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ABSTRACT

Platinum-based antineoplastic agents have beeohttmotherapeutic treatment of choice over
the last 20 years for a variety of cancerous grewtievertheless, they induce a number of
severe side effects, possess a limited scope athtyle tumors and several cancer types exhibit
acquired or intrinsic resistances. Ruthenium(lipmplexes have emerged as promising
candidates for the development of improved antieaagents with novel mode of action, higher
selectivity, and increased range of treatable aandde first-in-class ruthenium(lll) compound
NKP-1339 (IT-139) has shown promising results inichl trials. This metallodrug is thought to
act as prodrug and undergo activation by reductibthe metal center under the hypoxic
conditions of the tumor tissue. Interaction witk tytosolic protein GRP78 and the induction of
oxidative stress caused due to redox activity efrtietal center are thought to be responsible for
thein vivo activity. Organometallic ruthenium(ll) complexeavie been thoroughly investigated
for their antiproliferative potential, affordingwsral exciting compounds, which are currently in
an advanced preclinical stage. One promising appréar the development of organometallic
anticancer agents is the coordination of bioactivelecules to the metal-arene fragment,
yielding compounds able to interact with severdiedént cellular targets and therefore with

novel modes of action.

1,2,3-Triazoles have been shown to possess higtdyeisting biological features and are a motif
present in numerous medicinal agents currently ummteclinical evaluation. They can be
synthesized in a straight-forvard manner by coppedatalyzed Huisgen 1,3-dipolar
cycloaddition, also known as Click Chemistry. 4-Rylesubstituted 1,2,3-triazoles are potential
N,C chelates and may coordinate to different metas.idtowever, the coordination chemistry
and biological potential of the derived organomigtalrene complexes is nearly unexplored.
Over the course of this master thesis, six phemgkales with different functional groups in
position 1 were synthesized by copper(l)-catalyatigne-azide cycloaddition. The obtained
ligands were coordinated to a ruthenium(ll) aremecprsor as proof of concept for the
N,C-coordination of 1,2,3-triazoles to metal arene plaxes. The corresponding “piano-stool”
configured complexes featuring chloride leaving ugrowere successfully synthesized and
isolated in elemental analysis purity. The liganaisd organometallic compounds were
characterized by 1D and 2D NMR spectroscopy, HR-Mf&mental analysis, solubility
measurements, and single crystal x-ray diffractibiere possible. Investigations on the behavior
in aqueous solution and reactivity toward biomoleswia ESI-MS methods were performed to

evaluate the suitability of the novel complexegatential anticancer agents.






ZUSAMMENFASSUNG

Antineoplastische Medikamente basierend auf Pkitid seit Jahren die chemotherapeutische
Behandlungsmethode der Wahl fir eine Vielzahl vorebisarten. Die teils schweren
Nebenwirkungen, eingeschranktes Wirkungsspektrurd die intrinsische oder erworbene
Resistenz zahlreicher Krebsarten gegeniber pldiged Verbindungen sind jedoch
gravierende Nachteile dieser Krebsmedikamente. dRiutim(lll)komplexe haben sich aufgrund
neuartiger  Wirkungsmechanismen, hoherer Selektivitdind einem  vergréRerten
Anwendungsbereich als  vielversprechende  Kandidateur Entwicklung  neuer
Krebsmedikamente hervorgetan. Die First-In-Classth&uum(lll)verbindung NKP-1339
(IT-139) zeigte bereits vielversprechende Ergelenise Klinischen Studien. Es wird
angenommen, dass im hypoxischen Tumorgewebe eirevigkking durch Reduktion des
Metallzentrums zu Ruthenium(ll) stattfindet. Intedfan mit dem zytosolischen Protein GRP78,
sowie oxidativer Stress durch die Redoxaktivitas detallzentrums sind die angenommenen
Hauptfaktoren fiir die Aktivitat von NKP-1339. Dasotential von organometallischen
Ruthenium(ll)komplexen als antineoplastische Medtikate wurde intensiv untersucht, und
einige spannende Verbindungen befinden sich deripeifortgerschrittenen préaklinischen
Untersuchugen. Ein verheil3ungsvoller Ansatz istdierdination von bioaktiven Molekilen an
organometallische Arenfragmente, wodurch die eetdmnden Komplexe mit diversen

zellularen Zielstrukturen interagieren kénnen.

1,2,3-Triazole besitzen interessante medizinischgerischaften und sind ein wichtiger
Bestandteil in zahlreihen potentiellen Arzneiwiddgn. Sie koénnen leicht durch Kupfer(l)
katalysierte Husigen 1,3-dipolare Zykloaddition i¢RIChemie) hergestell werden. 4-Phenyl
substituierte Triazole kdnnen potenziell diC Chelate fungieren und eine Reihe von
Metallionen koordinieren. Die biologische Aktivitader abgeleiteten organometallischen
Arenkomplexe und deren Eignung als Krebstherapaisikiedoch nahezu unerforscht. Im Zuge
dieser Masterarbeit wurden sechs Phenyltriazolaurgrschiedlicher Substitution in Position 1
durch Kupfer(l) katalysierte Aklin-Azid Zykloaddith synthetisiert. Die Koordination der
Triazole an organometallische Ruthenium(ll) Aregfreente lieferte die entsprechendg)C-
koordinierten Komplexe mit Chlorido Abgangsgrupfee Liganden und Komplexe wurden
mittels 1D und 2D NMR Spektroskopie, HR-MS, Elenaeahalyse, Schmelzpunkt,
Loslichkeitsexperimenten und Kristallstukturanalysbarakterisiert. Zusatzlich wurde das
Verhalten der Komplexe in wassriger Losung und Rei#dt mit Biomolekulen durch ESI-MS
Methoden untersucht.






ABBREVIATIONS

A Angstrém, 13°m
CDCls deuterated chloroform
CNS central nervous system
CuAAC copper-catalyzed azide-alkyne cycloaddition
cym p-cymene
cys L-cysteine
chemical shift (NMR)
days
doublet, doubletic (NMR)
DCM dichloromethane
DFT density functional theory
DMSO-ds deuterated dimethyl sulfoxide
DNA deoxyribonucleic acid
e.g. exempli gratia (for example)
GRP78 78 kDa glucose-regulated protein
eq equivalents
ESI electrospray ionization
E. coli Escherichia coli
etal. et alii (and others)
EtOH ethanol
g gram
G guanine (nucleobase)
GC gas chromatography
h hour
his L-histidine
HIV human immunodeficiency virus
HMBC heteronuclear multiple bond correlation (NMR)
HSQC heteronuclear single quantum coherence (NMR)
HR-MS high resolution mass spectrometry
Hz hertz (3)
Im imidazole
Ind indazole

J coupling constant (NMR)



K Kelvin

M molar (mol LY

M molecular ion (mass spectrometry)
MeOH methanol

min minute

met L-methionine

MRI magnetic resonance imaging

m/z mass-to-charge ratio

NHC N-heterocyclic carbene

NMR nuclear magnetic resonance

PBS phosphate buffered saline

pH pondus hydrogenii

pKa log Ka (acid dissociation constant)
q quadruplet (NMR)

ppm parts per million

RAPTA ruthenium(ll) arene PTA

R: retention factor

s singlet (NMR)

t triplet, tripletic (NMR)

TGF$ transforming endothelial growth factor
TLC thin layer chromatography

™ trademark

tzZNHC 1,2,3-triazolylidene N-heterocyclic carbene
UVIVIS ultraviolet / visible

VEGF vascular endothelial growth factor
WHO World Health Organization

1D /2D NMR one- / two-dimensional NMR spectrosgop
° degree

°C degree centigrade
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1. INTRODUCTION

1.1. General considerations

Cancer is one of the most feared diseases of tldemavorld. The global burden of cancer has
more than doubled over the past 30 years. In 260&; 12 million new cases of cancer were
diagnosed and 7 million deaths could be attribtwechncer. Owing to growth and ageing of the

world’s population, a substantial rise in canceidences is expected over the next decades

Malignant neoplasms were the second leading caudeabh in Austria in 2013 with 28%, only

surpassed by cardiovascular diseases with 38%-(gaee 1)°.

Diseases of the cardiovascular system
Malignant neoplasms
Other diseases
Injuries and poisoning
= Diseases of the respiratory organs

Diseases of the digestive organs

Figure 1: Causes of death in Austria in 2013

There are over 200 different types of cafcBor Austrian men, malignant neoplasms of the
prostate and testes (27%), colorectal cancer (2&B4) respiratory cancer (16%) are responsible
for most cancer incidences (2008Among women, breast cancer (27%), colorectal @anc

(23%), and cancer of the respiratory organs (13%peedominant.

In less-developed countries, the percentage ofecans diseases in the overall number of death
is seemingly low. This can be explained by the camafively higher incidence of infectious
diseases and injuries. With the progress of mediasd and control over infectious diseases,
those countries are expected to see a considdradase of cancer occurrences over the next
decad® emphasizing that the development of novel antiearagents is an issue of global

importance.



1.2. Carcinogenesis

Cancer describes not just a single but many diftedéseases. Disorders in the cell cycle cause
cell proliferation in an excessive and unregulatealy. The formation of cancer, called
carcinogenesis, is triggered by abnormal changésetgenetic material and can be induced by a
variety of external and endogenous factors. Exgosarchemical mutagens (diet, smoking),
viral infections (Epstein-Barr virus, human papitlavirus), bacteria (Helicobacter pylori), or

high energy radiation are the most common exogeoauses for the development of caficer

The broadest classification of cancer types ralieshe type of organ from which the abnormal
cell originates. However, a histological classifica is preferable, because it gives a clearer
indication of the future behavior and developmenthe growth. Carcinomas are derived from
epithelial cells that line the skin or internal ang (lung, breast, prostate, colorectal cancer) and
make up about 90% of all cancer indications. Tunodthe hematopoietic (blood-forming) and
lymphoid tissues comprise leukemia, lymphoma anélaomga, while sarcomas stem from the
mesenchymal cells of connective or supportive &sgcartilage, fat, muscle), and central
nervous system specific cancer types originatherbrain or CNS (glioma, blastoma). Although
this system covers most prominent cancer occurggreeonsiderable number of rare cancer

subtypes elude classification according to theseriz.

The development of cancer is a multi-step procebg;h leads to the uncontrolled division of
abnormal cells formed from healthy cells, and inwasnto healthy tissue. First, carcinogens or
hereditary factors cause mutations in the genetiterial of in a single cell, a process called
initiation . The damaged cell can either be repaired by tusnppression proteins or undergo
apoptosis, effectively neutralizing the danger pdsg the mutation. If the initiated cell makes it
through these safeguards, it may now undergo clgnawth and multiply rapidly. This
promotion phase can be accelerated by endogenous or exagprnamoters and carcinogens.
Down-regulation or inactivation of tumor suppressgenes and up-regulation of oncogenes that
aid tumor growth are constantly required, becabseptocess is completely reversible up to this
point. In the final stage called tumprogression formerly benign tumor cells turn malignant,

invade the surrounding tissue, and spread fronptingary tumor throughout the body.



Most cancer cells are distinguished by several tianal capabilities acquired during their

development, the most prominent of which are listelbw (sed-igure 2).

Sustaining proliferative
signaling

Resisting Evading growth
cell death suppressors

Inducing Activating invasion
angiogenesis and metastasis

Enabling replicative
immortality

Figure 2: Selected functional capabilities acquired by eanells

A normal cell divides and grows depending on exdksignals given off from surrounding cells.
External growth factors activate a signal cascadéch eventually induces transcriptions of
proteins and enzymes necessary for cell divisiand@r cells differ from healthy cells in that
they can grow independent of external signal factbhesustained proliferative signalingis
achieved through inherent production of growth deff overexpression of growth factor
receptors or expression of constantly active reesptin contrast, several hormones (e.g.
transforming growth factor TGB} act as tumor suppressors by counteracting thectefsf
growth factors. In order to ensure undisturbed gulegged cell division, cancerous cells need to

developresistance to growth suppressoré.

Healthy cells have a last resort regulatory sysiemlace that protects them from developing
into abnormal or defect cells. A range of enzyneeg.(caspase proteases) are constantly looking
for disruptions in the cell cycle, absence of gtovactors, DNA damage, or extrinsic death
activator proteins. In case of activation, theyuoa cell death (apoptosidResistance to cell
death may be acquired by cancer cells through mutatidntiee genes coding for

apoptosis-regulating enzymes and receptors



Cancer cells have the ability to replicate indedilyi, as opposed to healthy cells that undergo
apoptosis after 50 to 60 cell divisions. The numbg&rmossible DNA replication cycles is
determined by structures called telomeres, polwutitle regions at the 3’ end of chromosomes.
After each cell replication, the telomeric DNA isostened, up to the point where the telomeres
can no longer ensure DNA stability and cell deatimitiated. Cancer celldevelop immortality

by expressing an enzyme called telomerase, whimfgates the telomeres with hexanucleotide
fragments to maintain their length to circumveniutar senescencé

Due to rapid uncontrolled growth, malignant neoplashave a constant high demand for
molecular building blocks, carbohydrates, and ghoféctors, and need to get rid of waste
products to continue their expansion. The distarfaaalignant cells to the native blood supply
increases with tumor size, effectively reducingirtteecess to nutrients. As countermeasure,
tumors release growth factors that stimulate thienétion of new blood vessels to the tumor
tissue (e.g. vascular endothelial growth factor V:-@broblast growth factor FGF-2). This
process calledngiogenesids also upregulated in healthy cells to treat ubscinjuries, during

exercise, and forms most of the cardiovasculaesysturing embryonic developméht

Malignant tumor cells have the ability to break svmm the primary tumor and spread through
the blood supply to form remote secondary tumorsudlly, cells are anchored to the
extracellular matrix through adhesion proteina Healthy cell's adhesion proteins do not match
the extracellular structures, apoptosis is trigde@n the other hand, cancer cells are expressed
either with mutated or without anchoring proteiesabling them to enter the blood stream,
lymphatic system or body cavities without undergogell deatff. Consequently, they may set

themselves up in any part of the body and faretastases

In contrast to malignant neoplasms, benign tumack the ability to invade healthy tissue or to
metastasize. They resemble normal cells more gidbain undifferentiated malignant cancer
cells, and pose a lesser risk than malign growtiestd their slower growth rate and inability to
spread throughout the body. Nevertheless, benigrors have the potential to develop into
malignant cancers through a process called tunemressioft, or exert negative health effects

due to physical compression of neighboring tissues.



