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Abstract

The world is facing the late phase of an epidemiological transition, with cancer becoming the
leading cause of death in 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 immuno-oncology, chemotherapy is still the method
of choice, especially for advanced stages of cancer. The three most common chemotherapeutic
agents are cisplatin (1), carboplatin (7) or oxalipatin (8), which are used in over 50% of all
chemotherapies. Existing or developing resistances against these cytostatic drugs can, however,
reduce their rate of successful applications. In addition, their sometimes severe side effects can

significantly impact the patient’s quality of life.

Consequently, a search for alternatives in cancer treatment began, 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
targets’ binding pockets. Furthermore, a charge can easily be introduced into metal complexes,
significantly affecting their pharmacokinetics. Hence, mechanisms of action can be achieved other
than binding to the DNA, as in the case of the mainstay platinum complexes. Among others, gold
complexes such as auranofin (29) have proven to be particularly effective in inducing cancer cell
apoptosis via mitochondrial pathways. In addition to the central atom, the ligands play the main
role in unfolding anti-tumoural effects. N-heterocyclic carbenes (NHC) have proven to be
extraordinarily versatile and potent. Thus, by appropriate design, target-specific or pleiotropic

chemotherapeutics can be generated.

Improving the effects of an already active substance by combining it with a central metal to design
compounds with specific mechanisms of action can create metal complexes with reduced adverse
side effects or enhanced anti-tumoural activity. Therefore, insight into these complexes'
mechanisms of action is of great interest. In addition to in vitro assays, subcellular localisation

serves this purpose, for example, via bioorthogonal click chemistry.

This dissertation comprises three publications detailing the synthesis, characterisation, and
evaluation (e.g., ICso, cellular uptake, ROS generation and DNA Interaction) of metal complexes,
addressing one or more Hallmarks of Cancer. The main features of the complexes developed in
the course of this research are their unique anti-tumoural effects and their subcellular localisation

via bioorthogonal chemistry.



The first publication examines NHC-gold(l) thiolato complexes, mimicking the HIF-1a inhibitor
AC1-004. Compared to the lead structure, improved cytotoxicity was achieved through
accompanying effects, such as thioredoxin reductase (TrxR) inhibition, inhibition of tube
formations or disruption of the cytoskeleton formation. Their /Cso values were mainly in the low
micromolar range. Bioorthogonal click chemistry of their cyclopropene-bearing analogues also

demonstrated the accumulation of the thiolato complexes in the cancer cells' mitochondria.

The second publication focuses on trans-bis platinum(ll) complexes, analysing their geometry's
effects to circumvent cisplatin (1) resistance. The cytotoxicity of some compounds reached two-
digit nanomolar ICso values against several human cancer cell lines. Furthermore, a structure-
activity relationship (SAR) study was conducted, revealing that the cytotoxicity, stability, and
mechanism of action correlated with the geometry and the N-substituents. The latter was proven
via cyclopropene-tagged derivatives, which accumulated in the cancer cells' nuclei (cis) or

mitochondria (trans).

The third publication discusses gold complexes derived from the mitotic inhibitor combretastatin-
A4 (CA-4). The ligands were synthesised following VAN LEUSEN imidazole cycloaddition reaction.
Different subcellular accumulations could be achieved, depending on the second ligand of the
Au(l) species, which was demonstrated via fluorescence experiments with anthracene-bearing
congeners. The neutral gold chlorides bound with the DNA, the cationic phosphane complexes led
to TrxR inhibition and the bis-NHC complexes accumulated in the lysosomes, all of which led to

apoptosis with ICso values in the low three-digit 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
Industrieldandern mittlerweile die haufigste Todesursache bei Menschen unter 70 Jahren. So
variabel und einzigartig, wie eine Krebserkrankung sein kann, so unterschiedlich sind auch die
Therapiemoglichkeiten. Wahrend sich der Trend aktuell immer mehr in Richtung personalisierte
Therapie unter Einsatz von Immunonkologie entwickelt, ist die Chemotherapie vor allem in
fortgeschrittenen Stadien nach wie vor das Mittel der Wahl. Die Komplexe Cisplatin (1),
Carboplatin (7) oder Oxaliplatin (8) sind dabei in gut 50% der Therapien vertreten. Bestehende
oder sich entwickelnde Resistenzen kdnnen allerdings den Therapieerfolg mindern. Die teilweise
starken Nebenwirkungen der Zytostatika kobnnen zudem die Lebensqualitdt der Patienten massiv

beeintrachtigen.

Daher begann frith nach der Entdeckung von Cisplatin (1) die Erforschung moglicher Alternativen
und diese weitete sich schnell auf andere Ubergangs- oder Edelmetalle aus. Gegeniiber organisch-
chemischen Verbindungen haben Metallkomplexe allgemein den Vorteil, dass sich einzigartige
Geometrien erzeugen lassen, um so in die Bindungstaschen des Zielmolekiils zu passen. AuRerdem
kann leicht eine Ladung in den Komplex gebracht werden, was die Pharmakokinetik mafRgeblich
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 Auranofin (29) erwiesen, die (ber 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 gezieltes Design lassen sich so target-spezifische oder pleiotropische

Chemotherapeutika erzeugen.

Die Kombination einer bereits aktiven Substanz mit einem Zentralmetall kann deren Effekte
verbessern und Komplexe mit besonderen Wirkmechanismen, geringeren unerwiinschten
Nebenwirkungen oder verstarkter antitumoraler Aktivitat generieren. Deshalb ist die Aufklarung
des Wirkmechanismus dieser Komplexe von groRem Interesse. Dazu dient neben in vitro Assays

vor allem die subzelluldre Lokalisation zum Beispiel durch bioorthogonale Click Chemie.

Diese Arbeit umfasst drei Publikationen, welche die Synthese, Charakterisierung und Evaluierung
(unter anderem [Cso, zelluldire Aufnahme, ROS-Erzeugung und DNA-Interaktion) von
Metallkomplexen beschreiben, welche einen oder mehrere der Hallmarks of Cancer adressieren.
Das Hauptmerkmal der im Zuge dieser Arbeit entstanden Verbindungen sind deren einzigartige

antitumorale Effekte sowie deren subzellulare Lokalisation via bioorthogonaler Chemie.



Die erste Publikation beschaftigt sich mit NHC-Gold(l) Thiolkomplexen, die dem HIF-1a Inhibitor
AC1-004 nachempfunden wurden. Durch einhergehende Effekte wie die TrxR Inhibition, die
Inhibition der Angiogenese oder die Storung der Ausbildung des Zytoskeletts, konnte eine
verbesserte Zytotoxizitat verglichen mit der Leitstruktur erzielt werden. Die ICso Werte lagen dabei
hauptséachlich im niedrigen mikromolaren Bereich. Bioorthogonale Click Chemie von Cyclopropen-

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

Die zweite Veroffentlichung behandelt vor allem trans-bis Platin(ll) Komplexe, die durch ihre
Geometrie die Resistenz gegentiber Cisplatin (1) umgehen sollten. Dabei wurden bis zu zweistellig
nanomolaren [Cso Werte erreicht. AuRerdem wurde eine Struktur-Aktivitats-Beziehung
beobachtet. Nicht nur die Zytotoxizitdt, sondern auch die Stabilitdt und der Wirkmechanismus
hingen dabei von der Geometrie und den N-Substituenten ab. Der Wirkmechanismus wurde
anhand von Cyclopropenen-tragenden Derivaten nachgewiesen, die sich in den Zellkernen (cis)

oder Mitochondrien (trans) der Krebszellen anreicherten.

Die dritte Publikation thematisiert Gold Komplexe, deren Imidazolliganden dem Mitoseinhibitor
CA-4 nachempfunden wurden. Die Liganden wurden gemall einer VAN LEUSEN
Cycloadditionsreaktion synthetisiert. Je nach Wahl des zweiten Liganden der Au(l) Spezies
konnten hier verschiedene subzellulare Akkumulationen erreicht werden, was durch Anthracen
tragende Analoga bewiesen wurde. Die neutralen Goldchloride banden dabei an die DNA, die
kationischen Phosphankomplexe fiihrten zur Inhibition von TrxR und die bis-NHC Komplexe
reicherten sich in den Lysosomen an. Alle Komplexe fiihrten zur Apoptose mit /Csp Werten im

niedrig dreistellig bis zweistelligen nanomolaren Bereich.

DNA Schaden
ROS Erzeugung TrxR Inhibition
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Abbreviations

Ac acetate

Alloc allyloxycarbonyl

Aq agueous

Ar aryl

ATP adenosine triphosphate
BiP binding immunoglobulin protein
Bn benzyl

Boc tert-butyloxycarbonyl

Bu butyl

CA-4 combretastatin A-4

CAM chorioallantoic membrane

cisplatin | cis-diamminedichloroplatinum
Cp cyclopentadienyl

CuAAC copper(l)-catalysed azide-alkyne cycloaddition

CvD cardiovascular disease

Cy cyclohexyl

DACH 1,2-diaminocyclohexane
DLC delocalised lipophilic cations
DLT dose-limiting toxicity

DMSO dimethyl sulfoxide
DNA deoxyribonucleic acid
EGFR epidermal growth factor receptor

EMSA electrophoretic mobility shift assay

E. coli Escherichia coli

Eq equivalents

Et ethyl

FDA Food and Drug Administration

Glso half maximal inhibitory concentration of cell proliferation
HDI human development index

HIF hypoxia-inducible factor

HMG high mobility group

HOMO highest occupied molecular orbital
HSAB hard and soft acids and bases

\



i iso

I1Cso 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-small-cell lung cancer

PCC pearson correlation coefficient

Ph phenyl

Pn pentane

Pr propyl

PSP purine salvage pathway

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
XS excess
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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, especially in countries with a high human development index
(HDI).*3! The International Agency for Cancer Research reported 19.3 million new cancer cases
and 10.0 million cancer-related deaths in their 2020’s GLOBOCAN statistics, ranking cancer among
the top two most common causes of death before the age of 70 in 112 out of 183 countries

(Figure 1).1

Interestingly, the incidence of different cancer types varies between countries due to exposure to
other risk factors. The most diagnosed cancer types in industrialised countries are breast-,
prostate- and lung cancer due to more prevalent obesity, smoking or an unhealthy diet. Low HDI
countries show a higher frequency of poverty-based and infection-related cancer types, e.g.
abdominal-, liver- and cervical cancer.”” Vaccination against the latter has been promoted for
decades, leading to this type of cancer being listed at the lower end of the incidence range in high
HDI countries, thus emphasising the importance of prevention and access to health care.®
Country-specific differences can also be identified, such as the high proportion of lung cancer in

China due to high air pollution.!”!

Predictions for the cancer burden of 2040 forecast a rise of new cancer diagnoses by 47%
worldwide, with low to medium HDI countries suffering the most due to the growth and ageing of

the population in combination with poor access to healthcare in those transitioning countries.®!

°
o
°® °

Ranking of cancer
Premature mortality (0-69)

1st(57)

2nd (5)

3rd - 4th (23)

5th-0th (48)
[ No data [ Not applicable

Figure 1. National ranking of cancer as a cause of death at ages <70 years in 2019. Reprinted with permission from(8,
Copyright © American Association for Cancer Research.



However, the future increase in cancer numbers may be even more significant than predictions
indicate due to the still unknown full extent of the COVID-19 pandemic.®¥ The resulting strain
on the healthcare system likely led many people not to undergo a necessary cancer screening
examination with or without suspicion. Therefore, the number of unreported cases and cancer-
related deaths in the coming years could be much higher than expected. After all, a later diagnosis
and, thus, a more advanced stage of cancer is the most avoidable cause of a poor prognosis for

the patient.[!214

Concerning cancer research, the COVID-19 pandemic has also had positive effects. The gene
technologies behind the mRNA-1273 (Moderna) and BNT162b2 (BioNTech, Pfizer) vaccines are re-
energising research into mRNA-based cancer treatment as the currently most promising approach
to fighting cancer. Today, more than a hundred clinical trials (phase | — Ill) based on immuno-
oncological drugs are registered for different kinds of cancer, for example, prostate cancer,
melanoma, leukaemia or non-small-cell lung cancer (NSCLC).[*> ) However, the 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 immunogenicity or other side effects. Normally, the immune response is
downregulated to prevent autoimmunity by so-called checkpoint inhibitors, e. g., CTLA-4 or PD-1.
Yet, the FDA-approved monoclonal antibodies ipilimumab and pembrolizumab, for example,
release these brakes and make the cancer cell attackable by the immune system again by
attracting and activating T-Cells and thus generating an immune responsive tumour
microenvironment (TME), while risking aforementioned autoimmunity.”? Another disadvantage
of immunotherapy is congenital or acquired resistance caused either by immunosuppressive
diseases, tumours with small molecule cues or the possibility of cancer cells simply escaping the

immune system. 8!

While promising, this immunotherapy research is still in its infancy, mainly because there is no
universally applicable scoring system like the tumour node metastasis (TNM) staging system in
chemotherapy to predict whether a patient will respond to immunotherapy or what side effects
there might be.l*®! Consequently, this methodology is still at the bottom of cancer treatment
statistics today. The even more sophisticated approach of personalised cancer therapy based on

a person's omics to not rely on any prediction method is a dream of the future.[*%

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

of TNM stage | tumours according to the UK Cancer Research from 2016 to 2019, the use of radio-



and chemotherapy increases with the stage of the disease.’?”! Nevertheless, not every type of
cancer can be treated equally. The most common cancer types, breast-, uterine corpus- and
colorectal cancer, are all treated in early stages via breast-conserving surgery (or more rarely
mastectomy), hysterectomy or colectomy, respectively. However, later stages of these diseases
are mainly treated with chemotherapeutic drugs, less frequently with radiotherapy, but often with
a combination of these.?¥ For other types of cancer, e. g., leukaemia, HODGKIN and Non-HODGKIN
lymphoma or small cell lung cancer, chemotherapy remains the first choice of treatment.
Compared to radio- or immunotherapy, the advantages of chemotherapeutics are the simple and
cheap production of the drugs in connection with targeted applications depending on the

compound.

The drugs used in chemotherapy can be subdivided into two major groups depending on their
mode of action. The most commonly used anti-tumoural agents can be categorised as cytostatic
drugs, hampering the cancer cells' growth. These, in turn, can be divided into four subgroups,
depending on which phase of the cell cycle they inhibit. Table 1 lists a few examples of clinically
approved drugs. Today, in about 50% of chemotherapies, one of the metallodrugs mentioned in
the fourth row, cisplatin (1), carboplatin (7) and oxaliplatin (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.

Table 1. An excerpt of clinically used chemotherapeutic drugs and their mode of action.

Type of drug Mode of action FDA approved examples

Inhibiting microtubule dynamics, | vinblastine, cabazitaxel,

Mitotic inhibitors thereby constraining cell division.?> 231 | docetaxel, colchicine

Trapping the single- or double-strand | daunorubicin, doxorubicin,
Topoisomerase I/11
break of the DNA caused by the | irinotecan, topotecan

inhibitors
enzymes.?% 2%
Erroneous incorporation into DNA | 6-mercaptopurine (6-MP),
Antimetabolites results in the arrest of replication.?®?”! | 6-thioguanine (6-TG),
fluorouracil, fludarabine
Alkylating or Attaching to N7 of guanine bases of the | cisplatin (1), carboplatin (7),

metalating agents | DNA inducing irreparable damages.!?®2°! | oxaliplatin (8), carmustine



The compounds belonging to the second main group of chemotherapeutics cannot be generalised
because they vary significantly from each other in their mechanism of action, e.g. HDAC-inhibitors,
asparaginase- or HIF-1a inhibitors.3%33 However can also be assigned to a specific target, which
corresponds to one of the hallmarks of cancer, recently updated by HANAHAN et al. (Figure 2). Their
review underlines the complexity of the disease while also showing which targets cancer cells, as

opposed to non-malignant cells, might offer chemotherapy.

Sustaining Evading
proliferative signaling growth suppressors

Unlocking ﬂ Q
phenotypic plasticity

v o4

W 4
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immortality
oviome Tumor-promotin
instability & : promoting
4 inflammation
mutation

Polymorphic
Senescent cells 'y : P
microbiomes
Inducing or accessing Activating invasion &

vasculature metastasis

Figure 2. Hallmarks of Cancer 2022. Reprinted with permission fromB4.. Copyright © John Wiley and Sons.

Current research on chemotherapeutic agents is therefore focused on tumour-only targets. The
resounding success of the aforementioned platinum drugs also paved the way for a variety of
improved target-selective or pleiotropic metal-based chemotherapeutics. The following chapters
will explain this development and the extent to which metal complexes are superior to organic

compounds.



1.2 From cisplatin to Pt" prodrugs

1.2.1 (Re)discovery and synthesis of cisplatin

Today, approximately 50% of patients treated with chemotherapeutic agents receive infusions
with cisplatin (1) or an analogue thereof.?> However, it was a long journey to reach the current
chemotherapy standard. Like many pioneering breakthroughs and discoveries in medicine or
chemistry, the discovery of the effect of 1 was also serendipitous. In 1965, ROSENBERG et al. set out
to examine the effect of an electric current on the growth process of Escherichia coli (E. coli),
discovering that the platinum electrodes, which they believed inert, caused the inhibition of cell
division, not the electric field applied.®® After some experiments to exclude the factors of filament
formation, such as UV light, pH value or magnesium concentration, these variables were kept
constant, and various transition metals were evaluated. These tests elucidated that, in addition to
rhodium and ruthenium, oxidised platinum species are the main reason for cell division
inhibition.B® Further investigations revealed that mainly the neutral Pt", namely cis-
diamminedichloroplatinum (cisplatin) (1) and the Pt", called cis-diamminetetrachloroplatinum
(2), species (Figure 3), were excessively active. Another early discovery made by Rosenberg in
1967 revealed that only the cis configuration of the metal complexes showed effectiveness, while

the trans-complexes did not display cell growth inhibition.!37- 38

cl
Clinig,,,, . ““\.\\\“NHa Cllu,,,,,,ml IV“-\\\“NHs
——— T=NH;, Tt\NHa
cl

(1) (2)

Figure 3. Structures of cis-diamminedichloroplatinum (1) and cis-diamminetetrachloroplatinum (2).

Furthermore, both 1 and 2 were evaluated in Sarcoma 180- and Leukaemia L1210-bearing mice,
revealing a high potency with complete regression of the tumour in some cases. However, a high
dose-response curve of side effects limited dosage.®> % Further evaluation and subsequent
clinical trials led to the approval of 1 for the treatment of advanced testicular, ovarian and bladder

cancer in 1978 - a breakthrough in chemotherapeutic research.

Nevertheless, early synthesis of 1 was challenging. For example, the formation of MAGNUS’s Green
Salt (MGS), a complex of alternating [Pt(NHs)4]?* and [Pt(Cl)4]*> ions which, in sum, displays the

same molecular formula as 1 but lacks its chemotherapeutic efficacy./** Thus, DHARA developed a



method exploiting the trans effect of ligands by reacting potassium tetrachloroplatinate(ll) (3)
with potassium iodide to form potassium tetraiodoplatinate(ll) (4). The iodido ligands of the latter
can be exchanged with ammonia selectively in cis position. Dissolving this [Pt(NHs)l>] (5) species
in an aqueous solution of AgNOs led to the precipitation of insoluble Agl, whereas the diaqua
complex 6 in the filtrate is treated with KCl to eventually form cisplatin (1) in its pure form as
yellow crystals (Scheme 1).121 Another versatile and one-pot method substitutes the chloride

ligands with ammonia generated in situ via ammonium acetate./**

2- 2-
¢ Clinny,, ' el _xsKl L, " oo ﬂ» II“'""""Pt nNH;
L e N BRI . -
2 cl ~Cl 2 " T - NH,
(3) (4) (5)
lz AgNO,
2+

Clia, atNHg xs KCI H.Ou, ontNH;

"':-,Ptll' < (NO ) 2 " I
l T NH, T ~~NH,

(1) (6)

Scheme 1. Synthesis of cisplatin (1) by Dhara./*?

1.2.2 Cisplatin: mechanism of action, toxicity, and resistance

In clinical practice, 1 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 transporters,** 1 undergoes ligand exchange with water due to the rapid fall
of chloride concentration. The now present cationic diaquadiammino Pt" complex can bind to the
N7 of the imidazole ring of guanine and adenine bases leading to 1,2-intrastrand crosslinks of the
DNA, which, in turn, inhibit the transcription and replication, arresting the cell cycle at S, or G2-M
phase. Less frequently, 1,3-intrastrand, interstrand or monofunctionally bound platinum adducts
are formed, showing the same effect of inducing cell apoptosis.*>*”! While the DNA is considered
the main target of 1, other accompanying effects leading to cell death are, for example, the
generation of ROS and hence the loss of mitochondrial membrane potential (MMP)®“& %! or the

induction of endoplasmic reticulum (ER) stress.!>”

However, various disadvantages are associated with cisplatin's (1) application. There are, for
instance, dose-limiting toxicities (DLT) of the chemotherapeutic agent that become apparent in

the toxicological effects, e. g., ototoxicity, which up to 80% of patients treated with 1 will develop



to some degree.®Y Other unwanted side effects are nephro-2, hepato->3! and most seriously

cardio-¥ and neurotoxicity."!

Besides DLTs, intrinsic or developed resistances to 1 are detrimental to its successful application
in cancer therapy. The latter can be divided into two mechanisms. Off-target resistance, for
example, emerges in mutated cancer cells, which show a lower expression of copper transporters
responsible for the uptake of 1 in cells®¥, leading to decelerated uptake rates of the
chemotherapeutic agent.® Alternatively, efflux via copper ATPases is increased so that 1 is
flushed out of the cell before reaching its target.®™” Moreover, 1 can also be scavenged after

entering the cell by thiol-rich proteins like metallothioneins or glutathiones.*® >

On-target resistance mechanisms describe resistances towards cisplatin's (1) mechanism of
action, which can be hindered by under- or overexpression of specific genes capable of destroying
DNA distortions induced by 1 or repairing them, respectively. For example, the heritable BRCA
genes, essential parts of the homologous recombination system, can repair double-strand DNA
breaks, such as those caused by interstrand adducts of 1 within the DNA.[®® Hence, overexpression
and mutations thereof lead to lower responsiveness of cancer patients to therapy with 1.1% The
opposite is true for proteins involved in the mismatch repair (MMR) process. In charge of sending
signals to induce apoptosis, underexpression or mutation of these genes leads to resistance
towards 1 (Scheme 2).°2 Undoubtedly the most prominent gene involved in cisplatin (1)
resistance is the TP53 tumour suppressor gene, as it is the most frequently mutated gene in

human cancers.[®3 64
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Scheme 2. Schematic representation of the resistance of a cancer cell towards cisplatin.



1.2.3 New generations of chemotherapeutic agents based on cisplatin

Due to its many disadvantages, the search for cisplatin (1) alternatives led to carboplatin (7) as a
second-generation drug, which the FDA approved in 1989 (Figure 4). It differs from 1 only through
the replacement of the chloride ligands with the bidentate chelating ligand 1,1-
cyclobutanedicarboxylic acid, increasing stability and thus decreasing reactivity and improving
water solubility.[®®! In contrast to the chloride ligands of 1, which dissociate readily, carboplatin (7)
is transformed into its active form via enzymatic cleavage of the ester functionality. Activated
carboplatin then displays the same mechanism of action as its predecessor 1 resulting in
comparable efficacies for both complexes.'®® However, carboplatin (7) is characterised by its lower
toxicity, allowing high dosages to treat aggressive tumours. For example, neither ototoxicity nor
nephrotoxicity occurs with carboplatin (7), but myelosuppression is considerably higher.”
Sharing the same mechanism of action as 1 leads to similar resistances. Hence, cross-resistances

to the two complexes were found in ovarian cancer patients regardless of the treatment order.!°®!

The third generation of platinum chemotherapeutic agents, oxaliplatin (8), was developed and
approved by the FDA in 1996.1% It features a bidentate oxalate group and a chiral bidentate trans-
1,2-diaminocyclohexane (DACH) ligand instead of the amino ligands. This ligand is considered the
reason for oxaliplatin’s (8) higher cytotoxicity and lack of resistance against its chemotherapeutic
effects compared to 1 and carboplatin (7). While the nucleotide excision repair (NER) system, one
of the main contributors to the resistance towards 1 and its analogues, has a wide range of
substrates it can identify, the same does not apply to the MMR system. The DACH ligand of 8
cannot be recognised by the MMR, eventually resulting in a broader tumour range treatable with
8.70.711 8 showed efficacy against cisplatin (1)-insensitive cancers such as colorectal-, advanced
ovarian cancer and NSCLC.! In addition to oxaliplatin’s (8) mechanism of action involving a similar
if faster formation of DNA adducts as with 1, a mode of action leading to cell death involving the
immune system was published.’? Nevertheless, the dose-limiting factor of oxaliplatin (8) is its

severe neurotoxicity!”?!, which is why research into alternatives is ongoing.

In general, the selectivity of the platinum drugs (1, 7 and 8) is solely based on increased
proliferation and nutrient requirement of cancer cells, leading to DNA damage not only in
malignant tissue but to a certain extent in healthy tissue as well. To increase selectivity for
malignant cells, the fourth generation of platinum drugs is comprised 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 octahedral Pt" species. For example, satraplatin

(9) consists of two additional acetato ligands in trans position, increasing the drug’s lipophilicity



for oral administration. Once in the cancer cell, this prodrug is reduced by dihydronicotinamide
adenine dinucleotide (NADH) or heme proteins to transform into its biologically active state.”% 7!
After metabolism, satraplatin (9) reveals a similar mechanism of action as cisplatin (1). However,
the bulky cyclohexyl amine ligand prevents the DNA adducts from being recognised by the MMR
system, as aforementioned in the case of oxaliplatin (8).®! Even though the application of
satraplatin (9) led to less severe side effects and better bioavailability due to its chemical inertness,
it is not yet approved by the FDA. The same applies to other alternatives, e. g. nedaplatin!’”,
picoplatinl’®, heptaplatin”® and lobaplatin.’®” Yet, some of those compounds are regionally

approved, especially in Asian countries.

(1) (7) (8) O 9

Figure 4. FDA-approved Pt" drugs cisplatin, carboplatin, and oxaliplatin, as well as PtV prodrug satraplatin.

Although the above-mentioned platinum drugs (7, 8 and 9) have many advantages, such as
circumventing inherited or de novo resistances in the case of oxaliplatin (8) or fewer side effects
as for applications of satraplatin (9), they all inherit limitations in the form of low selectivity
accompanied by high toxicity. Therefore, current research focuses on synthesising novel platinum
complexes, which are stable under physiological conditions, allowing the compounds to reach
their site of action without triggering side effects. One class of ligands meeting these criteria are

NHCs.

1.2.4 NHC platinum complexes

Carbenes are conceivable in the triplet state, in which the electrons are present with parallel spin
in two p-orbitals and the singlet state, in which the electron pair is antiparallel in the sp%-hybrid
orbital.BY! The so-called Push-Pull effect stabilises the latter. The adjacent nitrogen atoms +M
effect, thereby donating to the lowest unoccupied molecular orbital (LUMO) of the C2-Atom. Their
higher electronegativity further lower the highest occupied molecular orbital (HOMO), making the

NHC ligand a strong o-donor, stabilising the complex.®? With similar binding ratios as phosphanes,



NHCs are neutral ligands so that the positive charge of the central metal ion is maintained, which

is essential for cellular uptake.[®

However, the main advantage of NHC complexes is 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 substituents.’®* According to PHILLIP'S Method,
benzimidazoles are readily achieved by reacting o-diaminobenzenes with an acid.®®! The widely
used method to synthesise imidazoles is the DEBUS-RADZISZEWSKI reaction. It resembles a three-
component imidazole synthesis reacting a 1,2-diketone, an aldehyde, and an amine to plain
imidazole or up to 1,2,4,5-tetrasubstituted imidazoles depending on the starting material.[®®
Alternatively, the Van Leusen reaction, a three-component imidazole synthesis which reacts a
TosMIC reagent with an amine and an aldehyde to 1,4,5-trisubstituted imidazoles, can be

conducted.?”

Besides the various synthesis routes leading to different backbone structures, the choice of N-
substituents plays a significant role in adjusting the pharmacokinetic properties of the final
complex. Depending on the synthesis route, the final precursor of an NHC ligand in the form of an
(inner) salt can be established via symmetrical N,’N-dialkylation or asymmetrical N-alkylation.®
8] The free carbene can finally be obtained and trapped by the present metal either by
deprotonation with a strong base®”, elimination of a leaving group in C-2 position, e. g., CO,Y or

by complexation with easily accessible silver salts.!*?

Prominent examples of anti-tumoural Pt complexes developed over the last few years bear
benzimidazolium-ylidine NHCs in combination with a coordinating picoline type as ligands 10
(Figure 5) published by DINDA et al. However, first studies of mixed NHC-amine Pt" complexes
showed only modest cytotoxicity against human cancer cell lines Hela (cervix cancer) and HepG2

(hepatocellular cancer).¥

In 2011, CHE et al. developed another series of cyclometalated Pt complexes with NHC ligands 11,
stabilised against a substitution with thiol-rich proteins in vitro via insertion of a strongly
coordinating 6-phenyl-2,2’-bipyridine heterocycle. These complexes achieved ICso values up to
double-digit nanomolar concentrations against cancer cell lines HelLa and HepG2, but also single-
digit micromolar values against healthy endothelial cells, against which cisplatin (1) is nearly
ineffective. Due to the luminescent properties of the heterocyclic structure of 11, 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. Further in vivo tests

demonstrated tumour growth inhibition by 55% in NCI-H640 (NSCLC) tumour-bearing mice.?%
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Furthermore, a small library comprised of ten cis-[Pt"(NHC)}(NHC)?Cl,] complexes with variously
substituted imidazolium-ylidine NHCs 12, resulting in a comprehensible SAR was reported by our
group in 2016. With few exceptions, their ICso values against various human cancer cell lines were
found to be in a low single-digit micromolar range and thus comparable with 1. More interesting,
however, was that the novel NHC platinum complexes revealed a modest activity against
cisplatin (1)-resistant cell lines HT-29 (colorectal cancer) and the multidrug-resistant cell line KB-
V1/Vbl (cervical cancer). This may be due to a slightly different mechanism of action, shown by an
electrophoretic mobility shift assay (EMSA) where the cis-bis(NHC) complexes not only acted like

1 by unwinding the DNA but also resulted in the aggregation of DNA strings. !
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Figure 5. Chemical structures of anti-tumoural mixed NHC-amine or (NHC), Pt(ll) complexes. R! = Me, Bn; R = Me, Et,
Pr, Bu; R3 = Me, CH,Ar; R* = Me, CH,Ar; R® = H, 4-OMePh; R® = H, 3,4,5-OMePh; R’ = CH,Ar.

1.2.5 Alternative geometry

Another way, besides ligand exchange, to circumvent cisplatin (1) resistance is to choose different
complex geometries. Even though research regarding transplatin (13) analogues was initially
neglected due to the ineffectiveness of the lead compound®®®, in 1989, FARRELL et al. discovered
that, due to ligand exchange, trans-Pt" complexes could indeed be effective anti-tumoural
agents.®® Their trans-[Cly(amine);]Pt" complexes (14), with the amine being either pyridine or
picoline, proved to be more cytotoxic against leukaemia cells than their cis-configured
counterparts or 1, leading to a growing interest in transplatin derivatives. NATILE et al., for
example, investigated three isomers of methyl acetimidates complexed in trans-position with
Pt'Cl, 15 and discovered that in comparison to their cis-configured analogues, an increased
efficacy could be observed. Moreover, the EE-complex displayed cytotoxicity against leukaemia
cells comparable with that of 1. The in vivo effects observed in cisplatin (1)-resistant P388
(leukaemia) tumour-bearing mice were significantly higher than those of the corresponding cis
complexes.®® The complexes of REEDIK et al. published in 2006, bearing an isopropyl amine ligand

and a variable azole 16 (Figure 6), revealed anti-tumoural effects as well, displaying low
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micromolar ICsp values against various human cancer cell lines. In addition, increased cytotoxicity

against cisplatin (1)-resistant cell lines was observed."”!
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Figure 6 Chemical structures of anti-tumoural trans Pt(Il) complexes. R = H, Me.

The mechanism of action of trans-Pt" complexes differs from 1 because their geometry does not
allow for 1,2-intrastrand crosslinks, accounting for the main cytotoxicity of platinum complexes.
Transplatin mainly induces the formation of mono-adducts or interstrand crosslinks, which do not
influence the DNA’s structure. Furthermore, these adducts are repaired quickly and are hardly
recognisable by the high mobility group (HMG) proteins that initiate apoptosis. In addition,
transplatin appears more reactive than 1, leading to increased deactivation before reaching the

site of action.[#8100]

To avoid this obstacle, transplatin complexes can be modified with NHC ligands. In 2010, MARINETTI
et al. first presented mixed amine-NHC trans-Platinum complexes with varying N-substituents and
different amines. The exemplary complex 17 of this library is drawn below (Figure 7). Their Pt"
diiodo complexes displayed ICso values in the low single-digit micromolar range against
cisplatin (1)-sensitive cell lines, e. g. CEM (leukaemia) and H460 (lung cancer) but also against

cisplatin (1)-resistant cell lines SKOV-3 and A278 (ovarian cancer).[*%%

In 2012, BELLEMIN-LAPONNAZ et al. built on this idea further and developed a series of mixed trans
NHC-amine Pt" complexes, the amine being an amino acid or a small peptide. One example with
proline as a ligand 18 is shown below. The ligands’ hydrogen bond acceptors and -donors, forming
dimers as shown in an exemplary crystal structure of the tripeptide val-phe-Gly bearing Pt'"l,
complex, lead to better bioavailability. The complexes evaluated proved significantly more
cytotoxic against various human cancer cell lines, including the cisplatin (1)-resistant SKOV-3

ovarian cancer cell line. However, the ICso values of the compounds evaluated were also in the
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nanomolar range against the healthy cell line MRC5 (foetus lung cells), implementing a significant

burden for healthy tissue in vivo.[**?

Recently, our group published the synthesis and evaluation of mixed NHC-amine complexes 19
and trans-bis NHC complexes 20 with varying N-substituents. Two examples of this library are
shown below. The bis-NHC complexes 20 showed moderate activity against several human cancer
cell lines with two-digit micromolar /Cso values even against the cisplatin (1)-resistant HT-29 cells
while being ineffective against the multidrug-resistant KB-V1/Vbl cells. Yet, the complexes were,
albeit to a lesser extent, active against non-malignant human colon fibroblasts (CCD18Co). The
picoline-bearing trans complex 19 was active in the single-digit um range against the same cell
lines as the former but lacked efficiency against HT-29 cells. Yet, it showed no activity against
healthy cells. Neither of the trans complexes showed any effect on the EMSA tests, contributing
to the assumption that the mechanism of action differs from its cis congeners.[%3! Nevertheless,

some research still needs to be done to fully elucidate the potential of trans-Platinum complexes.
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Figure 7. Chemical structures of anti-tumoural mixed NHC-amine or (NHC), trans Pt(ll) complexes.

13



1.3 Transitioning to other transition metal complexes

1.3.1 Advanced and promising Ru, Cu and Fe complexes

Cisplatin’s (1) resounding success, accompanied by gradually elucidating its mechanism of action,
manifested rules for research about what properties a complex must have to be an effective anti-
cancer agent. Many subsequent complexes, e. g. the next generation of platinum drugs, adhere
to this and vary only marginally in their structure from the lead compound. This bias may be the
reason why no non-platinum complex has yet made it to FDA-approved use in cancer therapy.*%

Nevertheless, research into organometallic complexes using different transition metals (e.g. Ru,

Cu, Fe, Pd) is ongoing.

These metallodrugs share the same characteristics, albeit in different forms or dimensions.
Depending on the coordination number, unique geometries can be achieved, influencing the
pharmacokinetics of the complexes. Furthermore, the oxidative states of the central atom can
change during in vivo redox reactions, transforming the complexes into their biologically active
forms after reaching the target, consequently increasing selectivity. Complexes can be designed
to be either negatively charged, neutral or positively charged to determine their site of action.[*%>
1091 The Lewis acidic character of the metal also polarises the ligands and contributes to their

exchange by hydrolysis, which can be a desired effect, e. g., in biocatalytic processes.*"!

This large variability in organometallic complexes allows fine-tuning of the compounds’ final
properties. ALESSIO et al. described five categories of medically relevant metal complexes. The first
category comprises functional complexes forming covalent bonds (mostly with DNA). That
includes the FDA-approved platinum complexes. Categories 2 and 3 fall into the metal-drug
synergism principle, which is described in more detail in the following chapter. Here, either the
structural fixation can cause or improve the biological effect, or the inertness of the central metal
can serve as a delivery system of the active ligand. In category four, the redox potential of the
metal can serve as a catalyst for mitochondrial processes, e.g. generating ROS. A few examples of
these categories are discussed below. Lastly, the fifth category represents organometallic

complexes which act as a photosensitiser.!*'%

Fast ligand exchange kinetics are widely seen as a disadvantage of organometallic complexes.
Therefore, efforts are made to avoid these instabilities. As ruthenium complexes exhibit the most
similar ligand exchange kinetics as Pt", several approaches were reported in the literature dealing

with their optimisation. Compared to other transition metal complexes, ligand exchange kinetics
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for Ru" and Pt" complexes are in minutes to days ratio rather than microseconds, thereby
mimicking the lifespan of a cell.™? There may be less overall cytotoxicity towards cancer cells of
ruthenium complexes compared to platinum drugs regarding /Cso values. However, toxicity was

also observed to be reduced for ruthenium compounds.**3!

Ruthenium can mimic iron as both 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 action might seem detrimental to the metallodrug’s pharmacokinetics, but it is, in fact,
beneficial for incorporating the metal compounds into cancer cells. Those proteins are
overexpressed on a cancer cell’s surface resulting in a 2- to 12-fold higher concentration of
ruthenium in cancer cells depending on the cell line.** 135 Ry complexes are also considered
prodrugs that only transform into their active Ru" form in the hypoxic and, thus, reductive TME.¢!
In contrast to cisplatin (1), DNA is not the primary target of Ru complexes attributing to their
higher selectivity. Instead, inhibition of the binding immunoglobulin protein (BiP) displays as the
mechanism of action. This protein is a chaperon of the ER overexpressed in cancer cells directly
resulting from the unfolded proteins response (UPR) caused by the tumours’ higher proliferation
rate.’”] Furthermore, the generation of ROS by Ru" complexes was observed, leading to apoptosis

via the mitochondrial dysfunction pathway.[**8!

However, of the large number of developed complexes, only four have advanced to clinical trials
so far. N-heterocycle-bearing trans Ru" tetrachlorido complexes NAMI-A (21) and KP1019 (22),
shown below in Figure 8, 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 of 22 led to significant limitations in infusion volumes,
disease stabilisation was observed for five out of six patients at low dosages in first clinical trials.
Furthermore, no observable DLTs were detected.™?® Resulting from those promising findings, a

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

Besides Ru'", complexes with iron as the metal centre can be used as an anti-cancer agents. Since
iron is ubiquitous in the human body’s biological processes, including electron transport, DNA
synthesis and oxygen transport via heme metalloproteins, it is easily tolerated.!*?! Malignant cells,
however, display a phenotype not yet fully elucidated referred to as “iron addiction”, where the
otherwise tightly regulated iron metabolism is distorted by overexpression of uptake genes, a lack
of storage proteins, e. g. ferritin or resistance to ferroptosis.'*?? This combination eventually leads
to a higher percentage of physiological, divalent iron present in its loosely bound form in the

cytosol, where it catalyses FENTON-type reactions, ultimately leading to DNA mutations. 23124
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The first iron complexes with anti-cancer properties reported back in 1984 were ferrocenium ions
with picrate or trichloracetate counter anions 23. An example is shown in Figure 8. Their mode of
action was attributed to the generation of R0OS.[*%! Since then, a broad range of ferrocenyl
derivates with varying substituents on one or both cyclopentadienyl rings, polypyridyl iron
complexes or salophen iron complexes were investigated preclinically. Nevertheless, to date, not
a single iron complex has advanced into clinical trials for cancer therapy.*?® 271 Metallocenes or
half sandwich complexes became a prominent vehicle for delivering metallodrugs over time.
Especially promising from this consideration arose Ru-arene complexes!*®, zirconocenes,!*?®

titanocenes*?, cobaltocenes™*® and many more.!*3!

Another micronutrient metal whose natural abundance in cellular processes can be exploited is
copper.*?Y Since copper plays an essential role in angiogenesis and proliferation, it is no surprise
that cancer cells display elevated concentrations of copper.!*3?! Copper-mediated cancer therapy
can be divided into three distinct mechanisms. The first cannot be classified as metal-based
chemotherapy because it is aimed at lowering the cellular copper level by chelating compounds
to such an extent that angiogenesis and tumour growth is prevented.33 The second, however, is

the classical approach with Cu"™"

complexes designed to target one or more cancer-specific sites
of action. This ranges from the generation of ROS to interaction with DNA to the almost unique
properties of copper complexes to act as topoisomerase inhibitors.*3* An example of a copper
complex acting as such is shown below in the form of Top | inhibitor Oxindolimine-copper(ll)

(24).'3% Yet, only a handful progressed into clinical tries.™***

The focus of copper-based cancer research is currently shifting towards radiopharmaceuticals,
which displays the third mechanism of action. For example, the positron-emitting 8*Cu"(atsm)
complex used as a hypoxia marker is presently tested in several clinical trials.[*3”) Furthermore, this
field of research can also be applied to almost all radioactive transition metal isotopes, which are
mainly complexed by chelating agents bound to targeting moieties. Radioligand therapy,

specifically addressing cancer cells, further emphasises the usefulness of transition metals.™**®
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Figure 8. Chemical structures of anti-tumoural active organometallic complexes with non-Platinum transitional metals.
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1.3.2 Palladium complexes

Another transition metal well-studied for its anti-cancer properties is palladium. Of all other
transition metals used for chemotherapeutic research, it displays the highest similarity to
platinum, such as coordination number and geometry. Palladium’s cheaper production and higher
water solubility are advantageous compared to platinum.*** The ligand exchange kinetics,
however, are significantly accelerated for palladium complexes. Hence, particular ligands are
required to avoid the formation of reactive species.**® Many such palladium compounds, mainly
with NHC ligands, have been established addressing DNA or, to a lesser extent, other cellular

targets.[4Y

In 2007 GOsH et al. pioneered synthesising the first acyclic and asymmetric trans bis(NHC) Pd"
dichlorido complex 25 shown below. The compound displayed sub-micromolar ICso values against
several human cancer cell lines, e. g. Hela, HCT116, and MCF-7, which were a magnitude lower
compared to cisplatin’s (1) values. Upon treatment with 25, a cell cycle arrest in the G2-M
transition phase was observed, preventing the cells from entering mitosis.**? Furthermore,
elevated levels of p53 were detected, indicating that the cell cycle arrest activates the p53
pathway.[**3 The latter may sound counterintuitive at first since trans platinum complexes differ
in their mode of action compared to their cis congeners, suggesting that palladium may indeed

behave slightly differently.

