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Abbreviations 

CD, circular dichroism; 

CT, calf thymus; 

COX, cyclooxygenase;  

DTNB, dithiobis nitrobenzoic acid;  

ETAAS, electrothermal atomic absorption spectroscopy;  

ER, estrogen receptor;  

5-FU, 5-fluorouracil;  

GoPI, 1-phenyl-2,5-di(2-pyridyl)-phosphole]AuCl; 

GR, glutathione reductase; 

LiHMDS, lithium bis(trimethylsilyl)azide;  

LOX, lipoxygenase.  

NHC, N-heterocyclic carbene; 

NSAID, nonsteroidal anti-inflammatory drug; 

PARP, poly (ADP-ribose) polymerase; 

PBS, phosphate buffered saline;  

PTPs, protein tyrosine phosphatases;  

ROS, reactive oxygen species; 

SAR, structure-activity relationship;  

TNB, 2-nitro-5-thionitrobenzoic acid;  

TrxR, thioredoxin reductase;  

rt, room temperature. 
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1. Introduction 

1.1 Introduction 

Despite almost all drugs placed in the market are organic compounds and natural products, during 

the past four decades scientists are taking a growing interest in the development of metallotherapeutic 

drugs and metal-based diagnostic agents. Based on their wide spectrum of coordination numbers and 

geometries as well as kinetic properties, metal complexes offered different mechanisms of drug action 

compared with organic agents and gained a growing interest as pharmaceuticals for the use as diagnos-

tic agents or as chemotherapeutic drug 1, 2.  

The accidental discovery of the antitumor properties of cisplatin by Rosenberg and co-workers was 

followed by one of the most impressive drug success stories ever and a significant improvement of 

cancer chemotherapy 1. Besides cisplatin, several other platinum complexes such as carboplatin, ox-

aliplatin, nedaplatin, and lobaplatin also have been approved for current tumour therapy (see Figure 

1.1) 1, 2. 

   

Figure 1.1. Structures of different platinum complexes. 

However, it must be noted that only a limited number of tumors could be treated with platinum-

based anticancer drugs and the patients suffered from significant side effects (such as gastrointestinal 

and hematological toxicity). Additionally, drug-resistance phenomena lowered the impact of these 

agents. In order to overcome these disadvantages, current strategies in the development of novel met-

allodrugs focused more and more on the use of transition metal complexes containing improved or-

ganic ligands 2. 

N-heterocyclic carbenes (NHCs) are an interesting class of ligands with donor properties similar to 
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phosphines. They are generally derived from the so-called persistent carbenes, which are stable com-

pounds of divalent carbons. As they are strongly stabilized by π-donating substituents, NHCs are good 

σ-donors 3, 4. 

Metal-NHC complexes are mostly used in catalytic applications. Recently, NHCs came into the fo-

cus as carrier ligands for cytotoxic metal complexes because they perfectly fit prerequisites for an effi-

cient drug design and fast optimization. NHCs are readily accessible in few steps and their substituents 

can be widely varied allowing an easy fine-tuning of both the physicochemical properties and the reac-

tivity in biological medium of the final metal-NHC complexes. Additionally, their high stability and 

ease of derivatization make them suitable candidates for drug development 4.  
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1.2. Silver N-Heterocyclic Carbene Complexes 

Silver complexes were used as antimicrobial agents for many years and found applications as anti-

septics now 3. Some silver complexes exhibited antitumor activity in vitro and in vivo, too. It has been 

reported that silver complexes derived from coumarin exhibited antitumor activity against certain 

types of cancer 5 and silver carboxylate dimers possessed antitumor potency 6. Moreover, some silver 

complexes with phosphine ligands could even against cisplatin resistant cell lines 7 and a novel hydro-

gen bonded bimetallic supramolecular coordination polymer  {[SnMe3(bpe)][Ag(CN)2]
.2H2O}  exhib-

ited specific in vivo and in vitro antitumor effects 8.  

All silver complexes seem to have the same mode of action which involves the release of Ag+ ions 

that enter cell membranes and disrupt their function. However, the big problem with the existing silver 

drugs (such as silver sulfadiazine) is that they lose their effects quickly due to rapid release of the Ag+ 

ions. Thus, it is important for silver complexes with strongly coordinating ligands which can prevent 

the quick release of silver ions. A very bright strategy to overcome these was followed by employing 

Ag-NHC complexes 3, 4.  

Ag-NHC complexes are synthesized from imidazolium salts and Ag2O, Ag2CO3 or AgOAc and con-

tain relatively strong silver–carbon bonds. Due to their increased stability, they can overcome the 

problems displayed by conventional silver antibiotics such as fast loss of activity or sulfonamide resis-

tance of pathogens 3. Since the release of silver ions for Ag-NHC complexes is retarded as compared 

to ionic silver complexes such as AgNO3, they are expected to act as antimicrobial agents. This re-

search was mainly done by Youngs et al. 3. 

Encouraging by the results from other groups regarding antitumor activity of silver complexes, 

Youngs et al. described a series of Ag-NHC complexes derived from 4,5-dichloro-1H-imidazole (e.g. 

1, Figure 1.2) 9. All complexes exhibited cytotoxic activity against ovarian (OVCAR-3) and breast 

(MB157) cancer cells in vitro. However, they had little effects on cervical (Hela) cancer cells. Similar 

to this result, a low cytotoxic silver complex (2) on HeLa cells (3% proliferation inhibition at a 10 µM 

concentration) was reported by Panda et al. 
10. Further in vivo studies showed that [4,5-dichloro-1,3-

dimethylimidazol-2-ylidene]silver(I) acetate (1) was active against ovarian cancer in mice 9.  
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Figure 1.2. Structures of several Ag-NHC complexes. 

Later, two Ag-bis(NHC) complexes {[bis(1,3-dimethylimidazol-2-ylidene)]silver(I) nitrate (3a) and  

[bis(4,5-dichloro-1,3-dimethylimidazol-2-ylidene)]silver(I) nitrate (3b)} (Figure 1.2) were prepared by 

the same group and displayed similar antitumor efficacy against H460 lung cancer cells. However, 

they were less cytotoxic than cisplatin 11. 

Recently, the groups of Gautier and Morel reported a series of saturated and unsaturated Ag-NHC 

complexes (e.g. 4a, Figure 1.2), which exhibited higher cytotoxic effects than cisplatin against various 

cell lines. This effect was found to be in part from the use of bulky N-substituents or variation of satu-

ration between the 4 and 5 position of the imidazole ring 12. 

Fourteen Ag–NHC complexes including 4a with significant antibacterial properties were reported 

by Ronland et al.. Slight differences in the NHC ligand structure induced dramatic changes in the ac-

tivity. Some complexes were efficient at low concentrations against resistant strains of S. aureus that 
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caused major problems to public health. Due to synergistic effects, these complexes could also restore 

the activity of ciprofloxacin against resistant S. aureus NorA at very low concentrations. Interestingly, 

the most active complex with the lowest cytotoxicity on the EPC cell line is 4a which could be a po-

tential candidate for the development of new topical antibacterial drugs. In addition, two complexes 

(4b and 4c, Figure 1.2) showed high cytotoxicity towards MRC5 and EPC cell lines. The influence of 

the NHC structure on antibacterial activity and cytotoxicity was further investigated to explore their 

potential as antibacterial and antitumor agents 13.  

More recently, a series of benzyl-NHC silver acetate complexes which displayed antitumor activity 

toward Caki-1 (a kidney cancer cell line) cells was developed by Tacke and coworkers 14-18. One of 

these compounds [1-methyl-3-(4-cyanobenzyl)benzimidazole-2-ylidene]silver(I) acetate (5, Figure 1.2) 

showed the highest cytotoxicity (IC50 = 1.2 µM) against Caki-1 cells, up to now for the Ag-NHC com-

plexes synthesized in this research group. This complex was about 3-fold more cytotoxic than cisplatin 

(IC50 = 3.3 µM) 16. 

In addition, Li et al. developed an Ag-NHC complex bearing an amino-NHC ligand 19. Unfortu-

nately, this complex was less active than the corresponding Au(I)-NHC and Pd(II)-NHC complexes as 

well as cisplatin against breast carcinoma (MCF-7 and MDA-MB 231) and glioblastoma (U-87 MG) 

cell lines. 

Schobert et al. combined N-methyl-4,5-diarylimidazolium salts, which modeled on the naturally oc-

curring vascular disrupting anticancer drug combretastatin A-4 and displayed promising antitumor 

effects, with silver fragment (7a-d) 20. These silver complexes showed distinct antiproliferative effects 

in the selected cell lines but less cytotoxicity than the corresponding Au(I)-NHC complexes. In addi-

tion, the replacement of the p-methoxy group (7a, 7b) by a p-ethoxy group (7c, 7d) led to erratic al-

terations of activities of the silver complexes. 
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1.3. Gold N-Heterocyclic Carbene Complexes 

The application of gold in medicine is traceable for several thousand years and gold complexes have 

been evaluated for many different pharmaceutical purposes, notably cancer and arthritis. The spectrum 

of gold complexes with described cell growth inhibiting properties comprises a large variety of differ-

ent ligands attached to gold in the oxidation states +I or +III  21, 22. Based on the great structural variety 

of the used ligands, a unique mode of action or pharmacological profile is unlikely to exist. In particu-

lar, direct DNA damage, modification of the cell cycle, mitochondrial damage including thioredoxin 

reductase (TrxR) inhibition, proteasome inhibition, modulation of specific kinases, and other cellular 

processes affected by gold compounds, which eventually trigger apoptosis, seem to play a major role 

in the mechanism of action of gold compounds 22. 

Two lead structures for antitumor active gold complexes are auranofin and its chloro analogue 

Et3PAuCl (Figure 1.3) 22. Both complexes exhibit their antitumor activities mainly due to the inhibi-

tion of the enzyme TrxR. The mammalian TrxR is a family of selenocysteine containing pyridine nu-

cleotide-disulfide oxido-reductases and its major cytosolic forms are known as TrxR1 (cytosolic), 

TrxR2 (mitochondrial), and TrxR3 (testis specific) 22. Since this enzyme is relevant for the control of 

mitochondrial function and the intracellular redox state, it is associated with many cellular processes, 

such as antioxidant defense and redox homeostasis. Moreover, it is found at elevated levels in human 

tumor cell lines. Gold complexes are in general good inhibitors of this enzyme. They demonstrated 

strong affinity for TrxR leading to inactivation due to the formation of a covalent bond at the Se-center 

of the enzyme 22.  

 

Figure 1.3. Structures of auranofin and Et3PAuCl complexes. 

Indeed, auranofin is in widespread clinical use as an antiarthritic drug and now under investigation 

as means of reducing the viral reservoir of HIV that lies latent in the body's T-cells 23. This compound 

has also been shown to be useful for the treatment of tumors although it has not been approved for 

applications in this area. This complex inhibited DNA, RNA, and protein synthesis at cytotoxic con-
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centrations, but unlike cisplatin it did not directly interact with DNA. The cytotoxic activity, cellular 

association, and efflux were dose-, time-, and temperature-dependent. Morphological changes (such as 

surface membrane changes or cell rounding) were observed under exposure of cells to auranofin 24. 

Previous structure-activity relationship (SAR) studies on auranofin and Et3PAuCl indicated that the 

phosphine ligand is more important for the biological potency than the halide or the thioglucose. Ex-

change of the carbohydrate ligand of auranofin (or the chlorine ligand of Et3PAuCl) does not lead to a 

loss of antitumor activity in vitro 25, 26.  Of late, there has been considerable interest in NHCs as alter-

natives to phosphines as ligands for the soft Au(I) ion. As mentioned above (Section 1.1), NHC 

ligands have similar donor properties to phosphines, but they are usually more easily synthesized 3, 12.  