1.3. Cancer treatment

An extensive and growing arsenal of treatment eggias is needed to fight the diverse forms
cancer can take on. The location and type of thtuprogression of the disease and health of
the patient are key factors for the selection aficea treatment options. A treatment plan

typically contains a combination of therapeutiattgies in order to optimize the outcome.

First, cancerous growths can be removedsbsgery. Only localized and non-metastasizing
tumors are potential candidates for surgical reth@ther treatments may be employed prior to
surgery in order to shrink the tumor size (neoaaljl); or to dispose of micrometastases and
tumor remains after surgery (adjuvant). Additiopalburgical procedures and other cancer
therapies can be used to control and diminish symgt while not aiming to cure the cancer

(palliative).

Radiation therapy utilizes ionizing radiation to control or removealignant cells. Radiation
damages the genetic material of irradiated celindoce apoptosis. In external beam radiation
therapy, an external source of radiation emitsatamh towards the tumor, which passes through
healthy tissue to access the cancerous growth. @onsitde effects include severe nausea,
damage to gonads causing infertility, inflammatafrsoft tissue and epithelial surface damage
at the entrance points of the rays into the baalprder to minimize side effects in healthy cells,
the ionizing radiation is sent into the body froarieus emitters placed around the patient. The
emitted high energy radiation beams intersecteatdiget tissue, and healthy tissue is subjected
to a far lesser dose. In contrast, internal radiahy (brachytherapy) relies on the insertion of
therapeutic radionuclides in close proximity to ttencerous tissue, thereby decreasing the

exposure of healthy cells to harmful radiation.

Chemotherapy, along with hormonal therapy and targeted therapskes up the class of
pharmacotherapy for cancer. Chemotherapy employariety of natural, synthetic, or semi-
synthetic small molecule pharmaceuticals to impelk division and function by interaction with
different cellular targets. Those targets usually present in both healthy and cancerous cells.
The rapid growth of cancer cells leads to a higmated in nutrients and molecular building
blocks, therefore chemotherapeutic drugs are atsmnaulated. Nevertheless, fast-dividing
healthy cells are equally affected, e.g. in theebamarrow, digestive tract, or hair follicles.
Consequently, most side effects from therapy avsex by the poor selectivity, such as anemia,

immunosuppression, gastrointestinal irritation,seeuand hair loss.



Hormone therapy employs drugs acting as hormone receptor antagdnisancer cells, cutting
off fast-replicating cells from their hormone supplargeted therapy relies on substances that
specifically interfere with molecules solely invel¥ in cancer growth or survival, like inhibiting
angiogenesis or promoting cancer cell apoptbsis contrast, traditional chemotherapeutic

agents affect targets present in all fast-dividiatis.

1.4. Classes of chemotherapeutic drugs

Chemotherapy agents can be divided into severadmgapups’ depending on the mechanism

by which they inhibit cell proliferation.

Alkylating agents are electrophilic compounds that can react witblegaphilic groups present
in the nucleic acid bases of DNA. They disruptiegiion and transcription of DNA through the
formation of covalent bonds to nucleic acids. Pselectivity and a range of side effects are

caused by reaction with nucleophilic groups of otliemolecules (proteins, amino acids, etc.)

Antimetabolites disrupt DNA function by inhibiting the enzymes olved in DNA or
nucleotide synthesis. Antimetabolitic agents aral@ues of naturally occurring purine or
pyrimidine bases, and therefore can be used adratdss by enzymes responsible for DNA
synthesi¥. Subsequently, they may either inhibit enzyme fiamc(e.g. thymidylate synthase by
5-fluorouracit), or lead to chain termination after being incogted into DNA (e. g.

gemcitabine, cytarabine).

Topoisomerase inhibitorsalso interrupt DNA replication. Prior to replicatiothe DNA strand
has to be unwound, which is performed by the ensytopoisomerase | and Il. Topoisomerase
inhibiting agents may stabilize the complex formiedm DNA and topoisomerase | (e.g.
camptotheciné®) or topoisomerase Il (e.g. anthracycliffso prevent further unwinding of the
DNA chain.

Protein kinase inhibitors impair the cell signaling pathway by affecting f{@ia kinase activity.
These agents may interact with different cellukngéts, such as the epidermal growth factor
receptor EGFR (e.g. getifinib), the Abelson tyrokinase (e.g. imatinib), or multiple tyrosine

kinases (e.g. the multi-targeting compounds soilafend sunitinib).

Mitotic inhibitors like the vinca-alkaloids (Vincristine, Vinblatingr taxanes (Paclitaxel)
affect the functionality of structural proteins @ratubuli) needed during cell division.
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1.5. Metals in medicine

Inorganic metals play important roles in many catiprocesses in humans. Four main group
metals (Na, Mg, K, Ca) are essential bulk elemearid, at least ten transition metals (Fe, Cu, Zn,
Se etc.) are currently considered essential tréemenmts. They are important for structure
functions like skeletal support, cell wall integritstabilization of protein structures (Ca, Mn,
Zn), as charge carriers for signal transduction,dgomp activity and muscle contraction (Na, K,
Ca) and enzyme function and catalysis (Zn, Mg).r&8gaof those metals can lead to anemia
symptoms and diseases. On the other hand, excestitps of an essential metal can be as
harmful as an insufficient supply. Additionally, messential metals taken up as environmental

pollutants, especially heavy metals, can causeiderable adverse health effects.

Use of metals as medicinal agents goes back aasfancient history. Ancient Egyptian texts
describe the use of a copper derived mixture asliziion agent for drinking water
(2400 B.C.), or an early remedy for headaches (IB@). Therapeutic arsenic formulations
were commonly employed in folk therapies for leukerfor centurie¥. In modern times,
research into bioinorganic medicinal chemistry Ipasnarily been driven forward by the
discovery of cisplatin and its chemotherapeuticepoy in the 1960’s. Nowadays, there is a
range of metal-baseahticancer agentsin clinical use, some of which will be discussedtier
on. Antiproliferative drugs on metal basis are higtunable through variation of metal and
ligands to optimize target interaction, activitydamargeting properties.

Metal compounds have found applications MRI contrast agents mainly complexes of
unpaired electron rich Gd(lll), Mn(ll) and Fe(llipns®. MRI relies on the difference in
'H NMR resonances due to varying water content beviessues. Contrast agents shorten the
relaxation time of water molecules in neighboriigsué’, thus facilitating the evaluation of
MRI spectra. Several gadolinium containing compdelxave been approved for clinical use (e.g.
Magnevist™, Gadvist™), and are the most commonddWdRI contrast agents.

Another common field of application is metal-dedveadiopharmaceuticals Radioactive
tracer atoms are employed either as ionic salt®mplexes in medical imaging, and therapeutic

radionuclides find use as radiation sources intytherapy (see section 1.3).

Additionally, metal and metal derived compounds ardized as antiarthritic agents,

antiinfective medicines, antihypertensive diigssulin mimetic&, and antiulcer agents.



1.5.1. Platinum-based anticancer agents

The antineoplastic properties of cisplatin weresdipitously discovered in 1965 by Rosenberg
et al.?’ during investigations on the effect of electricairents orE. coli growth.

Owing to the experimental setup and fortunate esferircumstances, several platinum complex
species were formed by redox reactions on thenpiati electrodes, which completely halted
bacterial cell division. It was shown that cisplativas primarily responsible for the
antiproliferative effec¢f. Cisplatin wasapproved for clinical use in 1978 mainly on theibas
work by Einhornet al. ° and has been successfully employed for the trestofeesticular and
ovarian cancer, bladder, cervical, and small caligl cancéf. Unfortunately, cisplatin
therapeutic regimens entail a variety of side effesuch as nephrotoxicity (dose-limiting),
peripheral neuropathy, tinnitus, hearing loss, aadere nausea. Some tumor types acquire
resistance to cisplatin after the first treatmemies, or are inherently resistant. Side-effects ca

be ameliorated by administering anti-emetics, adegbydration and diuresis.

Driven by the success of cisplatin, several platifi) compounds have been developed and
undergone clinical evaluation. Replacement of thelorido leaving groups with

cyclobutanodicarboxylato ligand afforded carboplafihis cytostatic agent exhibits diminished
side effects but retained activity compared to laeisp, therefore enabling a high-dose
chemotherapeutic regimen. Investigations on ammiioap variation revealed a promising class
of compounds containing 1,2-diammino-cyclohexamgriids as a stable chelating moieties,
culminating in the discovery of oxaliplatin In contrast to cisplatin, oxaliplatin shows a
significantly altered activity profile and therefomctivity in many cell lines with intrinsic

cisplatin resistance (e.g. colorectal cancer). lrepgroup variation has been shown to influence
the toxicity profile, while activity modulation @chieved by substitution of ammine ligands due

to change in the structure of the resulting DNAwaxdsl.

Cisplatin, carboplatin and oxaliplatin are the oplgtinum(ll)-based antineoplastics that are in

worldwide clinical use and are shown below (Begire 3).

0 H, o
H3N_ Cl H:N_ 0 N, O
P P P
H;N Cl H;N° O '%I 0] 0
0 2

Figure 3: Planar platinum(ll) complexes cisplatin (leftyrboplatin (middle) and oxaliplatin (right)



Cisplatin is administered intravenously, after whit spreads in the body through the blood
stream and rapidly diffuses into tissues. Subsequatesired binding of cisplatin to sulfur-rich
plasma proteins is one of the main mechanismsadftivation and approximately 90% of the
administered drug is bound to abundant and cystahealbumiri®. Cisplatin may enter cells by
passive diffusion, mediated by copper transpometeins? or other unidentified active transport
mechanisms. There is a significant decrease ofridelacconcentration from the extracellular
(100 mM) lumen to the cell nucleus (2-30 mM), whieilitates cisplatin activation. One or
both chlorido leaving groups are replaced by watetecules forming a charged complex. The
aquated cisplatin complex exhibits high reactitiwards nucleophilic DNA bases, especially
N7 of guanine, but also N7 of adenine. First, a afonctional cisplatin-DNA adduct is formed,
which usually reacts further to bifunctional instrand (< 5%), intra-strand, or protein-DNA
crosslink products. Up to 60-65% of adducts argaistand crosslink products of two
neighboring guanine nucleobases (1,2-d(GG),Rgere 4). This pseudo-alkylation bends the
DNA by 30-40 ° towards the major groove of the deutelix and unwinds it by approx. 13 °,
therefore preventing recognition of the DNA by emeg necessary for cell replication and
transcription. If the platinated DNA is not repairey the cellular repair machinery, apoptosis is

induced.

protein-DNA | | inter-strand
o H3N\ /NH3
Pnotem\ _NH; i

Pt

\,

H;N—Pt Pt—NH;
NH; HN—ht NH;
intra-strand NH;
1,3-d(GG)
or intra-strand intra-strand
1.4-d(GG) 1,2-d(AG) 1,2-d(GG)

Figure 4: Different crosslink products formed by cisplatin

To improve the pharmacological properties, diminstle-effects and overcome resistance
problems, research has focused on the developrhenwel platinum drugs. Various octahedral
platinum(lV) complexes show exciting prospects dtinical applications. They are thought to
undergo activation by reduction to platinum(ll) time cancer cells. Exciting future prospects
currently under investigation ateans-platinum(ll) complexes as cytostatics, monofunaaio
platinum(ll) complexes, multinuclear platinum(lprmpounds, and many more.



1.5.2. Ruthenium anticancer agents

The narrow spectrum of efficacy and deplorable sffects of platinum-based drugs has
stimulated research on the development of nonmlati antineoplastic compounds with a

broader spectrum of activity, higher selectivitglarovel modes of action.