Further and more recent research into palladium organometallic complexes and their mechanisms
of action was conducted by VISENTIN et al. In 2019, they created a library of 14
tetraacetatecyclopentadienyl palladium complexes with different spectating ligands such as
phosphanes, N-heterocycles bound via nitrogen or sulphur atoms, or NHCs. The most promising
complexes identified within this series were the chelating imidazolium NHC-bearing complexes
26, shown in Figure 9. Stability studies of these compounds in D,O with an excess of glutathione
revealed that the chelating NHC-bearing complexes did not undergo ligand exchange reactions
under pseudo-physiological conditions. Furthermore, the palladium compounds 26 showed
cytotoxicity against several human cancer cell lines, including the cisplatin (1)-resistant A2780cis
cell line, in the two-digit nanomolar range while being inactive against healthy fibroblasts in
contrast to 1. However, no effect was observed on the cell lines A549 (lung cancer) and DLD1
(colon cancer).[** Biological studies further showed that the complex arrests cells in the sub-G1

phase and actives the caspase 3/7 cascade responsible for apoptosis similar to 1.[*4
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VISENTIN’s group further enhanced the potency of palladium complexes by generating another
series of organometallic compounds in 2020. Within this series, an allylic chelator, a
benzimidazolium NHC, and a phosphane ligand were complexed in a square planar fashion. The
latter’s stability was proven crucial for the complex’s selectivity towards cancer cells. PPhs tends
to dissociate and form its corresponding 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.

Complex 27, shown as an example for this library in Figure 9, displayed a cytotoxicity towards
human cancer cell lines, including cisplatin-resistant ones, with up to two-digit nanomolar /Cso
values while being inactive against fibroblasts. Further ex vivo studies were performed, comparing
the toxicity against liver organoids of 27 with that of 1. Even though the /Cso values of 27 were
100-fold higher, they were found to be in a considerable single-digit micromolar range. More in-
depth mechanistic studies revealed that the mitochondria are the primary target of those
palladium complexes, and the allyl ligands mainly influence their mode of action. The authors
propose a TSUJI-TROST type allylation of the targeted biomolecule. The PTA ligand and the methyl
group stabilise the allyl moiety to reach the target unaltered, while the CFs; group favours the

nucleophilic attack.!**”!

CHE et al. reported another approach for developing palladium-based chemotherapeutic agents
via the incorporation of pincer-type cyclometalated complexes 28 into the field of palladium
chemistry in 2016. Compared to their platinum analogues 11, changing the central metal atom led
to significantly altered anti-cancer properties and modes of action. Besides sub-micromolar /Csg
values towards human cancer cell lines, including cisplatin (1)-resistant cell lines, activity against
fibroblast cells in the two-digit um range was observed. Furthermore, stability studies revealed
promising results in the presence of glutathione, ascorbic acid, and cell medium. Further
experiments concerning the mechanism 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 anti-angiogenic assays confirmed the latter. In vivo studies in NCI-H460 tumour-bearing
mice revealed a dose-dependent tumour growth inhibition of up to 61% without observable

toxicities or body weight loss.[24¢]

18



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)

Figure 9. Chemical structures of anti-tumoural active palladium complexes. R! = COOMe; R? = Me, 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 ligands. In vitro, ex- and in vivo studies brought forward promising candidates with
mechanisms of action differing from cisplatin (1). Yet, no palladium-containing compound, except

103pq seeds for brachytherapy, has so far advanced into clinical trials.[**”

1.3.3 Chrysotherapy

Chrysotherapy, by definition, describes the use of gold in medicine and dates back thousands of
years to the alchemists of ancient Greece, China and Arabia.*#>%) However, a targeted approach
was first documented in 1972. Auranofin (29) (Figure 10) is one of three FDA-approved gold
complexes and the only one still in clinical use. It was initially intended as a treatment for
rheumatoid arthritis*>*, though its off-label use as an anti-neoplastic agent was recognised early
on and has since been researched excessively.*>? Mainly due to the entirely different mechanism
of action of gold(l) complexes compared to cisplatin (1) and its analogues, they seem up-and-
coming candidates for metal drugs in cancer therapy. The unique mechanism of action of 29 and
its congeners, addressing the mitochondrial thioredoxin system in general and TrxR in particular,
has increased interest in these compounds.™>3 TrxR plays a crucial role in proliferation, reduces
disulphide bridges to modify protein structures and averts DNA damage caused by oxidative stress
through its reductive character in an NADPH-dependent manner.[*>* Given the higher metabolism
of cancer cells, the enzyme is consequently overexpressed in many tumours, as their adaptive
antioxidant nature ensures their survival, promotes proliferation and eventually leads to
migration.>! In the course of xenograft studies with mice inoculated with Trx-deficient MCF-7

(breast cancer) cells, there was hardly any growth of the tumours and no metastases.[***! Hence,
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the overexpression of TrxR is associated with a poorer prognosis for patients with breast-, ovarian-

or lung cancer, as rendered in exemplary KAPLAN MEIER survival plots.>”!

Since gold(l) with its closed 5d'° shell is considered a soft cation according to the Hard and Soft
Acids and Bases (HSAB) theory, it also tends to form bonds, in a linear geometry, with soft ligands
such as cyanides, phosphanes but also thiols.**® The latter is crucial for one mechanism of action
of gold-based chemotherapeutics, yet also inducing side reactions. Under physiological
conditions, 29 undergoes ligand dissociation to a triethylphosphanegold(l) cation or, in
combination with subsequent hydrolysis, a thioglucose gold(l) species with a variable number of
acetate groups still attached.!**® Hence, the fragments form irreversible bonds with the cysteine
or selenocysteine residues of enzymes via a three-coordinated gold(l) intermediate.[*% 61 TrxR is
a cysteine and selenocysteine-rich enzyme leading to 29 being able to bind irreversibly to its active
sides, eventually inhibiting its function. As a result, the increased ROS levels in the cell lead to

apoptosis.[1¢?

Serum albumin (SA) is also a thiol-rich enzyme with a concentration of roughly 422 + 52 um in
human blood. Its thiol groups are primarily present in their oxidised form as disulphide bridges.*
However, the one remaining reduced Cys-34 in SA is responsible for binding 80% of the gold
compound in the blood.™® 29 forms gold(l)-SA adducts, which is why serum acts not only as a
transporter but also as a scavenger for this type of drug. This is accompanied by a decreased
cellular uptake resulting from the much lower rate at which the thiol proteins in the cell
membrane can transfer the albumin-bound gold fragments into the cell.*** This is a potential
explanation for 29 showing no effect in in vivo studies with P388-bearing mice after intravenous

administration but only when administered intraperitoneally.*®*

The WARBURG effect is the foundation of auranofin’s (29) second mechanism of action. It describes
the cancer cell’s altered glucose metabolism. In this process, the glycolysis product pyruvate is
reduced to lactate instead of being fed into the citrate cycle to generate acetyl-coenzyme A,
suppressing catabolism and enhancing anabolism. However, instead of generating up to 36
molecules of adenosine triphosphate (ATP) through the complete oxidation of a glucose molecule,
this anaerobic glycolysis only generates two molecules of ATP.!*%®! Regardless of the oxygen
concentration present, cancer cells prefer this metabolism pathway mainly because it is faster. At
the same time, however, since this pathway is far less efficient, it ultimately leads to increased
consumption and expression of the corresponding transporter enzymes, e. g., GLUT1, in the
membrane.[**”: 168 This overexpressed enzyme on the surface of cancer cells can recognise the

glucopyranose unit of 29, acetylated fourfold or not, thus contributing to the selectivity of the

20



metallodrug. Consequently, 29 and comparable gold complexes can inhibit various such glycolytic
enzymes, which means that further ATP deficiency of the cancer cells leads to inhibition of their

growth or apoptosis, respectively.®”

In vitro tests were carried out with comparable gold(l) phosphanes such as PEtsAuCl, PEtsAuBr or
triethyl phosphane gold(l) complexes in combination with thiourea or thiocyanate thiols. These
complexes exhibited similar /Cso values against various human cancer cell lines in the sub-
micromolar range and thus revealed increased cytotoxicity compared to cisplatin (1). However,
uptake into the cell and inhibitory activity against TrxR of the novel gold complexes differed
significantly, which was explained by different characteristics, like steric and electronic properties

and lipophilicity.*”® These attributes can easily be fixed by using NHC as ligands.

The antiproliferative NHC-Au-SR complexes published by TACKE et al. in 2020 are examples of such
compounds. 4,5-Diphenyl-1,3-dibenzyl imidazolium was chosen as NHC ligand in combination
with varying sulphur-containing ligands, namely thiocyanide, dithiocarbamate or the auranofin
motif tetra-O-acetyl-D-glucopyranosyl. Within this series, the gold(l) complex 30 shown in
Figure 10 proved particularly potent with nanomolar Glso values against OVCAR3 and NCI-H522
cell lines. The inhibition of mammalian TrxR with an ICso value of 7.4 + 0.4 um proved much lower
than that of 29 (/Cso = 0.09 um). Nevertheless, compound 30 achieved an optimal treatment-to-
control coefficient of 0.44 after 16 days when administered intraperitoneally daily in PC3 tumour-
bearing mice. In addition, immunohistochemistry demonstrated reduced levels of antigen Ki67, a
proliferation protein. These studies also demonstrated the previously mentioned WARBURG effect

by fitting the complex into the GLUT1 transporter.!*’!

In 2014, CAsINI et al. studied Au(l) complexes bearing a coumarin substituent at one of the nitrogen
atoms of the imidazolium ligand. They were able to gain insight into compounds’ mechanism of
action via fluorescence by confocal microscopy. However, moderate biological activity, low
selectivity and a modest inhibitory effect against TrxR1 limit the clinical potential of these
derivatives. Colocalisation with propidium iodide revealed that compound 31 accumulated mainly
in the cell nuclei as expected for coumarin derivatives serving as a potential explanation for the

relatively low anti-cancer activity.*’?
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Figure 10. Chemical structures of auranofin (29) and NHC-bearing analogues thereof.

Even though these results were somewhat discouraging, they showed that the choice of the metal
centre and ligand structure are crucial for enhancing the biological effect of chemotherapeutic
agents. Studies by BAzzicALUPI et al. in 2020 further developed Au-NHC compounds using
methylated caffeine ligands. Particularly the cationic bis-NHC Au(l) complex 32 was detected in

cytoplasmic structures and the cells’ nuclei.*’”?!

As shown in some examples of platinum or ruthenium complexes in the previous chapters, the
oxidation state of gold can also be altered to form stable Au(lll) complexes. This is expected to
increase the complexes’ selectivity, as they are reduced in the hypoxic TME, where they locally
exert their effect or that of their releasing ligands. It was assumed that, by using gold in the +ll
oxidation state and the resulting ds electron configuration of the gold atom, the complexes would
display a similar mechanism of action to that of cisplatin (1). This was because Au(lll) also forms
square planar geometries and is, according to the HSAB principle, a hard cation preferably binding
with hard anionic groups, for example, the nitrogen atoms of the DNA bases guanine and adenine.
Indeed, those bindings have been proven for a few gold(lll) complexes, but in a much weaker, and
sometimes reversible, form compared with those formed with 1 which are irreversible.’* 173 |n
this oxidative state, gold displays an accelerated hydrolysis rate and redox potential compared to
gold(l), calling its stability under physiological conditions into question. Consequently, strong
donor ligands are needed to ensure the stability of Au(lll)-compounds in serum. Upon reduction

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

In 2013, CHE et al., for example, reported on cyclometallated NHC-Au(lll) complexes 33 (Figure 11)
with varying residues at the nitrogen atoms of the imidazolium ligand or using benzimidazoles
instead of imidazoles in the chelating ligand pyridine. Within this study, all compounds evaluated
proved stable in aqueous solutions. After the addition of GSH, a change in the *H-NMR spectrum
was observed as an NHC-Au(l)-GSH species was formed. This observation was accompanied by a

difference in the complexes’ UV/VIS spectrum because the fluorescence of the chelating ligand
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2,6-bis(imidazol-2-yl)pyridine in bound form is quenched by the low 5d.,. orbital. Since this
change can only be detected after ligand dissociation, it was used to demonstrate the subcellular
accumulation of 33 in living Hela cancer cells. Emission of the free ligand was detected in the
mitochondria, indicating a reduction of 33 without prior side reactions. In addition, /Cso values
against various human cancer cell lines in the low single-digit micromolar range were achieved,
displaying higher biological effectiveness compared to 1 and 29. By lengthening the alkyl chains at
the nitrogen atoms, a direct correlation between cytotoxicity and lipophilicity was established as
the overall cytotoxicity of the complexes increased. Further in vivo studies revealed that when

administered intratumorally, 33 reduced the growth of HelLa tumours in mice by up to 76%.17¢
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Figure 11. Chemical structures of NHC gold(l) and gold(Ill) complexes with ligands who displayed an intriguing mode of
actionn=0,3,5,m=0,3,5,7,9, 15.

The anti-tumoural 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 corresponding
ligands. This then results in the most diverse mechanisms of action, which lead to apoptosis of
cancer cells. Consequently, the relatively young area of gold-based anti-cancer agents warrants
further scientific exploration to generate a lead structure. The best-known auranofin (29), which
continues to be used as a comparator for research, is currently part of clinical trials for the therapy

of several types of cancer.
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1.4 Metal Drug Synergism

1.4.1 Complexes with biologically active ligands

As ALESSIO has noted in his perspective, the synthesis of anti-tumoural metal complexes still relies
on random hits as part of the "carpet-bombing" strategy. This is partly because of the challenging
syntheses of metal complexes based on lead structures. In addition, minor structural changes can
significantly impact the overall pharmacokinetic significantly.'** However, one approach to

achieve targeted applications is using biologically active ligands for metal complexation.

Fixating the ligand structure via complexation with a metal atom stabilises different ligand
configurations. This process changes the ligand electronically and sterically, which influences the
overall lipophilicity and, thus, the pharmacokinetics of the final complex. This, in turn, alters the
ligand’s biological effect. Complexation also adds a third dimension to sometimes planar
molecules that can facilitate binding into the corresponding pocket of the biotarget. 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 metal centre, e.g. Pt(1V), Au(lll) or Ru(lll),
could also enhance the ligand’s efficiency via a selective delivery, as a reduction in the hypoxic

TME allows the ligands to be released directly at the site of action.!**!

Below is a brief overview of metal complexes that combine one or more aspects of metal-drug
synergism and a suggested categorisation. One example of metal-drug synergism, reported by
TIEKINK et al. in 1996, is a series of complexes containing antimetabolites as ligands. Their
mechanism of action has yet to be fully elucidated. However, their complexation to form the
trialkyl thiopurine gold(l) complexes 34 and 35 most likely contributes to stability. These
complexes combine the AuPRs; motif of auranofin (29), which already displays anti-tumoural
properties, with the thiopurines 6-MP and 6-TG, known and used clinically for their antimetabolic
characteristics.?® These antimetabolites’ mechanism of action relies on both representatives
being antimetabolic prodrugs that are converted into the corresponding thioguanine nucleotides
in the purine salvage pathway (PSP) and consequently being incorporated into the RNA or DNA
structure to induce apoptosis through the MMR system. However, the metabolism of 34 and 35
via methylation of the thiol by S-methyltransferase renders the compounds unable to pass
through the PSP, thus deactivating the prodrugs. By complexing the thiopurines, they are no
longer accessible to enzymatic degradation and can undergo metabolism to yield the

corresponding DNA building blocks.[*””]
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The complexes showed sub-micromolar /Cso values against various human cancer cell lines. Most
importantly, they showed cytotoxicity against cell lines such as SKOV-3, against which the free
purine bases have lost their effect.[*’® 7% |n vivo, the representative PhsPAu-6MP of this series has
also been proven to be highly effective. After intraperitoneal administration of the complex in
ADJ/PC6 tumour-bearing mice, tumour size was reduced by 60%. At the same time, the compound

was less toxic than cisplatin (1).[78]

The previously mentioned HSAB principle, in combination with the coordination number of gold(l),
is the main reason for the selective formation of S-Au-PRs; bonds. Complexes comprising purine
ligands were developed with other central metals, such as ruthenium or platinum, forming
chelating ligands with nitrogen atoms.*® Purines and nucleoside metal complexes can also be
synthesised via a novel pathway. Their C8 atom can be selectively brominated, with subsequent
oxidative addition of an M® complex forming the M"-Br nucleoside complex with correspondingly

trans-positioned ligands, e. g., PPhs.

An example of such nucleoside complexes 36 is shown in Figure 12, published by PETRONILHO et al.
Several alkene platinum and palladium complexes and corresponding cationic NHC complexes
were evaluated in this study, showing almost complete inactivity against a healthy cell line.
However, all compounds exhibited only moderate cytotoxicity against several human cancer cell
lines, with values in the double-digit micromolar range.['®¥) The mediocre effect of these
complexes was explained by the fact that guanosine, as such, is a physiological building block of
the RNA and not, per se, an anti-cancer ligand. The protecting acetyl groups still attached to the
hydroxyl groups of the D-ribosyl moiety could also negatively impact the pharmacokinetics of the
complex, i. e., lipophilicity. Hence, hydrolysis of the acetyl groups or utilising an unnatural
nucleoside, for example, an L-ribosyl group, to activate the MMR system after incorporating the

metabolite in the cells could enhance the efficacy of such complexes.
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Figure 12. Metal complexes with purines and purine nucleoside ligands, respectively. R = Et, Cy, Ph; M = Pd, Pt.
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Examples of both structural and delivering compounds evaluated in our group are complexes with
biologically active Combretastatin A-4 (CA-4) (37) as ligand(s) shown in Figure 13. CA-4 belongs to
a group of cis-stilbenes isolated from the South African bushwillow tree Comretum Caffrum, which
revealed intriguing anti-tumour properties. The mechanism of action is based on an anti-vascular
pathway activated by the inhibition of tubulin polymerisation.*®? The 3,4,5-trimethoxyphenyl
moiety of CA-4 is structurally similar to other mitotic inhibitors such as colchicine. Therefore, it fits
into the colchicine binding pocket. The selectivity of these anti-cancer agents is based on
differences between the neovascular system of cancer cells and that of healthy cells. For instance,
the formation of the neovascular system in cancer cells is accelerated through the overexpression
of corresponding signal molecules, such as the vascular endothelial growth factor receptor
(VEGF).[*81 |n addition, an increased sensitivity of the neovascular system is assumed, making it

more vulnerable to small molecules such as CA-4.[184

One major disadvantage of CA-4 is its very low solubility in water. Yet, hydrophilicity was improved
by phosphorylation of the free hydroxy group. The resulting prodrug fosbretabulin was found to
be equally effective and is currently undergoing several phase II/Ill clinical trials.[*! The second
main drawback of CA-4 is the tendency to isomerise the double bond with the steric hindrance of
the two aromatics favouring the thermodynamically more stable trans form. This stereoisomer

showed no anti-tumoural effect.!*8¢

Synthesising such compounds typically includes a WITTIG reaction that yields the 1,2-diarylethene
in an E/Z mixture. The alternative PERKIN reaction requires decarboxylation under high
temperatures. Both synthesis routes are unsuitable for obtaining CA-4-derived substances in good
yields and high purities. The remedy is the synthesis of 4,5-diarylimidazoles which can be
conducted under mild conditions as described previously.®* This simultaneously fixes the Z-
configuration and increases the water solubility. In addition, imidazole heterocycles can be

transformed into NHCs in a one-step reaction.

An extensive SAR study with corresponding methylated imidazole analogues 38 with varying
substituents at one or both aryl rings of 37 has been reported by our group. Those compounds
demonstrated similar cytotoxicity compared to the lead structure against various human cancer
cell lines. In addition, activity against the CA-4-resistant HT-29 cell line was observed. The results
of the in vivo studies conducted on 1411HP-bearing mice were what made these findings
particularly interesting. When administered intratumorally, swelling and haemorrhage of the

tumour due to the anti-vascular effect were observed, accompanied by a decrease in tumour size.

26



However, sometimes several dosages over a certain period were required to observe the

impact.*#”!
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Figure 13. Chemical structures of CA-4 and an imidazolium analogue thereof. X = Cl, Br.

The usage of imidazolium analogues of CA-4 as NHC ligands led to enhanced anti-tumoural
properties. As one example, the half-sandwich Ru(ll) complexes 39 (Figure 14) revealed low single-
digit micromolar ICso values against the CA-4-resistant HT-29 cell line. As a potential mechanism
of action, a strong influence on the actin and tubulin cytoskeleton and a strong anti-vascular effect
was observed in chorioallantoic membrane (CAM) assays. Unlike CA-4, however, 39 was virtually

inactive against the multidrug-resistant KbV1 cells.[*%]

Within the series of NHC platinum complexes 12 mentioned in chapter 1.2.4, there was also a
representative with an imidazolium NHC ligand derived from CA-4. Although the mechanism of
action of this ligand was not investigated in detail at the time, it stood out in this SAR study
because it exhibited exceptionally high cytotoxicities against CA-4-sensitive cell lines. Otherwise,

it had a rather mediocre ICso Indicating a drug-related effect of this particular ligand.!®!

In 2016, the group of WANG et al. evaluated various Pt(IV) prodrugs containing CA-4 ligands
modified by a carboxylic acid group. They revealed cytotoxicity in the low single-digit micromolar
range against different human cancer cell lines and, simultaneously, high double-digit levels
against healthy lung cells. However, the inhibition of tubulin polymerisation was much weaker
than the effect of CA-4, suggesting some pleiotropic mechanisms of action. The most active
compound of this series, 40, showed a substantial decrease in tumour growth in Hep-2G-bearing

mice without reducing body weight.[%°!

The cationic bis-NHC Au(l) complexes 41 were the most potent complexes within the metal-
complexed CA-4 analogues, displaying single-digit nanomolar /Cso values against all cancer cell
lines tested. Yet, their mechanism of action deviated from CA-4 as the cell cycle was arrested in
the G; instead of the G»/M phase. In mice bearing B16-F10 tumours, after injection with 41

(R! = OMe, R? = Et), a significant decrease in tumour size was observed with slight or reversible
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loss in body weight. Furthermore, the CAM assay supported the formation of new blood vessels

after blood vessel destruction.**”
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Figure 14. Chemical structures of CA-4 derived anti-tumoural Pt, Ru and Au complexes. R* = OMe, Cl, Br; R = Me, Et.

1.4.2 Bioorthogonal chemistry

A rational approach to designing anti-tumoural metal complexes can be based on their underlying
mechanisms of action. However, these are often only partially understood, even among the most
widely researched representatives.!** A first clue for the mechanism of action is provided by
localising the drug in the cancer cells’ individual components. To date, there are three different
approaches to determining the subcellular accumulation of complexes. The drug can be localised
by determining the amount of metal in the individual cell components using ICP-MS. However,
this method is very time-consuming.*®¥ For the second approach, a fluorescing molecule is
incorporated into the complex’s structure, enabling the imaging of cells via confocal fluorescence
microscopy. The cyclometalated complexes studied by CHE et al., 11, 28, 33, mentioned in the
previous chapters, fall into this category.®™ More recently, the boron dipyrromethene (BOPIDY)-
bearing half-sandwich Ir, Rh and Ru complexes have been suggested by LEE et al. as potential
counter stains for mitochondrial tracking as they, like the known Pt-BOPIDY complexes,
accumulate in mitochondria.’®? However, these molecules are usually large, aromatic
substituents, e.g. anthracene, fluorescein®®® or acridine!®®¥, which considerably influence the
structure, lipophilicity and thus the pharmacokinetics of the drug. Therefore, comparability is
debatable if such a fluorescent group is incorporated into the complex structure only to detect

the active drug's subcellular accumulation.

The third and most effective approach is bioorthogonal chemistry, developed by BERTOzzI et al.[***!

It describes the reaction of two components under physiological conditions without disturbing
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other cellular processes. The functionalities of the reactants must therefore react selectively with
each other, creating a stable product without causing other effects in the cell. Ideally, the reaction
is rapid and quantitative to prevent subsequent metabolism and excretion from living
organisms.[*** Reactions particularly suitable for this application fall under the terminology of click
chemistry. The term was established by SHARPLESS et al. and describes reactions of two mostly
small molecules with a large thermodynamic driving force that are insensitive to H,O or O; and
yield solely one product with high selectivity. The prototype of the Click reaction is the
cycloaddition of an azide with a terminal alkyne under copper catalysis (CUAAC) to yield 1,4-
triazole, shown in Scheme 3.[**7! |t displays an improved variant of the HUISGEN version of the
reaction, which does not require any catalyst present but high temperatures, restricting its
applicability in cell organisms. However, SHARPLESS's version is limited to terminal alkynes and
requires the cell toxin copper, preventing its usage in living organisms. In addition, orthogonality
may no longer be given for some metals since especially d*® metals enter into reactions with
terminal alkynes.®® The need for terminal alkynes could be circumvented via catalysis with half-
sandwich ruthenium complexes, as they tolerate internal alkynes in [3+2] cycloaddition. Yet, the

catalysts are unstable when moist, preventing their use as bioorthogonal markers.***!
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Scheme 3. General reaction equation 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 reactions in in
vitro studies with fixed cells is not hindered by those limitations. Furthermore, only minor
structural changes occur via introducing an alkyne or azide into a compound structure to enable
visualisation. Two examples of post-treatment functionalisation of metal complexes and their
subcellular accumulation are shown in Figure 15. The top images display a platinum-acridine
complex 42 that showed high cytotoxicity towards NSCLC. However, the fluorescence of the
heterocycle is quenched by intercalation into the DNA, which is why an azide-bearing analogue
was synthesised. Co-localisation with the nuclear stain Hoechst 33342 showed that the complex

accumulates in the cells’ nuclei, a result consistent with the high level of DNA adducts detected. 2"
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An example of an alkyne-bearing complex structure, described in 2020, is a cis-bis(NHC) complex
with p-acetylene substituted benzyl residues at the nitrogen atoms 43. Despite its structural
similarity to cisplatin (1), this complex accumulated in the mitochondria as indicated by co-staining
with Mitotracker™. Remarkably, this complex was much less cytotoxic against several human

cancer cell lines than its analogue without the alkynes attached.”
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Figure 15. Examples of clickable functionalised Pt complexes and their subcellular localisation in fixed NCI-H460 lung
cancer cells above or 518A2 melanoma cells below, respectively.®® 200 The red scale bar represents 10 pm, and the
white scale bar represents 50 um. Reprinted with permission from!®% 200 Copyright © John Wiley and Sons and Royal
society of chemistry, respectively.

Cyclopropene is another small molecule which can facilitate click reactions, using a cascade of a
DIELS ALDER reaction followed by a retro DIELS ALDER reaction (Scheme 4). 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 sterols of marine invertebrates.[?° 292 |n this domino
reaction, the ring strain relief represents the catalyst of the cascade reaction with inverse electron
demand of 1,2,4,5-tetrazines. Consequently, it functions without adding the cytotoxin copper,

making it applicable for localising compounds in living organisms.[2%3!
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Scheme 4. General equation of the reaction cascade of cyclopropene with tetrazine.
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One natural substance bearing a cyclopropene unit is cis-configured sterculic acid (StA) (44). VAN
KASTEREN et al. have recently exploited this small molecule’s clickability and demonstrated the
uptake of 44 in dendritic cells by visualising it through the click reaction with BODIPY-Tetrazines
45. In this study, they compared the uptake of 44 in fixed cells with that in living cells (Figure 16).
The bioorthogonality of the cyclopropene moiety was further demonstrated by localising co-

incubated azides and alkynes, respectively, in subsequent CUAAC.[2%4
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Figure 16. Sterculic acid (44) co-incubated with Hoechst33342 in live DC2.4 and fixed cells.l?® The scale bar represents
10 pm. R = Me, pyridyl. Reprinted with permission from[2%4. Copyright © John Wiley and Sons

However, this strategy has not been applied to metal complexes in extant research. This thesis

comprises publications exploring this promising field.
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2 Synopsis

2.1 Objectives and overview of the subprojects

The present cumulative thesis comprises three publications listed in chapter 4. The aim of this
work, in general, and of the individual papers in particular, was to synthesise pleiotropic or target-
specific metal complexes that circumvent the disadvantages of the mainstay chemotherapeutic
drug cisplatin (1) via their mechanism of action. The complexes synthesised were platinum and
gold compounds containing NHC ligands derived from benzimidazole 46 with varying substituents
(Scheme 5). The ligands were selected according to the principle of metal-drug synergism. Known
biologically active substances were modified to bind to a central metal ion. Furthermore, these
modifications were intended to improve the general cytotoxicity but also influence the
pharmacokinetics of the original compound to achieve additional anti-tumoural effects. The
mechanisms of action of these complexes were demonstrated by subcellular localisation of the
compounds in cancer cells via bioorthogonal click chemistry. In vitro evaluation of the complexes
synthesised was 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) complexes 48 and 49 carrying a benzimidazolium ligand
(Scheme 5), which directly mimics one-half of the lead structure AC1-004 (Figure 17) and differs
from it only in the N-substituents. The 4-adamant-1-yl phenyl methyl ether unit was replaced by
4-(adamantan-2-yl)benzenethiol, making use of the high aurophilicity of sulphur. A SAR was
observed by different substituents of the nitrogen atoms of the NHC ligand and by the thiol ligand.
The ICso values of the complexes against eight human cancer cell lines were in the low single-digit
micromolar range and were thus far better than the lead structure. Associated effects were mainly
the generation of ROS but also anti-angiogenic effects. The subcellular localisation through
bioorthogonal click chemistry of cyclopropene-bearing analogues also supported these findings

as the complexes primarily accumulated in the cancer cells’ mitochondria.

The second publication focused on synthesising and evaluating a small library of trans- and cis-
[bis(5-alkoxycarbonyl-1,3-dialkyl-benzimidazol-2-ylidene)dichlorido]platinum(ll) complexes 51
and 52, respectively (Scheme 5). They were tested for their activity against eight human cancer
cell lines and healthy fibroblasts to determine their selectivity. A few complexes emerged more
active than 1 with low single-digit micromolar /Cso values. 51cin-0) (Scheme 7), for example, even
achieved nanomolar ICso values against several cancer cell lines. The most active complexes were

investigated for their mechanism of action in various biochemical assays, with DNA proving to be
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the target of the cis-[Pt"Cl,(NHC);] complexes 52, while the trans-[Pt"Cl,(NHC),] complexes
induced apoptosis via a mitochondrial pathway. In addition, a synthetic route was developed for
alkyne and cyclopropene-bearing ligands, whose complexes were used as probes for the

subcellular accumulation of the respective series, again via biorthogonal click chemistry.

The third publication describes another example of metal-drug synergy. Here, the NHC ligands
derived from CA-4 were obtained via VAN LEUSEN imidazole synthesis and, after N-alkylation,
subsequently complexed to form Au(l) NHC complexes 55 with various second ligands L
(Scheme 5). Namely, monomeric gold chloride complexes 59, cationic bis-NHC complexes 60 or
cationic phosphane complexes 61 (Scheme 8). The compounds reached two-digit nanomolar /Cso
values against various human cancer cell lines. The anthracene-bearing complexes 59-61b
addressed targets depending on the second ligand. In the case of the neutral gold chloride
complex 59b, the cells' nuclei were the target. The mitochondria were the place of action for the

cationic PPhs bearing complex 61b, and the dimer 60b was found in the lysosomes.
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Scheme 5. Overview of the publications discussed in this work.
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2.2 NHC-Au-SR complexes derived from AC1-004 as potential HIF-Inhibitors

To selectively treat cancer, the corresponding drugs must address a tumour-only target. The
Hallmarks of Cancer by HANAHAN et al. are an effective tool for identifying such potential targets.
These hallmarks include (neo)vascularisation and altered metabolisms of cancer cells. Both
directly result from the oxygen and nutrient undersupply tumours suffer from due to their
excessive proliferation. The cancer cells thus switch to an anaerobic metabolism steered by the
expression of transcription genes, e. g., HIF-1a. The inhibition of which consequently represents
an interesting and selective target. Adamantyl-bearing drugs, namely nicotinic or iso-nicotinic
ester derivates in general and AC1-004 (2-(4-adamantan-1-yl-phenoxymethyl)-1H-benzimidazole-
5-carboxylate) in particular were proven to be especially potent inhibitors of this transcription
factor. The structure of AC1-004 can be easily adjusted to function as a ligand to form gold(l)
complexes. Its benzimidazole moiety can be turned into an NHC ligand via N-alkylation, while its
4-adamant-1-yl phenyl methyl ether can be replaced by a 4-(adamantan-2-yl)benzenethiol ligand
to exploit the high aurophilicity of the chalcogen sulphur. This NHC-Au-SR moiety should thus
mimic the lead structure while enhancing its anti-tumoural activity through further accompanying

effects, namely the generation of ROS, TrxR inhibition and anti-angiogenic effects.

0]

Meo)‘\c[;%O ?

AC1-004

Figure 17. Chemical structure of AC1-004.

The novel 4-(adamantan-2-yl)benzenethiol ligand was synthesised starting from benzene which
could be selectively monoalkylated with 2-bromoadamante in a FRIEDEL-CRAFTS reaction yielding 4-
(adamantan-2-yl)benzene in 84%. A chlorosulfination in para-position with 98% yield followed by
a reduction with zinc to the corresponding thiol in 46% yield were successfully conducted. The
benzimidazolium salts were generated according to literature protocols. Complexation with Ag,0
and subsequent transmetalation with AuCl(SMe) to afford the corresponding gold chlorides 47
was successful regardless of the N-substituent. The exchange of the chloride anion with
thiophenol or 4-(adamantan-2-yl)benzenethiol via sodium in MeOH or KO'Bu in CHyCly,
respectively, was also effective. Yet, the reaction with thiophenol yielded roughly 60% of the final
complexes, while 4-(adamantan-2-yl)benzenethiol could be inserted with only 45% vyield

(Scheme 6). Notable characteristics of this research were the preparation of cyclopropene-bearing
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derivates and their biorthogonal click chemistry. After protecting the free amine of 56 with an
allyloxycarbonyl (alloc) group, the clickable (2,3-dimethylcycloprop-2-en-1-yl)methanol was
attached to the 5-carboxylic group via STEGLICH-HASSNER esterification. After deprotection of the
alloc group under Pd(0) catalysis, the remaining synthesis to afford NHC-Au(l)-SR complexes

thereof proceeded analogously.

The complexes were tested for their cytotoxicity against eight human cancer cell lines. The
thiophenol derivatives were more active than AC1-004, with /Cso values in the low single-digit
micromolar range. However, the corresponding 4-(adamantan-2-yl)benzenethiol complexes were
less active than the lead structure. The main effect of the complexes leading to apoptosis was the
generation of ROS together with TrxR inhibition. Anti-angiogenic effects of the complexes were
also demonstrated in zebrafish larvae. This effect on the vascular system was further proven by
the subcellular accumulation of the cyclopropene-bearing congeners, as the click chemistry

showed that those mainly accumulate in the cells’ mitochondria.

clicked mitochondria merge

(46) R (47) R
l(iii)
Residues:
a) Me b) Et ¢) iPr 0
d) Pn e) Bn /R
N
MeO H—Au—s
N
49b \R
(49a-e)

Scheme 6. Synthesis overview of the complexes of the publication: Fischer esterification and N-dialkylation followed by
(i) 1. Ag20, CHCly, light exclusion, r.t., 6 h; 2. AuCl(SMe3), CH,Cl,, light exclusion, r.t., 24h; (ii) KO'Bu, 4-(adamantan-2-
yl)benzenethiol, CH,Cly, r.t., 24h; (iii) Na, SPh, MeOH, r.t., 24h. In addition, the presentation of the most interesting
results, such as the crystal structure of 49b in the bottom left corner. The subcellular localisation of the cyclopropene-
bearing analogues of 4-(adamantan-2-yl)benzenethiolato complex 48b (SPhAda) and benzethiolato complex 49b (SPh)
are in the top left corner. The pearson correlation coefficient (PCC) is given for overlapping values. The white scale bar
corresponds to 50 pm.
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2.3 Synthesis and evaluation of new cis and trans bis NHC-Pt" complexes

Cisplatin (1) and its analogues carboplatin (7) and oxaliplatin (8) are still the drugs of choice in 50%
of chemotherapies. However, their sometimes severe side effects and swift indication of
resistances have led to an early search for alternatives. This recently expanded to include novel
NHC platinum complexes, which show improved stability and adjustability. This class of ligands
can be fine-tuned by simple changes e. g. in the N-substituents. Another possibility to circumvent
resistances is to generate trans-complexes that display a different mechanism of action due to
their geometry. The second publication of this work is based on a small library of such bis-NHC
platinum complexes to demonstrate not only the effect of the configuration (cis or trans) but also

of the N-substituents (methyl, ethyl or benzyl).

The syntheses followed well-known routes established in our labs. Those started from the
aforementioned benzimidazole-5-carboxylic acid (56), which underwent a FISCHER esterification
with methanol or ethanol, respectively, followed by N,N’-dialkylation. A subsequent anion
exchange formed the corresponding benzimidazolium chlorides 46. Complexation with Ag,0
yielded [5-alkoxycarbonyl-1,3-dialkyl-2-ylidene] silver(l) chlorido complexes 57, which could be
transmetalated with K;PtCl, yielding platinum complexes 51 and 58, respectively. The
configuration and the ligands depended on the solvent and equivalents of K;PtCl,. The
complexations with Ag,0 and the final transmetalation with K;PtCl; for yielding trans-[bis(5-
alkoxycarbonyl-1,3-dialkyl-benzimidazol-2-ylidene)dichlorido]platinum(ll) complexes 51 were
successful regardless of the N-substituents. The ligand exchange of the DMSO ligand of 58 by an
in situ-generated benzimidazolium carbene was successful for 58a-b, but 58c could not be
converted into its corresponding cis-[bis(5-alkoxycarbonyl-1,3-dialkyl-benzimidazol-2-

ylidene)dichlorido]platinum(ll) complex (Scheme 7).

Besides, cis-[(5-methoxycarbonyl-1,3-dipropargylbenzimidazol-2-ylidene) (dimethylsulfoxide)
dichlorido]platinum(ll), a terminal alkyne-bearing cis-DMSO 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 CuSQO4. The fluorescent
stain 3-Azido-7-hydroxycoumarin was added, allowing the clicked complex to be visualised in the
cellular compartments via confocal microscopy. The cyclopropene bearing complex trans-bis(5-
(dimethylcyclopropenyl)methyl-carbonyl-1,3-diethylbenzimidazol-2-ylidene)dichlorido]

platinum(ll) was visualised using a click reaction with BDP-FL-tetrazine (Scheme 4).
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The results of these visualisations overlapped with the localisations of compounds with known
targets, i. e., propidium iodide and Mitotracker™ to visualise the nuclei or the mitochondria,

respectively, can be seen in Scheme 7, top right.

The ICso values of the most potent complexes of this library against eight human cancer cell lines
were in the sub-micromolar range, e. g., 0.05 + 0.02 uMm against Hela cells in the case of 51¢(n-q).
The ICso values of cis-[bis(5-methoxycarbonyl-1,3-diethyl-benzimidazol-2-ylidene) dichlorido]
platinum(ll) 52b,-0) were also in the sub-micromolar range against several cell lines. Yet, no
stringent SAR was observable. Due to the high activity, those two complexes were examined in
more detail. Subcellular localisation of the clickable congeners in the cell and several biochemical
assays have shown that the cis-[Pt"CI;(NHC)(L)] complexes (L = NHC, DMSO) behaved akin to
cisplatin (1), with the DNA as their primary target. In contrast, the trans-[Pt"Cl,(NHC),] complexes
targeted mainly the mitochondria. Remarkably, the uptake of cis-[Pt"Cl;(NHC),] complexes 52b

was 40-fold higher compared to the trans-bis complexes 51c and 5-fold higher compared to 1.
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Scheme 7. Synthesis overview of the complexes of the publication: FiscHer esterification, N-dialkylation, and anion
exchange followed by (i) Ag,0, CH,Cl,, light exclusion, r.t., 24 h; (ii) 0.5 eq. KzPtCls, CH,Cl, r.t., 4 d; (iii) 1.0 eq. K;PtCl,,
DMSO, 60 °C, 24 h; (iv) benzimidazolium salt 46, KOtBu, CH,Cl,, r.t., 3d. In addition, the presentation of the most
interesting results, such as cellular uptakes of 51c and 52b compared to 1 in the top right corner, the EMSA of 51c and
52b in the top left corner. The subcellular localisation of an alkyne-bearing analogue of cis-DMSO complexes 581-o) (cis)
and a cyclopropene-bearing analogue of 51b(-q) (trans) is displayed in the bottom left corner. The white scale bar
corresponds to 30 pm.
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2.4 Metal-Drug-Synergism: Gold complexes of CA-4

The third publication revolved around the topic of metal-drug synergism. Gold(l) complexes were
synthesised with ligands that mimicked the mitotic inhibitor CA-4 (37). The NHC ligands were
obtained from a VAN LEUSEN reaction. The synthetic route started from reacting
toluenesulfonylmethyl isocyanide (TosMIC) reagent 53 with the corresponding aldehyde and
EtNH;, followed by N-ethylation to form 4,5-biaryl-1,3-diethyl-imidazolium salts 54 (Scheme 5).
The phenolic rings A and B (Scheme 8) were explicitly modelled on the lead structure, i.e. 3,4,5-
trimethoxyphenyl and 4-methoxyphenyl. At the same time, analogues with phenyl and
anthracenyl residues were prepared to determine the subcellular accumulation via the
fluorescence of the latter. Both the neutral gold chloride 59 and the cationic bis-NHC complex 60
with BF4 counter anion were then generated from these imidazolium salt in one step, depending
on the equivalents of AuCl(SMe;). Ligand exchange of the former with PPh; additionally provided

the cationic phosphane complex 61.

