genes (encoding
for Menkes MNKP and Wilson WNDP proteins) which causes the deficiency (MD) or the accumulation (WD)
of copper in the tissues, respectively [244, 245]. Vice versa, the metabolism of this redox-active metal center
becomes profoundly altered also in cancer cells, with many types of tumors presenting high serum and tissue

levels of Cu [246].
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6.1.1 Copper and cancer: the role of the metal in angiogenesis and possible therapies
The involvement of endogenous metals in cancer metabolism has been studied for several decades [247].

Numerous papers report copper levels being aberrant in cancerous tissues of tumor-bearing mice and in
cancer patients [248]. Although the mechanisms implicated in increasing the copper concentration in the
serum of cancer patients have not been elucidated yet, it is undoubtedly the importance of copper as a key
component of many cellular functions and modulator of cellular signaling, and not surprisingly, it is involved
in cancer development and progression processes [249]. Among them, the most crucial process influenced
by copper-altered homeostasis is angiogenesis and concerns the migration, proliferation and differentiation
of endothelial cells to form new blood vessels as [250]. As introduced in Section 1.2, this is a crucial step in
cancer growth, as most tumors cannot get larger than 2-3 mm without forming new blood vessels. Since
angiogenesis is regulated by the so-called vascular endothelial growth factors (VEGFs), studies performed in
mice by Kang and coworkers showed that the supplementation of copper promotes VEGF expression and,
hence, the angiogenesis itself [251]. Moreover, copper affects transcriptional activity of hypoxia-inducible
transcription factor-1 (HIF-1). It can inhibit the process of HIF-1 degradation, thus favoring its accumulation
and activation, which leads to an overproduction of VEGF [252, 253]. Finally, in a recent work, after treating
cells with VEGF, authors proved by X-ray fluorescence microscopy that copper moves from the intracellular
milieu to the extracellular matrix, so highlighting again the relationship between VEGF and copper [254].

The concept that tumor microenvironment is associated with high levels of copper, due to its involvement in
angiogenesis and tumor cell growth, opened intriguing perspectives in the development of antitumor drugs
based on metal chelators and Cu-based coordination compounds [255, 256]. Historically, copper chelating
agents (i.e., trientine, tetrathiomolybdate “TM”, and D-penicillamine, Figure 6.2 a-c) were developed to treat
the Wilson’s disease, by eliminating the excess of copper from the body [257]. The same agents were later
investigated for their capacity to inhibit angiogenesis and, hence, to impair cancer growth and metastasis
[258, 259]. The initial results on animal models showed the ability of these compounds to inhibit the
progression of microscopic to macroscopic tumors. Moreover, trientine was able to induce apoptosis through
the generation of ROS, ascribable to the in situ coordination of the nitrogen-based drug with the redox-active
copper of certain enzymes [258]. However, even if a number of clinical trials investigated the anticancer
activities of this group of chelating agents, no improvement in patients’ survival was recorded, rather it was
associated with a marked reduction of bioavailable copper in serum, thus pointing out that copper chelation

alone is insufficient to kill malignant cell [260].
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Figure 6.2 Chemical structure of some investigated copper chelators, clinically established (or in clinical trials) for the
therapy of the Wilson disease: trientine (Spyrine®, (N,N’-bis(2-aminoethyl)ethane-1,2-diamine) a, tetrathiomolybdate
TM bis-choline salt (Decuprate®) b, D-penicillamine (Cuprimine®, (25)-2-amino-3-methyl-3-sulfanylbutanoic acid) ¢, and
their copper(ll) derivatives, c, d, e respectively.

As aforementioned, the great need of copper in growing tissues provided scientists with the rationale for
developing Cu-coordination compound [255, 261]. Copper (I/Il) complexes are redox active, frequently labile,
and atypical in their preference for distorted coordination geometries. In general, Cu(l) prefers ligands having
soft donor atoms such as phosphorous, carbon, sulfur and aromatic amines, and the coordination is almost
invariably tetrahedral. The few literature reported copper(l) complexes involve phosphine and heterocyclic
carbene ligands and showed a micromolar cytotoxic activity in vitro when tested against different human
cancer cell lines. Concerning the Cu(ll) derivatives, the coordination number varies from four with square
planar or tetrahedral geometries, to five in square pyramidal and six in octahedral coordination compounds.
This reflects in a wide range of selectable ligands and donor atoms (i.e., N, O, S, halides) [261]. As discussed
for the +1 oxidation state, also Cu(ll)-based compounds proved biologically active, and a possible biological
target was identified for some of them. The Cu(Il)-TACN complex (TACN= 1,4,7-triazacyclononane, Figure 6.3
a) acts as a “molecular scissor”, cleaving supercoiled DNA under both aerobic and anaerobic conditions,
producing fragments that cannot be enzymatically re-ligated [262]. Differently, CuCl, was found to inhibit

Topo | (topoisomerase |, an enzyme that plays an important role in the DNA replication) [263], whereas
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copper derivatives of thiosemicarbazones (TSC) of the type [Cu(TSC)CI] (Figure 6.3 b) were potent antitumor
agents able to inhibit Topo Il [264]. Finally, recently investigated [Cu(DTC),] (DTC= PDT, DEDT, Figure 6.3 c)
synthetized in our research group showed inhibition of the proteasome chymotrypsin-like activity (essential
for many fundamental cellular processes, including cell cycle, apoptosis, angiogenesis and differentiation),

blocking proliferation of breast cancer cells and inducing apoptosis [265].
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Figure 6.3 Some Cu(ll) derivatives for which a possible target was identified: the “DNA-scissor” Cu(Il)-TACN complex
[CuCl2(TACN)] (TACN= 1,4,7-triazacyclononane) a, the thiosemicarbazone (TSC) derivative [Cu(TSC)CI] acting as inhibitor
of Topo Il b, and the proteasome inhibitors of the type [Cu(DTC)] (DTC= PDT, DEDT) c.

6.2 Copper(ll) dithiocarbamates as anticancer agents

Copper dithiocarbamates (DTC) were first explored in the late 1960s, when they were investigated for their
electrochemical and structural peculiarities [266, 267]. The easy access to different oxidation states of this
transition metal, led to the isolation of different Cu-DTC complexes involving Cu(l), Cu(ll) or Cu(lll) metal
centers [268, 269]. Notwithstanding, only in the 1990s the cytotoxic properties of this class of compounds
were disclosed, demonstrating the cytotoxic effect of a Cu-PDT complex formed in situ (Figure 6.3 c) on
thymocytes with in vitro experiments [270]. Indeed, during previous studies, researchers observed that the
administration of pyrrolidinedithiocarbamate as sodium salt had an antioxidant effect due to the inhibition
of the oxidative activation of the transcription factor NFkB (a cellular component with a key role in the
activation of immunity system in case of oxidative stress) [271]. Since these observations candidate

dithiocarbamates as potent antioxidants in medicine, on the contrary Slater demonstrated that PDT was
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associated with a toxic pro-oxidant effect in thymocytes, inducing apoptotic cell shrinkage and chromatin
fragmentation prior to cell lysis. This toxicity was demonstrated to be dependent on the ability of
administered pyrrolidinedithiocarbamate to chelate in situ endogenous copper and transport it into the cells,
and thereby generate an intracellular oxidative stress [270].

To date, it is commonly accepted that the administration of PDT increases the cellular copper concentration
and the combination of Cu and the DTC ligand exerts cytotoxic effects on cancer cells [272-274]. Other
dithiocarbamates (e.g., DEDT) yielded the same experimental biological result [275]. Taken together, these
findings have fostered researchers to explore synthetic copper-DTC derivatives as potential anticancer
agents. As previously reported in Section 6.1.1, the [Cu(PDT),] complex was found to be a potent proteasome
inhibitor and an apoptosis inducer [265]. Moreover, PDT (as sodium salt) spontaneously binds copper,
forming derivatives that have proteasome-inhibitory and apoptosis-inducing activities in breast tumor cells
but not in normal/not transformed counterparts [276]. These encouraging results prompted our research
group to synthetize and biologically study new Cu(ll) dithiocarbamato derivatives of sarcosine esters and
dimethylamine as potential chemotherapeutic agents (Figure 6.4). In all compounds, the metal-to-ligand
stoichiometry is 1:2 with symmetrical bidentate (chelate) coordination of the ligands. All the investigated
compounds inhibited tumor cell growth in vitro in a dose-dependent manner both in wild type and in
cisplatin-resistant cells of cervix carcinoma (C13 and A431Pt cell lines), with the complex [Cu(ESDT),] (Figure

6.4 a) resulting the most active one with ICso< 0.5 uM in all the tested human tumor cell lines [277].

Figure 6.4 Chemical structure of Cu(ll) dithiocarbamato complexes recently investigated in our research group: the
sarcosine ester compounds [Cu(RSDT)z] (RSDT= sarcosine ester dithiocarbamate, R= M (methyl), E (ethyl), T (tert-butyl)
a, and dimethylamine derivative [Cu(DMDT):] b.

6.3 Synthesis of the Cu(ll) derivatives with selected cyclic N, N-disubstituted dithiocarbamato
ligands
Overall, the evidence in literature, previously discussed, associating copper levels and species with tumor

biochemistry suggest that the biological activity of copper complexes, found in the micromolar domain in
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different studies, is mainly related to specific proteins, enzymes (e.g., proteasome) or cellular pathways of
paramount importance in cancer cell homeostasis. Consequently, in this PhD work, after the synthesis and
physico-chemical characterizazion, we evaluated the in vitro cytotoxic activity of 5 DMSO-soluble complexes
of copper(ll) whose dithiocarbamato ligands involve different cyclic amines. The [Cu(PDT),] complex was

synthetized, characterized and biologically tested for comparison purposes.

6.3.1 Synthesis of Cu(ll) dithiocarbamato complexes of PDT, PipeDTC, MorphDTC and IndolineDTC
The copper(ll) complexes of the ligands PDT, PipeDTC, MorphDTC and IndolineDTC were obtained by

dropwise addition of 1.7 mmol (2 eq) of the corresponding dithiocarbamato salt dissolved in methanol (5 mL)
to a methanol solution containing 0.85 mmol of CuCl,:2H,0. The green cupric solution rapidly turned into
brown with a precipitate immediately formed. The reaction mixture was let stir at room temperature for 30
minutes, then the precipitate was centrifuged, washed with water (2x 5mL), cold methanol (2x3 mL) and cold

diethyl ether (2x3 mL). Finally, the obtained dark brown solid was dried in vacuum in the presence of P,0s.

Bis(pyrrolidine dithiocarbamate)copper(ll), [Cu(PDT),]
Aspect: brown solid
Yield: 83 %

R.f. (on silica gel, CH,Cl,): 0.90

Anal. Calc. for C10H1sCuN,Ss (MW = 356.05 g-mol™?): C 33.73; H 4.53; N 7.87; S 36.02. Found: C 33.83; H 4.22;
N 7.33; S 35.94.

'H-NMR (CDCls, 300.13 MHz): & (ppm) = 4.47 (s br, 8H, H(s) + Hia), 8.76 (s br, 4H, Hy) + His)).
Medium FT-IR (KBr): ¥ (cm™) = 2965.40, 2871.44 (v,, C-H); 1497.92 (va, N-CSS); 947.33 (v,, CSS).
Far FT-IR (nujol): ¥ (cm™) = 559.05 (vs, CSS); 338.54 (v, Cu-S); 291.40 (vs, Cu-S).

ESI-MS m/z, [M*] found (calc.): 354.95 (354.95).

Bis(piperidine dithiocarbamate)copper(ll), [Cu(PipeDTC),]
Aspect: dark brown solid
Yield: 90 %

R.f. (on silica gel, CH,Cl»): 0.92

Anal. Calc. for C12H20CuN,Ss (MW = 384.11 g-mol?): C 37.52; H 5.25; N 7.29; S 33.39. Found: C 37.54; H 4.77;
N 7.10; S 33.18.

1H-NMR (CDCls, 300.13 MHz): & (ppm) = 0.33 (s, 4H, H), 1.17 (s, 4H, Hes) + His)).
Medium FT-IR (KBr): ¥ (cm™) = 2941.17, 2850.28 (va, C-H); 1501.54 (va, N-CSS); 947.25 (va, CSS).

Far FT-IR (nujol): ¥ (cm™) = 563.41 (vs, CSS); 353.57 (va, Cu-S); 291.76 (vs, Cu-S).
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ESI-MS m/z, [M*] found (calc.): 382.98 (382.98)

Bis(morpholine dithiocarbamate)copper(ll), [Cu(MorphDTC),]
Aspect: brown solid
Yield: 94 %

R.f. (on silica gel, CH,Cl,): 0.42

Anal. Calc. for C10H16CuN20,S4 (MW = 388.07 g-mol™*): C 30.95; H 4.16; N 7.22; S 33.05. Found: C 31.08; H
4.18; N 7.09; S 32.94.

Medium FT-IR (KBr): ¥ (cm™) = 2968.97, 2853.40 (v,, C-H); 1485.33 (va, N-CSS); 1110.23 (v,, C-0); 1010.40 (va,
CSS).

Far FT-IR (nujol): ¥ (cm™) = 558.69 (vs, CSS); 338.25 (va, Cu-S); 291.38 (vs, Cu-S).

ESI-MS m/z, [M*] found (calc.): 386.94 (386.94).

Bis(indoline dithiocarbamate)copper(ll), [Cu(IndolineDTC),]
Aspect: dark brown solid

Yield: 94 %

R.f. (on silica gel): n.a.

Anal. Calc. for C1gH16CuN,Ss (MW = 452.14 g-mol™?): C47.82; H 3.57; N 6.20; S 28.37. Found: C 47.33; H 3.37;
N 5.99; S 28.27.

Medium FT-IR (KBr): ¥ (cm!) = 2923.89 (va, C-H); 1481.41 (v, C=C ring); 1422.33 (va, N-CSS); 1038.58 (va,
CSS); 739.18 (8, C-H).

Far FT-IR (nujol): ¥ (cm™) = 556.43 (vs, CSS); 343.83 (va, Cu-S); 271.35 (vs, Cu-S).

ESI-MS m/z, [M*] found (calc.): 450.96 (450.95).

6.3.2 Synthesis of Cu(ll) dithiocarbamato complexes of L-proline ester derivatives (ProOMeDTC and
ProOtBuDTC)
The copper(ll) derivatives of L-proline ester dithiocarbamates were obtained by adding dropwise 1.4 mmol

(2 eq) of the dithiocarbamato salt dissolved in ethanol (5 mL) to an ethanol solution containing 0.70 mmol of
CuCly-2H,0. The cupric green solution turned rapidly into green/brown, and the mixture was let stir at room
temperature for 30 minutes. Then, the solvent volume was reduced by half and the solution was placed at -
20 °Cfor 12 hours, allowing the formation of a green/brown precipitate, which was centrifuged, and washed
with water (2x 5mL) and n-pentane (3x3 mL). Finally, the obtained solid was dried under vacuum in the

presence of P,0s.

Bis(L-proline methyl ester dithiocarbamate)copper(ll), [Cu(ProOMeDTC),]
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Aspect: dark green solid
Yield: 80 %

R.f. (on silica gel, CH,Cl,): 0.50

Anal. Calc. for C14H20CuN204Ss (MW = 472.13 g-mol?): C 35.62; H 4.27; N 5.93; S 27.17. Found: C 35.83; H
4.13; N 5.81; S 27.47.

1H-NMR (CDCl3, 300.13 MHz): & (ppm) = 2.11-2.93 (m, 8H, H) + Hu), 3.94 (m, 6H, O-CHs).

Medium FT-IR (KBr): ¥ (cm™) = 2951.87 (va, C-H); 1750.79 (v, C=0); 1471.56 (va, N-CSS); 1153.76 (v, C-OMe);
939.75 (va, CSS).

Far FT-IR (nujol): ¥ (cm™) = 565.71 (vs, CSS); 342.87 (va, Cu-S); 279.96 (vs, Cu-S).

ESI-MS m/z, [M*] found (calc.): 470.97 (470.96).

Bis(L-proline tert-butyl ester dithiocarbamate)copper(ll), [Cu(ProOtBuDTC),]
Aspect: brown solid
Yield: 74 %

R.f. (on silica gel, CHxCl,): 0.72

Anal. Calc. for C3oH3,CuN;04S4 (MW = 556.29 g-mol™): C 43.18; H 5.80; N 5.04; S 23.06. Found: C 43.42; H
5.92; N 4.90; S 23.21.

1H-NMR (CDCls, 300.13 MHz): & (ppm) = 1.57 (s, 18H, O-C(CH)3), 1.99-2.83 (m, 8H, Hg)+ Hia)).

Medium FT-IR (KBr): ¥ (cm!) = 2974.81 (va, C-H); 1733.37 (v, C=0); 1469.68 (va, N-CSS); 1148.53 (v, C-OtBu);
930.08 (va, CSS).

Far FT-IR (nujol): ¥ (cm™) = 568.57 (vs, CSS); 340.11 (va, Cu-S); 276.11 (vs, Cu-S).

ESI-MS m/z, [M*] found (calc.): 555.06 (555.05).

6.3.3 Synthesis of Cu(ll) dithiocarbamato complexes of aromatic N-heterocycles CDT, IndDTC, and
PyrrDTC
The copper(ll) complexes involving the aromatic ligands CDT, IndDTC and PyrrDTC were obtained by dropwise

addition of 1.5 mmol (2 eq) of the dithiocarbamato salt (dissolved in 5 mL of tetrahydrofuran) to a solution
containing 0.75 mmol of CuCl,-2H,0 dissolved in THF. The cupric green solution quickly turned into black and
a dark solid immediately precipitated. The reaction mixture was let stir at room temperature for 30 minutes,
then the precipitate was centrifuged, and washed with water (5x 5mL), diethyl ether (3x3 mL) and n-hexane

(3x3 mL). Finally, the obtained dark brown solid was dried in vacuum pump in the presence of P,0s.

Bis(carbazole dithiocarbamate)copper(ll), [Cu(CDT),]
Aspect: dark brown solid

Yield: 89 %
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R.f. (on silica gel): n.a.

Anal. Calc. for C36H16CuN2Ss (MW = 548.22 g-mol™?): C 56.96; H 2.94; N 5.11; S 23.40. Found: C 56.40; H 2.45;
N 4.94; S 23.20.

Medium FT-IR (KBr): ¥ (cm™) = 3011.02 (va, C-H); 1485.75, 1446.99, 1435.70 (v, C=C ring); 1333.30 (va, N-
CSS); 1038.66 (va, CSS); 843.59 (w, C-H); 743.78, 707.83 (5, C-H).

Far FT-IR (nujol): ¥ (cm™) = 595.47 (v, CSS); 412.14 (va, Cu-S); 346.20 (vs, Cu-S).

ESI-MS m/z, [M*] found (calc.): 546.98 (546.95).

Bis(indole dithiocarbamate)copper(ll), [Cu(IndDTC),]
Aspect: dark brown solid
Yield: 87 %

R.f. (on silica gel): n.a.

Anal. Calc. for C1sH1,CuN,Ss (MW = 448.11 g-mol™?): C 48.25; H 2.70; N 6.25; S 28.62. Found: C 48.07; H 2.31;
N 6.14; S 28.85.

Medium FT-IR (KBr): ¥ (cm™) = 3046.82 (va, C-H); 1445.35, 1388.04 (v, C=C ring); 1333.98 (va, N-CSS);
1017.17 (va, CSS); 847.19 (w, C-H); 749.97, 730.36 (8, C-H).

Far FT-IR (nujol): ¥ (cm™) =591.13 (vs, CSS); 413.37 (va, Cu-S); 340.40 (vs, Cu-S).

ESI-MS m/z, [M*] found (calc.): 446.94 (446.92).

Bis(pyrrole dithiocarbamate)copper(ll), [Cu(PyrroleDTC);]
Aspect: dark brown solid
Yield: 88 %

R.f. (on silica gel, CH,Cl»): 0.86

Anal. Calc. for C1o0HsCuN>Ss (MW = 347.99 g-mol™): C 34.51; H 2.32; N 8.05; S 36.86. Found: C 34.61; H 2.29;
N 8.08; S 36.68.

Medium FT-IR (KBr): ¥ (cm™) = 3131.02 (va, C-H); 1472.85, 1409.66 (v, C=C ring); 1333.66 (va, N-CSS);
1012.56 (va, CSS); 836.97 (w, C-H); 729.40 (8, C-H).

Far FT-IR (nujol): ¥ (cm™) = 591.99 (vs, CSS); 411.07 (va, Cu-S); 338.87 (vs, Cu-S).

ESI-MS m/z, [M*] found (calc.): 346.90 (346.89).

6.4 Discussion

6.4.1 Considerations on the synthetic route and X-ray structural characterization
By reaction of the selected cyclic dithiocarbamato salts and CuCl; in a 2:1 ligand—to-metal molar ratio, new

[Cu(DTC),] complexes were obtained wherein the dithiocarbamato ligands coordinate the metal center
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through both sulfur atoms. Such stoichiometry and the chelating coordination of the DTC ligands were
confirmed by elemental analysis and by X-ray crystallography (crystal structures solved for the L-proline

esters and piperidine derivatives (Figure 6.5).

Figure 6.5 ORTEP drawing of [Cu(PipeDTC):] a, [Cu(ProOMeDTC)2] b, and [Cu(ProOtBuDTC).] c. The compounds were
crystallized from CH2Cl2/Et20 solutions.

Cu-S1(A) Cu-S2(A) S1-c1(A) S2-C1(A) C1-N1(A) S1-Cu-S2(°) S1-Cu-S1(°)

[Cu(PipeDTC),] 2.304 2.284 1.717 1.731 1.338 77.66 102.34
[Cu(ProOMeDTC);]  2.305 2.285 1.713 1.714 1.303 78.10 103.59
2.303 2.309 1.758 1.649 1.328 76.50 103.90

[Cu(ProOMeDTC),]
2.290 2.380 1.732 1.697 1.330 77.26 102.35

Table 6.1: Selected bond lengths and angles of the crystallized Cu(ll) dithiocarbamato complexes.

[Cu(PipeDTC),] (a) crystallizes according to the P 21/c space group, [Cu(ProOMeDTC),] (b) adopts the P 2; 2;
2 group, and finally [Cu(ProOtBuDTC),] (c) the C 2 group. The structures presented in Figure 6.5 show a
distorted square planar (SP) geometry for the complexes a and ¢, with a planarity not limited to the MS, core
but also including the C-N bond . On the other hand, the derivative b is nearly tetrahedral. The deviation from
a perfect SP coordination is due to the small bite angle of the DTC ligand. The collected bond lengths as well

as angles are in agreement with data presented in literature [278]. In particular, the S-C bond lengths are
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shorter than the single-bond length (generally 1.69 A, accounting for a partial double bond character).
Similarly, this occurs also for the C-N bond, confirming the higher contribution of the thioureidic form (see
Section 4.4.3) for this type of ligands (piperidine and L-proline ester dithiocarbamates). Finally, in
[Cu(PipeDTC);] the central atom lies on an inversion center, while for Cu(ll)-proline ester dithiocarbamate
compounds the ligands arrange the methyl and tert-butyl substituents on the same plane [279].

The Cu(ll) derivatives of aliphatic DTC ligands, are soluble in most common organic solvents (e.g., ethanol,
chloroform, dichloromethane, dimethyl sulfoxide), whereas the copper(ll) complexes involving aromatic N-
heterocyclic DTC ligands (i.e., CDT, IndDTC and PyrrDTC) and indolineDTC, first synthetized by Bereman in

1970s [141], showed very low solubility in all solvents except pyridine.

6.4.2 ESI-MS analysis
In ESI-MS spectra the presence of copper(ll)-dithiocarbamates is confirmed by two different signal patterns,

as reported by Cummings and coworkers in the study of [Cu(DEDT),] [280]. One is ascribed to the in situ
formation of the species [Cu'(DTC) + H*], whereas the other is associated with the oxidation of the metal
center, thus turning out the [Cu"(DTC),]* derivative.

Regarding the [Cu(DTC),] complexes synthetized in this work, the ESI-MS spectra of those with cyclic aliphatic
dithiocarbamates (the only soluble in methanol or acetonitrile) displayed an intense pattern perfectly
matching with the m/z of the species [Cu"(DTC),]* and the copper isotopic abundance (*3Cu and ®*Cu, 69.17%
and 30.83% respectively).

The spectra of [Cu(ProOMeDTC),] and [Cu(ProOtBuDTC),] (Figure 6.6) are shown below as an example.
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Figure 6.6 ESI-MS spectra (positive ion mode) of [Cu(ProOMeDTC)] (left) and [Cu(ProOtBuDTC)] (right) in methanol. In
both cases, the experimental data (top) fit perfectly the mass spectrum simulation for species of the type [Cu"(DTC).]*
(down).
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6.4.3 'H-NMR characterization
The synthetized copper(ll) derivatives with PDT, PipeDTC, and L-proline ester DTCs as ligands have been

characterized also by means of H-NMR spectroscopy (300.13 MHz, 298 K, see Supporting Information C). It
is worth noting that the poor solubility of the aromatic compounds as well as the IndolineDTC and MorphDTC
copper(ll) complexes in the common deuterated solvents, hampered this instrumental analysis. The
assignments of the resonances (Table 6.2) were guided by the comparison between the spectra of the
obtained complexes with those of the corresponding ligands (see Section 4.4.2), also taking into account the

paramagnetic nature of the Cu(ll).

H Hpy H) Ha Hs) Hs) OMe OtBu
[Cu(PDT)3] n.d. 8.76 4.47 4.47 8.76 - - -
[Cu(PipeDTC)2] n.d. n.d. 1.17 0.33 1.17 n.d. - -
n.d. n.d. 2.11- 2.11- n.d. - 3.94 -
[Cu(ProOMeDTC);]
2.93 2.93
n.d. n.d. 1.99- 1.99- n.d. - - 1.57
[Cu(ProOtBuDTC)]
2.83 2.83

Table 6.2 List of the proton chemical shifts (ppm) of the Cu(ll)derivatives of PDT, PipeDTC and L-proline ester DTCs. The
H-signals proximal to the dithiocarbamic moiety are labeled with bold font; n.d. stands for “not detected”. Attribution
was carried out according to the JUPAC nomenclature for N-heterocyclic compounds. All the spectra were recorded in
CDCls with a 300.13 MHz spectrometer at 298 K.

The *H-NMR spectrum of each [Cu(DTC),] complex resulted affected by the paramagnetism associated with
the d° electronic configuration of the metal center. A brief description of this effect was presented in Section
5.4.3, and the observable consequences are the hyperfine shifts (6) to NMR signals and the shortening of
both nuclear longitudinal (7T1) and transverse (T>) relaxation times [281]. The shift and low intensity observed
for methylene protons Hz and Hsy in [Cu(PDT)] (6 = 8.76 ppm) is the evidence of the first. On the other hand,
the signals of the a-protons of the Cu(ll) derivatives involving PipeDTC and L-proline ester DTCs as ligands
completely disappear, whereas the resonances of the previously mentioned H; and Hs, in [Cu(PDT),] result
very broad, near the limit of detection. This phenomenon is related to the relaxation times, and in particular,
it strictly depends on the electronic relaxation time (ts) of the paramagnetic metal center [281]. When the
value of Ts is short enough (e.g., Ru(lll) possesses a T in the domain of 10! s1) the NMR analysis returns
information-containing signals which are not too broad, as in the case of Ru(DTC)s complexes [282]. However,
for mononuclear copper(ll) complexes (S= %), the ground state is well isolated from excited states, thus not
providing efficient electronic relaxations. This generally leads to long ts values (102 — 10 s!) that broad the

IH-NMR resonances, sometimes under the detection limit [283].
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In contrast, the Cu(ll) paramagnetism affects to a lesser extent the ester protons of both proline derivatives,
whose peak is less broadened with respect to the other resonances within the same coordination compound,
being the —OR group (R= methyl, tert-butyl) spatially more distant from the metal center. The presence of
this signal confirms the absence of hydrolysis side-reactions during the synthesis of [Cu(DTC),] complexes.

Concerning the aromatic class of copper derivatives, due to their low solubility in common deuterated
solvents, an attempt of *H-NMR analysis was carried out using pyridine-ds as a deuterated solubilizing agent.
However, since the pyridine (py) can form five-coordinated adducts of the type [Cu(py)(DTC).] by apical
coordination [284], the synthetized Cu(ll)-DTC complexes of aromatic amines were dissolved in a 60:40
mixture of CDCls/pyridine-ds. In fact, chloroform was shown to form a hydrogen bond with pyridine, thus
avoiding the formation of the penta-coordinated adduct without preventing solubilizing properties of
pyridine [285]. Nevertheless, the attribution of the H-NMR signals was hampered by the presence of pyridine
intense residual solvent resonances, as well as by the low intensity of the aromatic signals, due to the

paramagnetic broadening of Cu(ll) and the small amount of solubilized [Cu(DTC),] complex.

6.4.4 FT-IR characterization
The FT-IR spectraof all Cu(ll)-DTC derivatives have been collected (Supporting Information H) in both the

medium (4000-600 cm™) and far (600-200 cm™) wavenumber domain, and the diagnostic absorptions are

reported in Table 6.3.

v(C=0) v(C=C) v(N-css) ve(C-O) ve(CSS) w(C-H)  6(C-H) vs(CSS)  vq(Cu-S)  vs(Cu-S)

- - 1498 - 947 - - 559 339 291
[Cu(PDT),]
cmt cm! cm? cm? cm?
. - - 1502 - 947 - - 563 354 292
[Cu(PipeDTC),]
cmt cm? cmt cm? cm?
- - 1485 1110 1010 - - 559 338 291
[Cu(MorphDTC)2] cmt cmt cm? cmt cm? cm?
. - 1481 1422 - 1039 - 739 556 344 271
[Cu(IndolineDTC),]
cmt cmt cm? cm? cm? cmt cm?
1751 cm™? - 1472 1154 940 - - 566 343 280
[Cu(ProOMeDTC),]
cmt cmt cm? cmt cm? cm?
1733 cm?? - 1470 1149 930 - - 569 340 276
[Cu(ProOtBuDTC);]
cmt cmt cm? cm? cmt cm?
- 1486, 1333 - 1039 844 744, 595 412 346
1447, cmt cm? cmt 708 cmt cm? cmt
[Cu(cDT):] 1436 cm?
cm?
- 1445, 1334 - 1017 847 750, 591 413 340
[Cu(IndDTC),] 1388 cm? cm? cm? 730 cm? cm? cmt
cm? cm?
- 1473, 1334 - 1013 837 729 592 411 339
[Cu(PyrrDTC),] 1410 cmt cm? cmt cmt cmt cm? cm?
cm?

Table 6.3 Collection of the fundamental IR-vibrations (4000-200 cm?) of the analyzed Cu(ll)-DTC complexes.
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Similarly, to the Ru(lll)-DTC derivatives (Section 5.4.4), the IR spectra of copper(ll)-dithiocarbamato
derivatives contain three fundamental IR-regions, corresponding to the following stretching vibration modes
(v) [209, 210]:

- backbone v(SSC-N) vibration, between 1200 and 1550 cm;

- V,(C-S) vibration between 950 and 1050 cm™ and vs(C-S) vibration between 550 and 650 cm™;

- v(Cu-S) vibration between 270 and 420 cm™.
First of all, concerning the v(SSC-N) vibration, the Cu-DTC derivatives display the same trend observed for the
corresponding dithiocarbamato ligands and the Ru(lll)-DTC compounds. Indeed, moving from PDT and
PipeDTC complexes to proline and indoline derivatives, then to the Cu(ll) complexes involving aromatic
ligands, the v(SSC-N) shifts to lower energies. In particular, for the analyzed Cu(ll) dithiocarbamato

complexes, comparing the energy of the v(SSC-N) vibration, the following series is obtained:
Cu-PDT = Cu-PipeDTC > Cu-MorphDTC > Cu-ProOMeDTC = Cu-ProOtBuDTC > Cu-IndolineDTC > Cu-CDT = Cu-IndDTC = Cu-PyrrDTC

This trend runs parallel to the ability of the nitrogen atom to shift its lone pair towards the C-N bond. Thus,
in the copper-coordinated PDT, PipeDTC, MorphDTC and proline dithiocarbamates, the thioureido form is
predominant. This behavior has been confirmed also by X-ray crystallography on single crystals of the Cu-
DTC complexes previously presented (Section 6.4.1), with the distances C-N close to that of a double bond
(Table 6.1). On the contrary, taking into account dithiocarbamates where resonance effects are relevant (i.e.,
IndolineDTC and mainly aromatic DTCs), the dithiocarbamic form is associated with a larger contribution,
generating v(SSC-N) frequencies associated with to a single C-N bond.

On passing from the IR spectra of the synthetized Cu(ll) complexes to those of their corresponding free
ligands, a shift in the v(N-CSS) band towards lower energies could be observed (Table 6.4). This behavior can
be explained by the electron-withdrawing effect of the transition metal on the dithiocarbamate (effect on o
bonds), along with a further shift of the nitrogen lone pair toward the -CSS moiety (rt contribution) occurring
for this class of aliphatic compounds, overall resulting in an increased C-N bond order. Such shift toward
higher wavenumbers is smaller for aromatic derivatives, including the indolineDTC complex, if compared to
the aliphatic ones.

The nature of the effect generated by the DTC substituent on the ability of the nitrogen atom to share its
lone pair can account for this evidence. In fact, ligands associated with a higher Av (>70 cm™) involve only
inductive effects (here PyrrDTC is an exception), whereas dithiocarbamates with lower Av (=50 cm™)
experience mainly resonance effects. The first can be overtaken by the electron-withdrawing effect of the
transition metal, while the latter cannot, due to the ligand aromaticity which prevents the nitrogen lone pair

from being shared within SSC-N bond.
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v(SSC-N) Cu(ll) complex  v(SSC-N) free DTC ligand Av (em™)

[Cu(PDT)2] 1498 cm™ 1422 cm™ 76
[Cu(PipeDTC)2] 1502 cm? 1417 cm* 85
[Cu(MorphDTC)2] 1485 cm? 1410 cm? 75
[Cu(IndolineDTC),] 1422 cm™? 1371 cm™ 51
[Cu(ProOMeDTC):] 1472 cm™? 1392 cm™ 80
[Cu(ProOtBuDTC)] 1470 cm™ 1388 cm™ 82
[Cu(CDT)2] 1333 cm™ 1281 cm™ 52
[Cu(IndDTC)2] 1334 cm 1290 cm? 44
[Cu(PyrrDTC)] 1334 cm?! 1259 cm? 75

Table 6.4 SSC-N frequencies in the Cu(ll)-DTC complexes compared to the corresponding free dithiocarbamato ligands.

A higher v(SSC-N) is generally accompanied by a lower v,(CSS) mode, based on the influence of the thioureidic
or dithiocarbamic form on Cu<§>C ring, as stated for the Ru(lll) analogs in Section 5.4.4. It is worth
highlighting that the band assigned to the C-S stretching is not a pure vibration but is generally coupled with
bending modes of the -NCS moiety 6(NCS) [286]. In general, this trend is respected in the presented Cu(ll)-
DTC complexes, and as examples it is possible to observe the asymmetric stretching frequencies of [Cu(PDT)3]
and [Cu(PipeDTC),], being lower (947 cm™), compared to that of [Cu(CDT)] (1039 cm?). For the former, the
metal-to-sulfur back-donation is less favored than the latter, because of the presence of electron density on
low-energy d orbitals of S, in turn originated from nitrogen lone pair shift (canonical thioureidic form of PDT
and PipeDTC). Thus, the metal-sulfur bond is stronger in the aromatic compounds than the aliphatic ones, in
agreement with the presence of metal-to-ligand retrodonation and, hence, a multiple M-S bond order for
the class of aromatic complexes. On the other hand, it is worth noting that the nature of the aliphatic
substituents affects to a lesser extent the M-S stretching frequency, as well as the nature of the aromatic N-
heterocycle, in agreement with XPS results presented in literature [287]. Indeed, Table 6.3 shows how the
derivatives belonging to the category of aliphatic derivatives are associated with near the same Cu-S
stretching frequencies. The same is also for complexes of CDT, IndDTC and PyrrDTC, although they possesse
higher values (stronger M-S bond).

