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Zusammenfassung 

 

Organogoldverbindungen bieten eine differenziertere Alternative zu traditionell 

angewandten Pt(II) Chemotherapeutika, wobei cyclometallierte Au(III) Komplexe von 

besonderem Interesse sind, da sie nicht nur die Stabilisierung des ansonsten leicht 

reduzierten Au(III) Kerns ermöglichen, sondern auch die Einführung funktioneller 

Gruppen. 

In der vorliegenden Arbeit wurden cyclometallierte Au(III) Komplexe unter 

Verwendung eines C^N^C (= 2,6-diphenylpyridin),  C^N(R)^C (= 2,4,6-triaryl-pyridin) 

oder eines C^N (= 2-benzylpyridin) Gerüsts synthetisiert. Alle Au(III)[C^N^C] und 

Au(III)[C^N(R)^C] Komplexe wurden durch Transmetallierung ihrer zuvor 

synthetisierten jeweiligen Hg(II) Vorstufe erhalten. 

Der Einfluss des adhäsiv gebundenen Liganden L auf das Au(III) C^N^C System 

wurde durch Ersetzen des Chloridoliganden des ursprünglichen Komplexes 

[Au(C^N^C)Cl]  mit einer PTA (1,3,5-triaza-7-Phosphaadamantan) bzw. einer GluSH  

(thio-β-D-Glucosetetraacetat) Gruppe untersucht. Alle Komplexe bewiesen gute 

zytotoxische Aktivität gegen Eierstockkrebszellen. Erste mechanistische Studien 

zeigen, dass die Komplexe potente Inhibitoren des Selenoenzyms Thioredoxin-

Reduktase sind. Das Thioglucose Derivat induziert zudem Veränderungen des 

gesamten intrazellulären Redoxzustands, was auf zusätzliche Wechselwirkungen mit 

thiolhaltigen Biomolekülen hindeutet. 

Innerhalb des Au(III) C^N(R)^C Systems wurde der Einfluss des para-Substituenten 

R der 6-Phenyl-Position untersucht (R = OH, F, Br, NO2). Für das Ligandensystem 

allein wurde die höchste zytotoxische Aktivität gegen A549 und SKOV-3-Krebszellen 

für R= OH gefunden, während R = NO2 gar keine zytotoxische Aktivität aufwies. Die 

erhaltenen Goldkomplexe wiesen Löslichkeitsprobleme im Zellkultur Milieu auf. 

Schlussendlich wurde ein Ligand auf Cumarin-Basis an einen Au (III) C^N Komplex 

gekoppelt und auf seine photochemischen Eigenschaften untersucht. Obwohl die 

erhaltenen Quantenausbeuten sehr niedrig waren, besitzt dieser charakteristische 

UV-Vis Merkmale und wird für weitere biologische Tests empfohlen. 
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Abstract 

 

Organogold compounds display a more sophisticated alternative to traditional 

applied Pt(II) chemotherapeutics with cyclometalated Au(III) complexes being of 

special interest, since they not only allow for the stabilization of the otherwise easily 

reduced Au(III) centre, but also for the introduction of functional groups. 

In this work, cyclometalated Au(III) complexes were synthesized, utilizing a C^N^C 

(= 2,6-diphenylpyridine), a C^N(R)^C (= 2,4,6-triaryl-pyridine) or a C^N(= 2-

benzylpyridine) scaffold. All Au(III)[C^N^C] and Au(III)[C^N(R)^C] complexes were 

obtained via transmetalation of their previously synthesized respective Hg(II) 

precursor. 

The influence of the ancillary ligand L was investigated for the Au(III) C^N^C system 

by replacing the chlorido ligand of the original [Au(C^N^C)Cl] complex with a PTA 

(1,3,5-triaza-7-phosphaadamantane) and a GluSH (thio-β-D-glucose tetraacetate) 

moiety, respectively. All complexes showed good cytotoxic activity against ovarian 

cancer cells. Initial mechanistic studies demonstrate that the compounds are potent 

inhibitor of the seleno-enzyme thioredoxin reductase. The thioglucose derivative 

also induces alterations of the overall intracellular redox state, which may be due to 

additional interactions with thiol-containing biomolecules. 

Within the Au(III) C^N(R)^C system, the influence of the para substituent R of the 6-

phenyl position was investigated (R = OH, F, Br, NO2). For the sole ligand system the 

highest cytotoxic activity against A549 and SKOV-3 cancer cells was found for R= 

OH, whereas R = NO2 did not display any cytotoxic activity at all. The obtained gold 

complexes displayed solubility issues within the cell culture medium.  

Finally, a coumarin based ligand was coupled to an Au(III)C^N complex and 

investigated for its photochemical properties. Although the displayed quantum 

yields were very low, characteristic UV-Vis features were displayed and the complex 

recommended for further biological testing.  
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I Introduction and motivation 

 

1.1 Cancer - background and statistics 

 

Cancer is a broad term describing the abnormal growth of cells to malignant tumors, 

possibly leading to metastasis. This uncontrolled proliferation of cells can 

theoretically occur in any tissue of the body. Therefore cancer cannot be regarded 

as a single disease, since the term describes more than 100 different and distinctive 

diseases.          

 According to the World Cancer Report 2014 of the World Health Organisation 

(WHO), 8.2 million cancer related deaths were reported in 2012[1], making cancer one 

of the leading causes of morbidity and mortality worldwide. The number of new 

reported cases increased with 14.1 million significantly in comparison to 12.4 million 

in 2008 and is expected to rise up to 22 million by 2022[1]. Major risk factors for 

cancer are obesity, ionizing and non-ionizing radiation (e.g. ultraviolet radiation), 

virus infections (e.g. HPV, hepatitis B and C), malnutrition, lack of physical activity 

and misuse of alcohol and tobacco. Only 5-10 % of cancer cases can thereby be 

related to a genetic predisposition[2]. Tobacco use is the leading risk factor, causing 

approximately 20% of all cancer deaths and 70% of lung cancer deaths globally[3]. 

Factors that lead to cancer are called carcinogens, causing changes in the DNA 

(deoxyribonucleic acid) sequence and are therefore also mutagens. UV radiation for 

example can cause up to 105 DNA lesions per cell/day[4]. Various repair mechanisms 

involving different proteins are utilized, collectively forming the DNA damage 

response (DDR). However, if DNA breaks are left unrepaired or get mismatched, 

these breaks can induce mutations from normal cells to malignant neoplasms 

(oncogenesis). Figure 1 illustrates possible DNA damages and the respective 

proteins involved in their repair, such as the zinc finger (ZF) enzyme poly(-adenosine 

diphosphate (ADP)-ribose) polymerase 1 (PARP-1) in the base excision repair (BER) 

[5].  
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Figure 1. DNA mutations and their respective repair mechanisms. Reprinted with permission 

from Nature Publishing Group: Nature 2012, 481, 287-294[5]. 

 

Double strand breaks (DSB) in the DNA for example are repaired by homologous 

recombination or non-homologous end joining (NHEJ). Homologous recombination 

is a process that occurs mainly in the S and G2 phases of the cell cycle, in which 

DNA around the DSB is partly removed (resection) and a homologous sister 

chromatid DNA template is used for synthesizing new nucleobases at the DSB site. 

Non-homologous end joining (NHEJ) is the alternative repair mechanism within the 

cell cycle, in which a DBS is directly repaired by simply ligating the lesioned ends 

together. These processes, especially the mechanistically less elaborate NHEJ, can 

easily lead to mismatches and have been demonstrated to be the main mutagen 

reason for breast, ovarian and pancreatic cancer[6].     

 The frequency of a particular cancer is thereby gender dependent. Figure 2 

gives an overview of the age-standardized cancer incidence and mortality rates 

(ASR) per 100.000 worldwide. 
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Figure 2. Cancer ASR per 100.000 worldwide. Reprinted with permission from 

©International Agency for Research on Cancer Publications: World Cancer report 2014[1]. 

 

Among men, the most common sites of cancer diagnosed in 2012 globally were 

lung, prostate, colorectum, stomach, and liver cancer. Among women the most 

common sites of cancer diagnosed were breast, colorectum, lung, cervix, and 

stomach cancer[1].          

  It can be seen that the cancer frequency does not equate the cancer 

mortality. Whereas breast cancer is the leading cancer incidence for women and 

prostate cancer the number two cancer incidence for men, these cancer types have 

a comparably low mortality rate, since they are often operable[7]. Opposite to that is 

lung cancer as one of the most aggressive human cancer types, with the incidence 

rate close to the mortality rate for both genders and a 5-year overall survival chance 

of only 10–15%[8].          

 The three major approaches for the treatment of cancer are surgery, radiation 

and chemotherapy (or combination treatment of two or all three). Chemotherapy is 

thereby the treatment of diseases with chemical drugs and was pioneered by Paul 

Ehrlich who synthesized the first chemotherapeutic agent “Salvarsan” (an 

organoarsenic compound) to treat syphilis.        
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The first chemotherapeutic drug with anticancer properties was discovered 

accidentally by Rosenberg and co-workers in 1965. The observable cytostatic effect 

of cis-diamminedichloridoplatinum(II) (cisplatin, 1.1a) on E. coli paved the way for 

the application of platinum based drugs in cancer therapy[9]. Since the clinical 

approval of cisplatin in the USA in 1978 (and one year later in several European 

countries), another 25 cisplatin analogues have been approved for clinical trials. 

However, only carboplatin (1.1b) and oxaliplatin (1.1c) display pharmacological 

advantages compared to cisplatin and have been marketed worldwide since their 

discovery. The established mechanism of action for this family of chemotherapeutic 

agents involves their binding to nucleic acids after exchange of the chloride ligands 

with water molecules (or OH- ligands), followed by direct coordination to DNA 

nucleobases. This reactivity with DNA leads to a stop of the transcription and 

translation of the cell DNA which results in cell death by apoptosis. Three other Pt(II) 

drugs have been additionally approved for single markets, namely nedaplatin in 

Japan, lobaplatin in China and heptaplatin in Korea[10]. Despite their clinical success, 

traditional Pt(II) based drugs for cancer therapy present major drawbacks, such as 

resistance, limited spectrum of action and severe side effects in patients, in part due 

to their non-selective binding to other intracellular components[11]. Thus, research 

has been focused on developing new inorganic drugs to circumvent these limitations 

and enable a more sophisticated, targeted approach towards cancer cells.  

In this context, gold complexes have been present in therapy for quite a while 

now, however their exploration as anticancer agents is more recent and has strongly 

increased throughout the last decade[12]. In fact, gold(I) and gold(III) complexes are 

an emerging class of metal complexes with potential antitumor properties alternative 

to cisplatin. This is mainly due to their outstanding cytotoxic properties exhibited 

through different antitumor mechanisms, specifically the selective inhibition of target 

proteins and enzymes.          

 As an example, auranofin (1.1d) (Ridaura®) is a relatively simple Au(I) thiolate 

complex which is presently used in clinics to treat severe rheumatoid arthritis[13]. 

Initially approved as an antirheumatic agent in 1982 for worldwide clinical use, it 

recently passed phase II of clinical trials for the treatment of chromatic lymphocytic 

leukemia (CLL), Small Lymphocytic Lymphoma (SLL) and Prolymphocytic 
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Lymphoma (PLL)[12b]. Early studies on the anticancer activity of auranofin revealed 

activity levels similar to cisplatin in vitro, which subsequently led to a large number 

of Au(I) complexes being evaluated for their antiproliferative activity[12b]. 

 

 

 

Figure 3. Prominent anticancer Pt(II) complexes and experimental cytotoxic Au(I) and Au(III) 

complexes. 

 

Following the clinical success of auranofin, other Au(I) complexes featuring auxiliary 

phosphine ligands were synthesized by Berners-Price et al.[14], such as the bis[1,2-

bis(diphenylphosphino)ethane]Au(I) chloride ([Au(dppe)2]Cl) with chelating 

diphosphine ligands (1.1e). Notably, 1.1e is more stable with respect to ligand 

exchange reactions than the linear complexes and less reactive towards thiols. 

[Au(dppe)2]Cl has shown reproducible and significant in vivo antitumor activity in a 

range of murine models. However, due to severe hepatoxicity of the compound, the 

studies were not continued[15].  

The modes of action of cytotoxic gold(I) compounds are still a matter of intense 
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debate. However, there is now quite a wide consensus on the concept that their 

behaviour diverges profoundly from that of cisplatin and analogues, mainly 

grounded on a documented poor reactivity with double-helix DNA. On the other 

hand, there is good evidence that they often produce severe mitochondrial 

damage[12a]. In this context, among the most studied and recognized targets for gold 

compounds, the seleno-enzyme thioredoxin reductase (TrxR) has been widely 

investigated[16]. Human TrxR contains a cysteine-selenocysteine redox pair at the C-

terminal active site and the solvent-accessible selenolate group constitutes a likely 

target for soft metal ions such as gold.  

A broad number of Au(III) complex families have been synthesized and their 

anticancer activity has been evaluated against numerous cancer cell lines in vitro. In 

most cases, the donor atoms stabilizing the Au(III) centre are either Cl, Br, S or P 

atoms[17]. As an example, the complex [Au(phen)Cl2]Cl (1.1f) contains a 1,10-

phenanthroline as a chelating N-donor moiety and two stabilizing chlorido ligands. 

Although displaying lower stabilities compared to other ligands, the phenanthroline 

chelated complex shows higher cytotoxicity towards various cancer cell lines [18]. 

Recently it was demonstrated that 1.1f is a functional selective inhibitor of the 

human water and glycerol channel aquaglyceroporin-3 (AQP3), possessing inhibitory 

effects on the proliferation of cells over-expressing this isoform[19]. Hence, 1.1f may 

produce a targeted therapeutic effect on carcinomas with enhanced AQP3 

expression[20]. 

Pursuing the search of novel protein targets for anticancer gold compounds, some 

groups reported on the inhibitory effects of different cytotoxic gold-based 

complexes with phosphine or bipyridyl ligands, towards the zinc finger enzyme 

PARP-1[21]. Interestingly, Au(III) coordination complexes were one of the most 

efficient compounds, inhibiting PARP-1 at the nM level, followed by Au(I) 

compounds. Among the most recent reports, a new gold(III) complex bearing a 2-

((2,2’-bipyridine)-5-yl)-1Hbenzimidazol-4-carboxamide ligand has been synthesized 

and characterized for its biological properties in vitro[22]. In addition to showing 

promising antiproliferative effects against human cancer cells, the compound 

potently and selectively inhibits the zinc finger protein PARP-1, with respect to the 

seleno-enzyme TrxR. The results hold promise for the design of novel gold-based 
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anticancer agents disrupting PARP-1 function and are to be used in combination 

therapies with DNA alkylating agents. 

Furthermore, dithiocarbamate ligands were also described as efficient coordinating 

ligands for Au(III) ions[23]. Thus, Fregona et al. reported on the design of targeted 

Au(III) dithiocarbamate complexes with peptide-based ligands for carrier-mediated 

delivery of the compounds in cancer cells via peptide transporters[24]. Compounds of 

the type [Au(dpdtc) Cl2] (dpdtc = dipeptidedithiocarbamate) (1.1g) lead to reduced 

toxic and nephrotoxic side-effects in comparison to their analogues without the 

peptide moiety, while displaying increased tumor selectivity. Notably, several of 

these compounds resulted to be potent proteasome inhibitors. 

