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“And you run, and you run to catch up with the sun, but it's sinking 
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I 

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., IC50, 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.  



  

II 

The first publication examines NHC-gold(I) thiolato complexes, mimicking the HIF-1α 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 IC50 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(II) complexes, analysing their geometry's 

effects to circumvent cisplatin (1) resistance. The cytotoxicity of some compounds reached two-

digit nanomolar IC50 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(I) 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 IC50 values in the low three-digit to the two-digit nanomolar range. 
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Kurzzusammenfassung 

Die Welt befindet sich inmitten eines epidemiologischen Wandels: Krebs ist in den 

Industrieländern mittlerweile die häufigste Todesursache bei Menschen unter 70 Jahren. So 

variabel und einzigartig, wie eine Krebserkrankung sein kann, so unterschiedlich sind auch die 

Therapiemöglichkeiten. Während 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 können allerdings den Therapieerfolg mindern. Die teilweise 

starken Nebenwirkungen der Zytostatika können zudem die Lebensqualität der Patienten massiv 

beeinträchtigen.  

Daher begann früh nach der Entdeckung von Cisplatin (1) die Erforschung möglicher Alternativen 

und diese weitete sich schnell auf andere Übergangs- oder Edelmetalle aus. Gegenüber organisch-

chemischen Verbindungen haben Metallkomplexe allgemein den Vorteil, dass sich einzigartige 

Geometrien erzeugen lassen, um so in die Bindungstaschen des Zielmoleküls zu passen. Außerdem 

kann leicht eine Ladung in den Komplex gebracht werden, was die Pharmakokinetik maßgeblich 

beeinflusst. Dadurch können 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 über 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 unerwünschten 

Nebenwirkungen oder verstärkter antitumoraler Aktivität generieren. Deshalb ist die Aufklärung 

des Wirkmechanismus dieser Komplexe von großem Interesse. Dazu dient neben in vitro Assays 

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

Diese Arbeit umfasst drei Publikationen, welche die Synthese, Charakterisierung und Evaluierung 

(unter anderem IC50, zelluläre 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 subzelluläre Lokalisation via bioorthogonaler Chemie. 



  

IV 

Die erste Publikation beschäftigt sich mit NHC-Gold(I) Thiolkomplexen, die dem HIF-1α Inhibitor 

AC1-004 nachempfunden wurden. Durch einhergehende Effekte wie die TrxR Inhibition, die 

Inhibition der Angiogenese oder die Störung der Ausbildung des Zytoskeletts, konnte eine 

verbesserte Zytotoxizität verglichen mit der Leitstruktur erzielt werden. Die IC50 Werte lagen dabei 

hauptsächlich im niedrigen mikromolaren Bereich. Bioorthogonale Click Chemie von Cyclopropen-

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

Die zweite Veröffentlichung behandelt vor allem trans-bis Platin(II) Komplexe, die durch ihre 

Geometrie die Resistenz gegenüber Cisplatin (1) umgehen sollten. Dabei wurden bis zu zweistellig 

nanomolaren IC50 Werte erreicht. Außerdem wurde eine Struktur-Aktivitäts-Beziehung 

beobachtet. Nicht nur die Zytotoxizität, sondern auch die Stabilität 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 gemäß einer VAN LEUSEN 

Cycloadditionsreaktion synthetisiert. Je nach Wahl des zweiten Liganden der Au(I) Spezies 

konnten hier verschiedene subzelluläre Akkumulationen erreicht werden, was durch Anthracen 

tragende Analoga bewiesen wurde. Die neutralen Goldchloride banden dabei an die DNA, die 

kationischen Phosphankomplexe führten zur Inhibition von TrxR und die bis-NHC Komplexe 

reicherten sich in den Lysosomen an. Alle Komplexe führten zur Apoptose mit IC50 Werten im 

niedrig dreistellig bis zweistelligen nanomolaren Bereich. 
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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).[1-3] 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).[4]  

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.[5] 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.[6] 

Country-specific differences can also be identified, such as the high proportion of lung cancer in 

China due to high air pollution.[7]  

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.[8] 

 