In conclusion, some intense bands remain to be discussed and are related to the ligand backbone. Firstly,
two absorptions are visible in the spectra of the ProOMeDTC and ProOtBuDTC copper derivatives at 1752
and 1734 cm™, respectively, and are ascribed to the stretching of the ester moiety. Other characteristic bands
of the organic backbone are visible with medium or weak intensity in the ranges 1200-1800 cm™ (C-C) for
aliphatic derivatives, and 1500-1400 cm™ (C=C) for aromatic ones . Finally, some C-H vibrations, typical of
aromatic rings, have been identified between 700 and 850 cm™, being related to the C-H wagging (w) and

bending out of the plane of the ring (8) [288].
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6.4.5 UV-Vis characterization
Electronic absorption studies were carried out on soluble copper-dithiocarbamato complexes (i.e.,

[Cu(PDT).], [Cu(PipeDTC).], [Cu(ProOMeDTC),], and [Cu(ProOtBuDT),]) by mean of UV-Vis
spectrophotometry in CH,Cl, (800-240 nm) at 25 °C, and the diagnostic absorptions are summarized in Table

6.5.

Ale, Miem?)

band | band Il band Il band IV band V
269 nm 287 nm 453 nm 512 nm 614 nm (771)
[Cu(PDT).]
(27004) (14432) (10760) (2199)sh
272 nm 285 nm 436 nm 495 nm 604 nm (872)
[Cu(PipeDTC),]

(29246) (17565) (11314) (3760)"

270 nm 292 nm 435 nm 506 nm 617 nm (620)
[Cu(ProOMeDTC);]

(25646) (13990) (9788) (1996)"

270 nm 291 nm 435 nm 509 nm 627 nm (646)
[Cu(ProOtBuDTC),]

(27232) (14805) (10361) (2060)"

Table 6.5 UV-visible spectral data (800-240 nm) of soluble Cu(ll) dithiocarbamato complexes in CH2Clz at 25 °C; sh=
shoulder.

All the analyzed complexes proved stable in CH,Cl, solution for at least 10 days, as no significant spectral

changes were observed. The recorded spectra of Cu(ll)-DTC derivatives are reported in Figure 6.7.
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Figure 6.7 UV-Vis spectra of [Cu(PDT)z] a, [Cu(PipeDTC)2] b, [Cu(ProOMeDTC)] ¢, and [Cu(ProOtBuDTC)2] d in CH2Cl: at
25 °C.
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According to the Figure 6.7 and Table 6.5, the UV-Vis spectra in CH.Cl, of the synthesized aliphatic
dithiocarbamato complexes show the band | at about 260 nm and the band Il at around 290 nm, ascribed to
the m* & mabsorption in the -NCSS group, and the intraligand n* & m transition located in the -CSS moiety,
respectively [215, 289]. In particular, analyzing the wavelengths related to the band Il in Table 6.5, a red shift
is observed on passing from PDT and PipeDTC derivatives (ca. 285 nm) to ProlineDTC (ca. 290 nm)
counterparts. This behavior has been associated with a combination of inductive and hyperconjugation
effects by ester groups, thus turning out an electron delocalization towards the chromophores [290].

The discussion on the bands IlI-IV needs a brief theoretical introduction on the electronic spectra of Cu(ll)
complexes. Indeed, as mentioned in Section 6.1, Cu(ll) is able to form complexes with a large variety of
geometries. In particular, the Jahn-Teller effect for this ion (d° electronic configuration) rules out regular O,
and Ty symmetries in favor of distorted structures, unless rigid and sterically-demanding ligands are present
[291]. In the distorted symmetries (i.e., Dan and Dag), three different d-d absorption bands could be observed
in the UV-Vis range whereas octahedral and tetrahedral geometries give rise to only one electronic transition
(respectively, the Eg ¢ Tog and the Ty, & E;) (Figure 6.8) [150]. Moreover, its d°-electronic configuration allows
also the use of the positive hole formalism. In this method, the excitation of the electronic hole, instead of
that of electrons, is taken into account, thus simplifying both the prevision and assignment of the UV-Vis
bands [150]. As a result, UV-Vis transitions are easily obtained for any geometry simply reversing the

energetic order of the d orbitals.
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Figure 6.8 Schematic representation of d-d transitions for a D2n symmetry using the positive hole formalism.

Concerning Cu(ll)-dithiocarbamates of aliphatic amines, their electronic spectra have been firstly rationalized
by Choi using bis(di-isopropyldithiocarbamato)copper(ll) in DMSO as a model compound. Starting from an
ideal Dan geometry for the metal center (Figure 6.8), Choi and co-workers were able to calculate the energy

sequence of the d-orbitals as dy > d,2 > d,2.2 > dy,,. Based on these findings and on the positive hole

formalism, the band occurring at lower energies was attributed to a d,2 < dy, absorption, while the dxz,yz
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< dyandthed,,,, < dy transitions are detectable at lower wavelengths and are partly overlapped, resulting
in a broad band (Figure 6.8) [292].

With respect to the band intensities, d-d absorptions in a D2, symmetry should show a low molar extinction
coefficient due to their forbidden character as defined by the Laporte rule [293]. Starting from this postulate,
the high intensity of the band associated with the d,2.2 < dyxyand the d,,, < dy transitions led Choi et al.
to hypothesize that some kind of distortion in the D, geometry may occur. On the other hand, the Cu(ll)
center in a Coy symmetry, wherein it is lifted out of the plane of the four sulfur atoms, would make the d,, ,
& dyy transition allowed according to the group theory, contrary to the other two transitions, still forbidden
[292]. In light of this, in the 350-600 nm region, the band /Il is ascribable to d,,, < dx transition, combined
with either a metal-to-ligand charge transfer (MLCT) or a ligand-to-metal charge transfer (LMCT), whereas
the band IV and band V are assigned to the lowest energy d-d transitions dxz_yz < dy and d2 €& dy,
respectively.

This discussion here reported has been drafted taking into account copper(ll)-dithiocarbamato derivatives in
non-coordinating solvents (e.g., CH,Cl;), hence tetracoordinate in a distorted tetrahedral geometry.
Conversely, if considering coordinating media, such as DMSO and water (Section 8.8.4), a different
coordination sphere and geometry (octahedral) is expected due to the apical coordination of the solvent
molecules. In this context, no sensible spectral changes are observed in terms of maximum wavelegnths and
shape on passing from apolar non-coordinating solvents to polar coordinating ones (Figure 8.26). The main
change is the intensity decrease of the band Il in the presence of water and DMSO (1 % v/v), the only

transition experiencing the coordination of apical ligands.
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7. GOLD DITHIOCARBAMATES

7.1 Gold: an exogenous metal towards striking opportunities in medicinal inorganic chemistry
Gold is the most noble metal and its properties yield peculiar features at the bio-chemical level which are
exploitable in a great number of applications. Nowadays, after silicon, gold is probably the most frequently
used element in nanoscale science. Moreover, in recent years, its solution chemistry ranges from catalysis to
medicinal inorganic chemistry [294]. In the following section, a brief introduction on the atomic and chemical
features of gold will be given, followed by some examples of gold-based complexes studied for their use in

medicine.

7.1.1 The chemistry of Gold
Gold (Au) is the 79t element of the periodic table and belongs to the 11" group and the 35t row of transition

metals, with a [Xe]4f*5d%6s? electronic configuration. Thus, compounds with gold in oxidation state +1 are
endowed with a closed-shell configuration 5d*°. When gold(0) is dissolved in powerful oxidants (aqua regia,
bromine, and chlorine), Au(lll) derivatives are obtained (and also Au(V) with fluorine). Intriguingly, gold is
able to form stable compounds in the oxidation state -1 (auride anion), as in the case of cesium auride CsAu,
thus pointing out that gold has got high electron affinity (2.039 eV) [295]. The chemistry of this element, as
well as some bulk properties (i.e., its bright yellow color), can be ascribed to the pronounced presence of
relativistic effects, resulting in i) s-orbital contraction, ii) spin-orbit splitting of energetic levels, and iii) d-
orbital expansion [296, 297]. To explain these phenomena, first of all we have to consider the starting point
of the special theory of relativity, stating that it is impossible to accelerate particles to speeds higher than ¢

(speed of light in vacuum, ca. 3.00 - 10 m s%):

m= mo/
V1- w/e)?
Indeed, for v = ¢, the mass m would become infinite. Since the average radial velocity of the electrons in the
1s shell of an element is proportional to its atomic number, when Z > 72 (post-lanthanoid atoms) electrons
move around the atomic core in a highly positive electric field, causing them to have velocities approaching
that of the light [298]. The first consequence is a clear contraction of s-type orbitals (remembering that the
radius is inversely proportional to the mass of the electron), with the p-type ones contracting as well. This
points out the high electron affinity of gold, due to the high stabilization of the 65 orbital, associated with the
formation of the auride anion. Moreover, in a relativistic treatment, neither the orbital angular moment / nor
the spin angular momentum s of an electron are “good” quantum numbers, but only the vector sum j is (j =
I+ S). Thus, for a p-type electron (/ = 1), two values of j are possible, namely j = % or 3/2. The energetic
splitting between these two j values is a relativistic effect and may raise up to a few electronvolts for the

valence electrons of the heaviest elements [297, 299]. Finally, d-type orbitals (and in the same manner f-type
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ones) undergo indirect relativistic effects. Indeed, since the s and p atomic orbitals (AOs) are contracted, they
screen the nuclear attraction more efficiently. Consequently, d and f AOs experience a weaker attraction,
expand radially, and are destabilized energetically [297]. On this basis, the yellow color of bulk gold can be
ascribed to the small gap between the full 5d band (expanded orbitals) and the Fermi level of the half-filled
6s-band (contracted orbitals), which would be much larger for the non-relativistic set of orbitals [300].
These relativistic effects influence the chemistry of this element. In particular, the molecular chemistry of
gold is dominated by the complexes involving the oxidation states +1 and +3, ruled by the following standard
electrochemical potentials (E°), which are the highest among metals [158]:
AU > Aut > Au Euunyaug) = 1.29 V; E%Augy/auo) = 1.68 V
AU** > Au E%uiyau) = 1.42V
The gold(l) center (5d*° electronic configuration) is generally found two-coordinated with a linear
coordination geometry, although also trigonal planar or tetrahedral complexes are reported. The ligands can
be neutral (L) or anionic (X), thus resulting in species of the type [L-Au'-X], [X-Au'-X]", and [L-Au'-L]*. Moreover,
taking into account the reaction Au(l) + L - [AuL]*, the experimental and calculated gold-ligand strength
varies according the following series:
L = PH3 > CH3SCH3 > CH3NC = NH3 = CoHa = CH3CN > H,S > CO > H,0 > CgFs > Xe
It is worth highlighting that the ability of Au(l) to accept two or more ligands (e.g., [AuLs]*, [AuXs]?) shows
the special situation of gold valence orbitals experiencing relativistic effects, and it is a clear variance with
respect to the features of Cu(l) and Ag(l) [295, 301].
On the other hand, the Au(lll) complexes (5d® electron configuration) require a square planar coordination
geometry. The ready access to the highest oxidation state of gold can be rationalized on the basis of
relativistic effects. Indeed, with expanded 5d and contracted 6s valence orbitals separated by a small energy
gap, and with modified spin-orbit coupling effects, hybrid orbitals are suitable for the construction of strong
bonds in square planar configurations [295].
Moreover, it should be mentioned that some gold compounds with the metal center in the +2 oxidation state
are described in literature. They were first reported in 1980s and proved stable only at very low temperature
(-78 °C) using chelating soft ligands, such as dithiocarbamates. These Au(ll)-DTC complexes are generally
synthetized by oxidative addition from dinuclear Au(l)-DTCs, treating them at -78 °C with 1 eq of Br,and I, or
pseudo-halides such as (SCN), and (SeCN), [302]. In light of this, the Au(ll) oxidation state could be considered
as an intermediate in the oxidation process of [Au';(DTC),] complexes to [Au"X,(DTC)] (X= Cl, Br), if the

reaction previously described is carried out at room temperature or under reflux [303].

7.1.2 Gold in medicine and its potential therapeutic application as anticancer agent
The earliest applications of gold in medicine took place in China starting from 2500 B.C., when it was used as

colloidal gold or in alloy with other heavy metals to treat furuncles, skin ulcers, and to remove mercury from
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skin [304]. With the growing knowledge about the elements and their reactivity, alchemists explored
different ways to produce “potable gold”, and in the 17*" century AuCls (produced by oxidation of bulk gold
with aqua regia) was usually swallowed, previous dissolution in water, although the resulting solution was
corrosive. Then, in 19™ century scientists discovered that gold(lll) chloride dissolved in NaCl solution resulted
less caustic and, at the same time, it proved efficient in the treatment of syphilis [305]. In 1890 Robert Koch
discovered the in vitro bacteriostatic properties of gold, founding that a solution of gold cyanide at a
concentration of 0.5 ppm can inhibit the growth of the tubercule bacillus [306]. However, clinicians generally
ignored these findings until the success of Ehrlich’s new chemotherapeutic agent Salvarsan (Figure 1.2 a).
Indeed, this important discovery paved the way to the modern research in the field of inorganic medicinal
chemistry, leading to the development of the clinically-established gold(l)-based anti-arthritic drugs (see
Section 1.1) [75]. In particular, since the 1930s, gold(l) thiolates such as aurothiomalate (Myocrysine, Figure
1.2 b) have been widely used for the treatment of rheumatoid arthritis (the so-called Chrysotherapy), and in
1979 auranofin (Ridaura, Figure 1.2 c) was introduced in the pharmacopoeia with the significant advantage
of oral administration. To date, chrysoterapy still represents an effective option for the treatment of severe
forms of arthritis, although it is being progressively replaced by the so-called biological drugs [307].

Concerning the mechanism of action of this class of drugs, it is commonly accepted that gold-based drugs are
“thiol-reactive species” and act as inhibitors of a number of proteases (mostly cysteine proteases), involved
in the progression of rheumatoid arthritis [308, 309]. Moreover, auranofin and some related gold complexes
are strong inhibitors of the mammalian thioredoxin reductases (TrxR), both in the cytosol and in the
mitochondria [310]. Due to its antioxidant properties, the TrxR system protects cells from oxidative stress,
which is a key factor in DNA damage. Moreover, TrxR is overexpressed in several human tumor cell lines, and
potent chemotherapeutics, such as cisplatin and carmustine (1,3-bis(2-chloroethyl)-1-nitrosurea), are
inhibitors of this enzyme [311]. Overall, since the drug auranofin was identified as a TrxR inhibitor and it is
nowadays under clinical trial investigation as antiblastic agent (e.g., for the treatment of lung cancers,
leukemia and ovarian cancer), in recent years researchers have explored the antiproliferative properties of
many gold(l)/(Il1) derivatives [312-314]. Indeed, only in the last five years, 22 patents have been file to protect
gold compounds with promising biomedical therapeutic properties [315]. Concerning anticancer gold(l)
complexes, most of the derivatives presented in literature contain a thiolate group (S’) and/or a phosphine
ligand, designed and developed starting from the structure and activity of auranofin. For these compounds,
a strong anticancer activity against lung cancer was observed in vivo, especially in the case of aurothioglucose
(ATG, Figure 7.1 a), an analogue of aurothiomalate [316]. Moreover, it is worth noting that the intramuscular
injection of sodium aurothiomalate produces lysosomes (aurosomes) characterized by particle and granule-
studded electron-dense membranous formations with a rod-like structure [317]. This behavior could be
associated with a reduction of the Au(l) ion to Au(0) in the cell, generating inert species responsible for the

low toxicity of these drugs [318]. On the other hand, the significant cytotoxic activity of the four coordinated
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gold(l)-phosphine product [Au(dppe).]Cl (dppe= bis(diphenylphosphino)ethane, Figure 7.1 b) was
counterbalanced by severe heart toxicity in dogs and rabbits, probably caused by high lipophilicity and
reactivity, which led to mitochondrial dysfunction [319]. After exploring different ligands to develop new
anticancer gold(l) complexes, the electron-donating NHC ligand (N-heterocyclic carbene) was studied to form
[Au(NHC),]Cl derivatives (Figure 7.1 c). NHC forms strong metal-C bonds, and these Au(l) compounds showed
micromolar antiangiogenic and antiproliferative activity in vivo. In particular, these products inhibited the
TrxR system, as well as they induced mitochondrial membrane permeabilization (MMP) [320], a release of
proteins from the intermembrane space of mitochondria, defined as the pivotal event in the apoptotic
process [321]. Finally, the versatility and the great ability of the gold(l) center to interact with different donor-
atoms, led to the development of other Au(l)-alkynyl-phosphino [Au(PRs)(alkynyl)] and Au(l)-thiourea
complexes (Figure 7.1 d, e respectively). Both gold(l) derivatives inhibited the TrxR system and demonstrated

in vivo anticancer activity against human tumors inoculated in mice [322, 323].
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Figure 7.1 Chemical structure of some gold(l) derivatives with proved anticancer effects against human tumors, both in
vitro and in vivo: aurothioglucose (ATG) a, the four coordinated gold(l)-phosphine product [Au(dppe).]Cl (dppe=
bis(diphenylphosphino)ethane) b, the gold(l)-NHC derivatives (N-heterocyclic carbene) of the type [Au(NHC):]Cl c, the
alkynyl compounds [Au(PRs)(alkynyl)] (R= -Ph, -2-fuyl, PTA, -CHs, -CHCHs3) d, and the thiourea derivative
[Au(thiourea)]Cl e.
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Concerning gold(lll)-based complexes, it is worth underlining that they appear natural alternatives to
platinum(ll)-based drugs, since Au(lll) is isoelectronic with Pt(Il) (d¢® electronic configuration) and these two
ions share the same coordination geometry, square planar (SP) [324]. However, DNA seems not to be the
main target of this class of gold compounds [325]. As an example, studies on the bipyridine complex
[Au(bipy)(OH),][PFe] (Figure 7.2 a) indicated that the interaction of the compound with DNA is weak and
reversible [326]. Moreover, some porphyrin derivatives of the type [Au(TPP)] Cl (TPP= tetraphenylporphyrin,
Figure 7.2 b) showed nanomolar activity against cisplatin-resistant cancer cell lines, being indicative of a
molecular mechanism different from cisplatin [327]. In particular, similarly to the case of gold(l) derivatives,
for these compounds the inhibition of TrxR system was observed, [314]. On the other hand, the research of
a class of ligands able to better stabilize Au(lll) in physiological environment compared to porphyrins, led to
the development of the two C-deprotonated CANAC and CAN coordinating systems derived from 2,6-
diphenylpiridine and 2-[(dimethylamino)methyl]-phenyl (damp), respectively (Figure 7.2 c, d) [328, 329].
Both the ligands prevented the reduction Au(lll)=>Au(l) under physiological conditions. These complexes
displayed promising tumor growth inhibition in animal models, associated with toxicity studies that revealed
a lethal dose (LD) in mice between 9.0 and 13.5 mg kg upon single i.v. administration. The TrxR system
resulted again inhibited by both types of complexes, leading to mitochondria dysfunction induced by reactive
oxygen species [314]. This intracellular target seems to be involved also in the cytotoxic activity of Au(lll)-
NHC complexes of the type [AuL(NHC)]OTf (L= 2,6-(bis-imidazol-2-yl)pyridine, (Figure 7.2 e). In particular,
these compounds undergo physiological reduction with L release (reaction experimentally monitored by
fluorescence analysis of L), and generation of the active species Au(l)-NHC [330].

Contrary to the previously described Au(lll) complexes, based on C- and N-donor ligands, despite of the
“harder” Lewis acid character of Au(lll) than Au(l), gold(lll)-based derivatives were developed with S-donor
atoms, mainly with dithiocarbamates as ligands (see Section 7.2), in light of the borderline “hard-soft” nature
of this oxidation state [331]. These complexes demonstrated an excellent in vitro and in vivo antiproliferative
activity against cisplatin-resistant tumors, and an excellent toxicological profile [332, 346]. Moreover, the
Au(ll)-DTC complex [AuBr,(DMDT)] (Figure 7.2 f) was demonstrated to inhibit the TrxR activity, due to its
irreversible binding to the enzyme catalytic site, as well as the proteasomal chymotrypsin-like activity in vivo

[333].
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Figure 7.2 Chemical structure of some gold(lll) complexes with cytotoxic potential against human tumor cell lines: the
bipyridine complex [Au(bipy)(OH)2][PFs] a, the porphyrin derivative [Au(TPP)]Cl (TPP= tetraphenylporphyrin) b, the
gold(lll) compound derived from C-deprotonated ligands of the type CANAC, [Au(CANAC)L]OTF, (CANAC= 2,6-
diphenylpiridine; L= pyridine, PPhs, methyl-1H-imidazole, NHC) ¢, the analogue derived from C-deprotonated ligands of
the type CAN, [AuXz2(damp)] (X= Cl, OAc, DTC, malonato; damp= 2-[(dimethylamino)methyl]-phenyl ligand) d, the Au(lll)-
NHC complexes [AuL(NHC)]OTf (L= 2,6-(bis-imidazol-2-yl)pyridine e, and the Au(lll)-DTC complex [AuBr2(DMDT)] f.

7.2 Gold(lll) dithiocarbamates as anticancer agents

The first synthesis of gold-dithiocarbamato complexes is undefinable but, in a seminal paper of 1907,
Delepine reported the synthesis of a range of aliphatic DTC salts and also their derivatives of some transition
metals, including gold [334]. Afterwards, between 1930 and 1949, Gibson and coworkers synthetized many
mono- and dialkyl-gold derivatives derived from trivalent gold with coordination number 4 [335]. However,
the chemistry of this class of compounds was deeply investigated only in the 1960s by a group of Dutch
scientists at the Universities of Nijmegen and Utrecht [336-339], and more recently by Preti and coworkers
in 1980s [340]. In particular, the former synthetized both gold(l) and gold(lll) dithiocarbamato derivatives,
observing that the addition of DTC ligand to an Au(lll) precursor according to different stoichiometries, led
to different species (Figure 7.3). To better understand this behavior, we can consider the simple addition of
an equivalent of DTC ligand to an aqueous solution of NaAu'"'Cls. Immediately a precipitate forms, made up
of two different species: the neutral [Au"X,(DTC)] and the ionic [Au"(DTC),]*[Au"X4] (Figure 7.3 a). Moreover,
the dissolution of this mixture in a halogenated solvent (e.g., CH,Cl,) leads to the conversion of the ionic
complex to neutral one (Figure 7.3 b). Finally, the pure species [Au"X»(DTC)] can be synthetized using an
adequate precursor or by oxidative addition of halogen (Cl, and Br;) to the corresponding Au(l)-DTC precursor

(Figure 7.3 c). To obtain the ionic complex [Au"(DTC),]X, 1 equivalent of DTC ligand should be added to the
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[AuXy(DTC)] (Figure 7.3 d). Both species [Au"X,(DTC)] and [Au"(DTC),]* involve a near square-planar

geometry with a S; coordination core characterized by a small bite angle of the DTC ligand [338].
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Figure 7.3 Classes of syntheses involving gold(Ill) and the DTC ligand: the aqueous synthesis using NaAu"'Cls leads to the
generation of the neutral [Au"X2(DTC)] and the ionic [Au"(DTC):2]*[Au'X4] species a, and the latter could be converted
to the first in halogenated solvents b. There is the possibility to obtain pure species: in the case of the neutral complex,
one can use AuXspy (X= Cl, Br; py= pyridine) + 1 equivalent of DTC salt, or a reaction of oxidative addition of X, (X= Cl,
Br) to the gold(l) complex [Au'2(DTC):] ¢; on the other hand, the ionic complex of the type [Au"(DTC)2]X is synthetized
by addition of 1 equivalent of DTC ligand to [Au"X>(DTC)] d.

The interest in these compounds grew in our research group because they combine the anticancer properties
of the Au(lll) center with the stabilizing properties of the dithiocarbamates [341, 342]. As a proof of this, the
standard reduction potential of the couple Au(lll)-Au(0) passes from 1.002 V for [AuCls]" to -0.22 V for
[Au(DMDT),]* [343], consistent with a large stabilization of the +3 oxidation state upon coordination with
DTC ligands. Our first generation of compounds of the type [AuBr,(DTC)] (DTC= DMDT Figure 7.2 f, ESDT,

Figure 7.4 a) were tested in vitro for their antiproliferative activity against numerous human tumor cell lines,




Gold Dithiocarbamates

and they proved cytotoxic also against cisplatin-resistant cancers, recording IC50 values in most cases lower
than 10 uM. Moreover, in vivo studies with mice bearing androgen-resistant prostate cancer (PC3 cells)
demonstrated the efficacy of [AuBro(DMDT)] causing a 85% tumor reduction after every other day s.c.
injection of 1 mg kg of complex for 19 days [344]. In addition, these complexes were well tolerated by
animals, as confirmed by toxicological studies in rodents, which displayed no renal toxicity, no

histopathological changes in the observed most important organs, with a LDso= 30 mg kg [345].
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Figure 7.4 Chemical structures of investigated Au(lll) neutral dithiocarbamato complexes: the sarcosine ethyl ester
compound of the “first generation” [AuBr2(ESDT)] a, the representative “second generation” peptidomimetic derivative
[AuBr2(A1A2DTC)] where A1= sarcosine and A2= 2-amino-isobutyric tert-butyl ester, a non-natural amino acid b, and the
[AuX2(PDT)] complex (X=Cl, Br) c.

Our second generation of gold(lll)-DTC derivatives is related to complexes of the type [AuBry(A;A,DTC)]
where A;A;DTC stands for an esterified peptide dithiocarbamate (A;= sarcosine; A,= glycine or 2-amino-
isobutyric tert-butyl ester, Figure 7.4 b) [346]. These compounds were indeed designed to achieve cancer-
selective drug delivery and improved intracellular transfer, by exploiting the transporters PEPT1 and PEPT2,
mammalian membrane proteins responsible for the cellular uptake of di- and tri-peptides and peptide-like
drugs, being overexpressed in certain types of tumors [347]. Their anticancer activity was tested in vitro
towards the human “orphan tumors” triple-negative breast cancer (MDA-MB-231 cell line) and castration
resistant prostate cancer (PC3 cell line), with ICso values (72-h treatment) in the low micromolar range. Then,
in vivo experiments in mice showed a 53% of tumor growth inhibition compared to control in the case of the
breast cancer (1 mg kg* day? after a 27-day treatment), whereas a 70 % inhibition was recorded against
theprostate cancer (2 mg kg every other day for 19 days). As observed for the first-generation compounds,
no toxicity or histologically-observable side effects were observed in the major organs [332, 348].

Concerning the mechanism of action of Au(lll)-DTC derivatives, the complexes of both the first and second
generation are able to inhibit the activity of 20S and 26S proteasome in highly metastatic MDA-MB-231

cancer cells, in vitro and in vivo, resulting in the accumulation of ubiquitinated proteins [349]. Moreover, the
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investigated complexes are able to reduce the thioredoxin reductase activity and generate free radicals, thus
modifying some mitochondrial functions [350]. Finally, in a recent paper, we demonstrated that novel
[AuX3(PDT)] complexes (X= Cl, Br, Figure 7.4 c) elicit oxidative stress with effects on the permeability

transition pore, whose opening is related to cell death [139].

7.3 Synthesis of the Au(l)/(lll) derivatives with the selected cyclic N,N-disubstituted

dithiocarbamato ligands

According to the previously reported observations on [AuX;(PDT)] complexes, in this PhD work we aimed to
evaluate the influence of the cyclic ligand structure on the cytotoxic activity of different dithiocarbamato
derivatives of gold(lll).

The [Au"X3(DTC)] complexes with X= Cl, Br (Figure 7.5 a) have been synthetized by oxidative addition of
halogen to the corresponding Au(l)-DTC precursor of the type [Au'2(DTC),] (Figure 7.5 b). The [AuXy(PDT)]
complex has been synthetized, characterized and tested in vitro under the same experimental conditions for
comparison purposes. Moreover, in the case of PipeDTC, the ionic complexes [Au"(DTC),]X (X= CI;, Br -,

[AuBr,];, [AuCly], Figure 7.5 c) were also synthetized for gaining further insights in terms of biological activity.
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Figure 7.5 Chemical drawning of the synthetized Au(l)/(111)-DTC complexes, [Au"X2(DTC)] complexes with X= Cl, Br a,
Au(1)-DTC derivatives of the type [Au'2(DTC):] b, and the ionic compound [Au"(DTC)2]X (X= CI, Br -, [AuBr2], [AuCla]) c.

7.3.1 Synthesis of Au(l) complexes with the selected cyclic N, N-disubstituted dithiocarbamato
ligands, [Au'2(DTC)]
The gold(l) complexes of the ligands PDT, PipeDTC, MorphDTC, IndolineDTC, ProOMeDTC, ProOtBuDTC, CDT,

IndDTC and PyrrDTC were obtained starting from a gold(l) solution, freshly prepared by dissolving 1 mmol of
NaAuCls-2H,0 in NaCl saturated water (10 mL) followed by reduction Au(lll)=>Au(l) with 1 mmol of Na,SOs;

at 0 °C under stirring. When the solution turned from orange (Au(lll)) into colorless(Au(l)), immediately 1
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mmol (1 eq) of the dithiocarbamato salt, dissolved in water (5 mL), was added, leading to the instantaneous
formation of an orange solid which for aliphatic derivatives turned into light green or marron (depending on
the nature of the ligand) by few minutes. The mixture was left under vigorous stirring for 5 minutes, and then
the precipitate was centrifuged, washed three times with 5mL of water and dried in vacuum in the presence

of P,0s.

Bis(pyrrolidine dithiocarbamate)digold(l), [Au,(PDT),]
Aspect: green-yellow solid

Yield: 91 %

R.f. (on silica gel): n.a.

Anal. Calc. for C1oH16AUN,Ss (MW = 686.44 g-mol™?): C 17.50; H 2.35; N 4.08; S 18.68. Found: C 17.45; H 2.33;
N 4.09; S 18.88.

H-NMR (DMSO-dG, 300.13 MHZ)I 6 (ppm) =1.80 (m, 8H, H(3) + H(4)), 3.48 (m, 8H, H(z) + H(5)).
Medium FT-IR (KBr): ¥ (cm™) = 2963.93, 2866.22 (va, C-H); 1428.25 (va, N-CSS); 953.75 (va, CSS).

Far FT-IR (nujol): ¥ (cm™) = 558.78 (vs, CSS); 451.04 (va, Au-S).

Bis(piperidine dithiocarbamate)digold(l), [Au:(PipeDTC);]
Aspect: green-yellow solid

Yield: 98 %

R.f. (on silica gel): n.a.

Anal. Calc. for C12H20AuN,Ss (MW = 714.49 g-mol™?): € 20.17; H 2.82; N 3.92; S 17.95. Found: C 20.20; H 2.82;
N 3.99; S 17.89.

1H-NMR (DMSO-dg, 600 MHz): & (ppm) = 0.85 (m, 12H, Hiz) + Hia + His)), 4.13 (m, 8H, Hez) + Hie)).
Medium FT-IR (KBr): ¥ (cm™) = 2934.15, 2846.67 (va, C-H); 1427.69 (va, N-CSS); 967.97 (va, CSS).

Far FT-IR (nujol): ¥ (cm™) = 556.72 (v, CSS); 478.93 (v, Au-S).

Bis(morpholine dithiocarbamate)digold(l), [Au,(MorphDTC),]
Aspect: green solid

Yield: 91 %
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R.f. (on silica gel): n.a.

Anal. Calc. for CioH16AU;N,0,S4 (MW = 718.44 g-mol™?): C 16.72; H 2.24; N 3.90; S 17.85. Found: C 16.62; H
2.45; N 3.99; S 17.66.

H-NMR (DMSO-ds, 300.13 MHz): & (ppm) = 3.72 (t, 8H, Hez) + Hg), 4.18 (t, 8H, Hz) + His)).

Medium FT-IR (KBr): ¥ (cm!) = 2964.06, 2852.55 (va, C-H); 1417.16 (va, N-CSS); 1107.83 (va, C-O); 993.02 (va,
CsS).

Far FT-IR (nujol): ¥ (cm™) = 541.35 (vs, CSS); 462.02 (va, Au-S).

Bis(indoline dithiocarbamate)digold(l), [Aux(IndolineDTC),]
Aspect: brown-orange solid

Yield: 96 %

R.f. (on silica gel): n.a.

Anal. Calc. for C1gH16AU2N,Sa (MW = 782.53 g-mol™?): C 27.63; H 2.06; N 3.58; S 16.39. Found: C 27.65; H 2.09;
N 3.54; S 16.50.

1H-NMR (DMSO-dg, 300.13 MHz): & (ppm) = 3.20 (t, 4H, H(3), 4.59 (t, 4H, H2), 7.28 (m, 4H, Hs) + Hie), 7.43 (d,
2H, Ha), 8.63 (d, 2H, Hp).

Medium FT-IR (KBr): ¥ (cm™) = 2991.12 (v,, C-H); 1473.49, 1458.24 (v, C=C ring); 1375.82 (v, N-CSS); 1070.09
(va, CSS); 749.38 (5, C-H).

Far FT-IR (nujol): ¥ (cm™) = 556.25 (v, CSS); 467.17 (va, Au-S).

Bis(L-proline methyl ester dithiocarbamate)digold(l), [Au,(ProOMeDTC),]
Aspect: beige solid

Yield: 83 %

R.f. (on silica gel): n.a.

Anal. Calc. for C14H20Au2N204S, (MW = 802.51 g'-mol™?): C 20.95; H 2.51; N 3.49; S 15.98. Found: C 21.12; H
2.64; N 3.38; S 15.92.

IH-NMR (DMSO-ds, 300.13 MHz): & (ppm) = 2.06 (m, 8H, Hes + H), 3.69 (s, 6H, O-CHs), 3.82-3.89 (m, 4H,
H(S)), 4.94 (S, ZH, H(Z))-
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Medium FT-IR (KBr): ¥ (cm™) = 2952.82 (va, C-H); 1738.78 (v, C=0); 1418.46 (v, N-CSS); 1158.52 (v, C-OMe);
950.14 (v,, CSS).

Far FT-IR (nujol): ¥ (cm™) = 552.59 (vs, CSS); 452.10 (v, Au-S).

Bis(L-proline tert-butyl ester dithiocarbamate)digold(l), [Au,(ProOtBuDTC),]
Aspect: beige solid

Yield: 81 %

R.f. (on silica gel): n.a.

Anal. Calc. for CyH32Au;N,04Ss (MW = 886.67 g-mol™?): C 27.09; H 3.64; N 3.16; S 14.17. Found: C 27.28; H
3.72; N 3.11; S 14.32.