Ruthenium complexes exhibit various characteristigg make them preferable over or good
substitutes for platinum compounds. Under physickigconditions, ruthenium is able to adapt
oxidations states Il, lll, and perhaps IV, and fgathterchanges between them due to low
energetic barriers. The exchange of the leavingmie essential for interactions with biological
targets and is influenced by the chloride concéiptmapH value and the coordination sphere of
the comple®. The preferred octahedral coordination geometvegjiample room for possible
modification and interaction with biomolecules atlthan DNA. Furthermore, ruthenium is
suspected to bind to transferrin due to similaigtyron. Transferrin is an iron transport protein,
to which ruthenium may either bind instead of iron,more likely bind to a different place of
the carrier. Cancer cells are distinguished by igtrient (iron) requirements and consequently

show increased expression of transferrin recefftors

NAMI-A, an octahedral ruthenium(lll) complex with BMSO and imidazole ligand in axial
position and four equatorial chlorido groups ($égure 5): [ImH][trans-RUCL(DMSO)(Im)]

(Im = imidazole, DMSO = dimethylsulfoxide) exhibit®ry lowin vitro®, yet high activityin
vivo and high selectivity for solid metastasizing tumofhe antimetastatic effect is the most
distinguishing feature of NAMI-A and is cause fgmergistic effects in combination therapy
with cisplatin or classic organic cytostatic dru§eme of the many postulated mechanisms for
the antimetastatic activity of NAMI-A are rearrangent of the cytoskeleton, disruption of the
actin-dependent adhesion of metastases and cleapfnuetastasizing cells from primary tumor

tissue.

In contrast, the first-in-class ruthenium(lll) colmp NKP-1339 (IT-139) developed by the

Keppler grouf shows significant activity botim vivo andin vitro, especially against colorectal

cancer lines. The complex features two axial intlafigands and four equatorial chlorides:
(InH)[trans-RuClL(In)7] (In = indazole), se€igure 5. The major advantage of NKP-1339 is the
superior agueous solubility compared to its pressmeKP 1019, therefore clinical investigations
were continued with NKP-1339
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Figure 5: NAMI-A (left), KP1019 (middle), NKP-1339 (right)

The high activity of NKP-1339 is supposed to bewaat from the reduction of the metal center
under the hypoxic conditions of the tumor tissuetiation by reduction). Due to the rapid
proliferation of cancer cells, the tumor tissugéprived of oxygen and nutrients, and therefore
has to rely on glycolysis for energy production. tdmlites from glycolysis decrease the pH
value and together with rapid growth induced hypoxiovide an ideal reductive environment
for the reduction of ruthenium(lll) to rutheniumffl Labilization of the Ru-Cl bond comes
along with the changed oxidation state and fatdgahe electrophilic binding to biomolecules.
The selective accumulation of ruthenium compoumdthée cells due to their iron mimicking
properties and interaction with blood proteins sashalbumin and transferrin, along with the
activation in the cancer tissue may account forsigeificantly decreased systemic toxicity of
ruthenium(lll) compounds. Recent investigations ehagvealed that direct interactions with
DNA are not the primary cause for the antiprolifema effect of NKP-1339. In contrast, the
cytosolic protein GRP78, a key factor of the unéaldprotein response (UPR), has been
suggested to be a main target of this drug. Intaafgithe redox-active metal center is able to
generate ROS, which provides oxidative stress addcies apoptosigia the mitochondrial
pathway. However, further detailed investigations the mode of action are currently
performed.

The success of the first-in-class drug NKP1339 stamsulated the development of ruthenium-
based metallodrugs. Especially Ru(ll)-arene congdeaf the form [°-arene)Ru(X)(Y)(2)]

(X,Y,Z = donor atoms of mono- or polydentate liganhdhave shown promising results and
several representatives are in an advanced pllirstage. These organometallics are
characterized by a different mode of action comgaceclinically applied metal-based drugs.
Anticancer activity, selectivity, pharmacologicaloperties, biomolecule interaction, and cell

accumulation can be easily fine-tuned comparatibglyariation of the ligand sphere.

11



Pioneering work has been done by the groups ofeBaaid Dyson, which has resulted in the
promising drug candidates RM175 and RAPTA-C (Sgere 6).
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Figure 6: RM175 (left), RAPTA-C (right)

In reference to their structural similarity to @pd stool (the polyhapto arene ligand acts as the
seat and the three remaining coordination sitésgsy, these half-sandwich compounds are

known as “piano-stool”’-complexes.

Sadler and coworkers have extensively studied nith&(ll) arene complexes of the form
[(#°-arene)Ru(chel)X], featuring an either neutral oioaic bidentate chelating ligand and a
halide leaving group, resulting in charged or redutomplexes. Leaving group variation
revealed that chlorido substituted complexes sholkighest activities in combination with a
bidentate ethylendiamine ligand. One of the leatipmunds, RM175 is currently in preclinical
evaluation and demonstratasvitro cytotoxicity similar or greater than carboplatimvivo®.
RAPTA complexes developed by Dyson and coworkezsoae of the few cytotoxic ruthenium
arene compounds featuring three monodentate lig&ns coordination site is occupied by the
characteristic pta ligand (1,3,5-triaza-7-phosplaosahtane), while two potential chlorido
leaving groups are also present. Generally, conegldgaturing three monodentate ligands do
not show significant activity, presumably to rapigand hydrolysis. In contrastuthenium
arene pta complexes (RAPTA) show moderate cytotoxicity vitro but remarkably high
selectivity for cancer cells over healthy cellsvivo, antimetastatic effects similar to NAMI-A
and in some cases reduced growth of the primarpituvare observétl

Leaving group variation can impact the cytotoxictgmey by modification of the ligand
exchange rate and thus the generation of the highlgtive aqua-species. Variation of the arene
ligand has also been shown to be of importanceaises (e.g. RAPTA and Sadler-type
compound¥). The non-leaving chelating ligand has the gredt#sience on the properties of
the resulting complex. Depending on the coordimatimiety of the ligand (e.dJ,0-, N,N-,
SO-chelates etc.), different stabilities under phiggjacal conditions are achieved.

12



1.6. Triazoles as pharmacophores

The discovery of the copper-catalyzed azide-alkyeyeloaddition (CuAAC) for the

regioselective synthesis of 1,4-disubstituted-ttleéZoles (seerigure 7) independently by

Sharples® and Meldd® in 2002 has led to a phenomenal rise in triazelated research. The
reaction stands out due to mild reaction conditidnigh yield, facile workup, wide scope and
insensitivity to functional groups. Consequentlye tCUAAC reaction fulfills the demanding
criteria set by Barry Sharpless to earn click-cistryi statu¥. Due to the unparalleled
selectivity, reliability, and scope of this convers it is oftentimes simply referred to as

“Click reaction”.

R—N; + Rm s ———— > 5\_(4

Figure 7: Copper(l)-catalyzed azide-alkyne cycloaddition

Historically, 1,2,3-triazoles were prepared by thar Huisgen 1,3-dipolar cycloaddition of
azides with alkynes. Unfortunately, the neat reactf an azide 1,3-dipole and an dipolarophile
alkyne shows poor regioselectivity and tends tordffnixtures of the 1,4- and 1,5-regioisomers.

Incorporating 1,2,3-triazole motifs into candidateugs is attractive because of their high
stability to metabolic degradation and hydrogendiag capabilities to facilitate interaction with
biological target8. 1,2,3-Triazoles have attracted attention as gegiond isosteres, due to the
similar steric arrangement and electronic propertiepeptide bonds without adverse effect on
the biological activit§f. A variety of medicinal agents contain triazolesaa integral part of
their structure, including HIV-1 reverse transcag# inhibitord, antituberculosf§, antifungal

and antibacterial agefits

Moreover, a multitude of potential anticancer deagdidates containing triazole functions have
been reported. Herein, 1,2,3-triazoles are oftesgirased for the synthesis of analogues of
compounds with known antiproliferative activitygeresveratrdf, a-GalCer® and many more)

or as linking group. Other triazole anticancer agemder investigation with related structure to
the compounds discussed in this thesis are e.ryl #4razole based angiogenesis inhibitdend
1,4-disubstituted 1,2,3-triazole antiproliferata@mpound¥ (seeFigure 8).
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Figure 8: Triazole compounds under preclinical investigation

1.7. C-H activatiorvia ruthenium(ll) catalysis

In recent years, there has been extensive resebdyctthe Ackerman group on the
functionalization of aromatic C-H bonds by conversiwith alkenes in the presence of a
ruthenium(ll)-arene cataly$t Recently, the ruthenium-catalyzed direct arylagiof arenes with
triazol-1-yl substituents as directing groups thiace regioselectivity was reporféd® (see

Figure 9).

N N
Ri~y" ™\ A Ri~y?
— H cat. [Ru]

—

R = R;

Figure 9: Ruthenium(ll)-catalyzed direct arylation

Mechanistic investigatiof%>” have suggested that C-H bond metalation to forotreenium(ll)
arene complex withN,C-coordinated ligand is a key step in the catalgiycle. In related
investigations, Lianget al. *® isolated anN,C-coordinated ruthenium(ll) arene complex of
2-phenyl-pyridine by reaction of the ligand witloishiometric amounts of [Rpfcym)Cl)]. and

an acetate base (e.g. sodium acetate). Due toalecand steric similarity of 2-phenyl-pyridine
to 4-phenyl-substituted triazoles, it was suspettiatitriazoles could coordinate in a similar way

(seeFigure 10).

Figure 10: N,C-coordinating 2-phenyl-pyridine complex synthesibgd_ianget al. (left),
N,C-coordinating triazole complex to be explored (tjgh

Excited by this hypothesis, we were intrigued tplere the potential of triazole based

N,C-coordinated ruthenium complexes as anticancertagen
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1.8. Triazole complexes as anticancer agents

Despite their prevalence in chemical catafjsisompounds featuring a ruthenium-carbon bond
have been largely neglected as anticancer agertmggide the established classes of
ruthenium(ll)—arene anticancer agents (see settm@),N-heterocyclic carbenes (NHC’s) have
experienced increasing popularity as ligand sydstarthe development of bioactive compounds.
Silver-, gold-, platinum- and palladium-NHC compdsx have received considerable
attentioi®®%  Additionally, ruthenium-NHC’s were observed toosh promising enzyme
inhibition and cytostatic effects

In 2008, Albrecht and coworkéfgpioneered the synthesis of transition metal corgsddearing
1,3,4-substituted 1,2,3-triazolylidene NHC'’s (tzZNKHC The first systematic investigations on
the biological activity of ruthenium(Il) and osmigity arene complexes featuring tzZNHC’s was
performed by the Dyson grotfp The synthesized complexes were observed to uadeygd
hydrolysis in aqueous solution leading to immedattivation, and a number of them show
antiproliferative activity in the low micromolar mge. Furthermore, they exhibit noteworthy
selectivity for cancer call lines over non-tumorigecell lines, up to 200-fold (se€igure 11).
The accessible modifiability and strong metal-ligazarbene borfd encourage the use of this

ligand system in the biological environment.

@{@%

M\ Ru\
) N , NI
TS
\ \
}‘1 Ph }‘I Ph
M = Ru, Os

Figure 11: General structure of M(ll) arene tzZNHC complefet),
highly cancer cell line selective Ru(ll) arene tzEémplex (right)

To the best of our knowledgl,C-coordinated ruthenium arene triazole complexeg me¢
been investigated for their biological activity amaticancer potential up to now.
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2. RESULTS ANDDISCUSSION

The goal of this thesis was the synthesis of nbv@lcoordinated piano-stool Ru(lp{cymene)
complexes (se€igure 12) based on 1,4-disubstituted 1,2,3-triazole ligaride influence of
different functional groups in position 1 of theawnole ring on the properties of the
corresponding complexes was to be explored. Ligamik complexes were characterizgd
'H, 3 and two-dimensional NMR techniques, X-ray diffrae analysis, high-resolution mass
spectrometry, and elemental analyses. Additionatigjting points, solubilities, investigations
on the behavior in aqueous solution and interactioth amino acids by ESI-MS were

performed.

Figure 12: General structure of the synthesized complexes
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2.1. Synthesis of the ligands

In order to regioselectively synthesize 1,4-disiinstd 1,2,3-triazole ligands, the copper-

catalyzed azide-alkyne cycloaddition was employed.

The proposed catalytic cycle for the CUAAC reactiseeFigure 13) is largely based on DFT
calculations and kinetic measurements. First, autiémn of the copper(l) catalyst and the alkyne
affords an intermediarg-alkyne-copper(l) species. Copper coordination @gdua significant
pH decrease (approximately 9.8 pH uffjtswhich enables deprotonation even in neutral
aqueous environments to form thealkynyl-copper(l) compound (step A). Subsequently, the
azide attacks the alkyne-bearing copper as a mitleo(step B). The copper(l)-acetylide
experiences further activation througticoordination of another copper(l) cefitefnot
pictured). The reduced alkyne electron density ksalgyclization to afford a copper(lll)
vinylidene metallacycle (step C). Transannular eisgion of theN1 lone pair with the C5
coppern* orbital allows ring contraction of the metallatsf® (step D). Subsequent protonation
regenerates the catalyst and regioselectively agdfahe 1,4-disubstituted 1,2,3-triazolé
(step E).

: AN
K, H @
——H
[CuL]
H+
Step E Step A B-H
N

R, Cul
4
N///N\N/RZ
Step D Step B
+
N//N\N/Rz N///N\T:I/ RZ
A Step C |
=CuL — CuL

x\_/R —
R, !

O ()

Figure 13: Proposed catalytic cycle for CUAAE
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It was decided to synthesize a total number ofr&zole ligandsla—fin order to cover a broad
range of functional groups, while still maintainirey degree of variation within a series.
Compoundsla,b feature a benzylic residug¢,d an aliphatic residue, aric,fester derivatives

(seeFigure 14).