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. 
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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.[9-11] 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.[12-14]  

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 I – III) 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).[15, 16] 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.[17] 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.[18] 

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.[16] 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.[19]  

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 I tumours according to the UK Cancer Research from 2016 to 2019, the use of radio- 
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and chemotherapy increases with the stage of the disease.[20] 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.[21] 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 

Mitotic inhibitors 

Inhibiting microtubule dynamics, 

thereby constraining cell division.[22, 23]  

vinblastine, cabazitaxel, 

docetaxel, colchicine 

Topoisomerase I/II  

inhibitors 

Trapping the single- or double-strand 

break of the DNA caused by the 

enzymes.[24, 25]  

daunorubicin, doxorubicin, 

irinotecan, topotecan 

Antimetabolites 

Erroneous incorporation into DNA 

results in the arrest of replication.[26, 27]  

6-mercaptopurine (6-MP), 

6-thioguanine (6-TG), 

fluorouracil, fludarabine 

Alkylating or 

metalating agents 

Attaching to N7 of guanine bases of the 

DNA inducing irreparable damages.[28, 29]  

cisplatin (1), carboplatin (7), 

oxaliplatin (8), carmustine 
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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-1α inhibitors.[30-33] 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. 

 

Figure 2. Hallmarks of Cancer 2022. Reprinted with permission from[34]. 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. 
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1.2 From cisplatin to PtIV 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.[35] 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.[36] 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.[36] Further investigations revealed that mainly the neutral PtII, namely cis-

diamminedichloroplatinum (cisplatin) (1) and the PtIV, 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]  

 

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.[39, 40] 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(NH3)4]2+ and [Pt(Cl)4]2- ions which, in sum, displays the 

same molecular formula as 1 but lacks its chemotherapeutic efficacy.[41] Thus, DHARA developed a 
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method exploiting the trans effect of ligands by reacting potassium tetrachloroplatinate(II) (3) 

with potassium iodide to form potassium tetraiodoplatinate(II) (4). The iodido ligands of the latter 

can be exchanged with ammonia selectively in cis position. Dissolving this [Pt(NH3)I2] (5) species 

in an aqueous solution of AgNO3 led to the precipitation of insoluble AgI, 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).[42] Another versatile and one-pot method substitutes the chloride 

ligands with ammonia generated in situ via ammonium acetate.[43]  

 

Scheme 1. Synthesis of cisplatin (1) by Dhara.[42]  

 

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,[44] 1 undergoes ligand exchange with water due to the rapid fall 

of chloride concentration. The now present cationic diaquadiammino PtII 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.[45-47] 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)[48, 49] or the 

induction of endoplasmic reticulum (ER) stress.[50]  

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 
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to some degree.[51] Other unwanted side effects are nephro-[52], hepato-[53] and most seriously 

cardio-[54] and neurotoxicity.[55]  

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[44], leading to decelerated uptake rates of the 

chemotherapeutic agent.[56] Alternatively, efflux via copper ATPases is increased so that 1 is 

flushed out of the cell before reaching its target.[57] Moreover, 1 can also be scavenged after 

entering the cell by thiol-rich proteins like metallothioneins or glutathiones.[58, 59]  

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.[60] Hence, overexpression 

and mutations thereof lead to lower responsiveness of cancer patients to therapy with 1.[61] 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).[62] 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.[63, 64]  

 

Scheme 2. Schematic representation of the resistance of a cancer cell towards cisplatin. 
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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.[65] 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.[66] 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.[67] 

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.[68] 

The third generation of platinum chemotherapeutic agents, oxaliplatin (8), was developed and 

approved by the FDA in 1996.[69] 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, 71] 8 showed efficacy against cisplatin (1)-insensitive cancers such as colorectal-, advanced 

ovarian cancer and NSCLC.[69] 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.[72] Nevertheless, the dose-limiting factor of oxaliplatin (8) is its 

severe neurotoxicity[73], 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 PtIV species. For example, satraplatin 

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



 

9 
 

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.[74, 75] 

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).[76] 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[77], 

picoplatin[78], heptaplatin[79] and lobaplatin.[80] Yet, some of those compounds are regionally 

approved, especially in Asian countries. 