The bis-NHC complexes 60 proved highly cytotoxic, with up to double-digit nanomolar ICso values
against various human cancer cell lines. The phosphane complexes 61, like the neutral chlorides
59, were active with /Cso concentrations in the one- to two-digit micromolar range. To determine
the mechanism of action of the three different complexes, anthracene-bearing analogues, i. e.,
59-61b, were synthesised. The fluorescence of this residue allowed the subcellular visualisation of
the complexes via confocal microscopy. The neutral complexes 59b migrated into the cancer cells’
nuclei, which was explained by the function of the chloride as a leaving group. This enables a
reaction with the bases of the DNA. The cationic phosphane complexes 61b accumulated mainly
in the mitochondria, which has often been observed for complexes with delocalised lipophilic
cations (DLC). Due to their size, the cationic bis-NHC complexes 60b were primarily found in the
lysosomes as those organelles are responsible for the degradation of macromolecules. All
compounds showed high cytotoxicity, inducing apoptosis of the cancer cells, as seen in the
induction of Caspase 3/7. However, they each reached this result via their own mechanisms of

action.
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Scheme 8. Synthesis overview of the complexes of the publication: (i) 1. Ag,0, CH,Cl,, light exclusion, r.t., 6 h; 2.
AuCI(SMe;), CH,Cl,, light exclusion, r.t., 24h; (ii) 0.5 eq. Ag,0, CH,Cl;, light exclusion, r.t., 6 h; 2. AuCI(SMe;), CH,Cl,, light
exclusion, r.t., 24h; (iii) PPhs, NaBF4, CH,Cls, r.t., 24 h. In addition, the presentation of the most interesting results, such
as the subcellular localisation in the top right corner. The white scale bar corresponds to 50 um. The cells’ relative
caspase-3/7 activity after treatment with the complexes compared to 1 and 29 is displayed in the bottom right corner.
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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

o] N
¢

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
HO HO'
W = N
)‘\@N> N>
H Boc
(11) (12)
[o] o}

O)K©:N\> O)KCE N\>
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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).
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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.
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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
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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
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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

J. Name., 2020, 00, 1-3 | §



Journal Name

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
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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
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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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added. Chlorosulfonic acid (470 uL, 7.06 mmol, 5.00 eq.) was added
dropwise and the solution was left stirring at rt for 4.5 h. The mixture
was poured on ice and the resulting emulsion was diluted with CHsCl
(50 mL). The organic phase was separated, the aqueous phase was
extracted with CHsCl (3 x 50 mL), and the combined organic phases
were washed with NaHCO3(,q, (100 mL), dried over Na;SO,, filtered
and concentrated in vacuo. The product was isolated as a white solid
(430 mg, 1.38 mmol, 98%) of m.p. 125 °C; 'H NMR (500 MHz, CDCls)
84 7.98 (d, J = 8.7 Hz, 2H, H), 7.59 (d, J = 8.7 Hz, 2H, H¥"), 3.07 (s, 1H,
Had2), 2.51 (d, J = 3.5 Hz, 2H, H2%2), 2.09 - 1.90 (m, 6H, Ha92), 1.85 - 1.69
(m, 5H, H3%), 1.65-1.60 (m, 1H, H?¥) ppm; 3C NMR (126 MHz,
CDCl3) 8¢ 153.4 (s, C*1), 141.1 (s, Cr), 128.1 (s, C), 126.8 (s, C7), 47.2
(s, Cada), 38.7 (s, C292), 37.3 (s, C2%2), 31.8 (s, Cad2), 30.9 (s, C2%2), 27.6
(s, Cada), 27.3 (s, C292) ppm; HRMS (ESI): m/z calculated for C16H190,S
[M - ClJ*: 275.11058. Found: 275.10955 [M - CIJ*.

4-(Adamant-2-yl)benzenethiol (4)

Compound 3 (900 mg, 2.90 mmol, 1.00 eq.) and DMAc (805 mL, 8.69
mmol, 3.00 eq.) were dissolved in DCE (18 mL) and the resulting
solution was treated with a suspension of Me,SiCl, (1.23 mL, 10.1
mmol, 3.50 eq.) and with zinc (663 mg, 10.1 mmol, 3.50 eq.). After
stirring at 75 °C for 2.5 h, the suspension was filtered and the solvent
was evaporated. The residue was purified via column
chromatography (cyclohexane) to give a white solid (329 mg, 1.35
mmol, 46%) with Rf0.46 (cyclohexane) and m.p. 145 °C; *H NMR (500
MHz, CDCl3) 84 7.47 (d, J = 8.4 Hz, 2H, H*), 7.30 (d, J = 8.4 Hz, 2H, H),
2.97 (s, 1H, Ha%), 2.43 (d, J = 3.7 Hz, 2H, H2%2), 2.05 - 1.97 (m, 3H, Had?),
1.96 - 1.91 (m, 2H, H292), 1.84 - 1.69 (m, SH, Ha9), 1.55 (d, J = 3.7 Hz,
2H, H2%2) ppm; 13C NMR (126 MHz, CDCl3) 8¢ 144.0 (s, C), 133.7 (s,
C?r), 128.1 (s, C), 127.7 (s, C), 46.6 (s, C>%3), 39.1 (s, C3%3), 37.8 (s,
Cada), 32.0 (s, C2%2), 31.1 (s, C392), 27.6 (s, C2%4), 28.0 (s, C292), 27.7 (s,
C293) ppm.

General procedure for the synthesis of chlorido gold complexes 8
5-(Methoxycarbonyl)-1,3-dialkyl-1H-benzoimidazolium halide (7)
(1.00 eq.) was dissolved in dry CH,Cl, (15 mL/mmol). The solution
was shielded from light before Ag,O (0.70 eq.) was added. The
mixture was stirred at rt for 6 h, treated with AuCl(SMe;) (1.10 eq.),
and the resulting suspension was left stirring at rt for another 18 h.
The mixture was filtered over Celite and the solvent was evaporated.
Redissolving the residue in CH,Cl, and precipitating the complex in
pentane afforded the chlorido gold complees as white to yellowish
powders.

(5-Methoxycarbonyl-1,3-dimethylbenzimidazol-2-ylidene)
chloride (8a)

84.0 mg (192 pmol, 64%) from 7a (100 mg, 301 umol, 1.00 eq.), Ag,0
(48.8 mg, 211 pmol, 0.70 eq.) and AuCI(SMe;) (97.6 mg, 331 pmol,
1.10 eq.) in dry CH:Cl; (5.00 mL). *H NMR (500 MHz, CDCls) & 8.20
(d,J=1.4 Hz, 1H, H), 8.17 (dd, J = 8.5 Hz, 1.4 Hz, 1H, H), 7.51 (d,J =
8.5 Hz, 1H, H¥), 4.09 (s, 3H, NMe), 4.08 (s, 3H, NMe), 3.98 (s, 3H,
OMe) ppm; 3C NMR (125 MHz, CDCls) ¢ 182.0 (s, NCN), 166.2 (s,
COOMe), 136.6 (s, Cr), 133.7 (s, C), 127.0 (s, C*), 126.3 (s, C>), 113.3
(s, C), 111.2 (s, C*), 52.8 (s, OMe), 35.5 (NMe) ppm.

gold(l)
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(5-Methoxycarbonyl-1,3-diethylbenzimidazol-2-ylidene)
chloride (8b)

75.0 mg (191 pmol, 63%) from 7b (110 mg, 305 umol, 1.00 eq.), Ag,0
(49.5 mg, 214 umol, 0.70 eq.) and AuCI(SMe;) (99.0 mg, 336 umol,
1.10 eq.) in dry CH,Cl; (5.00 mL). TH NMR (500 MHz, CDCls) & 8.19
(d,J = 1.4 Hz 1H, H), 8.14 (dd, J = 8.5 Hz, 1.4 Hz, 1H, H), 7.52 (d,J =
8.5 Hz, 1H, H¥), 4.68 - 4.41 (m, 4H, NCH,), 3.98 (s, 3H, OMe), 1.56 (q,
J=7.0 Hz, 6H, CHs) ppm; 13C NMR (125 MHz, CDCls) 8¢ 180.3 (s, NCN),
166.3 (s, COOMe), 135.7 (s, C), 132.8 (s, C*), 126.8 (s, C*), 126.2 (s,
C#r), 113.4 (s, C1), 111.3 (s, C), 52.8 (s, OMe), 44.3 (NCH,), 15.9 (CHs)
ppm.

gold(l)

(5-Methoxycarbonyl-1,3-dibenzylbenzimidazol-2-ylidene)
chloride (8c)

80.0 mg (161 umol, 53%) from 7c (100 mg, 228 umol, 1.00 eq.), Ag:0
(37.1 mg, 160 umol, 0.70 eq.) and AuCl(SMe;) (74.1 mg, 252 umol,
1.10 eq.) in dry CH,Cl, (5.00 mL). H NMR (500 MHz, CDCl3) 64 8.08
(d,J=1.4 Hz 1H, H?), 8.00 (dd, J = 8.7 Hz, 1.4 Hz, 1H, H¥), 7.45 - 7.40
(m, 1H, H¥), 7.38 - 7.33 (m, 10H, H*"), 5.78 (d, J = 2.9 Hz, 4H, NCH,),
3.90 (s, 3H, OMe) ppm; 13C NMR (125 MHz, CDCls) 8¢ 182.1 (s, NCN),
166.0 (s, COOMe), 136.2 (s, C*'), 134.2 (s, C*), 134.1 (s, C*), 133.3 (s,
Car), 129.3 (s, Cr), 129.0 (s, C*), 127.6 (s, C), 127.5 (s, C*7), 127.2 (s,
ca), 126.4 (s, C), 114.1 (s, C), 112.2 (s, C*7), 53.3 (s, NCH,), 53.1
(NCH3), 52.8 (OMe) ppm.

gold(l)

(5-Methoxycarbonyl-1,3-dipentylbenzimidazol-2-ylidene) gold(l)
chloride (8d)

37.0 mg (67.5 pmol, 50%) from 7d (60.0 mg, 135 umol, 1.00 eq.),
Ag.0 (21.9 mg, 94.5umol, 0.70eq.) and AuCl(SMe;) (43.8 mg,
149 pmol, 1.10 eq.) in dry CH,Cl, (5.00 mL). 'H NMR (500 MHz, CDCl)
51 8.18 (d,J = 1.3 Hz 1H, H*), 8.13 (dd,J = 8.6 Hz, 1.4 Hz, 1H, H¥"), 7.50
(d, J = 8.7 Hz, 1H, H¥), 4.50 (dt, J = 9.9 Hz, 7.4 Hz, 4H, NCH,), 3.99 (s,
3H, OMe), 1.99 - 1.91 (m, 4H, CH,), 1.42 - 1.33 (m, 8H, CH,), 0.90 (dt,
J=6.9 Hz, 4.1 Hz, 6H, CHs) ppm; 13C NMR (125 MHz, CDCls) 6 180.9
(s, NCN), 166.2 (s, COOMe), 136.0 (s, NCN), 133.0 (s, C), 126.7 (s,
Ca), 125.9 (s, C), 113.4 (s, C7), 111.3 (s, C), 52.7 (s, OMe), 49.2
(NCH,), 29.8 (s, CH,), 29.7 (s, CH,), 28.8 (s, CH,), 28.7 (s, CH3), 22.3 (s,
CH3), 13.9 (s, CHs) ppm.

(5-Methoxycarbonyl-1,3-diisopropylbenzimidazol-2-ylidene) gold(l)
chloride (8e)

100 mg (203 pmol, 77%) from 7e (90.0 mg, 263 umol, 1.00 eq.), Ag.0
(42.8 mg, 185 umol, 0.70 eq.) and AuCl(SMe;) (85.5 mg, 290 pmol,
1.10 eq.) in dry CH,Cl; (5.00 mL). IH NMR (500 MHz, CDCl3) &y 8.34
(d,J = 1.4 Hz, 1H, H¥"), 8.07 (dd,J = 8.7 Hz, 1.5 Hz, 1H, H"), 7.68 (d,J =
8.7 Hz, 1H, H¥"), 5.52 (dsept, J = 7.1 Hz, 3.6 Hz, 2H, NCH), 3.98 (s, 3H,
OMe), 1.76 (dd, J=13.4Hz, 7.0 Hz, 12H, CHs3) ppm; 3C NMR
(125 MHz, CDCls) 8¢ 177.8 (s, NCN), 165.1 (s, COOMe), 134.2 (s, C7),
131.1 (s, C*), 125.0 (s, C*), 124.2 (s, C"), 113.7 (s, C*7), 111.6 (s, C),
53.7 (s, NCH), 53.6 (s, NCH), 51.6 (s, OMe), 20.8 (s, CH3), 20.6 (CHs)
ppm.

General procedure for the synthesis of thiophenolato complexes 9
Sodium (2.00 eq.) was dissolved in dry MeOH (200 mL/mmol). The
resulting solution of sodium methoxide was treated with thiophenol
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(1.00 eq.) and stirred for 1 h at rt. The respective gold chlorido
complex 8 (1.00 eq.) was added portionwise to the now yellow
solution of sodium thiophenolate. After stirring at rt for 24 h the
solvent was evaporated and the remainder was suspended in CH,Cl,
and filtered. The filtrate was concentrated in vacuo and the residue
was precipitated in pentane. The thiophenolato complexes 9 could
be isolated as yellowish powders after filtration and drying in vacuo.

[Thiophenolato(5-methoxycarbonyl-1,3-dimethylbenzimidazol-2-
ylidene)] gold(l) (9a)

17.5 mg (34.3 umol, 68%) from sodium (2.32 mg, 100 umol, 2.00
eq.), thiophenol (5.45 uL, 50.4 pmol, 1.00 eq.) and 8a (22.0 mg,
50.4 umol, 1.00 eq.) in dry MeOH (10 mL). m.p. 195 °C (decomp.); *H
NMR (500 MHz, CDCl5) &y 8.18 (s, 1H, H¥), 8.16 (s, 1H, H*"), 7.61 (d, J
= 7.5 Hz, 2H, H*), 7.50 (d, J = 8.5 Hz, 1H, H¥), 7.09 (t,J = 7.5 Hz, 2H,
Ha"), 6.96 (t,J = 7.5 Hz, 1H, H?"), 4.09 (s, 3H, NMe), 4.08 (s, 3H, NMe),
3.99 (s, 3H, OMe) ppm; 13C NMR (125 MHz, CDCls) 8¢ 192.5 (s, NCN),
166.3 (s, COOMe), 142.3 (s, C27), 136.7 (s, C"), 133.8 (s, C*"), 132.6 (s,
car), 128.0 (s, C*), 126.7 (s, C), 126.1 (s, C*), 123.2 (s, C*), 113.1 (s,
Car), 110.1 (s, C?r), 52.7 (s, OMe), 35.1 (s, NMe) ppm; HRMS (ESI): m/z
calculated for Ci7H17AUN20,S + H* [M + H]*: 511.07545. Found:
442.08198 [(NHC)Au(MeCN)]*; 605.14561 [(NHC),Au]*; 911.12265
[2M-SPh]*.

[Thiophenolato(5-methoxycarbonyl-1,3-diethylbenzimidazol-2-
ylidene)] gold(1) (9b)

11.0 mg (20.4 umol, 63%) from sodium (1.48 mg, 64.6 umol, 2.00
eq.), thiophenol (3.35 uL, 32.3 umol, 1.00 eq.) and 8b (15.0 mg,
32.3 umol, 1.00 eq.) in dry MeOH (5 mL). m.p. 165 °C (decomp.); H
NMR (500 MHz, CDCls) &y 8.20 (d, J = 1.3 Hz, 1H, H¥), 8.15 (dd, J =
8.5 Hz, 1.3 Hz, 1H, H¥), 7.67 - 7.60 (m, 2H, H?), 7.52 (d, 3/ = 8.5 Hz,
1H, H¥), 7.10 (t,J = 7.7 Hz, 2H, H¥"), 7.01 - 6.92 (m, 1H, H"), 4.59 (dq,
J=9.9 Hz, 7.3 Hz, 4H, NCH,), 3.99 (s, 3H, OMe), 1.59 (vq, J = 7.3 Hz,
6H, CH3) ppm; 3C NMR (125 MHz, CDCls) 8¢ 190.9 (s, NCN), 166.4 (s,
COOMe), 142.3 (s, C), 136.0 (s, C*"), 133.0 (s, C*r), 132.7 (s, C*'), 128.0
(s, C1), 126.6 (s, Ca), 125.9 (s, C), 123.2 (s, C), 113.2 (s, C), 110.1
(s, C2r), 52.7 (s, OMe), 44.0 (s, NCH3), 15.7 (s, CH3) ppm; HRMS (ESI):
m/z calculated for C19H21AuN,0,S + H* [M + H]*: 539.10675. Found:
470.11337 [(NHC)Au(MeCN)]*; 661.20776 [(NHC),Au]*; 967.18469
[2M-SPh]*. Crystal data: CigH»;AuN,0,S, M = 538.41, monoclinic,
space group P21/c; a = 13.180(3) A, b = 13.170(3) A, c = 10.710(2) A,
a=90° B =101.60(3)°, y = 90°, V = 1821.1(7) A3, Z= 4, A = 0.71073
A, u=8.208 mm1, T = 133 K; 28 885 reflections measured, 4398
unique; R [I> 2s(1)] = 0.0367, GOF = 1.071. CCDC 2214175.

[Thiophenolato(5-methoxycarbonyl-1,3-dibenzylbenzimidazol-2-
ylidene)] gold(l) (9¢)

19.0 mg (28.7 umol, 56%) from sodium (2.34 mg, 102 umol, 2.00
eq.), thiophenol (5.20 pL, 51.0 umol, 1.00 eq.) and 8c (30.0 mg,
51.0 pmol, 1.00 eq.) in dry MeOH (10 mL). m.p. 165 °C (decomp.); *H
NMR (500 MHz, CDCls) &y 8.10 (d, J = 1.3 Hz, 1H, H*), 8.01 (dd, J =
8.6 Hz, 1.4 Hz, 1H, H¥"), 7.54 (d, J = 7.6 Hz, 2H, H?"), 7.46 - 7.42 (m, 2H,
Har), 7.41 - 7.37 (m, 3H, H), 7.36 - 7.32 (m, 5H, H¥), 7.00 (d, J = 7.5
Hz, 2H, H¥"), 6.93 (t, J = 7.3 Hz, 1H, H*"), 5.79 (d, J = 3.6 Hz, 4H, NCH,),
3.91 (s, 3H, OMe) ppm; 13C NMR (125 MHz, CDCls) 5¢ 192.6 (s, NCN),
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166.1 (s, COOMe), 142.0 (s, C*r), 136.3 (s, C*), 134.4 (s, C27), 134.3 (s,
Ca), 133.4 (s, C), 132.6 (s, C), 129.2 (s, C*"), 128.8 (s, C7), 127.9 (s,
Car), 127.5 (s, Cr), 127.4 (s, Cr), 126.9 (s, C), 126.1 (s, C7), 123.2 (s,
Car), 113.9 (s, C?r), 111.9 (s, C?), 52.9 (s, OMe), 52.6 (s, NCH;) ppm;
HRMS (ESI): m/z calculated for CagHsAuN,0,S + H* [M + H]*:
663.13805. Found: 594.14455 [(NHC)Au(MeCN)]*; 1215.24784 [2M-
SPh]*.

[Thiophenolato(5-methoxycarbonyl-1,3-dipentylbenzimidazol-2-
ylidene)] gold(l) (9d)

27.0 mg (43.4 umol, 92%) from sodium (2.18 mg, 94.7 umol, 2.00
eq.), thiophenol (4.92 uL, 47.4 ymol, 1.00 eq.) and 8d (26.0 mg,
47.4 umol, 1.00 eq.) in dry MeOH (5 mL); m.p. 100 °C; *H NMR
(500 MHz, CDCl5) 64 8.18 (d,J = 1.3 Hz 1H, H?"), 8.13 (dd, J = 8.6 Hz,
1.4 Hz, 1H, H¥), 7.66 - 7.61 (m, 2H, H?), 7.50 (d, J = 8.5 Hz, 1H, H¥),
7.09 (t, J = 7.7 Hz, 2H, H¥), 7.01 - 6.94 (m, 1H, H*), 4.51 (dt, J = 10.3
Hz, 7.5 Hz, 4H, NCH,), 3.99 (s, 3H, OMe), 1.97 (sext., 4H, CH,), 1.39
(dp, J = 10.1 Hz, 3.4 Hz, 8H, CH,), 0.89 (dt, J = 7.0 Hz, 3.8 Hz, 6H, CHs)
ppm; 13C NMR (125 MHz, CDCl3) 8¢ 191.5 (s, NCN), 166.3 (s, COOMe),
142.4 (s, Cr), 136.2 (s, Cr), 133.1 (s, C7), 132.6 (s, C*7), 127.9 (s, C*),
126.5 (s, C*), 125.8 (s, C2r), 123.1 (s, C), 113.4 (s, C7), 111.2 (s, C)
52.7 (s, OMe), 49.0 (NCH,), 30.0 (s, CH,), 29.9 (s, CH,), 28.9 (s, CHa),
28.8 (s, CHy), 22.4 (s, CH,), 13.9 (s, CH3) ppm; HRMS (ESI): m/z
calculated for CysH3sAuN;0,S + H* [M + H]*: 623.20065. Found:
554.20621 [(NHC)Au(MeCN)]*; 1135.37090 [2M-SPh]".

[Thiophenolato(5-methoxycarbonyl-1,3-diisopropylbenzimidazol-2-
ylidene)] gold(l) (9e)

30.0 mg (53.0 umol, 65%) from sodium (3.73 mg, 162 umol, 2.00
eq.), thiophenol (8.44 puL, 81.2 umol, 1.00 eq.) and 8e (40.0 mg,
81.2 umol, 1.00 eq.) in dry MeOH (7 mL). m.p. 165 °C (decomp.); 'H
NMR (500 MHz, CDCls) 64 8.33 (d, J = 1.5 Hz, 1H, H"), 8.08 (dd, J = 8.7
Hz, 1.5 Hz, 1H, H¥"), 7.67 (d,J = 8.7 Hz, 1H, H¥), 7.64 - 7.61 (m, 2H,
Her), 7.10 (t, J = 7.8 Hz, 2H, H), 7.01 - 6.94 (m, 1H, H"), 5.52 (dsept,
J=7.0 Hz, 5.2 Hz, 2H, NCH), 3.99 (s, 3H, OMe), 1.78 (dd, J = 13.9 Hz,
7.0 Hz, 12H, CH3) ppm; 13C NMR (125 MHz, CDCl3) &¢ 189.7 (s, NCN),
166.3 (s, COOMe), 142.3 (s, Cr), 135.5 (s, C?r), 132.6 (s, C*), 128.0 (s,
C#1), 125.9 (s, C), 125.3 (s, Cr), 123.2 (s, C1), 114.7 (s, C*7), 112.6 (s,
Cr) 54.2 (s, NCH), 54.1 (s, NCH), 52.7 (s, OMe), 22.0 (s, CH3), 21.9
(CHs3) ppm; HRMS (ESI): m/z calculated for C,1H,sAUN,0,S + H* [M +
H]*: 567.13805. Found: 498.14430 [(NHC)Au(MeCN)]*.

General procedure for the synthesis of thiolato complexes 10

The respective gold chlorido complex 8 (1.00 eq.) was dissolved in dry
CHCl; (100 mL/mmol) and KO'Bu (2.00 eq.) was added. The solution
was left stirring for 1 h at rt and then treated in portions with 4-
(adamantan-2-yl)benzenethiol (4) (1.00 eq.). After stirring at rt for 24
h the suspension was filtered over Celite and the filtrate was
evaporated to dryness. The remainder was precipitated in pentane to
afford the target complexes 10 as yellowish powders after filtration
and drying in vacuo.
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[(4-(Adamant-2-yl)benzenethiolato)(5-methoxycarbonyl-1,3-
dimethylbenzimidazol-2-ylidene)] gold(l) (10a)

15.0 mg (23.3 pmol, 20%) from KO*Bu (32.1 mg, 286 umol, 2.00 eq.),
4 (28.0 mg, 114 pmol, 1.00 eq.) and 8a (50.0 mg, 114 umol, 1.00 eq.)
in dry CHxCl; (10 mL). m.p. 150 °C (decomp.); *H NMR (500 MHz,
CDCls) 64 8.18 - 8.14 (m, 2H, H¥), 7.55 - 7.51 (m, 2H, H), 7.49 (dd, J
= 8.4 Hz, 0.7 Hz, 1H, H¥), 7.07 - 7.02 (m, 2H, H?), 4.08 (d,J = 5.3
Hz ,6H, NMe), 3.98 (s, 3H, OMe), 2.90 (s, 1H, CH), 2.37 (d, J = 3.2 Hz,
2H, Had2), 1,98 - 1.78 (m, 8H, Ha%), 1.73 (s, 4H, H%2) ppm; 13C NMR
(125 MHz, CDCls) 8¢ 192.3 (s, NCN), 166.4 (s, COOMe), 139.5 (s, C*),
137.7 (s, C*), 136.8 (s, C*"), 133.8 (s, Cr), 132.4 (s, C*), 126.8 (s, C*),
126.7 (s, C), 126.1 (s, C27), 113.2 (s, C*), 111.1 (s, C*), 110.1 (s, C),
52.8 (s, OMe), 46.4 (s, C2d3), 39.2 (s, C292), 38.1 (s, C242), 35.3 (s, NMe),
35.2 (s, NMe), 32.0 (s, C2%), 31.1 (s, Cad2), 28.2 (s, C292), 27.9 (s, Coda)
ppm; HRMS (ESI): m/z calculated for Cy;H3;AUN,0,S + H* [M + H]*:
645.18500. Found: 442.08118 [(NHC)Au(MeCN)]*; 605.14348
[(NHC),Au]*; 1045.23011 [2M-SPhAda]*.

[(4-(Adamant-2-yl)benzenethiolato)(5-methoxycarbonyl-1,3-
diethylbenzimidazol-2-ylidene)] gold(l) (10b)

45.0 mg (67.0 umol, 77%) from KO'Bu (19.1 mg, 172 umol, 2.00 eq.),
4 (21.1mg, 86.2 umol, 1.00 eq.) and 8b (40.0 mg, 86.1 umol,
1.00 eq.) in dry CHyCl; (7 mL). m.p. 150 °C (decomp.); *H NMR
(500 MHz, CDCls) 84 8.24 (d, J = 1.3 Hz, 1H, H"), 8.19 (dd, J = 8.6 Hz,
1.3 Hz, 1H, H¥"), 7.62 (d, J = 8.6 Hz, 2H, H*"), 7.56 (d, %/ = 8.6 Hz, 1H,
Har), 7.17 - 7.10 (m, 2H, H¥), 4.64 (dq, J = 9.3 Hz, 7.3 Hz, 4H, NCH,),
4.04 (s, 3H, OMe), 2.98 (s, 1H, CH), 2.44 (t, J = 3.2 Hz, 2H, Ha%),
2.06-1.86 (m, 4H, H*%), 1.62 (g, 8H, CHs, H%) ppm; 13C NMR
(125 MHz, CDCls) 8¢ 191.3 (s, NCN), 166.4 (s, COOMe), 139.5 (s, C),
138.0 (s, C*1), 136.0 (s, C21), 133.0 (s, C*), 132.5 (s, C*), 126.7 (s, C*"),
126.6 (s, C*1),126.0 (s, C*"), 113.4 (s, C), 111.2 (s, C*), 52.8 (s, OMe),
46.4 (s, C2%2), 44.1 (d, J = 3.4 Hz, NCH,), 39.3 (s, C*¢2), 38.1 (s, NMe),
32.1 (s, NMe), 28.2 (s, C29), 28.0 (s, C292), 15.8 (s, CHs), 27.9 (s, CH3)
ppm; HRMS (ESI): m/z calculated for CygH3sAuN,0,S + H* [M + H]*:
673.21630. Found: 470.11294 [(NHC)Au(MeCN)]*; 661.20724
[(NHC);Au]*; 1101.29313 [2M-SPhAda]*.

[(4-(Adamant-2-yl)benzenethiolato)(5-methoxycarbonyl-1,3-
dibenzylbenzimidazol-2-ylidene)] gold(l) (10c)

27.0 mg (33.4 umol, 40%) from KO'Bu (23.8 mg, 212 umol, 2.00 eq.),
4 (20.8 mg, 84.9 umol, 1.00 eq.) and 8c (50.0 mg, 84.9 umol,
1.00 eq.) in dry CHyCl; (7 mL). m.p. 175 °C (decomp.); 'H NMR
(500 MHz, CDCl3) 614 8.09 (d,J = 1.4 Hz, 1H, H), 8.01 (dd, J = 8.6 Hz,
1.4 Hz, 1H, H*"), 7.48 (d, J = 8.1 Hz, 2H, H*"), 7.44 (dd, J = 7.6 Hz, 1.7
Hz, 2H, H"), 7.40 (d, J = 6.6 Hz, 3H, H*), 7.36 - 7.30 (m, 6H, H"), 6.99
(d,J = 8.0 Hz, 2H, H), 5.79 (d, J = 3.2 Hz, 4H, NCH,), 3.91 (s, 3H, OMe)
2.90 (s, 1H, CH), 2.36 (d, J = 3.9 Hz, 2H, Ha9%2), 1.99 - 1.86 (m, 6H, Had),
1.82 = 1.77 (m, 3H, H3%) 1.74 (s, 3H, H?%) ppm; 13C NMR (125 MHz,
CDCl3) 8¢ 192.7 (s, NCN), 166.1 (s, COOMe), 139.3 (s, Car), 137.5 (s,
Car), 136.3 (s, C*r), 134.4 (s, C*), 134.3 (s, C2r), 133.4 (s, C*), 132.5 (s,
Ca), 129.2 (s, Cr), 128.7 (s, C¥), 127.5 (s, C*), 126.8 (s, C), 126.6 (s,
@), 126.1 (s, C), 113.82 (s, Cr), 111.9 (s, Cr), 52.9 (s, NCH,), 52.7 (s,
NCH5), 52.6 (s, OMe), 46.3 (s, C292), 39.2 (s, NCH,), 38.0 (s, C2d), 31.9
(s, NMe), 31.0 (s, NMe), 28.1 (s, C292), 27.8 (s, C392) ppm; HRMS (ESI):
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m/z calculated for C39H3AuN;0,S + H* [M + H]*: 797.24760. Found:
594.14365 [(NHC)Au(MeCN)]*; 909.26784 [(NHC),Au]*; 1349.35422
[2M-SPhAda]*.

Synthetic route to [chlorido(5-(4-(adamant-1-yl)phenoxycarbonyl)-
1,3-diethylbenzimidazol-2-ylidene)]gold(l) (17)

1-(tert-Butyl) 1H-benzimidazole-1,5-dicarboxylate (12)
Benzimidazole carboxylic acid (11) (1.50 g, 9.25 mmol, 1.00 eq.) was
dissolved in 10% Na;CO3(aq) (22.5 mL) and 1,4-dioxane (13.5 mL) and
cooled to 0 °C. Boc,0 (2.38 mL, 11.1 mmol, 1.20 eq.) was added
dropwise and the mixture was left stirring at rt for 16 h. The solution
was washed with Et;0 (3 x 50 mL) and the aqueous phase was
acidified with 2n HCI. After extraction with EtOAc (3 x 60 mL), the
combined organic phases were dried over MgS0,, filtered and
concentrated. The residue was dried in vacuo affording 12 (1.95 g,
7.44 mmol, 80%) as a beige powder. *H NMR (500 MHz, CDCl3) &y
8.81 (d, J = 1.6 Hz, 1H, H), 8.62 (s, 1H, H*), 8.60 (d, J = 1.6 Hz, 1H,
Hzr), 8.55 (s, 1H, H¥"), 8.20 (dd, J = 8.6 Hz, 1.6 Hz, 1H, H*), 8.16 (dd, J
= 8.4 Hz, 1.6 Hz, 1H, H™"), 8.09 (d, J = 8.7 Hz, 1H, H*"), 7.88 (d, J = 8.5
Hz, 1H, H), 1.74 (s, 9H, CHs), 1.72 (s, 9H, CHs) ppm; 3C NMR
(125 MHz, DMSO-dg) 6¢ 167.7 (s, COOH), 147.8 (d, J = 3.1 Hz,
NCOOR), 147.3 (s, C), 144.0 (s, C), 134.6 (s, C"), 131.4 (s, C*"), 127.8
(s, C), 127.3 (s, C), 126.7 (s, C), 125.7 (s, C*r), 122.0 (s, C*), 120.5
(s, Cr), 116.3 (s, Cr), 114.6 (s, C*r), 86.4 (d, J = 10.0 Hz, OC(CHs)s), 28.0
(s, CH3) ppm. Even though distinguishable, the regioisomers were not
separated. The NMR data matched previously reported spectra.?®

5-(4-(Adamant-1-yl)phenyl)
dicarboxylate (13)

A suspension of carboxylic acid 12 (1.05 g, 4.00 mmol, 1.30 eq.) in dry
CHCl, (40 mL) was cooled to 0 °C and treated in portions with DMAP
(467 mg, 4.00 mmol, 1.30 eq.) and EDC-HCI (764 mg, 4.00 mmol,
1.30 eq.). The resulting solution was left stirring at 0 °C for 1 h and
then treated dropwise with a solution of 4-(adamantan-1-yl)phenol
(700 mg, 3.07 mmol, 1.00 eq.) in dry CH,Cl, (20 mL) over a period of
30 min. The solution was stirred for a further 24 h at rt, diluted with
EtOAc and washed with 0.5m H;SOs. The aqueous phase was
extracted with EtOAc (3 x 70 mL) and the combined organic phases
were dried over Na,SOa. The solvent was evaporated after filtration
and the residue was purified via column chromatography
(cyclohexane/EtOAc 3:1) affording ester 13 as a yellowish oily mixture
of regioisomers (1.25g, 2.64 mmol, 86%) with Ry 0.36/0.28
(cyclohexane/EtOAc 3:1); 'H NMR (500 MHz, CDCls) 64 8.87 (d, /= 1.7
Hz, 1H, H¥"), 8.66 (d, J = 1.5 Hz, 1H, H¥"), 8.60 (s, 1H, H"), 8.53 (s, 1H,
Her), 8.24 (ddd, J = 15.4 Hz, 8.5 Hz, 1.7 Hz, 2H, H¥), 8.10 (d, J = 8.6 Hz,
1H, H¥), 7.88 (d, J = 8.4 Hz, 1H, H), 7.46-7.39 (m, 4H, H),
7.23-7.16 (m, 4H, H¥), 2.11 (s, 6H, Ha%), 1.93 (d, J = 2.9 Hz, 12H,
Hada), 1.82 -1.74 (m, 12H, H2d2), 1.73 (s, 18H, CH3) ppm; 3C NMR
(125 MHz, CDCl3) 8¢ 165.4 (d, J = 13.5 Hz, COOR), 149.0 (d, J = 4.0 Hz,
Car), 148.7 (s, C*r), 147.9 (s, NCOOR), 147.7 (s, NCOOR), 144.7 (s, C*),
144.0 (s, C*), 143.5 (s, C*), 135.0 (s, C"), 131.2 (s, C"), 127.2 (s, C*),
126.6 (s, C), 126.3 (s, Cr), 126.0 (d, J = 1.8 Hz, C*), 123.3 (s, C¥),
121.1 (s, Cr), 121.0 (s, C*), 120.6 (s, Cr), 117.2 (s, C*), 114.4 (s, C*),

1-(tert-butyl) benzimidazole-1,5-

J. Name., 2020, 00, 1-3 | 10

58



Journal Name

86.5 (d, J = 9.0 Hz, OC(CHs)s), 43.3 (s, C%), 36.8 (s, C202), 36.0 (s, C2¢2),
28.9 (s, C*%), 28.1 (d, J = 4.6 Hz, CH3) ppm.

5-(4-(Adamant-1-yl)phenoxycarbonylbenzimidazole (14)

A solution of compound 13 (300 mg, 635 umol, 1.00 eq.) in CHyCly
(20 mL) was treated dropwise with TFA (1.02 mL, 13.3 mmol,
21.0 eq.) was added dropwise and then stirred for a further 4 h at rt.
The solvent was evaporated and the residue was dissolved in toluene
and evaporated three times to remove any residual TFA. The free
amine 14 was obtained as a colourless powder (237 mg, 635 pmol,
quant.) of m.p. xx °C. 'H NMR (500 MHz, MeOD-ds4) &4 9.52 (s, 1H,
NCHN), 8.67 (d, J = 1.5 Hz, 1H, H¥"), 8.42 (dd, J = 8.7 Hz, 1.6 Hz, 1H,
Har), 8.01 (d, J = 8.7 Hz, 1H, H¥), 7.47 (d, J = 8.8 Hz, 2H, H?"), 7.20 (d, J
= 8.8 Hz, 2H, H¥"), 2.11 (s, 3H, H%2), 1.98 (d, J = 2.9 Hz, 6H, H3%), 1.84
(dg, J = 12.1 Hz, 5.8 Hz, 6H, H2%) ppm; 13C NMR (125 MHz, MeOD-ds)
5¢c 164.3 (s, COOR), 149.3 (s, Cr), 148.6 (s, C*), 142.5 (s, C*), 134.3 (s,
€¥), 128.0 (s, C), 125.7 (s, C), 120.7 (s, C), 116.7 (s, C), 114.5 (s,
Car), 43.1 (s, C2%), 36.4 (s, C29a), 35.8 (s, C292), 29.1 (s, C292) ppm.

5-(4-(Adamant-1-yl)phenoxycarbonyl)-1-ethylbenzimidazole (15)

A solution of 14 (237 mg, 635 umol, 1.00 eq.) in DMF (10 mL) was
treated with K,CO3 (176 mg, 1.28 mmol, 2.00 eq.) and Etl (103 pl,
1.28 mmol, 2.00 eq.) and stirred at 50 °C for 24 h. The solvent was
evaporated, the residue was dissolved in CH,Cly, and the resulting
suspension was filtered to remove excess K,COs . The solvent was
evaporated and the remainder was purified by column
chromatography (CH,Cl,/MeOH; 95:5) to afford 15 as yellowish oily
mixture of regioisomers (205 mg, 512 pmol, 80%) with R 0.36/0.28;
1H NMR (500 MHz, CDCls) & 8.71 (d, J = 1.5 Hz, 1H, H), 8.32 (d, J =
1.5 Hz, 1H, H*"), 8.17 (td, J = 8.6, 1.6 Hz, 2H, H¥"), 8.08 (s, 1H, H¥"), 8.04
(s, 1H, H¥), 7.88 (d, J = 8.5 Hz, 1H, H¥), 7.48 (d, J = 8.5 Hz, 1H, H¥),
7.45 - 7.40 (m, 4H, H¥), 7.19 (dd, J = 8.7 Hz, 3.5 Hz, 4H, H*), 4.30 (dq,
J=17.0 Hz, 7.3 Hz, 4H, CH,), 2.11 (s, 6H, H3%2), 1,94 (s, 12H, H42), 1.78
(9, J = 10.9 Hz,12H, H2%), 1.59 (vq, J = 7.4 Hz, 6H, CHs) ppm; 13C NMR
(125 MHz, CDCl3) 8¢ 165.8 (d, J = 10.8 Hz, COOR), 149.0 (s, C*'), 148.8
(d, J = 10.9 Hz, C) 147.9 (s, Cr), 145.2 (s, C), 144.3 (s, C*), 143.7 (s,
o), 137.3 (s, Cr), 133.5 (s, C7), 126.0 (d, J = 8.6 Hz, Cr), 124.9 (s, C7),
124.2 (s, C¥), 124.1 (s, C*), 123.8 (s, C*7), 123.6 (s, C*'), 121.1(d, J =
6.4 Hz, C*), 120.3 (s, Cr), 112.7 (s, C), 109.5 (s, C), 43.3 (s, C292),
40.2 (d, J = 3.6 Hz, NCH,), 36.8 (s, C2%2), 36.0 (d, J = 2.6 Hz, C*%2), 29.0
(s, C293), 15.4 (d, J = 16.7 Hz, CH3) ppm.

5-(4-(adamant-1-yl)phenoxycarbonyl)-1,3-diethylbenzimidazolium
jodide (16)

Benzimidazole 15 (205 mg, 512 pmol, 1.00 eq.) was dissolved in 1,4-
dioxane (10 mL) and treated with Etl (82.3 pl, 1.02 mmol, 2.00 eq.).
The solution was stirred at 130 °C for 24 h, the solvent was
evaporated, and the residue dried in vacuo to afford 17 as a yellow
powder (285 mg, 512 umol, quant.) of m.p. xx °C. 'H NMR (500 MHz,
CDCl3) 64 11.4 (s, 1H, NCHN), 8.57 (d, J = 1.4 Hz, 1H, H*), 8.49 (dd, J =
8.7 Hz, 1.4 Hz, 1H, H¥), 7.88 (d, J = 8.8 Hz, 1H, H¥"), 7.44 (d, J = 8.8 Hz,
2H, H¥), 7.18 (d, J = 8.8 Hz, 2H, H¥), 4.77 (dq, J = 7.3 Hz, 5.2 Hz, 4H,
NCHy), 2.11 (s, 3H, H¥d), 1.93 (s, 6H, H2%), 1.83 (q, J = 7.5 Hz, 6H,
Hads), 1.80-1.73 (m, 6H, CHs) ppm; 3C NMR (125 MHz, CDCl3)
8¢ 163.6 (s, COOR), 149.7 (s, C?r), 148.1 (s, C*r), 134.3 (s, Cr), 131.2 (s,
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), 129.0 (s, C*), 128.7 (s, C*), 126.3 (s, C), 120.8 (s, C), 115.6 (s,
), 113.4 (s, C), 43.6 (d, J = 11.8 Hz, NCH,), 43.2 (s, C2%), 36.7 (s,
C2%2), 28.9 (s, C2¢2), 14.9 (d, J = 8.2 Hz, CH3) ppm.

[Chlorido(5-(4-(adamant-1-yl)phenoxycarbonyl)-1,3-
diethylbenzimidazol-2-ylidene)]gold(l) (17)

A solution of 16 (100 mg, 180 umol, 1.00 eq.) in dry CH>Cl, (10 mL)
was treated with Ag,0 (25.0 mg, 108 umol, 0.60 eq.), stirred at rt for
6 h while being shielded from light, and finally treated with
AuCl(SMe;) (58.2 mg, 198 umol, 1.10eq.) and LiCl (76.2 mg,
1.80 mmol, 10.0 eq.). The mixture was left stirring for another 24 h,
filtered over Celite, and concentrated in vacuo. The residue was
purified by column chromatography (cyclohexane/EtOAc; 1:1) to
afford 17 as a colourless powder (78.0 mg, 118 umol, 66%) with R¢
0.67 and m.p. 310 °C (decomp.); *H NMR (500 MHz, CDCls) 64 8.35 (s,
1H, H?), 8.31 (d, J = 8.6, 1H, H¥"), 7.59 (d, J = 8.5 Hz, 1H, H?), 7.44 (d,
J = 8.4 Hz, 2H, H¥), 7.18 (d, J = 8.8 Hz, 2H, H*"), 4.60 (dq, J = 7.3 Hz,
7.2 Hz, 4H, NCH,), 2.12 (s, 3H, H?%), 1.93 (s, 6H, H42), 1.78 (q, J = 12.5
Hz, 6H, Ha%), 1,58 (dt, J = 11.6 Hz, 5.7 Hz, 6H) ppm; 3C NMR
(125 MHz, CDCl3) ¢ 180.7 (NCN), 164.5 (s, COOR), 149.5 (s, C),
148.3 (s, C*), 136.0 (s, C*), 132.8 (s, C"), 126.5 (s, C*7), 126.3 (s, C),
126.2 (s, Cr), 120.9 (s, C*), 113.9 (s, C*), 111.3 (s, C), 443 (d, J =
2.7 Hz, NCH,), 43.3 (s, C93), 36.7 (s, C2¢2), 36.1 (s, Ca¢2), 28.9 (s, C2da),
15.6 (d, J = 22.6 Hz, CHs) ppm; HRMS (ESI): m/z calculated for
CasH32AUCIN;O; + H* [M + H]*: 661.18961. Found: 666.23766
[(NHC)Au(MeCN)]*.