'H-NMR (DMSO-ds, 300.13 MHz): & (ppm) = 1.45 (s, 18H, O-C(CHs)s), 2.10 (m, 8H, Hg) + H4), 3.84-3.91 (m,
4H, Hs), 4.98 (s, 2H, Hp2).

Medium FT-IR (KBr): ¥ (cm!) = 2973.43 (va, C-H); 1733.78 (v, C=0); 1412.10 (va, N-CSS); 1156.90 (v,, C-OtBu);
964.82 (Va, CSS).

Far FT-IR (nujol): ¥ (cm™) = 535.91 (vs, CSS); 444.31 (va, Au-S).

Bis(carbazole dithiocarbamate)digold(l), [Au,(CDT),]
Aspect: dark orange solid

Yield: 97 %

R.f. (on silica gel): n.a.

Anal. Calc. for CasH16AU2N2S4 (MW = 878.61 g-mol?): C35.54; H 1.84; N 3.19; S 14.60. Found: C 35.71; H 1.96;
N 3.17;S 14.75.

1H-NMR (DMSO-dg, 300.13 MHz): & (ppm) = 7.14-7.71 (m, 8H, Hg) + Hua + His) + Hg), 8.12-8.72 (m, 8H, Hy +

Hz)+ Hz) + Hg).

Medium FT-IR (KBr): ¥ (cm™) = 3047.18 (va, C-H); 1438.28 (v, C=C ring); 1285.62 (va, N-CSS); 1023.11 (v,, CSS);
831.11 (w, C-H); 739.06, 710.79 (6, C-H).

Far FT-IR (nujol): ¥ (cm™) = 560.62 (vs, CSS); 464.05 (va, Au-S).
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Bis(indole dithiocarbamate)digold(l), [Auz(IndDTC),]
Aspect: yellow-orange solid

Yield: 95 %

R.f. (on silica gel): n.a.

Anal. Calc. for C1gH12AUN,Ss (MW = 778.49 g-mol™?): C 27.77; H 1.55; N 3.60; S 16.48. Found: C 27.65; H 1.71;
N 3.52; S 16.32.

1H-NMR (DMSO-ds, 300.13 MHz): & (ppm) = 6.68-6.69 (d, 2H, H), 7.21 (t, 2H, Hs), 7.29 (t, 2H, H), 7.59-
7.60 (d, 2H, H), 8.36 (d, 2H, H(2), 8.96-8.97 (d, 2H, H).

Medium FT-IR (KBr): ¥ (cm™) = 3142.99, 3046.85 (va, C-H); 1444.20 (v, C=C ring); 1314.02 (va, N-CSS); 1008.07
(Va, CSS); 828.45 (w, C-H); 738.23, 722.56 (8, C-H).

Far FT-IR (nujol): ¥ (cm™) = 567.62 (vs, CSS); 469.95 (v,, Au-S).

Bis(pyrrole dithiocarbamate)digold(l), [Auz(PyrrDTC),]
Aspect: red-orange solid

Yield: 92 %

R.f. (on silica gel): n.a.

Anal. Calc. for C1oHgAuU,N2S, (MW = 678.38 g'mol™?): C17.71; H 1.19; N 4.13; S 18.19. Found: C 17.89; H 1.22;
N 4.24; S 18.38.

1H-NMR (DMSO-ds, 300.13 MHz): & (ppm) = 6.29 (s, 4H, Hes) + Hu), 6.88 (s, 4H, Hiz) + His)).

Medium FT-IR (KBr): ¥ (cm™) = 3139.71 (v,, C-H); 1456.26 (v, C=C ring); 1284.38 (va, N-CSS); 1010.63 (va, CSS);
819.95 (w, C-H); 720.12 (§, C-H).

Far FT-IR (nujol): ¥ (cm™) = 556.75 (vs, CSS); 463.71 (va, Au-S).

7.3.2 Synthesis of Au(lll) dithiocarbamato dichloro complexes, [Au'"'Cly(DTC)]
The dichlorodithiocarbamatogold(lll) derivatives of the ligands PDT, PipeDTC, MorphDTC, IndolineDTC,

ProOMeDTC, ProOtBuDTC, CDT, IndDTC and PyrrDTC were synthetized as follows. 0.5 mmol of gold(l)-DTC
complex were suspended in 20 mL of halogenated solvent (chloroform or dichloromethane) and the mixture
was refluxed under stirring. After 10 minutes an excess of Cl,, generated in a separate flask by mixing 300 mg
of MnO; with 3 mL of concentrated HCI, was gurgled for 1 hour. It was possible to observe that, after some

minutes, the solution turned brown with the dissolution of the Au(l) precursor, and then became yellow.
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After an additional hour, the reaction flask was cooled, the mixture filtered and the volume of the solvent
half-reduced. Successively, 40 mL of diethyl ether were added, leading to the precipitation of a yellow-orange
solid that was filtered, washed with 2x 4 mL of diethyl ether and 2x 5mL of distilled water, and dried in pump

in the presence of P,0s.

Dichloro(pyrrolidine dithiocarbamate)gold(lll), [AuCl>(PDT)]
Aspect: light orange solid

Yield: 88 %

R.f. (on silica gel, CH,Cl,): 0.79

Anal. Calc. for CsHsAuCINS; (MW = 414.13 g-mol™): C 14.50; H 1.95; N 3.38; S 15.49. Found: C 14.52; H 1.92;
N 3.39; S 15.38.

1H-NMR (DMSO-ds, 300.13 MHz): & (ppm) = 2.05 (m, 4H, Hg) + Ha), 3.81 (m, 4H, H) + Hgs).
Medium FT-IR (KBr): ¥ (cm™) = 2980.15, 2946.81 (va, C-H); 1587.97 (va, N-CSS); 943.77 (va, CSS).

Far FT-IR (nujol): ¥ (cm™) =536.73 (vs, CSS); 375.34 (va, Au-S); 351.75 (va, Au-Cl); 338.52 (vs, Au-S); 314.83 (vs,
Au-Cl).

Dichloro(piperidine dithiocarbamate)gold(lll), [AuCl,(PipeDTC)]
Aspect: dark yellow solid

Yield: 93 %

R.f. (on silica gel, CH.Cl,): 0.86

Anal. Calc. for CsHsAUuCI,NS; (MW = 428.15 g-mol™?): C 16.83; H 2.35; N 3.27; S 14.98. Found: C 16.86; H 2.37;
N 3.21; S 15.02.

'H-NMR (DMSO-ds, 600 MHz): & (ppm) = 1.72 (s, 6H, H(3) + Ha) + His)), 3.82 (s, 4H, Hpz) + Hig)).
Medium FT-IR (KBr): ¥ (cm™) = 2944.60, 2858.64 (v,, C-H); 1581.42 (va, N-CSS); 947.36 (va, CSS).

Far FT-IR (nujol): ¥ (cm™) = 539.66 (vs, CSS); 366.20 (va, Au-S); 349.71 (va, Au-Cl); 334.59 (v, Au-S); 315.67 (vs,
Au-Cl).

Dichloro(morpholine dithiocarbamate)gold(lll), [AuCl;(MorphDTC)]

Aspect: pink-orange solid




Gold Dithiocarbamates

Yield: 89 %
R.f. (on silica gel, CH,Cl,): 0.54

Anal. Calc. for CsHsAuCl,NOS; (MW = 430.13 g-mol™*): C13.96; H 1.87; N 3.26; S 14.91. Found: C 14.03; H 1.92;
N 3.19; S 14.80.

1H-NMR (DMSO-ds, 300.13 MHz): & (ppm) = 3.80-3.82 (m, 4H, Hp) + He), 3.88-3.89 (m, 4H, Hi) + Hs)).

Medium FT-IR (KBr): ¥ (cm?) = 2983.71, 2929.91, 2870.89 (va, C-H); 1572.21 (v,, N-CSS); 1109.10 (v., C-O);
993.32 (va, CSS).

Far FT-IR (nujol): ¥ (cm™) = 543.46 (vs, CSS); 364.39 (va, Au-S); 357.21 (va, Au-Cl); 337.85 (vs, Au-S); 317.83 (vs,
Au-Cl).

Dichloro(indoline dithiocarbamate)gold(lll), [AuCly(IndolineDTC)]
Aspect: pink-orange solid

Yield: 89 %

R.f. (on silica gel, CH,Cl,): 0.92

Anal. Calc. for CoHsAUCINS; (MW = 462.17 g-mol™): C 23.39; H 1.74; N 3.03; S 13.88. Found: C 23.47; H 1.75;
N 3.07; S 13.74.

'H-NMR (DMSO-dg, 300.13 MHz): 6 (ppm) = 3.38 (t, 2H, H3)), 4.51 (t, 2H, Hp), 7.44 (m, 2H, Hs) + Hg), 7.56-
7.58 (d, 1H, H(4), 8.05-8.07 (d, 1H, H).

Medium FT-IR (KBr): ¥ (cm™) = 2998.65, 2937.52 (va, C-H); 1540.70 (va, N-CSS); 1473.66, 1460.19 (v, C=C ring);
1074.82 (va, CSS); 751.61 (6, C-H).

Far FT-IR (nujol): ¥ (cm™) = 553.12 (vs, CSS); 381.82 (va, Au-S); 367.82 (va, Au-Cl); 339.07 (vs, Au-S); 318.79 (vs,
Au-Cl).

Dichloro(i-proline methyl ester dithiocarbamate)gold(lll), [AuCl,(ProOMeDTC)]
Aspect: orange solid

Yield: 89 %

R.f. (on silica gel, CHxCl,): 0.51

Anal. Calc. for C;H10AUCI,NO,S; (MW = 472.16 g-mol™?): C 17.81; H 2.13; N 2.97; S 13.58. Found: C 17.86; H
2.22; N 2.90; S 13.65.
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1H-NMR (DMSO-ds, 300.13 MHz): & (ppm) = 2.01-2.40 (4m, 4H, H) + Hia), 3.76 (s, 3H, O-CHs), 3.92-4.01 (2m,
2H, Hs)), 5.16-5.17 (dd, 1H, H).

Medium FT-IR (KBr): ¥ (cm™) = 2951.38 (v,, C-H); 1746.56 (v, C=0); 1559.95 (va, N-CSS); 1173.93 (v, C-OMe);
979.24 (v,, CSS).

Far FT-IR (nujol): ¥ (cm™) = 546.77 (v, CSS); 381.91 (va, Au-S); 359.01 (va, Au-Cl); 339.07 (vs, Au-S); 318.79 (vs,
Au-Cl).

Dichloro(i-proline tert-butyl ester dithiocarbamate)gold(lll), [AuCl;(ProOtBuDTC)]
Aspect: yellow-orange needles

Yield: 86 %

R.f. (on silica gel, CH,Cl,): 0.64

Anal. Calc. for C10H16AuClNO,S; (MW = 514.24 g-mol™): C 23.36; H 3.14; N 2.72; S 12.47. Found: C 23.50; H
3.05; N 2.60; S 12.65.

'H-NMR (DMSO-ds, 300.13 MHz): 6 (ppm) = 1.45 (s, 9H, O-C(CHs)s), 1.97-2.40 (4m, 4H, Hz) + H), 3.92-3.99
(2m, 2H, Hs)), 5.01-5.02 (dd, 1H, H).

Medium FT-IR (KBr): ¥ (cm!) = 2975.38 (va, C-H); 1737.74 (v, C=0); 1558.38 (va, N-CSS); 1146.04 (v,, C-OtBu);
950.15 (Va, CSS).

Far FT-IR (nujol): ¥ (cm™) = 545.20 (vs, CSS); 380.68 (va, Au-S); 358.23 (va, Au-Cl); 341.14 (v, Au-S); 319.14 (vs,
Au-Cl).

Dichloro(carbazole dithiocarbamate)gold(lll), [AuCl,(CDT)]
Aspect: dark yellow solid

Yield: 89 %

R.f. (on silica gel, CH,Cl,): 0.99

Anal. Calc. for C13HsAuCINS; (MW =510.21 g-mol™?): C 30.60; H 1.58; N 2.75; S 12.57. Found: C 30.78; H 1.49;
N 2.62; S 12.48.

'H-NMR (DMSO-ds, 300.13 MHz): § (ppm) = 7.15 (t, 2H, H@) + He), 7.47 (d, 2H, Hu) + H(s)), 8.14-8.15 (m, 2H,
H) + Hiz), 8.56-8.58 (d, 2H, H() + Hg).
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Medium FT-IR (KBr): ¥ (cm™) = 3059.79 (va, C-H); 1492.04, 1451.11 (v, C=C ring); 1349.67 (v, N-CSS); 1041.89
(va, CSS); 854.82 (w, C-H); 748.64, 707.54 (8, C-H).

Far FT-IR (nujol): ¥ (cm™) = 574.41 (vs, CSS); 408.47 (va, Au-S); 378.03 (vs, Au-S); 357.83 (va, Au-Cl); 321.90 (vs,
Au-Cl).

Dichloro(indole dithiocarbamate)gold(lll), [AuCly(IndDTC)]
Aspect: dark yellow solid

Yield: 89 %

R.f. (on silica gel, CH,Cl,): 0.98

Anal. Calc. for CsHgAuClNS, (MW = 460.15 g-mol™): C 23.49; H 1.31; N 3.04; S 13.94 Found: C 23.65; H 1.13;
N 3.16; S 14.08.

'H-NMR (DMSO-ds, 300.13 MHz): & (ppm) = 7.04 (s, 1H, H3), 7.12 (s, 1H, Hu), 7.33 (s, 2H, Hs) + He), 8.27 (s,
1H, H(2), 8.85 (s, 1H, Hp).

Medium FT-IR (KBr): ¥ (cm™) = 3102.12 (va, C-H); 1480.68, 1462.24 (v, C=C ring); 1357.82 (va, N-CSS); 1095.44
(Va, CSS); 859.26 (w, C-H); 748.92, 706.63 (8, C-H).

Far FT-IR (nujol): ¥ (cm™) = 564.06 (vs, CSS); 409.33 (va, Au-S); 381.73 (vs, Au-S); 347.36 (va, Au-Cl); 324.00 (vs,
Au-Cl).

Dichloro(pyrrole dithiocarbamate)gold(lll), [AuCl;(PyrrDTC)]
Aspect: dark yellow solid

Yield: 78 %

R.f. (on silica gel, CH,Cl,): 0.93

Anal. Calc. for CsH4AUCI,NS; (MW =410.09 g-mol™?): C 14.64; H 0.98; N 3.42; S 15.64. Found: C 14.81; H 1.11;
N 3.45; S 15.88.

1H-NMR (DMSO-ds, 300.13 MHz): & (ppm) = 6.15-6.16 (d, 2H, Hes) + Ha), 6.57-6.58 (d, 2H, He) + Hs)).

Medium FT-IR (KBr): ¥ (cm™) = 3090.23, 2958.37 (va, C-H); 1479.58 (v, C=C ring); 1345.15 (v,, N-CSS); 1022.79
(va, CSS); 842.63 (w, C-H); 762.79 (6, C-H).

Far FT-IR (nujol): ¥ (cm™) = 567.43 (vs, CSS); 413.46 (va, Au-S); 380.98 (vs, Au-S); 347.42 (va, Au-Cl); 320.83 (vs,
Au-Cl).
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7.3.3 Synthesis of Au(lll) dithiocarbamato dibromo complexes, [Au"Br,(DTC)]
The dibromodithiocarbamatogold(lll) derivatives of the ligands PDT, PipeDTC, MorphDTC, IndolineDTC,

ProOMeDTC, ProOtBuDTC, CDT, IndDTC and PyrrDTC were synthetized with the same strategy of the dichloro
counterparts, as presented in Section 7.3.2. An excess of bromine was directly added to the Au(l)-DTC
suspension (100 equivalents of liquid Br, previously dissolved in dichloromethane), and the solution turned
immediately deep red, and then orange. After an additional hour, the reaction flask was cooled, the mixture
filtered and the volume of the solvent half-reduced. Successively, 40 mL of diethyl ether were added, leading
to the precipitation of an orange solid that was filtered, washed with 2x 4 mL of diethyl ether and 2x 5mL of

distilled water, and dried in pump in the presence of P,0s.

Dibromo(pyrrolidine dithiocarbamate)gold(lll), [AuBr,(PDT)]
Aspect: orange solid

Yield: 94 %

R.f. (on silica gel, CH,Cl,): 0.75

Anal. Calc. for CsHgAuBr,NS; (MW = 503.03 g-mol™?): C 11.94; H 1.60; N 2.78; S 12.75. Found: C 12.01; H 1.65;
N 2.90; S 12.79.

H-NMR (DMSO-dG, 300.13 MHZ)I 6 (ppm) =2.04 (m, 4H, H(3) + H(4)), 3.79 (m, 4H, H(z) + H(5)).
Medium FT-IR (KBr): ¥ (cm™) = 2974.48, 2951.88 (va, C-H); 1585.73 (va, N-CSS); 943.07 (va, CSS).

Far FT-IR (nujol): ¥ (cm™) = 538.94 (vs, CSS); 372.67 (va, Au-S); 337.91 (vs, Au-S); 239.82 (va, Au-Br); 218.33 (vs,
Au-Br).

Dibromo(piperidine dithiocarbamate)gold(lll), [AuBr2(PipeDTC)]
Aspect: orange needles

Yield: 96 %

R.f. (on silica gel, CHxCl,): 0.83

Anal. Calc. for CH10AuBr,NS, (MW = 517.05 g-mol™): C 13.94; H 1.95; N 2.71; S 12.40. Found: C 13.99; H 1.98;
N 2.73; S 12.42.

1H-NMR (DMSO-dg, 600 MHz): & (ppm) = 1.72 (s, 6H, Hz) + Huay + His)), 3.79 (s, 4H, Hpa) + Hig).-

Medium FT-IR (KBr): ¥ (cm™) = 2941.65 (va, C-H); 1573.91 (va, N-CSS); 941.52 (v, CSS).
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Far FT-IR (nujol): ¥ (cm™) = 538.90 (vs, CSS); 369.79 (va, Au-S); 350.61 (vs, Au-S); 239.11 (va, Au-Br); 223.85 (vs,
Au-Br).

Dibromo(morpholine dithiocarbamate)gold(lll), [AuBra(MorphDTC)]
Aspect: light orange solid

Yield: 95 %

R.f. (on silica gel, CH,Cl,): 0.55

Anal. Calc. for CsHsAuBr,NOS, (MW =519.03 g-mol™?): C11.57; H1.55; N 2.70; S 12.36. Found: C 11.68; H 1.64;
N 2.72;512.41.

H-NMR (DMSO-ds, 300.13 MHz): & (ppm) = 3.80-3.81 (m, 4H, Hp) + He), 3.85-3.87 (m, 4H, Hz) + Hs)).

Medium FT-IR (KBr): ¥ (cm™) = 2983.60, 2927.54, 2869.24 (va, C-H); 1561.66 (va, N-CSS); 1108.57 (va, C-O);
993.49 (v,, CSS).

Far FT-IR (nujol): ¥ (cm™) = 541.58 (vs, CSS); 357.80 (va, Au-S); 347.90 (vs, Au-S); 237.51 (v,, Au-Br); 220.11 (vs,
Au-Br).

Dibromo(indoline dithiocarbamate)gold(lll), [AuBr2(IndolineDTC)]

Aspect: light orange solid

Yield: 93 %

R.f. (on silica gel, CH,Cl,): 0.90

Anal. Calc. for CsHgAuBr,NS; (MW =551.07 g-mol™?): C 19.62; H 1.46; N 2.54; S 11.64. Found: C 19.71; H 1.48;
N 2.60; S 11.78.

'H-NMR (DMSO-ds, 300.13 MHz): & (ppm) = 4.49 (t, 2H, Hp), 7.43 (m, 2H, Hs) + Hg), 7.55-7.57 (d, 1H, Ha),
8.04-8.07 (d, 1H, Hp)).

Medium FT-IR (KBr): ¥ (cm™) = 3001.11 (va, C-H); 1535.90 (va, N-CSS); 1472.58, 1460.29 (v, C=C ring); 1074.79
(va, CSS); 747.78 (8, C-H).

Far FT-IR (nujol): ¥ (cm™) = 551.69 (vs, CSS); 376.44 (v,, Au-S); 358.67 (vs, Au-S); 236.51 (va, Au-Br); 220.68 (vs,
Au-Br).
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Dibromo(L-proline methyl ester dithiocarbamate)gold(lll), [AuBrz(ProOMeDTC)]
Aspect: orange needles

Yield: 91 %

R.f. (on silica gel, CH,Cl,): 0.53

Anal. Calc. for C7H10AuCl,NO,S, (MW = 561.06 g-mol™): C 14.98; H 1.80; N 2.50; S 11.43. Found: C 15.12; H
1.79; N 2.36; S 11.56.

1H-NMR (DMSO-ds, 300.13 MHz): & (ppm) = 2.00-2.41 (4m, 4H, H) + Hia), 3.76 (s, 3H, O-CHs), 3.91-3.99 (2m,
2H, H(s), 5.13-5.15 (dd, 1H, H).

Medium FT-IR (KBr): ¥ (cm) = 2949.35 (va, C-H); 1746.46 (v, C=0); 1550.36 (va, N-CSS); 1173.25 (va, C-OMe);
985.14 (va, CSS).

Far FT-IR (nujol): ¥ (cm™) = 544.59 (vs, CSS); 378.26 (va, Au-S); 349.40 (vs, Au-S); 237.49 (v,, Au-Br); 219.92 (vs,
Au-Br).

Dibromo(L-proline tert-butyl ester dithiocarbamate)gold(lll), [AuBr;(ProOtBuDTC)]
Aspect: orange needles

Yield: 90 %

R.f. (on silica gel, CH,Cl,): 0.66

Anal. Calc. for C1oH16AUCI;NO,S,; (MW = 603.14 g-mol™?): C 19.91; H 2.67; N 2.32; S 10.63. Found: C 20.02; H
2.70; N 2.29; S 10.71.

'H-NMR (DMSO-ds, 300.13 MHz): & (ppm) = 1.45 (s, 9H, O-C(CHs)3), 1.98-2.38 (4m, 4H, H(z) + Ha), 3.89-3.97
(2m, 2H, Hys)), 4.98-5.00 (dd, 1H, Hy).

Medium FT-IR (KBr): ¥ (cm™) = 2977.36 (va, C-H); 1736.46 (v, C=0); 1559.96 (va, N-CSS); 1146.69 (v, C-OtBu);
952.67 (va, CSS).

Far FT-IR (nujol): ¥ (cm™) = 540.70 (vs, CSS); 379.35 (va, Au-S); 344.53 (vs, Au-S); 238.34 (va, Au-Br); 219.02 (vs,
Au-Br).
Dibromo(carbazole dithiocarbamate)gold(ill), [AuBr,(CDT)]

Aspect: orange solid

Yield: 94 %
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R.f. (on silica gel, CH,Cl,): 0.99

Anal. Calc. for C13HsAuBraNS, (MW = 599.11 g-mol™): C 26.06; H 1.35; N 2.34; S 10.70. Found: C 26.19; H 1.37;
N 2.51; 5 10.88.

1H-NMR (DMSO-ds, 300.13 MHz): & (ppm) = 7.14 (t, 2H, H) + Hig), 7.45 (d, 2H, Hig + His), 8.13-8.14 (m, 2H,
Hp) + Hi7), 8.55-8.56 (d, 2H, Hiy) + Hyg).

Medium FT-IR (KBr): ¥ (cm™) = 3060.11 (va, C-H); 1491.19, 1450.39 (v, C=C ring); 1349.25 (va, N-CSS); 1041.10
(Va, CSS); 852.83 (w, C-H); 749.22, 707.51 (8, C-H).

Far FT-IR (nujol): ¥ (cm™) = 569.95 (vs, CSS); 407.96 (va, Au-S); 376.46 (vs, Au-S); 248.53 (v,, Au-Br); 222.82 (vs,
Au-Br).

Dibromo(indole dithiocarbamate)gold(lll), [AuBr(IndDTC)]
Aspect: orange solid

Yield: 89 %

R.f. (on silica gel, CH,Cl,): 0.96

Anal. Calc. for CsHsAuBr,NS; (MW = 549.06 g-mol™): C 19.69; H 1.10; N 2.55; S 11.68. Found: C 19.75; H 0.98;
N 2.33; S 11.86.

1H-NMR (DMSO-dg, 300.13 MHz): & (ppm) = 7.03 (s, 1H, Hg)), 7.11 (s, 1H, H), 7.31 (s, 2H, His) + Hie), 8.25 (s,
1H, Hpz), 8.82 (s, 1H, He)).

Medium FT-IR (KBr): ¥ (cm™) = 3101.70 (v,, C-H); 1484.04, 1448.33 (v, C=C ring); 1356.94 (v,, N-CSS); 1076.69
(va, CSS); 858.17 (w, C-H); 750.34, 705.58 (5, C-H).

Far FT-IR (nujol): ¥ (cm™) = 574.49 (vs, CSS); 408.70 (va, Au-S); 378.25 (vs, Au-S); 252.27 (va, Au-Br); 226.85 (vs,
Au-Br).

Dibromo(pyrrole dithiocarbamate)gold(lll), [AuBra(PyrrDTC)]
Aspect: orange solid

Yield: 85 %

R.f. (on silica gel, CHxCl,): 0.91

Anal. Calc. for CsHsAuClLNS, (MW = 499.00 g-mol™): C 12.03; H 0.81; N 2.81; S 12.85 Found: C 12.14; H 0.91;
N 3.00; S 12.69.
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1H-NMR (DMSO-ds, 300.13 MHz): & (ppm) = 6.14-6.15 (d, 2H, Hes) + Ha), 6.56-6.57 (d, 2H, Hp) + Hs)).

Medium FT-IR (KBr): ¥ (cm™) = 3099.21, 2958.58 (va, C-H); 1478.77 (v, C=C ring); 1345.40 (va, N-CSS); 1022.33
(va, CSS); 762.58 (6, C-H).

Far FT-IR (nujol): ¥ (cm™) = 577.58 (vs, CSS); 412.78 (va, Au-S); 377.37 (vs, Au-S); 232.85 (va, Au-Br); 214.74 (vs,
Au-Br).

7.3.4 Synthesis of ionic Au(lll) bis(piperidine dithiocarbamato)complexes, [Au"(PipeDTC),]X (X=Cl,
Br)
The ionic bis(dithiocarbamato)gold(lll) complexes [Au"(PipeDTC),]* with X (X= CI,, Br) as a counterion were

obtained by adding dropwise 1 mmol of the dithiocarbamato salt NaPipeDTC dissolved in methanol (2 mL) to
a solution containing 1 mmol of [AuX;(PipeDTC)] dissolved in 3 mL of dichloromethane. The deep orange
solution of the neutral Au(lll)-DTC complex became immediately yellow-orange. The completion of the
reaction was detected by TLC analysis. Then, the solvent was removed under reduced pressure, the residual
solid taken up with 1 mL of anhydrous dichloromethane and the NaX (X= Cl or Br) was removed by filtration.
At this point, the product was collected by precipitation with 10 mL of n-hexane, and dried in vacuum. These

ionic products resulted water-soluble.

Bis(piperidine dithiocarbamate)gold(lll) chloride, [Au(PipeDTC),]CI
Aspect: yellow-orange solid

Yield: 82 %

R.f. (on silica gel, CH,Cl,/MeOH 9:1): 0.12

Anal. Calc. for C12H20AuCIN,Ss (MW =552.98 g-mol™?): C 26.02; H 3.65; N 5.07; S 23.19. Found: C 26.07; H 3.71;
N 5.19; S 23.11.

'H-NMR (DMSO-ds, 600 MHz): & (ppm) = 1.74 (m, 12H, H@) + Ha) + His)), 3.83 (m, 8H, Hp) + Hg).
Medium FT-IR (KBr): ¥ (cm™) = 2936.83, 2861.75 (va, C-H); 1560.51 (va, N-CSS); 951.13 (va, CSS).
Far FT-IR (nujol): ¥ (cm™) = 511.54 (v, CSS); 414.36 (va, Au-S); 370.15 (vs, Au-S).

ESI-MS m/z, [M-CI*] found (calc.): 517.03 (517.02)

Bis(piperidine dithiocarbamate)gold(lll) bromide, [Au(PipeDTC),]Br
Aspect: yellow-orange solid

Yield: 85 %
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R.f. (on silica gel, CH,Cl,/MeOH 9:1): 0.12

Anal. Calc. for C12H20AUBrN,Ss (MW =597.43 g-mol™?): C24.12; H3.37; N 4.69; S 21.47. Found: C 24.23; H 3.52;
N 4.78; S 21.60.

'H-NMR (DMSO-ds, 600 MHz): & (ppm) = 1.74 (m, 12H, Hg) + Ha + Hs), 3.83 (M, 8H, Hpy) + Hg)).
Medium FT-IR (KBr): ¥ (cm™) = 2935.18, 2864.80 (va, C-H); 1558.23 (va, N-CSS); 950.98 (va, CSS).
Far FT-IR (nujol): ¥ (cm™) = 514.51 (vs, CSS); 423.38, 410.84 (va, Au-S); 378.55, 367.76 (vs, Au-S).

ESI-MS m/z, [M-Br*] found (calc.): 517.03 (517.02)

7.3.5 Synthesis of the ionic Au(lll) bis(piperidine dithiocarbamato)complex [Au"(PipeDTC),][AuBr;]
The ionic bis(dithiocarbamato)gold(lll) coordination compound [Au"(PipeDTC),]*[AuBr;]- was obtained

starting from the gold(lll) precursor [AuBrspy] (py= pyridine; 1 mmol), previously synthetized as reported in
literature [351] and then dissolved in 25 mL of dichloromethane. This solution was put at reflux under stirring.
After 10 minutes, 1.5 mmol (1.5 eq) of Na PipeDTC dissolved in 2 mL of methanol were added to the Au(lll)
solution, which in few minutes turned from red to orange. The reaction was left under stirring at reflux for 2
hours, then the solution was cooled, filtered and reduced to half its initial volume. After the addition of 5 mL
of diethyl ether, the flask was left at — 10 ° C for two days, leading to the formation of orange needles. This

product did not result water-soluble.

Bis(piperidine dithiocarbamate)gold(lll) dibromogold(l), [Au(PipeDTC),]J[AuBr]
Aspect: light orange needles

Yield: 83 %

R.f. (on silica gel, CH,Cl,/MeOH 9:1): 0.14

Anal. Calc. for C12H0Au:BraN,Ss (MW = 874.30 g-mol™): C 16.48; H 2.31; N 3.20; S 14.67. Found: C 16.42; H
2.38; N 3.25; S 14.69.

H-NMR (DMSO-ds, 600 MHz): & (ppm) = 1.72 (s, 12H, He) + Hu) + His)), 3.83 (s, 8H, Hp) + Hig)-
Medium FT-IR (KBr): ¥ (cm™) = 2954.64 (v,, C-H); 1556.93 (va, N-CSS); 962.11 (v,, CSS).
Far FT-IR (nujol): ¥ (cm™) = 512.63 (v, CSS); 410.06 (va, Au-S); 370.54 (vs, Au-S); 228.52 (va, Au-Br).

ESI-MS m/z, [M-AuBr,*] found (calc.): 517.03 (517.02)
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7.3.6 Synthesis of the ionic Au(lll) bis(piperidine dithiocarbamato) complex [Au"(PipeDTC)2][AuCla]
The synthetic procedure used to obtain the complex [Au"(PipeDTC),]*[AuCls] was the same reported for the

previous compound in Section 7.3.5. However, the literature-known [AuClspy] precursor was used (py=
pyridine) [352], and the ligand PipeDTC was added according to a ligand-to-metal stoichiometry 0.5:1. Also

in this case orange needles were obtained, and the product did not result water-soluble.

Bis(piperidine dithiocarbamate)gold(lll) tetrachlorogold(ill), [Au(PipeDTC);][AuCl4]
Aspect: light orange needles

Yield: 79 %

R.f. (on silica gel): n.a.

Anal. Calc. for C12H20Au,ClaN,Ss (MW = 856.31 g-:mol™): C 16.83; H 2.35; N 3.27; S 14.98. Found: C 16.81; H
2.36; N 3.30; S 14.90.

IH-NMR (DMSO-ds, 600 MHz): & (ppm) = 1.73 (s, 12H, Hg) + Hu) + His)), 3.83 (m, 8H, H) + Hie)).
Medium FT-IR (KBr): ¥ (cm™) = 2936.89 (va, C-H); 1558.74 (v, N-CSS); 961.10 (v, CSS).
Far FT-IR (nujol): ¥ (cm™) = 509.85 (vs, CSS); 411.98 (v., Au-S); 361.10 (vs, Au-S); 334.29 (v., Au-Cl).

ESI-MS m/z, [M-AuCls*] found (calc.): 517.03 (517.02)

7.4 Discussion

7.4.1 Considerations on the synthetic routes and X-ray structural characterization

During this PhD work, different strategies have been explored (Figure 7.6) to obtain the planned Au(l)/(Ill)-
DTC complexes, both neutral and ionic, with the highest yields. In particular, the final routes adopted to
isolate the complexes [Au"X,(DTC)] (X= Cl, Br), [Au"(PipeDTC),]X (X= Cl, Br) and [Au"(PipeDTC),]Y (Y= [Au"'Cl,],
[Au'Br;]) are red-, green- and blue-highlighted, respectively.

The different routes (Figure 7.6, ROUTE 1-8) used in this work to obtain the planned Au(lll)-DTC derivatives
are the result of a deep literature research, combined with the experience in this type of syntheses matured

by our research group in the last years.
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Figure 7.6 Different strategies adopted for the syntheses of new Au(lll)-DTC derivatives. The approaches generating
better yields for the compounds Au'"X2(DTC)] (X= Cl, Br), [Au"(PipeDTC)2]X (X= Cl, Br) and [Au"'(PipeDTC).]Y (Y= [Au"Cla],
[Au'Br2]) are colored in red, green and blue, respectively.

In general, to obtain the neutral species [Au"X,(DTC)] the ROUTE 1 was preferred, followed by
chromatographic purification by silica gel gravity column. Remarkably, the recent identification of the
precipitation products after addition of 1 eq of DTC ligand to the Au(lll) salt (i.e., [Au"Xy(DTC)],
[Au"(DTC)2][Au'Xz] and [Au"(DTC),][AuXa]), led us to exploit the ROUTE 1A to convert ionic species to neutral
ones in halogenated solvents, as reported by Beurskens and co-workers (Figure 7.3 b) [339]. In particular, it
is possible to suppose that this process occurs via a series of substitution reactions involving the coordination
spheres of two interacting Au(lll) ions bearing opposite charges (i.e. that of [Au(DTC),]* and that of [AuX,4]),

based on the substitution scheme identified by Basolo [353]. It is worth noting that the addition of a small
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amount of NaAuX, salt is required to achieve the quantitative conversion of ionic species, as the counter ion
[AuX;] cannot undergo such conversion. On the other hand, this type of reaction does not take place when
the substrate shows poor solubility in halogenated solvents, as happens for complexes involving from cyclic
aromatic dithiocarbamates. Accordingly, the synthetic ROUTE 3 (red) was adopted for these derivatives,
involving the formation of the Au(l)-DTC precursor, followed by oxidative addition of chlorine or bromine to
generate the [Au"'X,(DTC)] complex. Moreover, starting from the [AuCl,(DTC)], it is possible to substitute the
halogen with bromine and iodine, as reported in ROUTE 8 [354]. Concerning the Au(l)-DTC derivative,
although the gold(l) precursor [Au'CI(THT)] (THT= tetrahydrothiophene) is a useful starting material to obtain
dinuclear Au(l)-dithiocarbamato complexes (ROUTE 4), the faster process based on the in situ reduction with
Na,S0O; was preferred (ROUTE 3) [355].