The application of Au(I)-NHC complexes for targeting mitochondrial cell death pathways was 

widely studied. Following the successful application of gold phosphine complexes as antitumor agents 

27, Berners-Price et al. reported the induction of mitochondrial permeability transition in isolated rat 

liver mitochondria by dinuclear Au(I)-bis(NHC) complexes 28-33. The wingtip groups were modified in 

order to adjust the lipophilic character of the complexes, a critical factor for targeting malignant cells.  

Antimitochondrial effects (induction of Ca2+sensitive mitochondrial swelling) were also observed for a 

series of mononuclear, linear, cationic Au-NHC complexes which was synthesized by the same group. 

In accordance with previous studies on Au(I) species, which demonstrated that the bioactivity can be 

influenced by fine-tuning of the lipophilicity, the onset of mitochondrial swelling was most rapidly 

induced by the complexes with the highest lipophilicity. A complex (8) with significant antimitochon-

drial property and intermediate lipophilicity was selected for further studies. It was found that 8 could 

selectively induce apoptosis via the activation of caspase 9 and caspase 3 in cancer cells, but not nor-

mal cells. Furthermore, 8 selectively inhibited TrxR activity but not glutathione reductase (GR) activ-

ity in MDA-MB 231 cells and was accumulated in mitochondria 32.  

The same group then took advantage of the luminescence associated with aurophilic interactions in 

dinuclear Au-NHC complex (9a and 9b) to visualize its intracellular localization 34. Fluorescence con-

focal microscopy images of mouse macrophage cancer cells incubated with complex 9b showed an 

intracellular localization to lysosomes along with the preservation of cell morphology.  

With the same purpose of targeting mitochondria, Raubenheimer et al. designed a bis-ferrocenyl-

carbene Au(I) complex 10, which exhibited higher growth inhibition potency at lower concentrations 

than cisplatin against two of the three tested cancer cell lines. It is possible that the antitumor activity 
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of the complex was enhanced by the presence of the ferrocene fragment 35.   

   Youngs’s group also developed two Au(I)-bis(NHC) complexes (11a and 11b) via transmetallation 

of their silver precursors (3a and 3b) with chloro dimethylsulfide gold 11. Both complexes showed 

similar antiproliferative efficacy against H460 lung cancer cell line but less active than cisplatin. 

Taking advantage of their developments in the synthesis of novel Au(I)-NHC complexes and the as-

sociate synthetic routes facilitated by a versatile Au(I)-NHC synthon, two different series (neutral and 

cationic) gold complexes were prepared and screened against LNCaP (prostate carcinoma) and MDA-

MB 231 cell lines by Nolan and his coworkers 36. The cationic complexes were more effective than the 

neutral complexes, possible because they could cause cell death by an apoptotic pathway in cancer cell 

lines 23. Among the neutral complexes, 12a and 12b are the most effective and were more potent than 

cisplatin. In addition, both complexes exhibited similar cytotoxic effects on normal prostate, breast 

epithelial cells and tumor cells from the same tissue.  

More recently, a series of Au(I)-NHC complexes was rational designed by Ott et al. based on avail-

able crystal structure data of the gold phosphole complex chloro[1-phenyl-2,5-di(2-pyridyl)-

phosphole]gold(I) (GoPI) in the active site of GR. The target complexes were based on a benzimida-

zol-2-ylidene core and demonstrated a good stability against the thiol glutathione 37. TrxR was selec-

tively inhibited by these complexes in comparison to the closely related enzyme GR, and all com-

plexes triggered significant antiproliferative effects in cultured tumor cells. Unfortunately, the ex-

pected enhanced activity with increasing the lipophilicity/surface volume of the residues at the ben-

zimidazol-2-ylidene nitrogens could not be observed. The tumor selective behavior was not observed 

in these complexes as comparative experiments in nontumorigenic cell lines (HEK-293 human embry-

onic kidney cells and HFF human foreskin fibroblasts) afforded similar activities. 

More detailed experiments on chloro[1,3-diethylbenzimidazol-2-ylidene]gold(I) 13a revealed a dis-

tinct pharmacodynamic profile including the high increase of reactive oxygen species (ROS) forma-

tion, apoptosis induction, strong effects on cellular metabolism (related to cell surface properties, res-

piration, and glycolysis), inhibition of mitochondrial respiration and activity against resistant cell lines. 

It should also be noted that the corresponding free ligand was ineffective in all comparative experi-

ments, which confirmed that the presence of the Au(I) center was necessary to obtain compounds with 

the described bioactivities. 
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Figure 1.4. Structures of Au-NHC complexes. 

  Next, to modify the pharmacodynamic properties of 13a, an additional NHC ligand and a triphenyl-

phosphine were chosen by the same group, respectively 38. The coordination with these neutral ligands 

led to the formation of cationic species (13b and 13c). The introduction of a positive charge turned out 

to be a key feature to increase the cellular uptake, induce mitochondrial accumulation, and improve 

general cytotoxic properties. This could be related to effects commonly known for delocalized lipo-

philic cations 27, 39. The modulation of the stability of the coordinative bonds of the complexes affected 

the reactivity toward the target enzyme TrxR. These two cationic complexes might provide a useful 

compromise between good inhibitory effects against TrxR and strong antiprolifera-

tive/antimitochondrial properties. 

In the course of identifying new potential targets for cancer treatment, a series of Au(I)-NHC com-

plexes were synthesized and characterized by Barrios et al. 
40. Along with auranofin, they were tested 

as inhibitors of the cysteine-dependent protein tyrosine phosphatases (PTPs). PTPs are a family of 
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enzymes that play integral roles in various physiological processes and they have been shown to be 

involved in numerous diseases including cancer. The study of the inhibition of PTPs by Au(I)-NHC 

complexes and auranofin, would take advantage of the high affinity of gold for sulfur. These studies 

revealed that the Au(I)-NHC complex 14 was a better inhibitor of PTP than auranofin with a IC50 

range from 10 to 40 µM on four PTP types 40.  

A structurally different Au(I)-NHC complex 15 was studied by Panda et al. and displayed very low 

inhibition of HeLa cell proliferation (1.7% at 10 µM) as previously observed for the silver analogue 2 

10. 

In contrast to the low inhibitions of complex 15, the groups of Gautier and Morel developed a more 

active complex 16, which displayed IC50 in the same range as cisplatin on five cancerous cell lines 12. 

However, this complex was less cytotoxic than the corresponding Ag-NHC complex 4a. 

Li et al. also developed an Au(I)-NHC complex (17) bearing an amino-NHC ligand, which exhib-

ited selective antiproliferative potency against U-87 MG cells 19. However, this complex did not in-

hibit human TrxR indicating that it might trigger apoptosis through a DNA dependent mechanism. 

Further experiment indicated that this complex mediated S-phase arrest via down-regulation of cyclin 

A, cyclin B1, and cdk2. Apoptosis was induced by this substance in U-87 MG cells through a p53-bak 

pathway. Moreover, the complex participated in an important molecular event that mediated negative 

regulation of p21. Consequently, it had therapeutic potential in the treatment of glioblastoma in the 

case of p21-dependent resistance of p53-induced apoptosis. 

Five Au(I)-NHC complexes 18a-e derived from N-methyl-4,5-diarylimidazolium salts were pre-

pared by Schobert’s group 20. All complexes showed cytotoxic activity with IC50 in the micromolar 

range and distinct selectivity for certain cell lines. In addition, they were generally more cytotoxic than 

their respective silver precursors 7a-d. In contrast to related metal-free 1-methyl-4,5-diarylimidazoles, 

the complexes did not noticeably inhibit the polymerisation of tubulin to give microtubules. The cellu-

lar uptake of complexes 18a-d occurred mainly via the copper transporter (Ctr1) and the organic 

cation transporters (OCT-1/2). In addition, complex 18e was accumulated preferentially via the or-

ganic cation transporters and by Na+/K+-dependent endocytosis. These gold complexes seem to oper-

ate a mechanism different from that of the parent 1-methylimidazolium ligands. 

Given the promise of Au-NHC complexes for medicinal applications, Metzler-Nolte et al. extended 

their efforts in metal–bioconjugate systems to Au-NHC complexes and reported a series of Au-NHC 
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complexes including Au(III)-NHC species as well as Au(I)-NHC derivatives containing cysteine 

thiolate ligands (19a and 19b) 41. Both the Au(III)-NHC complexes and cysteine-modified NHC de-

rivatives showed similar biological activities compared to related Au(I)-NHC complexes without cys-

teine-derived ligands. These results indicated that the development of structurally diverse bioactive 

Au-NHC species is possible. The activity as well as pharmacokinetic properties of the Au-NHC com-

plexes can be optimized by appropriate choice of the oxidation state of the metal and more sophisti-

cated ligands. Due to the NHC complexes could be functionalized with peptide ligands, this research 

opens the possibility of developing metal-NHC derivatives for targeted drug delivery. 

To overcome the instability of Au(III) complexes under physiological conditions, Che et al. re-

ported a panel of stable [Au(R–C^N^C)NHC]+ (HC^N^CH = 2,6-diphenylpyridine) complexes, which 

displayed prominent in vitro antitumor properties 42. Among them, [gold(III)(C^N^C)(1,3-

dimethylimidazol-2-ylidene)] trifluoromethanesulfonate (20) showed high in vitro and in vivo antitu-

mor activity and induced DNA strand breaks and subsequent cell death presumably in part through the 

stabilization of TopoI-linked DNA. 

Inspired by the scarcity of Au(I) complexes containing ylideneamine ligands and together with the 

biological activity displayed by ylideneamine metal complexes, Cronje et al. reported on the prepara-

tion and extensive characterization of a series of pentafluorophenyl-, phosphine- and NHC-containing 

ylideneamine Au(I) complexes. These complexes were evaluated for their potential as antitumor and 

antimalarial agents 43. All complexes including Au(I)-NHC complex 21 exhibited a significant in-

crease in growth inhibition with respect to the free ligands against cervical carcinoma cells and 3D7 

strain of Plasmodium falciparum. However they were less active than cisplatin in the antitumor test 

and chloroquine in the antimalarial test, respectively.  
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1.4. Platinum N-Heterocyclic Carbene Complexes 

Platinum-based antitumor drugs play the leading role in the treatment of various solid tumors such 

as genitourinary, colorectal, and non-small cell lung cancers. As an outstanding representative, cis-

platin has been used for more than 30 years in standard chemotherapy regimens either as single drug 

or in combination with other cytotoxic agents or radiotherapy 1.  

Cisplatin exerts its antitumor activity through interacting with DNA and forming adducts that inter-

fere with transcription and replication, thereby triggering programmed cell death (apoptosis) 1. The 

interactions of cisplatin with DNA have been extensively studied and it is now well known that a cis-

Pt-G-G intrastrand crosslink is the critical lesion that leads to cisplatin toxicity. However, as discussed 

above (Section 1.1) the effectiveness of cisplatin is hindered by the phenomenon of tumor resistance 

and toxic side effects 2. 

With the aim of overcoming these limitations, a huge number of platinum complexes were exten-

sively investigated over the years by giving specific goals. These include reduction in toxicity of cis-

platin (such as nausea, vomiting, nephrotoxcity, neurotoxicity and ototoxicity), circumvention of the 

acquired drug resistance observed in certain tumors, increased spectrum of activity since cisplatin is 

inefficient against some of the commonest tumors (e.g. colon and breast) and oral administration for 

the new anticancer drugs. In addition, enormous efforts have been directed to understand the mecha-

nism of the cytotoxic activity of cisplatin 1. 

Of late, some pioneering ways towards the synthesis of novel platinum antitumor agents have 

emerged. Those are based on changing the coordinated nitrogen ligand or altering the leaving groups 1, 

2. Other strategies have focused on changing the type of the metal center or applying Pt(IV) complexes 

that are less reactive, less toxic than Pt(II) complexes and relatively more soluble in water. Researches 

also have been shifted to discover "nonclassical" drugs that can act in a manner different from cis-

platin. Abnormal structures that violate the empirical SAR of platinum complexes lacking NH, NH2, 

or NH3 ligands and multinuclear complexes are examples of these complexes that are designed to cir-

cumvent cisplatin resistance and enhance its activity. 