Synthetic route to clickable cyclopropenes 20 and 21
[Chlorido(5-(2,3-dimethylcycloprop-2-en-1-yl)methoxycarbonyl)-1,3-
diethylbenzimidazol-2-ylidene] gold(l) (19)

A solution of benzimidazolium iodide 18 (150 mg, 352 umol, 1.00 eq.)
in dry CHCl; (15 mL) was shielded from light and treated with Ag,0
(49.0 mg, 211 umol, 0.60 eq.). The mixture was stirred at rt for 6 h,
then treated with AuCl(SMe;) (114 mg, 387 pmol, 1.10 eq.) and left
stirring at rt for another 18 h. The mixture was filtered over Celite and
the solvent was evaporated. Redissolving the residue in CH,Cl, and
precipitating the complex from n-pentane afforded complex 19 as a
white powder (139 mg, 262 umol, 74%) of m.p. 140 °C; *H NMR
(500 MHz, CDCl3) 64 8.21 (d, J = 1.4 Hz, 1H, H¥), 8.16 (dd, J = 8.5 Hz,
1.4 Hz, 1H, H™), 7.52 (d, J = 8.5 Hz, H*), 4.61 - 4.54 (m, 4H, NCH,),
4.27 (d, J = 5.2 Hz, 2H, CH3), 2.03 (s, 6H, CH3), 1.68 (t, J = 5.2 Hz, 1H,
CH), 1.60-1.53 (m, 6H, CHs) ppm; 13C NMR (125 MHz, CDCls)
5c 180.0 (s, NCN), 165.8 (s, COOCH,), 135.5 (s, C), 132.7 (s, C¥),
127.6 (s, C), 125.9 (s, C27), 113.2 (s, C), 111.0 (s, Cr), 109.7 (s, C=C),
73.3 (s, OCHy), 44.3 (d, J = 2.8 Hz, CH3), 19.3 (s, CH), 15.6 (d, J =
15.4 Hz, CH3), 10.5 (s, CH3) ppm; m/z (El, pos): 530 [M]*, 500 [M-Et]*,
433 [M-CgHs0]*, 369 [M-CI-C;Hs0,]*.

(5-(((2,3-dimethylcycloprop-2-en-1-yl)methoxy)carbonyl)-1,3-
diethylbenzimidazol-2-ylidene gold(l) thiophenolato (20)

A solution of complex 19 (60.0 mg, 113 pmol, 1.00 eq.) in dry CH,Cl,
(10 mL) was treated with KO'Bu (15.2 mg, 136 umol, 1.20 eq.), left
stirring for 1 h at rt, and then treated with thiophenol (12.2 uL,
120 umol, 1.06 eq.). After stirring at rt for 24 h the suspension was
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filtered and the solvent was evaporated. The residue was
precipitated from n-pentane to leave the product complex as a
yellowish powder (56.0 mg, 92.6 umol, 82%) after filtration and
drying in vacuo; m.p. 110 °C; 'H NMR (500 MHz, CDClz) 64 8.21 (d, J =
1.4 Hz, 1H, H¥), 8.16 (dd, J = 8.5 Hz, 1.4 Hz, 1H, H¥), 7.64 (dd, J =
8.3 Hz, 1.2 Hz, 2H, H¥), 7.51 (d, J = 8.5 Hz, 1H, H¥), 7.10 (t, J = 7.7 Hz,
2H, H¥), 6.97 (d, J = 7.3 Hz, 1H, H*"), 4.59 (dq, J = 11.2 Hz, 7.3 Hz, 4H,
NCH,), 4.28 (d, J=5.2 Hz, 2H, CH,), 2.04 (s, 6H, CH3), 1.69 (t, /= 5.2 Hz,
1H, CH), 1.58 (dt, J = 9.3 Hz, 7.3 Hz 6H, CH3) ppm; **C NMR (125 MHz,
CDCls) 8¢ 190.8 (s, NCN), 166.0 (s, COOCH,), 142.3 (s, C), 135.7 (s,
car), 132.9 (s, C), 132.6 (s, C*), 128.0 (s, C?r), 127.5 (s, C), 125.8 (s,
car), 123.2 (s, C), 113.2 (s, €21, 110.9 (s, C), 109.7 (s, C=C), 73.2 (s,
OCH,), 44.0 (d, J = 2.7 Hz, CH3), 19.3 (s, CH), 15.7 (d, J = 15.4 Hz, CH3),
10.5 (s, CHs) ppm; m/z (El, pos): 604 [M]*, 524 [M-C¢Hs]*, 479 [M-
CeHg0,]*, 415 [M-SPh-CgHq]*, 298 [M-AuSPh]*.

[(4-(Adamant-2-yl)benzenethiolato(5-((2,3-dimethylcycloprop-2-en-
1-yl)methoxycarbonyl)-1,3-diethylbenzimidazol-2-ylidene)]  gold(l)
(21)

A solution of complex 19 (40.0 mg, 75.4 umol, 1.00 eq.) in dry CH,Cl,
(7 mL) was treated with KO'Bu (16.9 mg, 151 umol, 2.00 eq.), left
stirring for 1 h at rt, nd then treated with thiol 4 (18.4 mg, 75.4 umol,
1.00 eq.). After stirring at rt for 48 h the suspension was filtered over
Celite and the solvent was evaporated. The residue was precipitated
from n-pentane to afford the product complex as a brown powder
(40.0 mg, 54.1 umol, 72%) after filtration and drying in vacuo; m.p.
160 °C; *H NMR (500 MHz, CDCls) &4 8.20 (d, J = 1.4 Hz, 1H, H), 8.16
(dd, J = 8.5 Hz, 1.4 Hz, 1H, H¥), 7.56 (d, J = 8.2 Hz, 2H, H¥), 7.51 (d, J
= 8.6 Hz, 1H, H¥), 7.07 (d, J = 8.0 Hz, 2H, H¥"), 4.58 (dq, J = 9.1 Hz, 7.3
Hz, 4H, NCH,), 4.20 (d, J = 5.2 Hz, 2H, CH,), 2.91 (s, 1H, H2%), 2.38 (s,
2H, H2%), 2.03 (s, 6H, CH3), 1.97 — 1.64 (m, 4H, H2%), 1.92 — 1.87 (m,
2H, Heda), 1.85—1.78 (m, 2H, CH2d), 1.73 (s, 3H, H%),1.68 (t, J =
5.2 Hz, 1H, CH), 1.57 (dt, J = 9.3 Hz, 7.3 Hz 6H, CH3), 1.51 (s, 1H, Had)
ppm; 13C NMR (125 MHz, CDCls) 8¢ 192.1 (s, NCN), 166.0 (s, COOCHs),
139.5 (s, C), 135.8 (s, C), 135.6 (s, Cr), 132.8 (s, C), 132.3 (s, C),
127.5 (s, C), 126.6 (s, Cr), 125.8 (s, C7r), 113.2 (s, C*), 111.0 (s, C*7),
109.7 (s, C=C), 73.3 (s, OCHa), 46.3 (s, CH), 44.0 (d, J = 3.6 Hz, CH3),
39.1 (s, C2%2), 38.0 (s, C233), 31.9 (s, C2¢2), 31.0 (s, C3%3), 28.1 (s, C2%2),
27.8 (s, C2%),19.3 (s, CH), 15.7 (d, J = 14.5 Hz, CHs), 10.5 (s, CHs) ppm;
m/z (El, pos): 738 [M]*, 415 [M-SPhAda-CsHs]*, 370 [M-SPhAda-
CsHs03]*, 298 [M-AuSPhAda]"*.

Biological evaluation

Cell culture conditions

Cell lines were cultivated in Dulbecco’s Modified Eagle Medium
(DMEM, Capricorn scientific) supplemented with 10% fetal bovine
serum (Sigma life science) and 1% ZellShield® (Minerva Biolabs)
under standard cell culture conditions (37 °C, 5% CO,, 95% humidity).
518A2 melanoma (Department of Radiotherapy, Medical University
of Vienna, Austria)?, KB-V1'?' (ACC-149) multi drug resistant (MDR)
cervix carcinoma, U-87 glioblastoma, HT-29 (ACC-299), HCT-116
(ACC-581) and HCT-116p53-/- (p53 knockout mutant) colon
carcinoma, MCF-7 (ACC-115) breast carcinoma, EA.hy926 (ATCC®
CRL-2922™) endothelial hybrid cells were cultivated under cell
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culture conditions and passaged every three to five days. Resistant
KB-V1'P! cells had been treated with 340 nm vinblastine 24 h after
every passage. Cells were tested for mycoplasma using MycoSPY®
PCR test kit (Biontex).

MTT-assay

The MTT  (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay was performed to determine the anti-proliferative
properties of compounds 9a-e, 10a-c, 17, 20 and 21, as well as of the
positive controls AC1-004, YC-1, and auranofin against 518A2
melanoma, KB-V1P' cervix carcinoma, U-87 glioblastoma, HT-29,
HCT-116, HCT-116p53-/- colon carcinoma, MCF-7 breast carcinoma
and EA.hy926 endothelial hybrid cells as described previously.*”

ROS level determination via DCFH-DA fluorescence

518A2 melanoma cells were seeded (1x 10° cells/mL, 0.1 mL/well) in
black 96-well cell culture plates for 24 h under cell culture conditions.
The cells were treated with 20 pm DCFH-DA (2°,7 -dichlorodihydro-
fluorescein diacetate) solution in serum free DMEM (Dulbecco’s
modified eagle medium) for 30 min and gently washed twice with
PBS. Substance treatment (5, 10, 20 um) was carried out in serum free
DMEM for 1 h followed by another washing step. The fluorescence of
DCF (2,7 -dichlorodihydrofluorescein) was measured at Aex: 485 nm
Aem: 535 nm with a TECAN infinite F200 microplate reader. Untreated
cells were taken as blank values and negative controls set to 100%.

Cell cycle analysis

The analysis of the numbers of treated cells in the different phases of
the cell cycle was performed as described previously.*” Briefly, 518A2
melanoma cells were cultivated in 6-well cell culture plates for 24 h,
treated with test compounds and harvested after another 24 h. After
ethanol fixation and propidium iodide (PI) staining 10.000 cells were
analysed with a Beckman Coulter Cytomics FC500 flow cytometer
(Aex:488 nm Aem: 570 nm). Cell cycle phases were determined by CXP
software (Beckman Coulter).

Immunofluorescence staining of the actin cytoskeleton

518A2 melanoma cells were grown (1 x 10° cells/mL, 0.5 mL/well) on
coverslips in 24-well cell culture plates for 24 h under cell culture
conditions. The cells were treated for another 24 h with 1, 5 or 10 um
of test compounds under cell culture conditions. After a washing step
with cytoskeletal buffer (CB: 10 mm MES, 3 mm MgCl,, 138 mm KCl, 2
mm EGTA, pH 6.8), the cells were fixed and permeabilised in 3.7%
formaldehyde solution (0.2% Triton X-100 in CB) for 5 min, incubated
with ice-cold ethanol for 10 s and rehydrated in PBS (phosphate
buffered saline). Immunofluorescence staining was done using
100 nm Actistain 488 phallodin and 1 pug/mL DAPI (4',6-diamidin-2-
phenylindol) in PBS for 30 min in the dark. The coverslips were
washed again with PBS and embedded in ProLong™ Glass Antifade
Mountant. The results were documented using a Leica TCS SP5
confocal microscope and the images were processed with imageJ.

Intracellular localisation of the cyclopropene derivatives
518A2 melanoma cells were prepared as previously described for
immunofluorescence staining. After 24 h of incubation under cell
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culture conditions, the cells were incubated with 1 um MitoTrack®
Red CM-H2XRos for 30 min and with 25 um of the cyclopropenes 20
and 21 for 20 min. The cells were washed with PBS, fixed with 3.7%
formaldehyde for 10 min and incubated with a BDP-FL-tetrazine
solution for 1 h. The nuclei were counterstained with 1um/mL DAPI
for another 30 min. The embedding and the documentation were
performed like the immunofluorescence probes.

EA.hy926 tube formation assay

EA.hy926 endothelial hybrid cells were cultivated for 24 h in
EndoPrime low serum medium (Capricorn), trypsinised and counted.
The surfaces of the angiogenesis p-slides (Ibidi) were coated with
Matrigel® (Corning), a basement membrane matrix, and seeded with
EA.hy926 endothelial hybrid cells (4 x 105 cells/mL, 50 uL/well). Cells
were treated with test compounds (20 um) or solvent and incubated
till tubes had formed in the control wells. The anti-angiogenic effects
were documented via light microscopy (Zeiss Axiovert 135 with
AxioVert MRc5) and images were processed using imagel. Vitality
was ascertained concomitantly via MTT assays.

Zebrafish angiogenesis assay

The assay was performed as previously described.*® Briefly, the
zebrafish larvae were manually dechorionated 24 h past fertilisation
(hpf), treated with test compounds for 48 h and the results
documented by fluorescence microscopy (Leica MZ10F with Zeiss
AxioCam Mrc). The images were analysed with image) and the area
of subintestinal vessels (SIVs) was determined for each compound.

Thioredoxin reductase inhibition assay

The thioredoxin reductase (TrxR) colorimetric assay kit (Cayman
chemical) was performed according to the manufacturer’s
instructions. A cell extract of 518A2 melanoma cells was used to
determine the inhibitory effect of the test compounds. The
absorbance was measured at 405 nm with a TECAN infinite F200
plate reader.

Caspase 3/7 activity assay

518A2 melanoma cells were seeded (2 x 10° cells/mL, 67.5 pL/well)
in black 96-well cell culture plates and incubated for 24 h under cell
culture conditions. The cells were incubated with solvent or test
compounds for 6 h. The activity of caspases 3 and 7 was determined
using the Cell Meter™ caspase 3/7 activity apoptosis assay kit (AAT
Bioquest). 7.5 L of caspase substrate solution was added to each
well and incubated for 1 h. Fluorescence was measured (Aex: 485 nm
and Aem: 535 nm) with a TECAN infinite F200 microplate reader with
blank probes subtracted from the values and negative controls set to
100%.

Electrophoretic mobility shift assay (EMSA)

Test compounds or cisplatin (0, 25, 50, 75, 100 um) were diluted in
TE-buffer (50 mM Tris-HCI, 1 mM EDTA, pH 7.5) and incubated with
0.5 pg/mL circular pBR322 plasmid DNA (Thermo scientific) for 24 h
at 37 °C. The samples were heat shocked at 95 °C for 10 min with
electrophoresis sample buffer and applied to a 1% agarose gel with
0.5 x TBE-buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8.3).
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Electrophoresis was carried out at 66 V and 15 mAh for 4 h. The DNA
was stained with 10 pg/mL ethidium bromide in 0.5 x TBE-buffer for
30 min and visualised using UV excitation.

Cellular gold uptake quantified via ICP-MS

518A2 melanoma cells were seeded (0.25 x 10° cells/mL, 8 mL) in
Sarstedt tissue culture dishes for 24 h, then treated with compounds
9a-e, 10b, 17, and auranofin (5 um) for 6 h. After washing with PBS,
the cells were trypsinated and counted. The cell pellets were
solubilised in nitrohydrochloric acid (37 % HCl, 65 % HNOs, 1:3) at
100 °C for 20 min and diluted with ddH,0 (1:7). The content of gold
within the cells was quantified by ICP-MS analytic (Agilent 7500ce,
Cetac ASX-510). Values from two independent experiments were
quoted as means * SD in ng/106 cells.

Conclusions

The aim of this study was the synthesis and biological evaluation of
NHC gold complexes that are structurally similar to the HIF-1la
inhibitor AC1-004 and potentially combine the anticancer effects of
the latter with the known antioxidant properties of gold complexes.*?
Twelve new (N,N’-dialkylbenzimidazol-2-ylidene)(thiolato) gold(l)
complexes with variance in N-substituents and thiolato ligands were
investigated. The benzimidazolium ligands could be attached to an
AuCl fragment in one step via intermediate silver complexes,
affording the NHC chlorido gold complexes with yields averaging
60%. While the subsequent substitution of the chlorido for a
thiophenol ligand to give complexes 9 also proceeded well with
yields of ca. 60%, the novel 4-(adamant-2-yl)benzenethiol ligand was
less easy to attach. Only the complexes 10a-c, carrying relatively
small N-residues, could be obtained in about 40% yield, whereas the
isopropyl and pentyl bearing NHC chlorido gold complexes 8d and 8e
did not undergo ligand substitution. The crystal structure of 9b
confirmed the linear geometry of the gold(l) coordination and the
trans effect of the NHC ligand through noticeably shortened Au-S
bond length. The stability of the complexes in aqueous milieu over
the course of three days was confirmed for one representative of
each series, i. e. 9b, 10b and 17. The efficacy of the new test
complexes against human cancer cell lines in terms of /Cso values in
MTT assays spanned a wide range from 2.1 to >50 pum, depending on
the substituents of the NHC ligand, as well as on the nature of the
thiolato ligand. Longer and branched alkyl substituents (9d-e)
improved the efficacy, whereas benzyl groups led to a loss of efficacy
(12¢, 13c). The 4-(adamant-2-yl)phenyl moiety (10a-c, 17, 21), which
is reportedly responsible for the destabilization of HIF-1a by AC1-
004, led to a lower efficacy. For the influence on the cellular ROS
levels there is a clear SAR. Thiophenolato complexes 9 induced
higher ROS levels than their respective 4-(adamant-2-yl)-
thiophenolato analogues 10 with identical N-residues. Likewise, in
both series 9 and 10, ROS induction was increasingly pronounced
when going from bulkier to smaller N-residues. No such ROS level
influencing effects were observed for the controls AC1-004 and YC-
1, nor for the chlorido complex 17. We found an inhibition of tumoral
TrxRs by the complexes 9 and 10 to be causative for the increased
ROS levels in tumour cells. In line with this finding, the cyclopropene
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derivatives 20 and 21 accumulated in the mitochondria of melanoma
cells, which are mainly responsible for the redox metabolism and
proliferation signalling in the cell.3® The adamantyl residue (21)
ensures a more selective subcellular accumulation in the
mitochondria, but has no influence on uptake into the cell. Some of
the test compounds had an influence on the distribution of cells in
the different phases of the cell cycle. A clear SAR could not be
identified, but 9d stood out with a distinct S-phase arrest and caspase
3/7 induction. However, any direct interaction with DNA, which is a
major cause of S-phase arrest, could be ruled out by EMSA.5! The
observed alteration of actin filaments in treated cells might be linked
to the overproduction of mitochondrial ROS and to TrxR inhibition,
leading to an aberrant motility, shape, and membrane integrity of
the cells and eventual cell death.>! The already advanced
degradation of the actin cytoskeleton caused by 9d, 9e and auranofin
could also indicate an ongoing apoptosis, associated with a
degradation by caspases.®? It is not clear whether the strong anti-
angiogenic effects observed by gold complexes 9a-e and 10b,
compared to controls YC-1 and AC1-004, in the tube-formation assay
are due to degradation of the actin cytoskeleton or to an inhibition
of the Akt signalling pathway as is the case for AC1-004 and a
resulting HIF-la-destabilisation.®# The strong anti-angiogenic
potential of the test compounds was confirmed by the reduction of
blood vessel development in zebrafish.>* In summary, some of the
new complexes exhibited, unlike AC1-004 on which they were
modelled, distinct pleiotropic effects on cancer cells such as ROS
increase, alteration of the cell cycle, actin reorganisation, and
restricted angiogenesis. Whether the latter is possibly associated
with HIF-1a inhibition needs to be ascertained in follow-up studies.
We found that thiophenolato complexes with large N-substituents
were more efficacious, whereas the 4-(adamant-2-yl)benzene-
thiolato derivatives with small alkyl substituents accumulated more
selectively in the mitochondria and were better tolerated in the
zebrafish model. This tentative SAR should now enable a more
rational optimisation of this compound class, e.g. by starting with 9e,
the most promising complex of the current study.
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NMR spectra of complexes 9a-e,10a-¢, 17, 20 and 21
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Thioredoxin reductase inhibition assay
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Fig. S26. Substance-dependent inhibition of thioredoxin reductase (TrxR) activity in 518A2 melanoma cell extract was
determined using the Thiredoxin Reductase Colorimetric Assay Kit (Cayman). The TrxR activity was measured as
mean + SEM (absorbance at 405 nm) after treatment with test compounds 9a-c and 10a-c (5 pM). Significance is given as **:
<0.01; ***: <0.001, One-way ANOVA with Dunnett’s multiple comparison test (GraphPad prism 9).

Caspase 3/7 activity assay
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Fig. S27. Caspase-3/7 activation of 9a, 9¢c-e, 10b, YC-1, auranofin (10 pM) or staurosporine (1 pM) in 518A2 melanoma cells
after 6 h treatment under cell culture conditions, measured with Cell Meter™ Caspase 3/7 activity apoptosis assay kit by means
of fluorescence £ SD (hex = 500 nm, Aem = 522 nm). Significance was stated as n.s.: > 0.05; **: < 0.01; ****: <0.001, One-
way ANOVA with Dunnett’s multiple comparison test (GraphPad prism 9).
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Electrophoretic mobility shift assay

cisplatin 9d
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Fig. S28. Electrophoretic mobility shift assay of 9d and control cisplatin (0, 5, 10, 25, 50 um) with 0.5 pg/mL pBR322 plasmid
DNA visualized by UV excitation. Upper band (open circular) lower band (supercoiled).

Quantification of cellular uptake by ICP-MS analysis
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Fig. S29. Accumulation of gold in 518A2 melanoma cells treated with the test compounds 9a-e, 10b, 17, and auranofin (5 pm)
for 6 h measured by ICP-MS analysis.
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Crystallography of 9b

Formula Ci9 H21AuUN2028
Formula weight 538.41
Crystal system Monoclinic

Space group P21/e
a[A] 13.180(3)
b[A] 13.170(3)
c[A] 10.710(2)
a[°] 90
B1°] 101.60(3)
7] 90
Cell volume [A?] 1821.1(7)
Z 4
Crystal size [mm’?] 0.086 x 0.06 x 0.049
Habit Plate
Color Clear colorless
Density [gem™] 1.964
T'[K] 170
Theta range 3.095 - 29.165
Unique reflections 4398
Observed reflections [I > 2s(I)] 10580
Parameters 229
wR: (all data) 0.088
R [1>2s(I)] 0.0367
X-ray source /(Mo-Ko) =0.71073 A
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ABSTRACT

Three series of cis- and trans-[bis(benzimidazol-2-ylidene)dichlorido]platinum(II) and cis-[(benzimidazol-2-yli-
dene)(DMSO)dichlorido]platinum(II) complexes were synthesised and screened for cytotoxicity against six
human cancer cell lines. Depending on their N-alkyl and 5-alkoxycarbonyl substituents, two-digit nanomolar to
single-digit micromolar ICsp values against cancer cell lines intrinsically resistant to or ill-responding to cisplatin
were reached by both cis- and trans-configured complexes. The stability of the complexes under aqueous biotest
conditions was shown via 'H and '°>Pt NMR monitoring to be dependent on their configuration and their N-
substituents. Localisation studies employing click reactions with 1-alkyne- or cyclopropene-tagged derivatives
revealed that the cis-complexes accumulated in the cell nuclei and the trans-complexes in the mitochondria.
While the most active cis-complexes showed modes of action akin to those of cisplatin, the most active trans-
complexes differed from cisplatin by much lower rates of cellular uptake and ROS production, and by their non-
interaction with the cell cycle and the DNA of cancer cells. Thus, we identified structural key elements for the
synthesis of optimised trans-configured NHC platinum(II) complexes with high activity also against cisplatin-

refractory cancer cells.

1. Introduction

N-heterocyclic carbene (NHC) complexes of platinum are of interest
both as potential catalysts and anticancer agents, depending on their
particular structures and ligands [1-3] Bioactive NHC complexes of
platinum have received increasing attention in recent years, due to their
advantages over the clinical mainstay anticancer drug cisplatin (CDDP)
[4], whose applicability is limited by side effects and by triggering
tumour resistance. They are an ideal playground for drug developers
because of their structural simplicity and variability, and their ease of
synthesis and purification when compared e.g. with monoclonal anti-
bodies. Readily adjustable structural parameters such as the bulkiness
and electronic effects of the N-substituents, as well as the choice, posi-
tioning and substitutability of further ligands allow a finetuning of their
lipophilicity, membrane pervasiveness and interference with DNA and
proteins. Libraries of structural derivatives are easily accessible for
rational structure-activity studies [5]. Accordingly, a large number of
new platinum complexes have been synthesised and screened in recent

* Corresponding author.
E-mail address: rainer.schobert@uni-bayreuth.de (R. Schobert).
! These authors contributed equally to this work.

https://doi.org/10.1016/j.jinorgbio.2022.112028

years, with only a few being active against CDDP-resistant cancers.
Concluding from the inactivity of the trans-isomer of cisplatin (trans-
(diammine-dichlorido)platinum(Il); a.k.a. transplatin), it was assumed
that trans-configured complexes of platinum(II) are generally unsuitable
as chemotherapeutics [6,7]. Over the years, however, numerous ex-
ceptions to this rule have accumulated, necessitating a reevaluation of
trans platinum complexes [8]. Early on, it was observed that substitution
of ammine ligands with bulkier ligands in transplatin may result in a
high anticancer activity [8,9]. By now, there are a large number of trans
platinum complexes with a broad spectrum of properties and modes of
action [10]. A comparatively new development of the last decade are
platinum NHC complexes, which combine the strong cytotoxic effect of
DNA-binding complex fragments with the chemical stability and struc-
tural variability of NHC ligands [5]. Some of them, and trans-configured
complexes in particular, are active even against CDDP resistant cancer
cells and tumours [5].

Received 15 August 2022; Received in revised form 27 September 2022; Accepted 11 October 2022

Available online 14 October 2022
0162-0134/© 2022 Elsevier Inc. All rights reserved.
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2. Experimental
2.1. 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 re-
actions 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. Synthetic
protocols for precursors 2-7, 14-15 and 17-21 can be found in the
supporting information.

Elemental analyses were carried out with a Perkin-Elmer (Waltham,
United States) 2400 CHN elemental analyzer. Nuclear magnetic reso-
nance (NMR) spectra were measured using a Bruker (Bellerica, USA)
DRX spectrometer at ambient temperature. Chemical shifts are given in
parts per million (5) downfield from tetramethylsilane as internal stan-
dard. As internal standard for "H NMR spectra the resonance signal of
the residual proton of CDCl3 (6 = 7.26 ppm), DMSO-ds (6 = 2.50 ppm) or
MeOD-d, (5 = 3.31 ppm) was used. For '>C NMR spectra the resonance
signal of the carbon atom of CDCl; (6 = 77.1 ppm), DMSO-dg (5 = 39.5
ppm) or MeOD-dy (5 = 49.0 ppm) was used. The 'H NMR spectra were
measured at 500 MHz, 13¢ NMR spectra at 125 MHz and 195pt NMR
spectra at 107 MHz. For signal multiplicities the following abbreviations
were used: s = singlet, d = doublet, t = triplet, m = multiplet, dd =
doublet of doublets, dt = doublet of triplets, dq = doublet of quartets
with the prefix v meaning virtual. Coupling constants are given in Hz.
Melting points were taken with an Electrothermal 9100 apparatus and
are uncorrected. Mass spectra were recorded either on a Varian (Palo
Alto, USA) MAT 311A (EI) or a ThermoFisher Scientific (Waltham,
United States) UPLC/Orbitrap MS system (HRMS-ESI).

2.2. Chemistry

2.2.1. General synthesis of trans-[PtCly,(NHC) ] complexes 8 and 9

The silver complexes 6a-c or 7a-c (1.00 eq.) and K,PtCl4 (0.50 eq.)
were dissolved in CH5Cl, (1 mL/10 pmol) and stirred at rt. for 4 d. The
solution was filtered over celite and the solvent was evaporated. The
crude products were purified by column chromatography (silica gel 60,
EtOAc/MeOH 98:2) and subsequently precipitated from n-pentane at
4 °C affording the products as white powders after drying in vacuo.

2.2.1.1. trans-[Dichlorido-bis(5-(methoxycarbonyl)-1,3-dimethylbenzimi-
dagol-2-ylidene) Jplatinum(1) (8a). 51.0 mg (75.6 pmol, 67%) from 6a
(78.0 mg, 224 pmol, 1.00 eq.), K2PtCl4 (46.6 mg, 112 pmol, 0.50 eq.),
CH2Cl3 (20.0 mL); Rg = 0.78 (EtOAc/MeOH 98:2); m.p. 320 °C; 'H NMR
(500 MHz, CDCl3) & = 8.15 (s, 2H, H"), 8.08 (d, J = 8.4 Hz, 2H, H™),
7.45 (vdd, J = 8.5 Hz, 2H, H™), 4.42 (vdd, J = 9.9 Hz, 2.1 Hz, 4H,
NCHy), 3.98 (s, 6H, OCH3); *C NMR (125 MHz, CDCl3) § = 181.0 (s,
NCN), 166.7 (s, COOMe), 137.8 (s, C™), 134.8 (s, C*), 125.5 (s, C™),
125.1 (s, C*), 112.3 (s, C™), 110.1 (s, C*), 52.6 (s, OCH3), 34.3 (s,
NCH3), 34.2 (s, NCH3); 19°Pt NMR (107 MHz, CDCls) 6 = —3247.8; m/z
(E1, pos): 674 [M]", 638 [M-CI]”, 601 [M-2CI]*; Anal. Calcd. for
CopHa4CloN4O4Pt (674.4): C, 39.18; H, 3.59; N, 8.31. Found: C, 38.10; H,
3.69; N, 7.67.

2.2.1.2. trans-[Dichlorido-bis(5-(methoxycarbonyl)-1,3-dieth-

ylbenzimidazol-2-ylidene) Jplatinum(II) (8b). 93.0 mg (127 pmol, 93%)
from 6b (103 mg, 274 pmol, 1.00 eq.), KoPtCly (56.9 mg, 137 pmol, 0.50
eq.) in CH2Cl; (30.0 mL). Rf = 0.78 (EtOAc/MeOH 98:2); m.p. 250 °C;
'H NMR (500 MHz, CDCls) 8y = 8.15 (s, 2H, H*), 8.04 (vdd, J = 8.5 Hz,
1.4 Hz, 2H, H™), 7.46 (vdd, J = 8.5 Hz, 1.4 Hz, 2H, H"), 5.05-4.92 (m,
8H, NCH,), 3.98 (s, 6H, OCH3), 1.78 (t, J = 7.3 Hz, 12H, CHj); >*C NMR
(125 MHz, CDCl3) 8¢ = 181.4 (s, NCN), 166.8 (s, COOMe), 137.0 (s,
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Car), 133.9 (s, C), 125.3 (s, C™), 124.9 (s, C™"), 112.4 (s, C*"), 110.1 (s,
C™), 52.5 (s, OCH3), 42.9 (s, NCHy), 15.3 (s, CHz3); '*°Pt NMR (107 MHz,
CDCl3) 8p = —3267.0; m/z (EI, pos): 730 [M]*, 693 [M-CI]*, 657 [M-
2C1]"; Anal. Caled. for CagHz2ClaN4O4Pt (730.6): C, 42.75; H, 4.42; N,
7.67. Found: C, 43.52; H, 4.55; N, 7.42.

2.2.1.3. trans-[Dichlorido-bis(5-(methoxycarbonyl)-1,3-dibenzylbenzimi-
dazol-2-ylidene)] platinum(II) (8c). 106 mg (108 pmol, 90%) from 6c
(120 mg, 240 pmol, 1.00 eq.), K2PtCl4 (49.8 mg, 120 pmol, 0.50 eq.) in
CH,Cl, (20.0 mL). Rf = 0.88 (EtOAc/MeOH 98:2); m.p. 290 °C; 'H NMR
(500 MHz, CDCl3) 8y = 7.92 (s, 2H, H"), 7.83 (vdd, J = 8.6 Hz, 1.5 Hz,
2H, HY), 7.55-7.43 (m, 8H, H"), 7.28-7.12 (m, 14H, H™), 6.10 (vd, J =
4.3 Hz, 8H, NCH3), 3.86 (s, 6H, OCH3); 1*C NMR (125 MHz, CDCl3) 5¢ =
182.0 (s, NCN), 166.5 (s, COOMe), 137.8 (s, C*), 135.4 (s, C™), 134.4 (s,
C'), 128.9 (s, C*), 128.1 (s, C™), 127.7 (s, C™), 127.6 (s, C*), 125.6 (s,
C™), 125.1 (s, C*) 113.2 (s, C*), 111.2 (s, C*), 52.5 (s, OCH3), 52.0 (s,
NCHy), 51.7 (s, NCH2); '**Pt NMR (107 MHz, CDCl3) p = —3285.7; m/z
(EL, pos): 978 [M]', 942 [M-CI]*, 905 [M-2Cl]*; Anal. Caled. for
CaeHa0Cl2N404Pt (978.8): C, 56.45; H, 4.12; N, 5.72. Found: C, 55.61; H,
4.06; N, 5.61.

2.2.1.4. trans-[Dichlorido-bis(5-(ethoxycarbonyl)-1,3-dimethylbenzimida-
zol-2-ylidene) Jplatinum(1I) (9a). 115 mg (164 pmol, 79%) from 7a (150
mg, 415 pmol, 1.00 eq.), KyPtCl4; (86.1 mg, 207 pmol, 0.50 eq.) in
CH3Cly (40.0 mL). Rf = 0.76 (EtOAc/MeOH 98:2); m.p. 340 °C; 'H NMR
(500 MHz, CDCl3) 8y = 8.14 (s, 2H, H), 8.07 (vdd, J = 8.4 Hz, 1.4 Hz,
2H, H™), 7.44 (vdd, J = 8.5 Hz, 1.3 Hz, 2H, H""), 4.51-4.37 (m, 16H,
OCHg, NCH3), 1.45 (t, J = 7.1 Hz, CHa). 13C NMR (125 MHz, CDCl3) 8¢
=180.9 (s, NCN), 166.3 (s, COOCH»), 137.8 (s, C*"), 134.8 (s, C*"), 125.9
(s, C*), 125.1 (s, C*), 112.2 (s, C*), 110.0 (s, C™), 61.6 (s, OCHy), 34.3
(s, NCH3), 14.5 (s, CHz). '®Pt NMR (107 MHz, CDCl3) 8p = —3246.9.
m/z (El, pos): 702 [M]", 666 [M-CI]", 630 [M-2CI]". Anal. Calcd. for
Ca4H28CloN404Pt (702.5): C, 41.03; H, 4.02; N, 7.98. Found: C, 40.26; H,
4.42; N, 7.75.

2.2.1.5. trans-[Dichlorido-bis(5-(ethoxycarbonyl)-1,3-dieth-
ylbenzimidazol-2-ylidene) ]pl 1) (9b). 24.0 mg (31.6 pmol, 20%)
from 7b (156 mg, 324 pmol, 1.00 eq.), K2PtCly (67.3 mg, 162 pmol, 0.50
eq.) in CHaCl; (30.0 mL). Rf = 0.84 (EtOAc/MeOH 98:2); m.p. 260 °C;
'H NMR (500 MHz, CDCl3) 8;; = 8.08 (s, 2H, H™), 7.98 (vdd, J = 8.5 Hz,
1.4 Hz, 2H, H™), 7.39 (vdd, J = 8.5 Hz, 1.3 Hz, 2H, H™), 4.98-4.80 (m,
8H, NCH3), 4.37 (q, J = 7.1 Hz, 4H, OCH>), 1.38 (t, J = 7.1 Hz, 6H, CH3;
13C NMR (125 MHz, CDCl3) 8¢ = 181.1 (s, NCN), 166.2 (s, COOCHy),
136.7 (s, C*), 133.8 (s, C*), 125.5 (s, C*), 124.7 (s, C*), 112.2 (s, C™),
110.0 (s, C*), 61.4 (s, OCH>), 42.8 (d, J = 6.5 Hz, NCH3), 15.2 (s, CH3),
15.0 (s, CH3), 14.4 (s, CH3); '°°Pt NMR (107 MHz, CDCls) 8p
—3271.4; m/z (EL, pos): 758 [M]", 685 [M-Cl]", 657 [M-2Cl]"; Anal.
Caled. For CogH36ClaN4O4Pt (758.6): C, 44.33; H, 4.78; N, 7.39. Found:
C, 43.96; H, 4.67; N, 7.40.

2.2.1.6. trans-[Dichlorido-bis(5-(ethoxycarbonyl)-1,3-dibenzylbenzimida-

zol-2-ylidene) Jplatinum(1) (9c). 82.0 mg (81.4 pmol, 42%) from 7c
(200 mg, 389 pmol, 1.00 eq.), K2PtCl4 (80.8 mg, 195 pmol, 0.50 eq.) in
CHqCl; (39.0 mL). Rf = 0.87 (EtOAc/MeOH 98:2); m.p. 190 °C; '"H NMR
(500 MHz, CDCl3) 8y = 7.91 (s, 2H, H™), 7.83 (d, J = 8.5 Hz, 2H, H"),
7.54-7.42 (m, 8H, H™), 7.25-7.21 (m, 12H, H™), 7.18 (d, J = 8.7 Hz, 2H,
H™), 6.12-6.06 (m, 8H, NCH»), 4.31 (q, J = 7.1 Hz 4H, OCHy), 1.33 (t, J
= 7.1 Hz, 6H, CH3); 1*C NMR (125 MHz, CDCl3) 8¢ = 181.7 (s, NCN),
165.9 (s, COOCH,), 137.1 (s, C*), 135.4 (s, C*), 134.3 (s, C*), 128.8 (s,
C™), 128.0 (s, C™), 127.6 (s, C*), 125.8 (s, C*¥), 124.9 (s, C*), 113.1 (s,
C*), 111.1 (s, C*), 61.3 (s, OCHy), 51.5 (d, J = 6.5 Hz, NCH,), 14.3 (s,
CH3); '°Pt NMR (107 MHz, CDCl3) p, = —3284.8; m/z (I, pos): 1006
M1, 969 [M-CI]*, 933 [M-2Cl]". Anal. Calcd. for C46H4oCloN4O4Pt
(1006.9): C, 57.26; H, 4.40; N, 5.56. Found: C, 57.05; H, 4.24; N, 5.50.
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2.2.2. General synthesis of cis-[Pt'Cl,(DMSO)(NHC)] complexes 10 and
11

The silver complexes 6a—c or 7a—c (1.00 eq.) and K,PtClys (1.00 eq.)
were dissolved in DMSO (1 mL/10 pmol). The mixture was stirred at
60 °C for 24 h. The silver halides were precipitated by adding CHxCl,
and the resulting solution was filtered over celite. DMSO was removed
via extraction with water followed by drying of the organic layer over
NaS0O4 and removal of the solvent. The crude product was purified by
column chromatography (silica gel 60, EtOAc/MeOH 98:2) and
precipitated from n-pentane at 4 °C affording the product as white
powder after drying in vacuo.

2.2.2.1. cis-[Dichlorido-(5-methoxycarbonyl-1,3-dimethylbenzimidazol-2-
ylidene) (dimethylsulfoxide)] platinum(II) (10a). 47.0 mg (85.7 pmol,
80%) from 6a (37.0 mg, 107 pmol, 1.00 eq.), KoPtCls (44.2 mg, 106
pmol, 1.00 eq.) in DMSO (10.0 mL). Rf = 0.50 (EtOAc/MeOH 98:2); m.p.
195°C; 'H NMR (500 MHz, CDCl3) 6y = 8.17 (s, 1H, H*), 8.10 (vdd, J =
8.5 Hz, 1.4 Hz, 1H, H™), 7.48 (d, J = 8.6 Hz, 1H, H™), 4.27 (vd, J = 8.7
Hz, 6H, NCH3), 3.98 (s, 3H, OCH3), 3.58 (d, J = 2.0 Hz, 6H, SCHy); *C
NMR (125 MHz, CDCl3) §¢ = 166.1 (s, COOMe), 158.4 (s, NCN), 136.9
(s, C*), 133.9 (s, C*), 126.4 (s, C*), 125.8 (s, C*), 112.8 (s, C**), 110.6
(s, C*), 52.8 (s, OCHa3), 46.2 (s, SCH3), 34.9 (s, NCH3); 1°°Pt NMR (107
MHz, CDCl3) 8p, = —3560.7; m/z (EI, pos): 548 [M]*, 469 [M-DMSO] ",
433 [M-DMSO-CI]". Anal. Caled. for Cy3H;5CloN2O3PtS (548.3): C,
28.48; H, 3.31; N, 5.11; S, 5.85. Found: C, 28.19; H, 3.25; N, 4.97; S,
5.69.

2.2.2.2. cis-[Dichlorido-(5-methoxycarbonyl-1,3-diethylbenzimidazol-2-
ylidene) (dimethylsulfoxide)] platinum(Il) (10b). 190 mg (330 pmol,
84%) from 6b (150 mg, 399 pmol, 1.00 eq.), KoPtCl4 (165 mg, 399 pmol,
1.00 eq.) in DMSO (40.0 mL). m.p. 180 °C; "H NMR (500 MHz, CDCls)
8y = 8.18 (s, 1H, H™), 8.08 (vdd, J = 8.6 Hz, 1.4 Hz, 1H, H™), 7.50 (d, J
= 8.6 Hz, 1H, H™), 4.87 (q, J = 7.4 Hz, 4H, NCHy), 3.98 (s, 3H, OCH3),
3.57 (s, 6H, SCH3), 1.66 (t, J = 7.3 Hz, 6H, CH3); '*C NMR (125 MHz,
CDCl3) 8¢ = 166.3 (s, COOMe), 157.2 (s, NCN), 136.2 (s, C*), 133.2 (s,
€M), 1263 (5, C™),. 1256 (5, €); 3132 (5, C™),;:111.1 (5, €™), 527 (5,
OCHj3), 44.1 (s, SCH3), 41.2 (s, NCHy), 14.7 (s, CHs); '“*Pt NMR (107
MHz, CDCl) 8p; = —3556.2; m/z (EI, pos): 576 [M] ", 498 [M-DMSO]*,
426 [M-DMSO-CI]". Anal. Calcd. for CysHa2CloNoO3PtS (576.4): C,
31.26; H, 3.85; N, 4.86; S, 5.56. Found: C, 30.51; H, 3.81; N, 5.00; S,
5.79.

2.2.2.3. cis-[Dichlorido-(5-methoxycarbonyl-1,3-dibenzylbenzimidazol-2-

ylidene) (dimethylsulfoxide)] platinum(ll) (10c). 145 mg (207 pmol,
86%) from 6¢ (120 mg, 240 pmol, 1.00 eq.), K2PtCly (99.7 mg, 240
pmol, 1.00 eq.) in DMSO (25.0 mL). m.p. 250 °C; 'H NMR (500 MHz,
CDCl3) 8y = 7.99 (s, 1H, H™), 7.94 (d, J = 8.6 Hz, 1H, H"), 7.45-7.39
(m, 11H, H™), 6.18 (vdd, J = 30.8 Hz, 16.0 Hz, 2H, NCH,), 6.00 (vdd, J
= 31.8 Hz, 16.0 Hz, 2H, NCH5), 3.89 (s, 3H, OCH3), 3.11 (s, 3H, SCH3),
3.02 (s, 3H, SCH3); '*C NMR (125 MHz, CDCl3) 8¢ = 165.6 (s, COOMe),
160.1 (s, NCN), 136.4 (s, C™), 134.1 (s, C™), 133.9 (s, C*"), 133.7 (s, C*),
128.9 (s, C*), 128.3 (s, C*"), 127.2 (s, C*"), 126.3 (s, C*), 125.5 (s, C™),
113.3 (s, C*), 111.5 (s, C™), 52.4 (s, CH3), 52.2 (s, CH3), 52.1 (s, CH3)
45.2 (s, NCHy), 45.0 (s, NCHy); '%°Pt NMR (107 MHz, CDCl3) 8p; =
—3545.6; m/z (El, pos): 550 [M-DMSO-2Cl]*. Anal. Calcd. for
CasH26ClaN203PtS (700.5): C, 42.86; H, 3.74; N, 4.00; S, 4.58. Found: C,
42.91; H, 3.79; N, 4.32; S, 4.40.

