UNIVERSITAT
BAYREUTH

Development of natural producterived

anti-tumoural metal complexes

Dissertation zur Erlangung des akademischen Grades
einesDoktors der Naturwissenschaften (Dr. rer. nat) der
Fakultat fur Biologie, Chemie udkowissenschafteder

Universitat Bayreuth

vorgelegt von

Sebastian Werner Schleser

aus Minchen

Bayreuth, 203






Die vorliegende Arbeit wurde in der Zeit vApril 2020bis Januar2023 in Bayreuth aniehrstuhl

fur Organische Chemiaihter Betreuung vorderrn ProéssorDr. Rainer Schobert angefertigt.

Vollstandiger Abdruck der von der Fakultat fur Biologie, Chemi Geowissenschaften der
Universitat Bayreuth genehmigten Dissertation zur Erlangung des akademischen Grades eines

Doktors der Naturwissenschaften (Dr. rer. nat.).

Art der Dissertation: KumulatvDissertation
Dissertation eingereicht ani7.01.2023
Zulassung durch die Promotionskommissi®5.01.2023

Wissenschaftliches Kolloquiur?5.04.2023

Amtierender DekanProf. Dr. Benedikt Westermann

Prufungsausschuss:

Prof. Dr. Rainer Schobert ~ (Gutachter)
Prof. DrRhett Kempe (Gutachter)
Prof. DrMatthias Breuning  (Vorsitz)

Prof. Dr.Peter Strohriegl






Fir meine Mutter und im Gedenken an meinen Vater






a! YR @ 2dz NXzag zatch ub Rith &he sirbutliigyginking
wlk OAy3 NRBdzyR (2 0O2YS dzLJ
~Pink Floyd, Time






Abstract

The world is facing the late phase of an epidemiological transition, with cancer becoming the
leadingcause of deatlin the developed world for people under 70 years of age. Yet, as variable

and unique as cancer may be, so are its treatment options. While its treatment is increasingly
shifting towards personalised therapy using immeoecology, chemotherapis still the method

of choice, especially for advanced stages of cancer. The three most common chemotherapeutic
agents are cisplatinl}, carboplatin 7) or oxalipatin 8), which are used in over 50% of all
chemotherapies. Existing or developing resisesagainst these cytostatic drugs can, however,
reduce their rate of successful applications. In addition, their sometimes severe side effects can
AAIAYATFAOLIyGEe AYLI OO GKS LI GASyGQa ljdzZtAlde 27

Consequently, a search for alternatives in cancer treathibegan, quickly expanding to include
other transition or noble metals for developing chemotherapeutic drugs. Compared to organic
compounds, metal complexes generally have the advantage of unique geometries to fit into the
GFr NBSGaQ oAy Rknbr@, alkharge canieasity b€idudduded into metal complexes,
significantly affecting their pharmacokinetics. Hence, mechanisms of action can be achieved other
than binding tothe DNA, as in the case of the mainstay platinum complexes. Among others, gold
complexes such as auranofi2®f have proven to be particularly effective in inducing cancer cell
apoptosisvia mitochondrial pathways. In addition to the central atom, the ligands play the main
role in unfolding anttumoural effects. N-heterocyclic carbenes (NHC) have proven to be
extraordinarily versatile and potent. Thus, by appropriate design, tasgetific or pleiotropic

chemotherapeutics can be generated.

Improving the effects of an already active substance by combining iewaéntral metal to design
compounds with specific mechanisms of action can create metal complexes with reduced adverse
side effects or enhanced artimoural activity. Therefore, insight into these complexes'
mechanisms of action is of great inteteln addition to in vitro assays, subcellular localisation

serves this purpose, for examplgabioorthogonal click chemistry.

This dissertation comprises three publications detailing the synthesis, characterisation, and
evaluation(e.g.,1Go, cellular uptakeROS generatioand DNA Interactionpf metal complexes,
addressing one or more Hallmarks of Cancer. M@ features of the complexes developed in
the course of this researdre their unique anttumoural effects and their subcellular localisation

via hioorthogonal chemistry.



The first publication examines NH©GId(I) thiolato complexes, mimicking the HIF inhibitor

AC1004. Compared to the lead structure, improved cytotoxicityas achieved through
accompanying effects, such as thioredoxin reductasexK) inhibition, inhibition of tube
formations or disruption of the cytoskeleton formation. Thi, values were mainly in the low
micromolar range. Bioorthogonal click chemistry of their cycloproges&ring analogues also

demonstrated the accumulatioof the thiolato complexes in the cancer cells' mitochondria.

The second publication focuses tnans-bis platinum(ll) complexes, analysing their geometry's
effects to circumvent cisplatifll) resistance The cytotoxicity of some compounds reached two
digit nanonolar IG, values against several human cancer cell lines. Furthermore, a structure
activity rdationship (SAR) study was conducted, revealing that cytotoxicity, stability,and
mechanism of action correlated with the geometry and Msubstituents. The latter was proven
via cyclopropenetagged derivatives, which accumulated in theancer cells' nuclei €ig or

mitochondria {rans).

The third publication discusses gold complexes derived from the mitotic inhibitor combretastatin
A4 (CA4). The ligands were synthesised followwgN LEUSENNidazole cycloaddition reaction.
Different subcellular amumulations could be achievedepending on the second ligand of the
Au(l) specieswhich was demonstrated via fluorescence experiments with anthrabeaging
congeners. The neutral gold chloridesundwith the DNA, the cationic phosphane complexes led
to TrxR inhibition and the bINHC complexes accumulated in the lysosomes, all of which led to

apoptosis withiGo values in the low thredligit to the two-digit nanomolar range.

DNA Damage
ROS Generation TrxR Inhibition



Kurzzusammenfassung

Die Welt befindet sich inmitten eines epidemiologischen Wandels: Krebs ist in den
Industrielandern mittlerweile die haufigste Todesursache bei Menschen unter 70 Jahren. So
variabel und einzigartig, wie eine Krebserkrankung sein kann, so unterschiedticausin die
TherapiemdglichkeiterWahrend sich der Trend aktuell immer mehr in Richtung personalisierte
Therapie unter Einsatz von Immunonkologie entwickedt die Chemotherapie vor allem in
fortgeschrittenen Stadien nach wie vor das Mittel der Wahl. Rimmplexe Cisplatin(l),
Carboplatin(7) oder Oxaliplatin §) sind dabei in gut 50% der Therapien vertreten. Bestehende
oder sich entwickelnde Resistenzen kdnnen allerdings den Therapieerfolg mindern. Die teilweise
starken Nebenwirkungen der Zytostatikarki@&n zudem die Lebensqualitat der Patienten massiv

beeintrachtigen.

Daher begann frith nach der Entdeckung von Cisp{&}idie Erforschung madglicher Alternativen
unddieseweitete sich schnell auf andere Ubergangder Edelmetalle aus. Gegeniiber orgahis
chemischen Verbindungen haben Metallkomplexe allgemein den Vorteil, dass sich einzigartige
Geometrien erzeugen lassen, um so in die Bindungstaschedieleslekiils zu passen. Aulerdem
kann leicht eine Ladung in den Komplex gebracht werden, was dienBkakinetik maf3geblich
beeinflusst. Dadurch kénnen andere Wirkmechanismen erzielt werden als die der Platinkomplexe,
welche in die DNA interkalieren. Als besonders wirksam haben sich dabei unter anderem
Goldkomplexe wie Auranofin29) erwiesen, die Uber mitochondriale Wege die Apoptose
einleiten. Nebst dem Zentralatom spielen die Liganden eine wichtige Rolle in der Entfaltung der
antitumoralen Wirkung. Dabei bestechen NHCs durch ihre Vielseitigkeit und leichte
Anpassbarkeit. Durch geltes Design lassen sich so targeezifische oder pleiotropische

Chemotherapeutika erzeugen.

Die Kombination einer bereits aktiven Substanz mit einem Zentralmetall kann deren Effekte
verbessern und Komplexe mit besonderen Wirkmechanismgeringeren usrwiinschten
Nebenwirkungen oder verstarkter antitumoraler Aktivitdt generieren. Deshalb ist die Aufklarung
des Wirkmechanismus dieser Komplexe von groRem Interesse. Dazu dientineliea Assays

vor allem die subzellulédre Lokalisation zum Beispiel doimbrthogonale Click Chemie.

Diese Arbeit umfasst drei Publikationen, welche die Synthese, Charakterisierung und Evaluierung
(unter anderem 1Gyo, zellulare Aufnahme, R@S3zeugung und DNAInteraktion) von
Metallkomplexe beschreiben, welche einen oder imere der Hallmarks of Cancer adressieren.
Das Hauptmerkmal der im Zuge dieser Arbeit entstanden Verbindungen sind deren einzigartige

antitumorale Effekte sowie deren subzelluldre Lokalisation via bioorthogonaler Chemie.



Die erste Publikation beschéaftigck mit NHGGold(l) Thiolkomplexen, die dem HIF Inhibitor
ACZ1004 nachempfunden wurden. Durch einhergehende Effekte wie TR Inhibition, die
Inhibition der Angiogeneseoder die Stdrung der Ausbildung des Zytoskelekisnnte eine
verbesserte Zytotagitat verglichen mit der Leitstruktur erzielt werdddielGoWerte lagen dabei
hauptséachlich im niedrigen mikrormasen Bereich. Bioorthogonale Click Chemie von Cyclopropen

tragenden Analoga bewies auRerdem eine Akkumulation in den Mitochondrien der Krebszellen.

Die zweite Veroffentlichung behandelt vor allemans-bis Platin(ll) Komplexe, die durch ihre
Geometrie die Resistenz gegenuber Cispldlinmgehen sollten. Dab&iurden bis zu zweistellig
nanomohren I1Go Werte erreicht. Auferdem wurde eine StrukiAktivitatsBeziehung
beobachtet. Nicht nur die Zytotoxizitat, sondern auch die Stabilitat und der Wirkmechanismus
hingen dabei von der Geometrie und d®&hSubstituentenab. Der Wirkmechanismusvurde
anhand von Cyclopropenemagenden Derivaten nachgewiesen, die sich in den Zellkercign (

oder Mitochondrien {fans) der Krebszelleanreicherten.

Die dritte Publikation thematisieiGold Komplexe, deren Imidazolligandemu#litoseinhibitor

CA4 nachempfunden wurden. Die Liganden wurden gemaR eing&N LEUSEN
Cycloadditionsreaktion synthetisiert. Je nach Wahl des zweiten Liganden der Au(l) Spezies
konnten hier verschiedene subzellulare Akkumulationen erreicht werden, wash dumthracen
tragende Analoga bewiesen wurde. Die neutralen Goldchldvigledendabeian die DNA, die
kationischen Phosph&omplexe fuhrten zur Inhibition von TrxR und die #IC Komplexe
reicherten sich in den Lysosomen an. Alle Komplexe fihrten zurtdgmpnit IGo Werten im

niedrig dreistellig bis zweistelligen nanoramnBereich.

DNA Schaden
ROS Erzeugung TrxR Inhibition
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Abbreviations

Ac acetate

Alloc allyloxycarbonyl

Aq agqueous

Ar aryl

ATP adenosine triphosphate
BiP binding immunoglobulin protein
Bn benzyl

Boc tert-butyloxycarbonyl

Bu butyl

CA4 combretastatin A4

CAM chorioallantoic membrane

cisplatin | cisdiamminedichloroplatinum

Cp cyclopentadiesl

CUuAAC | copper(l)catalysed azidalkyne cycloaddition
CvD cardiovascular disease

Cy cyclohexyl

DACH 1,2-diaminocyclohexane

DLC delocalised lipophilic cations

DLT doselimiting toxicity

DMSO dimethyl sulfoxide
DNA deoxyribonucleic acid
EGFR epidermal growth factor receptor

EMSA electrophoreticmobility shift assay

E. coli Escherichia coli

Eq equivalents

Et ethyl

FDA Food and Drug Administration

Glso half maximal inhibitory concentratioof cell proliferation
HDI humandevelopmentindex

HIF hypoxiainduciblefactor

HMG high mobility group
HOMO highest occupied molecular orbital
HSAB hard and soft acids and bases
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i iso

1Go half maximal inhibitory concentration
Im imidazole
In indazole

LUMO lowest unoccupied molecular orbital
Me methyl

MeCN acetonitrile

MMP mitochondrial membrane potential
MMR mismatch repair
6-MP 6-mercaptopurine

NADH dihydronicotinamide adenine dinucleotide
NER nucleotide excision repair
NHC N-heterocyclic carbene

NSCLC | non-smalkcell lung cancer

PCC pearson correlation coefficient
Ph phenyl

Pn pentane

Pr propyl

PSP purine salvag@athway

ROS reactive oxygen species

r.t. room temperature

SA serum albumin

SAR structure-activity relationship
SPh thiophenol

StA sterulic acid

t tert

6-TG 6-thioguanine

TME tumour microenvironment

TNM tumour node metastasis

TosMIC | toluene sulfonylmethyl isocyanide
TrxR thioredoxin reductase

UPR unfolded proteins response
VEGF vascular endothelial growth factor
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1 Introduction

1.1 Cancer: Statistics, characteristics, and hurdles of novel therapies

After decades as the leading cause of premature death, cardiovascular diseases (CVD) have been

surpassed by cancer in recent years, espedialtpuntries with a high hman development index

(HDN2 The International Agency for Cancer Research reupbit9.3 million new cancer cases

and 10.0 millioncancelB t  § SR RSIFGKa Ay GKSANI HnHANQ&

D[ h. h/

the top two most common causes of death before the age of 70 in 112 out of 183 countries

(Figure1)

Interestingly, the incidence of different cancer types varies between countries due to exposure to

other risk factors.The most diagnosed naer types in industrialisedcountries are breast,

prostate- and lung cancedue to more prevalent obesity, smoking or an unhealthy diet. L& H

countries show a higher frequency gfoverty-based and infectiomelated cancer types, e.g.

abdominal, liver and cervical cancé?. Vaccination against the latter has been promoted for

decadesleading tothis type ofcancerbeing listedat the lower end of the incidence rangelilgh
HDI countriesthus emphasisinghe importance of prevention and access health carel®

Countryspecific differences can also be identified, such as the fighortion of lung cancer in

China due to high air pollutiofi.

Predictions for the cancer burden of 2040 forecast a o$aew cancer diagnoseby 47%
worldwide, with low to medium HDI countries suffering the most due to the growth ageingof

the population in combination with poor access to healthcare in those transitioning coufitries

°
o
°® °

Ranking of cancer
Premature mortality (0-69)

1st(57)

2nd (5)

3rd - 4th (23)

5th-Oth (48)
[ No data [ Not applicable

Figurel. Nationalranking ofcancer as @ause ofdeath atages <7G/ears in 2019Reprinted withpermission frorfl.
Copyrighto American Association for Cancer Research.



However, the futurencrease in cancer numbers may be even more significant than predictions
indicate due to the still unknown full extent of the COM®pandemid®!Yl The resulting strain

on the healthcare systemlikely ledmany people noto undergoa necessargancerscreening
examination with or without suspiciormherefore, the number of unreported casasd cancer
related deaths in the coming yearsuld ke much higher than expected. After alllater diagnosis
and, thus, a more advanced stage of candéethe most avoidable caesof a poor prognosis for

the patient[*14

Concerning cancer research, the COWDpandemic has also had positive effectbe Gene
technolodgesbehind the mRNA273 Moderng and BNT162bB{oNTechPfize) vaccines are re
energisingesearch into mRNAased cancer treatment as the currently most promising approach
to fighting cancerToday,more than a hundred clinical trials (phase Ill) based on immuno
oncological drugs are registered for differennds of cancerfor example prostate cancer,
melanoma, leukaemia or nesmaltcell lung cancer (NSCLE) ' Howeverthe 2018 Nobel prize
awarded discovery of using the body's immune system as a weapon against cancer is a double
edged sword leading to some trials already having been terminated due to lack of efficiency,
unwanted immunogenicityor other side effects Normally, he immune response is
downreguhtedto prevent autoimmunity byso-calledcheckpoint inhibitorse. g, CTLA4 or PD1.

