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Abstract

The main goal of this thesis was synthesis and preliminary characterization of
novel ruthenium(Ill) polypyridyl complexes bearing biologically active molecules
as potential theranostic agents. Luminescence for the diagnostic applications,
and cytotoxicity for the anticancer, therapeutic applications are cosidered as
the theranostic properties. Four new ligands containing biologically active
moieties - 5-(4-4’-methyl-[2,2’-bipyridine]-4-ylbut-1-yn-1-yl)pyridine-2-carbaldehyde
semicarbazone (L1), 3-(5-4’-methyl-[2,2’-bipyridine]-4-ylpentyl)imidazolidine-2,4-dione (L2),
5,5-dimethyl-3-(5-4’-methyl-[2,2"-bipyridine]-4-ylpentyl)imidazolidine-2,4-dione ~ (L3) and
[1-(5-4’-methyl-[2,2"-bipyridine]-4-ylpentyl)-2,5-dioxoimidazolidin-4-ylJurea (L4) were
synthesized and characterized. The ligands were used to obtain nine novel ruthenium(II)
polypyridyl complexes. Six complexes were synthesized with ligand L1 ([Ru(bpy)2(L1)]**,
[Ru(Mebpy)2(LD?*,  [Ru(tBubpy)2(LD?*,  [Ru(Phbpyl(LDP*,  [Ru(dip)(LD)>,
[Ru(SO3dip)2(L1)]1*7) and three with ligands L2, L3 and L4 ([Ru(bpy)2(L2)1**, [Ru(bpy)2(L3)]**,
[Ru(bpy)2(L4)1**)  (bpy = 22-bipyridine, Mebpy = 4,4’-dimethyl-2,2-bipyridine,
tBubpy = 44’-tert-butyl-2,2"-bipyridine, Phbpy = 4,4"-diphenyl-2,2-bipyridine, dip =
4,7-diphenyl-1,10-phenantroline and SOzdip = 4,7-di-(4-sulfonatophenyl)-1,10-phenantroline).

The spectroscopic and photophysical properties of those complexes were determined. The
presence of ligands L1-L4 in the structure of the complex decreased luminescence quantum
yield and luminescence lifetime in comparison with unmodified [Ru(bpy);]** complex. The
theoretical calculations have shown that ligands L1-L4 do not have influence on ruthenium
core geometry. However, they increased the energy of the HOMO that resulted in a shorter
band gap. The simulated electronic absorption spectra were in a good agreement with the
experimental data.

The interactions between the studied ruthenium complexes and human serum albumin
(HSA) were investigated. All studied Ru(II) complexes exhibited strong affinity to HSA with
the association constant 10° M~'s™!, which suggests formation of Ru complex-HSA adducts. It
was also determined that ruthenium complexes most likely bind to the hydrophobic pocket of
protein, located in Sudlow’s site I in the subdomain II A. Preliminary cytotoxicity evaluation
for the studied ruthenium complexes showed their cytotoxic activity towards cancer cell lines.
Those results, together with good luminescence properties of the studied ruthenium complexes
(luminescence lifetimes and luminescence quantum yield) make them interesting candidates

for potential theranostic applications.



Streszczenie

Gléwnym celem rozprawy doktorskiej byla synteza i wstepna charakterystyka
nowych polipirydylowych komplekséw rutenu(Il) potaczonych z biologicznie aktywnymi
czasteczkami  jako zwiazkéw o potencjalnych  wladciwosciach  teranostycznych.
Rozpatrywane wiasciwosci teranostyczne to z luminescencja tych komplekséw, pozwalajaca
na wykorzystanie ich w diagnostyce, a z drugiej ich aktywnos$¢ cytotoksyczna
pozwalajaca na zastosowanie ich w terapii antynowotworowej.  Otrzymane =zostaly
cztery nowe ligandy zawierajace biologicznie czynne ugrupowanie: semikarbazon
5-(4-4’-metylo-[2,2"-bipirydyno]-4-ylbut-1-yn-1-ylo)pirydino-2-carbaldehydu (L1),
3-(5-4’-metylo-[2,2"-bipirydyno]-4-ylpentylo)imidazolidino-2,4-dion (L2),
5,5-dimetylo-3-(5-4’-metylo-[2,2"-bipirydyno]-4-ylpentylo)imidazolidino-2,4-dion  (L3) oraz
[1-(5-4"-metylo-[2,2’-bipirydyno]-4-ylpentylo)-2,5-dioxoimidazolidin-4-ylJmocznik (L4).
Ligandy te zostaly uzyte do otrzymania dziewieciu nowych polipirydylowych
komplekséw  rutenu(ll). Zsyntetyzowano sze$¢ komplekséw z ligandem L1
([Ru(bpy)2(L1)]?, [Ru(Mebpy)a(L1)]**, [Ru(tBubpy)>(L1)]**, [Ru(Phbpy)2(L1)]?*,
[Ru(dip)z(Ll)]2+, [Ru(803dip)2(L1)]2‘) oraz trzy kompleksy =z ligandami L2, L3 i
L4 ([Ru(bpy)a(L2)]*", [Ru(bpy)a(L3)]*", [Ru(bpy)(L4)]*") (bpy = 2,2"-bipirydyna,
Mebpy = 4,4’-dimetylo-2,2-bipirydyna, tBubpy = 44’-tert-butylo-2,2’-bipirydyna,
Phbpy = 4,4’-difenylo-2,2-bipirydyna, dip = 4,7-difenylo-1,10-fenantrolina i SOsdip =
4,7-di-(4-sulfonatofenylo)-1,10-fenantrolina).

Wyznaczono wiadciwosci spektroskopowe i fotofizyczne otrzymanych komplekséw.
Obecnoé¢ ligandéw L1-L4 w strukturze kompleksu obnizata wydajnoé¢ kwantowa
luminescencji oraz skracata czas zycia luminescencji w stosunku do niemodyfikowanego
kompleksu [Ru(bpy)s;]**. Obliczenia teoretyczne wykazaly, ze ligandy L1-L4 nie wplywaja
na geometrie wokét jonu centralnego kompleksu, jednakze znacznie zwiekszaja energie
orbitalu HOMO. W rezultacie dochodzi do zmniejszenia przerwy energetycznej pomiedzy
orbitalami HOMO a LUMO. Obliczone widma absorpcyjne wykazuja duza zgodnos¢ z danymi
eksperymentalnymi.

Zbadane takze zostalo oddzialywanie pomiedzy otrzymanymi kompleksami rutenu a
albumina surowicy ludzkiej (human serum albumin, HSA). Wszystkie przebadane kompleksy
silnie oddziatywaty z albumina. Otrzymane state wiazania wynosza okoto 10° M~!s7}, co
moze sugerowaé tworzenie sie adduktow kompleks Ru-albumina. Ponadto stwierdzono, ze
kompleksy te wiaza sie najprawdopodobniej do hydrofobowej kieszeni biatka, zlokalizowanej

w miejscu wiazacym I (Sudlowa), w poddomenie II A czasteczki albuminy.



Wstepne badania cytotoksycznodci otrzymanych komplekséw rutenu wykazaly, ze
posiadaja one wiasciwosci cytotoksyczne wzgledem komoérek nowotworowych. Wyniki te,
wraz z dobrymi wlasciwosci luminescencyjnymi otrzymanych komplekséw rutenu (czasy zycia
i wydajnoé¢ kwantowa luminescencji) czynia je interesujacymi kandydatami do potencjalnych

zastosowan teranostycznych.



Résumé

L’objectif de cette these est de préparer et caractériser de nouveaux agents théranostiques
potentiels a base de complexes de ruthénium portant des molécules biologiquement actives.
Pour évaluer potentiel théranostique des nouveaux composés les propriétés de luminescence
et la cytotoxicité ont été considérées. Quatre nouveaux ligands portant des substituants a
activité biologique: 5-(4-4’-methyl-[2,2"-bipyridine]-4-ylbut-1-yn-1-yl)pyridine-2-carbaldehyde
semicarbazone  (L1),  3-(5-4’-methyl-[2,2’-bipyridine]-4-ylpentyl)imidazolidine-2,4-dione
(L2), 5,5-dimethyl-3-(5-4’-methyl-[2,2"-bipyridine]-4-ylpentyl)imidazolidine-2,4-dione (L3)
and [1-(5-4"-methyl-[2,2"-bipyridine]-4-ylpentyl)-2,5-dioxoimidazolidin-4-ylJurea (L4) ont été
prepares, caractérisés et engagés dans la synthese des complexes de ruthénium correspondants.
Six complexes ont été obtenus a partir du ligand L1 ([Ru(bpy)z(Ll)]2+, [Ru(Mebpy)z(Ll)]2+,
[Ru(tBubpy)2(L)1*, [Ru(Phbpy)2(LDI*, [Ru(dip)2(LDI*, [Ru(SOsdip)(LL)>) et trois
a partir de L2, L3 and L4 ([Ru(bpy)2(L2)]**, [Ru(bpy)2(L3)]**, [Ru(bpy).(L4)]**) (bpy =
2,2"-bipyridine, Mebpy = 4,4’-dimethyl-2,2-bipyridine, tBubpy = 4,4’-tert-butyl-2,2’-bipyridine,
Phbpy = 4,4’-diphenyl-2,2-bipyridine, dip = 4,7-diphenyl-1,10-phenantroline and SOsdip =
4,7-di-(4-sulfonatophenyl)-1,10-phenantroline).

Les propriétés spectroscopiques et photophysiques des composés ont été étudiées. La
présence des ligands L1-L4 conduit a une décroissance du rendement quantique et de la durée de
vie de I’état excité en comparaison des complexes non substitués [Ru(bpy)3]2+. Des calculs DFT
montrent que les ligands L1-L4 n’influencent pas la géométrie du complexe mais accroissent le
niveau énergétique de la HOMO induisant des band gap HOMO-LUMO plus faibles.

Les interactions entre les complexes and I’human serum albumin (HSA) ont été étudiées
determined. Tous les complexes préparaés montrent une tres forte affinité pour HSA - La
constante d’association 10° M~!s™! témoigne de la formation d’adduits Ru-HSA stables. 11
a aussi été démontré que les complexes de ruthénium se lient préférentiellement a la poche
hydrophobe des protéine, située dans le site 1 de Sudlow dans le sous domaine II A.

Des études préliminaires ont montré que les complexes de ruthénium préparés présentent
une activité cytotoxique vis-a-vis de diverses lignées de cellules cancéreuses. Cette activité
associée aux bonnes propriétés de luminescence (rendement quantique, durée de vie) fait des

nouveaux complexes des candidats potentiels pour les applications théranostiques.
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1. Introduction

1.1. History of medicinal inorganic chemistry

1.1.1. Metals in medicine

The natural evolution has incorporated many metal ions into essential biological
systems. Metals play a wide variety of tasks. Zinc provides the structural framework
for proteins such as zinc fingers which regulate the functions of genes in cells and
also is an important component of insulin - an enzyme crucial for regulation of sugar
metabolism. The iron-containing protein - hemoglobin - is responsible for carrying
oxygen in blood. Additionally, metals such as iron, copper, manganese and zinc are
incorporated into many catalytic proteins - the metaloenzymes which participate in
many reactions essential for life[1].

The presence of metal ions in biological system directed people towards the use of
them as a drugs. This concept is not new and the metals were used in medicine long
before the discovery of their presence in humans body. Over 5000 years ago the ancient
Egyptians used copper to sterilize water. Around 2000 B.C.E. the ancient Chinese and
Arabs have known medical activities of natural gold however this knowledge had
religious and philosophical origins. There was a believe that rare and precious metal
must hold positive health properties. The origin of this believe can be found in the
China’s legend about Three Celestial Emperors - the founders of ancient Chinal2].

Five hundred years later, new metal - zinc was discovered in Europe and the Minoan
civilization begin to use it as a drug. In the same time, the ancient Egyptians used
various remedies based on iron and silver. They also used heavy metals salts to treat
various skin diseases. In renaissance Europe mercury was used as a diuretic and it was
continuously used till early 1950s[3]. However, the true medicinal inorganic chemistry
slowly began to develop in early 1900s. Activity of K[Au(CN),] towards tuberculosis
and antibacterial activity of various gold salts was discovered in the number of different
conditions.

In the beginning of the 20th century Paul Ehrlich synthesized and tested
arsphenamine (also known as Salvarsan or Ehrlich 606)[4, 5] - an arsenic compound
which is consider as first successful cure for syphilis. He also discovered favored

accumulation of lead in central nervous system and introduce the "magic bullet"

13



concept, nowadays known as "drug targeting" which is the object of extensive research
worldwide. In 1908, Paul Ehrlich was awarded the Nobel Prize for his research
especially for the discovery of immunochemistry. He is considered as the founder
of chemotherapy - "the use of drugs to injure an invading organism without injury of
the host"[4].

Since the discovery of the antitumor activity of cisplatin (cis-[Pt(NH;3),ClL;]) in 1965
by Barnett Rosenberg[6], medicinal inorganic chemistry exist as a separate discipline[7].
Cisplatin was the first chemical compound to become the subject of mechanistic studies.
Its mechanism of action was widely investigated and its activity was optimized.
Furthermore, medicinal inorganic chemistry studied the introduction of metal ions into
a biological system either by fortuity or by intention. In case of fortuitous introduction,
medicinal inorganic chemistry considers different ways to chelate ions out of biological
system to avoid either a poisoning from an excess of a toxic metals or overload of
essential metals. For example, 2,3-dimercapto-1-propanol, known as BAL is used as
chelator in mercury and nickel poisoning, and disodium ethylenediaminetetraacetate
is used for lead removal. The removing of essential metals may also leads to altering
the homeostasis of them and induce biological respond (e.g. zinc binding matrix
developed as metalloproteinase inhibitors for the treatment of inflammatory diseases
and cancer[7]).

The intentional introduction of metal ions into a biological system can be either for
therapeutic purpose (e.g. cisplatin) or diagnostic purpose. Barium sulfate (BaSOj,) is
an imaging agent heavily used as X-ray contrast. Gadolinium complexes are used for
magnetic resonance imaging (MRI) and *"Tc is y-emitting radiopharmaceutical, with
millions of applications per year[8]. As was noted by Peter Sadler in 1991[3], most
of the elements from periodic table up to atomic number 83 (bismuth) have potential

application in treatment or diagnostic.

1.1.2. Cisplatin - the first anticancer drug

Cisplatin - cis-diamminedichloridoplatinum(II) was discovered by Michele Peyrone
in 1845[9] and for a long time was known as Peyrone’s salt. In 1893, Alfred Werner
deduced the structure of this molecule and together with its trans analogue used it as
the first example of isomers in coordination chemistry[10, 11].

However till 1960s its activity against cancer remained unknown. In 1964, Barnett
Rosenberg discovered that platinum electrodes used in one of his experiments inhibit
cell division in Escherichia coli[6]. Later it was found that compound responsible
for this was cis-[Pt(NHj3),Cl,] complex, which was slowly formed by reaction of

platinum electrodes with ammonium chloride electrolyte. In 1969, anticancer activity
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of this compound was discovered and studied[12]. Two years later this drug entered
clinical trials and in 1978, was approved for use in the U.S. by the Food & Drug
Administration[13].

Unfortunately, Cisplatin exhibit antitumor activity against certain types of cancer
and some tumors are resistant for its actions. In some cases, this resistance is intrinsic
but also it can be developed. And finally, therapy with cisplatin produce severe
side-effects, such as nephrotoxicity, neurotoxicity, nausea, bone marrow dysfunction
etc. Some of those effects can be limited by reducing dose and by slower administration
of drug. Understanding of drug distribution and cellular uptake of this drug helps to

improve it.

Cisplatin mechanism of action
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Figure 1.1: Mechanism of cisplatin aquatation in low chloride ions concentration[14]

After intravenous administration of Cisplatin as an aqueous solution, the molecule
penetrate cell membrane via passive diffusion. Intracellular chloride ions concentration
is almost 25 times lower then extracellular concentration[15] - ca. 100 mM in the
plasma and 4 mM in cells. In high chloride concentration complex remains neutral. Its
activation occurs after entering cell when chloride ligands dissociate and form much
more reactive form of Cisplatin - aqua- and hydroxide- species (see fig. 1.1). This form
of platinum complex can react with DNA and form a stable adduct. The most favored
DNA coordination site is N7 atom of guanine and N7 atom of adenine. It can also binds
the N1 of adenine and N3 of cytosine[16].

Cisplatin can bind with DNA monofunctionallu and bifunctionally.
Monofunctional binding is wunlikely to be responsible for cytotoxicity of
Cisplatin because those adducts do not exhibit cytotoxicity. Similarly Transplatin
(trans-diamminedichloridoplatinum(Il)) which can form only monofunctional adducts

and exhibits no cytotoxic activity[17]. Majority of Cisplatin form bifunctional
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Figure 1.2: Schematic of double stranded DNA with most common Pt-DNA adducts.
(A) Intrastrand 1,2-d(GpG) cross-link, (B) Intrastrand 1,2-d(ApG) cross-link, (C)
DNA-protein cross-link, (D) Interstrand d(GG) cross-link.

intrastrand adducts with DNA. 1,2-intrastrand cross-link adduct with guanine
(cis-[Pt(NH3):{d(GpG)}]) (fig. 1.2A) is most abundant adduct - around 60-65% of
cisplatin binds that way. Another 23-28% of cisplatin form 1,2-intrastrand cross-link
adduct with adenine and guanine (cis-[Pt(NH3),{d(ApG)}]) (fig. 1.2B) and less than
10% exist as as interstrand adducts (fig. 1.2D). Only traces (2-3%) of monofuctional
adduct with guanine and cellular proteins (fig. 1.2C) were found [16].

It was discovered, that Cisplatin-DNA adducts block transcription of DNA by
RNA polymerase II, inhibit DNA replication and forced apoptosis - programmed cell
death[18]. Probably two most abundant Pt-DNA adducts - 1,2-d(GpG) and 1,2-(AdG)
are responsible for majority of its cytotoxic activity. The formation of those adducts
resulting in a loss of helix stability and a structural change of DNA[19]. Unwinding
of the helix, provoking compression of major groove and opening up the minor
groove[20]. As the result of this geometry changes, nonsequence-specific domain
of DNA are recognized by several cellular proteins such as histones, DNA repair
proteins and high mobility groups (HMG) of HMGBI1 protein[21]. Adducts between
Pt-DNA and those proteins are very stable and fail to fulfill their functions which lead

to apoptosis.
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1.1.3. Reducing side-effects - Cisplatin analogues

Low selectivity and many side effects of Cisplatin[22] leads to many studies about
its analogues. After discovery that dissociation of chloride groups is important for its
cytotoxic properties modification of ammine groups was studied in majority. As the
results of those studies several generation of platinum-based drugs were developed.

Among all studied platinum based drugs, 33 have entered clinical trials after
approval of Cisplatin as a drug in 1978. However, only Carboplatin® and
Oxaliplatin® has received worldwide approval as a drug. Three others (Nedaplatin®,
Lobaplatin® and Heptaplatin®) has received regionally limited approval and are used
respectively in Japan, China and South Korea[23].

The vast majority of studied compounds keep unchanged, cis-configured
square-planar platinum(Il) complexes structure with general formula cis-[PtA,X;],
where X, means either two halogen ligands or one bidentate anionic leaving group
and A, means either stable bidentate amino ligand or two monodentate amino ligands.
Some of studied compounds possess however octahedral configuration with Pt(IV) in
the center. Their general formula can be presented as cis-[PtA;X,Y,] where Y, are two

monodentate leaving groups in configuration trans to each other.

Second and third generation of platinum-based drugs

Cisplatin is highly nephrotoxic unless it is slowly infused in prehydrated form.
This procedure allowed to reduce severe renal toxicity of the drug, however vast
majority of side effects (such as nausea, vomiting, ototoxicity, irreversible damage
of the hair cells etc.) required administration of additional drugs. To reduce
those effects, the second generation of platinum-based drugs was developed. The
tirst complex, which was proved to have more tolerable toxicological profile was
Carboplatin® - cis-diammine(1,1-cyclobutanedicarboxylato)platinum(II). It does not
exhibit any nephrotoxicity and can be given without hydratation. Furthermore, its
neurotoxicity and ototoxicity are much weaker and the gastric side effect is less severe
and can be easily controlled. Carboplatin® is a good alternative for Cisplatin in
aggressive, high-dose chemotherapy treatment[24, 14].

The third generation of platinum-based drugs focused mostly on overcoming
intrinsic resistance of many tumors. There are four main mechanisms which were

identified as responsible for cancer resitance[25]:
1. Reduction of drug uptake

2. Increased detoxification by glutathione or metallothionein

3. Increased repair of platinum-DNA adducts
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4. Increased tolerance to platinum-DNA adducts
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Figure 1.3: Examples of platinum(Il)-based drugs. (A) Cisplatin, (B) Carboplatin, (C)
Oxaliplatin.