Unfortunately, the majority of the cytotoxic Au(I)/Au(III) coordination compounds 

show limitations concerning stability in aqueous solution, and especially Au(III) 

complexes are easily reduced to Au(I) or Au(0), resulting in loss of activity and 

possible side effects. Therefore, research is nowadays dedicated to a larger extent 

to the design and synthesis of more stable derivatives, including organometallic 

compounds. 
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1.2 Organometallic anticancer agents 

 

In recent years, organometallic compounds have become more popular and are now 

quite widespread as experimental anticancer agents. In fact, they combine the 

advantages of a classical inorganic system with the higher stability of an organic 

scaffold[25]. The organic ligands allow for the introduction of stereospecifity which 

gives access to an even higher amount of structural possibilities. Furthermore, “fine 

tuning” possibilities within the organic moiety regarding functional groups etc. is 

given, determining the physiochemical properties of the respective metal 

compound[26]. In fact, in organometallic complexes it is the metal–carbon (M–C) 

bond that endows these coordination compounds with peculiar features. On the one 

hand, M–C bonds have high trans effects and trans influences, which affects the 

lability of bonds to other ligands (M–L) in the complex. On the other hand, -bonded 

aromatic arene and cyclopentadienyl ligands can act both as electron donors and -

acceptors. These ligands can therefore modify the donor/acceptor behaviour (and 

reactivity) of other ligands in the complex. Finally, by choosing specific targeting 

moieties, either incorporated into the ligand or attached to the metal centre, 

targeting at specific cancer cells’ receptors can be achieved.  

Typical classes of organometallics include metallocenes, metallo-arenes, metallo-

carbonyls, metallo-carbenes (e.g. N-heterocyclic carbenes) and alkynyl complexes, 

respectively[27]. Classically, these complex classes have been widely applied in 

catalysis[28]. However, their medicinal use has been recently demonstrated. The 

utilized complexes show thereby a great variety, as not only mononuclear 

compounds, but also multinuclear compounds have been synthesized and 

investigated. In this respect one has to distinguish between homonuclear and 

heteronuclear compounds. In Figure 4 an overview of some of the most 

representative structures of medicinally relevant organometallic complexes is 

provided. 
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Figure 4. Organometallic complexes with medicinal properties. 

 

To begin with, the biological properties of metallo-carbonyls have been studied for a 

number of metals, such as iron[29], ruthenium[30] and manganese[31]. Carbonyl 

complexes offer the benefit of displaying high lipophilicity, leading to increased 

cellular uptake levels, which could be demonstrated in several studies[32]. Among the 

various examples present in literature, the alkyne hexacarbonyldicobalt Co2(CO)6 
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species Co-ASS (1.2a) contains an acetylsalicylic acid (aspirin) moiety. Aspirin has 

been shown to reduce the recidivism risks in cancer patients, therefore making it 

valuable as a ligand in a combination therapy approach. Indeed, 1.2a was found to 

display good stabilities under physiological conditions, to strongly inhibit both the 

COX-1 and COX-2 enzymes and to induce of apoptosis[32]. Further recent studies 

with zebra fish embryos also indicate that 1.2a has anti-angiogenic properties, a trait 

which is not present with aspirin[33]. 

In contrast to modifying somewhat remote groups of organic inhibitors, in 

2009 Meggers et al. have taken the concept of using metal fragments to occupy 

defined regions of 3D-space in enzyme active sites one step further, and 

synthesized a number of Ru(II) compounds as protein kinase inhibitors[34]. The high 

selectivity displayed by these compounds is believed to be achieved by the rigid 

scaffold, leaving the metal as a pure structural motif. Complex 1.2b has therein 

shown promising activities against several cancer cell lines and in a melanoma 

spheroid model[35]. Furthermore, the CO ligands apparently play a significant role in 

the molecular interaction with biological targets, although the interactions need 

further systematic investigations[27, 36]. 

Organometallic compounds displaying N-heterocyclic carbene (NHC) ligands 

have also been investigated closely throughout the last decades, since they offer 

benefits such as easy accessibility from imidazolium salts, non-toxicity of the 

ligands and high complex stability[37]. Steric and electronic effects contribute to the 

bonding of metals to NHC ligands. Whereas NHC complexes were initially 

considered as pure σ-donors, it is now commonly established that besides the 

NHC-to-metal σ → d donation also metal-to-NHC d → π* and NHC-to-metal π → d 

donations contribute to the bonding. Moreover, saturation or aromaticity of the NHC 

ligand and the volume of attached side chains influence the stability and reactivity of 

the complexes. The first reports on biological activity of metal NHC compounds 

were published between 1996 and 1999 by Cetinkaya et al., who described the 

antibacterial properties of ruthenium(II) and rhodium(I) NHC complexes[38]. 

Berners-Price et al. pioneered this field by synthesizing a series of linear, 

cationic Au(I) NHC complexes (1.2c) with remarkable anticancer properties in vitro 

and inducing mitochondrial damage. By varying the substituents at the N,N 
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positions of the imidazolium precursor, the lipophilic properties could be finely 

tuned[39]. Moreover, these compounds allow selective targeting of mitochondrial 

selenoproteins, such as TrxR. The antimitochondrial activity of cationic gold(I) NHC 

complexes could be related to their cationic and lipophilic character, linking to 

properties that are known from the class of delocalized lipophilic cations (DLCs). 

Notably, DLCs can selectively accumulate in the mitochondria of cancer cells driven 

by their enlarged mitochondrial membrane potential. 

The effects of gold(I) NHC complexes on cell metabolism and their interference with 

pathways relevant for cancer cell proliferation have been studied for many 

derivatives[40]. In this area, Ott et al. reported on the synthesis of an Au(I) N-

heterocyclic carbene 1.2d, utilizing an aminotriazole NHC carbene ligand[41], that 

displayed good activity against various cancer cell lines and good to moderate 

inhibitory activity of TrxR. As 1,2,4-triazoles possess different electronic properties 

than the classical imidazolium salts, these complexes may show a different 

behaviour concerning donor abilities and physiochemical properties[42].  

A further interesting linear, cationic Au(I) NHC complex series was reported by 

Casini, Picquet et al. in 2014[43] featuring xanthine ligands, including caffeine, which 

naturally possesses an imidazole ring and has recently been reported for its 

anticancer properties[44]. Within this series, the bis-carbene complex [Au(9-

methylcaffein-8-ylidene)2]+ 1.2e showed selectivity in vitro against various cancer cell 

lines, with respect to non-tumorigenic ones, and most importantly was also 

demonstrated to be a selective G-quadruplex stabilizing agent. X-ray structural 

studies showed that the three molecules of compounds are bound to a G-

quadruplex structure[45]. G-quadruplexes (also known as G4) are nucleic acid 

sequences, rich in guanines, capable of forming a characteristic four-stranded fold. 

Remarkably, formation of quadruplexes causes a net decrease in the activity of the 

enzyme telomerase, which is responsible for maintaining the length of telomeres. 

Therefore, molecules that template the formation or stabilize the structure of G-

quadruplex DNA might lead to development of new effective anticancer drugs based 

on selective telomerase inhibition[46]. 

Within the NHC family, also Pt(II) complexes have been described, including [(1,3-

dibenzyl)imidazol-2-yl]platinum(II) carbene complexes with different spectator 
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ligands (Cl-, DMSO, PPh3)[47]. Some of these compounds were shown to bind DNA 

predominantly by initiating its aggregation and precipitation to the effect of a G1 

phase cell cycle arrest in melanoma cells. 

 Metallocene compounds, homonuclear as well as heteronuclear, have gained 

considerable interest in anticancer research throughout the last years. For example, 

titanocene dichloride (Cp2TiCl2) (1.2f), was one of the early non-platinum based 

anticancer complexes that reached phase II of clinical trials[48]. However, the clinical 

response was not significant enough to pursue it, especially since Cp2TiCl2 displays 

rather poor solubility and stability in water, leading to problems in drug formulation 

[49]. Furthermore, the exact mode of action could not be elucidated so far[50]. 

Addressing the solubility and stability properties, various titanocene analogues have 

been synthesized. McGowan et al.[51] demonstrated that by introducing amino 

groups to the bent metallocenes, improved hydrolytic stability could be achieved[52].  

The organometallic arene complexes termed “RAPTAs” are among the most 

investigated examples of Ru(II) half-sandwich complexes with antimetastatic and 

antiangiogenic properties[53]. Consisting of a monodentate 1,3,5-triaza-7-

phosphaadamantane (pta) ligand and a facial η6-arene ligand coordinated to Ru(II) in 

a so-called “piano-stool” conformation, RAPTA complexes display good stabilities 

under physiological conditions. Concerning the mode of action, aquation of the 

chloride ligands appears a prospective intracellular drug activation process[54]. 

Although the exact target identification is still elusive, RAPTA compounds have been 

found to alter the expression, and thereby the activity, of key proteins involved in the 

regulation of the cell cycle and apoptosis[55]. RAPTA-C (arene=cymene) (1.2g) is the 

most representative example of this series[56]. Similar to titanocene dichloride, a 

number of derivatives have been synthesized in order to stepwise alter the 

physicochemical properties[57]. 

Metal complexes can interfere with the cellular redox chemistry in several 

ways: directly through metal or ligand redox centres or indirectly by binding to 

biomolecules involved in cellular redox pathways. Within the metallocene family, 

Sadler et al. illustrated that organometallic ruthenium(II) and osmium(II) arene 

complexes and iridium(III) cyclopentadienyl complexes of the type 

[(arene/CpxPh)M(N,N)Cl/I]n+ can achieve nanomolar potency toward cancer cells in 
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combination with the redox modulator L-buthionine sulfoximine[53b, 58]. A 

representative member of this series, the chlorido(iminopyridine)arene- ruthenium(II) 

complex [Ru(η6-p-cym)(p-Impy-NMe2)Cl]+ (1.2h), is reported in Figure 4. Thus, these 

complexes were proposed for possible use in combination therapy with redox 

modulators to increase their anticancer effects. The results highlight the importance 

of determining not only the distribution of metal anticancer complexes in cells but 

also their speciation, the chemical form of the metal complex, including the 

oxidation state of the metal, the fate of the ligands, and dynamic processes such as 

efflux. 

 Ferrocene, a compact metallocene possessing stability in non-oxidating 

media, low toxicity, and reversible redox behaviour, has recently played an important 

role in bioorganometallics, as an antiparasitic or an antibacterial[59], and indeed as an 

antitumoral agent[60]. Examples of the vast and regularly increasing number of 

biologically active ferrocene compounds with antitumoral potential are presented in 

a recent review by Jaouen, Vessieres et al. and will not be treated in details here[61]. 

Overall, they illustrate the richness of the activity in this field, the variety of the 

structures brought into play and the diversity of possible mechanisms of activity. 

A remarkable complex in that matter is the ferrocene containing complex ferroquine 

(1.2i) which is structurally close to the antimalarial drug chloroquine[62]. It shows 

similar activity compared to chloroquine but most importantly it is also active against 

chloroquine resistant malaria parasites[63]. Since malaria resistance has become a 

critical issue in malaria-endemic countries, development of new organometallic 

analogues is crucial. Ferroquine has completed phase IIb of clinical trials and is 

about to enter phase III[64]. 

Recently, there has been a strongly growing interest in the utilization of 

heteronuclear compounds as anticancer agents[65]. This is due to the hypothesis that 

different metals within the same compound can either react in different pathways 

towards the targeting of cancer cells or improve the chemicophysical properties of 

the overall scaffold. A greater challenge in this concept of multinuclearity is 

displayed by the combination of two (or more) different metal containing moieties, 

requiring a design of suitable ligands to coordinate selectively both metal cores. A 

number of successful compounds have been described in the literature, including 
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ferrocene-based complexes. In 2008 for example, Dyson et al. reported on the 

synthesis of a ferrocenoyl pyridine arene ruthenium complex (1.2j). This complex 

proved to be twice as active towards cancer cells, as their monomeric analogue[66]. 

Contel et al. demonstrated the cytotoxic propertied of a heterometallic complex 

series containing both a gold(III) and a palladium(II) metal centre with 

iminophosphorane ligands (1.2k), derived from ferrocenylphosphane[67]. Especially 

the trimetallic derivatives have shown significant higher anticancer properties with 

respect to their corresponding monomeric analogues. 

Stepping away from iron based multinuclear complexes, Casini et al. reported 

in 2011 on the synthesis of the titanocene-gold trimetallic complex (1.2l) showing 

10-fold higher activity against cancer cells than the monomeric titanocene-

phosphine and enhanced stability in aqueous solution[68]. Captivatingly, this complex 

also exhibits luminescent photophysical properties, originating from the bent 

metallocenes, making it suitable for distinctive uptake studies. The same group also 

reported on a series of bimetallic Ti-Ru complexes based on a titanocene- 

phosphine backbone anchored to a Ru(II)-arene scaffold, which showed improved 

antiproliferative effects on cancer cells in comparison to their mononuclear Ti and 

Ru organometallic precursors[69]. 

Notably, the synthesis, characterization and stability studies of new titanocene 

complexes containing a methyl group and a carboxylate ligand (mba = S–C6H4–

COO) bound to gold(I)-phosphane fragments through a thiolate group [(-

C5H5)2TiMe(-mba)Au(PR3)] were recently reported[70]. Two compounds were selected 

for further in vivo studies on mice based on their selectivity in vitro against renal 

cancer cell lines when compared to non-tumorigenic human kidney cell lines (HEK-

293T and RPTC) and the favourable preliminary toxicity profile in C57BL/6 mice. 

Evaluation of Caki-1 xenografts in NOD.CB17-Prkdc SCID/J mice showed an 

impressive tumor reduction (67%) after treatment for 28 days (3 mg per kg per every 

other day) with heterometallic compound [(η-C5H5)2Ti(CH3)[OC(O)C6H4SAu(PPh3)]].  
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1.3 Cyclometalation 

 

Cyclometalation is a convenient method of stabilizing metals in different oxidation 

states. This is particularly useful in the case of Au(III) compounds which are 

otherwise prone to be reduced to their respective Au(I) species, as well as to 

colloidal Au(0) gold. In general, cyclometalation is defined as the metal mediated C-

R bond activation of a cyclic organic ligand system. The chelating ring consists of a 

strong, covalent C-M σ bond and a coordination D-M bond. These ligands 

incorporate one or more donor atoms (such as O-, N-, P-, S- or Se). Figure 5 

illustrates a general representation of the different classes of cyclometalated 

compounds.  

 

 

Figure 5. General representation of cyclometalated complexes. 

 

Cyclometalation reactions proceed especially easy and with high regioselectivities 

for the formation of five-membered ring products, due to their higher stability in 

comparison to their corresponding four- or six-membered ring products. Their 

synthesis is generally found to proceed with high yields and selectivities due to the 

five-membered ring chelate effect[71]. The first intramolecular five-membered ring 

complex incorporating a main group element was already reported back in 1955 by 

Bäller and Müller, when they introduced a cyclometalated organoaluminum 

complex[72]. Since the 1970s, a vast number of cyclometalated organotransition 

metal compounds have been reported for metals such as Pt, Pd, Rh, Ir, Ru, Os and 

Au[73]. As they are not only easy accessible but also demonstrate high turnover 

frequencies (TOF), they were traditionally applied in dehydrogenation and metal-
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catalyzed cross-coupling reactions[73]. 