2.2.2.4. cis-[Dichlorido-(5-ethoxycarbonyl-1,3-dimethylbenzimidazol-2-

ylidene) (dimethylsulfoxide)] platinum(Il) (11a). 221 mg (393 pmol,
75%) from 7a (190 mg, 526 pmol, 1.00 eq.), KyPtCl4 (218 mg, 526 pmol,
1.00 eq.) in DMSO (50.0 mL). m.p. 260 °C; "H NMR (500 MHz, CDCl3)
&y = 8.15 (s, 1H, HY), 8.09 (d, J = 8.5 Hz, 1H, H"), 7.47 (d, J = 8.5 Hz,
1H, H™), 4.43 (q, J = 6.8 Hz, 2H, OCHy), 4.28 (s, 3H, NCH3), 4.26 (s, 3H,
NCH3), 3.57 (s, 6H, SCH3), 1.43 (t, 3H, J = 7.1 Hz, CHa); '*C NMR (125
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MHz, CDCl3) ¢ = 165.6 (s, COOCHj), 158.2 (s, NCN), 136.8 (s, C*),
133.9 (s, C™), 126.7 (s, C*"), 125.7 (s, C™), 112.7 (s, C*"), 110.6 (s, C),
61.6 (s, OCH,), 46.3 (s, SCH3), 41.1 (s, SCH3) 34.9 (d, J = 5.0 Hz, NCH3),
14.4 (s, CHs3); %Pt NMR (107 MHz, CDCl3) 8p; = —3560.0; m/z (EI,
pos): 562 [M]*, 484 [M-DMSO] ", 447 [M-DMSO-CI]*, 412 [M-DMSO-
2C1]*. Anal. Caled. for Cy4HaoCloN2O3PLS (562.4): C, 29.90; H, 3.58; N,
4.98; S, 5.70. Found: C, 30.22; H, 3.68; N, 4.80; S, 5.72.

2.2.2.5. cis-[Dichlorido-(5-ethoxycarbonyl-1,3-diethylbenzimidazol-2-yli-
dene)(dimethylsulfoxide)] platinum(II) (11b). 120 mg (251 pmol, 88%)
from 7b (111 mg, 285 pmol, 1.00 eq.), K2PtCl4 (118 mg, 285 pmol, 1.00
eq.) in DMSO (29.0 mL); m.p. 190 °C; 'H NMR (500 MHz, CDCl3) 8y =
8.17 (s, 1H, H™), 8.08 (vdd, J = 8.5 Hz, 1.6 Hz, 1H, H""), 7.49 (d, J = 8.5
Hz, 1H, H"), 4.91-4.83 (m, 4H, NCHy), 4.44 (q, J = 7.1 Hz, 2H, OCH,),
3.57 (s, 6H, SCH3), 1.66 (vdt, J = 11.3 Hz, 7.3 Hz, 6H, CH3), 1.44 (t,J =
7.1 Hz, 3H, CHs); '*C NMR (125 MHz, CDCl3) 8¢ = 165.5 (s, COOCH»),
157.0 (s, NCN), 135.9 (s, C*), 133.0 (s, C*"), 126.4 (s, C*), 125.3 (s, C*"),
112.9 (s, C*), 110.7 (s, C*), 61.5 (s, OCHy), 46.1 (s, SCH3), 43.8 (d, J =
5.0 Hz, NCHy) 14.5 (s, CH3), 14.3 (s, CH3); Pt NMR (107 MHz, CDCl3)
dpy = —3557.1; m/z (EI, pos): 590 [M]", 512 [M-DMSO]", 476 [M-
DMSO-Cl]*, 439 [M-DMSO-2Cl]*; Anal. Caled. for CjgH24CloN2O3PtS
(590.4): C, 32.55; H, 4.10; N, 4.74; S, 5.43. Found: C, 33.34; H, 3.78; N,
4.81; S, 5.27.

2.2.2.6. cis-[Dichlorido-(5-ethoxycarbonyl-1,3-dibenzylbenzimidazol-2-
ylidene)(dimethylsulfoxide)] platinum(Il) (11c). 52.0 mg (79.8 pmol,
83%) from 7c¢ (49.0 mg, 95.4 pmol, 1.00 eq.), KoPtCls (39.6 mg, 95.4
pmol, 1.00 eq.) in DMSO (10.0 mL). m.p. 210 °C; 'H NMR (500 MHz,
CDCl3) 6y = 7.98 (s, 1H, H™), 7.93 (d, J = 8.6 Hz, 1H, H*"), 7.46-7.31
(m, 11H, H*"), 6.16 (vdd, J = 20.2 Hz, 15.9 Hz, 2H, NCH5), 6.01 (vdd, J
= 23.2 Hz, 16.9 Hz, 2H, NCH3), 4.33 (q, J = 7.1 Hz, 2H, OCHy), 3.11 (s,
3H, SCH3), 3.03 (s, 3H, SCH3), 1.43 (t, J = 7.1 Hz, 3H, CH3); '°C NMR
(125 MHz, CDCl3) §¢ = 165.5 (s, COOCH3), 160.2 (s, NCN), 136.7 (s,
C™), 134.5 (s, C*), 134.3 (s, C*), 134.1 (s, C*), 129.3 (s, C**), 128.7 (s,
C™), 127.6 (s, C*), 127.0 (s, C*), 125.9 (s, C*7), 113.7 (s, C*), 111.8 (s,
C™), 61.4 (s, OCH,), 52.8 (s, SCH3), 52.5 (s, SCH3) 45.5 (s, NCHy), 45.4
(s, NCHy), 14.4 (s, CH3); '“*Pt NMR (107 MHz, CDCls) 5p; = —3545.5;
m/z (EI, pos): 561 [M-DMSO-2CI]*. Anal. Calcd. for CpsH2gCloN20O3PtS
(714.6): C, 43.70; H, 3.95; N, 3.92; S, 4.49. Found: C, 43.24; H, 3.48; N,
3.87; S, 4.84.

2.2.3. General synthesis of cis-[Pt'Clo,(NHC),] complexes 12 and 13

The cis-[Pt""Clo(DMSO)(NHC)] complexes 10a-b or 11a-b (1.00 eq.),
KO'Bu (1.50 eq.) and the respective benzimidazolium chloride 4 or 5
(1.20 eq.) were dissolved in dry CH2Cl; (1 mL/10 pmol). The mixture
was stirred at rt. for 3 d under inert gas atmosphere. The solution was
filtered over Celite and the solvent was evaporated. The crude product
was purified by column chromatography (silica gel 60, EtOAc/MeOH
98:2) and precipitated from n-pentane at 4 °C affording the product as
white powder after drying in vacuo.

2.2.3.1. cis-[Dichlorido-bis(5-methoxycarbonyl-1,3-dimethylbenzimidazol-
2-ylidene)platinum(1l) (12a). 28.0 mg (41.5 pmol, 46%) from 10a (50.0
mg, 91.2 pmol, 1.00 eq.), KO'Bu (15.5 mg, 137 pmol, 1.50 eq.) and
benzimidazolium chloride 4a (26.0 mg, 109 pmol, 1.20 eq.) in dry
CH2Cl; (10.0 mL); Rf = 0.50 (EtOAc/MeOH 98:2); m.p. 240 °C; 'H NMR
(500 MHz, CDCl3) 6y = 8.06 (s, 2H, H™), 8.02 (d, J = 8.6 Hz, 2H, H™),
7.40 (vdd, J = 8.5 Hz, 3.5 Hz, 2H, H™), 4.23 (vt, J = 6.4 Hz, 12H, NCH3),
3.94 (s, 6H, OCH3); 13¢ NMR (125 MHz, CDCl3) 8¢ = 166.2 (s, COOMe),
162.7 (s, NCN), 137.2 (s, C*") 134.2 (s, C*), 126.2 (s, C**), 125.7 (s, C*),
112.4 (s, C*), 110.4 (s, C*), 52.7 (s, OMe), 35.3 (NCH3), 35.2 (NCH3);
195pt NMR (107 MHz, CDCl3) 8p; = —3656.8; HRMS (ESI): m/z calcu-
lated for Co3Ho4ClaN404Pt [M]: 673.08223. Found: 679.13933 [M-Cl +
MeCN] ™. Anal. Caled.: C, 39.18; H, 3.59; N, 8.31. Found: C, 38.08; H,
3.68; N, 7.88.
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2.2.3.2. cis-[Dichlorido-bis(5-methoxycarbonyl-1,3-diethylbenzimidazol-
2-ylidene) Jplatinum(I) (12b). 25.0 mg (34.2 pmol, 26%) from 10b
(75.0 mg, 130 pmol, 1.00 eq.), KO'Bu (21.9 mg, 195 pmol, 1.50 eq.) and
benzimidazolium chloride 4b (42.0 mg, 156 pmol, 1.20 eq.) in dry
CH2Cl3 (15.0 mL); R¢ = 0.51 (EtOAc/MeOH 98:2); m.p. 250 °C; TH NMR
(500 MHz, CDCl3) 8y = 8.09 (s, 2H, H™), 8.01 (d, J = 8.5 Hz, 2H, H™),
7.43 (vdd, J = 8.5 Hz, 3.5 Hz, 2H, H™), 5.09 (vdq, J = 9.7 Hz, 7.1 Hz, 4H,
NCHy), 4.68 (vdq, J = 9.7 Hz, 7.1 Hz, 4H, NCHy), 3.95 (s, 6H, OCH3),
1.50-1.46 (m, 12H, CHs); *C NMR (125 MHz, CDCls) §¢ = 166.2 (s,
COOMe), 162.0 (s, NCN), 136.4 (s, C*) 133.3 (s, C™), 125.8 (s, C*),
125.3 (s, C*), 112.7 (s, C*), 110.7 (s, C*"), 52.6 (s, OMe), 44.0 (s, NCHy),
43.9 (s, NCH,), 14.1 (s, CH3); °Pt NMR (107 MHz, CDCl3) dp =
—3627.6; HRMS (ESI): m/z calculated for CpH3aCloN4O4Pt [M]:
729.14483. Found: 735.20132 [M-Cl + MeCN] ", 695.17263 [M-CI]*,
658.19338 [M-2CI]; Anal. Calcd.: C, 42.75; H, 4.42; N, 7.67. Found: C,
42.66; H, 4.37; N, 7.50.

2.2.3.3. cis-[Dichlorido-bis(5-ethoxycarbonyl-1,3-dimethylbenzimidazol-
2-ylidene)Jplatinum(ll) (13a). 30.0 mg (42.7 pmol, 26%) from 1la
(93.0 mg, 165 pmol, 1.00 eq.), KO'Bu (27.8 mg, 248 pmol, 1.50 eq.) and
benzimidazolium chloride 5a (50.6 mg, 198 pmol, 1.20 eq.) in dry
CHCl, (15.0 mL). R = 0.20 (EtOAc/MeOH 98:2); m.p. 320 °C; 'H NMR
(500 MHz, CDCl3) 8y = 8.09-8.00 (m, 4H, H*), 7.39 (vdd, J = 8.5 Hz,
4.3 Hz, 2H, H™), 4,41 (vdq, J = 8.7 Hz, 7.2 Hz, 6H, OCH,), 4.23 (vdd, J
=10.3 Hz, 5.8 Hz, 12H, NCH3), 1.44 (t, J = 7.1 Hz, 6H, CH3); 13¢ NMR
(125 MHz, CDCl3) 8¢ = 166.7 (s, COOELt), 162.6 (s, NCN), 137.0 (s, C*")
134.1 (s, C*), 126.5 (s, C*), 125.6 (s, C*), 112.2 (s, C*), 110.1 (s, C*),
61.6 (s, OCHy), 35.2 (NCH3), 35.1 (NCH3), 14.4 (s, CH3); '°Pt NMR
(107 MHz, CDCl3) &p; = —3654.3; m/z (EI, pos): 702 [M], 666 [M-CI],
630 [M-2Cl]; Anal. Calcd. for Ca4HgClaN4O4Pt (702.5): C, 41.03; H,
4.02; N, 7.98. Found: C, 41.88; H, 3.03; N, 7.75.

2.2.3.4. cis-[Dichlorido-bis(5-ethoxycarbonyl-1,3-diethylbenzimidazol-2-

ylidene) Jplatinum(II) (13b). 80.0 mg (105 pmol, 57%) from 11b (110
mg, 186 pmol, 1.00 eq.), KO'Bu (31.4 mg, 280 pmol, 1.50 eq.) and the
respective benzimidazole chloride (5b) (63.2 mg, 224 ymol, 1.20 eq.) in
dry CH,Cl3 (20.0 mL); R¢ = 0.50 (EtOAc/MeOH 98:2); m.p. 290 °C; 'H
NMR (500 MHz, CDCl3) 6y = 8.08 (s, 2H, H™"), 8.01 (d, J = 8.6 Hz, 2H,
H™), 7.42 (vdd, J = 8.6 Hz, 4.3 Hz, 2H, H""), 5.14-5.03 (m, 4H, NCH,),
4.72-4.63 (m, 4H, NCH3), 4.41 (q, J = 7.0 Hz, 4H, OCH3), 1.48 (vdd, J =
7.2 Hz, 3.0 Hz, 12H, CHa), 1.41 (t, J = 7.1 Hz, 6H, CHs); '>C NMR (125
MHz, CDCl3) 8¢ = 166.7 (s, COOE), 161.7 (s, NCN), 136.3 (s, C*") 133.3
(s,C™),126.2 (s, C™), 125.3 (s, C*), 112.7 (s, C*), 110.7 (s, C*"), 61.6 (s,
OCHby), 44.0 (s, NCH3), 43.9 (s, NCH3), 14.5 (s, CH3), 14.4 (s, CH3), 14.3
(s, CHz); ">Pt NMR (107 MHz, CDCl3) 8p; = —3627.9; m/z (El, pos): 758
[M]', 722 [M-Cl]', 657 [M-2Cl]"; Anal. Caled. for CygH36ClaN4O4Pt
(758.6): C, 44.33; H, 4.78; N, 7.39. Found: C, 43.40; H, 4.56; N, 7.05.

2.2.4. Synthesis of clickable complexes 16 and 22
cis-[Dichlorido-(5-methoxycarbonyl-1,3-dipropargylbenzimidazol-
2-ylidene)(dimethylsulfoxid)]platinum(II) (16).
Cis-[Clz(DMS0)2]Pt(I) (60.0 mg, 142 pmol, 1.00 eq.) and benzimi-
dazolium chloride 15 (94.4 mg, 327 pmol, 2.30 eq.) were dissolved in
dry CHaCl, (15 mL) and treated with KO'Bu (47.8 mg, 426 pmol, 3.00
eq.). The mixture was stirred at rt. for 18 h and filtered over Celite®. The
solvent was evaporated and the crude product was purified by column
chromatography (silica gel 60, EtOAc/MeOH 98:2) affording 16 as a
yellow powder (60.7 mg, 112 pmol, 79%) after drying in vacuo; m.p.
310 °C; R¢ = 0.50 (EtOAc/MeOH 98:2); 'H NMR (500 MHz, CDCls) 8y =
8.36 (d, J = 1.4 Hz, 2H, H™), 8.15 (dd, J = 8.6 Hz, 1.4 Hz, 2H, H™), 7.70
(d, J = 8.6 Hz, 2H, H"), 6.00 (dt, J = 18.0 Hz, 2.7 Hz, 4H, NCHy), 5.30
(dt, J = 18.0 Hz, 2.1 Hz, 4H, NCHj), 3.60 (s, 6H, SCH3), 3.99 (s, 6H,
OMe), 2.56 (dt, J = 5.3 Hz, 2.6 Hz, 4H, CH); '*C NMR (125 MHz, CDCls)
8¢ = 165.9 (s, COOMe), 159.5 (s, NCN), 135.8 (s, C*), 132.9 (s, C*),
127.1 (s, C*), 126.4 (s, C™), 113.5 (s, C*), 111.6 (s, C*), 76.2 (s), 76.1
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(5), 75.5 (s), 75.4 (), 52.7 (5, OCH>), 46.0 (s, SCH3), 38.6 (s, NCH»), 38.5
(s, NCHy); '%°Pt NMR (107 MHz, CDCl3) 8p; = —3550.2; HRMS (ESI): m/
z calculated for C;7H;5CIaN205PtS [M]: 595.00629. Found: 638.04989
[M-CI + DMSO]", 601.06189 [M-Cl + MeCN]", 560.03634 [M-CI]*
482.02161 [M-CI-DMSO] *; Anal. Caled.: C, 34.24; H, 3.04; N, 4.70; S,
5.38. Found: C, 31.04; H, 3.94; N, 4.49; S, 5.97.

2.2.4.1. trans-[Dichlorido-bis(5-(dimethylcyclopropenyl)methyl-carbonyl-
1,3-diethylb idazol-2-ylidene) Ipl; 1) (22). Silver complex 21
(46.0 mg, 86.3 pmol 1.00 eq.) and K,PtCl4 (18.0 mg, 43.0 pmol, 0.50
eq.) were dissolved in CHCl, (5 mL) and stirred at rt. for 4 d. The so-
lution was filtered over celite® and the solvent was evaporated. The
crude products were purified by column chromatography (silica gel 60,
EtOAc/MeOH 98:2) and subsequently precipitated from n-pentane at
4 °C affording the product as white solid (12.0 mg, 13.9 pmol, 32%) after
drying in vacuo; m.p. 230 °C; Ry = 0.90 (EtOAc/MeOH 98:2) 'H NMR
(500 MHz, CDCl3) 8y = 8.17 (s, 2H, H™), 8.06 (dd, J = 8.4, 1.4 Hz, 2H,
H™), 7.46 (dd, J = 8.6, 1.3 Hz, 2H, H™), 5.00 (dq, J = 14.1 Hz, 7.0, Hz,
8H, NCHy), 4.28 (d, J = 5.1 Hz, 2H, OCHy), 2.04 (s, 12H, CH3), 1.78 (dt,
J=8.9,5.4,12H, CHs), 1.70 (t, J = 5.1 Hz, 2H, CH); *C NMR (125 MHz,
CDCl3) 8¢ = 179.9 (s, NCN), 165.3 (s, COOCHy), 135.6 (s, C*), 132.7 (s,
C™),124.9 (s, C™), 123.6 (s, C*), 111.1 (s, C*), 108.9 (s), 108.7 (s), 71.8
(OCHy), 41.7 (d, J = 5.0 Hz, CHy), 18.3 (CH), 14.1 (d, J = 15.4 Hz, CH3),
9.4 (s, CH3); '°°Pt NMR (107 MHz, CDCl3) 8p = —3265.5; HRMS (ESI):
m/z calculated for CggHssCloN4O4Pt [M]: 861.23874. Found:
861.23819; Anal. Caled.: C, 50.12; H, 5.14; N, 6.49. Found: C, 49.39; H,
3.82; N, 5.77.

2.3. Biochemical evaluation

2.3.1. Stock solutions and dilution series

Stock solutions of test compounds were dissolved in DMSO (10 mM)
if not noted otherwise and stored at —23 “C. When applying them to
biotests, the desired predilution series was freshly diluted with water or
PBS and then added to the cell culture media.

2.3.2. MTT cell viability assay [11]

All complexes stable in solution were investigated for their anti-
proliferative effect on nine human cell lines, using the 3-(4,5-dime-
thylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT) based cell
viability assay. Cells were seeded in 96 well microtiter plates (Sarstedt)
with a cell density of 0.05x10° cells per mL and 100 pL per well and
incubated for 24 h. A dilution series of test compounds was added to the
wells, ranging in twelve steps from 100 pM — 5 nM, equal amounts of
DMSO were added as controls. Treated cells were incubated for a further
72 h. Then, 12.5 pL per well of MTT solution (0.05% in PBS) were added,
followed by another 2 h of incubation. The plates were centrifuged, the
medium was discarded and 25 pL per well of SDS solution in DMSO
(10% SDS, 0.6% AcOH in DMSO) were added to dissolve formazan and
the plates were incubated for a further hour. Absorbances at 570 nm and
630 nm were measured using a plate reader (Tecan). The background
absorbance (630 nm) was subtracted from the formazan signal (570
nm). The resulting absorbance is directly proportional to the amount of
viable cells, the control was normalised to 100% viable cells and,
accordingly, the viability of cells treated with the test compounds was
calculated. ICsq values were calculated based on a sigmoidal fit model
using GraphPad Prism. Means and SD were calculated from at least four
independent experiments. To calculate the selectivity index (SI), the
mean value of all ICsy values across the cancer cell lines was first
calculated for each test substance. The ICsq value for the non-malignant
cells (HDFa) was then divided by the mean value over all cancer cell
lines. The higher the resulting ratio, the more selective the compound is
for cancer over HDFa cells.
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2.3.3. Cellular uptake measurement via ICP-MS

Cells were seeded at a density of 2x10° cells per dish in cell culture
dishes (Sarstedt) and grown overnight, then treated with test com-
pounds at a final concentration of 5 pM for 5 h. The cell monolayer was
washed twice with PBS, the cells were harvested by trypsination,
counted and pelleted (4 °C, 150 g, 5 min). The cell pellets were solu-
bilised with aqua regia (reflux, 20 min), the platinum content was
determined by ICP-MS. Means and SD were calculated from at least two
independent experiments.
2.3.4. LDH cytotoxicity assa 2]

Cells were seeded in 96 well flat bottom microtiter plates (Sarstedt)
with 100 pL per well and a cell density of 0.05x 10° cells per mL. Wells
containing medium alone were additionally set for background mea-
surement. The cells were allowed to grow overnight, then treated with
11.1 pL of 10-fold concentrated test compound dilutions and further
incubated for 24 h. As positive control 10 pL per well of lysis solution
(9% Triton-X100 in Millipore H20) were added and incubated for 45
min to maintain maximum LDH release. The same amount was added to
maximum release background correction wells, containing medium
only. After centrifugation (4 °C, 150 g, 5 min) 50 pL of the supernatant of
each well were transferred on a fresh microtiter plate followed by
addition of 50 pL LDH assay buffer (223 mg 2-p-iodophenyl-3-p-nitro-
phenyl-5-phenyltetrazolium chloride, 57 mg N-methylphenazonium
methyl sulfate, 575 mg N-adenine dinucleotide, 3.2 g lactic acid in 480
mL 200 mM Tris-Cl, pH 8.0) per well. The plate was incubated in the
dark for 10-30 min at rt. 50 pL stop solution (1 M acetic acid) were
added per well and the absorbance was measured at 490 nm. The mean
value of the background wells was subtracted from the negative control
and the test wells as well as the mean value of the maximum release
wells was subtracted from the value of the maximum LDH release wells.
The percentage of LDH release was calculated, the maximum LDH
release was set to 100% and the negative control at 0% release. Means
and SD were calculated from at least three independent experiments.

2.3.5. Apoptotic events

2.3.5.1. Caspase 3/7 activation. The assay was conducted, following the
manufacturer's instructions, using the Cell Meter Caspase 3/7 activity
apoptosis assay kit (AAT Bioquest). Briefly, the cells were seeded in 96
well flat black microtiter plates at a density of 0.22x10° cells per mL and
90 puL per well. After 24 h of incubation, 10 pL per well of prediluted test
compounds were added to obtain a final concentration of 10 pM, and the
cells were incubated for a further 6 h. 100 pL per well of Caspase 3/7
substrate working solution were added and the plates were incubated for
another hour in the dark at rt. The fluorescence was measured using a
microplate reader (Tecan) at ex/em = 490/525 nm.

2.3.5.2. Mitochondrial membrane potential assay. To assess the effect of
the test compounds on the mitochondrial membrane potential (MMP)
the cationic dye tetramethylrhodamine methyl ester (TMRM) was used.
Due to its delocalised lipophilic cation (DLC) character, TMRM accu-
mulates in mitochondria quantitatively, proportional to the MMP. The
cells were seeded in 96 well flat black microtiter plates (Brand) with a
cell density of 0.2x10° cells per mL and 100 pL per well. A corre-
sponding MTT was conducted identically in transparent 96 well mi-
crotiter plates (Sarstedt). The plates were incubated for 24 h under
standard cell culture conditions. The medium was replaced by 90 L per
well standard assay buffer (80 mM NaCl, 75 mM KCl, 25 mM b-Glucose,
25 mM HEPES, pH 7.4 in Hy0) and 10 pL per well of tenfold dilutions of
test compounds were added. Carbonylcyanide m-chlorophenylhy-
drazone (CCCP), a known decoupling agent, served as a positive control
[13] and a corresponding dilution of DMSO served as a negative control.
Substance-treated cells were further incubated for 1 h. 10 L per well of
a TMRM solution (2 pM in standard assay buffer) were added and the
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cells were incubated for a further 10 min at rt. Each well was rinsed
three times with PBS, 100 pL per well of PBS were added and the fluo-
rescence of remaining TMRM was measured (ex/em 535/590 nm). The
results were standardised by correlation with those of the corresponding
MTT assays and normalised with respect to the negative control.

2.3.5.3. Reactive oxygen species (ROS) assay [14]. The cellular levels of
ROS were determined by means of 2,7-dichlorofluorescin diacetate
(DCFH-DA). The assay is based on the oxidation of DCFH-DA by intra-
cellular ROS to give strongly fluorescent 2,7-dichlorodihydrofluorescin.
The cells were seeded in 96 flat black well plates (Brand) with 100 pL per
well and a density of 0.2x10° cells per mL. A corresponding MTT was
conducted identically in transparent 96 well microtiter plate (Sarstedt).
The cells were allowed to grow for 24 h. The medium was replaced by
serum-free medium containing DCFH-DA (20 pM) followed by 30 min of
incubation to enable cells to take up the dye. To eliminate remaining
dye, the cells were rinsed twice with PBS, and fresh medium was added.
11.1 pL of tenfold predilutions of the test compounds were added per
well. Corresponding dilutions of DMSO served as negative and of CDDP
served as positive control. The treated cells were incubated for 1 h,
before being rinsed twice again with PBS. After addition of 100 pL of
fresh PBS per well the fluorescence was measured (ex/em 485/535 nm).
The results were standardised by correlation with those of the corre-
sponding MTT assays and normalised with respect to the negative
control.

2.3.6. Influence on the cell cycle

HCT116"! cells were seeded in 6 well plates (Sarstedt) with 3 mL per
well and a cell density of 0.05 x 10° cells per mL, incubated for 24 h,
treated with concentrations of the test compounds corresponding to
their ICgq values, and incubated for a further 24 h. The supernatant of
each sample was transferred into a separate tube on ice, the cell
monolayer was rinsed once with PBS, and the cells were harvested using
trypsin and also transferred into the tube. The cells were pelleted (4 °C,
150 g, 5 min), resuspended in 1 mL of ice-cold EtOH (70%) and stored
for at least 1 h at 4 °C. prior to propidium iodide (PI) staining, the cells
were centrifuged (150 g, 5 min), the supernatant was discarded, and the
cells were layered with 1 mL PBS for 5 min. The cells were centrifuged
again and the resulting pellet was resuspended in 200 pL of PI staining
solution (50 pg/mL PI, 1% sodium citrate in PBS) containing 1 pL. RNase
(10 mg/mL stock solution) and incubated in the dark for 30 min at 37 °C.
The cell cycle phase distribution was assessed by flow cytometry
(Beckmann Coulter). Means and SD were calculated from at least three
independent experiments.

2.3.7. DNA interaction

2.3.7.1. Ethidium bromide saturation assay (EtdBr assay). The interac-
tion of the test complexes with linear DNA was assessed using the EtdBr
assay, which is based on the fact that ethidium bromide intercalates into
DNA enhancing its fluorescence while intercalation is hindered by al-
terations of the DNA structure, e.g. by small molecules interfering with
DNA [15]. In wells of a 96 well black flat bottom microtiter plates a
solution of 1 pg of linear salmon sperm DNA (ThermoFisher) in TE buffer
(10 mM Tris-Cl, 1 mM EDTA, pH 8.0) was treated with concentration
series (final concentrations: 25 pM, 50 pM, 75 pM and 100 pM) of
compounds. A corresponding amount of DMSO was used as a control (0
uM). After an incubation period of 2 h at 37 °C, 100 pL per well of
ethidium bromide solution (10 pg/mL in TE buffer) was added and the
plate was incubated for 5 min in the dark. Background samples were
prepared analogously but without DNA addition. The fluorescence of
any EtdBr-DNA adducts was monitored at an excitation wavelength of
535 nm and an emission wavelength of 595 nm. After background
subtraction, changes in fluorescence intensity were calculated in rela-
tion to the control (set to 100%). Means and SD were calculated from at
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Scheme 1. General synthetic route to trans-bis(NHC)-, cis-NHC(DMSO)- and
cis-bis(NHC)platinum(II) complexes. Reagents and conditions: (i) MeOH or
EtOH, H,S04, reflux, 24 h; (ii) 1. Mel or EtI or BnBr, K,CO3, MeCN, reflux, 24 h;
2. Ag,CO3;, HNOj, then HCI, EtOH, r.t, light exclusion, 3.5 h; (iii) Ag,0,
CH,Cl,, light exclusion, r.t., 24 h; (iv) 0.5 eq. KPtCls, CH,Cly, r.t., 4 d; (v) 1.0
eq. KoPtCls, DMSO, 60 °C, 24 h; (vi) benzimidazolium salt 4 or 5, KOtBu,
CHuCly, 1.t., 3d.

5.1 5.0 4.9

ppm/ 8

4.8 4.7 4.6

Fig. 1. NCH, signals in 'H NMR spectra of cis-DMSO(NHC) complex 10b
(bottom), trans-bis(NHC) complex 8b (middle), and cis-bis(NHC) complex 12b
(top), recorded in CDCls.

least three independent experiments.

2.3.7.2. Electrophoretic mobility shift assay (EMSA). To distinguish
whether the DNA interaction is of an electrostatic or covalent nature, a
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Scheme 2. Synthesis of propargyl-bearing cis-(DMSO)(NHC) platinum(II)
complex 16. Reagents and conditions: (i) Propargyl bromide, K,CO3, MeCN,
60 °C, 24 h, 81%; (ii) 1. Propargyl bromide, 1,4-dioaxane, 130 °C, 24 h; 2.
Ag>CO3, HNO3, then HCI, EtOH, r.t., light exclusion, 3.5 h, 52% over two steps;
(iii) cis-(DMSO),PtCl,, CHyCly, r.t., 24 h, 79%.
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Scheme 3. Synthesis of cyclopropene-bearing trans-bis(NHC) platinum(II)
complex 22. Reagents and conditions: (i) Alloc-Cl, 10% NazCOsq), 1,4-
dioxane, r.t., 16 h, 97%; (ii) EDC-HCI, DMAP, CH,Cl,, r.t., 24 h, 58%; (iii) Pd
(dpa),, dppb, Et;NH, r.t., THF, 4 h, 75%; (iv) Etl, K2CO3, MeCN, reflux, 48 h,
72%; (v) Ag20, CH,Cl,, light exclusion, r.t., 24 h, 58%; (vi) 0.5 eq. K,PtCly,
CHaCly, r.t., 4 d, 32%.

second DNA interaction assay was conducted. 1.5 pg of circular plasmid
PBR322 DNA were incubated in TE buffer (10 mM Tris-Cl, 1 mM EDTA,
pH 8.0) with different concentrations of test compounds (final concen-
trations: 5 pM, 10 pM, 25 pM and 50 pM). A corresponding volume of
DMSO was added to the control (0 pM) with a final volume of 20 pL of
each sample. The samples ware incubated for 16 h at 37 °C and sub-
jected to 1% agarose gel electrophoresis in 0.5xTBE buffer (45 mM Tris-
Cl, 45 mM boric acid, 1.25 mM EDTA, pH 8.0) for 4 h at 66 V. The
agarose gel was stained for 20 min with EtdBr (10 pg/mL in 0.5 TBE
buffer) solution and the results documented using UV excitation.
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Table 1
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Means + SD (n = 4) of IC5q values [pM] of complexes 8-13 and CDDP against nine human cell lines and their respective selectivity indices (SI). Determined by MTT

assays over 72 h, calculated of four independent measur * data from [19], n.d. = not determined.
ICs0 72 h (uM)
518A2 HCT116™" HCT116P%* us7 EaHy926 HelLa MCF7 HT29 HDFa SI
8a 13.8 £ 0.7 226+ 0.4 253+ 39 1.1 +0.5 =50 =50 254 + 27 31.0 +3.7 nd. n.d.
8b =50 =50 3.8 +£0.5 =50 =50 33+08 0.56 + 0.05 =50 n.d. n.d.
8¢ =50 0.16 = 0.02 0.49 + 0.04 =50 0.12 + 0.03 0.05 £ 0.02 0.26 + 0.06 37104 >50 >3.8
9a 153+£1 33+07 0.7 £0.08 14+£12 6.1 £ 0.2 126 £ 1.4 4.0+£08 79+09 nd. n.d.
9b =50 =50 319+4 =50 =50 >50 43 £0.2 348 £ 4.4 nd. n.d.
9c =50 =50 =50 =50 =50 =50 =50 =50 n.d. n.d.
10a =50 =50 =50 =50 =50 >50 =50 =50 nd. n.d.
10b > 50 45.7 £ 29 17.7 £ 0.4 16.3 £ 2.9 > 50 339+ 4.0 =50 =50 n.d. n.d.
10¢ 19.2+ 1.5 16.3 £ 1.6 1.6 +£ 0.1 1.07 £ 0.04 9.4+03 1.3+03 240+ 35 =50 n.d. n.d.
1la =50 =50 =50 =50 =50 >50 =50 =50 n.d. n.d.
11b =50 =50 =50 =50 =50 >50 =50 =50 nd. n.d.
11c 14.6 £ 1.3 16.4 £ 1.3 95+1.5 =50 45.6 £ 5.9 >50 48.2+19 =50 nd. n.d.
12a =50 35.6 = 3.4 =50 =50 48.7 + 1.4 =50 =50 =50 nd. n.d.
12b 31.2+22 2302 1.7 +0.2 1.3+0.1 4.8 = 0.5 29+2 =50 =50 =50 =28
13a =50 =50 =50 =50 =50 =50 =50 =50 n.d. n.d.
13b 142+ 23 6.9 + 0.5 16.2 + 2.6 325+ 1.0 35+2 18.4 + 2.2 =50 =50 n.d. n.d.
CDDP 2.6+ 0.7* 0.14 = 0.03* 2.0 +0.3* 3.8+ 0.3 0.63 + 0.1* 8.6 + 0.6 5.4+ 0.7 =50 >50* >85.5
=CDDP m13b m=12b m13a m12a wiic
u9c m8c mOb m8b m9%a mBa
A 10c w11b =10b m1i1a m10a B
HT29 HT29
KbV + vbL KbV + vbL
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2 £
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o
us7 us7
HCTpS53 HCTp53
HCTwt HCTwt
518A2 518A2
-0.60 0.40 1.40 2.40 -0.60 0.40 1.40 240
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Fig. 2. Cytotoxicity indices (CI) of the complexes 8a-13b across all tested cancer cell lines. To determine the CI, the ICso values were logarithmised with log base of
10 and then the mean value of the logarithmised ICs, values over all tested compounds were determined for each cell line. The difference between the individual
values and this mean value gave the individual CI for each substance and cell line. The different colours indicate the methyl and ethyl esters that belong together
structurally. A) CIs of all cis-configured complexes. B) CIs of all trans-configured complexes.

2.3.8. Intracellular localisation using click chemistry

To assess the localisation of active complexes of the cis (e.g. 10) and
trans (e.g. 8) series in HCT116 colon carcinoma cells, we used the
‘clickable’ congeners 16 and 22. HCT116 cells (0.1 %x10° cells per mL,
0.5 mL per well) were seeded onto cover slips (borosilicate glass, Carl
Roth) inside the wells of 24-well microtiter plates and were allowed to
grow overnight. The medium was removed and the cells were washed
with 1 mL PBS and treated with complexes 16 or 22 at a final concen-
tration of 25 puM for 30 min at 37 °C. Fixation, blocking and per-
meabilisation was done analogously to the fluorescence staining of the
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cytoskeleton. 200 pL of click working solution [for 16: 2 mM CuSOy4, 5
mM sodium ascorbate, 0.1 mM 3-azido-7-hydroxycoumarin, in PBS. For
22: BDP-FL-tetrazin (Lumiprobe Catalog Number: 114E0) in PBS
1:1000] were added to each well. The cells were incubated for 30 min at
rt. in the dark before the click solution was discarded and the cells were
washed three times with PBS for 5 min. For co-staining, the cells were
either treated with propidium iodide (50 pg/mlL, after fixation and
permeabilisation) or Mitotracker™ Red CM-H2Xros (before substance
addition, ThermoFisher Scientific, 250 nM in FBS-free DMEM). Cover-
slips were mounted (VECTASHIELD® PLUS Antifade Mounting
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Fig. 3. Cellular uptake of trans-bis(NHC)Cl,Pt complexes 8c and 9c as well as
cis-bis(NHC)CI,Pt complexes 12b and 13b, and of CDDP into HCT 116" cells
after 5 h treatment with 5 pM. Measured via ICP-MS.
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Fig. 4. LDH release, measured as formazan absorbance of HCT116"" cells after

24 h treatment with complexes 8c, 12b or CDDP in different concentrations,
relative to a negative control which was set as 0%. Mean + SD; n = 3.
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Fig. 5. Relative levels of caspase-3/7 activity in HCT116"" cells after 6 h in-
cubation with 10 pM of complexes 8c and 12b. An equal concentration of CDDP
served as a positive control and corresponding amounts of DMSO as a negative
control (ctrl). Fluorescence values were corrected for the cell viability obtained
from corresponding MTT assays and normalised relative to the negative control
set at 100%. Means = SD, n = 3.
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Medium) and fluorescence images were acquired using fluorescence
microscopy. Images were processed using Image J.

3. Results and discussion
3.1. Complex syntheses

The synthetic route (Scheme 1) leading to cis- and trans-[bis(5-
alkoxycarbonyl-1,3-dialkyl-benzimidazol-2-ylidene)dichlorido]plat-
inum(Il), and cis-[(DMSO)(5-alkoxycarbonyl-1,3-dialkyl-benzimidazol-
2-ylidene)dichlorido]platinum(Il) complexes, respectively, follows
protocols previously published by Rehm et al. [16] All in vitro evaluated
complexes were characterised by 'H, '*C and '°°Pt NMR spectra, EI or
ESI mass spectrometry and elemental analysis.

Benzimidazole-5-carboxylic acid (1) was converted to either methyl
ester 2 or ethyl ester 3 via Fischer esterification [17]. These esters were
N,N'-dialkylated with Mel, EtI or BnBr in one step following a protocol
by Schmidt et al., leading to the benzimidazolium halides in nearly
quantitative yields with high purity [18]. As the required excess of
benzyl bromide could not be removed by rotary evaporation, the 1,3-
dibenzylbenzimidazolium bromides needed several precipitation cy-
cles for sufficient purity. Anion metathesis was necessary for the iodides
in order to prevent a halide exchange in the final cis-bis(NHC) complexes
[19]. Treatment of the iodides and bromides with AgNO3 and then HCI
afforded the corresponding benzimidazolium chlorides 4 and 5. How-
ever, a similar procedure was not necessary for the synthesis of the trans-
bis(NHC) complexes 8 and 9 since there is no excess of free anions, and
because the silver halides precipitate from CH,Cl; as easy to remove by-
products.

The NHC-silver(I) complexes 6a-¢ and 7a-c were obtained by
treating the benzimidazolium halides with half an equivalent of Ag,0 in
the dark for 24 h. Consumption of the starting material was monitored
by the vanishing of the 2-H signal in the 'H NMR spectra. Filtration over
Celite® and precipitation from pentane led to white or beige powders,
which were used without further purification. Transmetalation with 0.5
equivalents of K,PtCl for four days in CH,Cl; led to the trans-[bis(NHC)
dichlorido]platinum(II) complexes 8a-c¢ and 9a-c. The cis-[(DMSO)
(NHC)Cl,]Pt! complexes 10 and 11, which were used as precursors for
the cis-[bis(NHC)dichlorido]platinum(II) complexes 12 and 13, were
obtained by stirring the respective silver complex with an equimolar
amount of KyPtCly in excess DMSO as described previously [20]. This
route is also applicable to the synthesis of complexes bearing two
different cis-positioned NHC ligands which are not accessible from the
more common (DMSO);PtCl; [21] or (COD)PtCl, [22] precursors. The
monocarbene complexes 10 and 11 were treated with an excess of the
respective benzimidazolium chloride 4 or 5 and KOtBu in CH2Cl; to
liberate the corresponding NHC ligand. While 10a, 10b as well as 11a
and 11b were readily converted into their respective cis-bis(NHC)
complexes, the N,N-dibenzyl substituted complexes 10c and 11¢ did not
react under identical or modified conditions, possibly due to the steric
demand of the benzyl residues.

The configuration of the complexes was confirmed by 'H NMR
spectra. While the trans-bis(NHC) complexes 8 and 9 displayed a single
signal group for all identical NCH,, protons, the corresponding protons of
the cis-bis(NHC) complexes 12 and 13 resonated as two separate signal
groups. The perpendicular orientation of the NHC ligands relative to the
plane spanned by PtCl, leads to one proton facing a chlorido ligand
while the other is facing the second carbene ligand. Due to the square
planar nature of such complexes [16,20,23,24] the cis-configuration
leads to higher steric hinderance and thus to an upfield shift. This effect
increases with the size of the N-substituent. Fig. 1 depicts the NCH;
range of the '"H NMR spectra of complexes 12b and 8b. It shows a virtual
doublet of quartets (vdq) for the trans-bis(NHC) complex 8b at 4.99 ppm
and two dq at 5.09 ppm and 4.68 ppm for the cis-bis(NHC) complex 12b.
A smaller DMSO ligand, cis-positioned to the NHC ligand as in complex
10b, obviously does not lead to a split of the NCH; proton signals
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Fig. 6. A) Relative mitochondrial membrane poten-
tial/integrity (MMP) of HCT116™" cells treated with
complexes 8c and 12b (10 pM) for 1 h. Carbocyanide-
m-chlorophenylhydrazone (CCCP) served as a positive
control, corresponding amounts of DMSO as a nega-
tive control (ctrl). B) Relative intracellular reactive
oxygen species levels of HCT116"" cells treated with
complexes 8¢ and 12b (10 pM) for 1 h. CDDP served
as a positive control, corresponding amounts of
DMSO as a negative control (ctrl). Mean + SD, n = 3.
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Fig. 7. Cell cycle profiles of HCT116™" cells treated for 24 h with ICs, concentrations of 8¢ (B), 12b (C) and CDDP (D), the corresponding amount of DMSO was used

as a control (A). Images are representative of at least three experiments.
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Fig. 9. EMSAs with circular plasmid DNA after 16 h treatment with complexes
8¢ (A) and 12b (B). CDDP was used as a positive control (C). Images were
documented under UV excitation and they are representative of at least two
independent experiments.