To overcome those problems, modifications of amine groups were applied.
Trans-R,R-1,2-diaminocyclohexane ligand was used to form a complex with
platinum(Il) shortly after discovery of Cisplatin activity. This complex
- cis-dichloro(1,2-diaminocyclohexane)platinum(Il) was recognized as a potent
anticancer agents in some experimental tumor models, however its low water solubility
prohibited intravenous administration. Exchanging of chloride anions onto oxalic
acid resulting a new complex known as Oxaliplatin®. It is comparatively soluble in
water and was first platinum-based drug which had proved to be active in metastatic
colorectal cancer[26]. It has also exhibit good results in treatments where Cisplatin and
Carboplatin® had failed[27, 28, 29].

Platinum(IV) drugs

The activity of square-planar platinum(II) complexes have been studied extensively.
However, one more possibility had to be explored. By changing oxidation state
of platinum metal from II to IV the geometry of the complex is changing from
square-planar to octahedral. This may lead to change in Pt-base drug bioactivity
and its mechanisms of action. Among all studied platinum(IV) complexes, three
were investigated further and had entered clinical trials - Ormaplatin, Iproplatin and
Satraplatin[23, 14]. Ormaplatin was evaluated in six different phase I clinical trials.
After treating 118 patients with this drug, severe neurotoxicity was discovered and
drug never has entered phase II[30]. Iproplatin and Satraplatin have successfully
entered phase III of clinical trials. However it was determined that Iproplatin exhibit
much lower activity then Carboplatin® and Cisplatin and it was not approved as a
drug by any country.

Satraplatin is the first platinum-based drug which can be administrate orally. It has
successfully completed phase III of clinical trials and it is currently evaluated in several

clinical trials in composition with other drugs. Satraplatin is available in the United
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States with the help of a special program of "early access" to severe cancer patients

however it is not yet registered as a drug[30, 31, 32].
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Figure 1.4: Three platinum(IV) complexes evaluated as potential anticancer drugs. (A)
Ormaplatin, (B) Iproplatin, (C) Satraplatin.
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1.2. Ruthenium complexes in cancer treatment

Success of Cisplatin and other platinum-based drugs in anticancer therapy inspired
people to look into other rare noble metals. Since 1980, ruthenium is under intensive
studies as a potential candidate to replace platinum in cancer treatment. Under
physiological conditions ruthenium can exist in three oxidation states - Ru(II), Ru(III)
and Ru(IV). Due to presence of biological reductants such as glutation and ascorbic
acid and presence of oxidants ruthenium can easly change its oxidation state[33]. Most
of complexes at these oxidation states form octahedral coordination complexes with
nitrogen and sulfur donor ligands. Organometallic ruthenium(Il) complexes however
have tetrahedral geometry with at least one m-bond to an arene ligand - so-called

piano-stool complexes.

1.2.1. Simple ammine and amine ruthenium complexes

First type of ruthenium complexes with anticancer properties were proposed in
1980 by Clarke and co-workers[34]. Ammine and amine ruthenium(Ill) complexes
were clearly inspired by structure of Cisplatin and were suspected to act as a DNA
binders. As was mentioned ruthenium(III) can be easily reduced by biological reducing
agents[33]. In the hypoxia cells reverse oxidation is much slower due to lack of
oxygen, therefore toxicity of cis-[Ru(NH;)4Cl,] anticancer agent is enhanced as a result
of increased DNA binding[35]. Further development of these molecules however, was

stopped due to their poor solubility in water.
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Figure 1.5: Examples of am(m)ine ruthenium(III) complexes.

1.2.2. Ruthenium dimethyl sulfoxide complexes

Low water solubility of the ammine and amine ruthenium(Ill) complexes is one
of the main problem in their biological application[34]. The next major group of
ruthenium complexes which has been studied are ruthenium(Il) complexes with
chloro and dmso ligand (where dmso is a S-bound dimethylsulfoxide). Those
highly water-soluble complexes exhibit antimetastatic activity and relatively low

cytotoxicity[36]. Dimethylsulfoxide ligands also increase inertness of ruthenium
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complexes in water environment due to strong Ru-dmso bond. Coordinated dmso
as well stabilized lower, less stable oxidation state of Ru(Il) and helps to reduce Ru(III).
Some of the complexes also posses two chloro ligands, which may easily dissociate in
low chloride concentration (such as intracellular environment) and form more active
aqua complexes - similarly to Cisplatin[37, 38].

Analogously to platinum complexes cis and trans isomers of Ru-dmso complexes
exhibit different therapeutic activity. It was found that trans isomers are much more
cytotoxic then their cis analogues[39]. It has been proven that both isomers form
thermodinamically stable bidentate adducts with oligonucleotides but the trans isomer
was much more reactive[40]. It may pointed the differences in anticancer mechanism of
platinum(Il) and ruthenium(II) complexes. Both cis and trans isomers cause a disruption
in DNA structure by forming crosslink bond, however trans isomer form five-fold
higher content of ruthenium in DNA which may indicate that it binds to DNA much
stronger[37]. Furthermore, some of dichloro dmso complexes of ruthenium exhibit
no cytotoxic effect towards primary tumors, however possessed antimetastatic activity

(particularly in non-small cell lung cancer)[41].

1.2.3. NAMI-A, KP1019 and their analogues - ruthenium antimetastatic agents

In 1986, Bernhard Keppler described a new ruthenium(Ill) complex (imidazolium
trans-[tetrachloride-bis(1H-imidazole)ruthenate(IIl)], KP418) which is consider as an
inspiration of so-called "Keppler type" ruthenium complexes. This complex was
proved therapeutic activity against P388 leukaemia, B16 melanoma and SA-1 (murine
fibrosarcoma cells) cells lines[42, 43]. Moreover in vivo studies have shown a
significant reduction of tumor burden in a colorectal cancer rats model[42]. Among
all ruthenium(III) complexes synthesized on base of KP418, three are considered to be
most important.

Imidazolium trans-[tetrachloride(1H-imidazole)(S-dimethylsulfoxide)ruthenate(III)]
(NAMI-A) was firstly synthesized and studied in 1992 by Sava and co-workers[44].
In opposite to KP418, NAMI-A has much higher Ru(Ill/II) reduction potential due to
ni-acceptor effect of the S-bound dmso which also exerts a kinetic trans effect. NAMI-A
was proved to affect the process of metastasing rather than acting against primary
tumors. Its activity is probably based on enhanced cell adhesion and inhibition of
neoangiogenesis in tumors[45, 46]. It was also proven that its mechanism of action does
not involve DNA binding and its activity is rather independent of its concentration in
cancer cells[37, 47, 48].

The other two significant Keppler complexes - KP1019 and NKP-1339 (respectively

indazolium and sodium trans-[tetrachloridebis(1H-indazole) ruthenate(Ill)]) were
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Figure 1.6: Ruthenium-based drugs in clinical trials. (A) NAMI-A, (B) KP1019, (C)
NKP-1339.

described in 1989[49]. KP1019 was found to be superior in its activity against a colorectal
cancer rats model then KP418. Treatment with KP1019 yielded efficiency with around
95% reduction of tumor volume with mortality at 0%. It was also found to be superior
to 5-fluorouracil - a standard against colorectal cancer[43, 49]. Its activity comes from
interactions between complex and DNA and inhibition of DNA synthesis[50].

One of the disadvantage of KP1019 is its solubility in water which may hinder
the transfer in bloodstream. It also limit the administrative dose in clinical trials at
maximum 600 mg/patient[51]. Its sodium salt (NKP-1339) on the other hand is much
more water soluble. NKP-1339 exhibit similar activity as KP1019 in both in vitro and
in vivo studies. It was determined that both compounds interact with serum proteins
particularly albumin and transferrin similary to NAMI-A[52, 53]. It has been suggested
that both proteins act as transport and delivery system for those complexes and play
significant role in their cancer targeting mechanism.

In presence of biological reductants such as glutathione and ascorbic acid
ruthenium(IIl) is easily reduced to Ru(Il). Ruthenium(Il) complexes are much more
labile and exchange their ligands much faster than Ru(IIl) complexes. The hydratation
of more labile ruthenium(II) complexes is proposed as the mechanism of their activation
(similar as in platinum(II) drugs). This concept is so-called "activation-by-reduction”
and is based on the concept that ruthenium(III) complexes may serve as prodrugs which

are activated in oxygen-poor environment (such as solid tumors) and remain inactive
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in normal tissue[37, 54]. Moreover ruthenium(Il) complexes exhibit higher reactivity
towards nucleotides then Ru(IIl) complexes[55].

The activation process highly depends on the redox potential of Ru(III)/Ru(II)
couple. This potential strongly depends on the ligands coordinated to ruthenium
center. All three studied ruthenium(Ill) complexes (NAMI-A, KP1019, NKP-1339)
can be reduced under physiological conditions to their ruthenium(Il) forms[56, 57].
NAMI-A due to S-dmso ligand is much easier reduced then KP1019 or NKP-1339. This

may explain why it exhibits much stronger side effect in clinical trials[58].

Clinical trials evaluation

NAMI-A, KP1019 and NKP-1339 belongs to small group of ruthenium complexes

which have been already evaluated in clinical trials[58, 59, 60].
NAMI-A

PhaseI of clinical trials for NAMI-A was conducted on 24 patients. During treatment
several side effects including nausea, vomiting, diarrhea, fever, painful blisters on hands
and feet were observed[58, 61]. For final results 20 patients were evaluated and 19 of
the twenty shown disease progression while one patient shown no progression. Due
to these results, NAMI-A was not evaluated as stand-alone drug in phase II.

Due to previous in vivo results which has shown that NAMI-A slows down
progression of metastasis and not growth of the initial tumor, phase I and II were
conducted in combination with gemcitabine. This nucleoside analog has previously
shown successful results in cancer treatment [62]. During phase I, minimal dosage was
determined to be 300 mg/m? and maximum dosage was determined to be 600 mg/m?
over 21 days. In phase II impact of NAMI-A in combination with gemcitabine was
evaluated. 27 patients were chosen for the final results. In 15 patients anticancer
activity was determined, 10 have shown stable disease progression 1 patient exhibited
a partial remission. However the criteria for expansion based on the obtained efficacy
results were not met in the second stage of the study. The treatment was insufficiently
effective and the efficacy was lower than could be expected of a treatment with
gemcitabine alone. Due to these results protocol was not followed and clinical trials

were terminated[61].

KP1019 and NKP-1339
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In phase I of clinical trials, eight patients with advanced solid tumors without
further therapeutic option were treated with KP1019[60]. The drug was administrated
intravenously in doses ranging 25 - 600 mg/m? to determine therapeutic dose for further
studies. In 83% of patients evaluated for the study (5 of 6) disease stabilized for 8-10
weeks. However there was no correlation between this effect and applied dose. Also,
KP1019 was extremely well tolerated and only few weak side-effects were noted. Due
to solubility problems however, maximum tolerated dose was not achieved[43, 51, 60].
For phase II of clinical trials, dose in range 400-600 mg with longer application time
(10 weeks) was proposed based on previous animals in vivo studies. However, phase
IT was not yet evaluated in literature.

In case of NKP-1339, dose limitation due to low solubility was avoided. The results
of phase I were presented in 2012 on American Society of Clinical Oncology annual
meeting[63]. 34 patients were treated with this drug in 9 different doses. Similar to
KP1019 only minor side effects have been observed. Biological response for NKP-1339
was higher than for KP1019. Stable disease was observed in seven patients for a long
period of time (up to 88 weeks). And in case of one patient partial remission was
observed. For now, phase Il single agent NKP-1339 and phase I NKP-1339 combination

trials are planned.

1.2.4. Ruthenium-arene complexes

The ability to change oxidation state and exchange ligands of previously described
ruthenium complexes may be their advantage (activation by reduction theory) but also
unpredictability of this complicated ligand exchange chemistry is a huge disadvantage.
In terms to increase the stability of the oxidation state, organometallic ruthenium
complexes were developed[64]. As was mentioned before, those complexes in contrast
to other Ru complexes posses unique tetrahedral geometry - so-called piano-stool.
Their general structure can be described as [Ru(n®-arene)(A)(B)(X)]*, where X is a
halogen atom (mostly chloride) and A,B are either two monodentate ligands or one
bidentate ligand. This configuration stabilize ruthenium +2 oxidation state and prevent
undergoong oxidation to Ru(Ill). In most cases, those complexes exchange only one
ligand (labile halogen ligand) and exhibit good water solubility due to their ionic
character [37, 64, 65].

The other important factor for cytotoxic activity of those molecules is their cellular
uptake. Organometallic ruthenium complexes have increased lipophilicity due to
arene molecule which may enhance biomolecular recognition process and assist cellular

uptake. In fact, there is a direct correlation between in vitro cytotoxic activity of the
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molecules and their lipophilicity[66]. Presence of arene molecule may also induce other

mechanisms of actions such as intercalation to biomacromolecules (e.g. DNA)[67].
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Figure 1.7: Examples of ruthenium(II)-arene complexes. (A) RM175, (B) RAPTA-T.

It was discovered, that Ru(ll)-arene complexes with bidentate ethylenediamine
ligand (Ru(n®-arene)Cl(en)]*) exhibit anticancer activity in both in vitro and in vivo
studies, including activity towards Ciplatin-resistant cancer cells[65]. Ethylenediamine
ligand was chosen due to the analogy of platinum complex with ammonia ligands.
It was thought that hydrogen bonds between this ligand and DNA may be formed
in addition to covalent interactions. Studies have shown that this complex binds
selectively to N7 atom of guanine base in DNA. The interaction with different binding
sites of DNA also confirmed influence of ethylendiamine group on the selectivity
of those interactions. Interestingly, influence of arene group was also found. The
best activity was found for complex containing most hydrophobic n°-arene group.
Probably the aren-purine base stacking plays a role in stabilizing the transition state in
complex-DNA reaction. In fact RM175 ([(biphenyl)RuCl(en)](PFs)) exhibit significant
anticancer activity in multidrug resistant cells and is a potential candidate for clinical
trials.

The other Ru(Il)-arene complex which is on the edge of clinical trials is RAPTA-T.
This obtained by Dyson and co-workers complex belong to the larger group of
complexes called RAPTA. They contain the ruthenium(Il) center, two labile chloride
ligands and hydrophilic phosphine ligand PTA (1,3,5-triaza-7-phosphaadamante).
Presence of PTA moiety cause selective activation of the complexes in the hypoxic
tumor cells. In the low pH, PTA group easily undergo protonation and its protonated
form is consider as an active agent. Due to this effect, RAPTA complexes exhibit
pH-dependent DNA binding in lower pH (such as hypoxic cells pH). It was proven
that RAPTA complexes also exhibit anticancer activity especially in multidrugs resistant

tumors and selectively reduces the growth of lung metastases[50, 68, 69, 70].
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1.2.5. Ruthenium polypyridyl complexes

Last group of molecules which will be discussed here is ruthenium(II) polypyridyl
complexes. They have been investigated in greater details than any other class of
luminescent metal complexes over last 50 years. Thousands of compounds have
been prepared and investigated for the various applications (e.g. biosensors, solar
cells sensitizers, specific electrodes, anticancer agents). In term of cancer treatment,
Ru(II)-polypyridyl complexes interactions with DNA are most interesting. In case of
this group of complexes, ligand exchange is almost impossible and so, covalent bonds
with DNA cannotbe form. In general, two other possible mechanisms may be involved:
intercalation between base pairs of nucleotides or/and DNA groove binding through a
combination of electrostatic, hydrophobic and hydrogen-binding interactions.

One of the first complex which has shown strong DNA binding was
[Ru(bpy).(HATP)]** complex, where bpy are 2,2-bipyridines and HATP is
1,4,5,8,9,12-hexaazatriphenylene[71].  After binding to DNA, complex exhibited
massive absorption change and significant enchantment of emission which were
presumably a consequence of environment change due to intercalation of HATP ligand
between base pairs of DNA. However, the most significant increase of luminescence
in presence of DNA was observed after increasing the size of heteroaromatic ligand.
[Ru(bpy):(dppz)]** where dppz is dipyridophenazine, is a non-luminescent complex
in water but when intercalated into DNA exhibit strong emission. This mechanism was

called light-switch effect and the complex was proposed as specific DNA probe[72, 73].

Figure 1.8: Examples of ruthenium(II) polypyridyl complexes which can intercalate
with DNA. (A) [Ru(bpy):(HATP)**, (B) [Ru(bpy)>(dppz)|*.

Photodynamic therapy and photoactivated therapy
The photosensitivity of ruthenium(Il) polypyridyl complexes prompted them

for testing as sensitizers in PDT - photodynamic therapy of cancer[74].

Recently several Ru(ll) complexes, previously used in DSSC (dye-sensitized
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solar cells) or in biological staining were evaluated as potential agents
in photodynamic cancer therapy. Homoleptic ruthenium(Il) complexes
with dip ligands (4,7-diphenyl-1,10-phenantroline) and with SOsdip ligands
(4,7-diphenylsulfonyl-1,10-phenantroline) were tested against several different cells
lines such as human non-small lung cancer cells (A549) or human promyelocytic
leukemia cells (HL60). Both complexes despite similar structures exhibit extremely
different physical properties mainly due to their different charges (respectively +2
and -4)[75]. [Ru(dip);]** showed a very good cytotoxicity both in darkness and after
light-irradiation. Surprisingly, [Ru(SO;dip);]*~ seems to be non-toxic in darkness but

after irradiation with light it became toxic in low micromolar concentration.

Figure 1.9: Examples of ruthenium(Il) polypyridyl complexes evaluated for
photodynamic therapy. (A) [Ru(dip);]**, (B) [Ru(SOsdip);]*~, (C) [Ru(bpy).(dmdop)]**.

The main problem with photodynamic therapy is its dependence on the presence
of oxygen in the cells. Many ruthenium-based PDT agents relied on generation
of reactive oxygen species. However, most tumors are in the state of hypoxia,
which means that oxygen concentration is limited and efficiency of the PDT is
decreasing. One strategy to overcame this problem is photoactivation of ruthenium
complexes. After photo-irradiation, octahedral geometry of ruthenium complex can be
distorted which leads to dissociation of one ligand and formation of aqua complex.
This complex similary to Cisplatin and other described previously Ru complexes
can interact with DNA by forming covalent bonds with nucleotides in DNA[76].
Finally, some ruthenium complexes (such as [Ru(bpy).(dmdop)]** where dop is
2,3-dihydro-1,4-diohino[2,3-f]-2,9-dimethyl-1,10-phenanthroline) posses dual mode of
action. They can bind to DNA causing DNA distortion and also form single strand

breaks due to formation of singlet oxygen[77].
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1.2.6. Ruthenium complexes bearing biologically active molecules - theranostic

application

As was mentioned in previous chapter, photophysical properties of ruthenium(II)
polypyridyl complexes make them good candidates for luminescence probes. Recent
studies have shown that the luminescence of those complexes is increased under the
hypoxic conditions. However, the hydrophilic character of the complexes prevents
them from crossing biological membranes and limits their applications. A series of
novel ruthenium(II) complexes with better hydrophobic properties were synthesized
few years ago. The complexes were composed of two 2,2’-bipyridine molecules and
one 1,10-phenantroline bearing a long alkane chain or pyren unit. It was resulting in
increased lipophilicity of the complex and better cells accumulation. Moreover, the
luminescence properties of the complex were not affected by presence of the moieties
attached to the 1,10-phenantroline ligand[78].

The ruthenium(Il) complex bearing the estradiol was designed as a specific probe
for estrogen receptor a. This receptor respond is the most accurate indicator of cancer in
particular, estrogen-dependent cancer such as breast, colon, ovarian and prostate[79].
The other example of specific probes are ruthenium polypyridyl complexes bearing
cumarin moiety. Those molecules were designed as esterase-specific sensors to measure
the activity of the enzyme[80]. In order to target the nuclear enzymes, the ruthenium
complexes were modified with the short peptides chains. The specific sequence of
peptide can be recognize by specific enzyme. In this way, the complex can be modulate
as a probe for only one enzyme.[71, 81].

However, the modulation of pharmacokinetic profile is not the only reason for
introduction of additional groups into ruthenium complex structure. Recently,
theranostic application of ruthenium complexes are extensively explored by many
research groups. This novel approach is based on combining of therapeutic and
diagnostic properties into one molecule. This method not only allows to monitor
the therapeutic effect of the treatment in real time, but also helps to visualize the
biodistribution and accumulation of the drug.