Yet, he FDAapproved monoclonal antibodiemilimumab andpembrolizumab for example,
releasethese brakes and make the cancer cell attackable by the immune system again by
attracting and activatng T-Cells andthus generating a immune responsive tumour
microenvironment (TME)while risking forementionedautoimmunity.'”! Another disadvantage

of immunotherapy is congenital cacquiredresistance caused either by immunosuppressive
diseases, tumours with small molecule cues or the possibility mfaracellssimplyescaping the

immune systemt®l

While promising, hisimmunotherapy researcis still in its infancy, mainly because there is no
universally applicable scoring system like thenour node metastasisTNM) staging systenin
chemotherapy to predict whether patient will respondto immunotherapy or what side effects
there might bel’®! Consequently, lis methodology is still at the bottom ofancer treatment
statisticstoday. The even more sophisticated approach efgonalised cancer therapy based on

a person's omict not rely on any prediction metho@ a dream of the futur&?

Today, the choice of therapeutic approatiainly depends on the cancer type and its progression.
While surgical resection is the most prominent choimedarly cancer stages, used for up to 70%

of TNM stagé tumours according to the UK Cancer Research from 2016 to 2@ Ase of radie



and chemotherapy increasavith the stage ofthe diseasd?® Nevertheless, not every type of
cancer can be treated equallfhe most common cancdypes breast, uterine corpus and
colarectal cancer, are all treated in early stagda breastconserving surgery (or more rarely
mastectomy), hysterectomy or colectomsespectivelyHowever, later stages of these diseases
are mainly treated with chemotherapeutic drugs, less frequently véathiotherapy, but often with

a combination of thes& For other types of cancer, e. g., leukaentiapGkinand NORHODGKIN
lymphoma or small cell lung cancer, chemotherapy remains the first choice of treatment.
Compared to radioor immunotherapy, the advantages of chemethpeuticsarethe simple and
cheap production of the drugs in connection with targeted applicatidepending onthe

compound.

The drugs used inhemotherapy can be subdivided into two major groups depending on their
mode of action.Themost commonly used antumoural agentsan be categorised as cytostatic
drugs hamperingthe cancer cells’ growthTheseg in turn, can be divided into four subgrosp
depending on which phase of the cell cycle they inhibéble 1 lists a few examples of clinically
approved drugsToday, in about 50% of chemotherapies, one of the metallodrugs mentioned in
the fourth row, cisplatin), carboplatin T) and oxaliplati (8), are applied. They can intersect the

cell cycle at S or G2/M stage and are described in more detail in the upcoming chapters.

Tablel. An excerpbf clinically used chemotherapeutitugsand their mode of action.

Type of drug Mode of action FDA approved examples

Inhibiting  microtubule  dynamics | vinblastine, cabazitaxel,

Mitotic inhibitors | therepyconstrainingcell division?? 23 | docetaxel, olchicine

Trapping the singleor doublestrand | daunorubicin doxorubicin
Topoisomerase /Il
o break of the DNA caused by th{ irinotecan topotecan
inhibitors
enzymed? 2l

Erroneous incorporation into DN| 6-mercaptopurine (6VIP),
Antimetabolites results in the arrest of replicatiof® 21 | 6-thioguanine (6TG),

fluorouracil fludarabine

Alkylating or Attaching to N7 of guanine bases of t| cisplatin(1), carboplatin(7),

metalatingagents | DNAinducing irreparablelamaged?® 2| oxaliplatin(8), carmustine




Thecompounds belonging to theecond main group of chemotherapeutics cannot be generalised
becauseahey vary significantly from each other in theiechanisnof action e.g. HDA@nhibitors,
asparaginaseor HIFM b A v KX HoweRextEndalsdbe assigned to a specific target, which
corresponds tane of thehallmarks of cancer, recently updated biaANAHANet al. (Figure2). Their
reviewunderlinesthe complexity of the diseasghile alsoshowingwhich targets cancer cells, as

opposed to nomalignant cells, might offer chemotherapy.

Sustaining Evading
proliferative signaling growth suppressors

Unlocking Nonmutational
phenotypic plasticity epigenetic reprogramming

Deregulating
cellular
metabolism

Avoiding immune
destruction

Resisting cell Enabling
death replicative
immortality

Genome
instability &
mutation

Tumor-promoting
inflammation

b/ Polymorphic
microbiomes

Inducing or accessing Activating invasion &
vasculature metastasis

Senescent cells

Figure2. Hallmarks of Canc@022 Reprinted with permission frol#fl. Copyrighto John Wiley and Sons

Current research on chemotherapeutic agents is therefore focused on tuoyrtargets.The
resounding success of the aforementiongldtinum drugsalso paved the way for a variety of
improvedtarget-selective or pleiotropienetatbased chemotherapeutic3.he following chapters

will explain this development and the extent to which metal complexes are superior to organic

compounds



1.2 From cisplatin to Ptprodrugs

1.2.1 (Re)discovery and synthesis of cisplatin

Today, gproximately 50% opatients treated with chemotherapeutiagentsreceive infusions
with cisplatin(1) or an analogue thered?®! However, it was a long journey to reach tberrent
chemotherapy standardLike many pioneering breakthroughs and discoveriga medicine or
chemistry the discovery of the effect dfwas alsserendipitousin 1965 R0OSENBER& al. set out

to examine the effect of an electric current on the growth proces&®dherichia colE. coli),
discovering that the platinum electrodes, which they believed inert, caused the inhibition of cell
division, not the electric field appli€df! After some experiments to exclude the factors of filament
formation, such as UVight, pHvalue or magnesium concentration, thesariableswere kept
constant and various transition metals wesvaluated The® testselucidatedthat, in addition to
rhodium and ruthenium, oxidised platinum species are the main reasoncédir division
inhibition.®8!  Further investigations revealed that mainly the neutral", Phamely cis
diamminedichloroplatinum(cisplatin) (1) and the PtV, calledcisdiamminetetrachloroplatinum
(2), species (Figurg), were excessively active. Another early discovery madRdsenbergn
1967 revealed that only theisconfiguration of the metal complexes showed effectiveness, while

the trans-complexes did not display cell growth inhibitigh 3

Cliting,,,. pylle wnNH3 Clinig,,,, |latl wNH3
=" TTNH, cl/| T NH,
Cl
(1) (2)

Figure3. Structures otisdiamminedichloroplatinun{l) and cisdiamminetetrachloroplatinun{2).

Furthermore, bothl and 2 were evaluated in Sarcoma 188nd Leukaemia L123tkaring mice,
revealing a high potency with complete regression of the tumour in some cases. However, a high
doseresponse curve of side effects limited dos&§e!® Further evaluationand subsequent
clinicaltrialsledto the approval ofl for the treatment ofadvancedesticular, ovarian and bladder

cancer in 1978 a breakthrough in chemotherapeutic research.

Nevertheless, early synthesislofvas challenging. For example, the formatiomMGNUSs Green
Salt (MGS), a complex alternating [Pt(NB)4]?>* and [Pt(Cl]* ions which, in sum, displays the

same molecular formula asbut lacks its chemotherapeutic efficaly. Thus,DHARADeveloped a



method exploiting thetrans effect of ligands by reactingopassium tetrachloroplatinate(11{3)
with potassium iodide to fornpotassium tetraodoplatinate(l1)(4). The iodido ligands of the latter
can be exchanged with ammonia selectivelgigposition. Dissolving this [Pt(NH] (5) species

in an aqueous solution of AgN(@d to the precipitation of insoluble Agl, whereas the diaqua
complex6 in the filtrate is treated with KCI to eventually form cisplati in its pure form as
yellow crystals (Schenig *? Another versatile andbne-pot method substitutes the chloride

ligands with ammonia generated situvia ammonium acetat&?

C|,,“I " ‘”\\\\Cl xs Kl |II//, " ““\\\\| 2 NH3 |III/,, ,,,,,, t .\\\\NH3
K iy, t o gy, Pt .o
2 cl ~Cl 2 |/ T | ““NH,
(3) (4) (5)
lZ AgNO,
2+
Clia, atNHg xs KCI H.Ou, WwuNHy
""""" p I < (NO3)2 2 fin, el
l T NH, H, ~~NH,
(1) (6)

Schemel. Synthesi®f cisplatin(1) by Dharal*?

1.2.2 Cisplatin: mechanism of action, toxicity, and resistance

In clinical practicel is applied intravenously, dissolved in physiological saline. In serum, it
circulates in its relatively inactive form. However, once it enters the cell, mainly through passive
diffusion or copper transporteré? 1 undergoes ligand exchange with water due to the rapid fall

of chloride concentration. The now present cationic diaqguadiammifie@hplex can bind to the

N7 of the imidaole ring of guanine and adenine bases leading tarityastrand crosslinks of the
DNA, which, in turn, inhibit the transcription and replication, arresting the cell cycle at S;Mr G2
phase. Less frequently, LiBtrastrand, interstrand or monofunctioriy bound platinum adducts

are formed, showing the same effect of inducing cell apoptésig.While the DNAs considered

the main target ofl, other accompanying effects leading to cell death are, for example, the
generation of ROS and hence tliss of mitochondrial membrane potential (MM)*or the

induction of endoplasmic reticulum (ER) str&9s.

However,various disadvantages are associated witsplatin's (1) application There are, for
instance,doselimiting toxicities (DLTYf the chemotherapeutic agent that become apparent in

the toxicological effect. g., ototoxicity, which up to 80% of patients treated witwill develop



to some degreé!! Other unwanted side effects are nephfd, hepato® and nost seriously

cardio® and neurotoxicity®®

Besides DLTSs, intrinsic or developed resistancdsaie detrimental to its successful application
in cancer therapyThe latter can be divided intbwo mechanismsOff-target resistance, for
example, emerges in mtated cancecells whichshow a lower expression of copper transporters
responsible forthe uptake of 1 in cell$¥, leading to decelerated ptake rates of the
chemotherapeutic ager®® Alternatively, effluxvia copper ATPasds increasedso that 1 is
flushed out of the cell before reachinigs target>”7 Moreover, 1 can also be scavenged after

entering the cell by thietich proteins like metallothioneins or glutathion&8 5%

Ontarget resistance mechanisms describe resistanmegards cisplatin's ) mechanism of
action, which can be hindered by under overexpression of specific genes capable of destroying
DNA distortions induced by or repairing them, respectively. Fexample the heritable BRCA
genes, essential parts ofie homologous recombinatiosystem can repair doubletrand DNA
breaks such as those caused by interstrand adductkwithin the DNA® Hence, overexpression
and mutations thereof lead to lower responsiveness of cancer patientisei@py with1.5% The
opposite igrue for proteins involved in the mismatch repair (MMR) procéssharge of sending
signals to induce apoptasi underexpression or mutation of these genes leads to resistance
towards 1 (Scheme?)52 Undoubtedly the most prominent gene involved in cisplafip
resistance is the TP53 tumour suppressor gene, as it is the most frequently mutatedrgen

human cancer§3 64

Efflux via

copper . DNA repair via
Underexpressed ATP
Influx transporters k ases overexpressed
° NER genes

Anti-tumoural
active cisplatin

. No proapoptotic
Scavenging signals due to
by thiol rich - SH underexpressed
proteins MMR genes

Unselectively 2
Bound :

Scheme2. Schematic representation of the resistance of a cancer cethtdscisplatin.



1.2.3New generations of chemotherapeutic agents based on cisplatin

Due to its many disadvantagdhe search forcisplatin () alternatives led tacarboplatin(7) as a
secondgeneration drugwhich the FDA approved in 1989 (Figdydt differs from1 only through
the replacement of the chlorideligands with the bidentate chelating ligand 1,1-
cyclobutanedicarboxylic agithcreasng stability and thus decreasing reactivignd improwng
water solubility!®® In contrast to the chloride ligands of which dissociate readily, carboplatif
is transformed into its active form vianzymatic cleavageof the esterfunctionality. Activated
carboplatin then displays the same mechanism of action as its predecéssesulting in
comparableefficades for ith complexe 51 However, carboplatili7) is characterised by its lower
toxidty, allowing high dosages to treat aggressive tumo example, either ototoxicity nor
nephrotoxicity occurs with carboplatin (7), but myelosuppressions considerably highéf’
Sharinghe same mechanism of action &deads to similar resistanceldence, cossresistances

to the two complexes @re found in ovarian cancer patients regardless of tieatment order[5®!

The third generation of platinum chemotherapeutic agents, oxalipl&)nwWas developed and
approved by the FDA in 1998 It features a bidentate oxalate group and a chiral bidented@s-
1,2-diaminocyclohexanéDACH) ligand instead of the amino ligands. This ligand is considered the
NBI a2y T2 N8) Bighér tylotodicity &rid yack ®f reSistance against its chemotherapeutic
effectscompared tol and carboplatin). While thenucleotide excision repa(NER) system, one

of the main contributors to the resistance towardsand its analogues, has a wide range of
substrates it can identify, the same does not apply to the MMR system. The DACH ligand of
cannot be recognised by the MMR, eventually resuliing broader tumour range treatable with
8.0 7118 showed efficacy againsisplatin(1)-insensitive cancers sucls aolorectat, advanced
ovariancanceandNSCLEIL y | RRA A 2 y 8) inéchaié of aktibdinvadlving/aQiilano
if faster formation of DNA adducts as witha mode of action leading to cell death ahwing the
immune system was publishé@ Nevertheless, the doskmiting factor of oxaliplatin(8) is its

severe neurotoxicity®l, which is why research into alternatives is ongoing.

In general, the alectivity of the platinum drugs 1, 7 and 8) is solelybased onincreased

proliferation and nutrient requirementof cancer cells, leading to DNA damage not only in
malignant tissue but to a certain extent in healthy tissue as Weall.increase selectivity for

malignant cells, the fourth generation of platinum drugsasnprised of a square plane spanned

by platinum bound to two chlorido, one amine and one cyclohexylamine ligand. Two more ligands

are bound axially to form the biologically inactive octahedrfispecies For example, satraplatin

(9) consists of two adtional acetato ligands itransL}2 aA GA 2y X AYyONBl aAy3a GKS



for oral administration. Once ithe cancer cellthis prodrug is reduced kgihydronicotinamide
adenine dinucleotidéNADH) or heme proteins to transform into its biologicalifive statel?4 7

After metabolism, satraplatir@j reveals a similar mechanism of action as cispl@jrHowever,

the bulky cyclohexyl amine ligand prevents the DNA adducts from being recognised by the MMR
system, as aforementioned in the case of oxaliplgBh!"®’ Even thoughthe application of
satraplatin(9) led toless severe side effects and better bioavailability due to its chemical inertness,
it is not yet approvedby the FDAThe same applies to other alternatives, e. g. nedagfatin
picoplatirt’®, heptaplati’® and lobaplatin®! Yet, some of those compounds are regionally

approved, especially in Asian countries.

(1) (7) (8) O 9

Figure4. FDAapprovedPt' drugscisplatin carboplatin andoxaliplatin as well as Ptprodrugsatraplatin

Although the aboveamentioned platinumdrugs (7, 8 and 9) have many advantages, such as
circumventinginherited orde novoresistancein the case obxaliplatin(8) or fewer side effects

as for applications ofsatraplatin (9), they all inherit limitationsin the form oflow selectivity
accompanied byigh toxicity.Therefore current research focuses on synthesigiogel platinum
complexes whichare stable under physiological conditioradlowingthe compound to reach
their site of action without triggang side effectsOne class of ligands meeting these criteria are

NHCs.

1.2.4 NHC platinm complexes

Carbenesre conceivable in the triplet state, in which the electrons are present with parallel spin
in two p-orbitals and the singlet state, iwhich the electron pair is antiparallel in the?dpybrid
orbital Y The secalled PuskPull effect stabilises the latteiThe adjacent nitrogen atomsM
effect, thereby donating to the lowest unoccupied molecular orbital (LUMO) oft#gdin. Their
higher electronegativity further lower the highest occupiedlecular orbital (HOMO), making the
bl / £ A3 y-&ondr stabilishh thieompld® With similar binding ratioasphospranes,



NHCs are neutral ligands gt the positive charge of the central metiah is maintained, which

is essential focellular uptake®®

However, the main advantagof NHC complexes the easy adjustment in combination with
simple synthesis requiring only a few steps. The (benz)imidazole heterocycle can be formed in
various synthesis routes depending on the desired substituéf#ccording to RILLIESMethod,
benzimidazoles are readily achieved by reactrgjaminobenzenes with an acf The widely

used method to synthesisimidazoles is th®eEBusRADZISZEWSKaaction. It resembles a three
component imidazole synthesis reacting a-@liRetone, an aldehyde, and an amine to plain
imidazole or up to 1,2,4;fetrasubstituted imidazoles depending on trstarting material®®
Alternatively, theVan Leusemeaction, a threecomponentimidazole synthesis which reacts a
TosMIC reagent with an amine and an elgde to 1,4,%risubstituted imidazoles, can be

conducted®”!

