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KURZZUSAMMENFASSUNG 

Trotz der langfristigen klinischen Anwendung als Chemotherapeutika, führen das DNA-adressierende 

Cisplatin und dessen Analoga immer noch zu schweren Nebenwirkungen und Resistenzproblemen. Das 

Element Gold bietet sich als alternatives Metall an, welches stattdessen mit schwefel- und 

selenhaltigen Enzymen interagiert, die in einigen Krebszelllinien überexprimiert werden. Die 

fortschrittlichste gold-basierte Verbindung ist Auranofin, welches kürzlich in Phase II der klinischen 

Studien gegen chronisch-lymphozytäre Leukämie (CLL) getestet wurde. Die starke Affinität zum 

Schwefel ist jedoch sowohl ein Fluch und als auch ein Segen für diese Gold(I)-Phosphan-Komplexe. 

Untersuchungen solcher Verbindungen in vivo werden aufgrund der Inaktivierung durch thiol-haltiger 

Transportsysteme im Blut erschwert. N-heterozyklische Carbene (NHCs), insbesondere 

Bisimidazolyliden-Einheiten (bisNHC), wurden als alternatives Ligandensystem eingeführt. Diese 

bieten verschiedene Möglichkeiten für die Modifikation der elektronischen und sterischen Parameter, 

sowie den Grad der Lipo- und Hydrophilie. Die jeweiligen dinuklearen Gold(I)-Komplexe weisen eine 

moderate bis gute Antikrebsaktivität in vitro und in vivo auf. Bisimidazolyliden-Liganden können 

zusätzlich brückenfunktionalisiert werden und die erfolgreiche Umsetzung zu den jeweiligen 

dinuklearen Gold(I)-Komplexen wurde erst kürzlich berichtet. Dabei zeigten die neuesten Ergebnisse 

die Bildung von syn- und anti-Isomeren an der Methylenbrücke. 

Die vorliegende Doktorarbeit setzt sich weiterhin mit brückenfunktionalisierten bisNHC-Einheiten 

auseinander, mit dem Schwerpunkt auf die Anwendung der entsprechenden dinuklearen Gold(I)-

Komplexe als Antikrebsmittel. Erste Ergebnisse an den Gold(I)-Komplexen 14a-d mit 2-Hydroxyethan-

1,1-diyl-verbrückten Bisimidazolyliden-Liganden zeigten, dass die Bildung der syn- und anti-Isomeren 

in Abhängigkeit von den N-Substituenten variieren kann. Der Komplex mit Mesityl-N-Substituenten 

14d lieferte eine moderate antiproliferative Aktivität in den beiden humanen Krebszelllinien HepG2 

und A549. DFT-Berechnungen ergaben ein Energieprofil für alle sechs möglichen Isomere, das die 

Zuordnung der Konformeren im Falle eines Isomerengemisches erleichtert. Die energetisch günstigste 

exo-Konfiguration (vom Metallazyklus wegstehende Methylenbrücken-Funktionalisierung) konnte 

durch einkristalline Röntgenbeugung bestätigt werden. 

In Folgestudien wurden die verschiedenen syn- und anti-Isomere desselben N-substituierten Gold(I)-

Komplexes getrennt. Dabei konnte das zweite, noch nicht analytisch charakterisierte Isomer des 

Gemisches als das jeweils andere syn-/anti-exo-Konformer identifiziert werden. Beide isolierten 

Isomere wurden in HeLa- und HepG2-Krebszelllinien untersucht und beide Konformationen zeigten 

keine drastischen Unterschiede in der antiproliferativen Aktivität. Das syn-Konformer besitzt zwar im 

Vergleich zum Anti-Analogon eine höhere Stabilität in Gegenwart von L-Cystein unter physiologischen 

Bedingungen, zeigte allerdings eine schlechtere Hemmung des Enzyms Thioredoxin Reduktase. Der 
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Austausch des Anions (PF6)- zu Chlorid erhöhte die Löslichkeit des zytotoxischsten und stabilsten 

Mesityl-N-substituierten Gold(I)-Komplexes syn-exo-14d in Wasser und führte zu einer mit Auranofin 

vergleichbaren antiproliferativen Aktivität. Darüber hinaus überwand dieser Komplex die Cisplatin-

Resistenz, da er in beiden A2780 und A2780cisR Eierstockkrebs-Zelllinien gleichermaßen toxisch ist. 

Zusätzlich zeigte dieser Komplex in der humanen Prostatakrebs-Zelllinie PC3 sowie in den beiden 

humanen Brustkrebs-Zelllinien MDA-MB-231 und MCF-7 Aktivität. Syn-exo-14d wurde in der V79 

Fibroblasten-Zelllinie, die als gesunde Referenz-Zelllinie eingesetzt wurde, als weniger zytotoxisch 

beobachtet. Unter Berücksichtigung der IC50-Werte von syn-exo-14d in V79 und MCF-7, zeigte der 

resultierende Selektivitätsindex, dass dieser Komplex für eine therapeutische Behandlung der 

humanen MCF-7 Brustkrebszelllinie potentiell anwendbar sein könnte. Die Internalisierung von 

syn-exo-14d in der PC3-Krebszelllinie wurde durch Analyseverfahren mittels Protonenbestrahlung 

bestätigt. Dabei führten erste Beobachtungen zu dem Schluss, dass dieser Komplex im Vergleich zu 

Auranofin tiefer in die Zelle internalisiert. Eine genauere Verteilung in den jeweiligen Zellabteilungen 

wird mittels ICP-MS sowie durch Elektronenmikroskopie derzeit noch untersucht.  

Der nicht zytotoxische Komplex syn-exo-14b mit Isopropyl-N-Substituenten wurde durch Veresterung 

beider Hydroxylgruppen mit 9-Anthracenoylchlorid post-modifiziert. Es wurde ein Produktgemisch aus 

dem Monoester 16 und dem Diester 17 erhalten, das erfolgreich getrennt und charakterisiert werden 

konnte. Der Komplex 16 ist deutlich zytotoxischer als 14b und zeigt eine attraktive antiproliferative 

Aktivität in HeLa- und MCF-7-Krebszelllinien. Allerdings erweist sich Komplex syn-exo-14d mit 

Mesityl-N-Substituenten in dieser Arbeit immer noch als die aktivste Verbindung. Der Diester 17 fällt 

im Kulturmedium bei 37 °C aus und der Austausch des Anions zu Chlorid führt anstatt einer Erhöhung 

der Löslichkeit in Wasser zu einer Zersetzung durch Hydrolyse. 16 und 17 zeigten Lumineszenz mit 

maximalen Quantenausbeuten bei 365 nm in Höhe von 20% bzw. 8%. Im Fall von 17, führte eine 

Photodimerisierung zwischen den benachbarten Anthracen-Molekülen zu einer teilweisen 

Lumineszenzlöschung. Das daraus resultierende Produkt zeigte jedoch eine thermoinduzierte 

Reversibilität bei 37°C. Diese Eigenschaften könnten Komplex 17 als metallbasierten Photo-

Lichtschalter attraktiv machen. 

Die beiden Gold(I)-Komplexe 15a und 15b mit 2,2-Acetat-verbrückten Bisimidazolyliden-Liganden 

wurden synthetisiert und vollständig charakterisiert. Beide Komplexe wiesen dabei das gleiche 

Strukturmotiv und die gleiche Isomerisierung wie 14a-d auf. Die Variation der funktionellen Gruppe 

der Brücke von Hydroxyl- zu Carboxylatgruppen führte zu zwitterionischen Komplexen, die in Wasser 

zwar löslich sind, aber in den HeLa- und HepG2-Krebszelllinien keine Zytotoxizität zeigten. Die 

Erweiterung der N-Substituenten auf lipophilere Systeme (z.B. Mesityl) war wegen des Verlustes der 

Brückenfunktionalität durch thermoinduzierte Decarboxylierung nicht möglich. Dieses Phänomen 

wurde in Zusammenhang mit der Nähe der Carboxylatgruppen zu den Imidazolium/Imidazolyliden-
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Systemen gebracht. Darüber hinaus waren die Carboxylatgruppen nicht reaktiv in Veresterungs- oder 

Amidierungs-Post-Modifikationen. Protonierungsexperimente mit Tetrachlorogoldsäure lieferten 

einen tetranuklearen Au(I)/Au(III)-Komplex.  

Die Verlängerung der Brücke von C1 nach C3 ermöglichte die erfolgreiche Kombination von 

Mesityl-N-Substituenten und Carboxylgruppen als Brückenfunktionalität. Der entsprechende Gold(I)-

Komplex 18 wurde erfolgreich synthetisiert und vollständig charakterisiert. Erste 

Konjugationsversuche ermöglichten die Kopplung von 18 an einen bifunktionellen DOTA-Chelator zur 

möglichen Radiometallierung. Das entstandene Zwischenprodukt 19 bietet nun zusätzlich zur bereits 

vorhanden zytotoxischen Einheit für die Therapie (Thera-) einen Chelator für die radioaktive Diagnostik 

(-nostik). Das resultierende Theranostikum könnte weiterhin mit einer kurzen Peptidsequenz zur 

Adressierung überexprimierter Membranrezeptoren erweitert werden und somit eine Erhöhung der 

Selektivität ermöglichen.  
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ABSTRACT 

Despite their long-term applications, the nowadays clinically applied DNA-targeting cisplatin and 

analogues still suffer on severe side effects and resistance issues. Alternatively, gold emerged as a 

possible candidate acting differently by targeting sulfur- and selenium-containing enzymes, which are 

overexpressed in some cancer cell lines. The most advanced gold metallodrug is auranofin, which was 

recently tested in phase II clinical trials against chronic lymphocytic leukemia (CLL). However, the 

strong thiophilicity represents a curse and blessing for gold(I) phosphine complexes hampering their 

evaluation in vivo due to inactivation by thiol-containing molecules of the blood. N-heterocyclic 

carbenes (NHCs), in particular bisimidazolylidene moieties (bisNHC), have been alternatively 

introduced offering different positions for fine-tuning electronic, steric, lipo- and hydrophilic 

parameters and the respective dinuclear gold(I) complexes exhibit moderate to good anticancer 

activity in vitro and in vivo. Recently, bisimidazolylidene ligands have been additionally bridge-

functionalized and the synthesis of the respective dinuclear gold(I) complexes was reported. Thereby, 

latest developments showed the formation of syn- and anti-isomers at the methylene bridge. 

This thesis continues exploring bridge-functionalized bisNHC moieties, focusing on the application of 

the respective dinuclear gold(I) complexes as anticancer agents. Preliminary results on the gold(I) 

complexes 14a-d bearing 2-hydroxyethane-1,1-diyl-bridged bisimidazolylidenes showed that the 

formation of syn- and anti-isomers alters in dependency on the N-substituents. The complex with 

mesityl-wingtips 14d delivered moderate antiproliferative activity in both human cancer cell lines 

HepG2 and A549. DFT calculations revealed an energy profile for all six possible isomers, which 

facilitates the assignment of conformers in case of an isomeric mixture. The energetically most 

favoured exo-configuration (methylene-bridge functionalization pointing away from the metallacycle) 

could be confirmed by single crystal X-ray diffraction.  

In follow-up studies, the different syn- and anti-isomers of the same N-substituted gold(I) complex 

were separated and the second not yet analytically characterized isomer of the mixture could be 

identified as the respective other syn-/anti-exo-conformer. Both isolated isomers were evaluated in 

HeLa and HepG2 cancer cell lines showing no drastic differences in antiproliferative activity. The syn-

conformer was more stable in the presence of L-cysteine under physiological conditions, but a weaker 

inhibitor of the enzyme thioredoxin reductases (Trx) than the anti-analogue. Counter-anion exchange 

from (PF6)- to chloride enhanced the solubility in water of the most cytotoxic and most stable mesityl 

N-substituted gold(I) complex syn-exo-14d, which allowed to improve its antiproliferative activity in 

HepG2 cancer cell line to a range comparable to auranofin. Furthermore, this complex overcame 

cisplatin-resistance, being equally toxic in both ovarian cancer cell lines A2780 and A2780cisR and 

showed also activity in human prostate cancer cell line PC3 as well as in both human breast cancer cell 
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lines MDA-MB-231 and MCF-7. Syn-exo-14d was observed to be less cytotoxic in the fibroblast cell line 

V79, which was applied as healthy reference cell line. Considering the IC50-values of V79 and MCF-7, 

the resulting selectivity index revealed that this complex could be attractive for a therapeutic 

treatment of this human breast cancer cell line. The internalization of syn-exo-14d in PC3 cancer cell 

line was confirmed by proton irradiation-based analytical techniques. Thereby, first observations led 

to the conclusion that this complex internalizes deeper into the cell when compared to auranofin. A 

more specific cell distribution via cell compartment separation and subsequent ICP-MS as well as via 

electron microscopy are ongoing. 

The non-cytotoxic complex syn-exo-14b with isopropyl wingtips was post-modified via esterification 

of both hydroxyl groups with 9-anthracenoyl chloride. A product mixture containing the mono-ester 

16 and di-ester 17 was obtained, which could be successfully separated and characterized. Complex 

16 is remarkably more cytotoxic than 14b, showing attractive antiproliferative activity in HeLa and 

MCF-7 cancer cell lines, however, the mesityl-N-substituted complex syn-exo-14d still appeared as the 

most cytotoxic compound in this thesis. The di-ester 17 precipitated in the culture-medium at 37 °C 

and counter-anion exchange reactions to chloride led to decomposition via hydrolysis instead of an 

increase of water-solubility. 16 and 17 showed luminescence with maximal quantum yields at 365 nm 

amounting to 20% and 8%, respectively. In case of 17, a photodimerization between the vicinal 

anthracene molecules led to a partial quenching of the luminescence. However, the obtained product 

showed a thermo-induced reversibility at 37°C, which could make this system attractive as metal-

based photo-switcher. 

Two gold(I) complexes 15a and 15b with 2,2-acetate bridged bisimidazolylidene ligands have been 

synthesized and fully characterized showing the same structure motive and isomerization as 14a-d. 

The variation of the functional group of the bridge from hydroxyl to carboxylate groups led to 

zwitterionic complexes soluble in water, but not cytotoxic in the HeLa and HepG2 cancer cell lines. The 

extension of N-substituents to more lipophilic systems (e.g. mesityl) was unfeasible due to a loss of 

bridge-functionality via thermo-induced decarboxylation. This phenomenon was related to the 

proximity of the carboxylate groups to the imidazolium/imidazolylidene moiety. In addition, both 

carboxylate groups resulted to be unreactive towards esterification or amidation post-modifications. 

Protonation experiments with tetrachloroauric acid delivered a tetranuclear Au(I)/Au(III) complex.  

Elongation of the bridge from C1 to C3 allowed the successful combination of mesityl N-substituents 

and carboxylic groups as bridge-functionality. The respective gold(I) complex 18 was successfully 

synthesized, fully characterized and first conjugation attempts enabled the coupling to a DOTA 

analogue as a bifunctional chelator for radiometalation. The resulting intermediate 19 consists of a 

cytotoxic moiety for therapy (thera-) and a chelator for radioactive diagnostics (-nostic). The resulting 
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theranostic agent could be further extended with a short peptide sequence to address overexpressed 

membrane receptors and consequently to enable an increase in selectivity. 
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1 INTRODUCTION 

 Statistics and Hallmarks of Cancer 

The World Health Organization (WHO) revealed that cancer is the first or second leading cause of death 

worldwide predicting 18.1 million incidences and 9.6 million deaths by cancer disease for 2018.1 Until 

2030, the above-mentioned numbers are expected to increase up to 27 million new cases of cancer 

diseases and thereof 17 million deaths.2 Comparing both sexes, the most common type of cancer 

besides lung are prostate for men and breast for women. Although these numbers and statistics are 

appalling, the nearly fifty years old field of chemotherapy still fails in overcoming selectivity issues. 

Nowadays, in case of a cancer disease, several clinical treatments exist such as surgery, radio-, chemo-, 

hormonal and immuno-therapy.3 Since this thesis is reporting gold-based organometallic complexes 

and assessment of their anticancer properties, the whole introduction is subsequently focusing on the 

development of metal-based chemotherapeutics. In order to enhance the selectivity towards cancer 

cells, it became very evident that outlining the differences between healthy cells and respective 

malignant clones (cancer cell) plays a decisive role in finding safer strategies to take measures against 

cancer. Indeed, cancer cells revealed to have several different characteristics (highlighted in the 

following in italic style) when compared to healthy cells, which have been reviewed in a very interesting 

article entitled “hallmarks of cancer” of Hanahan and Weinberg in 2011.4 The tumorigenesis (process 

forming cancer cells) can be attributed to genome instability and random mutation, which can lead to 

chromosomal rearrangements and thus, affect for example proto-oncogenes or tumor suppressor 

genes responsible for cell number maintenance.4-5 The production and release of growth-promoting 

signals is increased in cancer cells resulting in disruption of the homeostasis and causing unstoppable 

cell proliferation. In addition, growth suppressors are evaded consequently supporting the limitless 

growth of number of malignant cells. These properties can lead to replicative immortality, which finally 

causes macroscopic tumor masses. Major reasons for genetic mutation are for instance the population 

growth and ageing, exposures to chemicals, nutrition or smoking. In particular the ageing increases the 

risk of neoplasia (formation of cancer cells), since genes start to become “older” and more delicate to 

gene mutation. Other minor risks are for example sun exposure, pollution or distraction.6 Another 

neoplastic risk is an increased number of inflammatory cells generated by the immune system after 

injuries which can promote the formation of cancer cells.7 Tumor cells are more resistant against cell 

death processes when compared to healthy cells. There are more or less 13 known different intrinsic 

and extrinsic cell death mechanisms.8 Considering the application of metalloagents, the two most-

occurring mechanisms are apoptosis or necrosis, which take place inside the cell. The first one is a 

programmed mechanism, in which the activation of several enzymes leads to cell death. Thereby, a 

symptom is for instance a shrinkage of the cell. In contrast, necrosis leads to a swelling of the cell 
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releasing the cellular offal to the extracellular environment. Platinum- or gold-based metallodrugs 

have been reported to mainly induce apoptosis. These processes and all involved enzymes will be 

discussed more detailed in the following chapters. One more hallmark of cancer cells is the higher rate 

of angiogenesis, which leads to changes in the morphology of blood vessels (sprouting) and thus, 

supporting the expanding of tumor cells. Additional malignant properties of cancer cells are the 

activated abilities of tissue invasion and metastasis to other parts of the body. A recently observed 

characteristic of cancer cells is the evasion of immunological destruction starting to be resistant against 

T- and B-lymphocytes or natural cell killers. Another not yet fully validated hallmark is the 

reprogrammation of the cellular metabolism influencing the energy production. This effect was firstly 

discovered by Warburg in 1924, confirming that some cancer cell lines exhibit increased glycolysis 

under high oxygen tension conditions producing consequently more lactate.9-10 The higher glucose 

uptake evidently enhances ATP production in cancer cells benefiting their growth and almost all above-

mentioned hallmarks. Kroemer and coworker reported that the cell metabolism should be considered 

as the “cancer’s achilles’ heel” and thus as possible target for a more selective cancer therapy.11 The 

mitochondrion plays therefore a decisive role, since it regulates approximately 80% of the total energy 

production in cell. In addition, it controls apoptotic processes and maintains the redox state in 

equilibrium.12-13 Indeed, some compounds based on transition metals (e.g. gold) have been categorized 

as antimitochondrial compounds.14 The drug delivery plays also an indispensable role in enhancing the 

selectivity and drugs should be designed for potential chemotherapy with high affinity to the 

microenvironment of cancer cells, which remarkably differs from that of healthy cells. Besides for 

example the lower pH-value or lower concentration of oxygen (hypoxia), the leakiness of tumor 

vasculature caused by angiogenesis enhances the permeability of sprouted blood vessels in tumors. 

This allows the delivery and retention of for example high molecular weight macromolecules in 

tumorigenic cells, which usually do not penetrate through normal tissues. This phenomenon is called 

enhanced permeability and retention effect (EPR). Another approach is to find suitable extra- or 

intracellular targets like receptors or enzymes, respectively, which are overexpressed in cancer cells 

and increases the selectivity.15 Especially, the thioredoxin reductase (TrxR) is a very druggable target 

for gold-based complexes, which was observed to be overexpressed in some cancer cells and will be 

discussed more detailed in the following chapters of the introduction.16 

 Platinum-Based Treatment of Cancer 

Cisplatin (cis-diamminedichloroplatinum(II), Scheme 1) is nowadays indicated, for instance, to treat 

testicular and ovarian cancer.17 The synthesis and structural characterization of cisplatin - known as 

Peyrone’s chloride - was first published by Peyrone in 1845.18 Almost one century later, Rosenberg 

discovered by accident the cell growth inhibition potential of cisplatin during cell division experiments 
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in Escherichia coli using a platinum electrode.19 Cisplatin was a decomposition product of the electrode. 

In 1968, first in vivo studies of this drug in mice confirmed a remarkable tumor regression.20 

Consequently, clinical studies were conducted by the US National Cancer Institute (NCI) and the first 

patients were treated with cisplatin in 1971. In 1978, cisplatin was approved by the US Food and Drug 

Administration (FDA).21 Interestingly, transplatin is noticeable less active when compared to cisplatin.22 

The most known mechanism of action of cisplatin is the interaction with DNA in the nucleus.23 A 

generalized mechanism including cellular uptake, activation, DNA interaction and cell death inducing 

processes as well as the detoxifying release is depicted in Scheme 1. 

 

Scheme 1: General depiction of the mode of action of cisplatin in cancer cells (top) and interaction steps with the DNA 
(bottom). Reprinted with permission of Ref [24]. 

Considering the square planar geometry, cisplatin is internalized by passive diffusion or by active 

transport through membrane proteins such as for example copper transporters (CTR1) or by organic 

cationic transporters (OCT1-3).24-27 Before forming the DNA adduct cisplatin is intracellularly activated 

by hydrolysis exchanging one chloride ligand with one water molecule leading to the cationic mono-

aqua complex as highly active species. Therefore, the lower intracellular chloride concentration 

(external 100 mM and internal 20 mM) was considered as the driving force for the aquation of 

cisplatin, which occurs within 2 h.28 The mono-aqua complex is able to enter the nucleus and the 
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negatively charged DNA attracts the cationic activated cisplatin species. Thereby, the leaving ligands 

(water or chloride) can be substituted by the nucleophilic nitrogen atoms of DNA guanine residues.22 

These interactions lead to a DNA bending, which causes a disruption of transcription processes.29 In 

addition, cisplatin damages, for example, proteins responsible for DNA-damage recognition and repair, 

which finally leads to apoptosis. Cisplatin can be inactivated by sulfur-containing delivery systems in 

the blood such as human serum albumin. The internalized cisplatin can be inactivated by 

metallothioneins such as glutathione, and the resulting xenobiotics are exported from the cell by 

pumping systems like ATP7A/B.30  

Despite its long-term clinical application, cisplatin still causes severe side effects, namely a 

nephrotoxicity, ototoxicity, neurotoxicity and toxicity to gastrointestinal tract.21, 30 In addition, cisplatin 

showed acquired or intrinsic resistance issues. These disadvantages motivated researchers worldwide 

to develop better alternatives towards overcoming the above-mentioned side effects and to ensure a 

safer chemotherapy for patients. As a result, less toxic derivatives such as carboplatin or oxaliplatin 

entered in global clinical application in 1989 and 2002, respectively, showing improvements in 

treatment but still bearing resistance issues due to the same mode of action as cisplatin (Figure 1).22, 

31  

 

Figure 1: Structures of clinically approved carboplatin, oxaliplatin, nedaplatin, heptaplatin and lobaplatin as well as first 
example of multinuclear anticancer agent in cationic form reaching clinical trials. 
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Furthermore examples of platinum-based clinically approved chemotherapeutics are nedaplatin, 

heptaplatin or lobaplatin, which are used in Asia.22 Alternatively, the non-leaving amino-ligands were 

extended with substrates, which allow the access to more selective cisplatin analogues adressing as 

above-mentioned receptors overexpressed on cancer cell surfaces.22 This includes targeting molecules 

like for example glucose, estrogen or folic acid.32-34 For taking advantage of the EPR effect, the size of 

cisplatin was enhanced by conjugating it to polymeric systems or encapsulation in nano-delivery 

systems like carbon-based nanotubes, metal organic frameworks (MOFs) or in polymeric micelles.22 

Another attractive strategy to overcome the above-mentioned cisplatin issues includes the synthesis 

of multinuclear platinum-based complexes like BBR3464 (Figure 1).35 This trinuclear platinum complex 

represents the first example of a multinuclear homo-metallic anticancer agent and was tested in 

phase I clinical trials against metastatic small lung cancer or metastatic pancreatic cancer.36-37 

However, it never reached the next phase due to drug decomposition in blood via bridge cleavage 

leading to inactive mono- or dinuclear metabolites.38 Nevertheless, BBR3464 allowed the introduction 

of multinuclear complexes into the field of anticancer studies, which is the main focus of this thesis 

reporting dinuclear gold(I) complexes. 

 Advances of Transition-Metal-Based Anticancer Complexes 

The accidental discovery of cisplatin and analogues allow scientists to apply alternative transition 

metals (e.g. Ti, Fe, Ru, Os, Ir, Pd, Cu, Ag, Au) with success in preclinical anticancer studies.8 The 

emergence of non-platinum-based metalloagents has been a focus of interest worldwide, since other  

 

Figure 2: Structures of ruthenium-, titanium- or gold-based metallodrugs being tested in clinical trials against divers cancers.  
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transition metals are expected to have different mechanisms of action when compared to cisplatin, 

which could lead to more selective metal-based anticancer agents. The ruthenium-, titanium- or gold-

based complexes depicted in Figure 2 have entered phase I and II clinical trials.  

Titanium-based complexes were the first non-platinum examples entering in clinical trials after the 

success of cisplatin.39 Nowadays, the two most-known drugs are still Budotitane and titanocene 

dichloride. The first one was tested in a phase I clinical trials against several malignant tumors, which 

could not be treated with standard clinical procedures.40 Titanocene dichloride reached phase II clinical 

studies against both renal-cell carcinoma (RCC) and metastatic breast cancer.41-43 Unfortunately, these 

titanium-based complexes displayed insufficient efficacy to toxicity ratio and high instability under 

physiological conditions.39  

Alternatively, ruthenium complexes such as NAMI-A have been tested in phase II clinical trials for lung 

cancer treatment.44 Despite being well tolerated by the patients, this ruthenium complex could not 

pass into the next step due to its poor toxicity profile and insufficient efficacy. Later on, the analogues 

KP1019 and the respective water-soluble complex NKP-1339 have shown promising results in phase I 

clinical trials against solid tumors.45-46 Additionally, NAMI-A and KP1019 showed anti-metastatic 

properties rendering this transition metal very attractive for chemotherapy.47 The redox activity of 

ruthenium in the reductive microenvironment of cancer cells was proposed to be the major mode of 

action leading to cell cycle arrest, disruption of DNA synthesis and finally to apoptosis.  

Auranofin (Ridaura®, [(tetra-O-acetyl-β-D-glucopyranosyl)thio](triethylphosphine)-gold(I), Figure 2) is 

a gold(I) phosphine complex that was tested in phase II clinical trials against chronic lymphocytic 

leukemia (CLL), small lymphocytic lymphoma (SLL) and prolymphocytic lymphoma (PLL). It still 

represents the most advanced gold-based complex applied in chrysotherapy, which is the umbrella 

term for the application of gold in medicine.48 14, 49 In addition, auranofin showed to overcome cisplatin-

resistance in for example ovarian cancer cell lines in preclinical studies.13, 50-51 This agent profits from 

the strong thio- and selenophilicity of gold allowing the targeting of enzymes, which is considered to 

be a more selective alternative mode of action when compared to cisplatin as DNA targeting drug.  

 Gold(I) Phosphine Complexes as Anticancer Agents 

Auranofin is the gold-standard in the research field of gold-based anticancer agents (Figure 2). Before 

focusing on current progresses and mechanistic insights of auranofin as anticancer agent, it is worth 

to give a short historic flashback about gold as therapeutic element.  

Interestingly, the element gold has a very long history of development, since its therapeutic application 

was found to have origins dated back to 2500 BC in China.13 In the medieval period, physicians like 

Paracelsus used colloidal gold mixtures against ulcerative skin and rheumatism as well.52 In 1890, Koch 
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delivered the very first pioneering laboratorial evidences for the use of gold in medicinal purposes 

testing a gold cyanide solution against tuberculosis.52 However, Koch was not able to confirm the 

antitubercular activity of gold in animals and interrupted his studies. A few years later, some gold-

based salts like potassium tetrachloroaurate were found active against lupus vulgaris (one example of 

tuberculosis) and syphilis.52 The “flourishing” decade of gold was between 1925 and 1935, in which 

gold-based solutions were used intravenously against tubercular diseases. During this period, 

however, it became very evident, that no real antitubercular activity was observed, but rather serious 

side effects. 

Forestier was the first to discover the benefits of gold against rheumatoid arthritis.53 Gold thiolates 

(e.g. Myocrisin and Solganol, Figure 3) were approved as drugs for treating rheumatoid arthritis.13 After 

observing severe side effects of these intravenously injected gold thiolates, Sutton and colleagues 

introduced auranofin (early 1980s), which was approved as an orally active anti-rheumatic drug in 

1985.52  

 

Figure 3: Molecular structures of Myocrysin and Solganol as well as gold(I) complexes with tetrahedral geometry bearing 
dppe (1,2-bis(diphenyl-phosphino)ethane) or dpype (1,2-bis(dipyridylphosphino)ethane) ligands. 

In the same year, inspired by its success in the field of rheumatoid arthritis, Mirabelli reported 

auranofin as a potent anticancer agent highlighting the antiproliferative activity in various cancer cell 

lines and observing a regression of the tumor mass in vivo.54 This studies gave the “green light” to gold 

in the research field of cancer, and the number of gold complexes with various ligand types reported 

with anticancer properties exponentially rose.55-57  

Auranofin and mononuclear analogues bearing phosphine-type ligands were discovered to cause 

mainly mitochondrial-induced apoptosis and therefore gold complexes in general were classified as 

antimitochondrial agents.58-59 The key reactivity of gold inside the cell is based on its high affinity to 

sulfur and selenium. However, this affinity was observed to be a crucial weakness of gold compounds 

as well, limiting their application for in vivo studies.54 The irreversible binding to thiol-containing blood 
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transporters (e.g. serum albumin) are hampering the process to surpass preclinical studies.57 As a result 

of the early studies on auranofin, it quickly became obvious that ligand system tuning is crucial to 

moderate the reactivity towards sulfur and selenium.13, 60 Thus, chelating diphosphine-type ligands 

(1,2-bis(diphenylphosphino)ethane and analogues) have been introduced leading to very stable 

mononuclear gold(I) complexes with tetrahedral geometry (Figure 3).61 The change from mono- to 

bidentate ligand moieties drastically hampered ligand exchange reactions without affecting the 

antimitochondrial activity.62 Once the high reactivity towards (selenol-)cysteine was alleviated, new 

selectivity issues appeared for this family of tetrahedral gold complexes due to the very high 

lipophilicity degree .63 Preclinical studies in dogs and rabbits have shown severe side effects to heart, 

liver and lung resulting from mitochondrial dysfunction.64-65 Alternatively, the pendant groups of the 

phosphine-type bidentate ligands were altered (e.g. from phenyl to pyridyl) for counter-balancing the 

lipo-/hydrophilicity ratio and to overcome selectivity issues.66-67 Thus, synthetically, the design of a 

suitable ligand system to ensure highly selective cellular uptake without inactivation during the 

transport is still a never-ending challenge.  