More recently, cyclometalated organotransition metal compounds have also 

been investigated as anticancer compounds, as the metal centre gets stabilized 

conveniently, and especially five-membered ring products are relatively easy 

obtained. Therein, a variety of substrates has been reported, such as amines, 

imines, 2-phenylpyridines, benzo[h]quinones and other compounds incorporating 

nitrogen-, oxygen, phosphorus- or sulphur donor atoms. Thus, a consistent number 

of reports include these families of complexes. 

In the following, the main results obtained on the synthesis and biological 

activities of cyclometalated Au(III) compounds are summarized. Numerous ligand 

systems utilizing different donor atoms have been reported[27]. As they offer the 

highest stabilizing properties, most cyclometalated systems incorporate one or more 

nitrogen atoms as the electron donating component. The best stabilities in 

physiological environment, as well as suitable chemicophysical properties for 

therapeutic applications, are therein displayed by C^N, C^N^C, C^N^N and C^N^S 

Au(III) pincer complexes and shall therefore be discussed in the following chapters. 

Furthermore, a number of studies report on the compounds promising biological 

effects and constitute the basis for future drug design. 

 

1.3.1 Cyclometalated Au(III) compounds as anticancer agents 

 

Au(III) compounds as anticancer agents appeared to be a logical step forward from 

Pt(II) based compounds, since Au(III) is isoelectronic (d8) and isostructural to Pt(II), 

featuring the same square-planar geometry. However, at variance with Pt(II) 

complexes, numerous studies have shown that anticancer gold compounds aim at 

other biomolecules and biological pathways as possible targets[74]. As Au(III) is labile 

to the reduction to its more stable Au(I)/Au(0) forms, Au(III) complexes are generally 

strongly oxidizing agents. Reductions can easily be driven by thiols groups of 

biological systems, making Au(III) potentially toxic[75]. Therefore, Au(III) complexes 

were long believed not to be suitable for medicinal applications[76]. As a 

consequence, Pt(II) cyclometalated complexes for the treatment of cancer cells are 
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(yet) more numerous. Cyclometalation, however, offers a convenient way for the 

stabilization of the Au(III) centre and “fine tuning” of the physiochemical properties 

within the cyclometalated moiety. 

 

1.3.1.1 Au(III) C^N complexes 

 

Representative members of this family are reported in Figure 6 below. The class of 

Au(III) C^N complexes with cytotoxic properties was first introduced by Parish, 

Buckley et al. in 1996[77]. They synthesized a series of Au(III) complexes of the 

structure [(damp)AuX2] with a 2[dimethylamino)methyl]-phenyl (damp) backbone 

(1.3a). The compounds displayed cytotoxic activities comparable to cisplatin against 

various cancer cell lines, such as bladder (HT1376) and ovarian (CH1) cancer cells, 

with the malonato and acetato substituted complex being the most selective and 

active of the series in vitro and showing moderate anticancer effects in vivo. 

Although the structure appears to be very similar to cisplatin, an alkaline elution 

study showed that the series does not cause interstrand DNA cross-links. Instead, 

both complexes lead to submicromolar inhibition of cysteine protease cathepsin B[78] 

and inhibition of TrxR[79].        

 Messori et al. reported on the synthesis of complex 1.3b enabling a 

dimethybenzyl-pyridine backbone in 2005[80]. This complex proved to be stable 

under cellular reducing conditions and although its cytotoxic activity against ovarian 

cancer cell line A2780 is comparable to cisplatin, complex 1.3b displays significant 

cross-resistance, suggesting a different mechanism of action. It was demonstrated 

that 1.3b selectively inhibits TrxR activity, which is presumed to be caused by 

progressive oxidative damage of (seleno)cysteine residues of the active site of 

TrxR[17a]. Other studies showed that the hydrolysis product of 1.3b is able to disrupt 

mitochondrial function and alter the glycolytic pathway in A2780 cancer cells, 

leading to apoptosis[81]. 
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Figure 6. Au(III) C^N complexes with cytotoxic properties. 

 

The cationic complex 1.3c, bearing a biguanide moiety, was synthesized by Che et 

al. in 2012[82]. By introducing the polar biguanide ligand, a water-soluble complex 

was obtained that is able to form an Au(III)-GSH complex and is detectable by ESI-

MS. The complex displays higher toxicity than cisplatin against several cancer cell 

lines, such as cervical cancer (HeLa) cells. The toxicity of complex 1.3c is believed 

to be caused by swelling of the endoplasmic reticulum (ER), being supported by 

oligonucleotide microarray analysis and western blotting assays cells. Irreversible ER 

stress triggers apoptosis, with the activation of the canonical mitochondrial cell 

death pathway playing an essential role[83]. A structural analogue (1.3d) was reported 

by the same group, also utilizing a dimethybenzyl-pyridine C^N backbone and a 

dithiocarbamate ligand[84]. This complex selectively inhibits breast cancer cells 

(MCF-7) but is less toxic to non-tumorigenic immortalized liver cells (MIHA). 

Complex 1.3d was demonstrated to form adducts with cysteine-containing peptides 

and proteins (e.g. deubiquitinases) by ESI-MS experiments. Notably, Au(III) C^N 

complexes bearing a dithiocarbamate ligand had been previously proven by Contel 

et al. to cause mitochondria dysfunction induced by reactive oxygen species (ROS) 

and Bax/Bak activation[85].   

Synthesis of the 2-benzylpyridine derivative 1.3e was reported by Cinellu et al.[86] 
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already in 1996 by reacting NaHAuCl4 with 2-benzylpyridine in refluxing MeCN/H20 

overnight. In 2015 Casini, Cinellu et al. synthesized the structural analogue by 

replacing one chlorido ligand in the presence of excess KPF6 with 1,3,5-triaza-7-

phosphaadamantane (PTA)[87]. PTA offers multiple benefits as a ligand, since it is 

non-toxic and increases the water solubility of the resulting complexes. The 

cytotoxic properties of complex 1.3e and 1.3f against various cancer cell lines such 

as ovarian adenocarcinoma (A2780), mammary carcinoma (MCF-7) and lung 

carcinoma (A549) were explored. Both complexes demonstrate good cytotoxic 

activity, with complex 1.3f displaying higher cytotoxic activity than 1.3e, which can 

probably be contributed to the increased water solubility induced by the PTA moiety.  

Among the possible mechanism of actions, potent inhibition of the zinc-finger 

protein PARP-1 is reported, which has been already demonstrated for several 

coordination gold(III) complexes with N-donor ligands[88]. Of note, organic 

compounds as PARP inhibitors are currently in clinical trials for their selective 

cytotoxic properties, as well as their DNA damage repair inhibiting abilities[89] [5]. 

 

1.3.1.2 Au(III) C^N^N complexes 

 

In 2003, Cinellu and co-workers reported on the synthesis of the Au(III) complex 

1.3g with a dimethylbenzyl-bipyridine C^N^N backbone (Figure 7)[90]. By choosing a 

OH- ligand in ancillary position to the Au(III) centre, good solubility of the complex 

under physiological conditions was obtained. Upon reaction with bovine serum 

albumin (BSA), tight metal–protein adducts were formed. It is believed that binding 

of complex 1.3g to BSA is achieved via histidine moieties on the protein surface. 

Interaction studies of organometallic complexes with serum albumin have attracted 

considerable interest during the last years[91]. Serum albumin is the most abundant 

plasma protein and serves many physiological functions, such as maintaining both 

the colloid osmotic blood pressure and – together with other compounds - the blood 

pH value. Furthermore, it is suspected that serum albumin protects cells against 

oxidative stress[92]. Complex 1.3g shows higher cytotoxic activity and selectivity 

against a series of 12 human tumor cell lines than cisplatin. Inhibition of 
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biomolecular systems, such as mammalian target of rapamycin/rapamycin-

analouges (mTOR), have been suggested as possible mechanism of action[93]. 

 

 

Figure 7. Mononuclear and dinuclear Au(III) C^N^N complexes. 

 

The same group reported on the dinuclear, oxo-bridged complex variants of general 

formula [(N^N^C)2Au2(-O)][PF6]2 (1.3h) (Figure 7) and their cytotoxic properties in 

2011[90]. Coordination oxo-bridged Au(III) N^N complexes had been reported 

before[94] (named “Auoxo” compounds), showing antiproliferative effects towards 

various human cancer cell lines. However, the latter compounds displayed stability 

issue of the Au(III) centre in the reducing intercellular milieu, which were overcome 

introducing the strong Au-C bond in the organometallic analogues. Notably, these 

compounds reveal remarkable redox stability even in the presence of effective 

biological reductants such as ascorbic acid and glutathione. In comparison to 

complex 1.3g, complexes 1.3h (a) and (b) showed in general rather moderate 

cytotoxic activity against the series of 12 human tumor cell lines. However, 1.3h (a) 

proved to be particularly active against human breast cancer cells (401NL), while 

1.3h (b) displayed only scarcely selective cytotoxic activity. Mass spectrometry 

studies with model proteins (hen egg white lysozyme and horse cytochrome c) 

indicate that upon reaction with proteins, complexes 1.3h (a) and (b) form 

monometallic adducts, preserving the Au(III) centre and retaining the multidentate 

ligand. This also indicates that the complex-protein interaction facilitates the 

cleavage of the oxo-bridge and the conversion into the more active monometallic 

species.   
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1.3.1.3 Au(III) C^N^C complexes 

 

The field of Au(III) C^N^C complexes with anticancer properties has been closely 

examined by Che and co-workers (Figure 8). As C^N^C pincer ligands allow the 

highest stabilization of the Au(III) centre among the herewith presented ligands, it is 

not surprising that this family, at variance with the case of Pt(II) complexes, makes 

up for the majority of the reported cyclometalated Au(III) compounds.  

The Au(III) complex class utilizing the 2,6-diphenylpyridine as a C^N^C ligand 

was reported by Che et al. already in 1998[95] via reaction of K[AuCl4] and 

[Hg(C^N^CH)Cl] under reflux in acetonitrile. Substitution of the chlorido ligand of 

complex 1.3i leads to a number of cationic Au(III)C^N^C complexes with different 

ancillary ligands (1.3j-1.3l). Complex 1.3j (mim = 1-methylimidazole) and 1.3k, 

containing non-toxic N-donor ligands, display cytotoxic activities similar to cisplatin 

against various cancer cell lines, such as HeLa cancer cells[96]. However, they do not 

show cross-resistance with cisplatin against nasopharyngeal (NPC) cancer cells. 

Gel-mobility shift assays and viscosity analysis show that 1.3j intercalates with DNA, 

causing DNA elongation. It has been reported that DNA intercalators enhance the 

assembly of G-quadruplexes. Consequently, native polyacrylamide gel electro-

phoresis (PAGE) was employed to examine the ability of 1.3j to intercalate with DNA 

and induce the formation of intramolecular G-quadruplexes from a model 

oligonucleotide[96]. This indicates that 1.3j may be regarded as the classical 

metallointercalator [Pt(terpy)Cl]+ from the perspective of DNA intercalation and 

potential telomerase inhibition. In addition, by flow cytometry analysis in SUNE1 

cells, it was demonstrated that 1.3j and 1.3k target cellular DNA via S-phase cell 

arrest, leading to apoptosis.   

As reviewed by Sadler and Berners-Price already in 1987, phosphine 

containing compounds exhibit phosphine ligand-mediated cytotoxicity[97]. However, 

due to their poor stability under physiological conditions and non-specific binding 

affinities towards various biomolecules, the application of these compounds as 

anticancer compounds is hindered. By introducing the C^N^C scaffold, significantly 

higher complex stabilities were obtained. For example, complex 1.3l and its 
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dinuclear analogue 1.3m are soluble and stable in aqueous media[96]. These 

compounds neither change the melting temperature of calf-thymus DNA (ctDNA) 

significantly, nor cause S-phase cell arrest, suggesting a different mode of action 

with respect to cisplatin. The dinuclear complexes of type 1.3m show higher 

cytotoxic activity against various cancer cell lines than their mononuclear 

counterparts. The highest cytotoxicities were displayed for n = 3, relating to the 

cytotoxicity of the free 1,2-bis(diphenylphosphino)propane (dppp) ligand. In vivo 

studies in rats with liver cancer (HCC) orthografts showed that the dppp derivative is 

a nanomolar inhibitor of TrxR1 and induces ER stress[98]. 

By replacing the PPh3 moiety with a NHC ligand complex 1.3n and complex 

1.3o - as the respective dinuclear compound – can be obtained[99]. This results in a 

reduction of the cytotoxic activity and selectivity of the compounds, supporting the 

fact that indeed phosphine ligand-mediated cytotoxicity is crucial for complexes 1.3l 

and 1.3m. In this case, the mononuclear complex 1.3n displays higher cytotoxic 

activity than its dinuclear analogue 1.3o, being 167-fold more cytotoxic to non-small 

lung carcinoma cells (NCI-H460) than to normal lung fibroblast cells (CCD-19Lu). By 

DNA interaction studies with ctDNA it was demonstrated that complex 1.3n induces 

DNA strand breaks and subsequent cell death through the stabilization of TopoI-

linked DNA[100]. 

A recent development in the field of Au(III) C^N^C complexes is the discovery 

of supramolecular polymers, self-assembled from cyclometalated Au(III) C^N^C 

complexes. In this framework, the mononuclear complex [Au(C,N,C)(4-dpt)]+ (4-dpt = 

2,4-diamino-6-(4-pyridyl)-1,3,5-triazine) 1.3p was chosen by Che et al. due to the 

ability of the antiangiogenic 4-dpt ligand to form intramolecular hydrogen bonds and 

to establish π-π interactions[101]. These factors proved to be essential for 

supramolecular complex formation by self-assembly in acetonitrile at ambient 

temperature. The stability of 1.3p in phosphate-buffered saline in the absence and 

presence of the biological reductant glutathione (GSH) was examined. UV-Vis 

absorption spectrophotometry demonstrated that upon reaction with GSH, 1.3p 

shows an increased absorbance between approximately 260 nm and 380 nm. For 

incubation periods over 24 hours the 4-dpt ligand is released into the solution, and 

both [Au(C^N^C)Cl] and 4-dpt contribute to precipitation, as was demonstrated by 
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ESI-MS and 1H NMR. These results suggest that the 4-dpt ligand of complex 

1.3p can be replaced by chloride ions in PBS, with formation of [Au(C^N^C)Cl] and 

release of 4-dpt. The log–log plot of the concentration-dependent specific viscosity 

of 1.3p in CH3CN measured at 294±1 K shows a significant increase in viscosity at 

concentrations above 6.3 g L−1, relating to typical characteristics of supramolecular 

polymer solutions. Via transmission electron (TEM) and scanning electron 

microscopy (SEM), partially aligned nanofibers with diameters and lengths of about 

50 nm could be demonstrated for 1.3p. The significant viscosity at high 

concentration of 1.3p (20 mM) is contributed to the partial entanglement of these 

nanofibers. Complex 1.3p displays high cytotoxic activity towards the murine cancer 

cell line B16 and non-tumorigenic lung fibroblast cells (CCD-19Lu). It was suggested 

that the sustained release of free 4-dpt ligand and simultaneous formation of Au(III)-

glutathione adducts account for the observed cytotoxicity. GSH adduct formation 

was assessed via ESI-MS and UV-VIS for 1.3p in phosphate-buffered saline 

containing GSH (2 mM), showing significant cluster peaks for [(C^N^C)Au(GSH)]+ 

and the dimeric species [(C^N^C)2Au2(GSH)2]2+. 

 

 

Figure 8. Au(III) C^N^C complexes synthesized by Che et al. 