Pt-NHC complexes have been highlighted as a promising and original platform for building new cy-

totoxic drugs of the cisplatin series 44-48. Mixed NHC-amine Pt(II) complexes were prepared via a fac-

ile and modular two-step sequence leading to trans-configured square planar species by Marinetti et al. 

47. Their efficiency against both cisplatin-sensitive (CEM and H460) and -resistant (A2780/DDP, 
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CH1/DDP, and SK-OV-3) cell lines was demonstrated by in vitro experiment. 

All novel complexes exhibited cytotoxic activities with IC50 at a micromolar range. IC50 of the 

measured complexes against CEM T leukemia cells was in the 0.6-2.7 µM range, generally signifi-

cantly lower than cisplatin (3.0 µM) under similar experimental conditions. And some of the com-

plexes also outperformed cisplatin against H460 lung cancer cells. In addition, the selective complexes 

displayed high cytotoxicity against human ovarian A2780/DDP cells (IC50 = 1.2-1.8 µM) and 

CH1/DDP cells (IC50 = 2.1-2.4 µM) irrespective of modulations of the NHC scaffold. Moreover, two 

of the complexes (22a and 22b) were also significantly more potent than cisplatin against SK-OV-3 

cells, with IC50 of 2.8 and 2.6 µM, vs 6.1 µM for cisplatin. 
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Figure 1.5. Structures of Pt-NHC complexes.  

This study afforded a potent and innovative new chemical platform for cytotoxic drugs of the Pt(II) 

series, based on NHC ligands 47. It demonstrated the potential antitumor activity of (NHC)PtI2(amine) 

complexes and therefore implemented a range of ligand pairs affording platinum complexes. These 

results also demonstrated that the (NHC)Pt(II) unit is an easily available, highly tunable structure, 

potentially amenable to tumor-specific drug targeting and/or delivery approach, via a specific design 

of its carbene group. 



1. Introduction 

17 

   Contrary to most platinum-based antitumor agents which target DNA, coordination of NHC ligands 

to cyclometalated Pt(II) complexes conferred these luminescent complexes to other cellular targets. 

The strong Pt–carbene bond(s) rendered the Pt(II) complexes to display unique photophysical proper-

ties and enhanced stability against biological reduction and ligand exchange reactions. Che et al. re-

ported some Pt complexes which were highly cytotoxic and displayed high specificity to cancerous 

cells 49. Among them, [(C^N^N)Pt(II)(N,N'-nBu2NHC)]PF6 (23, where HC^N^N = 6-phenyl-2,2'-

bipyridine) with a lipophilic carbon chain on the carbene ligand induced apoptosis in cancer cells, 

demonstrated an enhancing synergistic effect with cisplatin in vitro, and displayed potent in vivo ac-

tivities using nude mice models.  

As this complex was strongly emissive, its cellular localization could be traced using emission mi-

croscopy. In contrast to common platinum-based antitumor agents, 23 did not accumulate in the vicin-

ity of DNA but preferentially accumulated in cytoplasmic structures including sites where active sur-

vivin, an inhibitor of apoptosis, is located. More detailed experiments on this complex revealed that it 

significantly inhibited the expression of survivin, activates poly (ADP-ribose) polymerase (PARP) and 

induced apoptosis in cancer cells. In vivo results showed that injection of 23 at 3 mg kg-1 significantly 

inhibited the NCI-H460 tumor growth, did not cause death of mice, and had no significant weight loss 

compared to that in the vehicle control group. Given the ease of structural modification of NHC ligand 

to alter the overall biological activities, this type of [(C^N^N)Pt(II)(NHC)]+ complexes having unique 

photophysical properties provided an entry to a new class of potential anticancer drug leads. 

In order to possibly enhance selectivity and specificity towards cancer cells, Bellemin-Laponnaz et 

al. designed an oestrogen functionalized Pt(II) complex 24 as a possible candidate to target hormone 

dependent diseases (e.g. breast cancer) 44. This complex was obtained by reaction of functionalisation 

of platinum complex with the oestrogen derived azide via using ruthenium-catalyzed azide–alkyne 

cycloaddition. Despite the ability of 24 to act as potential chemotherapeutic agents is currently under 

study, they are currently extending the scope of this method to a more diverse set of azides with the 

aim to generate chemical libraries and later to endow cytotoxic NHC complexes of transition metals 

with new properties. 

Ciftci et al. synthesized a Pt–bis(NHC) complex (25) and evaluated its effects on oxidative and his-

tological damage in cardiac tissue of rats 45. Results indicated that 25 caused more oxidative stress, 

testicular damage and reproductive toxicity in testis tissue than cisplatin. Lately, in odor to evaluate 
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the reproductive toxicity of 25 and to compare these toxic effects with those of cisplatin, they deter-

mined the levels of oxidative, histological, hormonal and spermatological damage in testis tissues of 

rats after administration of cisplatin and 25 46. Both complexes induced oxidative and myocardial 

damage in rats. On the other hand, 25 caused more oxidative stress and myocardial damage in heart 

tissue than cisplatin. These results might suggest that therapeutic effects of novel Pt-bis(NHC) com-

plex as an anticancer drug may be superior to cisplatin.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1. Introduction 

19 

1.5. Palladium and Copper N-Heterocyclic Carbene Complexes 

Besides the mentioned silver, gold, and platinum derivatives, NHC complexes with palladium and 

copper have also been recently reported to exhibit antiproliferative properties.  

On the basis of the structural and thermodynamic analogy between Pt(II) and Pd(II) complexes, 

there is also much interest in the study of Pd(II) derivatives as potential anticancer drugs 3, 12, 50-52. 

Many new mononuclear, dinuclear and multinuclear palladium complexes with reduced crossresis-

tance to cisplatin, decreased toxicity and high specificity have been developed. Similar to platinum 

agents, DNA is also their major target in the cell. The Pd(II) ions are capable of interacting with DNA, 

thus enabling cross bindings and inhibiting its synthesis as well as inducing apoptosis. Palladium 

complexes might materialize a concept of tumor targeting which would result in drugs with other 

spectrum of activity and lack of cross-resistance as compared with platinum drugs 51. 

Panda et al. reported the study of two Pd(II)-NHC complexes: one bis(NHC) complex 26a and one 

mixed complex 26b, with NHC and pyridine ligands, pyridine being a typical ligand of the active 

trans platinum complexes 10. In both complexes the palladium centre was substituted in a trans-

geometry.  
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Figure 1.6. Structures of Pd- and Cu-NHC complexes. 
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Specifically, 26a showed more cytotoxicity (from 2- to 20-fold) than cisplatin against cervical can-

cer (HeLa), breast cancer (MCF-7), and colon carcinoma (HCT 116) cell lines. Further studies showed 

that 26a inhibited tumor cell proliferation by arresting the cell cycle progression at the G2 phase, pre-

venting the mitotic entry of the cell. This evidence suggested that the treated cells underwent pro-

grammed cell death through a p53-dependent pathway. The combination of these results clearly dem-

onstrated that complex 26a followed the same cellular pathway than cisplatin.  

The groups of Gautier and Morel also reported a Pd(II)-bis(NHC) complex (trans[PdCl2(IMes)2]) 

27 and briefly evaluated in vitro the binding capacity of this complex on guanosine and its genotoxic-

ity on plasmid DNA 12. However, no adduct of the palladium complex with guanosine could be de-

tected by NMR spectroscopy. The same lack of reactivity was observed with the plasmid which kept 

its supercoiled form. 

In addition, Li et al. developed a Pd(II)-NHC complex (28) with higher cytotoxic activities than 

cisplatin and the corresponding Au(I)-NHC and Ag-NHC complexes against breast cancer cells 

(MCF-7 and MDA-MB 231) 19. The IC50 of 28 (4.50 µM) in MDA-MB 231 cells is 3-fold lower than 

that of Au(I)-NHC complex 17 (14.22 µM) and approximately 10-fold lower than that of Ag-NHC 

complex 6 (46.58 µM) and cisplatin (48.43 µM). This finding demonstrated that the antitumor activi-

ties of the amino-NHC metal complexes were not solely dependent on molecular hydrophobicity and 

that activities could be altered by the choice of the metal ion. Interestingly, IC50 of the complex dis-

played similar trends in the estrogen receptor positive (ER+) cell line MCF-7 and estrogen receptor 

negative (ER-) cell line MDA-MB 231, indicating that the effects on cell viability might be caused by 

an ER-independent pathway. 

The coordination compounds of Cu(I,II) have been investigated as potential antitumor agents only 

in the last few decades, particularly after the discovery of cisplatin, although copper has a long history 

of medical application 3, 12, 53-56. Copper, which is important for the function of several enzymes and 

proteins and involved a lot of physiological processes, may be less toxic than non essential metals, 

such as platinum.  

Recently, a great variety of copper complexes were screened for their cytotoxicity and some com-

plexes showed good antitumor activity in vitro and in vivo. It has become clear that copper compounds 

could act by different mechanisms compared with cisplatin and DNA does not represent the main 

and/or unique biological target for this class of metal complexes 54, 55, 57. Indeed, besides DNA binding, 
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intercalation and cleavage activity, other ways lead to oxidative cell damage (such as superoxide dis-

mutase mimetic activity and generation of ROS by redox-cycling) also have been described. Generally, 

these intracellular molecular events trigger cancer cell death through an apoptotic mechanism. More-

over, down regulation of antiapoptotic proteins (Bcl-2 and Bcl-XL) and a non-apoptotic form of pro-

grammed cell death (paraptosis) have been shown on human cancer cells treated with copper com-

pounds. The later is very stimulating because it suggested the ability of triggering cell death even in 

cancer cells with multiple defects in the normal apoptotic pathway as, for instance, cisplatin resistant 

cells. 

Cu(I)-NHC complexes were focused on antitumor activity due to their stability in numerous condi-

tions which was evidenced by the different media in which they might be used as catalysts 58. This 

relatively high stability might allow them to reach biological targets inside the cell. Cu(I)-NHC com-

plexes could react with intracellular oxygen, produce ROS which would lead to oxidative attack of 

DNA as reported for bleomycin 12.  

Cu(I)–NHC complex 29 showed high cytotoxicity against human cancer cells and was developed by 

the groups of Gautier and Morel 59. An increase of cytotoxicity up to 150-fold compared with cisplatin 

in the HL60 cell line was observed. This higher cytotoxicity was preserved regardless of the nature of 

the cell line. Unlike cisplatin, this complex caused arrest of the cell cycle progression at the G1 phase 

concomitantly with apoptosis induction at low concentration. An aerobic radical process leading to a 

DNA strand break might be responsible for the observed cytotoxicity. 

Later, the same groups reported a series of Cu(I)-NHC complexes which were mostly synthesized 

according to literature procedures 12. Almost all complexes exhibited higher cytotoxicities than cis-

platin on MCF-7 cells. One of these complexes (30) which was designed with the intent of using it for 

the localization of intracellular targets by fluorescence microscopy presented an intense fluorescence 

when excited around 360 nm.  
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1.6. Nickel and Ruthenium N-Heterocyclic Carbene Complexes 

Nickel is an essential component in different types of enzymes such as urease, carbon monoxide de-

hydrogenase, and hydrogenase 50. Recently, the apparent potential of nickel complexes in antitumor 

studies have been reported 50, 60, 61. 