The most investigated (and understood) mode of action of gold-based complexes is the inhibition of 

mitochondrial thioredoxin reductases (TrxR, family of pyridine nucleotide-disulfide oxidoreductases), 

which is involved actively and passively in a various number of intracellular processes.59 This enzyme 

was observed to be overexpressed in some cancer cell lines.16 TrxR is responsible for the regulation of 

reactive oxygen species (ROS, e.g. H2O2) by recovering the redox equivalent NADPH/H+ in cell.68-69 The 

recycling of NADP+ and the reduction of ROS, respectively, is performed by a cooperative enzymatic 

process in which thioredoxin reductases (TrxR), thioredoxin (Trx) and peroxidoredoxin (Prx) are 

involved.59 Considering that the mitochondrion is indispensable for the cell, this enzyme resulted to be 

a very attractive druggable target.12-13 Mitochondrial uptake of gold complexes is ensured by the 

delocalized lipophilic cationic (DLC) character.62 Thereby, driving force for the internalization of 

cationic compounds in mitochondria is the mitochondrial membrane potential, which is higher in some 

examples of carcinoma cells when compared to healthy cells.70 Once inside this organelle, gold 

complexes are expected to undergo ligand exchange reactions with TrxR replacing their ligands by 

cysteine and/or selenocysteine units, which defines the active centrum of this enzyme. Thus, this 

element interrupts dithiol-disulfide switching redox cycles in the gold(I) enzyme adduct, which disrupts 

the whole enzymatic cascade, leading to a redox de-equilibration and finally inducing various 

mitochondrial apoptotic pathways.71-73 A detailed investigation on the mode of action of auronofin 

over the past decades allowed to get an intracellular reactivity profile, which might be useful towards 

the design of the next gold(I) complexes generation. Scheme 2 summarizes the mechanisms of action 

of auranofin, including all cellular organelles and the main reactions involved in apoptosis. 
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Scheme 2: Summary of mitochondrial induced apoptotic pathways as a consequence of TrxR inhibition by gold(I). TrxR = 
thioredoxin reductases; Trx = thioredoxin; Prx = peroxidases; TF = transcription factors; HK = hexokinases; CTBS = cathepsin B; 
CTSL = cathepsin L; p-38 MAPK = mitogen-activated protein kinase p38; ASK1 = mitogen-activated protein kinase p38; MOMP 
= mitochondrial outer membrane permeabilization; MPTP = mitochondrial permeability transition pores. One should take 
into consideration that cells normally are not well spherically shaped. 

Increasing concentration of ROS in cell was reported to induce the opening of mitochondrial 

permeability transition pores (MPTP), to increase the mitochondrial outer membrane permeabilization 

(MOMP) and to enhance the efflux of substrates in- and outside the mitochondria.73-74 The effect of 

MOMP initiates for example the release of several pro-apoptotic proteins (e.g. cytochrome c), which 

trigger a caspases cascade (cysteine aspartyl-specific proteases) known to activate apoptosis.75 Typical 

symptoms of a dysfunction is a mitochondrial swelling, which is caused by the entering of small 

molecules (e.g. H+, K+, Ca2+, H2O). Indeed, a calcium-overload was experimentally confirmed to be in 

correlation with an increase of H2O2.76-77 Furthermore, auranofin was observed to inhibit the 

hexokinases, which is the first enzyme of glycolysis involved in the conversion of glucose to pyruvate.78 

Once the formation of pyruvate is limited, the mitochondrion does not produce the required ATP 

amount, which is in particular for cancer cells crucial, since this organelle is responsible for 

approximately 80% of energy production. In addition, glucose uptake was hampered as well.  

The cytosolic TrxR is isoform to the mitochondrial analogue and can be targeted also by gold.59 This 

inhibition and the resulting high concentration of ROS were reported to affect the lysosomes. Thereby, 
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a lysosomal-mediated autophagy is induced, since lysosomal cathepsins like the pro-autophagy 

proteases CTSL is inhibited. This inhibition consequently blocks the formation of autolysosomes, which 

are responsible for the degradation and recycling of undesired cytoplasmic materials or organelles.8, 79 

In addition, the inhibition of TrxR enhances the activity of lysosomal pro-apoptotic CTSB, which finally 

leads to apoptosis. Another pre-apoptotic effect of a high cellular ROS content is the oxidation of Trx, 

which consequently activates ASK1 (apoptosis signal-reglation kinase 1) and furthermore the p38-

MAPK (mitogen-activated protein kinase p38). Both kinases are involved in apoptotic cell death 

mechanisms.80-82 Additionally, the presence of gold and the highly concentrated ROS were observed to 

cause endoplasmic reticulum stress and to affect DNA transcription processes in the nucleus as well. 

13, 83-84 By inhibiting the cytosolic TrxR, the Trx cannot be reduced and as a consequence DNA 

transcription factors (TF) cannot be recycled leading to a dysfunction of the gene expression. 

Despite their more or less well-investigated cytotoxic properties and intracellular modes of action, the 

lability of phosphine-type ligands against exchange reactions with extra- and intracellular thiol-based 

nucleophiles rendered these moieties less attractive for the design of gold(I) based complexes with 

anticancer properties. Additionally, phosphines were reported to be cytotoxic, since they can be 

involved in redox reactions being oxidized under physiological conditions.85 Thus, as already 

mentioned before, one of the main goals in this field is to establish a more suitable ligand system, 

which enables the formation of more stable gold(I) complexes and offers a high versatility in terms of 

tuning steric and electronic parameters as well as the lipo- and hydrophilic ratio. In addition, the ligand 

should not show cytotoxicity. Recently, NHCs emerged as promising alternatives to phosphines in the 

new millennium showing attractive results as ligands for gold(I)-based anticancer molecules. First 

positive effects of the replacement of phosphines by NHCs were observed in the field of catalysis.86-87 

NHCs resulted to be stronger σ-donating ligands than phosphines allowing the access to more stable 

complexes able to overcome decomposition processes in homogeneous catalysis.88 The higher stability 

of the complexes caused by NHCs led to the exploitation of novel gold(I)-based complexes in the 

biomedical field as anticancer, antibacterial, antifungal, antiparasitic and antiviral agents 55, 85, 89 as well 

as in the field of photochemistry with for example photo-switchable properties.90  

 NHCs as Alternative Ligands Anticancer Studies 

Carbenes are per definition carbon-containing species having a six-electron valence shell and thus, 

result in very reactive and unstable species due to an electron deficiency.91 One example is the family 

of NHCs, which are defined as carbenes in a cyclic systems containing at least one nitrogen as stabilizing 

heteroatom.  
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N-containing carbenes owe first pioneering results to Tschugajeff in 1925, who prepared two first 

examples of these carbenes deriving from a hydrazine analogue (Scheme 3).92  

 

Scheme 3: Structures and reactions of the first discovered NHC-type compounds. 

Curiously, in this period the structures were still not understood and took up to 1970, when the 

Tschugajeff’s salts were recognized as diamino-carbene platinum complexes.93 In 1960, Wanzlick tried 

to isolate a free NHC via an α-elimination of chloroform (Scheme 3).94-96 However, the free carbene 

was observed to form a Wanzlick-type dimer. In 1968, the pioneering works of Wanzlick and Öfele 

delivered isolated mercury and chromium NHC complexes, respectively (Scheme 3).97-98 Both scientists 

used metal precursors with basic ligands (Hg(OAc)2 or [HCr(CO)5]-, respectively) observing the 

deprotonation of the imidazolium salts and the formed carbene could be stabilized by the presence of 

a coordinative unsaturated transition metal. A few years later, Lappert was successful in preparing 

platinum NHC complexes after inserting a metal precursor into the double bond of the Wanzlick-type 

dimer.99-100 The definitive successful isolation of a “bottleable” NHC was delivered by Arduengo in 

1991, who reported the isolation of 1,3-di(adamantyl)imidazol-2-ylidene, characterizing it as free 

carbene via single crystal X-ray diffraction (SC-XRD).101 This discovery opened a new era in the field of 

carbenes and an explosive number of reports related to NHCs have been published.91 

Nowadays, considering the five-membered ring system, different NHCs moieties, with varying number 

of nitrogen, were reported, and some examples are depicted in Figure 4.91, 102-105 The pyrrolidinylidene 

species is an example of NHCs bearing only one nitrogen atom. More common are the imidazol-2-

ylidene or the analogue with saturated backbones (C4 and C5) imidazolin-2-ylidene with two nitrogen 

atoms. Extending the backbone-positions with benzyl or derivatives delivers the benzimidazol-2- 



  1 | Introduction  

12 

 

Figure 4: Different examples of five-membered NHCs moieties varying in the number of nitrogen atom or being naturally 
deriving. 

ylidene. Further systems known with two nitrogen atoms are 1,2-pyrazolin-and 1,2-indazolinylidenes. 

In case of an alkylated C2 position in imidazolylidene moieties, the carbene can be generated at the C5 

position known as an abnormal imidazole-5-ylidene system. Extending the number of nitrogen atoms 

to three gives the 1,2,4- or the click-derived 1,2,3-triazolylidene system. Four N-atoms allow the 

synthesis of tetrazolylidenes.106 Replacing one nitrogen atom by an oxygen or sulfur in imidazolylidene 

systems enables the synthesis of oxazolylidenes or thiazolylidenes, respectively.  

Going into more detail in the imidazole-2-ylidene system, most of the imidazole-based precursors are 

commercially available. In addition, there also exist some naturally derived compounds like caffeine107 

or histidine108, which have imidazole-type rests as possible NHC precursors (Figure 4). As above-

mentioned, NHCs are generated by deprotonating the respective imidazolium salts. These NHC 

precursors can be synthesized in different pathways as are summarized in Scheme 4. Segmenting an 

imidazolium ring retro-synthetically, the cycle can be formed directly via a ring closure condensation 

reaction between glyoxal, two amines bearing N-substituents and formaldehyde.103 Alternatively, this 

synthesis can be performed with an intermediate step isolating the diimine moiety, which can be 

converted in a second step with formaldehyde under acidic conditions to the desired imidazolium salt. 

Both pathways allow the synthesis of symmetrically N-substituted imidazolium salts. Replacing one 

substituted amine with an ammonium salt ends up with the formation of a N-monosubstituted 

imidazole, which is required for the synthesis of commercially non-available imidazole derivatives.109 

These monosubstituted imidazoles can be further converted to an asymmetrical or symmetrical 

imidazolium salt via alkylation or arylation under basic conditions. Alternatively, using a bridging 
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material bearing to leaving groups (e.g. halides) can lead to the formation of bisimidazolium systems 

(Scheme 4).102, 110  

 

Scheme 4: Different synthetic pathways for the synthesis of imidazole moieties as well as of imidazolium or bridged 

bisimidazolium salts. 

The bisimidazolium scaffold can offer up to five different modification possibilities allowing the tuning 

of various parameters aimed at for anticancer properties.110 The first three tuning sites, namely the 

backbones, the wingtips and the counter-anion, are already known to influence steric and electronic 

parameters as well as the solubility properties of an imidazolium salt and the respective metal NHC 

complexes.91 

In contrast to phosphine-type ligands, these properties of NHCs can be modified faster and the high 

versatility of these three different modification positions allow a more specific and individual 

variation.91 A highly cited review of Glorius et al. (2014) gives very specific insights about the tuning 

effects as well as methods to quantify these parameters.91 Two more modification strategies are 

related to the bridging unit, which can be elongated as well as it gives access to a new position for 

introducing functional groups.102, 110 The variation of the bridge length gives more flexibility to 

complexes, whereas the functionalization open new strategies for balancing the degree of lipo- and 

hydrophilicity. The effect of these two tuning possibilities on dinuclear gold(I) complexes will be 

discussed in the following chapter. Nowadays, only a few example of alkylene-bridge-functionalized 

bisimidazolium moieties have been reported and are summarized in Figure 5.111-119 The first bridge-

functionalized bisimidazolium salts L1-L3 were introduced and patented by Kühl in 1995.111 Further 

examples of bisimidazolium salts were reported by Peris (L4-L6, 2004/2005)112-114, Kang (L7, 2005)115, 

Kühn (L8-L11, 2014-2017)110, 116-118 and Hölscher (L10, 2018)119. The bisimidazolium salt L8 was 

originally designed for the immobilization of catalytically active palladium or iron complexes on 

supporter materials.110, 120 Recently, the same ligand system allowed the synthesis of dinuclear gold(I)  
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Figure 5: Examples of bridge-functionalized bisimidazolium salts. 

complexes bearing bridge-functionalized bisimidazolyliedene ligands. Subsequently, the water-soluble 

L10 with an acetate-bridge as well as the asymmetrical L11 with a N,N’-allyl-bridge have been 

introduced as new bridge-functionalized bisimidazolium salts. The respective gold complexes including 

their anticancer properties will be discussed more detailed in the next chapter.  

 Au(I) NHC Complexes with Anticancer Properties 

The first gold(I)-NHC complexes 1a-b has been reported by Burini and coworker in 1989 (Figure 6).121  

 

Figure 6: First reported synthesis of gold NHC complexes (1a-b) and first gold NHC complexes (2 and 3) tested as anticancer 
agents. 
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The synthesis of gold(I)-based NHC complexes are straightforward and two very common procedures 

are applied nowadays. The respective bisimidazolium salt can be treated with silver(I) oxide and the 

resulting isostructural Ag(I) complex is subsequently transmetallated to the gold(I) precursor of the 

type L-Au-Cl (L = Me2S, tetrahydrothiophene = THT, PPh3). Alternatively, the NHC precursor can be 

directly converted to the gold(I) complex by using a mixture of a moderate base (e.g. inorganic 

carbonates) and gold(I) precursor.121-123  

First pioneering results in the application of gold(I) NHC complexes as anticancer agents were made by 

Berner’s Price and coworker in 2004, who published dinuclear cationic gold(I) cyclophane-NHC 

complexes of the type 2 exhibiting antimitochondrial activity (Figure 6).124 Four years later, the same 

group reported a two-step ligand exchange of mononuclear NHC complexes 3 with L-cysteine and 

L-selenocysteine under physiological conditions.16 Despite their stronger σ-donating properties, this 

pioneering work showed that mononuclear gold(I) NHC complexes can undergo the same reactivity 

with TrxR as observed for gold(I) phosphine complexes, possibly involving the nucleus in ligand 

exchange reactions. In addition, a 20- to 80-fold higher reactivity to selenium was observed when 

compared to sulfur, since selenocysteine was found to exist in its deprotonated form as selenolate 

under physiological condition rendering it more attractive for gold. Thus, showing antimitochondrial 

properties, NHC-based gold(I) complexes were observed to undergo similar modes of action as above-

described for auranofin. After this pioneering works, an exponentially rising number of gold NHC 

complexes have been reported with various ligand types and antiproliferative activity.125-126 Thereby, 

the above-mentioned backbones, wingtips or counter-anions as tuning sites of NHCs have been 

modified with different aliphatic or aromatic groups as well as halides, pseudohalides or functional 

groups leading to a huge number of mono- or multinuclear (homo- and heterometallic) gold(I) 

complexes with in vitro cytotoxicity in the range of micromolar up to subnanomolar.  

A glance at the literature approximately one decade later after the pioneering work of Berner’s Price, 

reveals that only a small number of mononuclear gold(I) NHC complexes (4-9, Figure 7) have been 

evaluated in tumor regression studies in vivo. 
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Figure 7: Mononuclear gold(I) complexes 4-9 evaluated in vivo in mouse models. 

Complexes 4a-d and 5 bearing combretastatin-type backbone-modified or benzylic wingtip substituted 

NHC ligands, respectively, present antivascular effects in vitro and in vivo in chicken embryos.127-128 

Based on these results, the respective cationic moieties 6a-b were applied in treating highly metastatic 

mouse melanoma cell lines showing a noticeable regression of the tumor mass including antimetastatic 

and irregular blood vessels-repairing properties.129 Both, 7 and 8, reduce tumor mass in Caki-1 

xenografts mouse models following ROS induced apoptotic pathway.130 Complex 9 showed melanoma 

tumor growth suppression in B16F10 mouse melanoma cells inducing mitochondrial death pathways 

as well.131 In all cases, no change in animal weight was observed after treatment, indicating no severe 

side effects. Despite the first promising in vivo evaluations, the application of stronger σ-donating NHC 

moieties as substitute of phosphine-type ligands could not solve the thiol-lability issues of a large 

number of gold NHC complexes reported as anticancer agents. Thus, only a handful of complexes were 

evaluated in vivo yet.57 Inspecting the structural composition of the above-mentioned complexes 

(Figure 7), it was immediately evident that all mononuclear complexes (4-9) bear bulky aromatic 

backbone- or wingtip-substituents mostly functionalized with ether-groups for balancing the hydro- / 

lipophilicity ratio. Higher sterical hindrance was reported to hamper the accessibility of the gold nuclei 

for nucleophilic thiol groups.132 As described for gold phosphine complexes, the degree of lipophilicity 

should not be exaggerated in order not to reduce the selectivity towards tumorigenic cells.66-67  
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Another attractive strategy to design ligands for thiol-stable gold complexes are bidentate 

bisimidazolylidene moieties similarly to what was described for chelating phosphines. A prominent 

example is complex 10, which bears a methylene-bridged bisimidazolylidene and a diphosphine ligand 

forming a dinuclear gold(I) complexes in parallely-shaped metallacycle (Figure 8).133  

 

Figure 8: Dinuclear gold(I) bisimidazolylidene complex 10 evaluated in vivo in mouse models. 

This complex is very stable in presence of blood thiols and act as a potent TrxR inhibitor and 

antimitochondrial agent. In vivo evaluations of 10 in mice bearing HeLa xenografts or with B16F10 

mouse melanoma have shown very promising tumor mass regressions. Nowadays, a plethora of 

dinuclear gold(I) complexes bearing bisimidazolylidene ligands have been reported, showing promising 

in vitro activity in a various number of human cancer cell lines.102, 125  

Besides the tuning of electronic and steric parameters of NHCs on the backbone- and wingtip-

positions, another attractive criterion of bisimidazolylidene moieties are the above-mentioned 

additional tuning sites of the bridging unit. The most important effects of elongating or functionalizing 

the bridge of bisimidazolylidene ligands on the structure of dinuclear complexes are depicted in Figure 

9. The elongation of the alkylene-bridge affects the structure of the dinuclear gold(I) complexes. A 

methylene unit (n = 1) gives the dinuclear complex 11 as metallacycle in a parallel form as described 

for 10.133 The same structure motif is also present for longer alkylene-chains (n ≥ 3) except for a 

ethylene-bridge (n = 2), which leads to complexes 12 with a twisted form causing an approximation of 

both gold(I) nuclei in a range for aurophilic interactions (≥ 3.32 Å).134-135 These d10-d10-interactions 

introduce luminescence properties offering an additional advantageous criterion applicable for 

example in cell imaging studies.136 Enhancing the bridge to octylene (n = 8) the dinuclear complex 13a 

started to be in equilibrium with the mononuclear moiety 13b, since the bisimidazolylidene moiety is 

long enough for binding as a bidentate ligand around one nucleus.137  
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Figure 9: Influence of elongation of the bridging unit 11-13 or functionalization of the methylene bridge 14 and 15 on the 
structure of dinuclear gold(I) complex bearing two bisimidazolylidene ligands. Additionally, all six possible isomers of bridge-
functionalized Au(I) complexes with bridge-functionalized bisNHCs are depicted. 

The first dinuclear gold(I) complex bearing two 2-hydroxyethane-1,1-diyl-bridged bisimidazolylidene 

ligands (14a) was published in 2015.116 This complex is isostructural to 10, forming a similar parallel-

shaped 12-membered metallacycle, but the presence of functional groups led to constitutional syn- 

and anti-isomers (Figure 9)116 Syn/anti-isomerization processes have been already observed for 

dinuclear gold(I) complexes with for example diisocyano-, dithiophosphonates- or bisNHC-based 

bidentate ligands.138-148 DFT-calculations revealed three different species for each, the syn- and anti-

isomers, resulting to a total number of six configurations (Figure 9). Thereby, the hydroxymethyl-units 

on both methylene bridges are involved in the isomerization, since they can point both away (exo) or 

toward (endo) the metallacycle as well as in a mixed form (meso).  

In follow-up studies of previously reported doctoral theses in the group of Kühn, the N-substituents of 

this ligand system were extended to more bulky isopropyl and mesityl groups and the respective gold(I) 

complexes 14b/c and 14d were reported.118 Thereby, the wingtips resulted to have an influence on the 

final most-favoured configuration of the gold(I) complexes and the most lipophilic complex 14d 

showed moderate antiproliferative activity in both human cancer cell lines A549 and HepG2 after 48 h. 

Meanwhile, the bridge-functionality was altered from a hydroxyl group to a carboxylate group and first 
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indications for the successful formation of complex 15 in zwitterionic form were reported.117 

Considering these preliminary synthetic works, the main goal of this thesis is to apply dinuclear gold(I) 

complexes with bridge-functionalized bisNHC ligands as anticancer agents. More details about the 

objectives of this thesis are summarized in the next chapter. 
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2 OBJECTIVES 

Considering the first promising in vivo studies of complex 10 bearing one bisimidazolylidene moiety 

(Figure 8) and the various number of possible modification positions of NHCs, in particular the bridging 

unit, this thesis continues exploring dinuclear gold(I) complexes bearing divers bridge-functionalized 

bisNHC ligands and their evaluation as anticancer agents. 

Firstly, the previously reported 14a-d and 15 (Figure 9) are evaluated in human cancer cell lines to 

verify whether these gold(I) complexes are cytotoxic and to have an insight into the right ratio between 

hydrophilic functional groups of the bridge and lipophilic N-substituents. Another fact to be examined 

is the influence of syn- and anti-isomerization on the antiproliferative properties. Therefore, a suitable 

separation method for the isomer mixtures should be explored and the isolated isomers should be 

evaluated and compared in human cancer cell lines. The influence of bridge-functionalization and the 

geometry of the different isomers on the stability of these complexes in presence of L-cysteine is 

investigated. These first evaluation studies should allow to gather information on the most appropriate 

strategies towards the design of further gold(I) complexes of this type. 

Once the most active and most stable complex is found, a screening of its cytotoxicity in more cancer 

cell lines allows to analyze for example cisplatin resistance phenomena or the application in more 

common cancer types like breast and prostate. The evaluation of this complex in a healthy cell line 

enable to have an insight into the selectivity towards tumorigenic cell lines and to proof whether it 

could have therapeutic potential by calculating selectivity indices with the respective cancer cell line.  

Another goal of this thesis is to analyze the mode of action of this family of complexes and to compare 

with the intracellular reactivity profile of auranofin (Scheme 2). Strategies should be developed to 

investigate whether the complex is internalized and where it is located in the cell in order to get an 

idea of which possible systems are targeted by this compound. Nevertheless, the very first enzymatic 

studies are performed with TrxR to proof the inhibition properties of the most active complex, since 

this enzyme is known to be the most investigated target for gold(I) compounds. 

Furthermore, the elaboration of suitable synthetic strategies for the post-modification of the 

functional groups of the bridging unit of these gold(I) complexes is of high interest. Thereby, the main 

goal is to start developing a theranostic system consisting of a gold(I) based cytotoxic framework 

extended with a chelator for radioactive labeling as well as a peptide sequence for ensuring highly 

selective cellular uptake in cancer cell lines. 
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3 RESULTS – PUBLICATION SUMMARIES 

 Publication Summaries 

This chapter gives a summary of the most important publications originated from this thesis and their 

printed versions can be found in the appendix. 

3.1.1 Influence of Wing-tip Substituents and Reaction Conditions on the 

Structure, Properties and Cytotoxicity of Ag(I)- and Au(I)-bis(NHC) Complexes 

Julia Rieb, Bruno Dominelli, David Mayer, Christian Jandl, Jonas Drechsel, Wolfgang Heydenreuter, 

Stephan A. Sieber and Fritz E. Kühn 

Dalton Trans. 2017, 46, 2722-2735 

Based on previously reported coinage metal complexes bearing two 2-hydroxyethane-1,1-diyl-bridged 

bisimidazolylidene moieties, this publication focused on the same ligand system extending the wingtip 

substituents from methyl to isopropyl and mesityl groups (Scheme 5).149 

 

Scheme 5: Summary of all synthetic procedures for the dinuclear gold(I) complexes bearing two 2-hydroxyethane-1,1-diyl-
bridged bisimidazolylidene moieties. Adapted from Ref. [149] with permission of The Royal Society of Chemistry. 

The Ag(I) and Au(I) complexes 14a-d have been synthesized according to the literature following the 

Ag2O-route and consequent transmetallation step, respectively. A counter-anion exchange of the 

chloride complexes to (PF6)- or (BPh4)- was performed by adding NH4PF6 or NaBPh4 in aqueous solution, 

respectively. This work demonstrated that the different syn- and anti-isomers can vary by altering the 

N-substituents and indeed, methyl and mesityl groups led to the formation of syn- whereas isopropyl 

to anti-conformers. According to the NMR spectrum in deuterated acetonitrile, the Ag(I) complex with 

isopropyl wingtips was obtained isomerically pure, but measuring the same complex in deuterated 

dimethyl sulfoxide showed an additional resonance pattern assigned to another isomer. DMSO seems 
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to slow dynamic processes between the carbene and the nucleus. The previously calculated six 

different isomers (syn/anti-exo, -meso or -endo) could be classified for the isopropyl-N-substituted 

Ag(I) complex in an energy profile and the anti-exo-fashion (bridge-functionalization pointing away 

from the metallacycle) resulted to be the energetically most favoured conformer followed by syn-

meso. Nevertheless, these calculations should be treated with caution, since until now, only the exo-

isomers could be characterized by SC-XRD. After transmetallation in acetonitrile, 14a and 14c have 

been obtained isomerically pure whereas 14b was obtained as an isomer mixture. This mixture shows 

thermo-neutrality once it is formed, however, variation of the transmetallation temperature affects 

the isomer ratio. Nevertheless, isomerically pure 14b was not possible to be isolated. Several 

crystallization attempts of the isomer mixture delivered single crystals, which could be always 

identified as anti-exo-14b via SC-XRD. The second species could not be crystallized in a suitable form 

for SC-XRD and it was theoretically assigned to have the syn-meso conformation when considering the 

above-mentioned energy profile. The mesityl-N-substituted Ag(I) complex showed argentophilic 

interactions. However, these d10-d10 interactions where lost after transmetallation to gold(I), since no 

aurophilic interactions were observed. 

The cytotoxic activities of 14a-d were determined on the human lung epitheloid carcinoma (A549) cell 

line and on the human liver hepatocellular carcinoma (HepG2) cell line by a colorimetric method 

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, MTT assay). Using an appropriate 

range of concentrations, dose-response curves after 48 h of incubation time were obtained and the 

corresponding IC50-values for all compounds are depicted in Figure 10. 

  

Figure 10: Antiproliferative activity of 14a, 14b, 14c and of 14d in A549 and HepG2 after 48 h of incubation expressed as IC50-
values. 

Complex 14d showed the highest cytotoxicity in A549 (IC50 = 42.2±2.2 µM) and HepG2 cancer cell lines 

(IC50 = 14.9±0.9 µM). Thereby, the moderate antiproliferative activity was related to its poor solubility 
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in water. 14b was tested as an isomer mixture and the isopropyl wingtips resulted to deliver not 

enough lipophilicity for activity. The change of counter-anion to (BPh4)- showed no difference in 

cytotoxicity.  
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3.1.2 Medicinal Applications of Gold(I/III)-Based Complexes Bearing 

N-Heterocyclic Carbene and Phosphine Ligands 

Bruno Dominelli 

João D. G. Correia and Fritz E. Kühn 

J. Organomet. Chem. 2018, 866, 153-164 

“Special Issue dedicated to Prof. Wolfgang Herrmann’s 70th birthday” 

This review updates information (until 2017) on gold(I/III) phosphine and NHC complexes and their 

application as anticancer, antibacterial, antiparasitic (malaria, leishmaniasis or tyrpanosomasis) and 

antiviral (HIV-1) agents.85 Thereby, the main focus was set on depicting different phosphine- or NHC-

type ligands applied to stabilize gold complexes and organize them in tables with the corresponding 

IC50-values. All tables included information on incubation times and type of cell line. Additionally, 

mechanistic insights or luminescence properties as well as biological evaluation have been provided. 

All results were compared with cisplatin and auranofin as reference compounds. The main goal of this 

review was to find trends in ligand design for medicinal purposes, in particular for the preparation of 

complexes with antiproliferative properties. Issues such as the balance between lipo- and 

hydrophilicity, the presence of functional groups, the utilization of multinuclear complexes (homo-

metallic vs. hetero-metallic) and the comparison of neutral versus cationic complexes were addressed. 

The comparison among the different ligand moieties used in gold complexes could help recognizing 

some trends from repeated observations, which might be applicable for both ligand systems presented 

in this review. Considering the focus of this thesis, namely the study of the antiproliferative properties 

of gold complexes in cancer cell lines, the following main conclusions could be drawn: 

1. A certain balance between hydro- and lipophilic character is demanded and the lipophilicity is 

more pivotal than the presence of functional groups. Aromatic N- or backbone substituents of 

NHC ligands like phenyl, mesityl, pyridine-groups or analogues or as additional ligands in the 

first coordination sphere of gold are very attractive. However, the degree of lipophilicity is 

limited, otherwise the ligand itself exhibits cytotoxicity. Amide bonds are more adequate, since 

ester bonds are for example hydrolyzed by esterases present in biological systems.  

2. Multidentate ligands have shown promising results after evaluation of the cytotoxicity in vitro 

and in vivo. Chelating ligand moieties can deliver stable metallacycles with high cytotoxicity 

and even more interesting with higher selectivity towards cancer cells. These mono- or 

multinuclear complexes appear to be more stable in presence of thiol-based nucleophiles 

showing in some cases a different coordination of these substrates without dissociating the 
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ligand. The elongation of the bridging alkyl-chain improves the activity of gold phosphine 

complexes.  

3. The number of gold nuclei seems to have a small effect on the cytotoxicity and a higher number 

of gold atoms is found to be more favorable. However, it should be considered that the activity 

is not proportionally rising with the increasing number of gold nuclei. 

4. Both neutral or cationic complexes are equally active and no trend can be pointed out so far. 

5. The synthesis of hetero-metallic complexes is extremely advantageous, since a synergism 

between both anticancer metals leads to multiple targeting metallodrugs with very low drug 

resistance. Additionally, some examples of hetero-metallic complexes have shown to be much 

more cytotoxic in human cancer cells compared to their homo-metallic analogues reaching 

IC50-values in the nanomolar range.   
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3.1.3 Dinuclear zwitterionic silver(I) and gold(I) complexes bearing 2,2-acetate-

bridged bisimidazolylidene ligands 

Bruno Dominelli, Gerri M. Roberts, Christian Jandl, 

Pauline J. Fischer, Robert M. Reich, Alexander Pöthig,  

João D. G. Correia and Fritz E. Kühn 

Dalton Trans., 2019, 48, 14036-14043 

Two novel Au(I) complexes, 15a and 15b, bearing 2,2-acetate-bridged bisimidazolylidene ligands 

(methyl and isopropyl N-substituents, respectively) were synthesized and fully characterized by NMR, 

ESI-MS and IR spectroscopy as well as elemental analysis and single-crystal X-ray diffraction analysis 

(Scheme 6).150 The new bridge-functionalization (carboxylate) led to dimerization in solution and in the 

solid state. Co-crystallized water molecules formed five-membered rings by hydrogen bond 

interactions and connected two bisimidazolium molecules in the solid state. The same phenomenon 

of pseudo-dimerization was observed in solution, since the hydrodynamic radii were in the range of 

the corresponding complexes (DOSY NMR). The respective Ag(I) and Au(I) complexes were 

characterized showing the same metallacyclic structure motif and the same formation of syn- and anti-

isomers as previously reported for complexes 14a-d (Figure 9 and Scheme 5).116, 149  

 

Scheme 6: Synthesis procedure for the 2,2-acetate-bridged bisimidazolium salts L10a and L10b as well as the repective 
silver(I) and Au(I) complexes 15a and 15b. Adapted from Ref. [150] with permission of The Royal Society of Chemistry. 