Furthermore, the nanofiber network of the polymer could be used to encapsulate 
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other cytotoxic agents, thus enabling a localized drug delivery while reducing side 

toxicity. 

All Au(III) C^N^C complexes follow a general synthesis route as depicted in Figure 9.  

A direct C-H activation of the respective C^N^C ligand in the presence of an Au(III) 

precursor (usually KAuCl4) is theoretically possible, but requires high temperatures, 

which can also result into decomposition of the ligand. As an alternative, a 

transmetalation pathway using organomercury(II) reagents is the most common 

synthesis strategy nowadays, as it allows milder reaction conditions and less 

formation of by-products occurs[102].  In a first reaction step, the 2,6-diphenylpyridine 

derivative  is reacted with  mercury(II) acetate,  followed  by  metathesis  with  LiCl, 

yielding an organomercury(II) species. Subsequent transmetalation is achieved by 

reacting the organomercury(II) complex with KAuCl4 in acetonitrile under reflux. 

 

 

Figure 9. General complex formation of Au(III) C^N^C complexes via transmetalation. 

 

1.3.1.4 Au(III) C^N^S complexes 

 

Bidentate 2-pyridyl carboxylate[103] and 2-pyridyl amidate complexes[104] of Au(III) 

have been reported to show both catalytic and biological activity. Tridentate 

analogues of bis(amidate), bis(carboxylate), and bis(iminothiolate) ligands as a 

C^N^S or S^C^S moiety, have been reported for stabilizing other transition metals, 

mainly Pd(II)[105] and Ru(II)[106]. Surprisingly, these ligand classes have not been 
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extended to Au(III) and there are practically no reports of Au(III) C^N^S complexes 

with anticancer properties. Some related “pseudo-pincer” compounds have been 

reported though (Figure 10).  

 

 

Figure 10. Au(III) pseudo-pincer and Au(III) S^N^S complexes. 

 

For example, Sommer et al. synthesized the Au(III) complex 1.3q with a tridentate 

thiosemicarbazone ligand of the formula  [Au(Hdamp-C1)Cl(H2pydoxmetsc)]Cl2 

(pydoxmetsc = pyridoxal methylthiosemicarbazone) in 1999[107]. This complex is 

involved in extended hydrogen bonding networks with counter ions and solvent 

molecules. The antiproliferative effect of 1.3q was tested on breast cancer cells 

(MCF-7) in vitro with promising cytotoxic results. In 2014, Bergman, Toste et al. 

reported on the Au(III) S^C^S complex 1.3r with bis(iminothiolate) ligands, which 

displays high stability in reducing environments and was recommended for further 

testing in various fields of application, including as anticancer agent[108].  

 

1.4 Coumarin based ligand systems  

 

As mentioned before, coupling of specific ligands to the metal centre allows for the 

introduction of various physicochemical characteristics. Coumarin ligands display in 

this matter a highly interesting ligand class.      

 Coumarins are naturally occurring compounds and have therefore been 

known for decades[109]. One characteristic trait of coumarin itself (1.4a, Figure 11), 
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and most coumarin derivatives, are the highly luminescent properties. Coumarin 

dyes (as well as rhodamines) are therefore nowadays mainly used as gain media in 

blue-green tuneable organic dye lasers[110]. The luminescence of coumarin systems 

could also be highly relevant for medicinal application as it would allow for 

sophisticated cell-uptake studies.       

 Since many coumarin based systems display furthermore distinct medicinal 

properties, they have been in the focus of research by several working groups[111]. 

The aminocoumarin 1.4b, commercialized under the tradename Novobiocin™, was 

already clinically approved in 1960 for its antibiotic properties[112]. In 1990, 

novobiocin attracted further interest since it was demonstrated to be an efficient 

antistaphylococcal agent against the (especially in hospitals problematic) Methicillin-

resistant Staphylococcus aureus (MRSA) bacterium in combination therapy[113].  

Coumarin derivatives have since successfully been used in the treatment of a range 

of diseases such as diabetes mellitus[114] or bacterial and microbial infections[115] and 

their role in the treatment of neurodegenerative diseases, such as Huntington’s 

disease, is being investigated[116]. Furthermore, they have also been shown to 

possess cytotoxic activity against various cancer cell lines, including malignant 

melanoma or renal cell carcinomas[111b, 117].       

 The discovery that organometallic complexes enabling coumarin based 

ligands are more effective than the sole coumarins ligands shifted the research focus 

to the respective complexes. This can be attributed to the synergistic effect between 

the coumarin based ligands and the respective metal ions as the change in structure 

due to coordination results into alteration of solubility, lipophilicity, conductivity, 

dipole momentum and cell permeability[118]. Thus, different metal systems like Cu, Pt 

and Pd have been thoroughly investigated for coumarin complex formation and their 

resulting cytotoxic properties[111a]. 
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Figure 11. Coumarin based systems with medicinal properties. 

 

Nawrot et al. synthesized a series of palladium(II) complexes with unsubstituted 

coumarin or N-alkylated derivatives (1.4c(a) – (e))[119] in 2008. The series was 

obtained by reaction of 2-phenyl-4-oxo-4-H-chromone-3-carboxylic acid ethylester 

with 2-methyl-4-oxo-4-H-chromone-3-carboxylic acid methylester and amines. It 

could be demonstrated that the cytotoxic activity of the series’ complexes depends 

strongly on the structure of the substituents at the nitrogen atom. Complex 1.4c(a) 

presented the highest cytotoxic activity in the series against NALM-6 (human 

peripheral blood, leukemia, pre-B cell) and HL-60 (human promyelocytic leukemia) 

cancer cells with IC50 values comparable to carboplatin. Furthermore, 1.4c(a) 

possesses high cytotoxic activity against the K562 (human erythroleukemia) cancer 

cell line with an IC50 value of 0.0078 µmol. The high cytotoxicity correlates with the 

low stability of complex 1.4c(a), which exists in two tautomeric forms.  

 In 2010, Walsh et al. reported on a series of Cu(II) complexes of Schiff base-

derived coumarin ligands that showed not only antibacterial properties but also 

promising cytotoxic activity against human colon cancer (HT29) and human breast 

cancer cells (MCF-7)[115]. The Cu(II) complexes were obtained via reaction of the 

respective secondary amines with Cu(OAc)2 in refluxing ethanol overnight. The best 

results were obtained for complex 1.4d, with IC50 values comparable to the 

commercially available Mitoxantrone™, a drug to which HT29 cells are sensitive to.  
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So far, to the best of my knowledge, there have been no publications on Au(III) 

coumarin systems with anticancer properties. However, Taboada et al. reported on 

the synthesis of the Au(I) 7-azacoumarin complex 1.4e with interesting luminescent 

properties[120]. The synthesis of this complex is a convenient one-pot synthesis: 

pyridoxalrhodanine, triethylphosphinegold(I) chloride and sodium methoxide in 

equimolar amounts react in methanol to  afforded  the azacoumarin complex 

[Au(TS)(PEt3)] (HTS = 5-(hydroxymethyl)-8-methyl-3-thiol-7-azacoumarin). This 

reaction is noteworthy since both, the ligand and the complex, are formed in this 

one-pot reaction and the synthesis of azacoumarins is in general not trivial[121]. 1.4e 

is only weakly luminescent in the solid state but exhibits strong luminescence in 

solution, making it suitable for sophisticated cell-uptake studies. Concerning 

cytotoxic activity, 1.4e displayed higher cytotoxic activity against A2780 cells than 

cis-platin and proved also cytotoxic activity in the micromolar range against the 

cisplatin-resistant cancer cell line A2780cis. 
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1.5 Objective 

Traditional Pt(II) chemotherapeutic agents display several disadvantages, such as 

resistance, limited spectrum of action and severe side effects in patients. This can 

mainly be contributed to their non-specific binding to intercellular components. Au(I) 

and Au(III) complexes exhibit therein a more sophisticated approach, as they are 

able to selectively inhibit target proteins and enzymes. In this respect, as an 

example, Au(III) coordination compounds have been shown to be efficient inhibitors 

of the zinc finger protein PARP-1, via displacement of Zn2+ ions and formation of the 

so-called “gold finger” domain. However, a major disadvantage of Au(III) 

coordination compounds is their limited stability in aqueous solution. Therefore, 

more stable Au(III) derivatives are in the focus of current research, such as 

organometallic compounds. 

The prime objective of this PhD project is the stabilization of the Au(III) core in metal 

complexes and their biological evaluation, mainly as anticancer agents. For this aim, 

two cyclometalated systems based on 2,6-diphenylpyridine are chosen: the C^N^C 

system utilizing the sole 2,6-dipheylpyridine ligand and the C^N(R)^C system using 

2,4,6-triaryl pyridines with different para substituents in the 6-aryl position. For the 

synthesis of the C^N(R)^C ligands a microwave procedure is evaluated and 

optimized. A transmetalation route via the respective Hg(II) precursor is applied and 

optimized for the synthesis of all Au(III) complexes. For the Au(III)[C^N^C] system, 

exchange of the ancillary ligand L against a PTA (1,3,5-triaza-7-

phosphaadamantane) and a GluSH (thio-β-D-glucose tetraacetate) ligand is 

evaluated concerning solution behaviour and altered cytotoxic activity. The 

antiproliferative activity of the obtained Au(III) compounds is examined against the 

human cancer cell lines A549, SKOV-3 and 2008.     

A further objective of this work is the coupling of a coumarin based ligand, N-(4-

ethynylphenyl)-2-oxo-2H-chromene-3-carboxamide, to an Au(III) centre. For the 

stabilization of the Au(III) core, a bisdentate C^N (pyb-H = C^N cyclometalated 2-

benzylpyridine) ligand is chosen. Coumarin ligands display interesting properties in 

the sense of medicinal and possible fluorescent properties. The obtained Au(III) C^N 

complex is therefore studied with UV-Vis and fluorescence spectroscopy.  
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II Results and Discussion 

 

2.1 Au(III)[C^N^C] system 

 

2.1.1 Synthesis and structural characterization of Au(III)[C^N^C] complexes 

 

The C^N^C ligand (C^N^C = 2,6-diphenylpyridine) is a convenient choice for the 

cyclometalated precursor as it is moderately cheap and commercially available 

(purchased from Sigma Aldrich (CAS 3558-69-8)).       

 Synthesis of cyclometalated Au(III) complexes can generally be achieved via 

two routes: a) direct cycloauration or b) transmetalation of the respective Hg(II) 

precursor. Direct C-H activation of cyclometalated precursors by [AuCl4]- is rather 

unfavourable, as it has to be executed at very high temperatures and long reaction 

times, raising the chances of product decomposition or by-product formation[122]. 

Transmetalation via the respective Hg(II) precursor is mostly preferred, as this allows 

for reactions under ambient temperatures, significantly shorter reaction times and 

normally leads to cleaner products at higher yields. 

 In a first reaction step, the Hg(II)[C^N^C]Cl precursor 1 is obtained in an adapted 

synthesis route according to Leese et al. from 1987[123] by refluxing equimolar 

amounts of 2,6-diphenylpyridine and mercury(II) acetate in ethanol under argon for 

24 hours (Figure 12). Subsequent salt metathesis with LiCl affords complex 1 as a 

white solid. 

 

 

Figure 12. Synthesis of complexes 1 and 2. 
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It was found that the reaction occurs under air as well; however the obtained yields 

were significantly higher when using Schlenck techniques. This can possibly be 

explained by the relatively low bond strength of M–N bonds, with respect to that of 

M–P, M-O or M–S bonds for example[124] and therefore a facilitated bond formation in 

the absence of oxygen. The monomercurated Hg(II)[C^N^C]Cl complex 1 was 

separated from the bismercurated species by means of hot methanolic extraction, 

utilizing the better solubility of the monomercurated complex in comparison to the 

bismercurated one. 1H-, 13C-, 199Hg- NMR and elemental analysis verify that the 

monomercurated species, rather than the bismercurated one, was synthesized. In 

the second reaction step, complex 2 is obtained in an adapted synthesis route 

according to Che et al.[95] by refluxing equimolar amounts of complex 1 and K[AuCl4] 

in acetonitrile at 80°C under argon for 24 hours overnight.  

 

Although complex 2 has been known for almost 20 years[95], it has not been fully 

characterized and was not evaluated for its biological properties so far. Complex 3, 

[Au(C^N^C)(PTA)][PF6], and complex 4, [Au(C^N^C)(GluS)], have not been described 

in the literature so far. Both complexes were obtained in good yields by ligand 

exchange reactions of the chlorido ligand of complex 2 as shown in Figure 13. 

 

 

 

Figure 13. Ligand exchange reactions as performed for complex 3 and 4. 

 

Complex 3 contains the water-soluble, cage-like aminophosphine ligand 1,3,5-

triazaphosphaadamantane (PTA), which improves the overall water solubility of the 
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complex, while being non-toxic itself at the same time. This ligand was chosen with 

the intension of facilitated cell uptake due to the higher complex solubility in 

aqueous media such as PBS. As has been reported before, replacement of a trans 

bound chlorido ligand by a tertiary phosphine at an Au(III) centre can be achieved by 

reacting the respective precursor with one equivalent of the tertiary phosphine in the 

presence of excess KPF6 or NaBF4.[87, 125] By reacting complex 2 with one equivalent 

of PTA in the presence of KPF6 in acetone for 3 hours at room temperature, complex 

3 was obtained in good yields. 

Complex 2 was also treated with one equivalent of thio-β-D-glucose tetraacetate 

(GluSH) and sodium carbonate in DCM for 1.5 hours at room temperature to obtain 

compound 4 in good yields. The GluS− ligand was chosen for two reasons: 1) 

facilitated cellular uptake into cancer cells by modulating the lipophilic/hydrophilic 

character of complex 2 and 2) possible interaction of the GluS− ligand with GLUT1 

transporters, which are overexpressed in various cancer cell lines.  

Figure 14 shows the 1H NMR spectra of complex 2 and 3.  

 

Figure 14. 1H NMR of complex 2 and 3. 

 

Complex 3 displays the distinctive signals of the PTA ligand between 4.6 and 5.3 

ppm. Exchanging the chlorido ligand of complex 2 for the PTA ligand of complex 3 
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results into a slight downfield shift of the C^N^C signals, which can be attributed to 

the PTA resonance. When comparing the free 2,6-diphenylpyridine ligand to the 

obtained complexes 2-4, a significant shift in the 1H NMR spectrum for the gold 

neighbouring proton can be observed in general, resulting from the strong 

deshielding caused by the –I effect of the electron-accepting Au-Cl moiety (Δδ = 

0.48 ppm for complex 2). 

As complex 4 has a ligand that is optically active, the 1H NMR presents itself with 

less sharp signals than the spectrum for complex 3, as can be seen in Figure 15. 

 

Figure 15. 1H NMR complex 4 (* = d-acetone signals at 2.05 and 2.806 ppm). 

 

The proton count however fits the structure of 4 perfectly and the signal of the 

thiolate proton at 2.20 ppm is not present in the product NMR, confirming the bond 

formation between gold and sulphur, while the four acetate groups of the thio-β-D-

glucose appear as sharp singlet signals between 1.77 and 1.96 ppm. Moreover, all 

protons of the thio-β-D-glucose group are shifted downfield as well, resulting from 

the strong deshielding caused by the –I effect of the electron-accepting Au(III) 

centre. 