Three Ni-NHC complexes were described by Ghosh et al.. They showed less cytotoxic activity than 

NiCl2
.6H2O against HeLa and MCF-7 human cancer cell lines and the CHO non-tumorigenic cell line 

60. Morphological studies on HeLa cells showed that 31 caused minimum surface abnormality on the 

cancer cells consistent with its reduced cytotoxic activity. These observations further substantiate the 

fact that drastic reduction in the cytotoxic activity of nickel was successfully achieved by encapsula-

tion of the metal center in Ni-NHC complexes by employing a new class of tightly binding NHC 

ligand. 
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Figure 1.7. Structures of Ni- and Ru-NHC complexes. 
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Ruthenium-based drugs are much less toxic than platinum-based drugs and capable of overcoming 

the resistance induced by platinum drugs in cancer cells 62. These activities were attributed to the abil-

ity of ruthenium to mimic iron in binding to biological molecules, such as human serum albumin and 

transferrin, and to the selective activation to more reactive species by the reducing environment of 

solid tumors as compared to healthy tissues. This type of complexes has been designed to mimic 

platinum drugs, particularly for DNA-targeting. Unfortunately, the ruthenium complexes interact far 

more weakly with DNA relative to platinum complexes and the mechanisms of action of ruthenium-

based antitumor complexes are comparatively unexplored. However, there is evidence to suggest that 

ruthenium complexes might directly interfere with specific proteins involved in signal transduction 

pathways and/or alter cell adhesion and migration processes 62. 

Recently, Ciftci et al. compared the oxidative damage in rat heart tissue induced by Ru(II)-NHC (32) 

and Au(I)-NHC complexes which showed antitumor effects in vitro 63. The results indicated that both 

complexes caused oxidative damage by suppressing to antioxidant defense systems and increasing to 

lipid peroxidation in heart tissue of rats. This effect was changed in a dose-dependent manner for 

Au(I)-NHC treatment. Additionally, it was observed that Au(I)-NHC complex was more cardiotoxic 

than Ru(II)-NHC which indicated that Ru(II)-NHC should be preferred to Au(I)-NHC for cancer 

treatment when they were used clinically. 

To improve the solubility and stability of ruthenium complexes, Metzler-Nolte et al. described a 

way to synthesize ruthenium carbene peptide conjugates using solid phase synthesis without decompo-

sition 64. The synthesis of the first fully characterized metal-NHC peptide conjugate 33 containing a 

functionalized p-cymene Ru(II)-NHC ligand and the pseudoenkephalin peptide was reported. However, 

the ability of 33 to act as potential chemotherapeutic agents had not been evaluated. Due to the well-

documented cytotoxic activity of p-cymene ruthenium complexes (such as the RAPTA complexes 

from Dyson’s group 65-68), the potential properties of this novel Ru(II)–NHC peptide conjugates need 

further investigation.  

Ruthenium complexes of the Grubbs type, consisting of a central benzylidene dichlororuthenium 

core with additional phosphine or NHC ligands, have had an enormous impact on modern synthetic 

organic chemistry 69. However, the possible biological relevance of these catalysts is unknown.  

Encouraging by the promising biological activity of ruthenium complexes, Ott et al. evaluated the 

inhibition of enzymatic activities (TrxR, GR, proteases trypsin and cathepsin B) and cell growth 
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(MCF-7 and HT-29 cells) as well as on cellular metabolism of archetypical examples of Grubbs cata-

lysts (34a and 34b) 70. The results indicated that 34a was the most pronounced in terms of enzyme 

inhibition and antiproliferative effects in tumor cells. This complex interacted with TrxR and albumin 

considerably strong and followed a time-dependent process. However, both complexes were less ac-

tive than benzimidazol-2-ylidene gold complexes reported in the same group in inhibition of enzyme 

TrxR and cell growth 37. The observed triggering of biological effects might provide a rationale for the 

use of Ru(II)–NHC fragments in metallodrug design.
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2. Background and Aims of the Research Project 

Platinum-based drugs such as cisplatin or oxaliplatin are widely used in current tumor chemother-

apy. However, severe side effects and frequent development of resistance phenomena complicate and 

hamper the clinical application 1, 2. A very promising strategy to overcome these obstacles is the use of 

specific carriers and the change from platinum to other transition metals 65, 71. 

NHCs came into the focus as carrier ligands for cytotoxic metal complexes because they perfectly 

fit prerequisites for an efficient drug design and fast optimization 3, 4, 12. NHCs are readily accessible in 

few steps and their substituents can be widely varied allowing an easy fine-tuning of both the physico-

chemical properties and the reactivity in biological medium of the final NHC metal complexes. De-

spite extensive studies on NHC complexes in organometallic chemistry and catalysis, only a restricted 

array of biomedical applications have been reported so far for copper,  gold, nickel, palladium, plati-

num, ruthenium and silver derivatives 3, 4, 12.  

Among novel non-platinum based antitumor agents, gold complexes have recently gained attention 

because of their strong antiproliferative effects 21, 22, 27, 72. Two lead structures are auranofin, which is 

well known for its anti-arthritic properties, and its chloro analogue Et3PAuCl are very promising lead 

structures for the design of metal complexes with a mode of action different from cisplatin 23, 27, 72.  

Both complexes exhibited their antitumor activities due to inhibition of the enzyme TrxR 22, 72. In 

addition, previous SAR studies indicated that the phosphine ligand is more important for the biological 

potency than the halide or the thioglucose. Exchange of the carbohydrate ligand of auranofin (or the 

chlorine ligand of Et3PAuCl) does not lead to a loss of antitumor activity 26. Of late, there has been 

considerable interest in NHCs as alternatives to phosphines as ligands for the soft Au(I) ion. The rela-

tive ease of systematic modification of the NHC substituents and the comparable donor properties of 

NHCs to phosphines render NHCs attractive ligands 4, 73.  

Encouraged of previously reported results of metal-NHC complexes with high antitumor activity 3, 4, 

12, we started the examination of the antitumor activity of Ag-NHC complexes with pharmacologically 

active 4,5-diarylimidazole ligands. To achieve a high accumulation grade in tumor cells, the aromatic 

rings were 2-F, 3-F, 4-F, 4-OH, or 4-OCH3 substituted. Such substitution patterns were already very 

successfully used in the case of [1,2-diarylethylenediamine]platinum(II) complexes 1, 74, 75. The related 

NHC complexes can be considered as plain derivatives of these compounds.  

Then, in continuation of the SAR study with NHC-silver-halide complexes derived from 4,5-
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diarylimidazole we focused our attention on the design of analogous Au-NHC complexes. We sup-

posed that the replacement of the phosphine in Et3PAuCl by an NHC ligand with pharmacological 

activity (e.g. hormonal activity, cyclooxygenase (COX) inhibitory properties) could lead to new multi 

target antitumor agents including the TrxR.  

Besides, we decided to investigate the influence of the halide exchange at the Au-NHC complexes 

on their pharmacological properties. We selected the 4-F and 4-OCH3 (4-OH) substituted bromo[1,3-

diethyl-4,5-diarylimidazol-2-ylidene]gold(I) complexes and exchanged the bromide by a second NHC 

ligand (Au(I)-bis(NHC)) to realize the concept of bivalent drugs or in relation to auranofin by 

2′,3′,4′,6′-tetra-O-acetyl-β-D-glucopyranosyl-1-thiolate as well as a phosphine ligand (triphenyl-

phosphine). 

Finally, in order to investigate whether the gold centre is crucial for the antitumor activity of cati-

onic [bis(1,3-diethyl-4,5-diarylimidazol-2-ylidene)]gold(I) bromide complexes, the imidazole ligands 

were connected by a methylene bridge and screened against cancer and bacterial cell lines. 
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The results are published as listed below: 

 

Wukun Liu, Kerstin Bensdorf, Ulrich Abram, Ben Niu, Aruljothi Mariappan, Ronald Gust. Synthesis 

and biological studies of silver N-heterocyclic carbene complexes derived from 4,5-diarylimidazole. 

European Journal of Medicinal Chemistry 2011, 46(12), 5927-5934. 

 

Wukun Liu, Kerstin Bensdorf, Maria Proetto, Ulrich Abram, Adelheid Hagenbach, Ronald Gust. NHC 

gold halide complexes derived from 4,5-diarylimidazole: synthesis, structural analysis, and pharma-

cological investigations as potential antitumor agents. Journal of Medicinal Chemistry 2011, 54(24), 

8605-8615. 

 

Wukun Liu, Kerstin Bensdorf, Maria Proetto, Adelheid Hagenbach, Ulrich Abram, Ronald Gust. Syn-

thesis, characterization, and in vitro studies on bis[1,3-diethyl-4,5-diarylimidazol-2-ylidene]gold(I/III) 

Complexes. Journal of Medicinal Chemistry 2012, 55(8), 3713–3724. 

 

Wukun Liu, Xiaohua Chen, Ronald Gust. Synthesis, pharmacological investigations of bis(4,5-

diarylimidazol-2-ylidene) derivatives as antitumor and antibacterial agents Archiv der Pharmazie 

2012 (DOI: 10.1002/ardp.201100474) 

 

 



3. Description of the Work 

28 

3. Description of the Work 

3.1 Synthesis 

3.1.1 Synthesis of Imidazolium Ligands 

 

 

Compounds R R' X 

1a, 2a, 3a, 4a     2-MeO Et Br 

1b, 2b, 3b, 4b     3-MeO Et Br 

1c, 2c, 3c, 4c     4-MeO Et Br 

1d, 2d, 3d, 4d 2-F Et Br 

1e, 2e, 3e, 4e 3-F Et Br 

1f, 2f, 3f, 4f 4-F Et Br 

1g, 2g, 3g, 4g H Et Br 

3h, 4h     4-OH Et Br 

4i     4-MeO PhCH2 Cl 

4j 4-F PhCH2 Cl 

Scheme 3.1. Synthesis routes and structures of imidazolium compounds.  

Reagents and conditions: (I) thiamine hydrochloride, water/ethanol 1:2, rt, 2-7 days, 49-62%; (II) 

formamide, reflux, 3 h, 61-80%; (III) 95% NaH, ethyl bromide, absolute THF, reflux, 2 h, 68-88%; 

(IV) ethyl bromide or chloromethyl benzene, CH3CN, reflux, 48-72 h, 72-84%. 

 

Compounds 1a-g were obtained from commercially available substituted benzaldehydes via the ca-

talysis of thiamine hydrochloride. For ring closure, yielding the respective imidazoles 2a-g, the ben-

zoines 1a-g were heated in formamide to reflux for 3 h. Reaction of 2a-g with NaH and ethyl bromide 

in absolute THF afforded the corresponding N-alkylation (3a-g) 76. The hydroxyl-substituted imidazole 
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3h was generated from 3c by ether cleavage with BBr3 
76. Subsequent reaction of 3a-h and commer-

cially available 3k with ethyl bromide in CH3CN yielded the imidazolium salts 4a-h and 4k. The same 

reaction of 3c and 3f with benzylchloride resulted in 1-benzyl-3-ethyl-4,5-diarylimidazolium chlorides 

4i and 4j. All of the synthetic compounds gave satisfactory analytical and spectral data, which were in 

full accordance with their predicted structures. 

 
Scheme 3.2. Synthesis route of imidazolium compound 4k.  

Reagents and conditions: (I) ethyl bromide, CH3CN, reflux, 48-72 h, 74.2%. 

3.1.2 Synthesis of Silver N-Heterocyclic Carbene Complexes 

The Ag-NHC complexes were synthesized in analogy to the reported procedure by Wang and Lin 77, 

78. The imidazolium salts 4c-f, 4h and 4j were treated with silver oxide in a mixture of CH2Cl2 and 

CH3OH at rt to form the corresponding Ag-NHC complexes 1-Ag to 6-Ag (Scheme 3.3). The com-

plexes were well characterized by IR, NMR and MS spectra. In addition, 3-Ag was crystallized from a 

MeOH/CH2Cl2 solution and characterized by X-ray diffraction. 

 

Compounds     R R' X 

1-Ag 2-F Et Br 

2-Ag   3-F Et Br 

3-Ag 4-F Et Br 

4-Ag   4-MeO Et Br 

5-Ag 4-OH Et Br 

6-Ag 4-F PhCH2 Cl 

Scheme 3.3. Synthesis routes and structures of Ag-NHC complexes.  