The replacement of the hydroxyl group with a carboxylate moiety led to water-soluble coinage-metal 

complexes in zwitterionic form. All distances between both Ag(I) or Au(I) nuclei were too long and not 

in the range of argento- or aurophilic interactions. In the case of the Ag(I)-complex in syn-form, 

intermolecular interactions were observed between the carboxylate group and the silver nucleus in a 

T-shaped coordination geometry. Antiproliferative studies of the Au(I) complexes in human cancer cell 

lines (HepG2 and A549) resulted in no cytotoxicity properties for this family of complexes. Probably, 

these complexes were not lipophilic enough for a possible cellular uptake. Unfortunately, the variation 

of N-substituents to more bulky (more lipophilic) groups such as benzyl, mesityl or pyridyl was 
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unsuccessful due to thermal-induced decarboxylation side reaction of the resulting bisimidazolium 

salt. The Cα (methylene bridge) bears additionally to the carboxylate group two electron-withdrawing 

imidazolium/imidazolylidene rings leading to a Krapcho-type decarboxylation. The formation of the 

bridge-unmodified side products was observed during a variable temperature NMR experiment (VT-

NMR) in deuterated DMSO. The same experiment in water showed no decarboxylation, however, 

protic solvents are not suitable for nucleophilic substitution reactions (i.e. the synthesis of 

bisimidazolium salts). Likewise, the synthesis of the Ag(I) complexes under water-free conditions gave 

a dinuclear complex with two bridge-unmodified NHC ligands. The presence of water during the 

synthesis steps is crucial to stabilize this system and to avoid oxidative Hunsdiecker-type 

decarboxylation. The proximity of the carboxyl unit to the NHC rings affects the reactivity towards 

esterification and/or amidation post-modifications as well. Different methods (activation of the 

carboxylic acid or the use of coupling reagents) failed in order to stabilize the bridge and to increase 

the degree of lipophilicity. Only protonation experiments with different acids (HBr, HOTf ad HAuCl4) 

successfully yielded the respective complexes with carboxyl groups and the corresponding counter-

anions. Thereby, a tetranuclear Au(I)/A(III) complex was obtained and the [AuCl4]- counter-anion 

showed interaction with the carboxylate changing the resonance pattern in NMR spectrum when 

compared to the zwitterionic structure. No change of the chemical shifts was observed after treatment 

with HBr and HOTf. Interestingly, only the syn-isomer was stable under acidic conditions, whereas the 

same experiment performed on the anti-species resulted in decomposition.   
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 Unpublished Results 

This chapter summarizes very briefly the most important unpublished results, which were obtained in 

follow-up studies after the above-summarized publications. Supporting NMR and ESI-MS spectra are 

attached in the appendix. 

3.2.1 Antiproliferative properties of gold(I) complexes bearing 2-hydroxy-

ethane-1,1-diyl-bridged bisimidazolylidene ligands 

Aimed at comparing the in vitro antiproliferative activity in specific cancer cell lines of isolated isomers, 

the isomer mixtures of 14b and 14d were separated via reverse phase high performance liquid 

chromatography (RP-HPLC).151 In case of 14b, the second isomer was identified as syn-exo conformer 

and not in syn-meso configuration as predicted in the DFT calculations in the above-summarized 

publication (Figure 11). 

 

Figure 11: ORTEP-style view of the cationic fragment of syn-exo-14b. All atoms are shown using ellipsoids at a probability 
level of 50%. Hydrogen atoms and counter-anion are omitted for clarity. Relevant bond lengths [Å] and angles [°] of 
syn-exo-14b: Au1–C4 2.015, Au1–C18 2.021, Au2–C8 2.022, Au2–C22 2.024, C21–N6 1.467, C21–N7 1.463, C7–N2 1.463, C7–
N3 1.462; Au1   Au2 3.607; C4–Au1–C18 170.32, C8–Au2–C22 174.17, N2–C7–N3 108.63, N6–C21–N7 110.43. Relevant bond 
lengths [Å] and angles [°] of syn-exo-14b(Cl): Au3–C32 2.021, Au3–C46 2.024, Au4–C36 2.026, Au4–C50 2.026, C35–N10 
1.457, C35–N11 1.455, C49–N14 1.454, C49–N15 1.451; Au3   Au4 3.758; C32–Au3 C46 172.08, C36–Au4–C50 174.66, N10–
C35–N11 111.13, N14–C49–N15 111.43; O3   Cl1 distances 3.211 Å and O4   Cl1 3.084 Å. 

Nevertheless, the refinement of the crystal structure of this isomer revealed the additional presence 

of co-crystallized chloride as counter-anion, which could have affected the isomerization process. No 

differences in bond lengths and angles were found between the syn-exo configured 14b (syn-exo-14b) 

and the previously reported anti-exo isomer of 14b (anti-exo-14b), which was cyrstallized and analyzed 

via SC-XRD as well.149 

Sterically more demanding wingtips were observed to lead to isomer mixtures with more than two 

conformers. The isomer mixture of 14d was separated analogously leading to the isolation of the syn-

exo isomer (syn-exo-14d) with high purity and a second fraction containing one main isomer and traces 

of other species, which are assigned to further constitutional isomers. In accordance with the above-

described DFT calculations and previously reported SC-XRD results, the second main isomer was 

syn-exo-14b syn-exo-14b(Cl)
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considered to have the anti-exo configuration (anti-exo-14d). Antiproliferative activities of syn-exo and 

anti-exo isomers of 14b and 14d were evaluated in human cervix epitheloid carcinoma (HeLa) cell line 

and in the human liver hepatocellular carcinoma (HepG2) cell line by a colorimetric method (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, MTT assay). Thereby, appropriate ranges of 

concentrations were injected into the culture-medium and dose-response curves were collected after 

48 h incubation time. The corresponding IC50-values for all compounds were depicted in Figure 12.  

 

Figure 12: Antiproliferative activity of syn-exo and anti-exo of complexes 14d as well as auranofin and cisplatin as reference. 

Both isomers of 14b showed no differences in cytotoxicity and resulted to be not active (IC50 > 100 µM). 

In the case of 14d, both, syn-exo and anti-exo-isomers, present a comparable antiproliferative activity 

with IC50-values amounting to 11.3±3.17 µM and 7.9±1.9 µM for HeLa, respectively, and 13.4±3.17 µM 

and 20.5±2.31 µM for HepG2, respectively. The above-mentioned worse solubility of 14d in water in 

syn-exo form was overcome by exchanging the counter-anion from (PF6)- to chloride. The resulting 

antiproliferative activity in HepG2 (IC50 = 1.85±0.05 µM) was improved into a range comparable to 

auranofin (IC50 = 1.47±0.02 µM). 

 

Scheme 7: Density functional: ωB97x-D; basis set: double zeta split valence basis set 6-31G* for non-metals and LANL2DZ for 
Au. 

Independent on the wingtip groups, the syn-isomer resulted to be more stable in presence of 

L-cysteine under physiological conditions. In contrast, the anti-exo isomer of 14b showed 
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decomposition in presence of L-cysteine undergoing the exchange of one bisimidazolylidene ligand by 

thiolates. Geometry optimization calculations have shown that the gold(I) nuclei of the anti-

conformation are more accessed to nucleophiles (Scheme 7). 

TrxR inhibition studies were performed for syn-exo-14d, anti-exo-14d and auranofin following a DTNB-

based (5,5'-Disulfanediylbis(2-nitrobenzoic acid)) colorimetric assay and the respective IC50-values are 

summarized in Figure 13.  

 

Figure 13: TrxR inhibition studies of syn-exo and anti-exo of 14d compared with auranofin. 

The higher reactivity of the anti-exo configuration resulted in stronger inhibition properties of TrxR 

(IC50 = 14±4 nM) when compared to the syn-analogue (IC50 = 143±8 nM). 

Considering the similar antiproliferative activity as the anti-analogue, but higher stability towards 

nucleophiles and nonetheless TrxR inhibition properties, syn-exo-14d was found to be the most 

cytotoxic and the most stable complex in this thesis. Thus, this complex was further screened in more 

cell lines and all respective IC50-values are depicted in Figure 14.  

 

Figure 14: Antiproliferative activity of syn-exo-14d, cisplatin and of auranofin in divers cancer cell lines and in healthy 
fibroblast cells V79 after 48 h of incubation expressed as IC50-values.  
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Syn-exo-14d was similarly cytotoxic in the human ovarian epitheloid carcinoma (A2780) cell line 

(IC50 = 3.00±0.56 µM) and in the corresponding cisplatin-resistant line (A2780cisR, 2.76±0.61 µM) 

showing to overcome cisplatine resistance. It was more active (IC50 = 7.66±3.3 µM) than cisplatin 

(IC50 = 33.7±5.5 µM) in the human prostate epitheloid carcinoma (PC3) cell line. Interestingly, it has 

also shown antiproliferative activity in triple negative breast cancer cells (MDA-MB-231, 18.5±5.2 µM). 

In addition, this complex showed the best antiproliferative activity in the human breast epitheloid 

carcinoma (MCF-7) cell line with an IC50-value amounting to 1.22±0.65 µM. Evaluation in the healthy 

fibroblast cell line V79 (IC50 = 22.9±3.0 µM) revealed that syn-exo-14d was less toxic when compared 

to cisplatin and, particularly to auranofin. Considering the low antiproliferative activity in V79 and the 

high cytotoxicity in MCF-7, the resulting selectivity index (SI) of approximately 19 shows that 

syn-exo-14d might be potentially useful for the treatment of breast carcinoma in vivo.  

First preliminary internalization studies were conducted via proton induced X-ray emission (PIXE) in 

combination with Rutherford backscattering (RBS) and scanning transmission ion microscopy (STIM) 

techniques. After an incubation time of approximately 1 h in PC3 cells, both auranofin and syn-exo-14d 

were irradiated with a proton beam and the emitted X-rays, the proton-backscattering as well as the 

proton transmission were detected and processed in images (Figure 15).  

 

Figure 15: RBS spectrum (A), PIXE spectrum (B), PIXE image (C) and STIM image with selected points (D) for Auranofin, 
syn-exo-14d and a non-treated PC3 cell. In addition, the calculated gold uptake (E) and distribution of gold content based on 
points selected in STIM image (F). 
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The presence of gold inside the PC3 cell treated with auranofin and syn-exo-14d was confirmed by the 

detection of Lα, Lβ and Lγ emission lines in the respective PIXE spectra. The very broad barrier-type 

RBS-signal of syn-exo-14d in the range of gold shows a deeper internalization of this complex when 

compared to auranofin with a sharper signal. The RBS spectrum of the non-treated PC3 cell has no 

signals in the range of gold. According to the selected points in periphery (turquois area) or in the 

centrum of the cell (yellow-orange area) in the STIM, the overall cellular amount of gold could be 

quantified. Auranofin internalizes three times higher than the complex after an incubation time of 

approximately 1 h. However, while auranofin seems to be distributed in the whole cell, syn-exo-14d 

was only detected in the selected points of the STIM image in the centrum. This observation could 

strengthen the assumption that syn-exo-14d internalizes deeper than auranofin. Further studies 

regarding the cell distribution are ongoing in which four cell compartments (nucleus, cytosol, cell 

membrane and cell skeleton) have been extracted and the amount of gold will be subsequently 

quantified via ICP-MS. In addition, electron microscopy techniques (SEM and TEM) are also planned in 

the near future in order to observe changes of the cell surface or cell organelle morphology after 

treatment with auranofin or syn-exo-14d.  

3.2.2 Post-modification of gold(I) complexes bearing 2-hydroxyethane-1,1-diyl-

bridged bisimidazolylidene ligand  

The non-cytotoxic complex syn-exo-14b was post-modified via esterification of both hydroxyl groups 

with 9-anthracenoyl chloride (Scheme 8). 

 

Scheme 8: Post-modification of syn-exo-14b via esterification leading to the mono-esterified 16 and di-esterified 17. 
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Previously, the bisimidazolium salt L8b was esterified with 9-antracenoyl chloride and the resulting 

product L12 was treated with Ag2O and transmetallated to Au(THT)Cl. Unfortunately, the extension of 

the hydroxyethyl-unit increased the number of isomers.152 Thus, the syn-exo isomer of complex 14b 

was tried to be directly post-modified and indeed, a product mixture of the mono-ester 16 and di-ester 

17 could be obtained. Both complexes could be separated by RP-HPLC technique and after isolation 

fully characterized. The complex 16 showed luminescence properties with a maximum quantum yield 

of 20% at 365 nm. First in vitro evaluations were performed following the above-mentioned 

colorimetric assay (MTT) and all calculated IC50-values of 16 are summarized in Figure 16 and compared 

to syn-exo-14b and syn-exo-14d.  

 

Figure 16: Antiproliferative activity of syn-exo-14b, syn-exo-14d and of 16 in divers cancer cell lines and in healthy fibroblast 
cells V79 after 48 h of incubation expressed as IC50-values. 

The antiproliferative activity of 16 in HeLa (IC50 = 7.26±4.33 µM) remarkably increased when compared 

to the non-toxic syn-exo-14b (IC50 > 100 µM). Furthermore, 16 shows good activity in MCF-7 (IC50 = 

7.92±0.96 µM). Nevertheless, 16 resulted to be less cytotoxic compared to syn-exo-14d, particularly 

in A2780 (IC50 = 43.6±4.1 µM) and MDA-MB-231 (IC50 = > 100 µM). Despite 16 has a negligible 

cytotoxicity in the healthy fibroblast cell line V79 (IC50 = 63.7±8.6 µM), it is still not attractive for a 

potential in vivo evaluation, since the selectivity index is not in a range for therapeutic treatment 

(SI > 10).  

TrxR inhibition studies were also performed for 16 following the same above-mentioned colorimetric 

assay and the respective IC50-values are summarized in Figure 17 and compared with the respective 

bisimidazolium salt L12 as well as syn-exo-14d and auranofin. 
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Figure 17: TrxR inhibition studies of L12, syn-exo 14d, syn-exo 16 and auranofin. 

16 (IC50 = 12±0.003 nM) is approximately 10 times stronger as TrxR inhibitor than syn-exo-14d 

(IC50 = 143±8 nM), whereas the inhibition ability of the bisimidazolium salt L12 can be neglected 

(IC50 > 200 nM). These results lead to the tentative conclusion that probably a synergism between the 

gold nuclei and the aromatic systems improves the inhibition of TrxR. A similar phenomenon was 

observed for literature-known square-planar gold(III) complexes inhibiting aquaporin by forming 

π-π-interactions with the enzyme.153 

The di-esterified complex 17 resulted to be not suitable for in vitro studies, since it precipitates in the 

culture-medium. The same above-mentioned counter-anion exchange route to obtain the di-ester 

complex as chloride or even as acetate salt was unsuccessful, since this complex showed to hydrolyze 

to the mono-esterified 16. Complex 17 shows luminescence properties as well, however, has only a 

maximum quantum yield of 8% at 366 nm. Irradiation NMR-scale experiments at 365 nm for 2 h in 

degassed deuterated acetonitrile showed the formation of at least two new species (Figure 18). The 

new formed species were tentatively assigned to products resulting from a photodimerization of both 

vicinal anthracene molecules at 366 nm, which is literature-known for organic anthracene moieties154 

and for dinuclear gold(I) complexes having four example coumarin-based N-substituents.138 Especially, 

the new formed chemical shifts around 5 ppm could indicate the formation of a saturated cyclic 

system. A more confirming observation for the photocycloaddition is the thermo-reversibility of these 

cyclic products. Indeed, heating the product mixture to 37°C for 2 h in the same solution, the new 

resulting resonance pattern formed back to the lonely chemical shifts of 17. Thus, this complex seems 

to be very attractive for further investigations in the field of metal-based photo-switcher, however, 

the yield should be optimized, since 17 is not fully converted after irradiation at 365 nm for 2 h and 

longer, since its resonance pattern is still present in the NMR spectrum. 
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Figure 18: Stacked 1H NMR spectra of 17 before (top), after irradiation at 366 nm for 2 h (middle) and after heating the 
irradiated solution at 37 °C for 2 h (bottom). The spectra are shown in a range between 8.0 ppm and 4.2 ppm in degassed 
CD3CN at room temperature. 

The same strategy of esterification was applied for complex 14d and the same product mixture of 

mono- and di-esterified complex was observed. This showed that both hydroxyl groups are accessible 

for post-modification routes despite the presence of the sterically more demanding mesityl wingtips. 

However, these complexes have been neglected, since 17 revealed that the limit of lipophilicity was 

already reached. 

3.2.3 Synthesis of a gold(I)-based complexes for theranostic applications  

As above-mentioned in the summary of publications, the amide bond is preferred to avoid hydrolysis-

based decomposition as observed for example for complex 17. Unfortunately, all amidation attempts 

on the 2,2-acetate-bridged complex 15 failed due to inactivation of the carboxylate group caused by 

the proximity of the imidazolium/ imidazolylidene rings. Additionally, several reactions performed to 

transform the hydroxyl group of the most cytotoxic complex 14d into azide or amine groups failed as 

well.  

Considering these results, a new carboxyl bridge-functionalized bisimidazolylidene ligand was 

synthesized bearing an elongated bridging unit from methylene (C1) to propylene (C3). The synthesis 
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of the respective dinuclear gold(I) complex 18 was straightforward following the same procedure as 

described for syn-exo-14d (Scheme 9). 

 

Scheme 9: Synthesis of bisimidazolium salt L13, the respective gold(I) complex 18 and the conjugation of a DOTA derivative 
leadinf to complex 19. 

This complex was conjugated to a 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) 

analogue to give complex 19. The successful amidation of 18 was confirmed by analytical RP-HPLC 

coupled to ESI-MS. This is the first step for the synthesis of a gold(I)-based theranostic agent. The free 

carboxyl group of 19 could be further conjugated to a regulator peptide sequence, which allows to 

increase the selectivity towards certain cancer cell lines by possessing contemporarily a cytotoxic 

gold(I)-based framework for therapy and a chelator for radioactive metals for diagnostic. 
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4 CONCLUSIONS AND OUTLOOK 

The differently N-substituted 2-hydroxyethane-1,1-diyl-bridged bisimidazolium salts L8a-c (Figure 5) 

allowed the preparation of the dinuclear gold(I) complex 14a-d (Figure 9). The formation of syn- and 

anti-isomers alters in dependency on the N-substituents and more sterically demanding wingtips leads 

to isomer mixtures. According to an energy profile obtained by DFT calculations as well as the 

characterization of all isomers presented herein by SC-XRD, the anti- and syn-exo structure motif 

resulted to be the energetically most favored configurations. First evaluations in both human cancer 

cell lines A549 (lung) and HepG2 (liver) have shown syn-exo-14d with mesityl N-substituents to have 

moderate to good antiproliferative activity. The respective anti-exo-14d complex, which could be 

isolated by RP-HPLC technique, showed no different cytotoxicity in HeLa (cervix) and HepG2. However, 

independent on the N-substituents, the anti-isomer was observed to be less stable in the presence of 

L-cysteine as nucleophile showing an exchange of one bisimidazolylidene ligand by two thiolates. 

Geometry optimization calculations have been performed to understand the different reactivity 

between the syn-exo-and anti-exo-isomers of 14d with L-cysteine, which revealed that the gold nuclei 

are more accessible to nucleophiles in the case of the anti-conformation. Thus, after these preliminary 

studies on the cytotoxicity and stability of the different isomers, the complex syn-exo-14d was found 

as the most cytotoxic and most stable compound presented in this thesis. 

Syn-exo-14d was screened in more cancer cell lines showing attractive antiproliferative activity in both 

human cancer cell lines PC3 (prostate) and MDA-MB-231 (breast). This complex overcame cisplatin-

resistance in both ovarian cancer cell lines A2780 and A2780cisR and the highest cytotoxicity was found 

in the breast cancer cell line MCF-7. The evaluation in the healthy fibroblast cell line V79 showed a 

lower toxicity of syn-exo-14d when compared to some of the above-mentioned cancer cell lines and 

the selectivity index for MCF-7 amounts to a range being attractive for a potential in vivo evaluation in 

breast carcinoma.  

First observations during the studies of the antiproliferative properties of syn-exo-14d revealed that 

its poor solubility in water could have a limiting effect on its cytotoxicity. The exchange of the counter-

anion (PF6)- to chloride enhanced the water solubility of syn-exo-14d, leading also to cytotoxicity 

enhancement in preliminary cytotoxicity assays in HepG2 cell line, having an IC50-value in the same 

range of that of auranofin. 

The internalization of syn-exo-14d in PC3 cells was confirmed by proton irradiation-based experiments 

(PIXE, RBS and STIM), and preliminary results have shown a deeper internalization of this complex 

when compared with auranofin. ICP-MS studies of extracted cell compartments to determine the gold 

content (nucleus, cytosol, membrane and cytoskeleton) as well as electron microscopy (SEM and TEM) 

to observe the morphology of intracellular organelles on PC3 cells treated with syn-exo-14d are 
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ongoing in order to obtain a more specific localization. A first enzymatic assay revealed that 

syn-exo-14d was still able to inhibit the TrxR in the nanomolar range (IC50 = 143±8 nM), despite its 

stability towards nucleophiles. Once the cell distribution of this complex is characterized, different 

enzymatic studies specific for the gold-containing cell organelles are of high interests with the goal to 

depict an intracellular mechanism of action profile as summarized for auranofin in Scheme 2 in the 

introduction. In the case of localization in the cell nucleus, for example, the inhibition of the enzyme 

PARP-1 (poly(adenosine diphosphate (ADP)ribose) polymerases 1) or interactions with DNA can be 

investigated.155 Furthermore, the influence of syn-exo-14d on the glycolysis rate could be studied. 

First esterification attempts of the hydroxyethane-unit of the non-cytotoxic 14b with an anthracene 

moiety gave the mono-ester complex 16 and the di-ester 17. Complex 16 was cytotoxic against HeLa 

and MCF-7 cell lines, however, not as active as syn-exo-14d. Complex 17 fully precipitates in the 

culture-medium, being sensitive to hydrolysis after diverse counter-anion exchange attempts. 16 and 

17 showed luminescence properties with maximum quantum yields amounting to 20% and 8% 

(365 nm), respectively. The lower quantum yield of 17 was related to a quenching photocycloaddition 

between both anthracene molecules, which showed thermo-reversibility at 37 °C and indicates a 

possible application of this complex as metal-based photo-switcher. The analogue post-modification 

of complex 14d delivered the same product mixture showing that the hydroxyl group is accessible 

despite the presence of the sterically demanding mesityl N-substituents.  

Considering the lability of ester-bonds under physiological conditions, complexes 15a and 15b bearing 

2,2-acetate-bridged bisimidazolylidene ligands have been introduced. The change of functionality from 

hydroxyl to carboxylate increased the solubility in water, however, evaluation in the cancer cell lines 

HeLa and HepG2 have shown no cytotoxicity properties. The proximity of the functional group to the 

imidazolium/imidazolylidene moiety turns the carboxylate group prone to decarboxylation, impeding 

the extension of N-substituents to more lipophilic systems. In addition, the carboxylate is unreactive 

towards esterification or amidation post-modifications. Protonation experiments with 

tetrachloroauric acid delivered a tetranuclear mix-valent Au(I)/Au(III) complex.  

Elongation of the bridge from C1 to C3 allowed the successful combination of mesityl N-substituents 

and carboxylic groups as bridge-functionality. The respective gold(I) complex 18 was successfully 

synthesized, fully characterized and first conjugation attempts in form of an amidation reaction 

enabled the coupling of a bifunctional DOTA derivative as chelator for radiolabeling. The resulting 

intermediate product 19 is planned to be further converted into a theranostic agent bearing a gold 

cytotoxic complex for therapy (thera), a DOTA-stabilized radiometal for diagnostic (nostic) imaging and 

a peptide sequence for specific receptor targeting on cancer cells.  
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5 REPRINT PERMISSIONS 

PERMISSION OF AMERICAN CHEMICAL SOCIETY 

Scheme 1 was composed from two figures of Ref. [24] and was reproduced with permissions of the 

American Chemical Society.  

 

Figure 19: Reprint permission of the American Chemical Society for Scheme 1. 

 

PERMISSION OF THE ROYAL SOCIETY OF CHEMISTRY 

Both publications “Influence of Wing-tip Substituents and Reaction Conditions on the Structure, 

Properties and Cytotoxicity of Ag(I)- and Au(I)-bis(NHC) Complexes” (Ref. [149]) as well as “Dinuclear 

zwitterionic silver(I) and gold(I) complexes bearing 2,2-acetate-bridged bisimidazolylidene ligands” 

(Ref. [150]) were reproduced with permission of The Royal Society of Chemistry. The required 

guidelines are summarized in Figure 20 can be consulted using following link: 

https://www.rsc.org/journals-books-databases/journal-authors-reviewers/licences-copyright-
permissions/#deposition-sharing (02.01.2020). 

 

https://www.rsc.org/journals-books-databases/journal-authors-reviewers/licences-copyright-permissions/#deposition-sharing
https://www.rsc.org/journals-books-databases/journal-authors-reviewers/licences-copyright-permissions/#deposition-sharing
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Figure 20: Reprint permission of The Royal Society of Chemistry.  

 

PERMISSION OF ELSEVIER  

The publication “Medicinal Applications of Gold(I/III)-Based Complexes Bearing N-Heterocyclic 

Carbene and Phosphine Ligands” (Ref. [85]) was reproduced with permission of Elsevier. 

 

Figure 21: Reprint permission of Elsevier. 
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9 APPENDIX 

 

Figure 22: 1H NMR spectrum of anti-exo-14b in CD3CN at room temperature. 

 

Figure 23: 13C{1H} NMR spectrum of anti-exo-14b in CD3CN at room temperature. 
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Figure 24: 1H NMR spectrum of syn-exo-14b in CD3CN at room temperature. 

 

Figure 25: 13C{1H} NMR spectrum of syn-exo-14b in CD3CN at room temperature. 
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Figure 26: 1H NMR spectrum of anti-exo-14d in CD3CN at room temperature. 

 

Figure 27: 1H NMR spectrum of syn-exo-14d in CD3CN at room temperature. 
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Figure 28: 1H NMR spectrum of syn-exo-14d after counter-anion exchange to chloride in D2O at room temperature. 

 

Figure 29: 1H NMR spectra of syn-exo-14d(PF6)2 (top) and syn-exo-14d(Cl)2 (bottom) between 8.75 ppm and 4.25 ppm in 
CD3CN at room temperature. 
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Figure 30: 19F NMR spectrum of syn-exo-14d after counter-anion exchange to chloride with fluorobenzene (reference) in 
CD3CN at room temperature. 

 

Figure 31: Stacked 1H NMR spectra of anti-exo-14b and 4.5 eq. L-cysteine in DMSO/D2O (0.35 mL/0.1 mL) at 37°C. 
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Figure 32: ESI MS spectrum of anti-exo-14b and 4.5 eq. L-cysteine in DMSO/D2O (0.35 mL/0.1 mL) at 37°C. 

 

Figure 33: Stacked 1H NMR spectra of syn-exo-14b and 4.5 eq. L-cysteine in DMSO/D2O (0.35 mL/0.1 mL) at 37°C. 
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Figure 34: Stacked 1H NMR spectra of syn-exo-14d and 4.5 eq. L-cysteine in DMSO/D2O (0.35 mL/0.1 mL) at 37°C. 

 

Figure 35: 1H NMR spectrum of 16 in CD3CN at room temperature. 
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Figure 36: 1H NMR spectrum of 17 in CD3CN at room temperature. 

 

Figure 37: ESI MS spectrum of 16. 
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Figure 38: ESI MS spectrum of 17. 

 

Figure 39: 1H NMR spectrum of L13 in CD3CN at room temperature. 
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Figure 40: 1H NMR spectrum of 18 in CD3OD at room temperature. Second species labelled with dotted circle tentatively 
assigned to isomer. 

 

Figure 41: 13C{1H} NMR spectrum of 18 in CD3OD at room temperature. 
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Figure 42: ESI MS spectrum of L13. 

 

Figure 43: ESI MS spectrum of 18. 
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Figure 44: ESI MS spectrum of 19. 
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Influence of wing-tip substituents and reaction
conditions on the structure, properties and
cytotoxicity of Ag(I)– and Au(I)–bis(NHC)
complexes†

Julia Rieb,a Bruno Dominelli,a David Mayer,a Christian Jandl,b Jonas Drechsel,c

Wolfgang Heydenreuter,c Stephan A. Sieberc and Fritz E. Kühn*a

The formation of different conformers of dinuclear silver(I) and gold(I) 1,1’-(2-hydroxyethane-1,1-diyl)

bridge-functionalized bis(NHC) complexes with various wing-tip substituents (R = methyl, isopropyl and

mesityl) has been investigated using multinuclear NMR spectroscopy and SC-XRD as well as DFT calcu-

lations. The ratio of anti/syn isomers strongly depends both on wing-tip substituents and the metal.

Moreover, the reaction temperature plays a significant role during the transmetallation process for the ratio

of gold(I) conformers, which is further affected by purification procedures. All obtained Au(I)–bis(NHC) com-

plexes have been applied in a standard MTT assay performed for screening the antiproliferative activity

against human lung and liver cancer cells. Strong evidence for a significant influence of both wing-tip sub-

stituents and conformation on the cytotoxic properties of the applied complexes has been found.

Introduction

The application of N-heterocyclic carbenes (NHCs) in coordi-
nation chemistry has been a rapidly expanding field since the
isolation of the first thermally stable NHC.1 During the last 25
years the number of reported NHC complexes for a plethora of
elements has grown rapidly and many of the compounds show
very promising behaviour for a variety of applications (e.g. cataly-
sis, materials science, the design of new metal-based drugs
etc.).2–6 Among others, dinuclear coinage metal complexes, sup-
ported by bis(NHC) ligands with various substituents and
linkers, have been intensively investigated.7–12 Silver–NHCs are
mainly used as transmetallation agents but have also gained
importance in their own right as photoluminescent materials13,14

as well as antimicrobial and antitumor agents.14–17 In particular,

Au(I)–NHCs exhibit very interesting luminescent properties,18–20

and show high potential for applications in catalysis21,22 and
medicinal chemistry.23–25

Numerous gold compounds have been reported to display
antiproliferative activity in various cancer cell lines by target-
ing selectively mitochondria.23,26 By inhibiting thioredoxin
reductase these compounds induce severe oxidative stress
inside the mitochondria causing ultimately apoptotic cell
death.23,27 Generally, gold complexes are not particularly selec-
tive against cancer cells and also show significant toxicity in
healthy cells. However, charged cationic Au–NHC species
accumulate in cancer cells due to the overexpression of
organic cation transporters (COTs) in the cell membrane,
showing remarkable selectivity,28 e.g. for breast cancer cell
lines.29 Therefore and because of the high complexity of bio-
logical media, the fine-tuning of the steric and electronic pro-
perties of Au(I)–NHCs is crucial to the selective cytotoxic pro-
perties of Au–NHCs. The efficient and fast optimization of
NHCs as well as the high stability of complexes bearing these
ligands make them suitable candidates for rapid screening as
potential metal-based drugs.30

Recently, our group reported the synthesis and characteri-
zation of 1,1′-(2-hydroxyethane-1,1-diyl)-functionalized bis(NHC)
coinage metal complexes showing interesting conformational
behaviour and offering a wide range of possibilities for further
modification of the bridge between two NHC moieties.31 This
further-reaching, comparative study focuses on the influence of
wing-tip modification on the structure and properties of the

†Electronic supplementary information (ESI) available: NMR and UV-vis spectra
for all compounds, further details of crystallographic characterization, cyto-
toxicity studies and DFT calculations (PDF), and CIF files (CIF). CCDC
1511526–1511533. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/c6dt04559f

aDepartment of Chemistry and Catalysis Research Center, Molecular Catalysis,

Technische Universität München, Lichtenbergstr. 4, D-85747 Garching bei München,

Germany. E-mail: fritz.kuehn@ch.tum.de; Fax: +49 89 289 13473;
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Straße 1, D-85747 Garching bei München, Germany
cChair of Organic Chemistry II, Department of Chemistry, Technische Universität

München, Lichtenbergstraße 4, D-85747 Garching bei München, Germany
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respective dinuclear 1,1′-(2-hydroxyethane-1,1-diyl)-functiona-
lized silver and gold complexes and tentatively explores the
implications on the antiproliferative activity of the reported
Au(I)–bis(NHC) complexes in cancer cells.