Moving to ionic derivatives, the water soluble Au(lll)-PipeDTC complexes [Au"(DTC),]X (X= Cl, Br) have been
obtained following the ROUTE 6 (green) by addition of 1 eq of the PipeDTC ligand to the neutral complex.
The corresponding [Au"(DTC),]Y, where Y= [Au"'Cls] or [Au'Br,], have been obtained as crystals after addition
of 0.5 and 1.5 eq of PipeDTC ligand respectively, to a CH,Cl, refluxing solution of [AuXspy] precursor (ROUTES
2A, 2B blue). These examples demonstrate how the metal-to-ligand ratio influences the type of obtained
product for this family of coordination compounds. Moreover, recently the neutral complex was found to
convert to the ionic derivative [Au"(DTC).][Au"Xs] in coordinating solvents (e.g., DMSO, ethanol) and in the
presence of light (ROUTE 7) [356]. Although this process needs further investigations, a brief description is

presented in Section 7.4.5.1.

Figure 7.7 ORTEP drawing of [AuCl2(PipeDTC)] a, [AuBr2(PipeDTC)] b, [Au(PipeDTC)2][AuCls] ¢, and [Au(PipeDTC)2][AuBr;]
d. The compounds were crystallized from CH2Cl2/Et20 solutions at -10 °C.
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Au-S1 Au-52 Au-X1 Au-X2 Ci1-N1 Au-Au S1-Au-  X1-Au-  S-Au-X S-Au-S

(4) (4) (4) (4) (A) (4) 52(°) X2 (%) (°) (%)
2.289(2) 2.299(2) 2.323(2) 2.307(2) 1.289(8) - 75.67(7) 94.55(9) 94.43(8)
[AuCly(PipeDTC)]
95.34(9)
2.320(5) 2.314(5) 2.460(4) 2.463(5) 1.300(1) - 75.60(1) 95.32(6) 94.09(8)
[AuBr;(PipeDTC)]
94.98(1)
2.337(3) 2.328(3) - - 1.300(1) 7.2942(8) 75.4(1) - - 106.7(1)
[Au(PipeDTC)][AuCls]
2.343(3) 2.315(3) 75.3(1) 102.23(9)
2.338(0) 2.335(0) - - 1.323(9) 5.521(0) 75.52(0) - - 104.48(0)

[Au(PipeDTC),][AuBTr,]

Table 7.1: Selected bond lengths and angles of the crystallized Au(lll)-PipeDTC complexes (X= Cl, Br). Halogen-gold data
reported in the table are related to the dithiocarbamato complex and not to the counter ion.

The crystal structures of the Au(lll)-PipeDTC derivatives, both neutral and ionic, have been obtained and are
presented in Figure 7.7. [AuX,(PipeDTC)] (X= Cl, Br, a and b respectively) crystallize in the P 2; 2, 2; space
group, [Au(PipeDTC),][AuClas] (€) adopts the Pna 21 group, and finally [Au(PipeDTC),][AuBr;] (d) the P 1 group.
In all complexes it is possible to observe the chelating coordination of the dithiocarbamato ligands. All
structures show a distorted square-planar (SP) geometry with a planarity including also the C-N bonds . The
deviation from a perfect SP coordination is due to the small bite angle of the DTC ligand (ca. 75 °, as reported
in literature for analogous Au(lll)-DTC complexes [337]). Focusing on selected bond lengths in Table 7.1, for
the neutral [AuX;(PipeDTC)] complexes the Au-S distances are shorter in the case of dichloro-derivative with
respect to the dibromo one. This is due to the effect of the halogen on the gold(lll) center, caused by the
higher electronegativity of Cl compared to those of Br. Moreover, the length of the C-N bond in all complexes
(ca. 1.3 A) results closer to values known for the C=N bond (1.32 A [158]) than the C-N bond (1.47 A [158]),
thus highlighting the prevalence of the thioureidic form for the PipeDTC ligand (see Sections 4.2 and 4.4.3),
as observed for [Cu(PipeDTC),] (Section 6.4.1) [357]. Concerning the ionic derivatives (c, d), the crystal
structure analysis confirmed the compound composition to include the cation [Au(PipeDTC),]* and the anion
[AuCls]” or [AuBra]. The measured Au(lll)-Au(lll) (c) and Au(lll)-Au(l) (d) distances are 7.3 and 5.5 A,
respectively, thus pointing out the absence of aurophilic interactions, generally observed in the range 3-3.4
A [358]. Finally, the cation [Au(PipeDTC),]* does not maintain the same arrangement in the two ionic
complexes, since in d the central Au(lll) ion lies on an inversion center, while in c the ligands arrange the

piperidine chair-configuration on the same plane.
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Figure 7.8 ORTEP drawing of [AuBr2(ProOMeDTC)] a, and [AuBr2(ProOtBuDTC)] b. The compounds were crystallized
from CH2Cl»/Et20 solutions at -10 °C. It is possible to observe that, in both cases, the asymmetric unit comprises 2
molecules.

Au-S1 Au-S2  AuXl  Au-X2 CI-N1  AuAu S1-Au-  X1-Au-X2 S1-Au-X1
(4) (A) (A) (4) (A) (4) S1(°) (°) (°)
2.316(3) 2.315(3) 2.436(1) 2.435(2) 1.29(1) 4.3850(9) 75.7(1) 94.71(5) 94.67(8)

[AuBr,(ProOMeDTC)]
94.93(8)

2.315(4) 2.315(3) 2.435(2) 2.428(2) 1.31(2) 4.416(1) 75.4(1) 93.58(6)  95.2(1)
95.8(1)

[AuBr,(ProOtBuDTC)]

Table 7.2: Selected bond lengths and angles of the crystallized Au(lll)-dibromo(L-proline ester dithiocarbamate)
complexes.

Moreover, the crystal structures of dibromo(L-proline ester dithiocarbamate)gold(lll) derivatives have been
solved and are presented in Figure 7.8. Also in this case it is possible to observe the chelating coordination
of the DTC ligands, with [AuBry(ProOMeDTC)] (a) crystallizing in the P 2; 2; 2; space group and
[AuBr,(ProOtBuDTC),] (b) adopting the P 2; group. In both cases, the asymmetric unit comprises 2 molecules.
The structures show a distorted square-planar (SP) geometry because of the small bite angle of the DTC ligand
(ca. 75 A). Bond distances as well as angles (Table 7.2) are in agreement with data previously discussed for
the [AuBry(PipeDTC)]. Again, the C-N bond length is in agreement with the thioureidic structure above
described (see Sections 4.2 and 4.4.3). The distance between the two Au(lll) centers in the asymmetric unit
results ca. 4.4 A. This value is too high to hypothesize aurophilic interactions but is smaller than those

observed for the ionic complexes [Au(PipeDTC)2][AuCls] and [Au(PipeDTC)2][AuBr,].
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7.4.2 ESI-MS analysis
The positive ESI-MS analysis is useful to identify the presence of the cationic Au(lll) species. Indeed, the

analysis carried out after dissolution of the [Au(PipeDTC),]X (X= Cl, Br, [AuCls] and [AuBr;]) in methanol points
out the presence of a single peak at m/z=517.03, undoubtedly assignhed to the [Au(PipeDTC),]* ion. On the
other hand, methanol solutions of the neutral complexes [AuX;(DTC)] (X= Cl, Br) generate a signal
corresponding to the [Au(DTC),]* species. In previous studies, the latter was thought to be originated under
the ESI-MS analysis conditions due to the high electrospray ionization potential [359]. Notwithstanding, in
the light of ROUTE 7, previously presented in Figure 5, it is possible to state that the signal detected for the
neutral complexes is the consequence of the neutral-to-ionic complex conversion, taking place in

coordinating solvents on exposure to light (Section 7.4.5.1).

7.4.3 'H-NMR characterization
The synthetized gold(l)/(lll)-dithiocarbamato derivatives have been studied by means of H-NMR

spectroscopy (300.13 MHz, 298 K, see Supporting Information D). All spectra were recorded in DMSO-ds. In
this regard, although it has been previously reported that [AuX,(DTC)] complexes result unstable in
coordinating solvents (e.g., DMSO, MeOH, EtOH), converting to their ionic counterpart [Au(DTC) 2]X this
behavior is not observed in deuterated solvent. A possible explanation is some isotopic effect, which
influences the interconversion-mechanism, stabilizing the neutral complex in deuterated solvent, as it will be
discussed in more detail in Section 7.4.5.1.

The assignments have been done by comparing the spectra of the obtained complexes to those of the ligands

(see Section 4.4.2), and the summary is reported in Table 7.3.

Hay  Hp His) Hia His) Hie) Hiz  Hs  Hs OMe OtBu

[Auz(PDT)2] n.d. 3.48 1.80 1.80 3.48 - - - - - -
[AuCl2(PDT)] n.d. 3.81 2.05 2.05 3.81 - - - - - -
[AuBr2(PDT)] n.d. 3.79 2.04 2.04 3.79 - - - - - -
[Auz(PipeDTC)2] n.d. 4.13 0.85 0.85 0.85 4.13 - - - - -
[AuCl2(PipeDTC)] n.d. 3.82 1.72 1.72 1.72 3.82 - - - - -
[AuBr2(PipeDTC)] n.d. 3.79 1.72 1.72 1.72 3.79 - - - - -
[Au(PipeDTC).]CI n.d. 3.83 1.74 1.74 1.74 3.83 - - - - -
[Au(PipeDTC)2]Br n.d. 3.83 1.74 1.74 1.74 3.83 - - - - -

[Au(PipeDTC)2][AuCla]  n.d. 3.83 173 173 173 3.83 - - - - -

[Au(PipeDTC)2][AuBr.]  nd. 3.83 172 172 172 3.83 - - - - -

[Auz(MorphDTC)2] - 3.72 4.18 n.d. 4.18 3.72 - - - - -
[AuCl2(MorphDTC)] - 3.80- 3.88- n.d. 3.80- 3.88- - - - - -
3.82 3.89 3.82 3.89

127



Gold Dithiocarbamates

[AuBr2(MorphDTC)] - 3.80- 3.85- n.d. 3.80- 3.85- - - - - -
3.81 3.87 3.81 3.87

[Auz(IndolineDTC):] n.d. 4.59 3.20 7.43 7.28 7.28 8.63 - - - -

[AuClz(IndolineDTC)] n.d. 4,51 338 7.56- 7.44 7.44  8.05- - - - -
7.58 8.07

[AuBrz(IndolineDTC)] n.d. 4.49 n.d. 7.55- 7.43 7.43  8.04- - - - -

7.57 8.07
[Auz(ProOMeDTC)2] n.d. 4.94 2.06 2.06 3.82- - - - - 3.69 -
3.89
[AuCl2(ProOMeDTC)] nd. 5.16- 2.01- 2.01- 3.92- - - - - 3.76 -

5.17 2.40 2.40 4.01

[AuBr2(ProOMeDTC)] n.d. 5.13- 2.00- 2.00- 3.91- - - - - 3.76 -
5.15 2.41 2.41 3.99

[Auz(ProOtBuDTC)2] n.d. 4.98 2.10 2.10 3.84- - - - - - 1.45
3.91
[AuCl2(ProOtBuDTC)] n.d. 5.01- 197- 1.97- 3.92- - - - - - 1.45

5.02 2.40 2.40 3.99

[AuBr2(ProOtBuDTC)] n.d. 498- 198- 1.98- 3.89- - - - - - 1.45
5.00 2.38 2.38 3.97

[Auz(CDT)2] 8.12- 812- 7.14- 714 714 7.14- 812- 812- nd. - -
872 872 771 771 771 771 872 8.72

[AuCl(CDT)] 856- 8.14- 7.5 747 747 7.5 8.14- 856- n.d. - -
8.58 8.15 8.15 8.58

[AuBr2(CDT)] 8.55- 8.13- 714 745 745 7.4 813- 855- n.d. - -
8.56 8.14 8.14  8.56

[Auz(IndDTC)] nd. 836 6.68 7.59- 721 729 896- - - - -

6.69  7.60 8.97

[AuCl2(IndDTC)] nd. 827 704 712 733 733 885 - - - -

[AuBr2(IndDTC)] nd. 825 703 711 731 731 8.82 - - - -

[Auz(PyrrDTC),] nd. 688 629 629 6.88 - - - - - -

[AuCl2(PyrrDTC)] nd.  657- 615 615 6.57- - - - - - -

6.58 6.16 6.16 6.58

[AuBr2(PyrrDTC)] nd.  6.56- 6.14- 6.14- 6.56- - - - - - -
6.57 6.15 6.15 6.57

Table 7.3 List of the proton chemical shifts (ppm) of the Au(l)/(lIl)-DTC derivatives. The H-signals proximal to the
dithiocarbamic moiety are highlighted with bold font; n.d. stands for “not detected”. Attribution was carried out
according to the IUPAC nomenclature for N-heterocyclic compounds. All the spectra were recorded in DMSO-de, with a
300.13 MHz spectrometer at 298 K.
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First of all, it is worth reminding that both Au(l) (d*° electronic configuration) and Au(lll) (%, in a singlet
ground state due to the square-planar geometry) centers are diamagnetic, and generate complexes whose
NMR signals are located within the common spectral window 0-12 ppm.

The 'H-NMR spectra of the gold(l) precursors of the type [Au'2(DTC),] have a low signal-to-noise ratio due to
the poor solubility of this kind of complexes in all deuterated solvents. However, the *H-NMR spectroscopy
allowed us to assess their purity, as well as to check the course of the oxidation reaction by comparison of
Au(l)/Au(lll) spectra.

Comparing the chemical shifts of all complexes reported in Table 7.3 with those of free dithiocarbamato
ligands (Section 4.4.2), a lower-field shift of the signals related to the a-protons with respect to the
dithiocarbamic nitrogen atom is detected upon coordination, except for aromatic gold(l) derivatives. For this,
a possible explanation is the metal-to-ligand back-donation, allowed by the presence of low-energy empty
d-orbitals of sulfur atoms (dithiocarbamic form of the ligand, see Section 4.2), which makes the DTC-protons
more shielded. A similar effect was reported for phosphinogold(l)-dithiocarbamato complexes [360].
Concerning the neutral Au(lll)-DTC coordination compounds [Au"'X»(DCT)], the H(a)-signals of the chloro-
derivatives are found at slightly lower fields with respect to the bromo-counterparts, due to the higher
electronegativity of the former. However, the presence of the halogen as well as the +3 oxidation state of
the metal center does not affect, or affects to a small extent, the resonance of ligand protons if compared to
those of Au(l) derivatives. Finally, on passing from the neutral to the ionic Au(lll)-PipeDTC complexes, the a-
proton signals are slightly shifted to lower fields. At the same time, the nature of the counter-ion in

[Au"(PipeDTC),]X compounds seems not to affect the resonance of any proton.

7.4.4 FT-IR characterization
The FT-IR spectra have been collected for all the Au(l)/(111)-DTC derivatives both in the medium (4000-600

cm™) and far (600-200 cm™) wavenumber domain (Supporting Information 1), and the diagnostic absorptions
are reported in Table 7.4.

This spectrophotometric technique is the most useful tool to detect the different chemical features
generated by the different oxidation states of the gold metal centers, as well as by the substituents of the

DTC ligands.
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V(C=0)  v(C=C) V(N-CSS) Ve(C-O) va(CSS)  S(C-H)  Vs(CSS)  valAu-S) Vs(AU-S) ValAu-X)  Vs(Au-X)

- - 1428 - 954 - 559 451 - - -
[Aua(PDT)e] cm1 cm1 cm1 cm?
- - 1588 - 944 - 537 375 339 352 315
[AuCk{PDTY cmt cmt cmt cm? cmt cmt cmt
- - 1586 - 943 - 539 373 338 240 218
[AuBr(PDT)] cm1 cm1 cm1 cm? cm1 cm1 cm1
. - - 1428 - 968 - 557 479 - - -
[Auz(PipeDTC),] el el ol e
. - - 1581 - 947 - 540 366 335 350 316
[AuCly{PipeDTC)] cmt cmt cmt cmt cmt cmt cmt
. - - 1574 - 942 - 539 370 351 239 224
[Aurz(PipeDTCY cm1 cm1 cm1 cm? cm1 cm1 cm1
. - - 1561 - 951 - 512 414 370 - -
[Au(PipeDTC).]Cl o o o em om
- - 1558 - 951 - 515 423, 379, - -
[Au(PipeDTC)2]Br cm1 cm1 cm1 410 368
cmt cmt
) - - 1559 - 961 - 510 412 361 334 -
[Au(PipeDTC)2][AuCls]
cmt cmt cmt cmt cmt cmt
. - - 1557 - 962 - 513 410 371 229 -
[Au(PipeDTC)2][AuBr2]
cmt cmt cmt cmt cmt cmt
- - 1417 1108 993 - 541 462 - - -
[Auz(MorphDTC),] J em el el e
- - 1572 1109 993 - 543 364 338 357 318
[AuCl:(MorphDTC] cmt cm? cmt cmt cmt cmt cmt cmt
- - 1562 1109 993 - 542 358 348 238 220
[AuBrMorphDTC)] cmt cm? cmt cmt cmt cmt cmt cmt
- 1473, 1376 - 1070 749 556 467 - - -
[Auz(IndolineDTC),] 1458 cmt cmt cmt cmt cmt
cm?
- 1474, 1541 - 1075 752 553 383 339 368 319
[AuCly(IndolineDTC)] 1460 cm? cmt cmt cmt cmt cmt cmt cmt
cm?
- 1473, 1536 - 1075 748 552 376 359 237 221
[AuBry(IndolineDTC)] 1460 cm? cmt cmt cmt cmt cmt cmt cmt
cm?
1739 - 1418 1158 950 - 553 452 - - -
[Au2(ProOMeDTC),] 4 1 1 1 1 1
cm cm cm cm cm cm
[AUCL(ProOMeDTC)] 1747 - 1560 1174 979 - 547 382 339 359 319
uERrroTe cmt cmt cm? cmt cmt cmt cmt cmt cmt
[AUBr2(ProOMeDTC)] 1746 - 1550 1173 985 - 546 378 349 237 219
r2(ProOMe
e cmt cmt cm? cmt cmt cm? cmt cmt cmt
1734 - 1412 1157 965 - 536 444 - - -
[Auz(ProOtBuDTC):] 4 " 1 1 1 1
cm cm cm cm cm cm
[AUCh(ProOtBUDTC)] 1738 - 1558 1146 950 - 545 381 341 358 319
u ro u
’ cmt cmt cm?t cmt cmt cmt cmt cmt cmt
[AUBF(ProOtBUDTC)] 1736 1560 1147 953 - 541 379 345 238 219
r2(Pro
e ! cmt cmt cm? cmt cmt cm? cmt cmt cmt
- 1438 1286 - 1023 739, 561 464 - - -
[Au2(CDT)2] cmt cmt cmt 710 cmt cmt
cm?
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- 1492, 1350 - 1042 749, 574 408 378 358 322
[AuCl»(CDT)] 1451 cm? cm? 708, cm? cmt cmt cm? cm?
cm? cm?
- 1491, 1349 - 1041 749, 570 408 376 249 223
[AuBr,(CDT)] 1450 cmt cmt 708 cmt cm? cmt cm? cml
cm? cm?
- 1444 1314 - 1008 738, 568 470 - - -
[Auz(IndDTC),] cmt cmt cmt 723 cmt cmt
cm?
- 1481, 1358 - 1095 749, 564 409 382 347 324
[AuClx(IndDTC)] 1462 cmt cmt 707 cmt cmt cmt cml cm?
cm? cm?
- 1484, 1357 - 1077 750, 574 409 378 252 227
[AuBr,(IndDTC)] 1448 cmt cmt 706 cmt cm? cmt cml cml
cm? cm?
- 1456 1284 - 1011 720 557 464 - - -
[Auz(PyrrDTC),]
cmt cmt cmt cmt cmt cmt
- 1480 1345 - 1023 763 567 413 381 347 321
[AuCl(PyrrDTC)]
cm? cmt cmt cmt cmt cmt cmt cm? cm?
- 1479 1345 - 1022 763 578 413 377 233 215
[AuBr2(PyrrDTC)]
cm? cmt cmt cmt cmt cmt cmt cm? cm?

Table 7.4 Collection of the fundamental IR-vibrations (4000-200 cm?) of the synthetized Au(l)/(111)-DTC complexes.

Concerning the gold(l)-DTC complexes, Hesse and Jennische resolved the crystal structure of
[Au'y(propylamineDTC),], demonstrating the dimeric nature of these compounds with each Au(l) ion
coordinated by two sulfur atoms coming from different ligands. Moreover, they observed that the structure
is highly symmetric, and the distance between the two gold centers (2.76 A) evidences an aurophilic
interaction [361]. Moreover, according to the data presented in Table 7.4, it is worth noting that the SSC-N
stretching frequencies are located in the range 1410-1430 cm™ and 1280-1315 cm™ for aliphatic and aromatic
dithiocarbamato derivatives, respectively. Intriguingly, the Au(l)-IndolineDTC presents the v(SSC-N) vibration
at 1376 cm?, being intermediate between the values found for aliphatic and aromatic compounds.
Conversely, for the Au(lll)-DTC compounds the coordination is bidentate surrounding a single metal center,
and the SSC-N stretching frequencies are up-shifted of ca. 150 cm™ in all aliphatic compounds (comprised
indoline derivatives) if compared to the gold(l) counterparts, while this increment is of about 40-60 cm™ for
aromatic complexes. As observed by Calabro and co-workers in their work on Au(ll)-DTC derivatives, there is
a small increase in the v(SSC-N) frequency of the DTC ligand as the oxidation state of gold increases [302],
and, in line with these observations, taking PipeDTC complexes as an example, the following trend is
achieved:
[AU"Cl,(PipeDTC)] > [Au"Br,(PipeDTC)]> [Au"(PipeDTC),]X (X= Cl, Br, [AuBr2], [AuCls]) > [Au'2(PipeDTC),]

This sequence considers also electronegativity effects deriving from the two halide ligands in the neutral
Au(lll) complexes, further promoting the shift of the nitrogen atom lone pair to the -CSS moiety, resulting in

a higher positive charge on the nitrogen atom. In general, for aliphatic DTC complexes, the thioureidic form
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(see Section 4.2) of the ligand is preferred, whereas the aromatic ones mainly involve the dithiocarbamic
form with a single C-N bond (frequencies in the range 1250-1350 cm). Remarkably, the presence of a single
band associated with this vibration mode, clearly indicates that the dithiocarbamato groups are linked to the
metal ion in a single way, i.e., bi-dentate chelate for the Au(lll) complexes, and mono-dentate bridge for
gold(l) compounds, with each sulfur atom bound to a different Au(l) center.

Concerning the C-S stretching, it has been previously reported for copper(ll)-DTCs (Section 6.4.4) that the
higher the v(SSC-N) frequency and the lower the v(CSS) one, based on the main influence of the thioureidic
or dithiocarbamic form. In general, the presented Au(l)/(l11)-DTC complexes comply with this trend , when
considering both the asymmetric (900-1000 cm™) and symmetric (500-600 cm™) component of this vibration
mode, although the latter involves more contributions, namely v(CSS) + 6(CSS) + Au<§>C ring deformations
[362]. To sum up, focusing on gold(lll) molecules , the ligand dithiocarbamic form adopted by the aromatic
derivatives, and by indolineDTC complexes to a lesser extent, is associated with a major electron density in
the ring Au<§>C , and hence stronger bonds between the metal center and the chelating ligand, compared
to aliphatic derivatives.

Overall, the most striking differences among the synthetized derivatives occur in the far-IR domain, where
the stretching vibrational modes metal-sulfur (330-470 cm™?), and Au-halide (315-360 cm™and 220-250 cm™
for chlorine and bromine, respectively) are found. In particular, focusing on the PipeDTC complexes, the Au-
S stretching frequency results in the order:

[Au'2(PipeDTC),] > [Au"(PipeDTC)2]X (X= Cl, Br, [AuBr2], [AuCls]) > [Au"Cl,(PipeDTC)] = [Au"Br,(PipeDTC)]
The Au-S bond is hence stronger in gold(l) derivatives and the gold(lll) ones with 1:2 metal-to-DTC ligand
stoichiometry. The Au-S frequency increases as the oxidation number of the metal center decreases, and this
is probably related to a reduced possibility of the gold(lIl) ion to back-donate i electron density to the DTC
ligand.

Concerning metal-halide bonds, the collected frequencies are in agreement with previously reported results
for analogous compounds [336-340]. The absence of Au-X bands in the spectra of Au(l)-DTC derivatives
confirms the Jennische’s structural findings about the dimeric structure [Au'y(DTC),] of these complexes
[361]. Likewise, in the spectra of the [Au"(PipeDTC),]X coordination compounds, the Au-X vibration is not
found when the counter ion is Cl or Br, thus confirming the ionic nature of the complexes, identified by the
previous analyses. On the other hand, in the case X=[AuBr;] or [AuCls] the values presented in Table 7.4
resemble those found in literature for similar ionic Au(lll)-DTC derivatives [337, 339], as well as other
inorganic complexes with these counter ions [363, 364].

Finally, similarly to the Ru(lll) and Cu(ll) derivatives (Section 5.4.4 and 6.4.4 respectively), the diagnostic
features of the ester group of proline ligands (1740 cm™), as well as the aromatic ring vibrations (ca. 1470
cm?and 750 cm?, referred to the C=C stretching and C-H bending vibration, respectively) have been

identified for the synthetized Au(l)/(Ill) complexes.
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7.4.5 UV-Vis characterization
Electronic spectra were acquired in CH,Cl, (800-240 nm) at 25 °C for all the synthetized gold(lIl)-DTC

derivatives, and in DMSO (800-270 nm) at 25 °C for the Au(l) counterparts, and the diagnostic absorptions

are summarized in Table 7.5 and 7.6, respectively.

Ale, Mt em?)

band | band Il band Il band IV band V
[AuCl,(PDT)] n.d. n.d. 265 nm (28650) 327 nm (2330) 428 nm (212)
255 nm (25567) 2655 nm 285nm (29543)  385nm (2431) 435 nm (1965)
[AuBr2(PDT)]
(26311)
[AuCly(PipeDTC)] n.d. n.d. 264 nm (28212) 326 nm (2488) 428 nm (249)

[AuBr»(PipeDTC)]

254 nm (25839)

267 nm (26054)

286 nm (29082)

383 nm (2598)

434 nm (1861)

269sh nm 276 nm (30145) 318 nm (27650) n.d. 387 nm (1346)
[Au(PipeDTC).]CI
(27470)
269h nm 276 nm (29671) 318 nm (27421) n.d. 387 nm (1308)
[Au(PipeDTC),]Br
(27616)
269" nm 276 nm (29290) 318 nm (27513) n.d. 387 nm (1291)
[Au(PipeDTC)2][AuBr2]
(27538)
[AuCl(MorphDTC)] n.d. n.d. 267 nm (30141) 324 nm (2753) 433 nm (320)
254 nm (27753) 271" nm 282 nm (31758) 387 nm(2719) 442 nm (1868)
[AuBr2(MorphDTC)]
(28004)
[AuClo(IndolineDTC)] n.d. n.d. 272 nm (37090) 324 nm (3765) n.d.
n.d. 288h nm 314 nm (39715) 390 nm (4010) 4275 nm (2590)
[AuBr2(IndolineDTC)]
(36544)
[AuClz(ProOMeDTC)] n.d. n.d. 265 nm (27564) 330 nm (2771) 431 nm (319)
255%h nm 272sh nm 284 nm (28861) 387 nm (2698) 439 nm (1874)
[AuBr2(ProOMeDTC)]
(25321) (26001)
[AuClo(ProOtBUDTC)] n.d. n.d. 266 nm (29801) 330 nm (2787) 431 nm (286)
255%h nm 271%h nm 285nm (29729) 388 nm (2764) 438 nm (1634)
[AuBr2(ProOtBuDTC)]
(25615) (27564)
[AuCl»(CDT)] n.d. n.d. 278 nm (38318) 350 nm (4216) n.d.
252 nm (42539) 2805" nm 290 nm (38415) 354 nm (4349) n.d.
[AuBr,(CDT)]
(41071)
[AuClz(IndDTC)] n.d. n.d. 275 nm (38888) 349 nm (4379) n.d.
[AuBr2(IndDTC)] 250 nm (42566) 280 nm (41985) 289 nm (39192) 345 nm (4280) n.d.
[AuClz(PyrrDTC)] n.d. n.d. 276 nm (38583) 344 nm (3916) n.d.
250 nm (41998) 281" nm 290 nm (39125) 340 nm (4006) n.d.
[AuBr2(PyrrDTC)]
(40713)

Table 7.5 UV-Vis spectral data (800-240 nm) of Au(lll)-dithiocarbamato complexes of the type [Au"X2(DTC)] and
[Au"(PipeDTC)2]X with X=Cl, Br, and [AuBrz], recorded in CH2Cl> at 25 °C. n.d. stands for “not detected”.
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Concerning the Au(lll)-DTC derivatives, it is worth reminding that both neutral and ionic derivatives are
square planar (SP) complexes. Consequently, the five degenerate d-orbitals of the free Au(lll) d® ion split into
four different levels. In particular, Gray and Ballhausen described the molecular orbital theory for SP
complexes, discussing two distinct cases [365]. The first is related to SP compounds in which the ligands
themselves have a t-orbital system, whereas the second is associated with SP complexes with no intra-ligand
n-orbital system. For both cases, there are three spin-allowed d-d transitions, corresponding to the one-
electron transitions 'Ajg>'Az, 'A1g>'Big and 'A—>'Eg. Moreover, considering DTC ligands as moieties
containing a m-orbital system three charge-transfer (CT) transitions are foreseen, namely *A1g—>Ey, *A1g>Asy,
and!A;g—>'B1,. However, only the first and second are allowed, with the *A;;—>'E, transition expected to have
considerably greater intensity. On the other hand, halido ligands belong to the second case presented, and
in general generate two allowed CT transitions of the type *A;;—>'E, (more intense) and *Ajg>A,, [365-367].
Observing the examples shown in Figure 7.9, the bands I, Il and /Il have not been undoubtedly ascribed in
literature to a particular electronic transition, since they could be assigned to either an intra-ligand n*én
transition located in the -NCSS moiety or an intraligand p4d transition between levels originated by sulfur
atoms [368]. Moreover, data presented in Table 7.5 highlight a blue-shift of the band I combined with a slight
red-shift of the band Il on passing from aliphatic neutral Au(lll)-DTC derivatives to compounds containing
aromatic moieties, thus pointing out both a stabilization and a destabilization respectively of some energetic
levels in hyperconjugated systems. On the other hand, an overall red-shift is also observed in ionic PipeDTC

complexes of the type [Au(PipeDTC),]X when compared with neutral counterparts.
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Figure 7.9 UV-Vis spectra of [Au"'Cl>(PipeDTC)] a, [Au""Br,(PipeDTC)] b, and [Au"(PipeDTC)2]Br ¢ recorded in CHxCl; at
25 °C.




Gold Dithiocarbamates

Another significant difference between neutral and ionic Au(lll)-DTC systems is the lack in the latter of the
band IV, which is generally attributed to either an intramolecular L&M charge transfer, involving the M nd
orbitals and the dithiocarbamato m*-system (case 1 abovementioned), or an electron transfer of the type
ué-g from a 4p orbital of the halide ligands to the lowest unfilled 5d orbital (case 2) [369]. In light of this, the
values collected for this absorption band in neutral [AuXy(DTC)] (Table 7.5) point out that the electron
transfer halogen-gold(lll) is the most conceivable for Au(lll)-aliphatic dithiocarbamato compounds, with
dichlorido complexes presenting an absorption at ca. 325 nm and the dibromido at about 390 nm. However,
when the ligand acts as a 1t acceptor (dithiocarbamic form of the aromatic ligands CDT, IndDTC and PyrrDTC
(Section 4.2), a L&<M charge transfer (metal back-donation, case 1) takes place more likely , generating a
strong absorption at 340-350 nm with an € value of about 4,000 Mt cm™. Again, as already observed during
the interpretation of IR spectra, the [AuXy(IndolineDTC)] complexes assume a behavior closer to the
thioureidic form, where the DTC ligand is a weak rt-acceptor. It turns out that, although indoline is an aromatic
amine, the aliphatic N-substituent is predominant in affecting the final properties of the corresponding DTC
ligand.

Finally, the band V is a weak absorption and it is easily detected in dibromido derivatives since it appears as
a shoulder of the CT transition. It is attributable to the three allowed d-d transitions *Ajg—>'Az, *A1;>'B1g and
1A1,>E. [340, 367]. Intriguingly, these have not been detected for the aromatic dithiocarbamato complexes,
likely owing to their too low intensity in comparison with the CT and intra-ligand transitions, which could also

benefit in terms of intensity from the hyperconjugated aromatic system.

A
band Il band Il
[Au(PDT).] 283 nm 3165"nm
[Auz(PipeDTC)2] 279 nm 317 nm
[Au2(MorphDTC),] 288 nm 314" nm
[Aux(IndolineDTC),] 296 nm 334 nm
[Auz(ProOMeDTC),] 286 nm 317sh nm
[Auz(ProOtBuDTC):] 284 nm 3195 nm
[Au2(CDT).] 294 nm 338 nm
[Auz(IndDTC)2] 298 nm 340 nm
[Auy(PyrrDTC),] 302 nm 346 nm

Table 7.6 UV-Vis spectral data (800-240 nm) of Au(l)-dithiocarbamato complexes of the type [Au'2(DTC).], acquired in
DMSO at 25 °C. Due to the low solubility of these complexes in all common organic solvents, the real concentration of
the samples was not evaluated, and € (M cm™) neither .

Table 7.6 summarizes the absorption values for the synthetized gold(l)-DTC precursors. The spectra present

two main absorptions that sometimes are accompanied by not well-defined shoulders. The low solubility of
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these complexes in common organic solvents limited the pieces of information obtainable from the UV-Vis
analysis, for instance the molar absorptivity was not determined. The first band observed, labeled as band I/
according to the numbering used for the previously discussed Au(lll) complexes, could be related to
intraligand electronic transfers of the type n* <. This type of transition was confirmed also for analogous
dimeric Au(l) complexes containing dithiolato ligands [370]. Intriguingly, as previously observed for the
Au(ll)-DTC compounds, this absorption is red-shifted on passing from aliphatic to aromatic compounds.
Concerning the second major absorption, it could be ascribed to an intraligand p<d transition between levels
originated by sulfur atoms, although some works associate this band with a ligand-to-metal CT (LMCT) [370].
Indeed, even if for mononuclear gold(l)-phosphine complexes this type of transition occurs in general at
40,000 cm™ (250 nm), in gold(l) dinuclear complexes involving an Au(l)-Au(l) interaction, metal-centered
transitions are foreseen at lower energy (range 300-350 nm), due to the destabilization of the highest
occupied d orbitals (which becomes antibonding) [371]. Moreover, the large red-shift observed for this band
in gold(l)-aromatic DTC compounds (ca. 20 nm) could be the related to a metal-to-ligand CT [372], which is

preferred in the case of these m-acceptor ligands.