Reagents and conditions: (I) Ag2O, CH3OH/CH2Cl2 1:1.2, rt, 12 h, 51-82%.  
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 3.1.3. Synthesis of Gold N-Heterocyclic Carbene Complexes 

 

Compounds R R' Compounds R R' 

1-Au 2-MeO Et 6-Au, 13-Au 4-F Et 

2-Au 3-MeO Et 7-Au H Et 

3-Au, 12-Au 4-MeO Et 8-Au 4-OH Et 

4-Au 2-F Et 9-Au 4-MeO PhCH2 

5-Au 3-F Et 10-Au 4-F PhCH2 

Scheme 3.4. Synthesis routes and structures of Au-NHC complexes.  

Reagents and conditions: (I) Method A: LiHMDS, Me2SAuCl, LiBr, DMF, rt, 4 h, 45-84%; Method 

B: Ag2O, CH3OH/CH2Cl2 1:1.2, rt, 12 h, then Me2SAuCl, LiBr, rt, 6 h, 28-48%; (II) Br2, CH2Cl2, rt, 

3 h, 83-85%. 

 
Scheme 3.5. Synthesis route of 11-Au.  

Reagents and conditions: (I) Method A: LiHMDS, Me2SAuCl, LiBr, DMF, rt, 4 h, 64.3%; Method B: 

Ag2O, CH3OH/CH2Cl2 1:1.2, rt, 12 h, then Me2SAuCl, LiBr, rt, 6 h, 48%. 

Two synthetic procedures were investigated for the synthesis of the Au(I)-NHC complexes  1-Au to 

11-Au (Scheme 3.4, 3.5). The first procedure (Method A) involves the treatment of a DMF solution of 

Me2SAuCl with a solution containing an equimolar amount of 4a-k (treated for deprotonation with 

lithium bis(trimethylsilyl)amide (LiHMDS)). This procedure gave 1-Au to 11-Au in high yields 30. 

The second procedure (Method B) involves the Ag(I)–NHC transfer method, whereby 4a-k were 

treated with silver oxide in CH2Cl2, and the resulting Ag(I)–NHC complex was allowed to react with 

Me2SAuCl 30.  This procedure gave 1-Au to 11-Au in moderate yields. Further amounts of lithium 

bromide have to be present in both methods to ensure the exclusive formation of NHC-Au-Br. 

The oxidation of Au(I) complexes 3-Au and 6-Au were performed with bromine in CH2Cl2 at rt, 

resulting in the formation of an orange powder of the desired Au(III) complexes 12-Au and 13-Au 41, 
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79. 

 All of the synthetic complexes gave satisfactory analytical and spectral data, which were in full ac-

cordance with their predicted structures. In addition, 5-Au and 13-Au were crystallized from a 

MeOH/CH2Cl2 solution and characterized by X-ray diffraction 

3.1.4. Synthesis of Gold Bis(N-Heterocyclic Carbene) Complexes And Auranofin Derivatives 

Scheme 3.6. Synthesis routes of 14-Au to 16-Au. 

Three synthetic routes were investigated for the synthesis of 14-Au to 16-Au (Scheme 3.6). In 

method A 31, 32, 80
 a DMF solution of Me2SAuCl was treated with a solution containing two equivalents 

of 4c,f,h previously deprotonated with LiHMDS. This reaction gave 14-Au to 16-Au in high yields 

(55-80%). The second procedure (Method B) involved the Ag(I)-NHC transfer method, whereby 

4c,f,h were treated with silver oxide in CH2Cl2, and the resulting Ag(I)-NHC complex was allowed to 

react with a half equimolar amount of Me2SAuCl 81. This procedure gave 14-Au to 16-Au in moderate 

yields (30-60%). Additional lithium bromide is necessary in both methods to ensure that sufficient 

amounts of bromide ions are available for the formation of Au(I)-bis(NHC) bromide. In the third syn-

thetic route (Method C)82 
3-Au, 6-Au or 8-Au was dissolved with an equimolar amount of correspond-

ing 4c,f,h in the presence of K2CO3. This procedure was also very effective and gave 14-Au to 16-Au 

in high yields (80-90%). 

The cationic NHC-Au(I)-triphenylphosphines 17-Au and 18-Au were prepared from 3-Au or 6-Au 

by Br/PPh3 exchange (Scheme 3.7) and were isolated as hexafluorophosphate salts 30. A modified pro-
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cedure of Berners-Price et al.
30 was used for the synthesis of the neutral NHC-Au(I)-2′,3′,4′,6′-tetra-O-

acetyl-β-D-glucopyranosyl-1-thiolato complexes  19-Au and 20-Au. The NHC-Au(I)-Br complexes 3-

Au or 6-Au was respectively dissolved in CH2Cl2 and reacted with 2′,3′,4′,6′-tetra-O-acetyl-β-D-

glucopyranosyl-1-thiol under basic conditions (triethylamine, Scheme 3.7). The crude oily mixtures 

were purified by flash column chromatography, followed by a recrystallization from EtOH/H2O to 

obtain the analytically pure products as white solids.   

 

Scheme 3.7. Synthesis routes of 17-Au to 20-Au. 

   A convenient and gentle method to get the Au(III) complexes  21-Au and 22-Au (Scheme 3.8) is the 

oxidation of the readily available Au(I)-bis(NHC) complexes 14-Au and 15-Au with a slight excess of 

bromine 80. Dibromo-Au(III)-bis(NHC) complexes 21-Au and 22-Au were isolated as orange powders 

in high yields 80. Exchange of the bromide counter ion in 14-Au or 15-Au by tetrafluoroborate yielding 

the complexes 23-Au or 24-Au was easily performed with an excess of NaBF4 in DMSO. The follow-

ing treatment with elemental iodine gave the diiodo-Au(III)-bis(NHC) complexes 25-Au and 26-Au as 

reddish-orange powders 82. Both oxidative addition reactions are straightforward and do not require the 

exclusion of air or moisture.  

The analytical and spectral data of all target gold complexes gave were in full accordance with their 

predicted structures. In addition, 23-Au was crystallized from a MeOH/CH2Cl2 solution and character-

ized by X-ray diffraction. 
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Scheme 3.8. Synthesis routes of 21-Au to 26-Au. 

3.1.5 Synthesis of Bis(4,5-diarylimidazol-2-ylidene)methane Derivatives 

Deprotonation of 3c and reaction with diethyl carbonate at low temperature using a modified proce-

dure of Rüther et al.
83 yielded the bis[1-ethyl-4,5-bis(4-methoxyphenyl)-1H-imidazol-2-yl]methanone 

5. Due to the relatively low acidity of the imidazole, BuLi was used as base. 

For reduction to the bis[1-ethyl-4,5-bis(4-methoxyphenyl)-1H-imidazol-2-yl]methane (6) the keton 

5 was heated with hydrazine hydrate and potassium hydroxide 83.  Following this procedure, 6 could 

be obtained in high yield and analytically pure after recrystallization from THF.  

   The bis[1-ethyl-4,5-bis(4-hydroxyphenyl)-1H-imidazol-2-yl]methane (8) was generated from the 

corresponding compound 6 by ether cleavage with BBr3. Finally, compounds 6 and 8 were further 

reacted with ethyl bromide in CH3CN to yield the bis[1,3-diethyl-4,5-diarylimidazol-2-ylidene]-

methane derivatives 7 and 9, respectively.  

   All of the synthetic compounds gave satisfactory analytical and spectral data, which were in full 

accordance with their predicted structures.  
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Scheme 3.9. Synthetic routes of bis[4,5-diarylimidazol-2-ylidene]methane derivatives.  

Reagents and conditions: (a) n-BuLi, THF, -80 °C to rt, 54.0%; (b) KOH, NH2NH2
.H2O, 120-150 °C, 

73.3%; (c) ethyl bromide, CH3CN, reflux, 48-72 h, 77.6%; (d) BBr3, CH2Cl2, –60 °C, then warm to rt, 

48 h, 65.5%; (e) ethyl bromide, CH3CN, reflux, 48-72 h, 68.2%. 
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3.2. Antiproliferative Effects 

3.2.1. Antiproliferative Effects of Silver N-Heterocyclic Carbene Complexes  

As outlined in Table 3.1, the substituents at the 4,5-standing phenyl rings of the silver complexes 

determined the cytotoxicity. The 4-OH substituted complex 5-Ag showed relatively low antiprolifera-

tive activities with IC50 values of 9.2 to 16.2 µM, while the fluoro- and methoxy-substituted com-

plexes 1-Ag to 4-Ag and 6-Ag showed strong activities against the tested cancer cell lines with IC50 

below 10 µM.  

Table 3.1. Growth inhibitory effects (IC50, [µM]) against breast and colon cells after 72 h incubation. 

Compounds MCF-7 MDA-MB 231 HT-29 

1-Ag 3.4 ± 0.7 3.6 ± 0.2 7.5 ± 0.5 

2-Ag 3.5 ± 0.1 4.1 ± 0.7 7.4 ± 0.8 

3-Ag 3.9 ± 0.2 3.5 ± 0.3 4.4 ± 0.1 

4-Ag 3.7 ± 0.3 8.5 ± 0.8 9.9 ± 0.1 

5-Ag 9.2 ± 0.2 12.8 ± 0.2 16.2 ± 0.2 

6-Ag 3.6 ± 0.1 3.4 ± 0.2 6.8 ± 1.2 

Cisplatin 1.6 ± 0.5 7.8 ± 0.8 4.1 ± 0.3 
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Figure 3.1.
 Time activity curves of 3-Ag (above) and cisplatin (below) on MCF-7 (left), MDA-MB 

231 (middle) and HT-29 (right) cell lines. Error bars are hidden behind the symbols in some cases.  
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The time activity curves (Figure 3.1) indicated that complex 3-Ag caused cytocidal effects (T/Ccorr < 

0%) at 10 µM and cytostatic effects (T/Ccorr ≈ 0%) at 5 µM, while cisplatin did not reach cytocidal 

activity. The curves of 3-Ag at higher concentrations are characterized by a fast onset of activity with 

maximal effects already after an incubation time of 48 h. Cisplatin achieved its maximal effect at the 

end of the experiment. In addition, Figure 3.1 showed in the case of 3-Ag a recuperation of the tumor 

cells after a prolonged exposition time. Because exponential cell growth is guaranteed for at least 140 

h of incubation, the rise of the growth curve could be explained by the development of drug resistance. 

This effect of 3-Ag is more pronounced at MDA-MB 231 and HT-29 cells compared to MCF-7 cells. 

3.2.2. Antiproliferative Effects of Gold N-Heterocyclic Carbene Complexes 

Table 3.2. Growth inhibitory effects (IC50, [µM]) against breast and colon cells after 72 h incubation. 

Compounds MCF-7 MDA-MB 231 HT-29 

4f > 50 > 50 > 50 

1-Au 1.2 ± 0.1 2.4 ± 0.5 3.1 ± 0.4 

2-Au 1.6 ± 0.6 2.9 ± 0.3 4.2 ± 1.0 

3-Au 1.4 ± 0.1 3.7 ± 0.9 2.9 ± 0.1 

4-Au 0.80 ± 0.06 1.7 ± 0.9 3.3 ± 1.0 

5-Au 3.1 ± 0.1 6.4 ± 0.1 4.2 ± 0.3 

6-Au 1.1 ± 0.3 3.9 ± 0.1 2.3 ± 0.1 

7-Au 0.87 ± 0.07 3.1 ± 0.5 3.3 ± 0.7 

8-Au 4.5 ± 0.3 > 20  17.0 ± 2.8 

9-Au 2.6 ± 0.3 3.3 ± 0.7 4.3 ± 0.1 

10-Au 1.8 ± 0.1 2.4 ± 0.1 3.2 ± 0.3 

11-Au 3.0 ± 0.4 6.9 ± 0.8 7.7 ± 0.8 

12-Au 1.9 ± 0.1 4.4 ± 1.1 6.2 ± 1.0 

13-Au 1.9 ± 0.4 4.4 ± 0.7 7.5 ± 2.9 

Cisplatin 1.6 ± 0.5 7.8 ± 0.8 4.1 ± 0.3 

According to our previous reports, auranofin caused comparable effects to cisplatin against MCF-7 

cells (IC50 = 1.1 µM) and was slightly more active against HT-29 cells (IC50 = 2.6 µM) 25, 84. Et3PAuCl 

was less active at MCF-7 and HT-29 cell lines (IC50 = 3.2 and 5.3 µM, respectively) 84.  