The structures of complexes 2, 3 and 4 were further assessed by ESI-MS 

measurements and their characteristic isotopic patterns compared to the 

theoretically calculated ones. Figure 16 displays the obtained ESI-MS spectrum for 

complex 3, while Figure 17 shows exemplarily the theoretically calculated ESI-MS 

spectrum for complex 3. The main m/z signal at 583.1330 is in perfect accordance 

with the calculated spectrum and can be attributed to the [Au(C^N^C)(PTA)]+ 
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cationic complex after loss of the PF6
- counterion. The ESI-MS spectrum of complex 

4 is depicted in Figure 18. The highest signal for m/z at 790.1442 is also in perfect 

accordance with the theoretically calculated isotopic pattern for the [M+H+] peak of 

complex 4. The signal for m/z at 616.1652 can be attributed to a partial 

decomposition of the ancillary GluS− ligand. 

 

 

Figure 16. ESI-MS spectrum of complex 3. 

 



II Results and discussion 

45 
 

 

Figure 17. Theoretically calculated ESI-MS spectrum of complex 3. 

 

 

Figure 18. ESI-MS spectrum of complex 4. 
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Figure 19. ESI-MS spectrum of complex 2. 

Both, complex 3 and 4, show signals for m/z at 461.20, signalling the total loss of 

the respective ancillary ligand and therefore correspond to the ESI-MS spectrum of 

complex 2 (Figure 19). Further structural conformation for complexes 3 and 4 was 

given by elemental analysis, with the difference of the measured CHN values to the 

calculated ones being less than 0.5% in general. 

 

For complex 3, single X-ray-quality crystals suitable for X-ray diffraction could be 

obtained by slow diffusion of pentane into an acetone solution of complex 3. The 

crystallographic results confirm the expected structure of complex 3, which is 

depicted in Figure 20. All hydrogen atoms, the hexafluorophosphate counterion and 

one co-crystallized water molecule are faded out for clarity. The Au(III) centre is 

coordinated in a slightly distorted square planar fashion by the C^N^C pincer ligand 

and PTA with bond lengths of Au1—C1 = 2.106(3) Å, Au1—N1 = 2.025(2) Å, Au1—

C17 = 2.091(3) Å and Au1—P1 = 2.2707(7) Å which are comparable to literature-

reported values for the Au(III)-C^N^C[126] scaffold and an Au(III) centre binding to 

PTA[87, 127].  
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Figure 20. Two perspectives of the molecular structure of complex 3 in the solid state with 

ellipsoids at the 50% probability level. Selected bond lengths (Å) and angels (°): Au1—C1 

2.106(3), Au1—N1 2.025(2), Au1—C17 2.091(3), Au1—P1 2.2707(7), P1—Au1—C1 97.13(7), 

P1—Au1—C17 102.10(7), N1—Au1—C1 80.32(9), N1—Au1—C17 80.44(9). 

 

While there is no significant out-of-plane distortion of the square planar 

arrangement, the geometry of the pincer ligand causes an in-plane distortion 

illustrated by the C1—Au1—C17 angle of 160.8(1)°. The pincer ligand itself is close 

to perfect planarity, with only the phenyl-sidearm that contains C17 slightly being 

bent out of plane and the C1-C6 phenyl ring being bent even more slightly in the 

antipodal direction. A full overview of bond lengths, angles and torsion angles is 

given in the appendix. 

 

2.1.2 Biological evaluation of Au(III)[C^N^C] complexes 

 

Biological evaluation was performed at the Department of Biomedical Sciences, 

University of Padova, and the Department of Pharmacokinetics, Toxicology and 

Targeting, University of Groningen.   
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2.1.2.1 Antiproliferative activity 

 

Complexes 2 – 4 were tested against human cancer cell lines A549 (lung 

adenocarcinoma), SKOV-3 (ovarian adenocarcinoma) and 2008 (human ovarian 

cancer), in comparison to their ligands, using a classical MTT assay as reported in 

the experimental section. Overall, the compounds showed modest activity in both 

A549 and SKOV-3 cell lines, with IC50 values above 50 µM. As predicted, the 

presence of respectively the PTA and GlutS- ligand improved the compounds’ 

solubility in comparison to their Au(III) precursor complex 2, with IC50 values in the 

range of 60-70 µM vs and IC50 value of 110 µM for complex 2. The highest 

antiproliferative effects were detected for complexes 2 and 4 in 2008 cells, with IC50 

values of 29.09 µM ± 2.51 and 6.64 µM ± 1.23 respectively. 

 

 

 

2.1.2.2 Thioredoxin reductase inhibition 

 

Since TrxR is also a potential target for Au(III) complexes, in vitro inhibition of purified 

rat TrxR by compounds 2 - 4 was studied using established protocols as described 

in the experimental section. The results are summarized in Table 1. All compounds 

are inhibitors of cytosolic thioredoxin reductases TrxR1 in the same range as 

auranofin, with complex 4 being the most potent. Further studies demonstrated that 

complex 3 is also able to inhibit the TrxR closely related, but selenium-free, enzyme 

glutathione reductase (GR) with an IC50 value of 180 nM, about 60-fold less 

efficiently than in the case of TrxR (Table 1). 

 

Table 1. IC50 values of the inhibition of TrxR1, TrxR2 and GR on the isolated enzymes. 

  IC50 (nM)*  
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complex TrxR1 TrxR2 GR 

auranofin 0.9 ± 0.25 3.2 ± 0.5 >10 000 

2 10.01 ± 1.32 59.01 ± 5.32 219.4 ± 18.34 

3 9.84 ± 1.25 213.41± 20.35 439.3 ± 6.82 

4 3.00 ± 0.85 60 ± 3.72 180.1 ± 22.35 
(*TrxR1 (70 nM) or TrxR2 (70 nM) in 0.2 M NaKPi buffer (pH 7.4), 5 mM EDTA, and 0.25 mM NADPH 

were tested in the presence of different concentrations of the various compounds.) 

 

Afterwards, the effect of complexes 2 – 4 on TrxR and GR activities was evaluated in 

cell lysates. For this purpose, 2008 cells, where the three compounds showed 

markedly different cytotoxic effects, were pre-treated for 48 h with complexes 2 – 4 

at different concentrations (Figure 21 [A]). In addition, GR activity was also 

determined and, as reported in Figure 21 [B], the enzyme did not show any inhibition 

even at 50 µM compounds’ concentration. 
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Figure 21. Thioredoxin reductase (A) and glutathione reductase (B) activities in 2008 ovarian 

cancer cells after the treatment with complexes 2 - 4. For TrxR activity determinations, cells 

(1x 106) were treated with the compounds at the indicated concentrations between 0-40 

µM. Glutathione reductase activity was evaluated after the treatment with 50 µM of the three 

compounds. 

 

2.1.2.3 Effects on the cellular redox state 

 

The cellular redox state was evaluated after the incubation of 2008 cells with 

complexes 2 – 4. For the determination of the total thiols present in cell lysates, an 

assay was conducted according to the protocol described in the experimental 

section. The results presented in Figure 22 show that the total amount of thiols is 

unaltered upon treatment with complexes 2 and 3, indicating that these complexes 
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have no effect on the redox state of the intracellular sulfhydryl groups, while at 50 

μM, complex 4 shows a decrease of about 40% of the total thiols. This suggests 

that complex 4 not only binds selenocysteines, but is also able to interact with thiols 

inside the cells.  

 

Figure 22. Total thiols (A) and glutathione (B) in ovarian cancer cells after the treatment with 

complexes 2 - 4. 2008 cells (5x 105) were treated with the compounds at the indicated 

concentrations [A]. In [B], total glutathione and oxidized glutathione after the cell treatment 

with 50 µM of the three compounds was depicted. 

 

The glutathione redox pair (GSH/GSSG) is another fundamental component of the 

cell redox regulation. Therefore, the study continued with the analysis of the total 

glutathione content (reduced + oxidized) and the GSH/GSSG ratio in 2008 cells, 

after treatment with complexes 2 – 4 for 48 hours. The obtained results are 

elucidated in Figure 22 [B]. After treatment of 5x105 ovarian cancer cells, a slight 

increase of oxidized glutathione (caused by thiol oxidation), was only observed in the 
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presence of 50 µM of complex 4. Therefore, the redox state of Trx1 and Trx2 in the 

presence of complexes 2 and 4 was studied, to confirm that the inhibition of TrxR 

leads to an increased oxidation of the principal substrates. Interestingly, complex 4 

shows a significant oxidation of Trx1 and Trx2, providing indirect evidence that TrxR 

is a principal target of complex 4 in cells. 

 

2.2 Au(III)[C^N(R)^C] system 

 

2.2.1 Optimization of C^N(R)^C ligand synthesis 

 

The synthesis of C^N(R)^C (= para substituted 2,4,6-triaryl pyridine ligands) has 

been described by Shingare et al.[128] before. Thus, at first synthesis was carried out 

accordingly, utilizing Bi(OTf)3 as a catalyst: 

 

 

Figure 23. Bi(OTf)3 catalyzed C^N(R)^C ligand synthesis. 

 

However, it was found that yields were quite low (<20 %) for this system and the 

workup proved to be difficult, as the crude products are obtained rather as oily 

suspensions than as the described solids. 

Therefore a second synthesis approach was conducted, utilizing microwave 

irradiation as depicted in Figure 24. 
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Figure 24. Microwave irradiated synthesis of C^N(R)^C ligands. 

 

 Microwave assisted synthesis has become progressively more recognized 

throughout the last decade, since it has been shown to significantly increase 

product yields, reduce reaction times and enhance product purities by reducing 

undesirable side reactions compared to conventional heating methods. It is 

generally referred to as microwave-assisted organic synthesis (MAOS)[129]. The short 

reaction times provided by microwave synthesis make it ideal for fast reaction 

scouting or optimization of reaction conditions. 

 

For the C^N(R)^C ligand synthesis microwave synthesis offers three major 

advantages, namely: 1) omission of Bi(OTf)3 as a catalyst and therefore metal free 

ligand synthesis, 2) solvent-free synthesis, since the educt acetophenone is a liquid 

and provides enough liquidity to the system for microwave synthesis and 3) shorter 

reaction times and higher throughput potential by using a microwave initiator robot. 

Previously reported procedures describe reaction conditions of 400 Watt and 

above[130]. However, when these reaction conditions were applied, major pressure 

build-up within the system was observed, which forced the synthesis to stop. 

Therefore, a milder starting reaction condition set of 100 Watt, 30 minutes and 

120°C was chosen and optimized for the synthesis of 4-(4'-hydroxyphenyl)-2,6-

diphenylpyridine. Each parameter was optimized with the other two respective 

parameters being fixed at the basic conditions. A pre-stirring period of one minute 

was applied to every reaction before starting the microwave heating, in order to 

ensure an optimized distribution of the educts. 
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Table 2, Table 3 and Table 4 give an overview of the obtained yields for the alteration 

of the respective parameter.  

 

Table 2. Yield determination for variation of the irradiation power P [W]. 

Entry Power [W] Yield  [%] 

1 25 4.48% 

2 50 5.18% 

4 100 16.19% 

5 175 30.43% 

6 200 19.80% 

7 250 9.80% 

   

 

 

Table 3. Yield determination for variation of the irradiation temperature T [°C]. 

Entry Temperature  [°C] Yield [%] 

8 100 19.90% 

9 120 18.92% 

10 140 18.48% 

11 160 24.00% 

12 180 27.01% 

13 200 22.49% 

14 220 13.30% 
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Table 4. Yield determination for variation of the irradiation time t [min]. 

Entry Time [min] Yield [%] 

15 30 16.59% 

16 40 20.20% 

17 50 31.74% 

18 60 34.39% 

19 70 35.72% 

20 80 35.78% 

 

It can be seen that increasing the temperature and the power enhances the yields 

significantly, reaching a maximum at 180°C and 175 Watt respectively. Afterwards, 

decomposition of the product occurs, as was monitored by 1H and 13C NMR. 

Furthermore, the applied reaction conditions can be visualized quite conveniently as 

can be seen in Figure 25. The crude product (A) obtained at optimized parameters is 

an oily suspension, containing 4-(4'-hydroxyphenyl)-2,6-diphenylpyridine as a white 

solid. If the applied temperature and irradiation power is too low (T below 120°C and 

P below 100 Watt), no precipitation of the crude product occurs but rather a slurry 

suspension (B) with very low yields after the work-up. If the microwave energy input 

is too high (T above 180°C and P above 175 Watt) the decomposition of the product 

becomes obvious, as the suspension turns brown. For the variation of the reaction 

time it can be seen that a prolongation of the reaction time affords higher yields as 

expected, which becomes especially eminent when increasing the reaction time 

from 40 minutes to 50 minutes. After reaching a plateau after 70-80 minutes a 

prolongation of the reaction time does not change the yield (significantly) any more, 

indicating that the reaction has fully occurred at that point of time. 
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Figure 25. Obtained crude products (A) optimized parameters; (B) P<100 W, T<120°C; (C) 

P>175 W, T>180°C. 

 

Thus, the optimized microwave settings were found to be at 180 W at 175°C and 80 

minutes and were applied for the synthesis of all presented 2,4,6-triaryl pyridine 

ligands. Purity of the products was verified by 1H, 13C NMR and elemental analysis. 

Scale up batch reactions were performed in a Biotage microwave initiator robot 

 

2.2.2 Synthesis and structural characterization of Au[C^N(R)^C] complexes 

 

For the Au[C^N(R)^C] class, the influence of the para substituent R of the 6-phenyl 

position of the respective Au(III) complex on the biological properties was 

investigated.  

Analogue to the Au[C^N^C] system, the Au[C^N(R)^C] complexes were obtained via 

transmetalation of the respective Hg(II) precursor as presented in Figure 26. 
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Figure 26. Synthesis of Au[C^N(R)^C] complexes. 

 

Also in accordance to the Au[C^N^C] system, reaction yields were higher when the 

reactions were performed under argon.  Complex 14 has been described before by 

Che et al. in 2013, as a precursor for photoactive functionalized bis-cyclometalated 

alkynylgold(III) complexes, suitable as phosphorescent organic light-emitting diodes 

(OLEDs)[131]. However, 13C NMR spectra were not reported and its biological activity 

was not investigated. Complexes 13, 15 and 16 have not been reported in literature 

so far.      

The cyclomercuration step can be visualized in the 1H NMR spectra as it is 

exemplarily shown for ligand 6 and complex 10 in Figure 27. Binding of HgCl to the 

ligand goes along with a significant downfield shift of the signals, resulting from the 

strong deshielding effect caused by the –I effect of the electron-accepting Hg-Cl 

moiety. 
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Figure 27. 1H NMR of ligand 6, reacted to complex 10 with Hg(OAc)2. 

 

The monomercurated Hg(II)[C^N(R)^C]Cl complexes 9 – 12 were separated from the 

bismercurated species by means of hot methanolic extraction, utilizing the better 

solubility of the monomercurated complex in comparison to the bismercurated one. 

Figure 28 shows exemplarily the 199Hg-NMR spectrum of the monomercurated and 

the bismercurated species of complex 9. 

 

 

Figure 28. 199Hg NMR of monomercurated (MM) and bismercurated (BM) complex 9. 

 

The signals are not equivalent, making the monomercurated species conveniently 

distinguishable in the 199Hg NMR spectrum. The non-equivalence of the signals can 

most likely be attributed to an out-of-plane orientation of the two HgCl groups 
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respectively to each other, in order to obtain the biggest possible distance to each 

other, as this is energetically most favorable. 