(Fig. 1).

In line with this reasoning, the N-benzyl substituted cis-(DMSO)
(NHC) complex 10c showed a similar if smaller split of its NCH; signal
with two virtual doublets of doublets (vdd) at 6.18 ppm and 6.00 ppm.
These vdd are 45 Hz apart, consistent with the doublet caused by the
methyl groups of DMSO, thereby confirming the cis and perpendicular
orientation relative to the PtCly square. The first splitting to give a
doublet consequently originates from the spatial arrangement of pro-
tons. The further doublet overlapping on this apparently comes from the
ester group, which is either above or below the plane spanned by the
ligands. This holds for all complexes and, due to the restricted rotat-
ability of the NHC ligands [25], leads to two constitutional isomers and
consequently to two possible arrangements of the cis-(DMSO)(NHC)
complexes and four of the bis(NHC) complexes.

Differences can also be seen in the ppm range of the chemical shift of
the NCN carbon in '3C NMR spectra and of the shift of platinum in '*°Pt
spectra (cf. Supporting Information). The chemical shifts of the C-2 in
13C NMR spectra of trans-bis(NHC) complexes lie around 181 ppm, those
of cis-bis(tNHC) complexes around 162 ppm and those of cis-(DMSO)
(NHC) complexes around 158 ppm. The same holds for the shifts of Ptin
195p¢ spectra. Trans-Bis(NHC) complexes lie around —3270 ppm, cis-bis
(NHC) complexes at —3640 ppm and cis-(DMSO)(NHC) complexes at
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—3550 ppm.

Neither the cis-(DMSO)(NHC) complexes 10 and 11 nor the cis-bis
(NHC)-complexes 12 and 13 showed a change of their signals in 'H NMR
spectra over a period of at least three days when dissolved in DMSO +5%
D,0, i.e. under test conditions. They can thus be considered stable.
Exemplary '°°Pt NMR stability studies in DMSO-dg without the addition
of D20 were conducted with one complex of each series, i. e. 10c and
13b. They revealed that neither a change of the shift of the platinum
signal nor any new peak appeared over the course of three days (cf.
Supporting Information).

Some trans-bis(NHC) complexes, and 9a in particular, however,
showed intriguing stability pattern. Its 'H NMR spectrum in DMSO-dg
right after the addition of water showed twice as many signals in the
aromatic region compared to its spectrum recorded in CDCl;3 (cf. Sup-
porting Information). In addition, the clear splits visible in the latter blur
into undefined multiplets for the NMe and the OCH; group, respectively,
and into a virtual doublet of triplets of the aliphatic CH3. These in turn
converge over the time period of three days to form a new species whose
shifts are slightly elevated but match the expected range and multiplicity
of such complexes. Additionally, a °>Pt NMR stability study with 9a in
DMSO-dg was carried out. The results are consistent with the findings of
the 'H measurements. In the spectra measured after 0 h a shift of —600
ppm was observed, probably due to an exchange of a chlorido for a
DMSO ligand leading to a cationic complex. This is in keeping with re-
ports that trans-platinum complexes are more reactive than their cis-
analogues [26-28]. However, the spectrum did not keep changing over
time. Addition of AgBF4 after 72 h then caused the residual platinum
signal of the starting material at —3255 ppm to completely disappear. A
mass spectrum of this solution taken after 96 h showed only the mass of
Pt(NHC)2(DMSO)CI. The same complex dissolved in CDCl3 + 5% D20
with intense and hourlong vortexing before each measurement showed
no change in its '®°Pt or 'H NMR spectra. Consequently, it can be
assumed that no ligand exchange with water took place. A comparison of
the trans-bis(NHC) complexes 8a—c and 9a—c with each other revealed
that the 'H NMR spectra of the benzyl substituted complexes did not
change much over time. The number of signals of the N-ethyl substituted
complexes 8b and 9b increased with time, indicating a slow ligand ex-
change. In contrast, the number of peaks of the N-methyl substituted
complexes 8a and 9a decreased with time, converging to the spectrum
obtained in CDClj3, and so indicating a faster ligand exchange. The rate
of the ligand exchange seems to depend on the size of the N-substituent.

Another point worth mentioning is that the ester functionality does
not undergo saponification neither under mildly basic and aqueous
conditions caused by the intermediate AgOH and the leaving group H,O
during the formation of (NHC)Ag(I) salts [29], nor under strongly basic
conditions which prevail during the synthesis of the cis-bis(tNHC) com-
plexes. Furthermore, the respective trans-bis(]NHC) complexes are way
less polar than their cis-(DMSO)(NHC) or cis-bis(tNHC) analogues as
indicated by TLC and their solubilities.

Our group has recently shown that cis-bisqtNHC) complexes behave
akin to cisplatin and accumulate in the cell nuclei [19]. The aim of this
work was therefore to investigate the subcellular accumulation of cis-
(DMSO)(NHC) complexes 10 and 11 and especially that of the promising
trans-bis(NHC) complexes 8 and 9. Hence, clickable analogues were
synthesised. The propargyl group was chosen as N-substituent with the
smallest possible structural alteration (Scheme 2). The N,N'-dipropargyl
benzimidazolium salt 15 could not be prepared like the salts 4 and 5 via
one-pot N,N'-dialkylation. As a workaround, salt 15 was prepared in
three steps with a purification via column chromatography of the mono-
propargylated intermediate 14. The former could neither be converted
to the cis-(NHC)(DMSO) platinum complex 16 in several steps via an
intermediate silver complex, in analogy to the conversion of the salts 4,
5 to the complexes 10, 11 in scheme 1. We assume that the formation of
silver alkyne n-complexes is favoured over that of the desired carbene
complex. Complex 16 was eventually obtained by deprotonating salt 15
and reacting the resulting carbene right away with cis-(DMSO),PtCl.
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merge

Fig. 10. Fluorescence microscopy images of HCT116 colon cancer cells treated 30 min with 25 pM of complexes 16 or 22 followed by click chemistry with fluo-
rophore bearing reagents (ex/em 350/420-480 nm). Nuclei were counterstained with PI (ex/em 490/640), mitochondria were counterstained using Mitotracker™
(ex/em 580/610). The images shown are representative of at least four independent experiments. Scale bar corresponds to 30 pM.

The circumstance that complexation with silver led to decomposition
also made transmetalation with K,PtCl, to give the corresponding trans
complexes impossible. Neither are there any platinum dichlorido pre-
cursors with good leaving groups in trans position. Treating the carbene
obtained in situ by deprotonation of salt 15 with K;PtCl, also failed to
afford the corresponding trans complex. This is consistent with literature
describing problems of Cu-catalysed click chemistry of azides with al-
kynes, especially in the presence of d'® metals [5]. Accordingly, a
different click chemistry methodology was chosen for the visualisation
of trans complexes differing structurewise only marginally from the
complexes 8 and 9. The methyl or ethyl ester groups of the latter were
replaced by (2,3-dimethylcycloprop-2-en-1-yl)methoxycarbonyl resi-
dues, capable of undergoing metal-free, ring-strain promoted Diels-
Alder-type click reactions with tetrazines (Scheme 3). This is the first
time this methodology was applied to the visualisation of an organo-
metallic compound. The required (2,3-dimethylcycloprop-2-en-1-yl)
methanol was synthesised as described in literature [30]. The amine of
benzimidazole 1 had to be protected with an alloc group prior to a
Steglich-Hassner esterification which afforded ester 18. Its deprotection
gave ester 19 which was N,’N-diethylated furnishing benzimidazolium
iodide 20. The latter was converted with Ag,0 to silver NHC complex 21
which was transmetalated with KyPtCly to give the desired trans-bis
(NHC) platinum complex 22.

3.2. Anticancer activity

3.2.1. Cytotoxicity and cellular uptake

The complexes were investigated for their cytotoxicity over 72 h
against various human cancer cell lines including 518A2 melanoma,
HCT116" and its HCT116"°*~/~ knockout mutant colon carcinoma,
U87 glioblastoma, EaHy926 somatic cell hybrid, HeLa cervix carcinoma,
MCF?7 breast cancer, and HT-29 colon cancer cells, as well as human
non-malignant dermal fibroblasts HDFa using the MTT cell viability
assay. Their ICsq values are shown in Table 1.

To better identify the most active compounds across all cell lines, the
cytotoxicity indices of the substances were determined with respect to
the cell lines used (Fig. 2)

The complexes 9¢, 10a, 11a, 11b, 12a and 13a showed no
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significant cytotoxic effect on the cancer cell lines studied. The com-
plexes 8a, 8b, 9b, 10b, 11c and 13b were moderately active with ICsq
values in the one- to two-digit micromolar range. Conspicuous cyto-
toxicities were observed for the complexes 8¢, 9a, 10c and 12b, with
trans-bis(NHC) complex 8c and cis-bis(NHC) complex 12b in particular
standing out with two-digit nanomolar ICsg values.

Complexes of the methyl ester series tend to be more cytotoxic than
their ethyl analogues, and the cis-bis(NHC) complexes were more cyto-
toxic than the corresponding cis-(DMSO)(NHC) complexes. Further-
more, the trans-bis(NHC) complexes tended to be more cytotoxic than
the cis complexes, and cytoxicity generally increased with the size of the
substituents at the N-atoms of the benzimidazole. The finding that
platinum(II) complexes with trans-positioned leaving groups may also
be cytotoxic against cancer cells, like the more common cis-configured
platinum(II) complexes, is not new. It has even been reported that trans
complexes of platinum(Il) may show activity against CDDP resistant
tumour cell lines [9]. This fits with our findings for trans-bis(NHC)
complexes 8c and 9a which showed antiproliferative activity against
CDDP-resistant HT-29 colon carcinoma cells.

3.2.2. Uptake in cancer cells measured with ICP-MS

In order to clarify whether the high cytotoxicity of complexes 8¢ and
12b is intrinsic and structure-dependent, or a consequence of a partic-
ularly high cellular concentration, we assessed their cellular uptake by
HCT116"" colon carcinoma cells via ICP-MS in comparison to CDDP and
ethyl esters 9¢ and 13b, which are structurewise closely related to 8c
and 12b (Fig. 3).

The uptake of the trans-bis(NHC) complexes 8c and 9c is apparently
more limited than that of the cis-complexes 12b, 13b and CDDP. The
divergence in cellular uptake is not related to the respective ICs, values.
The impressive cytotoxicity of complex 8c against HCT116"™" cells
exceeded that of 12b, 13b and CDDP by far, despite its comparatively
low uptake, whereas 9c¢ is completely inactive. Therefore, the strong
cytotoxicity of 8c is intrinsic, structure-dependent and based on mech-
anistic reasons. As recently shown by Rehm et al., the uptake of platinum
compounds may also be directly linked to structural features [23]. A
generally weak uptake of trans-platinum complexes is assumed.
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3.2.3. Unselective toxicity

In order to assess the degree of toxicity leading to necrosis caused by
complexes 8¢ and 12b, a lactate dehydrogenase (LDH) release assay was
conducted. LDH release is considered as a benchmark for necrotic cells,
as it is a consequence of plasma membrane permeabilisation [12]. LDH
release assays were conducted with HCT116"" cells. LDH release is
measured as absorbance by a coloured formazan which is the product of
an LDH-associated NADH reduction of a colourless tetrazolium salt [12].
No significant increase in LDH levels was detected after an incubation
period of 24 h (Fig. 4). This indicates that the complexes have no un-
selective cytotoxic effects and that the membrane integrity of HCT116"™*
cells was maintained over 24 h of exposure to concentrations clearly
exceeding the ICsg of the complexes. Thus, a key precondition for suit-
ability as potential drugs was fulfilled, and their mode of action was
further investigated.

3.2.4. Induction of apoptosis, mediated by caspase-3/-7 activation

The absence of an LDH increase upon cell treatment with compounds
8c and 12b hints at a medicinally favourable apoptotic rather than
necrotic type of cancer cell death. Mechanistically, this would imply that
the complexes trigger an apoptosis cascade via activation of caspases
[31]. To confirm this for the complexes 8c and 12b, a caspase-3/7
activation assay was performed [32]. Both complexes activated
caspases-3/7 in HCT116"" colon carcinoma cells at least as strongly as
CDDP did (Fig. 5).

3.2.5. Mitochondrial membrane potential and ROS levels

Closely linked to apoptotic events is the loss of the mitochondrial
membrane potential (MMP) and the resulting increase in intracellular
ROS levels [32,33]. The MMP can be assessed by means of the fluores-
cent, cationic dye tetramethylrhodamin methyl ester (TMRM ™) which
accumulates in the negatively charged intact mitochondrial membranes
[5]. The integrity of MMP in HCT116"" cells was distinctly diminished
upon treatment with complexes 8¢ and 12b (Fig. 6A). The disturbance of
the MMP often leads to a rise in intracellular ROS levels, due to the
permeability of the mitochondrial membranes allowing intra-
mitochondrial ROS to enter the cytosol [6]. The ROS levels in HCT116"*
cells treated with complexes 8c and 12b were assessed with dichlor-
odihydrofluorescein diacetate (DCFH-DA), a fluorogenic dye which
measures hydroxyl, peroxyl and other reactive oxygen species in live
cells (Fig. 6B). Treatment of the cells with complexes 8c or 12b led to an
increase of ROS levels, most distinctly so for the cis-complex 12b,
probably because of the lower uptake of trans-complex 8c into these
cells. Together with the results of the caspase-3/7 activation assays,
these studies suggest a mitochondria-associated induction of apoptosis
by both complexes 8¢ and 12b.

3.2.6. Influence on the cell cycle

The clinically established cis-configured platinum(II) complexes
structurally modify cellular DNA and so interfere with its normal func-
tion. As a consequence, alterations of the cell cycle occur due to an in-
hibition of the cellular replication and transcription machinery,
eventually leading to cell apoptosis [34]. Cisplatin typically induces an
S-Phase or a dual S—/G,M-Phase arrest in cancer cells [20,23]. We now
monitored the interference of the platinum(II) complexes 8¢ and 12b at
their respective ICsg concentrations with the cell cycle of HCT116%" cells
using propidium iodide staining and flow cytometry. No significant
changes in the typical cell cycle progression of these colon cancer cells,
compared to the control (Fig. 7A), was observed upon treatment with
trans-complex 8c (Fig. 7B). In contrast, treatment with cis-complex 12b
(Fig. 7C) led to a distinct change in cell cycle phase distribution similar
to CDDP (Fig. 7D). Therefore, a mode of action similar to that of cisplatin
may be assumed for cis-complex 12b, whereas trans-complex 8c seems to
act in a different way.
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3.2.7. DNA interaction

The mechanism of action of CDDP and most other effective cis-
configured Pt(II) complexes is based on the formation of strong coor-
dinative bonds between the metal centre and DNA bases [35]. Due to the
cis configuration of complex 12b and the CDDP-like type of cell cycle
arrest it elicits in treated cancer cells, a DNA-associated mechanism of
action is standing to reason. To verify this and to further elucidate the
mechanism of action of the trans-complexes, DNA-based ethidium bro-
mide (EtdBr) saturation assays and electrophoretic mobility shift assays
(EMSA) were performed. Incubation of linear salmon sperm DNA with
complex 12b led to a strong concentration-dependent reduction of the
fluorescence of intercalated EtdBr as the metalated DNA offers fewer
accessible sites for intercalation. This effect was even more pronounced
for complex 12b when compared to that by CDDP (Fig. 8). The trans-bis
(NHC) complex 8c did not give rise to such an effect, indicating a mode
of action not associated with DNA metalation.

In order to identify the nature of the DNA interaction of complex 12b
an EMSA was conducted. The comparison of EtdBr and EMSA results
allows to distinguish between strong covalent/coordinative and merely
electrostatic interactions of metalating agents and DNA. Treatment of
circular plasmid DNA with cis-complex 12b (Fig. 9B) revealed a
concentration-dependent relaxation of the ccc (covalently closed circu-
lar) form to the oc (open circular) form akin to, yet less pronounced
than, that caused by CDDP (Fig. 9C). In line with its lack of interaction
with linear DNA in the EtdBr assay, the trans-complex 8c had no effect
on circular plasmid DNA either (Fig. 9A), also indicating a DNA-
independent mode of action.

These findings support a DNA-associated mode of action for cis-
complex 12b. Together with its CDDP-like cell cycle arrest, the results of
our study suggest a mode of action of 12b quite reminiscent of that of
CDDP. The mechanisms of action leading to the extraordinary cytotoxic
effect of the trans platinum(II) complex 8c remains to be elucidated in
more detail.

3.2.8. Intracellular localisation

Complexes 16 and 22 were synthesised as representatives of the
groups of cis- and trans-complexes that can be converted to fluorescent
products using click chemistry after they have reached their respective
cellular targets. Using this method, the distribution of the complexes
inside the treated cells can be traced. An enrichment of cis-complex 16 in
the area of the nuclei of treated colon cancer cells was observed,
matching the DNA-binding properties of cis-Pt complexes in general and
those of the cis-complexes studied here. In contrast, trans-complex 22
accumulated in regions outside the nuclei, mainly in the area of the
cytoplasm including mitochondria (Fig. 10). This suggests that the trans-
complexes 8 and 9 very likely do not interfer with DNA, as already
suspected. In the past, we had already reported on NHC-platinum
complexes which accumulate in mitochondria and interfere with mito-
chondrial function [19]. The current findings underline the suitability of
trans-complexes of platinum(I) as anti-cancer compounds targeting
structures other than DNA.

4. Conclusion

The current work studied the influence of the N-alkyl and 5-alkoxy-
carbonyl substituents of cis- and trans-[bis(benzimidazol-2-ylidene)
dichlorido]platinum(Il) complexes 12/13 and 8/9 on their stability in
aqueous media, their cytotoxicity against cancer cells, and their un-
derlying properties and modes of action.

The intrinsic cytotoxicity and the cell line specificity of both series of
complexes depended to a large extent on their ester and their N-alkyl
residues whereas their uptake into cancer cells did not. However, the
most active trans-complexes and the most active cis-complexes carried
different such residues. Far less was taken up of trans-complexes 8/9 by
HCT116 colon carcinoma cells when compared to cis-complexes 12/13.

While the cis-complexes appeared to operate by mechanisms of
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action akin to those of cisplatin, the trans-complexes addressed different
targets, e.g. such associated with mitochondria rather than DNA,
although having a lesser effect on the mitochondrial membrane poten-
tial and the release of ROS. The subcellular localisation of trans complex
22 in mitochondrial organelles by the first-time bioorthogonal clicking
of a cyclopropene-bearing complex with a fluorogenic tetrazine supports
this finding. The trans-complexes had also no effect on the cell cycle of
cancer cells. Most intriguing, however, is their high activity against
cisplatin-refractory cancer cells.

Combination therapies of inactive transplatin with drugs affecting
the DNA and its function such as the antimetabolite 5-fluorouracil had
been reported to enhance the anticancer effect of the latter [36]. It
would be interesting to test whether combinations of our active trans-
complexes with 5-FU lead to an even greater overall anticancer effect.

Further work is necessary to fully elucidate the mode of action of
trans-[bis(benzimidazol-2-ylidene)dichlorido]platinum(ll)  complexes
and to pinpoint the optimum set of N- and aryl-substituents.
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1 Synthesis and characterization of used precursors

1.1 General procedure for the esterification of 1H-Benzimidazole-5-carboxylic acid

1H-benzimidazol-5-carboxylic acid (1.00 eq.) was suspended in ROH (3 mL/mmol) and
concentrated H>SO4 (2.40 eq.) was added to the solution. Subsequently the mixture was stirred
at 100 °C for 24 h. Afterwards, the solvent was removed under reduced pressure and the residue
was dissolved in EtOAc (50 mL/mmol). The organic phase was then washed with saturated
Na>CO3(aq) (50 mL/mmol). The aqueous phase was extracted with EtOAc (3 - 50 mL/mmol)
and the combined organic phases were washed with brine (50 mL/mmol), dried over Na>xSOx4
and filtrated. The solvent was evaporated and the product could be afforded as brown powder

after drying in vacuum.

Methyl 1H-benzimidazol-5-carboxylate (2)

872 mg (4.96 mmol, 80%) from 1 (1.00 g, 6.70 mmol, 1.00 eq.), H2SO4 (783 uL, 14.8 mmol,
2.40 eq.) in MeOH (15.0 mL). "H NMR (500 MHz, CDCl3) 8u = 11.2 (s, 1H, NH), 8.43 (s, 1H,
H), 8.25 (s, 1H, H™), 8.03 (vdd,J = 8.5 Hz, 1.5 Hz, 1H, H*), 7.69 (d,J = 8.5 Hz 1H, H*), 3.95
(s, 3H, OCH3); '*C NMR (125 MHz, CDCl3) 8¢ = 167.7 (s, COOCH3), 142.8 (s, C*), 125.1 (s,

), 124.5 (s, C7), 52.3 (s, OCH3).
The NMR spectra match previously reported data.!'!
Ethyl 1H-benzimidazol-5-carboxylate (3)

2.01 g (10.6 mmol, 86%) from 1 (2.00 g, 12.3 mmol, 1.00 eq.), H2SO4 (1.59 mL, 29.6 mmol,
2.40 eq.) in EtOH (30.0 mL). '"H NMR (500 MHz, DMSO-de) éu = 13.0 (s, 1H, NH), 8.45 (s,
1H, H*), 8.34 (s, 1H, H*), 8.02 (vdd, J= 8.5 Hz, 1.6 Hz, 1H, H*), 7.69 (d, /= 8.7 Hz, 1H, H*),

4.39 (q,J="7.1 Hz 2H, OCH2>), 1.38 (t,J= 7.1 Hz, 3H, CH3); 3*C NMR (125 MHz, CDCl3) 8¢
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= 167.4 (s, COOCHa), 143.3 (s, C*), 140.9 (s, C*), 137.9 (s, C), 125.2 (s, C*), 124.4 (s, C*),

118.3 (s, C*), 114.9 (s, C*), 61.2 (s, OCH>), 14.4 (s, CH3).

The NMR spectra match previously reported data.l?]

1.2 General procedure for N-alkylation and halide exchange

1H-benzimidazol-5-carboxylate (1.00 eq.) and K>CO; (1.70 eq.) were suspended in MeCN
(20 mL/mmol). The mixture was treated with RX (6.00 eq.) and stirred at reflux for 24 h.
Subsequently the solvent was removed under reduced pressure and the residue was dissolved
in CH2Cl,. After filtration, the solvent was concentrated in vacuum and the residue was
precipitated in ether. Drying the precipitate in vacuo afforded the product as pale yellow to
brown powder. The respective halide (1.00 eq.) and Ag>COs (1.14 eq.) were suspended in EtOH
(20 mL/mmol). Concentrated HNO3 (10 drops/mmol) was added and the suspension was stirred
for 3.5 h while being shielded from light. After the silver halides were filtered off, concentrated
HCI (2.30 eq.) was added dropwise and the solution stirred for 10 min. Afterwards the solution
was neutralized by adding saturated NaHCO3(.q) and filtered once more. Subsequently the
solvent was evaporated and the residue was dissolved in CH>Cl,. After another filtration step,
the solution was concentrated and precipitated in n-pentane. After drying in vacuo, the product

could be isolated as white to yellow powder.
1,3-dimethyl-5-(methoxycarbonyl)-1 H-benzimidazol-3-ium chloride (4a)

850 mg (2.56 mmol, 90%) from 2 (500 mg, 2.84 mmol, 1.00 eq.), KoCO3 (667 mg, 4.82 mmol,
1.70 eq.) and Mel (1.06 mL, 17.0 mmol, 6.00 eq.) in MeCN (50.0 mL). '"H NMR (500 MHz,
CDCl3) du=11.3 (s, IH, CH), 8.42 (s, 1H, H*), 8.37 (d,J = 1.5 Hz, 1H, H*), 7.78 (d,J = 1.5

Hz, 1H, H"), 4.31 (s, 6H, CH3), 4.02 (s, 3H, OCH3); *C NMR (125 MHz, CDCl3) 8¢ = 165.2
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(s, COOCH3), 134.5 (s, C*), 131.8 (s, C*), 129.6 (s, C™), 128.5 (s, C*), 114.8 (s, C*), 112.9 (s,

C), 52.9 (s, OCHs), 34.4 (NCH3), 33.8 (s, NCH;).

170 mg (706 umol, 59%) from 1,3-dimethyl-5-(methoxycarbonyl)-1H-benzimidazol-3-ium
iodide (400 mg, 1.20 mmol, 1.00 eq.), Ag>COs3 (379 mg, 1.37 mmol, 1.14 eq.), HNO3 (12
drops) and HC1 (229 uL, 2.77 mmol, 2.30 eq.) in EtOH (25.0 mL). "H NMR (500 MHz, CDCls)
ou=11.0 (s, IH, CH), 8.41 (s, 1H, H*), 8.34 (vdd, /= 8.7 Hz, 1.5 Hz, 1H, H*), 7.78 (d,J = 8.7
Hz, 1H, H™), 4.26 (d,J = 4.3 Hz, 6H, CH3), 4.01 (s, 3H, OCH3); *C NMR (125 MHz, CDCl;)
dc = 165.3 (s, COOCH3), 147.0 (s, NCN), 134.7 (s, C*), 131.8 (s, C*), 129.3 (s, C*), 128.2 (s,

C), 114.7 (s, C™), 112.9 (s, C™), 53.0 (s, OCH3), 33.9 (NCH3), 33.8 (s, NCH3).

1,3-dimethyl-5-(methoxycarbonyl)-1 H-benzimidazol-3-ium chloride (4b)

1.20 g (3.33 mmol, 98%) from Methyl 1 H-benzimidazol-5-carboxylate (2) (600 mg, 3.41 mmol,
1.00 eq.), K2CO3 (800 mg, 5.79 mmol, 1.70 eq.) and EtI (1.64 mL, 20.4 mmol, 6.00 eq.) in
MeCN (50.0 mL). '"H NMR (500 MHz, CDCls) 8y = 11.5 (s, 1H, CH), 8.44 (s, 1H, H™), 8.36
(d,J= 1.5 Hz, 1H, H*), 7.79 (d,J = 1.5 Hz, 1H, H*), 4.73 (vdq,J = 7.4 Hz, 4.0 Hz, 4H, CH>),
4.03 (s, 3H, OCH3), 1.83 (vdt,J = 10.0 Hz, 7.5 Hz, 6H, CH3); 3C NMR (125 MHz, CDCl;3) 8¢
=165.3 (s, COOCH>), 143.6 (NCN), 131.1 (s, C*), 129.3 (s, C*), 128.2 (s, C*), 115.0 (s, C™),

113.5 (s, C*), 53.0 (s, OCH3), 43.7 (NCH>), 43.5 (NCH>), 14.9 (s, CH3).

330 mg (1.23 mmol, 88%) from 1,3-diethyl-5-(methoxycarbonyl)-1H-benzimidazol-3-ium
iodide (500 mg, 1.39 mmol, 1.00 eq.), Ag2CO; (436 mg, 1.58 mmol, 1.14 eq.), HNOs (14
drops) and HCI (264 pL, 3.19 mmol, 2.30 eq.) in EtOH (25.0 mL). "H NMR (500 MHz, CDCls)
du=11.0 (s, IH, CH), 8.42 (s, 1H, H*), 8.32 (d,J = 8.7 Hz, 1H, H"), 7.82 (vdd,J = 8.8 Hz, 2.9
Hz, 1H, H*), 4.69 (vdq,J = 7.4 Hz, 2.0 Hz, 4H, CH>), 4.00 (s, 3H, OCH3), 1.77 — 1.65 (m, 6H,

CH3). 3C NMR (125 MHz, CDCl3) ¢ = 165.3 (s, COOCH3), 134.1 (s, C*), 131.7 (s, C*), 129.2
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(s, C™), 128.1 (s, C*), 115.0 (s, C™), 113.2 (s, C*), 53.0 (s, OCH3), 43.3 (NCH>), 14.8 (s, CH3),

14.7 (s, CHa3).
1,3-dimethyl-5-(methoxycarbonyl)-1H-benzimidazol-3-ium chloride (4¢)

937 mg (2.14 mmol, 76%) from 2 (500 mg, 2.84 mmol, 1.00 eq.), K2CO3 (667 mg, 4.82 mmol,
1.70 eq.) and BnBr (2.02 mL, 17.0 mmol, 6.00 eq.) in MeCN (50.0 mL). 'H NMR (500 MHz,
CDCl;) 6u = 12.0 (s, 1H, CH), 8.28 (s, 1H, H™), 8.18 (vdd,J = 8.8 Hz, 1.5 Hz, 1H, H*), 7.62
(m, 3H, H™), 7.53 (m, 2H, H™), 7.46 (m, 6H, H), 5.89 (s, 4H, CH>), 3.95 (s, 3H, OCH3). 1°C
NMR (125 MHz, CDCl3) 8¢ = 165.1 (s, COOMe), 145.3 (NCN), 134.1 (s, C*), 132.4 (s, C*),
132.2:(s,C"),. 131.3 (s, /C™), 129.5 (5, C*), 129.4 (s, C™), 129.3 (5; C*), 128.5 (5,.C"), 128.1 (s,

C™) 115.6 (s, C*), 114.2 (s, C*), 53.0 (s, OCH3), 52.2 (s, NCH), 52.0 (s, NCHa).

208 mg (513 umol, 58%) from 1,3-dibenzyl-5-(methoxycarbonyl)-1H-benzimidazol-3-ium
bromide (400 mg, 914 umol, 1.00 eq.), Ag>CO; (288 mg, 1.04 mmol, 1.14 eq.), HNOs (11
drops) and HC1 (174 pL, 2.10 mmol, 2.30 eq.) in EtOH (25.0 mL). '"H NMR (500 MHz, CDCl3)
ou =114 (s, 1H, CH), 8.24 (vd, 1H, J = 1.4 Hz, H*), 8.12 (vdd,J = 8.7 Hz, 1.4 Hz, 1H, H"),
7.69 (d,J = 8.8 Hz, 1H, H*), 7.48 — 7.43 (m, 4H, H*), 7.37 — 7.27 (m, 6H, H*), 5.78 (vd,J =
8.8 Hz, 4H, CH>), 3.90 (s, 3H, OCH3); *C NMR (125 MHz, CDCl3) 8¢ = 165.2 (s, COOCH3),
146.5 (s, NCN), 134.2 (s, C*), 132.5 (s, C*), 132.4 (s, C*), 131.4 (s, C™), 129.5 (s, C*™), 129.4
(s, C9),.129.3 (5,.C),.129.2 (s, C"), 129.1 (5, C™),.128:4 (s, C™), 128.2 (5, C*),.128.0 (5,.C™),

115.5 (s, C*), 114.0 (s, C*) 52.9 (s, OCH3), 51.8 (NCH>), 51.7 (s, NCH>).
1,3-dimethyl-5-(ethoxycarbonyl)- 1 H-benzimidazol-3-ium chloride (5a)

400 mg (1.07 mmol, 68%) from 3 (300 mg, 1.58 mmol, 1.00 eq.), K2CO;3 (371 mg, 2.68 mmol,
1.70 eq.) and Mel (761 pL, 9.46 mmol, 6.00 eq.) in MeCN (30.0 mL). '"H NMR (500 MHz,
CDCl3) éu=11.3 (s, 1H, CH), 8.34 (s, IH, H"), 8.31 (dd,J= 8.7 Hz, 1.3 Hz, 1H, H*), 7.76 (dd,

J=8.7Hz, 1.5 Hz, 1H, H*), 4.46 (q, /= 7.1 Hz, 2H, OCH>), 4.16 (s, 6H, NCH3), 1.45 (t, J =

Vi
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7.1 Hz, 3H, CH3); '*C NMR (125 MHz, CDCl3) 8¢ = 164.8 (s, COOCH,), 144.9 (s, NCN),
134.5(s, C"); 131.7 (5, C*); 129.7 (s, C*), 128:2 (s, C); 114.7 (5, C®); 113:3.(5; €™), 62:1 (s,

OCHs), 34.8 (NCHs), 34.5 (s, NCH3), 14.3 (s, CHs).

530 mg (2.08 mmol, 80%) from 1,3-dimethyl-5-(ethoxycarbonyl)-1H-benzimidazol-3-ium
iodide (900 mg, 2.60 mmol, 1.00 eq.), Ag2COs3 (817 mg, 2.96 mmol, 1.14 eq.), HNO; (25
drops) and HCI (495 uL, 5.98 mmol, 2.30 eq.) in EtOH (50.0 mL). '"H NMR (500 MHz, CDCls)
ou = 10.9 (s, 1H, CH), 8.35 (s, 1H, H*), 8.30 (d,J = 8.7 Hz, 1H, H*), 7.71 (d,J = 8.7 Hz, 1H,
H*), 4.41 (q, J=7.1 Hz, 2H, OCH>), 4.19 (d, J = 6.8 Hz, 6H, NCH3), 1.40 (t, /= 7.1 Hz, 3H,
CH3); *C NMR (125 MHz, CDCl3) 8¢ = 164.9 (s, COOCH>), 146.1 (s, NCN), 134.5 (s, C*),
131.8 (s, C*), 129.6 (s, C*), 128.1 (s, C*), 114.6 (s, C*), 113.0 (s, C*), 62.1 (s, OCH>), 33.8

(NCH3), 33.7 (s, NCH3), 14.3 (s, CHs).

1,3-diethyl-5-(ethoxycarbonyl)-1H-benzimidazol-3-ium chloride (Sb)

883 mg (2.55 mmol, 97%) from 3 (500 mg, 2.63 mmol, 1.00 eq.), K2CO3 (618 mg, 4.47 mmol,
1.70 eq.) and EtI (982 uL, 15.8 mmol, 6.00 eq.) in MeCN (50.0 mL). '"H NMR (500 MHz,
CDCl3) 6u = 11.1 (s, 1H, CH), 8.44 (s, |H, H*), 8.36 (vdd,/ = 8.8 Hz, 1.4 Hz, 1H, H*), 7.83
(vdd,J=8.7 Hz, 1.54 Hz, 1H, H*), 4.68 (vdq,J = 7.4 Hz, 3.6 Hz, 4H, CH>), 4.50 (q,/= 7.1 Hz
2H, OCHy), 1.74 (vdt,J = 9.7 Hz, 7.3 Hz, 6H, CH3), 1.48 (t, J = 7.1 Hz, 3H, CH3); '*C NMR
(125 MHz, CDCl3) 8¢ = 164.8 (s, COOCHa»), 146.7 (s, NCN), 134.0 (s, C*), 131.2 (s, C*), 129.7
(s, C*), 128.1 (s, C*), 114.9 (s, C*), 112.9 (s, C*), 62.2 (s, OCH2), 43.3 (vd, J = 3.2 Hz, NCH>),

14.9 (s, CHs), 14.7 (s, CH3), 14.3 (s, CHa).

422 mg (1.66 mmol, 80%) from 1,3-diethyl-5-(ethoxycarbonyl)-1H-benzimidazol-3-ium
iodide (717 mg, 1.92 mmol, 1.00 eq.), Ag2COs3 (602 mg, 2.18 mmol, 1.14 eq.), HNOs (20

drops) and HCI (365 pL, 4.41 mmol, 2.30 eq.) in EtOH (50.0 mL). "H NMR (500 MHz, CDCl5)

Vil
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du= 114 (s, IH, CH), 8.42 (s, IH, H"), 8.36 (dd,J = 8.7 Hz, 1.4 Hz, 1H, H*), 7.79 (dd, J =
8.7 Hz, 1.54 Hz, 1H, H"), 4.73 (dq,J = 7.4 Hz, 1.3 Hz, 4H, CHa), 4.48 (q, J = 7.2 Hz 2H,
OCHa), 1.81 (dt,J = 10.0 Hz, 7.4 Hz, 6H, CHs), 1.46 (t, J = 7.2 Hz, 3H, CHz); 3C NMR
(125 MHz, CDCls) 8¢ = 164.8 (s, COOCHb), 143.3 (NCN), 133.9 (s, C*), 131.1 (s, C*), 129.6
(s, C*), 128.2 (s, C*), 114.9 (s, C*), 113.6 (s, C*), 62.1 (s, OCH3), 43.7 (NCHa), 43.5 (NCHa),

14.9 (s, CH3), 14.8 (s, CH3), 14.3 (s, CH3) .
1,3-dibenzyl-5-(ethoxycarbonyl)-1H-benzimidazol-3-ium chloride (5¢)

933 mg (2.07 mmol, 98%) from 3 (400 mg, 2.10 mmol, 1.00 eq.), K2CO3 (494 mg, 3.58 mmol,
1.70 eq.) and BnBr (1.50 mL, 12.6 mmol, 6.00 eq.) in MeCN (40.0 mL). "H NMR (500 MHz,
CDCls) 6u = 12.1 (s, 1H, CH), 8.30 (s, 1H, H*), 8.21 (d, J = 8.5 Hz, 1H, H*), 7.72-7.36 (m,
11H, H™), 5.93 (s, 4H, CH>), 4.43 (g9, /= 7.1 Hz, 2H, OCH>), 1.42 (t,J= 7.1 Hz, 3H, CH3); *C
NMR (125 MHz, CDCls) &¢c = 164.6 (s, COOCHz), 134.0 (s, C*), 132.5 (s, C*), 132.3 (s, C*),
131.2 (8, C™), 129.5 (5, C™), 1294 (8..C¥), 129.3 (5, C*), 129.2 (5, C*); 128.5 (s, C*), 1284 (s,
C), 128.0 (s, C™), 115.5 (s, C*), 114.3 (s, C*), 61.9 (s, OCH>), 52.0 (NCH2), 51.9 (s, NCH>),
14.2 (s, CH3).

72.0mg (177 pumol, 67%) from 1,3-diethyl-5-(ethoxycarbonyl)-1H-benzimidazol-3-ium
bromide (120 mg, 266 umol, 1.00 eq.), Ag2COs3 (83.6 mg, 303 umol, 1.14 eq.), HNOs (3 drops)
and HCI (50.6 puL, 612 pmol, 2.30 eq.) in EtOH (5.00 mL). 'H NMR (500 MHz, CDCl;3) &y =
11.3 (s, 1H, CH), 8.21 (s, 1H, H*), 8.12 (dd, J = 8.7 Hz, 1.4 Hz, 1H, H*), 7.64 (d, /= 8.7 Hz,
1H, H*), 7.46-7.42 (m, 4H, H*), 7.35-7.25 (m, 6H, H*), 5.77 (s, 2H, NCH>), 5.76 (s, 2H,
NCHb>), 4.34 (q, J = 7.1 Hz, 2H, OCH>), 1.35 (t, J = 7.1 Hz, 3H, CH3); '*C NMR (125 MHz,
CDCl;) 8¢ = 164.7 (s, COOCHz), 146.5 (NCN), 134.1 (s, C*™), 132.5 (s, C*), 132.4 (s, C*),
131.4 (s, C*), 129.5 (s, C*), 129.4 (s, C*), 129.3 (s, C*), 128.4 (s, C*), 128.0 (s, C*), 115.5 (s,

C), 114.0 (s, C™), 62.0 (s, OCHa), 51.9 (NCHa), 51.8 (s, NCH.), 14.2 (s, CH3).
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1.3 General procedure for silver complexation

Benzimidazoleium-5-carboxylate chloride (1.00 eq.) and Ag>O (0.50 eq.) were dissolved in
CH2Cl; (25 mL/mmol) and stirred for 24 h while being shielded from light. Subsequently the
solution was filtered over Celite, concentrated and the residue precipitated in n-pentane. After

drying in vacuo, the product could be isolated as white powder.
[5-methoxycarbonyl-1,3-dimethylbenzimidazol-2-ylidene] silver(l) chlorido (6a)

385 mg (1.11 mmol, 89%) from 04a (300 mg, 1.25 mmol, 1.00 eq.), Ag>O (144 mg, 623 pmol,
0.50 eq.) in CH2Cl> (30.0 mL). '"H NMR (500 MHz, DMSO-d¢) du = 8.19 (s, 1H, H™), 8.14
(vdd,J = 8.5 Hz, 1.5 Hz, 1H, H*), 7.50 (vdd,J = 8.6 Hz, 0.6 Hz, 1H, H*), 4.11 (d,J = 6.7 Hz,
6H, NCH3), 3.99 (s, 3H, OCH3); '*C NMR (125 MHz, CDCl3) 8¢ = 166.3 (s, COOCH3), 137.1
(s; C™), 134.2.(5, C™), 126.5 (s, C™), 125.8 (5, €*), 113.2 (8, €™, 111.0.(s; C™), 52.7 (s, OCH3),

36.0 (s, NCH3).
[5-methoxycarbonyl-1,3-diethylbenzimidazol-2-ylidene] silver(I) chlorido (6b)

34.0 mg (90.5 umol, 35%) from 04b (70.0 mg, 261 pmol, 1.00 eq.), Ag20 (36.2 mg, 133 pmol,
0.50 eq.) in CH2Clz (50.0 mL). "H NMR (500 MHz, DMSO-ds) 81 = 8.43 (s, 1H, H™), 8.07 (d,
J=8.5 Hz, 1H, H*), 7.99 (d,J = 8.6 Hz, 1H, H"), 4.63 (q,J = 7.3 Hz, 4H, CH>), 3.93 (s, 3H,
OCH3), 1.49 (t,J = 7.5 Hz, 6H, CH3); '*C NMR (125 MHz, CDCl3) 8¢ = 198.1 (s, NCN), 166.7
(s, COOCH3), 136.6 (s, C*), 133.6 (s, C*), 125.4 (s, C*), 124.9 (s, C*), 112.9 (s, C*), 110.6 (s,

C™), 52.5 (s, OCH3), 44.3 (d,J = 4.1 Hz, NCH>), 16.1 (s, CH3), 16.0 (s, CH3).
[5-methoxycarbonyl-1,3-dibenzylbenzimidazol-2-ylidene] silver(I) chlorido (6¢)

Yield: 452 mg (904 umol, 89%) from 04c (400 mg, 1.02 mmol, 1.00 eq.), Ag20 (142 mg,
611 pmol, 0.50 eq.) in CH2Cl (25.0 mL). "H NMR (500 MHz, CDCI3) &y = 8.29 (s, 1H, H¥),

7.99 (vdd,J = 8.7 Hz, 1.5 Hz, 1H, H*), 7.87 (d,J = 8.7 Hz, 1H, H*), 7.38-7.27 (m, 10H, H™),
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5.86 (s, 2H, CH,), 5.80 (s, 2H, CHa) 3.86 (s, 3H, OCH3); *C NMR (125 MHz, CDCl;) 8¢ =
196.2 (s, NCN), 166.2 (s, COOCH3), 136.9 (s, C™), 135.2 (s, C*), 135.1 (s, C*), 134.0 (s, C*),
129.1 (s, C*), 129.0 (s, C*), 128.4 (s, C*), 127.3 (s, C*), 126.2 (s, C*), 125.6 (s, C*), 113.6 (s,

C"), 111.8 (5,€™),.53.5 (5, OCH3), 53.2:(NCH>), 52.5 (s, NCHb).
[5-ethoxycarbonyl-1,3-dimethylbenzimidazol-2-ylidene] silver(I) chlorido (7a)

434 mg (1.20 mmol, 92%) from 05a (380 mg, 1.49 mmol, 1.00 eq.), Ag>O (173 mg, 746 pmol,
0.50 eq.) in CH>Cl> (40.0 mL). '"H NMR (500 MHz, CDCl3) 8y = 8.21 (s, 1H, H*), 8.17 (vdd,
J=8.5Hz, 1.5 Hz, 1H, H*), 7.53 (d,J = 8.5 Hz 1H, H*), 4.45 (g, J = 7.0 Hz, 2H, OCH,), 4.12
(s, 6H, NCH3), 1.45 (t,J = 7.0 Hz, 3H, CH3); *C NMR (125 MHz, CDCl3) 8¢ = 191.8 (s, NCN),
165.8 (s, COOCH), 137.1 (s, C*), 134.2 (s, C*), 126.9 (s, C*), 125.9 (s, C*), 113.2 (s, C*),

111.0 (s, C™), 61.7 (s, OCH>), 36.1 (d,J = 3.6 Hz, NCH3), 14.4 (s, CH3).
[5-ethoxycarbonyl-1,3-diethylbenzimidazol-2-ylidene] silver(I) chlorido (7b)

507 mg (1.30 mmol, 74%) from (5b) (450 mg, 1.59 mmol, 1.00 eq.), Ag>0 (205 mg, 883 umol,
0.50 eq.) in CH2Cl> (45.0 mL). '"H NMR (500 MHz, CDCl3) 8y = 8.22 (s, 1H, H™), 8.14 (vdd,
J = 8.6 Hz, 1.4 Hz, 1H, H*), 7.55 (d, /= 8.6 Hz 1H, H"), 4.52 (vdq, J= 9.0 Hz, 7.3 Hz, 4H,
NCH»), 4.45(q,J = 7.1 Hz, 2H, OCH>»), 1.57 (vdt,J = 9.0 Hz, 7.3 Hz, 6H, CH3), 1.44 (t, J=7.1
Hz, 3H, CH3); *C NMR (125 MHz, CDCl3) 8¢ = 189.3 (s, NCN), 165.8 (s, COOCH>), 136.2
(s; €), 133.3.(5; C™), 126.8 (5, C™), 125.7(5; €*), 113:3 (5, €™),. 111.2 (5; C™), 61.7 (s, OCHy),

45.0 (d,J=2.7 Hz, NCH>), 16.1 (s, CHs), 16.0 (s, CH3), 14.4 (s, CH3).
Chlorido [5-ethoxycarbonyl-1,3-dibenzylbenzimidazol-2-ylidene] silver(I) chlorido (7¢)

313 mg (609 pmol, 83%) from 5c¢ (300 mg, 737 umol, 1.00 eq.), Ag>0 (85.4 mg, 369 pumol,
0.50 eq.) in CH2Cl> (15.0 mL). "H NMR (500 MHz, CDCl3) 8y = 8.10 (s, 1H, H™), 8.01 (d,J =
8.6 Hz, 1H, H*), 7.40 — 7.30 (m, 1 1 H, H*), 5.68 (s, 4H, NCH2), 4.37 (q,/ = 7.1 Hz, 2H, OCH>),

1.37 (t,J = 7.1 Hz, 3H, CH3); '3C NMR (125 MHz, CDCl3) 8¢ = 196.0 (s, NCN), 165.7 (s,
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COOCH2»), 136.8 (s, C*), 135.0 (s, C*), 134.0 (s, C*™), 129.1 (s, C*), 128.5 (s, C*), 127.4 (s,
€"),; 127.3:(5,.C*), 126.7'(s;, C*),. 113.7 (8, €®); 111.7:(s, C"); 613 (s, OCH:), 53:5 (NCH3),

53.3 (s, NCH>), 14.3 (s, CH3).