Results and discussion
Synthesis and characterization of ligand precursors

The preparation of the 1,1′-(2-hydroxyethane-1,1-diyl)-bridged
bis(NHC) pro-ligand with methyl groups as wing-tip substitu-
ents has been published by our group.31,32 To investigate the
implication of different wing-tip substituents on the character-
istics of Ag(I)- and Au(I)–bis(NHC) complexes, this ligand class
has been expanded to isopropyl and mesityl modified com-
pounds. Using differently substituted imidazoles as precursors
an appropriately modified synthetic method has been applied
(Scheme 1).32

In comparison with H2L
MeCl2, its i-Pr and Mes analogues,

H2L
IPrCl2 and H2L

MesCl2, were obtained in quite low yields
(48% and 26% respectively). Due to a poor leaving group, high
temperature and long reactions times are required in the case
of more sterically demanding substituents. Despite these draw-
backs, the procedure is straightforward and all imidazolium
chlorides can be obtained in high purity as they precipitate out
of toluene. Subsequently, if necessary, the anion exchange to
PF6

− or BPh4
− ions for i-Pr and Mes analogues can be con-

veniently performed in water using 2.5 equiv. of NH4PF6 or
NaBPh4. For H2L

MeCl2 an anion exchange is carried out with
stoichiometric amounts of AgPF6 in acetonitrile due to partial
solubility of H2L

Me(PF6)2 in water. In comparison with
H2L

MeX2, the modified congeners H2L
IPrX2 and H2L

MesX2 are
not hygroscopic (X = Cl or PF6). The i-Pr and mesityl substi-
tuted analogues with non-coordinating anions show good
solubility in methanol, polar non-protic solvents and DCM. All
the obtained imidazolium salts have been characterized by
multinuclear NMR spectroscopy, ESI or FAB-MS and elemental
analysis.

Single crystals of H2L
IPr(BPh4)2 could be obtained by crystal-

lization from an acetone/pentane mixture and were character-
ized by SC-XRD. The molecular structure of H2L

IPr(BPh4)2,
which crystallizes in the triclinic space group P1̄, is shown in
ESI Fig. S32.† The observed bond distances and angles are
similar to H2L

MeCl2, whose molecular structure was previously
published by Zhong et al.32

Synthesis and characterization of silver(I)–bis(NHC) complexes

The synthesis of transition metal complexes with NHC ligands
via transmetallation though the corresponding Ag(I)–NHC
compounds is well established.15,33 In fact, this method is very
attractive in comparison with other procedures, which often
require inert or harsher conditions. In particular, polynuclear
Ag(I)–(NHC) complexes with non-coordinating anions proved
to be valuable reagents due to their extraordinary moisture
and light stability and are often successfully applied due to the
rather simple transfer procedure.31,34,35

Ag–NHC complexes reported in this study can be obtained
under mild conditions via the silver base route, the most
widely applied protocol (Scheme 2).15,33,36 The deprotonation
and metalation of H2L

MeCl2 and H2L
IPrCl2 using 2.5 equiv. of

Ag2O can be performed in water at room temperature. A sub-
sequent addition of a saturated solution of either NH4PF6 or
NaBPh4 to the raw product yields the desired complexes
Ag2(L

Me)2(PF6)2, Ag2(L
IPr)2(PF6)2 and Ag2(L

IPr)2(BPh4)2. For the
mesityl-modified ligand-precursor a direct reaction of
H2L

Mes(PF6)2 with 2.5 equiv. of Ag2O in acetonitrile was found
to produce better results. The yields are reasonable, particu-
larly since the priority of this work was set on high purity.
Multinuclear NMR spectroscopy, SC-XRD, elemental analysis
and mass spectrometry proved the successful synthesis of the
complexes. All compounds can be isolated as white solids and
are stable for many weeks under aerobic conditions and
exposure to light. They show good solubility in DMSO, aceto-
nitrile and acetone. Ag2(L

Mes)2(PF6)2 is also soluble in DCM.
As expected, 1H-NMR spectra of Ag(I) complexes in aceto-

nitrile-d3 confirm the successful deprotonation of imidazolium

Scheme 1 Synthesis of 1,1’-(2-hydroxyethane-1,1-diyl)-functionalized
bis(imidazolium)chlorides.

Scheme 2 Synthesis of 1,1’-(2-hydroxyethane-1,1-diyl)-functionalized
bis(NHC) complexes of silver(I).
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moieties indicating a symmetrical coordination of the ligand
to the Ag(I) centre. Ultimately, 13C-NMR resonances at
181.35 ppm (br d, 1JAgC = 182.60 Hz) for Ag2(L

IPr)2(PF6)2, 181.34
(br d, 1JAgC = 205.80 Hz) for Ag2(L

IPr)2(BPh4)2 and 183.23 ppm
(dd, 1J107AgC = 181.9 Hz, 1J109AgC = 211.1 Hz) for Ag2(L

Mes)2(PF6)2
clearly prove the successful synthesis of all target compounds.
The obtained values lie within the range reported in the litera-
ture.15,33 No NCN resonance was observable in the 13C-NMR
spectrum of Ag2(L

Me)2(PF6)2 in acetonitrile-d3, which is not
unusual, since there are reports of a significant number of
Ag(I)–NHC complexes with the same bahaviour.15 Despite the
presence of two naturally abundant NMR-active silver isotopes,
most compounds described in the literature show no coupling
of carbene carbon atoms to Ag(I) centres. Lin and others specu-
lated that a fast fluxional behaviour on the NMR time scale is
responsible for this observation.37–39 The reason for the com-
plete absence of carbene signals is, however, still unclear, but
a fast dynamic behaviour combined with the poor relaxation of
quaternary NCN carbon could account for it.15 In summary, in
the series of bis(NHC) compounds examined in this study, the
fluxionality in acetonitrile is apparently correlated to the steric
demand of wing-tip substituents (Me ≫ i-Pr > Mes).

The 1H-NMR spectra of Ag2(L
Me)2(PF6)2, Ag2(L

IPr)2(PF6)2 and
Ag2(L

IPr)2(BPh4)2 change if recorded in acetone-d6 or DMSO-d6.
In this case, additional sets of signals with lower intensity
appear (e.g. in the ratio of 0.4 : 1.0 for the minor : major
species of Ag2(L

IPr)2(PF6)2; Fig. 1, for other spectra see the
ESI†). Also, in the 13C-NMR spectra in DMSO, minor products
are visible. Moreover, the carbene resonances of the main
species exhibit now a coupling to both silver isotopes and
appear as a doublet of doublets, thereby suggesting lesser
dynamic behaviour at room temperature (Fig. S5, ESI†) The
mesityl-substituted analogue, however, shows no splitting of
the signals either in 1H-NMR or in 13C-NMR spectra recorded
in DMSO (Fig. S8 and 9, ESI†).

To shed more light on thermal behaviour and possible
interconversion between the two species, a variable temp-
erature NMR study on Ag2(L

IPr)2(BPh4)2 was carried out in

acetonitrile and DMSO. Neither in acetonitrile nor in DMSO a
significant influence of temperature on the 1H-NMR spectra
is observed (ESI Fig. S10 and 11†). Furthermore, 1H diffu-
sion ordered spectroscopy (DOSY) NMR experiments for
Ag2(L

IPr)2(PF6)2 and Ag2(L
IPr)2(BPh4)2 in DMSO show that there

is no difference in diffusion coefficients for the major and the
minor set of ligand signals, indicating that the two species
have the same or a very similar hydrodynamic radius. These
observations suggest that the new set of signals in DMSO
could be another isomer, whose existence is not observed in
acetonitrile, possibly due to dynamic processes.

Coinage metal bis(NHC) complexes have been previously
reported to exhibit either syn or anti isomerism, which corres-
ponds to a boat or chair-like conformation of cyclohexane
(Fig. 2).18,20,31,40,41 For methylene bridged Ag–bis(NHC) cations
a fast interconversion, depending on temperature and concen-
tration, which increases intermolecular argentophilic inter-
actions, was recently investigated by NMR studies and small
angle X-ray scattering.11,12 The implication of a 1,1′-(2-hydroxy-
ethane-1,1-diyl)-functionalized bridge, which breaks the C2v

symmetry to Cs, was previously addressed by our group for
methyl-substituted 1,1′-(2-hydroxyethane-1,1-diyl)-functiona-
lized coinage metal–bis(NHC) complexes M2(L

Me)2(PF6)2 (M =
Ag, Au, Cu).31 In this case the number of possible isomers is
increased in comparison with methylene bridged analogues:
additionally to syn- and anti-conformation, the hydroxymethyl
substituents can point away from the metal centres (exo),
towards them (endo) or in opposite directions (meso) (Fig. 2).
By comparing gas phase free energies, the theoretical calcu-
lations predict the syn, exo conformation to be the most favour-
able for methyl-substituted gold and silver complexes.31 These
results are consistent with the single crystal structure of

Fig. 1 1H-NMR spectra of Ag2(L
IPr)2(PF6)2 in acetonitrile-d3 (bottom)

and DMSO-d6 (top) at room temperature.
Fig. 2 Possible stereoisomers of dinuclear 1,1’-(2-hydroxyethane-1,1-
diyl)-functionalized bis(NHC) complexes of Ag(I) and Au(I).
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Au2(L
Me)2(PF6)2, which co-crystallized with a water molecule

hydrogen-bonded to both OH groups of the ligand, reducing
the energy gap to the anti isomer. Further calculations, consid-
ering the presence of water and acetonitrile, show that the
anti, exo species is more favourable for the silver complex. This
fact was also experimentally confirmed by X-ray diffraction.31

However, in the previous study the influence of different sol-
vents and wing-tip substituents on conformation has not been
investigated. Thus, to gain better insight into the correlation
between different conformers and solvents as well as wing-tip
substituents, DFT calculations on the isopropyl functionalized
Ag(I)- and Au(I)–bis(NHC) complexes both in MeCN and DMSO
have been carried out.

Since the ωB97X-D functional has already been applied suc-
cessfully for the methylene substituted gold and silver com-
plexes, this functional was used again to ensure comparability
to the former calculations.31 In terms of C–C, C–N and C–M
bond lengths the results show excellent accordance with the
obtained crystal structures (ESI, Table S3†). The free energies
were calculated for all optimized structures both in gas phase
and with an implicit solvent model. The gas phase calculations
predict the syn, exo conformation to be the lowest energy
species and, as expected, the meso and endo conformations are
calculated to be significantly higher in energy, as already
found for the methylene substituted silver complexes.31

However, by changing to a more precise description in favour
of real experimental conditions using a SMD solvent model,
the order of the free energies of the isomers changes entirely.
In agreement with the crystal structure of Ag2(L

IPr)2(PF6)2, the
anti, exo isomer now is calculated to be the lowest energy
species, showing an endergonic gap to the syn, meso isomer of
just ΔG = 0.97 kJ mol−1, indicating two thermoneutral species
(Fig. 3).

Based on these results, the free energies for the anti, exo as
well as the syn, meso conformations have been calculated for
the silver and gold complexes in acetonitrile as well as di-
methylsulfoxide (Table 1).

Therefore, within the accuracy of the calculations, the anti,
exo/syn, meso isomer pairs can be regarded as thermo-

dynamically equally stable species. The most important
feature, in comparison with the calculation results, of the
methyl-substituted isomers is the distortion of the assumed
geometry in the case of more sterically demanding substi-
tuents, as also found experimentally by SC-XRD experiments
(see Fig. 4 and 5). As expected, by changing to a more sterically
demanding wing-tip, the influence of the CH2OH group
decreases. For every isomer form, the calculations predict a
stronger deviation from the anti or syn isomerism towards a
torsion of the NHC planes out of the metal carbene plane, a
behaviour that was not found for the methyl-substituted

Table 1 Free energy values (kJ mol−1) of the calculated syn, meso
complexes of gold(I) and silver(I) in acetonitrile and dimethylsulfoxide
referenced to the anti, exo species

Complex
MeCN (syn, meso)
[kJ mol−1]

DMSO (syn, meso)
[kJ mol−1]

[Ag2(L
IPr)2]

2+ +0.97 +0.13
[Au2(L

IPr)2]
2+ +1.1 +0.11

Fig. 3 Calculated gas free energies ΔG (left) and free energies in acetonitrile (right) of [Ag2(L
IPr)2]

2+ for the different isomers referenced to the
particular lowest energy species.

Fig. 4 ORTEP style representation of the cation of Ag2(L
IPr)2(PF6)2 with

ellipsoids at 50% probability. Hydrogen atoms, PF6
− and co-crystallized

diethyl ether molecules are omitted for clarity.

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2017 Dalton Trans., 2017, 46, 2722–2735 | 2725

Pu
bl

is
he

d 
on

 2
3 

Ja
nu

ar
y 

20
17

. D
ow

nl
oa

de
d 

by
 T

ec
hn

ic
al

 U
ni

ve
rs

ity
 o

f 
M

un
ic

h 
on

 1
/8

/2
01

9 
8:

06
:1

2 
A

M
. 

View Article Online

http://dx.doi.org/10.1039/c6dt04559f


complexes. This might give an answer to the differences in
energies, as the syn configuration was found to be higher in
energy for the Ag2(L

Me)2(PF6)2 than for the isopropyl-substi-
tuted complex.

To confirm DFT calculations a H,H-NOESY spectrum of
Ag2(L

IPr)2(PF6)2 was recorded in DMSO-d6 (see ESI Fig. S12 and
13†). According to these data a spatial proximity of the NCHN-
bridge proton to the backbone protons of imidazol-2-ylidenes
is suggested for the major species. As such a correlation is
only possible for the meso or endo isomers, these observations
confirm DFT calculations by supporting the assumption of the
formation of the syn, meso species of Ag2(L

IPr)2(PF6)2. For the
minor species visible in DMSO such a spatial proximity was
not observed. However, spatial proximity of the CH2-group of
the bridge to the backbone protons of imidazol-2-ylidenes is
evident instead. Therefore, the resonances of the minor
species can be attributed to the anti, exo isomer, as due to dis-
tortion of the ligand these protons are forced in quite close
proximity (see the XRD studies presented below). Interestingly,
the H,H-NOESY spectrum of Ag2(L

IPr)2(PF6)2 also suggests the
presence of syn–anti aggregates. The formation of molecular
dimers as a result of intermolecular argentophilic interactions
was previously suggested for similar methylene bridged Ag–bis
(NHC) complexes.12 In the case described here the existence of
dynamic dimer systems is conceivable as the hydrodynamic

radius of [Ag2(L
IPr)2]

2+ (calculated on the basis of 1H-DOSY
NMR experiments (rH = k·T/[6π·η·D])42,43) increases in DMSO
(7.7 Å in MeCN vs. 8.6 Å DMSO for Ag2(L

IPr)2(PF6)2).
To confirm the results described above, single crystals suit-

able for SC-XRD have been grown through slow diffusion of
diethyl ether into a saturated solution of the respective Ag(I)
complexes in acetonitrile. The obtained data unambiguously
prove the successful synthesis of dinuclear bis(NHC) com-
plexes. For a comparison of all the obtained Ag(I)–bis(NHC)
complexes the relevant bond distances and angles are given in
Table 2.

The molecular structure of Ag2(L
IPr)2(PF6)2, crystallizing in

the monoclinic space group P21/c, is shown in Fig. 4. It
exhibits a similar spatial arrangement to the Ag2(L

IPr)2(BPh4)2
(Fig. S33, ESI†) and to previously reported Ag2(L

Me)2(PF6)2.
31

Ag2(L
Mes)2(PF6)2, however, shows significant structural differ-

ences from its less sterically hindered analogues (Fig. 5). It
crystallizes in the monoclinic space group P21/c as the syn, exo
isomer, whereas for methyl and isopropyl the anti, exo isomers
were obtained. Since the Ag⋯Ag distances for Ag2(L

Me)2(PF6)2
and Ag2(L

IPr)2X2 (X = PF6, BPh4) are longer than the sum of the
van der Waals radii of two Ag(0) atoms (3.44 Å),44 intra-
molecular argentophilic interactions in the solid state can be
excluded for these compounds. On the other hand, as a conse-
quence of the different conformations and bulky substituents,
the silver cations in Ag2(L

Mes)2(PF6)2 come much closer to each
other, resulting in an Ag⋯Ag distance of 3.3314(5) Å thereby
suggesting weak argentophilic interactions in the solid state.
Regardless of the conformation, the Ag–Cc bonds for all com-
plexes lie within the same range, with Ag2(L

Mes)2(PF6)2
showing on average slightly shorter distances, probably due to
packing effects. The Cc–Ag–Cc angles slightly deviate from line-
arity as a consequence of the linker and wing-tip substituents.
All the values for bond distances and bond angles are compar-
able to the literature values.15,31

Interestingly, X-ray characterization of single crystals
obtained by slow diffusion of diethyl ether into a solution of
Ag2(L

IPr)2(BPh4)2 in a mixture of DMSO and methanol reveals
the anti, exo isomer with DMSO molecules coordinated to the
Ag(I) cations (Ag–O = 2.763(2) Å) (Fig. S34, ESI†). Additionally,
two other DMSO molecules are interacting with the metal
centres at the longer distance of 3.372(2) Å (Ag–O) on the
respective opposite side. The steric repulsion of the nearby

Fig. 5 ORTEP style representation of the cation of Ag2(L
Mes)2(PF6)2 with

ellipsoids at 50% probability. Hydrogen atoms, PF6
− and co-crystallized

acetonitrile molecules are omitted for clarity.

Table 2 Selected bond lengths (Å) and angles (°) for the reported Ag(I)–bis(NHC) complexes

Ag2(L
Me)2(PF6)2

b,a Ag2(L
IPr)2(PF6)2

c Ag2(L
IPr)2(BPh4)2

c Ag2(L
IPr)2(BPh4)2·DMSOc Ag2(L

Mes)2(PF6)2

M⋯M 3.4556(9)–3.8964(8) 3.4600(6) 3.6474(4) 3.6029(8) 3.3314(5)
M–Cc 2.065(5)–2.100(5) 2.087(2)–2.090(2) 2.086(2)–2.094(2) 2.099(2)–2.102(2) 2.071(2)–2.088(3)
N–Cc 1.334(6)–1.370(6) 1.344(2)–1.360(2) 1.347(3)–1.357(3) 1.345(3)–1.358(3) 1.348(3)–1.361(3)
N–Cb 1.446(6)–1.466(6) 1.452(2)–1.464(2) 1.457(3)–1.461(3) 1.458(3)–1.459(2) 1.456(3)–1.461(3)
N–Cc–N 102.8(4)–105.0(4) 104.2(1)–104.5(2) 104.4(2)–104.6(2) 104.1(2)–104.3(2) 103.8(2)–104.1(2)
N–Cb–N 110.1(4)–111.5(4) 110.3(1) 110.6(2) 110.3(2) 109.48(2)–109.8(2)
Cc–Ag–Cc 168.5(2)–175.8(2) 169.3(7) 171.74(8) 165.65(8) 172.3(1)–175.4(1)

a Reported previously.31 b Contains two molecules in the asymmetric unit. c Contains an intramolecular inversion centre; Cc = carbene, Cb =
bridge CH.
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located hydroxymethyl group of the ligand could account for
the elongation of the Ag–O distances in this case. This obser-
vation suggests that the coordinating ability of DMSO could in
fact be responsible for the prominent high-field shift of the
respective anti, exo isomer in the 1H-NMR spectrum in DMSO
in comparison with MeCN. A hypothetical syn isomer is prob-
ably unaffected by acetone or DMSO and would therefore
exhibit different resonances for the main species. This would
also explain why no second set of signals for Ag2(L

Mes)2(PF6)2
in DMSO is observed. For a syn isomer the steric repulsion from
hydroxymethyl substituents on the one side and wing-tip substi-
tuents on the other side of the C–Ag–C plane could prevent
DMSO molecules from coordination. This assumption would
also imply that in comparison with methyl and isopropyl ana-
logues Ag2(L

Mes)2(PF6)2 was obtained as an isomeric pure
material. However, the interaction with DMSO is probably very
dynamic on the NMR scale, since no additional signal for DMSO
was observed. Also then H,H-NOESY NMR experiments showed
no evidence of spatial proximity of DMSO to any protons of the
ligand framework. Solely as expected, the hydrogen bonded
residual water shows close proximity to the OH-group.

It should be noted that an interconversion between the syn-
and anti-isomers is conceivable either by folding of the 12-mem-
bered metallacycle or via M–C bond cleavage, which leads to a
contemporary ligand dissociation and re-association forming
the other isomer species. Both mechanisms have been pre-
viously suggested for Ag(I)–bis(NHC) complexes.11,12,45,46

However, the second possibility is more likely, as a confor-
mational change by folding would break symmetry and there-
fore should have a substantial activation barrier. Since the
VT-1H-NMR study mentioned above shows no dependence of
the isomer ratios on the temperature, there is also a possibility
that interconversion between two species does not happen at
room temperature at least in DMSO.

Transmetallation to gold(I)

Using Ag(I)–bis(NHC) complexes as transfer reagents and
AuCl(SMe2) or AuCl(THT) (THT = tetrahydrothiophene) as gold
precursors, the corresponding Au(I)–bis(NHC) complexes can
be obtained in good yields and high purity (Scheme 3). Similar

to Ag(I) complexes, the use of PF6
− as a counteranion results in

better yields and an easier synthetic procedure than BPh4
−

analogues. All bulk materials have been characterized by mul-
tinuclear NMR spectroscopy, ESI-MS and elemental analysis,
confirming the successful isolation. The Au(I)–bis(NHC) com-
plexes show the same solubility behaviour as their silver
counterparts.

NMR spectra of all Au–bis(NHC) compounds show higher
resolutions than the spectra of the silver congeners. Moreover,
no differences in signal pattern were visible in the 1H-NMR
spectra of the complexes in DMSO-d6 in comparison with
MeCN-d3. These observations suggest a less fluxional nature
of the corresponding gold compounds, which is in accordance
with the general agreement that an Au–Cc bond is stronger
than the corresponding Ag–Cc bond.

33,47 Generally, all 1H reson-
ances of gold complexes are slightly downfield shifted in com-
parison with the silver analogues, indicating a stronger
deshielding effect of Au nuclei. There is also a slight downfield
shift of the carbene signals in 13C-NMR spectra, being in the
range of those in previously published reports.31,33

The solid state structure of Au2(L
Me)2(PF6)2 has been pre-

viously reported by our group. This compound was isolated
after the transmetallation at 45 °C as an isomeric pure
material, which crystallizes as the syn, exo isomer in aceto-
nitrile by slow diffusion of diethyl ether.31 By repeating the
reaction at room temperature but otherwise under the same
conditions, a mixture of two Au2(L

Me)2(PF6)2 isomers can be
obtained as a crude product. Also, the transmetallation of
Ag2(L

IPr)2(PF6)2 to Au2(L
IPr)2(PF6)2 at room temperature yields

two isomers in even higher ratios in contrast to the close rela-
tive Au2(L

IPr)2(BPh4)2, which is isolated as an almost isomeric
pure material after the transmetallation at 50 °C. Since it is un-
likely for non-coordinating anions to influence the transfer
that much, these unexpected observations lead to a suspicion
that the reaction temperature has a significant impact on the
formation of different isomers.

To address this question, a series of NMR scale reactions
on the transfer of the ligands LIPr and LMes from Ag(I) to Au(I)
centres at different temperatures was undertaken. The isomer
ratios obtained in these reactions before the purification pro-
cedures are collected in Table 3. Assuming that during crystal-
lization there is no interconversion between the two species,
based on the crystallographic data previously published31 and
presented below, the downfield shifted minor species can be
assigned to an anti isomer and the species appearing at lower
frequency to the corresponding syn isomer. As expected and

Scheme 3 Transmetallation of Ag(I)–bis(NHC) complexes to the
respective Au(I) compounds.

Table 3 The ratio of conformational anti/syn isomers for not purified
Au complexes synthesized at different temperatures

Complex RT 45–50 °C 90 °C

Au2(L
Me)2(PF6)2 0.2 : 1.0 0.0 : 1.0a n.d.

Au2(L
IPr)2(PF6)2 0.7 : 1.0 0.2 : 1.0–0.3 : 1.0 0.1 : 1.0

Au2(L
Mes)2(PF6)2 0.3 : 1.0 0.5 : 1.0 0.5 : 1.0

a Reported by Zhong et al.31 n.d. not determined.
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already observed for the respective silver complexes, the con-
formation strongly depends on the wing-tip substituents. For
methyl and mesityl-substituted complexes a strong preference
for syn, exo species exists. For isopropyl the preference for a syn
isomer is less pronounced. These observations are in accord
with previously published31 and recently conducted DFT calcu-
lations on methyl- and isopropyl substituted bis(NHC) com-
plexes of Au(I). By comparing the values, it is also evident that
they also strongly support the hypothesis of the isomer for-
mation for a particular ligand as a temperature dependent
process. For all the tested materials the obtained minor to
major product ratios show a steady progress from lower to
higher energy. With increased reaction temperature a definitive
preference for a syn conformation is evident for methyl- and iso-
propyl-substituted Au–bis(NHC) complexes. In contrast to these
observations, the proportion of an anti isomer is increased for
the mesityl-substituted analogue at higher reaction temperature,
but nevertheless a syn isomer remains the preferable product.

It is very important to note that the subsequent work-up of
crude products severely affects the isomer ratios. For
example, the anti-isomer of Au2(L

Me)2(PF6)2 was seen after
repeated fractional precipitation only in traces. On the other
hand, for Au2(L

IPr)2(X)2 (X = PF6, BPh4) the same procedure
leads to an enrichment of the anti, exo species. In some cases,
due to more elaborate repeated precipitation it was even poss-
ible to completely reverse the end-product ratio, e.g. for
Au2(L

IPr)2(BPh4)2, where the syn isomer cannot be detected by
1H-NMR spectroscopy afterwards. However, the purification by
column chromatography results in a reversed effect, namely in
extreme enrichment of syn Au2(L

IPr)2(PF6)2 rendering the pro-
portion attributed to the anti compound almost negligible.
Also, the purification of Au2(L

Mes)2(PF6)2 by column chromato-
graphy or recrystallization yields the pure syn, exo isomer.
Unfortunately, so far the crystallization of the syn isomer of
the isopropyl-species has remained elusive.

The solid state structures of isopropyl and mesityl substi-
tuted Au–bis(NHC) complexes have been further elucidated by
SC-XRD, resulting in the confirmation of the NMR experi-
ments. Single crystals of Au2(L

IPr)2(PF6)2 and Au2(L
IPr)2(BPh4)2

have been grown by slow diffusion of diethyl ether into a satu-
rated solution of the respective purified bulk material in
acetonitrile at room temperature. Au2(L

IPr)2(PF6)2 crystallizes
with one equivalent of diethyl ether in the monoclinic space
group P21/c as the anti, exo isomer (Fig. 6). Although the pro-
portion of syn species in the bulk material is high, it is not
possible to obtain single crystals of it. As expected, since no
syn isomer was present in the purified Au2(L

IPr)2(BPh4)2
sample, the XRD structure shows the anti, exo isomer in
analogy to Au2(L

IPr)2(PF6)2 (Fig. S35, ESI†). The isomeric pure
sample of Au2(L

Mes)2(PF6)2 obtained by recrystallization was
crystallized in a mixture of DCM and THF at −4 °C. Its struc-
ture is shown in Fig. 7, revealing it to be, as expected, a syn,
exo isomer, crystallizing in the monoclinic space group P21
with two co-crystalized THF molecules. For comparison of
the complexes, all the relevant bond distances and angles are
collected in Table 4.

The Au–Cc bond lengths are generally shorter than the dis-
tances in the respective Ag complexes. This also reflects the
general assumption that bond strengths in coinage metal–
NHC complexes are correlated in the order: Au > Cu > Ag.48

The Au–Cc bond lengths as well as the bond distances in the
ligand framework for all Au complexes in this study are com-
parable and lie within the ranges reported in the litera-
ture.9,18,20,49 The Cc–Au–Cc bond angles (171.0°–175.2°)
slightly deviate from linearity, similar to the dications of
the silver complexes. Considering intramolecular aurophilicity,
the Au⋯Au separation for the anti, exo isomers of the
methyl and isopropyl analogues is too long for any significant
interaction. However, the Au⋯Au distance of 3.2999(4) Å in
Au2(L

Mes)2(PF6)2 is smaller than the sum of van der Waals radii
of two Au atoms (3.32 Å).44 This might indicate a weak intra-
molecular aurophilic interaction for this syn, exo isomer. Since
Au⋯Au or Ag⋯Ag interactions are considered responsible for
the luminescent properties of the respective coinage metal
complexes,50 the photophysical properties of all the syn-
thesized compounds were investigated at room temperature in
the solid state and in acetonitrile solution. The excitation wave-

Fig. 6 ORTEP style representation of the cation of Au2(L
IPr)2(PF6)2 with

ellipsoids at 50% probability. Hydrogen atoms, PF6
− and co-crystallized

diethyl ether molecules are omitted for clarity.

Fig. 7 ORTEP style representation of the cation of Au2(L
Mes)2(PF6)2 with

ellipsoids at 50% probability. Hydrogen atoms, PF6
− and co-crystallized

tetrahydrofuran molecules are omitted for clarity.
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lengths for all gold complexes reported in this study lie within
the UV range (below 400 nm) and can be attributed to π–π*
ligand-centred (LC) transitions although they are significantly
red-shifted and more intense in comparison with those of the
corresponding ligand precursors due to the influence of co-
ordinated Au(I)51 (see ESI,† UV-vis spectra). Unfortunately, no
emission was observed upon excitation of the solution of
Au–bis(NHC) complexes in acetonitrile. Also in the solid state
no luminescence was observed even for Au2(L

Mes)2(PF6)2 and
Ag2(L

Mes)2(PF6)2, which show weak intramolecular metallo-
philic interactions. Tubaro et al. previously published a study
of a series of Au–bis(NHC) complexes with different metal
centre separations, reporting that compounds with shorter
Au⋯Au distance do not necessarily perform better in
photoluminescence experiments.49 Apparently, cation/anion
interactions, π–π stacking of the ligand and the nature of
wing-tip substituents also play an important role.7,9,14,49,51

Furthermore, no evidence of π–π stacking was observed in
solid-state packing for all compounds in this study.

Antiproliferative effects

Gold(I) complexes have been evaluated for their cytotoxicity
against human lung A549 and human liver HepG2 cancer cell
lines. The obtained IC50 values are summarized in Table 5.

Au2(L
Me)2(PF6)2 shows only moderate cytotoxic effects

against HepG2, while being non-toxic in cancer cells A549.
In addition, for both complexes Au2(L

IPr)2(PF6)2 and
Au2(L

IPr)2(BPh4)2 no antiproliferative effects (IC50 > 100 μM)
have been observed. However, a dose-dependent inhibition of
cell growth is evident in both cell lines for Au2(L

Mes)2(PF6)2
with a significant increase in cytotoxicity for HepG2. Such
differences between the complexes can be related to an effect
commonly known for delocalized lipophilic cations.23,52 An
elevated mitochondrial membrane potential in carcinoma
cells increases the level of accumulation of large lipophilic
cations in mitochondria. Also a possibly easier transportation
process into a cell of a complex in a syn conformation in com-
parison with anti could play a certain role in increasing the
cytotoxic properties, since also Au2(L

Me)2(PF6)2, as a syn, exo
isomer mainly, shows increased activity in HepG2, thereby see-
mingly getting somewhat “out of the expectation line”.
Notably, the corresponding precursors, imidazolium hexafluoro-
phosphates, show no cytotoxicity, suggesting that the growth

inhibition of cancer cells is likely the consequence of incorpo-
ration of metal cations and is not only due to the application
of more lipophilic cations.

Unfortunately, Au2(L
Mes)2(PF6)2 shows lower antiprolifera-

tive activity in A549 and HepG2 than literature-known, mono-
metallic Au(I)–bis(NHC) complexes (A549, IC50 = 3.2–55.6 μM
and HepG2, IC50 = 3.6–10.52 μM) as well as auranofin and
cisplatin.53–56 The moderate IC50-values of Au2(L

Mes)2(PF6)2
could be possibly linked to the low solubility of
Au2(L

Mes)2(PF6)2 in aqueous medium. However, the IC50-values
of homo-bimetallic Au(I)–bis(NHC) complexes have been pre-
viously reported to vary extremely within different cancer cell
lines.19 Therefore, it is conceivable that this complex could
show greater potency in other cell types. In addition, the modi-
fication of hydrophilicity could be beneficial.