 

Figure 4. FDA-approved PtII drugs cisplatin, carboplatin, and oxaliplatin, as well as PtIV 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 sp2-hybrid 

orbital.[81] 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 σ-donor, stabilising the complex.[82] With similar binding ratios as phosphanes, 
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NHCs are neutral ligands so that the positive charge of the central metal ion is maintained, which 

is essential for cellular uptake.[83]  

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.[84] According to PHILLIP'S Method, 

benzimidazoles are readily achieved by reacting o-diaminobenzenes with an acid.[85] 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.[86] 

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.[87]  

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.[88, 

89] The free carbene can finally be obtained and trapped by the present metal either by 

deprotonation with a strong base[90], elimination of a leaving group in C-2 position, e. g., CO2
[91] or 

by complexation with easily accessible silver salts.[92]  

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 PtII complexes 

showed only modest cytotoxicity against human cancer cell lines HeLa (cervix cancer) and HepG2 

(hepatocellular cancer).[93] 

In 2011, CHE et al. developed another series of cyclometalated PtII 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 IC50 values up to 

double-digit nanomolar concentrations against cancer cell lines HeLa 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.[94] 
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Furthermore, a small library comprised of ten cis-[PtII(NHC)1(NHC)2Cl2] complexes with variously 

substituted imidazolium-ylidine NHCs 12, resulting in a comprehensible SAR was reported by our 

group in 2016. With few exceptions, their IC50 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.[89]  

 

Figure 5. Chemical structures of anti-tumoural mixed NHC-amine or (NHC)2 Pt(II) complexes. R1 = Me, Bn; R2 = Me, Et, 
Pr, Bu; R3 = Me, CH2Ar; R4 = Me, CH2Ar; R5 = H, 4-OMePh; R6 = H, 3,4,5-OMePh; R7 = CH2Ar. 

 

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[38], in 1989, FARRELL et al. discovered 

that, due to ligand exchange, trans-PtII complexes could indeed be effective anti-tumoural 

agents.[95] Their trans-[Cl2(amine)2]PtII 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 

PtIICl2 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.[96] The complexes of REEDIJK 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 IC50 values against various human cancer cell lines. In addition, increased cytotoxicity 

against cisplatin (1)-resistant cell lines was observed.[97] 

 

Figure 6 Chemical structures of anti-tumoural trans Pt(II) complexes. R = H, Me. 

 

The mechanism of action of trans-PtII 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.[98-100]  

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 PtII 

diiodo complexes displayed IC50 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).[101]  

In 2012, BELLEMIN-LAPONNAZ et al. built on this idea further and developed a series of mixed trans 

NHC-amine PtII 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 PtIII2 

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 IC50 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.[102]  

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 IC50 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 µM 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.[103] Nevertheless, 

some research still needs to be done to fully elucidate the potential of trans-Platinum complexes. 

 

Figure 7. Chemical structures of anti-tumoural mixed NHC-amine or (NHC)2 trans Pt(II) complexes. 
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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.[104] 

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.[105-

109] 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.[110]  

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.[111]  

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 PtII, 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 RuII and PtII complexes are in minutes to days ratio rather than microseconds, thereby 

mimicking the lifespan of a cell.[112] There may be less overall cytotoxicity towards cancer cells of 

ruthenium complexes compared to platinum drugs regarding IC50 values. However, toxicity was 

also observed to be reduced for ruthenium compounds.[113]  

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.[114, 115] RuIII complexes are also considered 

prodrugs that only transform into their active RuII form in the hypoxic and, thus, reductive TME.[116] 

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.[117] Furthermore, the generation of ROS by RuII complexes was observed, leading to apoptosis 

via the mitochondrial dysfunction pathway.[118]  

However, of the large number of developed complexes, only four have advanced to clinical trials 

so far. N-heterocycle-bearing trans RuIII 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.[119] 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.[120] Resulting from those promising findings, a 

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

Besides RuII, 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.[121] 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.[122] 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.[123, 124]  
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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 ROS.[125] 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.[126, 127] Metallocenes or 

half sandwich complexes became a prominent vehicle for delivering metallodrugs over time. 