Exchange of the triethylphophine ligand by 1,3-diethyl-1,3-dihydro-2H-imidazol-2-ylidene in 

Et3PAuCl as well as the exchange of the chloride by bromide did not change the activity against MCF-
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7 cells (11-Au: IC50 = 3.0 µM) but reduced the effects against HT-29 cells (11-Au: IC50 = 7.7 µM). At 

the MDA-MB 231 cell line 11-Au caused an IC50 = 6.9 µM, similar to cisplatin. Introduction of phenyl 

rings at C4 and C5 of the heterocycle (11-Au → 7-Au) strongly increased the growth inhibitory ef-

fects (IC50 = 0.87 µM at MCF-7 cells, IC50 = 3.1 µM at MDA-MB 231 cells, IC50 = 3.3 µM at HT-29 

cells). 7-Au was even more active than cisplatin. 

As outlined in Table 3.2, methoxy substituents at the aromatic rings (7-Au → 1-Au to 3-Au) did not 

change the growth inhibitory properties of 7-Au, while F substituents in the ortho-position (4-Au) 

increased the activity against MDA-MB 231 cells (IC50 = 1.7 µM) and reduced the activity at all cell 

lines in meta-position (5-Au: IC50 = 3.1 µM at MCF-7 cells, IC50 = 6.4 µM at MDA-MB 231 cells, IC50 

= 4.2 µM at HT-29 cells). The results of 6-Au bearing a 4-F substituent are comparably active to that 

of 7-Au (unsubstituted) and 3-Au (4-OCH3).  

Exchange of the 4-OCH3 groups by more hydrophilic 4-OH groups (3-Au → 8-Au) strongly de-

creased the cytotoxicity (8-Au: IC50 = 4.5 µM at MCF-7 cells, IC50 > 20 µM at MDA-MB 231 cells, 

IC50 = 17.0 µM at HT-29 cells).  
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Figure 3.2. Time activity curves of complexes 3-Au (above) and 6-Au (below) on MCF-7 (left), 

MDA-MB 231 (middle) and HT-29 (right) cell lines. Error bars are hidden behind the symbols in some 

cases. 
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The substituents at the nitrogen atoms seem to play a subordinate role because complexes with ei-

ther an N1-ethyl chain or a bulky N1-benzyl moiety yielded nearly identical results (compare 3-Au and 

9-Au as well as 6-Au and 10-Au, Table 3.2).  

It must be noted that the growth inhibitory effects depended on the presence of a metal center (the 

imidazoles were inactive; see e.g. 4f in Table 3.2). Interestingly, the relevance of the oxidation state 

for the growth inhibition of MCF-7 and MDA-MB 231 cells was low. At the HT-29 cell line only, the 

Au(III) complexes 12-Au and 13-Au were less active than their Au(I) congeners 3-Au and 6-Au.  

Time-dependent cytotoxicity studies were performed on the examples of 3-Au and 6-Au. The 

curves presented in Figure 3.2 indicated for 6-Au a recuperation of HT-29 cells at concentrations be-

low 2.5 µM and at MCF-7 cells below 1 µM.  

3.2.3. Antiproliferative Effects of Gold Bis(N-Heterocyclic Carbene) Complexes And Auranofin 

Derivatives 

Exchange of the Br- ligand in 3-Au and 6-Au by 2′,3′,4′,6′-tetra-O-acetyl-β-D-glucopyranosyl-1-

thiolate (→ 19-Au and 20-Au) marginally increased the growth inhibitory effects at the MDA-MB 

231 cell line (IC50= 1.44 and 1.34 µM, respectively) and in the case of 20-Au at MCF-7 cells (IC50 = 

0.81 µM), too. The effects at HT-29 cells remain unchanged. 

Interestingly, the use of triphenylphosphine ligands led to a 5-fold higher activity despite the forma-

tion of cationic species. Complexes 17-Au and 18-Au were cytotoxic at nanomolar concentrations 

more pronounced at MCF-7 (IC50 ≈ 0.21 µM) than at HT-29 (IC50 ≈ 0.40 µM) and MDA-MB 231 cells 

(IC50 ≈ 0.68 µM), independent of the substituent at the NHC. 

A further increase in activity was determined with cationic Au(I)-bis(NHC) complexes: 14-Au and 

15-Au were about 10-fold higher active than 3-Au and 6-Au (15-Au to higher extent than 14-Au). 

Complex 15-Au showed the highest activity among the new complexes with the outstanding IC50 = 

0.10 µM at MCF-7 cells. Unexpectedly, the 4-OH substituted complex 16-Au also caused strong 

growth inhibition, with selectivity for MCF-7 (IC50 = 0.30 µM) and HT-29 cells (IC50 = 0.47 µM). In 

contrast to 8-Au, which was inactive at MDA-MB 231 cell, its IC50 = 1.55 µM even surpassed that of 

cisplatin.    
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    Table 3.3. Growth inhibitory effects (IC50, [µM]) against breast and colon cell lines. 

Compounds MCF-7 MDA-MB 231 HT-29 

14-Au 0.17 ± 0.05 0.54 ± 0.11 0.43 ± 0.01 

15-Au 0.10 ± 0.02 0.34 ± 0.01 0.23 ± 0.01 

16-Au 0.30 ± 0.07 1.55 ± 0.04 0.47 ± 0.18 

17-Au 0.22 ± 0.01 0.70 ± 0.22 0.42 ± 0.04 

18-Au 0.21 ± 0.10 0.67 ± 0.11 0.37 ± 0.02 

19-Au 1.26 ± 0.09 1.44 ± 0.20 3.19 ± 0.21 

20-Au 0.81 ± 0.12 1.34 ± 0.12 3.22 ± 0.02 

21-Au 0.15 ± 0.01 0.49 ± 0.01 0.32 ± 0.01 

22-Au 0.13 ± 0.01 0.50 ± 0.10 0.33 ± 0.01 

23-Au 0.13 ± 0.01 0.56 ± 0.07 0.36 ± 0.01 

24-Au 0.15 ± 0.01 0.40 ± 0.01 0.62 ± 0.02 

25-Au 0.15 ± 0.01 0.63 ± 0.01 0.26 ± 0.03 

26-Au 0.13 ± 0.02 0.77 ± 0.09 0.30 ± 0.01 

Cisplatin 1.6 ± 0.5 7.8 ± 0.8 4.1 ± 0.3 
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Figure 3.3. Time activity curves of complexes 15-Au (above) and 18-Au (below) on MCF-7 (left), 

MDA-MB 231 (middle) and HT-29 (right) cell lines. Error bars are hidden behind the symbols in some 

cases. 
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The influence of the counter ion and the oxidation state on the in vitro antitumor effects is low. The 

IC50 of bromides (14-Au and 15-Au) is nearly the same as those of tetrafluoroborate salts (23-Au and 

24-Au). Oxidation of 14-Au and 15-Au with Br2 yielding 21-Au and 22-Au only slightly reduced the 

growth inhibitory effects in the case of 15-Au → 22-Au (see Table 3.3). 

Finally, the exchange of the bromide ligands in 21-Au and 22-Au by iodide increased the IC50 at 

MDA-MB 231 cells from about 0.50 µM to 0.63 µM (25-Au) and 0.77 µM (26-Au). The effects at 

MCF-7 and HT-29 cells remained unchanged. 

As outlined in Figure 3.4, 15-Au and 18-Au caused cytocidal effects (T/Ccorr < 0%) at 1 µM. At 

higher concentrations their curves are characterized by a fast onset of activity with maximal effects 

already after an incubation time of 48 h. In addition, Figure 3.4 showed in the case of 15-Au and 18-

Au only a marginal recuperation of the tumor cells after a prolonged exposition time. Therefore, the 

development of drug resistance is very unlikely 85. 

 

3.2.4. Antiproliferative Effects of Bis[4,5-diarylimidazol-2-ylidene]methane Derivatives 

The methanone 5 was inactive in all cell lines (IC50 > 20 µM), while its methylene analogon 6 re-

duced the growth of MCF-7 and HT-29 cells with IC50 = 10.1 and 14.1 µM, respectively. Interestingly, 

it was inactive against MDA-MB 231 cells (IC50 > 20 µM). An additional N-ethyl group increased the 

growth inhibitory potency. Although 7 represents a permanent cation it was more active than 5-FU at 

MCF-7 cells (IC50 = 2.6 µM; 5-FU: IC50 = 4.7 µM) and comparable active at HT-29 cells (IC50 = 7.1 

µM; 5-FU: IC50 = 7.3 µM). Again, no influence was observed on MDA-MB 231 cells (IC50 > 20 µM).  

Table 3.4. Growth inhibitory effects (IC50, [µM]) against breast and colon cells after 72 h incubation. 

Compounds MCF-7 MDA-MB 231 HT-29 

5   > 20 > 20 > 20 

     6 10.1 ± 1.2 > 20 14.1 ± 4.1 

     7   2.6 ± 0.2 > 20 7.1 ± 0.4 

     8   9.7 ± 0.4 11.2 ± 2.2 8.1 ± 0.6 

     9   5.5 ± 0.4 10.8 ± 1.0 15.5 ± 0.1 

5-FU   4.7 ± 0.4 9.6 ± 0.3 7.3 ± 1.0 
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Figure 3.4. Time activity curves of 7 on MCF-7 (left) cell line and 9 on MDA-MB 231 (middle) and 

HT-29 (right) cell lines. Error bars are hidden behind the symbols in some cases.  

Effects at MDA-MB 231 cells could be observed after ether cleavage resulting in compounds 8 and 

9 (IC50 = 10.2 and 10.8 µM, respectively). At the other cell lines 6 was half as active as its methoxy 

derivative 7 (IC50 = 5.5 and 2.6 µM at MCF-7 cells; IC50 = 15.5 and 7.1 µM at HT-29 cells) while 5 (4-

OH) and 6 (4-OCH3) were equipotent at MCF-7 cells (IC50 = 9.7 and 10.1 µM). At HT-29 cells, 5 

(IC50 = 8.1 µM) was more active than 6 (IC50 = 14.1 µM). 

The time activity curves (Figure 3.4) of 7 and 9 showed marginal recuperation after a prolonged ex-

position to the drugs, which could be an indication of development of drug resistance 85.  

3.3. Reaction with Glutathione. 

In the used assay, the positive control Me2SAuCl (33% 20 min; 56% 60 min) reduced TNB forma-

tion under the chosen conditions (Figure 3.5) while auranofin (194% 20 min; 212% 60 min) strongly 

increased the TNB release during the reaction. A DMSO control was set as 100%. 

Interestingly, the complexes determined on the examples of 3-Au (82%, 20 min; 91%, 60 min) and 

6-Au (85%, 20 min; 90%, 60 min) did not significantly influence the reaction and can thus be consid-

ered as sufficiently stable against thiols under biologically relevant conditions.  

Similar to 3-Au (91%) and 6-Au (90%), the selected gold complexes 15-Au (111%), 18-Au 

(117.5%), 20-Au (114.5%), and 24-Au (112.0%) did not significantly induce the oxidation of GSH 

after 60 min of incubation (Figure 3.6), too.  
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Figure 3.5. Interaction of gold complexes (166.7 µM) with glutathione and dithiobis nitrobenzoic acid  

(DTNB). Percentage building of 2-nitro-5-thionitrobenzoic acid (TNB) after 20 and 60 min of incuba-

tion. 