1.4 Procedures for the synthesis of the precursors of clickable complexes 16 and 22

Methyl 1-(prop-2-yn-1-yl)-1H-benzimidazol-5-carboxylate (14)

2 (600 mg, 3.41 mmol, 1.00 eq.) and K»COs3 (471 mg, 3.41 mmol, 1.00 eq.) were suspended in
DMF (50 mL). The mixture was treated with bromopropyne (760 pL, 6.82 mmol, 80% in
toluene, 2.00 eq.) and stirred at 60 °C for 24 h. Subsequently the solvent was removed under
reduced pressure and the residue was dissolved in chloroform (150 mL). Water (2 - 150 mL)
was added to remove K>CO; and the combined aqueous phases were extracted with chloroform
(150 mL). The combined organic phases were dried over Na>SOq, filtered and the solvent was
concentrated in vacuum. The crude product was purified by column chromatography (Silica gel
60, EtOAc/MeOH 95:5) affording it as brown powder (594 mg, 2.76 mmol, 81%) after drying
in vacuo. Rf = 0.52 (EtOAc/MeOH 95:5); '"H NMR (500 MHz, CDCls) 8y = 8.54 (dd, J=1.5
Hz, 0.7 Hz, 1H, H*), 8.24 (dd, J = 1.5 Hz, 0.7 Hz, 1H, H"), 8.16 (s, 1H, H¥), 8.11 (s, 1H, H*),
8.08 (dd, J= 8.5 Hz, 1.5 Hz, 1H, H*), 8.03 (dd, J= 8.5 Hz, 1.6 Hz, 1H, H*), 7.83 (dd, J= 8.5
Hz, 0.7 Hz, 1H, H*), 7.51 (dd, J = 8.6 Hz, 0.6 Hz, 1H, H*), 4.99 (d, J = 2.6 Hz, 4H, NCH>),
3.97 (s, 6H, OMe), 2.54 (dt, J = 6.1 Hz, 2.6 Hz, 2H, CH). '3C NMR (125 MHz, CDCl3) 8¢ =
167.4 (s, COOMe), 167.3 (s, COOMe), 147.4 (s, C*), 144.8 (s, C*), 143.9 (s, C*), 143.6 (s,
C™), 136.5 (s, C™), 133.1 (5, C®"), 1253 (s, C™); 125.0 (s, C™), 124.9 (5, C™), 124.0 (5, C*),
123.0 (s, C*), 120.3 (s, C*™), 112.0 (s, C*),.109.5 (s, C*), 75.6 (5, CH), 75.4 (5, CH), 52.3 (OMe),

52.2 (OMe), 34.9 (NCH,).
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S-(methoxycarbonyl)-1,3-di(prop-2-yn-1-yl)- 1 H-benzimidazol-3-ium chloride (15)

14 (561 mg, 2.62 mmol, 1.00 eq.) and bromopropyne (1.16 mL, 10.5 mmol, 80% in toluene,
4.00 eq.) were dissolved in 1,4-dioxane (20 mL). The mixture was stirred at 130 °C for 24 h.
Subsequently the solution was cooled to rt and filtered. The filter cake was rinsed with cold 1,4-
dioxane and dried in vacuum affording the product as brown powder (784 mg, 2.35 mmol, 90%)
after drying in vacuo. 'H NMR (500 MHz, CDCls) 8u = 11.8 (s, 1H, NCHN), 8.61 (s, 1H, H*),
8.39 (dd, J = 8.8 Hz, 1.4 Hz, 1H, H™), 8.00 (d, J = 8.8 Hz, 1H, H"), 5.68 (d, J = 2.6 Hz, 4H,
NCH2), 4.03 (s, 3H, OMe), 2.71 (dt,J= 10.9 Hz, 2.6 Hz, 2H, CH). '*C NMR (125 MHz, CDCl3)
dc=166.1 (s, COOMe), 144.9 (s, C*), 133.6 (s, C*), 130.9 (s, C*), 129.9 (s, C*), 128.7 (s, C*),

115.7 (s, C*), 114.0 (s, C*), 78.4 (s, CH), 78.2 (s, CH), 53.1 (OMe), 38.4 (NCHa).

5-(methoxycarbonyl)-1,3-di(prop-2-yn-1-yl)-1H-benzimidazol-3-ium bromide (400 mg, 1.20
mmol, 1.00 eq.) and Ag2CO3 (377 mg, 1.37 mmol, 1.14 eq.) were suspended in EtOH (25 mL).
Concentrated HNO; (12 drops) was added and the suspension was stirred for 3.5 h while being
shielded from light. After the silver halides were filtered off, concentrated HCI1 (300 pL, 2.76
mmol, 2.30 eq.) was added dropwise and the solution stirred for 10 min. Afterwards the solution
was neutralized by adding saturated NaHCO3(.q) and filtered once more. Subsequently the
solvent was evaporated and the residue was dissolved in CH>Cl,. After another filtration step,
the solution was concentrated and precipitated in n-pentane. After drying in vacuo, the product
could be isolated as yellow powder (202 mg, 700 umol, 58%). 'H NMR (500 MHz, CDCl3) 8y
=11.2 (s, IH, NCHN), 8.55 (s, 1H, H*), 8.33 (dd, /= 8.7 Hz, 1.5 Hz, 1H, H*), 8.00 (d, /= 8.8
Hz, 1H, H*), 5.52 (t, J= 3.2 Hz, 4H, NCH>), 4.03 (s, 3H, OMe), 2.69 (dt, /= 10.2 Hz, 2.6 Hz,

2H, CH).

I-((allyloxy)carbonyl)-1 H-benzimidazol-5-carboxylic acid (17)
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1 (1.30 g, 8.02 mmol, 1.00 eq.) was dissolved in 10% Na>CO3(aq,) (22.5 mL) and 1,4-dioxane
(13.5 mL) and cooled to 0 °C. Allyl chloroformate (1.71 mL, 16.0 mmol, 2.00 eq.) was added
dropwise and the mixture was left stirring at et for 16 h. Afterwards the solution was washed
with Et2O (3 - 50 mL) and the aqueous phase was acidified with 2 n HCI. After extraction with
EtOAc (5 - 60 mL), the combined organic phases were dried over MgSQOq, filtrated and the
solvent was evaporated. The residue was dried in vacuo affording 17 (1.91 g, 7.78 mmol, 97%)
as beige powder. 'H NMR (500 MHz, MeOD) & = 8.56 (s, 1H, H™), 8.46 (s, 1H, H™),
7.90 — 7.85 (m, 1H, H™), 7.56 (d,J = 8.4 Hz, 1H, H¥), 6.04 — 5.96 (m, 1H, H¥*%), 5.41 - 5.36
(m, 1H, H¥l*¢), 525 (d,J=10.5 Hz, 1H, H¥"°), 4.86 (d,J = 6.9 Hz, 2H, H**®); 13C NMR
(125 MHz, MeOD) 6¢ = 168.3 (s, COOH), 148.7 (s), 146.2 (s), 130.9 (s), 126.7 (s), 125.8 (s),

124.0 (s), 121.5 (s), 119.3 (), 119.2 (s), 116.1 (s), 113.8 (s), 68.6 (s).

Only one regioisomer shown.

1-allyl 5-((2,3-dimethylcycloprop-2-en-1-yl)methyl) 1H-benzimidazol-1,5-dicarboxylate (18)

17 (1.86 g, 7.55 mmol, 1.30 eq.) was suspended in dry CH2Cl> (100 mL) and cooled to 0 °C.
DMAP (922 mg, 7.55 mmol, 1.30 eq.) and EDC-HCI (1.45 g, 7.55 mmol, 1.30 eq.) were added
portionwise and the solution was left stirring at 0 °C for 1h after which 2,3-Dimethyl-2-
cyclopropene-1-methanol (570 mg, 5.81 mmol, 1.00 eq.) in dry CH>Cl> (30 mL) was added
dropwise over a period of 30 min. After complete addition, stirring was continued for 24 h at
rt. Consequently the solution was diluted with EtOAc and washed with 0.5 m H2SO4. The
aqueous phase was extracted with EtOAc (3 - 100 mL) and the combined organic phases were
dried over Na>SO4. The solvent was evaporated after filtration and the residue was purified via
column chromatography (Cyclohexane/EtOAc 3:1) affording the ester as yellowish oil (1.10 g,
3.37 mmol, 58%). Rf (Cyclohexane/EtOAc¢ 3:1): 0.20; 0.16; '"H NMR (500 MHz, CDCls) 8y =
8.48 (s, 1H, H™), 8.45 (d, J = 1.5 Hz, 1H, H*), 8.09 (dd, J = 8.5 Hz, 1.5 Hz, H*), 8.00 (d, J =
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8.6 Hz, 1H, H), 6.08 — 6.00 (m, 1H, HA), 547 (dd, J = 17.2 Hz, 1.4 Hz, 1H, HAll), 538
(dd, J = 10.4 Hz, 1.2 Hz, 1H, HA™), 4.94 (d, J = 8.6 Hz, 2H, CH»A¢), 420 (d, J = 5.2 Hz,
OCHy>), 2.00 (s, 6H, CH3), 1.63 (t,J=5.2 Hz, 1H, CH); 3C NMR (125 MHz, CDCl3) 3¢ = 166.5
(s, COOCHz), 148.9 (s, NCOOCHS>), 143.8 (s, NCN), 134.2 (s, C*), 130.4 (s, C™), 127.7 (s,
C™), 126.9 (s, C*), 122.5 (s, C*), 120.8 (s, C*), 114.0 (s, C*), 109.7 (s, C=C), 72.7 (s, OCHa),

68.7 (s, OCHa), 26.9 (s), 19.2 (s), 10.4 (s, CHs).

Only one regioisomer shown.

(2,3-dimethylcycloprop-2-en-1-yl)methyl 1H-benzimidazol-5-carboxylate (19)

18 (450 mg, 1.38 mmol, 1.00 eq.) was dissolved in dry THF (10 mL) and Et;NH (428 uL,
4.14 mmol, 3.00 eq.), dppb (29.4 mg, 68.9 umol, 0.05 eq.) and Pd(dba); (39.6 mg, 68.9 umol,
0.05 eq.) were added. The solution was left stirring at rt for 1h after which it was filtrated over
a bed of Celite® and silica. The solvent was evaporated and the residue was purified via column
chromatography (EtOAc/MeOH 98:2) affording the ester as yellow oil (250 mg, 1.03 mmol,
75%). Rf (Cyclohexane/EtOAc 3:1): 0.24; 'H NMR (500 MHz, MeOD) 8 = 8.33 (s, 2H, H™),
7.98 (dd, J = 8.5 Hz, 1.5 Hz, 1H, H*), 7.67 (d, J = 8.6 Hz, H"), 4.24 (d, J = 5.0 Hz, 1H, H"),
2.04 (s, 6H, CH3), 1.67 (t, J = 5.0 Hz, 1H, CH); 3C NMR (125 MHz, MeOD) ¢ = 167.3 (s,
COOCH»), 143.7 (s, NCN), 123.6 (s, C*™), 109.7 (s, C=C), 71.9 (s, OCH>), 38.6 (s, OCH>), 19.2

(s, CH), 8.8 (s, CHs).

5-(((2,3-dimethylcycloprop-2-en-1-yl)methoxy)carbonyl)- 1, 3-diethyl- 1 H-benzimidazol-3-ium

iodide (20)

19 (275 mg, 1.14 mmol, 1.00 eq.) and K>CO; (314 mg, 2.27 mmol, 2.00 eq.) were suspended

in MeCN (20 mL). The mixture was treated with Etl (1.64 mL, 20.5 mmol, 18.0 eq.) and stirred
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at 70 °C for 24 h. Subsequently the solvent was removed under reduced pressure and the residue
was dissolved in CH>Cl,. After filtration, the solvent was evaporated affording the ylidine
iodide as yellow powder (246 mg, 825 umol, 72%). 'H NMR (500 MHz, CDCl3) &y = 11.25
(s, NCHN), 8.41 (d,J= 1.4 Hz, 1H, H*), 8.34 (dd, /= 8.7 Hz, 1.5 Hz, 1H, H*), 7.81 (d, J=8.8
Hz, H*), 4.74 (vp, J = 7.3 Hz, 4H, NCH>), 4.29 (d, J = 5.2 Hz, 2H, CH>»), 2.02 (s, 6H, CH3),
1.80 (dt, J = 9.2 Hz, 7.3 Hz, 6H, CH3), 1.67 (t, J = 5.2 Hz, 1H, CH); '3C NMR (125 MHz,
CDCl3) 8¢ = 164.9 (s, COOCH>), 143.5 (s, NCN), 133.8 (s, C™), 131.1 (s, C*), 130.3 (s, C*),
1282 (5, C™),114.9 (5,,C™), 113.1 (5, €*); 109.6 (s, C=C), 73.9:(8, OCH3), 43.5 (d,.J=18.2 Hz;

CHs), 19.3 (s, CH), 14.9 (d, J = 3.5 Hz, CHs), 10.5 (s, CH:).

(5-(((2,3-dimethylcycloprop-2-en-1-yl)methoxy)carbonyl)- 1, 3-diethylbenzimidazol-2-ylidene

silver(l) iodide (21)

20 (88.0 mg, 206 umol, 1.00 eq.) was dissolved in dry DCM (10 mL). The solution was shielded
from light before Ag20O (28.7 mg, 124 pmol, 0.60 eq.) was added. The mixture was stirred at rt
for 18 hours after which the mixture was filtered over Celite® and the solvent was evaporated.
Redissolving the residue in DCM and precipitating the complex in n-pentane afforded 21 as
white powder (64.0 mg, 63.8 pmol, 58%). "H NMR (500 MHz, CDCl3) 8y =8.16 (d,J= 1.4 Hz,
1H, H*), 8.07 (dd, J = 8.5 Hz, 1.4 Hz, 1H, H*), 7.45 (d, J = 8.5 Hz, H*), 4.61 (vp, J=7.1 Hz
4H, NCH»), 4.26 (d, J = 5.1 Hz, 2H, CH»), 2.03 (s, 6H, CH3), 1.68 (t, J = 5.1 Hz, 1H, CH),
1.54 (dt,J=7.2 Hz, 5.7 Hz, 6H, CH3); '*C NMR (125 MHz, CDCl3) ¢ = 197.0 (s, NCN), 166.3
(s, COOCH>), 136.4 (5, C*™), 133.5 (5, C),.126.3 (8; C*); 124.8 (s, C™), 112.8 (5, C™), 110.5 (8,
C™),. 109.7 (s, C=C), 72.9.(s, OCH3), 44.2 (s, CH3), 19.3 (s, CH), 16.0.(d, J = 9.0.Hz, CHs),

10.4 (s, CH3).
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2. Biological evaluation

2.1 Stock solutions
The test compounds were dissolved in DMSO with a concentration of 10 mM and stored at -23
°C. Prior to biological experiments they were diluted to desired concentration with sterile

Millipore water.

2.2 Cell culture conditions

518A2 human melanoma cells (Department of Radiotherapy & Radiobiology, University
Hospital Vienna, Austria), HCT116"' (DSMZ ACC-581) and its HCT116P3” knockout mutant
colon carcinoma cells, U87 glioblastoma cells (ATCC HTB-14), EA.hy926 somatic cell hybrid
cells (ATCC CRL-2922), HeLa cervix carcinoma cells (DSMZ ACC-57), MCF-7 breast cancer
cells (DSMZ ACC-115), HT-29 cisplatin resistant colon cancer cells (DSMZ ACC-299) and
non-malignant human dermal fibroblasts HDFa (ATCC PCS-201-012) were cultured in
Dulbeccos Modified Eagle medium (PAN biotech), supplemented with 10% (v/v) fetale bovine
serum (Sigma Aldrich) and 1% (v/v) ZellShield (Minerva Biolabs) at 37 °C under 95%
humidity and 5% COx. If not noted otherwise, all bioassay steps including cells were conducted

under these standard cell culture conditions.

Appendix

NMR spectra of Pt(II) complexes
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Stability studies of Pt(II) complexes
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Fig. 55. '"H-NMR spectrum of 8a in DMSO-ds + 5% DO after Oh (red), 24h (green), 48h (cyan) and 72h (purple).
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Fig. 57. "H-NMR spectrum of 8¢ in DMSO-ds + 5% DO after Oh (red), 24h (green), 48h (cyan) and 72h (purple).
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Fig. 58. '"H-NMR spectrum of 9a in DMSO-d;; + 5% DO after Oh (red), 24h (green), 48h (cyan) and 72h (purple).
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Fig. 60. '"H-NMR spectrum of 9¢ in DMSO-ds + 5% D,0 after Oh (red), 24h (green), 48h (cyan) and 72h (purple).
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Fig. 61. 'H-NMR spectrum of 10a in DMSO-d;, + 5% DO after Oh (red), 24h (green), 48h (cyan) and 72h (purple).
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Fig. 63. 'H-NMR spectrum of 10¢ in DMSO-ds + 5% D>O after Oh (red), 24h (green), 48h (cyan) and 72h (purple).
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Fig. 64. "H-NMR spectrum of 11a in DMSO-ds + 5% DO after Oh (red), 24h (green), 48h (cyan) and 72h (purple).
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Fig. 67. "H-NMR spectrum of 12a in DMSO-ds + 5% DO after Oh (red), 24h (green), 48h (cyan) and 72h (purple).
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Fig. 68. '"H-NMR spectrum of 12b in DMSO-ds + 5% D-O after Oh (red), 24h (green), 48h (cyan) and 72h (purple).
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Fig. 71. 'Pt-NMR spectrum of 9a in DMSO-ds after Oh (red), 24h (green), 48h (cyan) and 72h (purple).
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Fig. 72. '"%"Pt-NMR spectrum of 10¢ in DMSO-d after Oh (red), 24h (green), 48h (cyan) and 72h (purple).
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Fig. 73. 'Pt-NMR spectrum of 13b in DMSO-ds after Oh (red), 24h (green), 48h (cyan) and 72h (purple).
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l Ligand Effects

Guided Antitumoural Drugs: (Imidazol-2-ylidene)(L)gold(l)
Complexes Seeking Cellular Targets Controlled by the Nature of

Ligand L

Sofia I. Bar", Madeleine Gold*, Sebastian W. Schleser, Tobias Rehm, Alexander Bir,
Leonhard Kohler, Lucas R. Carnell, Bernhard Biersack, and Rainer Schobert*?

/Abstract: Three [1,3-diethyl-4-(p-methoxyphenyl)-5-(3,4,5-
trimethoxyphenyl)imidazol-2-ylidene](L)gold(l) ~ complexes,
4a (L=Cl), 5a (L=PPh;), and 6a (L=same N-heterocyclic
carbene (NHC)), and their fluorescent [4-(anthracen-9-yl)-1,3-
diethyl-5-phenylimidazol-2-ylidene](L)gold(l) analogues, 4b,
5b, and 6b, respectively, were studied for their localisation
and effects in cancer cells. Despite their identical NHC li-
gands, the last three accumulated in different compartments
of melanoma cells, namely, the nucleus (4b), mitochondria
(5b), or lysosomes (6b). Ligand L was also more decisive for

the site of accumulation than the NHC ligand because the\
couples 4a/4b, 5a/5b, and 6a/6b, carrying different NHC li-
gands, afforded similar results in cytotoxicity tests, and tests
on targets typically found at their sites of accumulation,
such as DNA in nuclei, reactive oxygen species and thiore-
doxin reductase in mitochondria, and lysosomal membranes.
Regardless of the site of accumulation, cancer cell apoptosis
was eventually induced. The concept of guiding a bioactive
complex fragment to a particular subcellular target by sec-
ondary ligand L could reduce unwanted side effects.

Introduction

Although N-heterocyclic carbene (NHC) complexes have been
much used as catalysts, their medicinal relevance was recog-
nised surprisingly late, given their chemical stability under
physiological conditions and their structural flexibility."?!
Unlike cisplatin (CDDP) and related platinum coordination
complexes, which all lead to DNA adducts, resulting in an in-
hibition of the cancer cell cycle and eventually in apoptotic
cancer cell death,” NHC complexes of various metals may ad-
dress a broader array of molecular targets. Complexes with the
character of delocalised lipophilic cations (DLCs) were found to
selectively accumulate in mitochondria, which can be ex-
plained by their negative inner transmembrane potential.”**
Because cancer cells have a more hyperpolarised mitochondrial
membrane potential (MMP) than normal cells, the selective ac-
cumulation of metal-carbene complexes with DLC character in
cancer cells can be expected.*® With the detection of antitu-
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mour activity of the antirheumatic gold(l) compound aurano-
fin, (2,3,4,6-tetra-O-acetyl-1-thio-p-p-glucopyranosato)(triethyl-
phosphane)gold, gold complexes came to the fore as potential
anticancer drug candidates.” Auranofin mainly acts through
the inhibition of mitochondrial thioredoxin reductase (TrxR)
and by enhancing the mitochondrial permeability.** Through
the inhibition of TrxR activity, the intracellular levels of reactive
oxygen species (ROS) rise, which damages predominantly
cancer cells because of their elevated ROS levels compared
with healthy cells."” As a result, cytochrome c is released into
the cytosol, triggering apoptotic cell death.”" Due to their sta-
bility, NHC ligands can also be annulated and substituted in
multifarious ways, allowing the mimicking or combinatorial at-
tachment of pharmacophores to afford pleiotropic drugs."'”
Herein, we report on NHC gold(l) complexes 4a-6a, carrying a
1,3-diethyl-4-(4-methoxyphenyl)-5-(3,4,5-trimethoxyphenyl)imi-
dazol-2-ylidene ligand, akin to the natural antimitotic combre-
tastatin A4 (CA-4), and differing only in the second ligand on
the gold atom (Scheme 1). Preliminary studies had shown
strong cytotoxicity against cancer cells with ICs, values in the
low triple- to double-digit nanomolar range for complex 6a,
but its actual mechanism of action remained unclear.™ A
second series of complexes 4b-6b, bearing the same “second
ligands L", yet a better detectable fluorescent 1,3-diethyl-4-(an-
thracen-9-yl)-5-phenylimidazol-2-ylidene ligand, were synthe-
sised and studied for their intracellular accumulation and their
modes of anticancer action. The aim of this study was to find
out whether ligand L could be used to set the site of accumu-
lation, and thus, the targets and nature of antitumour effects
of gold complexes with identical or closely related NHC li-

© 2020 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 1. Syntheses of complexes 4-6: a) 9-formylanthracene, EtNH,/THF,
AcOH, EtOH, reflux, 2 h, then 1, K,CO,, reflux 6 h, 61%; b) 1) Etl, MeCN,
reflux, 48 h; 2) NaBF,, acetone, RT, 1 h, 95%; ) Ag,0 (0.5 equiv), CH,Cl,, RT,
5 h, then [AuCl(SMe,)] (1 equiv), LiCl, RT, 24 h, 92%; d) Ag,0 (0.5 equiv),
CH,Cl,, RT, 5 h, then [AuCl(SMe,)] (0.5 equiv), RT, 24 h, 88%; €) PPh,, NaBF,,
CH,Cl,, RT, 24 h, 79%; f) [AuCI(PPh.)], KOtBu, CH,Cl,, RT, 24 h, 70%.

gands. This was particularly tempting because similar cis-
[{bis(1,3-dibenzylimidazol-2-ylidene)CI(L)}Pt"] complexes were
previously shown by us to always accumulate in mitochondria,
regardless of the charge of the complex and nature of
ligands L' Likewise, Ott etal. reported a triad of (1,3-
diethylbenzimidazol-2-ylidene)(L)gold(l) complexes with the
same ligands (L=Cl, PPh;, NHC), which all localised in the mi-
tochondria, albeit to different degrees."”

Results and Discussion

Synthesis

The new gold(l) NHC complexes were prepared from imidazoli-
um salts 3a and 3b (Scheme 1). Compound 3b was synthe-
sised analogously to known compound 3a by the van Leusen
reaction of toluenesulfonylmethyl isocyanide (TosMIC) reagent
1 with 9-formylanthracene, followed by N-alkylation and anion
exchange of the resulting imidazole 2. Reactions of 3a and 3b
with Ag,0 and transmetalation of the corresponding silver car-
bene complexes with different amounts of [AuCl(SMe,)] afford-
ed mono- and bis-carbene gold(l) complexes 4a/b and 6a/b
analogously to literature procedures."*') New cationic com-
plex 5a was prepared by the reaction of complex 4a with tri-
phenylphosphane. Complex 5b was obtained by diprotonation
of 3b and reaction of the free carbene with [AuCI(PPh;)]. The
stability of all complexes 4-6 in aqueous solution was ascer-
tained by 'H NMR spectroscopic monitoring over a period of
72 h (see the Supporting Information).

Cytotoxicity against cancer cells

All complexes 4-6 had an antiproliferative effect, with 1C;,
values in the three-digit nanomolar to low double-digit micro-
molar range, on cells of the human cancer cell lines HCT-116",
its p53 knockout mutant HCT-116°*""~ (both colon cancer),
518A2 (melanoma), Hela, and multi-drug-resistant KB-V1**'
(both cervical carcinoma; Table 1). For complexes 4a, 5a and
6a bearing a CA-4 analogous NHC ligand, we found that the
cytotoxicity increased with their DLC character, that is, in the
order 4a<5a<6a, except for the KB-V1" cells. A similar
trend was observed for the anthracenyl complexes (4b<5b <
6b), with the exception of bis-NHC complex 6b, which is less
active than phosphane complex 5b in 518A2 melanoma and
Hela cervical carcinoma cells. This conformity of cytotoxicities
of the a and b series of complexes suggests similar mecha-
nisms of action. Interestingly, all tested gold complexes, includ-
ing auranofin, were more active against the p53-knockout
mutant HCT-116°>*/", if compared with its wild-type analogue
HCT-116"" expressing functional p53 protein. We assume that
complexes 4-6 induce cancer cell death in a way that is inde-

Table 1. Inhibitory concentrations, ICs,* [um], of complexes 4-6 upon application to cells of HCT-116" and HCT-116°*/" knockout mutant colon carcino-
mas, 518A2 melanoma, HelLa and mdr KB-V1""' cervical carcinomas, and human adult dermal fibroblast cells HDFa.

1Cso (pm)®
HCT-116" HCT-116p* 518A2 Hela KB-v1"! HDFa
4a 22+04 19.8+20 124405 >50 246+34
4b 84+03 79+08 23.7+1.1 59+13 90+13
5a 0.640.1 50403 36+07 0.6+0.2 5809
5b 04401 29405 18404 22402 59+02
6a 0.05+0.001 0.4+0.1 034002 46+0.2 14402
6b 0.2+0.05 55+04 36+04 0.7+0.2 32+04
auranofin 50+0.2 1.8+0.03 26+04 nd.® 13.7+1.0

[a] Values are the means + standard deviation (SD) determined in four independent experiments and derived from dose-response curves after 72 h incuba-
tion by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. [b] Not determined.
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pendent of p53, as already shown for auranofin'®'” and for re-
lated (1,3-diethylbenzimidazol-2-ylidene)gold(l) complexes."®
Complexes 4b, 5 and 6 were also quite active against the
multi-drug-resistant cell line KB-V1'®, which expresses high
levels of Pg-p, an ATP-dependent efflux pump, capable of ex-
pelling a variety of xenobiotics. Complexes 5a and 6b appear
to have a particularly low affinity for Pg-p. Cationic complexes
5b and 6a showed some selectivity for cancer over non-malig-
nant cells and are particularly interesting candidates for further
studies.

Intracellular localisation

The fluorescent complexes 4b, 5b and 6b were synthesised as
easy-to-track analogues of complexes 4a, 5a and 6a, respec-
tively. Well-observable, flat 518A2 melanoma cells were treated
with the b complexes, then counterstained with dyes specifi-
cally accumulating in particular cancer-relevant cellular organ-
elles, and eventually fixed and examined through confocal mi-
croscopy (Figure 1). By counterstaining with Nuclear Green,
neutral chloride complex 4b could be localised in the area of

uv

Nuclear Green LCS1

MitoTracker red

Acridine orange

the nucleus and to a minor degree in the cytoplasm. This is in
line with reports on the nuclear accumulation of neutral gold(l)
complexes bearing an aryl-substituted NHC ligand."**" Many
established first-line anticancer drugs target cancer cell
nuclei,?" yet suffer from therapeutic shortcomings, including
off-target side effects and an early onset of resistance, owing
to insufficient nuclear accumulation.”” Against this back-
ground, the enrichment of new (NHC)AU'Cl complex 4b pre-
dominantly in cancer cell nuclei is remarkable. Cationic phos-
phane complex 5b accumulated in the mitochondria, as dem-
onstrated by counterstaining of treated 518A2 cells with red
mitochondria-selective MitoTracker (Figure 1). Apparently, the
DLC character of this complex favours accumulation in the
negatively charged mitochondrial compartments over any po-
tential DNA intercalation of the planar anthracene residue. Mi-
tochondria are considered to be promising targets for cancer
therapy. A distinct disruption of the MMP typically results in
the induction of apoptosis. One of the pro-apoptotic stimuli is
an increased mitochondrial ROS production, which, in turn,
causes disruption of the MMP!?¥ Cationic bis-NHC complex 6b
accumulated mainly in lysosomes within the cytoplasm. It

Figure 1. Confocal fluorescence microscopy images of 518A2 melanoma cells incubated for 30 min with 30 um of complexes 4b-6b (4., =350 nm and

Ao = 420-480 nm). The nuclei were counterstained with Nuclear Green LCS1 (abcam; .,

514 nm and A.,, =520-535 nm), the mitochondria with MitoTrack-

er™ (Thermo Fisher; ., =580 nm and A, =595-610 nm) and the lysosomes with acridine orange solution (5 pgmL ', ABCR GmbH; A,, =350 nm and
Aem=600-660 nm). Images are representative of at least four independent experiments; 2000-fold magnification.
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should be noted that Gust et al. found an accumulation of all
three  [1,3-diethyl-4,5-di(p-fluorophenyl)imidazol-2-ylidene](L)-
gold(l) analogues of complexes 4a, 5a and 6a in the nuclei of
MCF-7 and HT-29 cells upon a 24 h long exposure.”” So, the
organelle-selective accumulation of our a complexes after only
30 min might be a kinetic effect. The bottom row of Figure 1
shows confocal fluorescence microscopy images of 518A2 mel-
anoma cells treated with complex 6b and lysotropic acridine
orange, as well as the good match of the blue fluorescence of
6b (UV) with the orange fluorescence of the counterstained ly-
sosomes. Lysosomes are the recycling centres of the cell and
are involved in cellular digestion processes, such as autophagy,
endocytosis and phagocytosis. Moreover, the release of lysoso-
mal hydrolases, so called cathepsins, is involved in the induc-
tion of cell death.”>?* Cathepsins mediate caspase- and mito-
chondrion-independent cell death, especially in cancer cells
with mutations in genes involved in the classic apoptotic path-
way, for example, the TP53 tumour suppressor gene.””!

Induction of cancer cell apoptosis

The majority of p53 mutations are missense mutations, as in
the case of 518A2 melanoma cells,”® leading to the expression
of dysfunctional p53 proteins with oncogenic activities intensi-
fying malignant properties of cancer cells, such as clinical drug
resistance.?” Because the p53-independent induction of cancer
cell apoptosis had been reported for auranofin’** and for
(1,3-diethylbenzimidazol-2-ylidene)gold(l) complexes,”® we in-
vestigated if complexes 4-6 also lead to an activation of apop-
tosis (Figure 2). Upon treatment of 518A2 melanoma cells with
these complexes, the activation of effector caspases-3 and -7
was observed, which we assumed to be p53 independent,
given the results from our cytotoxicity studies. The treated
cells showed the typical morphological signs of apoptosis, as
well as translocalisation of phosphatidylserines to the outer
leaflet of the plasma membrane, which indicated early rather
than late apoptosis or necrosis (see the Supporting Informa-
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Figure 2. Induction of effector caspase-3/-7 activity in 518A2 melanoma cells
after treatment with 5 um 4-6 for 6 h, measured by means of the Apo-ONE"
Homogenous Caspase-3/7 Assay Kit (Promega). CDDP was used as a positive
control. The vitality of cells was simultaneously tested by MTT assays and
was >809% for all experiments, except for complex 6a (70%). All experi-
ments were performed in triplicate and results quoted as means 4-SD. The
solvent-treated negative control was set to 100 %.
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tion). Because about 50% of all human tumours bear p53 mu-
tations, drugs that induce p53-independent programmed cell
death are of particular interest.”"*?

Mechanism of action of complexes 4a and 4b in the
nucleus

The antiproliferative effect of CDDP and other platinum com-
plexes is based mainly on their interaction with cellular
DNA.?>* Because of the localisation of neutral complex 4b in
the nuclear area, a potential DNA interaction of 4b and its
close structural analogue 4a was examined by ethidium bro-
mide (EtdBr) saturation assays (Figure 3) and electrophoretic
mobility shift assays (EMSAs; Figure 4).

100

75

rel. fluorescence [%]
g

4a 4b
§25)M @50pM  @75uM ®100uM

= control

Figure 3. EtdBr saturation assays with 25, 50, 75 and 100 um 4a, 4b and aur-
anofin. CDDP was used as a positive control. Negative controls were treated
with an equivalent amount of solvent (DMF or H,0). All experiments were
carried out in triplicate with negative controls set to 100%.

Addition of complexes 4a or 4b to linear, double-stranded
salmon sperm DNA led to a distinct concentration-dependent
displacement, and thus, to a reduction of the fluorescence of
intercalated EtdBr, exceeding that caused by CDDP by far. This
suggests a strong interaction of both complexes 4 with this
DNA form, possibly associated with an alteration of the DNA
morphology. Auranofin showed no such effect (Figure 3). In
the EMSA with circular plasmid DNA, a slight relaxation, that is,
despiralisation, of the covalently closed circular (ccc) DNA form
for the benefit of the open circular (oc) form was observed
after incubation with complex 4a, and a stronger relaxation
after treatment with complex 4b (Figure 4). In contrast to
CDDP, gold NHC complexes are known to bind non-covalently
to DNA, which may be the reason for their weaker effects in
the EMSA.®

Although auranofin had previously been reported to interact
neither with linear DNA nor with circular plasmid DNA,"®* vari-
ous other gold(l) complexes with readily displaceable ligands
(e.g., CI") had shown affinity to different types of DNA.**3¢ |r-
reparable DNA damage induces apoptosis, normally triggered
by the tumour suppressor protein p53. However, apoptosis as
a consequence of DNA damage caused by metal complexes
had also been reported to proceed independently of p53,%"®
through the mitogen-activated protein kinase (MAPK) signal-
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Figure 4. EMSAs with circular pBR322 plasmid DNA after 24 h treatment
with complexes 4a or 4b, as visualised by UV radiation. CDDP was used as a
positive control. Images are representative of at least two independent ex-
periments.

ling pathway involving JNK, p38 and ERK1/2.*"'¥ Whether
complexes 4, which we have found to induce cancer cell apop-
tosis and to be cytotoxic independently of functional p53, op-
erate by a similar mechanism remains to be shown. At present,
we cannot exclude that their reactions with further biologically
relevant macromolecules might also play a role.*”

Mechanism of action of complexes 5a and 5b in mito-
chondria

Because cationic triphenylphosphane complex 5b was local-
ised in the mitochondria of 518A2 melanoma cells, we antici-
pated a mitochondria-associated mode of action for 5b and
closely related complex 5a. The anticancer effect of auranofin,
and several other gold(l) complexes, mainly relies on the inhib-
ition of TrxR.“**Y TrxRs, which catalyse the reduced nicotina-
mide adenine dinucleotide phosphate (NADPH)-dependent re-
duction of the redox protein thioredoxin (Trx) and other com-
pounds, are key enzymes for cellular protection against oxida-
tive stress.”” To date, three different isoforms of TrxR are
known: cytosolic TrxR1, mitochondrial TrxR2 and testis-specific
TrxR3.” Gold complexes, such as auranofin, are thought to in-
hibit TrxRs by releasing monovalent Au' species, which bind to
selenocysteine residues in the active site of the enzyme.®” This
is in line with reports that mono-NHC gold(l) complexes with
good leaving groups, such as halides or phosphanes, are
better TrxR inhibitors than bis-NHC complexes.*”’ For instance,
sub-micromolar ICy, values were reported by Gust etal.
for donor-substituted  (1,3-diethyl-4,5-diarylimidazol-2-ylide-
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ne)(PPh;)gold(l) complexes,?” and by Ott et al. for benzimid-
azol-2-ylidene analogues,>*! whereas few inhibitory bis(1,3-di-
arylimidazol-2-ylidene) complexes have been reported, to
date.[45‘47]

If applied in low sub-micromolar concentrations, complexes
5a and 5b strongly inhibited the panTrxR activity in colorimet-
ric TrxR microplate assays with 5,5'-dithiobis(2-dinitrobenzoic
acid (DTNB; Ellman’s reagent) as a substrate (Figure 5). Because
many tumours have elevated TrxR levels,*? and tumour cells
are more sensitive to oxidative stress, due to their a priori high
intracellular ROS levels relative to non-malignant cells, TrxR are
interesting targets for selective antitumour therapy.

100 -

~
o

rel. TrxR activity [%)
o
S

Auranofin 5a

mcontrol #%0.1uM ~40.5uM

Figure 5. Concentration-dependent inhibition of TrxR activity in cell lysates
of 518A2 melanoma cells by gold(l) complexes 5a and 5b, and auranofin as
a positive control. TrxR-independent substrate reduction was accounted for
by experiments in the presence and absence of the specific TrxR inhibitor
aurothiomalate. All values are means - SD of at least three independent ex-
periments with negative controls set to 100 %.

TrxR inhibition generally leads to an accumulation of oxi-
dised Trx and ROS in mitochondria, resulting in an increase of
mitochondrial permeability.*” Upon treatment of 518A2 mela-
noma cells with complexes 5a and 5b, we observed a distinct
reduction of the MMP through a fluorescence-based micro-
plate assay (Figure 6), exceeding that induced by auranofin,
which is in keeping with their stronger TrxR inhibition.

We confirmed these results by an assessment of the intracel-
lular ROS concentrations after treatment of 518A2 melanoma
cells with auranofin, CCCP and complexes 5a and 5b using
the cell permeant, fluorogenic dye 2',7"-dichlorofluorescein di-
acetate (DCFH-DA). After diffusion into the cells, DCFH-DA is
deacetylated by cellular esterases to a non-fluorescent com-
pound, which is later oxidised by hydroxyl, peroxyl or other
ROS to the intensely fluorescent 2',7"-dichlorofluorescein (DCF),
detectable by fluorescence spectroscopy (Figure 7).