Besides the various synthesis routes leading to different backbone structures, the choiee of N
substituents plays a significant role in adjusting the pharmacokinetic propertigbeofinal

complex. Depending on the synthesis route, the final precursor of an NHC ligand in the form of an
OAYYSNL altd OFy o685 Saliélikylatibriod ds@netridal Bikylation®®y S G NA O €
81 The free carbene can finally be obtainesid trapped by the present metatither by

deprotonation with a strong ba&#, elimination of a leaving grguin G2 position e. g, CQ*Y or

by complexation with easily accessible silver d&ts.

Prominent examples of antumoural Pt complexesdeveloped overthe last few yearsbear
benzimidazoliurrylidine NHCs in combination with a coordinating picoline type as ligaAds
(Figure5) publishedby DINDAet al. However, first stuids of mixed NH@mine Pt complexes
showed only modest cytotoxicity against human cancer cell liftedsa (cervigancej and HepG2

(hepatocellular cancgf®®

In 2011 CHEet al. developed another series of cyclometalated ®tmplexes with NHC ligand,
stabilised against a substitution with thioth proteinsin vitro via insertion of a strongly
coordinating éphenytH Z-bipRridine heterocycle. These complexashievedlGy values up to
double-digit nananolar concentrations againstancercell lines HeLa and HepG2, but also single
digit micranolar values againshealthy endothelial cells, against whiatisplatin (1) is nearly
ineffective. Due to the luminescent propertiesf ahe heterocyclic structure oil1, subcellular
accumulation can be investigated, showing that this complex preferably accumulates in the
cytoplasmic structures (e.g., mitochondria) of the cells rather than the DNA. Fumthamtests
demonstrated tumou growth inhibition by 55% in NE€&1640 (NSCLC) tumebearing micd?*
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Furthermore, a small library comprised of teis[Pt'(NHC)NHC3ICL] complexes with variously
substitutedimidazoliumylidine NHC42, resulting in a comprehensible SAR was reported by our
group in 2016. With few exceptions, thé@, values against various human cancer cell lines were
found to be in a low singldigit micranolarrange and thus comparable \ifl.. More interesting,
however, was that the novel NHC platinum complexes revealed a modest activity against
cisplatin(1)-resistant cell lines HZ9 (colorectal cancer) and the multidrugsistant cell line kB
V1/Vbl (cervical cancer). This may be dua &lightly different mechanism of action, shown by an
electrophoretic mobility shift assay (EMSA) where tisbis(NHC) complexes not only acted like

1 by unwinding the DNA but also resulted in the aggregation of DNA sffthgs.

\N / R6 \N NYN\R7

N | \

N ) -

©: 7P | N e

N (I:| R \, cl

\ 1 R
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(10) (12)

Figure5. Chemical structureef anti-tumoural mixed NH@mine or (NHG)Pt(ll) complexes® = Mg Bn;R = Mg Et,
Pr, BuR; = Me CHAr; R = Me CHAr; R =H, 40MePh;R =H, 3,4,50MePh;R’ = CHAr.

1.2.5 Alternativegeometry

Another way, besides ligand exchange, to circumvent cisglBthesistance is to choose different
complex geometries. Even though research regarding transpla8h gnalogues was initially
neglected due to the ineffectiveness of the lead compd®®, in 1989 FARRELEt al. discovered
that, due to ligand exchangdrans-Pt' complexes could indeed be effective ahtmoural
agents'® Their trans-[Cb(amine}]Pt' complexes 14), with the amine being either pyridine or
picoline, proved to be more cytotoxic against leukaemia cells than thiiconfigured
counterparts orl, leading to a growing interest imansplatin derivativesNATILEet al., for
example, investigated three isomers wiethyl acetimidate complexed irtrans-position with
Pt'Ck 15 and discovered that in comparison to theiisconfigured analogues, an increased
efficacy could be observed. Moreover, tBscomplex displayed cytotoxicity against leukaemia
cells comparable with that ol. Thein vivo effects observed in cisplatifl)-resistant P388
(leukaemia) tumowbearing micewere significantly higher than those of the correspondaig
complexes?® The complexes dEEDIJRL al. published in 2006, beariran isopropyl amine ligand

and a variable azold6 (Figure6), revealedanti-tumoural effects as well displaying low

11



micromolar Gy values against various human cancer cell lileaddition,increased cytotoxicity

againstcisplatin(1)-resistant celliheswas observed”

R
| N OMe
7 )\ J\
e, w i
Cl—Pt—Cl Cl—Pt—Cl Cl—Pt—Cl Cl—Pt—Cl
NH N NH '
3 ] Y o
OMe —
R
(13) (14) (15) (16)

Figure6 Chemical structuresf anti-tumouraltransPt(Il) complexes. R = H, Me.

The mechanism of action tfans-Pt' complexes differs froml becausetheir geometry does not

allow for 1,2intrastrand crosslinks, accoung for the main cytotoxicity of platinum complexes.
Transplatin mainljnduces the formation of monadducts olinterstrand crosslinks, whiatho not
AYyFtdzSyO0S GKS 5b! Qa & addiir©aredzdidaied qUicktii &r& hadlg NS =
recognisible by the high mobility group IMQ proteins that initiate apoptosisin addition,
transplatin appearsnore reactive thari, leading to increased deactivation before reaching the

site of action/#8100]

To avoid this obstacléransplatin complexes can be modified wiklHC ligandsn 2010 MARINETTI

et al. first presented mixed aminBlHCtrans-Platinum complexewith varyingN-substituents and
different amines The exemplary complek7 of this library is drawn below (Figur@). Their Pt

diiodo complexes displayediGo values in the low singldigit micromolar range against
cisplatin(1)-sensitive cell lines, e. g. CEM (leukaemia) and H460 (lung cancer) but also against

cisplatin(1)-resistant cell lines SK&vand A278 (ovarian cancéty!

In 2012, BELLEMINLAPONNART al. built onthis idea futher and developed a series ofixedtrans
NHGamine Pt complexes, the amine being an amino acid or a small peptide. One example with
proline as a ligand8is shown belowThe ligandéhydrogen bond acceptors andonors, forming
dimers as shown inan exemplary crystal structure of the tripeptide wahe-Gly bearing Pt
complex, lead to better bioavailabilityThe complexes evaluated proved significantly more
cytotoxic against varial human cancer cell lines, including the cispldfipresistant SKOG

ovarian cancer cell line. However, th&o values of the compounds evaluated were also in the

12



nanomolar range against the healthy cell line MRC5 (foetus lung cells), implementindgfiaasit

burden for healthy tissu@ vivalt®?

Recently,our group published the synthesis and evaluatiommiked NHGmine complexed9

and trans-bis NHC complexe?0 with varying Nsubstituents. Twaexamples of this library are
shown belowThe bisNHC complexe20 showedmoderate activity against several human cancer
cell lines with twedigit micranolar |G values even against the cisplati)-(esistant H129 cells
while beingineffective against thenultidrugresistantKBV1/Vbl cellsYet the complerswere,
albeit to a lesser extent, active againson-malignaxt human colon fibroblast¢§CCD18Qo The
picolinebearingtrans complex19 was active in the singldigit v range against the same cell
lines as the former but lacked efficiency against29Tcells. Yet, it showed no activity against
healthy cells. Neither of therans complexes showed any effect on the EMSA tests, contributing
to the assumption that the mecham of action differs from itsiscongenerd!®® Nevertheless

some research stileeds to be donéo fully elucidate the potential ofrans-Platinum complexes

H,N O | ~ /[—\
7/““ = Bn/N\\\(N\Bn

" N \
I—Pt—I 0 I—jt\—l Cl—Pt—Cl Cl—Pt—Cl
ME\N ZA0N N/Bn ME\N /A\N/Bn Bn\N /A\N/Bn Bn\N /A\N/Bn
(17) (18) (19) (20)

Figure7. Chemical structuresef anti-tumoural mixed NH@mine or (NHG)rans Pt(ll)complexes.
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1.3 Transitioning to other transition metal complexes

1.31 Advanced and promising Ru, Cu and Fe complexes

Cisplatif2 @) resounding succesaccompanied by gradually elucidatiilgmechanism of action
manifested ruledor researchabout what properties a complex must have to be an effective-anti
cancer aget. Many subsequent complexgs. g. the next generation of platinum drugsihere

to this and vary only marginally in their structure from the leanpound Thisbiasmay be the
reason why no noiplatinum complex has yet made it to F@pproved use in cancer therap{!
Neverthelessresearch intoorganometallic complexegsingdifferent transition metals(e.g. Ru,

Cu, Fe, Pd} ongoing

Thesemetallodrugsshare the samecharacteristics, albeit irdifferent forms or dimensions
Depending on the coorditimn number, unique geometries can be achieyadfluencing the
pharmacokineticof the complexesFurthermore, he oxidatve statesof the central atom can
changeduring in vivoredox reactionstransformingthe complexes into their biologically active
forms after reaching the targetonsequently increasing selectivifomplexes can bédesigned
to be eithernegatively charged, neutral or positively chargedlietermine their site of actioft®>
1091 The Lewisacidic character of the metallso polarises the ligands and contributes to their

exchange by hydrolysis, whichn bea desired effecte. g., in biocatalytic processeé¥’

This large variability in organometallic complexes allows-tliméng of the compoundsfinal
properties ALESSIet al. described five categories afedically relevant metal complexes. The first
category comprisesfunctional complexedorming covalent bonds (mostly with DNAYhat
includesthe FDAapproved platinum complexes Categories2 and 3fall into the metaldrug
synergism principlewhich is described in more detail in the following chapter. Here, either the
structural fixation carcause oimprove thebiologicaleffect, or the inertness of the central metal
can serve as delivery systenof the active ligandin category four the redox potential of the
metal can serve as a catalyst for mitochondrial processgs generatingROSA few examples of
these categories are discussed belolkastly, the fifth category represés organometallic

complexes which act asphotosensitser.[*11]

Fastligand exchange kineticare widely seen as disadvantageof organometallic complexes.
Therefore, &orts are made to avoid thse instabilities. As ruthenium complexes exhibit the most
similar ligand exchange kinetics a$ Beveral approaches were reported in the literature dealing

with their optimisation.Compared to other transition metal complexes, ligaaxchange kinetics
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for RU' and Pt complexes are in minutes to days ratio rather thancroseconds, thereby
mimicking the lifespan of a célt? There may be lessverall cyotoxicity towards cancer cells of
ruthenium complexes compared to platinum drugs regardiig values. However, toxicity was

also observed to be reduced for ruthenium compouH#3.

Ruthenium can mimic ironsaboth belong to the eighth group of the periodic table, and thus is

bound and transported via albumin and transferrin proteins in the serum. At first, this mechanism

of acionYAIKG &aSSY RSUONRYSyidlt G2 GKS YSGOlftf 2RNYZE
beneficial for incorporating the metal compounds into cancer cells. Those proteins are
2OSNBELINB&a&aSR 2y | Ol yOSNd 16f8ld Highet codcdntibri dd S NI & d:
ruthenium in cancer cells depending on the cell A& ' RU" complexes are alsoonsidered

prodrugs that only transform into their active Rarm in the hypoxic anghus, reductiveTME™¢!

In contrast tocisplatin(1), DNAis not the primary target of Ru complexes attributing to their

higher selectivitylnstead, inhibiion of the binding immunoglobulin protein (BiP) displays as the
mechanism of actionThis protein is a chaperon of the ER overexpressed in cancer cells directly
NBadzZ GAYy3a FNRY GKS dzy¥F2f RSR LINRGSAya NBaLRyas
rate "1 Furthermore, the generationf ROS by Reomplexes was observed, leading to apoptosis

via the nitochondrial dysfunction pathwaly*®!

However, ¢ the large number of developed complexesly four have advanced to clinical trials

so far N-heterocyclebearingtrans RU" tetrachlorido complexes NAMA (21) and KP10192Q),

shown below in Figur8, proved especially convincing. The former complex led to slower tumour
progression in 19 patients. One patient with metastatic NSCLC displayed a stable disease for 21
weeks!!*® Even though the poor solubility @2 led to significant limitations in infusion volumes,
disease stabilisation was observed foefmut of six patients at low dosages in first clinical trials.
Furthermore, no observable DLTs were detedté¥iResulting from those promising findings, a

phase Il studpf 22and its sodium salt NKP1339 as new clinical candidates are currently planned.

Besides Rlicomplexes with iron as the metal centre can be used as arcantier agents. Since

iron is ubiquitous in theK dzY' 'y 62 R& Q& 0 A iddudirg AeCilori trarispoR, O8AL 4 S &
synthesisand oxygen transport viaeme metalloproteins, it is easily tolerateéf Malignant cells,
K2gSOSNE RAALI F& || LIKSy20G8L)S y2G &8SG FdAte St d
otherwise tightly regulated iron metabolism is distorted by overexpression of uptake genes, a lack

of storage proteins, e..derritin or resistance to ferroptosi&2? This combination eventually leads

to a higher percentage of physiological, divalent iron present in its loosely bfuundin the

cytosol, where it catalyseEENTOMYpe reactions, ultimately leading to DNA mutatidis. 124
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The first iron complexes with artancer properties reported back in 1984 were ferrocenium ions
with picrate or trichloracetate counter anior23. An example is showin Figure8. Their mode of
action was attributed to the generation of R®%! Since then, a broad range of fereyl
derivates with varying substituents on one or both cyclopentadienygstirpolypyridyl iron
complexes or salophen iron complexes were investigated preclinibiiyerthelessto date, not

a single iron complex haslvancednto clinical trialsfor cancer therapy:?® 2’IMetallocenes or
half sandwich complexeBecame a prominent vehicle for deliverimyetallodrugs over time.
Espeially promising from this consideration arosararene complexd¥®, zirconocene§?®l

titanocened??, cobaltoceneg%®® and many moré*s!

Another micronutrient metal whose natural abundance in cellular processes can be exploited is
copper!*? Since copper plays an essential role in angiogenesis and proliferation, it is no surprise
that cancer cells display elevated concentrations of copiy€iCoppermediated cancer therapy

can be divided into three distinct mechanisnthe first cannot be classified as meltased
chemotherapy because it is aimed at lowering the cellular copper level bgtoctgecompounds

to such an extent that angiogenesiad tumour growthis prevented!*¥ The second, however, is

the classical approach with &ucomplexes designed to target one or more canspecific sites

of action.This range$rom the generation of RO® interaction with DNAo the almost unique
propertiesof copper complexes$o act astopoisomerase inhibites.*3¥ An example of a copper
complex acting as such is shown below in the form of Top | inhibitor Oxindoloopyer(ll)

(24).13% Yet, only a handful progressed into clinical tfé$.

The focus of coppelbased cancer research is currently shifting &ods radiopharmaceuticals,
which displays the third mechanism of actidfor example, the positreamitting ®*Cu'(atsm)
complex used as a hypoxia markepresently tested in several clinical trif! Furthermore, his

field of research can also lagplied toalmost all radioactive transition metal isotopes, which are
mainly complexed by chelating agents bound to targeting moieties. Radioligand therapy,

specifically addressing cancer céilsther emphasiseshe usefulness of transition metalfs®l

N
. N (0] \ Cl
Clis,, | \Cl ImH @_l /
SR Clun, | el r = -
= CI/R|U\C| Fe 07 “cay AN
u—
S N < :
Q_ HNT N @E&*O
NH N
(21) (22) (23) (24)

Figure8. Chemical structuresf anti-tumoural active organometallic complexes with rBhatinum transitional metals.
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1.32 Palladium complexes

Another transition metal welstudied for its anticancer properties is palladiun®©f all other
transition metalsused for chemotherapeutic researclit displays the highessimilaity to
platinum, such as coordination numbandgeometryt | f f | R A pYpductiOnkasdhigher
water solubility are advantageousompared to platinunt®®¥ The Igand exchange kinetics
howeve, are significantly acceleratedor palladium complexes. Hencpatrticular ligandsare
requiredto avoidthe formation of reactive specid&® Manysuch palladium compounds, mainly
with NHC ligandshave beenestablishedaddresing DNAor, to a lesser extentpther cellular

targets!*4!