 

 

Figure 3.6. Interaction of gold complexes with glutathione and DTNB. Percentage building of TNB 

after 60 min of incubation. 
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4. Discussion  

Cytotoxicity results against mammary (MCF-7 and MDA-MB 231) as well as colon (HT-29) carci-

noma cells indicated that the substituents at the 4,5-standing phenyl rings of the silver complexes de-

termined the activity. The 4-OH substituted complex 5-Ag was less active than the fluoro- and meth-

oxy-substituted complexes 1-Ag to 4-Ag, 6-Ag. The most active complex bromo[1,3-diethyl-4,5- 

bis(4-fluorophenyl)imidazol-2-ylidene]silver(I) (3-Ag) was slightly less active against MCF-7 cells, 

more active against MDA-MB 231 cells and comparable active as cisplatin against HT-29 cells.   

It is well accepted that the DNA represents the major target of antitumor active metal complexes 2, 65, 

so we studied the interaction of 3-Ag with calf thymus (CT) DNA by using circular dichroism (CD) 

spectroscopy 86. However, the missing changes of absorbance excluded DNA binding as the mode of 

action.  

Because the NHC ligands described here are derivatives of 2,4,5-triarylimidazoles, they were not 

only COX-inhibitors which inactivate the COX enzymes dependent on the substituents in the aromatic 

rings, but also ligands of the ER 87-89. It makes sense to take both targets into consideration as well. 

Among the complexes only 6-Ag induced a low luciferase expression which is an indication of only 

slight receptor binding. Therefore, an ER-mediated cytotoxicity could be excluded. In addition, the 

most promising complex 3-Ag caused no COX inhibition, so it is very unlikely that COX enzymes are 

involved in the inhibition of the tumor cell growth.   

Besides, a number of Ag-NHC complexes possessed good antibacterial activities3 which induced us 

to evaluate the effectiveness of 3-Ag and 6-Ag as antibacterial agents in vitro through a modified agar 

diffusion test 90. Interestingly, 3-Ag and 6-Ag possessed antimicrobial properties at a level comparable 

to AgNO3 against Ervinia amylovora Ea 273, E. coli DH5α, Bacillus subtilis 168 and Bacillus 

megaterium cell lines. Further testing of 3-Ag against other organisms (Erwinia carotovora, Pseudo-

monas aeruginosa and Bacillus cereus ATCC 14579) also indicated positive results in comparison 

with the negative control.  

The novel Au-NHC complexes (1-Au to 13-Au) caused growth inhibitory effects against tumor cell 

lines. There are at least six Au-NHC complexes (1-Au to 4-Au, 6-Au, and 7-Au) among thirteen 

complexes which were more active than cisplatin and Et3PAuCl and as active as auranofin against the 

used mammary and colon carcinoma cell lines. Especially, the most active complex bromo[1,3-

diethyl-4,5-bis(2-fluorophenyl)-1,3-dihydro-2H-imidazol-2-ylidene]gold(I) 4-Au (IC50 = 0.8 µM, 
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MCF-7; IC50 = 1.7 µM, MDA-MB 231; IC50 = 3.3 µM, HT-29) exhibited distinctly higher antiprolif-

erative potency than cisplatin (IC50 = 1.6 µM, MCF-7; IC50 = 7.8 µM, MDA-MB 231; IC50 = 4.1 µM, 

HT-29).  

High growth inhibitory effects depended on the presence of the C4,C5-standing aromatic rings. 

Methoxy groups and fluorine substituents only marginally changed the cytotoxicity against the used 

cell lines, while 4-hydroxy groups nearly terminated the activity. The substituents at the nitrogens and 

the oxidation state of the metal played a subordinate role. In addition, the growth inhibitory effects of 

the complexes depended on the presence of a metal center (the imidazoles were inactive; see e.g. 4f). 

Furthermore, these novel gold complexes (IC50 = 0.8-3.1 µM, MCF-7; IC50 = 1.7-6.9 µM, MDA-MB 

231; IC50 = 2.3-7.5 µM, HT-29) were distinctly more active than the silver complexes 1-Ag to 6-Ag 

(IC50 = 3.4-9.2 µM, MCF-7; IC50 = 3.4-12.8 µM, MDA-MB 231; IC50 = 4.4-16.2 µM, HT-29) and the 

reported benzimidazol-2-ylidene Au(I) complexes (IC50 = 4.6-10.3 µM, MCF-7; IC50 = 6.4-13.3 µM, 

HT-29) tested under comparable conditions 37.  

Next, exchange of the Br- ligand in bromo[1,3-diethyl-4,5-diarylimidazol-2-ylidene]gold(I) com-

plexes by 2′,3′,4′,6′-tetra-O-acetyl-β-D-glucopyranosyl-1-thiolate (→ 19-Au and 20-Au) almost did 

not increased the growth inhibitory effects against the tumor cells while the use of triphenylphosphine 

ligand (17-Au and 18-Au) led to a 5-fold higher activity despite the building of cationic species. A 

further increase in activity was determined with cationic Au(I)-bis(NHC) complexes. Interestingly, the 

cytotoxic effect of 14-Au and 15-Au was up to 10-fold higher than that of cisplatin. Compared to 3-

Au and 6-Au the growth inhibitory effects also strongly increased. The anion variation (23-Au and 24-

Au) and the oxidation state (Au(III)-bis(NHC) 21-Au, 22-Au, 25-Au and 26-Au) of the metal for Au-

bis(NHC) complexes played a subordinate role.  

Importantly, complex 15-Au showed the highest cytotoxicity (IC50 = 0.10 µM) against MCF-7 cells. 

To the best of our knowledge, this is the lowest IC50 of gold complexes tested under comparable condi-

tions, indicating its high potential as an antitumor agent. 

All these results indicated that the attempt to increase the antitumor potency of Au-NHC complexes 

was successful if the bromide ligand was exchanged by PPh3 or a further NHC ligand. The resulting 

complexes were more active than cisplatin with an IC50 in the low nanomolar range. In this SAR study 

we could demonstrated that gold complexes bearing two 1,3-diethyl-4,5-diarylimidazol-2-ylidene 

ligands represented effective cytostatics with growth inhibitory effects at MCF-7, MDA-MB 231 and 
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HT-29 cells up to 10-fold higher than cisplatin. 

Further cytotoxic data clearly demonstrated that the exchange of the gold center by a methylene 

group decreased the growth inhibitory effects. The cationic complexes 14-Au and 16-Au were about 

10 to 20-fold higher cytotoxic than the methylene derivatives 7 and 9. However, unlike its high anti-

tumor activity, 14-Au was less active than compound 7 against Ervinia amylovora Ea 273, Es-

cherichia coli DH5α, Bacillus subtilis 168 and Bacillus megaterium cell lines in vitro through a modi-

fied agar diffusion test.  

Thiols such as the tripeptide glutathione played an important role for inactivation of cisplatin and 

many other metal-based drugs. Auranofin biologically processed in the same way and metabolized in 

ligand exchange processes. This “thiol-based” metabolism of Au(I) complexes hampered so far the 

development of novel drug candidates out of this class 22, 37. Therefore, we studied the interaction of 

our complexes with glutathione under physiological conditions. In the assay, auranofin strongly in-

creased the TNB release during the reaction while the selective complexes 3-Au, 6-Au, 15-Au, 18-Au, 

20-Au, and 24-Au did not significantly influence the reaction and can thus be considered as suffi-

ciently stable against thiols under biologically relevant conditions. Accordingly, the choice of NHC 

ligands probably provided an useful strategy for the design of Au(I) drugs with enhanced biological 

stability. 

Because the cytotoxic effects of metal complexes in cell culture experiments were strongly influ-

enced by cellular uptake and accumulation, the intracellular drug level in MCF-7 and HT-29 cells was 

studied on the example of gold complexes (3-Au, 6-Au, 15-Au, 18-Au, 20-Au, and 24-Au). 

The cellular molar concentrations of Au-NHC complexes 3-Au and 6-Au were higher in MCF-7 

cells than in HT-29 cells. The uptake in HT-29 cells of both complexes corresponded with that of the 

references cisplatin and Et3PAuCl, while it strongly differed in MCF-7 cells: 6-Au ≈ cisplatin < 3-Au 

< Et3PAuCl.  

For the complexes  15-Au, 18-Au, 20-Au, and 24-Au, with exception of complex 24-Au, for which 

a 60% reduced intracellular gold content was measured, all complexes hold their Au level in MCF-7 

cells over an incubation time of 24 h. In HT-29 cells even a higher metal concentration was measured.  

In addition, the accumulation depended on the complex structure. Each modification on 6-Au in-

creased the intracellular gold content. The highest drug level was determined for the Au(I)-bis(NHC) 

complexes 15-Au and 24-Au (50- to 60-fold compared to the extracellular concentration of 10 µM). 
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The cellular uptake values for complexes are in accordance with their growth inhibitory potency. In 

vitro cytotoxicity assays showed that 15-Au, 18-Au, and 24-Au were more active than 6-Au, 20-Au, 

and Et3PAuCl at both cell lines, respectively. In addition, it should be noted that comparable cytotox-

icity for 15-Au, 18-Au, and 24-Au in both cell lines were obtained. 

Prompted by the favorable results of the cellular uptake results, we investigated whether the cyto-

toxic effects of gold complexes might be a consequence of a metal accumulation in the nucleus, which 

was already confirmed by Ott et al.
25 for the [N-(N′,N′-dimethylaminoethyl)-1,8-naphthalimide-4-

sulfide](triethylphosphine)gold(I) complex. Therefore, the nuclei of MCF-7 and HT-29 cells treated 

with 3-Au, 6-Au, 15-Au, 18-Au, 20-Au, 24-Au or Et3PAuCl was isolated by a short sucrose gradient 

and investigated for their gold content using ETAAS.  

Similar to the cellular uptake, the nuclear gold content of the Au-NHC complexes 3-Au and 6-Au 

was higher in MCF-7 than in HT-29 cells. However, the uptake results of the complexes did not corre-

late with their growth inhibitory potencies. Therefore, we generally investigated the DNA binding 

properties using salmon testes DNA. In this test, 3-Au and 6-Au showed a moderate binding to DNA 

after 4 h, not as high as cisplatin but higher than Et3PAuCl. On the basis of these results, it is not very 

likely that DNA interaction caused the cytotoxic effects of the Au-NHC complexes. 

Compared with Au-NHC complex 6-Au caused a gold content in the nuclei of MCF-7 which was a 

half of that obtained with Et3PAuCl, the metallation of the nuclei was more efficient with the Au(I)-

bis(NHC) complexes 15-Au and 24-Au and the auranofin derivatives 18-Au and 20-Au. Another 

situation was found in HT-29 cells. The cationic complexes 15-Au, 18-Au and 24-Au were about 20-

fold higher accumulation grade in the nuclei compared to the parent compound 6-Au. 

In conclusion, the accumulation studies point to an active transport of the charged complexes 

through the cell membrane or by a passive transport as stable ionic pairs. In the nuclei the cationic 

complexes can bind electrostatically at the negative charged phosphate backbone of the DNA and can 

participate on the damage of the cells. The exact DNA binding mode is still unclear but will be inves-

tigated in detail in a forthcoming study. Nevertheless at this stage of the study it could be demon-

strated that the NHC ligands are suitable to direct the complexes in high amounts to the nuclei. 

Based on the history of the drug design, the complexes are derivatives of auranofin a competent 

TrxR inhibitor 22, 23 and the NHC are derivatives of synthetic hormones (ER binder) and COX inhibi-

tors 76, 87, 88, these targets must be considered as targets of the novel complexes, too.  
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The TrxR inhibition is a well accepted principle to reduce tumor cell growth.17,26,33-41,43 Auranofin 

and related gold complexes demonstrated high affinity for TrxR leading to inactivation due to the 

formation of a covalent bond to the Se-center of the enzyme. 