In the most cases, conjugates of the ruthenium are received by binding the
biologically active molecules with the complexes via linker. In general, the linker
is a short, unbranched chain which can contain heteroatoms in its structure. The linker
structures could have an important influence on properties of the ruthenium complexes.
It was confirmed that structure of the linker have an influence on the cellular uptake and
subcellular localization of the complex[82]. The complexes with the most hydrophilic
linkers have the lowest cellular uptake and are mostly present in cytoplasm, while the

complexes with the most hydrophobic linkers are localized mostly in mitochondria.
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The ruthenium complex bearing 2-nitroimidazole was introduced recently as a
new conjugate for treatment and visualization of cancer[83]. This molecule binds
polypyridyl ruthenium(II) complex with the bioreductive prodrug, developed towards
application in therapy of hypoxic cells, characteristic for tumors. The results have
shown that this complex posses not only cytotoxic activity but also antiproliferative
activity[84]. Ruthenium complexes were also adapted as luminescence probes[85] and
photosensitizers in photodynamic therapy. A series of ruthenium complexes bearing
porphyrins were designed as potential two-photon tumor-imaging and photodynamic
agents[82, 86, 87]. The complexes had higher solubility and absorption band in the
range between 600-800 nm - so called "therapeutic window" more appropriate for PDT
- than porphyrins.

The theranostic concept was originally applied to much larger systems such as
nanoparticles. Recent studies have shown that gadolinium based nanoparticles
modified with ruthenium(II) phenantroline complexes can be used as imaging agents
in MRI and simultaneously as photodynamic therapy agents[88]. Also binding
ruthenium(Il) bipyridine homoleptic complex with silver nanoparticles leads to
drastically increased photoinduced oxidation activity[89].
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1.3. Biological activity of semicarbazones and thiosemicarbazones

Semicarbazones and thiosemicarbazones are formed when semicarbazide - an
ammonia related nucleofile - is added to carbonyl group (aldehyde or keton) and
imine bond is formed. Historically, semicarbazones were used in qualitative analysis
of aldehydes and ketons[90]. However, their wide spectrum of biological activity is
known for more than 50 years. Many semicarbazones and thiosemicarbazones were
evaluated as antibacterial, antiviral, antifungal, antifilarial and anticancer agents[91].
Properties and activity of those molecules strongly depends on substituent groups
attached to both nitrogen atoms (N1 and N4) of semicarbazon or thiosemicarbazone.
Also coordination to metal center plays important role in their activity.

The activity of some semicarbazones and thiosemicarbazones against Plasmodium
parasites makes them a good candidates as an antimalarial drug mostly due to their
inhibition of cysteine proteases[92]. They were also tested as anticonvulsant drugs due

to their lesser neurotoxicity then other drugs[93, 94].

1.3.1. Anticancer activity

Evaluation of semicarbazones derivatives anticancer activity has begun in early
1970s[95]. Since that time many compounds (semicarbazones, thiosemicarbazones
and their metal complexes) were tested at this field. Among all studied molecules,
heterocyclic derivatives and their metal complexes seems to posses best activity towards
primary tumors[91, 93, 96, 97].

Despite good in vitro and in vivo results towards cancer, only one molecule
was evaluated in clinical trials so far. 3-aminopyridine-2-carboxaldehyde
thiosemicarbazone also known as Triapine® is a potential ribonucleotide reductase
inhibitor which may also induce endoplasmatic reticulum stress in cancer cells[54].
Mechanism of its action is not known yet however it is postulated that Triapine® binds
with iron center of ribonucleotide reductase (RNR) and quench thyrosyl radical which

is crucial for RNR activity.

1.3.2. Ribonucleotide reductase - potential target in cancer treatment

Ribonucleotide reductase is an enzyme which is responsible for reduction of
ribonucleotides into corresponding deoxyribonucleotides. Ribonucleotides reduction
is a limiting step in DN A synthesis and hence inhibition of this step leads to inhibit cells
proliferation. RNR exist in almost all living organisms - from bacteria to eukaryotes. It
was even found in some viruses like bacteriophage or in archaea. It means that catalytic

cycle of this enzyme is one of the oldest in the life cycle.
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There are three main classes of ribonucleotide reductase which were discovered[98].
They differ in structure, the metal site and place of radical. Moreover class II and III
can operate in anaerobic conditions while class I require oxygen. Main differences were
collected in table 1.2. Class I is most widely distributed in all eukaryotes. Presence of
class II and III in eukaryotes is marginal (see table 1.1). Class I is further divided into
two subclasses: Ia and Ib. Subclass Ib is mostly present in bacteria and Ia subclass is

an enzyme present in eukaryotes’ cells[99].

Table 1.1: Distribution of RNR depending on the class

Class I Class II Class III
In archaea Limited distribution Yes Yes
In bacteria Yes Yes Yes
In eukaryotes Yes Limited distribution Limited distribution
In dsDNA viruses Yes Bacteriophage Bacteriophage

Class Ia ribonucleotide reductase is tetrameric holoenzyme (a,f,) with a large
ar-homodimer defined as R1 or NrdA and smaller f,-homodimer defined as R2 or
NrdB. However, the crystal structure of R1-R2 holoenzyme is not available yet. R1
is the part of enzyme which harbors the substrate binding site (active site), allosteric
site and also redox active disulfides between two cysteines (Cys462 and Cys225) which
participate in reduction of substrates (see Fig. 1.10). R2 part contains oxygen-linked
diferric center and tyrosyl radical (Tyr122). This radical is an essencial for enzymatic
activity of RNR. The stability, formation and transfer of this radical highly depends on

binuclear iron(III) center.

Table 1.2: Differences of ribonucleotide reductse classes

Class Ia Class Ib Class II Class III
Structure a2 a2 Qo Or (X ay + P2
Operation Aerobic Aerobic Oxygen independent  Anaerobic
Radical Tyrl22 in g Tyrl22in g Ado-cobalamine Gly580 in «
Metal center ~ Fe-O-Fe  Fe-O-Fe or Mn-O-Mn Co Fe-S
Substrate NDP NDP NDP/NTP NTP

Mechanism of RNR reduction

The main catalytic part of class I RNR is Tyrosyl radical (Tyr122). This radical is

stabilized by diferric metal center (Fe,O,) and is localized in R2 subunit of the enzyme.
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However, reduction takes place in R1 subunit, so it is necessary to transfer this radical
to more suitable place. The final amino acid which take place in direct mechanism is
Cysteine439. The distance between Tyr122 and Cys439 is approximately 35 A [100, 101].
The radical is probably transferred through Tyr122 - Tyr356 - Tyr731 - Tyr730 and finally
Cys439 in the active site of enzyme[102]. Presence of such pathway introduce the new

possible ways for the inhibition of this enzyme.
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Figure 1.10: Mechanism of ribonucleotide reduction by class Ia RNR.

RNR inhibition and metal complexes

Among all studied molecules which inhibits ribonucleotide reductase, metal
complexes take a special place. As was mentioned before, the most important part
of the enzyme is thyrosyl radical so, quenching of this species inhibit an enzyme. Metal
complexes - especially iron(II) and (III) complexes can produce reactive oxygen species
(ROS) under physiological conditions. It is postulated that ROS can react with thyrosyl

radical and quenching it.
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Several different complexes, mostly bearing a-heterocyclic thiosemicarbazones as
ligands (e.g. Trapine®) were tested as inhibitors of RNR. Most of the complexes were
much more efficient in thyrosyl radical quenching than hydroxyurea which is consider
as a standard in those kind of studies. Iron(Ill) complex with Triapine® had exhibited
best activity towards thyrosyl radical[103]. It was also confirmed that this kind of
complex can be formed spontaneously under physiological conditions by chelating of

iron from environment or from RINR metallic center[104].
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1.4. Hydantoins - anticonvulsant drugs in cancer treatment

1.4.1. Seizures and cancer

Anticonvulsant activity of hydantoins is known since 1930s[105]. The most known
hydantoin derivative which is used as anticonvulsant drug worldwide is phenytoin
(5,5-diphenylhydantoin)[106] and despite severe side-effects remain one of the lead
drugs at the market. The major advantage of hydantoin-based drugs is possibility to
administrate them orally. However, this advantage had became disadvantage in case
of seizures induced by tumors.

One of possible sequelae of cancer are epileptic seizures. The cause of it may
have a variety of sources, including cytotoxic drugs administration or toxic metabolic
encephalopathy of brain parenchymal[107]. To extentuate those symptoms, drugs
with rapid onset are administrated as a loading dose during chemotherapy. Orally
administrated drugs are not good for this purpose due to reduction of their activity
and uptake caused by the toxic effect of cancer drugs on the gastrointestinal muscosa.
Most of antiepileptic drugs also interfere with serum level of chemotherapeutics and

may impair the efficiency of cancer treatment[108].

1.4.2. Hydantoins in cancer treatment

Besides antiepileptic properties of hydantoins, many of them were studied as
potential anticancer agents[109, 110]. In fact, biological activity of hydantoins strongly
depends on substituents attached to the hydantoin ring[109]. In general, hydantoins
molecules can be divided into two parts[111]: N3-C4(=0)-C5-R which is consider as
anticonvulsant pharmacophore and C2(=0)-N3(H) part which is mostly responsible for
cytotoxic and mutagenic properties of the molecule. It is postulated, that modification
of second part do not affect anticonvulsant properties of the molecules but may result
in changing toxicity and mutagenic properties of it.

Many new hydantoins derivatives had confirmed anticancer activity over last few
years[110, 112, 113]. In major group of molecules only substituents at position 5 were
changed, however also modification of N1 and N3 subtituents took place and even
exchange of oxygen to sulfur[114] or selenium[113]. Results of this evaluation shown
that some of the hydantoins posses high cytotoxicity towards cancer cells. They also

are good antioxidants and antimetastatic agents.



2. Aim and scope of the thesis

The photophysical properties of ruthenium(Il) polypyridyl complexes open wide
possibilities of using them in biological applications for example as bioimaging agents.
In recent years, those types of complexes are extensively studied as theranostic agents,
with both therapeutic and diagnostic activities.

The main goal of the project is synthesis and preliminary characterization of novel
ruthenium(II) polypyridyl complexes bearing biologically active molecules as potential
theranostic agents. Two groups of biologically active moieties are chosen based on their
previously reported biological activity. Pyridine-2-carboxyaldehyde semicarbazone is
chosen as a model of a-heterocyclic semicarbazones molecules with known anticancer
activity. 3-aminopyridine-2-carboxaldehyde thiosemicarbazone (Triapine®) is the
most known molecule of this type. It was confirmed in clinical trials that Triapine® is
a ribonucleotide reductase inhibitor and an anticancer agent. The second group of
chosen molecules is represented by three molecules - hydantoin, 5,5-dimethylhydantoin
and allantoin. The hydantoins are well-known anti-seizure drugs which are recently
extensively studied in combined cancer therapy.

The first part of the study is focusing on synthesis of the appropriate ligands for
ruthenium complexes. Those ligands are conjugates of three molecules: 2,2-bipyridine,
linker molecule and biologically active moiety - pyridine-2-carboxyaldehyde
semicarbazone, hydantoin, 5,5-dimethylhydantoin or allantoin (ligands L1 - L4).
As a linker alkyn chain was used in ligand L1 and alkane chain in ligands
L2-L4. Several trials with various synthesis conditions and linker structures are
undertaken in order to find optimal conditions of synthesis. The ligands are
used to synthesize desired ruthenium(Il) polypyridyl complexes in reaction with
cis-bis(polypyridine)dichlororuthenium(Il) core complexes. The schematic structure
of designed ruthenium(II) complexes is presented in the figure 2.1.

The second part of the studies is focused on spectroscopic and photophysical
properties of the ruthenium(Il) polypyridyl complexes with ligands L1 - L4. The
influence of those ligands on spectroscopic and photophysical properties of the Ru(II)
polypyridyl complexes are discussed based on the experimental results (absorption

spectra, luminescence quantum yield, luminescence lifetime) and the theoretical
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calculations (geometry optimization, natural bond orbitals (NBO) energy and shapes,

simulated electronic absorption spectra).

The preliminary evaluation of the studied ruthenium complexes biological activity
is performed. The interactions between those ruthenium complexes and human serum
albumin are shown and the influence of the various polypyridyl ligands in ruthenium

complexes on those interactions is discussed.
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Figure 2.1: The structure of designed ruthenium(Il) complexes



3. Methods

3.1. Electronic apsorption spectroscopy

UV-Vis absorption spectra of the ruthenium complexes were recorded at 25°C in
water using Perkin Elmer Lambda 35 spectrophotometer. Molar absorbtion coefficients
were determined using Lambert-Beer equation (3.1 and 3.2). Samples of the ruthenium
complexes with a known mass were dissolved in dmso to get concentration of 32 mM.
After that small amount (1-10 uL) of this solution was added to 1.6 mL of water in the
cell with 1 cm optical pathway and spectra were recorded. For each complex ten points
were measured and molar absorption coefficients (¢) were determined from the plot.

For each ruthenium complex procedure was performed three times.

A = c-e-l (3.1)
A
= (3.2)

3.2. Luminescence studies

Luminescence measurements were registered on Perkin Elmer LS55
spectrofluorimeter in the range 480 - 900 nm upon excitation at the maximum
of metal-to-ligand charge transfer band for each ruthenium complex. The average of
three scans was subjected to smoothing.

Quantum yield of luminescence was determined using [Ru(bpy);]Cl; as an internal
standard[115]. Spectra were recorded with concentration lower than 0.05 absorbance
unit at excitation band to avoid inner filter effect. Quantum yield was calculated

according to the following equation:

QY = QY,-—-—- - (3.3)

where I is the integrated intensity of luminescence, A is the optical density, and
n is the refractive index, r refers to the values for reference. Three independent

measurements were performed and mean value was calculated.
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Luminescence lifetime experiments were performed at room temperature using
Fluorolog-3 Horiba Jobin Yvon with single photon counting technique. The excitation
wavelength was fixed at 464 nm (NanoLED diode) and average luminescence lifetime
was measured at emission maximum. The instrument response functions were
measured using a light scattering solution of Ludox (colloidal silica, Sigma-Aldrich).
The DAS6 software (HORIBA Scientific) was used for deconvolution of the obtained
decays and for calculation of the lifetime values. Two or three exponential fits were

chosen based on x? parameter (the goodness of fit evaluation).

3.3. Computational studies

3.3.1. Geometry optimalization and molecular orbitals energy calculations

The hybrid density functional B3LYP (Becke-Lee-Young-Parr composite of
Exchange-correlation functional) was used for geometry and orbital energy calculation
of studied ruthenium(II) complexes. For all complexes LANL2DZ basis-set [116, 117]
was used for ruthenium atom and 6-31G(d,p) basis set for other atoms. The
initial structure of ruthenium complex was based on crystallographic data of
tris(2,2’-bipyridyl)dichlororuthenium(Il)hexahydrate complex[118]. All calculations
were performed with Gaussian 09 program[119] using PLGrid infrastructure. Orbitals
were visualized using Gabedit software[120].  Structure figures and geometry

parameters were obtained with Avogadro 1.1.1 software[121].

3.3.2. Electronic absorption spectra simulation

Electronic absorption spectra were simulated with time-dependent density
functional theory (TD-DFT). Number of excited states to be determined was set
to 40.The hybrid density functional B3LYP (Becke-Lee-Young-Parr composite of
Exchange-correlation functional) was used with 3-21G basis-set for ruthenium atom
and 6-31G(d,p) basis set for other atoms. The spectra were visualised with Gabedit
software[120].

3.4. Synthesis

All solvents were used with analytical grade purity. THF was dried over sodium
wire and its dryness was determned with Carl-Fisher method. DMF was stirred over

calcium hydride for 12h, filtrated and distilled from over potassium carbonate[122].
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Diisopropylamine was distilled over NaH and stored under argon[122]. nBuLi solution

concentration was determined by titration with diphenylacetic acid in dry THF[123].
All reagents were purchased from Sigma-Aldrich or Alfa Aesar and were used

without further purification.

Microwave syntheses were performed on a CEM Discover oven with infrared probe

temperature control.

Molecules characterization

'H and ¥C NMR spectra were recorded on Brucker 200MHz, 400MHz or 600MHz
spectrometer.
High Resolution Mass Spectra (HRMS) were recorded on Brucker micrOTOF

spectrometer in various solvents.

3.5. Spectrofluorimetric titration of human serum albumin with

ruthenium complex

The solution of protein was prepared by dissolving of human serum albumin (HSA)
in water and its concentration was determined spectrophotometrically from the molar
absorbance coefficient of 4.40-10* M~'em™ at 280 nm [124]. The emission spectra were
recorded upon excitation at 295 nm resulting in selective excitation of Tryphtophan 214
residue. Three scans were subjected to smooth spectra and fluorescence intensity was

corrected due to inner filter effect according to equation 3.4.

Aex+Aem

F. = Fy-10772) (3.4)

where Fy is recorded fluorescence intensity, F. is corrected fluorescence intensity, A,
is absorbance of solution at excitation wavelength (295 nm) and A,,, is absorbance of
solution at emission wavelength (355 nm).

Protein binding experiments were performed by measuring fluorescence intensity
of HSA solution (concentration 1 uM) in the absence and the presence of various
ruthenium complex concentration (up to 5 uM) in TRIS-HCl buffer pH 7.4,
concentration 0.1 M at 37°C and concentration of NaCl 0.1 M. Ru-protein solution

was incubated for 10 minutes befor measurement.



4. Results and discussion

4.1. General strategy of ruthenium(II) polypyridyl complexes

synthesis

The main goal of this work was synthesis and characterization of novel
polypyridyl ruthenium(Il) complexes bearing biologically active molecules -
pyridine-2-carboxyaldehyde semicarbazone or hydantoin derivatives. The general
retrosynthetic analisys of the ruthenium complex synthesis is presented in figure
41. The designed complexes were divided into two parts: 2,2’-bipyridine
ligands modified with biologically active moieties, and ruthenium core complexes -

cis-bis(polypyridine)dichlororuthenium(II).

‘\l / Bl?l:.?:?i':: “y Biologically
I Molecule - I Active
N FI\UN Molecule

~
N N//f, | _\\\CI

Ru ;
v | ‘N X * Rlu‘CI

S
o
a
_z
\ /
o
ar
4

H,C CHj
N>~
- Biologically
S0 < -
N N N
+

\
+ 1 %

| ~ Molecule
Za RuCl,
:
R R R R
N N N N
R = —H, -CH;, —C(CH,);, —Ph, —PhSO;

Figure 4.1: Retrosynthetic analisys of designed ruthenium complex
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Firstly, the 4,4’-dimethyl-2,2"-bipyridine was modified with the linker molecule. As
a linker, various molecules such as hydrocarbons (alkane, alkene, alkyne) or ethers were
considered. However, the final conjugates between 2,2-bipyridine and biologically
active molecules were obtained only for alkyne linker (ligand L1) and alkane (ligands
L2, L3 and L4). The results for all studied linkers are presented in this work in order to
show the synthetic pathways leading to the final compounds.

The obtained 2,2’-bipyridine molecules with the linker were then bonded with
the chosen biologically active moieties in order to form desire ligands. In following
chapters, the detailed synthesis of all designed ligands are presented first and next,

synthesis of the ruthenium complexes are presented in chapter 4.4.

4.2. Synthesis of 2,2’-bipyridine ligands modified with
pyridine-2-carboxyaldehyde semicarbazone and the linker -

various approaches

The first ligand which was designed was a 2,2"-bipyridine bound to
pyridine-2-carboxyaldehyde semicarbazone. Semicarbazones and thiosemicarbazones
are good chelators for many metals[125]. They also possess wide spectrum of
biological activity. For example 3-aminopyridine-2-carboxaldehyde thiosemicarbazone
also known as Triapine® is a potent ribonucleotide reductase inhibitor and also it
may induce endoplasmatic reticulum stress in cancer cells [54]. This molecule was
in a few clinical trials and currently it is investigated as a drug in combined cancer
therapy[126, 127].
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pyridine-2-carboxyaldehyde
semicarbazone

Figure 4.2: (a) 3-aminopyridine-2-carboxaldehyde thiosemicarbazone (Triapine®) and
(b) pyridine-2-carboxyaldehyde semicarbazone structures

It was decided to use semicarbazone in place of thiosemicarbazone and also simple
pyridine ring instead of aminopyridine. Several trials to obtain the final ligand were
attended. The main difference between all synthetic approaches was the length and
the structure of the linker between 2,2’-bipyridine and pyridine-2-carboxyaldehyde

semicarbazone. In this section all approaches - unsuccessful and final successful
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synthesis are presented. All unsuccesfull synthesis allowed to better understand the
reactivity of the studied molecules and help to propose the final procedure for ligand

L1 synthesis.

Ligand with alkane linker
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Figure 4.3: Retrosynthetic analysis of ligand with alkane linker

Initial approach was to bind 2,2’-bipyridine and pyridine-2-carboxyaldehyde
semicarbazone with simple alkane chain. A retrosynthetic analysis was performed
(see fig.4.3) and the synthesis was divided into two parts.