Especially promising from this consideration arose Ru-arene complexes[118], zirconocenes,[128] 

titanocenes[129], cobaltocenes[130] and many more.[131]  

Another micronutrient metal whose natural abundance in cellular processes can be exploited is 

copper.[121] Since copper plays an essential role in angiogenesis and proliferation, it is no surprise 

that cancer cells display elevated concentrations of copper.[132] 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.[133] The second, however, is 

the classical approach with CuI-III 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.[134] An example of a copper 

complex acting as such is shown below in the form of Top I inhibitor Oxindolimine-copper(II) 

(24).[135] Yet, only a handful progressed into clinical tries.[136]  

The focus of copper-based cancer research is currently shifting towards radiopharmaceuticals, 

which displays the third mechanism of action. For example, the positron-emitting 64CuII(atsm) 

complex used as a hypoxia marker is presently tested in several clinical trials.[137] 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.[138]  

 

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.[139] The ligand exchange kinetics, 

however, are significantly accelerated for palladium complexes. Hence, particular ligands are 

required to avoid the formation of reactive species.[140] Many such palladium compounds, mainly 

with NHC ligands, have been established addressing DNA or, to a lesser extent, other cellular 

targets.[141]  

In 2007 GOSH et al. pioneered synthesising the first acyclic and asymmetric trans bis(NHC) PdII 

dichlorido complex 25 shown below. The compound displayed sub-micromolar IC50 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.[142] Furthermore, 

elevated levels of p53 were detected, indicating that the cell cycle arrest activates the p53 

pathway.[143] 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 D2O 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).[139] 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.[144]  
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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. PPh3 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 IC50 

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 IC50 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 CF3 group favours the 

nucleophilic attack.[145]  

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 IC50 

values towards human cancer cell lines, including cisplatin (1)-resistant cell lines, activity against 

fibroblast cells in the two-digit µM 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 NCl-H460 tumour-bearing 

mice revealed a dose-dependent tumour growth inhibition of up to 61% without observable 

toxicities or body weight loss.[146]  
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Figure 9. Chemical structures of anti-tumoural active palladium complexes. R1 = COOMe; R2 = 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 

103Pd seeds for brachytherapy, has so far advanced into clinical trials.[147]  

 

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.[148-150] 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[151], though its off-label use as an anti-neoplastic agent was recognised early 

on and has since been researched excessively.[152] Mainly due to the entirely different mechanism 

of action of gold(I) 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.[153] 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.[154] 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.[155] 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.[156] 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.[157]  

Since gold(I) with its closed 5d10 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.[158] 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(I) cation or, in 

combination with subsequent hydrolysis, a thioglucose gold(I) species with a variable number of 

acetate groups still attached.[159] Hence, the fragments form irreversible bonds with the cysteine 

or selenocysteine residues of enzymes via a three-coordinated gold(I) intermediate.[160, 161] 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.[162]  

Serum albumin (SA) is also a thiol-rich enzyme with a concentration of roughly 422 ± 52 µM in 

human blood. Its thiol groups are primarily present in their oxidised form as disulphide bridges.[163] 

However, the one remaining reduced Cys-34 in SA is responsible for binding 80% of the gold 

compound in the blood.[158] 29 forms gold(I)-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.[164] 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.[165]  

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.[166] 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.[167, 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 
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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.[169]  

In vitro tests were carried out with comparable gold(I) phosphanes such as PEt3AuCl, PEt3AuBr or 

triethyl phosphane gold(I) complexes in combination with thiourea or thiocyanate thiols. These 

complexes exhibited similar IC50 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.[170] 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(I) complex 30 shown in 

Figure 10 proved particularly potent with nanomolar GI50 values against OVCAR3 and NCl-H522 

cell lines. The inhibition of mammalian TrxR with an IC50 value of 7.4 ± 0.4 µM proved much lower 

than that of 29 (IC50 = 0.09 µM). 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.[171]  

In 2014, CASINI et al. studied Au(I) 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.[172]  
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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(I) complex 32 was detected in 

cytoplasmic structures and the cells’ nuclei.[173]  