7.4.5.1 Effect of DMSO on [AuX>(DTC)] complexes: a UV-Vis study
In one of his papers, Isab and coworkers highlighted the possibility that the complexes of the type

[Au"X,(DTC)], if dissolved in DMSQ, convert to the ionic species [Au(PipeDTC),]* [356]. To verify this behavior,
an UV-Vis analysis was carried in DMSO for the [Au"'Cly(PipeDTC)], chosen as a model compound, over 72
hours. The Figure 7.10 shows that the neutral compound undergoes a transformation over time, with the
final spectrum resembling the features of the ionic [Au"(PipeDTC)][AuCla).

Remarkably, in our laboratories it has been observed that a sample containing a DMSO solution of
[Au"Cl,(PipeDTC)] protected from light does not undergo any transformation over more than 72 hours.
Therefore, UV-Vis radiation (with a still undefined wavelength) is required to achieve the formation of the
ionic species. These are preliminary results and further investigations will be performed soon to better
understand the conversion mechanism. Conversely, the same over-time experiment carried out using
deuterated dimethyl sulfoxide (DMSO-de) highlighted the stability of the [Au"'Cl,(PipeDTC)] complex. This
phenomenon points out the crucial role of the solvent in the neutral-ionic conversion, and that a deuterated

solvent can stabilize a transition state, thus hampering the reaction course.
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(bottom) in CH2Cl2. The conversion mechanism needs of the presence of an undefined UV-Vis radiation hv.
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8. PLURONIC® F127 MICELLES FOR THE CANCER-DELIVERY OF SELECTED METAL-DTC
COMPOUNDS

8.1 Nanocarrier platforms for anticancer therapy

Although the use of polymeric carriers for medicinal purposes is known since 1950s [373], only in the past
two decades nanoparticle-based therapeutics (size range: 1 to 1,000 nm) have been successfully introduced
in clinics for the treatment of cancer diseases [374, 375]. Indeed, several advantages have been associated
with the use of these systems when compared to over the corresponding free drugs as they i) prevent drug
from degradation or interaction with blood components, ii) enhance drug absorption in a selected tissue
(e.g., solid tumor), iii) control the pharmacokinetic and distribution profile, and iv) improve intracellular
penetration [376]. To date, many different carriers have been explored to achieve an improvement in terms
of drug-delivery using synthetic transporters [377] and to date 12 nanoformulations are clinically approved
for treating some types of cancers [378]. Among them, liposomes and polymeric nanoparticles (including
micelles) are the main approved platforms [378]. Concerning liposomes, they are spherical vesicles with a
hydrophilic (polar) cavity surrounded by a bi-layer of amphiphilic phospholipids, whose hydrophobic-lipid
and hydrophilic-phosphate tails drive their self-assembly in water [379]. Their cellmembrane-mimicking
characteristics confer unique properties on liposomes, including biocompatibility, biodegradability, low
toxicity and, above all, lack of immune system activation [380]. The first liposome-based therapeutic,
liposome-encapsulated doxorubicine (Doxil®), was approved by the FDA in 1995 for the treatment of the

III

Kaposi’s sarcoma, and then for ovarian carcinoma and multiple myeloma [381]. This “nano-goal” opened the
way to new liposomal formulations, and nowadays different liposome-encapsulated cytotoxic agents (e.g.,
cytarabine and vincristine sulfate) have reached the clinic [382, 383], while others are under trial evaluation
[384]. On the other hand, polymeric nanoparticles have attracted the attention since they can carry the drug
buried within their core or conjugated to their surface. Polyethylene glycol (PEG), which can reduce
immunogenicity of proteins and enhance their solubility and plasma stability, has been the most widely
studied polymer for this application so far [385]. In 1994, PEG-L-asparaginase (Oncospar®) became the first
nanoparticle therapeutic to receive FDA approval for the treatment of acute lymphocytic leukaemia [386].

Remarkably, PEG has become important also to cover the surface of particles or liposomes by grafting
(PEGylation). This approach increases the hydrodynamic size of the nanoparticle (thus avoiding renal
clearance), raises its body circulation half-life and masks the agent from the host’s immune system, giving
rise to the so-called “stealth effect”. [387, 388]. Such polymers have been also modified to develop block co-
polymers containing both hydrophobic and hydrophilic chains, able to self-assembly in micelles for the drug
delivery of drugs suffering from poor water solubility [389, 390]. These systems have solid-like cores and

remain intact above their critical micellar concentration (CMC), acting as carriers able to circumvent the host

defense, with bioaccumulation in solid tumors [391]. Different micellar systems are under clinical trial
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evaluation for the enhanced delivery of doxorubicin, oxaliplatin and cisplatin [378], whereas a poly(ethylene
glycol)-poly(p,L-lactide) copolymer micelle nanoformulation entrapping paclitaxel (Genexol®) has been

already approved for the Asiatic market for treating breast cancer [392].

8.1.1 Passive vs active targeting and mechanism of nanoparticle cell uptake
One of the pillars of the nanomedicine applied to oncology is the ability of the drug-delivery systems to take

advantage of some peculiarities of the tumor microenvironment, in particular the structural changes in
vascular pathophysiology (Figure 8.1) [393]. The fast angiogenic process, which occurs in the early stages of
cancer development, as well as the high concentration of proteolytic enzymes in solid tumors, give rise to
irregular-shaped dilated and tortuous blood vessels [394, 395]. Consequently, endothelium presents open
fenestration, with pore sizes varying from 10 to 1000 nm [396], hence particles, such as liposomes and
micelles with size in the range 20-200 nm, can extravasate and accumulate inside the interstitial space.
Moreover, the general lack of lymphatic vessels in tumors, contributes to the inefficient drainage of the
accumulated delivery systems. This passive cancer-targeting phenomenon is referred to as the “Enhanced
Permeability and Retention” (EPR) effect (Figure 8.1 b) [397]. According to these observations, the EPR effect
results optimal for those nanocarriers that can evade immune surveillance and, above all, are able to circulate
in the blood stream without drug-releasing for a long period. Thus, very high local concentrations of drug-
loaded nanocarriers can be achieved at the tumor site, for instance 10- to 50-fold higher than in normal
tissues within 1-2 days [398].

It is worth underlining that the particle size has a fundamental role to exploit the lability of tumor blood
vessels. It has been demonstrated that particles with hydrodynamic diameters less than 5 nm are too rapidly
cleared from the circulation through renal clearance or extravasation to healthy and cancerous tissues [399],
whereas particulate matter larger than 1.5 um is removed from the blood circulation by mechanical filtration
in capillaries and can be lethal depending on the dosage [400].

Tumor tissues are characterized by large osmotic pressure due to lack of drainage, generating high tumor
interstitial fluid pressure (IFP), which acts as a barrier for efficient anti-cancer drug delivery [401]. Therefore,
nanosystems with size higher than 10 nm (to avoid easily diffusion by IFP) but smaller than 100 nm (to avoid
capture by liver) are more retained in the tumor microenvironment, with a recently-demonstrated ideal size
near 50 nm [402].

Other physicochemical parameters that influence both systemic circulation times and intratumor processes
are the charge and shape of the particles [403]. Concerning the first, in general neutral systems are more
convenient since ex vivo studies carried out on extracellular matrix isolated from mice sarcoma showed that
the charge, when present, had deleterious effects on the movement of nanoparticles through the matrix
[404]. In particular, it is hypothesized that positive charges limit the deeper diffusion intra the tumor tissues

due to a higher reactivity of the nanomaterial surface with the endothelial lumen [405, 406]. On the other
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hand, regarding the shape, spherical nanoparticles have been traditionally used and in general yield good
results in terms of stability and biodistribution both in blood and tumor tissues, although many recent
findings suggest that non-spherical nanoparticles (e.g., rods, discs, hemispheres, ellipsoids) may target

tumors more effectively [407].
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Figure 8.1 Passive vs active cancer-targeting. In normal tissues, the assembly of epithelial cells results in the
development of blood vessels with no extravasation of nanocarriers, and a well-developed lymphatic system is
associated with a correct drainage of various substances, thus hampering any drug accumulation a. On the contrary,
tumor tissue is characterized by a fast growth of the epithelial barrier, generating tortuous and dilated blood vessels.
The extravasation of the drug carrier is facilitated, as well as its retention due to the lack of lymphatic drainage (EPR
effect), thus achieving the so-called passive cancer targeting, with the cell uptake of the particle occurring by
endocytosis (based on clathrin or calveolin proteins) b. The structure of the drug-delivery system involves an external
shell (liposome or polymeric protection, such as in a micelle) and a hydrophobic or hydrophilic core, encapsulating the
cytotoxic agent. It is possible to conjugate the surface of this nanocarrier with a cancer-targeting biomolecule to take
advantage of the up-regulation of specific receptors and transporters after malignant transformation, achieving an
active cancer targeting. In this manner, an increased uptake of the anticancer payload is mediated by these cell
membrane proteins, or alternatively the biomolecule acts as an anchor to facilitate cancer-cell localization c. In this
second case, uptake of the cargo is mediated by endocytosis.

Until now, the EPR phenomenon together with nanoparticle physicochemical features were demonstrated
to affect the final distribution of the drug/carrier within the tumor microenvironment, without necessarily
increasing the ability of the drug to reach its pharmacological target. In the light of this, researchers have
developed bio-conjugated systems with cancer-targeting biomolecules (ligands) bound on the surface of the
nanocarrier, in order to achieve an active cancer targeting (Figure 8.1 c) [408]. In particular, these ligands are
selected to bind transporters or receptors overexpressed in cells or subcellular domains within diseased

tissues or organs [409, 410]. It is worth mentioning that also the actively-targeted systems can exploit the
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previously described passive targeting, allowing their accumulation in the proximity of their correspondent
target, followed by an additional phenomenon of active recognition, at the extra-/intracellular level. Such a
phenomenon beyond the active targeting is the selective binding of the ligand to its cellular or molecular
target. In the first case, the recognition event is usually followed by cellular internalization. The ability of the
nanocarrier to be internalized thus depends also on the selection of proper targeting ligands. Indeed, Chang
and Pirollo questioned how the targeting ligand influences the nanoparticle tumor localization and uptake
[411]. In most cases, the ligand-receptor interactions result in an efficient uptake of the complex into the
tumor cell by receptor-mediated endocytosis (such as in the case of the RGD peptides, epidermal growth
factor (EGF), folate, transferrin (Tf) or antibodies fragments) [412-416]. On the other hand, the dimension,
shape and the charge of the particle, as well as the receptor characteristics could result in unfavorable
interactions, thus hampering the receptor-mediated intracellular transportation of the cargo [417]. In this
case, the targeting moiety does play a significant role in tumor localization but not in the cell uptake, acting
as an anchor for the nanosystem at the cell surface, to be successively endocytosed by cell-membrane large-
particles transporters [418].

In this context, when a nanoparticle is placed in the external milieu of a cell, the endocytotic process may
occur and involves multiple stages. First, the nanocarrier is engulfed in membrane invaginations that are
pinched off to form membrane-bound vesicles, referred to as endosomes. Cells contain heterogeneous
populations of endosomes equipped with distinct types of endocytic machinery, present at different sites of
the cell membrane. Second, the endosomes deliver the cargo to various specialized vesicular structures,
which enable cargo sorting towards different destinations. Finally, the cargo can be delivered to various
intracellular compartments, expelled to the extracellular milieu or delivered across cells [419].

In general, endocytosis is mainly regulated by two proteins, clathrin (giving rise to the clathrin-mediated
endocytosis, CME) and calveolae [420]. CME is the “classical route” of cellular entry, inherently active in all
mammalian cells. It is responsible for uptake of essential nutrients, such as cholesterol, carried into cells by
the low-density lipoprotein (LDL) via the LDL receptor, and iron(lll), carried by transferrin via the Tf receptor.
Within cells, the clathrin shell is lost and the transported particles are fused to the so called early endosomes
where they are sorted to late endosomes/lysosomes, to the trans-Golgi network or to the recycling
endosomes to be transported back to the plasma membrane [421]. On the other hand, calveolin proteins are
abundant in muscle, endothelial cells, fibroblasts and adipocytes and absent in neurons and leukocytes. Their
mechanism of action is similar to that of chlatrin but its pathway, with the ability to bypass lysosomes, has
attracted remarkable attention in nanomedicine. Furthermore, the calveolae-mediated endocytosis is the
most prominent trans-endothelial pathway and thus this route may be exploited for trans-vascular delivery
of nanomaterials [422].

In conclusion, in the last 20 years drug delivery systems have proved excellent tools to preserve the integrity

of the loaded drug up to the final destination of the tumor microenvironment. This is favored by abnormal
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characteristics of the cancerous endothelium (EPR effect) but also by the structural and physico-chemical
features of the nanoparticles. Moreover, the hydrophilic surface of the carriers can be modified to achieve
active cancer-targeting, exploiting the high affinity of a selected ligand for the corresponding up-regulated
tumor-cell receptor. This interaction can either drive itself the uptake of the cytotoxic cargo, or determine a
localization-effect by anchoring the nanoparticle to the cell surface, thus favoring endocytosis processes

mediated in general by designated proteins, such as chlatrin and calveolin.

8.2 Metal complexes and their delivery using nanoformulations

In order to exploit the previously presented drug delivery benefits generated by the use of nanosystems,
some clinically-established Pt(ll) compounds, i.e. cisplatin and oxaliplatin, have been considered to design
and obtain other platinum complexes functionalized with hydrophilic polymers (Fig. 8.2 a, b, respectively).
The latter can arrange in water to form water-soluble micelles whose core is formed by the Pt(Il) complex
(Fig. 8.2 c) [423, 424], thus prolonging platinum half-time circulation in the blood stream. These systems are
under clinical trials for the treatment of different malignances, such as advanced solid tumors, non-small-cell
lung cancer, and pancreatic cancer [425, 426]. Moreover, two liposomal formulations of oxaliplatin, namely
Lipoxal and MBP-426, the latter being based on transferrin-conjugated liposomes, have completed phase I

and | respectively for the treatment of colorectal cancer [427, 428].
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Figure 8.2 Pt(ll)-compounds derived from the complexation of cisplatin (NC 6004) a and oxaliplatin (NC 4016) b with the
polyethylene glycol-poly (glutamic acid) block copolymer, PEG-P(Glu). In agueous media these complexes self-assembly
to generate micelles with a Pt(ll)-amino core and a PEG hydrophilic corona ¢, which confers a prolonged half-time
circulation in the blood stream on the cytotoxic drug, to achieve accumulation in tumor tissue.
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Conversely, these delivery techniques have been recently explored also with other non-platinum metal-
based derivatives, to increase their water solubility and bioavailability. Indeed, those metal compounds
tested for their biological activity and characterized by poor water solubility are first dissolved in an organic
solvent such as DMSO or EtOH, so to facilitate the subsequent dissolution in aqueous solutions, such as saline
solution, phosphate buffered saline and cell culture medium. These organic solvents are generally well
tolerated in biological systems (e.g., cells) if added at low concentrations (typically < 2 v/v).

The investigation of delivery systems for cytotoxic metal complexes is an ever growing research field, since
the resulting formulations benefit not only from the increased solubility and stability of the loaded complex,
but also from the passive and, where performed, active cancer-targeting coming from the carrier properties
[429]. Based on these considerations, the Ru(lll) complex KP1019 (see Section 5.1) has been encapsulated in
poly(lactic acid) nanoparticles to increase its water stability [430], whereas some Ru(lll)-phosphocoline
conjugates have been loaded into liposomes, achieving nanoaggregates stable for months with encouraging
anticancer activity in vitro [431].

In recent years, our research group has developed an expertise in loading metal-based agents into delivery
systems. The gold(lIl) complex dibromo(sarcosine ethyl ester [AuBr,(ESDT)] (see Section 7.2) and the Ru(lll)-
PDT derivatives (both mono- and dinuclear, see Section 5.2), have been successfully loaded into the lipophilic
core of the triblock copolymer Pluronic® F127-based micelles. Stability studies and in vitro experiments
carried out with a panel of human tumor cell lines showed an enhanced water solubility together with
increased antiproliferative activity of all tested complexes with respect to the same compounds in DMSO
vehicle [432,433]. Overall, the loading of cytotoxic metal-based compounds into Pluronic® micelles seems a
winning solubility-increasing strategy, and the versatility of the polymer to undergo ad hoc chemical
modifications opens intriguingly perspectives in designing new approaches to treat cancer, being one of the

goals of this PhD work.

8.3 Chemical and biological overview of Pluronic® F127

Pluronic® F127 (PF127) is the BASF-registered name of the Polaxamer 407, a non-ionic surfactant of the more
general class of copolymers known as polaxamers, synthetic derivatives introduced in the late 1950s for
diverse pharmaceutical applications [434]. In particular, PF127 is a triblock copolymer composed of both
hydrophilic poly(ethylene oxide) (PEO) and hydrophobic poly(propylene oxide) (PPO), arranged in A-B-A
structure (PEOx-PPO,-PEOQ;, Figure 8.3). Its molecular weight is about 12,600 Da (9,840-14,600), and x and y
are equal to 95+105 and 65+75, respectively [435].
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Figure 8.3 Chemical drawing of the polaxamers’ structure, in particular for Pluronic® F127 x and y are equal to 95+105

and 65+75, respectively.

These systems are characterized by their critical micelle concentration (CMC) — the concentration at which
free and disordered surfactant molecules (unimers) aggregate into micelles, with a dynamic equilibrium
establishing between micelles and unimers — and by their hydrophile-lipophile balance (HLB) — a number
indicating the proportion of hydrophilic-to-lipophilic portions of the amphipathic molecule. Regarding the
latter, HLB is usually measured on a scale of 0 to 20, and since the value for PF127 is out-of-range, being
equal to 22, it is indicative of high water solubility [436, 437]. The CMC value is a function of temperature,
since micelle formation is the result of the dehydration of PO and EO units upon increase in temperature.
Typically, Pluronic® copolymers at the body temperature (37 °C) have a CMC ranging from 1:10° M to 1-103
M, and in particular CMCpe127 (37 °C)=2.8-10° M (=3.5 -102 mg mL™?) [438].

Concerning the biological overview of PF127, the FDA guide considers this polaxamer as an “inactive”
ingredient for different types of preparations (e.g., inhalation, oral solutions and suspensions, ophthalmic or
topical formulations) [439]. Moreover, in a Phase | clinical trial report about the doxorubicin-PF127-PL61
formulation (PL61= Pluronic® L61, a polaxamer-member copolymer where x= 2+30 and y= 15+67), the
maximum tolerated dose (MTD) accounts for a PF127 dosage of 700 mg m™ (in general 1 m?= 31 kg of body
weight), thus demonstrating that this polymer is well tolerated by man even at very high concentrations
[440].

With respect to the micellar properties of this class of copolymers, Pluronic® micelles do not act only as inert
nanocarriers able to exploit the EPR effect, but they act also as biological response modifiers at the cell level
[441]. This is associated with their ability to incorporate into cell membranes [442], followed by
translocation into cytoplasm with effects on various cellular functions, such as mitochondrial respiration
[443], ATP synthesis [444], activity of drug efflux transporters [445], apoptotic signal transduction and gene
expression [446]. As a result, Pluronics cause drastic sensitization of multi-drug-resistant (MDR) tumors to
chemotherapy, enhancing drug transport across different types of biological membranes [447].

Intriguingly, the effect of this class of copolymers towards normal and cancer cells is quite different. In fact,
after incubation with low concentrations of Pluronic® L61 the microviscosity of tumor cells membrane
decreases whereas that of normal cells increases [448]. Finally, regarding the cellular uptake of amphiphilic
triblock copolymers, PF127 utilizes multiple routes depending on its aggregation state (e.g., regular micelles,

disordered tangle-shaped architectures, gel consistency) [449]. In particular, the unimers internalize
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predominantly through the calveolae-mediated endocytosis [450]. On the contrary, micelles internalize
prevalently through CME, while calveolae-mediated endocytosis is still debated if occurs to a lesser extent,

likely being inhibited by these nanosystems [450, 451].

8.4 Active cancer-targeting by micelle bio-conjugation with carbohydrates

Targeting the altered tumor metabolism is one of the strategies to selectively deliver cytotoxic agents to
cancer cells [452]. As presented in Section 1.2 and Figure 1.5, many cancer cells metabolize glucose by
anaerobic glycolysis. This phenomenon, known as Warburg effect, is characterized by fast glycolysis and
larger lactate production, overall being fueled by increased glucose (Figure 8.4 a) uptake, with respect to
normal tissues [41]. Exploiting this behavior, many tumors (and metastases) are usually diagnosed using 8F-
2-deoxyglucose positron emission tomography (FDG-PET) (Figure 8.4 b). FDG is a glucose-analogue
metabolized similarly to glucose since it is transported across the cell membrane by glucose transporters
proteins, and then enzymatically phosphorylated. However, in contrast with glucose-6-phosphate, once
phosphorylation takes place, FDG-6-phosphate is metabolically trapped, thus leading to a direct visualization
of metabolism-mutated cancer cells thanks to their higher uptake of this carbohydrate (Figure 8.4 c) [453].
In particular, 8F (t12= 110 minutes) decays by a B* transition (positron emission) and electron capture directly
to the ground state of the stable ¥0, which forms normal phosphorylated glucose, readily metabolized by
the cell. At the same time, the produced positron annihilates with an electron to yield gamma rays, detected

by the y camera of the PET instrument [454].
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Figure 8.4 Chemical drawing of glucose a and 8F-2-deoxyglucose (FDG) b. The 6-phosphorylation of the first
leads to a readily-metabolized substrate, whereas 6-phosphorylated FDG undergoes no metabolic pathway
until 28F decays to 0. In particular, due to the Warburg effect, FDG accumulates in cancerous tissues, giving
the PET imagine of tumor localization ¢ (primary colorectal tumor and liver metastases).
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The FDG uptake mechanism has been extensively studied in vitro and in vivo, nowadays acknowledged to be
mediated by the glucose transporters proteins (GLUTs) [455]. To date, thirteen members of the GLUT family
have been identified, as well as six Na*-dependent glucose transporters (SGLT family) [456], but the most up-
regulated protein found in tumor cells remains GLUT1 [457], whose high levels in human cancers have been
associated with a general poor survival [458]. GLUT1 is a passive, bidirectional glucose uniporter consisting
of 12 transmembrane helical domains, 8 of which are circle-shaped from an exofacial view [459]. Since this
transporter could be a useful cell target in cancer treatment, the ability of different analogues to be

substrates for GLUT1 has been recently investigated, pointing out some guidelines reported in Table 8.1

[460].
e  Substitution generally tolerated, as long as H-
c bond acceptors remain bonded to C1
1
e GLUT1 recognizes preferentially equatorial (B
form of the pyranoside)
e Notinvolved in H bond - loss of H bond acceptor
tolerated
c2
e Bulky substituents seem tolerated (but
HO\C transporter affinity may decline)
6
\ e  Further study are required
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HO/C3/ \\C1MOH to C3
OH e Notinvolved in H bond - loss of H bond acceptor
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4
e No anticancer glycol-conjugates reported linked
to C4
e Notinvolved in H bond - loss of H bond acceptor
tolerated
cé6

e Bulky substituents seem tolerated (but

transporter affinity may decline)

Table 8.1 Structure-activity relationship of D-glucose as a substrate for the GLUT-1 transporter. This table is re-adapted
from the reference [460].

The first sugar-conjugate to be designed and evaluated as a cancer-targeting cytotoxic compound was
glufosfamide (Figure 8.5), developed to increase the selectivity of the DNA-alkylating agent ifosfamide
mustard [461]. This drug has successfully passed Phase | and Il of clinical trials in the treatment of pancreatic

cancer, non-small lung cancer and glioblastoma, and currently is in a Phase lll clinical trial [462].
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Figure 8.5 Chemical drawing of the sugar-conjugate drug glufosfamide.

Moving to targeted nanosystems, Venturelli and coworkers have recently demonstrated that glucose-coated
magnetic CoFe;04 nanoparticles (mean size: 27 nm) target the MDA-MB-231 breast cancer cells to a greater
extent compared to the MCF7 counterpart, due to a higher expression of the GLUT1 protein in the cell
membrane of the former. Moreover, the selective inhibition of GLUT1 by gene silencing determined a
decreased uptake of the functionalized nanosystem in both cancer cell lines [463]. On the other hand, the
encapsulation of doxorubicine in mixed Pluronic® P105 micelles, previously bio-conjugated with D-glucose
(by modification of the C6 position) and folic acid, generated nanosystems able to induce glioma cell death,

with increased transport across the blood brain barrier (both in vitro and in vivo) [464].

8.5 Synthesis of the carbohydrate-targeted Pluronic® F127

As previously discussed, the bio-conjugation of cytotoxic payloads (both small molecules and drug delivery
systems) have proved a useful tool to achieve an active cancer-targeting, exploiting the increased glucose
uptake of cancer cells, due to the overexpression of the GLUT transporters in comparison with healthy cells.
In light of these findings, in this PhD work the conjugation of PF127 with glucose (C1 position) and
glucosamine has been achieved in order to generate neoplasia-targeting and drug solubility-increasing
carriers, loaded with two selected cytotoxic metal-dithiocarbamato derivatives. Moreover, a fluorescein-
linked PF127 substrate has been obtained, in order to perform confocal microscopy studies using fluorescein-

labelled micelles. For clarity reasons, the reader can refer to Figures 8.18 and 8.20 for the synthetic routes.

8.5.1 Synthesis of Pluronic® F127 conjugated with 2,3,4,6-penta-O-acetyl-B-p-glucopyranoside
(acetyl-protected glucose), PF127-GIuOAc
The conjugation of the acetyl-glucose at C1 position to terminal hydroxyl groups of PF127 was achieved as

follows. To a mixture of PF127 (1 mmol) and 1,2,3,4,6-penta-0O-acetyl-B-D-glucopyranoside (3 eq) in 20 mL
dry CH,Cl; at 0°C, 3 equivalents of BFs-Et,O were added and the reaction was kept under stirring for 48 h.
Afterwards, the solution was concentrated under vacuum and precipitated with Et,0, yielding a white solid
dried under vacuum. The solid was precipitated again using CH,Cl>/Et,0, until the TLC analysis ruled out the

presence of unreacted acetyl-glucose.
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The degree of functionalization was 15%, evaluated by *H-NMR (CDCl,) and by comparison of the signals of
the methyl protons of acetate (red colored) and the methyl protons of the PPO central moiety of PF127 (blue

colored) (Figure 8.6).
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Figure 8.6 Chemical drawing of Pluronic® F127 conjugated with 2,3,4,6-penta-O-acetyl-B-D-glucopyranoside (acetyl-
protected glucose), PF127-GluOAc

'H-NMR (599.90 MHz, CD,Cl,): & (ppm) = 1.09 (t, 688H, CH3 PF127), 1.95 (s, 3H, COCHs), 1.98 (s, 3H, COCHs),
2.00 (s, 3H, COCHs), 2.04 (s, 3H, COCHs), 2.33 (s br, OH PF127), 3.37 (m, 225H, OCHHCH(CHs)O PF127), 3.47-
3.52 (m, 414H, OCHHCH(CH3)O PF127), 3.55 (m, 62H, CH>-CH,-OH PF127), 3.58 (m, 3106H, (CHa-CH,-O)n
PF127 + H-5 glucopyranoside), 3.70 (m, 22H, CH>-CH,-O-glucopyranoside + CH,- CH,-OH PF127), 4.08-4.10
(dd, 1H, H-6 glucopyranoside), 4.22-4.24 (dd, 1H, H-6 glucopyranoside), 4.59-4.60 (d, 1H, H-1
glucopyranoside), 4.91 (dd, 1H, H-2 glucopyranoside), 5.03 (dd, 1H, H-4 glucopyranoside), 5.17 (dd, 1H, H-3

glucopyranoside).

13C-NMR (151.2 MHz, CD,Cl5): & (ppm) = 17.58, 17.66 (2s, OCHHCH(CHs)O PF127), 20.91, 20.96, 21.00 (3s,
COCHs), 62.09 (s, CH,-OH PF127), 62.39 (s, C-6 glucopyranoside), 65.49 (s, CH,-O-glucopyranoside PF127),
68.90 (s, C-4 glucopyranoside), 68.95 (s, CH,-CH,-O-glucopyranoside PF127), 70.82, 71.02 (2s, (CH>-CH»-0),
PF127 + C-2 glucopyranoside), 71.38 (s, C-5 glucopyranoside), 73.04 (s, C-3 glucopyranoside), 73.24, 73.32,
73.66 (3s, OCHHCH(CHs)O PF127), 75.62, 75.78, 75.92 (3s, OCHHCH(CHs)O PF127), 101.36 (s, C-1
glucopyranoside), 169.77, 169.83, 170.42, 170.88 (4s, 4 COCHs).

Medium FT-IR (KBr): ¥ (cm™) = 2887, 1759, 1467, 1344, 1111, 1060, 842.

8.5.2 Synthesis of Pluronic® F127 conjugated with B-p-glucopyranoside (deprotected glucose),
PF127-GIuOH
The deprotection of conjugated acetyl-glucose was performed in this manner: to 5 g of PF127-GluOAc (15%

of functionalization) dissolved in 10 mL dry methanol at room temperature, 0.3 equivalents (with respect to
the moles of conjugated sugar) of MeONa were added, and the mixture was left under stirring for 15 hours.
Successively, the necessary amount of Amberlite® IR120 H* form was added, until pH was neutral. At this

point, the resin was filtered and the conjugated polymer precipitated with the addition of 30 mL of diethyl
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ether. The obtained solid was washed with 3x 5 mL of the Et;0, yielding a white solid, then dried under
vacuum.

The degree of functionalization remained 15%, evaluated by 'H-NMR (CD30D) and by comparison of the
signals of H-1 protons of glucose (red colored) and the methyl protons of the PPO central moiety of PF127

(blue colored) (Figure 8.7).

Figure 8.7 Chemical drawing of Pluronic® F127 conjugated with B-D-glucopyranoside (deprotected glucose), PF127-
GIuOH.

IH-NMR (599.90 MHz, CDs0D): 6 (ppm) = 1.14 (t, 519H, CH3 PF127), 3.19 (t, 1H, H-2 glucopyranoside), 3.27-
3.28 (d, 1H, H-3 glucopyranoside), 3.46-3.52 (m, 356H, OCHHCH(CH3)O PF127 + H-4 and H-5
glucopyranoside), 3.59 (m, 153, CH,-CH,-OH PF127), 3.64 (m, 2342H, (CH,-CH»-0), PF127), 3.75 (m, 18H, CH>-
CH,-O-glucopyranoside + CH,-CH,-OH PF127), 3.86 (dd, 1H, H-6 glucopyranoside), 4.01 (dd, 1H, H-6

glucopyranoside), 4.30 (d, 1H, H-1 glucopyranoside).

13C-NMR (151.2 MHz, CD30D): 6 (ppm) = 17.72 (s, OCHHCH(CHs)O PF127), 62.23 (s, CH>-OH PF127), 66.04 (s,
C-6 glucopyranoside), 68.82 (s, CH,-O-glucopyranoside PF127), 69.66 (s, CH,-CH>-O-glucopyranoside PF127),
71.57 (s, (CH,-CH»-0), PF127), 73.68 (s, C-5 glucopyranoside), 74.32 (s, C-2 glucopyranoside), 74.04, 74.12,
74.39, 74.43 (4s, OCHHCH(CH3)O PF127), 76.34 (s, C-3 glucopyranoside), 76.54, 76.68, 76.82 (3s,
OCHHCH(CHs)O PF127), 77.98 (s, C-4 glucopyranoside), 104.46 (s, C-1 glucopyranoside).

Medium FT-IR (KBr): ¥ (cm™) = 3453, 2886, 1759, 1467, 1344, 1112, 1060, 842.

8.5.3 Modification of terminal hydroxyl groups of PF127 into aldehydes, PF127-CHO
The oxidation of each terminal hydroxyl group of PF127 to aldehyde was achieved by the Parikh-Doering

oxidation [465]. Briefly, a DMSO solution of PF127 (1 eq) was mixed with a solution containing 3 equivalents
of sulfur trioxide/pyridine complex (Py-SOs) in DMSO and EtsN (6 eq) at 20°C. After 24 hours the mixture was
diluted in CH2Cl; and washed with brine. The organic phase was then dried with Na,SO,, concentrated and

treated with Et,0, thus precipitating a white solid.
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The degree of oxidation to aldehyde of the terminal hydroxyl group was found to be 74% by 'H-NMR
spectroscopy (CD>Cl,), considering the integration value related to the aldehyde proton (red colored) and the

methylic protons of the PPO central moiety of PF127 (blue colored) (Figure 8.8).
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Figure 8.8 Chemical drawing of Pluronic® F127 where the terminal hydroxyl groups of the polymer have been oxidized
to aldehydes, PF127-CHO.

'H-NMR (599.90 MHz, CD,Cl,): & (ppm) = 1.10 (t, 145H, CH; PF127), 1.70 (s br, OH PF127), 3.38 (m, 54H,
OCHHCH(CH3)O PF127), 3.47-3.50 (m, 74H, OCHHCH(CHs)O PF127), 3.54 (m, 18H, CH,-CH,-OH PF127), 3.60
(m, 646H, (CH,-CH,-0), PF127), 3.83 (m, 4H, CH,-CH,-OH PF127), 9.68 (s, 1H, CHO).

BBC-NMR (151.2 MHz, CD,Cl): & (ppm) = 17.62, 17.71 (2s, OCHHCH(CH3)O PF127), 62.18 (s, CH,-OH PF127),
65.51 (s, CH2-CH,-CHO), 71.08 (s, (CH2-CH,-0), PF127), 73.29, 73.36, 73.72 (3s, OCHHCH(CHs)O PF127), 75.68,
75.85, 76.00 (3s, OCHHCH(CH3)O PF127), 201.24 (s, CHO).

Medium FT-IR (KBr): ¥ (cm™) = 2884, 1630, 1467, 1344, 1115, 1061, 842.

8.5.4 Synthesis of Pluronic® F127 conjugated with 1,3,4,6-penta-O-acetyl-2-amino-2-deoxy--b-
glucopyranoside (acetyl-protected glucosamine), PF127-GInOAc
The conjugation of the acetyl-protected glucosamine to PF127 was achieved by reductive amination starting

from PF127-CHO. Briefly, 0.5 mmol of PF127-CHO (74%) and 0.5 mmol of 1,3,4,6-penta-O-acetyl-2-amino-2-
deoxy-B-D-glucopyranoside were mixed at room temperature in 30 mL of acetonitrile for 2 hours.
Successively, 3 equivalents of NaCNBH3 were added, and the solution was left under stirring for 30 minutes.
After that, the solvent was removed and the residual matter taken up with 50 mL of CH,Cl; and washed with
3x 50 mL of brine. The organic solution was then treated with Na,SO4, and the addition of 50 mL of Et,0 led
to the precipitation of a white solid, which was then dried under vacuum.

The degree of amination with acetyl-glucosamine was found to be 44% by H-NMR spectroscopy (CD,Cl,),
considering the integration value related to acetyl protons of protected glucosamine (red colored) and

methylic protons of the PPO central moiety of PF127 (blue colored) (Figure 8.9).
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Figure 8.9 Chemical drawing of Pluronic® F127 conjugated with 1,3,4,6-penta-O-acetyl-2-amino-2-deoxy-B-D-
glucopyranoside (aceto-protected glucosamine), PF127-GInOAc.