Conclusions

The influence of wing-tip modification and the reaction con-
ditions on the structure and properties of dinuclear 1,1′-(2-
hydroxyethane-1,1-diyl)-bridge-functionalized bis(NHC) com-
plexes of silver(I) and gold(I) has been investigated experi-
mentally and by DFT calculations. Evidence for the existence
of anti and syn species for all reported complexes is very
strong. For gold complexes the ratio of both isomers strongly
depends not only on the used metal, but also on the wing-tip
substituents and the reaction temperatures. An application of

Table 5 Cell viability IC50 values of screened Au(I)–bis(NHC) com-
plexes, auranofin and cisplatin against human lung (A549) and liver
(HepG2) tumor cells incubated for 48 h

Complex

IC50 [μM]

A549 HepG2

Au2(L
Me)2(PF6)2

a >100 69.4 ± 6.2
Au2(L

IPr)2(PF6)2
b >100 >100

Au2(L
IPr)2(BPh4)2

c >100 >100
Au2(L

Mes)2(PF6)2
a 42.2 ± 2.2 14.9 ± 0.9

Auranofin 2.5 ± 0.7 7.08 ± 0.05
Cisplatin 8.1–10.8 8.9–14.4

a syn, exo conformation. b A mixture of anti/syn isomers. c Almost exclu-
sively in anti, exo conformation.

Table 4 Selected bond lengths (Å) and angles (°) for the reported Au(I)–bis(NHC) complexes

Au2(L
Me)2(PF6)2

b,a Au2(L
IPr)2(PF6)2

c Au2(L
IPr)2(BPh4)2

c Au2(L
Mes)2(PF6)2

M⋯M 3.6401(5) 3.5728(5) 3.6242(3) 3.2999(4)
M–CC 2.013(9)–2.022(8) 2.020(2) 2.018(3) 2.016(4)–2.021(3)
N–CC 1.32(1)–1.39(1) 1.345(3)–1.357(3) 1.349(4)–1.356(4) 1.342(5)–1.355(5)
N–Cb 1.46(1) 1.454(3)–1.464(3) 1.460(4)–1.466(4) 1.456(7)–1.471(6)
N–CC–N 103.8(8)–105.0(7) 104.6(2)–105.0(2) 104.5(3)–105.1(2) 104.9(4)–105.5(4)
N–Cb–N 110.0(6) 110.2(2) 109.5(2) 108.3(4)–108.4(4)
CC–Ag–CC 171.0–175.5 171.16(9) 173.0(1) 173.5(2)–175.2(2)

a Reported by Zhong et al.31 b Contains an intramolecular mirror plane. cContains an intramolecular inversion center; Cc = carbene,
Cb = bridge CH.
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sterically hindered mesityl wing-tip substituents shows the
best results in a standard MTT assay performed for screening
the antiproliferative activity of Au(I)–bis(NHC) complexes
against human lung and liver cancer cells. Likely, the fine-
tuning of lipophilicity and conformational isomerism are
crucial for designing gold–bis(NHC) based anti-cancer drugs.
Since isomer formation could be further significantly influ-
enced by purification procedures, an investigation towards the
selective application of the different isomers will be con-
ducted. Additionally, experiments towards further functionali-
zation of the OH group in the bridge are ongoing. It might be
possible to couple a biological marker and other metals, which
are known to inhibit the tumour cell growth, to that function-
ality. Also, the possibility of inducing stronger aurophilic inter-
actions by further modifying the bridge and wing-tip substitu-
ents is currently under investigation in our group. Such a
modification could enhance the natural luminescent pro-
perties of Au(I)–NHC complexes for visualizing its intracellular
distribution.19

Experimental
General procedures

All chemicals and solvents were purchased from common
commercial suppliers and used without further purification.
Acetonitrile was dried via an MBraun MB SPS solvent purifi-
cation system and stored over 4 Å molecular sieves under an
argon atmosphere. 1,1′-(2-Hydroxyethane-1,1-diyl)bis(3-methyl-
imidazolium)chloride H2L

Me(PF6)2
32 and the corresponding

Ag2(L
Me)2(PF6)2

31 as well as Au2(L
Me)2(PF6)2

31 were synthesized
according to the respective literature procedures. 1H- and
13C-NMR spectra were recorded on a Bruker AV400US with a
broad band probe and a gradient coil (1H-NMR, 400.13 MHz,
13C-NMR, 100.53 MHz) and a Bruker DRX-400 spectrometer
with a broad band probe (1H-NMR, 400.13 MHz, 100.61 MHz).
If necessary, 2D-experiments were used for a correct assign-
ment of the signals. Chemical shifts (δ) are reported relative to
the residual signal of the deuterated solvent. Elemental ana-
lyses were carried out by the microanalytical laboratory at the
Technical University of Munich. FAB+ mass spectra were col-
lected on a Finnigan MAT 90. ESI mass spectrometry was per-
formed using a Thermo Scientific LCQ Fleet Spectrometer
with a time-of-flight analyser for mass detection. As the
eluent a mixture of acetonitrile and formic acid (0.1 vol%)
was used. UV-vis spectra were recorded on an Agilent Cary
60 Spectrometer. For luminescence experiments, the samples
in solution were placed in fluorimetric 1 cm path quartz
cuvettes and the solid state samples (powder) were placed in a
covered quartz laboratory dish. Uncorrected emission spectra
were obtained with a Hamamatsu C11347 Absolute PL
Quantum Yield Spectrometer.

MTT-assay

The assay was performed in 96 well plates. A549/HepG2 cells
were grown to 30–40% confluence. The medium was removed

and 100 µL medium per well containing 1 µL DMSO com-
pound stock solution were added to the cells and incubated
for 48 h. All concentrations as well as the DMSO control were
tested in triplicate. 20 µL thiazolyl blue tetrazolium bromide
(5 mg mL−1 in PBS, Sigma Aldrich) were added to the cells and
incubated for 2–4 h until complete consumption was observed.
After removal of the medium, the resulting formazan was dis-
solved in 200 µL DMSO. The optical density was measured at
570 nm (562 nm) and background subtracted at 630 nm
(620 nm) using a Tecan Infinite® M200 Pro. For the
calculation of IC50 values, residual viabilities for the respective
compound concentrations were fitted to the equation

V ¼ 100
1þ 10ðlogðIC50Þ�logðcÞÞ�N

(V: viability [%]; c: inhibitor concentration [M]; N: Hill slope)
using GraphPad Prism 6.0.

Single crystal X-ray diffraction

Data were collected using single crystal X-ray diffractometers
equipped with a CCD detector (APEX II, κ-CCD), a fine-focus
sealed tube and a graphite (Ag2(L

IPr)2(PF6)2, Au2(L
IPr)2(BPh4)2)/

triumph(H2L
IPr(BPh4)2, Ag2(L

IPr)2(BPh4)2·DMSO) monochroma-
tor or an FR591 rotating anode and a Montel mirror optic
(Ag2(L

IPr)2(BPh4)2, Ag2(L
Mes)2(PF6)2) or a CMOS detector (APEX

III, κ-CMOS), an IMS microsource and a Helios optic
(Au2(L

IPr)2(PF6)2, Au2(L
Mes)2(PF6)2) using the APEXII or APEXIII

software package.57,58 For all measurements MoKα radiation
(λ = 0.71073 Å) was used. The crystals were fixed on the top of
a glass fibre or kapton microsampler with perfluorinated
ether, transferred to the diffractometer and frozen under a
stream of cold nitrogen. A matrix scan was used to determine
the initial lattice parameters. Reflections were merged and cor-
rected for Lorentz and polarization effects, scan speed, and
background using SAINT.59 Absorption corrections, including
odd and even ordered spherical harmonics, were performed
using SADABS.59 Space group assignments were based on sys-
tematic absences, E statistics, and successful refinement of
the structures. Structures were solved using direct methods
(SHELXL-97) or intrinsic phasing (SHELXT) with the aid of
successive difference Fourier maps, and were refined against
all data using the APEXII or APEX III software package in con-
junction with SHELXL-2014 and SHELXLE.57,58,60–62 Hydrogen
atoms were calculated in ideal positions as follows: methyl
hydrogen atoms were refined as part of rigid rotating groups,
with a C–H distance of 0.98 Å and Uiso(H) = 1.5 × Ueq(C). Other
H atoms were placed in calculated positions and refined using
a riding model, with methylene and aromatic C–H distances of
0.99 Å and 0.95 Å, respectively, other C–H distances of 1.00 Å
and Uiso(H) = 1.2 × Ueq(C). Non-hydrogen atoms were refined
with anisotropic displacement parameters. Full-matrix least-
squares refinements were carried out by minimizing ∑w(Fo

2 −
Fc

2)2 with the SHELXL-97 weighting scheme.61 Neutral atom
scattering factors for all atoms and anomalous dispersion cor-
rections for the non-hydrogen atoms were taken from the
International Tables for Crystallography.63 A split layer refine-
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ment was used to treat with disordered anion/solvent mole-
cules and additional SIMU, DELU and SAME restraints were
employed to stabilize the refinement of the layers, if necessary.
The unit cell of Au2(L

Mes)2(PF6)2 contains two additional mole-
cules of tetrahydrofuran which were treated as a diffuse contri-
bution to the overall scattering without specific atom positions
using the PLATON/SQUEEZE procedure.64 Images were
created with PLATON.65 For more information see the ESI.†
Crystallographic data for the structures reported in this paper
have also been deposited at the Cambridge Crystallographic
Data (CCDC 1511526–1511533).

DFT calculations

All calculations were carried out using the Gaussian 09
package.66 To ensure comparability to the already published
results,31 the density functional ωB97x-D67 and the method
PM668 as well as the basis sets 6-31+g(d), 6-311++g(d,p)69–71

and LANL2DZ69,72 (incl. ECP for metals) were employed as
implemented.

Suitable input geometries were based on molecular struc-
tures obtained using SC-XRD, as available. To achieve atomic
coordinates for the remaining isomers, the crystallographic
data were slightly modified using GaussView 5. The coordi-
nates were pre-optimized on the PM6 level of theory and then
refined employing a double zeta basis set (6-31+g(d) for non-
metals and LANL2DZ for metals). All optimized geometries
were checked by frequency determination for negative eigen-
frequencies, corresponding to the local minima on the poten-
tial energy hypersurface. The optimized parameters using the
DFT approach have been compared with the mean experi-
mental bonding lengths and are in excellent agreement with
them (ESI, Table S1†).

Synthesis procedures and characterization

General procedure for the synthesis of 1,1′-(2-hydroxyethane-
1,1-diyl)-bridged bis(imidazolium)salts. The synthesis of this
ligand class is based on the preparation of 1,1′-(2-hydroxy-
ethane-1,1-diyl)bis(3-methyl-imidazol-3-ium)chloride.32 1.0 equiv.
of 2,2-dichloroethanol and 3.0 equiv. of the respective substi-
tuted imidazole are placed in an ACE pressure tube and non-
dried toluene is added to the mixture. The tube is
sealed under air and the reaction mixture is stirred at 135 °C.
After the completion of the reaction the hot brown suspension
is filtered off and the precipitate was washed with acetonitrile
and ether. Subsequently, the obtained bis(imidazolium)
chloride is dried under dynamic vacuum. If necessary,
1.0 equiv. of H2L

IPrCl2 or H2L
MesCl2 is completely dissolved in

water by slightly heating the mixture. A saturated aqueous
solution of 2.5 equiv. of either NH4PF6 or NaBPh4 is added to
this solution. The obtained precipitate is filtered off, washed
with water and diethyl ether twice and dried under dynamic
vacuum.

1,1′-(2-Hydroxyethane-1,1-diyl)bis(3-methyl-imidazolium)
hexafluorophosphate H2L

Me(PF6)2. To a suspension of 203.0 mg
(0.72 mmol, 1.0 equiv.) of H2L

MeCl2 in 5 mL of dry acetonitrile

is added a solution of 360.0 g (1.43 mmol, 2.0 equiv.) of AgPF6
in 5 mL of dry acetonitrile. The suspension is stirred at room
temperature for 30 min. The precipitate is subsequently separ-
ated by centrifugation and washed twice with 2 mL of aceto-
nitrile. The combined organic solutions are filtered through
celite and the solvent is removed under reduced pressure. The
crude viscous product is purified by repeated fractional pre-
cipitation from an acetone/pentane mixture. The compound is
obtained as a brown solid. Yield: 30.5 mg (9%).

1H-NMR (400 MHz, DMSO-d6) δ 9.39 (s, 2H, NCHN), 7.95
(virt t, J = 1.9 Hz, 2H, NCHCHN), 7.82 (virt t, J = 1.8 Hz, 2H,
NCHCHN), 6.96 (t, J = 5.1 Hz, 1H, NCH(CH2OH)N), 6.16 (br s,
1H, OH), 4.31 (br s, 2H, NCH(CH2OH)N), 3.90 (s, 6H,
CH3).

13C-NMR (101 MHz, DMSO) δ 137.56 (NCHN), 124.33
(NCHCHN), 121.07 (NCHCHN), 70.15 (NCH(CH2OH)N), 60.08
(NCH(CH2OH)N), 36.23 (CH3). EA Calcd: C, 24.11; H, 3.24;
N, 11.25. Found: C, 24.06; H, 3.17; N, 11.07. ESI-MS ([M]+):
m/z 1348.51 (15%) [3 × H2L

Me(PF6)2 − PF6
−]+, 850.83 (82%)

[2 × H2L
Me(PF6)2 − PF6

−]+, 352.86 (100%) [H2L
Me(PF6)2 −

PF6
−]+, 103.97 (43%) [H2L

Me(PF6)2 − 2 × PF6
−]2+.

1,1′-(2-Hydroxyethane-1,1-diyl)bis(3-(isopropyl)-imidazolium)
chloride H2L

IPrCl2. 9.00 g (82.0 mmol, 3.0 equiv.) of 1-(iso-
propyl)-imidazole and 3.13 g (27.0 mmol, 1.0 equiv.) of 2,2-
dichloroethanol are stirred in 15 mL of toluene for 38 days.
The compound is obtained as a beige solid. Yield: 4.34 g
(48%).

1H-NMR (400 MHz, DMSO-d6, 300 K) δ 10.13 (virt t, J =
1.6 Hz, 2H, NCHN), 8.36 (virt t, J = 1.9 Hz, 2H, NCHCHN), 8.08
(virt t, J = 1.7 Hz, 2H, NCHCHN), 7.25 (t, J = 5.9 Hz, 1H,
NCH(CH2OH)N), 6.46 (t, J = 5.8 Hz, 1H, OH), 4.68 (hept, J =
6.7 Hz, 2H, CH(CH3)2), 4.43 (virt t, J = 5.9 Hz, 2H, CHCH2OH),
1.51 (d, J = 6.6 Hz, 12H, (CH3)2CH). 13C-NMR (101 MHz,
DMSO, 300 K) δ 136.12 (NCHN), 121.64 (NCHCHN), 121.13
(NCHCHN), 69.99 (NCH(CH2OH)N), 59.87 (CHCH2OH), 52.93
(CH(CH3)2), 22.14 (CH3), 22.10 (CH3). EA Calcd: C, 50.15;
H, 7.22; N, 16.71. Found: C, 49.91; H, 7.24; N, 16.43. FAB-MS
([M]+): m/z 299.1 [H2L

IPrCl2 − Cl−]+.
1,1′-(2-Hydroxyethane-1,1-diyl)bis(3-(isopropyl)-imidazolium)

hexafluorophosphate H2L
IPr(PF6)2. To a solution of 1.00 g

(2.89 mmol, 1.0 equiv.) of H2L
IPrCl2 in 20 mL of water is added

a solution of 1.12 g (6.86 mmol, 2.3 equiv.) of NH4PF6 in
10 mL of water. The compound is obtained as a white solid.
Yield: 1.15 g (70%).

1H-NMR (400 MHz, DMSO-d6) δ 9.45 (virt t, J = 2.0 Hz, 2H,
NCHN), 8.07 (virt t, J = 1.7 Hz, 2H, NCHCHN), 8.03 (virt t, J =
1.7 Hz, 2H, NCHCHN), 6.88 (t, J = 5.3 Hz, 1H, CHCH2OH),
6.14 (s, 1H, OH), 4.70 (hept, J = 6.7 Hz, 2H, CH(CH3)2), 4.32
(d, J = 5.2 Hz, 2H, CHCH2OH), 1.50 (d, J = 6.5 Hz, 12H,
(CH3)2CH). 13C-NMR (101 MHz, DMSO, 300 K) δ 135.83
(NCHN), 121.47 (NCHCHN), 121.26 (NCHCHN), 70.41
(NCH(CH2OH)N), 60.11 (CHCH2OH), 52.97 (CH(CH3)2), 22.14
(CH3), 22.06 (CH3). EA Calcd: C, 30.34; H, 4.36; N, 10.11.
Found: C, 30.41; H, 4.57; N, 9.92. FAB-MS ([M]+): m/z 408.9
[H2L

IPr(PF6)2 − PF6
−]+.

1,1′-(2-Hydroxyethane-1,1-diyl)bis(3-(isopropyl)-imidazolium)
tetraphenylborate H2L

IPr(BPh4)2. To a solution of 1.00 g
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(2.98 mmol, 1.0 equiv.) of H2L
IPrCl2 in 30 mL of water is added

a solution of 2.35 g (6.86 mmol, 2.3 equiv.) of NaBPh4 in
40 mL of water. The compound is obtained as a white solid.
Yield: 88%.

1H-NMR (400 MHz, DMSO-d6) δ 9.47 (virt t, J = 1.6 Hz, 2H,
NCHN), 8.08 (virt t, J = 1.9 Hz, 2H, NCHCHN), 8.03 (virt t, J =
1.9 Hz, 2H, NCHCHN), 7.25–7.12 (m, 16H, ortho-CH, BPh4),
6.95–6.87 (m, 17H, NCH(CH2OH)N and meta-CH, BPh4,),
6.83–6.72 (m, 8H, para-CH, BPh4), 6.16 (s, 1H, OH), 4.70 (virt p,
J = 6.6 Hz, 2H, CH(CH3)2), 4.32 (d, J = 5.3 Hz, 2H, CHCH2OH), 1.51
(d, J = 6.7 Hz, 6H, CH(CH3)2), 1.49 (d, J = 6.7 Hz, 6H, CH(CH3)2).
13C-NMR (101 MHz, DMSO) δ 163.37 (q, 1JCB = 49.33 Hz, CB,
BPh4), 135.84 (NCHN), 135.6–135.5 (m, ortho-CH, BPh4), 125.32
(q, 3JCB = 2.69 Hz, meta-CH, BPh4), 121.54 (s, para-CH, BPh4),
121.49 (NCHCHN), 121.24 (NCHCHN), 70.37 (NCH(CH2OH)N),
60.09 (CH(CH2OH)), 52.97 (CH(CH3)2), 22.14 (CH(CH3)2), 22.07
(CH(CH3)2). EA Calcd for H2L

IPr(BPh4)2 + 1 × acetone: C, 81.25;
H, 7.34; N, 5.83. Found: C, 80.94; H, 7.35; N, 5.83. ESI-MS ([M]+):
m/z 1485.92 (10%) [2 × H2L

IPr(BPh4)2 − 3 × BPh4
−]+, 1256.52 (20%)

[2 × H2L
IPr(BPh4)2 − 2 × BPh4

− + 2 × CHOO−]+, 919.57 (25%)
[2 ×H2L

IPr(BPh4)2 − 4 × BPh4
− + CH3CN + CHOO− − CH3]

+, 696.77
(75%) [2 ×H2L

IPr(BPh4)2 − 3 × BPh4
− + i-Pr-Im − H+]2+.

1,1′-(2-Hydroxyethane-1,1-diyl)bis(3-mesityl-imidazolium)
chloride H2L

MesCl2. 11.02 g (60.0 mmol, 3.0 equiv.) of
1-mesityl-imidazole and 2.27 g (20.0 mmol, 1.0 equiv.) of
2,2-dichloroethanol are stirred in 15 mL of toluene for 42 days.
The compound is obtained as a white solid. Yield: 2.47 g
(26%).

1H-NMR (400 MHz, DMSO-d6, 300 K) δ 10.31 (virt t, J =
1.5 Hz, 2H, NCHN), 8.63 (virt t, J = 1.7 Hz, 2H, NCHCHN), 8.13
(virt t, J = 1.8 Hz, 2H, NCHCHN), 7.38 (t, J = 5.7 Hz, 1H,
NCH(CH2OH)N), 7.16 (s, 4H, HMes), 6.55 (t, J = 5.5 Hz, 1H,
OH), 4.61 (t, J = 5.6 Hz, 2H, CHCH2OH), 2.33 (s, 6H, para-CH3),
2.06 (s, 12H, ortho-CH3).

13C-NMR (101 MHz, DMSO, 300 K)
δ 140.60 (C(para-CH3)), 138.83 (NCHN), 134.27 (NCC(ortho-
CH3)), 130.90 (C(ortho-CH3), 129.39 (CHMes), 124.72 (NCHCHN),
122.14 (NCHCHN), 70.86 (NCH(CH2OH)N), 59.70 (NCH(CH2OH)
N), 20.65 (para-CH3), 17.05 (ortho-CH3).). EA Calcd: C, 64.06; H,
6.62; N, 11.49. Found: C, 63.60; H, 6.62; N, 11.47. ESI-MS ([M]+):
m/z 938.89 (12%) [2 × H2L

MesCl2 − Cl−]+, 450.55 (10%)
[H2L

MesCl2 − Cl−]+, 208.26 (100%) [H2L
MesCl2 − 2 × Cl−]2+.

1,1′-(2-Hydroxyethane-1,1-diyl)bis(3-mesityl-imidazolium)
hexafluorophosphate H2L

Mes(PF6)2. To a solution of 1.00 g
(2.05 mmol, 1.0 equiv.) of H2L

MesCl2 in 100 mL of hot water is
added a solution of 836.0 mg (5.13 mmol, 2.5 equiv.) of
NH4PF6 in 5 mL of water. The compound is obtained as a
white solid. Yield: 1.30 g (89%).

1H-NMR (400 MHz, DMSO-d6, 300 K) δ 9.82 (virt t, J =
1.5 Hz, 2H, NCHN), 8.36 (virt t, J = 1.8 Hz, 2H, NCHCHN), 8.16
(virt t, J = 1.7 Hz, 2H, NCHCHN), 7.18 (s, 4H, HMes), 7.08 (t, J = 5.1
Hz, 1H, NCH(CH2OH)N), 6.32 (s, 1H, OH), 4.48 (br s, 2H,
CHCH2OH), 2.34 (s, 6H, para-CH3), 2.05 (s, 12H, ortho-CH3).
13C-NMR (101 MHz, DMSO, 300 K) δ 140.65 (C(para-CH3)),
138.51 (NCHN), 134.22 (NCC(ortho-CH3)), 130.85 (C(ortho-CH3)),
129.33 (CHMes), 124.97 (NCHCHN), 122.06 (NCHCHN), 71.31
(NCH(CH2OH)N), 59.90 (NCH(CH2OH)N), 20.60 (para-CH3), 16.95

(ortho-CH3). EA Calcd: C, 44.2; H, 4.57; N, 7.93. Found: C, 44.39;
H, 4.94; N, 7.91. FAB-MS ([M]+): m/z 560.7 [H2L

Mes(PF6)2 − PF6
−]+.

General procedure for the synthesis of Ag(I)–bis(NHC) complexes

Route 1. This preparation method is based on the synthesis
of similar Ag(I) complexes published by Zhong et al.31 In a
Schlenk tube 1.0 equiv. of bis(imidazolium)chloride and
3.0 equiv. of Ag2O are suspended in 3–6 mL of water. The
mixture is stirred for 18 h at room temperature under exposure
to light. Subsequently, the suspension is centrifuged. The pre-
cipitate is washed with water (3 × 5 mL). The combined
aqueous solutions are filtered over celite and a saturated
aqueous solution of either NH4PF6 or NaBPh4 is added to the
combined solutions. The obtained suspension is stirred and
the precipitate is again separated by centrifugation. The
brownish precipitate is washed with water (3 × 5 mL) and dried
under dynamic vacuum. Purification is carried out by repeated
fractional precipitation from specified solvent mixtures, as
brownish, oily, silver containing impurities precipitate before
the desired compounds.

Route 2. In a Schlenk tube 1.0 equiv. of bis(imidazolium)
hexafluorophosphate and 2.5 equiv. of Ag2O are suspended in
5 mL of acetonitrile. Then 0.5 mL of water is added. The
mixture is stirred for 18 h at room temperature under exposure
to light. Subsequently, the suspension is centrifuged and the
precipitate is washed with acetonitrile (3 × 5 mL). The com-
bined solutions are filtered over celite and the solvent is
removed under vacuum. The crude product is washed with
water (3 × 5 mL) and dried again under dynamic vacuum. It is
then subsequently dissolved in acetone or dichloromethane
and purified repeatedly by fractional precipitation with
pentane.

Ag2(L
IPr)2(PF6)2. The compound is synthesized according to

route 1. 200.0 mg (0.60 mmol, 1.0 equiv.) of H2L
IPrCl2 and

346.0 mg (1.49 mmol, 2.5 equiv.) of silver oxide are stirred in
3 mL of water for 66 hours. The crude product is precipitated
by adding a saturated solution of NH4PF6 in water.
Ag2(L

IPr)2(PF6)2 is purified by repeated fractional precipitation
from wet acetonitrile with diethyl ether. The compound is
obtained as a white solid. Yield: 198.6 mg (65%).

1H-NMR (400 MHz, acetonitrile-d3) δ 7.57 (br s, 4H,
NCHCHN), 7.38 (d, J = 1.8 Hz, 4H, NCHCHN), 7.03 (br s, 2H,
NCH(CH2OH)N), 4.67 (virt p, J = 6.8 Hz, 4H, CH3CHCH3), 4.39
(d, J = 5.4 Hz, 4H, CH2OH), 3.90 (s, 2H, OH), 1.48 (d, J = 6.7 Hz,
12H, CH3), 1.45 (d, J = 6.7 Hz, 12H, CH3H). DOSY NMR
(400 MHz, CD3CN) D [m2 s−1] = 8.45 × 10−10. DOSY NMR
(400 MHz, DMSO-d3) D [m2 s−1] = 1.28 × 10−10. 13C-NMR
(101 MHz, CD3CN) δ 181.32 (d, 1JAgC = 182.60 Hz, NCN), 120.63
(NCHCHN), 119.61 (NCHCHN), 76.73 (NCH(CH2OH)N), 61.92
(NCH(CH2OH)N), 55.77 (CH3CHCH3), 23.88 (CH3CHCH3),
23.50 (CH3CHCH3). EA Calcd: C, 32.64; H, 4.30; N, 10.88.
Found: C, 32.45; H, 4.27; N, 10.68. ESI-MS ([M]+): m/z 884.92
(100%) [Ag2(L

IPr)2(PF6)2 − PF6
−]+, 370.31 (98%) [Ag2(L

IPr)2(PF6)2
− 2 × PF6

−]2+.
Ag2(L

IPr)2(BPh4)2. The complex is synthesized according to
route 1. 1.00 g (2.98 mmol, 1.0 equiv.) of H2L

IPrCl2 and 1.73 g
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(7.46 mmol, 2.5 equiv.) of silver oxide are stirred in 10 mL of
water for 13 days. The crude product is precipitated by adding
a saturated solution of NaBPh4 in water. Ag2(L

IPr)2(BPh4)2 is
purified by fractional precipitation from acetone with pentane.
The compound is obtained as a white solid containing
0.5 equivalents of acetone. Yield: 881.0 mg (43%).

1H-NMR (400 MHz, acetonitrile-d3) δ 7.54 (br s, 4H,
NCHCHN), 7.35 (br s, 4H, NCHCHN), 7.27 (m, 16H, ortho-CH,
BPh4), 6.99 (t, J = 7.4 Hz, 18H, NCHN and meta-CH, BPh4),
6.88–6.79 (m, 8H, para-CH, BPh4), 4.72–4.57 (m, 4H,
CH(CH3)2), 4.38 (t, J = 5.1 Hz, 4H, CH2OH), 3.80 (s, 2H, OH),
1.47 (d, J = 6.7 Hz, 12H, CH3), 1.43 (d, J = 6.8 Hz, 12H, CH3).
DOSY NMR (400 MHz, CD3CN) D [m2 s−1] = 1.12 × 10−9

([Ag2(NHC)2]
2+), 1.42 × 10−9 (BPh4

−). DOSY NMR (400 MHz,
DMSO-d3) D [m2 s−1] = 1.31 × 10−10 ([Ag2(NHC)2]

2+), 2.21 ×
10−10 (BPh4

−). 13C-NMR (101 MHz, CD3CN) δ 189.48 (NCN),
163.78 (q, 1JCB = 48.9 Hz, CB, BPh4), 135.73 (ortho-CH, BPh4),
125.59 (q, 3JCB = 2.5 Hz, meta-CH, BPh4), 121.77 (para-CH,
BPh4), 119.71 (NCHCHN), 118.74 (NCHCHN), 75.71 (NCHN),
60.97 (CH2OH), 54.83 (CH(CH3)2), 23.00 (CH3), 22.62 (CH3).
EA Calcd for Ag2(L

IPr)2(BPh4)2 + 0.5 eq. of acetone: C, 66.11;
H, 6.23; N, 7.96. Found: C, 65.97; H, 6.18; N, 8.22. ESI-MS
([M]+): m/z 1058.72 (54%) [Ag2(L

IPr)2(BPh4)2 − BPh4
−]+, 370.32

(100%) [Ag2(L
IPr)2(BPh4)2 − 2 × BPh4

−]2+.
Ag2(L

Mes)2(PF6)2. The complex is synthesized according to
route 2. 500.0 mg (0.71 mmol, 1.0 equiv.) of H2L

Mes(PF6)2 and
410.0 mg (1.80 mmol, 2.5 equiv.) of silver oxide are stirred in
6 mL of acetonitrile for 5 days. The crude product is purified
by repeated fractional precipitation from DCM with pentane.
The compound is obtained as a white solid. Yield: 195.4 mg
(42%).

1H-NMR (400 MHz, acetonitrile-d3) δ 7.75 (s, 4H, NCHCHN),
7.21 (t, J = 5.9 Hz, 2H, NCH(CH2OH)N), 7.12 (s, 4H. NCHCHN),
7.01 (s, 4H, HMes), 6.95 (s, 4H, HMes), 4.57 (virt t, J = 5.4 Hz,
4H, CHCH2OH), 3.98 (t, J = 4.8 Hz, 2H, OH), 2.45 (s, 12H,
CH3), 1.66 (s, 12H, CH3), 1.34 (s, 12H, CH3).

13C-NMR
(126 MHz, acetonitrile-d3) δ 183.23 (dd, 1J107AgC = 181.9 Hz,
1J109AgC = 211.1 Hz, NCN), 140.50 (ortho-CH3CCN), 135.83 (para-
CH3C), 135.35 (ortho-CH3CCN), 135.25 (ortho-CH3CCN), 130.28
(s, CHMes), 125.67 (d, 3JAgC = 6.0 Hz, NCHCHN), 120.09 (d, 3JAgC
= 5.2 Hz, NCHCHN), 76.01 (CHCH2OH), 61.38 (s, CHCH2OH),
21.25 (s, para-CH3), 17.38 (s, ortho-CH3), 17.28 (s, ortho-CH3).
EA Calcd: C, 46.79; H, 4.53; N, 8.40. Found: C, 46.73; H, 4.45;
N, 8.21. ESI-MS ([M]+): m/z 1189.07 (40%) [Ag2(L

Mes)2(PF6)2 −
PF6

−]+, 522.45 (100%) [Ag2(L
Mes)2(PF6)2 − 2 × PF6

−]2+.