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(III) 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 +III 

oxidation state and the resulting d8 electron configuration of the gold atom, the complexes would 

display a similar mechanism of action to that of cisplatin (1). This was because Au(III) 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(III) complexes, but in a much weaker, and 

sometimes reversible, form compared with those formed with 1 which are irreversible.[174, 175] In 

this oxidative state, gold displays an accelerated hydrolysis rate and redox potential compared to 

gold(I), calling its stability under physiological conditions into question. Consequently, strong 

donor ligands are needed to ensure the stability of Au(III)-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(III) 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 1H-NMR spectrum 

was observed as an NHC-Au(I)-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 5dx2-y2 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, IC50 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 HeLa tumours in mice by up to 76%.[176] 

 
 

Figure 11. Chemical structures of NHC gold(I) and gold(III) complexes with ligands who displayed an intriguing mode of 
action n = 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(I) or Au(III) 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.[111] 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(IV), Au(III) or Ru(III), 

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.[111]  

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(I) complexes 34 and 35 most likely contributes to stability. These 

complexes combine the AuPR3 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.[26] 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.[177]  
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The complexes showed sub-micromolar IC50 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.[178, 179] In vivo, the representative Ph3PAu-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).[178]  

The previously mentioned HSAB principle, in combination with the coordination number of gold(I), 

is the main reason for the selective formation of S-Au-PR3 bonds. Complexes comprising purine 

ligands were developed with other central metals, such as ruthenium or platinum, forming 

chelating ligands with nitrogen atoms.[180] 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 M0 complex forming the MII-Br nucleoside complex with correspondingly 

trans-positioned ligands, e. g., PPh3.  

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.[181] 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. 

 

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.[182] 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).[183] In 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/III clinical trials.[185] 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.[186]  

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.[184] 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. 
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However, sometimes several dosages over a certain period were required to observe the 

impact.[187]  

 

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(II) complexes 39 (Figure 14) revealed low single-

digit micromolar IC50 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.[188]  

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 IC50 Indicating a drug-related effect of this particular ligand.[89]  

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.[189]  

The cationic bis-NHC Au(I) complexes 41 were the most potent complexes within the metal-

complexed CA-4 analogues, displaying single-digit nanomolar IC50 values against all cancer cell 

lines tested. Yet, their mechanism of action deviated from CA-4 as the cell cycle was arrested in 

the G1 instead of the G2/M phase. In mice bearing B16-F10 tumours, after injection with 41 

(R1 = OMe, R2 = 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.[190]  

 

Figure 14. Chemical structures of CA-4 derived anti-tumoural Pt, Ru and Au complexes. R1 = OMe, Cl, Br; R2 = 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.[111] 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.[191] 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.[94] 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.[192] However, these molecules are usually large, aromatic 

substituents, e.g. anthracene, fluorescein[193] or acridine[194], 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.[195] 

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.[196] 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 H2O or O2 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.[197] It 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 d10 metals enter into reactions with 

terminal alkynes.[198] 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.[199] 

 

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.[200] 
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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 MitotrackerTM. Remarkably, this complex was much less cytotoxic against several human 

cancer cell lines than its analogue without the alkynes attached.[90] 

 

Figure 15. Examples of clickable functionalised Pt complexes and their subcellular localisation in fixed NCl-H460 lung 
cancer cells above or 518A2 melanoma cells below, respectively.[90, 200] The red scale bar represents 10 μm, and the 
white scale bar represents 50 μm. Reprinted with permission from[90, 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.[201, 202] In 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.[203]  

 

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.[204]  

 

Figure 16. Sterculic acid (44) co-incubated with Hoechst33342 in live DC2.4 and fixed cells.[204] The scale bar represents 
10 μm. R = Me, pyridyl. Reprinted with permission from[204]. 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 

I of the University of Bayreuth.  

The first project dealt with gold(I) 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 IC50 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(II) 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 IC50 values. 51c(n=0) (Scheme 7), for example, even 

achieved nanomolar IC50 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-[PtIICl2(NHC)2] complexes 52, while the trans-[PtIICl2(NHC)2] 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(I) 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 IC50 

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 PPh3 bearing complex 61b, and the dimer 60b was found in the lysosomes. 