'H-NMR (599.90 MHz, CD,Cl,): & (ppm) = 1.10 (t, 241H, CHs PF127), 1.99 (s, 3H, COCHs), 2.03 (s, 3H, COCHs),
2.03 (s, 3H, COCHs), 2.12 (s, 3H, COCHs), 2.14 (s br, OH PF127), 2.76-2.82 (m, 4H, CH>-NH-glucopyranoside +
H-2 glucopyranoside), 3.37 (m, 81H, OCHHCH(CH3)O PF127), 3.47-3.52 (m, 159H, OCHHCH(CHs)O PF127),
3.55 (m, 24H, CH-CH,-OH PF127), 3.59 (m, 1116H, (CH--CH»-0), PF127), 3.70 (m, 8H, CH,-CH,-O-
glucopyranoside + CH,- CH,-OH PF127), 3.76-3.77 (m, 1H, H-5 glucopyranoside), 4.04-4.02 (dd, 1H, H-6
glucopyranoside), 4.21-4.23 (d, 1H, H-6 glucopyranoside), 4.99-5.04 (m, 2H, H-2 + H-4 glucopyranoside), 5.52-
5.53 (d, 1H, H-1 glucopyranoside).

B3C-NMR (151.2 MHz, CD,Cl,): & (ppm) = 17.58, 17.66 (2s, OCHHCH(CHs)O PF127), 20.98, 21.00, 21.08, 21.36
(4s, COCHs), 48.01 (s, CH,-NH-glucopyranoside PF127), 61.42 (s, C-6 glucopyranoside), 62.10 (s, CH,-OH
PF127), 62.40 (s, C-2 glucopyranoside), 65.50 (s, CH,-CH,-NH-glucopyranoside PF127), 68.91 (s, C-4
glucopyranoside), 71.03 (s, (CH>-CH,-O), PF127), , 71.39 (s, C-5 glucopyranoside), 73.07 (s, C-3
glucopyranoside), 73.25, 73.33, 73.67 (3s, OCHHCH(CHs)O PF127), 75.64, 75.80, 75.94 (3s, OCHHCH(CHs)O
PF127),95.24 (s, C-1 glucopyranoside), 169.54, 170.03, 170.85, 171.06 (4s, 4 COCHs).

Medium FT-IR (KBr): ¥ (cm™) = 2883, 1757, 1467, 1344, 1114, 1060, 842.

8.5.5 Synthesis of Pluronic® F127 conjugated with 2-amino-2-deoxy-b-glucose (deprotected
glucosamine), PF127-GInOH
The deprotection of acetyl protecting groups of glucosamine was performed as reported for the glucose

derivative in Section 8.5.2.
The degree of functionalization remained 44%, evaluated by 'H-NMR (CD30D) and by comparison of the
signals of H-1 protons of the conjugated glucosamine (red colored) and the methyl protons of the PPO central

moiety of PF127 (blue colored) (Figure 8.10).
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Figure 8.10 Chemical drawing of Pluronic® F127 conjugated with 2-amino-2-deoxy-D-glucose (deprotected
glucosamine), PF127-GInOH.

'H-NMR (599.90 MHz, CDs0D): & (ppm) = 1.14 (t, 653H, CH; PF127), 2.51-2.53 (dd, 1H, 4.53-4.54 H-2B
glucopyranoside), 2.85-2.90 (m, 2H, CH>-NH-glucopyranoside), 2.96 (m, 1H, H-2a glucopyranoside), 3.11-3.12
(dd, 1H, H-3B glucopyranoside), 3.46-3.52 (m, 448H, OCHHCH(CH3)O PF127 + H-4 and H-5 glucopyranoside),
3.59 (m, 199, CH,-CH,-OH PF127), 3.64 (m, 2831H, (CH»-CH»-O), PF127), 3.75 (m, 22H, CH,-CH,-O-
glucopyranoside + CH,-CH,-OH PF127), 3.84-3.86 (dd, 1H, H-3a glucopyranoside), 4.19 (m, 2H, H-6
glucopyranoside), 4.36 (m, 2H, H-6 glucopyranoside) 4.52-4.53 (d, 1H, H-1PB glucopyranoside), 5.24 (d, 1H, H-

la glucopyranoside).

13C-NMR (151.2 MHz, CDs0D): & (ppm) = 17.72 (s, OCHHCH(CH3)O PF127), 62.23 (s, CH,-OH PF127), 66.04 (s,
CH,-CH»-NH-glucopyranoside PF127), 68.81 (s, C-6 glucopyranoside), 69.66 (s, C-2 glucopyranoside), (s, C-2
glucopyranoside), 71.57 (s, (CH»>-CH,-O), PF127), 71.90 (s, C-4 glucopyranoside), 72.51 (s, C-3
glucopyranoside), 73.67 (s, C-5 glucopyranoside), 74.04, 74.13, 74.39, 74.43 (4s, OCHHCH(CHs)O PF127),
76.54, 76.69, 76.82 (3s, OCHHCH(CHs)O PF127), 93.64 (s, C-1B glucopyranoside), 96.29 (s, C-la

glucopyranoside).

Medium FT-IR (KBr): ¥ (cm™) =3432, 2885, 1467, 1344, 1112, 1060, 842.

8.5.6 Synthesis of tosylated Pluronic® F127, PF127-OTs
Each terminal hydroxyl group of PF127 was made more reactive by its conversion to a tosyl (Ts) group as

follows. To a solution of 1 mmol of PF127 in 20 mL CH,Cl, dry, 0.5 eq of 4-dimethylaminopyridine (DMAP)
and 10 eq of triethylamine (EtsN) were added together at 0°C. Then, 10 eq of p-toluensulfonyl chloride (TsCl)
were added, and the reaction was kept under stirring for 24 h. The subsequent washing with 2x5 mL of HCl
0.1 M and 10 mL of brine, followed by precipitation with Et,0, led to the isolation of a white product,
endowed with a 100% functionalization degree. Such percentage was evaluated by 'H-NMR in CD,Cl,
considering the integration values of the NMR signals related to aromatic protons of tosylate (red colored)

and methylic protons of the PPO central moiety of PF127 (blue colored) (Figure 8.11).
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Figure 8.11 Chemical drawing of Pluronic® F127 where terminal hydroxyl groups of the polymer have been activated
with the good leaving group tosylate, PF127-OTs.

'H-NMR (599.90 MHz, CD,Cl,): & (ppm) = 1.10 (t, 99H, CH3 PF127), 2.31 (s br, OH PF127), 2.44 (s, CHs tosylate),
3.37 (m, 33H, OCHHCH(CHs)O PF127), 3.48-3.52 (m, 69H, OCHHCH(CH3)O PF127), 3.56 (m, 12H, CH,-CH,-OH
PF127), 3.59 (m, 463H, (CH2-CH»-O)n PF127), 3.70 (m, 3H, CH,-CH,-OH PF127), 3.70 (t, 4H, CHa-Tosylate
PF127), 7.36-7.37 (d, 2H, H*mets tosylate), 7.76-7.78 (d, 2H, H*ono tosylate).

3C-NMR (151.2 MHz, CD,Cl,): & (ppm) = 17.60, 17.68 (2s, OCHHCH(CHs)O PF127), 21.91 (s, CHs tosylate),
62.13 (s, CH,-OH PF127), 65.52 (s, CH,-CH,-OH), 68.93, 69.11 (2s, CH,-Tosylate PF127) , 70.03 (s, CH,-CH,-
Tosylate), 71.04 (s, (CH,-CH,-0), PF127), 73.26, 73.34, 73.69 (3s, OCHHCH(CH3)O PF127), 75.64, 75.81, 75.95
(3s, OCHHCH(CHs)O PF127), 128.40 (s, C*orto tosylate), 130.40 (s, C*meta tosylate), 133.51 (s, C*para tosylate),
145.55 (s, C*ipso tosylate).

* in agreement with data reported in reference [478]

Medium FT-IR (KBr): ¥ (cm™) =2885, 1467, 1344, 1113, 1060, 842, 664.

8.5.7 Synthesis of phthalimido Pluronic® F127, PF127-Phtha
To a solution of 0.5 mmol of PF127-Ts in 10 mL of DMF dry at reflux, 10 mmol of phtalimide potassium salt

(Phtha K) were added and the reaction was kept under stirring for 5 hours. After filtration of the by-products
and precipitation with Et,0, a light-yellow solid was obtained. The functionalization degree was identified as
97% by 'H-NMR (CD,Cl,), comparing the integration values related to aromatic protons of phthalimide (red
colored) and methylic protons of the PPO central moiety of PF127 (blue colored) (Figure 8.12).
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Figure 8.12 Chemical drawing of Pluronic® F127 where terminal tosylate has been substituted with a phthalimido group,
PF127-Phtha.

'H-NMR (599.90 MHz, CD,Cl,): & (ppm) = 1.11 (t, 108H, CHs PF127), 1.94 (s br, OH PF127), 2.33 (t, 2H, CH,-
phthalimide), 3.38 (m, 37H, OCHHCH(CH3)O PF127), 3.48-3.52 (m, 78H, OCHHCH(CH3)O PF127), 3.56 (m, 13H,
CH»-CH,-OH PF127), 3.60 (m, 501H, (CH,-CH,-0)» PF127), 3.70 (m, 6H, CH,-CH,-OH PF127), 3.85 (t, 2H, CH--
CH»-phthalimide PF127), 7.74 (m, 2H, H-4 phthalimide), 7.82 (m, 2H, H-3 phthalimide).

3C-NMR (151.2 MHz, CD,Cl): & (ppm) = 17.61, 17.70 (2s, OCHHCH(CHs)O PF127), 37.97 (s, CHa-phthalimide
PF127), 68.39 (s, CH,-CH,-phthalimide), 71.04 (s, (CH»-CH»-O), PF127), 73.28, 73.35, 73.72 (3s,
OCHHCH(CH3)O PF127), 75.67, 75.84, 75.99 (3s, OCHHCH(CH3)O PF127), 123.99 (s, C-2 phthalimide), 132.75
(s, C-3 phthalimide), 134.48 (s, C-4, phthalimide), 168.99 (s, C-1 (C=0) phthalimide).

Medium FT-IR (KBr): ¥ (cm™) =2885, 1716, 1467, 1344, 1114, 1060, 842, 724, 690.

8.5.8 Synthesis of amino Pluronic® F127, PF127-NH;
A Gabriel-like synthesis was run according to a modified literature procedure [466]. To a solution of 0.3 mmol

of PF127-Phtha (97%) in 20 mL of EtOH at reflux, 50 eq of hydrazine (NH,NH,) were added. After 16 h at
reflux, the product was precipitated with Et,0, obtaining a white solid with a functionalization degree (-NH;
terminal group) of 45%. This was determined by 'H-NMR (CD,Cl,) comparing the integration areas of the
methylenic protons nearest to the amine (CH,-NH, red colored) and the methylic protons of the PPO central

moiety of PF127 (blue colored) (Figure 8.13).
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Figure 8.13 Chemical drawing of Pluronic® F127 where terminal phthalimido groups have been converted to two amine
groups via a Gabriel-like reaction, PF127-NHa.
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IH-NMR (599.90 MHz, CD,Cl,): & (ppm)= 1.11 (t, 235H, CHs PF127), 2.05 (s br, OH PF127), 2.84 (t, 2H, CHa-
NH.), 3.38 (m, 80H, OCHHCH(CHs)O PF127), 3.47-3.52 (m, 144H, OCHHCH(CHs)O PF127), 3.55 (m, 12H, CH,-
CH,-OH PF127), 3.60 (m, 1143H, (CH»-CH»-0), PF127), 3.71 (m, 7H, CH,-CH,-OH PF127).

3C-NMR (151.2 MHz, CD,Cly): & (ppm) = 17.62, 17.70 (2s, OCHHCH(CHs)O PF127), 42.17 (s, CHo-NH, PF127),
62.16 (s, CH-OH PF127), 65.54 (s, CH-CH2-NH.), 71.07 (s, (CH»-CH,-0), PF127), 73.28, 73.36, 73.72 (3s,
OCHHCH(CH3)O PF127), 75.67, 75.84, 75.99 (3s, OCHHCH(CH3)O PF127).

Medium FT-IR (KBr): ¥ (cm™) =2884, 1467, 1344, 1113, 1060, 842.

8.5.9 Synthesis of Pluronic® F127 conjugated with fluoresceine via thioureido bond, PF127-FITC
The conjugation of fluoresceine to the terminal amino groups of PF127 resulted in the formation of a

thioureido bond, exploiting the well-known reactivity of an isothiocyanato group towards amines [467].

Briefly, 0.2 mmol of PF127-NH, (45%) were dissolved in 15 mL of dry THF and then 0.2 mmol of fluorescein
isothiocyanate (FITC) and 0.5 mmol of diisopropylethylamine (DIPEA) were added. The solution was kept
under stirring at 25 °C, protected from light, for 15 hours. Then, the solvent was removed, and the raw
product was purified by silica gel chromatography using CH,Cl,/MeOH 9:1 as an eluent. A yellow solid was
obtained, and the degree of functionalization was determined to be 45% by *H-NMR (CDCl,) comparing the
integration areas of the thioureidic —~NH- protons (red colored) and the methyl protons of the PPO central
moiety of PF127 (blue colored). For NMR attributions, the positions of carbons and related protons have

been assigned as drawn in Figure 8.14.

106 70

Figure 8.14 Chemical drawing of the fluorescein moiety conjugated to PF127 via a thioureido group. Proton labelling is

based on reference [467].

'H-NMR (599.90 MHz, CD,Cl,): & (ppm) = 1.11 (t, 221H, CH; PF127), 2.10 (s br, OH PF127), 3.38 (m, 73H,
OCHHCH(CH3)O PF127), 3.48-3.52 (m, 143H, OCHHCH(CH3)O PF127), 3.57 (m, 11H, CH,-CH,-OH PF127), 3.60
(m, 905H, (CH.-CH,-0), PF127), 3.71 (m, 11H, CH,-CH,-OH PF127), 6.98 (s br, 2H, H-1), 7.12-7.14 (d, 2H, H-2),
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7.31 (m, 2H, H-3), 7.48 (m, 1H, H-11), 7.86 (s br, 1H, PF127-NH-CS-NH-fluorescein), 8.15 (m, 1H, H-12), 8.50
(s, 1H, H-14), 9.67 (s br, 1H, PF127-NH-CS-NH-fluorescein).

13C-NMR (151.2 MHz, CD,Cl,): 6 (ppm) = 17.62, 17.71 (2s, OCHHCH(CHs)O PF127), 68.95 (s, CH,-NH-S-NH
PF127), 69.00 (s, CH,-CH»-NH-CS-NH PF127), 71.07 (s, (CH,-CH,-O), PF127), 73.29, 73.36, 73.73 (3s,
OCHHCH(CHs)O PF127), 75.68, 75.85, 76.00 (3s, OCHHCH(CHs)O PF127), 103.50 (s, C-3), 106.14 (s, C-2),
189.87 (s, N(C-S)N). Other C signals are too weak to be seen.

Medium FT-IR (KBr): ¥ (cm™) =3441, 2884, 1759, 1619, 1467, 1344, 1114, 1060, 842.

8.5.10 Pluronic® F127 conjugations achieved in collaboration with the University of Milano-Bicocca
In collaboration with the Prof. L. Cipolla’s research group of the University of Milano-Bicocca, two additional

conjugations were performed, exploiting the formation of an oxime functional group and yielding a PF127
linked to a B-D-glucopyranoside (PF127-B-D-glucopyranoside) or to the disaccharide B-D-maltose (PF127-B-

maltose).

8.5.10.1 Synthesis of the B-D-aminoxy glucose and maltose
Acetobromo-a-D-carbohydrate (carbohydrate= glucose and maltose) was mixed with 2 eq of N-hydroxy

phtalimide in CH,Cl; in the presence of tetra(n-butyl)Jammonium hydrogenosulfate (TBAHS) for 4 hours at
room temperature. Then, the product was precipitated with Et,0 as O-acetyl-B-D-phtalimido-sugar. The
latter was then treated with methyl hydrazine (NH.NHMe) in MeOH at reflux, to both remove acetyl
protective groups and to form the aminoxyl moiety, obtaining B-D-aminoxy-sugar (Figure 8.15 a, b) as a white

solid by precipitation with Et,0.
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Figure 8.15 Chemical drawing of the obtained B-D-aminoxy-sugars: B-D-aminoxy-glucopyranoside a, and B-D-aminoxy-
maltose b.
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8.5.10.2 Conversion of the terminal hydroxyl groups of Pluronic® F127 to ketones, PF127-Levu
This reaction was carried out to replace each hydroxyl group with a ketone as a terminal functional group of

PF127, able to react with an aminoxyl moiety to form an oxime. Briefly, PF127 was allowed to react with 10
eq of levulinic acid (activated by 10 eq of dicyclohexylcarbodiimide) for 24 hours in CH,Cl,. Then, the solution
was reduced under vacuum and the product was precipitated with Et,0, yielding a white solid. The
functionalization degree was identified as 100% by *H-NMR (CD.Cl,), comparing the integration area related
to the methyl protons nearest the carbonyl group (blue colored) and methyl protons the PPO central moiety

of PF127 (orange colored) (Figure 8.16).
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Figure 8.16 Chemical drawing of the modified Pluronic® F127 by conjugation with levulinic acid to obtain a terminal
ketone moiety, PF127-Levu.

8.5.10.3 PF127 bio-conjugation by oxime formation between the ketones of PF127-Levu and the aminoxy
moiety of the carbohydrates
The oxime formation was achieved by mixing PF127-Levu and B-D-aminoxy-sugar in a 1:2 molar ratio in

aqueous solution (buffered at pH 3.5 using citric acid/sodium citrate). Then, the solution was lyophilized and
the resulting solid purified by silica gel chromatography using a mixture of isopropanol/ammonia 9:1 to
remove unreacted sugar.

The functionalization degree was 51% in the case of glucose and 60% for maltose, evaluated by *H-NMR
spectroscopy, focusing on the integration values of the peaks of the terminal methyl protons of the final
oxime (green colored, Figure 8.17) and the same protons of the unreacted PF127-Levulinic acid (blue colored,

Figure 8.16).
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Figure 8.17 Chemical drawing of the modified Pluronic® F127 by conjugation of B-D-aminoxy-sugar to PF127-Levu to
form an oxime group, PF127- B-D-glucopyranoside (up) and PF127-B-maltose (down).

8.6 Discussion about the synthetized carbohydrate-functionalized Pluronic® F127

8.6.1 Considerations on the synthetic routes
With reference to the Section 8.5.1-8.5.9, a scheme of the reactions performed in our laboratories to achieve

the functionalization of PF127 with glucose, glucosamine and fluorescein, is reported in Figure 8.18.
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Figure 8.18 Scheme of the reactions carried out during this PhD work in our laboratories, for the modification of the
terminal hydroxyl groups of PF127 in order to conjugate the cancer-targeting moieties glucose (B-form) and
glucosamine, and to link the fluorescent probe fluorescein.
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The approach used in these syntheses is either the direct conjugation of the sugar (e.g., glucose) to the
hydroxyl terminal groups of PF127 or the modification of the latter to generate active substrates toward
glucosamine and fluorescein. The choice to work with acetyl-protected carbohydrates is due to the low or
none solubility of the corresponding deprotected sugars in organic solvents, which limits their reactivity,
along with to hamper the occurrence of side reactions [468]. In all cases, the acetyl groups have been
removed by basic ester cleavage using MeONa in methanol (namely Zemplén deacetylation), followed by
neutralization with the strong cationic (H*) Amberlite IR120 resin [469].

The direct conjugation of acetylated glucose to hydroxyl groups of PF127 was performed by a O-glycosylation
reaction, starting from per-O-acetylated-glucopyranoside in the presence of a Lewis acid (BFs) (Figure 8.19)
[470]. The latter acts as an activator, promoting the exit of the C1 acetyl group (LG) with the subsequent
formation of an oxocarbenium ion. At this point, the acetyl group at the position 2 allows the formation of
the acetoxium ion intermediate that forces the nucleophile (the terminal hydroxyl moiety of PF127) to attack
the positively charged C1 to mostly form a B-glycoside [471, 472]. It is worth mentioning that, since
glycosylation is performed at the anomeric position 1, the ring cannot undergo the epimeric equilibrium

a¢>B, and hence the product remains in its B-form, which is the epimer recognized by the GLUT1 protein

PO,
o
PO
PO,
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Figure 8.19 Glycosylation mechanism carried out for the per-O-acetylated-glucopyranoside in the presence of a
nucleophile (ROH; in this work PF127, whereas LG= OAc) and BFs.
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On the other hand, the conjugation of O-acetylated-2-amino-2-deoxy-D-glucopyranoside (acetylated
glucosamine) was performed using the reductive amination reaction, thus forming an N-glycoside in position
2. Accordingly, once deprotected, the sugar undergoes the epimeric equilibrium a¢=>B. To carry out this
reaction, the two terminal hydroxyl groups of PF127 have been first converted into two aldehyde groups via
a Parikh-Doering oxidation, so to have the imine formation in the presence of the glucosamine amino group,
being successively reduced to a secondary amine by addition of NaCNBHs. It is worth mentioning that Harris
and coworkers reported a reductive amination for poly(ethylene glycol) aldehyde using deprotected
glucosamine [474]. However, as observed in our laboratories, this strategy leads to the reduction of the
aldehyde group of the sugar in the open-chain form, forming 2-amino-2-deoxy-glucitol [475]. Thus, the
reaction was performed using O-acetyl-protected glucosamine.

Finally, a 3-step procedure was planned to convert the terminal hydroxyl group of PF127 into an amine,
suitable for the subsequent conjugation with fluorescein isothiocyanate, forming a thioureido group [467].
First of all, both -OH groups were converted to the good leaving group -OTs (OTs= tosyl) using p-
toluensulfonil chloride [476], then a phtalimido group was introduced to generate the primary amine using
hydrazine, taking advantage of the well-known Gabriel’s synthesis of amines [466].

Concerning the Pluronic® F127 modifications carried out in collaboration with the University of Milano-
Bicocca, under the supervision of Professor Laura Cipolla, the aim was to functionalize the block polymer
with either a mono-saccharide as B-epimer (B-b-glucose) or with a di-saccharide endowed with a terminal
glycoside in the a-form of the epimer (a-D-glucose). In this regard, maltose was chosen since it is a di-
saccharide consisting of two units of D-glucose joined by a a-(1->4) bond. A scheme of the reactions
performed within this collaboration, described in Section 8.5.10, is reported in Figure 8.20. This type of PF127
derivatives contains a carbohydrate bonded via an oxime linker. The choice was not accidental, since the
oxime as a linking group is stable under physiological conditions (oxime cleavage occurs only in strong acid

conditions under reflux) [477].
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Figure 8.20 Conjugation procedure of B-D-glucopyranoside and B-maltose to PF127. Synthesis of B-D-aminoxy-
glucopyranoside (a) and B-aminoxy-maltose (b) via Gabriel reaction a; synthesis of PF127-Levulinic acid c; oxime
coupling to obtain PF127-B-D-glucopyranoside (left) and PF127- B-maltose (right) d.
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8.6.2 'H-NMR characterization
All the modifications performed on the terminal group of PF127 copolymer were analyzed by H- and 3C-

NMR (Supporting Information E), and compared with the unmodified Pluronic® F127. In particular, *H-NMR
spectroscopic technique is useful to assess the degree of functionalization of the modified polymers, taking
into account the mean number of PPO repeating units, for PF127 being about 70 [435]. Indeed, despite the
molecular mass of the copolymer is near 12,600 Da and its 'H-NMR signals result very intense with respect
to those of the conjugated substituents, the selection of those resonances at quite distant chemical shifts
from those of the bulk of the polymer, allows the comparison between their areas with that of the signal
ascribed to the methyl protons of the PPO chain. The ratio between this value and the theoretical value,
which accounts for a 100% functionalization (considering n°(PPO)= 70), generates the degree of
functionalization of PF127 conjugates synthetized in our laboratories. As an example the *H-NMR spectrum
of PF127-GluOAc is taken here into account (Supporting Information E, Figure E15). The acetyl protecting
groups of 2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside generate four different singlets, each of them having
an integral value of 3. On the other hand, the -CHs; moiety of the PPO chain gives back a “triplet” at 1.09 ppm,
accounting for 688 protons. On the other hand, supposing a quantitative functionalization, the integral for
one acetyl should be 6 (i.e., 3 protons x 2 terminal PF127 conjugations), whereas the PPO methyl protons are
210 (3 protons x 70 PPO repetitive units). The following formula gives the degree of functionalization:

3
(@)experimental
degree of functionalization (%) = measurement | % 100 = 15.3 %

2 10) theoric
ratio

Concerning the use of NMR spectroscopy for the characterization of the PF127 derivatives, first of all it is
possible to detect the intense signals related to the PEO and PPO backbones of Pluronic®, being identified by
a multiplet in the range 3.60-3.75 ppm and a “triplet” at ca. 1.10 ppm, respectively. In the 3C-NMR spectra,
these moieties generate different signals at 72-75 ppm and 17 ppm, respectively [478]. It has to be underlined
that the 13C-NMR experiments have been performed with the C-H decoupling in order to obtain well defined
signals, mainly for the terminal substituents (e.g., glucosamine). Overall, it is possible to state that the PEO
and PPO backbone resonances seem not to be affected by the terminal modifications. On the other hand,
the variation of the PEO -CH, resonances proximal to the different substituents, as well as the signals of the
linked groups (e. g., glucose) have been useful in evaluating the success of labeling reactions, although some
peaks in 'H-NMR were lost due to the intensity of the backbone peaks.

Concerning the PF127-carbohydrate conjugates, both the *H- and *C-NMR analysis have been fundamental
in the assessment of acetyl deprotection. Indeed, in the spectra of PF127-GluOH and PF127-GIn-OH
(Supporting Information E, Figure E17 and E13, respectively) the absence of acetyl groups is clear, whereas
four distinct proton signals are located at 1.90-2.10 ppm and four well-identified carbon peaks have been

found at ca. 170 ppm for protected derivatives (Supporting Information E, Figure E15 and E11, respectively).
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Finally, the presence of only a doublet at 4.29-4.31 ppm in the *H-NMR spectrum of the conjugate PF127-
GluOH points out the presence of the pure B-epimer [479]. On the contrary, the glucosamine derivative
PF127-GIn presents two sets of anomeric signals, due to the epimeric equilibrium a¢=>p which takes place in
solution after deprotection [475].

Moving to the PF127 derivatives obtained in collaboration with the University of Milano-Bicocca, the degree
of functionalization of PF127 oxime-conjugates of B-D-glucopyranoside and B-maltose, was calculated by the
formula:

[ CHzoxime terminal
[ CHsketon terminal + [ CHzoxime terminal

100

degree of functionalization (%) =

In particular, the areas of the signals of the terminal methyl group of unreacted PF127-levu (blue colored,
Figure 8.16) and the final PF127-oxime (green colored, Figure 8.17) were compared. As an example, the H-
NMR spectrum (D,0) of oxime-linked PF127-B-D-glucopyranoside is reported in Figure 8.21. Concerning the
characterization of these derivatives, the H- and 13C-NMR spectral features were the same of the previously

discussed PF127 conjugates obtained in our laboratories.
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Figure 8.21 'H-NMR spectrum (D20, 599.90 MHz, 298 K) of oxime-linked PF127-B-D-glucopyranoside. It is possible to
determine the degree of functionalization comparing the integration value related to the terminal CHs signal of oxime
(green-colored) with that of the unfunctionalized ketone (blue highlighted). In particular, according to the previously
presented formula, the degree of functionalization = [1.05/(1.00+1.05)]*100 = 51.2 %.
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8.6.3 FT-IR characterization
The diagnostic absorptions of the conjugated carbohydrates and fluorescein, as well as of the modified

terminal hydroxyl groups of PF127 have been identified by comparison of the FT-IR spectra of the synthetized
derivatives (Supporting Information L) with that of commercial Pluronic® F127. All spectra, recorded in the
range 4000-500 cm?, show the common fingerprint of the PEO-PPO-PEO triblock copolymers, with a medium
absorption at ca. 2885 cm™ attributed to the C-H stretching v(C-H) and different bands in the region 1500-

900 cm™. These have been deeply discussed in literature [480-482], and the attributions are presented in

Table 8.2.
CHs; symmetry CH>wag + C-C CH>wag CH;wag C-O-C stretching +
deformation stretching C-C stretching
1467 cm™ 1360 cm™ 1343 cm? 1280, 1242 cm* 1149 cm*
C-0-C C-0-C + CH; CHrocking C-0-C + CH;
rocking rocking
1114 cm™ 1060 cm™ 964 cm'? 945 cm'?

Table 8.2 Assignment of the detected FT-IR bands for our PF127 derivatives in the Pluronic® fingerprint range 1500-900

cm™,

The infrared analysis has allowed also the detection of the characteristic signals of PF127-conjugates. For
instance, the spectra of PF127-GInOAc and PF127-GluOAc (Appendix L, Figure L6 and L8, respectively) show
the presence of a weak absorption at 1756-1759 cm, ascribed to the C=0 stretching vibration of the acetyl
protecting groups. This band disappears indeed after basic cleavage of the esters, as observed in Figure L7
(PF127-GInOH) and L9 (PF127-GluOH). Conversely, the carbonyl vibration is observed at 1759 cm™only in the
spectrum of fluorescein-conjugate PF127-FITC, and at 1630 cmin that of aldehyde derivative PF127-CHO
(Figure L5). Concerning the latter, the C=0 absorption occurs at lower wavenumbers due to the presence of
the long-chain PF127 group, directly bound to the aldehydic function [483].

Finally, in the FT-IR spectra of the aromatic function-containing PF127 derivatives, it is possible to observe

some ring-deformations in the spectral region 750-650 cm™ [484].

8.7 Encapsulation of selected metal-dithiocarbamato derivatives in Pluronic® F127 and

carbohydrate-labeled Pluronic® F127 micelles

As reported in Section 8.2, the encapsulation of cytotoxic agents in nanosystems could improve their

bioavailability and delivery. In this regard, if the passive cancer-targeting is a common denominator of all
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nanocarriers with specific dimensions, that active can be achieved only with the functionalization of the
external surface of the particles with cancer-selective moieties. In light of this, the sugar-conjugated PF127
polymers synthetized during this PhD work can be an optimal tool to favor a tumor localization of the
corresponding micelles. The latter, acting as Trojan horses, drive the uptake of the cargo by cancer cells which
overexpress GLUT1 transporters (see Chapter 1)

The metal derivatives of cyclic dithiocarbamates, whose synthesis and characterization have been described
and discussed in the Chapters 5-7, result soluble in common organic solvents, but none of them are water
soluble, except for the ionic [Au(PipeDTC);]X, X= Cl, Br. On the basis of these considerations, they require
pre-dissolution in dimethyl sulfoxide prior to carrying out in vitro experiments (presented in Chapter 9).

In this work, PF127 micelles have been designed, prepared and tested to solubilize our metal-DTC complexes,
and to increase their stability in cell culture media and physiological milieu. Thus, two synthetized
compounds, namely B-[Rux(PDT)s]Cl and [Cu(ProOMeDTC),], have been selected for their cytotoxic and
lipophilic properties (according to methodology presented in Chapter 9), to be encapsulated in Pluronic®
F127 and Pluronic® F127-sugar conjugated micellar systems. In total, 10 different formulations have been

prepared, 5 for each metal derivative, and they are reported in Table 8.3.

Formulation name Micelle Composition (w/w) Encapsulated metal-complex
RuA PF127 100% B-[Ru2(PDT)s]Cl
RuC PF127 90% + PF127-GluOH 10% B-[Ruz(PDT)s]Cl
RuE PF127 90% + PF127-B-D-glucopyranoside 10% B-[Ru(PDT)s]Cl
RuG PF127 90% + PF127-GInOH 10% B-[Ru(PDT)s]Cl
Rul PF127 90% + PF127-B-maltose B-[Ru,(PDT)s]CI
CuA PF127 100% [Cu(ProOMeDTC),]
cuc PF127 90% + PF127-GluOH 10% [Cu(ProOMeDTC);]
CuE PF127 90% + PF127-B-D-glucopyranoside 10% [Cu(ProOMeDTC),]
CuG PF127 90% + PF127-GInOH 10% [Cu(ProOMeDTC);]
Cul PF127 90% + PF127-B-maltose [Cu(ProOMeDTC),]

Table 8.3 List of the prepared formulations with their name, composition in terms of Pluronic® copolymer, and metal
complex encapsulated.

For targeted micelles, the percentage in composition of the sugar-modified PF127 has been chosen to be the
10% in weight. Indeed, different studies have recently discussed the ideal number of ligands on the surface
of a nanoparticle to achieve the optimal cancer-targeting [485, 486]. In this context, most researchers
concord that a greater ligand density does not necessarily lead to a higher intracellular concentration, since

they can decrease the “stealth” surface characteristics, and consequently generate an accelerated clearance
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[487]. In our opinion, higher the ligand density (> 40%), lower the cell uptake due to steric hindrance in the

target-ligand recognition event.

8.7.1 Preparation of the nanoformulations of the selected metal-DTC complexes
The encapsulation of the selected complexes, namely B-[Rux(PDT)s]Cl and [Cu(ProOMeDTC),] in PF127 and

PF127-sugar mixed micelles was performed by the thin film hydration method, using deionized water [433,
488]. Briefly, 1-10® moles of metal-DTC compound and 500 mg of PF127 polymer have been dissolved in 5
mL of acetonitrile. When cancer-targeting micelles have been prepared, the polymer was PF127 at 90% w/w
and PF127-sugar at 10% w/w (taking into account the specific degree of functionalization of each conjugate,
according to Section 8.5). The acetonitrile solution was mixed for 5 minutes and then the solvent evaporated
to produce a homogeneous thin film of the complex and the polymer. To ensure the complete evaporation
of acetonitrile, the resulted layer was dried in vacuum for 24 hours. After that, the addition of 5 mL of
deionized water, followed by sonication for 10 minutes, led to the formation of a brown or a yellow-green
transparent solution in the case of B-[Ruz(PDT)s]Cl and [Cu(ProOMeDTC),] formulations, respectively. These
have been filtered (cut-off: 20 um) to eliminate unloaded complex, followed by lyophilization to yield a pale
brown powder for the Ru(lll) formulation, or a pale green product when the Cu(ll) complex is encapsulated

(Figure 8.22).

Figure 8.22: Top: the free metal-DTC complexes B-[Ru2(PDT)s]Cl (left) and [Cu(ProOMeDTC).] (right), bottom: a
picture of the corresponding lyophilized PF127 formulations RuA and CuA.
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8.8 Characterization of the prepared nanoformulations
The formulations previously described have been characterized for i) complex loading , ii) shape and
dimension, and iii) stability in cell culture medium (Dulbecco's Modified Eagle Medium, DMEM) and in

human serum, for future in vivo studies.

8.8.1 Loading measurements
After filtration and lyophilization of the aqueous solution (presented in Section 8.7.1), the evaluation of

compound loading and the encapsulation efficiency was accomplished for each complex in the different
formulations using UV-Vis spectrophotometry (Table 8.4). Briefly, the molar extinction coefficient (€) was
determined for some absorption bands of all complexes in acetonitrile or dichloromethane. Then, a defined
amount of lyophilized formulation (polymer + metal-DTC compound) was dissolved in CHsCN or CH,Cl; and,

after UV-Visible analysis, the concentration of the complex was evaluated using the Lambert Beer’s law [489].