General procedure for the synthesis of Au(I)–bis(NHC) complexes

The synthesis of Au(I) complexes is based on the transmetalla-
tion reaction via the respective Ag(I) complexes published by
Zhong et al.31 In a Schlenk tube 1.0 equiv. of the respective
Ag(I) complex and 2.1 equiv. of AuCl(SMe2) or AuCl(THT) (THT
= tetrahydrothiophene) are placed. The reaction vessel is evacu-
ated and placed under an argon atmosphere. 3–6 mL of dry
acetonitrile are added and the suspension is stirred at the
specified temperature and for a specific amount of time (see
below). Subsequently, the precipitate is separated by centrifu-

gation and the solid is washed with 1 mL of acetonitrile twice.
The combined organic solutions are filtered over celite and the
solvent is removed under reduced pressure to yield the crude
product. The complexes are purified by ether recrystallization
from suitable solvent mixtures, fractional precipitation or
chromatography.

Synthesis of Au2(L
IPr)2(PF6)2. 100.0 mg (0.10 mmol,

1.0 equiv.) of Ag2(L
IPr)2(PF6)2 and 57.2 mg (0.19 mmol, 2.0

equiv.) of AuCl(SMe2) are stirred at room temperature in 3 mL
of acetonitrile for 10 days. The crude product is purified by
repeated fractional precipitation from acetone by pentane. The
compound is obtained as a white solid containing two confor-
mation isomers in a 4/5 (anti/syn) ratio. Yield: 94.7 mg (81%).

1H-NMR (400 MHz, acetonitrile-d3) δ 7.69 (d, J = 2.1 Hz, 4H,
anti-NCHCHN), 7.57 (d, J = 2.2 Hz, 4H, syn-NCHCHN), 7.45 (d,
J = 2.2 Hz, 4H, anti-NCHCHN), 7.44–7.38 (m, 6H, syn-NCHCHN
and syn-NCH(CH2OH)N), 7.35 (t, J = 6.5 Hz, 2H, anti-
NCH(CH2OH)N), 5.02 (hept, J = 6.85 Hz, 4H, anti-CH(CH3)2),
4.89 (hept, J = 6.7 Hz, 4H, syn-CH(CH3)2), 4.38 (virt t, J = 5.7 Hz,
4H, syn-CH2OH), 4.32 (virt t, J = 6.1 Hz, 4H, anti-CH2OH), 3.87 (t,
J = 5.4 Hz, 2H, syn-OH), 3.80 (t, J = 5.7 Hz, 2H, anti-OH),
1.57–1.42 (m, 48H, syn&anti-CH3).

13C-NMR (101 MHz, CD3CN)
δ 184.19 (NCN), 121.19 (anti-NCHCHN), 120.67 (syn-NCHCHN),
119.99 (syn-NCHCHN), 119.63 (anti-NCHCHN), 75.76 (anti-
NCH(CH2OH)N), 74.89 (syn-NCH(CH2OH)N), 62.20 (anti-CH2OH),
61.96 (syn-CH2OH), 55.39 (syn-CH(CH3)2), 55.35 (anti-CH(CH3)2),
23.78 (anti-CH3), 23.50 (syn-CH3), 23.28 (syn-CH3), 22.91 (anti-
CH3). EA Calcd: C, 27.83; H, 3.67; N, 9.27. Found: C, 27.92; H,
3.73; N, 9.22. ESI-MS ([M]+): m/z 1058.72 (32%) [Au2(L

IPr)2(PF6)2 −
PF6

−]+, 459.45 (100%) [Au2(L
IPr)2(PF6)2 − 2 × PF6

−]2+.
Synthesis of Au2(L

IPr)2(BPh4)2. 200.0 mg (0.15 mmol,
1.0 equiv.) of Ag2(L

IPr)2(BPh4)2 and 89.7 mg (0.30 mmol,
2.1 equiv.) of AuCl(SMe2) are stirred at room temperature in
6 mL of acetonitrile for 4 days. The crude product is purified
by repeated recrystallization from an acetone/toluene mixture
at −26 °C. The compound is obtained as a white solid with an
approximate isomer ratio of anti/syn of 2 : 1. Yield: 69.5 mg
(31%).

1H-NMR (400 MHz, acetonitrile-d3) δ 7.68 (d, J = 2.2 Hz, 4H,
anti-NCHCHN), 7.56 (d, J = 2.2 Hz, 4H, syn-NCHCHN), 7.43 (d,
J = 2.2 Hz, 4H, anti-NCHCHN), 7.39 (d, J = 2.2 Hz, 4H, syn-
NCHCHN), 7.35 (t, J = 6.6 Hz, 4H, syn&anti-NCH(CH2OH)N),
7.30–7.22 (m, 32H, ortho-CH, BPh4), 6.99 (virt t, J = 7.4 Hz,
32H, meta-CH, BPh4), 6.88–6.79 (m, 16H, para-CH, BPh4), 5.01
(virt p, J = 6.8 Hz, 4H, anti-CH(CH3)2), 4.90 (virt p, J = 6.7 Hz,
4H, syn-CH(CH3)2), 4.35 (d, J = 6.0 Hz, 4H, syn-CH2OH), 4.29
(br s, 4H, anti-CH2OH), 3.79 (br s, 2H, anti-OH), 1.54–1.41 (m,
48H, syn&anti CH(CH3)2).

13C-NMR (101 MHz, CD3CN) δ 183.99
(NCN), 164.68 (q, 1JCB = 49.2 Hz, CB, BPh4), 136.67–136.57
(m, ortho-CH, BPh4), 126.51 (q, 3JCB = 2.7 Hz, meta-CH, BPh4),
122.67 (para-CH, BPh4), 121.17 (anti-NCHCHN), 120.66 (syn-
NCHCHN), 119.91 (syn-NCHCHN), 119.63 (anti-NCHCHN), 75.69
(anti-NCH(CH2OH)N), 74.92 (syn-NCH(CH2OH)N), 62.17 (anti-
CH2OH), 61.95 (syn-CH2OH), 55.35 (syn-CH(CH3)2), 55.32 (anti-
CH(CH3)2), 23.78 (anti-CH3), 23.50 (syn-CH3), 23.25 (syn-CH′3),
22.89 (anti-CH′3). EA Calcd: C, 58.62; H, 5.44; N, 7.2. Found: C,
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58.13; H, 5.33; N, 7.26. ESI-MS ([M]+): m/z 1237.20 (48%)
[Au2(L

IPr)2(BPh4)2 − BPh4
−]+, 962.83 (6%) [Au2(L

IPr)2(BPh4)2 −
2 × BPh4

− + CHOO−]+, 459.51 (100%) [Au2(L
IPr)2(BPh4)2 − 2 ×

BPh4
−]2+.

Synthesis of Au2(L
Mes)2(PF6)2. 200.0 mg (0.5 mmol,

1.0 equiv.) of Ag2(L
Mes)2(PF6)2 and 98.3 mg (0.3 mmol, 2.2

equiv.) of AuCl(SMe2) are stirred in 5 mL acetonitrile at 50 °C
for 3 days. The crude product is purified by a double recrystal-
lization from DCM/thf mixture at −26 °C. The compound is
obtained as white crystalline solid. Yield: 167.3 mg (72%).

1H-NMR (400 MHz, acetonitrile-d3) δ 7.78 (d, J = 2.0 Hz, 4H,
NCHCHN), 7.63 (t, J = 5.6 Hz, 2H, NCH(CH2OH)N), 7.11 (d, J =
2.0 Hz, 4H, NCHCHN), 6.99 (br s, 4H, HMes), 6.93 (br s, 4H,
HMes), 4.55 (virt t, J = 5.6 Hz, 4H, NCH(CH2OH)N), 3.99 (t, J = 5.4
Hz, 2H, OH), 2.45 (s, 12H, para-CH3), 1.66 (s, 12H, ortho-CH3),
1.37 (s, 12H, ortho-CH3).

13C-NMR (101 MHz, CD3CN) δ 185.49
(NCN), 140.61 (ortho-CH3CCN), 135.30 (para-CH3C), 135.23
(ortho-CH3CCN), 135.07 (ortho-CH3CCN), 130.22 (CHMes), 125.73
(NCHCHN), 120.31 (NCHCHN), 74.03 (CHCH2OH), 61.46
(CHCH2OH), 21.25 (para-CH3), 17.41 (ortho-CH3), 17.30 (ortho-
CH3). EA Calcd: C, 41.28; H, 4.00; N, 7.41. Found: C, 41.24; H,
3.28; N, 7.40. ESI-MS ([M]+): m/z 1367.00 (20%) [Au2(L

Mes)2(PF6)2
− PF6

−]+, 611.75 (100%) [Au2(L
Mes)2(PF6)2 − 2 × PF6

−]2+.
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a b s t r a c t

Phosphines are the most studied ligands on gold-based metallodrugs, whereas N-heterocyclic carbenes
(NHCs) have been emerging in the past years as potential alternative ligands for medicinal applications.
Indeed, in both cases, phosphine and NHC allow the preparation of a plethora of transition metal-based
complexes with attractive properties for medicinal applications. This review offers an update on phos-
phine and NHC ligands used in gold complexes with potential anti-cancer, anti-bacterial, anti-parasitic
(malaria, leishmaniasis and trypanosomasis) and anti-viral (HIV-1) activity. Structural information
about diverse ligands is discussed and the biological activity of the corresponding homo-metallic Au(I),
Au(III) and hetero-metallic complexes is summarized in tables and discussed as well. Additionally, these
complexes are compared with reference compounds and facts about mechanistic studies and lumines-
cence properties are highlighted. The main target of this review is to find trends in ligand design for
medicinal purposes. Particularly, questions about the balance between lipophilicity and hydrophilicity,
the presence of functional groups, the utilization of multinuclear complexes and the comparison of
neutral versus cationic complexes will be addressed.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Most of the drugs currently used in clinical settings for treating
cancer and bacterial, parasitic or viral infections still present
drawbacks that must be overcome in order to develop innovative
drugs with higher efficacy and negligible side effects. Current
problems include low selectivity between healthy and diseased
cells, low drug stability, development of drug resistance, among
others, which press for the development of novel compounds
[1e3]. Metal-based drugs have been thoroughly exploited aiming
to solve some of the mentioned problems. Indeed, a plethora of
new metallodrugs have been reported in the last few years,
showing very promising biological activity in vitro. Since most of
them suffer on too low (or even no) activity in vivo they do not
reach clinical trials. Accordingly, the design of new metal-based
drugs is still under active research. One of the main questions to
be addressed is the in vivo stability of newly designed complexes,
.

which relies on the selection of the most adequate ligands and
corresponding metals. This particular question has been discussed
in recent reviews by Casini [4], Djuran [5] and Che et al. [6]. The
precious element gold became very attractive for biological and
medicinal application, since Au(I) allows the selective targeting of
several enzymes bearing residual thiol or selenol groups and Au(III)
is isoelectronic to Pt (II) known from cisplatin (Fig. 1) [4,5,7,8].
Additionally, in multi-metallic complexes, the nuclei can form
aurophilic interactions leading to higher stability and ideally to
luminescence properties. Auranofin (Fig. 1) is the leading gold
compound that has been studied in clinical phase II against Chronic
Lymphocytic Leukemia (CLL, www.clinicaltrials.gov). Phosphine
ligands are the most studied ligands in medicinal application of
gold. However, similarly to what happened in the catalysis field
earlier [9], phosphines are being more and more replaced by the
stronger s-donating NHCs [8]. NHCs are easier and more versatile
tunable in their electronic, steric and physical properties. M� C
bonds additionally are thermodynamically stronger than M� P
bonds [10]. Based on this, NHCs gained increasingly more attention
in medicinal chemistry and a number of reviews have been
reporting the use of NHCs in this area [8,11,12].
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Fig. 1. Structures of cisplatin and auranofin.
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In this short review, we aim at comparing the chemical and
biological properties of gold complexes stabilized by phosphine
and NHC ligands that have been examined for their potential use in
the treatment of cancer and bacterial, parasitic or viral infections. It
is intended that the comparison of these two ligand systems will
contribute to the development of new strategies for the prospective
design of metallodrugs.

2. Treatment of cancer

Cisplatin displays low selectivity leading to severe side effects.
Additionally, several cancer cell lines show resistance against
cisplatin [2]. Consequently, transition metals like titanium, iron,
osmium, rhodium, iridium, palladium and the coinage metals have
been considered as alternatives to platinum-based metallodrugs
due to the cytotoxic properties of some of their compounds [8].
Especially gold in both oxidation states þ I and þIII recently
emerged as suitable anti-cancer active transition metal, due to its
more selective mechanism of action, which arises from the high
affinity to thiol and selenol groups of cysteine and selenocysteine,
respectively. As known from Auranofin, this behavior allows for
example the targeting of the cytosolic or mitochondrial enzyme
thioredoxin reductase (TrxR), which is more expressed in cancer
cells than in healthy cells. The coordination of thiol or selenol
groups of TrxR to gold inhibits the enzyme itself to reduce the
production of reactive oxygen species (ROS, e.g. H2O2). Conse-
quently, the high cellular peroxide concentration leads to cell death
via oxidative stress [13e15]. Besides the enzymatic targeting, a few
gold complexes, for example bearing caffeine-derived NHC ligands
apparently interact with the canonical and non-canonical DNA
secondary structure (e.g. duplex, mismatched and G-quadruplex
DNA, replication forks, etc.) in a coordinative of intercalating
pathway leading to anti-cancer activity [16]. As mentioned above,
the gold(I)-based drug Auranofin bears a phosphine ligand (PEt3).
Motivated by the success and but also by the disadvantages (low
stability in vivo) of auranofin, a plethora of new phosphine-based
gold complexes were synthesized [7,17]. Fig. 2 and Fig. 3 show
different phosphine moieties that have been reported in the past
five years as ligands in gold complexes with anti-cancer activity.
Some examples of phosphine ligands like PPh3 and derivatives, P2
and P5, already exhibit cytotoxic activity without coordination to
gold. The coumarin-modified phosphine ligand PPh2(p-cou-Ph)
dissociates in vivo in zebrafish larvae and is oxidized to the strongly
fluorescent phosphate moiety, which could be externally detected
[18]. This phenomenonmust be taken into consideration in the case
of phosphines being possibly dissociated in the cell. Nevertheless,
the corresponding gold(I) complexes have been reported to be
stable for 48 h in vivo and a high selectivity towards cancer cells
with respect to healthy cells was observed.

Banti and Hadjikakou et al. have comparatively examined
different cone angles of PPh3, P(o-Me-Ph)3 P(p-Me-Ph)3 observing
no influence on anti-tumoral activity [19]. Additionally, replace-
ment of the phosphorus atom by arsenic or antimony leads to lower
cytotoxic activity. The more lipophilic the phosphine species, the
higher cytotoxic is the ligand itself, which could be confirmed by P2
and P11 with varied alkyl chain bridge [20,21]. Consequently, the
corresponding gold(I) complexes result to be more cytotoxic as
well. However, the degree of lipophilicity of substituent should
have a limit. A maximal cytotoxicity could be observed for n¼ 6,
since in the case of P11 a longer chain leads to higher IC50-values
[22]. Narain et. al. coupled [AuPPh3]þ to a glycol polymer with one
terminal dithiocarbamate side chain and studied the effect of
molecule size and weight on anti-cancer activity [23]. The smaller
polymer with 10 kDa molecular weight was more active than the
heavier polymer with 30 kDa, indicating a limit of size for inter-
nalization processes with respect to the membrane potential. Also,
modification of 1,3,5-triaza-7-phosphaadamantane phosphine
(PTA, P3) with a phenyl substituent to give P5a,b, which presents an
higher degree of lipophilicity, leads to higher cytotoxic activity [24].
Substitution of the phenyl group by a methyl ester (P5c,d) balances
the hydro/lipophilic character, yielding IC50-values in the same
range of P5a,b However, increasing the hydrophilicity with the
presence of other functional groups like a carboxylic or a nitrile
groups (P5e,f) does not improve the activity. It was demonstrated
that the presence of ester groups, especially activated moieties,
enhances the cytotoxicity of the gold complex [25]. The utilization
of amino acid functionalized thiol-ligands were reported with the
presence of PPh3, whereas the esterificatedmoieties on C-terminus
exhibit the highest cytotoxicity [26]. Thus, the post-modification of
functional groups via amidation or esterification reactions offers a
suitable strategy to balance between hydro- and lipophilicity.
Additionally, certain peptide sequences attached on the gold
complexes could allow the access to highly selective anti-cancer
metal complexes. A gold(I)-complex bearing the two different
phosphine ligands P2i and tBu3P displays relevant cytotoxicity,
with IC50-values in the lower micromolar range [27]. However, this
complex [(P2i)AuI(PtBu3)]þ decomposes in solution, yielding two
Au(I) complexes [(P2i)2AuI]þ and [(PtBu3)2AuI]þ bearing the same
phosphine ligand. Multidentate phosphine ligands (P1, P2, P6, and
P11) led to a varied number of multinuclear gold complexes.
Another interesting phosphorus-based ligand is the phosphole P8,
which increases the thiophilicity of gold complexes and presents
promising activity in decreasing the tumor growth in C6 rats with
malignant glioblastomas [28].

In some cases, the dinuclear complexes with P2, have presented
higher cytotoxicity than the corresponding mononuclear moieties
[20,29]. The ligand systems P2j and P2k lead to the corresponding
cyclic tri- and tetranuclear gold(I) complexes, respectively. They
exhibit in vitro cytotoxicity values near the nanomolar scale and
show high selectivity towards tumor cells [30]. In the case of the
[2.2]paracyclophane-type ligand systems P13, P14 and P15, only the
chelating moiety P15 coordinating on one gold nucleus has shown
attractive cytotoxicity in vivo in zebrafish larvae in the range of
50e100 mM [31]. The gold complex bearing P15 seems to bind in a
different way to thiol groups avoiding ligand exchange reactions.
P16, a water-soluble porphyrin-system with terminal diphenyl-
phosphine leads to Au(I)-based theranostics showing luminescence
in the near infrared [32]. The mixed AuI/AuIII binuclear gold com-
plex with PPh3 and a benzimidazole derivate coordinating in a
bridging manner on both nuclei is less active than the mononuclear
Au(I) complex [33]. However, Au(III)-based metallodrugs are
known to be more active in anti-cancer therapy [34]. Thus, this
phenomenon was explained by a possible reduction of gold (III) to
gold(I) and, consequently, showing the same reactivity. In contrast,
the binuclear Au(III) complex bearing the ligand P2d presented
higher cytotoxicity than the mononuclear species, the analogue



Fig. 2. Phosphine-type ligands being reported from 2013 until 2017 in gold-based complexes with anti-cancer activity (Part I). The phosphorus atoms are highlighted in red. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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NHC moiety and the binuclear platinum complex. Additionally,
promising activity in decreasing the tumor growth has been
observed in vivo. The synthesis of hetero-metallic complexes
combining Au(I) with transition metals such as Fe(II) [35,36], Re(I)
[37], Ru(II) [38], Pt (II) [39] or Cu(I) [40] became very attractive
leading to complexes with potent anti-cancer activity. In most
cases, these hetero-metallic complexes show extremely low IC50-
values compared to the mononuclear moiety. Finally, all gold
complexes bearing the phosphine type ligands of Figs. 2 and 3 are
summarized in Table 1. Fig. 4 displays examples of gold phosphine
complexes defining seven different structure types. These structure
motifs are abbreviated in superscript form on right-hand side of the
chemical formula with T-X (X¼ I-VII) in all following tables.

Further properties such as cytotoxicity of the pure ligand (a),
higher activity than Cisplatin (b) and Auranofin (c), inhibition of
enzymes (d), interaction with DNA (e), luminescence (f), in vivo (g)
and ex vivo studies (h) are additionally indicated by the corre-
sponding letters on the left-hand side of the chemical formula in
superscript form. Cytotoxic activities in human cancer cell lines are
indicated with the corresponding obtained IC50-values. Beside the
IC50-values, the tested human cancer cell line and the incubation
time is mentioned.
The development of gold-based NHC complexes as promising

anti-cancer agents has strongly increaded in recent decades and a
plethora of gold (I/III)-NHC complexes with imidazolydene or tri-
azolydene derivates have been published. Some complexes display
very attractive anti-tumoral activity in vivo as highlighted in the
excellent review of Liu and Gust [8].

In this work the most recently published NHC moieties being
reported as ligands for gold complexes (Fig. 5) and their applica-
tions as anti-cancer complexes are highlighted. Imidazolium salts
are the precursor for NHC ligands and can be modified on both
wingtip and backbone positions [10]. Several modification path-
ways were carried out to increase the lipophilicity and to introduce
functional groups for possible water solubility and stability. In the
case of C21, C23, C25 and C27, the replacement of hydrogen atoms by
halides, phenyl or triazole groups on the backbone-position en-
hances the cytotoxicity in vitro [53e56]. Increasing the degree of
lipophilicity on wingtip-positions delivers the same effect on
cytotoxicity, which can be observed on the example of C28 and C30
[57e59]. The lone presence of functional groups does not increase
the anti-cancer activity in vitro without having a certain degree of



Fig. 3. Phosphine-type ligands being reported from 2013 until 2017 in gold-based complexes with anti-cancer activity (Part II). The phosphorus atoms are highlighted in red. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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lipophilicity, as seen in C24 [41]. This phenomenon was also
observed for some phosphine ligands mentioned above. However,
the degree of lipophilicity should not be too strongly increased,
otherwise the imidazolium salt exhibits cytotoxicity and the coor-
dination on gold does not have any influence on the cytotoxicity
[60]. C22 is a NHC moiety with the backbone being extended with a
porphyrin system leading to a gold complex with potential use in
photodynamic therapy (PDT), which exhibits light induced AueS
bond break with consequent cytotoxicity [61]. C36 is a NHC ligand
fused with the stress inducer naphthoquinone on the backbone-
position and the corresponding gold complexes has shown very
interesting anti-cancer activity in vitro and in vivo [62]. The ligand
systems C31 and C32 yielded cyclometalated gold (III) complexes
with the structure type VII, which allowed a deeper insight into the
different targets of intracellular proteins [63]. The photo-activable
groups as wingtip-substituent can interact with proteins after
light irradiation whereas a terminal alkinyl-groups as second
wingtip-substituents can added on a reporter such as for example
biotin by a click-reaction. These Au(III) complexes display small
drug resistance making the design of metallodrugs with multiple
targets more attractive.
This property could also involve the synthesis of hetero-metallic

complexes. Indeed, also in the case of NHC, the combination of Au(I)
and Ti(IV) delivers hetero-metallic complexes with higher cyto-
toxicity compared to the homo-metallic complexes [58]. Addi-
tionally, the exchange of phosphine by NHCmoieties in this hetero-
metallic complex has demonstrated to enhance the anti-cancer
activity and enforces the thesis mentioned before that NHC can
often be used as a better alternative to phopshine-type ligands.

The comparison between neutral and cationic complexes show -
similar to the phosphine moieties - no special difference in cyto-
toxicity. Finally, the corresponding Au-complexes are summarized
in Table 2 to allow a comparison to the phosphine-based gold
complexes.
3. Treatment of bacterial infections

The use of silver nitrate as anti-bacterial agent has been re-
ported already in the 17th century, and had been used for the
treatment of chronic skin ulcers and open wounds [65]. Nowadays,



Table 1
Antiproliferative/viability activity of homo- and heterometallic Au(I/III)-phosphine complexes in selected cell lines.

Complex Cytotoxicity IC50 [mM] Ref

AuI

(a,b)Ph3PAuIGP(T�I) 1,7-4 (MCF-7), 18 h 26-41 (A2780), 18 h 0.67e4 (HEK 293 T), 18 h [23]
(b)PPh3AuI(SPyCOOH)(T�I) 15.5 (MCF-7), 24 h 9.2 (MiaPaca2), 24 h 4.6 (Jurkat), 24 h [26]
(b,d)PPh3AuI(SPyCONH-AA)(T�I) AA ¼ Gly, Ala, Val, Phe, Met, Pro 7.7e30.5 (MCF-7), 24 h 8.1e27.2 (MiaPaca2), 24 h 2.4e7.6 (Jurkat), 24 h [26,43]
(b,d)[(PPh3)2AuI2(m2-SPyCOOH)](BF4)(T�III) 6.9 (MCF-7), 24 h 7.5 (MiaPaca2), 24 h 3.3 (Jurkat), 24 h [26]
(b)[(PPh3)2AuI2(m2-SPyCONHPro)] (OTf)(T-III) 4.1 (MCF-7), 24 h 1.2 (MiaPaca2), 24 h 0.9 (Jurkat), 24 h [26]
PPh3AuI(Flavenoid)(T�I) 37.73e43.36 (PC3), 24 h [44]
PPh3AuILx(T�I) Lx: pz-dtc, iz-dtz 2.56e2.63 (HeLa), 48 h [20]
[PPh3AuINHC](BF4)(T�I) 5.2 (A2780), 72 h 11.2 (HEK-293 T), 72 h [25]
(b)PPh3AuILx(T�I) Lx: phen-oxadiaz-th <0.10e1.40 (B16F10),

72 h
<0.10e1.66 (CT26.WT),
72 h

[45]

(b)PPh3AuILx(T�I) Lx: alkyl-oxadiaz-th Alkyl ¼ C7, C9, C11, C13, C15 0.9e4.2 (B16F10), 72 h 3.4e5.9 (CT26.WT), 72 h [46]
(b)PPh3AuILx(T�I) Lx: alkyl-oxadiaz-th Alkyl ¼ C8, C10, C12, C14, C16 1.0e6.6 (B16F10), 72 h 1.4e6.2 (CT26.WT), 72 h [46]
[PPh3AuIpbiH](PF6)(T�I) 1.50 (A2780S), 72 h 6.60 (A2780R), 72 h [33]
[PPh3AuIpbi](PF6)(T�I) 0.6 (A2780S), 72 h 2.0 (A2780R), 72 h [33]
[(PPh3)2AuI2(m2-pbi)][PF6](T�III) 0.6 (A2780S), 72 h 3.57 (A2780R), 72 h [33]
(c,d,e)PPh3AuILx(T�I) Lx: Alkinyl-chromones, Alkinyl-flavone 10e19.5 (HepG2), 24 h 5.5e13 (MCF-7), 24 h 4.2e49.7 (MDA-MB-231),

24 h
[47]

(a,f,g)PPh2(p-cou-Ph)AuILx(T�I) Lx: Cl, tatgp 49.0e50.1 (MCF-7), 48 h 10.1e46.5 (MDA), 48 h 28.4e49.9 (HCT116), 48 h [18]
PPh2(p-COOH-Ph)AuILx(T�I) Lx: tatgp 6.9 (A2780) 12.0 (A2780cisR), 72 h 11.7(HEK-293), 72 h [22]
(b,e)PMe3AuILx(T�I) Lx: DMDC, DEDC 4.87e6.79 (A549), 72 h 5.77e7.42 (HepG2), 72 h [48]
(b,e)PEt3AuILx(T�I) Lx: DMDC, DEDC 6.58e6.64 (A549), 72 h 6.91e8.35 (HepG2), 72 h [48]
(b)PEt3AuILx(T�I) Lx: phen-oxadiaz-th <0.10e0.43 (B16F10),

72 h
<0.10e0.51 (CT26.WT),
72 h

[45]

(b)PEt3AuILx(T�I) Lx: alkyl-oxadiaz-th Alkyl ¼ C7, C9, C11, C13, C15 2.2e4.8 (B16F10), 72 h 2.4e5.4 (CT26.WT), 72 h [46]
(b)PEt3AuILx(T�I) Lx: alkyl-oxadiaz-th Alkyl ¼ C8, C10, C12, C14, C16 0.5e12.3 (B16F10), 72 h 1.4e3.6 (CT26.WT), 72 h [46]
(b,e)PiPr3AuILx(T�I) Lx: DMDC 7.71 (A549), 72 h 6.21 (HepG2), 72 h [48]
PtBu3AuILx(T�I) Lx: dibenzyldithiocarbamate 96.53 (A549), 24 h 25.90 (HeLa), 24 h 93.7 (HCT15), 24 h [29]
(b)P2bAuILx(T�I) Lx: dimethyldithiocarbamate Diethyldithiocarbamate

Dibenzyldithiocarbamate
5.8e105.3 (A549), 24 h 1.4e93.9 (HeLa), 24 h 9.5e133.1 (HCT15), 24 h [29]

(a,d)P2a,b,e,fAuI2(Lx)2(T�IV) Lx: pyethine 1.1e23.8 (MCF-7) 0.6e15.3 (HT-29) [21]
(d)P2c,d,hAuILx(T�IV) Lx: pz-dtc, iz-dtz 0.51e6.96 (HeLa), 48 h [20]
(b)P2iAuIPtBu3Cl(T�II) 0.29 (HCT 116), 48 h [27]
(b)P3AuILx(T�I) Lx: thiosemicarbazones 3.65 (Caco-2/PD7), 72 h 4.53 (Caco-2/TC7), 72 h [40]
P3AuIpbi(T�I) 13.3 (A2780S), 72 h 28.8 (A2780R), 72 h [33]
(d)P3AuI(2-py-ethine)(T�I) 19.2 (MCF-7), 24 h 51.04 (Caco-2/TC7), 24 h [49]
(b)P4AuILx(T�I) Lx: thiosemicarbazones 13.12 (Caco-2/PD7), 72 h 14.91 (Caco-2/TC7), 72 h [40]
(a,b,c)[P5a-fAuICl](Cl or Br)(T�I) 4.4e14.20 (Caco-2/PD7),

72 h
0.93e11.80 (Caco-2/TC7),
72 h

[24]

(a,b)[(P5b,d)2AuICl](Br)2(T�I) 5.53e14.74 (Caco-2/PD7),
72 h

8.48e10.17 (Caco-2/TC7),
72 h

[24]

(a,b,c)[P5a,bAuILx](Cl or Br)(T�I) Lx: Spy, Spyrim, SMepyrim, SMe2pyrim 1.75e6.63 (Caco-2/PD7),
72 h

3.95e7.5 (Caco-2/TC7),
72 h

[24]

(a,b)[P5c,dAuILx](Cl or Br)(T�I) Lx: Spy, Spyrim, SMepyrim, SMe2pyrim 4.16e9.35 (Caco-2/PD7),
72 h

2.8e7.67 (Caco-2/TC7),
72 h

[24]

m2-P6[AuICl]2(T�III) 2.2 6.2 (HEK-293 T), 72 h [25]
(b)P7cAuI(SPyCONH-Ala)(T�I) 15.7 (MCF-7), 24 h 17.4 (MiaPaca2), 24 h 3.8 (Jurkat), 24 h [26]
(b)P7bAuICl(T�I) 38.34 (MCF-7), 24 h 53.97 (A549), 24 h 51.21 (HCT15), 24 h [50]
[(P7b)2AuI](Cl)(T�I) 51.73 (MCF-7), 24 h 34.42 (A549), 24 h 34.19 (HCT15), 24 h [50]
(b,c)m2-P11[AuI(Lx)]2(T�III) Lx: tatgp 0.17e1.5 (A2780), 72 h 0.67e4.7 (A2780cisR),

72 h
1.2e3.3 (HEK-293), 72 h [22]

(e,g)P13AuICl(T�I) 35.5 (MCF-7), 24 h 22.1 (HeLa), 24 h [31]
(b,e,g)P14AuICl(T�I) 10.9 (MCF-7), 24 h 35.9 (HeLa S3), 24 h [31]
(b,e,g)[P15AuItht](ClO4)(T�II) 23.9 (MCF-7), 24 h 4.2 (HeLa S3), 24 h [31]
P17AuICl(T�I) 0.41e0.58 (A549) [51]
(b)P18AuICl(T�I) 70.3e76.3 (A549), 24 h [52]
(b)P20AuILx(T�I) Lx: Cl, tatgp 4.2e21.5 (A549), 72 h 1.6e2.9 (A2780R), 72 h 1.2e9.9 (HEK-293 T), 72 h [39]
(b)cyclic[(P2j)3AuI3](X)3(T�V) X ¼ OTf, PF6 0.5e1.4 (HeLa), 24 h 0.4e0.8 (MDA-MB-231),

24 h
0.6e4.7 (DU145), 24 h [30]

(b)cyclic[(P2k)4AuI4](X)4(T�VI) X ¼ OTf, PF6 2.9e3.1 (HeLa), 24 h 0.9e1.2 (MDA-MB-231),
24 h

2.8e3.9 (DU145), 24 h [30]

AuIII

(b,d,g,e){m2-P2b-d, f-h[AuIII(Lx)]2}(OTf)2(T�VII) Lx: diphenpy 0.21e5.8 (HepG2), 72 h 0.043e3.2 (HeLa), 72 h 0.17e8.8 (PLC), 72 h [42]
[(PPh3)AuI(m3-pbi)AuIIIX2](PF6)(T�IIIþT�VII) X ¼ OAc, Cl 0.6 (A2780S), 72 h 1.25e1.5 (A2780), 72 h [33]
Hetero-metallic
P1aAuICl(T�I) >100 (A549), 72 h 68 (HepG2), 72 h [35]
(b,c)P1aAuILx(T�I) Lx: mena, mepu, tcyt, tura 12.6e95.1 (A549), 72 h 7.8e100 (HepG2), 72 h [35]
P1bAuI2Cl2(T�IV) 29.9 (A549), 72 h 29.1 (HepG2), 72 h [35]
(b,c)P1bAuI2(Lx)2(T�IV) Lx: tcyt, tatgp 13.1e14.5 (A549), 72 h 11.1e12.4 (HepG2), 72 h [35]
(b,c)P1cAuICl(T�I) 0.27e3.7 (A2780) 3.1e20.3 (A2780R) 0.94e6.8 (HEK) [36]
(f)[PPh3AuILxReI(bipy)(CO)3](OTf)(T�I) Lx: pyethine, Im 4.4e19 (A549), 24 h [37]
(b,c)[(P3AuILx)2CuI](PF6)(T�I) Lx: thiosemicarbazones 20 nM (Caco-2/PD7), 72 h 0.03 (Caco-2/TC7), 72 h [40]
(b,c)[(P3AuILx)2CuI](PF6)(T�I) Lx: thiosemicarbazones 20 nM(Caco-2/PD7), 72 h 0.03(Caco-2/TC7), 72 h [40]

(continued on next page)
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Table 1 (continued )

Complex Cytotoxicity IC50 [mM] Ref

(b,c)[(PPh3AuILxCuIPPh3P3](NO3)(T�I) Lx: thiosemicarbazones 0.47 (Caco-2/PD7), 72 h 0.6 (Caco-2/TC7), 72 h [40]
(b,c)[(PPh3AuILxCuIPPh3P4](NO3)(T�I) Lx: thiosemicarbazones 1.17 (Caco-2/PD7), 72 h 3.4 nM (Caco-2/TC7), 72 h [40]
(b,f)[P9AuILx](Cl2)(T�I) Lx: tatgp 26.5 (A549), 72 h 6.4 (A2780R), 72 h 2.7 (A2780S), 72 h [38]
(b,f)[P10AuILx](Cl2)(T�I) Lx: tatgp 5.7 (A549), 72 h 3.1 (A2780R), 72 h 1.4 (A2780S), 72 h [38]

a) ligand is cytotoxic; b) more active than cisplatin; c) more active than auranofin; d) enzyme inhibition; e) DNA interaction; f) luminescent; g) in vivo studies; h) ex vivo
studies. T-X (X¼ I-VII) indicates the type of structure depicted in Fig. 4. GP¼Glyco polymer, bipy¼ 2,20-bipyridyl, mena¼ 2-mercaptonicotinic acid, mepu¼ 2-
mercaptopurine, tcyt¼ 2-thiocytosine, tura¼ 2-thiouracil, tatgp¼ 2,3,4,6-tetra-6-acetyl-1-thiol-b-D-glucopyranosato, pyethine¼ pyridylethin, Im¼ imidazole, AA¼ Amino
acid. pz-dtc¼ pyrazol-1-yl-based dithiocarbamate, iz-dtc¼ indazol-1-yl-based dithiocarbamate, dmbpy¼ dimethylbipyridine, tht¼ tetrahydrothiophen. 3-carboxyph-
dmpz ¼ (3-carboxyphenyl)bis(3,5-dimethylpyrazolyl), phen-oxadiaz-th¼ 5-phenyl-1,3,4-oxadiazole-2-thione, DMDC¼Dimethyldithiocarbamate, DEDC¼Dieth-
yldithiocarbamate, pbiH¼ 2-(20-pyridyl)benzimidazole.