The Au-NHC complexes (1-Au to 13-Au) caused TrxR inhibition with an IC50 in the range of 0.374 

to 1.505 µM. As expected, the inhibitory effect depended on the presence of a gold center; the selected 

ligand was completely inactive.  

They are comparable active as previously reported benzimidazol-2-ylidene gold complexes (IC50 = 

0.39 to 4.0 µM) 37, naphthalimide Au(I) phosphine complex (IC50 = 0.27 µM) 25, and Au(I) complexes 

containing imidazole and thiazole-based diphos type ligands (IC50: 0.12 to 1.22 µM) 91 tested under 

comparable conditions. The inhibition of the enzyme TrxR was already confirmed as one of major 

targets for these reported Au complexes. 

Besides, the IC50 of these complexes was much lower than the values from other similar Au-NHC 

complexes [e.g. gold complexes bearing amino linked NHC from Li’s group (“did not inhibit human 

TrxR at 0.5-4 µM”) 19 and cationic Au(I)-bis(NHC) complexes from Berners-Price’s group (“TrxR 

activity was inhibited by ∼50% with 5 µM”) 32].  

Based on these reasons, we concluded that TrxR might be one of major targets of the Au-NHC 

complexes. However, a clear SAR is not given by the data and a correlation with the growth inhibition 

was missing. In addition, they were less active than Et3PAuCl and auranofin. These results induced us 

to investigate further targets of the Au-NHC complexes besides the TrxR interaction. 

For the Au-bis(NHC) complexes and auranofin derivatives, the structure of the complexes clearly 

determines the TrxR inhibitory effects. While the bivalent Au-bis(NHC) complexes 14-Au to 16-Au 

and 21-Au to 26-Au were nearly inactive against TrxR, the Ph3P and glucopyranosylthiolate deriva-

tives 17-Au to 20-Au caused a 50% inhibition of the enzyme at about half of the concentration used 

for 3-Au and 6-Au. Compared to Et3PAuCl and auranofin, however, all complexes were less active 

and a correlation between the inhibition of TrxR and cytotoxicity did not exist. So we could exclude 

TrxR as targets for the Au-bis(NHC) complexes and auranofin derivatives. 

As the NHC ligands described here are derivatives of 2,4,5-triarylimidazoles designed as ER 

ligands 76, 87, 88, we investigated if the ER is involved in the mode of action in hormone-dependent 

MCF-7 cells. Unfortunately, all complexes did not induce agonistic or antagonistic properties. There-

fore, an ER-mediated cytotoxicity can be excluded. 
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A further possible target of triarylimidazole derivatives are the COX enzymes (COX-1/2). Both sub-

types are not only the targets for the design of anti-inflammatory drugs but also in cancer chemother-

apy 92. Recently, it was verified that auranofin inhibited the formation of eicosanoids related to the 

activity of COX-1 and 12-LOX in human platelets 21. Interestingly, our results showed that 6-Au pos-

sessed very promising COX inhibitory properties with COX-1 selectivity at 10 µM. Unlike complex 6-

Au, the Au(I)-bis(NHC) complex 15-Au was inactive at COX-1 and COX-2, so it was decided to re-

nounce on further experiments at that moment. Nevertheless it is worthy to note that 6-Au is an effec-

tive COX-1 inhibitor which makes this class of complexes to an interesting subject of a further SAR 

study.  
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5. Conclusions and Outlook 

Silver and gold N-Heterocyclic carbene complexes derived from 4,5-diarylimidazole were synthe-

sized and fully characterized. 

Pharmacological investigations revealed that all silver complexes possessed growth inhibitory ef-

fects against mammary (MCF-7 and MDA-MB 231) as well as colon carcinoma (HT-29) cells. Pre-

liminary in vitro studies showed that 3-Ag and 6-Ag exhibited good antibacterial activities. However, 

they were only marginally active at the DNA, ER and the COX enzymes, so these targets can be ex-

cluded to be involved in the mode of action. Despite the mode of action of Ag-NHC complexes re-

mains unclear, these findings indicated that this type of Ag-NHC complexes may be useful in antican-

cer and antibacterial chemotherapy. 

NHC-Au-halide(s) caused growth inhibitory effects dependent on the substituents at the aromatic 

rings against MCF-7 and MDA-MB 231 breast as well as HT-29 colon cancer cell lines. The influence 

of N-substituents and the oxidation state of the metal (Au(I) or Au(III)) was relatively low. All com-

plexes inhibited the TrxR, which led to the conclusion that this enzyme might be the main target of 

these complexes. The missing SAR and the missing correlation with cytotoxic properties indicated the 

involvement of further targets. Based on the investigations on cellular and nuclear uptake, as well as 

the binding to the ER, DNA binding and interference in the hormonal system could be excluded. The 

selective inhibition of the COX-1 enzyme by complex 6-Au opens a new perspective for use Au-NHC  

complexes in medicinal chemistry.   

In addition, we could demonstrate that gold complexes bearing two 1,3-diethyl-4,5-diarylimidazol-

2-ylidene ligands represent effective cytostatics with growth inhibitory effects against MCF-7, MDA-

MB 231 and HT-29 cells up to 10-fold higher than cisplatin. Oxidation from Au(I) to Au(III) or varia-

tion of the anionic counter ion of the cationic Au(I)-bis(NHC) complexes did not change their cell 

growth inhibitory capacities. They were effectively accumulated in the tumor cells and located in high 

amounts in the nuclei. Preliminary studies on the mode of action indicated that TrxR, the ER and the 

COX enzymes (COX-1/2) could be excluded as targets for the cationic complexes.  

Finally, the lower influence of bis[1,3-diethyl-4,5-diarylimidazol-2-ylidene]methane compounds 

compared with the related gold complexes documented that the gold core seems to be responsible for 

the high cytotoxic activity of cationic bis[1,3-diethyl-4,5-diarylimidazol-2-ylidene]gold(I) complexes. 

Antibacterial tests showed that compound 7 exhibited higher activity than AgNO3 and the gold com-
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plex 14-Au.  

Overall, this work provided a great number of Ag-NHC and Au-NHC complexes, potentially active 

as antitumor agents. All these results might guide future development of improved metal-based drugs 

especially gold complexes for the treatment of human diseases including cancer. 

The mode of action of the gold complexes is still unclear. Direct DNA damage, modification of the 

cell cycle, mitochondrial damage involving TrxR inhibition, proteasome inhibition, modulation of 

specific kinases, and other cellular processes, which eventually trigger apoptosis must be taken into 

account. After these initial studies with TrxR, the ER and the COX enzymes which must also be con-

sidered as targets based on our drug design, further studies on the mode of action of the gold com-

plexes with expanded biochemical assays are necessary. 
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 Summary 

This thesis presented the synthesis characterization, biological studies of silver and gold N-

heterocyclic carbene (NHC) complexes derived from 4,5-diarylimidazoles.  

Six Ag-NHC complexes were synthesized and characterized. Further antiproliferative studies 

showed that they possessed growth inhibitory effects against mammary (MCF-7 and MDA-MB 231) 

as well as colon (HT-29) carcinoma cells. They were only marginally active at the DNA, ER and the 

COX enzymes. So these targets can be excluded to be involved in the mode of action. However, the 

growth of bacteria was significantly inhibited by the selected complexes and opens a new application 

of this complex type. 

In addition, the neutral Au-NHC complexes were synthesized, characterized, and analyzed for bio-

logical effects. High growth inhibitory effects of Au-NHC complexes depended on the presence of the 

C4,C5-standing aromatic rings. The substituents at the nitrogen atoms and the oxidation state of the 

metal play a subordinate role. All complexes caused TrxR inhibition distinctly lower than auranofin 

excluding this enzyme as main target. Because of the low nuclear content, a participation of DNA-

interaction on the mode of action is very unlikely. The missing ER-binding and the missing correlation 

of growth inhibition and inactivation of COX enzymes excluded these targets, too.  

Furthermore, Au-bis(NHC) complexes as well as auranofin analogues were synthesized, character-

ized, and analyzed for biological effects. Compared to Au-NHC complexes, the growth inhibitory 

effects of Au-bis(NHC) complexes against breast cancer as well as against colon cancer cells strongly 

increased. This effect, which is more than 10-fold higher than that of cisplatin, is independent of the 

oxidation state and the anionic counter ion. Besides, the gold core seems to be responsible for the high 

cytotoxic activity of cationic Au-bis(NHC) complexes, thus, the exchange of the gold center by a me-

thylene group decreased the growth inhibitory effects. Further investigations with selected complexes 

demonstrated a rapid and high accumulation grade in the tumor cells (50- to 60-fold compared to the 

extracellular concentration of 10 µM) within the first 6 h, which kept constant for 24 h.  
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Zusammenfassung 

Diese Arbeit beschreibt die Synthese, Charakterisierung und biologische Untersuchungen von N-

heterocyclischen Carbenkomplexen (NHC), die von 4,5-Diarylimidazolen abgeleitet wurden. 

   Sechs synthetisierte Silber-NHC Komplexe besaßen wachstumshemmende Wirkung an Brust- 

(MCF-7 and MDA-MB 231) sowie Colonkarzinom- (HT-29) Zellen. Nachdem sie sich nur als 

geringfügig aktiv an DNA, ER und an COX-Enzymen erwiesen, wurden die Inhibierung dieser 

Biomoleküle als Wirkungsmechanismus ausgeschlossen. Interessanterweise hemmen sie das 

Wachstum verschiedener Bakterienstämme und eröffnet eine neue Anwendung dieser Komplexe.  

Darüber hinaus wurden auch neutrale Au-NHC Komplexe synthetisiert, charakterisiert und auf 

biologische Effekte untersucht. Die wachstumshemmende Wirkung hängt von der Anwesenheit der 

C4,C5-ständigen aromatischen Ringe ab. Die Substituenten an den Stickstoffatomen und die 

Oxidationsstufe des Metalls spielen eine untergeordnete Rolle. Alle Komplexe verursachen an TrxR 

eine deutlich schwächere Hemmung als Auranofin, was nicht mit der zytotoxischen Wirkung 

korreliert. Aufgrund der geringen Goldmenge in den Zellkernen ist eine Beteiligung von DNA-

Interaktion an der Wirkung sehr unwahrscheinlich. Nachdem keine ER-Bindung gefunden wurde und 

eine Korrelation zwischen Wachstumshemmung und Inaktivierung von COX Enzyme nicht gegeben 

ist, schließen wir diese Ziele auch aus. 

Zudem wurden einige Au-bis(NHC) Komplexe sowie Auranofin-Analoga synthetisiert und getestet. 

Die Zytotoxizität von Au-bis(NHC) Komplexen ist im Vergleich zu Au-NHC Komplexen stark erhöht 

und mehr als 10-fach höher als die von Cisplatin. Oxidationsstufe und das Gegenion haben keinen 

Einfluss. Dagegen verringert der Austausch des Gold-Zentrum durch eine Methylengruppe die 

wachstumshemmenden Effekte, was die Notwendigkeit des Zentralatoms für die hohe zytotoxische 

Aktivität von kationischen Au-bis(NHC) Komplexen dokumentiert. Weitere Untersuchungen mit 

ausgewählten Komplexen zeigten eine schnelle und hohe Aufnahme in die Tumorzellen (50- bis 60-

fache in Vergleich zur extrazellulären Konzentration von 10 µM) innerhalb der ersten 6 Stunden. 

Diese Konzentration blieb konstant für 24 Stunden. Wie bei Au-NHC konnte die Beteiligung von 

TrxR, den ER-Rezeptoren sowie von COX Enzymen als mögliche pharmakologische Ziele 

ausgeschlossen werden. 
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