R~

N A\

N

la lc le

/@N AN \/OW
MeO O
1b 1d 1f

Figure 14: Desired triazole ligandka—f

In order to synthesize the desired 1,2,3-triaziganids, a facile and robust method for the
generation of organic azides for the CUAAC reactiad to be found. Initial test reactions were
performed according to the method developed by eat al.*by reacting benzyl bromide
with a 1.1-fold excess of sodium azide in DMSO atiding at room temperature. After a short
reaction time of 1.5 h, the reaction mixture wagrghed with water and the azide product
extracted into diethyl ether. Evaporation of thévent in vacuo afforded the desired azide in
excellent yields (> 90%). Subsequently, benzyl @zias reacted with phenyl acetylene in
DMSO / water (1:1) in the presence of copper(lneagatedin situ from copper(ll) sulfate and
sodium ascorbate (0.2 eq each). The product wasipieged with water, filtered off and

purified on silica to give the desired 1-benzyl{#epyl 1,2,3-triazold a.

Unfortunately, this synthetic procedure is notahlié for the synthesis of the whole sefiest.
Short chained organic azides pose the danger dbsixp decomposition when isolated, which
increases with lower molecular weights. As per mmonly employed empirical rule of thumb,
at least six carbons per azide group in a moldeale to be present to sufficiently decrease its

reactivity and render it bench stalile
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Benzyl azide and derivatives could be isolated stoced at room temperature, but shorter alkyl
derivatives were deemed too dangerous to be isbl&tence, the previously stated reaction

conditions could not be applied.

In 2005, Kacprzak reported a one-pot strategy for the synthesis ,@f3riazole from
corresponding organic halides, featuring in sitnegation of azides from halide precursors and
subsequent copper(l) catalyzed cycloaddition ofabgyne, therefore avoiding the isolation of
short chained azides. A large excess of sodiuneaa@lld lead to the competitive formation of
NH-triazole, by reaction of alkyne with the remainimgprganic azide. In this procedure, the
azides were generatéd situ from halide precursors by reaction with an equan@mount of
sodium azide in DMSO, which necessitated a proldngaction time for the azidation step.
After 12 to 24 h, water, sodium ascorbate, coppes(lifate and alkyne were added and stirred
at room temperature. Precipitation of the produas wompleted by addition of water, simple
filtration and purification on silica afforded anety of 1,2,3-triazoles in high yield and purity.
Using this one-pot procedure (sBmure 15), the triazole ligandda—f were synthesized in
moderate to excellent yields (34 — 93%), with alégrivativeslc,d giving the lowest yields.

Overall, the yield decreased with lower moleculaight of the corresponding alkyl azide.

1. NaNj 1.1 eq, DMSO
2. NaAsc 0.2 eq, CuSO, 0.2 eq, H,O

Figure 15: General reaction scheme for the synthesis of Ar33ole ligandda-f

No significant formation of theNH-triazole was observed, irrespective of whether dr0
1.1 equivalents of sodium azide were used. In fafa shorter reaction time, 1.1 eq of azide
were employed for subsequent reactions. Monitditiegrate of conversion by TLC proved to be
difficult, as the azides either showed practic#iig same retention factor fjRas the precursor
halides, and alkyl derivatives did not absorb ia Bh/VIS range. In the literature, GC analysis
is routinely employed to check the progress ofrémction. However, the reaction time for the
azidation step was varied between 2 hours and ahraa 5 days and the conversion was
monitored by'H NMR. Full conversion was detected after 24 hafrseaction time for alkyl
derivatives, while benzyl azides were quantitatifiermed after 2 h.
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2.2. Synthesis of the respective organometallic comgexe

Utilizing reaction conditions similar to those pighled by Lianget al., the triazole ligand&a—f
were reacted with 1eq of the precursor rutheniuimed bis[dichloridog®-p-cymene)
ruthenium(ll)] in the presence of 1.1 equivalenfssodium acetate as base in anhydrous
methanol (se€igure 16). After only a few moments of reaction time, theef metal dimer was
quantitatively converted to a carboxylate interraggli as confirmed bjH NMR. Reaction of
the triazole ligands with sodium methoxide as deprating agent and ruthenium precursor in
methanol showed no conversion, which is evidena the carboxylate activated [Ru(
cymene)] complex is required for theC-coordination of 1,2,3-triazoles to ruthenium(lfeae

fragments.
Ry T NaAclleq Re.Na ®| i
NN IS N° “N—py
dry MeOH / EtOH c
la-f 2a-f

Figure 16: General reaction scheme for the synthesis of Rpidho-stool complexeza—f

As the reaction progresses, the product precigitate microcrystalline yellow solid. It was
observed that a concentrated solution of triazolé dimer is needed to drive the conversion
towards the complex product (approximately 1 mL hmabl per 40 mg dimer). Under these
conditions, the alkyl triazole&c—f are completely dissolved, while benzyl triazolesb are
suspended with only traces of the free triazolsdlution. The conversion rate was monitored
primarily by evaluating the phenyl protons’tda NMR, due to loss of symmetry and significant
change in shift upon coordination (see sectiorl?.4Jsual reaction times range between one
day (alkyl derivatives), to 5 days (benzyl derivat), after which a maximum conversion of
around 80% was reached. Neither heating to reflax microwave irradiation at various

temperatures between 40 to 120 °C accelerate@#untion or gave full conversion.

After the maximum conversion was reached, the mbdas collected by filtration and washed
with small amounts of cold methanol to separateré¢ingaining free triazole and the carboxylate
activated Ru(ll) precursor complex. The crude pobdmas dissolved in dichloromethane and
filtered in order to separate inorganic salts. Bvapon of the solvenin vacuo afforded the
products in elemental analysis purity in averaggaod yields (40 — 71%).
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2.3. Characterization of the ligands

2.3.1. HNMR

The triazole scaffold proton is usually found asharp singlet in a range between 8.56 and
8.63 ppm. The protons corresponding to the phenglin position 4 of the triazole scaffold are
typically found at 7.31 to 7.84 ppm. Due to the syetry of the aromatic ring, the five protons
are observed as distinct, usually well-defined aignGoing from downfield to upfield signals,
protons H7/11 irortho positon form a doublet, protons H8/10 a doublettblet, and H9 a
doubletic doublet as well. As the coupling constagiween the germinal aromatic protons are
similar in size, the doubletic doublet signals suppose to give pseudo-triplets. Substitution of
the triazoles in position 1 shows very little effea both phenyl and triazole proton shifts. As to
be expected, the shift of the singlet correspontiintpe methylene bridge in position 5 depends
greatly on the substitution on the side chain, irrmdrom 5.55-5.65 (benzyl derivativés—b),
4.36-4.39 (alkyl derivativeslc—d to 5.45-5.48 (ester derivativede—). The electron
withdrawing effect of the triazole ring can be saspecially well in"H NMR spectra of the
alkyl derivatives. Methylene groups close to thazwle ring (H12) are significantly shifted
downfield, while CH groups near the terminal methyl group of the atihdin (H15) are far less
exposed to the deshielding effect of the triazivlg.r
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Figure 17:'H NMR spectrum of ligandd
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2.3.2. BC NMR

The quaternary carbons of the phenyl ring and dt@azing are found downfield from the
aromatic CH signals, as to be expected. Due tamiéndered rotation along the C4-C6 bond,
only 4 signals for the phenyl ring can be obsen®@imilar to the'H spectrum, side chain

substitution in position 1 again has very littldlience on the chemical shifts of the triazole

scaffold and phenyl ring carbons.
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Figure 18:13C NMR spectrum of ligandd
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2.3.3. HR-MS

High resolution mass spectrometry with electrospoayzation and a quadrupole time-of-flight
detector was also employed to verify the formatbthe synthesized compounds. The samples
were dissolved in a mixture of methanol and watad dispersed into an aerosol by exposure to
high voltage. Compared to other ionization methlids inductively coupled plasma (ICP) ion
sources or electron ionization (El), ESI gives @& ldegree of fragmentation and therefore is
known as a soft ionization method.

As a result, only quasi-molecular ions by additioha proton [M+H] or sodium cation
[M+Na]* (seeTable 1) to the otherwise uncharged triazole ligands wasserved. In ligand
spectra, the signal with highest intensity consityecorresponded to the sodium adduct
[M+Na]*, followed by the proton adduct [M+HJand a dimeric species with added sodium
cation [M+M+NaJ (seeFigure 19).

Table 1: Found and calculated m/z values of compoulreds

Ligand ion m/z
[M+Na]* found calculated
la 258.1003 258.1002
1b 288.1102 288.1107
1c 210.1002 210.1002
1d 224.1158 224.1158
le 240.0747 240.0743
1f 254.0896 254.0900
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[M+Na]*

2241159
224.1159
225.1186
l 226.1241
[M+H]*
202.1339
[M+M+Na}*
425.2432
Ll [ L L L [ N
200 226 250 276 300 3265 380 376 400 425  miz.

Figure 19: High resolution mass spectrum of ligahdj with enlarged [M+Nd] peak showing the isotopic
distribution pattern
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2.4. Characterization of the complexes

2.4.1. 'HNMR

The most prominent effect of coordination on tlgatid signals is the break of symmetry in the
phenyl ring, resulting in four distinct phenyl sas, two doublets (H8, H11) and two pseudo-
triplets (H9, H10). It was expected that the sutitom of electron density from the phenyl ring
due to coordination would cause a downfield shffath phenyl signals. However, only the
proton inortho position to the coordinated carbon is shifted dioelah, by approximately 0.7
ppm, while the other aromatic protons are displatedower chemical shifts. A possible
explanation for this behavior could kébackbonding of electrons from the metal d-orbitals

n* antibonding ligand orbital.

Due to the introduction of the coordinated metalnatas a chiral center, the diastereotopic
methylene bridge protons in position 12 couple vétith other?g-coupling), which was not

observed for the free ligand. Similar effects weeported for related ruthenium(ll) arene
compound¥. Besides that, the side chain protons are naiénfted by the coordination and are

found in a similar range as for the non-coordindtidoles.

The protons of they®-coordinated p-cymene ligand are found in the typical range for
Ru(l)(p-cym) complexes. The aromatic signals are obsepaetdeen 5.15 — 5.55 ppm as well-
defined doublets and can be attributed unambigydosthe respective aromatic protons {kic
Hdi2) by 2D NMR technigues and evaluation of the roiééa. Interestingly, one C-proton is

significantly shifted lowfield compared to the otlomatic protons.

In complexes2a,b with benzyl triazole ligands, the aromatic cymgmetons that couple with
each other (cwith di, ¢ with d) are located next to each other in the spectrunth{d>-c,
going from upfield to lowfield). In alkyl triazoleomplexe2c—f however, the d-protons switch
places (g¢-d>-di-C2, seeFigure 20). As variation of the side chain in position 4 hasy little
influence on the electronic properties of M€-coordination motif, additional interaction of the
side chain with either the metal center or the @fdggand is suspected to be the reason for this

phenomenon.
The isopropyl group of the arene signal is obseagtvo non-equivalent methyl signals due to

inhibited inversion caused by coordination of ttexisally demanding ligand. They are found as

doubletic signals by coupling with the proton irsjion f, which in turn is split into a septet.
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Figure 20: *H NMR spectrum of complexd
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2.4.2. BCNMR

Similar effects of coordination as observed in tHespectra are found in the corresponding
13C NMR experiments (sdgigure 21). The symmetry of the phenyl ring is broken, whish

why six distinct phenyl signals are found. The aigoorresponding to the carbon bonded to
ruthenium (C-7) is shifted the farthest downfieddldund 176 pm), followed by the quaternary
carbon in position 6 (around 135 ppm). Concernimg tremaining phenyl protons, the farther
they are located away from the coordinating carliba, lower their chemical shift becomes.
Analogously to the'H spectrum, the aromatic carbons rimta and para position to the

coordination site are found at a higher chemic#t 8fan in the free ligand.

When comparing the different complexes, the aramedrbon atoms of thp-cymene ligand
(CH-c and CH-d) are found in the same sequencedCBEH-&:, CH-¢, CH-d) regardless of
the coordinated triazole. In contrast, the sequafdhe corresponding signals i NMR are

different for benzyl and alkyl triazole derived cplexes (see section 262.4.1.).
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Figure 21:3C NMR spectrum of complexd
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2.4.3. HR-MS

Analogously to the ligands, their corresponding plaxes2a—f were also analyzed by high
resolution mass spectrometry with electrospray zaton and quadrupole time-of-flight

detection.

The two characteristic peaks observed correspotwitee sodium cation adduct of the complex
[M+Na]* and the single positively charged species [M=~(¥geTable 2), where the chlorido
ligand was abstracted. Usually, the molecular idh Wwydrolyzed chloride was found to be the
peak with highest intensity (s&égure 22) except for the propyl derived compl2g, in which

the characteristic [M+NaJand [M-CI] peaks were approximately the same size, and the
methoxy benzyl compleRb, in whose spectrum the sodium adduct [M+Nahde up the main
peak. These results suggest a high hydrolyticitalof the ruthenium-chlorido bond, which is
cleaved to a considerable point even in the preseht% water.

The experimentally found isotope pattern of thekpeis in accordance with the calculated

isotope distribution.