We conclude that the cytotoxicity of complexes 5 originates
mainly from their inhibition of TrxR in the mitochondria of
cancer cells and the subsequent alteration of the intracellular
ROS equilibrium.”” Elevated concentrations of hydrogen per-
oxide and oxidised Trx2 affect further intra-mitochondrial tar-
gets, leading to the opening of the mitochondrial permeability
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Figure 6. Relative MMP in 518A2 melanoma cells after treatment (45 min)
with complexes 5a and 5b (10 um each). Carbonylcyanide-m-chlorophenyl-
hydrazone (CCCP) and auranofin (10 um, each) were used as positive con-
trols and solvent-treated negative controls were set to 100%. Assays were
carried out in triplicate.
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Figure 7. Influence of gold(l) complexes 5a and 5b, and auranofin (10 um
each), as well as CCCP (10 pm) as a positive control, on the levels of ROS in
518A2 melanoma cells, as determined by fluorescence-based DCFH-DA
assays after an incubation time of 1 h. Negative controls were treated identi-
cally with solvent. All values are mean values + SD from at least four inde-
pendent experiments with negative controls set to 100 %.

transition pore and/or to an increase of the permeability of the
outer membrane.”*¥ As a result, hydrogen peroxide is released
into the cytosol where it oxidises cytosolic Trx1 irreversibly,
due to the inhibition of TrxRs. The elevated levels of hydrogen
peroxide and oxidised Trx in the cytosol then activate various
signalling pathways, eventually leading to apoptosis, which is
likely to be dependent on p38/ERK1/2, rather than p53, as
shown for auranofin."®*” Because cancer cells, unlike non-ma-
lignant cells, are not normally susceptible to mitochondrial
membrane permeability transition, the induction of this condi-
tion by mitochondria-targeting complexes, such as 5, could be
exploited in a therapeutic context.*”
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Mechanism of action of complexes 6a and 6b in lysosomes

The cationic bis-NHC complex 6b was localised in the lyso-
somes of 518A2 melanoma cells. Lysosomes mediate the deg-
radation of macromolecules of intracellular origin or those that
are internalised by endocytosis or phagocytosis.”" These
single-membrane acidic organelles (pH 4.5-4.8) are involved in
various cellular pathways and different types of cell death, and
their functionality is thus inevitable for cellular homeostasis.”"!
Various forms of cellular stress lead to lysosomal swelling and
lysosomal membrane permeabilisation (LMP), resulting in the
release of intralysosomal cargo into the cytoplasm.”" Amongst
others, cathepsins B and D are released into the cytoplasm
under stress, where they induce different forms of cell death,
including the p53-independent, lysosome-dependent apoptot-
ic cell death.”3"*"52 To detect a potential induction of LMP by
complexes 6, we performed a time-dependent staining of lyso-
somes in solvent- and complex-treated 518A2 melanoma cells
(Figure 8). Because the cytotoxicity of both complexes against
518A2 cells in MTT assays was quite different (IC5y(6a)=0.4 um,
1C50(6b) =5.5 um), we adjusted their concentrations according-
ly to ensure a sufficient cell viability. The incubation with either
complex 6a or 6b led to an induction of LMP. The lysotropic
orange dye used in this assay selectively accumulates in intact
acidic lysosomes. If LMP occurs, the dye is released into the cy-
tosol and the fluorescence of defined lysosomal compartments
disappears. As expected, complex 6a, which had proved to be
more active in MTT assays, also led to faster lysosomal disrup-
tion after only 2 h of incubation. Cells treated with 6b showed
first signs of LMP only after 4 h of treatment.

Conclusion

The [4-(anthracen-9-yl)-1,3-diethyl-5-phenylimidazol-2-ylidene]
(L)gold(l) complexes 4b, 5b, and 6b accumulated quickly in
different compartments of 518A2 melanoma cells, that is, neu-
tral chlorido complex 4b in the nuclei, cationic phosphane
complex 5b in mitochondria and large delocalised cationic bis-
NHC complex 6b in the lysosomes. The analogous a series of
complexes carried a slightly different 4,5-diarylimidazol-2-yl-
idene ligand. The fact that all couples 4a/4b, 5a/5b and 6a/
6b afforded similar results in cytotoxicity tests with cancer
cells, and in tests on targets typically found at the identified
sites of accumulation, supports the assumption that a com-
plexes localise similarly to the b complexes, and that the
nature of ligand L, which is responsible for the charge, size
and lipophilicity of the complex, is decisive for the site of accu-
mulation. However, this phenomenon might be limited to diva-
lent gold(l)-NHC or even to (imidazol-2-ylidene)gold(l) com-
plexes because a comparable series of cis-[bis(1,3-dibenzylimid-
azol-2-ylidene)]CI(L)Pt"" and (1,3-diethylbenzimidazol-2-ylid-
ene)(L)gold(l) complexes,“sl carrying the same ligands L (Cl,
PPh; or the same NHC ligand), were previously shown to accu-
mulate in mitochondria, regardless of the charge of the com-
plex and the nature of ligand L. The different distributions of
DLC complexes 5 (in mitochondria) and 6 (in lysosomes) is ex-
plicable by the higher molecular weight and steric demand of
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Figure 8. Fluorescence microscopy images of 518A2 melanoma cells treated with solvent (DMF), or complexes 6a (0.4 um) or 6b (5.5 um), for 1,2, 4or6 h
under standard cell-culture conditions; 30 min before each time interval ended, cells were stained with Lysosomal Staining Reagent Orange (Abcam). Nuclear
counterstaining was performed by using blue 4',6-diamidino-2-phenylindole (DAPI). Images are representative of at least ten independent measurements at

400-fold magnification.

the latter, which are too large for embedding in the mitochon-
drial membrane, and thus, are dealt with by the cellular
“waste-to-energy plants”, the lysosomes. Once fully under-
stood, the concept of controlling the intracellular distribution
of metallodrugs by the choice of secondary ligands and charge
of the complex could be exploited in rational drug design.

For the mode of action of new complexes 4-6, we found an
eventual induction of p53-independent apoptotic cell death,
which was initiated by different effects of the three complex
types at their respective sites of accumulation.
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Experimental Procedures

Chemical Synthesis and Analytics

General.

Melting points (uncorrected): GALLENKAMP; IR spectra: PERKIN-ELMER Spectrum One FT-IR spectrophotometer with ATR
sampling unit; Nuclear magnetic resonance (NMR) spectra: BRUKER DRX 500 Hz spectrometer, chemical shifts are given in parts
per million (8) downfield from tetramethylsilane as internal standard for 'H and "*C; Mass spectra: VARIAN MAT 311A (El), WATERS
UPLC-Q-TOF (ESI), ThermoFisher UPLC/Orbitrap MS system (HRMS-ESI); All starting compounds were purchased from ALDRICH
and used without further purification. The known compounds 3al), 4al"! and 6al"! were prepared according to literature procedures.

5-(Anthracen-9-yl)-1-ethyl-4-phenylimidazole (2). A solution of 9-formylanthracene (700 mg, 3.39 mmol) in ethanol (50 mL) was
treated with 2M EtNH2/THF (8.49 mL, 17.0 mmol). Acetic acid (970 L) was added and the reaction mixture was refluxed for 2 h.
After cooling to room temperature, phenyl-TosMIC 1 (1.39 g, 5.09 mmol) and K,COj3 (1.88 g, 13.6 mmol) were added and refluxed
again for 6 h. The solvent was evaporated, the residue was dissolved in ethyl acetate (100 mL) and washed with water (100 mL) and
brine (100 mL), dried over Na,SO, filtered and the filtrate was concentrated in vacuum. The residue was purified by column
chromatography (silica gel 60; EtOAc/MeOH: 97/3). Yield: 726 mg (2.08 mmol, 61%); yellow solid; R = 0.64; » ma/cm™: 3053, 2977,
2931, 1623, 1599, 1517, 1501, 1458, 1442, 1398, 1373, 1352, 1343, 1314, 1244, 1224, 1175, 1163, 1135, 1117, 1056, 1067, 1011,
983, 951, 917, 899, 852, 813, 799, 771, 744, 715, 728, 692; 'H NMR (500 MHz, CDCl3): ¢ 1.01 (3H,t,J=7.3Hz),345(2H,q,J =
7.3 Hz), 6.96-6.98 (3 H, m), 7.29-7.31 (2 H, m), 7.38-7.41 (2 H, m), 7.48-7.51 (2H, m) 7.64 (2 H, d, J = 8.7 Hz), 7.91 (1 H, s), 8.10 (2
H, d, J = 8.7 Hz), 8.64 (1 H, s); *C NMR (126 MHz, CDCl3): ¢ 16.4, 40.1, 123.9, 124.5, 125.4, 125.6, 125.7, 126.1, 126.9, 128.1,
128.8, 128.9, 131.5, 134.0, 134.5, 136.8, 140.0.

4-(Anthracen-9-yl)-1,3-diethyl-5-phenylimidazolium tetrafluoroborate (3b).

Compound 2 (500 mg, 1.43 mmol) was dissolved in acetonitrile (100 mL) and iodoethane (6.34 mL) was added. The reaction mixture
was stirred at 85 °C for 48 h. The solvent was evaporated and the remainder was crystallised from CHClz/n-hexane at 4 °C. Yield:
689 mg (1.37 mmol, 95%); yellow solid; vmax/cm™': 3420, 3118, 3027, 2979, 1622, 1592, 1556, 1520, 1499, 1443, 1386, 1348, 1263,
1193, 1159, 1091, 1074, 1023, 1012, 962, 932, 897, 854, 794, 774, 740, 700; 'H NMR (500 MHz, CDCl;): 'H NMR (500 MHz,
CDClz): 4 1.28(3H,t,J=73Hz), 168 (3H,t,J=73Hz),391(2H,q,J=73Hz),452(2H,q,J=7.3Hz),7.13-7.23 (5 H, m),
7.50-7.55 (2H, m), 7.59 (2 H, t, J = 8.1 Hz), 7.65 (2 H, d, J = 8.7 Hz) 8.06 (2 H, d, J = 8.4 Hz), 8.62 (1 H, s), 10.83 (1 H, 5);"*C NMR
(126 MHz, CDCl3): ¢ 15.8,15.9,43.6,44.1, 117.0, 124.4, 124.9, 126.0, 128.3, 128.4, 129.1, 129.2, 129.4, 130.4, 131.0, 131.2, 132.0,
133.9. The resulting 4-(anthracen-9-yl)-1,3-diethyl-5-phenylimidazolium iodide (41 mg, 0.081 mmol) was dissolved in acetone (10
mL) and NaBF4 (13 mg, 0.122 mmol) was added. The reaction mixture was stirred at room temperature for 24 h. After filtration
through Mg,SO;, the filtrate was concentrated in vacuum and dried. Yield: 38 mg (0.081 mmol, 100%); yellow solid; vmad/cm™: 3464,
3039, 2982, 1622, 1557, 1520, 1499, 1444, 1387, 1349, 1333, 1305, 1263, 1193, 1065, 1023, 963, 932, 897, 854, 774, 740, 727,
700; "H NMR (300 MHz, CDCl5): 6 1.24 (3H,t,J=7.3 Hz), 1.65(3H,t, J=7.3 Hz),3.88 (2H,q,J =73 Hz),449 (2H,q,J=7.3
Hz), 7.0-7.2 (5 H, m), 7.4-7.6 (4 H, m), 7.67 (2 H, d, J = 8.6 Hz), 8.01 (2 H, d, J = 8.4 Hz), 8.58 (1 H, s), 10.66 (1 H, s); *C NMR (75.5
MHz, CDCls): 6 15.7, 15.8, 43.5, 44.0, 117.0, 124.3, 124.9, 125.8, 128.2, 128.3, 129.0, 129.1, 129.4, 130.2, 130.9, 131.0, 131.9,
133.9, 137.2; "'B NMR (96.3 MHz, CDCls): 6 -0.76.

Chlorido-[4-(anthracen-9-yl)-1,3-diethyl-5-phenylimidazol-2-ylidene]gold(l) (4b).

Compound 3b (100 mg, 0.198 mmol) was dissolved in CHzClz (5 mL) and treated with Ag20 (27.6 mg, 0.119 mmol). The mixture was
stirred in darkness at room temperature for 5 h. Chloro(dimethylsulfide)gold(l) (64.2 mg, 0.218 mmol) and LiCl (84 mg, 1.98 mmol)
were added and the reaction mixture was stirred for additional 24 h. The crude product was crystallised from CH2Clz/n-hexane at 4 °C.
Yield: 111 mg (0.182 mmol, 92%); yellowish solid of of mp > 250 °C (dec.); vmax (ATR)/cm™": 3051, 2976, 2933, 1622, 1500, 1461,
1427, 1443, 1414, 1344, 1294, 1213, 1115, 1088, 1025, 1013, 997, 962, 933, 896, 851, 819, 775, 757, 727, 699, 652, 607, 582; 'H
NMR(500 MHz, CDCl3): 6 0.98 (3H,t,J=7.2Hz), 1453 H,t,J=7.1Hz),3.81(2H,q,J=7.2Hz), 437 (2H, q, J=7.2 Hz), 7.07-
7.16 (5 H, m), 7.45-7.55 (4 H, m), 7.60 (2 H, d, J = 8.4 Hz), 8.00-8.05 (2 H, m), 8.55 (1 H, s); '*C NMR (125 MHz, CDCl3): § 17.0,
17.2,44.7, 44.8, 120.4, 124.7, 125.7, 127.0, 127.5, 127.6, 128.7, 129.1, 129.2, 129.3, 129.4, 130.2, 131.1, 132.0, 133.0, 170.3; m/z
(ESI, %) 614.2 [M*+CH3CN] (100). HRMS (ESI) m/z ((M-Cl+MeCN)*) found 614.18508; calcd. 614.18650.

[1,3-Diethyl-5-(4-methoxyphenyl)-4-(3,4,5-trimethoxyphenyl)imidazol-2-ylidene](triphenylphosphane)gold(l) tetrafluoroborate
(5a).

Complex 4a (112 mg, 0.178 mmol) was dissolved in acetone (10 mL) and NaBF (36 mg, 0.33 mmol) and triphenylphosphane (61 mg,
0.23 mmol) were added. The reaction mixture was stirred at room temperature for 24 h. The suspension was filtered, the filtrate
concentrated in vacuum, and the residue recrystallized from acetone/n-hexane. Yield: 132 mg (0.14 mmol, 79%); colorless solid of
mp = 107-110 °C; Elemental analysis (C41HssAuBFsN204P, %) found C 52.14 H 4.47 N 2.93; calcd. C 52.25, H 4.60, N 2.97. Viax
(ATR)/cm™': 3056, 2936, 2836, 1607, 1581, 1516, 1504, 1463, 1437, 1415, 1331, 1292, 1248, 1179, 1124, 1099, 1050, 1024, 997,
887, 839, 811, 748, 711, 693 'H NMR (500 MHz, CDCl5): 5 1.42 (3H, t, J = 7.3 Hz), 1.49 (3H, J=7.2 Hz), 3.76 (3 H, s), 3.82 (3 H, s),
3.85(3H,s), 427 (2H,q,J=7.1Hz),4.35 (2 H, q, J = 7.1 Hz), 6.44 (3 H, s), 6.92 (6H, vd); 7.21 (3H, vd) 7.46 (15H, m) "*C NMR
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(125 MHz, CDCls): 5 17.5, 17.8, 44.3, 44.6, 55.3, 56.3, 60.9, 107.7, 114.3, 128.8, 128.9, 130.8, 131.9, 133.9, 134.0; *'P NMR
(202 MHz, CDCls): 5 33.8; m/z (ESI, %) 855.0 (100) [M"*], 721.4 (22). HRMS (ESI) m/z (M*) found 855.2577; calcd. 855.2620.

[4-(Anthracen-9-yl)-1,3-diethyl-5-phenylimidazol-2-ylidene](triphenylphosphane)gold(l) tetrafluoroborate (5b).

Compound 3b (100 mg, 0.198 mmol) in dry CH,Cl; (5 mL) was treated with KOtBu (27 mg, 0.238 mmol) and (PPh3)AuCl (98 mg,
0.198 mmol). The mixture was stirred at room temperature for 24. The crude product was filtered and crystallised from CH,Clz/n-
hexane at 4 °C. Yield: 166 mg (0.191 mmol, 96%); white solid of of mp = 165 °C; vmax (ATR)/cm™": 3051, 2981, 1977, 1622, 1464,
1432, 1345, 1262, 1095, 1025, 895, 849, 775, 737, 690, 607, 565;'"H NMR (500 MHz, CDCl3): 6§ 1.14 (3H,t,J=7.2 Hz), 1.59 (3 H, t,
J=7.2Hz),392(2H,q,J=72Hz), 455 (2H,q, J=7.2Hz), 7.10-7.16 (3 H, m), 7.19-7.21 (2 H, m), 7.35-7.39 (6 H, m), 7.42-7.45
(3 H, m), 7.48-7.52 (8 H, m), 7.56-7.59 (2 H, m), 7.73 (2 H, d, J = 8.4 Hz), 8.03 (2 H, d, J = 8.4 Hz), 8.57 (1H, s); *C NMR (125 MHz,
CDCl3): 6 17.6, 17.8, 44.8, 45.1, 120.2, 125.0, 125.7, 127.4, 127.7, 128.8, 128.9, 129.0, 129.4, 129.6, 130.2, 130.6, 131.1, 132.1,
132.2, 133.4 133.9, 134.0, 134.1, 183.9; *'P NMR (202 MHz, CDCl3): 6 30.3; m/z (ESI, %) 949.4 (100), 835.2 (7) [M*], 721.2 (40).
HRMS (ESI) m/z (M*) found 835.2476; calcd. 835.2511.

Bis[4-(anthracen-9-yl)-1,3-diethyl-5-phenylimidazol-2-ylidene]gold(l) tetrafluoroborate (6b).

Compound 3b (100 mg, 0.198 mmol) was dissolved in CH2Cl,/methanol (1:1, 80 mL) and Ag20 (50.1 mg, 0.216 mmol) was added.
The reaction mixture was stirred in the dark at room temperature for 5 h. Chloro(dimethylsulfide)gold(l) (33.9 mg, 0.115 mmol) was
added and the reaction mixture was stirred for additional 24 h. The suspension was filtered, the filtrate was concentrated in vacuum
and the residue was redissolved in CH:Cly, filtered over MgSQO4/Celite, and the filtrate was concentrated in vacuum and the residue
dried in vacuum. Yield: 79 mg (0.080 mmol, 88%); reddish solid of mp > 250 °C (dec.); vma/cm™: 3052, 2965, 2924, 1623, 1595,
1520, 1498, 1460, 1443, 1407, 1378, 1345, 1294, 1260, 1218, 1161, 1088, 1050, 1012, 988, 961, 917, 896, 852, 774, 757, 737, 698;
"H NMR (500 MHz, CDClz): ¢ 113 (6 H, t,J=7.2 Hz), 1.59 (6 H,t, J =7.2 Hz),3.88 (4 H,q, J =7.2 Hz), 449 (4 H, q, J = 7.2 Hz),
7.08-7.22 (10H, m), 7.51 (4 H, t, J=8.7 Hz), 7.58 (4 H, t, J = 8.7 Hz), 7.68 (4 H,d, J = 8.4 Hz), 8.04 (4 H, d, J = 8.4 Hz), 8.58 (2 H,
s); C NMR (126 MHz, CDCls): ¢ 17.6, 17.8, 44.7, 44.8, 119.8, 124.6, 124.7, 125.8, 127.1, 127.8, 127.9, 128.9, 129.1, 129.4, 129.5,
129.6, 130.4, 131.1, 131.2, 132.2, 134.0, 183.6; m/z (ESI, %) 949.4 [M*] (100). HRMS (ESI) m/z (M*) found 949.35035; calcd.
949.35390.

NMR Spectra

N TANNSOMN—mOERNNTTM O onoTmNO o cumomn
@ 2 S @ 3o 3800

3600
3400

O F3200

3000
Q 2800
+2600
F2400
F2200
F2000
F1800
r1600
F1400
F1200
F1000
L 800

600

400
o

=200

2,03~
426 A
5.02 -1
1942
201-x

0,95~
e 201=

T T T T ~
05 00 -05 -1.0 -1.5

297 =
54 301x

T T T T T T T T T T T
.0 75 70 65 60 55 50 45 40 35 3.0 25 20 15
ppm /&

T T T T T T T T T
125 12,0 11.5 11.0 105 100 95 9.0 85

Figure 1:'H NMR (500 MHz, CDCl3) spectrum of 4b.

162



WILEY-VCH

17035
7
17.03

.83
4471

1900

<
<

1800
750

700

el

N7/ 600
O

500

4b +450

400

300
250
200
150

100

| 1 | i

T T T T T T T T T T T T
200 19 180 170 160 150 140 130 120 110 100 90 80 70 60 S0 40 30 20 10 0 -10

Figure 2: °C NMR (125 MHz, CDCl3) spectrum of 4b.

reuuy

) | AN kg 1900

r1800

r1700

1600

r1500

1400

1300

1200

~1100

~1000

900
-800
700
600

500

i H400

F300

! -200

| | 100
e
2
2

o
g

moA »” 06

1
2

S

53 588 2y

!
o
& e mAS N
T
5

T T T T T T
50 45 40 35 30 25 20 A5 L0 65 00 05 -10

T T T T T
115 110 105 100 95 9.0 85 80 75 7.0 6.

Figure 3: 'H NMR (500 MHz, CDClz) spectrum of 5a.

163



WILEY-VCH

11434
10771
17.76
7.4

4461
44.34

800

—60.85
5629
5530
<
<&

700

600

500

400

i +300

200

100

=100

200

r T - ; , . : : . ' . - - T v T :
i0 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
ppm/d

Figure 4: '°C NMR (125 MHz, CDCls) spectrum of 5a.

—33.8

r120
110

+100

€]
BF4 +60
OMe

5a

10

=20

T T T T T T T T T T T T T T T T T T T T T T T T T

T T T T T T T T T T T
140 120 100 80 60 40 20 0 -20 -40 -60 -80 -100 -120 140 -160 -180 -200

Figure 5: *'P NMR (202.5 MHz, CDCls) spectrum of 5a.

164



WILEY-VCH

[uvuy

5500

5000

4500

14000

5b

3500

3000

2500

12000

1500

1000

H 500

201 =
206 =
3.04

3.2z

T T T T T T T T T T T T T 1
125 12.0 11.5 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1.0

183.89
45.07
4476
17.82
17.63

1100

e
<

1000

800

Cle ler" V. 0 , 600

500
\ 400
F300
5b F200

r100

100

200

300

400

500

—600

700

800

T T T T T T T T T T T T T T v T v T T T T T
200 190 180 170 160 150 140 130 120 110 100 9 80 70 60 S0 40 30 20 10 0 -10
ppm /3

Figure 7: '°C NMR (125 MHz, CDCls) spectrum of 5b.

165



WILEY-VCH

3 r20
1
r18
® 16
PhsP<
Au_ N
) \F— L1a
Cl N/
“ H12
QO Fo
-8
5b -6
4
M .
T e O T T T
-2
4
6
-8
~10
12
14
i0 ' lBID 11‘0 Q‘D ' 7.D ' SID ' 3‘0 ' llﬂ ' -IIO -_’:0 ' 450 ' -7‘0 -éﬂ ' -1'10 ' -1‘30 -1'50 ' -170 -1‘90 -2‘10
ppm/ 8
Figure 8: 3'P NMR (202.5 MHz, CDCls) spectrum of 5b.
2 N3GRS NGSSCORRNSENIINNERTR25ES S5R9aT
@ cxm/\lx)xjr\nl\'r{v\&\knr\’r{v\:\r\\\vvv’v'mmmm - L7000
[V N e N NS
F6500
F6000
Fss00
F5000
©
BF, O F4500
QL r
N @ N
\ ;
| ,>'AU < O F3500
N N
\\ - O F3000
O F2500
6b
2000
k1500
P F1000
)
! ]
M | -
| ,0
b Ly v
s 33533i R z = 500
3 2593 a T Z s =
T e e e e
125 120 115 110 10.5 10.0 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 05 -1.0

ppm /8
Figure 9: '"H NMR (500 MHz, CDCIs) spectrum of 6b.

166



WILEY-VCH

“.70
1780
17.62

4483

500

—183.49

<
<

450
r400
1350

Q 1300

250

200

150

100

r-50

200 190 180 170 160 150 140 130 120 110 100 9 80 70 60 SO 40 30 20 10 0 -10
ppm /8
Figure 10: 3C NMR (125 MHz, CDCls) spectrum of 6b.

Biochemical Evaluation
Stock solutions of all test compounds were prepared (10 mM in DMF) and stored for at most one week at -20 °C. They were diluted,
assay-depending, in ddH;0O, cell culture medium, or buffer.

Cell lines and culture conditions.

518A2 (Department of Radiotherapy and Radiobiology, University Hospital Vienna) human melanoma cells, HCT-116 (ACC-581)
human colon carcinoma cells, as well as its p53 knockout mutant cell line HCT-116P%3", HeLa cervix carcinoma, KB-V1'?' multi-drug
resistant cervix carcinoma cells, and HDFa (ATCC® PCS-201-012™) human dermal fibroblasts were grown in Dulbecco’s Modified
Eagle Medium (DMEM; Biochrom) supplemented with 10% (v/v) fetal bovine serum (FBS; Biochrom) and 1% (v/v) Antibiotic-
Antimycotic solution (Gibco). The cells were incubated at 37 °C, 5% CO2, 95% humidified atmosphere and were serially passaged
following trypsinisation by using 0.05% trypsin/0.02% EDTA (w/v; Biochrom GmbH, Berlin, Germany). The maximum-tolerated dose
of vinblastine was added to the cell culture medium 24 h after every cell passage to keep the KB-V1'" cells resistant. The 518A2
melanoma cells are not available from cell banks, yet easily identified by their large size and flattened, spread-out morphology.
Mycoplasma contamination was frequently monitored, and only mycoplasma-free cultures were used.

Inhibition of cell growth (MTT assay).?!

The cytotoxic effect upon treatment with gold complexes 4-6 and auranofin for 72 h was determined by standard MTT assays. The
tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; ABCR) is reduced by viable cells to a violet, water-
soluble formazan. 518A2 melanoma cells, colon carcinoma cells HCT-116 and HCT-116P%3 mdr KB-V1Y®' and Hela cervix
carcinoma cells (5x10* cells mL™", 100 pL/well), as well as HDFa cells (10x10* cells mL~", 100 uL/well) were seeded in 96-well tissue
culture plates and cultured for 24 h at 37 °C, 5% COzand 95% humidity. After treatment with the test compounds incubation of cells
was continued for 72 h. Blank and solvent controls were treated identically. After addition of a 5 mg mL™" MTT stock solution in
phosphate buffered saline (PBS), microplates were incubated for 2 h at 37 °C, centrifuged at 300 g, 4 °C for 5 min and the
supernatant was discarded. The precipitate of formazan crystals was then redissolved in a 10% (w/v) solution of sodium
dodecylsulfate (SDS; Carl Roth) in DMSO containing 0.6% (v/v) acetic acid. To ensure complete dissolution of the formazan, the
microplates were incubated for at least 1 h in the dark. Finally the absorbance at A = 570 and 630 nm (background) was measured
using a microplate reader (Tecan F200). All experiments were carried out in quadruplicate and the percentage of viable cells was
calculated as the mean + SD with controls set to 100%.
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Intracellular localisation of gold complexes.

518A2 melanoma cells (500 pL/well, 0.5x10° cells/mL) were seeded on glass coverslips in 24-well plates and incubated under cell
culture conditions for 24 h. The medium was aspirated and the cells were washed once with PBS. Nuclear counterstaining was
performed with Nuclear Green LCS1 (5 pM; abcam) with an incubation time of 15 min under standard cell culture conditions.
MitoTracker™ (Thermo Fisher) was used for mitochondrial staining, and the cells were incubated with this dye for 30 min. For
lysosomal staining, the cells were incubated 20 min in an acridine orange solution (5 pg/mL, 400 pL/well). The cells were then
washed twice with PBS and fresh DMEM was added. Then the cells were treated with the test compounds at a concentration of 30
UM and incubated for 30 min at standard cell culture conditions. The cells were fixed for 20 min at rt after a washing step with PBS in
3.7% formaldehyde solution in PBS, then washed three times and the coverslips were mounted in ProLong™ Gold Antifade Mountant
(Invitrogen). The localisation of the test compounds was documented using confocal microscopy (Leica Confocal TCS SP5, 1000x
magnification).

Caspase-3/7 activation assay.

For caspase activity measurements the Apo-ONE® Homogenous Caspase-3/7 Assay Kit (Promega Corp., Wisconsin, USA) was used.
518A2 melanoma cells (67.5 uL/well; 2x10° cells mL™") were grown in black 96-well plates for 24 h (37 °C, 5% CO, and 95%
humidity). After incubation with different concentrations of the test compounds or solvent for 24 h under cell culture conditions,
fluorogenic 1x caspase-3/7 substrate solution was added to each well and the substrate transformation by activated caspase-3/7 was
performed for 45 min at rt. The fluorescence intensity (Aex: 485 + 20 nm, Aem: 530 + 25 nm) was measured using a microplate reader
(Tecan F200). Blank values (caspase-3/7 substrate solution plus test compound/solvent) were subtracted to reduce background
signals, and a potential loss of cell viability after the incubation with the test compounds was taken into account by performing an
MTT-assay as described above. The caspase-3/7 activity of the remaining vital cells was calculated as means + SD with solvent
controls set to 100%. All experiments were carried out at least in quadruplicate.

Detection of morphological signs of apoptosis.

518A2 melanoma cells (3 mL/well, 5x10* cells mL"") were grown in 6-well plates for 24 h (37 °C, 5% CO; and 95% humidity). After
incubation with ICso concentrations of the test compounds (staurosporine: 500 nM, 4a: 19.8 uM, 4b: 7.9 uM, 5a: 5.0 uM, 5b: 2.9 uM,
6a: 0.4 uM, 6b: 5.5 uM) or solvent for 2.5 h under cell culture conditions, morphological changes of the cells were documented via
brightfield microscopy (ZEISS Axiovert 135 and AxioVert MRc5, 100x magnification).

Annexin-V-FITC/PI staining.

For Annexin-V-FITC staining the TACS® Annexin-V-FITC Apoptosis Detection Kit (Trevigen, Maryland, USA) was used. 518A2
melanoma cells were seeded on glass coverslips (500 pL/well, 5x10* cells mL™") in 24-well plates, incubated under cell culture
conditions (37 °C, 5% CO, and 95% humidity) for 24 h and treated with ICso concentrations of the test compounds (staurosporine:
500 nM, CDDP: 7.8 uM,"! 4a: 19.8 uM, 4b: 7.9 uM, 5a: 5.0 M, 5b: 2.9 uM, 6a: 0.4 uM, 6b: 5.5 pM) or solvent for a further 45 min
under cell culture conditions. Afterwards the medium was aspirated and the cells were stained with 150 pL of Annexin-V-FITC/PI
staining solution for 15 min according to the manufacturer’s instruction. Apoptosis-induced exposure of phosphatidylserine on the
outer leaflet of the cytoplasmic membrane was documented by fluorescence microscopy (ZEISS Imager A1 AX10, 200x
magnification). For differentiation between early apoptotic and late apoptotic/necrotic cells (which have lost membrane integrity), cells
were counterstained with Pl (propidium iodide).

Ethidium bromide saturation assay.

A potential DNA interaction of complexes 4-6 was assessed by a fluorescence-based ethidium bromide (EtdBr) staining assay.
Salmon sperm DNA (SS-DNA, Sigma-Aldrich) in TE buffer (10 mM Tris-HCI, 1 mM EDTA, pH 8.5) was pipetted into a black 96-well
plate to reach a final amount of 1 pg/100 pL assay volume and incubated with varying concentrations of test compounds for 2 h at
37 °C. Afterwards, 100 uL of EtdBr solution (10 ug mL™" in TE buffer) was added to each well. The fluorescence (Aex = 535 nm, Aem =
595 nm) was measured using a microplate reader (Tecan F200) after 5 min of incubation. Each fluorescence value was corrected for
intrinsic compound and EtdBr background fluorescence. A decreased fluorescence indicates an interaction between DNA and test
compound which prevents the intercalation of EtdBr molecules into the double-stranded SS-DNA. All experiments were carried out in
triplicate and the relative EtdBr fluorescence was quoted as means + standard deviation with solvent controls set to 100%.

Electrophoretic mobility shift assay (EMSA).

Circular pBR322 plasmid DNA (1.5 ug; Thermoscientific) was incubated with dilution series (0, 25, 50, 75, 100 uM) of the test
compounds or CDDP in TE-buffer (10 mM Tris-HCI, 1 mM EDTA, pH 8.5) for 24 h at 37 °C (20 pL total sample volume). Afterwards
the DNA samples were subjected to DNA gel electrophoresis using 1% agarose gel in 0.5x TBE-buffer (89 mM Tris, 89 mM boric
acid, 25 mM EDTA, pH 8.3). After staining the gels with an EtdBr solution (10 ug mL™" in 0.5x TBE-buffer) for 30 min, DNA bands
were visualized using UV excitation. All experiments were performed at least in duplicate.
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Inhibition of thioredoxin reductase (TrxR) activity.

For the measurement of thioredoxin reductase (TrxR) activity the TrxR Colorimetric Assay Kit (Cayman Chemical) was used
according to manufacturer’s instructions. 1x108 518A2 melanoma cells were harvested using a cell scraper, homogenised in 5 mL
cold lysis buffer (50 mM K3PO4, 1 mM EDTA, pH 7.4) on ice and centrifuged for 15 min (4 °C, 10000xg). The protein concentration of
the supernatant was determined via Bradford assays. Then, 10 pL Protease Inhibitor Cocktail Plus (Carl Roth) were added to 1 mL of
the cell lysate which was either used for the assay right away or stored at -80 °C. Prior to use, the Assay Buffer was warmed to rt and
the cell lysates, NADPH, aurothiomalate (ATM; specific TrxR inhibitor) and rat liver TrxR enzyme were thawed and kept on ice. After
determination of the amount of cell lysate to use for optimum TrxR activity, all components were pipetted into the wells of a clear 96
well plate and the enzymatic reactions were initiated by addition of NADPH and 5,5 -dithio-bis(2-dinitrobenzoic acid) (DTNB). Then
the absorbance at 405 nm was measured once every minute using a plate reader (Tecan F200) at at least ten time points. The TrxR
activity was measured in the presence and absence of ATM. It is established that gold compounds such as ATM are highly specific
inhibitors of mitochondrial TrxR.“ Therefore, in presence of ATM an inhibition of TrxR can be assumed which allows a correction for
TrxR-independent DTNB reduction (e.g. via glutathione). The difference between the two results renders the DTNB reduction due to
TrxR activity. By plotting the average absorbance values as a function of time the slope of the linear portion of the curve was
obtained, and the change of absorbance (AAscs) per minute could be determined. The values were corrected for unspecific DTNB
reduction and the TrxR activity was calculated using the following formula: TrxR activity [umol/min/mL] = [corrected AA/min (sample) /
7.92 mM'] x [0.2 mL / 0.02 mL] x sample dilution. The assay was conducted at 22 °C. All experiments were performed in triplicate
and the solvent-treated negative controls were set to 100%.

Mitochondrial membrane potential.

518A2 melanoma cells (100 pL/well, 0.25%10° cells/mL) were seeded in transparent (for viability control via MTT) and black 96-well
plates, followed by an incubation period of 24 h under cell culture conditions. The medium was replaced by 90 pL/well standard assay
buffer (80 mM NaCl, 75 mM KCI, 25 mM D-Glucose, 25 mM HEPES, pH 7.4 in ddH,0) and the cells were treated with a volume of 10
pL of various concentrations of test compounds or solvent (DMF). CCCP (10 uM) served as a positive control. The cells were
incubated for a further 45 min under standard cell culture conditions. Then 10 pL/well of a TMRM (tetramethylrhodamine methyl
ester; Cayman Chemicals) solution were added (2 pM in standard assay buffer), followed by an incubation period of 10 min under
exclusion of light. The cells were washed three times (160 pL PBS per well) and the fluorescence signal was measured after adding
100 puL PBS per well (Tecan F200, Ae/Aem: 535/590 nm). The fluorescence signal was correlated to viability, determined by
corresponding MTT assays.

Determination of intracellular concentration of reactive oxygen species (DCFH-DA assay).

518A2 melanoma cells were seeded in black 96 well plates (100 pL/well, 0.1x10° cells/mL) and incubated for 24 h under standard
cell culture conditions. The medium was replaced by serum-free medium containing 20 uM DCFH-DA, followed by a further
incubation periode of 30 min. Cells were washed twice with PBS (100 pL/well) and fresh medium without FBS was added (100
uL/well). After treatment with 10 pM of the test compounds or solvent, the cells were incubated for 1 h under standard cell culture
conditions and subsequently washed twice with PBS. The cells were kept in PBS and the fluorescence was measured (Tecan F200,
Aex/Aem: 485/535 nm). Solvent-treated cells were taken as negative controls and their fluorescence was set to 100%.

Lysosomal integrity.

518A2 melanoma cells (500 pL/well, 0.05x10° cells/mL) were seeded on glass coverslips in 24 well plates and incubated for 24 h
under standard cell culture conditions. Then the cells were treated with the test compounds at ICs, concentrations and incubated for 1,
2, 4 or 6 h under standard cell culture conditions. 30 min before each time interval ended, cells were stained with Lysosomal Staining
Kit Orange - Cytopainter (Abcam). To this end, medium was aspirated and the cells were washed once with 1 mL HHBS (Hanks
Buffer with HEPES; 140 mM NaCl, 5 mM KCI, 1 mM CaCl;, 0.4 mM MgSOs x 7H;0, 0.5 mM MgCl, x 6H;0, 0.3 mM Na;HPO4 x
2H:0, 0.4 mM KH2PO4, 6 mM D-glucose, 20 mM HEPES, pH 7.0). The cells were treated with 300 pL staining solution, incubated for
30 min under standard cell culture conditions, washed twice with 1 mL HHBS and fixed for 10 min at rt in 1 mL/well 3.7%
formaldehyde in PBS. After three further washing steps, the coverslips were washed with 500 pL ddH20 and embedded on glass
slides with ProLong Gold™ (Invitrogen) containing 1 pg/mL DAPI. Lysosomal and nuclear staining was documented using a
fluorescence microscope (Zeiss Imager A1 AX10, 400-fold magnification).

Stability testing via NMR spectroscopy.

Solutions of the test compounds were freshly prepared corresponding to stock solutions in dimethylformamide-dz, 5 vol-% water-d»
were added. 'H NMR (500 MHz) spectra (16 scans) were measured at 0 h, 24 h, 48 h and 72 h to demonstrate the stability of the
complexes in solution in the presence of water.

Tubulin polymerisation assay.

Purified porcine brain tubulin protein [5 mg/mL in Brinkley’s buffer 80 (BRB80)] containing 10% glycerol and 1.5 mM guanosine 5-
triphosphate (GTP)] was pipetted in a black 96-well half-area plate and mixed with the test compounds or solvent (DMSO) to a final
concentration of 10 pM. The microplate was immediately placed in the pre-heated microplate reader (Tecan F200) and
polymerisation was measured turbidimetrically at 37 °C by recording the absorption at 340 nm for 2 h in intervals of 20 s. All
experiments were at least carried out in duplicate.

Cell cycle analysis.
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518A2 melanoma cells (3 mL/well; 5x10% cells mL™") were grown on 6-well tissue culture plates for 24 h (37 °C, 5% CO,, 95%
humidity) and treated with different concentrations of the test compounds or solvent for another 24 h (37 °C, 5% CO3, 95% humidity).
The cells were harvested by trypsinisation and fixed in ice-cold 70% EtOH (1 h, 4 °C). After RNA digestion and propidium iodide (PI;
Carl Roth) staining with Pl staining solution (50 ug mL™" P, 0.1% sodium citrate, 50 pg mL"' RNAse A in PBS) for 30 min at 37 °C to
quantitatively stain DNA, the fluorescence intensity of 10 000 single cells was measured at Aemy = 570 nm (Aex = 488 nm laser source)
with a Beckmann Coulter Cytomics FC500 flow cytometer. The percentage of cells in the different phases of the cell cycle (G1, S and
G2/M phase) was determined by CXP software (Beckmann Coulter). The percentage of apoptotic and necrotic cells was derived from

sub-G1 peaks.
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Results

Influence on cellular morphology
To confirm induction of apoptosis after treatment of 518A2 melanoma cells with complexes 4-6 we additionally documented

morphological alterations via brightfield microscopy (Fig. 11).

Figure 11: Morphological signs of apoptosis of 518A2 melanoma cells after incubation with staurosporine (STA; 500 nM) as well as ICso concentrations of gold
complexes 4-6 for 2.5 h. (4a: 19.8 pM, 4b: 7.9 pM, 5a: 5.0 pM, 5b: 2.9 pM, 6a: 0.4 pM, 6b: 5.5 uM). Documented using brightfield microscopy, 100x
magnification. Images are representative of at least three independent experiments.
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Apoptosis detection using Annexin V-FITC and PI

Early apoptotic events upon treatment of 518A2 melanoma cells with gold complexes 4-6 were detected by staining of
phosphatitylserines on the outer surface of the cytoplasmic membrane with Annexin-V-FITC. Early apoptotic and late
apoptotic/necrotic cells could be differentiated by counterstaining with propidium iodide (PI), which can only enter cells lacking
membrane integrity. Results were documented via fluorescence microscopy (Fig. 12).

DIC Annexin V-FITC

control

CDDP

4b

5a

5b

. -

Figure 12: Annexin-V-FITC/PI staining of 518A2 melanoma cells treated with staurosporine (STA; 500 nM), CDDP (7.8 pM) as well as |Cso concentrations of gold
complexes 4-6 for 45 min. (4a: 19.8 uM, 4b: 7.9 pM, 5a: 5.0 pM, 5b: 2.9 uM, 6a: 0.4 pM, 6b: 5.5 pM). Documented using fluorescence microscopy, 200x
magnification. Images are representative for at least three independent experiments.
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Figure 13: '"H NMR (500 MHz, dimethylformamide-dz, 5 vol-% water-dz) spectra of 4a; 0 h, 24 h, 48 h and 72 h after preparing of stock solution.
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Figure 14: '"H NMR (500 MHz, dimethylformamide-dz, 5 vol-% water-dz) spectra of 4b; 0 h, 24 h, 48 h and 72 h after preparing of stock solution.
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Figure 15: '"H NMR (500 MHz, dimethylformamide-ds, 5 vol-% water-dz) spectra of 5a; 0 h, 24 h, 48 h and 72 h after preparing of stock solution.
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Figure 16: 'H NMR (500 MHz, dimethylformamide-ds, 5 vol-% water-dz) spectra of 5b; 0 h, 24 h, 48 h and 72 h after preparing of stock solution.
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Figure 17: 'H NMR (500 MHz, dimethylformamide-d7, 5 vol-% water-dz) spectra of 6a; 0 h, 24 h, 48 h and 72 h after preparing of stock solution.
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Figure 18: 'H NMR (500 MHz, dimethylformamide-dz, 5 vol-% water-dz) spectra of 6b; 0 h, 24 h, 48 h and 72 h after preparing of stock solution.
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Interaction with tubulin
Figure 19 shows the results from tubulin polymerization assays with complexes 4-6. The known microtubule-destabilizing compound
combretastatin A-4 (CA-4) was used as a positive control. With the exception of complexes 5, which induce a slight inhibition of

tubulin polymerization, no effects could be observed for the other test compounds 4 and 6.
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Figure 19: Turbidimetric measurement (OD at 340 + 20 nm) of the polymerization of monomeric tubulin under the influence of the test compounds 4-6 at a final
concentration of 10 uM. DMF was used as negative control, CA-4 at 10 uM was used as positive control. Values are representative of at least two independent

measurements.

Influence on the cell cycle of 518A2 melanoma cells
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Figure 20. Influence of different concentrations of the test compounds 4a (A), 4b (B), 5a (C), 5b (D), 6a (E) and 6b (F) on the cell cycle of 518A2 melanoma cells
measured via flow cytometry and Pl staining; as a control the respective volume of solvent was used. Concentrations were adjusted to the ICso values of the
compounds for 518A2 melanoma cells in MTT assays. Values are means + standard deviation derived from three independent assays.
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