In 2007GosHet al. pioneered synthesising the first acyclic and asymmétans bis(NHC) Pd
dichlorido complex@5shown below. Ta compound displayed seficromolar1Gyo values against
several human cancer cell lines, e. g. HeLa, HCT116, and,M@iEh were a magnitude lower
O2 YLJ NBR { #) védesi Wgbn tigdtnyetd awith25, a cell cycle arrest in the @2
transition phase was observed, preventing the cells from entering mitddis-urthermore,
elevated levels of p53 were detected, indicating that the cell cycle arrest activates the p53
pathway!**®l The latter may soundounterintuitive at first sincérans platinum complexes differ

in their mode of action compared to thediscongeners, suggesting that palladium may indeed

behave slightly differently.

Further and more recent research into palladium organometallic complexes and their mechanisms
of action was conducted byWISENTINet al In 2019, they created a library of 14
tetraacetatecyclopentadienyl palladium complexes with different spectating ligasuth as
phosphanes, Mheterocycles bound via nitrogen or sulphur atoms, or NHCs. The most promising
complexes identified within this series were the chelating imidazolium-big4Eing complexes

26, shown in Figur®. Stability studies of these compounas}O with an excess of glutathione
revealed that the chelating NH2aring complexes did not undergo ligand exchange reactions
under pseudephysiological conditions. Furthermore, the palladium compouésshowed
cytotoxicity against several human cancetl lines, including the cisplat{@t)-resistant A2780cis

cell line, in the twedigit nananolar range while being inactive against healthy fibroblasts in
contrast to1l. However, no effectvas observed orthe cell linesA549 (lung cancer) and DLD1
(colon cancer}*¥ Biological studies further showed that the complex arrests cells inubecd

phase and actives the caspase 3/7 cascade responsible for apoptosis sirhifdf!to
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VISENTIS® group further enhanced the potency of palladium complexes by generating another
series of organometallic compounds in 2020. Withinsttseries, an allylic chelator, a
benzimidazolium NHC, and a phosphane ligand were complexed in a square planar fashion. The
fFrGGSNRa adlFoAtAde o1 a LINROSY ONHzOALl fstedd®@ NJ G4 KS
to dissociate and form its carsponding oxide, leading to increased cytotoxicity but a complete

loss of selectivity. PTA, as the phosphane ligand shown below, on the other hand, has been proven

to be stable even in the presence of glutathione.

Complex27, shown as an example for thibrary in Figur®, displayed a cytaixicity towards
human cancer cell lines, includirgsplatinresistantones, with up totwo-digit nananolar IGo
values while being inactive against fibroblasts. Furtixerivostudies were performed, comparing

the toxicity against liver organoids @f7 with that of 1. Even though thdGyovalues of27 were
100-fold higher, they were found to be in a considerable sirdigt micranolarrange More in

depth mechanistic studies revealed that the mitochondria are thénary target of those
palladium complexes, and the allyl ligands mainly influence their mode of action. The authors
propose alsUXTROStype allylation of the targeted biomolecule. The PTA ligand and the methyl
group stabilise the allyl moiety to readhe target unaltered, while the Ggroup favours the

nucleophilic attack*!

(HEet al. reported another approach for developing palladidbased chemotherapeutic agents

via the incorporation of pincetype cyclometalated complexe®8 into the field of palladium
chemistry in 2016. Compared to their platinum analogti#schanging the central metal atom led

to significantly altered anitancer properties and modes of action. Besides-mitromolar 1Go
values towards human cancer cell lines, including cisp{ajiresistant cell lines, activity against
fibroblast cells in the twaligit um range was observed. Furthermore, stability studies revealed
promising results in the presence of glutathione, ascorbic acid, and cell medhurther
experiments concerning the mobhanism of action of those compounds elucidated that
mitochondrial depolarisation is the main reason for the induced apoptosis. At the same time, cell
growth inhibition is caused by addressing the epidermal growth factor receptor (EGFR) pathway.
Further ani-angiogenic assays confirmed the lattr vivostudies in NGH460 tumourbearing

mice revealed a dosdependent tumour growth inhibition of up to 61% without observable

toxicities or body weight log§*®

18

O



Bn/N/‘\?\N‘tBu (_\'N/\N‘/N

Cl—pd—cl B g1 Pd_ g1 BN
t A
Bu \N AN N/Bn \ /
\—/ Rl Rl
(25) (26)

Figure9. Chemical structuresf anti-tumoural active palladium complexeg& = COOMeR = Mg Et, Pr, Bu

In summary, a broad range of palladium organometallic complexes has been synthesised and
evaluated. Their potency, as well as their mechanisms of action, strongly depend on geometry and
choice of ligandsln vitro, ex and in vivo studies brought forward mmising candidates ith
mechanisms of action differing frogisplatin(1). Yet, m palladiumcontaining compound, except

103pd seeds fobrachytherapyhasso faradvanced into kinical trialst*4”!

1.33 Chrysotherapy

Chysotherapy, by definition, describes the use of gold in medicine and dates back thousands of
years to the alchemists of ancient Greece, China Arabid*®%® However, a targeted appach

was first documented inl972 Auranofin(29) (FigurelQ) is one of threeFDAapproved gold
complexesand the only one still in clinical use. It was initiahyended as a treatment for
rheumatoid arthriti§®Y, thoughits off-label use as an antieoplastic agent was recognised early
on and has since been researched excessit@l\ainly due to theentirely different mechanism

of actionof gold(l) complexesompared tocisplatin(1) and its analoguesthey seemup-and
comingcandidates for metal drugs tancer therapyThe uniqgue mechanism of action 28 and

its congeners, addressingaimitochondrial thioredoxin system in general and TrxR in particular,
has increased interest in these compourt@3d.TrxR plays arucialrole in proliferation reduces
disulphide bridges to modify protein structurand averts DNA damage caused by oxidative stress
through its reductive characten an NADPependent mannel> Given the higher metabolism

of cancer cells,ite enzyme is consequently overexpressednany tumoursastheir adaptive
antioxidant nature ensures theirsurvival, promotesproliferation and eventually leads to
migration!*! In the course of xenograft studies withice inoculated withTrxdeficient MCF7

(breast cancer) cellshere was hardly any growth of the tumours and no metasta¥éHence,
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the overexpression of TrxR is associated with a poorer prognosis for patients with-bogasian

or lung cancer, as rendered in exempl&apLANVEIERSUrvival plotg!®’

Since gold(l) with itslosed5d™ shell isconsidereda soft cation according to thelard and Soft
Acids and BaseblSABtheory, it also tends to forrbonds in a linear geometrywith soft ligands

such as cyanideshpsphanes but also thiol§53 The latter is crucial for one mechanism of action

of goldbased chemotherapeutics, yet also inducing side reactiddader physiological
conditions, 29 undergoes ligand dissociatioto a triethylphosphanegold(l) catioror, in
combination with subsequent hydrolysis, a thioglucose gold(l) species with a variable number of
acetate groups still attacheéf® Hence, the fragmentform irreversible bonds with the cysteine

or selenocysteine residues of enzynwis a threecoordinated gold(l) intermediat&®® 61TrxR is

a cysteine and selenocysteinieh enzymdeading to29 being able to bind irreversibly to its active
sides, eventually tmbiting its function. As a result, the increased ROS levels in the cell lead to

apoptosigit

Serum albumin (SA) is also a thiath enzymewith a concentration of roughly 422 52 uM in
human blood. Its thiol groups are primarily present in their oxidised form as disulphide bitfjes.
However, the one remaining reduced €4in SA igesponsible for mding 80% of the gold
compoundin the blood™®® 29 forms gold(HSA adducts, which is why serum acts not only as a
transporter but also as a scavender this type of drug This is accompanied by a decreased
cellular uptake resulting from the much lower rate at which the thiobtgins in the cell
membranecan transfer the albumirbound gold fragments into the céf¥ Thisis a potential
expanation for29 showing no effect inin vivostudies with P38®&earing miceafter intravenous

administration but only when administered intraperitoneafp!

TheWAaRBUR@ffect is the foundation of dzNJ y 29 skgbridl anechanism of actioh describes
0§KS OF y OS Ngl@&seniet@lisrh. inih& pdddess, the glycolysis product pyruvate is
reduced to lactate instead of being fed into the citrate cycle to gatesacetylcoenzymeA,
suppressing catabolism and enhancing anabalistowever, instead of generating up to 36
molecules obdenosine triphosphatéATB through the complete oxidation ofglucosemolecule,

this anaerobic glycolysis only generates two neales of ATE%! Regardless of the oxygen
concentration present, cancer cells prefer this metabolism pathway mainly becausasiteis At

the same time, howevessincethis pathway is far less efficignit ultimately leads to increased
consumption and expression of the corresponding transporter enzymesg., GLUTIn the
membranel'é” %€ This overexpressed enzyme on the surface of cancer cells can recdgmise t

glucopyranose unit oR9, acetylated fourfold or nagtthus contributing to the selectivity of the
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metallodrug.Consequently29 andcomparablegold complexesaninhibit varioussuchglycolytic
enzymes, which means th&drther ATP deficiency of theancer cells leads to inhibition of their

growth orapoptosis, respectivelys’

In vitrotests were carried out with comparable gold(l) phoapés such as PEuC] PEtAUBr or
triethyl phosphanegold(l) complexegh combinationwith thiourea or thiocyanatehiols. These
complexesexhibited similar 1Go values against various human cancer cell lines in the sub
micromolar range andhus revealed increasedytotoxidty compared tocisplatin(1). However
uptake into the celland inhibitory activity against TrxR of the novel gold compladiffered
significantly which was explained lifferent characteristics, like steric and electronioperties

andlipophilicity*" These attributes can easily figzed by using NHC as ligands.

The antiproliferativeNHCGAWSR comlexes published byackeet al. in 2020 are gamplesof such
compounds 4,5Diphenytl,3-dibenzyl imidazoliunwas chosen adlHC ligandn combination
with varying sulphucontaining ligands, namelhiocyanide, dithiocarbamate or the auranofin
motif tetra-O-acetytD-glucopyranosyl.Within this series,the gold(l) complex30 shown in
Figurel0 proved particularly potent with narmaolar Gk values against OVCAR3 and-N&22
celllines The inhibition of mammalian TrxR with &G value of 7.4t 0.4 um provedmuch lower
than that of 29 (1Go=0.09 um). Neverthelesscommpund 30 achieved a optimaltreatment-to-
control coefficient of 0.44fter 16 daysvhen administered intraperitonealigailyin PC3 tumour
bearingmice In addition, immunohistochemistry demonstrateeducedlevels ofantigen Ki67, a
proliferation protein These studies also demorsited thepreviously mentionedWARBURE&ffect

by fitting the complex into the GLUT1 transporf&t

In 2014 CasiNet al. studied Au(l) complexes bearing@umarin substituenat oneof the nitrogen

atoms of theimidazolium ligandThey were ablet@d I Ay Ay aA3akKid Ayd2 02 YLR dy
action via florescence by confocal microscopfowever, moderate biological activity, low

selectivity and a modest inhibitory effect against TrxR1 limit the clinical potential of these
derivatives Colocabation with propidium iodide revealethat compound31accumulated mainly

in the cellnucld as expected for coumarin derivativesrving as a potential explanation for the

relatively low anticancer activity*"?
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Figurel0. Chemical structuresf auranofin(29) and NH&bearing analogues thereof.

Even though these results wesemewhatdiscouragingthey shovedthat the choice of the metal
centre andligandstructure are crucialfor enhancing the biologicaffect of chemotherapeutic
agents Studiesby BazzicaLupet al. in 2020 further developed ANMHC compounds using
methylated caffeine ligand. Particularly thecationic bisNHC A(l) complex32 wasdetected in

cytoplasmic structureandthe celf Guicle.r”

As shown in some examples of platinum or ruthenium complexes in the previous chapters, the
oxidation stateof goldcanalso be altered to form stable Au(lll) complex€kis is expected to
increaseli KS O 2 Ysel#ictvity, Sad they are reduced in the loic TME, where thelpcally
exert their effect or that of their releasg ligands.Ilt was assumed thaby usinggold in the +lI
oxidation state and the resultings@lectron configuratiorof the gold atomthe complexes would
displaya similar mechanisrof actionto that of cisplatin(1). This was becausku(lll)also forms
square planageometriesandis, according to the HSAB principle, a hard cation preferably binding
with hardanionic groupsfor example, the nitrogeatomsof the DNAbases guaninerad adenine
Indeed, those bindingsave been proven for a few gold(lll) complexes, but in a much weaet
sometimes reversible, form compared with those formed wiitivhich are irreversibl&7* 175n

this oxidative state, gold displaga acceleratechydrolysis rate and redox potentiabmpared to
gold(l), calhg its stability under physiological conditions into question. Consedly, strong
donor ligands are needed to ensuttee stability of Au(lll}compoundsin serum Upon reduction

of the central metal atom, the unbound ligands can also unfold their biological effects

In 2013 HEet al., for example, reportedn cyclometalated NHEAu(I11) complexe833 (Figurell)
with varyingresiduesat the nitrogen atoms of the imidazolium ligand vsingbenzimidazoles
instead of imidazolesiithe chelating ligand pyridin&Vithin this study, all compounds evaluated
proved stable in aqueous solutionstter the addition of GSHa change in théH-NMR spectrum
was observed aan NHGAUI)-GSH species was formebhis observation wasccompanied by a

differencein the O 2 Y LJt QW\ESisectrum because the fluorescenéehe chelating ligand
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2,6-bis(imidazol2-yl)pyridine in bound form is quenched by the low.5d orbital. Since this
changecanonly be detected afteliganddissociation it was used to demonstrate the subcellular
accumulatia of 33in living HeLa carer cells.BEmission of the free ligandvas detected in the
mitochondria, indicaihg a reductionof 33 without prior side reactions. In additioh(o values
against various human cancer cell lines in the low sidigé micranolar range were achieved
displaying higher biological effectiveness compared eamd29. By lengthening the alkyl chains at
the nitrogen atomsa direct correlation between cytotoxicity and lipophiliciasestablishedas
the overall cytotoxicity of the complexes increasé&dirtherin vivostudies revealed thatwhen

administered intratumorally33 reducedthe growth of HeLa tumours in mice by up to 76%.

+ +
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Figurell. Chemical structuresf NHC gold(l) and gold(lll) complexes with ligands who disgkay intriguing mode of
actionn=0,3,5;m=0,3,5,7,9,.15

The antitumoural gold complexes in this chapter vary significantly from one another. Not only
because of the central metal being either Au(l) or Au(lll) but also because of the corregpondi
ligands. This then results in the most diverse mechanisms of action, which lead to apoptosis of
cancer cellsConsequentlythe relativelyyoungareaof goldbased anticancer agentsvarrants
further scientific exploration t@eneratea lead structureThebestknownauranofin 29), which
continues to be used as a comparator researchiscurrently part ofclinical trialsor the therapy

of several types of cancer.
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1.4 Metal Drug Synergism

1.4.1Complexes with biologically active ligands

AsALESSIbhas noted in his perspectivihe synthesis of antiumoural metal complexes still relies
on random hitsas part ofthe "carpetbombing" strategyThis ispartly becauseof the challenging
synthegs ofmetal complexsbased on lead structuge In adlition, minorstructural changes can
significantly impact the overall pharmacokinesggnificantly*!! However, me approachto

achieve targeted applicatiais usingbiologicdly activeligands for metal complexation

Fixating the ligand structure via complexation with a metal atstabilisesdifferent ligand
configuratians. This process changes the ligand electronically and sterically, which influences the
overalllipophilicity and, thus, the pharmacokinetics of the final complex. This, in turn, alters the
ligand@ biological effect. Complexation also adds a third dimension to sometimes planar
molecules that carfacilitate binding into the corresponding pocket ofettbiotarget. Essential
requirements for this approach are an inert metal centre and the ligand is not bound via a
functional group crucial for its potency. A more reactive meéitre, e.g. Pt(IV), Au(lll) or Ru(lll),
O2dztf R | f 42 Sy KI gr®bviaia Kefective ddiveny, RistatuctiGnTirFtiie Bypoxic

TME allows the ligands to be released directly at the site of aéfitn.