Table 2: Found and calculated m/z values of compoais

Complex ion m/z
[M-CI]* found calculated
2a 470.1184 470.1164
2b 500.1292 500.1270
2c 422.1176 422.1164
2d 436.1326 436.1321
2e 452.0914 452.0906
2f 466.1060 466.1063
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Figure 22 High resolution mass spectrum of comp2ekwith enlarged [M+Na] peak showing the isotopic
distribution pattern



2.4.4. X-ray diffraction analysis

Single crystals o2d and2e were obtained by slow diffusion from dichloromeatbaand hexane.

Both structures crystallized in the “piano-stooldnéiguration, the typical half-sandwich
coordination geometry. The complexes possess a dpdetrahedral geometry at the
ruthenium(ll) atom, where the arene ligand occupiiese coordinating sites, forming the “seat”,

and three other ligands represent the “legs”.

Complex2d crystallizes in the tetragonbdi/a space group, whil@eis a representative of the
triclinic P 1 space group. Both compounds crystallized withaiditeonal solvent molecules

and exhibited a low degree of disorder, which resdiee comparison of molecular parameters

possible (se€igure 23).

The M-CI distances are in the same range for byl and ester derivative (s€Eable 3),
which was expected due to the low influence ofdlie chains on the electronic properties of
the coordination moiety. Generally, the side chaariation was not observed to have a

significant influence on the coordination geometry.

A pronounced effect of coordination is the impatttioe aromaticity of the phenyl ring. Carbon-
carbon bonds in a non-substituted phenyl groupusially around 1.4 A lorig) The bond length

to carbons irortho position to the C7-Ru bond are slightly elongateédl A), which can be
attributed to the electron withdrawing effect egdrby coordination. In contrast, the remaining
aromatic carbon-carbon bonds are shortened. The lbagth decreases with increasing distance
to the coordinated carbon atom, and can be retatédte increase in chemical shift observed in
'H and**C NMR.

The bidentate triazole ligand and the metal ceftten an almost planar five membered ring,
which can be seen from the respective torsions &gC6-C7-Ru2d = 3.9 °,2e= 2.2 °). The
theoretically planar geometry is distorted by stémteraction with the other bound ligands and

the metal center.

Furthermore, the coordination locks the phenyl tmatole rings in a fixed conformation in
respect to each other. As a consequence, the hge dre approximately located in the same
plane, as can be seen from the negligible torsioourml the phenyl-triazole bond
(N3-C4-C6-C7:2d =0.48 °,2e=1.81°).
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Table 3: Bond lengths, angles and torsion2dfand2e

Compounds 2d 2e
oo Ru-Cl  [A] 2.4301(4) 2.4161(3)
g § Ru-N3 [A] 2.0845(13) 2.0736(10)
=" Ru-C7 [A] 2.0740(15) 2.0694(12)

o N1-N2 [A] 1.3436(18) 1.3429(14)
% N2-N3 [A] 1.3241(18) 1.3170(14)
g N3-C4 [A] 1.3646(19) 1.3687(15)
- N1-C5 [A] 1.349(2) 1.3540(15)
C4-C5 [A] 1.370(2) 1.3776(16)
C4-C6 [A] 1.454(2) 1.4545(16)

o C6-C7 [A] 1.414(2 1.4169(16)
£ c7-c8 [A] 1.401(2)  1.4022(16)
§ C8-C9 [A] 1.394(2) 1.3983(17)
- C9-C10 [A] 1.388(3) 1.3924(18)
C10-C11 [A] 1.387(2) 1.3939(17)
Cl11-C6 [A] 1.394(2) 1.3985(16)

C6-C7-Ru [°] 116.54 116.53

C4-N3-Ru [°] 117.40 117.67

N3 - Ru - Cl ]  88.82 89.25

Cl-Ru-C7 ] 8598 85.89

C7-Ru-N3 ] 77.27 77.43

C4-C6-C7 [] 113.58 113.50

C4-C6-Cl1 [ 123.43 123.91
N3-C4-C6-C7 [ 0.48 1.81
C6-C4-N3-Ru [] 3.17 5.03

C4-C6-C7-Ru []  3.92 2.17




Figure 23: Crystal structures &&d and2e

The unit cells of the compounds contain th} &nd § enantiomers in a racemic mixture,
suggesting that there is no preference towardstangoisomer (seeigure 24). Additionally, it

can be seen that the triazole ligands of the cporeding enantiomers are stacked on top of each
other, which may be explained hystacking interaction of the aromatic rings. The tniazole
rings are slightly offset, with a distance of 3.87(2¢) between the centers of mass. In
literature€®, the typical interplanar distance for aromaticckiag interaction is around 3.3 to
3.8 A. It is therefore reasonable to assume, tiaicomplexes in the unit cell interact through

n-stacking of the parallel displaced triazole rings.

Figure 24: Front (left) and side (right) view of the primitivell of 2e
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Table 4: Data collection and refinement parameter2fband2e

Compound 2d 2e
Goodness of fit 1.090 1.062
Temperature K] 100 100

Crystal size [mm] 0.228 x 0.236 x 0.269  0.215x 0.249 x 0.322
Crystal system tetragonal triclinic
Space group | 41/a P-1

a [A] 28.6971(11) 9.8442(3)
b [A] 28.6971(11) 9.9364(3)
c [A] 10.0994(5) 11.6969(5)
o [°] 90 71.6070(10)
B [°] 90 72.9617(14)
y [°] 90 88.0034(10)
Volume [A%] 8317.1(8) 1035.95(6)
z 16 2

Pcalc. [g/cm3] 1.505 1.561

h range -34to 34 -13t0 13

k range -34t0 34 -14 to -13

| range -12to 12 -16t0 16
No. reflections 147992 28312

No. parameters 248 257



2.4.5. Stability in agueous medium

The stability of complexe8a—fin aqueous solution was investigated by ESI-MSsueaments.
The method (described in section 3.1.6.) relietherincubation of a 50 UM solution of complex
in 0.5% DMSO / water for a time of 48 h at 37 °@Qridg which samples were collected and
analyzed via ESI-MS. Comparison of the peak arédabeorespective peaks in the MS spectra
allowed to draw conclusions on the ratio of thecg® present in aqueous solution over time.
However, the peak area depends on the ionizabilithe detected species, thus no quantitative,
but rather qualitative information is obtained. Gequently, the following percentage values
refer to the share in overall peak area and camaoiterpreted as definite molar ratios.

The two prominent compounds detected in the stabilieasurements were the complexes with
chloride abstracted [M-Cl] and the DMSO adduct of the aforementioned species
[M-CI+DMSOQ]". For HR-MS measurements, the complexes were d&dah a mixture of
acetonitrile and methanol with 1% water. Hereirt, oy the [M-CI] species but also an intact
sodium adduct [M+Nd&]were observed. The absence of the [M+N=dak in a 0.5% DMSO /
water solvent system suggested that the compl@eefs were quantitatively and rapidly

hydrolyzed in agueous medium.

In all complex solutions, the intensity of the DM®@duct peak [M-Cl+DMSO]approached a
maximum of 64 to 68% compared to the charactenmak [M-CI]. The incubated solutions of
2b,c and2e,fhad already reached the maximum DMSO adduct coratem at the initial (O h)
measurement, and no changes were observed oveo#Bbubation time. For complex&a
and2d, a smaller initial [M-CI+DMSQO] peak (27 — 34%) was found at the initial measurgme
Nevertheless, these compounds also reached thenomraxDMSO adduct content after orge)(
or three hours2@) of incubation (se@able 5).

Table 5: Proportional peak area of [M-CI+DMSQ)eak at the start of incubation
and approached maximum DMSO adduct content afterbiakion

Compound 2a 2b 2c 2d 2e 2f
Oh 27 68 64 34 67 65
Maximum 68 68 64 66 68 66
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Additionally, the hydrolysis of the ester functidiba bearing complexes2e,f to the
corresponding carboxylic acid was observed. Af@&h4of incubation, two to three percent of
the overall peak area corresponded to the freeogglib acid Qe: [M-CH,-CI+DMSQJ’) or
(2f: [M-C2H4s-CI+DMSOT). It has to be noted that this does not repreengbsolute ratio of
the compounds in solution. Most likely, only a sihmpért of the hydrolysis product was
observed. The main share of the carboxylic acidptermis deprotonated, therefore has an
overall neutral charge and cannot be detected by MS

2.4.6. Amino acid interaction in aqueous medium

In order to study the binding affinity of amino dsitoward the metal complexes, compounds
2a-f were incubated with.-cysteine,L-histidine, orL-methionine according to the previously
described method. These amino acids were seleoteduse histidine, and mainly the sulfur-

containing amino acids, are known for their reattitoward ruthenium(ll) arene complexes.

None of the complexe®a-f were observed to form any kind of amino acid atidiwcing the
incubation time of 48 h. The only difference to thpectra collected during stability
investigations (see section 352.4.5) was the isecaate of ester hydrolysis in the presence of
histidine, leading to an increase of the carboey@MSO adduct peak [M-CHCI+DMSOJ
from 2-3% to 4-6%. This can be explained by théédrdasicity of histidine compared to the
other amino acids, which could increase the pHhefihcubated solution thus favoring ester
hydrolysis. The use of buffered solutions to canfithis hypothesis is subject for further

research.
The pronounced unreactivity of the complexes tonamacids makes them interesting drug

candidates, because interaction with proteins améh@ acids is a main pathway for the

excretion of metal based drugs from the body, Aedsburce of diverse side effects.
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3. EXPERIMENTAL PART

3.1. Equipment and Methods

3.1.1. NMR spectra

NMR spectra were recorded using a BrukdrNMR spectrometer Avance I11™ in deuterated
dimethyl sulfoxide (DMSO-¢) or deuterated chloroform (CDgl 2D NMR spectra were
measured in a gradient-enhanced mode.

3.1.2. Elemental analyses

Elemental analyses were carried out at the Micrgtinal Laboratory of the University of
Vienna, using a PerkinEIm@400 Series || CHNS/O Elemental Analyzer for CHN analyses, and
a EurovectoEA3000 Elemental Analyzer for CHNS analyses.

3.1.3. Melting points

Melting points were determined with a Bldhélting Point M-560.

3.1.4. X-ray structures

X-ray diffraction measurements were performed dBrieker D8 VENTURE system equipped
with a multilayer monochromator and a Mo K/a INCC2Q microfocus sealed tubé E
0.71073 A) spectrometer at 100 K. Single crystdl€ad and 2e suitable for x-ray diffraction

analysis were grown by slow diffusion from dichlorethaneai-hexane at 4 °C.

3.1.5. HR-MS

High resolution mass spectra were recorded in tbee GFacility for Mass Spectrometry
(Faculty of Chemistry, University of Vienna) on auBer Maxis UHR qTOF Mass Spectrometer
by direct infusion. Data files were analyzed usiBguker data analysis software ESI
Compass 1.3 and Data Analysis 4.0.
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3.1.6. ESI-MS

Stock solutions of complexes in DMSO were prepared diluted to concentration of 100 uM
complex in 1% DMSO/ kD. For amino acid binding experiments, the comgekition was
incubated with an equal volume of water or 100 pieous amino acid solution (either
L-cysteineL-histidine, or.-methionine). Aliquots were taken after 0, 1, 328,and 48 hours of
incubation at 37 °C and stored at -20 °C until gsial

Electrospray ionization mass spectra were recomted BrukerAmazZon SL ion trap mass
spectrometer by direct infusion. Data files weralgred using Bruker data analysis software
Compass 1.3 and Data Analysis4.0. Samples were diluted with water / methanol (id)a
concentration of 5 UM and injected with a flow rafe240 pL/h. Following instrument settings
were used: dry temperature: 180 °C, nebulizer: §60 dry gas: 6.00 L/min, capillary
voltage: - 4500 V, end plate offset: - 500 V, IC&get: 50000, maximum accumulation time:
200.0 ms, scan range m/z: 70 - 1200, target mass680, average of 8 scans.

3.1.7. Solubility

The solubility was determined in phosphate buffesatine solution (pH 7.4) containing
1% DMSO. The compound was dissolved in DMSO andtell with PBS to an overall
concentration of 1% DMSO/PBS. The maximum solupiliefers to the highest analyte

concentration, at which no precipitation could bserved.
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3.2. Materials

3.2.1. Solvents

All solvents were purchased from commercial sour@ed used without further purification.
Methanol and ethanol for coordination reactionsendistilled and stored over molecular sieve

(3 A) prior to use.