Fig. 4. Some examples of gold phosphine complexes defining seven different structure types: Type I linear, Type II chelating ligand and mononuclear [31], Type III dinuclear with
bridging ligand [26], Type IV chelating ligand and dinuclear [21] (with two chelating ligands for example in bis(NHC)-complexes: dinuclear metallacycle) [41], Type V trinuclear
metallacycle [30], Type VI tetranuclear metallacycle [30], Type VII Gold (III) square planar [42]. The gold atoms are highlighted in yellow and the phosphorus atoms in red. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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silver(I)-complexes are the most studied metallodrugs in the
treatment of bacterial infections [65e68]. Although a great variety
of silver(I)-based anti-bacterial complexes have been reported,
bacterial resistance is still a big issue to overcome. Bacterial resis-
tance may have different origins induced by various cellular
mechanisms like efflux pumps, target modification, inactivation by
enzymes and in the presence of bacterial biofilms [69]. Metal-
lodrugs are known to act as anti-biofilm agents, since metal cations
can be incorporated into the matrix of biofilms and consequently
hinder their formation.

In the case of gold, K[Au(CN)2] has been introduced at the end of
the 19th century as anti-microbial drug exhibiting activity against
Mycobacterium tuberculosis [5]. Consequently, gold (I/III)-based
metallodrugs with various ligand systems have been reported with
potential anti-microbial activity, which have been recently
reviewed by Djuran et al. [5] Several gold(I)-phosphine complexes
with additional amino-type ligands used as anti-microbial metal-
lodrugs have been patented in 2015 [70]. After 2015, only a few
examples of new gold-based phosphine complexes with anti-
microbial activity were reported. Sanchez-Puelles et al. have
synthesized six auranofin derivatives bearing PEt3 and different
thiol-containing ligands on trans-position replacing the thio-
glucopyranosato reaching MIC50 (MIC¼Minimum inhibitory Con-
centration) of 0.12e0.42 mM in Staphylococcus pneumonia D39 [71].
De Almeida et al. have combined PEt3 with 1,3,4-oxadiazol-2-
thione and 1,3-thiazolidine-2-thione moieties with different alkyl
chain lengths (from n-heptyl to n-hexadecyl) [46]. The high lip-
ophilicity of these gold(I) complexes led to anti-microbial activity
with MIC50-values amounting to 0.2e23.1 mM (Staphylococcus
aureus), 0.1e23.1 mM (Staphylococcus epidermidis) and 7.8e26.8 mM
(Escherichia coli). These MIC-values are higher than the metal-free
antibiotic Chloramphenicol. The linear gold(I) complex bearing
PPh3 moieties delivered MIC50-values of 2.6e19.1 mM (Staphylo-
coccus aureus) and 2.6e19.1 (Staphylococcus epidermidis) showing
higher activity than the antibiotic as well. Further gold(I)-PPh3
complexes with alkynyl-chromone and alkynyl-flavone ligands on
trans-position have been published with MIC50-values in the range
of 4e32 mM in Staphylococcus aureus [47].

In the case of NHC ligands, gold(I)-based metallodrugs with
anti-bacterial activity have been reported in the last 3 years (Fig. 6).



Fig. 5. NHC ligands being reported 2016 and 2017 in gold-based complexes with anti-cancer activity. NHCs are highlighted in blue. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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The corresponding anti-bacterial activity is shown in Table 3. The
series of ligand C30 being active against Helicobacter pylori with
MIC-values in the range between 2.0 mM and 15.3 mM [72]. The two
most active gold(I) NHC complexes against Helicobacter pylori bear
the NHC moieties C30k and the caffeine derivative C37. No higher
activity was observed by changing the chloro with the thio-
glucopyranosato on trans-position.

By replacing the chloro-ligand with hormone derivatives
(ethynylestradiol, ethiosterone) the anti-bacterial activity against
S. aureus and E. coli could be drastically enhanced and additionally
relevant results in vivo could be obtained [73]. Schmidt et al. have
varied the lipophilicity of the NHC ligands C25 on the backbone-
position and C25c with a phenyl-group resulted to be the most
active complex [55]. The introduction of halide substituted phenyl-
groups decreased the activity. The benzimidazolydene moieties C27
have confirmed this observation, since the non-modified species
have been the most active [56]. However, the corresponding cation
complexes additionally exhibit very promising cytotoxic activities.
All gold complexes bearing the NHC moieties (s. Fig. 6) are sum-
marized in Table 3 with their activity against diverse bacteria. Also
in this table, additional information such as the comparison with
reference compounds, in vivo tests and cytotoxicity in human cells
are highlighted with letters on the chemical structures.



Table 2
Antiproliferative/viability of homo- and heterometallic Au(I/III)-NHC complexes in selected cell lines.

Complex Cytotoxicity IC50 [mM] Ref

AuI

C21AuILx(T�I) Lx: Cyclohexanethiolate, Thiocyanate, Azide 0.47e1.74m (MCF-7) 0.37e1.82 (SN12C) 0.29e1.95 (COLO 205) [53]
C23AuICl(T�I) 6.4 (HCT116) 7 (MCF-7) 6 (PC3) [54]
[(C24)2AuI2](PF6)2(T�IV) 42.2 (A549) 14.9 (HepG2) [41]
(c,d)[(C25a-c,e)2AuI](I) (T�I) 0.14e5.54 (HT-29) 0.06e4.20 (MCF-7) 0.05e3.44 (RC-124) [55]
(c,d)C25a-eAuICl(T�I) 6.14e16.97 (HT-29) 4.73e11.25 (MCF-7) 4.46e10.58 (RC-124) [55,56]
(c,d)C27aAuICl(T�I) 11.15e11.71 (HT-29) 6.68e9.05 (MCF-7) 5.07e11.48 (RC-124) [56]
(a)[(C28a,b)2AuI]Cl(T�I) 23.4e49.9(HCT 116), 72 h 7.3e7.6 (MCF-7), 72 h 5.6e126.3(PC3), 72 h [57]
C29a,bAuI(Hmba)(T�I) 65.1e66.3 (PC3), 72 h 59.9e74.8 (DU145), 72 h 81.4e88.9 (Caki-1), 72 h [58]
C30a,bAuI(Hmba)(T�I) 57.1e70.4 (PC3), 72 h 60.9e67.6 (DU145), 72 h 79.2e97.2 (Caki-1), 72 h [58]
(b,c,h)C30cAuILx(T�I)

Lx: Cl, tatgp, tBu-ethinyl
0.8e6 (MCF-7), 72 h [59]

(b,c,h)[(C30c)2AuI](PF6)(T-I) 2 (MCF-7), 72 h [59]
(a)C36AuICl(T�I) 12.1 (A549) [62]
(a,c)[(C36)2AuI](Cl)(T�I) 75 nM (A549) [62]
(a,c,e)[(C36)2AuI](AgCl2)(T�I) 73 nM (A549) 26 nM (A2780) 96 nM (PC3) [62]
AuIII
C26AuIIICl3(T�VII) 50 nM (HCT 116), 72 h 0.3 nM (MCF-7), 72 h 0.3 nM (PC3), 72 h [57]
(b,e)[C25a, 30d-iAuIII(diphenpy)](OTf)(T�VII) 0.36e2.04 (HeLa), 72 h 0.20e4.4 (HCT 116), 72 h [63]
(b,e)[C31AuIII(diphenpy)](OTf)(T�VII) 0.19 (HeLa), 72 h 0.43 (HCT 116), 72 h [63]
(b,e)[C32AuIII(diphenpy)](OTf)(T�VII) 0.67 (HeLa), 72 h 0.68 (HCT 116), 72 h [63]
Hetero-metallic
(d)C29a,bAuI(mba)TiIVMeCp2(T�I) 9.8e11.8 (PC3), 72 h 11.8e16.7 (DU145), 72 h 21.0e42.9 (Caki-1), 72 h [58]
(d)C30a,bAuI(mba)TiIVMeCp2(T�I) 10.3e17.1 (PC3), 72 h 13.8e18.9 (DU145), 72 h 29.1e51.5 (Caki-1), 72 h [58]
[(C38)2AuI](BF4)(T�I) 0.14 (Hela), 72 h [64]
[(C38)2AuI](BF4)(T�I) 0.23 (Hela), 72 h [64]

a) ligand is cytotoxic, b) more active than cisplatin, c) more active than auranofin, d) enzyme inhibition, e) DNA interaction, f) luminescent, g) in vivo studies, h) ex vivo studies.
T-X (X¼ I-VII) indicates the type of structure depicted in Fig. 4. Hmba¼ 4-mercaptobenzoic acid (as thiolate), mba¼ 4-mercaptobenzoic acid (as thiolate and carboxylate).

Fig. 6. NHC ligands being reported from 2015 until 2017 in gold-based complexes with anti-bacterial activity. NHCs are highlighted in blue. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

Table 3
Anti-bacterial activity of some homo-metallic Au(I)-NHC complexes.

Complex Minimum Inhibitory Concentration MIC50 [mM] IC50 [mM] Ref

C30aAuICl(T�I) 15.3 (H. pylori) 40.7 (HEK 293 T) [72]
C30bAuILx(T�I) Lx: Cl, tatgp 4.6e6.0 (H. pylori) 26.4e36.1 (HEK 293 T) [72]
C30jAuILx(T�I) Lx: Cl, tatgp 4.5e4.6 (H. pylori) 29.2e37.4 (HEK 293 T) [72]
C30kAuILx(T�I) Lx: Cl, tatgp 2.0 (H. pylori) 20.7e50.2 (HEK 293 T) [72]
C37AuILx(T�I) Lx: Cl, tatgp 2.0 (H. pylori) 30.2e58.0 (HEK 293 T) [72]
(b)[(C25a-c, e)2AuI](I) (T�I) 2.3e16.6 (MRSA RKI) 1.7e79 (MRSA DSM) 8.7e70 (E. faecium) [55]
(a,b)C25a-eAuICl(T�I) 0.64e6.28 (MRSA RKI) 0.64e7.3 (MRSA RKI) 2.97e12.51 (E. faecium) [56]
(a,b)C27a-cAuICl(T�I) 1.03e3.13 (MRSA RKI) 1.94e4.16, (MRSA RKI) 4.8e8.34m (E. faecium) [56]
(c)C30dAuILx(T�I) Lx: Cl, ethinylestradiolm Ethisterone 7.02e115 (S. aureus) 1.17e75 (E. coli) [73]
(c)C30dAuILx(T�I) Lx: Cl, ethinylestradiol ethister one 7.02e129 (S. aureus) 4.68e9.37 (E. coli) [73]

Additional information are labelled with following letters: (a) more toxic than auranofin, (b) more toxic than metal-free antibiotic, (c) in vivo tests. T-X (X¼ I-VII) indicates the
type of structure depicted in Fig. 4. MRSA RKI and MRSA DSM¼methicillin resistant Staphylococcus aureus, E. faecium¼ Enterococcus faecium.
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4. Treatment of parasitic infections

Parasitic infections are classified to be within the top diseases
worldwide, especially in tropical countries [74]. Thereby, malaria,
trypanosomiasis and leishmaniasis represent the threemajor lethal
protozoa illnesses. Similar to anti-bacterial compounds, issues such
as drug resistance and low effectiveness are currently hindering the
development of highly active anti-parasitic compounds. Although
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the enhancement of activity via metal-drug synergism is well
known, the field of metal-based anti-parasitic drugs has been
poorly explored. Nowadays, metal salts based on antimony (leish-
maniasis) and bismuth (malaria) were still used as clinical anti-
parasitic drugs. Very promising metallodrugs are ferrocene deri-
vates such as ferroquine and ferrocifen, being both in clinical phase
II and preclinical studies, respectively [75]. Also gold has attracted
the attention of several research groups and various gold-based
complexes have been introduced [5,76]. Gold is presumed to have
a similar mechanism of action as antimony (III/V) acting as trypa-
nothione reductases inhibitor (TyrR) of Leishmania parasites, which
in mammals is not present as selenol-proteins as in TrxR in cancer
cell, but consist of several cysteine residues [45]. In this work it is
intended to update a review by Djuran et al., summarizing all
phosphine- and NHC-based gold complexes used as anti-malaria,
anti-leishmanial and anti-trypanosomial compounds [5]. In the
last three years, only a limited number of phosphine gold com-
plexes has been newly reported. Chaves et al. reported PEt3Au(I)
and PPh3Au(I) derivates with 5-phenyl-1,3,4-oxadiazole-2-thione
on trans-position being tested against Leishmania infantum and
Leishmania braziliensis, showing IC50 values in the range of
2.7e6.9 mM and 5.7e10.6 mM, respectively. The para-position of the
phenyl ring was modified with different functional groups whereas
the unsubstituted moiety exhibited the best results. The Au(I)
complexes with PEt3 as phosphine ligand displays higher activity
than those with PPh3. Nevertheless, all these complexes are less
active than the metal-free based amphotericin B [45].

Also in the field of anti-parasitic agents, more examples with
NHC moieties have been reported in the past years, which are
Fig. 7. NHC ligands being reported from 2015 until 2017 in gold-based complexes with anti
colour in this figure legend, the reader is referred to the Web version of this article.)
depicted in Fig. 7. Hemmert et al. have introduced several mono-
and dinuclear cationic gold(I) and gold (III) complexes bearing the
ligand systems C40, C41, C42 and C44 with anti-malarial activity
against chloroquine resistant Plasmodium falciparum [77]. The ac-
tivity seems to be independent of the oxidation state and of the
number of gold nuclei. The presence of phenyl- and pyridine-
groups and quinoline deliver the best activities. Thus, also in the
field of anti-malarial metallodrugs lipophilicity plays a decisive
role. However, it has to be taken into consideration that the cor-
responding imidazolium salts are toxic themselves. The same group
has described neutral and cationic gold(I) complexes with C41 and
C42 and tested them against Leishmania infantum [78]. Thereby, the
neutral complex with a low degree of lipophilicity has shown the
most attractive activity. Nolan et al. have synthesized 10 neutral
gold(I) complexes bearing the NHC moieties C43. This group varied
different ligands on trans-position and different substituent on
both, the wingtip- and backbone-positions, reaching activities in
the range of 5.3 mMe17.3 mM [79]. These concentration values were
lower than metal-free antibiotics used against the parasite Leish-
mania major. Higher activities (4.6 mM-5.2 mM) were obtained by
testing the imidazolium salt of C25a with [AuICl2]- and [AuIIICl4]- as
counter-anions. The best results (3.1 mM) were obtained after using
the dinuclear Au(I) complex with both nuclei bearing the NHC
ligand C25a and being connected by a hydroxy-bridge.

The hetero-metallic gold(I)-iron (II) complex with C38 and the
homo-metallic gold(I) complexes with C39 lead to anti-trypanocidal
activities in the lower nanomolar range [64]. The corresponding
Au-complexes of all NHC moieties depicted in Fig. 7 and their anti-
parasitic activities are summarized in Table 4.
-parasitic activity. NHCs are highlighted in blue. (For interpretation of the references to



Table 4
Anti-parasitic activity of relevant homo- and hetero-metallic Au(I/III)-NHC complexes.

Complex IC50-values[mM] Ref

Anti-Malaria
(a)[(C40a,b)2AuI2](PF6)2(T�IV) >39 mM P. falciparum [77]
(a)[(C40c)2AuI2](PF6)2(T�IV) 15 mMP. falciparum [77]
(a)[(C40d)2AuI2](PF6)2(T�IV) >33 mM P. falciparum [77]
(a)[(C40a)2(AuIIIBr2)2](PF6)(T�IV) 30 mM P. falciparum [77]
(a)[(C40c)2(AuIIIBr2)2](PF6)(T�IV) 9 mM P. falciparum [77]
(a)[(C40d)2(AuIIIBr2)2](PF6)(T�IV) 13 mM P. falciparum [77]
[(C44)2AuI](Cl)(T�I) >15 mM P. falciparum [77]
[(C41a)2AuI](PF6)(T�I) 1.1 mM P. falciparum [77]
[(C42)2AuI](PF6)(T�I) 0.33 mM P. falciparum [77]
Anti-leishmaniasis
(a,c)C41aAuICl(T�I) 0.39 mM(d) L. infantum(Pro) 0.40 mM (d) L. infantum(Ama) [78]
(a,c)[(C41a)2AuI](PF6)(T�I) 1.53 mM(d) L. infantum(Pro) 0.96 mM(d) L. infantum(Ama) [78]
(a,c)[(C41b)2AuI](PF6) (T�I) 0.42 mM L. infantum(Pro) - L. infantum(Ama) [78]
(a,c)[(C41c)2AuI](PF6)(T�I) 0.43 mM(d) L. infantum(Pro) 0.24 mM(d) L. infantum(Ama) [78]
(c)[(C42)2AuI](PF6)(T�I) 1.86 mM(d) L. infantum(Pro) - L. infantum(Ama) [78]
(c)C25aAuILx(T�I) Lx: Cl, OH, OAc, CH2COCH3 5.4e8.9 mM L. major [80]
C43cAuICl(T�I) 17.25 mM L. major [80]
(c)C30kAuICl(T�I) 8.38 mM L. major [80]
[(C25a)AuI

2(m2-OH)]
(BF4)(T�III)

3.29 mM L. major [80]

(c)[H-C25a][AuICl2] 5.19 mM L. major [80]
(c)[H-C25a][AuIIICl4] 4.60 mM L. major [80]
(c)C41bAuICl(T�I) 4.68 mM L. infantum(Pro) 0.68 mM(d) L. infantum(Ama) [81]
(c)C41dAuICl(T�I) 11.16 mM L. infantum(Pro) 1.17 mM(d) L. infantum(Ama) [81]
(c)C41eAuICl(T�I) 8.27 mM L. infantum(Pro) 0.73 mM(d) L. infantum(Ama) [81]
(c)C45aAuICl(T�I) 57.03 mM L. infantum(Pro) 11.07 mM(d) L. infantum(Ama) [81]
(c)C45bAuICl(T�I) 10.32 mM L. infantum(Pro) 2.17 mM(d) L. infantum(Ama) [81]
Anti-tryposomasis
[(C38)2AuI](BF4)(T�I) 0.93 nM(d) T. brucei, 72 h [64]
[(C39)2AuI](BF4)(T�I) 3.01 nM(d) T. brucei, 72 h [64]

(a) ligand is toxic, (b) more toxic than metal-free reference compounds Artemisinin and chloroquine (c) Amphotericin B, Miltefosine and Pentamidine, (d) selectivity index
between cytotoxicity and anti-parasitic <1.0. T-X (X¼ I-VII) indicates the type of structure depicted in Fig. 4. Pro¼ Promastigotes, Ama¼Amastigotes, T. brucei¼ Trypa-
nosoma brucei.
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5. Treatment of viral infections

Gold-based complexes have also been explored as inhibitors of
human immunodeficiency virus (HIV)-related enzymes [82,83].
Fig. 8 shows different phosphine- and NHC-type ligands used in
gold complexes, which were tested as anti-HIV agents.

Meyer et al. reported new [PR3AuICl] complexes (PR3¼ P46, P47,
P48, and P50c) that inhibit HIV-1 reverse transcriptase (RT) in the
range of 50e96% at a concentration between 25 mM and 250 mM
[82]. The complexes with P49, P50a and P50b exhibit similar
Fig. 8. Phosphine and NHC ligands being reported in gold-based complexes with anti-
HIV-1 activity. Phosphorus atoms are highlighted in red and NHCs in blue. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
inhibition potential at lower concentration of 6.25 mM. This enzyme
is only present in viruses and is used to convert RNA strains into
DNA. Additional inhibition of HIV-1 PR (protease) is observed for
complexes [P49AuICl], [(P50a)2AuI](Cl), [P4AuI(tatgp)] and [(P5gAuI-

tatgp)] in the range of 50% and 75%. The pure ligand systems are not
active confirming the anti-viral activity of gold [82]. Farrell et al.
evaluated the replacement of zinc(II) in HIV-1 NCP7 zinc finger by
gold(I) using [PPh3AuILx] moieties with amino-based ligands on
trans-position. HIV-1 NCP7 zinc finger produces nucleocapsid
proteins, which envelope the virus in order to interact with the cell
and finally to help to invade the host cell. Using mass spectrometry
and 31P NMR spectroscopy the formation of both species,
[PPh3AuI(NCP7)] and [AuI(NCP7)], could be confirmed, showing
long life stability. As the thiol-groups of the cysteine residues of this
zinc finger are extremely nucleophilic, this enzyme could be a very
attractive target for gold-based anti-HIV metallodrugs [84].
Thereby, the main focus was set on using weaker binding ancillary
ligands than phosphines. The same group investigated in more
more detail the mode of action and the influence of both the cone
angle of phosphines and the selection of ancillary ligand on trans-
position [85]. Several phosphine-based complexes [PEt3AuICl],
[PEt3AuI(dmap)] (dmap¼ dimethylpyrolydine) and analogue
complexes with PCy3 (Cy¼ Cyclohexyl) were used showing that in
the case of PCy3 with a high cone angle (170�) the intramolecular
interaction processes of the biomolecule are hindered. The cleaved
ancillary ligand shows interaction with tryptophan residues of the
protein via p-p-stacking processes. The dinuclear gold(I) complex
[C51(AuICl)2] of type IV, stabilized by the bidentate chelating NHC
ligand C51, was reported to inhibit (ca. 80%) HIV-1 infected MTC4
cells via interaction with enveloping HIV-1 proteins [86].
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6. Conclusion and outlook

This review presents an update on phosphine- and NHC-based
gold complexes potentially useful as anti-cancer, anti-bacterial,
anti-parasitic and anti-viral metallodrugs. Thus, complexes being
published within the last five years or after the last reviews were
organized according to their corresponding activities and
compared with metal-based or non-metal-containing reference
compounds. Additionally, information about mechanism of action,
luminescence properties and biological activity are highlighted. It is
still difficult to establish a direct correlation between structural
parameters of the complexes and their biological activity, for
example in cancer cells. Nevertheless, upon comparison among the
different ligand moieties used to prepare metal complexes poten-
tially useful as anti-cancer, some trend could be recognized from
repeated observations, which might be applicable for both phos-
phines and NHCs.

(i) A certain balance between hydrophilic and lipophilic char-
acter is demanded. However, the lipophilicity is more pivotal
than the presence of functional groups. Phenyl, mesityl,
pyridine-groups or derivatives on wingtip- or backbone-
position of NHC ligands or as additional ligands in the first
coordination sphere of gold are very attractive. However, the
size of lipophilic substituents is limited, otherwise the ligand
itself exhibits cytotoxicity and no influence of the gold nu-
cleus is observed. This concerns more directly NHC ligands,
since several examples of phosphine ligands are already
known to be cytotoxic. Good balances could be reached by
attachment of lipophilic substituents on functional groups
like amines, alcohols- or carboxy groups via esterification or
amidation. However, it should be taken into consideration
that ester bonds are hydrolyzed by esterases present in
biological systems. Therefore, amidation is more adequate
and some post-modification such as the coupling of certain
target-specific peptide sequences could be planned for
higher selectivity by targeting highly expressed receptors on
tumor cells.

(ii) Multidentate ligands present promising results in vitro and
in vivo. The resulting mono- or multinuclear complexes
appear to be more stable and in some cases a different co-
ordination of thiol-containing molecules has been observed
without dissociation of the ligand. The extension of the
bridging alkyl-chain improves the activity of gold complexes
bearing phosphine moieties. For both ligand systems, aro-
matic bridging compounds (like cyclophane) positively affect
the cytotoxicity and selectivity. In the most cases, chelating
ligand moieties deliver stable metallacycles with high cyto-
toxicity and even more interesting with high selectivity to-
wards cancer cells.

(iii) The number of gold nuclei seems to have a small but sig-
nificant effect on the cytotoxicity and a higher number of
gold atoms seems to be more favorable. However, it should
be taken into consideration that the activity is not propor-
tionally increasing with the increasing number of gold
nuclei.

(iv) Both neutral or cationic complexes are equally active and no
trend can be pointed out so far.

(v) The synthesis of hetero-metallic complexes is extremely
advantageous, since a synergism between both anti-cancer
metals leads to multiple targeting metallodrugs with very
low drug resistance. Additionally, some examples of hetero-
metallic complexes have shown to be much more cytotoxic
in human cancer cells compared to the homo-metallic ana-
logues reaching IC50-values in the nanomolar range.
The low number of examples of gold complexes published in the
field of anti-bacterial and anti-parasitic metallodrugs does not
yet allow to find a trend in ligand design. It seems, however, that
high lipophilicity is advantageous.

More interesting is the utilization of gold complexes as anti-viral
drug with inhibition activity against the HIV-1 virus. Since gold
exhibits a high affinity towards thiol (cysteine) or selenol groups
(selenocysteine), this behavior is very useful for targeting certain
enzymes of this virus. The very small number of examples available
so far have shown that phosphine ligands with big cone angles are
favored, since after the intercalation of the drug several intra-
molecular interactions within the proteins can be interrupted.
Additionally, the presence of highly lipophilic groups enables better
interaction of the drugwith proteins. In the case of NHC ligands, the
pyridine-bridged bidentate ligand leads to a gold(I) complex in a
metallacycle fashion with good inhibition activity of enveloping
viral proteins. The very successful use of cyclic compounds against
HIV-1 is literature-known [87].
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Dinuclear zwitterionic silver(I) and gold(I)
complexes bearing 2,2-acetate-bridged
bisimidazolylidene ligands†
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Fritz E. Kühn *a

Four novel dinuclear Ag(I) and Au(I) NHC complexes bearing two 2,2-acetate-bridged bisimidazolylidene

ligands (R = Me and iPr) of zwitterionic and metallacyclic forms are reported. The functionalized methyl-

ene bridge of the ligands leads to water soluble complexes, which have been characterized by NMR and

IR spectroscopy, elemental analysis and single crystal X-ray diffraction in the case of La-H2-PF6, Ag2(La)2,

Ag2(Lb)2 and Au2(La)2. Dimerization processes caused by hydrogen bonding or Ag(I)-carboxylate inter-

actions in the solid state were observed for La-H2-PF6 and Ag2(La)2. DOSY NMR experiments confirmed

that both bisimidazolium salts appear as dimers in aqueous solutions, in contrast to the corresponding

monomeric Ag(I) and Au(I) complexes. Both gold(I) complexes form syn- and anti-isomers analogous to

the reference coinage metal-based complexes. Protonation studies of the syn-isomer gold(I) complex

Au2(La)2 were successful, whereas post-modification esterification or amidation reactions were not feas-

ible. Additionally, decarboxylation reactions (thermally induced Krapcho- or oxidative Hunsdiecker-type)

of the bisimidazolium salts were observed. Thus, the proximity of the carboxyl moiety to imidazolium/

imidazolylidene rings seems to negatively affect stability and reactivity.