Formulation Drug loading Encapsulation efficiency
RuA 1.74 - 10° mol mg? 87.0%
RuC 1.81-10° mol mg™ 90.5 %
RuE 1.99 - 10° mol mg™ 99.5 %
RuG 1.39 - 10° mol mg’ 69.5 %
Rul 2.00 - 10° mol mg™* 100 %
CuA 1.28 - 10° mol mg’! 64.0 %
Cuc 1.60 - 10° mol mg™* 80.0 %
CuE 1.32 - 10° mol mg* 66.0%
CuG 1.81-10° mol mg* 90.5 %
Cul 1.98 - 10° mol mg™* 99.0 %

Table 8.4 Drug loading (expressed as moles of complex per mg of formulation) and encapsulation efficiency (expressed
as moles of loaded complex/ moles of weighted complex, %) for the two selected metal-DTC compounds, formulated
with PF127 or sugar-conjugated PF127.

8.8.2 DLS analysis
The Dynamic Light Scattering analysis (DLS) is a technique for measuring the size distribution profile of

particles in solution typically in the sub-micron region [490]. In particular, DLS measures the speed at which
the nanosystems are diffusing due to random movement (Brownian motion). This is done by measuring the
rate at which the intensity of the scattered light fluctuates when detected using a suitable optical
arrangement. Then, these fluctuations are transformed into a correlation function, which is further
elaborated by an algorithm to give the mean size (Z-average diameter) of the studied particles, and an

estimate of the distribution width (polydispersity index) [491]. Each formulation was dissolved in deionized
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water at a concentration of 10 mg mL? and the hydrodynamic diameter and distribution size were the mean
of ten measurements at 37 °C. Values of Z-average diameter (expressed in nm) and polydispersity index (Pdl)

are reported in Table 8.5.

Formulation Z-average diameter ( nm) Polydispersity index
RuA 26.04 0.048
RuC 2341 0.062
RUE 23.72 0.053
RuG 23.16 0.040
Rul 24.01 0.027
CuA 23.41 0.081
CuC 24.33 0.058
CuE 73.88 0.035
CuG 23.97 0.067
Cul 23.49 0.059

Table 8.5 Structural parameters (mean hydrodynamic diameters, and polydispersity indexes) from dynamic light
scattering measurements for the studied systems.

In agreement with literature data, the mean size of the prepared nanoparticles, both in the case of PF127
micelles and mixed supramolecular aggregates, ranges from 23 to 26 nm at 37°C [492]. Intriguingly, the
hydrodynamic diameter of empty PF127 micelles was measured to be 21.91 nm at 37 °C, thus indicating that
there is no significant effect on size when loading a cytotoxic cargo. Finally, concerning the polydispersity
index, the found values are related to monodisperse samples with narrow size distributions (an example is
reported in Figure 8.23), in agreement with similar nanosystem solutions at 37 °C presented in literature

[492, 493].

Size Distribution by Intensity

Intensity (Percent)
>

0.1 1 10 100 1000 10000

Size (d.nm)

Figure 8.23 The size distribution profile of the RuC formulation, taken as an example, gives an average diameter of 23.41
nm and a Pdl of 0.062.
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8.8.3 TEM analysis
The morphological characteristics of our Pluronic F127-based nanosystems were evaluated by transmission

electron microscopy (TEM), and some representative images are collected in Figure 8.24.

Figure 8.24 TEM images of the investigated micelles, dissolved in aqueous solution at a concentration of 2 mg mL™* and
visualized with a negative stain of [UO2(CHsCOO)2]. Pictures a and b are related to the RuA formulation, c represents
RuG nanoparticles. On the bottom figure, d and e represents CuC, and finally f is related to CuE micelles.

The prepared nanosystems are spherical, well dispersed and separated from each other. The dimensions are
generally in the range 40-60 nm. It has to be underlined that the TEM analysis gives a direct measure of the
micelle diameter, whereas the previously reported DLS dimensions are related to the hydrodynamic
diameter.

In some cases (Figure 8.24 d), the micelles show a core-shell structure, pointing out a dark and denser core,
due to TEM-electron absorption by the metals in the investigated formulations (ie., copper and ruthenium).
Since this phenomenon is mainly observed for the Cu-containing systems, further studies are planned to

investigate the composition and the architecture of the core of the studied micelles.

8.8.4 Solution stability studies
The prepared nanosystems have been studied for their stability in cell culture medium (DMEM diluted to

10% v/v in phosphate buffered saline) and human serum, diluted to 5% v/v in phosphate buffered saline), by
means of UV-Vis spectrophotometry at 37 °C.
Taking the dissolution of the formulation as time zero and the electronic spectra in DCM of the encapsulated

complexes as a reference (see Chapter 5.4.5, and 6.4.5), the behavior was monitored over time.
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Remarkably, none of the formulations showed some modification in the UV-Vis spectra, thus highlighting a
general stability of the loaded complexes in both cell culture medium and human serum. In addition, the

collected curves, reported in Figure 8.25 point out that our goal of achieving water soluble therapeutics has

been reached.
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Figure 8.25 Two examples of over- time UV-Vis analysis of Ru(lll) and Cu(ll) dithiocarbamato complexes loaded in PF127

micelles, tested for their stability in cell culture medium DMEM and human serum.

Top: Formulation RuA (5 mg mL!) in DMEM-PBS 10-90 % v/v at 37 °C over 72 hours; bottom: CuA (5 mg mL) in human
serum, diluted at 5% in PBS at 37 °C over 72 hours .These profiles are stable and similar for all the prepared formulations.
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In fact, by comparing the spectra of these formulations with those of the metal-DTC complexes in the same
environments (i.e., DMEM and human serum), but previously dissolved in dimethyl sulfoxide (Figure 8.26),
the solubilizing and stabilizing properties of Pluronic® micelles are clear. As previously reported, both B-
[Ruz(PDT)s]Cl and [Cu(ProOMeDTC) ;] are not soluble in agueous solutions, and they tend to precipitate over
time (see Chapter 5 and 6, respectively). On the other hand, their encapsulation in PF127 micelles (also
cancer-targeting micelles) boosts their water solubility, as shown by the stable UV-Vis intensity, being almost
constant in the 72 hours of analysis.

On the basis of these promising findings, some in vitro studies have been carried out (Chapter 9), to test both

the maintenance of anticancer activity upon loading and, hence, the cargo release.
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Figure 8.26 UV-Vis spectrum of [Cu(ProOMeDTC)] at a concentration of 2.5 - 10> M in human serum (5% v/v in PBS),
previously dissolved in dimethyl sulfoxide (1% v/v with respect to the total volume). In comparison with the spectrum
presented in Figure 8.25 (bottom panel), this example shows an intensity decrease of the bands related to the Cu(ll)-
DTC complex, due to precipitation. Overall, the studied PF127 micelles confer stability and solubility to the encapsulated
compounds.
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9. IN VITRO SCREENING OF SYNTHETIZED METAL-DITHIOCARBAMATO COMPLEXES
AND PF127 NANOFORMULATIONS AGAINST HUMAN CANCER CELL LINES

9.1 Cell cultures

In the preclinical development of potential new drugs, the first step is the use of cell models to assess the
biological activity and cancer cell lines have been widely used for research purposes [494, 495]. In particular,
the aim of this PhD work is the selection of one or more Lead Compounds from a library of new metal-
dithiocarbamato complexes, in order to generate proof-of-concept data for future preclinical studies. In light
of this, all the synthetized complexes presented in the Chapter 5-7 have been tested for their cytotoxic
activity against two different human tumor cell lines. The first, HelLa (epithelial cells of human cervix
adenocarcinoma), has been selected since it is the most commonly used human cancer cell line, and it allows
a comparison with other anticancer agents previously synthetized by our research group, but also from the
scientific community [496]. The synthetized compounds have been also screened against the HepG2 cell line
(epithelial cells of human liver hepatocellular carcinoma) and its more aggressive counterpart HepG2/SB3
(upregulating the anti-apoptotic protein SerpinB3). Remarkably, the hepatocellular carcinoma is to date the

sixth most prevalent cancer and the third most frequent cause of cancer death [497].

9.1.1 Hela cancer cell line and culture preparation for in vitro studies
The Hela cell line was derived from the cervical cancer cells of Henrietta Lacks, who died by cancer in 1951,

and were propagated by George Otto Gey without her knowledge or permission [496]. The use of Hela cells
has contributed to the elucidation of important biological processes and more than 70,000 publications [498].
Cervical cancer is the fourth most common cancer in women, with an estimated 528,000 new cases in 2012
[15] and malignancies in the early stages are usually treated with radical hysterectomy or brachytherapy,
whereas advanced-stage tumors are treated with radiation therapy and cisplatin-based chemotherapy
combined with hycamtin (Topotecan®, a topoisomerase inhibitor) [499].

For our purposes, Hela cells (American Type Culture Collection, ATCC) were cultured in 75 cm? cell culture
flasks in Dulbecco’s modified Eagle’s medium (D-MEM), with addition of Fetal Bovine Serum (FBS) (10%), L-
glutamine (5 mM), streptomycin (100 pg/mL), and penicillin (100 units/mL) (Sigma-Aldrich), and incubated
at 37 °Cin a 5% carbon dioxide controlled atmosphere.

For the cytotoxicity assay, the medium was removed from the flask, and the cells washed with 6 mL of PBS,
and then shaked in presence of 1 mL of trypsin (Sigma-Aldrich), with 3 minutes-incubation. D-MEM was
successively added, and the obtained cellular suspension seeded in 96-well microplates (5-10° cells/well) in
the appropriate growth medium (200 pL), and incubated at 37 °C in a 5% CO, atmosphere for 24 h to allow

cell adhesion, prior to drug testing.
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9.1.2 HepG2 and HepG2/SB3 cancer cell lines, and cultures preparation for in vitro studies
HepG2 cells were derived from the liver tissue of a 15-year-old Caucasian American male with a well-

differentiated hepatocellular carcinoma [497]. This human tumor cell line is widely used in cytotoxicity
experiments since it displays many of the genotypic and phenotypic features of normal liver cells [500]. The
hepatocellular carcinoma (HCC) is one of the most spread malignances worldwide, since in most cases it
develops within an established background of liver diseases, such as the hepatitis B and C and chronic liver
infections due to alcohol abuse. In the early stages, this cancer is treated by resection, ablation and liver
transplantation [497]. On the other hand, progression into advanced stages is common, and no effective
treatment is available to, except for the drug sorafenib (Nexavar®) [501]. This agent, which can be
administered orally, is a tyrosine kinase inhibitor that acts in a targeted way as antiangiogenic to slow down
the growth of the tumor. Unfortunately, although sorafenib was established as the standard cure for
advanced hepatocellular carcinoma, the response rate is not particularly high (4%) and toxicity may be
relevant, often associated with drug resistance [502], thus making HCC one of the most challenging cancers
in clinical practice [503]. In this scenario, recent studies revealed that the serine-protease inhibitor SERPINB3
(SB3) plays a fundamental role in the development and resistance-to-apoptosis of HCC [504]. Indeed,
SERPINB3, typically found over-expressed in cancer cells of epithelial origin and of the liver, significantly
attenuates apoptosis triggered by anti-cancer drugs or TNF-a, thus allowing tumor growth [505]. Such
inhibition of drug-induced apoptosis was shown indeed directly related to the level of expression of SB3 in
cancer cells. It has been demonstrated that this protein locates in the inner mitochondrial compartments,
where it binds to the respiratory Complex I, protecting cells from the cytotoxicity of chemotherapeutic agents
endowed with a pro-oxidant action, such as doxorubicin and cisplatin [506].

These findings led us to test the action of the new metal-DTC derivatives synthetized during this PhD towards
HCC cells transfected with the plasmid vector pCDNAS3.1 carrying the SERPINB3 gene (hereinafter identified
as HepG2/SB3 cells), in order to potentially identify new molecules that overcome the resistance to apoptosis
induced by the SB3 protein. Moreover, we carried out parallel in vitro tests also towards the HepG2 cell line
transfected with the empty vector (hereinafter identified as HepG2/CTR cells, where CTR stands for

IM

“control”) to better compare the final data.

Concerning the transfection procedure, commercial HepG2 cells (Provitro) were plated in a 6-well plate at a
density of 1-10°® cells/well 24 hours before transfection, and then incubated with 1 pg of plasmid DNA/well
in the presence of Lipofectamin Reagent and Plus Reagent (Invitrogen). After 5-h incubation at 37 °C and 5%
CO,, the plates were washed twice with OptiMEM (Invitrogen) and incubated with fresh RPMI medium
(Sigma-Aldrich) supplemented with 10% FBS for further 48 hours [507].

For our purposes, HepG2/CTR and HepG2/SB3 cells were separately cultured in 75 cm?cell culture flasks in

Minimum essential medium (MEM), with addition of FBS (10%), L-glutamine (2 mM), MEM non-essential
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amino acid, streptomycin (100 pg/mL), and penicillin (100 units/mL) (Sigma-Aldrich), and incubated at 37 °C
in a 5% carbon dioxide controlled atmosphere.

Before testing the antiproliferative activity of our metal-DTC derivatives and the PF127 formulations, the
medium was removed from the flask, and the cells washed with 6 mL of PBS, and then shaked in presence of
1 mL of trypsin (Sigma-Aldrich), followed by 3-min incubation. MEM was successively added, and the
obtained cell suspensions of HepG2/CTR and HepG2/SB3, were plated in 96-well microplates (5-10*
cells/well) in the appropriate growth medium (200 pL) and incubated at 37 °Cin a 5% CO; atmosphere for 24

h to allow cell adhesion, prior to drug testing.

9.2 Stability in agueous media of the metal-dithiocarbamato complexes and sample

preparation for in vitro studies

Due to a poor aqueous solubility, the synthetized metal compounds derived from cyclic dithiocarbamates
were dissolved in DMSO (sterile-filtered, Sigma-Aldrich) just before the experiments. The only exceptions
were the ionic complexes [Au"(PipeDTC),]X (X= Cl, Br), which are water-soluble and hence were dissolved in
saline solution (NaCl 0.9% w/v, Fresenius Kabi). All the metal-DTC complexes have been studied for their
stability in dimethyl sulfoxide by means of UV-Vis spectrophotometry, except for 14 derivatives (Table 9.1).
The studied Ru(lll) compounds, both mono- and dinuclear, resulted stable in this solvent over 72 hours, as
well as the Cu(ll) derivatives. DMSO solutions of neutral Au(lll)-DTC coordination compounds of the type
[Au"X,(DTC)] (X= Cl, Br) have been prepared with a particular care in dark vials, since they undergo
conversion into ionic [Au"(DTC),]* species upon light irradiation (see Section 7.4.5.1). Concerning the saline
solutions of the ionic [Au"(PipeDTC),])X (X= Cl, Br), they displayed great stability over 72 hours at 37 °C (Figure

9.1), thus pointing out the stabilizing effect generated by the two PipeDTC ligands on the gold(lll) ion.
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Figure 9.1 UV-Vis analysis over 72 hours of the ionic compound [Au"(PipeDTC).]Cl dissolved in saline solution (NaCl 0.9%
w/v) at 37 °C.

The compounds were tested against the three abovementioned cancer cell lines at different micromolar
concentrations to obtain dose-response plots. Briefly, the metal derivatives were dissolved in the
appropriate solvent (DMSO or saline solution) at the concentration of 10 mM, 5 mM, 2 mM, 1 mM and 0.5
mM. Successively, one uL of each solution was dissolved in 999 pL of cell culture medium, to yield the
following final concentrations of metal complex: 10 uM, 5 uM, 2 uM, 1 uM and 0.5 uM. This procedure allows
a DMSO concentration of 0.1% v/v in the growth medium, which has no effect on cell viability [508].

The tested complexes are collected in Table 9.1. Among them, the Au(l)-DTC derivatives as well as some
Ru(lll) and Cu(ll) aromatic-based compounds have not been studied for their antiproliferative activity in vitro

due to their negligible solubility in dimethyl sulfoxide.
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Table 9.1 Schematic representation of the tested complexes and their ligands. Where v is present, the related metal-

DTC complex has been tested, whereas x points out “complex not tested” due to limited solubility in DMSO or other

organic solvents suitable for cell cultures. ® the complex forms a suspension in DMSO, and its concentration is
overestimated; ® [Au'"(PipeDTC)2]X (X= Cl and Br) have been dissolved in saline solution 0.9% w/Vv prior to dilution in cell
culture medium.
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9.3 Results of in vitro cytotoxicity studies on metal-dithiocarbamato samples

Hela, HepG2/CTR and HepG2/SB3 cells were exposed to different concentrations of the metal-DTC
complexes (i.e., 10 uM, 5 uM, 2 uM, 1 uM, 0.5 uM and in some cases lower) for 72 hours. Briefly, after the
preparation of the 96-well plates (Sections 9.1.1 and 9.1.2), the medium was removed and replaced with a
fresh one containing the compounds to be studied (previously dissolved in a suitable solvent, DMSO or saline
solution, Section 9.2) at increasing concentrations. Triplicate conditions were established for each treatment
and at least three independent experiments were carried out for each compound.

Cell viability was evaluated with two different methods, the resazurin assay for the Hela cultures, and the
MTT test for the HepG2/CTR and HepG2/SB3 cell lines. Concerning the first, resazurin (7-hydroxy-10-
oxidophenoxazin-10-ium-3-one, Sigma-Aldrich) is a blue dye which is oxidized by mitochondrial enzymes and
diaphorases of metabolic active cells to the pink resorufin (7-hydroxy-3H-phenoxazin-3-one) [509]. To
perform the assay, the entire volume of incubation medium was removed after 72 hours from the treated
wells, and 100 pL/well of a 10% resazurin solution in D-MEM were added and incubated for 2 hours at 37 °C.

According to this, cellular vitality was determined by absorbance measurements at 590 nm as follows:

1 1
% vitality — Z Abstriated cells 2 Absresaslurine blank 100

2 Abscontrol cells Z Absresasurine blank

Similarly, the MTT assay is a cell-viability evaluation method based on the mitochondrial-dependent
reduction of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma-Aldrich -yellow) to
formazan salts (purple) [510]. Experimentally, 10 pL of a 5 mg mL* MTT saline solution were added to the
cultures, and incubated for 3 hours. After that, 100 uL of Detergent Reagent (Sigma-Aldrich) were added to
allow the spectrophotometric analysis of the microplates at 550 nm, measuring the cellular vitality according
to the following equation:

Abs
% vitality _ Z treated cells 100

Z Abscontrol cells

For both methods, the control cells are those treated with cell culture medium containing the vehicle, DMSO
or saline solution) in the percentage of 0.1% v/v. The obtained cell viabilities have been plotted against the
compound concentration to determine the ICso (concentration of the test agent inducing 50% reduction in
cell number compared with control cell cultures). The final 1Cso values and their standard deviations were
evaluated from the data coming from at least three independent experiments. For comparison purposes, the
cytotoxicity of cisplatin (dissolved in saline solution) was evaluated under the same experimental conditions.
In this regard, it should be underlined that the experiments have been performed over a period of 72 hours

since this is the time necessary to cisplatin to explicate its activity.
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For clarity reasons, Table 9.2 reports only the ICso values lower than 10 pM. In other words, the compounds

generating 1Cso numbers greater than 10 uM are considered not cytotoxic enough for further pre-clinical

development.

ICso (uM)

Compound Hela HepG2/CTR HepG2/SB3
B-[Ruz(PDT)s]CI 0.45 £ 0.02 0.62 £0.08 0.59+0.01
B-[Ru.(PipeDTC)s]Cl 0.46 +0.04 0.66 + 0.01 0.75 % 0.02
B-[Ruz(ProOMeDTC)s]Cl 3.95+0.07 9.2+0.2 >10
B-[Ruz(ProOtBuDTC)s]Cl 0.27 +0.01 1.28 +0.05 0.90 + 0.02
[Cu(PDT),] 0.32 +0.04 > 10 > 10
[Cu(PipeDTC):] 0.6+0.3 >10 >10
[Cu(MorfDTC),] 6.7+0.2 >10 >10
[Cu(ProOMeDTC),] 1.03+0.03 2.97 £0.07 2.810.1
[Cu(ProOtBuDTC):] 1.13+0.07 5.0+0.1 6.6+0.1
[Cu(PyrroleDTC),] 1.99+£0.03 >10 >10
[AuCl,(PDT)] 6.4+0.2 8.739 £ 0.003 >10
[AuCl;(PipeDTC)] 1.73+0.09 9.399 £ 0.007 >10
[AuCl;(MorfDTC)] 4.641 £ 0.005 >10 9.69 £ 0.08
[AuCl,(ProOMeDTC)] 75+0.4 > 10 3.52+0.04
[AuCl;(ProOtBuDTC)] 5.6+0.2 >10 5.6+0.2
[AuBr(PDT)] 3.9+0.1 > 10 > 10
[AuBr,(PipeDTC)] 1.3+0.3 9.05 + 0.06 6.29 + 0.03
[AuBr(MorfDTC)] 3.7+0.2 7.86 £ 0.06 > 10
[AuBry(ProOMeDTC)] 7.84 £ 0.06 > 10 7.14 £0.06
[AuBrz(ProOtBuDTC)] 51+0.1 >10 55+0.2
[Au(PipeDTC)]CI 1.27 £+0.04 > 10 > 10
[Au(PipeDTC),]Br 1.3+0.2 >10 >10
[Au(PipeDTC):][AuCl4] 1.51+0.07 >10 >10
[Au(PipeDTC),][AuBr.] 1.46 + 0.09 >10 >10
Cisplatin 6.6+0.3 >10 >10

Table 9.2 ICso values (uLM) calculated after a 72-h treatment. Data represent the mean + SD of at least three independent
experiments (Vehicle: DMSO or saline solution).

Overall, 40 metal-dithiocarbamato compounds have been tested (Table 9.1, green tick), and 24 of them
demonstrated remarkable cytotoxic activity (ICso < 10 pM) against Hela cells, whereas 10 and 13 inhibited
the proliferation of HepG2 and HepG2/SB3 cells, respectively. This first result highlights the resistance to

chemotherapy of hepatocellular carcinoma (HCC) cells if compared to cervical cancer. Moreover, among the
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most promising complexes, the dinuclear Ru(ll1)-DTC derivatives are the most active, with ICso values around
1 uM or sub-micromolar. On the contrary, mononuclear derivatives of the type [Ru(DTC)s] (not present in
Table 9.2) did not show antiproliferative activity against the tested cultures. This behavior was already
observed for other Ru(lll)-DTC derivatives, thus supporting the hypothesis that the electronic interaction
(anti-ferromagnetism) between two Ru(lll) metal centers, mediated by the S atoms of bridged DTC ligands,
may be the key element for the great activity of our dinuclear complexes (see Section 5.2) [140].

Our Cu(ll)-dithiocarbamato complexes similarly showed a great activity against Hela cells, but were less
active against liver cancer cultures. However, it is worth mentioning that these copper derivatives suffer from
low solubility in DMSO vehicle, and the activity could be underestimated. Indeed, the compounds involving
proline ester as ligands are well soluble in DMSO thanks to the presence of the ester moiety and generate
interesting ICso values. In particular, the complex [Cu(ProOMeDTC),] demonstrated a slight selectivity
towards the SB3-overexpressing cells HepG2/SB3. This behavior is more pronounced in the case of some
neutral Au(lll)-DTC complexes of the type [AuXy(DTC)] (X= Cl, Br), especially when DTC= proline ester
dithiocarbamate (both methyl and tert-butyl esters). Indeed, in some cases these compounds result two-
fold more cytotoxic towards HepG2/SB3 than HepG2/CTR cells, thus highlighting their capability to overcome
the resistance to apoptosis induced by SERPINB3 (see Section 9.1.2). Moreover, the nature of the
coordinated halogen in this kind of complexes seems not to affect the cytotoxic activity, except for the case
of PDT derivatives as already observed in literature towards other cell lines [139]. In addition, according to
the intriguing perspectives opened by Isab and coworkers [356], the [Au"(DTC),]* cation is likely the
biologically-relevant species accounting for the cytotoxicity of the Au(lll)-DTC complexes. Indeed, for the
compounds involving PipeDTC, the ICso values of the ionic Au(lll)-DTC derivatives are almost the same
observed for their neutral counterparts (Table 9.2). A possible explanation of this observation is the
equilibrium wherein the [AuX,(DTC)] complexes undergo an interconversion into the cationic complexes in
coordinating solvents, demonstrated in Section 7.4.5.1. Although the conversion is the most plausible
explanation, further studies will be accomplished to verify the nature of the cytotoxic species.

Concerning the ligand nature, the most active compounds contain dithiocarbamates which prefer the
thioureidic form of the ligand (see Section 4.2, Figure 4.5 form Ill), associated with a stronger C-N bond and,
as a consequence, weaker metal-sulfur bond. Moreover, the obtained antiproliferative results point out also
the lack of cytotoxic activity of the complexes containing aromatic moieties, except for the [Cu(PyrroleDTC),]
reporting an antitumor activity at about 2 uM. The aromatic derivatives correspond to ligands preferring the
dithiocarbamic form (see Section 4.2, Figure 4.5 form I,1l), with a strong M-S bond, but at the same time they
have a pronounced hydrophobic character, which limits their solubility in the cell culture medium.
Remarkably, it is worth noting that none of the ligand salts resulted cytotoxic towards the tested cell cultures,

thus confirming that the antiproliferative activity results from the whole complex.
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Finally, it is possible to make some observations comparing the 1Cso values obtained for our metal-DTC
complexes with those of clinically established drugs generally used in the therapy of the studied cancers.
Indeed, as presented at the bottom of the Table 9.2, most of the tested derivatives result more cytotoxic
with respect to the reference drug cisplatin, which is used in standard regimens for the treatment of terminal-
stage cervical cancer [511]. Moving to the HCC, as discussed in Section 9.1.2, sorafenib results the only
chemotherapeutic agent able to reduce the spread of this cancer. The reported ICsp value for this drug is 8.99
MM [512], about 20-fold higher than the values found for our dinuclear Ru(lll)-DTC compounds. Taken

together, these findings highlight the great potential of some of the synthetized metal-DTC derivatives.

9.4 Selection of the Lead Compounds using the Lipophilic Efficiency (LipE) evaluation

The final aim of this PhD work is the selection of one or more Lead Compounds among the most active metal
derivatives, synthetized from different metals and diverse cyclic N,N-disubstituted dithiocarbamates. In the
previous section, the biological activity studies on the selected cancer cell lines have evidenced that all the
metal centers present in the complexes exhibit cytotoxic properties. However, it is difficult to obtain a
structure-activity relationship for the most active complexes since they present different coordination
geometries and electronic features. On the basis of these considerations, in the process of drug discovery,
other tools are useful to select the candidates for further development among a library of compounds [94].
In particular, the application of guidelines linked to the concept of “drug-likeness”, such as the “Lipinski rule
of five”, has gained wide acceptance worldwide when developing new medicines. Remarkably, all these
considerations are related to organic molecules and not directly transferable to potential metal-based drugs,
and to date only a few of inorganic derivatives are approved in pharmacopeia.

The Lipinski’s concept defines four simple physicochemical parameters (MW < 500, logP < 5, H-bond donors
< 5, H-bond acceptors < 10) associated with the 90% of orally active drugs that achieved phase Il clinical
status in 2001 [513, 514]. These values should define the “drug-like” properties associated with acceptable
aqueous solubility and intestinal permeability [515]. However, a very common misunderstanding is that
molecules fulfilling the Lipinski conditions are automatically “drug-like”. In fact, other key-parameters are
important during the design of a new drug [516] and in the last years, a deeper understanding of the
characteristics of clinically-established drugs led researchers to understand that lipophilicity plays a critical
role in medicinal chemistry [517]. As an example, the number of hydrogen acceptors/donors can be relevant
in the interaction with a specific target, but first of all the lipophilicity provides a more comprehensive
framework to optimize the absorption, distribution, metabolism and excretion properties, toxicology profiles
and ultimately pharmacological response [518-520]. The general parameter defining the lipophilicity of a
molecule is the logP, which is the decimal logarithm of the n-octanol/water partition coefficient P (the latter
identifies the ratio between the concentration of an un-ionized drug in octanol and that in water at

equilibrium at 25 °C). An analysis of the 592 oral drugs approved worldwide between 1983 and 2007
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demonstrates that the mean logP value ranges 2.3 to 2.6 [521]. This data points out that the careful control
of lipophilicity is critical to success in drug discovery. Conversely, the other major determinant in achieving
compounds active at low dosages is the potency against the target of interest. Thus, the concept of LipE
(lipophilic efficiency) allows medicinal chemists to rationalize the observed potency with changes in
lipophilicity [522]. The equation for calculating LipE is the following:

Lipe = — log(lCSO (expressed in molar units)) — logP

The LipE equation mathematically describes the difference between potency and lipophilicity, and it can be
used in both early- and late-stage drug-discovery programs. Indeed, potency is the partitioning to a well-
defined target (usually a molecular entity such as an enzyme; in our case the cancer cell or cytoplasm), while
logP represents the portioning to a lipophilic environment (such as the cell membrane) [517]. In general,
optimal LipE values are comprised between 5 and 7, since they derive from ideal LogP = 2.5 and ICs in the
nanomolar domain [523]. Overall, this parameter provides estimates of how to improve the physico-chemical
properties of a compound in order to increase its affinity for a specific cell or molecular target.

Based on the previous discussion, the most active synthetized complexes have been evaluated for their logP
(Section 9.4.1) and successively for their LipE response (Section 9.4.2), taking into account the ICso values
presented in Section 9.3. The metal derivatives with the best LipE profiles (comprised in the ideal range 5-7)
are B-[Ruy(PDT)s]Cl and [Cu(ProOMeDTC);], therefore being selected as Lead Compounds for further

antiproliferative in vitro evaluations, after encapsulation in cancer-targeting PF127 micelles (Section 8.7.1).

9.4.1 LogP measurements
As previously mentioned, the lipophilicity of a molecule (represented as the logarithm of the n-octanol/water

partition coefficient) often strongly correlates with its pharmacological activity and toxicity. In this regard,
the bi-phasic solvent system n-octanol/water is commonly accepted in the scientific community since it well
mimics the interface water/phospholipid membrane [524].

The logP of the most active metal-DTC compounds was evaluated by means of UV-Vis spectrophotometry,
identifying the concentration of the complex in the two distinct phases after equilibration [433, 525]. Briefly,
a weighted amount of a selected metal-DTC complex (ca. 1 mg) was dissolved in 20 mL n-octanol (Sigma-
Aldrich), previously pre-saturated with deionized water for 24 hours. The obtained solution was shaken for 2
hours in the presence of 20 mL of deionized water at 25 °C and, subsequently, the mixture was left to
equilibrate for 30 minutes. The concentration of every metal-DTC derivative in the n-octanol phase before
(Co) and after partitioning (C1) was measured by UV-Vis spectrophotometry, followed by the evaluation of
the corresponding n-octanol/water partition coefficient as logP = log (C1)/(Co-C1). The results, reported as

mean + SD of at least three independent measurements, are presented in Table 9.3.
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Compound logP Compound logP
B-[Ruz(PDT)s]CI 0.92+0.04 [Au(PDT)CI;] 1.1+0.1
B-[Ruz(PipeDTC)s]CI 0.9+0.2 [Au(PipeDTC)Cl,] 1.08 £ 0.04
B-[Ruz(ProOMeDTC)s]Cl 0.78 £ 0.07 [Au(MorphDTC)Cl;] 1.1+03
B-[Ruz(ProOtBuDTC)s]CI 1.4+0.2 [Au(ProOMeDTC)Cl.] 0.99 +0.04

[Au(ProOtBuDTC)Cl,] 1.6+0.2
[Cu(PDT).] 1.54 £0.04
[Cu(PipeDTC),] 1.5+0.1 [Au(PDT)Br,] 1.2+0.1
[Cu(MorphDTC),] 1.37+0.04 [Au(PipeDTC)Br;] 1.1+0.2
[Cu(ProOMeDTC),] 1.3+0.2 [Au(MorphDTC)Br;] 1.19 £ 0.06
[Cu(ProOtBuDTC):] 1.6+0.3 [Au(ProOMeDTC)Br;] 1.1+0.1
[Cu(PyrrDTC);] 2.01+0.04 [Au(ProOtBuDTC)Br-] 1.69 £ 0.06
[Au(PipeDTC).]CI -1.05+0.02
[Au(PipeDTC);]Br -1.2+0.2
[Au(PipeDTC):][AuCl4] 0.34+0.06
[Au(PipeDTC):][AuBr;] 0.2+0.1

Table 9.3 LogP values of the most biologically-active metal-DTC derivatives, determined via UV-Vis analysis. Data
represent the mean £ SD of at least three independent measurements.

On the whole, the synthetized derivatives are associated with positive values of logP, as expected due to the
presence of hydrophobic ligands. Intriguingly, despite of the ionic nature of the dinuclear Ru(lll) compounds,
they showed higher affinity for the organic phase. Indeed, the hydrophobic surface made up of five
dithiocarbamato ligands is predominant on the +1 charge of the complex, conferring a quite lipophilic
character on the whole compound.

Concerning the copper(ll) derivatives, the results well correlate with the neutral form of the complexes, as
well as in the case of the Au(lll) compounds of the type [AuX;(DTC)], with no significant difference between
chloro- and bromo-derivatives. Finally, the ionic Au(lll) coordination compounds present negative logP values
when the counter ion is chlorine or bromine (indeed these two complexes results water-soluble). If the
counterion is bigger and in particular a complex (such as [AuCls]” or [AuBr,]’), the logP is positive. Despite
these values are close to zero, the derivatives are not water soluble at all.

In conclusion, focusing on the nature of the ligand, if the metal center being equal, there are no great
differences between compounds with distinct cyclic substituents, except for the proline derivatives. Indeed,
the tert-butyl ester confers a higher lipophilicity on the compounds with respect to the methyl ester

counterparts, even almost doubling the logP value on passing from the Ru(lll)-proline methyl ester
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dithiocarbamate complex to the tert-butyl ester one. Moreover, for the Cu(ll) derivatives, the great

hydrophobic character generated by the aromatic pyrrole results in the highest-recorded logP value.

9.4.2 Lipophilic Efficiency (LIPE) evaluation on most active compounds
As introduced before, the LipE parameter takes into account the ICso (expressed in molarity) and the logP

values. Table 9.4 summarizes the obtained LipE values for each compound, with reference to the different

screened human cancer cell lines (see Section 9.3).

LipE
Compound HelLa HepG2/CTR HepG2/SB3
B-[Ru(PDT)s]ClI 5.43 5.29 5.31
B-[Rux(PipeDTC)s]Cl 5.44 5.28 5.22
B-[Ruz(ProOMeDTC)s]Cl 4.62 4.26 -
B-[Ruz(ProOtBuDTC)s]CI 5.17 4.49 4.65
[Cu(PDT);] 4.95 - -
[Cu(PipeDTC),] 4.72 - -
[Cu(MorfDTC),] 3.80 - -
[Cu(ProOMeDTC);] 4.69 4.23 4.25
[Cu(ProOtBuDTC),] 4.35 3.70 3.58
[Cu(PyrroleDTC),] 3.69 - -
[AuCl(PDT)] 4.09 0.96 -
[AuCl;(PipeDTC)] 4.68 0.95 -
[AuCl(MorfDTC)] 1.23 - 3.91
[AuCl;(ProOMeDTC)] 4.13 - 4.46
[AuCl;(ProOtBuDTC)] 3.65 - 3.65
[AuBr2(PDT)] 4.21 - -
[AuBr,(PipeDTC)] 4.79 3.94 4.10
[AuBra(MorfDTC)] 4.24 3.91 -
[AuBry(ProOMeDTC)] 4.01 - 4.05
[AuBr»(ProOtBuDTC)] 3.60 - 3.57
[Au(PipeDTC),]CI 6.95 - -
[Au(PipeDTC),]Br 7.09 - -
[Au(PipeDTC),][AuCl,] 5.48 - -
[Au(PipeDTC)][AuBr;] 5.64 - -

Table 9.4 LipE values calculated for the most biologically-active metal-DTC derivatives.
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In order to select the Lead Compounds, our attention was addressed to the complexes for which LipE data
were calculable for all screened human cancer cell lines, i.e. B-[Ruz(PDT)s]Cl, B-[Rua(PipeDTC)s]Cl, B-
[Ruz(ProOtBuDTC)s]Cl, [Cu(ProOMeDTC),], [Cu(ProOtBuDTC),], and [AuBr,(PipeDTC)]. A comparative plot of

the LipE profiles obtained for these derivatives is reported in Figure 9.2.
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Figure 9.2 Histogram representing a visual comparison of the LipE values obtained for those metal-DTC derivatives
resulting cytotoxic against all the three screened human cancer cell lines.