Methanol (HPLC grade, Fisher) and Millipore watitil{i-Q Advantage A10, 18.2 M2 / 25 °C,

2 ppb TOC) were used for mass spectrometry measumtsm

3.2.2. Chemicals

Benzyl bromide (98%, Acros), 4-methoxybenzyl chderi(98%, Acros), 1-bromopropane
(99%, Aldrich), 1-bromobutane (99%, Sigma), methylomoacetate (99%, Acros), ethyl
bromoacetate (98%, Acros), sodium azigde90.0%, Fluka), copper(ll)sulfate pentahydrate (
99.0%, Fluka), phenylacetylene (98%, Aldrich), L-@scorbic acid sodium salt (99.0%, Fluka),
ruthenium(lll) chloride hydrate (Johnson Mattheglpha-terpinene (90%, Acros), sodium
acetate anhydroug ©8.5%, Fluka), molecular sieve (3 A, beads, 4-8mgphosphate buffered
saline (pH 7.4, 10x, gibco),-cysteine (Fluka)lL-histidine (Merck) and.-methionine (Merck)
were purchased from commercial suppliers and usthewt further purification.
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3.3. General procedures

3.3.1. General procedure for the synthesis of triazolands

1. NaNj 1.1 eq, DMSO
2.NaAsc 0.2 eq, CuSO4 0.2 eq, H,O

The respective organic halide (1.0 eq) was addedsmlution of sodium azide (1.0 — 1.1 eq) in
anhydrous DMSO (2 mL per mmol halide) and stirrddr@om temperature under argon
atmosphere for 3 hours to a maximum of 3 days, ritipg on the utilized halide. Deionized
water (2mL per mmol halide) was added, followed bgdium ascorbate (0.2 eq),
phenylacetylene (1.0 eq) and aqueous copper ssiffidon (1 M, 0.2 eq). The reaction mixture
was stirred vigorously under inert conditions (@isoto 2 days), followed by addition of water
to complete precipitation of the product. The fodrs®lid was collected by filtration, washed
with water and purified by column chromatographwtford the desired triazole liganda—fin

moderate to excellent yields (3®3%).
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3.3.2. General procedure for the synthesis of Ru(ll) cyenelmloride complexes

NaAc 1.1 eq R— /N\\ | i

R X
N N + _ = N N\Ru\
;<< dry MeOH / EtOH = cl
la-f 2a-f

Ligand 1a—f (1.0 eq) and anhydrous sodium acetate (1.1 eq¢ wWimsolved or suspended in

methanol or ethanol (dried over molecular sievéy)2and stirred for 15 minutes under argon
atmosphere. After addition of the ruthenium dim@9(to 1.0 eq), the reaction mixture was
stirred under inert conditions at room temperaforel6 hours to 5 days, during which time

precipitation of the desired product occurred. Afterds, the formed solid was filtered off and

washed with small amounts of cold methanol or ethtmremove excess ligand and dimer. The
solid was dissolved in dichloromethane, filtered @vaporated to dryness or precipitated with
n-hexane to afford the produ2a—f as orange crystals in average to good yields (A0%).
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3.4. Ligand synthesis

3.4.1. 1-Benzyl-4-phenyltH-1,2,3-triazolela

1. NaNj3 1.1 eq, DMSO
2. NaAsc 0.2 eq, CuSO,4 0.2 eq, H,O

N
Br @: : r N/ \\N

C7H7Bl' C|5H|3N3
M= 171.03 g/mol M = 235.28 g/mol

The reaction was performed according to the gempecaledure for the synthesis of triazoles (see
section 3.3.1), using benzyl bromide (1.42 mL, 1f8r@ol, 1.0 eq), sodium azide (859 mg,
13.2 mmol, 1.1 eq), sodium ascorbate (476 mg, 206Im0.2 eq), phenylacetylene (1.32 mL,
12.0 mmol, 1.0 eq) and copper(ll)sulfate pentahgd(@00 mg, 2.4 mmol, 0.2 eq). After 3 hours
of reaction time for the first step and 2.5 daystfee second step, the obtained crude product
was purified by column chromatography (10% acetonehloroform, Silica 60), affording the

desired producta as colorless crystals.

Yield 2.64 g (93%)
Melting point 126 — 130 °C
Solubility 0.05 mg/mL= 0.21 mM
HRMS [M+Na] " 258.1003 (found)

258.1002 (calculated)

Elemental analysis

CisHi3N3 C [%] H [%)] N [%]
calculated 76.57 5.57 17.86
found 76.32 5.20 17.66
A 0.25 0.37 0.20
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NMR

'H NMR (500.10 MHz, 301 K, DMSQ@k): 5 = 8.63 (s, 1H, CH-5); 7.85 (8)(H,H) = 7 Hz, 2H,
ArH-7/11); 7.44 (dd*J(H,H) = 8 Hz,3J(H,H) = 8 Hz, 2H, ArH-8/10); 7.41 — 7.30 (m, 6H,
ArH-9, ArH-14/18, ArH-15/17, ArH-16); 5.65 (s, 2i&H>-12) ppm.

13C NMR (125.75 MHz, 304 K; DMSQ@k): § = 146.6 (C-4); 136.0 (C-13); 130.6 (C-6); 128.8

(CH-16, CH-8/10 or CH-15/17); 128.7 (CH-8/10 or @BA7); 128.1 (CH-9); 127.8
(CH-14/18); 125.1 (CH-7/11); 121.5 (CH-5); 53.0 (€2) ppm.
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3.4.2. 1-(4-Methoxybenzyl)-4-phenylH-1,2,3-triazolelb

1. NaNj 1.1 eq, DMSO

2. NaAsc 0.2 eq, CuSO4 0.2 eq, H,O

Br N
MeO
OMe
CgHgBI‘O C 1 6H| 5N3O
M =201.06 g/mol M =265.31 g/mol

The reaction was performed according to the gempecaledure for the synthesis of triazoles (see

section 3.3.1), using 4-methoxybenzyl chloride 1@, 6.0 mmol, 1.0 eq), sodium azide

(390 mg, 6.0 mmol, 1.0 eq), sodium ascorbate (240 in2 mmol, 0.2 eq), phenylacetylene
(0.66 mL, 6.0 mmol, 1.0 eq) and copper(ll)sulfaentahydrate (300 mg, 1.2 mmol, 0.2 eq).

After 12 hours of reaction time for the first stapd 6 hours for the second step, the obtained

crude product was purified by column chromatograd® acetone in chloroform, Silica 60),

affording the desired produtb as colorless crystals.

Yield 864 mg (54%)
Melting point 138 - 139 °C
Solubility 0.09 mg/mL= 0.34 mM
HRMS [M+Na] " 288.1102 (found)

288.1107 (calculated)

Elemental analysis

Ci6H15NsO - 0.1HO C [%] H [%] N [%]
calculated 71,94 5,74 15,73
found 72,12 5,68 15,46

A 0.18 0.06 0.27
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NMR

14

H NMR (500.10 MHz, 299 K, DMSQ@}k): 5 = 8.58 (s, 1H, CH-5); 7.84 (d)(H,H) = 8 Hz, 2H,
ArH-7/11); 7.43 (dd3J(H,H) = 8 Hz,%)(H,H) = 8 Hz, 2H, ArH-8/10); 7.34 (dJ(H,H) = 9 Hz,
2H, ArH-14/18); 7.31 (dd3J(H,H) = 7 Hz,3J(H,H) = 7 Hz, 1H, ArH-9); 6.94 (d®*J(H,H) =
9 Hz, 2H, Ar-H); 5.56 (s, 2H, CHL2); 3.73 (s, 3H, CKH19) ppm.

13C NMR (125.75 MHz, 300 K, DMSQk): & = 159.2 (C-16); 146.6 (C-4); 130.7 (C-6); 129.5

(CH-14/18); 128.8 (CH-8/10); 127.9 (C-13); 127.8H@); 125.1 (CH-7/11); 121.2 (CH-5);
114.1 (CH-15/17); 55.1 (CHL9); 52.6 (CH-12) ppm.
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3.4.3. 4-Phenyl-1-propyftH-1,2,3-triazolelc

1. NaNj5 1.1 eq, DMSO
2. NaAsc 0.2 eq, CuSO4 0.2 eq, H,O

/N\
N
<> . -~ N SN

/\/Br >
C;H,Br CiiH3N;
M =122.99 g/mol M = 187.24 g/mol

The reaction was performed according to the gempecaledure for the synthesis of triazoles (see
section 3.3.1), using l1l-bromopropane (1.09 mL, i#ibl, 1.0 eq), sodium azide (859 mg,
13.2 mmol, 1.0 eq), sodium ascorbate (476 mg, 206Im0.2 eq), phenylacetylene (1.32 mL,
12.0 mmol, 1.0 eq) and copper(ll)sulfate pentahygd(@00 mg, 2.4 mmol, 0.2 eq). After 2 days
of reaction time for the first step and 2 daystfor second step, the obtained crude product was
purified by column chromatography (5% acetone ilomiorm, Silica 60), affording the desired
productlcas colorless crystals.

Yield 674 mg (30%)

Melting point 49 °C

Solubility 0.67 mg/mL= 3.58 mM
HRMS [M+Na]* 210.1002 (found)

210.1002 (calculated)

Elemental analysis

C1iH13Ns C [%] H [%] N [%]
calculated 70.56 6.99 22.44
found 70.48 6.92 22.53
A 0.08 0.07 0.09
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NMR

'H NMR (500.10 MHz, 300 K, DMSQ@k): § = 8.59 (s, 1H, CH-5); 7.85 — 7.82 (m, 2H,
ArH-7/11); 7.46 — 7.31 (m, 2H, ArH-8/10); 7.33 (atd, 3J(H,H) = 9 Hz,3J(H,H) = 9 Hz,
4J(H,H) = 1 Hz, J(H,H) = 1 Hz, 1H, ArH-9); 4.36 (J(H,H) = 7 Hz, 2H, CH-12); 1.89 (sext,
3)(H,H) = 7 Hz, 2H, CH13); 0.88 (t3J(H,H) = 7 Hz, 3H, CH-14) ppm.

13C NMR (125.75 MHz, 300 K, DMSQ@k): § = 146.3 (C-4); 130.9 (C-6); 128.8 (CH-8/9); 127.7
(CH-9); 125.1 (CH-7/11); 121.2 (CH-5); 51.1 (§kR); 23.1 (CH-13); 10.8 (CH-14) ppm.
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3.4.4. 4-Phenyl-1-butyltH-1,2,3-triazoleld

1. NaNj3 1.1 eq, DMSO
2.NaAsc 0.2 eq, CuSO,4 0.2 eq, H,O

\/\/BI' >
C4HoBr Ci2HysN;
M =137.02 g/mol M =201.27 g/mol

The reaction was performed according to the gempecaledure for the synthesis of triazoles (see
section 3.3.1), using 1-bromobutane (0.32 mL, 3xom 1.0 eq), sodium azide (195 mg,
3.0 mmol, 1.0 eq), sodium ascorbate (120 mg, 0.®ImM2 eq), phenylacetylene (0.33 mL,
3.0 mmol, 1.0 eq) and copper(ll)sulfate pentahyd(a60 mg, 0.6 mmol, 0.2 eq). After 24 hours
of reaction time for the first step and 1.5 daystfe second step, the obtained crude product
was purified by column chromatography (10% acetionehloroform, Silica 60), affording the
desired productd as colorless crystals.

Yield 413 mg (34%)

Melting point 63 -64 °C

Solubility 0.34 mg/mL= 1.69 mM
HRMS [M+Na]* 224.1159 (found)

224.1158 (calculated)

Elemental analysis

Ci12H1sN3 C [%] H [%)] N [%]
calculated 71.61 7.51 20.88
found 71.69 7.51 20.96
A 0.08 0.00 0.08
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NMR

H NMR (500.10 MHz, 300 K, DMSQ@k): 5 = 8.57 (s, 1H, CH-5); 7.84 (&)(H,H) = 7 Hz, 3H,
ArH-7/11); 7.44 (dd3J(H,H) = 7 Hz,3J(H,H) = 7 Hz, 2H, ArH-8/10); 7.32 (ddJ(H,H) = 7 Hz,
3J(H,H) = 7 Hz, 1H, ArH-9); 4.39 (t2J(H,H) = 7 Hz); 2H, CH2-12); 1.84 (quint)(H,H) =
7 Hz, 2H, ArH-13); 1.29 (sextJ(H,H) = 7 Hz, 2H, ArH-14); 0.90 (t2J(H,H) = 7 Hz, 3H,
CHs-15) ppm.

13 NMR (125.75 MHz, 301 K, DMSQ@k): & = 146.2 (C-4); 130.9 (C-6); 128.8 (CH-8/10);

127.7 (CH-9); 125.0 (CH-7/11); 121.2 (CH-5); 49H,-12); 31.6 (CH-13); 19.1 (CH-14);
13.3 (CH-15) ppm.
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3.4.5. Methyl[2-(4-phenyliH-1,2,3-triazol-1-yl)]acetatée

1. NaNj3 1.1 eq, DMSO
2.NaAsc 0.2 eq, CuSO,4 0.2 eq, H,O

/N\\
i (V=
)k/Br > 0
\O >

C3H;sBrO, Ci1HiN;0,
M =152.97 g/mol M =217.22 g/mol

The reaction was performed according to the gempecaledure for the synthesis of triazoles (see
section 3.3.1), using methyl bromoacetate (1.14 12.0 mmol, 1.0 eq), sodium azide (859 mg,
13.2 mmol, 1.1 eq), sodium ascorbate (476 mg, 2wIn0.2 eq), phenylacetylene (1.32 mL,
12.0 mmol, 1.0 eq) and copper(ll)sulfate pentahygd(@00 mg, 2.4 mmol, 0.2 eq). After 5 days
of reaction time for the first step and 2 daystfar second step, the obtained crude product was
purified by column chromatography (10% acetone ltomform, Silica 60), affording the
desired producte as colorless crystals.