Below is a brief overview of metal compés that combine one or more aspects of metalg
synergism and suggested categorisatio®ne exampleof metatdrug synergism, reported by
TIEKINKet al. in 1996, is a series a@omplexescontaining antimetabolites asligands Their
mechanism of actiomasyet to befully elucidated However,their complexationto form the
trialkyl thiopurine gold(l) complexes34 and 35 most likely contributes to stability These
complexescombine the AuPRmotif of auranofin(29), which already displaysnti-tumoural
properties with the thiopurines 8MP and 6TG, knowrand used clinicallfor their antimetabolic
characteristic¥® ¢ KS&S Y UiAYSUlI o2t AGSaQ ‘o Cefres¢ntativds 2 F
beingantimetabolic prodrug that are converted into the corresponding thioguanine nucleotides
in the purine salvage pathwaSPand consequentlybeing ncorporated into the RNA or DNA
structureto induce apoptosis through the MMR systeHpwever,the metabolism of34 and 35

via methylation of the thiol by $nethyltransferaserendersthe compounds unabldo pass
through the PSPthus deactivaing the prodrugs By @mplexing the thiopurines, they are no
longer accessible to enzwtic degradationand can undergo metabaim to yield the
correspondingddNA building block*""]
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The complexes showed suhicromolar IGo values againstarioushuman cancer cell line$ost
importantly, they showed cytotoxicity against celhés such as SKeByagainst which the free
purine bases heelost their effect!”® 179In vivq the representative P#PAu6MPof this series has
alsobeen proven to behighly effective. After intraperitoneal administration of the complex in
ADJ/PC6 tumodbbearing mice, tumour size was reduced by 60%. At the same time, the compound

was less toxic thaaisplatin(1).[278l

The previously mentioned HSAB princjplecombinatiorwith the coordination number of gold(l)

is the mainreasonfor the selective formation of SAU-PR; bonds. Complexegomprisingpurine
ligandswere developed withother central metals such as ruthenium or platinumforming
chelating ligands witmitrogen atoms™®! Purines and nucleoside metal complexes can akso b
synthesised via aovelpathway. Th& C8 atom can be selectively brominatedth subsequent
oxidative addition of an Mcomplexformingthe M'"-Br nucleoside complex with correspondingly

trans-positionedligands e. g.,PPh.

An exampleof such nucleside complexe86is shown irFigurel2, published byPETRONILHet al.
Several alkene platinum and palladium compleaesd corresponding cationic NHC complexes
were evaluated in this study, showiramost complete inactivity against lzedthy cell line
However all compounds exhibitednly moderate cytotoxicity againseveralhuman cancer cell
lines with valuesin the doubledigit micranolar rangel*®! The mediocre effect of thae
complexeswas explained byhe fact that guanosingas suchis a physiological building block of
the RNA and not, per se, an antincerligand. The protecting acetyl groups still attached to the
hydroxyl groups of the-ribosyl moiety could also negatively impact the pharmacokinetics of the
complex, i. e., lipophilicity. Hence, hydrolysis of the acetyl groups or utilising an unnatural
nuckoside, for example, anribosyl group, to activate the MMR system after incorporating the

metabolite in the cells could enhance the efficacy of such complexes.

0
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| \>—I\:/I—Br
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(34) (35) (36)

Figurel2. Metal complexes witlpurines and purine nucleoside ligands, respectiviglyEt, Cy, Ph; M = Pd, Pt.

25



Examples of both structural and delivering compoundsgaluatedin our groupare complexesvith
biologically activelombretastatin A4 (CA4) (37) as ligand(s) shown Figurel3. CA4 belongs to

a group ofisstilbenes isolatedrom the South Africabushwillowtree Comretum Caffrunwhich
revealed intriguinganti-tumour properties. The mechanism of action is based on anvasttular
pathway activated bythe inhibition of tubulin polymerisatiof®? The 34,5-trimethoxyphenyl
moiety of CA4 is structurally similar to othemitotic inhibitorssuch as colchicin&d hereforeit fits
into the colchicinebinding pocket.The selectivityof these anticancer agents is based on
differences betwen theneovascular system of cancer celigdthat of healthy cellsk-or instance,
the formation of the neovascular system in cancer cells is acceletiatedgh the overexpression
of corresponding signal moleculesuch as the vascular endothelial growkhctor receptor
(VEGF"® In addition an increaed sensitivity of the neovascular system is assumed, making it

more vulnerable to small molecules such as4d&

One majodisadvantag®f CA4 isits very lowsolubilityin water. Yet hydrophilicitywas improved
by phosphorylation of the free hydroxy group. The resulting prodrug fosbretataifound to
be equally effective and is currently undergoing several phase lI/llI clinicalltftalBhe second
main dawbackof CA4 isthe tendencyto isomerse the double bonavith the geric hindrance of
the two aromatics favoung the thermodynamically morstabletrans form. This stereoisomer

showed no anttumoural effect8¢!

Synthesising such compounds typically includedericreaction that yields the 1;8iarylethene

in an EZ mixture. The alternativePERKINreaction requires decarboxylation under high
temperatures. Both synthesis routes are unsuitable for obtaining-@érived substances in good
yields and high purities. The remedy is the synthesis ofdégylimidazoles which can be
conducted under mild anditions as described previoust{!! This simultaneously fixes ¢hz-
configuration and increases the water solubility. In addition, imidazole heterocycles can be

transformed into NHCs in a orstep reaction

An extensive SAR study with corresponding methylated imidazole anal®fiesth varying
substituents at one or &th aryl ringsof 37 has beerreported by our group Those compounds
demonstrated similacytotoxicity compared to the lead structuragainst various human cancer
cell lines In addition, activity against the @Aresistant HT29 cell line was observed. &hesults

of the in vivo studies conducted onl1411HPbearing mice werewhat made these findings
particularly interesting. Wheradministered intratumorally, swelling and haemorrhage of the

tumour due to the antivascular effectvere observed, accompanied by a decrease in tumour size.
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However, sometimesseveral doagesover a certainperiod were required to observe the

impact 1871

HND N

Cl __
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(37) (38)

Figurel3. Chemical suctures of CA andan imidazolium analogue thereof. X = Cl, Br.

The usage of imidazolium analogues of-4CAs NHC ligands led to enhanced -@mthoural
properties.As one example, the hadiindwich Ru(ll) complex88 (Figurel4)revealedow single
digit micranolar 1Go values against th€A4-resistant H-29 cell lire. As a potential mechanism
of action,a strong influence on the actin and tubulin cytoskeletmnl a strong antvascular effect
was observedn chorioallantoicmembrane(CAM assaysUnlike CA4, however,39 wasvirtually

inactive against the multidrugesistant KbV1 cell&®!

Within the series of NHC platinum complexe3 mentionedin chapter 1.2.4there was also a
representative with an imidazolium NHC ligand derived frormdCAlthough the mechanism of
action of this ligand was not investigated in detail at the time,tdbd out in this SAR study
because it exhibite@xceptionallyhigh cytotoxicities against GAsensitive cell linesOtherwise,

it had a rather medicre 1G Indicating a drugelated effect of this particular ligaréf)

In 2016, he group ofWANGet al. evaluated various RY) prodrugs containing CA4 ligands
modified by acarboxylicacid group They revealedytotoxicity in the low singledigit micramolar
range againsdifferent human cancer cell lines angdimultaneously,high doubledigit levels
against healthy lung cellHowever, the inhibition of tubulin polymerisation was much weaker
than the effect of CA4, suggesting some pleiotropic mechanisms of actiite most active
compoundof this series40, showed asubstarial decrease in tumour growth in HepGbearing

mice without reducing body weight®

The cationic bisNHC Au(l) complexe&l were the most potent complexeswithin the metat
complexed CAl analogues, displayingingledigit nananolar 1Go values against all cancer cell
lines tested.Yet their mechanism of action deviated from @#Aas the cell cycle was arrested in
the G instead of the @M phase.In mice bearing B16F10tumours, after injection with41

(R =OMe, R = Et),a significantdecrease in tumour size wabservedwith slight or reversible
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loss in body weight-urthermore, theCAM assga supported the formation ofiew blood vessels

after blood vessel destructiof®®
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Figurel4. Chemical suctures of CA4 derivedanti-tumoural Pt, Ru and AcomplexesR = OMe, Cl, Br;2& Me, Et.

1.4.2Bioorthogonal chemistry

A rationalapproach tadesigiinganti-tumouralmetal complexesanbe based on thie underlying
mechanisms of actiatHowever, these are ofteanly partiallyunderstood,even among the most
widely researched representativ€s! A first clue for the mechanism of actiois provided by
localisingthe drug in theO | y O S Nddivii8al dorap@nentsTo date, there are three different
approachedo determningthe subcellular accumulation of complex@he drug can be localised
by determining the amount of metal in the individual cell components usingMiSPHowever,

this method is very time&onsumng.*®Y For the secondapproach, a fluorescing molecule is

AYO2NLIR NI G§GSR AyilG2 GKS 02 YL} SE QacorfiodaNidptescendds = Sy | 6 f

microscopy The cyclometalated complexestudied byQHEet al.,, 11, 28, 33, mentioned in the
previous chaptersfall into this categor$®* More recenty, the boron dipyrromethene (BOPIDBY)
bearing hallsandwich Ir, Rh and Ru complexes have been suggéstedeet al. as potential
counter stainsfor mitochondrial tracking ashey, like the known PBOPIDYcomplexes,
accumulate in mitochondri&®? However, these moleculesare usually large, aromatic
substituents e.g. anthracene, fluorescéiff! or acridind!®¥, which considerably influenceghe
structure, lipophilicity and thushe pharmacokineticof the drug. Therefore comparability is
debatable if such a fluorescent group is incorporated into the complex structoiseto detect

the active drug's subcellular accumulation

The third and mostffectiveapproachis bioorthogonal chemistrydeveloped byBERTOZ &t al.l1%]

It describes the reaction of two componenisider physiological conditions without disturbing
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other cellular processe3he funtionalities of the reactants must therefore react selectively with
each othergreating a stable product without causing other effects in the. tadlally, the reaction

is rapid and quantitative to prevent subsequent metabwmli and excretion from living
organismd!®®Reactions particuldy suitable for thigpplicationfall under the terminology of click
chemistry. The term was established 8yARPLESst al. and describes reactions of two mostly
small molecules with a large thermodynamic driving force that are insensitiveQooHQ and
yield solely oneproduct with high selectivity. The prototype of the Click reaction is the
cycloadditionof an azide with aterminal alkyne under copper catalysi{€uAACjo yield 1,4
triazole, shown in Schem®® It displays an improved variant ofi¢ HuISGENersionof the
reaction which does not requireany catalyst present buthigh temperaturesrestricting its
applicability incell organismsHowever, HARPLESEA @ $ MNidhitdd2tg/ terminal alkynesand
requires thecell toxin copperpreventingits usagen living organismdn addition, orthogonality
may no bnger be given for some metals since especiallyntktals enter into reactions with
terminal alkynes!® The need for terminal alkynes could be circumventedcai@lysis with haif
sandwich ruthenium @amplexesas they tolerate internal alkynes in [3+@]cloaddition Yet,the

catalystsare unstable when moispreventngtheir use as bioorthogonal market$?

R N

= cu(l) NN
R// + R'/N3 _— ~— N
R

Rll\ N

R' Cp*RuClIL N7\
/ b N _[Cp™RuclL N

R R'

R

Scheme3. General reaction equin for Click Chemistry with internal or terminal alkynes with azides via Cu or Ru
catalysis

Nevertheless, once a terminal alkyne group is attached, the application of CUAAC reaciions in
vitro studies with fixed cells is not hindered by those limaas. Furthermore,only minor
structural changes occur viatroducingan alkyne or azide into a compound structure to enable
visualisation Two examples of podteatment functionalisation of metal complexes and their
subcellular accumulation are shown kigurel5. The top images displag platinumaaidine
complex42 that showed high cytotoxicitytowards NSCLC. However, the fluorescence dfet
heterocycle is quenched by intercalation into the DNA, which is avigzidebearinganalogue
was synthesisedColocalisation with the nuclear stain Hoechst 33342 showed that the complex

accumulates in th® S fnucld, @ result onsistent with the hjh level of DNA adducts detect&ef)
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Anexampleof an alkynebearing complex structure, described in 20BDacisbis(NHC) complex
with p-acetylene substituted benzykesidues at the nitrogen atoms43. Despite its structural
similarity tocisplatin(1), this complex ecumulated in the mitochondrias indicated by cstaining
with Mitotracker™. Remarkablythis complex was much less cytotoxic agasesteralhuman

cancer cell lines than its analogue without the alkyatached®"

Clicked Nuclei Merge
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Figure15. Examples of clickable functionalised Pt complexes and their subcellular localisafixed NGH460 lung
cancer cells above or 518A2 melanoma cells below, respeci%eBf! The red scale baepresensm n ,zand the
white scale barepresents 56-m. Reprinted with permission frol#> 2201 Copyright ©John Wiley and Sorsd Royall
society of chemistryrespectively

Cyclopropenés anothersmall moleculevhich can facilitate click reactiongsinga cascade of a
DIELsALDEReaction followed by a retr@IELSALDEReaction (Schemet). Despite its tremendous
amount of ring strain, metabolic stability can be expected due to the occurrence of cyclopropene
units in natural products like fatty acids or sterolsnadirine invertebraes.?°% 2021|n this domino
reaction,the ringstrain reliefrepresents the catalyst of theascadeeaction with inverse electron
demandof 1,2,4,5tetrazines Consequently, it functionwithout addingthe cytotoxin copper

making it applicable fookalising compounds in living organisii¥

R

retro

R
N—N )
] " Diels Alder R R
" w_ N\ _gu _DielsAlder _ R _ Diels Alder
%R i e N N,
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Schemed. General equation of the reaction cascadecgélopropene with tetrazine.
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One natural substandeearing acyclopropene unit isisconfiguredsterculic acid StA)(44). VAN

KASTERER! al. have recently exploited KA & &Yl tf Y2f S exforSteate thetf A O | 6 .
uptakeof 44 in dendritic celldy visualising it through the click reaction with BODBTRRY¥azines

45, In this studythey compared the uptakef 44 in fixed cells withthat in living cellsKigurel6).

The boorthogonality of the cyclopropene moiety was further denstrated by localising eo

incubated azides and alkynes, respectively, in subsequent CEAAC.

(44) (a5)

Live Cell Imaging Fixed Cell Imaging

+StA

Figure 16. Sterculic acig44) co-incubated with Hoechst33342 in live DC2.4 and fixed B&4lghe scale bar represents
10>m. R = Me, pyridyReprinted with permission frof#4. Copyright ©John Wiley and Sons

However, this strategy has not been applied to metal complexes in extananaseThis thesis

comprises publications exploring this promising field.
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2 Synopsis

2.1 0bjectives and overview of the subprojects

The present cumulativéhesiscomprises three publications listed in chapter 4. The aim &f th
work, in generalandof the individual papesin particular was to synthesise pleiotropic or target
specific metal complexes that circumvent the disadvantages ofrtamstay chemotherapgic

drug cisplatin(1) via their mechanism of actiolThe complexes synthesis&kre platinum and

gold compoundsontainingNHC ligandderived from benzimidazok6 with varying substituents
(Scheméb). The ligands were selected according to the prircgdl metatdrug synergsm. Known
biologicallyactive substances were modified bind to a central metalan. Furthermore, these
modifications were intended to improvéhe general cytotoxicity but alsanfluence the
pharmacokineticsof the original compoud to achieve additional antiumoural effects. The
mechanisms of action of these complexes were demonstrated by subcellular localisation of the
compounds in cancer cells via bioorthogonal click chemiktryitro evaluationof the complexes
synthesisedvas carried out in cooperation with the biochemists of the Chair of Organic Chemistry

| of the University of Bayreuth.

The first project dealt with gold(l) complexe48 and 49 carryinga benzimidazolium ligand

(Schemeb), which directly mimicsone-half ofthe lead structureAC1004 (Figurel?7) and differs

from it only in the Nsubstituents. The 4damantl-yl phenyl methyl ether unit was replaced by
4-(adamantanr2-yl)benzenethial making use othe high aurophilicity of sulphu A SAR was

observedby different substituents of the nitrogen atoms of the NHC ligandkattie thiol ligand.