First pyridine-2-carboxyaldehyde had to be synthesized and protected. For this
three different methods were tested. Reaction of 4-methylpyridine with n-butyllithium
in presence of Li-DMAE[128, 129] gave small yield below 30% (fig. 4.4c), so it
was decided to change initial molecule to 2-bromo-4-methylpyridine. First attempt
with this molecule and n-butyllithium solution[130] gave even lower yield (20%). In
contrast reaction with Grignard reagent (isopropylmagnesium chloride solution)[131]

gave an excellent yield around 90% (see fig. 4.4[a-b]). The aldehyde group
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Figure 4.4: Synthesis of 2-(1,3-dioxolan-2-yl)-4-methylpyridine a neccessery substrate
for ligand synthesis and attempts to deprotonate p-methyl group. Conditions: (a)
1) nBuli, -78°C, THF 2) DMF; (20%) (b) 1) iPrMgCl, rt, THF, 2) DMF; (94%) (c) 1)
nBuLi/Li-DMAE, -5°C, n-hexane 2) DMF; (28%) (d) ethylene glycol, pTSA, Toluene,
reflux, 24h; (100%) (e) 1) DiPA/nBulLi, 0°C, THF 2) CH30D (product not formed) (f)
1) nBuli, -78°C, THF 2) CH;0D (product not formed) (g) 1) LiTMP, THF 2) CH;0D
(product not formed).

was then protected by condensation reaction with ethylene glycol in presence of
p-toluenesulfonic acid[132]. 2-[1,3]-dioxolan-2-yl-4-methylpyridine was obtained with
quantitive yield (see fig. 4.4d).

The second part of the synthesis was to obtain 2,2’-bipyridine bearing a bromoalkane
chain. At the begining one methyl group of 4,4’-dimethyl-2,2’-bipyridine was lithated
with freshly generated LDA[133, 134]. The resulting brown intermediate was next
reacted with 1,n-dibromoalkane (for example 1,4-dibromobutane) (fig. 4.5). The yield
of this reaction depends on the linker length and is set in the 60-85% range.

(CH2)ne1 -y

Figure 4.5: Synthesis of 4,-methyl-4’-(n-bromoalkano)-2,2’-bipyridine, the second part
of the ligand Conditions: (a) 1) LDA, 0°C, THF 2) Br-(CH,),-Br 66% (n = 4), 82% (n = 6)

Problems arose during the reaction that should bind both molecules
together. A series of experiments showed that the methyl group in
2-(1,3-dioxolan-2-yl)-4-methylpyridine is very stable and despite using various bases

(see tig. 4.4[e-g] for more details) deprotonation was impossible to achieve. Either only
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the starting material was recovered or untraceable mixture of products was obtained.
CH;0D was used as highly negative electrophile found organolithiated compound
deuterated. The reaction was monitored by 'H NMR.

QPG

Figure 4.6: Synthesis of 4-[(2-bromopyridin-4-yl)methyl]pyridine-2-carbaldehyde -
substrate for ligand1 synthesis. Conditions: (a) 1) LDA, 0°C, THF 2) Br-(CH,),-Br ,
(b) various conditions.

Because of this problem the other approach presented in figure 4.6
was applied.  2-bromo-4-methylpyridine was reacted with LDA to prepare
2-bromo-4-(lithiomethyl)pyridine. This intermediate was reacted with
1,n-dibromoalkane. The product of this reaction was a dimer (figure 4.6(a)). Based
on previous experiments both nBuLi and Grignard reagents (isopropylmagnesium
chloride solution) were tested in several ratios. However, the selectivity of exchange
was not achieved. Either both bromine was exchanged in the same time or neither of

them.

Ligand with ether linker
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Figure 4.7:  Synthesis of ligand with ether linker. Conditions:  (a) 1)
nBuli, -78°C, THF 2) DMF, -78°C— 0°C, (b) NaBH;, MeOH, (c) NaH, 0°C,
4,-methyl-4’-(n-bromoalkano)-2,2’-bipyridine.

The second route applied was the introduction of the heteroatom into the linker’s
structure. Oxygen was chosen as binding atom because of its high reactivity and
relatively high biostability of the ether bonding[135]. First, one of the bromine

(position 5) in 2,5-dibromopyridine was selectively exchanged with nBuLi in dry
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THF[136]. The obtained intermediate was reacted with dry N,N-dimethylformamide
to form 2-bromopyridine-5-carboxyaldehyde. Next, aldehyde group was reduced by
sodium borohydride in methanol to form 2-bromo-5-hydroxymethylpyridine[137].
After that, sodium hydride was used to deprotonate the hydroxyl group and
form sodium alkoxide which was reacted directly (without purification) with
4-methyl-4"-n-bromoalkane-2,2"-bipyridine. Unfortunately the yield of this reaction
was extremely small (less than 10%), probably due to the reaction of the alkoxide with

bromine at position 2 or poor reactivity of the bromoalkane.

Ligand with alkene linker

Br

2\ S\ LLL I A

Figure 4.8: Synthesis of ligand with alkene linker. Conditions: (a) PPhjs, toluene, Ar,
reflux, (b) P(OEt);, Ar, reflux (c) tBuOK, 2-bromo-5-formylpyridine, THE, Ar.

Next possibility to obtain the desired ligand was introduction of the alkene chain
as linker. To reach this goal 4-methyl-4’-(n-bromoalkane)-2,2’-bipyridine had to be
modified. The terminal bromine atom was turned into phosphine derivative and
the new compound was reacted with 2-bromopyridine-5-carboxyaldehyde. The Wittig
reaction leads to creation of the double bond exclusively in the Z configuration. Further
parts of synthesis were the exchange bromine into formyl group in position 2 of pyridine
and modified it into semicarbazone group.

Two different phosphine compounds were used to form precursors for

the Wittig reaction. First of them was triphenylphosphine and second
was triethylphosphite. Both compounds formed the desired products -
respectievly ({4"-methyl-[2,2’-bipyridine]-4-yl}pentyl)triphenylphosphonium

bromide was formed from triphenylphosphine and diethyl
({4’-methyl-[2,2’-bipyridine]-4-yl}pentyl)phosphonate was formed from
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triethylphosphite. However both of those compounds were found unreactive in
the Wittig reaction. This was the main reason why this synthetic pathway was also

abandoned.

Synthesis of ligand L1 -
5-(4-{4’-methyl-[2,2’-bipyridine]-4-yl}but-1-yn-1-yl)pyridine-2-carbaldehyde

semicarbazone

Retrosynthetic analysis
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Figure 4.9: Retrosynthetic analizys of Ligand 1 synthesis.

The first part of this approach was to synthesize
5-bromopyridine-2-carboxyaldehyde semicarbazone. This product was obtained
by the selective formylation[138]. 5-bromo-2-iodopyridine was reacted with isopropyl
magnesium chloride solution to form the Grignard reagent. After that, freshly distilled,
dry N,N-dimethylformamide was added and the desired aldehyde was obtained in a
a good yield (80%). To prepare the desired semicarbazone, the obtained aldehyde was
reacted with semicarbazide hydrochloride under anhydrous conditions. The product
was obtained as a precipitate in 99% yield. Details of this experiments are presented

in the figure 4.10.
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Figure 4.10: Synthesis of 5-bromopyridine-2-carbaldehyde semicarbazone

The second part of ligand L1 synthesis was to obtain 2,2’-bipyridine bearing a
terminal alkyne. 4,4’-dimethyl-2,2-bipyridine was used as the starting compound.
One of the methyl groups was selectively lithiated by freshly prepared LDA[133, 134].
The obtained intermediate was reacted with trimethylsilyl propagyl bromide. After
that, trimethylsilyl group was removed under basic conditions and the desired product

was obtained. Details are presented in the figure 4.11.

/4

— / \ 1) LDA, THF, 0°C, 2h 1) choa* 50°C, 2h J—
\N / - 2)0°C ->1t, 1h + >
) 2) H*/H,0, 0°C \ 7/ -
N N Br / N N YH e N N

—Si—
\

Figure 4.11: Synthesis of 4-(prop-2-yn-1-yl)-4’-methyl-2,2’-bipyridine

Finding Sonogashira coupling conditions

Last part of the ligand L1 synthesis was to bind together both parts of it
- 4-(prop-2-yn-1-yl)-4"-methyl-2,2’-bipyridine and 5-bromopyridine-2-carbaldehyde
semicarbazone by a Sonogashira coupling. The main issue during this reaction
which may have occurred was the coordination of the catalysts (copper(I) iodine
or tetrakis(triphenylphosphine)palladium(0)) to bipyridine and significant reduction
of yield. To eliminate this problem and find proper conditions for coupling,
4-(prop-2-yn-1-yl)-4’-methyl-2,2’-bipyridine was reacted with 3-bromopyridine under
various conditions (table 4.1, fig 4.12). Two entries gave the desired product with
diisopropylamine used as a base. It was decided to use a mixture of acetonitrile and

this amine in volume ratio 1/1.
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Figure 4.12: Model reaction used for finding right conditions of Sonogashira’s coupling.
(a) various solvents listed in table 4.1

Table 4.1: Tested conditions of Sonogashira coupling

Entry ‘ Base ‘ Solvent ‘ Ratio (v/v) ‘ Result Yield
1 triethylamine | toluene 1/2 no reaction X
2 triethylamine X no rection X
3 diisopropylamine X product formed | 28%
4 diisopropylamine | DMF 1/1 side products X
5 diisopropylamine | ACN 1/1 product formed | 52%
NH,

“
77 NS
+ N
TN O~ NH
\ / _
NH2
2 4 L1, 45%

Figure 4.13: Synthesis of ligand 1 with Sonogashira coupling. (a) 0.3 eq Cul, 0.1 eq
Pd(PPh;)s, ACN/DiPA 1/1

Final coupling

For the final coupling, conditions that gave the best results in previous experiments
were used. The only modification of this procedure was the small amount of anhydrous
methanol that was used to solubilize 5-bromopyridine-2-carbaldehyde semicarbazone.
After the reaction, all solid particles were removed by filtration through Celite®, the
tiltrate was concentrated and washed with concentrated ammonia to remove copper.

Because of the size and polarity of the compound purification by flash
chromatography was an impractical method. Nevertheless, product was crystallized
in pure form (45% yield) as white-cream plates from mixture of chloroform and

cyclohexane.

48



4.3. Synthesis of 3-(5-{4’-methyl-[2,2"-bipyridine]-4-yl}pentyl)
-imidazolidine-2,4-dione (L2),
5,5-dimethyl-3-(5-{4’-methyl-[2,2"-bipyridine]-4-yl}pentyl)
-imidazolidine-2,4-dione (L3) and
[1-(5-{4’-methyl-[2,2’-bipyridine]-4-yl}pentyl)

-2,5-dioxoimidazolidin-4-yl]urea (L4) - General procedure

Ligands L2 (3-(5-{4’-methyl-[2,2’-bipyridine]-4-yl}pentyl)imidazolidine-2,4-dione),
L3 (5,5-dimethyl-3-(5-{4’-methyl-[2,2"-bipyridine]-4-yl}pentyl)imidazolidine-2,4-dione)
and L4 ([1-(5-{4"-methyl-[2,2"-bipyridine]-4-yl}pentyl)-2,5-dioxoimidazolidin-4-yl]urea)
were synthesized wusing a similar procedure. Commercially available
imidazolidine-2,4-dione (also known as hydantoin) derivatives were reacted with
potassium hydroxide (see fig. 4.14a) to selectively deprotonate the nitrogen in position
3 [139, 140]. The reaction had to be carried out in anhydrous conditions due to the
instability of obtained salts in water. Anhydrous methanol was used as solvent and
the product was dried in oven to remove leftover water traces. The obtained salt was
used without further purification. Three different imidazolidine-2,4-dione derivatives

were used to obtain these ligands.

2N L2 61%
R1i =0 o
N R1=R2=H
© L3 73%
R1=R2=CH,
o) o L4 27%
IS @ g I ONK ) R1=H g
R1 R1 o a0 R2= ’(NJ'LNHZ
R2 © R2 N N H

Figure 4.14: Synthesis of ligands with hydantoins derivative. Conditions: (a) KOH,
50°C, 1h, MeOH, (b) 4,-methyl-4’-(5-bromopentyl)-2,2’-bipyridine, 100°C, 3h, DMF

The next step was to bind imidazolidine-2,4-dione derivatives with the
2,2"-bipyridine ligand. To do this, 4-(5-bromopentyl)-4’-methyl-2,2’-bipyridine which
was synthesized (see fig. 4.5 on page 43) during ligand L1 synthesis was reacted with
the appropriate hydantoin salt in dry N,N-dimethylformamide at a temperature above
100°C. The hydantoin salt was used in small excess and after the reaction, all impurities
were removed by washing ligands L2, L3 and L4 with water. The three new ligands L2,
L3 and L4 were obtained respectievly in 61%, 73% and 27% yield depending on used

49



hydantoin. The lowest yield was obtained for allantoin (Ligand L4) probably because
of it higher water solubility.

50



4.4. Ruthenium complexes synthesis

4.4.1. Synthesis of cis-bis(polypyridine)dichlororuthenium(II)
R R
N N

gp
Cl >~ _N Cl
N-ethylmorpholine, DMF o /1, W\

—H
+ OR —_—
RuCl, Ar, MW, 0.5h I \N( ‘m \N( | ‘CI (—@
R R -
S$-0
W'Y N SN
N N 0 Na

Figure 4.15: Synthesis of used cis-bis(polypyridine)dichlororuthenium(II) complexes.

N N/h

After the succesful synthesis of ligands the last step to obtain the target
molecules was the coordination of those ligands to ruthenium(Il) core complexes.
As core complexes it was decided to use cis-bis(polypyridine)dichlororuthenium(II)
complexes, where polypyridine means derivatives of 2,2’-bipyridine or derivatives of
1,10-phenantroline. This kind of complexes are well known and are widely described
in the literature[141, 142, 143]. Two methodes were investigated: the thermal method
and the microwave irradiation. The thermal method[144] was not very efficient and
the yield was quite low (below 20%). Extending the reaction time (16 h instead of 2 h)
improved the yield up to 40%. Much faster was microwave irradiation[145]. The yield
of the reaction was almost the same after only half an hour. Using this method six

complexes with different ligands were synthesized (see fig.4.15).

4.4.2. Synthesis of ruthenium(II) complexes with ligand L1

The final step of synthesis was the coordination of ligand L1 to the ruthenium(II)
complex. The appropriate cis-bis(polypyridine)dichlororuthenium(Il) complex was
dissolved in absolute ethanol under argon conditions and ligand 1 in slight excess
was added. The mixture was refluxed in darkness and reaction was followed by TLC
(neutral Al,O3, 5% methanol in dichloromethane) till all starting ruthenium(II) complex
was consumed. After that time, the ethanol was removed under reduced pressure and
the red residue was purified by crystallization or flash chromatography.

As the result of synthesis, six different ruthenium(II) complexes bearing ligand L1
were obtained. The complexes were characterized by 'H NMR and HRMS-ESI. General

synthesis and complexes structures are presented in figure 4.16.
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Figure 4.16: Synthesis of ruthenium(II) complexes with ligand 1

4.4.3. Synthesis of ruthenium(II) complexes with ligands L2, L3 and L4

Similar procedure with few changes was applied to synthesize ruthenium(II)
complexes with ligands L2, L3 and L4. For those ligands only one complex was used as
the starting material - cis-bis(2,2’-bipyridine)dichlororuthenium(II). The complex was
dissolved in absolute ethanol and proper ligand was added. Mixture was refluxed
under argon for 18 h (followed by TLC) and solvent was removed under reduced
pressure. The residue was dissolved in small amount of acetonitrile and saturated
solution of potassium hexafluorophosphate was added in large excess. The orange

solid was filtrated, washed with cold water and dried. The pure product was obtained
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after flash chromatography (neutral Al,Os, dichloromethane/methanol 9/1). Synthesis

of those complexes is presented in the figure 4.17.

/ \ / \
=\ =
1) EtOH, reflux, Ar
2) KPFg, H,0, ACN

R= QQL_\ Q; l (e} HN—‘(
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22 23 24
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Figure 4.17: Synthesis of ruthenium(II) complexes with ligands L2, L3 and L4
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4.5. Photophysical properties of ruthenium complexes

4.5.1. Absorption properties

Ruthenium(II) polypyridyl complexes have been studied extensively over last few
decades for their rich optical and optoelectronic properties. The absorption spectra of
those complexes usually exhibit strong absorption band in visible region of spectra (400
- 600 nm) caused by metal-to-ligand charge transfer (MLCT) transition.

All studied ruthenium(II) complexes exhibit broad and intense MLCT absorption
band in the visible region of spectrum (400-500 nm). This band may be assigned
to electronic transitions from ruthenium(Il) based t,g orbital to the ligand based m*
orbitals[146, 147]. In the MLCT band region two bands can be distinguished due to the
heteroleptic character of the studied complexes. Additionally, the studied ruthenium
complexes exhibit intense absorption band in the UV region of the spectrum (around
250-300 nm). These bands were assigned to the intraligand m — 7* transition of ligands.
Electronic absorption spectra of the studied complexes are presented in figure 4.18. The

main absorption bands with molar absorption coefficients are collected in table 4.2.

Table 4.2: Molar absorption coefficients of the studided ruthenium(Il) complexes in
water

Ruthenium complex Arsse (€) \ Amrcr (€) \ Amrcr (€)
(mm (M tcm™))

[Rubpy)s " 452 (14 000)"

[Ru(bpy).(LDI | 286 (108 600 = 400) | 427 (15 400 % 100) | 455 (18 100  100)

[Ru(Mebpy), (LD | 286 (107 900  300) | 431 (17 600 + 100) | 459 (19 600 % 200)

[Ru(tBubpy)»(L1)[Z* | 286 (91200 + 500) | 431 (13 000 + 400) | 458 (14 600 = 300)
259 (137 500 + 500)

[Ru(Phbpy),(L1)>* | 290 (158 400 + 600) | 443 (29 800 + 300) | 474 (33 800 + 200)
308 (152 500 + 500)

[Ru(dip), (LD 279 (204 800 = 800) | 435 (42 100 + 300) | 457 (43 000  300)

[RU(SO3dip)2(L1)]2_ 279 (159 000 + 900) | 440 (30 500 + 400) | 464 (29 600 + 200)

[Ru(bpy)2(L2)[%* 287 (85 200 = 200) | 427 (12 600 = 100) | 456 (14 600 = 100)

[Ru(bpy),(L3) " 287 (83500 = 300) | 427 (13 000 % 200) | 456 (14 400  100)

[Ru(bpy)s(L4) 287 (86 100 + 200) | 427 (12 400 + 100) | 456 (14 400 = 100)

* Data from[115]

Energy of metal-to-ligand charged transfer band can be easily tuned by modification
of ligands around ruthenium core (see fig. 4.18). The MLCT band with the lowest
energy is observed for [Ru(Phbpy),(L1)]** complex. The band is red shifted (19 nm)
compared to MLCT band of the [Ru(bpy),(L1)]** complex. The lower energy absorption

of this complex is the result of the presence of the electron donating phenyl groups
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which lowers the energy of the 7* orbital in 2,2-bipyridine[147, 148]. For this ruthenium
complex additional m — 7+ intraligand transitions are observed at high-energy (UV)
region of the spectrum.

Ligands L1, L2, L3, and L4 have no influence on MLCT bands absorption energy.
The change of lignads results only in a slight alteration of molar absorption coefficient
(see table 4.2). For the [Ru(bpy).(L1)]** complex the molar absorption coefficient for
MLCT band at 455 nm equals 18 100 M~'cm™! and for complexes with ligands L2, L3,
and L4 it has a value around 14 500 M~'cm™ at 456 nm.

4.5.2. Emission properties

It is known, that ruthenium(Il) polypyridyl complexes bearing 2,2’-bipyridine or
1,10-phenantroline derivatives as ligands exhibit strong luminescence after excitation in
MLCT region. Their emission band is usually in the range between 600 and 700 nm and
strongly depends on ligands around ruthenium center[149, 150, 151, 152]. All studied
ruthenium complexes also exhibit luminescence after excitation at a maximum of MLCT
band and the emission bands are observed in the range between 610 - 640 nm (see fig.
4.19). The quantum yield (QY) of luminescence was determined using [Ru(bpy);]**
aqueous solution as standard under air-equilibrated and anaerobic conditions[115].

The obtained values of luminescence’s quantum yield for all studied ruthenium
complexes are collected in table 4.3. The values for complexes with ligand L1
and 2,2"-bipyridine derivatives are lower than for [Ru(bpy)s]**
air-equilibrated conditions QY is below 1% (2.4% for [Ru(bpy);]**) while under

complex. Under

anaerobic conditions is in the range between 1 and 2% (4.2% for [Ru(bpy)s;]**). For
the complexes with ligands L2, L3 and L4 results are similar. Quantum yield of
luminescence is ca. 1% under air-equilibrated conditions and ca. 2% under anaerobic
conditions.

The lower values of QY for complexes with ligands L1, L2, L3 and L4 in comparison
with the standard ([Ru(bpy)s]**) can be caused by forming the hydrogen bonds between
the ligands L1, L2, L3 and L4 and the solvent. Similar changes were reported for
ruthenium complexes with other ligands which are able to form hydrogen bonds with
the solvent[149, 152].