Yield 1.75 g (67%)

Melting point 81-82°C

Solubility 1.05 mg/mL= 4.83 mM
HRMS [M+Na]* 240.0747 (found)

240.0743 (calculated)

Elemental analysis

C11H11N3O, C [%] H [%)] N [%]
calculated 60.81 5.11 19.35
found 60.72 4.89 19.26
A 0.09 0.22 0.09
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NMR

'H NMR (500.10 MHz, 300 K, DMSQ@k): 5 = 8.56 (s, 1H, CH-5); 7.86 (&])(H,H) = 8 Hz, 2H,
ArH-7/11); 7.46 (dd3J(H,H) = 8 Hz,3J(H,H) = 8 Hz, 2H; ArH-8/10); 7.35 (dd)(H,H) = 8 Hz,
3)(H,H) = 8 Hz, 1H, ArH-9); 5.48 (s, 2H, GH.2); 3.74 (s, 3H, Ck14) ppm.

13C NMR (125.75 MHz, 301 K, DMSQ@k): 5 = 168.2 (C-13); 146.4 (C-4); 130.5 (C-6); 128.9
(CH-8/10); 128.0 (CH-9); 125.2 (CH-7/11); 122.7 (G} 52.6 (CH-14); 50.4 (CH-12) ppm.

51



3.4.6. Ethyl[2-(4-phenyliH-1,2,3-triazol-1-yl)]acetatéf

1. NaNj 1.1 eq, DMSO
2.NaAsc 0.2 eq, CuSO4 0.2 eq, H,O

/N\\
0 @{ \/O\(\N _ N
/\O)k/Br - (0]

C4H;BrO, Ci2Hi3N;0,
M =167.00 g/mol M =231.25 g/mol

The reaction was performed according to the gempecaledure for the synthesis of triazoles (see
section 3.3.1), using ethyl bromoacetate (1.00 thD,mmol, 1.0 eq), sodium azide (644 mg,
9.9 mmol, 1.1 eq), sodium ascorbate (350 mg, 1.8Imth2 eq), phenylacetylene (0.99 mL,
9.0 mmol, 1.0 eq) and copper(ll)sulfate pentahyd&850 mg, 1.8 mmol, 0.2 eq). After 2 days
of reaction time for the first step and 1.5 daystfe second step, the obtained crude product
was purified by column chromatography (5% acetanehiloroform, Silica 60), affording the

desired productf as colorless crystals.

Yield 1.84 g (88%)

Melting point 99 - 100 °C

Solubility 0.47 mg/mL= 2.03 mM
HRMS [M+Na]* 254.0896 (found)

254.0900 (calculated)

Elemental analysis

C12H13N302 C [%] H [%)] N [%]
calculated 62.33 5.67 18.17
found 62.24 5.29 18.04
A 0.09 0.38 0.13
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NMR

H NMR (500.10 MHz, 300 K, DMSQ@k): 5 = 8.56 (s, 1H, CH-5); 7.86 (d)(H,H) = 7 Hz, 2H,
ArH-7/11); 7.46 (dd3J(H,H) = 8 Hz,3J(H,H) = 8 Hz, 2H, ArH-8/10); 7.35 (ddJ(H,H) = 7 Hz,
3J(H,H) = 7 Hz, 1H, ArH-9); 5.45 (s, 2H, GH.2); 4.21 (q2J(H,H) = 7 Hz, 2H, CH-14); 1.23
(t, J(H,H) = 7 Hz, 3H, CH-15) ppm.

13C NMR (125.75 MHz, 302 K; DMSQ@): 5 = 167.2 (C-13); 146.4 (C-4); 130.5 (C-6); 128.9
(CH-8/10); 128.0 (CH-9); 125.2 (CH-7/11); 122.7 (GM 61.6 (CH2-14); 50.6 (CH2-12); 14.0
(CH3-15) ppm.
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3.5. Complex synthesis

3.5.1. Bis[(n%-p-cymene)dichloridoruthenium]

RUCI3 : 3H2O +
dry ethanol

reflux 4 h

C101—116 C20H28C14Ru2
M=136,24 M=612.39

a-Terpinene (12.5 mL, 77 mmol) was added to a swhutif RuC} - 3H0 (2.0 g, 7.6 mmol) in
dry ethanol (75 mL) After heating to reflux for #urs, the reaction mixture was concentrated
invacuo to half of its original volume. Precipitation wittiethyl ether afforded the product as

red crystals, which were filtered off, washed wdththyl ether and drieih vacuo.

Yield 2.10 g (92%)
Melting point > 182 °C (decomposition)
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NMR

IH NMR (500.10 MHz, 299 K, CDG): & = 5.47 (d,%)(H,H) = 6 Hz, 2H, ArH-c); 5.33 (d,
3J(H,H) = 6 Hz, 2H, ArH-b): 2.92 (sept)(H,H) = 7 Hz, 1H, CH-f); 2.15 (s, 3H, Grh): 1.28 (d,
3J(H,H) = 7 Hz, 6H, CH-g) ppm.

1%C NMR (125.75 MHz, 298 K, CDG): § = 101.2 (C-e); 96.7 (C-b); 81.3 (CH-d); 80.5 (CH-c
30.6 (CH-f); 22.2 (C#g); 18.9 (CH-a) ppm.
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3.5.2. [Chlorido(4-(2'«C)-benzyl-1-butyliH-1,2,3-triazole-3¢N)(#5-p-

cymene)ruthenium(ll)Pa

[Ru(p-cym)Cl,], 0.5eq
N NaAc anh. 1.1 eq N
RN PN |
N° N - N ° N\RU\CI
— dry MeOH \:6

CisHisN; C,sHy6CINsRu
M =235.28 g/mol M =505.02 g/mol
la 2a

The reaction was performed according to the genemledure for the synthesis of complexes
(see section 3.3.2), using 1-benzyl-4-phetiyil,2,3-triazole (154 mg, 0.65 mmol, 1.0 eq),
anhydrous sodium acetate (59 mg, 0.72mmol, 1.1eahd bis[f®-p-cymene)
dichloridoruthenium] (200 mg, 0.33 mmol, 1.0 eq)diry methanol (10 mL) for a reaction time

of 5 days, affording the compl@&aas orange crystals.

Yield 231 mg (70%)

Melting point 230 — 239 °C (decomposition)
Solubility 0.02 mg/mL= 0.04 mM
HRMS [M-CI] * 470.1184 (found)

470.1164 (calculated)

Elemental analysis

CasH26CINsRU C [%] H [%)] N [%]
calculated 59.46 5.19 8.32
found 59.45 4.94 8.35

A 0.01 0.25 0.03
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14

17

H NMR (500.10 MHz, 299 KCDCL): § = 8.15 (d,*J(H,H) = 7 Hz, 1H, ArH-8); 7.52 (s, 1H,
CH-5); 7.36 — 7.31 (m, 3H, ArH-14/18, ArH-16); 7.25.22 (m, 2H, ArH-15/17); 7.21 (dd,
3J(H,H) = 7 Hz,%J(H,H) = 1 Hz, 1H, ArH-11); 7.10 (dddfJ(H,H) = 7 Hz,%)(H,H) = 7 Hz,
“J(H,H) = 1 Hz, 1H, ArH-9); 6.97 (ddd®J(H,H) = 7 Hz, 3J(H,H) = 7 Hz,%)(H,H) = 1 Hz,
ArH-10); 5.55 (d,2J(H,H) = 6 Hz, 1H, ArH-g); 5.49 (d,%J(H,H) = 6 Hz, 1H, ArH-d); 5.46 (d,
3J(H,H) = 6 Hz, 1H, ArH-d); 5.40 (d,*J(H,H) = 15 Hz, 1H, ArH-13; 5.25 — 5.20 (m, 2H,
CH-12,, ArH-cy); 2.40 (sept3J(H,H) = 7 Hz, CH-f); 2.03 (s, 3H, C#h); 0.92 (d,2J(H,H) =
7 Hz, CH-g1); 0.85 (d,2J(H,H) = 7 Hz, CH-gy) ppm.

%C NMR (125.75 MHz, 301 K, CDG): & = 176.3 (C-7); 155.6 (C-4); 139.7 (CH-8); 135.3
(C-6); 134.5 (C-13); 129.2 (CH-15/17); 128.9 (CH:18528.2 (CH-14/18); 127.8 (CH-9); 122.8
(CH-10); 122.4 (CH-11); 117.4 (CH-5); 99.6 (C-eB.® (C-b); 89.1 (C-); 87.4 (C-d); 85.6
(C-dy); 83.5 (C-g¢), 55.0 (CH-12); 30.9 (CH-f); 22.3 (CH34 22.2 (CH-gy); 18.9
(CHs-a) ppm.
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3.5.3. [Chlorido(4-(2'«C)-phenyl-1-(4-methoxybenzyl)H-1,2,3-triazole-3¢N)(;5-p-

cymene)ruthenium(l)2b

[Ru(p-cym)Cl,], 0.5eq

NS |
N, NaAc anh. l.le N SN—
N/ \\N q L Ru\
__ Cl
dry MeOH

MeO
MeO
Ci6H;sN;0 CoH,sCINSORu
M =265.31 g/mol M = 535.04 g/mol
1b 2b

The reaction was performed according to the genemledure for the synthesis of complexes
(see section 3.3.2), using 1-(4-methoxybenzyl)-dmyttlH-1,2,3-triazole (173 mg, 0.65 mmol,
1.0eq) and sodium acetate (59mg, 0.72mmol, d.1eand bis[¢®p-
cymene)dichloridoruthenium] (200 mg, 0.33 mmol, 4d) in dry methanol (10 mL) for a

reaction time of 5 days, affording the compRixas orange crystals.

Yield 214 mg (61%)

Melting point 235 — 245 °C (decomposition)
Solubility 0.04 mg/mL= 0.07 mM
HRMS [M-CI] * 500.1292 (found)

500.1270 (calculated)

Elemental analysis

CaeHzsCINORu C [%] H [%] N [%] S [%]
calculated 58.37 5.27 7.85 0.00
found 58.32 5.35 8.18 <0.02
A 0.05 0.08 0.33 <0.02
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15 13

IH NMR (500.10 MHz, 299 K, CDG): § = 8.14 (d;2J(H,H) = 7 Hz, 1H, ArH-8); 7.39 (s, 1H,
CH-5); 7.09 (ddd3J(H,H) = 7 Hz,2)(H,H) = 7 Hz,%J(H,H) = 1 Hz, 1H, ArH-9); 7.25 — 7.21 (m,
3H, ArH-11, ArH-14/18); 6.94 (dfJ(H,H) = 7 Hz,3)(H,H) = 7 Hz, 1H, ArH-10); 6.92 — 6.89
(m, 2H, ArH-15/17); 5.56 (CJ(H,H) = 6 Hz, 1H, ArH-g); 5.53 — 5.46 (m, 2H, ArH¢l ArH-
dy); 5.50 (d,2J(H,H) = 15 Hz, 1H, Ck#12); 5.37 (d,2J(H,H) = 15 Hz, 1H, Ch12,); 5.21 (d,
3J(H,H) = 6 Hz, ArH-e), 3.81 (s, 3H, OCKI19); 2.45 (septI(H,H) = 7 Hz, 1H, CH-f); 2.04 (s,
3H, ArH-a); 0.95 (d3J(H,H) = 7 Hz, 3H, CH-gy); 0.90 (d,2J(H,H) = 7 Hz, 3H, CH-g2) ppm.

3C NMR (125.81 MHz, 300 KCDCl): & = 176.3 (C-7); 160.1 (C-16); 155.4 (C-4); 139.6
(C-8); 135.3 (C-6); 129.9 (CH-14/18): 127.7 (CH-426.4 (C-13); 122.7 (CH-10); 122.4
(CH-11); 117.2 (CH-5); 114.5 (CH-15/17): 99.6 (C-88.7 (C-b); 89.0 (CH; 87.4 (CH-d):
85.5 (CH-d); 83.5 (CH-g); 55.5 (CH-19): 54.5 (CH-12): 30.8 (CH-f); 22.3 (Ckigy): 22.2
(CHs-g2); 18.8 (CH-a) ppm.
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3.5.4. [Chlorido(4-(2'«C)-phenyl-1-propyltH-1,2,3-triazole-3¢N)(;%-p-

cymene)ruthenium(l)2c

[Ru(p-cym)Cly], 045 eq ©—<
N NaAc anh. 1.1eq |

N
RN PN
~ NN -  ~ N O N TRu
dry MeOH — Cl
CpiHy3N; C,Hy4CINsRu
M = 187.24 g/mol M =456.97g/mol
1c 2¢

The reaction was performed according to the gernpmedure for the synthesis of complexes
(see section 3.3.2) using 4-phenyl-1-propkl-1,2,3-triazole (136 mg, 0.73 mmol, 1.0 eq),
sodium acetate (66 mg, 0.80 mmol, 1.1 eq) andiSigfcymene)dichloridoruthenium] (200 mg,

0.33 mmol, 0.9 eq) in dry methanol (5 mL) for aatézn time of 5 days, affording the complex

2cas orange crystals.