ThelGyo values of the complexesgainst eight human cancer cell lingsre in the low singlaligit
micromolarrange and were thus far betteh&n the lead structure. Associated effects were mainly

the generation of ROS but also aatigiogenic effectsThe subcellular localisation through
bioorthogonal click chemistrgf cyclopropenebearing analoguealso supported these findings

as the complegsprimarily accumulated ii KS OF YOSNJ OSftfaQ YAG2OK2YRNAL

The second publication focused on synthesising and evaluating a small libteaypsefand cis
[bis(5-alkoxycarbonyill,3-dialkytbenzimidazoR-ylidene)dichlorido]platinum(ll) complexe$1
and 52, respectively $chemeb). They were tested for their activity against eight human cancer
cell linesand healthy fibroblasts to determine their selectiviyfew complexes emerged more
active thanl with low singledigit micranolar 1Gg values. 51gn-0) (Schemer), for examplegven
achieved nanmolar|Go values against several cancer cell lin€eemost activecomplexes were

investigated for their mechasm of action invariousbiochemical assays, with DNA proving to be
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the target of the cis[Pt'CL(NHC)] complexes52, while the trans[Pt'CL(NHC)] complexes
induced apoptosis via a mitochondrial pathway. In addition, a synthetic route was developed for
alkyne and cyclopropenebearing ligands, fwose complexesvere used asprobes for the

subcellular accumulation of the respective seri@gain via biadhogonal click chemistry

The third publicatiordescribesanother example of metadrug synergy. Herghe NHC ligands
derived from CAl were obtained viavAN LEUSEimMidazole synthesis and, after-alkylation,
subsequently complexed to form Au(l) NHC ctexrps 55 with various second ligands L
(Schemeb). Namely, monomeric gold chloride compleX&s cationicbisNHC complexe60 or
cationic phosphane complexé4 (Scheme3). The compounds reached twdigit nanomolal Gy
values against various human cancer cell lines. The anthrawesréng complexe$9-61b
addressed targets depending on the second ligand. In the case of the neutral gold chloride
complex59b, the cells' nudi were the target. The mitochondria were the place of action for the

cationic PPhbearing comple%1b, and the dime60bwas found in the lysosomes.

Publication 1:
T

O s P
N >_A . RO)K@ D—Au—s,
R uCl N
(48) 9 (a7) C
\.

R
(a9)

AN
Synthesis: Evaluation:
. AC1-004 derived structures . MM cytotoxicities
. Four to seven step synthesis 0 R Generation of ROS

. Bioorthogonal Click
Chemistry via cyclopropene

+i -
no)K@"\; . Anti-angiogenic effects
N . Subcellular localisation in

the mitochondria

Publication 2:

-— I : —_— §:§Z
N
RO | R
>_P‘ :Q)L )K@N’%Agx i RN Mg
N ! L Y

chemistry via terminal
alkynes or cyclopropenes

RO N
S—pr—a
N a
(51) 50) R (52)
Synthesis: Evaluation:
. Five to six step synthesis . nM cytotoxicities
. Bioorthogonal click . Uptake, mechanism of action,

and subcellular accumulation
strongly depended on the
configuration

Publication 3:

/

Y \w

(53)

. CA-4-derived structures
. VAN LEUSEN imidazole

on ligand L

N X N\\ @ N N synthesis
. nM cytotoxicities
tz . Localisation depended
\ (54) 55)

Schemes. Overview of the publications discussed in this work
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2.2NHCGAUW-SR complexegerived fromAC1004 as potential HHnhibitors

To selectively treat cancer, the corresponding drugs must address a tuomburtarget The
Hallmarks of Cancer ByaNAHANet al. are an effectivaool for identifyingsuchpotential targets
These hallmarks include (neo)vascularisataomd altered metabolisrs of cancer cells. Both
directly result from the oxygen and nutrient undersupply tumours suffer from due to their
excessive proliferation. Theancer cells thuswitch toan anaerobic metabolisnsteered bythe
expression ofranscription genes, e. g-IF1h. The inhibition of which consequently repressn
an interestingand selective targetAdamantytbearing drugsnamely nicotinic oliso-nicotinic
ester derivatesn general andAC1004 (2-(4-adamantanl-yl-phenoxymethyh1H-benzimidazole
5-carboxylatg in particularwere proven to be especially potemthibitors of this transcription
factor. The structure ofAC1004 can be easily adjusted to function as a ligand to form gold(l)
complexes. Its benzimidazole moiety can be turned into an NHC ligandaligIhtion, while its
4-adamantl-yl phenyl methyl ther can be replaced by 4(adamantan2-yl)benzenethioligand

to exploit the high aurophilicity of the chalcogen sulphur. This MHSR moiety should thus
mimic the lead structure while enhancing its atfitmoural activity through further accompanying

effects, namely the generation of ROS, TrxR inhibition andaagfiogenic effects.

0]

Meo)‘\c[;%O ?

AC1-004

Figurel?7. Chemical structure AC1004.

The novel 4adamantan2-yl)benzenethioligand was synthesised starting from benzene which
could be selectively monoalkylated witHb2omoadamante in &RIEDEICRAFT$eaction yielding 4
(adamantan2-yl)benzendn 84%. A chlorosulfination para-position with 98% yield followed by

a reductionwith zinc to the corresponding thiol in 46% yield were successfully conducted. The
benzimidazolium salts were generated according to literature protocols. Complexation wih Ag
and subsequent transmetalation with AuCIl(S)M afford the corresponding gold chloriddg

was successful regardless of thesbbstituent. The exchange of the chloride anion with
thiophenol or 4(adamantar2-yl)benzenethiol via sodium in MeOH or KBu in ChCh,
respectively, was also effective.tythe reaction with thiophenol yielded roughly 60% of the final
complexes, while 4adamantanr2-yl)benzenethiol could be inserted with only 45% yield

(Schemeb). Notable characteristics of this research were the preparation of cycloprepeaeng
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derivates and their biorthogonal click chemistry. After protecting the free aminB6ofith an
allyloxycarbonyl(alloc) group the clickable (2,3-dimethylcycloprop2-en-1-yl)methanol was
attached to the Scarboxylic group VI&TEGLIGHASSNERSterification.After deprotection of the
alloc group under P@J catalysisthe remaining synthesis to afforMHCGAu(lI}SRcomplexes

thereof proceededanalogously

The complexes were tested for their cytotoxicigainst eight human cancer cell lines. The
thiophenol derivatves were more active thaAC21004, with 1Go values in the low singldigit

micromolar rangeHowever, the corresponding@damantar2-yl)benzenethiol complexesere

less active than the lead structure. The main effect of the complexes leading to apoptosis was the
generation of ROS together with TrxR inhibition. Aamgiogenic effects of the complexes were

also demonstrated in zebrafish larvae. This effect anthscular system was further proven by

the subcellular accumulation of the cyclopropebearing congeners, as the click chemistry
aK2gSR GKIFG GK2aS YFAyteée | O0OdzydzZ S Ay GKS OS¢

clicked mitochondria merge

(46)

Residues:
a) Me b) Et ¢) iPr 0
d) Pn e) Bn N/R
MeO H—Au—s
N
(49a-e) R

Schemes. Synthesis overview ohe complexes of the publicatiofischeesterification and Nialkylation followed by
(i) 1. AgO, CHCL, light exclusion, r.t., 6 h; 2. AUCI(SMeCHCL, light exclusion, r.t., 24h; (i) K&u,4-(adamantan2-
yl)benzenethigl CHCH, r.t., 24h (iii) Na, SPh, MeOH, r.t., 24lIm. addition, the presentation of the most interesting
results such as the crystal struate of 49bin the bottom left corner. fie subcellular locaation of the cyclopropee-
bearing analogues @f(adamantan2-yl)benzenethichto complex48b (SPhAdaandbenzethiolato compleXd9b (SPh)
are in the top left cornerThe garson correlation coefficient (PC€)giverfor overlapping valuesThe white scale bar
corresponds to 5¢m.
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2.3 Synthesis and evaluation of naisandtrans bis NHEPt' complexes

Cisplatin(1) and its analogues carboplatii)@nd oxaliplatin §) arestill the drugs of choice in 50%
of chemotherapies. Howevertheir sometimes severeside effects andswift indication of
resistances have led to an early search for alternatiVégsrecently expanded tancludenovel
NHC platinum complexes, whishow improvedstability and adjustability This class of ligands
can be finetuned by simple changes g.in the N'substituents. Another possibilitp circumvent
resistanceds to generatetrans-complexeshat displaya different mechanism of action due to
their geometry. Thesecond publication of this work is based on a small library of sueNH)3
platinum complexes to demonstrate not only the effect of the configuratmsaf trans) but also

of the Nrsubstituents (methyl, ethyl or benzyl).

The syntheses followed wethown routes established in our labs. Those started from the
aforementioned benzimidazolg-carboxylic acid96), which underwent @&HscHERSsterification
GAGK YSGKIy2¢ 2N SGKIy 2t dialkyBtian )8 Gubdequént @anon F2 f 2 5 !
exchange forrad the corresponding benzimidazolium chloridé8 Complexation with A®
yielded [5-alkoxycarbonyll, 3-dialkyt2-ylidene] silver(l) chlorid@omplexes57, which could be
transmetalated with KPtCl yielding platinum complexesl and 58, respectively. The
configuration and the ligands depended on the solvent and equivalent$GBECl. The
complexationswith AgO and the finaltransmetalation with KPtCl} for yielding trans-[bis(5
alkoxycarbonyll,3-dialkytbenzimidazeR-ylidene)dichlordo]platinum(ll) complexes 51 were
successful regardless of thesdNbstituents. The ligand exchange of the DMSO ligaa® by an

in situ-generated benzimidazolium carbene was successful $&ab, but 58c could not be
converted into its corresponding cis[bis(5alkoxycarbonyll,3-dialkytbenzimidazeR-

ylidene)dichlorido]platinum(ligomplex(Schemer).

Besides, cis[(5-methoxycarbonyll,3-dipropargylbenzimidaze?-ylidene) (dimethylsulfoxia)
dichloridgplatinum(ll) a terminal alkynebearing cisDMSO complex, was synthesised to
determine the subcellular accumulation of this series of complexes via Click chemistry. HCT116
cells were treated with this clickable complex, fixed, and incubated with £0®@fluorescent
stain3-Azido 7-hydroxycoumarirwas added, allowing the clicked complex to be visualised in the
cellular compartments viaonfocal microscop The cyclopropene bearing compligans-bis(5
(dimethylcyclopropenyl)methigtarbonytl,3-diethylbenzimidazeR-ylidene)dichlorido]

platinum(l)was visualised using a click reaction vBDRPFL-tetrazine (Schemé).
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The results of these visualisations overlapped with the localisations of compourtd&mnaitvn
targets, i. e., propidium iodide and Mitotrackeno visualise the nucleor the mitochondria,

respectively, can be seen in Schemédop right.

ThelGo values of the most potent complexes of this library against eight human cancer cell lines
were in the submicromolarrange, e. g.0.05 + 0.02uM against Hela cells in the casebtfin-o)

The 1Go values of cis[bis(5methoxycarbonyil,3-diethyl-benzimidazoR-ylidene) dichlorido]
platinum(ll) 52bn-0) were also in the sunicromolar range against several cell lines. Yet, no
stringent SAR was observable. Due to the high activity, those two complexes were examined in
more detal. Subcellular localisation of the clickable congeners in theacellseveral biochemical
assayshave shown that thecis-[Pt'CLNHQ(L] complexes (L = NHC, DMSQO) behaved akin to
cisplatin(1), with the DNA as their primary target. In contrast, thens-[Pt'CL(NHC)] complexes
targeted mainly the mitochondria. Remarkably, the uptakecisPt'CL(NHC)] complexess2b

was 406fold higher compared to thirans-bis complexe$1cand 5fold higher compared tdl.

51c,,0
10 25 50 pM 5 10 25 50 pM 4000 -

R R
N N (|:| N AN 0 %3500 4
T ,>—I';‘t—<\ i 33000
Qn NR Cl R/N In S 2500
8 2000 -
Q
(51a-c) & 1500 4
o
T(ii) £ 1000 -
500
(0] R 0 -
N 51c
(i) (e} R n=0 n=l  n=0 n=1
— )—AgCl
/‘J’n N>_

(6) (577 R
(o] o
Clicked Nuclei Merged l('") ﬁ/ "
</ \>
Me >) R~
cis rR._Me .0 n RO Ny N~g
oL AN 3 (iv) o AN T
M [ >P—a  — e [ >r—a
o NN g 0 NN g
}’n R R
Clicked Mitochondria (58a-c) (52a-b)

Residues:
a) Me b) Et c) Bn
n)0; 1

Scheme7. Synthesis overview of the complexes of the publicatiéacHeresterification N-dialkylation and anion
exchangdollowed by(i) AgO, CHCb, light exclusion, r.t., 24 h;iXi0.5 eq. BPtCh, CHCW, r.t., 4 d; {ii) 1.0 eq. KPtCl,
DMSO, 60 °C, 24 hiyX benzimidazolium sa6, KOtBu, CKCb, r.t., 3d.In addition, the presentation of the most
interesting resultssuch as cellular uptakef 51cand52bcompared tol in the top right cornerthe EMSA db1cand
52bin the top left cornerThe subcellular locaation of an alkynebearing analogue afisDMSO complees58-0)(Ci9)
and a cyclopropenebearinganalogue of51b=g) (trans) is displayed in the bottom left corneThe white scaldar
corresponds to 3¢m.
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2.4 MetatDrugSynergismGold complexes of GA

The third publicatiorrevolved aroundhe topic of metaldrug synergsm. Gold1) complexes were
synthesised with ligands that mimicked the mitotic inhibitor-€£87). TheNHC ligandsvere
obtained from a VAN LEUSENreaction The synthetic route startedfrom reacting
toluenesulfonylmethyl isocyanide (TosMIC) reag8Btwith the correponding aldehydeand
EtNH, followed byN-ethylationto form 4,5biaryt1,3-diethyl-imidazolium salt$4 (Schemeb).
The phenolic rings A and(Bcheme3) were explicitly modelled on the lead structure, i34,5
trimethoxyphenyl and 4methoxyphenyl. At the same time, analogues with phenyl and
anthraceryl residueswere preparedto determine the subcellular accumulation vitde
fluorescence of the latteBoth the neutral gold chlorid®9 and the cationic bisNHC compleg0
with BR counter aniorwere then generated from thse imidazolium salh one step, depending
on the equivalents of AuCI(Sk)eLigand exchange of the former with BRtdditionally provided

the cationic phosphane compl&4.

ThebisNHC complexes60 proved highly cytotoxioyith up to doubledigit nanomolanG values
against various human cancer cell lines. The phosphane comgi&xkke the neutral chlorides

59, were activewith 1Go concentrationsn the one to two-digit micranolarrange.To determine

the mechanism of action of the three different complexasthracenebearing analogues, e.,
59-61b, were synthesised. The fluorescence of this residue allowed the subcellular visualisation of
the complexes via confocal microggoThe neutral complexes9b migrated into theO Y OSNJ OSt f 4 Q
nuclei which wasexplainedby the function of the chloride as a leaving grodjnis enable a
reaction with the bases of the DNA&he cationic phosphansomplexess1b accumulated mainly

in the mitochondria, which has often been observed for complexes with delocalised lipophilic
cations (DLCPue to their size, the cationic bBiHC complexe80b were primarily found in the
lysosomes as those organelles are responsfblethe degradation of macromoleculegNl
compoundsshowed high cytotoxicityindudng apoptosis of the cancer cellas seen in the
induction of Caspase 3/7. However, they each reached this resutheir own mechanissiof

action.
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Anti-tumoural NHC Au(l) thiolato complexes derived from
HIF-1a inhibitor AC1-004 target the mitochondrial redox
system and show antiangiogenic effects in vivo

Sebastian W. Schleser', Leonhard H. F. Kohler'®, Florian Riethmiiller?, Sebastian Reich?® Robin
Fertig®, Gerrit Begemann®, Rhett Kempe® and Rainer Schobert?

AC1-004 is a potent inhibitor of the hypoxia-inducible factor alpha (HIF-1a) pathway which is essential for the growth,
angiogenesis and metastasis of tumours. We modelled a series of gold(l) complexes on AC1-004 by retaining its 5-
carboalkoxybenzimidazole as an NHC ligand while replacing its 2-aryloxymethyl residue with diversely modified thiolato
gold(l) fragments. The intention was to augment a potential HIF-1a inhibition by further conducive effects typical of NHC
gold complexes, such as an inhibition of the tumoural thioredoxin reductase (TrxR), an increase in reactive oxygen species
(ROS), as well as cytotoxic and antiangiogenic effects. We report on the synthesis and biological effects of twelve such N,N’-
dialkylbenzimidazol-2-ylidene gold(l) complexes. They were obtained in average yields of 65% for the thiophenolato and
45% for the novel 4-(adamant-2-yl)benzenethiol complexes. The structure of one complex was validated via single-crystal X-
ray diffraction. Structure activity relationships (SAR) were derived by variation of the N-substituents (Me, Et, iPr, pentyl, Bn)
and of the thiolato ligand. Their cytotoxicity against various human cancer cell lines of different entities reached /Csp values
in the single digit micromolar range. The complexes were assayed also for the induction of tumour cell apoptosis (activation
of caspase-3/7), TrxR inhibition and antiangiogenic effects in zebra fish. Cyclopropene bearing congeners were employed in

click reactions to examine the subcellular accumulation of the complexes.