The structure of the Au[C^N(R)^C] complexes 13 - 16 were further verified by means 

of 1H NMR, 13C NMR and ESI-MS spectroscopy. Especially 13C NMR spectroscopy 

allows in this respect for a good characterization of the complexes as the C-R bonds 

of the para substituent R of the 6-phenyl position and the C-Au bonds are very 

characteristic. Figure 29 displays the 13CNMR spectra of complexes 13 – 16. The 

typical C-Au bond (A) is displayed around 142 ppm by all complexes. Furthermore 

the C-R bonds can be seen very well for the respective functional group, being C-

OH (B) at 151.21 ppm for complex 13, C-F (C) at 189.11 ppm for complex 14, C-Br 

(D) at 127.44 ppm for complex 15 and C-NO2 (C) at 148.29 ppm for complex 16. 

 

 

Figure 29. 13C NMR spectra of complex 13 - 16. 

 

The ESI-MS spectra of complexes 13 - 16 are in perfect accordance with the 

calculated [M]+ spectra and displayed in Figure 30, Figure 31, Figure 33 and Figure 

34.  
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Figure 30. ESI-MS spectrum of complex 13. 

 

 

Figure 31. ESI-MS spectrum of complex 14. 
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Figure 32. Theoretically calculated ESI-MS spectrum of complex 14. 

 

 

Figure 33. ESI-MS spectrum of complex 15. 
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Figure 34. ESI-MS spectrum of complex 16. 

 

For complex 13, the [M+H2O]+ signal for m/z at 571.0382 was obtained, as 

measurements were performed in acetone/water. Figure 32 shows exemplarily the 

theoretically calculated ESI-MS spectrum for complex 14, with the main signal for 

m/z at 555.0463 being in perfect accordance with the measured spectrum. 

Further structural verification of complexes 13 – 16 was provided by means of 

elemental analysis, with the difference of the measured CHN values to the calculated 

ones being less than 0.5% in general.  
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2.2.3 Biological evaluation of Au(III)[C^N(R)^C] complexes 

 

For the biological evaluation of complexes 13 - 16, the respective ligands 5 - 8 were 

tested first in order to see the cytotoxic potential of the sole ligand and to discuss 

the influence of the para substituent R of the 6-phenyl position without any influence 

of an Au(III) core. Ligands 5 - 8 were tested for their cytotoxic activity against the 

cancer cell lines A549 (human lung carcinoma) and SKOV-3 (ovarian carcinoma). 

Additionally, cisplatin was also tested as reference cytotoxic agent. The reported IC50 

values are the mean ± standard deviation of at least three evaluations and reported 

in Table 5. 

 

Table 5. IC50 values (μM) of compounds 5-8 and cisplatin against A549 and SKOV-3. 

compound    A549   SKOV-3 

5 30.0 ± 4.7 28.8 ± 5.5 

6 42.3 ± 5.3 44.5 ± 7.9 

7 30.8 ± 4.46 59.5 ± 9.7 

8 >100 >100 

cisplatin 4.5 ± 3.1 1.86 ± 0.7 
 

It can be seen that the sole ligands 5 - 8 display a broad cytotoxic array, with IC50 

values ranging from a moderately toxic 28.8 μM (ligand 5 for SKOV-3) to minor toxic 

at 59.5 μM (ligand 7 for SKOV-3) to non-toxic (ligand 8 for both cell lines). All ligands 

are significantly less toxic than cisplatin which is favourable, as the cytotoxicity of 

the Au(III) complexes should mainly come from the complete organometallic system 

and not the organic ligand scaffold alone. The highest cytotoxicity is displayed by 

ligand 5 for both A549 and SKOV-3 cancer cells with IC50 values of 30.0 μM for A549 

and 28.8 μM for SKOV-3 cancer cells, respectively. This can possibly be attributed 

to the fact that within the ligand class, ligand 5 possesses the highest water 

solubility due to the OH group, which can form hydrogen bonds within the aqueous 

media, such as the PBS. Ligand 6 displays closely the same cytotoxic activity 

against A549 and SKOV-3 with IC50 values around 40 μM, whereas ligand 7 is nearly 

2-fold more cytotoxic towards A549 cells (IC50 ca. 30.8 μM) than against SKOV-3 
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(IC50 ca. 59.5 μM). Interestingly, ligand 8 displays neither for A549 cells, nor for 

SKOV-3 cells any cytotoxic activity. As all other ligands show cytotoxic activity, this 

has to be most likely contributed to the NO2 group of the phenyl ring. All herein 

presented functional groups possess an –I effect, however the NO2 group is the only 

group that displays a resonance effect. Therefore, it is most likely that the resonance 

effect of a ligand in the 6-phenyl position leads to a significant decrease in the 

cytotoxic activity of the 2,4,6-triaryl pyridine system. 

 

For the biological evaluation of the respective Au(III) complexes 13 - 16 unfortunately 

precipitation upon dilution in the cell culture medium was detected, which did not 

allow to assess the exact concentration in solution. Only at relatively high 

concentrations in DMSO complexes 13 - 16 displayed decent solubility. As already 

sole DMSO is toxic to cells, cytotoxicity tests could not be conducted for complexes 

13 – 16. The poor solubility is in that case caused by the relatively big, rather non-

polar respective C^N^C scaffold. Solubility of complexes 13 - 16 would need to be 

improved by introducing ancillary ligands that increase the water solubility, as it was 

conducted for complexes 3 and 4. 
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2.3 Au(C^N) coumarin system 

2.3.1 Synthesis of the Au(C^N) coumarin system 

 

The (C^N) cyclometalated Au(III) complex 17 of the general formula [Au(pyb-H)Cl2] 

(pyb-H = C^N cyclometalated 2-benzylpyridine) was chosen as the Au(III) precursor 

complex for the coupling of the coumarin based ligand 18. Synthesis of complex 17 

was carried out with slight changes to Cinellu et al.[86], by refluxing equimolar 

amounts of KAuCl4 and benzylpyridine in ultrapure water at 100°C for 24 hours. 

 

 

Figure 35. Synthesis of complex 17 and 20. 

 

The coumarin based ligand 18 was prepared according to literature by reacting 

coumarin-3-carboxylic with 4-ethynylaniline in DCM, utilizing the coupling agent N-

(3-dimethylaminopropyl)-N'-ethylcarbodiimmide[132] 

 At first, conversion of complex 17 into its hydroxide form [Au(pyb-H)OH2] was 

attempted, as cyclometalated Au(III) complexes with OH groups as ancillary ligands 

have been reported to be convenient precursors for the coupling of various 

ligands[133]. Thus, synthesis was at preformed according to previously published 

procedure for the synthesis of [Au(bipy)(OH)2][PF6] (bipy = bipyridine) by Cinellu et 

al.[133b, 134], utilizing Ag2O as a base. However, in spite of utilizing different bases, 

reaction times, reaction temperatures and/or solvent systems (see experimental for a 
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complete overview of all varied parameters), complex 19 could not be clearly 

obtained. Instead most approaches, even at long time exposure NMR or in kryo-

NMR measurements, displayed an extremely broadened aromatic area between 6 

and 8 ppm. A possible explanation could thereby be the formation of a polymeric µ-

oxo-bridged Au(III) complex, as has been reported before for other late transition 

metals, such as iron[135]. Since 1H and 13C NMR spectroscopy did not give conclusive 

structural hints, crystal structure analysis would surely be the most convenient 

structural characterization. Crystallisation attempts were conducted by dissolving 

complex 19 in different solvents (e.g. acetone, DMSO, acetonitrile) and having a 

second solvent (e.g. diethylether, pentane, hexane) slowly diffuse into the solution. 

Attempts were conducted at room temperature and at 5°C in the refrigerator, to 

enable even slower diffusion processes. However, so far crystallisation attempts did 

not show any success. 

  

Therefore, synthetic efforts were directed to tethering the coumarin based ligand 18 

to complex 17. In that respect, the Grignard reagent EtMgBr proved to be the 

reagent of choice for the deprotonation of ligand 17. EtMgBr is a strong base and a 

convenient reagent for the deprotonation of terminal alkynes[136]. Complex 20 was 

obtained as a bright neon-yellow solid with a yield of 31%. The 1H NMR spectrum of 

complex 20 is displayed in Figure 36.  
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Figure 36. 1H NMR of complex 20. 

When comparing the 1H NMR spectrum of complex 20 to the 1H NMR spectra of the 

gold precursor complex 17 and the sole ligand 18, complex formation can be 

observed quite well (Figure 37). The characteristic proton singlet at 3.07 ppm of the 

alkyne proton has disappeared in the spectrum of complex 20, confirming a full 

deprotonation of the applied coumarin ligand 18. Furthermore, the 1H NMR 

spectrum of complex 20 displays the typical signals of the coumarin moiety, being 

the singlet for the NH group at 10,89 ppm and the singlet for the chromene unit at 

9.05 ppm. Note that ligand 18 was measured in CDCl3, while complexes 17 and 20 

were measured in d-acetone, due to different solubilties. The signals of the C^N 

scaffold of complex 20 are shifted in general slightly downfield in comparison to 

complex 17, which can be attributed to the resonance of ligand 18. 
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Figure 37. 1H NMRs of complex 17, ligand 18 and complex 20 (* = CDCl3). 

  

ESI-MS was performed for complex 20. Unfortunately, only fragments of complex 20 

could be obtained, even when turning to softer ionization methods such as FAB-MS 

(fast atom bombardment), CI-MS (chemical ionization) or MALDI-MS (Matrix-

assisted laser desorption/ionization). Therefore it can be concluded that complex 20 

is particularly labile at high temperatures and/or high voltages, such as those 

applied during the ionization process. However, further structural verification of 

complex 20 was provided by means of elemental analysis, with the difference of the 

measured CHN values to the calculated ones being less than 0.5% in general. 

 

2.3.2 Investigation of photochemical properties 

 

Since several coumarin based ligands are known for their fluorescent properties, 

ligand 18 and complex 20 were investigated by UV-VIS and fluorescence 

spectroscopy. The UV-VIS spectra of ligand 18 and complex 20 can be seen in 

Figure 38 (solution concentrations were chosen to obtain both spectra at absorption 

values between 0.6 and 0.7, different zoom factors apply due to automated scaling). 

Measurements were performed in ethanol as its cut-off appears at 240 nm. It can be 

observed that the UV-VIS spectra of ligand 18 and complex 20 are nearly identical 

with characteristic absorption maxima at 264 nm, 305 nm and 337 nm (complex 20) 

and 338 nm (ligand 18).  
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Figure 38. UV-VIS spectra of ligand 18 and complex 20. 

 

As the conjugated chromene part of the coumarin based ligand is most likely 

responsible for its UV-VIS activity, the nearly identical UV-VIS spectra of ligand 18 

and complex 20 are not surprising. This is further being supported by the fact that 

by the sole complex 17, no characteristic UV-VIS maxima are displayed. The herein 

reported maxima for ligand 18 and complex 20 are in good accordance to literature 

reported coumarin systems[137]. 

 

The fluorescence of complex 20 was determined via fluorescence spectroscopy in 

acetone. The fluorescence maximum was found at 532 nm, as displayed in Figure 

39. The quantum yield of complex 20 was automatically detected by the integrated 

software of the fluorescence spectrometer and is unfortunately quite low with a 

value of 0.02.  
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Figure 39. Normalized fluorescence spectrum of complex 20. 

 

The low fluorescence as displayed by complex 20 can probably be attributed to the 

fact that the conjugation of the aromatic system is broken by the carboxamido 

moiety of the coumarin based ligand and the methylene bridge of the Au(III) C^N 

scaffold. As mentioned before, several coumarin based ligand systems with 

biological properties have been reported. Therefore, complex 20 will be regarded for 

its biological properties, with setting special focus to its anticancer properties, in 

further studies.  
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2.4 Conclusion and outlook 

 

Even though cancer research is a field of high interest, nowadays chemotherapies 

mostly still involve the use of traditional Pt(II) drugs. These chemotherapeutics 

display several disadvantages such as a limited spectrum of action, severe side 

effects in the patients and possible cross-resistance. Therefore, today’s research has 

to focus on developing novel strategies for the synthesis of anticancer drugs. 

 

Au(I) and Au(III) complexes have thereby shown to be able to selectively inhibit target 

proteins and enzymes. Au(III) complexes present a further challenge, as the Au(III) 

core is labile to reductions. A convenient way of stabilizing the Au(III) core is in that 

respect the introduction of a cyclometalated scaffold. Therefore, this thesis focussed 

on the synthesis and biological evaluation of new cyclometalated Au(III) complexes. 

As the main scaffolds, C^N^C (= 2,6-diphenylpyridine) and a C^N(R)^C (= 2,4,6-

triaryl-pyridine) based ligand system were chosen. All Au(III)[C^N^C] and  

Au(III)[C^N(R)^C] complexes were obtained via transmetalation of the respective 

Hg(II) precursor, allowing for synthesis at relatively mild reaction conditions, in 

contrast to the quite harsh (and often not successful) direct cycloauration. 

 

The C^N^C ligand is a moderately cheap, commercially available ligand, thus the 

Au(III)[C^N^C] complexes present the benefit of being quite fast to synthesize. This 

is especially important in clinical drug development, where obtaining large quantities 

and rapid testing of the drug’s effectiveness is demanded. Ligand exchange 

reactions were performed, transforming the original Au(III)[C^N^C(Cl)] complex to 

Au(III)[C^N^C(PTA)]PF6 and Au(III)[C^N^C(GluS)]. Complex formation was proven by 

1H NMR and 13C NMR spectroscopy, ESI-MS and elemental analysis. For 

Au(III)[C^N^C(PTA)]PF6 crystals suitable for XRD measurements could be obtained. 

All three complexes showed good cytotoxic activity against ovarian cancer cells. 

Initial mechanistic studies demonstrate that the compounds are potent inhibitor of 

the seleno-enzyme thioredoxin reductase. The thioglucose derivative also induces 

alterations of the overall intracellular redox state, which may be due to additional 
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interactions with thiol-containing biomolecules. For future synthesis and biological 

testing, the coupling of PTA analogues like DAPTA (3,7-diacetyl-1,3,7-triaza-5-

phosphabicyclo[3.3.1]nonane) to the Au(III)[C^N^C] complex could be very 

interesting, as these ligands have been reported for Au(I) and Pt(II) systems with 

promising in vitro activities against several cell lines[138]. Furthermore, Au(C^N^C) 

systems replacing the central pyridine ring with a pyrazine have been reported 

recently[139]. As they display intense thermally activated delayed fluorescence (TADF), 

these Au(C^N^C) systems could lead to a convenient way to monitor the uptake of 

anticancer compounds via fluorescence microscopy over a longer period of time. 

 

For the Au(III)[C^N(R)^C] (R = OH, Cl, Br, NO2) system, ligand synthesis was 

optimized by using a microwave synthesis procedure. By elucidating the ideal 

reaction parameters and the usage of an initiator robot system, a cheap and quick 

procedure was established in which all [C^N(R)^C] ligands could be obtained at 

molar scale in less than 24 hours. Especially the prevention of using a metal catalyst 

makes this synthesis cost efficient and more environment friendly at the same time. 