Yield 114 mg (40%)

Melting point 212 — 220 °C (decomposition)
Solubility 0.05 mg/mL= 0.11 mM
HRMS [M-CI] * 422.1176 (found)

422.1164 (calculated)

Elemental analysis

C21H2¢CINsRu - 0.6HO C [%] H [%] N [%] S [%)]
calculated 53.91 5.86 8.98 0.00
found 53.67 5.65 8.99 <0.02
A 0.24 0.21 0.01 <0.02
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H NMR (500.32 MHz, 300 K, CDG): & = 8.15 (d,*J(H,H) = 7 Hz, 1H, ArH-8); 7.55 (s, 1H,
CH-5); 7.24 (d2J(H,H) = 7 Hz, 1H, ArH-11); 7.10 (ddJ(H,H) = 7 Hz,3J(H,H) = 7 Hz, 1H,
ArH-9); 6.97 (dd,2J(H,H) = 7 Hz,3J(H,H) = 7 Hz, 1H, ArH-10); 5.54 (#J(H,H) = 6 Hz, 1H,
ArH-c1); 5.49 (d,*J(H,H) = 6 Hz, 1H, ArH-d); 5.45 (d,*J(H,H) = 6 Hz, 1H, ArH-d); 5.20 (d,
3J(H,H) = 6 Hz, 1H, ArH-g); 4.27 — 4.04 (m, 2H, CH12); 2.42 (sept’J(H,H) = 7 Hz, 1H,
CH-f); 2.03 (s, 3H, Chta); 1.94 — 1.83 (m, 2H, GHL3); 0.95 — 0.89 (m, 9H, ArH:gArH-g,,
CHs-14) ppm.

13C NMR (125.81 MHz, 301 K, CDGJ: § = 176.2 (C-7); 155.2 (C-4); 139.6 (CH-8); 135.4
(C-6); 127.7 (CH-9); 122.7 (CH-10); 122.3 (CH-11)7.2 (CH-5); 99.4 (C-e); 99.1 (C-b); 88.8
(CH-c)); 87.8 (CH-d); 85.2 (CH-d); 83.2 (CH-g); 53.1 (CH-12); 30.9 (CH-f); 23.6 (CH-13);
22.4 (CH-qu); 22.1 (CH-g2); 18.9 (CH-a); 11.0 (CH-14) ppm.
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3.5.5. [Chlorido(4-(2'«C)-phenyl-1-butyliH-1,2,3-triazole-3¢N)(,°-p-

cymene)ruthenium(11)2d

~TN N

CioH;sN3

M =201.27 g/mol

1d

[Ru(p-cym)Cl,], 0.45 eq

—o

SN

NaAc anh. 1.1eq N/N\ N
> ~Ru
> /\/\ B ~

dry MeOH

Cl

C22H2 8C lN3RL1
M = 471.00g/mol

2d

The reaction was performed according to the genemdedure for the synthesis of complexes
(see section 3.3.2) using 1-butyl-4-phenyl-1H-1tPi&ole (146 mg, 0.73 mmol, 1.0 eq),
sodium acetate (65 mg, 0.80 mmol, 1.1 eq) andsSigfcymene)dichloridoruthenium] (200 mg,

0.33 mmol, 0.9 eq) in dry methanol (5 mL) for aaté&an time of 16 hours, affording the

complex2d as orange crystals.

Yield

Melting point
Solubility
HRMS [M-CI] *

Elemental analysis

186 mg (60%)

212 — 220 °C (decomposition)
0.02 mg/mL= 0.05 mM
436.1326 (found)
436.1321 (calculated)

C22H26CINsRu - 0.5HO C [%] H [%)] N [%] S [%]
calculated 55.04 6.09 8.75 0.00
found 54.94 5.85 8.54 <0.02
A 0.10 0.24 0.21 <0.02
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NMR

IH NMR (500.32 MHz, 300 K, CDG): 8 = 8.14 (d2J(H,H) = 7 Hz, 1H, ArH-8); 7.55 (s, 1H,
CH-5); 7.22 (d2J(H,H) = 7 Hz, 1H, ArH-11); 7.09 (ddJ(H,H) = 7 Hz,3)(H,H) = 7 Hz, 1H,
ArH-9); 6.97 (dd3J(H,H) = 7 Hz,3J(H,H) =7 Hz, 1H, ArH-10); 5.53 (J(H,H) = 6 Hz, 1H,
ArH-cy); 5.48 (d,3J(H,H) = 6 Hz, 1H, ArH-d): 5.45 (d,2)(H,H) = 6 Hz, 1H, ArH-d); 5.20 (d,
3(H,H) = 6 Hz, 1H, ArH-g); 4.27 — 4.19 (m, 1H, CH2-12 4.08 — 4.00 (m, 1H, CH2-§p 2.41
(sept,2J(H,H) = 7 Hz, 1H, CH-); 2.02 (s, 3H, GHh); 1.81 (quint’J(H,H) = 7 Hz, 2H, CH13);
1.32 - 1.22 (m, 2H, CH14); 0.95 — 0.88 (m, 9H, GHy1, CHs-g2, CHs-15) ppm.

13C NMR (125.81 MHz, 301 K, CDG): § = 176.2 (C-7); 155.2 (C-4); 139.6 (C-8); 135.46-
127.6 (CH-9); 122.7 (CH-10); 122.3 (CH-11); 117GH¢5); 99.4 (C-e); 99.0 (C-b); 88.8
(CH-cy); 87.7 (CH-d); 85.3 (CH-d); 83.3 (CH-g); 51.2 (CH-12); 32.1 (CH13); 30.9 (CH-f);
22.4 (CH-gy); 22.1 (CH-g,); 19.7 (CH-14); 18.8 (CH-a); 13.5 (CH-15) ppm.
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3.5.6. [Chlorido(methyl-2-(4-(2'«C)-phenyld1H-1,2,3-triazol-(3xN)-1-yl)acetate ){°-

p-cymene)ruthenium(il)Pe

[Ru(p-cym)Clo], 0.5 eq @_<
N |

N
o N N NaAc anh. 1.1eq - o N~ \\N\Ru
d = 4 = o
0 dry MeOH o)
CiH N3O, C,H,,CIN;0,Ru
M =217.22 g/mol M = 486.96 g/mol
le 2e

The reaction was performed according to the genemedure for the synthesis of complexes
(see section 3.3.2) using methyl 2-(4-phetiyhl,2,3-triazol-1-yl)acetate (158 mg, 0.73 mmol,
1.0 eq), sodium acetate (65 mg, 0.80 mmol, 1.laed)bis[(®-p-cymene)dichloridoruthenium]
(200 mg, 0.33 mmol, 0.9 eq) in dry methanol (5 rfir) a reaction time of 16 hours, affording

the complexX2e as orange crystals.

Yield 148 mg (42%)

Melting point 235 — 242 °C (decomposition)
Solubility 0.11 mg/mL= 0.22 mM
HRMS [M-CI] * 452.0914 (found)

452.0906 (calculated)

Elemental analysis

C21H24CIN3OzRu - 0.5 HO C [%] H [%] N [%] S [%)]
calculated 50.80 5.08 8.47 0.00
found 51.04 4.94 8.55 <0.02
A 0.24 0.14 0.08 <0.02
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NMR

'H NMR (500.10 MHz, 300 K, CDG): § = 8.16 (d,*J(H,H) = 7 Hz, 1H, ArH-8); 7.74 (s, 1H,
CH-5); 7.19 — 7.12 (m, 2H, ArH-9, ArH-11); 7.01 (dd(H,H) = 7 Hz,3)(H,H) = 7 Hz, 1H,
ArH-10); 5.51 (d,2J(H,H) = 6 Hz, 1H, ArH-g); 5.47 (d,%J(H,H) = 6 Hz, 1H, ArH-d); 5.44 (d,
3J(H,H) = 6 Hz, 1H, ArH-d); 5.20 (d,*J(H,H) = 6 Hz, 1H, ArH-g); 4.62 (d,?J(H,H) = 18 Hz,
1H, CH-12); 4.53 (d,2J(H,H) = 18 Hz, 1H, CH12); 3.67 (s, 3H; Ch14); 2.35 (sept,
%J(H,H) = 7 Hz; 1H, CH-f); 1.98 (s, 3H, GHh); 0.92 (dJ(H,H) = 7 Hz, 3H, ChH-g1); 0.87 (d,
3J(H,H) = 7 Hz, 3H, CH-g) ppm.

13C NMR (125.75 MHz, 300 K, CDG): 5 = 176.2 (C-7); 166.9 (C-13); 154.9 (C-3); 139.9
(CH-8); 135.3 (CH-6); 127.7 (CH-9); 122.7 (CH-1@p2.4 (CH-11); 119.8 (CH-5); 99.5 (C-e);
99.1 (C-b); 88.9 (CH+); 88.0 (CH-d); 85.5 (C-d); 83.3 (C-g); 52.9 (CH-14); 50.9 (CH-12);
30.8 (CH-f); 22.31 (Chtgy); 22.1 (CH-gy); 18.7 (CH-a) ppm.
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3.5.7. [Chlorido(ethyl-2-(4-(2'xC)-phenyldH-1,2,3-triazol-(3xN)-1-yl)acetate ){-p-

cymene)ruthenium(l1)Rf

[Ru(p-cym)Cl], 0.5eq ©| <

N
N NaAc anh. 1.1eq R
TN
N° SN 0 N “N—~—Ru
\/O{ — - \( = e
Y dry EtOH )
C1oH3N;0, C,,H,,CIN;O,Ru
M =231.25 g/mol M =500.98 g/mol
1f 2f

The reaction was performed according to the germpmedure for the synthesis of complexes
(see section 3.3.2) using ethyl 2-(4-phetiyi1,2,3-triazol-1-yl)acetate (151 mg, 0.65 mmol,
1.0 eq), sodium acetate (59 mg, 0.72 mmol, 1.laed)bis[(’-p-cymene)dichloridoruthenium]
(200 mg, 0.33 mmol, 1.0 eq) in dry ethanol (5 m&) & reaction time of 2 days, affording the
complex2f as orange crystals.

Yield 230 mg (71%)

Melting point 237 — 240 °C (decomposition)
Solubility 0.11 mg/mL= 0.22 mM
HRMS [M-CI] * 466.1060 (found)

466.1063 (calculated)

Elemental analysis

CasH26CINO;RU C [%] H [%] N [%] S [%]
calculated 52.74 5.23 8.39 0.00
found 52.65 4.89 8.33 <0.02
A 0.09 0.34 0.06 <0.02
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'H NMR (500.10 MHz, 300 K, CDG): & = 8.17 — 8.14 (m, 1H, ArH-8); 7.75 (s, 1H; CH-5);
7.15 —7.11 (m, 2H; ArH-9; ArH-11); 7.00 (dt(H,H) = 7 Hz,3J(H,H) = J(H,H) = 6 Hz, 1H,
ArH-c1); 5.473J(H,H) = 6 Hz, 1H, ArH-d); 5.43%)(H,H) = 6 Hz, 1H, ArH-d); 5.193)(H,H) =

6 Hz, 1H, ArH-¢); 4.56 (d,2J(H,H) = 18 Hz; 1H, CH12); 4.43 (d,%J(H,H) = 18 Hz; 1H,
CHx-12,); 4.16 — 4.06 (m, 2H, CH14); 2.33 (sept’J(H,H) = 7 Hz, 1H, CH-f); 1.97 (s, 3H,
CHs-a); 1.20 (t,3J(H,H) = 7 Hz, 3H, CH-15); 0.90 (d.2J(H,H) = 7 Hz, 3H, CH-g1); 0.86 (d,
3J(H,H) = 7 Hz, 3H, CH-g) ppm.

13C NMR (125.75 MHz. 301K, CDG): § = 176.1 (C-7); 166.4 (C-13); 154.7 (C-4); 139.8
(CH-8); 135.5 (C-6); 127.6 (CH-9); 122.8 (CH-10p214 (CH-11); 120.1 (CH-5); 99.3 (C-€);
99.1 (C-b); 88.7 (C); 88.1 (C-d); 85.4 (C-d); 83.3 (C-g); 62.1 (CH-14); 51.1 (CH-12); 30.7
(CH-f); 22.3 (CH-g1); 22.0 (CH-gy); 18.7 (CH-a); 14.1 (CH-15) ppm.
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4., CONCLUSION AND OUTLOOK

Over the course of this master thesis, six diffefesubstituted 4-phenyl-1,2,3-triazoles were
synthesized in average to excellent yields. Sules@tyy a synthetic procedure for the generation
of N,C-coordinated triazoles bearing organometallic milva(ll)-arene fragments was
developed. Six corresponding,C-coordinated ruthenium(ll) complexes were synthexbiin
average to good vyields. Ligands and complexes whegacterized vidH-, *C- and two-
dimensional NMR techniques, X-ray diffraction arsgy, high-resolution mass spectrometry,
elemental analyses and melting point measuremattsomplexes exhibited poor solubility in
PBS and hydrolyzed rapidly in aqueous media asciattdd by ESI-MS investigations. In
biomolecule binding studies, no amino acid adduwase observed, accounting for the strong
N,C-coordination between metal and the triazole ckelat

The performed research established a synthetievpgtfor the development &f, C-coordinated
triazole bearing ruthenium(ll) arene complexes. Baesimilarity to ruthenium, osmium(ll)-
arene complexes, analogous to the compounds peesienthis thesis, can likely be synthesized
in a similar way and evaluated in biological assaise synthesis of otheé¥,C-coordinated
platinum metal arene complexes (Rh, Ir) is sufgcturther investigations.

Preliminary biological screening results indicaterpising activity in the low micromolar range.
In-depth analysis of the antiproliferative activifthe complexes and improvement of triazole

substitution according to the obtained results iema topic for future research.

The abundance of diverse starting materials, stiheofgthe metal-ligand bond, robustness of the
synthetic pathway, potential introduction of functal groups with targeting properties and high
adjustability render this newly explored compoutabs a desirable and exciting ligand scaffold

for the future development of anticancer agents.
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