 

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-1α. 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(I) 

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.  

 

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 Ag2O 

and subsequent transmetalation with AuCl(SMe2) 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 KOtBu in CH2Cl2, 

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% yield 

(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(I)-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 IC50 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.  

 

Scheme 6. Synthesis overview of the complexes of the publication: Fischer esterification and N-dialkylation followed by 
(i) 1. Ag2O, CH2Cl2, light exclusion, r.t., 6 h; 2. AuCl(SMe2), CH2Cl2, light exclusion, r.t., 24h; (ii) KOtBu, 4-(adamantan-2-
yl)benzenethiol, CH2Cl2, 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 μm. 

 



 

36 
 

2.3 Synthesis and evaluation of new cis and trans bis NHC-PtII 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 Ag2O 

yielded [5-alkoxycarbonyl-1,3-dialkyl-2-ylidene] silver(I) chlorido complexes 57, which could be 

transmetalated with K2PtCl4 yielding platinum complexes 51 and 58, respectively. The 

configuration and the ligands depended on the solvent and equivalents of K2PtCl4. The 

complexations with Ag2O and the final transmetalation with K2PtCl4 for yielding trans-[bis(5-

alkoxycarbonyl-1,3-dialkyl-benzimidazol-2-ylidene)dichlorido]platinum(II) 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(II) complex (Scheme 7). 

Besides, cis-[(5-methoxycarbonyl-1,3-dipropargylbenzimidazol-2-ylidene) (dimethylsulfoxide) 

dichlorido]platinum(II), 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 CuSO4. 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(II) 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 IC50 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 µM against HeLa cells in the case of 51c(n=0). 

The IC50 values of cis-[bis(5-methoxycarbonyl-1,3-diethyl-benzimidazol-2-ylidene) dichlorido] 

platinum(II) 52b(n=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-[PtIICl2(NHC)(L)] complexes (L = NHC, DMSO) behaved akin to 

cisplatin (1), with the DNA as their primary target. In contrast, the trans-[PtIICl2(NHC)2] complexes 

targeted mainly the mitochondria. Remarkably, the uptake of cis-[PtIICl2(NHC)2] complexes 52b 

was 40-fold higher compared to the trans-bis complexes 51c and 5-fold higher compared to 1.  

 

Scheme 7. Synthesis overview of the complexes of the publication: FISCHER esterification, N-dialkylation, and anion 
exchange followed by (i) Ag2O, CH2Cl2, light exclusion, r.t., 24 h; (ii) 0.5 eq. K2PtCl4, CH2Cl2, r.t., 4 d; (iii) 1.0 eq. K2PtCl4, 
DMSO, 60 °C, 24 h; (iv) benzimidazolium salt 46, KOtBu, CH2Cl2, 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 58(n=0) (cis) 
and a cyclopropene-bearing analogue of 51b(n=0) (trans) is displayed in the bottom left corner. The white scale bar 
corresponds to 30 μm. 
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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(I) 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 

EtNH2, 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(SMe2). Ligand exchange of the former with PPh3 additionally provided 

the cationic phosphane complex 61.  

The bis-NHC complexes 60 proved highly cytotoxic, with up to double-digit nanomolar IC50 values 

against various human cancer cell lines. The phosphane complexes 61, like the neutral chlorides 

59, were active with IC50 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. Ag2O, CH2Cl2, light exclusion, r.t., 6 h; 2. 
AuCl(SMe2), CH2Cl2, light exclusion, r.t., 24h; (ii) 0.5 eq. Ag2O, CH2Cl2, light exclusion, r.t., 6 h; 2. AuCl(SMe2), CH2Cl2, light 
exclusion, r.t., 24h; (iii) PPh3, NaBF4, CH2Cl2, 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 μm. 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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4 Publications 

4.1 Presentation of the own contribution 

 

The publications presented in this dissertation were developed in cooperation with other 

researchers at the chair of Organic Chemistry I, the Chair of Inorganic Chemistry II, and the Chair 

of Developmental Biology of the University of Bayreuth. The own contribution to the respective 

publications will be described in the following paragraphs. 