The complexes were tested for their biological activity, but already the sole ligands 

displayed an interesting trend within their cytotoxic activity towards A549 and 

SKOV-3 cancer cells. The highest cytotoxicity for both A549 and SKOV-3 cancer 

cells with IC50 values around 30.0 μM was displayed for R = OH, which can possibly 

be attributed to the fact that it possesses the highest water solubility. Interestingly, 

for R = NO2 no cytotoxic activity to any of the cells was displayed. It therefore seems 

that the resonance effect of a ligand in the 6-phenyl position leads to a significant 

decrease in the cytotoxic activity of the 2,4,6-triaryl pyridine system. Complex 

formation of all Au(III)[C^N(R)^C] complexes was proven by 1H NMR and 13C NMR 

spectroscopy, ESI-MS and elemental analysis. The Au(III)[C^N(R)^C] complexes 

displayed in biological testing only poor solubility within the cell culture medium, 

which can most likely be contributed to the rather non-polar C^N^C scaffold. For 

future biological tests it would be interesting to introduce a para substituent in the 6-

phenyl position with a + I effect, to observe the differences to the herein tested 

ligands with a - I effect. Furthermore, the polarity of the Au(III) complexes needs to 

be increased, in order to test their cytotoxic activity. Therein, the coupling of a PTA 
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moiety in the ancillary position, in accordance with the Au(III)[C^N^C] complexes, 

could offer a convenient method. 

 

Finally, a coumarin based ligand was coupled to the [Au(pyb-H)(Cl)2] (pyb-H = 

cyclometalated 2-benzylpyridine) complex. This Au(III) C^N system displays the 

benefit that no transmetalation step is necessary in order to obtain the complex, 

making it more easily assessable. At first it was aimed at obtaining the Au(III) 

hydroxide complex [Au(pyb-H)(OH)2], as cyclometalated Au(III) complexes with OH 

groups as ancillary ligands have been reported as suitable precursors for the 

coupling of various ligands. However, synthesis approaches were not successful. 

Instead, direct coupling of the coumarin based ligand to [Au(pyb-H)(Cl)2] was 

achieved by utilizing a Grignard reagent. Coumarin based systems often display 

fluorescent properties, making them suitable for cellular uptake studies. Therefore, 

the Au(III) coumarin complex was investigated using UV-Vis spectroscopy and 

fluorescence spectroscopy. While the Au(III) complex featured distinctive absorption 

peaks in the UV-Vis spectrum, due to the coupled coumarin based ligand, only small 

quantum yields could be detected. This can probably be attributed to the fact that 

the conjugation of the aromatic system is broken by the carboxamido moiety of the 

coumarin based ligand and the methylene bridge of the Au(III) C^N scaffold.  

Quantum yields were determined in acetone, however future measurements utilizing 

different solvents and concentrations could be interesting, since some systems 

display decent fluorescent activity only in specific solvents and/or concentrations[120]. 

Furthermore, biological testing of this interesting novel Au(III) C^N complex should 

be performed in the future. 

 

To conclude it can be stated that cyclometalated Au(III) compounds are a fascinating 

complex class for the use as anticancer agents, as they offer a broad range of 

variation potential within their cyclometalated scaffold and their ancillary ligand. 

Thus, specific complex design is made possible to address manifold issues such as 

physiochemical properties or the introduction of specific targeting moieties.  
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III Experimental 

 

If necessary, reactions were carried out under purified argon 5.0 (99,99990%, 

Westfalen AG) using standard Schlenk equipment and techniques. Solvents were 

dried, degassed by freeze-pump thaw and stored over molecular sieve before use.  

All starting materials were used as received from commercial sources without 

undergoing any further purification.  

 

Chemicals 

All utilized chemicals were purchased from VWR International GmbH, Sigma-Aldrich 

Inc. or Alfa Aesar GmbH & Co KG. Deuterated solvents were purchased from Sigma-

Aldrich Inc. and Deutero GmbH. 

 

Analytics 

All physico-chemical analytics were performed at the Technische Universität 

München and the University of Cardiff. 

 

ESI-MS 

Electrospray ionization mass spectra (ESI-MS) were obtained on a High Resolution 

Waters LCT TOF Bruker HR-QTOF maXisPlus operating in positive ionization mode. 

The samples were dissolved in 1 ml of the appropriate solvent and 10 µl were 

injected directly in to the mass spectrometer. The mass range was scanned 

between 100 and 2000 and Leucine Enkephalin was used as an online calibrant. 

NMR 

NMR spectra were recorded on a Bruker Avance DPX-300, 400 or 500 at 298 K. 

Chemical shifts are given in δ (ppm) and refer to the residual 1H and 13C(1H) signals 
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of the respective solvent. For 199Hg NMR measurements Hg(OAc)2 was used as an 

external standard. In allocating the signals the following abbreviations have been 

used: s - singlet, d - doublet, t - triplet, q - quartet, m - multiplet. Coupling constants 

J are given in Hz. 

 

Single X-Ray Crystallography 

X-ray intensity data were measured on a Bruker D8 Venture Duo IMS system 

equipped with a Helios optic monochromator and a Mo IMS microsource 

(λ=0.71073 Å). Data were collected on a single crystal X-ray diffractometer equipped 

with a CCD detector (APEX II, κ-CCD), a rotating anode FR591 and a Montel mirror 

optic using the SMART software package. Single crystals were manually picked and 

coated with perfluorinated ether prior to measurements. The crystals were fixed on 

the top of a microsampler, transferred to the diffractometer and subsequently frozen 

under a stream of liquid nitrogen. Initial lattice parameters were defined by matrix 

measurements. Reflections were merged and corrected for Lorentz and polarization 

effects, scan speed and background. The frames were integrated with the SAINT 

software package (Version 7.56a by Bruker AXS Inc.) using a narrow-frame 

algorithm. Data were corrected for absorption effects using the Multi-Scan method 

(SADABS) software (Version 2008/1 by Bruker AXS Inc.). Space group assignments 

were based upon systematic absences, E statistics and successful refinement of the 

structures. Structures were solved by direct methods with the aid of successive 

difference Fourier maps and were refined against all data using the APEX 2 software 

(Version 2014.9-0 by Bruker AXS Inc.) in conjunction with SHELXL-97, SHELXL-

2014 or SHELXLE. Hydrogen atoms were placed in calculated positions and refined 

using a riding model. Non-hydrogen atoms were refined with anisotropic 

displacement parameters. Full-matrix least-squares refinements were carried with 

the SHELXL-97 weighting scheme.  
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Elemental Analysis 

Elemental analysis was performed at the Microanalysis Laboratory Munich. For 

CHNS analytics a Euro EA analyser (HEKAtech GmbH) was utilized. 

 

UV-Vis 

UV-VIS spectra were recorded on an Agilent Cary 60 UV-Vis Spectrophotometer in 

10 mm cuvettes.  

 

Fluorescence measurements  

Fluorescence spectra were recorded on a Hitachi Fluorescence Spectrophotometer 

F-2710 with an automated detection of quantum yields. 

 

Cytotoxicity tests 

All media and supplements were purchased from Invitrogen. The human ovarian 

cancer cell line SKOV3 and the human alveolar basal epithelial cancer cell line A549 

were cultured respectively in DMEM (Dulbecco’s Modified Eagle Medium) and RPMI 

(Roswell Park Memorial Institute medium) containing GlutaMaxI supplement with 

10% FBS (fetal bovine serum) and 1% penicillin/streptomycin in an incubator at 

37°C with an humidified atmosphere of 95% air and 5% CO2 (Heraeus, Germany). 

2008 ovarian cancer cells were grown in RPMI with 10% and 1% 

penicillin/streptomycin at the same conditions. For the evaluation of the cellular 

growth inhibition, cells were grown in 96-well plates (Costar, Integra Biosciences, 

Cambridge, MA) at a concentration of 10.000-15.000 cells per well and grown for 24 

h in complete medium. Solutions of the compounds were prepared by diluting a 

freshly prepared stock solution (10-2M in DMSO) of the corresponding compound in 

DMEM. Afterwards, the intermediate dilutions of the compounds were added to the 

wells (100 μL) to obtain a final concentration ranging from 0 to 150 μM, and the cells 

were incubated for 72 h. Following 72 h drug exposure, MTT (3-(4,5-dimethylthiazol-
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2-yl)-2,5-diphenyltetrazolium bromide) was added to the cells at a final 

concentration of 0.25 mg ml-1 and incubated for 2 h, then the culture medium was 

removed and the violet formazan (artificial chromogenic precipitate of the reduction 

of tetrazolium salts by dehydrogenases and reductases) dissolved in DMSO. The 

optical density of each well (96-well plates) was quantified three times in 

tetraplicates at 540 nm using a multi-well plate reader, and the percentage of 

surviving cells was calculated from the ratio of absorbance of treated to untreated 

cells. The IC50 value was calculated as the concentration reducing the proliferation 

of the cells by 50% and it is presented as a mean (± SE) of at least three 

independent experiments. 

 

Enzyme inhibition assays on isolated enzymes. 

Highly purified aliquots of cytosolic rat liver thioredoxin reductase[140] and 

mitochondrial rat liver isoform[141] were utilized to determine their inhibition in the 

presence of complexes 2 - 4 at different concentrations. Thioredoxin reductases 

activity was determined by estimating the DTNB reduction in the presence of 

NADPH. The reaction was started with 1 mM DTNB and followed 

spectrophotometrically at 412 nm for about 10 min at 25°C. Yeast glutathione 

reductase activity was measured in 0.2 M Tris–HCl buffer (pH 8.1), 1 mM EDTA, and 

0.25 mM NADPH, with the various compounds. The assay was initiated by addition 

of 1 mM GSSG and followed spectrophotometrically at 340 nm. 

 

Analysis of thioredoxin reductase and glutathione reductase activities in cell lysates 

2008 ovarian cancer cells, grown in completed RPMI medium, were treated in the 

presence of complexes 2 - 4 in various conditions to assess the activities of 

thioredoxin reductase and, glutathione reductase, the amount of total thiols and total 

and oxidized glutathione.  Briefly, 2008 cells (1 × 106) were incubated with the three 

compounds for 48 h. After incubation, cells were harvested, washed with PBS and 

the pellets were lysed with a modified RIPA buffer: 150 mM NaCl, 50 mM Tris-HCl, 1 

mM EDTA, 0.1% SDS, 0.5% DOC, 1 mM NaF, and an antiprotease cocktail 

(“Complete”Roche, Mannheim, Germany) containing 0.1 mM PMSF. After 40 min of 

incubation at 4 °C, lysates were centrifuged at 14000g for 5 min and aliquots (50µg) 
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of the supernatants were utilized for enzyme activities as described.  

 

Total thiols estimation in cell lysates 

After the treatment with 25 or 50 µM of the gold compounds for 24 h, cells were 

dissolved with 7.2M guanidine in a buffer containing 0.2M Tris-HCl and 5 mM EDTA. 

Total thiols were monitored at 412 nm in presence of 3 mM DTNB.  

 

Redox Western Blot Analysis of Trx1 and Trx2.  

The redox state of Trx was detected using a modified Western blot analysis[142] 

utilizing established protocols[143]. Cells incubated with the compounds for 48h, were 

lysed with 150 μL of urea lysis buffer (100 mM Tris-HCl, pH 8.3) containing 1 mM 

EDTA, 8 M urea and then treated with 10 mM iodoacetamide (IAM) to derivatize free 

thiols. Subsequently after the treatment with 3.5 mM DTT to reduce the oxidized 

thiols, cell lysates were derivatized with iodoacetic acid (IAA) (30 mM final 

concentration) that gives a negative charge. Proteins were separated by urea-PAGE 

gel (7% acrylamide/bis(acrylamide) in 8 M urea) in non-reducing conditions and 

blotted using TurboSystem (Bio-Rad Laboratories, Hercules, CA, USA). Membranes 

were probed with the primary antibodies respectively for Trx1 (FL 105) and for Trx2 

(H75) (Santa Cruz Biotechnology, Santa Cruz, CA, USA).  

To determine the redox state of thioredoxin, after 24 h cell treatment with complex 2 

(40 µM) and 4 (20 µM), cells were lysed in 150 μL of urea lysis buffer (100 mM Tris-

HCl, pH 8.3) containing 1 mM EDTA, 8 M urea, and derivatized in order to alkylate 

free thiols with IAM/IAA procedure as described before. Proteins were then 

subjected to Urea-page in non-reducing conditions and to Western blot detection. 
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Figure 40. Redox western blot of Trx1 (A) and Trx2 (B) in 2008 cells after incubation with 

complex 2 and 4. NAC represents the completely reduced status, while diamide is the 

control for the oxidized status. 

 

Glutathione redox state estimation in cell lysates 

5×105 2008 cells were incubated for 48 h with 50 µM of complexes 2 - 4. Then cells, 

washed twice with cold PBS, were rapidly lysed and deproteinized with 6% meta-

phosphoric acid. After 10 min at 4°C, samples were centrifuged and supernatants 

were neutralized with 15% Na3PO4 and assayed for total glutathione[144].  

To determine the amount of GSSG, aliquots of the obtained samples were 

derivatized with 2-vinylpyridine75 in order to block reduced glutathione, and 

oxidized glutathione was then estimated[145].  

 

 

Microwave reactions 

Microwave reactions were carried out in a CEM Focused Microwave™ Synthesis 

System or a Biotage® Initiator Robot Eight and Sixty. Vials with a volume of max. 5 

mL were fitted with a magnetic stir bar and sealed with plastic caps. Beforehand to 

the reactions, a pre-stirring period of one minute was applied to ensure an optimal 

distribution of the educts. 
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Figure 41. CEM Focused Microwave (left) and Biotage Initiator Robot (right) as applied in 

the thesis. 
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4 Synthesis of [Au(III)(C^N^C] complexes 

 

4.1 Hg(II) precursor synthesis 

 

[Hg(C^N^C)Cl], 1 

 

 

 

Synthesis of the mercury precursor [Hg(C^N^C)Cl] 1 was carried out with slight 

alterations to the synthesis reported by Constable et al.[123]. A mixture of 2,6-

diphenylpyridine (2.27 g, 9.81 mmol, 1 eq.) and mercury(II) acetate (3.13 g, 9.81 

mmol, 1.0 eq.) in 50 mL absolute ethanol was heated under reflux for 24 hours under 

argon. Thereafter, a solution of lithium chloride (0.89 g, 21.07 mmol, 2.1 eq.) in 50 

mL methanol was added, refluxed for another 30 minutes, and subsequently poured 

into 100 mL of ice-cold, ultrapure water. The resulting white precipitate was filtered 

off and washed with ice-cold water and methanol. Extraction of the solid with hot 

methanol left the bismercurated product as a white solid residue. The methanol 

extract was concentrated to small volume and stored at low temperature, leading to 

the precipitation of an off-white solid, which was filtered and washed with ice-cold 

methanol and pentane. Any remaining solvent was removed under reduced pressure 

to afford complex 1 as a white solid (1.97 g, 4.22 mmol, 43% yield) 

 

1H NMR (400 MHz, DMSO-d6) δ [ppm] = 8.00 (t, J = 7.2 Hz, 1H, Ha), 7.96 (d, J = 7.3 

Hz, 2H, Hc), 7.91 (d, J = 7.8 Hz, 1H, Hf), 7.83 (d, J = 7.8 Hz, 1H, Hg), 7.76 (d, J = 7.7 

Hz, 2H, Hb), 7.60 – 7.47 (m, 5H, Hd,e,f’). 
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13C NMR (101 MHz, DMSO-d6) δ [ppm] = 163.09 (C-N), 161.70 (C-C), 158.30 (C-

HgCl), 138.46 (C-Ha), 137.81(C-Hc), 128.95, 127.97, 127.96, 125.85, 125.12, 123.66, 

121.13 (C-Hb). 