For the complexes with more rigid ligands - 1,10-phenantroline derivatives -
[Ru(dip)2(L1)]** and [Ru(SO;dip)2(L1)]*>", the obtained values of QY are higher than
for complexes with 2,2"-bipyridine ligands. This was expected based on previously
reported results[153, 154, 79]. Exchange of bpy ligands into dip ligands increase
luminescence quantum yield of the ruthenium complex. The highest value of

luminescence quantum yield was obtained for [Ru(SO;dip),(L1)]*~ complex - under
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under air-equilibrated and anaerobic conditions.
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Figure 4.18: Absorbance spectra of studied ruthenium(II) complexes

air-equilibrated conditions 2.2% and under anaerobic conditions 8.1%. This is probably
caused by different charge of the ruthenium complex. All other studied ruthenium
complexes have the overall charge +2 while this complex has the overall charge -2.

Luminescence lifetime for all studied ruthenium complexes was measured
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Figure 4.19: Normalized luminescence spectra of the studied ruthenium complexes

4.3. The obtained luminescence lifetimes of the studied ruthenium complexes with
2,2"-bipyridine derivatives as ligands are in the range between 0.26 and 0.37 us under
air-equilibrated conditions and in the range between 0.36 and 0.54 us under anaerobic

conditions. Those values are slightly lower than values for the homoleptic [Ru(bpy);]**
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complex - 0.37 us under air-equilibrated conditions and 0.57 ps under anaerobic
conditions. The deacrease of the luminescence lifetime after introduction of the ligands
which are able to form hydrogen bonds with the solvent was also observed in previously
published works[149, 152]. This further confirm that formation of the hydrogen bonds
between the ligand and the solvent has an impact on luminescence properties.
Additionally, negatively charged ruthenium complex [Ru(SOsdip)»(L1)]*" had the
highest observed luminescence lifetime - 0.86 us under air-equilibrated conditions and

2.90 us under anaerobic conditions.

Table 4.3: Luminescence properties of the studied ruthenium complexes

AMECT Luminecence
Ruthenium complex QY (%) Liftime (us)

[nm] Air ‘ Anaerobic Air ‘ Anaerobic
[RU(bPY)3]2+ 628 2.80" 4.20° 0.37+0.01 | 0.57+0.01
[Ru(bpy),(LDTF 617 | 0.92 +0.09 | 1.62 =0.02 || 0.27 +0.03 | 0.36 £0.06
[Ru(l\/[ebpy)z(Ll)]2+ 626 0.68 +£0.01 | 1.16 £0.03 || 0.26 £0.02 | 0.36 +0.04
[Ru(tBubpy)>(L1)[* 624 | 0.74 £0.04 | 1.03 £0.02 || 0.29 £0.05 | 0.39 £0.02
[Ru(Phbpy),(L1) " 632 || 0.88 £0.01 | 1.11 £0.06 || 0.37 £0.01 | 0.54 =0.01
[RU(dip)Q(Ll)]2+ 623 1.18 +£0.03 | 2.62 +£0.04 || 0.65 +0.03 | 1.72 +0.07
[Ru(SO3dip)2(L1)]2_ 618 2.21 +0.13 | 8.10 +0.09 || 0.86+0.04 | 2.90+0.12
[Ru(‘bpy)z(L2)]2+ 620 1.12 +0.01 | 2.24 +0.02 || 0.35 +£0.01 | 0.49 +0.01
[Ru(bpy)2(L3)]2+ 620 0.79 £0.01 | 1.73 +0.02 || 0.34 +0.01 | 0.49 +0.01
[Ru(bpy)z(L4)]2+ 620 0.96 +£0.02 | 1.98 +0.03 || 0.33 +0.01 | 0.48 +0.01
* Data from[115]
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4.6. Computational studies

4.6.1. Geometry calculations

For all studied ruthenium(Il) complexes geometry was optimalized based on
the initial crystal structure of tris(2,2’-bipyridyl)dichlororuthenium(II)hexahydrate
complex[118]. Results of the calculations are summarized in two tables: table
44 comprises data for complexes with the structure [Ru(bpy).(Lx)]** where Lx
denotes ligand L1 - L4 or 2,2’-bipyridine (see fig. 4.17), while table 4.5 contains
data for complexes of the type[Ru(NN),(L1)]** where NN stands for derivative of
2,2’-bipyridine or 4,7-diphenyl-1,10-phenantroline (see fig. 4.16). The structures of all
calculated complexes are presented in figure 4.20. Numbers on nitrogen atoms (blue
ones) marked in figure 4.20 correspond to numbers presented in both tables.

All studied complexes with ligands L1, L2, L3 and L4 have geometry of ruthenium
core very similar to homoleptic [Ru(bpy);]** complex. For homoleptic complex, all
Ru-N bonds have length around 2.110 A. Substitution of one 2,2’-bipyridine ligand
with Lx causes slight increase (0.001 A) of Ru-N bonds length between this ligand and
ruthenium. Simultaneously other four Ru-N bonds are slightly shorted (0.001-0.002 A).

More distinct change can be observed for angles measurments. The presence of Lx
does not change angles between Ru and nitrogen atoms of two other ligands. However
for substituted ligand itself angle between N1-Ru-N2 is decreased. The smallest angle
can be observed for complex with ligand L2: 77.5°.

The second series of calculations was made for complexes with ligand L1 and two
ligands which were either derivatives of 2,2’-bipyridine (bpy, Mebpy, tBubpy, Phbpy) or
4,7-diphenyl-1,10-phenantroline (dip). For complexes with 2,2"-bipyridine derivatives
as ligands, length of both Ru-N bonds between ligand L1 and ruthenium decreases
with the increasing size of other two ligands. For 4,4’-diphenyl-2,2"-bipyridine ligands,
all Ru-N bonds are the shortest (2.107 A). The angles have a constant value of 77.7°.

For ligand dip - 4,7-diphenyl-1,10-phenantroline the Ru-N bonds of L1 are shorter
(2.106 A) however Ru-N bonds between other ligands are much longer then in case
of 2,2’-bipyridine derivatives (2.111 A). Additionaly, angles between dip ligands and
ruthenium are bigger (78.3°). This effect is probably caused by more rigid geometry of
1,10-phenantroline based ligands.

In all studied ruthenium complexes, Mulliken partial charges localized on the
ruthenium core are invariable regardless of the ligands and equal 0.96 while the total
charge of the complex is 2.

To summarize, the substitution of ligands L1 - L4 in the ruthenium complex does not

have great influence on ruthenium core geometry. The increase in the size of ligands
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Table 4.4: Calculated main internuclear distances (A), bond angles(®°) and Mulliken

charges of ruthenium complexes bearing two 2,2"-bipyridine ligands and one of the
studied ligand (L1-L4).

[Ru(bpy)>(Lx)]**

Bonds Xl ppy | L1 | 12 | 13 | 14
Ru-N; 2110 [ 2.111 [ 2.111 [ 2.111 [ 2.111
Ru-N, 2.110 | 2.111 | 2.111 | 2.111 | 2.113
Ru-Nj 2.109 | 2.107 | 2.108 | 2.108 | 2.108
Ru-N; 2.110 | 2.109 | 2.109 | 2.107 | 2.109
Ru-Njs 2.110 | 2.107 | 2.108 | 2.108 | 2.108
Ru-Nj 2.109 | 2.109 | 2.109 | 2.109 | 2.107
Angles

N;-Ru-N, 779 | 778 [ 775 [ 77.7 | 77.8
N;-Ru-N, 779 | 779 | 779 | 779 | 77.9
N;s-Ru-Nj 779 | 779 | 779 | 779 | 77.9
Mulliken charges

Ru | 0.97 | 096 | 0.96 | 0.96 | 0.96

Table 4.5: Calculated main internuclear distances (A), bond angles(®°) and Mulliken
charges of ruthenium complexes bearing ligand L1 and two derivatives of
2,2"-bipyridine or 1,10-phenantroline.

[Ru(NN), (L1
NN b Meb tBb Phb di

Bonds Py ebpy Py py | dip
Ru-N; 2111 | 2109 | 2.109 | 2.107 | 2.106
Ru-N, 2111 | 2110 | 2.108 | 2.107 | 2.106
Ru-Nj3 2107 | 2109 | 2.108 | 2.107 | 2.111
Ru-Ny 2109 | 2109 | 2.106 | 2.107 | 2.111
Ru-Ns 2107 | 2108 | 2.109 | 2.106 | 2.111
Ru-Ng 2109 | 2108 | 2.106 | 2.107 | 2.111
Angles

N;-Ru-N, 77.8 77.7 77.7 777 | 77.8
N3-Ru-Ny 77.9 77.7 77.7 777 | 783
Ns-Ru-Ng 77.9 77.7 77.6 777 | 783
Mulliken charges

Ru | 096 | 096 | 096 | 097 | 0.96

around ruthenium core due to modification of two bpy ligands leads to the deacrese in
length of Ru-N bonds unless the more rigid ligand like 4,7-diphenyl-1,10-phenantroline

is used.
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(a) Ru(bpy)>(L1)**

(c) Ru(bpy)2(L3)**

Figure 4.20: Calculated structures of the studied ruthenium(II) complexes
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(d) Ru(bpy)>(L4)**

(e) Ru(Mebpy),(L1)**

(f) Ru(tBubpy),(L1)**

Figure 4.20: Calculated structures of the studied ruthenium(II) complexes

62



(h) Ru(dip)2(L1)**

(i) Ru(bpy)2*

Figure 4.20: Calculated structures of the studied ruthenium(II) complexes
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4.6.2. Natural Bond Orbitals (NBO) analysis

Analysis of HOMO-LUMO energies have shown that the presence of ligand L1
in [Ru(bpy)2(L1)]** complex drastically increases the energy of HOMO orbital in
comparison to ruthenium complex with unmodified bpy ligand. As a direct result, the
band gap between HOMO and LUMO is shortened. For the unmodified homoleptic
ruthenium complex, the calculated energy of HOMO is around -11 eV. However, the
introduction of ligand L1 increases the HOMO energy and for complex [Ru(bpy)»(L1)]**
it equals -8.32 eV. As a consequence, the HOMO-LUMO band-gap for this complex is
almost 3.5 times lower than for [Ru(bpy);]** complex (see fig. 4.21 and table 4.6). A
similar effect is observed for [Ru(dip),(bpy)]** and [Ru(dip)»(L1)]** complexes - HOMO
energy is -10 eV for the unmodified complex and -8.4 eV for complex with ligand L1.

More detailed analysis of natural bond orbitals (NBO) has shown that for complexes
with ligand L1 the HOMO orbital is localized mostly on pyridine-2-carboxyaldehyde
semicarbazone part and orbital LUMO is mostly placed on atoms close to a metallic
center of the complex (see fig. 4.23). However, in case of the unmodified ruthenium
complexes both HOMO and LUMO orbitals are localized at atoms close to ruthenium

center.

Table 4.6: Calculated HOMO and LUMO energies with coresponding bandgap
Ruthenium complex H HOMO (eV) ‘ LUMO (eV) ‘ Band gap (eV)

[Ru(bpy)s 1096 752 3.44
[Ru(dip)(bpy)* -10.10 ~6.88 322
[Ru(bpy)2 (LD 832 731 1.01
[Ru(Mebpy),(L1)]* -8.27 -6.99 1.28
[Ru(tBubpy),(L1)]** -8.23 -6.75 1.48
[Ru(Phbpy),(L1) 2" 817 6.69 1.49
[Ru(dip)2(L)?* 843 ~6.54 1.89
[Ru(bpy)>(L2) 976 731 245
[Ru(bpy),(L3) " 2959 730 229
[Ru(bpy)2(LA) 954 730 2.44

It was also observed thatligands L2, L3 and L4 have much weaker impact on HOMO
energy than ligand L1. For all three complexes, HOMO energy is ca. -9.5 eV with band
gap around 2.4 eV. It appeared that modification of hydantoin group does not inflict
NBO energies in any significant way (see fig.4.22).

Lower energy of HOMO in those complexes may be caused by different chain
structure and length of the linker. In ligands L2, L3 and L4 the linker is much longer

than in case of ligand L1. Additionaly the simple alkane chain instead of alkyne chain
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is present in L1. These properties probably allow to achieve a better charge separation
in the final complex.

To study the influence of the other two ligands in the complex (except ligand L1)
on NBO energies the series of complexes were analysed. It was observed that with
increasing complexity of ligands, the energy of LUMO increases as well. For the simple
bpy ligands, energy equals -7.31 eV, for the complex with Phbpy ligands, the energy
is higher (-6.69 eV). These changes in LUMO energies lead to the increase of the band
gap even though HOMO energy is almost constant.
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Figure 4.21: HOMO and LUMO orbitals of the studied ruthenium complexes with
ligand L1
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Figure 4.22: HOMO and LUMO orbitals of the studied ruthenium complexes with
ligands L1 - L4
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(a) Ru(bpy),(L1)>* HOMO (b) Ru(bpy),(L1)* LUMO

(c) Ru(Mebpy),(L1)* HOMO (d) Ru(Mebpy),(L1)2* LUMO

(i) Ru(dip)2(L1)>* HOMO () Ru(dip)2(L1)>* LUMO
Figure 4.23: HOMO and LUMO orbitals shapes of the studied ruthenium complexes
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(0) Ru(bpy)»(L4)** HOMO

(q) Ru(bpy)2* HOMO

(s) Ru(dip)a(bpy)>* HOMO
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() Ru(bpy)>(L2)** LUMO
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(n) Ru(bpy),(L3)** LUMO

o

(p) Ru(bpy),(L4)** LUMO

&

(r) Ru(bpy);* LUMO

(t) Ru(dip)>(bpy)>* LUMO

Figure 4.23: HOMO and LUMO orbitals shapes of the studied ruthenium complexes



4.6.3. Electronic absorption spectra

The properties of the excited states of the studied ruthenium complexes were
determined using TD-DFT method. Excitation energies, oscillator strength (f) and
experimental data (AE, €) are collected in table 4.7. Experimental data were obtained
for water solutions of the complexes and the calculations were done in vacuum.

Calculated spectra are in a good agreement with experimental data (compare figures
4.24,4.25,4.26 and figures 4.18). The values of excitation energies which were obtained
during calculations are higher than experimental ones due to a solvent effect, however
the obtained results are in a good correlation with previously reported results for
different ruthenium complexes[155, 156].

Figure 4.24 shows the calculated spectra of the complexes with the general formula
[Ru(bpy)2(Lx)]** where Lx is ligand L1 - L4 or bpy. There are slight differences in
intensity of bands (oscillator strength), however the position of the main CT band is
almost the same for all complexes. This corresponds to the experimental data where

all complexes exhibit absorbance band with maximum near 455 nm.
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Figure 4.24: Electronic absorption spectra of ruthenium complexes with ligands L1 - L4

Figure 4.25 presents spectra of the complexes having one ligand L1 and two
substituted 2,2-bipyridines as ligands. The same as in the case of experimental
spectra, energy of CT band of [Ru(Phbpy),(L1)]** complex is lower than energy of the

other complexes with bpy-modified ligands. The band intensity of [Ru(Phbpy),(L1)]**
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Table 4.7: Experimental and calculated energies and intensities of electronic transitions
in Ru(II) complexes

Ruthenium complex Experimental Calculated
AE (eV) ‘ e M Iem™) || AE (eV) ‘ fe ‘ Assignment?
[Ru(bpy)s]** 2.743 14 000 3.082 | 0.207 | H+3—L+1 (16%)

H+3-L+2 (14%)
H+3—-L+3 (20%)
H+2—-L+1 (11%)

H+2—-L+2 (20%)
H+2—-L+3 (14%)
[Ru(dip).(bpy)]** 2.707 28 000 3.222 | 0.659 | H+1—-L+2 (80%)
[Ru(bpy)2(L1)]** 2.725 18 100 3.093 | 0.348 | H+11—L+2 (44%)

H+11—L+3 (17%)
H+10—L+1 (11%)
H+10—L+3 (21%)
[Ru(Mebpy),(LD** | 2.695 19 600 2999 | 0.305 | H+11—L+3 (16%)
H+10—L+2 (21%)
H+8—L+1 (15%)

H+8—5L+3 (19%)

[Ru(tBubpy),(L1)]* 2.707 14 600 3.006 | 0.341 | H+11-L+3 (27%)
H 10—L 2 (42%)
[Ru(Phbpy),(L1)]** 2.616 33800 2.880 | 0.570 | H+10—L+3 (57%)
H+9—-L+3 (22%)
[Ru(dip),(L1)]** 2.713 43 000 2.895 | 0.488 | H+10—L+1 (79%)
[Ru(bpy).(L2)]** 2.719 14 600 2999 | 0.102 | H+7—>L+1 (74%)
H+6—L+2 (22%)
[Ru(bpy)(L3)]** 2.719 14 400 2999 | 0.101 | H+7—>L+1 (74%)
H+6—L+2 (22%)
[Ru(bpy)»(L4)]** 2.719 14 300 3.058 | 0.201 | H+10—L+2 (56%)

H+9—-L+1 (12%)
H+9—-L+3 (25%)

H = HOMO; L = LUMO
* Oscillator strength.
’ Only the major parent one-electron excitations are reported.

complex is higher than for the others that is in agreement with the experimental molar
absorbance coefficient of MLCT band - 1.8:10* M~'em™! for complex with simple bpy
ligand and 3.4-10* M~'cm™! for the complex bearing Phbpy ligand.

The last set of calculated spectra is presented at figure 4.26. The complexes with
two 4,7-diphenyl-1,10-phenantroline ligands fit into previously presented trend. The
calculated excitation energies for both complexes are higher then those obtained from
experiment.

For all presented spectra assignment of the main calculated band was analyzed.

Results are collected in table 4.7. Only the major one-electron excitations (with
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Figure 4.25: Electronic absorption spectra of ruthenium complexes with one ligand L1
and two 2,2’-bipyridine derivatives.

percentage higher than 10%) are presented. In all complexes with ligand L1 similar
excitations from orbitals HOMO+10 and HOMO+11 onto orbitals LUMO+2 and
LUMO+3 can be observed. For the complexes with ligand L2 or L3 the same excitations
are observed - from HOMO+7 to LUMO+1 and from HOMO+6 to LUMO+2. For
complex with ligand L4 the excitations are more similar to those observed in complexes
with ligand L1 (HOMO+10 to LUMO+2, HOMO+9 to LUMO and HOMO+9 to
LUMO+2) than to the complexes with ligands L2 or L3 which have similar structure.
It is probably caused by the presence of urea group which adds additional orbitals to
the molecule.

It should also be noted that transitions obtained for complex [Ru(bpy);]** are in a
good agreement with results previously reported in literature[155] which confirms the

accuracy of the method.
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Figure 4.26: Electronic absorption spectra of ruthenium complexes with two
4,7-diphenyl-1,10-phenantroline ligands.
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4.7. Ruthenium complexes intractions with Human Serum Albumin

4.7.1. Human Serum Albumin properties

Figure 4.27: Crystal structure of Human Serum Albumin[157] with marked
Tryphtophan 214 residue [PDB ID code 1e78]

Human Serum Albumin (HSA) (see fig.4.27) is the major extracellular protein of the
circulatory system and its concentration is typically around 35 - 50 g/L. It is a globular
serum protein with weight 65 kD and it is synthesized in the liver[158]. It serves as the
major transporter of drugs as well as endogenous compounds such as fatty acids and
thyroid hormones since these compounds can bind reversibly to this protein. It also
plays a role in stabilizing extracellular fluid volume.

The most effective and simple method for investigating character of binding between
human serum albumin and small molecules is using luminescence properties of the
protein. HSA structure is composed of a single polypeptide chain which include one
tryptophan residue (Trp 214). This residue is responsible for the majority of the intrinsic
fluorescence of the protein[159]. Upon excitation at 295 nm, trypthophan residue in
HSA exhibits strong fluorescence emission with maximum at 355 nm. This emission is
sensitive to the changes in the local environment near the Trp 214 and to the changes of
protein conformation. Therefore by monitoring the emission, the strength and character

of binding between small molecule and protein can be determined.
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4.7.2. Interactions with ruthenium complexes

In order to determine the type and the strength of interactions between the
studied ruthenium complexes and human serum albumin, a series of experiments
were performed. Fluorescence spectra of protein solution were recorded in the
absence and the presence of various ruthenium complex concentrations (up to 5 uM).
Since luminescence of tryptophan 214 is very sensitive even to small changes in
local environment, measurements were carried in a constant pH 7.4 (TRIS-HCl
buffer) and constant a temperature 37°C. The solution contained a high concentration
(0.1 M) of sodium chloride to keep constant ionic strength. A single experiment for

[Ru(tBubpy),(L1)]** complex is presented in figure 4.28 as an example.
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Figure 4.28: Luminescence spectra of human serum albumn solution in the presence of
various concentrations of [Ru(tBubpy)»(L1)]** complex. [HSA] =1 uM, [Ru] =0-5 uM,
TRIS-HCI, pH =74, T = 37°C, [NaCl] = 0.1 M.