 

Publication I: 

This work was submitted to Dalton Transactions with the title:  

Anti-tumoural NHC Au(I) thiolato complexes derived from HIF-1α inhibitor AC1-004 target the 

mitochondrial redox system and show antiangiogenic effects in vivo 

from the authors Sebastian W. Schleser, Leonhard H. F. Köhler, Florian Riethmüller, Sebastian 

Reich, Robin Fertig, Gerrit Begemann, Rhett Kempe and Rainer Schobert. 

 

This work was conceived by me in collaboration with Leonhard H. F. Köhler. The synthesis and 

stability tests of the complexes, as well as their purification and characterisation, were carried out 

by me. Florian Riethmüller played a supporting role. The crystal structure was solved by Robin 

Fertig. Leonhard H. F. Köhler carried out all in vitro evaluations with the support of Sebastian 

Reich. Prof. Gerrit Begemann supported us with the in vivo experiments in zebrafish larvae. The 

publication was written by me, Leonhard H. F. Köhler and Prof. Schobert.  
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Publication II: 

This work was published in the Journal of Inorganic Biochemistry with the title:  

Trans-[bis(benzimidazol-2-ylidene)dichlorido]platinum(II) complexes with peculiar modes of 

action and activity against cisplatin-resistant cancer cells 

from the authors Sofia I. Bär, Sebastian W. Schleser, Natalie Oberhuber, Alexander Herrmann, 

Luca Schlotte, Stefanie E. Weber and Rainer Schobert. 

 

This work was conceived by me in collaboration with Sofia I. Bär. The synthesis and stability tests 

of the complexes, as well as their purification and characterisation, were carried out by me. Luca 

Schlotte and Stefanie E. Weber played supporting roles. Sofia I. Bär carried out all in vitro 

evaluations with the support of Natalie Oberhuber and Alexander Herrmann. The publication was 

written by me, Sofia I. Bär and Prof. Schobert.  

 

Publication III: 

This work was published in the European Journal of Chemistry with the title:  

Guided Antitumoural Drugs: (Imidazol-2-ylidene)(L)gold(I) Complexes Seeking Cellular Targets 

Controlled by the Nature of Ligand L 

from the authors Sofia I. Bär, Madeleine Gold, Sebastian W. Schleser, Tobias Rehm, Alexander Bär, 

Leonhard Köhler, Lucas R. Carnell, Bernhard Biersack, and Rainer Schobert. 

 

The synthesis, purification, and analysis, as well as the stability studies of the complexes, were 

carried out by me, Dr Tobias Rehm, Dr Alexander Bär and Dr Bernhard Biersack. Sofia I. Bär and Dr 

Madeleine Gold conducted all in vitro evaluations with the support of Leonhard Köhler and Lucas 

R. Carnell. The publication was written by Sofia I. Bär, Dr Madeleine Gold, Dr Bernhard Biersack 

and Prof. Schobert.  
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4.5 List of all publications and poster contributions to conferences 
 

S. W. Schleser, L. H. F. Köhler, F. Riethmüller, S. Reich, R. Fertig, G. Begemann, R. Kempe, R. Schobert, submitted to 

Dalton Trans. 

S. I. Bär, S. W. Schleser, N. Oberhuber, A. Herrmann, L. Schlotte, S. E. Weber and R. Schobert, J. Inorg. Biochem., 238, 

2022, 112028. 

 

S. I. Bär, M. Gold, S. W. Schleser, T. Rehm, A. Bär, L. Köhler, L. R. Carnell, B. Biersack, R. Schobert, Chem. Eur. J. 2021, 

27, 5003. 

 

L. Kober, S. W. Schleser, S. I. Bär, R. Schobert, J. Biol. Inorg. Biochem., 27, 2022, 731-745.* 

S. W. Schleser, L. H. F. Köhler, F. Riethmüller, S. Reich, R. Fertig, R. Kempe, R. Schobert, Bayreuth Natural Products and 
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