Introduction

Earlier this year, Hanahan et al. published another update on their
hallmarks of cancer, underlining the complexity of the disease.! This
update also shows which targets cancer cells, as opposed to
nonmalignant cells, might offer for chemotherapy. Approved
metallodrugs such as cisplatin draw what little selectivity they have
for cancer cells only from their higher proliferation rate. Alternatives
that address tumour-only targets would be less likely to cause
unwanted side effects and drug resistance, the main problems which
hamper the efficacy of cisplatin, carboplatin and oxaliplatin23. Two
such cancer-specific hallmarks are the alteration of the cancer cells’
metabolism and tumour (neo)vascularisation. The irregular
microcirculation and diffusion conditions in solid tumours lead to
hypoxic areas and eventually a necrotic core.* The subsequent switch
to an anaerobic metabolism occurs through the expression of
transcription genes like HIF-1a. Given that chronic hypoxia is a
unique feature of malignant cells, the inhibition of HIF-1a represents
an interesting and selective therapeutic approach.® Besides the well
know HIF-1a inhibitor YC-1 (Lificiguat)®, adamantyl-bearing drugs
*Chair of Organic Chemistry |, University of Bayreuth, Bayreuth, 95440, Germany.

bChair of Inorganic Chemistry |, University of Bayreuth, Bayreuth, 95440, Germany.
‘Developmental Biology, University of Bayreuth, Bayreuth, 95440, Germany.

1 These authors contributed equally to this work.

Electronic Supplementary Information (ESI) available: NMR spectra; stability
studies; crystallographic data; cellular uptake of complexes; Caspase-3/7 activation;
inhibition of thioredoxin reductase (TrxR); electrophoretic mobility shift assays etc.
See DOI: 10.1039/x0xx00000x

namely nicotinic or isonicotinic ester derivates as well as a
morpholine substituted analogue stood out in a chemical library
screening.” Arising as particularly promising from this HRE-
dependent, cell-based assay was methyl 2-(4-adamantan-1-yl-
phenoxymethyl)-1H-benzimidazole-5-carboxylate (AC1-004). The
compound showed low single-digit micromolar Glso values against
various human cancer cell lines. Mechanistically, AC1-004 inhibits
angiogenesis in vivo and in vitro. The in vivo studies were particularly
striking, showing that tumour growth in mice could be reduced by up
to 59%.8 The aim of our current study was to enhance the effects of
the drug by making use of the so-called metal drug synergism. The
coordination of an already active compound as a ligand to a metal
fragment frequently leads to complexes of higher selectivity, a lower
risk of unwanted side effects and a higher retention time due their
greater stability.>*3 Via N,N’-dialkylation the 5-carboalkoxy-
benzimidazole moiety of AC1-004 can be transformed into an NHC
ligand. By simultaneously replacing the 4-(adamant-1-yl) phenyl
ether by the corresponding thiol as the second ligand incorporating
the Au-S-R motif of auranofin, which has proven to be highly effective
in preclinical studies*416, we expected to achieve accompanying anti-
tumour effects such as inhibition of TrxR and an increase in ROS.17- 18
We synthesised twelve new NHC gold(l) chlorido and thiolato
complexes based on AC1-004 and investigated their stability,
cytotoxicity, mode of action as well as their subcellular accumulation
via biorthogonal click chemistry.
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Results and discussion

Synthesis and characterization

The novel ligand 4-(adamantan-2-yl)benzenethiol (4) was
synthesised in three steps with an overall yield of 53% (scheme 1).
Benzene, used as the solvent, was alkylated with 2-bromoadaman-
tane (1) in a Friedel-Crafts reaction affording monosubstituted 2-
phenyladamantane (2) with a yield of 84% which was used without
further purification. Chlorosulfonation led, nearly quantitatively and
exclusively, to 4-(adamantan-2-yl)benzenesulfonyl chloride (3)
which, again without further purification, was reduced to the desired
4-(adamantan-2-yl) benzenethiol (4) with a yield of 64%.1°

c
\
o0
(3) (4)

Scheme 1: Synthesis of 4-(adamantan-2-yl)benzenethiol (4). Reagents and
conditions: (i) FeBrs, PhH, 0 °C -> 80 °C, 48 h, 84%; (ii) H:SOCI, CHxCl, 0 °C ->
45 °C, 4.5 h, 98%; (iii) Me3SiClz, Zn, DMAC, DCE, 75 °C, 1 h, 64%.

The reference, methyl 2-(4-adamantan-1-yl-phenoxymethyl)-1H-
benzimidazole-5-carboxylate (AC1-004), was synthesised as
described in the literature by reacting methyl 3,4-diaminobenzoate
(5) with 2-(4-(adamantan-1-yl)phenoxy)acetic acid (6) in a
cycloaddition reaction (scheme 2).2 High-resolution mass spectra
confirmed that only one species was present and the duplication of
the signals of the aromatic protons in the 'H NMR spectrum arose
form imine-enamine tautomerism.

OH
s ° ©)
0
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¢

N OMe
H

(o]

(AC1-004)

Scheme 2: Synthesis of AC1-004. Reagents and conditions: (i) PPSE, 140 °C, 4
h, 89%.

The synthesis of 5-methoxycarbonyl-1,3-dialkylbenzimidazolium
halides 7a-e followed our established procedure (scheme 3).2° Their
subsequent complexation and transmetalation proceeded well and
reproducibly for all salts with hardly any noticeable influence of the
N-substituents on the yield of the complexation. The final exchange
of the chlorido for a thiophenol ligand in complex 8 was carried out
in methanol with in situ generated NaOMe to afford thiophenol
complexes 9. However, this method could not be applied to an
exchange of chlorido for thiol 4 because of the insolubility of the

This journal is © The Royal Society of Chemistry 2022
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latter in methanol. Changing the solvent to CH,Cl, and the base to
KO'Bu eventually gave the desired thiol complexes 10a-c. However,
the isopropyl and pentyl analogues 10d and 10e could not be
obtained in this way, despite variation of the reaction conditions.

9 R
ol ~ 3
MeO
b4
N
\
(n R

o R

/
y ”e")k@["
I) Au—S
o R N
-~

\
(9a-e) R

Residues:
a:R=Me
b:R =Et
c:R=Bn
d:R=Pe
e:R=jPr

(10a-¢)

Scheme 3: General synthetic route to NHC-Au(l) thiolato complexes 9a-e and
10a-c. Reagents and conditions: (i) 1. Ag20, CHzCl,, light exclusion, r.t., 6 h; 2.
AuCl(SMe;), CH:Cl,, light exclusion, r.t., 24h; (i) Na, SPh, MeOH, r.t., 24h; (iii)
KO'Bu, 4, CH2Cly, r.t., 24h.

Crystals of 9b suitable for X-ray diffraction analyses were grown by
slow evaporation of a saturated solution in CH,Cl,/n-hexane. Figure
1 shows the resulting molecular structure. The bond lengths were
1.990 A for the C-Au bond and 2.292 A for the Au-S bond. The latter
is longer than an average Au-S bond which nicely visualises the trans
effect of the NHC ligand.?! Both ligands, thiophenol and the
benzimidazolium ylidene are arranged in a near-linear fashion with a
C-Au-S bond angle of 177.76°. Furthermore, apart from the methyl
group of the N-substituents and the phenyl ring of the thiophenolato
ligand, the molecule lies in one plane.

Figure 1: Molecular structure of complex 9b as thermal ellipsoid
representations at the 50% probability level (H atoms omitted). Selected
bond lengths [A] and angles [°]: C:-Au 1.990, Au-S 2.292, Au-S-C; 106.09, Ci—
Au-S 177.76.

To further determine the influence of the thiol ligands on the
cytotoxicity of the compounds, the gold chlorido complex 17 was
synthesised. This connects the 4-adamantylphenyl motif of AC1-004
with the benzimidazolium NHC ligand via an ester bond (scheme 4).
Moreover, as our group has found in previous studies that the target
of certain gold(l) NHC-complexes depended on their second ligand,®
with chlorido ligands directing them towards cell nuclei, the
evaluation of complex 17 should provide insight into the influence of
the thiol ligands of complexes 9 and 10 on their overall cytotoxicity
mechanism of action. Protection of the amine group was necessary

Dalton Trans., 2022, 00, 1-3 | 2
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to achieve an esterification of benzimidazole carboxylic acid 11 with
sterically more demanding alcohols like phenols. Boc was chosen for
its acid lability, since the ester itself proved to be rather labile in
upcoming steps. After a Steglich-Hassner esterification of protected
benzimidazole 12 and a subsequent deprotection of product ester
13, the N-alkylation of benzimidazole 14 had to be conducted in two
steps. Direct N,N’-dialkylation attempts resulted in poor yields
mainly because of saponification of the ester functionality. Under
milder condition, compound 14 was monoalkylated by ethyl iodide /
potassium carbonate to afford 15 in 80% yield and high purity. The
ethylation of 15 afforded, without any base present, iodide 16
quantitively. The latter was converted to the gold complex 17 in 66%
yield via the silver complex as usual, just like the methyl esters. It is
worth noting, that attempts to react iodide 16 with Ag,0 followed by
half an equivalent of AuCl(SMe;) in MeOH/CH,Cl, in order to
generate the cationic [(NHC),Au*]BF4 complex failed, leading instead
to the bis[5-(methoxycarbonyl)-(N,N’-diethyl)benzimidazol-2-
ylidene]Au* complex and recovered 4-(1-adamantyl)phenol.
Apparently, dry methanol and the intermediate AgOH were
nucleophilic and basic enough to cleave the labile, sterically crowded
phenol ester. Repeating the reaction in dry CH,Cl; likewise failed to
produce the desired product, but resulted in saponification.

(o} o
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Scheme 4: Synthesis of chlorido complex 17. Reagents and conditions: (i)
Boc:0, 10% Na:COsiaq), 1,4-dioxane, r.t., 16 h, 80%; (ii) EDC-HCI, DMAP, 4-(1-
adamantyl)(CsHs)OH, CH:Cl, r.t., 24 h, 84%; (iii) TFA, CH2Cl, r.t., 4 h, quant.;
(iv) Etl, K2CO3, DMF, 50 °C, 24 h, 80%; (v) Etl, 1,4-dioxane, reflux, 24 h, quant.;
(vi) 1. Ag:0, CH:Cl;, light exclusion, r.t., 6 h; 2. AuCl(SMe:), CH:Cl;, light
exclusion, r.t., 24 h, 66%.
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The ethyl substituted complexes of the respective series 9b, 10b and
17 were subjected to stability studies. None of the complexes
showed a change of their signals in *H NMR spectra over a period of
at least three days when dissolved in DMSO-dg + 5% D0, i.e. under
biotest-like aqueous conditions (cf. supporting information). Hence,
they can be considered stable under conditions prevailing in the bio-
evaluation assays.

In order to determine the subcellular accumulation and so obtain an
indication of the mechanism of antitumoural action, cyclopropene
analogues of complexes 9b and 10b were synthesised (scheme 5).
This moiety allows a visualisation of the compound via a ring strain
promoted Diels Alderjiy) cycloaddition reaction with fluorescent
tetrazine dyes while retaining a high structural similarity to the
corresponding methyl esters. The synthesis of the benzimidazolium
precursor was recently published by us.2? Its complexation to give
gold complex 19 via the formation of a silver complex and its
transmetalation with AuCl(SMe;) proceeded analogously to the
synthesis of complexes 8 and 17. Likewise, the exchange of the
chlorido ligand of 19 for the respective thiol which afforded the
complexes 20 and 21 with 70 percent yield.

Scheme 5: Synthetic route to cyclopropene-bearing (NHC) Au(l) chlorido and
thiolato complexes. Reagents and conditions: (i) 1. Ag:0, CH:Cl;, light
exclusion, r.t., 6 h; 2. AuCl(SMez), CH:Cl,, light exclusion, r.t., 24 h, 74%; (ii)
KO'Bu, SPh, CHxCly, r.t., 24 h, 82%; (iii) KO'Bu, 4, CH:Cly, r.t., 24 h, 72%.

Biological evaluation

Inhibitory effect on cancer cell proliferation

To determine the cytotoxicity of the compounds 9a-e, 10a-c, 17, 20,
21 and of the positive controls AC1-004, YC-1, and auranofin, their
antiproliferative activity was tested via MTT assays. Eight different
cancer or hybrid cell lines of six different entities were treated for 72
h and ICsp values were calculated using GraphPad Prism 9 (Table 1).
The ICso values for all cell lines were averaged and compared to
derive a general structure-activity relationship (Fig. 2).

Dalton Trans., 2022, 00, 1-3 | 3
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Table 1: Mean ICsp values + SD [um] of test compounds 9a-e, 10a-c, 17, 20-21, AC1-004, YC-1, and auranofin against 518A2
melanoma, EA.hy926 endothelial hybrid, U-87 glioblastoma, MCF-7 breast carcinoma, HT-29 colorectal adenocarcinoma, KB-V1'®!
cervix carcinoma, HCT116 wildtype and p53 knockout colon carcinoma cells after 72 h.

1Cs0 (72 h) [pam]

518A2 EA.hy926 U-87 MCF-7 HT-29 KB-V1'e: Hct116 Hct116p53  mean|iC,
AC1-004 17317 5704 45£06 125+11 17915 1.4+0.2 11.4+20 12306 15.4
YC-1 0.9+0.04 >50 >50 5103 1.2+0.1 21653  0.8:0.1 12.3£0.6 17.7
auranofin  16+0.1 52+0.2 46+0.1 4.5+0.09 5.0+0.1 3.4+04 2.4+0.2 22403 3.6
9a 156+0.8 4.1+04  3.7+0.08 42+05 145+0.6 48+05 165+11  106%15 9.3
9b 188+13  6.8:0.7 57+1.0 140+05  11.8+13  188:12 11.6:08 5.9+0.1 11.7
9c 207£10 2102 2.8+0.2 25403 5.4+0.2 106+11  12.8+18 530.2 7.8
9d 7£0.2 55%0.3 7.20.2 81101 166106  157+12 7205 23103 8.7
9e 6.1£0.4 9.7£07  20£0.04 4.0£0.04 6.6£0.6 14.2£0.5 5202 3.6£04 6.4
10a 17.8+14 157+15 20.6+20 144+16 19812 271:11 17009  13.8%09 183
10b 172+13  17.2+12 33411  127+08 292%2.2 396+45  85:0.8 7.1£0.5 20.6
10c >50 >50 351+08  23.8+20 253%18 >50 42022 87106 35.6
17 >50 >50 19.2+2 8615 7.0£0.7 320+22 >50 42.2+03 324
20 52+004 55£02 6.7+0.3 7.8+0.4 156+12  164+17  7.0:04 5.9+0.1 8.8
21 93%07 114%10 363%08 229%44  433%62  203%25 17730 116%10 333

By and large, the thiophenol Au(l) complexes 9 with mainly single-
digit micromolar ICsp values were more active than the 4-
10, which
featured ICso values predominantly in the double-digit micromolar
range. The ICso values of the thiophenolato Au(l) complex with a
cyclopropene moiety 20 are lower on average than those of its
bulkier analogue 21 and they are comparable to or lower than those
of its methyl ester analogue 9b. Within series 9 (thiophenolato),

(adamantan-2-yl)benzenethiolato Au(l) complexes

there was a slight increase in activity with increasing lipophilicity of
the N-substituents. The opposite effect was found for complexes 10
whose activities declined with increasing size of the residue, possibly
due to an associated decrease in solubility.
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Figure 2: Mean ICso values [um] over all tested cell lines for each of the test
compounds 9a-e, 10a-c, 17, 20, 21 and positive controls AC1-004, YC-1, and
auranofin.