Quenching constants and binding mechanism

In order to elucidate the fluorescence quenching mechanism the obtained data were
tirstly analyzed using the classical Stern-Volmer equation (4.1)[146]:

F? = 1+k[Q] =1+ Ksy[Q] (4.1)
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where Fy and F are the fluorescence intensities in the absence and the presence of the
ruthenium complex, respectively, k, is the bimolecular quenching constant, 7, is the
lifetime of the fluorophore in the absence of the metal complex, [Q] is concentration of
the metal complex and Ky is the Stern-Volmer dynamic quenching constant.

Plot Fy/F versus ruthenium complex concentration is called Stern-Volmer curve and
within the studied concentration range exhibits good linear relationship (see fig.4.29 as
an example). Stern-Volmer dynamic quenching constant was obtained from the slopes
of the linear fit to the plot. The obtained values of Ky are collected in table 4.8. For all
studied ruthenium complexes, Stern-Volmer constant value is high - around 10° M
which may suggest that fluorescence quenching has a static character. Additionally,
the obtained values are consistent with results reported for similar type of ruthenium
complexes[124, 160, 161].

207 | = HSA + [Ru(Mebpy),(L1)]
194 |—Linear Fit

1.8 ¥
1.7-
1.6 N

L 1.5 1

L 44

1.3
12
1.1

1.0 H

0.9 T FET EX Tv ey | L L LS UL L | PUEL R R L T
0.0 1.0x10°%  2.0x10°  3.0x10°  4.0x10°  5.0x10°

Ruthenium complex concentration (M)

Figure 4.29: Stern-Volmer curve - Fy/F vs ruthenium complex concentration plot for
complex [Ru(tBubpy),(L1)]**, [HSA]=1 uM, [Ru]=0 - 5 uM.

The bimolecular quenching constants were calculated from Ksy using equation 4.1
and the assumption that 7o = 6 ns ([162], confirmed by experiment). The highest value
of k, resulting from collisional quenching of biopolimers is c.a. 2:10'° M~'s'[146]. The
obtained values of k, for the studied complexes were much higher (see table 4.8). This
results strongly suggests predominance of static quenching of HSA fluorescence by the
studied ruthenium complexes. It is likely that the quenching arises from formation of

the ground state complex between ruthenium compound and HSA.
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Table 4.8: Stern-Volmer constants of the studied ruthenium complexes with ligand L1

Ruthenium complex ‘ Ksy x 10° (M) ‘ ky x 101 (M's71)

[Ru(bpy)s[** 1.59 + 0.07 2.65 + 0.01
[Ru(bpy),(L)* 2.07 + 0.12 3.45 + 0.07
[Ru(Mebpy),(LD?* | 1.74+0.25 2.90 + 0.32
[Ru(tBubpy),(LD?* | 1.85 + 0.14 3.08 = 0.17
[Ru(Phbpy),(L1)[** 250 + 0.32 416 + 042
[Ru(dip),(L1)[* 3.16 + 0.19 5.26 + 0.08
[Ru(SOsdip),(L)* | 251 + 0.38 418 + 0.39

Binding constant and the number of binding sites

Fluorescence quenching data were analyzed to obtain various binding parameters
for the interaction of the studied ruthenium complexes and human serum albumin.
The apparent association constant (K4) and the number of binding sites (n) were

calculated using equation 4.2[163]:

log(F0 F) = n-log(Ka)—n-log[[Q] 1 ) (4.2)

where Fy and F are the fluorescence intensities in the absence and the presence of
the ruthenium complex, respectively, [Q] is concentration of ruthenium complex and
[HSA] is a total concentration of human serum albumin. The plot of log[(Fy-F)/F] versus
log[1/([Q]-(Fo-F)[HSA]/F)] is linear (see fig. 4.30 for example). Number of binding sites
n was obtained from a slope and an apparent association constant K4 was obtained
from the intercept on the Y axis. The calculated K4 and n for the studied ruthenium
complexes were collected in table 4.9. The values of n are close to 1, suggesting that
only one binding site is present in HSA for most of the studied ruthenium complexes
and other metal complexes[161, 164]. Ruthenium complexes most likely bind to the
hydrophobic pocket of protein, located in Sudlow’s site I in the subdomain II A. It is
important to note that Trp 214 is located near that pocket or within it[164].

The high association constants (around 10° M~!s7!) suggests forming a strong
Ru-HSA adducts. Additionally, the obtained values show that ligand L1 increase
the affinity of the complex to the protein two times (see table 4.9), which can arise from
forming additional hydrogen bonds between HSA and ligand. The observed values
of K4 are also in a good agreement with previously reported results for the metal
complexes[165, 166], in particular ruthenium complexes with polypyridyl ligands[160,
161].



Table 4.9: An association constant K, and the number of binding site n for the studied

ruthenium complexes

Ruthenium complex ‘ K, x10° M .57} ‘ n
[Ru(bpy)s " 101010 | 091 0.09
[Ru(bpy)o(LDZ 257+011 | 0.94%0.08
[Ru(Mebpy), (LD 216+028 | 0.84%007
[Ru(tBubpy), (L) 225+024 | 091%0.06
[Ru(Phbpy )L 340+ 040 | 083+ 011
[Ru(dip)2(L) 524+ 091 | 0.64 £ 0.01
[Ru(SO5dip), (L™ 320+069 | 0.70%0.06
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Figure 4.30: An example of log[(Fy-F)/F] vs log[1/([Q]-(Fo-F)[HSA]/F)] plot applied for
determination of an association constant K, and number of binding sites n for complex

[Ru(tBubpy),(L1)]** and HSA.
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5. Summary

The main goal of this work was synthesis and characterization of novel
ruthenium(Il) complexes bearing biologically active moieties. As a biologically
active moiety, four different molecules were chosen: pyridine-2-carboxyaldehyde
semicarbazone as an example of a- heterocyclic semicarbazones and three derivatives
of hydantoin: hydantoin, 5,5-dimethylhydantoin and allantoin. Those molecules have
been used to obtain ruthenium(Il) complexes. As the result, nine new ruthenium(II)
polypyridyl complexes were synthesized.

Ligand L1 - 5-(4-{4’-methyl-[2,2"-bipyridine]-4-yl}but-1-yn-1-yl)pyridine-2-carbaldehyde

semicarbazone was synthesized with Sonogashira cross-coupling.
Pyridine-2-carboxyaldehyde semicarbazone was bonded with
2,2"-bipyridine  via  four-carbon  alkyn  chain. Ligands L2
(3-(5-{4"-methyl-[2,2"-bipyridine]-4-yl}pentyl)imidazolidine-2,4-dione), L3

(5,5-dimethyl-3-(5-{4’-methyl-[2,2’-bipyridine]-4-yl}pentyl)imidazolidine-2,4-dione)
and L4 ([1-(5-{4"-methyl-[2,2"-bipyridine]-4-yl}pentyl)-2,5-dioxoimidazolidin-4-yl]urea)
were all synthesized with the same method. The nitrogen in position 3 at the hydantoin
derivative ring was selectively deprotonated with strong base under anhydrous
conditions. The obtained intermediates were used without purification in reaction
with 4-(5-bromopentyl)-4’-methyl-2,2’-bipyridine to get the desire products.

Cis-bis(polypyridine)dichlororuthenium(Il) core complexes were synthesized
with microwave irradiation method. Those complexes were used as
initial molecules to obtain the final ruthenium complexes. Six various
molecules: derivatives of 2,2’-bipyridine (2,2"-bipyridine, 4,4’-dimethyl-2,2-bipyridine,
4,4’-tert-butyl-2,2’-bipyridine, 4,4’-diphenyl-2,2-bipyridine) and 1,10-phenatroline
(4,7-diphenyl-1,10-phenantroline and 4,7-di-(4-sulfonatophenyl)-1,10-phenantroline)
were used as ligands for core complexes. Six various complexes bearing ligand L1 were
synthesized. The Cis-bis(2,2’-bipyridyne)dichlororuthenium(Il) complex was used to
obtain three complexes with ligands L2, L3 and L4.

Spectroscopic and photophysical properties of those complexes were determined.
Absorption spectra, luminescence quantum yield and luminescence lifetime for those
complexes were measured in presence and absence of air. All studied ruthenium

complexes were exhibited an emission band around 620 nm after excitation at
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metal-to-ligand charge transfer band maximum. Luminescence quantum yield and
luminescence lifetime for those complexes were significantly lower in comparison with
the values for ruthenium homoleptic complex [Ru(bpy);]**. Those results are in a good
agreement with previously published results for ruthenium(II) polypyridyl complexes
with atleast one ligand able to form hydrogen bonds with the solvent. The formation of
hydrogen bonds between the ligand and the solvent is a plausible explanation of lower
luminescence quantum yield and shorter luminescence lifetime of those complexes.

Interesting results were obtained for the negatively charged ruthenium complex
with ligand L1 - [Ru(SO;dip),(L1)]>". The luminescence quantum yields of this
complex were much higher than luminescence of the complex with similar structure
([Ru(dip)2(L1)]**) but with positive charge. Under air-equilibrated conditions
luminescence quantum yield was two-times higher and under anaerobic conditions
was three-times higher. The luminescence lifetime of the complex [Ru(SOsdip),(L1)]*
was almost two-times longer under anaerobic conditions then luminescence lifetime
of the complex [Ru(dip)(L1)]**. Moreover, the luminescence properties of this
negatively charged complex are much more sensitive for presence of oxygen. For
all studied complexes, luminescence quantum yields under anaerobic conditions
were two-times higher than under air-equilibrated conditions. For the negatively
charged [Ru(SOsdip),(L1)]*~ complex, the luminescence quantum yield was enhanced
almost four-times after removing oxygen from the system. These properties makes
[Ru(SOsdip)»(L1)]*” complex a good candidate for hypoxia detection probe.

Computational calculations were performed for all studied ruthenium complexes.
It was determined that the biologically active moieties have no significant impact on the
geometry of the metallic center of ruthenium complex. The analysis of NBO energies
have shown significant differences among complexes. In all cases, LUMO was placed
mostly on ruthenium ion and atoms close to it, but HOMO was placed on biologically
active molecule. This was resulting in increasing of HOMO energies and shortening
band gaps. Comparing [Ru(bpy);]** complex and [Ru(bpy).(L1)]** complex, band
gap is 3.4 times shorter for the second one. Moreover, the energies of HOMO for
the complexes with hydantoins derivatives were not depended on the structure of
hydantoin group and results for all three ruthenium complexes with those moieties
were similar.

Time-depended computational calculations - TD-DFT were performed to simulate
absorption spectra of the studied ruthenium complexes. All obtained excitation
energies were in an agreement with experimental data. Calculated excitation energies

were higher by ca. 0.3 eV which was expected based on previously reported results
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for similar ruthenium complexes. All the major parent one-electron excitations were
presented and described.

The interaction between ruthenium complexes bearing pyridine-2-carboxyaldehyde
semicarbazon moiety and human serum albumin were studied. The studied complexes
strongly interacted with HSA. Obtained Stern-Volmer quenching constants were
around 10° M™! and bimolecular quenching constants were around 10" M~!s™! which
shown that those complexes form an adduct with human serum albumin. Further
analysis of this interactions have shown that ruthenium complexes bind only to one
binding site of HSA, most likely located in Sudlow’s site I in the subdomain II A of
the protein. The ligand L1 had significant influence on the affinity of the studied
complexes to the protein which was probably caused by forming additional hydrogen

bonds between pyridine-2-carboxyaldehyde semicarbazone and HSA.

5.1. Preliminary cytotoxic studies - Future perspectives

In the future, the evaluation of the biological activity of all obtained ruthenium
complexes are planned. The preliminary cytotoxicity studies for [Ru(bpy)»(L1)]**
complex and [Ru(dip)»(L1)]** complex were performed in collaboration with dr. Olga
Mazuryk from Jagiellonian University. The cytotoxicity of those two ruthenium
complexes was determined in vitro on two cell lines: murine colon carcinoma (CT26)
and adenocarcinomic human alveolar basal epithelial cells (A549). Both complexes
had moderate cytotoxicity after 24 h incubation. The increased incubation time - up
to 72 h was resulted in increased cytotoxic effect, in particular for [Ru(bpy)(L1)]**
complex towards CT26 line. The results may suggest the antiproliferate activity of the
complexes bearing ligand L1 however, further evaluation of this effect is necessary.

Moreover, the preliminary studies of cell accumulation and cellular targets
revealed that the [Ru(dip)(L1)]** complex was mostly localized in mitochondria and
endoplasmatic reticulum. [Ru(bpy),(L1)]** complex however, was mostly localized in
lysosomes. The mechanism of the uptake will be further examined. It is also planned
to study the mechanism of cell’s death with help of flow cytometry, to explore the
influence of all studied ruthenium complexes on cell’s cycle and on caspase activity. The
preliminary studies have shown increased numbers of cells in S-phase after treatment
with [Ru(bpy)»(L1)]** complex. During mitotic cycle in S-phase, ribonucleotide
reductase reduces the ribonuceotides to corresponding deoxyribonucleotides which
leads to cell proliferation. To confirm that ruthenium complexes with ligand L1 are
acting as RNR inhibitors, the preliminary studies of their activity were performed

in collaboration with pr. Fredric Tholander from Karolinska Institutet. All studied
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ruthenium complexes with ligand L1 exhibited an inhibition of the enzyme. Their
activity was slightly higher than activity of hydroxyurea (HU) - well-known inhibitor
of RNR used as standard. Those results may suggest that biologically active moiety
- pyridine-2-carboxyaldehyde semicarbazon is acting as an inhibitor of ribonucleotide
reductase as was planned.

The modifications of the studied complexes are also planned based on the results

of the biological studies.



6. Synthetic procedures

6.1. Synthesis of Ligand L1

6.1.1. Synthesis of 4-(3-(trimethylsilyl)prop-2-yn-1-yl)-4"-methyl-2,2"-bipyridine (1)

I I
—Si——
- DiPA/nBuLi —_ / Br —
N N THF, 0°C, 2h N N— 0°C ->rt, 1h N N=

To a solution of freshly distilled diisopropylamine (0.19 mL, 1.3 mmol) in dry THF
(5 mL) under argon at -78°C, a solution of n-butyllithium in hexane (0.92 mL, 1.2 mmol)
was added dropwise. The solution was stirred for 30 minutes and then warmed
up to 0°C. A solution of 4,4’-dimethyl-2,2"-bipyridine (0.184 g, 1 mmol) in dry THF
(10 mL) was then added. After two hours 3-(trimethylsilyl)propagyl bromide (0.25 mL,
1.5 mmol) was added rapidly. After another hour, the mixture was warmed to room
temperature and quenched with water (30 mL). The mixture was extracted with diethyl
ether (3x20 mL). Combined organic layers were washed twice with brine and dried
over magnesium sulfate. Solvent was removed under reduced pressure to give the

pure product in 92% (0.276 g) yield.

'H NMR (400 MHz, CDCls): (ppm): 0.11 (s, 9H); 2.4 (s, 3H); 2.58 (t, J=7.2 Hz, 2H);
291 (t, J=7.2 Hz, 2H); 7.12-7.14 (m, 1H), 7.18 (dd, J=4.8 Hz, 1.6 Hz, 1H); 8.22 (s, 1H);
8.28 (s, 1H); 8.52 (d, J=5.2 Hz, 1H); 8.58 (d, J=4.8 Hz, 1H).

13C NMR (100 MHz, CDCl;): 0.0; 21.0; 21.2; 34.4; 86.2; 105.5; 121.4; 122.0; 124.0;
124.7;148.1; 148.9; 149.0; 150.3; 155.9; 156.3
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6.1.2. Synthesis of 4-(prop-2-yn-1-yl)-4"-methyl-2,2"-bipyridine (2)
\ /
Si—
74 74

1) K,CO;,, 50°C, 2h p—
\ 7 - 2) H'/H,0, 0°C \IN -

To a solution of (1) (0.276 g, 0.9 mmol) in methanol (5 mL) potassium carbonate (0.205 g,
1.5 mmol) was added. Mixture was heated under argon at 50°C for two hours. After
this time, reaction was cooled down to 0°C, neutralized with 2M HCI and extracted
with diethyl ether (3x30 mL). Combined organic layers were washed twice with brine
and dried over magnesium sulfate. Solvent was removed under reduced pressure to

give pure product as brown solid with yield 72% (0.150 g).

'H NMR (200 MHz, CDCl3): (ppm) 1.99 (t, ]=2.6 Hz, 1H); 2.44 (s, 3H); 2.54 (td,
J=7.4 Hz, 2.6 Hz, 2H); 2.94 (t, ]=7.4 Hz, 2H); 7.13 (d, J=4.8 Hz, 1H); 7.20 (dd, J=5.0 Hz,
1.8 Hz, 1H); 8.23 (d, ] =0.8 Hz, 1H); 8.26 (d, ]=0.8 Hz, 1H); 8.52 (d, J=5 Hz, 1H); 8.58 (d,
J=5 Hz, 1H).

13C NMR (100 MHz, CDCl;): 20.4; 21.1; 34.5; 68.9; 83.8; 120.7; 121.6; 124.0; 125.0;
148.0; 148.3; 148.9; 151.0; 155.9; 156.3

[HRMS - ESI] Calculated for Ci;sH4N, m/z = 223.1230 (M+H™); Found: m/z =
223.1239 (M+H).

6.1.3. Synthesis of 5-bromopyridine-2-carboxyaldehyde (3)[138]

Br . Br Br
~N iPrmgCI ~ DMF ~
[ — | _ » | _
N/ | -10°C, THF, 2h -10°C, 1h, -10°C->rt, 2h N

N7 "MgCl

5-bromopyridine-2-carboxyaldehyde was synthesized with procedure described by
Song et al[138]. To a solution of 5-bromo-2-iodopyridine (0.586 g, 2 mmol) in dry
THF (10 mL) under argon at -10°C, solution of isopropylmagnesium chloride (1.5 mL,
2.17 mmol) was added dropwise. After two hours, dry DMF (0.4 mL, 5.16 mmol)

was added rapidly. Mixture was kept at -10°C for another hour and then warmed
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up to room temperature over two hours. Reaction was quenched with saturated
solution of ammonium chloride (20 mL) and extracted with diethyl ether (3x25 mL).
Combined organic layers were washed twice with brine and dried over magnesium
sulfate. Solvent was removed under reduced pressure to give pure product as light
yellow solid with yield 80% (0.306 g).

'H NMR (200 MHz, CDCls): (ppm) 7.84 (dd, ] = 8.2 Hz, 0.8 Hz, 1H); 8.02 (ddd, J =
8.2 Hz, 2.2 Hz, 0.8 Hz, 1H); 8.85 (d, J=2 Hz, 1H); 10.04 (d, J=0.8 Hz, 1H).

6.1.4. Synthesis of 5-bromopyridine-2-carboxyaldehyde semicarbazone (4)

@]
~NH
Bro HZNJLN 2 —
I, H B Br— - \
N I EtOH, reflux, 3h N N-=NH
0 Mr—NH,
3 4 0

To a suspension of semicarbazide hydrochloride (0.149 g, 1.3 mmol) in anhydrous
ethanol (3 mL), a solution of (3) (0.230 g, 1.2 mmol) in ethanol (9 mL) was added.
Mixture was refluxed over three hours and cooled down to 0°C. Solid was filtrated,
washed two times with cold, anhydrous ethanol, once with diethyl ether and dried in

vacuum to give pure product as light cream powder with yield 99% (0.300 g).

'H NMR (400MHz, dmso-d6) 7.02 (brs, 2H); 7.86 (s, 1H); 8.10 (dd, J=8 Hz, 1.6 Hz,
1H); 8.15 (d, J=8 Hz, 1H); 8.67 (d, J=1.6 Hz, 1H); 10.63 (s, 1H).

BCNMR (100MHz, dmso-dé6): (ppm) 119.7; 121.6; 137.8; 139.7; 149.3; 152.3; 156.3.

[HRMS-ESI] Calculated for C;H;N,OBr m/z = 264.9701 (M+Na"), found m/z =
264.9692 (M+Na™).
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6.1.5. Synthesis of
5-(4-{4’-methyl-[2,2’-bipyridine]-4-yl}but-1-yn-1-yl)pyridine-2-carbaldehyde

semicarbazone (L1)

7 NS
Pd(PPh),, Cu
+ N DIPA/ACN/MeOH,
— . reflux, 18h
\ v /7 \ o) Y NH
N N—=
NH,
2 4 L1

To a solution of (2) (0.170 g, 0.75 mmol) in acetonitryle (6 mL) copper(I) iodide (0.05 g,
30%mol) and tetrakis(triphenylphosphine)palladium(0) (0.045 g, 5%mol) was added
under argon. Diisopropylamine (6 mL) was added and the mixture was stirred for 15
minutes. After that time, suspension of 4 (0.210 g, 0.9 mmol) in methanol (1 mL) was
added and the solution was refluxed for 18 hours. Concentrated ammonia (1 mL) was
added to a brown suspension and the mixture was filtrated through Celit (followed
by 70 mL of acetonitryle). Solvent was removed under reduced pressure and residue
was dissolved in dichloromethane/concentrated ammonia mixture. Organic phase was
separated, washed two times with concentrated ammonia (till all copper was removed),
once with brine and dried over magnesium sulfite. Solvent was removed under reduced
pressure to give crude product which was dissolved in chloroform (15 mL) and treated
with cyclohexane (60 mL). Mixture was kept at 4°C and crystals was filtrated, washed
with cyclohexane and dried in vacuum to give pure product as white solid with yield
45% (0.132 g).