Introduction

N-Heterocyclic carbene (NHC) ligands are highly relevant in
the design of organometallic compounds for catalysis or
medicinal chemistry.1–3 NHCs are – at least in part – replacing
the well-established phosphine-type ligands due to stronger
bonding to transition metals, higher versatility and lower
toxicity.4–6 In particular, multidentate NHC ligands give very
stable transition metal complexes due to their chelating
effect.7 For example, gold(I), bidentate scaffolds tend to form
stable multinuclear complexes in a metallacyclic fashion
attributed to the favored linear coordination geometry of
coinage metals.8,9 The historical development and current pro-
gress of this class of coinage metal-based complexes were

extensively discussed in a recent review.9 The stability of these
gold(I)-based macrocycles allows in some cases to moderate
the reactivity towards thiol groups ensuring a cytotoxic effect
without decomposition by blood transport systems (e.g. gluta-
thione, serum albumin).10,11 Another relevant aspect relates to
the formation of aurophilic interactions resulting in lumine-
scence properties.12–14 The proximity of the gold nuclei can be
synthetically regulated depending on the type of N-substituent,
bridging molecules or on the environment (e.g. counter-
anion). Additionally, the coordination sphere of both gold(I)
nuclei can be extended under oxidizing conditions (SOCl2, Br2
or I2) by forming for example metallacycles containing
Au(I)/Au(III) or even Au(II)/Au(II) with additional coordination of
halides.15,16 Besides the variation of backbone- and
N-substituents or tuning the flexibility of the bridge, the
functionalization of the bridging unit plays an increasingly
important role in the design of bidentate NHC moieties.17

However, the number of bridged-functionalized bidentate
NHC ligands and corresponding metal complexes is still
limited.7,17–23 One of the first examples was a palladium(II)
complex bearing a 2-hydroxyethane-1,1-diyl-bridged bisimid-
azolylidene ligand, which has been successfully anchored on
styrene functionalized silica and applied in cross coupling
catalysis.17 The presence of a hydroxyl substituent on the
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bridge allows both immobilization and maintenance of the
electronic and steric properties given by the backbone and
wingtip positions. Dinuclear Cu(I), Ag(I) and Au(I) NHC com-
plexes with the same ligand system have been reported as well.
In this family of complexes, the formation of syn- and anti-
isomers, in relation to the methylene bridge, has been
observed depending on the metal.23 More recently, the lipo-
philic character of the complexes was increased by varying the
N-substituents. Such a modification led to complexes with
moderate antiproliferative activity in the human cancer cell
lines HepG2 and A549 (reference complex, Scheme 1).24

Additionally, the variation of wingtips led to isomer mixtures.
Considering the first results of bridge-functionalized NHC

complexes as antiproliferative agents towards cancer cell lines,
the abovementioned successive work prompted us to design
novel Ag(I) and Au(I) complexes bearing 2,2-acetate bridged
bisimidazolylidene for bioconjugation purposes and biological
applications.22,25

Results and discussion
Synthesis and characterization of ligand precursors

The bisimidazolium salts La-H2-Br and Lb-H2-Br were syn-
thesized following literature described procedures
(Scheme 1).22,25 The expected ethyl ester group in the bridge
could not be obtained due to hydrolysis in the presence of the
counter-anion bromide, as reported previously.22 Lb-H2-Br
requires an additional filtration step over basic aluminium
oxide, since it appears in a mixture of carboxylate and car-
boxylic acid. Another undesired side product identified in the
reaction mixture results from the decarboxylation process on
the bridge promoted by high temperature. The formation of
impurities can be followed by variable temperature 1H-NMR
spectroscopy (VT(1H)-NMR, r.t. to 90 °C) as exemplified with

La-H2-Br in DMSO-d6 (Fig. 1). Therefore, to avoid thermal
induced decarboxylation on the bridge in solution, the reac-
tion temperature was reduced to 65 °C. Interestingly, when the
same experiment was conducted in D2O no decarboxylation
was observed. From a mechanistic point of view, a thermally
induced Krapcho-type decarboxylation reaction takes places,
since the Cα bears electron-withdrawing imidazolium rings.26

These withdrawing properties additionally explain the iso-
lation of the bisimidazolium salt in the form of carboxylate.
Better σ-donating N-substituents like isopropyl groups might
reduce this effect and indeed, in the case of Lb-H2-Br, a
mixture of carboxylic acid and carboxylate was obtained.
Consequently, bisimidazolium derivatives with sterically more
demanding N-substituents (e.g. mesityl, pyridyl, benzyl or
n-butyl) could not be obtained, since higher reaction tempera-
tures are required. This decarboxylation process could not be

Scheme 1 Synthesis procedure for the bisimidazolium salts La/b-H2-Br/PF6, silver(I) complexes Ag2(La/b)2 and the gold(I) complexes Au2(La/b)2.
Additionally, the reference Au(I) complex is depicted.23,24 Me = methyl, iPr = isopropyl, Mes = mesityl or 2,4,6-trimethylphenyl, THT = tetra-
hydrothiophen. Both isomer-types, syn- and anti-exo, are given in the ORTEP-style view of Ag2(La)2 and Ag2(Lb)2 using capped sticks. ((Ortep-style
(Oak Ridge thermal ellipsoid plot)).

Fig. 1 VT(1H)-NMR (section between 6.5 ppm and 10 ppm) of La-H2-Br
in DMSO-d6 between room temperature (r.t.) and 90 °C. The chemical
shifts are assigned with letters and the corresponding integral in
brackets.
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even suppressed by increasing the pressure of a Fischer–Porter
bottle with 10 bar CO2 or the addition of small amounts of
water to the aprotic solvents to stabilize the carboxylate group.
One of the ways to avoid that process could be, for instance, the
elongation of the bridging unit (e.g. C3 or longer) in order to
allow the combination of sterically more hindered (more lipo-
philic) N-substituents and a carboxyl group.25 With the aim of
enhancing the solubility in organic solvents, the counter-anion
was successfully exchanged in the case of La-H2-Br by adding
ammonium hexafluorophosphate (2.5 equivalents) to an
aqueous solution of the imidazolium salt. Treatment of the
resulting La-H2-PF6 with Ag2O in acetonitrile leads exclusively to
the decarboxylated silver(I) complex. Thus, the bromide salt
La-H2-Br has proven to be a more suitable ligand precursor than
La-H2-PF6 for the synthesis of Ag2(La)2, as it displays better water
solubility and avoids oxidative decarboxylation.27

The imidazolium salts have been characterized by FTIR and
multinuclear NMR spectroscopy, elemental analysis and single
crystal X-ray diffraction analysis in the case of La-H2-PF6.
Suitable crystals of La-H2-PF6 were obtained via slow diffusion
of diethyl ether into a solution of the bisimidazolium salt in
acetonitrile. A summary of the crystal data, structure solution,
and refinement parameters are given in the ESI† (Table 1). An
ORTEP-style view of the zwitterionic molecular structure of
La-H2-PF6, together with selected bond lengths and angles are
given in Fig. 2.

La-H2-PF6 crystallizes in the monoclinic space group P21/n
with three co-crystallized water molecules. No significant
differences in bond lengths and angles are observed when
comparing this ligand precursor with the previously published
hydroxyethyl-2,2-bridged bisimidazolium salt.17 Five water
molecules form a ring by hydrogen bond interactions and con-
sequently connect two bisimidazolium salts in the solid state
in the form of a pseudo-dimerization via interaction with the
carboxylate group. This structural feature could also be con-
firmed in the FTIR spectrum of La-H2-Br, where two very close
peaks assigned to the OH bond stretching and carbonyl
stretching were observed.

Synthesis and characterization of Ag(I)-complexes

The zwitterionic Ag(I)-complexes Ag2(La)2 and Ag2(Lb)2 were
synthesized upon treatment of the respective bisimidazolium
salt with Ag2O in an aqueous solution at room temperature
(Scheme 1).23,24 The water soluble Ag(I)-complexes were charac-
terized by multinuclear NMR and FTIR spectroscopy, elemen-
tal analysis and single crystal X-ray diffraction analysis.

Water was observed to co-crystallize in nearly all com-
pounds reported in this work, thus affecting the corresponding
elemental analysis by an increased hydrogen content. The
functionalization of the bridge with carboxyl groups success-
fully enhanced the solubility in water introducing four new
complexes in the short list reported so far for water-soluble
Ag(I)- and Au(I) NHC complexes.28–35 ORTEP style views of
Ag2(La)2 and Ag2(Lb)2, including selected bond lengths and
angles, are shown in Fig. 3 and 4, respectively. Single crystals
of Ag2(La)2 were obtained via slow diffusion of acetone into a

solution of the complex in water, crystallizing in the triclinic
space group P1̄ with 16 co-crystallized water molecules.
Suitable crystals of Ag2(Lb)2 were analogously obtained by the
slow diffusion of diethyl ether in an ethanol solution and this
complex also crystallizes in the triclinic space group P1̄ with
co-crystallized ethanol molecules. In both cases, all bond
lengths and bond angles are similar to the silver reference
complex with a hydroxymethyl-functionalized methylene
bridge.24 In particular, the Ag–C bonds are within the range
and all C–Ag–C angles are close to the linearity as known for
dinuclear, metallacycled Ag(I) NHC complexes of this structure
motif. Interestingly, the C–Ag–C angles of Ag2(Lb)2 have a
higher linearity when compared to Ag2(Lb)2. In the case of
Ag2(La)2 and Ag2(Lb)2, the distances between both Ag(I) nuclei
are 3.60 Å and 3.94 Å, respectively, being not in the range for
argentophilic interactions. Such distances are longer than the
sum of van der Waals radii (3.4 Å).36 Accordingly, in comparison
with the reference Au(I) complex, the methyl-N-substituents lead
to a syn-exo-isomer (Fig. 3), whereas the isopropyl-wingtips form
the anti-exo complex (Fig. 4).24 Interestingly, Ag2(Lb)2 crystallizes
in an anti-fashion, although this complex was synthesized in
aqueous solution and water was expected to regulate the for-
mation of the syn-conformation by forming H-bond interactions
as observed in complexes of the same type.23,24

Fig. 2 ORTEP-style view of the zwitterionic molecular structure of
La-H2-PF6 with three co-crystallized water molecules (top) and dimeri-
zation (bottom). All atoms are shown using ellipsoids at a probability level
of 50%. Relevant bond lengths [Å] and angles [°]: N1–C1 1.320(2), N2–C1
1.337(2) N3–C5 1.342(2), N4–C5 1.322(2), N2–C4 1.458(2), N3–C4
1.462(2), C4–C10 1.558(2), C10–O1 1.242(2), C10–O2 1.249(2); N1–C1–N2
108.42(16), N3–C5–N4 108.10(16), N2–C4–N3 111.21(14), C10–C4–N3
112.98(14), C10–C4–N2 112.81(14). O–O distances between carboxylate
and water 2.80 Å and the water molecules themselves 2.75 Å (averaged).
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Intermolecular interactions between the carboxylate group
and the Ag(I) nucleus in a T-shape coordination geometry are
observed in the case of Ag2(La)2 (Fig. 3).

Synthesis and characterization of Au(I)-complexes

The gold(I) complexes Au2(La)2 and Au2(Lb)2 have been syn-
thesized by transmetallation from the corresponding Ag(I)
complexes to (THT)AuCl (THT = tetrahydrothiophene) in the
aqueous solution.37 Both water soluble complexes were charac-
terized by multinuclear NMR, FTIR spectroscopy, elemental
analysis, and single crystal X-ray diffraction analysis in the
case of Au2(La)2 (Fig. 5). Suitable crystals were obtained via
slow diffusion of acetone into a solution of Au2(La)2 in water/
DMSO (1/1). The complex crystallizes in a monoclinic unit cell
of C2/m symmetry. Despite the poor quality, additional co-
crystallized acetone and water molecules were detected and
water was observed to form hydrogen bond interactions with
the carboxylate group probably supporting the formation of
the syn-isomer. All bond lengths and bond angles, especially
the Au–C bonds and the linear C–Au–C angle, are similar to

the reference gold complex (Scheme 1).24 The distance
between both Au(I) nuclei (3.77 Å) is not in the range of auro-
philic interactions being longer than the sum of van der Waals
radii (3.32 Å).36 Also here, the syn-exo isomer was obtained,
similarly to the case of the analogue Ag2(La)2 complex.

The syn-exo species precipitates in an isomerically pure
manner after the concentration of the aqueous solution.
Unlike Au2(La)2, Au2(Lb)2 could not be isolated as a single

Fig. 3 ORTEP-style presentation of the zwitterionic molecular struc-
ture of Ag2(La)2 (top) and intermolecular interactions of [Ag2(La)2]2
(bottom). All atoms are shown using ellipsoids at a probability level of
50%. H-Atoms and co-crystallized solvents were omitted for clarity.
Relevant bond lengths [Å] and angles [°]: Ag1–C2 2.097(2), Ag1–C16
2.102(2), Ag2–C6 2.082(2), Ag2–C12 2.086(2); C2–Ag1–C16 172.01(10),
C6–Ag2–C12 171.15(9). Both interactions [Å]: Ag1⋯O2 2.808(2).
Symmetry code to create equivalent atoms: −x, −y, −z.

Fig. 4 ORTEP-style representation of the zwitterionic molecular struc-
ture of Ag2(Lb)2. All atoms are shown using ellipsoids with a probability
level of 50%. H-Atoms and co-crystallized solvents were omitted for
clarity. Relevant bond lengths [Å] and angles [°]: Ag1–C6 2.086(2), Ag1–
C2A 2.087(2), Ag1A–C2 2.087(2), Ag1A–C6A 2.087(2), C6–Ag1–C2A
175.65(9), C2–Ag1A–C6A 175.65(9). Symmetry code to create equivalent
atoms: −x, −y, −z.

Fig. 5 ORTEP-style plot of the zwitterionic molecular structure of
Au2(La)2. All atoms are shown with thermal ellipsoids of a 50% prob-
ability level. H-Atoms and co-crystallized solvents were omitted for
clarity. Relevant bond lengths [Å] and angles [°]: Au1–C1 2.013(5),
Au1–C1A 2.013(5), Au2–C5 2.012(5), Au2–C5A 2.012(5), C1–Au1–C1A
173.6(3), C5–Au2–C5A 175.1(3). Symmetry code to create equivalent
atoms: x, 1 − y, z.
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crystal and thus no XRD structure was obtained. The proton
NMR spectrum of Au2(Lb)2 shows an isomer mixture, display-
ing an analogue behavior as observed for the hydroxyethyl-2,2-
diyl-bridged bismidazolydene gold(I) complex with isopropyl
N-substituents.

DOSY NMR experiment

In the case of La-H2-PF6 and Ag2(La)2, a dimerization was
observed in the solid state. Consequently, DOSY NMR experi-
ments in D2O at room temperature were conducted for all bis-
imidazolium salts reported herein and the corresponding Ag(I)
and Au(I) complexes to analyze the structural behavior in solu-
tion. All obtained diffusion coefficients and calculated hydro-
dynamic radii (Stokes equation) are summarized in Table 1.

Collectively the results obtained demonstrate that also in
solution both ligand precursors exist as dimers, since the
hydrodynamic radii are in the range of those of the complexes.
Comparing the latter value with the profile distances in all
three axis x, y and z of the single crystal structure of Ag2(La)2, it
is confirmed that no dimerization is observed in the aqueous
solution in the case of all four complexes. In the case of
Au2(Lb)2, the DOSY experiment was conducted with the isomer
mixtures and both isomers exhibit the same coefficient
showing no specific difference in their size in solution.

Reactivity studies

First post-modifications via esterification and amidation reac-
tions were conducted on La-H2-Br and on Au2(La)2 in order to
find a suitable coupling method of the carboxylate for biocon-
jugation. A summary of all attempted methods are given in the
ESI† (Scheme 1).38 Unfortunately, neither the activation of the
carboxylate (acyl chloride or mixed anhydride) nor the use of
coupling reagents led to a successful post-modification.
Thereby, isopentylamine or 9-(hydroxymethyl)anthracene was
chosen as the coupling reagent to increase the degree of lipo-
philicity and to insert chromophoric systems. Thus, in
addition to being sensitive to decarboxylation, the proximity of
the carboxylate group to the imidazolium or imidazolylidene
moiety leads to lower reactivity.

Next, the zwitterionic Au2(La)2 and Au2(Lb)2 were treated with
10 w% of aqueous hydrobromic acid and trifluoro acetic or 2.1

equivalents of tetrachloroauric(III) acid. Thereby, the influence
of counter-anions on the structure of the complexes, particularly
with the additional presence of carboxylic acids, was studied.
The approximation of two Au(I) nuclei until aurophilic inter-
actions in similar metallacyclic systems have been reported after
re-salination to bromide.13 In the case of Au2(La)2, all proto-
nated products, Au2(La)2(HBr)2, Au2(La)2(HTFA)2 and
Au2(La)2(HAuCl4)2 precipitated in the aqueous solution after the
addition of the corresponding acidic solution and could be
characterized by NMR spectroscopy and elemental analysis. In
the proton spectra (Fig. 6), no changing chemical shift patterns
are observed for Au2(La)2(HBr)2 and Au2(La)2(HTFA)2 when com-
pared to the starting zwitterionic Au2(La)2 indicating no struc-
tural diversity of the protonated products.

Interestingly, the resonance pattern of Au2(La)2(HAuCl4)2
changed, since the proton of the methylene bridge is shifted
to a high field (∼1 ppm). A direct interaction of a halide with
the methylene-H-atom should lead to a downfield shift, as pre-
viously reported.13 Thus, the interaction presumably occurs
between the carboxylic acid and the tetrachloroaurate(III)
counter-anion, which formally discharges the bridging proton
causing the highfield shift. Additionally, the CH3-group shifts
downfield indicating a possible enhancement of strain in the
metallacycle. Nevertheless, related to the elemental analysis a
mixed-valent tetranuclear gold(I/III) complex could be isolated
after the use of a metal-based acid.

In the case of Au2(Lb)2, which is expected to crystallize in
analogy to the reference complex as the anti-exo isomer
(Scheme 1), it immediately decomposes after the addition of
each of the three acids, indicating the lower stability of the
anti-isomer compared to the syn-species.

Conclusions

The 2,2-acetate-bridged bisimidazolium salts La-H2-Br/PF6 and
Lb-H2-Br,

22,25 allow the preparation of the zwitterionic com-

Fig. 6 Stacked 1H NMR spectra in the section of 3.5 ppm and 8.5 ppm
of Au2(La)2, Au2(La)2(HBr)2, Au2(La)2(HTFA)2 and Au2(La)2(HAuCl4)2 in D2O
at room temperature.

Table 1 Diffusion coefficient and calculated hydrodynamic radii of
La-H2-Br, Lb-H2-Br, Ag2(La)2, Ag2(La)2, Ag2(La)2 and Ag2(La)2. Stokes
equation: R0 = (kb·T )/(6π·η·D). kB = 1.38 × 10−23 J K−1, T = 298 K, η(D2O) =
0.891 × 10−3 Pa s

Diffusion
coefficient D [cm2 S−1]

Hydrodynamic
radius R0 [Å]

La-H2-Br 4.60 × 10−6 5.32
Lb-H2-Br 4.74 × 10−6 5.17
Ag2(La)2 4.13 × 10−6 5.93
Ag2(Lb)2 4.40 × 10−6 5.56
Au2(La)2 4.26 × 10−6 5.75
Au2(Lb)2 4.00 × 10−6 6.12
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plexes Ag2(La)2, Ag2(Lb)2, Au2(La)2 and Au2(Lb)2. The obtained
compounds have been characterized by NMR and FTIR spec-
troscopy, elemental analysis and single crystal X-ray diffraction
in the case of La-H2-PF6, Ag2(La)2, Ag2(Lb)2 and Au2(La)2.
Hydrogen bond interactions between the carboxylate group
and co-crystallized water molecules were observed in the single
crystal structure of La-H2-PF6, indicating a pseudo-dimeriza-
tion process in the solid state caused by the five-membered
ring of water molecules. DOSY experiments of La-Ha-Br and Lb-
H2-Br allowed the determination of the respective diffusion
coefficients, which are similar to those of the corresponding
Ag(I) and Au(I) complexes. Consequently, both ligand precur-
sors are expected to behave as dimers in solution. Ag2(La)2
crystallizes in the syn-form, whereas Ag2(Lb)2 crystallizes as the
anti-isomer, being similar to the analogous reference system.24

Ag2(La)2 shows intermolecular coordinative interactions in a
T-shape between the carboxylate group and one of the Ag(I)
atoms of a neighboring complex, leading again to a dimer in
the solid state. DOSY experiments on the complexes reveal
hydrodynamic radii in the same range as observed for the
monomeric structure. The presence of a carboxyl group at the
bridging unit promotes water solubility. The proximity of the
carboxylate group to imidazolium/imidazolylidene rings leads
to thermally induced Krapcho-type or oxidative Hunsdiecker-
type decarboxylation. Performing the synthesis in water sup-
presses the undesired decarboxylation. Additionally, the carbox-
ylate group is unreactive towards esterification or amidation
routes complicating the post-modification for bio-conjugation.
The complex Au2(La)2 was successfully protonated with various
acids leading to the products Au2(La)2(HBr)2, Au2(La)2(HTFA)2
and Au2(La)2(HAuCl4)2. Au2(Lb)2, expected to crystallize in the
anti-form decomposes under acidic conditions. In the case of
Au2(La)2(HAuCl4)2, the resonance pattern in the 1H NMR spec-
trum extremely differs when compared to Au2(La)2, which is
explained by interactions with the counter-anion and enhanced
ring tension of the metallacycle. This protonation method
allows access to mixed-valent Au(I/III) complexes consisting of
cationic and anionic components. Au2(Lb)2 immediately decom-
poses under acidic conditions showing a higher stability of the
syn-exo isomer than the anti-exo species.

Experimental
Synthesis of bisimdazolium salts

La-H2-Br: 2,2-Dibromo acetate ethyl ester (5.26 mL, 10.0 g,
40.7 mmol, 1.0 eq.) and 1-methylimidazole (13.0 mL, 13.4 g,
162.7 mmol, 4.0 eq.) are dissolved in toluene (15 mL and
stirred for 4 days at 65 °C. The brown precipitate is separated
by vacuum filtration and washed 3× with toluene (5 mL), 3×
with acetonitrile (5 mL) and finally 3× with diethyl ether
(5 mL). The white solid is dissolved in methanol, stirred in
basic aluminium oxide for 30 min and after filtration re-preci-
pitated with diethyl ether. After drying under dynamic
vacuum, 11.8 g of La-H2-Br as a white powder is obtained.
Yield: 96%.

1H NMR (400 MHz, DMSO-d6, 300 K): δ 9.53–9.44 (m, 2H,
NCHN), 7.92 (t, 2H, JHH = 1.8 Hz, NCHCHN), 7.74 (t, 2H, JHH =
1.8 Hz, NCHCHN), 7.16 (s, 1H, NCH(COO)N), 3.89 (s, 6H,
CH3).

1H NMR (400 MHz, D2O, 300 K): δ 7.73 W(t, 2H, JHH =
1.8 Hz, NCHCHN), 7.56 (t, 2H, JHH = 1.8 Hz, NCHCHN), 3.94
(m, 6H, CH3).

13C NMR (101 MHz, DMSO-d6, 300 K): δ 159.35
(CHCOO), 137.82 (NCHN), 123.44 (NCHCHN), 121.92
(NCHCHN), 70.41 (NCH(COO)N), 36.06 (CH3). EA calcd: C
35.62, H 5.08, N 16.62. Found: C 35.56, H 4.89, N 16.32. FT-IR
(cm−1): 3384 (OH), 3444 (OH), 1662 (CvO), 1678 (CvO).

Lb-H2-Br: The same procedure as that of La-H2-Br using
2,2-dibromo acetate ethyl ester (5.26 mL, 10.0 g, 40.7 mmol,
1.0 eq.) and 1-isopropylimidazole (18.5 mL, 17.9 g,
162.7 mmol, 4.0 eq.) in toluene (15 mL). 8.3 g of the desired
product as a white powder is obtained. Yield: 57%.

1H NMR (400 MHz, DMSO-d6, 300 K): δ 9.62 (d, 2H, JHH =
1.9 Hz NCHN), 8.04–8.01 (m, 2H, NCHCHN), 7.99–7.97 (m, 2H,
NCHCHN), 7.13 (s, 1H, NCH(COO)N), 4.70 (p, 2H, JHH = 6.7
Hz, CH(CH3)2), 1.49 (dd, 12H, JHH = 6.5 Hz, JHH = 3.2 Hz, CH3).
1H NMR (400 MHz, D2O, 300 K): δ 7.81 (dd, 2H, JHH = 2.1 Hz,
1.0 Hz, NCHCHN), 7.76 (d, 2H, JHH = 2.2 Hz, NCHCHN),
4.73 (h, 2H, JHH = 6.7 Hz, CH(CH3)2), 1.59 (d, 12H, JHH =
6.7 Hz, CH3).

13C NMR (101 MHz, DMSO-d6, 300 K): δ 159.40
(CHCOO), 136.19 (NCHN), 122.38 (NCHCHN), 120.33
(NCHCHN), 70.52 (NCH(COO)N),52.64 (CH(CH3)2), 22.17
(CH3), 22.05 (CH3). FT-IR (cm−1), 3436 (OH), 1674 (CvO).

Synthesis of silver(I)-bis(NHC) complexes

Ag2(La)2: La-H2-Br (1.0 g, 3.3 mmol, 1.0 eq.) and Ag2O (1.9 g,
8.3 mmol, 2.5 eq.) are suspended in water (50 mL) and stirred
at room temperature for 16 h under exclusion of light. The
brown suspension is centrifuged and filtered over Celite®. The
resulting colourless solution is concentrated in vacuo and
Ag2(La)2 is obtained as a white solid via repeated fractional pre-
cipitation with acetone. The precipitate is washed 3× with
acetone (5 mL) and diethyl ether, respectively. 155 mg of
Ag2(La)2 is obtained. Yield: 15%.

1H NMR (400 MHz, D2O, 300 K): δ 7.51 (d, 4H, JHH = 1.9 Hz,
NCHCHN), 7.48 (s, 2H, NCH(COO)N), 7.28 (d, 4H, JHH = 1.9
Hz, NCHCHN), 3.86 (s, 12H, CH3).

13C NMR (101 MHz, D2O,
300 K): δ 183.09 (NCN), 169.70 (COO), 124.75 (NCHCHN),
120.99 (NCHCHN), 39.28 (CH3), NCH(COO)N not visible. EA
calcd with 1.15 H2O: C 35.59, H 3.63, N 16.60. Found: C 35.08,
H 3.34, N 15.85. FT-IR (cm−1): 1636 (CvO).

Ag2(Lb)2: The same procedure as that of Ag2(La)2 using Lb-
H2-Br (1.0 g, 2.8 mmol, 1.0 eq.) and Ag2O (1.62 g, 7.0 mmol,
2.5 eq.) in water (50 mL). 0.70 g of the desired product as a
white powder is obtained. Yield: 57%.

1H NMR (400 MHz, D2O, 300 K): δ 7.57 (d, 4H, JHH = 2.3 Hz,
NCHCHN), 7.54 (s, 2H, NCH(COO)N), 7.41 (d, 4H, JHH = 2.0
Hz, NCHCHN), 4.64 (p, 4H, JHH = 6.7 Hz, CH(CH3)2), 1.42 (d,
12H, JHH = 6.7 Hz, CH3), 1.28–1.21 (m, 12H, JHH = 6.7 Hz,
CH3).

13C NMR (101 MHz, D2O, 300 K): δ 168.58 (COO), 119.67
(NCHCHN), 54.48 (CH(CH3)2) 22.88 (CH3) 22.65 (CH3), NCN,
NCHCHN and NCH(COO)N not visible. EA calcd with 2 H2O: C
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41.91, H 5.28, N 13.96. Found: C 41.20, H 5.43, N 13.54. FT-IR
(cm−1): 3405 (OH), 1651 (CvO).

Synthesis of gold(I)-bis(NHC) complexes

Au2(La)2: Ag2(Lb)2 (0.12 g, 0.19 mmol, 1.0 eq.) and (tetra-
hydrothiophene)gold(I)chloride (0.13 g, 0.39 mmol, 2.1 eq.) are
suspended in water (50 mL) and stirred at room temperature
for 16 h under exclusion of light. The suspension is centri-
fuged and vacuum-filtered. The resulting colourless solution is
concentrated in vacuo and Au2(La)2 crystallizes as a white
powder after storage at 4 °C. The precipitate is washed 3× with
acetone (5 mL) and diethyl ether, respectively and dried under
dynamic vacuum. 90 mg of Au2(La)2 is obtained. Yield: 60%.

1H NMR (400 MHz, D2O, 300 K): syn-isomer δ 7.99 (s, 2H,
NCH(COO)N), 7.53 (d, 4H, JHH = 2.1 Hz, NCHCHN), 7.30 (d,
4H, JHH = 2.1 Hz, NCHCHN), 3.91 (s, 12H, CH3).

13C Cryo NMR
(101 MHz, D2O, 300 K): δ 185.01 (NCN), 167.87 (COO), 124.33
(NCHCHN), 119.70 (NCHCHN), 74.54 (NCH(COO)N), 37.59
(CH3). EA calcd with 1 H2O: C 28.25, H 2.84, N 13.18. Found: C
28.27, H 2.76, N 13.15. FT-IR (cm−1): 1651 (CvO).

Au2(Lb)2: The same procedure as that of Au2(La)2 using
Ag2(Lb)2 (0.05 g, 0.07 mmol, 1.0 eq.) and (tetrahydrothiophene)
gold(I)-chloride (0.044 g, 0.14 mmol, 2.1 eq.) suspended in
water (10 mL) and stirred at room temperature for 16 h under
exclusion of light. The suspension is centrifuged, vacuum-
filtered and water is completely removed in vacuo. The desired
product is obtained after repeated fractional precipitation with
ethanol and diethyl ether in the second fraction. The precipi-
tate is washed 3× with diethyl ether (5 mL) and dried under
dynamic vacuum. 0.05 g is obtained as a white powder. Yield:
76%.

1H NMR (400 MHz, D2O, 300 K): anti-isomer δ 7.90 (s, 2H,
NCH(COO)N), 7.53 (d, 4H, JHH = 2.5 Hz, NCHCHN), 7.43 (d,
4H, JHH = 1.9 Hz, NCHCHN), 4.89–4.82 (m, 4H, CH(CH3)2),
1.46–1.42 (m, 12H, CH3), 1.28 (dd, 12H, JHH = 6.4 Hz, 2.2 Hz,
CH3).

13C NMR (101 MHz, D2O, 300 K): δ 183.36 (NCN), 167.65
(COO), 120.08 (NCHCHN), 119.61 (NCHCHN), 75.37 (NCH
(COO)N) 53.99 (CH(CH3)2), 22.66 (CH3), 22.09 (CH3). EA calcd
with 2 H2O: C 34.30, H 4.32, N 11.43. Found: C 33.22, H 4.24,
N 10.90. FT-IR (cm−1): 3384 (OH), 1664 (CvO).

Decarboxylation studies

In a NMR scale experiment, 5 mg of the analyzed compound is
dissolved in 0.45 mL of the corresponding deuterated solvent
and after being heated for 10 min proton NMR is measured at
the adjusted temperature (r.t. until 90 °C).

Protonation studies

Au2(La)2(HBr)2: To a solution of Au2(La)2 (10.0 mg, 12.0 µmol,
1.0 eq.) in water (3.5 mL) is added a 10 w% aqueous hydro
bromic acid solution (0.50 mL) and stirred for 10 min at room
temperature. The white precipitate is isolated by centrifu-
gation, washed 3× with water (0.50 mL) and dried under
dynamic vacuum. 4 mg of Au2(La)2(HBr)2 is obtained as a
white powder. Yield: 33%.

1H NMR (400 MHz, D2O, 300 K): δ 8.01 (s, 2H, NCH(COO)
N), 7.55 (d, 4H, JHH = 2.1 Hz, NCHCHN), 7.32 (d, 4H, JHH =
2.1 Hz, NCHCHN), 3.93 (s, 12H, CH3). EA calcd: C 24.16, H
2.43, N 11.27. Found: C 23.15, H 2.57, N 10.64.

Au2(La)2(HTFA)2: The same procedure as that of
Au2(La)2(HBr)2. Yield: 7%.

1H NMR (400 MHz, D2O, 300 K): δ 8.01 (s, 2H, NCH(COO)
N), 7.55 (d, 4H, JHH = 2.1 Hz, NCHCHN), 7.32 (d, 4H, JHH = 2.1
Hz, NCHCHN), 3.94 (s, 12H, CH3). EA calcd: C 27.08, H 2.91, N
10.53. Found: C 26.45, H 3.23, N 8.42.

Au2(La)2(HAuCl4)2: To a solution of Au2(La)2 (10.0 mg,
12.0 µmol, 1.0 eq.) in water (3.5 mL) is added tetrachloroauric
acid (8.57 mg, 25.2 µmol, 2.1 eq.) in water (2 mL) and an
analogue procedure to that of Au2(La)2(HBr)2 is adopted. Yield:
47%.

1H NMR (400 MHz, D2O, 300 K): δ 7.79 (d, 4H, JHH = 2.0 Hz,
NCHCHN), 7.54 (d, 4H, JHH = 2.0 Hz, NCHCHN), 7.13 (s, 2H,
NCH(COO)N), 4.10 (s, 12H, CH3). EA calcd: C 15.89, H 1.60, N
7.41. Found: C 14.81, H 1.76, N 6.82.
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