This journal is © The Royal Society of Chemistry 2022

The cells were additionally treated with the lead compound AC1-
0048 (15.4 pm), the known HIF-1a inhibitor YC-16 (17.7 um) and the
clinically approved gold(l) complex auranofin?? (3.6 um) for
comparison. Cell line specific effects were observed for the multi-
drug resistant KB-V1 cervix carcinoma cell line, which was relatively
sensitive to 9a as well as AC1-004 and auranofin.z®> Some cell lines
showed compound-specific resistance within the concentration
range tested (100 pum - 0.5 nm) with ICsq values above 50 um. These
included 518A2 melanoma cells (10c and 17), EA.hy926 endothelial
hybrid cells (YC-1, 10c and 17), U87 glioblastoma cells (YC-1) or
HCT116 colon carcinoma cells (17). HCT116 cells lacking functional
p53 were more sensitive to most test substances than the wildtype
with functional p53.

Impact on the cellular redox system

Substance induced toxicity in cancer cells can originate from
oxidative stress due to an elevated level of reactive oxygen species
(ROS).2* This often leads to cell cycle arrest, senescence or cell death
and counteracts the tumor-promoting effects of ROS in many cancer
types.?® Intracellular formation of ROS can be quantified by 2°,7'-
dichlorodihydrofluorescein diacetate (DCFH-DA), which is converted
to DCFH by cellular esterases and turns fluorescent when oxidized by
intracellular ROS.26 Gold(l) complexes like auranofin might induce
ROS formation by interacting with thiol-containing enzymes like
thioredoxin reductase (TrxR).2” The measurement of ROS in 518A2
melanoma cells after treatment with 5 um of test compounds 9a-e,
10a-c, 17, 20, 21 and with the controls AC1-004, YC-1, and auranofin
showed a distinct increase for all Au(l) complexes (Fig. 3). An
exception was the Au(l)-chlorido complex 17, which, like AC1-004
and YC-1, induced no ROS increase. Once more, the complexes 9

Dalton Trans., 2022, 00, 1-3 | 4
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showed activities ascending when going from 9e to 9a. Moderate
ROS inductions were observed for complexes 10 and for the
cyclopropenyl derivatives 20 and 21. The Au(l)-thiolato motif, which
the lead structure AC1-004 lacks, is apparently essential for a distinct
ROS induction. Complexes 9a-c and 10a-c also inhibited the activity
of TrxR, as was previously shown also for auranofin (Fig. S26,
Supporting Information), suggesting a similar mechanism through a
deficient control of oxidative stress and redox regulation.??
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Figure 3: Fluorescence based DCFH-DA assays showed the reactive oxygen
species (ROS) levels in 518A2 melanoma cells treated with 5, 10 and 20 um of
test compounds 9a-e, 10a-c, 17, 20, 21, AC1-004, YC-1, auranofin and the
positive control hydrogen peroxide (H:0;, 1 um) compared with solvent
treated cells set to 100%. The values are means + SD from at least three
independent experiments.

Interference with the cancer cell cycle

A common down-stream effect of increased ROS levels and TrxR
inhibition is the alteration of the number of cells in the different cell
cycle phases. We analysed such potential effects by the new
complexes on 518A2 melanoma cells using fluorescence-assisted cell
sorting (FACS) (Fig. 4)
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Figure 4: Effect of compounds 9a-e, 10a-c, 17, AC1-004, YC-1, (10 um) and
auranofin (5 um) on the cell distributions in the different cell cycle phases of
518A2 melanoma cells after 24 h of treatment. Values + SD of two
independent experiments were derived from at least 10000 counted cells
with solvent treated control set to 100%.

In contrast to compounds AC1-004, 9b, 10a, 10c, and 17, which
showed no change in cell cycle distributions, the complexes 9a, 9c-e,
10b, compound YC-1, and especially auranofin induced an increase
in the sub-G1 cell population, which is indicative of apoptosis, and
subsequently led to a decrease in G1-phase cells. The investigation
of cell death using a caspase 3/7 assay kit revealed a significant
increase in activity for 9d and the positive control staurosporine
(STA) after incubation for 6 h (Fig. S2, Supporting Information). This

This journal is © The Royal Society of Chemistry 2020
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suggests an apoptotic pathway for 9d, which also caused a notable
S-phase arrest in 518A2 cells. Since S-phase arrest is usually
associated with disruption of DNA replication or impairment of CDK
(cyclin dependent kinases)-controlled cell cycle checkpoints, a
possible interaction with DNA was investigated via electrophoretic
mobility shift assays (EMSA), which revealed no interaction of 9d
with ds-DNA (Fig. S3, Supporting Information).2? In addition, a slight
increase in G2/M-phase cells for 9c-e was observed.

Reorganisation of the actin cytoskeleton

Cell apoptosis and oxidative stress are frequently associated with the
dynamics of the actin cytoskeleton.3® A considerable body of

evidence suggests a close relationship between the actin

cytoskeleton and the regulation of mitochondrial function as a
possible point of apoptotic regulation in eukaryotic cells.?!
Fluorescence microscopy images of 518A2 cells after treatment with
Au(l)-complexes 9a-c, 10a-c, 17 (10 um), 9d-e (5 um) and auranofin
(1 um) revealed a concentration-dependent remodelling of the actin
cytoskeleton (Fig. 5).

Figure 5: Immunofluorescence images of the actin cytoskeleton (green) and
the nuclei (blue) of 518A2 melanoma cells after treatment with compounds
9a-c, 10a-c, 17, AC1-004, YC-1, (10 um), 9d-e (5 um) or auranofin (1 pum) for 24
h. Images are representative of at least two independent experiments. Scale
bars correspond to 50 um, magnification 640x.

The concentrations of auranofin and complexes 9d and 9e were
reduced to 1 and 5 uwm, respectively, due to their stronger cytotoxic
effects on the cells. Reorganisation of the actin cytoskeleton resulted
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in alterations such as stress fiber formation, actin degradation and
clustering. The integrity of cells was also affected, resulting in
detachment of focal adhesions and a rounded cell morphology.32 The
degradation of the actin cytoskeleton already begins in the initiation
stage of apoptosis, whereas the fragmentation of the cell nucleus
only occurs at the end of the execution stage.3* The absence of
fragmented cell nuclei suggests that an early stage of apoptosis has
not yet led to nuclear degradation. In contrast, AC1-004 and the HIF-
la -inhibitor YC-1 (10 um) showed no effects on the actin filaments,
indicating that it might be the gold complex fragment that is
responsible for the effects on the actin cytoskeleton.

Subcellular localisation

The similarity of the cyclopropene derivatives 20, 21 and their
counterparts 9b and 10b in terms of their effects in the MTT and
DCFH-DA ROS formation assays, suggests a related mode of action,
very likely also involving similar targets and sites of accumulation in
the cells. This justifies the use of the compounds 20 and 21, which
can be fluorescently labelled by a Diels-Alder reaction,?® as a probe
for identifying not just their site of intracellular localisation but that
of 9b and 10b as well. Figure 6 shows the subcellular distribution of
the fluorescent click-products of the complexes 20 and 21 in 518A2
cells with counterstained nuclei and mitochondria.

click-product

nuclei mitochondria
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Figure 6: Confocal imaging of 518A2 melanoma cells treated with 25 um of
cyclopropene derivatives 20 or 21 and BDP-FL-tetrazine for bioorthogonal
labelling (green), or with MitoTracker® Red CM-H2XRos (violet), or DAPI
(blue). Images are representative of at least two independent experiments.
Scale bars correspond to 50 um, magnification 640x. Pearson correlation
coefficient (PCC) was calculated for colocalised nuclei and mitochondria using
coloc2 function (imagel). Bottom scheme shows the general cycloaddition
reaction of cyclopropenes 20 and 21 with BPD-FL-tetrazine to give fluorescent
diazines.

Surprisingly, the adamantyl group of complex 21 affected the
distribution within the cell, resulting in a selective accumulation
within mitochondria. In contrast, complex 20 was detected in
mitochondria, nuclei, and cytoplasm, indicating a rather unspecific
distribution. Pearsons correlation coefficient (PCC) was used to
quantify the accumulation within the cell organelles, with values
near 1 standing for a complete overlay of both images. Mitochondria

This journal is © The Royal Society of Chemistry 2020
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which play a major role in crucial metabolic functions of the cell and
the regulation of apoptosis, but also in cancer-specific phenomena
such as the overproduction of ROS, are an important target for
cancer treatment.3* 36 When we assume similiar mitochondrial
mechanisms of action for 20/21 and 9b/10b the latter are likely to
operate by induction of ROS-induced cancer cell death.3” To further
substantiate the comparability of complexes 9, 10, and 17 their
uptake into 518A2 cells was quantified by ICP-MS analysis, yielding
values between 8 and 19 ng of gold per 1*10¢ cells for compounds
9a-e, 10b and 17 (Fig. S4, Supporting Information). In comparison,
the uptake of auranofin was 13-fold higher with 255 ng, which
constitutes a significantly poorer uptake of the test substances.

Influence on endothelial tube formation

Another consequence of elevated oxidative stress in cancer cells is
the upregulation of proliferation-enhancing transcription factors
such as NF-kB, VEGF or HIF-1a which are responsible for tumour
growth, migration, invasion or the induction of angiogenesis.384°

¥

Figure 7: The ability of EA.hy926 endothelial hybrid cells to form tubular
structures on Matrigel® when treated with substances 9a-e, 10a-c, 17, AC1-
004, YC-1, and auranofin (20 pm) as well as negative control DMSO,
documented by light microscopy. Images represent one of two independent
experiments. Vitality was checked via MTT assays (vitality of control: > 80%,
10b > 60%, auranofin < 60%). Scale bars correspond to 500 um, magnification
100x.

The development of new blood vessels promotes the growth of
tumors and increases the risk of metastasis.*! The investigation of
agents that inhibit angiogenesis in tumor tissue constituted a key
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point in the development of new cancer therapies.®? The anti-
angiogenic potential of the test compounds 9a-e, 10a-c, 17, AC1-004,
YC-1, and auranofin (20 um) was examined by their inhibitory effects
on the in vitro formation of vessel-like tubes by EA.hy926 endothelial
hybrid cells (Fig. 7).*> Growing these cells on a solubilised basement
membrane matrix for 10 h led to the formation of polygonal tubes
mimicking 2D vessel-like structures in the solvent-treated wells.
Upon addition of the test compounds, different changes in the extent
of tube formation were observed. Auranofin had by far the strongest
inhibitory effect, apparent from its suppression of tubular structure
formation and a strong reduction of cell vitality as determined by
concomitant MTT assays. Complexes 9 and 10b also showed distinct
inhibitory effects on the migration of cells and the formation of cell-
cell junctions, leaving merely small contiguous cell clusters and
isolated tubes aside of individual cells. 10a, 10b, 17, AC1-004 and YC-
1 led to the formation of polygonal structures similar to solvent-
treated cells, not indicating any noteworthy anti-angiogenic effect.

Anti-angiogenic effect on zebrafish larvae

To confirm the anti-angiogenic properties in vivo and to investigate
possible toxic effects in a vertebrate model, the angiogenesis of
zebrafish larvae (24 hpf, hours post fertilisation) was investigated
under compound exposure. |Initially, the larvae showed a
concentration-dependent tolerance for the test substances, which is
why the concentrations shown vary between 1 and 10 um (Fig. 8).
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Figure 8: At least 21 zebrafish larvae were treated with test compounds 9c,
10a-c, 17, YC-1 (10 um), 9d (5 um), 9a, 9b, 9e, AC1-004 and auranofin (1 pum)
for 48 h. To estimate the antiangiogenic effect the SIV (subintestinal vessel)
area was quantified via ImageJ and quoted as the mean + SD with solvent
treated fish set to 100%. Significance is given as n.s.: > 0.05; *: < 0.05; ***: <
0.001; ****: <0.0001, One-way ANOVA with Dunnett’s multiple comparison
test (GraphPad prism 9).

While compounds 9a, 9b, 9e, AC1-004 and auranofin were tolerated
up to a maximum concentration of only 1 pum, complex 9d was
tolerated with a maximum concentration of 5 pm, and compounds
9¢, 10a-c, 17, and YC-1 even at 10 um. The 4-(adamantan-2-
yl)benzenethiolato complexes, as well as YC-1, and 9c showed
significantly fewer toxic effects compared to AC1-004, auranofin, and
three of the thiophenolato complexes, with 9d lying in between.
Considering the effect on the formation of the subintestinal vein (SIV)
in zebrafish larvae, an impairment of angiogenesis was observed for

This journal is © The Royal Society of Chemistry 2020

ARTICLE

all test compounds except 10c. The activity was reduced by a benzyl
group on the NHC ligand (9¢ and 10c) and for the chlorido complex
17. The strongest anti-angiogenic effect was exhibited by 9e, 10a,
10b and YC-1 which is known to inhibit HIF-1a and VEGF.** As applied
only at a concentration of 1 um, 9e was the most intrinsically active
inhibitor of angiogenesis.

Materials and methods

Chemical synthesis

General

Starting compounds were purchased from Sigma-Aldrich (St. Louis,
United States), TCI (Tokio, Japan), Merck (Darmstadt, Germany), abcr
(Karlsruhe, Germany), Acros Organics (Fair Lawn, United States), VWR
(Radnor, United States) and used without further purification. All
reactions with moisture-sensitive reagents were carried out under an
argon atmosphere in water-free solvents. Unless stated otherwise,
the solvents were purified and dried using standard methods.
Nuclear magnetic resonance (NMR) spectra were run on a Bruker
(Bellerica, USA) DRX spectrometer at ambient temperature. Chemical
shifts are given in ppm (8) downfield from tetramethylsilane as
internal standard. As internal standard for H-NMR spectra the
resonance signal of the residual proton of CDCl; (6 = 7.26 ppm),
DMSO-dg (6 = 2.50 ppm) or MeOD-d,4 (6 = 3.31 ppm) was used; for
13C-NMR spectra the resonance signal of carbon atom of CDCl; (6 =
77.1 ppm), DMSO-ds (6 = 39.5 ppm) or MeOD-d4 (6 = 49.0 ppm) was
used. The 'H-NMR spectra were measured at 500 MHz and 3C-NMR
spectra at 125 MHz. For signal multiplicities the following
abbreviations were used: s = singlet, d = doublet, t = triplet, sept =
septet, m = multiplet, dd =doublet of doublets, dt=doublet of
triplets, dq = doublet of quartets with the prefix v meaning virtual.
Melting points were taken with an Electrothermal 9100 apparatus
and are uncorrected. Mass spectra were recorded on a ThermoFisher
Scientific (Waltham, United States) UPLC/Orbitrap MS system
(HRMS-ESI).

Synthetic route to 4-(adamant-2-yl)benzenethiol (4)
2-Phenyladamantane (2)

2-Bromoadamantane 1 (1.36 g, 6.32 mmol, 1.00 eq.) was dissolved in
dry benzene (30 mL) at 0 °C and FeBr; (187 mg, 632 pmol, 0.10 eq.)
was added portionwise. The mixture was left stirring for 1 h at rt after
which it was heated to 80 °C for 24 h. The suspension was filtered
and the filtrate was evaporated. The product was isolated as a
brownish oil (1.12 g, 5.27 mmol, 84%). *H NMR (500 MHz, CDCls) &4
7.47(d, J = 6.8 Hz, 2H, H¥"), 7.44 (d, J = 6.8 Hz, 2H, H*), 7.29 (d, J = 7.4
Hz, 1H, H"), 3.14 (s, 1H, H2%3), 2.60 (s, 2H, H%), 2.16 - 1.97 (m, 7H,
Had3), 1.90 (s, 3H, H292), 1.71 - 1.65 (m, 2H, H2%3) ppm; 13C NMR (126
MHz, CDCls) 8¢ 143.0 (s, C*), 126.8 (s, C*1), 125.5 (s, Cr), 123.8 (s, C),
45.5 (s, C292), 37.9 (s, C2%), 36.6 (s, C292), 30.6 (s, C292), 29.7 (s, Cada),
26.7 (s, C2%), 26.5 (s, C292) ppm.

The NMR data matched previously reported spectra.*s

4-(Adamant-2-yl)benzenesulfonyl chloride (3)
Compound 2 (300 mg, 1.41 mmol, 1.00 eq.) was dissolved in dry
CH3Cl (5 mL) at 0 °C and NaCl (82.6 mg, 1.41 mmol, 1.00 eq.) was
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