'H NMR (200 MHz, CDCls): (ppm) 2.45 (s, 3H); 2.84 (t, J=7 Hz, 2H); 3.03 (t, =7 Hz,
2H);7.14 (dd, J=16.2 Hz, 4.8 Hz, 2H); 7.64-7.77 (m, 3H); 8.25 (s, 1H); 8.38 (s, 2H); 8.53-8.63
(m, 3H).

13C NMR (150 MHz, CDCl;): (ppm) 20.7; 21.2; 34.2; 78.7; 93.8; 119.4; 120.9; 121.4;
122.1;123.9; 124.9; 138.9; 141.5; 148.3; 149.0; 149.2; 150.1; 151.2; 152.1; 155.8; 156 .4; 156.8.

[HRMS-ESI]: calculated for CpHy)NgO m/z = 385.1771 (M+H™), found m/z =
385.1771 (M+H™).
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6.2. Synthesis of Ligand L2, L3 and L4

6.2.1. Synthesis of 4-(5-bromopentyl)-4’-methyl-2,2’-bipyridine (6)

Br

1) LDA, -78°C, THF, 1h - R\
N - 2) 1,4-dibromobutane, 0°C, 3h N =

To a solution of diisopropylamine (0.55 mL, 3.9 mmol) in dry THF (6 mL), under argon
at -78°C, solution of n-butyllithium (2.4 mL, 3.6 mmol) in n-hexane (concentration =
1.5M) was added dropwise. After 30 minutes a solution of 4,4’-dimethyl-2,2’-bipyridine
(0.5532 g, 3 mmol) in dry THF (25 mL) was quickly added. Chocolate-brown solution
was stirred at-78°C for 1 h and warmed to 0°C. A solution of 1,4-dibromobutan (1.8 mL,
15 mmol) in dry THF (3 mL) was added rapidly. After 3 h the solution became light
yellow and reaction was quenched with water (15 mL). The mixture was neutralized
with 2M HCI and extracted with dichloromethane. Combined organic layers were
dried over anhydrous MgSO, and solvent was removed under reduced pressure. Crude
material was purified by flash chromatography (5iO,, dichloromethane, diethyl ether)
to give pure product with yield 66% (0.6281 g).

'H NMR (CDCls, 200 MHz): & (ppm) 1.44 - 1.58 (m, 2H); 1.66 - 1.76 (m, 2H); 1.81 -
1.97 (m, 2H); 2.4 (s, 1H); 2.71 (t, J=8 Hz, 2H); 3.40 (t, ]=6.8 Hz, 2H); 7.12 (d, ]=4.8 Hz,
2H); 8.23 (s, 2H); 8.55 (t, J=4.8 Hz, 2H).

13C NMR (150 MHz, CDCly): (ppm) 21.2; 27.8; 29.5; 32.5; 33.6; 35.3; 121.3; 122.2;
124.0; 124.8; 148.5; 148.7; 148.9; 152.5; 155.6; 155.8.

[HRMS-ESI]: Calculated for CicHyN,Br m/z = 319.0804 (M+H?*), found m/z =
319.0811 (M+H™).
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6.2.2. Synthesis of 3-(5-{4’-methyl-[2,2"-bipyridine]-4-yl}pentyl)-

-imidazolidine-2,4-dione (L2)

Br H
=0
N
(o}
0 o 7 \_/7 \
~ . _ _
HN” “NH KOH,SO"C,1hI HN NK N N >
DMF, 100°C, 2h / \ / \
o °© —N N—
L2

To a solution of potassium hydroxide (0.135 g, 2.4 mmol) In dry metanol (15 mL),
imidazolidine-2,4-dione (hydantoin) (0.200 g, 2 mmol) was added. Suspension was
heated at 50°C for 1 h under argon conditions. Clear solution was cooled down and
solvent was removed under reduced pressure. White powder was dried at 65°C for
48 h and stored in desiccator over P,Os.

Potassium 2,4-dioxoimidazolidin-3-ide (6) (0.090 g, 0.65 mmol) was suspended in
dry DMF (10 mL) and heated at 100°C for 15 minutes. Next, a solution of
4-(5-bromopentyl)-4’-methyl-2,2’"-bipyridine (7) (0.125 g, 0.40 mmol) in dry DMF (5 mL)
was added and brown solution was heated at 100°C for another 2h. After that solvent
was removed under reduced pressure and oily mixture was partially dissolved in
dichloromethane (20 mL), washed twice with water (2x20 mL), once with brine (15 mL)
and dried over CaCl,. Dichloromethane was removed under reduced pressure and
brown residue was dissolved in small amount of ethanol. Diethyl ether was added and

product was filtrated as brown powder with yield 61% (0.1 g).

'H NMR (600 MHz, CDCls) 1.29-1.35 (m, 2H); 1.58-1.69 (m, 4H); 2.37 (s, 3H); 2.63 (t,
J=12 Hz, 2H); 3.45 (t, J=6 Hz, 2H); 3.87 (s, 2H); 7.06 (t, J=6 Hz, 2H); 8.13 (d, J=12 Hz,
2H); 8.46 (dd, J=6 Hz, 12 Hz, 2H).

BCNMR (150 MHz, CDCls): (ppm) 21.2; 26.3; 27.7; 29.8; 38.6; 46.3; 50.1; 121.3; 122.1;
123.9;124.7; 148.9; 149.0; 170.1.

[HRMS-ESI]: Calculated for Ci9H»3N4O, m/z = 339.1816 (M+H™), found m/z =
339.1821 (M+H™).
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6.2.3. Synthesis of 5,5-dimethyl-3-(5-{4’-methyl-[2,2’-bipyridine]-4-yl}pentyl)-

-imidazolidine-2,4-dione (L3)
Br H
/X =0
N
(0]

0 2 7N__7\
- 4+ - -
HN “NH KOH, 50°C, 2h ) HN NK N N >
DMF, 100°C, 2h / N\ / N\
o © —N N—

To a solution of potassium hydroxide (0.270 g, 4.8 mmol) in dry metanol (25 mL),
5,5-dimethylimidazolidine-2,4-dione (5,5-dimenthylhydantoin) (0.512 g, 4 mmol) was
added. Suspension was heated at 50°C for 2 h under argon conditions. Clear solution
was cooled down and solvent was removed under reduced pressure. White powder
was dried at 65°C for 48 h to give product as white solid with yield 82% (0.545 g).

Potassium 5,5-dimethyl-2,4-dioxoimidazolidin-3-ide (9) (0.045 g, 0.27 mmol) was
suspended in dry DMF (10 mL) and heated at 100°C for 15 minutes. Next, a solution of
4-(5-bromopentyl)-4’-methyl-2,2’-bipyridine (6) (0.090 g, 0.28 mmol) in dry DMF (5 mL)
was added and the brown solution was heated at 100°C for another 2 h. After that
solvent was removed under reduced pressure and oily mixture was partially dissolved
in dichloromethane (20 mL), washed twice with water (2x20 mL), once with brine
(15mL) and dried over CaCl,. Dichloromethane was removed under reduced pressure
and brown residue was dissolved in small amount of ethanol. Diethyl ether was added

and product was filtrated as brown powder with yield 73% (0.072 g).

'H NMR (600 MHz, CDCl;) 1.18 (s, 6H); 1.28-1.36 (m, 2H); 1.57-1.68 (m, 4H); 2.36
(s, 3H); 2.63 (t, J=12 Hz, 2H); 3.45 (t, J=6 Hz, 2H); 7.06 (t, ]=6 Hz, 2H); 8.13 (d, J=12 Hz,
2H); 8.47 (dd, J=12 Hz, 6 Hz, 2H).

BCNMR (150 MHz, CDCly): (ppm) 20.9; 24.2; 26.4; 28.0; 29.9; 38.6; 44.9; 61.6; 121.3;
122.2;123.5; 125.0; 148.7; 149.2; 169.7.

[HRMS-ESI]: Calculated for C;1Hy;N4,O, m/z = 367.2129 (M+H™), found m/z =
367.2132 (M+H™).
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6.2.4. Synthesis of [1-(5-{4"-methyl-[2,2’-bipyridine]-4-yl}pentyl)-
-2,5-dioxoimidazolidin-4-yl]urea (L4)

Br
H H
HQNNT(NX_N\};O
(0] N
0 o ©
HN" "NH o HNJLN—P( /_\ /_\
o KOH, 50°C, th | N N
»-Nﬁo )LNHO DMF, 100°C, 2h >
RN rN 7 \\_¢7 \
=\ =
L4

To a solution of potassium hydroxide (0.270 g, 4.8 mmol) in water (10 mL),
(2,4-dioxoimidazolidin-5-yl)urea (allantoin) (0.633 g, 4 mmol) was added. Solution
was heated at 50°C for 1 h under argon. Clear solution was cooled down and solvent
was removed under reduced pressure. White powder was dried at 65°C for 48 h to
give a product as white solid with yield 90% (0.700 g).

Potassium 5-(carbamoylamino)-2,4-dioxoimidazolidin-3-ide (0.062 g, 0.32 mmol) was
suspended in dry DMF (10 mL) and heated to 100°C for 30 minutes. Next, solution
of 4-(5-bromopentyl)-4’-methyl-2,2’-bipyridine (6) (0.090 g, 0.28 mmol) in dry DMF
(8 mL) was added and brown solution was heated at 100°C for another 2.5 h. After
that solvent was removed under reduced pressure and oily mixture was partially
dissolved in dichloromethane (20 mL) and filtrated. Dichloromethane was removed
under reduced pressure and brown residue was dissolved in small amount of ethanol.
Diethyl ether was added and product was filtrated as brown powder with yield 27%
(0.030 g).

'H NMR (600 MHz, CDCl;) 1.22-1.36 (m, 4H); 1.58-1.69 (m, 2H); 2.31 (s, 3H); 2.61 (t,
J=12 Hz, 2H); 3.46 (t, J=6 Hz, 2H); 5.37 (s, 1H); 7.06 (d, J=6 Hz, 2H); 8.13 (s, 2H); 8.47 (¢,
J=6 Hz, 2H).

BCNMR (150 MHz, CDCl;): (ppm) 21.0; 27.7; 29.8; 38.4; 48.2; 62.0; 121.1; 121.9;
124.0; 125.1; 148.4; 149.3; 156.2; 157 .4; 168.8.

[HRMS-ESI]: Calculated for CyyHsNgO3 m/z = 419.1808 (M+Na*), found m/z =
419.1814 (M+Na*).
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6.3. Ruthenium complexes synthesis

6.3.1. General procedure for synthesis of cis-Ru(NN),Cl,[145, 167]

R R
\ 7 /_\
N N-ethylmorpholine, DMF
RuCl, + OR Ar, MW, 0.5h
R R
A\ \/
N N

Ruthenium(III) chloride trihydrate (0.262 g, 1 mmol), NN ligand (2,2’-bipyridine or
1,10-phenantroline drivative) (0.308 g, 2 mmol) and 2 drops of N-ethylmorpholine were
dissolved in degassed N,N-dimethylformamide (10 mL) under argon. The mixture
was heated into microwave reactor for 30 minutes (power 250 W, temperature 160°C).
Solvent was removed under reduced pressure to c.a. 1 mL and acetone (20 mL) was
added. After 24 h at -20°C dark solid was filtrated, and washed with cold acetone,
twice with diethyl ether and dried by suction. Crude product was purified by flash
chromatography (Al,O3 neutral, dichloromethane/methanol (5%)) to give pure product.
Synthesis of cis-Ru(bpy),Cl, (10)[168]

Ligand: 2,2-bipyridine. Yield 38% (0.181 g).

'H NMR (600 MHz, d6-dmso): (ppm) 7.08 (t, J=6 Hz, 2H); 7.49 (d, J=6.6 Hz, 2H);
7.67 (t, J=7.2 Hz, 2H); 7.75 (t, J=7.2 Hz, 2H); 8.04 (td, ]=7.8 Hz, 1.2 Hz, 2H); 8.46 (d,
J=7.8 Hz, 2H); 8.61 (d, J=8.4 Hz, 2H); 9.95 (d, J=7.2 Hz, 2H).

[HRMS-ESI]: Calculated for CyoH1sCl,IN4Ru m/z = 483.9784, found m/z = 483.9791.

Synthesis of cis-Ru(Mebpy),Cl, (11)[169]
Ligand: 4,4’-dimethyl-2,2"-bipyridine. Yield 42% (0.280 g).

[HRMS-ESI]: Calculated for CpyH,4CINgRu m/z = 505.0722, found m/z = 505.0736.

Synthesis of cis-Ru(tBbpy),Cl, (12)[170]
Ligand: 4,4’-di-tert-butyl-2,2’-bipyridine. Yield 39% (0.274 g).

[HRMS-ESI]: Calculated for C3sHygCINyRu m/z = 673.2600, found m/z = 673.2594.
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Synthesis of cis-Ru(Phbpy),Cl, (13)[171]

Ligand: 4,4’-diphenyl-2,2’-bipyridine. Yield 47% (0.370 g).

[HRMS-ESI]: Calculated for CyH3,ClLN4Ru m/z = 788.1036, found m/z = 788.1022.
Synthesis of cis-Ru(dip),Cl, (14)[172]

Ligand: 4,7-diphenyl-1,10-phenantroline. Yield: 55% (0.460 g)

[HRMS-ESI]: Calculated for CygH3,Cl,N4Ru m/z = 859.0929 (M+Na™), found m/z =
859.0949 (M+Na").

Synthesis of cis-Na;Ru(SO;dip),Cl,(15)[173]
Yield 58% (0.033 g).

[HRMS-ESI]: Calculated for CysHysCl,N4O1,Na,SRu m/z = 598.9401 (M?7), found
m/z = 598.9364 (M?").
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6.3.2. Synthesis of [Ru(bpy),(L1)ICl, (16)

16

Ligand 1 (5) (0.023 g, 0.060 mmol) was dissolved in absolute ethanol (5 mL) under
argon. A solution of cis-Ru(bpy).Cl>(10) (0.023 g, 0.048 mmol) in absolute ethanol
(5 mL) was added. Dark violet mixture was refluxed under argon for 16 hours. After
that, solvent was removed under reduced pressure, residue was dissolved in water
(1 mL) and filtrated. The pure product was obtained after crystallization as dark red
crystals with yield 80% (0.033 g)

'H NMR (600 MHz, CD;CN): (ppm) 2.51 (s, 3H); 2.91 (t, J=6 Hz, 2H); 2.95 (t, J]=6 Hz,
2H); 7.19 (s, 1H); 7.33-7.40 (m, 6H); 7.46 (d, J=7.8 Hz, 1H); 7.51 (d, J=6 Hz, 1H); 7.61 (d,
J=6 Hz, 1H); 7.71-7.74 (m, 6H); 7.80 (t, J=7.8 Hz, 1H); 8.03-8.07 (m, 4H); 8.13 (s, 1H); 8.25
(d, J=6 Hz, 1H); 8.54-8.66 (m, 8H).

[HRMS]: Calculated for C4pHzsN1gORu 399.1052 m/z; Found 399.1058 m/z.
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6.3.3. Synthesis of [Ru(Mebpy),(L1)]Cl, (17)

=0
HN
,N
NN
\INA R/ 2cI
N N
NN 4 | A EtOH, reflu, 16h, Ar
I N
~
<

17

To a solution of cis-Ru(mebpy),Cl,(11) (0.027 g, 0.05 mmol) in absolute ethanol (5 mL)
under argon conditions, solution of ligand1 (5) (0.022 g, 0.06 mmol) in absolute ethanol
(3 mL) was added. Mixture was refluxed for 16 hours. After that time solvent was
removed under reduced pressure. Residue was dissolved in water (10 mL) and filtrated.
Filtrate was evaporated to dryness, dissolved in small amount of dichloromethane with
tew drops of methanol and precipiteted with diethyl ether to give pure product with
yield 79% (0.036 g).

'H NMR (600 MHz, dmso-d6) 2.94 (t, ]=7.2 Hz, 2H); 3.07 (t, ]=7.2 Hz, 2H); 6.64 (s,
wide, 2H); 7.19-7.24 (m, 1H); 7.27-7.30 (m, 1H); 7.32-7.34 (m, 4H); 7.43 (d, J=11.4 Hz,
1H); 7.46 (d, J=6.6 Hz, 1H); 7.50-7.52 (m, 3H); 7.65 (dd, J=8.4 Hz, 1.8 Hz, 1H); 8.09 (d,
J=8.4 Hz, 1H); 8.31 (s, 1H); 8.68-8.73 (m, 6H); 10.59 (s, 1H).

[HRMS]: Calculated for CysHyyN1gORu m/z = 427.1366, Found m/z = 427.1370.
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6.3.4. Synthesis of [Ru(tBbpy),(L1)ICl, (18)

18

12

To a solution of cis-Ru(tbbpy),Cl,(12) (0.028 g, 0.04 mmol) in absolute ethanol (5 mL)
under argon conditions, solution of ligand1 (5) (0.019 g, 0.05 mmol) in absolute ethanol
(3 mL) was added. Mixture was refluxed for 16 hours. After that time solvent was
removed under reduced pressure. Residue was dissolved in water (1 mL) and filtrated.
Filtrate was evaporated to dryness, dissolved in small amount of dichloromethane with
few drops of methanol and precipitated with diethyl ether to give pure product with
yield 76% (0.033 g).

'"H NMR (600 MHz, dmso-dé6) 1.32 - 1.37 (m, 36H); 2.51 (s, 3H superimposed with
solvent signal); 2.69 (t, ]=6.0 Hz, 2H); 3.09 (t, ]=6.0 Hz, 2H); 7.38 (dd, J=6 Hz, 2.4 Hz,
2H); 7.46-7.58 (m, 10H); 7.63 (d, J=24 Hz, 1H); 7.90 (dd, J]=8.4 Hz, 1.8 Hz, 1H); 8.48 (s,
1H); 8.78-8.89 (m, 6H); 10.61 (s, 1H); 12.73 (s, 1H).

[HRMS]: Calculated for CsgHggN1gORu m/z = 1021.4537 (M-H+), Found m/z =
1021.4468 (M-H+).
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6.3.5. Synthesis of [Ru(Phbpy),(L1)ICl, (19)

To a solution of cis-Ru(phbpy),Cl>(13) (0.04 g, 0.05 mmol) in absolute ethanol
(5 mL) under argon conditions, solution of ligandl (5) (0.024 g, 0.06 mmol) in
absolute ethanol (5 mL) was added. Mixture was refluxed for 16 hours. After
that time solvent was removed under reduced pressure. Crude product was
dissolved in dichloromethane and purified by flash chromatography (Al,O3 neutral,
dichloromethane/Methanol(5->20%)) to give pure product with yield 56% (0.033 g).

'"H NMR (600 MHz, dmso-d6) 2.53 (s, 3H superimposed with solvent signal); 2.84
(t, J=6.6 Hz, 2H); 3.11 (t, ]=6.6 Hz, 2H); 6.73 (s, 1H); 7.16 (s, 1H); 7.27 (d, J=4.8 Hz,
1H); 7.39-7.42 (m, 2H); 7.52-7.63 (m, 12H); 7.71-7.91 (m, 12H); 7.97 (d, J=6.6 Hz, 2H);
8.01-8.06 (m, 6H); 8.09 (d, J=3.6 Hz, 1H); 8.22 (s, 1H); 8.46 (dd, ]=8.4 Hz, 1.8 Hz, 2H);
8.53 (t, J=4.8 Hz, 1H); 8.59 (t, J]=4.8 Hz, 1H); 8.82 (s, 1H); 8.92 (d, J=10.2 Hz, 1H).

[HRMS]: Calculated for CgcHspN1gORu m/z = 551.1679, Found: m/z = 551.1688.
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6.3.6. Synthesis of [Ru(dip),(L1)]CI, (20)

To a solution of cis-Ru(dip),Cl>(14) (0.019 g, 0.023 mmol) in absolute ethanol
(10 mL) under argon conditions, solution of ligandl (5) (0.010 g, 0.026 mmol) in
absolute ethanol (5 mL) was added. Mixture was refluxed for 22 hours. After
that time solvent was removed under reduced pressure. Crude product was
dissolved in dichloromethane and purified by flash chromatography (Al,O3 neutral,
dichloromethane/Methanol(5->10%)) to give pure product with yield 47% (0.013 g).