As previously described, it is generally reported that a desirable drug is characterized by LipE values
comprised between 5 and 7 [523]. Therefore, the candidates to be considered as Lead Compounds have been
the ionic dinuclear Ru(lll) derivatives of PDT and PipeDTC. The B-[Ru(PDT)s]Cl was then selected since it is a
widely studied complex in our research group [140]. On the other hand, in order to widen the spectrum of
the most promising compounds, also one Cu(ll) complex was considered, and the attention was focused on
[Cu(ProOMeDTC),].

The Au(lll) candidate [AuBr,(PipeDTC)] has not been selected due to some stability issues observed during
the first attempts of its encapsulation in PF127 micelles. It has been hypothesized that this behavior is
correlated to the equilibrium previously presented in Section 7.4.5.1, since the ether groups of the polymer
can act as a coordinating solvent.

Overall, the LipE evaluation allowed us to select the two complexes B-[Ru2(PDT)s]Cl and [Cu(ProOMeDTC),]
as Lead Compounds for further studies. First, they were encapsulated in micelles based on the copolymer
Pluronic® F127, both pure and mixed cancer-targeting ones. The latter were prepared according the loading

procedure presented in Chapter 8.
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9.5 Results of in vitro cytotoxicity studies on Lead Compounds encapsulated in PF127 micelles
The preparation and characterization of the micellar systems carrying the two Lead Compounds PB-
[Ruz(PDT)s]Cl and [Cu(ProOMeDTC),] have been presented in Sections 8.7 and 8.8, respectively. The in vitro
studies have been carried out with the Hela, HepG2/CTR and HepG2/SB3 cell lines according to the
experimental procedures described in the Section 9.3, with a modification. Indeed, the tested micelles have
not been previously dissolved in dimethyl sulfoxide, but being water-soluble, the lyophilized nanosystems
have been dissolved directly in the cell culture medium immediately before treatment, to realize a final
concentration of 10 uM, 5 uM, 2 uM, 1 uM, or 0.5 uM. This concentration is referred to the encapsulated
complex, according to the loading measurements described in the Section 8.8.1.

The exploited procedure allows to achieve a maximum PF127 concentration (5 mg/mL) that triggers no effect
on cell viability (tests on empty micelles as a control). Moreover, in order to investigate if the cancer-targeting
moiety enhances or somehow affects the activity of the formulations, a parallel screening was carried out in
the presence of the exofacial GLUT1 inhibitor 4,6-0O-ethylidene-D-glucose, tested at 10 mM (Figure 9.3 a)
[526]. Indeed, Lippard and coworkers demonstrated that this inhibitor selectively blocks the uptake of their
Pt(l1)-glucose conjugated complexes in A2780 cells (human ovarian carcinoma) [527]. In addition, it is worth
underlining that GLUT1 transporters have been identified as major contributors to the glucose uptake in
HepG2 and Hela cells [528, 529]. During the whole uptake process, a sugar binds GLUT1 first at its outside,
then part of this membrane protein rearranges to a second stable configuration around the binding site, thus
exposing the carbohydrate to the cytoplasm. However, while the binding of D-glucose or [B-D-
glucopyranosides to GLUT1 equilibrates keeping the inward-facing conformation, the binding of 4,6-O-
ethylidene-D-glucose fixes the transporter in the outward-facing conformation, since the rearrangement for
sugars with bulky groups in positions C4 and C6 is forbidden (Figure 9.3 b) [530]. According to this, the
inhibitor present in our testing should compete with the micelle surface-linked carbohydrate, thus limiting
the anticancer effects of the whole nanosystem. This test was designed to elucidate if the observed biological
activity is mainly mediated by the GLUT1 transporters. In these studies, the inhibitor has been dissolved in
the cell culture medium until a 10 mM concentration was reached (not toxic for cells). Then, this solution was
used to prepare the treatments with the micellar carriers loaded with the Lead compounds.

However, further studies are planned to better understand if the cell uptake is really mediated by GLUT.

These investigations will be carried out in vivo and in vitro by gene silencing in collaboration.
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Figure 9.3 Chemical drawing of the GLUT1 inhibitor 4,6-O-ethylidene-D-glucose a. The GLUT1 transporter is a uniporter
membrane protein containing 12 membrane-spanning alpha helices b. Six of them bind together to create a polar
channel through which glucose is transported inside the cell. In particular, if R = R’ = H, both membrane conformations
are possible and the transport occurs. On the other hand, if R= R’= a bulky group (as in the case of 4,6-O-ethylidene-D-
glucose) the binding occurs only with the outward conformation, and transport is impossible.

The in vitro results collected for the two Lead Compounds encapsulated in the prepared nanosystems, also

in presence of the GLUT1 inhibitor 4,6-0O-ethylidene-D-glucose (10 mM), are reported in Table 9.5.

/Cso ICSO
Formulation Hela HepG2/CTR HepG2/SB3 Formulation Hela HepG2/CTR  HepG2/SB3
(+inhib. 10
mM)
RuA 0.21+£0.6 1.72+0.1 24103 / / / /
RuC +
0.12 ¢ 1.11+ 0.19+ 1.56
RuC 1.4+0.1 inhibitor 1.8+0.6
0.03 0.09 0.06 0.08
10 mM
RuUE +
0.105 + 0.89 1.07 £ 0.118 + 0.97 +
RuE inhibitor 1.2+0.3
0.009 0.09 0.09 0.006 0.09
10 mM
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RuG +
0.12+ 0.122 + 1.00 £
RuG 0.8+0.1 1.3+0.2 inhibitor 1.4+0.7
0.03 0.008 0.05
10 mM
Rul+
0.12 0.56 0.99 0.12 0.98
Rul inhibitor 1.3+0.6
0.06 0.07 0,07 0.03 0.08
10 mM
1.11 + 4.86
CuA 2.6+0.2 / / / /
0.04 0.04
CuC +
0.54 + 2.52 + 0.55+ 2.95 +
CuC 7.4+0.2 inhibitor 75104
0.08 0.06 0.04 0.1
10 mM
CuE +
0.61+ 291+ 0.58 + 3.65+%
CuE 49+0.3 inhibitor 5.1+0.4
0.07 0.08 0.02 0.06
10 mM
CuG +
0.58 + 232+ 0.62 276t
CuG 48+0.2 inhibitor 49+0.5
0.09 0.07 0.07 0.09
10 mM
Cul +
0.71+ 0.72
Cul 2.4+0.3 6.4+0.5 inhibitor 28+03 6.8+0.3
0.07 0.08
10 mM

Table 9.5 ICso values (uM) evaluated after a 72-h treatment. Correlation between formulation name and micelle
composition is reported in Table 8.3. Values are calculated based on the concentration of the encapsulated metal-DTC
complex. Lyophilized micelles were dissolved in cell culture medium. The GLUT1 inhibitor = 4.6-O-ethylidene-D-glucose
was dissolved in culture medium at 10 mM concentration. Data represent the mean + SD of at least three independent
experiments.

The comparison between the results presented in Table 9.5 with those in Table 9.2 highlights that the
encapsulation of the metal complexes in PF127 micelles (both glucose-conjugated and not) generally
modifies the their cytotoxicity profiles. In particular, the Ru-based derivative is associated with a better 1Cso
value towards the Hela cells upon loading reaching values about 0.11 uM. In this context, the presence of
the GLUT inhibitor does not affect the activity. The same compound tested against the hepatocellular

carcinoma cells shows data passing from about 0.6 uM to higher values (3- and 4-fold higher for the
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HepG2/CTR and HepG2/SB3 cells, respectively) when nanoformulated. However, the presence of
carbohydrates on the hydrophilic surface of the micelle improves the recorded ICso values. In addition, a slight
activity decrease is observed when treating cells in the presence of the GLUT inhibitor. This could account for
a small involvement of the GLUT transporters in cell localization or uptake of our micelles.

With respect to the copper derivative, the activity against Hela cells is maintained at 1 uM on passing from
DMSO vehicle to the supramolecular aggregates. Remarkably, the cancer-targeting micelles improve the 1Cso
value which is basically unchanged in the presence of the inhibitor.

Against the Hep/CTR cells, the copper complex keeps the anticancer activity at about 2.8 pM or, in some
cases it increases its activity when encapsulated in functionalized micelles. Again, no sensible change in terms
of I1Cso was detected in the presence of the inhibitor. Conversely, towards the Hep/SB3 cells the recorded ICsp
values become larger upon encapsulation.

To sum up, with respect to Hela cells, B-[Ruz(PDT)s]Cl and [Cu(ProOMeDTC);] result on average 3.75- and 2-
fold more active when encapsulated in targeted PF127 micelles, respectively. As the 1Cso values are basically
the same on passing from data obtained in the absence of the inhibitor to data achieved in its presence, the
involvement of the GLUT1 transporter in the uptake or localization of the carbohydrate-modified micelles is
limited or ruled out. Moreover, the nature of the sugar linked to the surface of the nanoparticle (B-glucose,
glucosamine, B-maltose) seems not to influence the biological activity. On the other hand, when the micelles
are tested against the hepatocellular carcinoma model, both HepG2/CTR and HepG2/SB3 cells, the cytotoxic
activity of the metal-DTC compounds is in some cases slightly higher while lower in others.

The hepatocellular carcinoma cells overexpressing SerpinB3 are associated with an overall decrease of the
activity of the metal-DTC compounds encapsulated in micelles, although the B-[Ruy(PDT)s]Cl compound
maintains a promising ICso value near 1 micromolar when is loaded in carbohydrate-functionalized micelles.
Taken together, the results obtained in the presence of the exofacial GLUT1 inhibitor 4,6-O-ethylidene-D-
glucose (10 mM), are not homogenous. The inhibitor presence was planned to reduce the interaction of the
GLUT1 transporters with the carbohydrate moiety conjugated to the surface of the micellar nanocarriers.
According to this, when the antiproliferative activity is evaluated in the presence of the inhibitor, if there is
an active participation of GLUT in the uptake of the encapsulated cytotoxic payload, the observed IC50 value
should decrease . The histograms displayed in Figure 9.4 summarize the results reported in Table 9.5, thus

facilitating the visualization of the differences in terms of I1Csg values associated with the inhibitor.
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Figure 9.4 Histograms representing the ICso values obtained in the presence (orange) or absence (blue) of the inhibitor

4,6-0O-ethylidene-D-glucose (10 mM). Correlation between formulation name and micelle composition is reported in
Table 8.3.
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The presence or no of the inhibitor shows a well-defined trend only with the HepG2/CTR cancer cell line. In
particular, 4,6-O-ethylidene-D-glucose generates an increment in the ICso values of on average 20%, with
peaks of 40% and 75 % in the cases of RuC and Rul, respectively.

In conclusion, the PF127-based formulations represent a suitable method to increase the water solubility of
the selected Lead Compounds B-[Ruz(PDT)s]Cl and [Cu(ProOMeDTC),], and they will be used for in vivo
studies so to avoid the organic solvent dimethyl sulfoxide, which is tolerated only at low concentrations.
Moreover, the use of PF127 micelles conjugated with cancer-targeting moieties (i.e., B-glucose, glucosamine
and B-maltose) determined a general activity increase of the encapsulated metal-DTC derivatives.
Intriguingly, the designed active-targeting strategy was inhibited only in HepG2/CTR cells when the GLUT1
transporters were blocked by the exofacial inhibitor 4,6-O-ethylidene-D-glucose. At least in this case, we can
state that the well-known Warburg effect (Section 1.2.2) could be involved in the biological activity of the

new metal-based agents.

9.6 Confocal microscopy analysis on the HepG2/CTR and HepG2/SB3 cells treated with PF127-

FITC micelles

The promising results obtained with the PF127 nanocarriers loaded with the two Lead Compounds, open
intriguing perspectives for the use of these systems in preclinical studies. In the Section 8.8.4 the complex-
containing micelles were shown to be stable under different conditions, thus suggesting that the carriers
could in principle reach the cancer tissue in vivo without undergoing some modification. Once in proximity
of the cancer cell membrane, the cargo could be released, or the whole micelle endocytosed (in this case, it
should release the metal-DTC compound inside the cell). To check this hypothesis, the PF127 block copolymer
has been conjugated with fluorescein (see Section 8.5.9) to form micelles detectable via confocal laser
scanning microscopy analysis (CLSM) [531, 532].

To perform the experiment, HepG2/CTR and HepG2/SB3 cells were incubated for two hours at 37 °C and 5%
CO, with decreasing concentrations of PF127-FITC micelles (empty and with 45 % polymer functionalization),
namely from 3 to 0.1 mg/mL. Successively, cells were fixed in 4% paraformaldehyde for 20 minutes, and
washed twice with PBS. Cell nuclei were counterstained with DAPI (4’-6-diamidino-2-phenylindole). Then,
slides were mounted with ELVANOL® (Sigma-Aldrich) and observed under a fluorescence microscope
(Axiovert 200M) supported by Apotome.2, an optical sectioning system that increases the resolution of

conventional fluorescence analysis (Carl Zeiss Microlmaging GmBH).
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a
b

Figure 9.5 Z-stack confocal microscopy images of HepG2/CTR a and HepG2/SB3 b cells treated with PF127-FITC micelles
(3 mg/mL) for 2 hours. These micelles were empty, namely not encapsulating the Lead compounds. Green fluorescence
arose from fluorescein in PF127-FITC nanosystems, whereas the blue color is the DAPI stain of the nuclei.

The results of the confocal microscopy analysis are presented in Figure 9.5. Although this experiment was
carried out with empty PF127 micelles linked to fluorescein and without sugar-conjugation, the prepared
system is a simplified model of the formulations tested for their cytotoxicity in section Section 9.5, since the
dimension of the PF127-FITC micelles resembles those of the metal-DTC loaded counterparts (ca. 23 nm,
Section 8.8.2).

The images show the intracellular matrix of adherent cells, with the nuclei being blue-colored with the
fluorescent stain DAPI. From the Z-stack visualization of four different cell sections (reported in Figure 9.5,
selected among five scanned Z-stacks for layout clearness), it is possible to state that the micellar carrier has
entered the cytoplasm (green spots, highlighted by red arrows). Moreover, the cell uptake occurs to a larger
extent in the control HepG2/CTR cells, with respect to the Serpin B3-overexpressing HepG2/SB3 cells.

The green fluorescence indicates that the PF127-FITC micelles were likely absorbed by the cells via
endocytosis, similarly to other previously reported polymeric carriers [533, 534]. Although more detailed
experiments will be performed in the next months (using different time-scansions and metal-DTC loaded
micelles labeled with carbohydrates), this experiments points out the capability of our nananocarriers to
penetrate the cell membrane of cancer cells. On the basis of these considerations and the findings reported
in Section 9.5, it is possible to conceive that the nanoformulations investigated in this PhD work , are able to

release the Lead Compounds B-[Ruz(PDT)s]Cl and [Cu(ProOMeDTC),] once inside the cell.
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9.7 xCELLigence measurements for real-time monitoring of HepG2/CTR and HepG2/SB3 cells

viability after treatment with the selected Lead Compounds

The ICso values recorded for the synthetized metal-DTC derivatives and their PF127-nanoformulations (Table
9.2 with DMSO as a vehicle and Table 9.5 with micelles as carriers) have been determined on the basis of
dose-response curves, obtained by common viability assays, such as the MTT and resazurin tests (Section 9.3
and 9.5). The next step was the investigation of their mechanisms of action underlying the induction of cell
death. Therefore, we first addressed our attention to the xCELLigence system which allows label-free and
dynamic monitoring of the cellular phenotypic changes under real-time conditions [535]. The system
measures the electrical impedance across interdigitated microelectrodes integrated on the bottom of the
16-well culture plates, the impedance value being detected using a pair of sensing (SE) and reference (RE)
electrodes, submerged in cell culture medium. The latter acts also as an electrolyte, with charged particles
carrying current between two electrodes in response to an applied AC voltage. The relative impedance value
gradually increases as cells attach to the well bottom and then proliferate because cells act as insulating
particles on the gold-surface area of the SE and restrict the current flow mediated by the culture medium.
On the other hand, cell death leads to a release of cells from the SE surface, and it induces the decrease of
the impedance measured across the electrodes [536]. The cell-sensor impedance, measured for each well, is
expressed in arbitrary units called the “normalized cell index” (Cl), defined as (R» - Rs)/15, in which R, is the
cell-electrode impedance of the well when it contains cells and Rb is the background impedance of the well
with only the medium (the system automatically averaged out the biological replicates).

Remarkably, the continuous monitoring of cellular response to biologically-active agents produces time-
dependent cellular response profiles (TCRPs), that can be classified based on the mechanism of action [537].
To perform the experiments, HepG2/CTR and HepG2/SB3 cells have been cultured as reported in Section
9.1.2. Differently from the previously reported procedure, the cellular suspension was seeded in 16-well
plates (E-plate, Roche Diagnostics GmbH, 2.5-103cells/well) in the appropriate growth medium (200 pL). After
allowing cell attachment for 30 min at room temperature, in accordance with the manufacturer’s guidelines,
they were placed in the RTCA DP device in the incubator (37 °Cin a 5% CO;) and the impedance value of each
well was automatically monitored by the xCELLigence system (RTCA DP instrument, Roche Diagnostics,
GmbH) and expressed as a “Normalized Cell Index” value (Cl).

After 48 hours the cells were treated with either B-[Rux(PDT)s]Cl and [Cu(ProOMeDTC);] - dissolved in DMSO
- or the nanoformulations of the Lead Compounds RuA, CuA, RuC, and CuC. In particular, for the metal-DTC
complexes previously dissolved in DMSO, 5 uM solutions in cell culture medium were prepared. The
nanoformulations were instead screened at the concentrations of 3 and 10 uM (related to the moles of the
encapsulated complex). The choice of these three concentrations was based on the order of magnitude of
the collected ICsp values for the two lead compounds (around 1-2 pM). Therefore, for both vehicles a slightly

higher value (3 and 5 pM) was used to better record distinguished TCRPs. Furthermore, for micelles, a 10-
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fold higher concentration was taken into account, as future in vitro/in vivo studies will involve these
supramolecular aggregates

Cell culture medium, alone or added of 0.1% v/v DMSO, was similarly tested in control wells. During the first
hour, the plates were monitored every 2 minutes, then every 30 minutes up to 72 hours, end of the
experiment. The time-dependent cellular response profiles for the two tested compounds are presented in

Figure 9.6.
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Figure 9.6 The time-dependent (72 hours) cellular response profiles (TCRPs) for the tested compounds, obtained for
the HepG2/CTR and HepG2/SB3 cell lines, in the order: B-[Ru2(PDT)s]Cl 5 uM dissolved in DMSO (0.1% in cell culture
medium), RuA 3 and 10 uM, RuC 3 and 10 uM, B-[Cu(ProOMeDTC):] 5 uM dissolved in DMSO (0.1% in cell culture
medium), CuA 3 and 10 uM, and CuC 3 and 10 uM. The plots of every tested cytotoxic agent present also the CTR
(control) which refers to not treated cells. Each concentration of every sample was tested in duplicate. Treatment starts
at t= 48h from t= 0, in correspondence to the black arrow.

All the TCRPs present an initial impedance increment, which corresponds to the cell growth before the
treatment with our compounds. After 48 hours from the seeding, the culture medium was removed and
substituted with a new one containing the Lead Compounds, either dissolved in DMSO 0.1% v/v or as PF127

nanoformulations. In particular, for this experiment, we selected both the pure PF127 micelles (RuA and CuA)

and the mixed micelles CuC and RuC, whose surface is functionalized with B-D-glucopyranoside (selected as
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the most representative labeling). The concentrations of the tested agents was chosen to be higher than the
previously calculated ICs, in order to obtain a well-defined TCRP.

First of all, the two cell lines present different profiles before the treatment, since HepG2/SB3 cells are
associated with a faster growth due to the overexpression of the SerpinB3 protein (besides a higher slope,
this cell line is characterized by a double hump-shaped curve; the reasons of this phenomenon are not yet
clarified). On the other hand, the treatment with each Lead Compound previously dissolved in DMSO leads
to the same phenotypic behavior when comparing the two lines, with Ru(lll) derivative being more active
than the Cu(ll) complex. In fact, the HepG2/SB3 cells, even after a fast response to copper-based treatment,
seem to recover (in terms of Cl).

Concerning the PF127 formulations, targeted and not, the profiles are usually quite different when comparing
the two cell lines, the tested agent being equal (the CuC sample involves an anomalous behavior). In
particular, SB3-associated cell cultures present some resistance to the treatment with the formulations, in
particular those containing the copper compound. In this case, the PF127 micelles containing B-[Ru(PDT)s]Cl
induce a long-term cytotoxic activity, whereas those encapsulating [Cu(ProOMeDTC);] trigger an antitumor
activity already after 2 hours-treatment (cell index of 0.5). Interestingly, the profiles associated with RuA and
RuC seem dosage-dependent, although the treatment with both formulations results in a drastic cell index
diminution after 36-40 hours of treatment with respect to the most aggressive cell line. This slower profile is
probably ascribable to the ligand exchange inertia associated with Ru(lll) metal centers.

Moreover, the presence of a cancer-targeting agent (B-D-glucose) does not generate variations in the TCRPs
of the formulations, with respect to the not targeted counterpart (RuA).

Notably, the nature of the solubilizing agent (i.e., DMSO and PF127 micelles) slightly affects the time-
dependent cellular response profiles of the Lead Compounds, with a small change of the shape of the
observed curves, mainly for the Ru(lll) complex.

The cytotoxicity profiles of [Cu(ProOMeDTC),] well match in the three tested cases (except for the CuC
sample-associated curve at 3 uM for HepG2/SB3 cell line). If considering the results collected via MTT assay,
confocal microscopy analysis (see Section 9.6) and these real time profiles, it is possible to state that the
Cu(ll) compound, both dissolved in DMSO and loaded in micelles, enters the cell (directly or it is released in
the cytoplasm from the carrier), and here it can elicit its cytotoxic activity.

Focusing the attention on the shape of the cellular growth inhibition profiles recorded for the two
compounds, it is evident that they are ascribable to distinct mechanisms of action. In particular, the Cu(ll)-
DTC complex is associated with a TCRP similar to those of the cytotoxic molecules Methiothepin and
Amlodipine (two model drugs generally used in literature when studying mechanisms of action, Figure 9.7)
[537]. Overall, the curves related to the HepG2/CTR cell line show a profile close to that reported for the
Methiothepin, acting as a dopamine and serotonin antagonist. Conversely, the HepG2/SB3 cell line is related

to curves with a shape resembling that of Amlodipine, which interferes with Ca?* transporters. Intriguingly,
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both drugs affect cellular growth/adhesion profiles very fast by binding specific receptors/transporters at the
cell membrane level. This behavior is in contrast with the hypothesis that [Cu(ProOMeDTC),] exerts it
cytotoxic activity after entering the cell, and further investigations will be carried out in order to assess the
nature of the cellular target(s) for this compound. On the contrary, the time-dependent cellular response
profile of B-[Ruz(PDT)s]Cl is similar to the model curves obtained with Etoposide, a Topoisomerase Il inhibitor,
and Methotrexate, well-known as competitive antagonist for the synthesis of tetrahydrofolate, the active
derivative of folic acid (Figure 9.7) [537]. Both the effects are in agreement with a cytotoxic action of the
dinuclear Ru(lll) complex occurring inside the cell and, according to the model profiles, f-[Ruz(PDT)s]Cl seems
to interfere with the synthesis and the replication of DNA. Moreover, the TCRP showed by our Ru(lll) complex
resembles those of a series of Ru(ll)-phenanthroline derivatives, which preferentially accumulate in the
mitochondria of A549R cells (cisplatin-resistant human lung adenocarcinoma), and induce apoptosis through
multiple pathways, involving the TrxR inhibition, high intracellular ROS levels, mitochondrial damage and cell

cycle arrest [538].
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Figure 9.7 Real time monitoring of apoptosis by using the xCELLigence system. Hela cells were treated with different
drugs for which different mechanism of action are recognized. Cell index values were monitored continuously for 72 h
(reproduced from reference [539]).
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10. FINAL REMARKS

During this 3-year PhD work, with the aim to obtain new complexes able to overcome the side-effects of
cisplatin and endowed with higher therapeutic efficacy, we have synthetized and studied new coordination
compounds wherein the metal ion coordinates cyclic N,N-disubstituted dithiocarbamato ligands. The
selected biologically-active centers were Ru(lll), Cu(ll) and Au(lll) due to their interesting chemical features,
exploitable at the pharmaceutical level. Concerning the first, ruthenium-based complexes are widely studied
in literature based on i) the rate of ligand exchange similar to that of Pt(ll) complexes, ii) a wide range of
oxidation states accessible under physiological conditions, and iii) the ability to mimiciron in binding to many
biomolecules (e.g., human serum albumin and transferrin). In addition, two Ru(lll)-containing drugs (i.e.,
NAMI-A and KP1019) reached clinical trials for the treatment of metastases and solid malignances,
respectively. Differently, copper is an essential micronutrient involved in fundamental life processes, and
plays a role of paramount importance in angiogenesis, the physiological development of new blood vessels
from pre-existing ones, being one of the key steps in the transition of tumors from a benign state to a malign
one. Finally, gold has been known for centuries for its therapeutic properties (the so-called “chrysotherapy”)
and its derivatives auranofin and sodium aurothiomalate have been used for a long time in the treatment of
rheumatoid arthritis. This metal ion, in both its oxidation states +1 and +3, is associated with anti-
inflammatory properties and several studies have demonstrated it is able to interfere with different cellular
pathways, such as the TrxR system.

Itis worth highlighting that the biological activity of a coordination compound depends not only on the nature
of the metal center, but derives from a synergic effect of the metal-ligands system. According to this, during
the first part of this PhD work, we combined the active metal centers Ru(lll), Cu(ll) and Au(lll) with
dithiocarbamato (DTC) chelating agents derived from cyclic amines, both aliphatic (i.e., pyrrolidine,
piperidine, morpholine, indoline, L-proline methyl- and tert-butyl ester) and aromatic (carbazole, indole, and
pyrrole). Indeed, in light of our research group’s experience DTCs can confer great stability on the metal ion
in terms of reactivity (both at the redox and coordination level), thus reducing side-interactions with sulfur-
containing bio-molecules and enzymes in the biological environment.

The dithiocarbamato ligands and their complexes were synthetized using different strategies aimed at
improving the reaction yields and the purity of the compounds, which were characterized by means of
elemental analysis, X-ray crystallography, ESI-MS, H-NMR spectroscopy, FT-IR and UV-Vis
spectrophotometries.

The ruthenium(lll) center has generated neutral [Ru"(DTC)s] and ionic B-[Ru",(DTC)s]Cl derivatives, while
copper(ll) is involved in neutral complexes of the type [Cu"(DTC),]. Finally, the gold(lll) ion is found in neutral

complexes of the type [Au"X,(DTC)] (X= Cl, Br, obtained from oxidative addition of X, to the corresponding
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gold(l) precursor [Au'2(DTC),]) and in the ionic counterparts [Au"(DTC),]Y (Y= Cl, Br, [Au"Cls] and [Au'Br;] with
DTC= PipeDTC).

Concerning the structural and electronic properties of the synthetized metal-DTC derivatives, FT-IR
spectroscopy as well as X-ray studies on crystal structures of some complexes, undoubtedly highlighted the
difference between the dithiocarbamic and thioureidic forms of the coordinated ligands, on the basis of the
cyclic amine nature. Indeed, the aromatic moiety of CDT, IndDTC, and PyrrDTC (and usually IndolineDTC)
leads to a C-N bond with a mainly single-bond character (dithiocarbamic form, Figure 10.1 a) due to a
hampered nitrogen lone pair donation. In these molecules, chelating sulfur donor atoms have low-energy
empty d orbitals which can accept n-retrodonation from metal d orbitals, thus strengthening the metal-ligand
bond. On the contrary, PDT and PipeDTC possess positive inductive effects which determine the shift of the
nitrogen lone pair to the -CSS moiety, giving rise to an almost C=N double bond (thioureidic form Figure 10.1
b) and to a limited metal-to-sulfur back donation. Finally, MorphDTC and L-Proline ester dithiocarbamato
ligands displayed intermediate properties between the two limiting forms, with a preference for the

thioureidic one.
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Figure 10.1 Dithiocarbamato form a versus thioureidic form b.

The synthetized metal-DTC derivatives were also tested in vitro for their cytotoxicity against three human
tumor cell lines (HelLa, HepG2/CTR and HepG2/SB3), in order to evaluate how the previously discussed nature
of the ligand can influence the antiproliferative activity of the final complex. In general, complexes derived
from aromatic DTCs suffered from low solubility in DMSO (reference solvent for in vitro studies), and did not
show anticancer activity or the latter was not even estimable. Differently, the new compounds involving PDT,
PipeDTC, ProOMeDTC and ProOtBuDTC generated promising results, also against the apoptosis-resistant cell
line HepG2/SB3. This cell line was investigated based on the key role of the serine protease inhibitor SerpinB3
(5B3) in dictating hepatocellular carcinoma progression and invasion. In fact, high SerpinB3 levels were
detected in patients with the most aggressive cancer subtypes. Based on these findings, the ICso values of the
most active compounds were combined with the corresponding lipophilic index (logP), thus achieving a LipE
profile, being used to identify the best complexes in terms of drug-like properties. This evaluation led to the

selection of two Lead Compounds, namely B-[Ru,(PDT)s]Cl and [Cu(ProOMeDTC);], for future in vivo studies
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and, in order to increase their water solubility and stability, the encapsulation in micellar systems of Pluronic®
F127 (PF127) was planned and carried out in the second part of this work. This co-polymer is well-tolerated
by living systems and it is modifiable to generate nanocarriers conjugated with cancer-targeting
biomolecules. Thus, the second part of this PhD work was then focused on the loading of the Lead
Compounds into carbohydrate-labeled micelles. First of all, we modified the terminal hydroxyl groups of
PF127 with carbohydrates (B-D-glucose, glucosamine and B-maltose) to achieve an active targeting towards
cancer cells exploiting their accelerated glucose metabolism (Warburg effect). After *H- and 3C-NMR, and
FT-IR characterizations of the conjugation products, the Lead Compounds were encapsulated in spherical
micelles with an average 23-nm diameter (TEM and DLS analysis). These nanoformulations proved stable for
at least 72 hours under physiological conditions, such as human serum and cell culture medium.

At the best of our knowledge, these are the first drug delivery systems containing Ru(lll) and Cu(ll)
dithiocarbamato cytotoxic agents. All the nanosystems have been tested in vitro for their antiproliferative
activity against the abovementioned human cancer cell lines. The cytotoxicity results, expressed as ICso
values, along with the xCELLigence analysis of the time-dependent cellular response profiles, showed that
the activity of each complex encapsulated in PF127 micelles is similar to that of the free compound (pre-
dissolved in DMSO). Moreover, the confocal microscopy analysis of the fluorescein-labelled PF127 empty
carrier pointed out the cell internalization of the micelles and their localization in the perinuclear areas after
2 hours of treatment. On the other hand, the cancer-targeting sugar unit seems to increase the uptake of the
loaded carrier in HepG2/CTR cells through the glucose transporter (data obtained using the GLUT1 inhibitor
4,6-0-ethylidene-D-glucose).

Taken together, the data collected for the encapsulated Lead Compounds pave the way to future in vivo
studies, including those to investigate the effective active targeting mediated by the carbohydrates
conjugated on the hydrophilic corona of the micelles. The results obtained with this PhD work have yielded
ideal drug delivery systems, characterized by optimum dimensions and shape, and good stability in
physiological environment (i.e., human serum, and cell culture medium containing amino acids, phosphate
and different salts). In addition, the in vitro studies on the formulations of the Lead Compounds have showed
that their cytotoxic properties are maintained upon encapsulation, and the release (and consequent activity)
of each complex takes place only after the nanocarrier endocytosis. This means that these systems may
minimize side effects in vivo, driving the cytotoxic payload directly inside the cell.

The future development of this research is the in vivo investigation of the anticancer activity of the PF127-
Lead Compound formulations in animal models, bearing solid tumors. In fact, these experiments will be
crucial to determine if the passive targeting will be paralleled by the active one, elicited by the carbohydrate
conjugation of the nanocarrier surface. Other studies have been already planned, and they will make use of
radioactive tracers to follow the fate of the micelles in vivo. Inspired from the technology of the clinically-

established PET diagnostic agent 2-deoxy-2-(*8F)fluoro-D-glucose (FDG), we aim to label cancer-targeting
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Pluronic® mixed micelles with ¥F (via tosylate substitution on the terminal hydroxyl group of PEO chain). In
this manner, the foreseen accumulation of the micellar nanocarrier in cancer tissues should be detectable by

PET experiments in tumor-bearing animals.

The data collected in this work along with other research results have led our research group to file two
Italian Patent applications (filing date: December 2™, 2016) titled “Composti di coordinazione, sintesi,
nanoformulazioneed uso degli stessi in oncologia” (102016000122363; 102016000122406). On the basis of
these achievements, at the end of the 3™ -PhD year, the bureaucratic procedures to found a new startup
company have been started (approved by the Department of Chemical Sciences of the University of Padova,
in date January 25™, 2017) to transfer the acquired knowledge into advanced preclinical testing and, if

possible, clinics.
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11. COLLABORATIONS

X-ray analyses of the complexes [Cu(PipeDTC),], [Cu(ProOMeDTC),], [Cu(ProOtBuDTC),],
[AuCl;(PipeDTC)], [AuBry(PipeDTC)], [Au(PipeDTC),][AuCls], and [Au(PipeDTC),;][AuBr;], as well as
those of the by-products presented in Figure 5.5, were carried out by Prof. Luciano Marchio at the
Department of General and Inorganic Chemistry, Analytical Chemistry, Physical Chemistry of the

University of Parma.

Chemical modifications of Pluronic® F127 with oxime derivatives, namely PF127-B-D-glucopyranose
and PF127-B-maltose were performed by the research group of Prof. Laura Cipolla at the Department

of Biotechnology and Biosciences of the University of Milano-Bicocca.

In vitro antiproliferative screening against Hela cells were carried out in the laboratories of Prof.
Andrea Trevisan, under the precious assistance of Dott. Alberto Gambalunga at the Department of

Cardiac, Thoracic and Vascular Sciences of the University of Padova.

In vitro cytotoxicity studies on HepG2 cells, confocal microscopy and xCELLigence analyses were
conducted in the laboratories of Prof. Patrizia Pontisso, under the precious assistance of Dr. Santina

Quarta at the Department of Medicine (DIMED) of the University of Padova.
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