'H NMR (600 MHz, CD5CN) (ppm) 2.55 (s, 3H); 2.95 (t, J=6 Hz, 2H); 3.13 (t, ]=6 Hz,
2H); 7.04 (s, 1H); 7.22 (d, J=6 Hz, 1H); 7.37 (dd, J=15.6 Hz, 6 Hz, 2H); 7.57-7.63 (m, 20H);
7.67 (d, ]=5.4 Hz, 2H); 7.73 (dd, J=5.4 Hz, 2.4 Hz, 2H); 7.79 (t, J=5.4 Hz, 1H); 8.13-8.20
(m, 6H); 8.23 (d, J=5.4 Hz, 1H); 8.26 (d, J=5.4 Hz, 1H); 8.33 (d, J=5.4 Hz, 3.6 Hz, 1H);
8.80 (d, J=12.6 Hz, 1H); 8.90 (d, J=12.6 Hz, 1H).

[HRMS]: Calculated for C;0Hs,N1gORu m/z = 575.1679, Found: m/z = 575.1683.

95



6.3.7. Synthesis of [Ru(SO;dip),(L1)ICl, (21)

4Na*

- 4Na” 2cl

EtOH, reflux, 18h, Ar

To a solution of cis-Ru((NaSO;),dip),Cl»(15) (0.020 g, 0.016 mmol) in absolute ethanol
(5 mL) under argon conditions, ligand 1 (5) (0.008 g, 0.019 mmol) was added. Mixture
was refluxed for 18 hours. After that time mixture was filtrated and black solid was
dissolved in water (2 mL). New solution was filtrated again and water was removed
from filtrat. Black solid was dissolved in methanol (1 mL) and crude product was
precipitated with diethyl ether. Product was purified by flash chromatography (Al,O3
neutral, dichloromethane/Methanol(5->10%)) to give pure product with yield 42%
(0.011 g).

'H NMR (600 MHz, dmso-d6): (ppm) 2.52 (s, superimposed with solvent signal);
2.93-2.99 (m, 2H); 3.06-3.11 (m, 2H); 7.58-7.69 (m, 16H); 7.78-7.83 (m, 10H); 7.89 (s, 4H);
8.18 (s, 2H); 8.23-8.31 (m, 3H); 8.35 (s, 1H); 8.37 (s, 2H).

[HRMS]: Calculated for C;oHyusN19gO13S4:RuNay m/z = 779.0454, found m/z =
779.0450.
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6.3.8. Synthesis of [Ru(bpy).(L2)1(PF¢), (22)

“ N

-

~

22

10

Ligand 2 (7) (0.020 g, 0.06 mmol) was dissolved in absolute ethanol (5 mL) under
argon conditions. Solution of cis-Ru(bpy),CL>(10) (0.030 g, 0.062 mmol) in absolute
ethanol (5 mL) was added. Dark violet mixture was refluxed under argon conditions
for 18 hours. After that solvent was removed under reduced pressure, residue was
dissolved in acetonitryl (1 mL) and saturated solution of KPF, was added (5 mL).
Crude product was filtrated and washed with cold water. Pure product was obtained
after flash chromatography (Al,O; neutral, dichloromethane/methanol 9/1) with yield
43% (0.0278 g)

'H NMR (600 MHz, dmso-d6): (ppm) 1.28 (qw, J=7.2 Hz, 2H); 1.52 (qw, J=7.2 Hz,
2H); 1.66 (qw, J=7.2 Hz, 2H); 2.51 (s, 3H); 2.74 (t, ]=7.8 Hz, 2H); 3.86 (s, 2H); 7.34 (t,
J=6.6 Hz, 2H); 7.48-7.54 (m, 6H); 7.68-7.74 (m, 4H); 7.98 (s, 1H); 8.12-8.15 (m, 4H); 8.68
(s, 1H); 8.74 (s, 1H); 8.79 (d, J=8.4 Hz, 4H).

[HRMS]: Calculated for C39H3sNsO,Ru m/z = 376.1075, Found m/z = 376.1068.
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6.3.9. Synthesis of [Ru(bpy).(L3)1(PF¢), (23)

HN><PO

JN
o)
A\ N/
N N
\Nf l \Cl EtOH, reflux, 18h, Ar
s N
ra
N
10 23

Ligand 3 (8) (0.006 g, 0.016 mmol) was dissolved in absolute ethanol (3 mL) under
argon conditions. Solution of cis-Ru(bpy),CL>(10) (0.0045 g, 0.01 mmol) in absolute
ethanol (4 mL) was added. Dark violet mixture was refluxed under argon conditions
for 18 hours. After that solvent was removed under reduced pressure, residue was
dissolved in acetonitryl (1 mL) and saturated solution of KPF, was added (6 mL).
Crude product was filtrated and washed with cold water. Pure product was obtained
after flash chromatography (Al,O; neutral, dichloromethane/methanol 9/1) with yield
84% (0.009 g)

'H NMR (600 MHz, dmso-d6): (ppm) 1.21 (s, 6H); 1.30-1.36 (m, 2H); 1.44-1.51 (m,
2H); 1.65-1.70 (m, 2H); 2.74 (t, ]=7.8 Hz, 2H); 7.34 (d, ]=4.8 Hz, 2H); 7.48-7.52 (m, 6H);
7.68-7.73 (m, 4H); 8.12-8.14 (m, 4H); 8.60-8.67 (m, 3H); 8.79 (d, J=7.8 Hz, 4H).

[HRMS]: Calculated for C4;HypNgO,Ru m/z = 390.1232, Found m/z = 390.1237.
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6.3.10. Synthesis of [Ru(bpy),(L4)1(PF), (24)

NH,

o

NH

24

Ligand 4 (9) (0.011 g, 0.028 mmol) was dissolved in chloroform/ethanol mixture (v/v 1/1)
(5 mL) under argon conditions. Solution of cis-Ru(bpy),Cl,(10) (0.011 g, 0.023 mmol)
in absolute ethanol (10 mL) was added. Dark violet mixture was refluxed under argon
conditions for 18 hours. After that solvent was removed under reduced pressure,
residue was dissolved in acetonitryl (1 mL) and saturated solution of KPF; was added
(3 mL). Crude product was filtrated and washed with cold water. Pure product was
obtained after flash chromatography (Al,O; neutral, dichloromethane/methanol 9/1)
with yield 44% (0.0112 g)

'H NMR (600 MHz, dmso-d6): (ppm) 1.33-1.69 (m, 6H); 2.75 (t, ]=7.8 Hz, 2H); 5.78
(s, 1H); 7.35 (s, 2H); 7.49-7.53 (m, 6H); 7.68-7.73 (m, 4H); 7.93 (s, 1H); 8.12-8.16 (m, 4H);
8.68-8.71 (m, 2H); 8.74 (s, 1H); 8.80 (d, J=8.4 Hz, 4H).

[HRMS]: Calculated for C4oHyoN19O3Ru m/z = 405.1159, Found m/z = 405.1167.
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6.4. Other synthesis

6.4.1. Synthesis of 2-bromo-4-methylpyridine (25)[174]

HBr, Br,, NaNO,

~ ~
- 0°C, 3h -
N N

NH, Br

The 48% solution of hydrobromic acid (120 mL) was added dropwise to
2-amino-4-methylpyridine (15.0066 g, 0.14 mol) at 0°C. Then, bromine (21 mL) and
solution of NaNO, (25.3 g) in water (50 mL) was successively added dropwise to the
mixture. Solution was stirred at 0°C for 3 h. After that time, water solution of potassium
hydroxide (200 mL, concentration 50%) and solution of sodium sulfite (18 g) in water
(50 mL) was added. Mixture was extracted with dichloromethane. Combined organic
layers were washed with water, dried over anhydrous MgSO, and solvent was removed

under reduced pressure. Crude product was purified by flash chromatography (SiO,,
dichloromethane) to give pure product with yield 77% (18.3329 g).

'H NMR (CDCls, 200 MHz): 6 (ppm) 2.30 (s, 3H); 7.02 (d, J=5 Hz, 1H); 7.28 (s, 1H);
8.16 (d, J=5 Hz, 1H).

6.4.2. Synthesis of 4-methylpyridine-2-carboxyaldehyde (26)

1) nBuLi - LIDMAE, 0°C, 1h Ny
N > ||
‘I - 2) DMF, -78°C, 1h -, -0
N N

26

Methode A[129]

To a solution of 2-dimethylaminoethanol (0.8 mL, 8 mmol) in dry n-hexane (25 mL),
solution of n-butyllithium (11 mL, 16 mmol) in n-hexane (concentration 1.45 M) was
added dropwise at -5°C, under argon. Mixture was stirred in that temperature for 20
minutes and then, solution of 4-methylpyridine (0.39 mL, 4 mmol) in dry n-hexane
(6 mL) was added dropwise. Orange mixture was stirred at 0°C for 1 h. After that
time, the solution was cooled down to -78°Cand solution of N,N-dimethylformamide
(0.8 mL, 10 mmol) in dry THF (10 mL) was added rapidly. Mixture was kept at
-78°C for 1 h, warmed to room temperature and quenched with 20 mL ice-water. The

mixture was extracted twice with diethyl ether. Combined organic layers was dried
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over anhydrous MgSO, and concentrated under reduced pressure. Crude product was
purified by flash chromatography (5iO,, cyclohexane: ethyl acetate 50:50) to give pure
product with yield 28% (138 mg).

'H NMR (CDCls, 200 MHz): 6 (ppm) 2.44 (s, 3H); 7.32 (d, J=5 Hz, 1H); 7.78 (s, 1H);
8.61 (d, J=5 Hz, 1H); 10.05 (s, 1H).

1) nBulLi, -78°C, THF, 2h Ny
| [
- 2) DMF, -78°C, 1h ~A -0
N~ "Br N
25 26

Methode B[175]

To a solution of 2-bromo-4-methylpyridine (25) (1 mL, 9.0 mmol) in dry THF (20 mL),
under argon at -78°C, solution of n-butyllithium (9 mL, 10.8 mmol, 1.2 eq) in n-hexane
(concentration 1.2 M) was added dropwise. Mixture was stirred in that temperature
for 2 h and then, N,N-dimethylformamide (1.4 mL, 18 mmol) was added rapidly.
Mixture was kept at -78°C for 1 h and slowly warmed to room temperature. Reaction
was quenched with saturated solution of ammonium chloride (10 mL) and extracted
with dichloromethane. Combined organic layers was dried over anhydrous MgSO,
and concentrated under reduced pressure. Crude product was purified by flash
chromatography (5iO,, cyclohexane: ethyl acetate 50:50) to give pure product with
yield 20% (198 mg).

'H NMR (CDCls, 200 MHz): 6 (ppm) 2.44 (s, 3H); 7.32 (d, J=5 Hz, 1H); 7.78 (s, 1H);
8.61 (d, J=5 Hz, 1H); 10.05 (s, 1H).

Ny 1) iPrMgClI, r.t., THF, 3h= | <
I - 2) DMF, rt., 16h - -0
N N

Br
25 26

Methode C[176]

To a solution of 2-bromo-4-methylpyridine (25) (2 mL, 18 mmol) in dry THF (17 mL),
under argon at room temperature, solution of isopropylmagnesium chloride (13.5 mL,
21.6 mmol) in THF (concentration 1.6 M) was added dropwise. Mixture was stirred

in that temperature for 3 h and then, anhydrous N,N-dimethylformamide (2 mL,
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25.8 mmol) was added rapidly. Mixture was cooled down to room temperature and
stirred for 16 h. Reaction was quenched with ice-water (50 mL), neutralizated with 2M
HCl and extracted with dichloromethane. Combined organic layers were washed with
brine, dried over anhydrous MgSO, and concentrated under reduced pressure to give
pure product with yield 94% (2.0264 g).

"H NMR (CDCls, 200 MHz): & (ppm) 2.42 (s, 3H); 7.32 (d, J=5 Hz, 1H); 7.75 (s, 1H);
8.60 (d, J=5 Hz, 1H); 10.03 (s, 1H).

6.4.3. Synthesis of 2-[1,3]-dioxolan-2-yl-4-methylpyridine (27)[177]

PTSA, toluene, reflux, 24h
| =~ Ethylene glycol |

2
o=

z
o
L

26 27

4-methylpyridine-2-carboxyaldehyde (26) (0.4850 g, 4 mmol), ethylene glycol (0.45 mL,
8 mmol), p-toluenesulfonic acid monohydrate (0.2267 g, 1.2 mmol) and anhydrous
toluene (30 mL) were refluxed in Dean-Stark apparatus for 24 h. Solution was
cooled down, neutralized with saturated solution of sodium hydrogen carbonate and
separated. Water layer was extracted twice with toluene. Combined organic layers
was washed with brine, dried over anhydrous MgSO, and concentrated in vacuum.

Pure product was obtained without further purification with quantitative yield.

'H NMR (CDCls, 200 MHz): 6 (ppm) 2.37 (s, 3H); 4.06 - 4.19 (m, 4H); 5.82 (s, 1H);
7.08 (d, J=5 Hz, 1H); 7.36 (s, 1H); 8.46 (d, J=5 Hz, 1H).

6.4.4. Synthesis of 4-(7-bromoheptyl)-4’-methyl-2,2"-bipyridine (28)

Br

—_ 1 -78°C, 1 -
7\ ) LDA, -78°C, THF, 1h > \ 7 7\
N N= 2) 1,6-dibromohexane, 0°C, 2.5h N

To a solution of diisopropylamine (0.24 mL, 1.7 mmol) in dry THF (6 mL), under argon

at -78°C, solution of n-butyllithium (1.05 mL, 1.6 mmol) in n-hexane (concentration =
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1.5M) was added dropwise. After 20 minutes a solution of 4,4’-dimethyl-2,2’-bipyridine
(0.2459 g, 1.3 mmol) in dry THF (17 mL) was added rapidly. Chocolate-brown solution
was stirred at-78°C for 1 h and warmed to 0°C. A solution of 1,6-dibromohexane (1 mL,
6.5 mmol) in dry THF (3 mL) was added rapidly. After 2.5 h the solution became light
yellow and reaction was quenched with water (10 mL). Mixture was neutralized with
2M HCI and extracted with dichloromethane. Combined organic layers were dried
over anhydrous MgSO, and solvent was removed under reduced pressure. Crude
material was purified by flash chromatography (S5iO,, dichloromethane, diethyl ether)
to give pure product with yield 82% (382 mg).

'H NMR (CDCls, 200 MHz): & (ppm) 1.35 - 1.45 (m, 6H); 1.61 - 1.69 (m, 2H); 1.76 -
1.89 (m, 2H); 2.42 (s, 1H); 2.68 (t, J=8 Hz, 2H); 3.38 (t, J=6.8 Hz, 2H); 7.10 (d, ]=5 Hz,
2H); 8.22 (s, 2H); 8.53 (t, ]=4.4 Hz, 2H).

6.4.5. Synthesis of 2-bromo-4-[6-(2-bromopyridin-4-yl)hexyllpyridine (29)

Br
~N
I -~
N 1) LDA, -78°C, THF, 2h -
| > |
2 - 2) 1,4-dibromobutan, 0°C, 5h N~
N Br
25 Br 29

To a solution of diisopropylamine (0.91 mL, 6.5 mmol) in dry THF (6 mL), under argon
at -78°C, a solution of n-butyllithium (4.3 mL, 6 mmol) in n-hexane (concentration =
1.4M) was added dropwise. After 30 minutes a solution of 2-bromo-4-methylpyridine
(25) (0.867 g, 5 mmol) in dry THF (4 mL) was added dropwise. Mixture was kept in this
temperature for 2 h and solution of 1,4-dibronobutane (0.554 g, 2.5 mmol) in dry THF
(6 mL) was added slowly. Mixture was warmed up to 0°C over 1 h and kept in this
temperature for another 5 h. After that, the reaction was quenched with water (25 mL)
and extracted with ethyl acetate (3x30 mL). Combined organic layers were dried over
MgSO,, filtrated and evaporate under reduced pressure to give pure product as orange
solid with yield 64% (0.643 g).

'H NMR (400 MHz, CDCls): (ppm) 1.29-1.37 (m, 4H); 1.56-1.64 (m, 4H); 2.5 (t,
J=8 Hz, 4H); 7.02 (d, J=4 Hz, 2H); 7.31 (s, 2H); 8.21 (d, J=4 Hz, 2H).

13C NMR (100 MHz, CDCls): 28.8; 29.9; 34.8; 123.0; 127.9; 142.3; 149.8; 154.6.
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[HRMS-ESI]: Calculated for C;¢Hi3N,Br, m/z = 396.9910 (M+H™), found m/z =
396.9903 (M+H™).

6.4.6. Synthesis of 2-bromopyridine-5-carboxyaldehyde (30)[178]

(0]
Br I\ 1) nBuli, -78°C, THF, 2h -_I N
-, 2) DMF, -78°C -= 0°C, 2h I -
N Br N Br
30

To a solution of 2,5-dibromopyridine (0.2370 g, 1 mmol) in dry THF (7 mL), under argon
at -78°C, a solution of n-butyllithium (0.85 mL, 1.2 mmol) in n-hexane (concentration
= 1.4 M) was added dropwise. After 2 h, N,N-dimethylformamide (0.40 mL, 5 mmol,
5 eq) was added rapidly. After 1 h, mixture was warmed up to 0°C and kept in
this temperature for 1 h. After that time, reaction was quenched with saturated
solution of ammonium chloride (10 mL) and extracted three times with ethyl acetate.
Combined organic layers were dried over anhydrous MgSO, and concentrated to give
pure product with yield 63% (0.117 g).

'H NMR (200 MHz, CDCl;): (ppm) 7.69 (d, J=8 Hz, 1H); 8.03 (dd, J=8 Hz, 2 Hz,
2H); 8.86 (d, J=2 Hz, 2H); 10.12 (s, 1H).

6.4.7. Synthesis of (2-bromopyridin-5-yl)methanol (31)[179]

lo] OH

|
J NaBH,, 0°C, 1.5h <
—b
| I,
N™ Br N™ Br
30 31

To a solution of 2-bromopyridine-5-carboxyaldehyde (30) (0.815 g, 4.4 mmol) in
methanol (25 mL), sodium borohydride (0.1 g, 2.2 mmol) was added at 0°C. After 1.5h
concentrated hydrochloric acid was added to reach pH 2 and mixture was neutralized
with potassium biscarbonate saturated solution. Mixture was extracted with ethyl
acetate (3x30mL). Combined organic layers were dried over MgSO, and solvent was

removed under reduced pressure to give product as yellow oil with yield 84% (0.689 g)

"H NMR (200 MHz, CDCly): (ppm) 4.74 (s, 2H); 7.49 (d, J=8 Hz, 1H); 7.60 (dd,
J=8 Hz, 2 Hz, 1H); 8.37 (d, J=2 Hz, 1H).
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6.4.8. Synthesis of ({4’-methyl-[2,2’-bipyridine]-4-yl}pentyl)triphenylphosphonium
bromide (32)

Br
Br L
é
\_, / \ 1) PPh,, toluene, reflux, 24h > W
N N— 4 Y
i 32

To a solution of 4-(5-bromopentyl)-4’-methyl-2,2’-bipyridine (6) (0.390 g, 1.2 mmol) in

dry toluene (12 mL) under argon, triphenylphosphine (0.641 g, 2.4 mmol) was added.
Mixture was refluxed for 24 h and cooled down to room temperature. Most of the
solvent was removed under reduced pressure. Crude brown oil was mixed with
diethyl ether and kept at 4°C for few hours. White-brown crystals were filtrated of

and dried to give pure product.

'H NMR (200 MHz, CDCls): (ppm) 1.30-1.60 (m, 8H); 2.37 (s, 3H); 2.59 (t, J=6 Hz,
2H); 3.77-3.84 (m, 2H); 7.05-7.15 (m, 2H); 7.59-7.83 (m, 15H); 8.07 (s, 1H); 8.16 (s, 1H);
8.46 (t, J=4 Hz, 2H).

6.4.9. Synthesis of diethyl ({4"-methyl-[2,2"-bipyridine]-4-yl}pentyl)phosphonate

(33)
Br
o)
I J
7~o
R
1) P(OEt),, 120°C, 24h -
w /_\)()3 > (., /_\
N N N
6 33

4-(5-bromopentyl)-4’-methyl-2,2’-bipyridine (6) (0.313 g, 1 mmol) was dissolved in
triethyl phosphate (6.6 mL, 40 mmol) and heated at 120°C for 24 h. Residue mixture

was evaporated under reduced pressure and dried in vaccum desicator over P,Os for
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48 h. Residue brown oil was relatively pure compound and was used without further
purification. Yield 92% (0.341 g).

'H NMR (200 MHz, CDCls): (ppm) 1.24 (t, J=6 Hz, 6H); 1.31-1.62 (m, 8H); 2.37 (s,
3H); 2.63 (t, J=6 Hz, 2H); 4.01 (qw, J=2 Hz, 4H); 7.06 (d, ]=2 Hz, 2H); 8.15 (s, 2H); 8.47
(t, J=2 Hz, 2H).
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