199Hg NMR (CDCl3, 72 MHz): δ = ‒1054.73. 

Anal. Calc. for C17H12ClHgN: C 43.79, H 2.59 N 3.00%. Found: C 43.02, H 2.51, N, 
3.00%. 
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4.2 Synthesis of [Au(III)(C^N^C] complexes 

 

[Au(C^N^C)Cl], 2 

 

 

 

Preparation was carried out with slight changes to the synthesis by Che et al.[95]. 

Complex 1 (0.51 g, 1.09 mmol, 1eq.) and K[AuCl4] (0.41 g, 1.09 mmol, 1eq.) were 

refluxed in 20 mL acetonitrile under argon for 24 h at 80°C upon which a greenish 

precipitate was formed. The crude solid was filtered, washed with diethyl ether and 

pentane and dried under reduced pressure to afford complex 2 as an electrostatic, 

light-yellow solid (0.18 g, 0.39 mmol, 36% yield). 

13C NMR spectra have not been reported in the literature so far. 

1H NMR (400 MHz, DMSO-d6) δ [ppm] = 8.19 (t, J = 8.0 Hz, 1H, Ha), 7.98 (d, J = 8.1 

Hz, 2H,Hf), 7.88(d, J = 7.7 Hz, 2H, Hc), 7.69 (d, J = 7.2 Hz, 2H,Hb), 7.43 (t, J = 7.3 Hz, 

2H, Hd), 7.32 (t, J = 7.6 Hz, 2H, He). 

13C(1H) NMR (101 MHz, DMSO-d6) δ [ppm] = 169.53 (C-N), 164.10 (C-C), 148.43(C-

Ha), 142.32(C-Au), 132.95(C-Hc), 131.67(C.He), 127.61(C-Hd), 126.14(C-Hf), 118.57(C-

Hb). 

Positive ESI-MS (acetone): m/z = 462.21 [M+H]+ (calcd for C17H12AuClN: 462.03).  

Anal. Calc. for C17H11AuClN: C, 44.22; H, 2.40; N, 3.03 %. Found: C, 44.16; H, 2.18 ; 

N, 3.23%. 
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[Au(C^N^C)(PTA)][PF6], 3 

 

 

 

Complex 2 (100 mg, 0.22 mmol, 1 eq.) was added to KPF6 (202.47 mg, 1.10 mmol, 5 

eq.) in 25 mL of acetone under argon. PTA (34.57 mg, 0.22 mmol, 1 eq.) was added 

to the suspension at room temperature under vigorous stirring, leading to 

solubilisation of 2. The reaction was stirred at room temperature for 3 hours. 

Acetone was subsequently partly removed, DCM was added and the solution was 

filtered through Celite.  The volatiles were removed under reduced pressure and the 

resulting solid washed with ice-cold acetone, pentane and diethylether. Complex 3 

was obtained as a light-yellow solid (114.7 mg, 0.16 mmol, 73% yield). 

 

1H NMR (400 MHz, Acetone-d6) δ [ppm] = 8.28 (t, J = 8.0 Hz, 1H, Ha), 8.01 (m, J = 

8.5 Hz, 6H, Hb,c,f), 7.56 (t, J = 7.5 Hz, 2H, Hd), 7.46 (t, J = 7.5 Hz, 2H, He), 5.21 (d, J = 

2.1 Hz, 6H, N-CH2), 4.99 (d, J = 13.1 Hz, 3H, P-CHaHb), 4.80 (d, J = 13.3 Hz, 3H, P-

CHaHb). 

 

 13C NMR (101 MHz, Acetone-d6) δ [ppm] = 169.48(C-N), 164.69(C-C), 151.39(C-Ha), 

146.41(C-Au), 137.61(C-Hc), 133.54(C-He), 129.07(C-Hd), 128.01(C-Hf), 119.56(C-Hb), 

73.13(N-CH2), 51.31(P-CH2). 

 

Positive ESI-MS (acetone): m/z = 583.110 [M]+ (calcd for C23H23AuN4P: 583.126).  

Anal. Calc. for C23H23AuF6N4P2: C, 37.93; H, 3.18; N, 7.69 %. Found: C, 37.79; H, 

3.24; N, 7.38 %. 
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[Au(C^N^C)(GluS)], 4 

 

 

 

Complex 2 (50 mg, 0.115 mmol, 1 eq.), was added to thio-β-D-glucose tetraacetate 

(41.9 mg, 0.115 mmol, 1 eq.) and Na2CO3 (61 mg, 0.575 mmol, 5 eq.) in 20 mL DCM 

under argon. The suspension was stirred for 1.5 hours at room temperature and 

thereafter filtered through Celite and concentrated under reduced pressure. Upon 

cooling and subsequent addition of pentane, a precipitate was formed which was 

filtered, washed with diethylether and pentane and dried under reduced pressure. 

Complex 4 was obtained as a light-yellow solid (78.96 mg, 0.10 mmol, 87% yield). 

 

1H NMR (500 MHz, Acetone-d6) δ [ppm] = 8.34 –7.69 (m, 5H, Ha,b,c), 7.61 – 7.14 (m, 

6H, Hd,e,f), 5.20 – 5.10 (m, 2H, 2 CH), 4.98 (m, 1H, CH), 4.89 (t, J = 9.4 Hz, 1H, CH), 

4.79 (t, J = 9.7 Hz, 1H, CH), 4.15 (dd, J = 12.3 Hz, 2.1 Hz, 1H, CH2-sugar), 4.02 (dd, 

J = 12.3 Hz, 5.6 Hz, 1H, CH2-sugar), 1.96 (s, 3H, OAc), 1.94 (s, 3H, OAc), 1.86 (s, 3H, 

OAc), 1.77 (s, 3H, OAc). 

 

Positive ESI-MS (acetone): m/z = 790.1442 [M+H]+ (calcd for C31H31AuNO9S: 

790.1385). 

 

Anal. Calc. for C31H30AuNO9S: C, 47.15; H 3.83; N, 1.77; S, 4.06 %. Found: C, 47.01; 

H, 3.68; N, 1.85; S, 3.75%. 
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5 Synthesis of Au(III)[C^N(R)^C] complexes 

 

5.1 Synthesis of [C^N(R)^C] ligand system 

 

In the following, the two [C^N(R)^C] ligand system synthesis routes applied in the 

present thesis are exemplarily shown for the 4-(4'-hydroxyphenyl)-2,6-

diphenylpyridine ligand. 

 

General Synthesis Route A 

 

 

 

A mixture of acetophenone (1.20 mL, 10.3 mmol, 2.0 eq.), 4-hydroxybenzaldehyde 

(0.64 g, 5.16 mmol, 1eq.), ammonium acetate (2.38 g, 30.9 mmol, 6 eq.) and bismuth 

triflate (5 mol%) were heated at 120 °C for 3 h under inert gas atmosphere in 20 mL 

absolute ethanol. The reaction mass was allowed to cool down to room 

temperature, extracted with 50 mL aq. ethanol solution (water/ethanol, 7:3) , filtrated 

and washed with ice-cold water and ice-cold ethanol. In order to obtain a higher 

yield, the filtrate was concentrated and stored at a low temperature, leading to the 

precipitation of additional product. The combined crude products were purified by 

recrystallization in aq. ethanol (water/ethanol, 3:7). 4-(4'-hydroxyphenyl)-2,6-

diphenylpyridine was obtained as an off-white crystalline solid with a yield of 20% 

(0.33 g, 1.02 mmol) after drying.  
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General Synthesis Route B 

 

 

 

A mixture of acetophenone (0.6 mL, 5.15 mmol, 2.0 eq.), 4-hydroxybenzaldehyde 

(0.32 g, 2.58 mmol, 1eq.) and ammonium acetate (1.19 g, 15.45 mmol, 6 eq.) were 

sealed into a microwave tube, pre-stirred for one minute and subsequently exposed 

to 180 Watt microwave irradiation at 175°C for 80 minutes. The resulting biphasic 

reaction mixture was then transferred to a separating funnel, treated with equal 

volumes of ice-water and diethyl ether and shaken well. The aqueous phase 

containing excess ammonium acetate was extracted three times with diethyl ether. 

The organic phases were combined and concentrated under reduced pressure to 

afford the crude product. Recrystallization from ethanol and subsequent drying 

under reduced pressure delivered 4-(4'-hydroxyphenyl)-2,6-diphenylpyridine as an 

off-white crystalline solid with a yield of 35% (0.29 g, 0.93 mmol).  

 

Synthesis Route B was optimized concerning applied power, time and temperature 

of the microwave reaction. Based on the findings, the optimized microwave settings 

were established to be at 180 W at 175 °C for 80 minutes and were applied for the 

synthesis of all presented 2,4,6-triaryl pyridine ligands. Column chromatography 

over silica gel (hexane/ethyl acetate = 1.5/1) can be performed for further ligand 

purification, if required. 
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4-(4'-hydroxyphenyl)-2,6-diphenylpyridine C^N(OH)^C, 5 

 

 

 

A mixture of acetophenone (0.6 mL, 5.15 mmol, 2.0 eq.), 4-hydroxybenzaldehyde 

(0.32 g, 2.58 mmol, 1eq.) and ammonium acetate (1.19 g, 15.45 mmol, 6 eq.) were 

sealed into a microwave tube, pre-stirred for one minute and subsequently exposed 

to 180 Watt microwave irradiation at 175°C for 80 minutes. The resulting biphasic 

reaction mixture was then transferred to a separating funnel, treated with equal 

volumes of ice-water and diethyl ether and shaken well. The aqueous phase 

containing excess ammonium acetate was extracted three times with diethyl ether. 

The organic phases were combined and concentrated under reduced pressure to 

afford the crude product. Recrystallization from ethanol and subsequent drying 

under reduced pressure delivered ligand 5 as an off-white crystalline solid with a 

yield of 32% (0.29 g, 0.90 mmol).  

 

1H-NMR (400 MHz, DMSO-d6): δ [ppm] = 9.86 (s, 1H, OH), 8.31 (d, J=7.3 Hz, 4H, 

H1), 7.85 (s, 2H, H4), 7.67 (d, J=8.2 Hz, 2H, H5), 7.51-7.41 (m, 6H, H2,3), 6.99 (d, J=8.6 

Hz, 2H, H6).  

 

13C NMR (101 MHz, DMSO-d6) δ [ppm] = 152.09 (2 C-N), 151.20 (C-OH), 148.4 

(Cpara-N), 128.71, 128.66, 128.77, 127.96, 127.28, 127.26, 126.91, 116.81, 114.62, 

113.78, 112.21. 

 

Anal. Calc. for C23H17NO: C, 85.42; H, 5.30; N, 4.33%. Found: C, 87.11; H, 5.73; N, 

4.25%. 
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4-(4'-fluorophenyl)-2,6-diphenylpyridine C^N(F)^C, 6 

 

 

 

A mixture of acetophenone (0.6 mL, 5.15 mmol, 2.0 eq.), 4-fluorobenzaldehyde (0.32 

g, 2.58 mmol, 1eq.) and ammonium acetate (1.19 g, 15.45 mmol, 6 eq.) were sealed 

into a microwave tube, pre-stirred for one minute and subsequently exposed to 180 

Watt microwave irradiation at 175°C for 80 minutes. The resulting biphasic reaction 

mixture was then transferred to a separating funnel, treated with equal volumes of 

ice-water and diethyl ether and shaken well. The aqueous phase containing excess 

ammonium acetate was extracted three times with diethyl ether. The organic phases 

were combined and concentrated under reduced pressure to afford the crude 

product. Recrystallization from ethanol and subsequent drying under reduced 

pressure delivered ligand 6 as an off-white crystalline solid with a yield of 33% (0.30 

g, 0.92 mmol).  

 

1H-NMR (400 MHz, DMSO-d6): δ [ppm] = 8.20 (d, J=7.8 Hz, 4H, H1), 7.85 (s, 2H, H4), 

7.75-7.53 (m, 2H, H5,6), 7.46 (t, J=7.0 Hz, 2H, H3), 7.23 (t, J=8.6 Hz, 2H, H2).  

 

13C NMR (101 MHz, DMSO-d6) δ [ppm] = 188.89 (C-F), 137.23 (2 C-N), 134.94, 

133.47 (Cpara-N), 133.11, 130.47, 128.79, 128.65, 128.41, 122.58. 

 

Anal. Calc. for C23H16FN: C, 84.90; H, 4.96; N, 4.30; F, 5.84. Found: C, 83.87; H, 4.36; 

N, 4.21; F, 5.96. 
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4-(4'-bromophenyl)-2,6-diphenylpyridine C^N(Br)^C, 7 

 

 

 

A mixture of acetophenone (0.6 mL, 5.15 mmol, 2.0 eq.), 4-bromobenzaldehyde 

(0.48 g, 2.58 mmol, 1eq.) and ammonium acetate (1.19 g, 15.45 mmol, 6 eq.) were 

sealed into a microwave tube, pre-stirred for one minute and subsequently exposed 

to 180 Watt microwave irradiation at 175°C for 80 minutes. The resulting biphasic 

reaction mixture was then transferred to a separating funnel, treated with equal 

volumes of ice-water and diethyl ether and shaken well. The aqueous phase 

containing excess ammonium acetate was extracted three times with diethyl ether. 

The organic phases were combined and concentrated under reduced pressure to 

afford the crude product. Recrystallization from ethanol and subsequent drying 

under reduced pressure delivered ligand 7 as an off-white crystalline solid with a 

yield of 39% (0.34 g, 0.88 mmol).  

 

1H-NMR (400 MHz, DMSO-d6): δ [ppm] = 8.20 (d, J=7.7 Hz, 4H, H1), 7.87 (s, 2H, H4), 

7.70 (d, J=8.5 Hz, 2H, H5), 7.56-7.40 (m, 6H, H2,3), 6.86 (d, J=8.3 Hz, 2H, H6). 

 

13C NMR (101 MHz, DMSO-d6) δ [ppm] = 156.33 (2 C-N), 149.36 (Cpara-N), 138.98, 

129.13, 128.72, 128.13, 126.91 (C-Br), 115.85, 115.66. 

 

Anal. Calc. for C23H16BrN: C, 71.51; H, 4.18; N, 3.63; Br, 20.68. Found: C, 70.93; H, 

4.37; N, 3.61; Br, 19.49. 
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4-(4'-nitrophenyl)-2,6-diphenylpyridine C^N(NO2)^C, 8 

 

 

 

A mixture of acetophenone (0.6 mL, 5.15 mmol, 2.0 eq.), 4-nitrobenzaldehyde (0.39 

g, 2.58 mmol, 1eq.) and ammonium acetate (1.19 g, 15.45 mmol, 6 eq.) were sealed 

into a microwave tube, pre-stirred for one minute and subsequently exposed to 180 

Watt microwave irradiation at 175°C for 80 minutes. The resulting biphasic reaction 

mixture was then transferred to a separating funnel, treated with equal volumes of 

ice-water and diethyl ether and shaken well. The aqueous phase containing excess 

ammonium acetate was extracted three times with diethyl ether. The organic phases 

were combined and concentrated under reduced pressure to afford the crude 

product. Recrystallization from ethanol and subsequent drying under reduced 

pressure delivered ligand 8 as an off-white crystalline solid with a yield of 35% (0.33 

g, 0.93 mmol).  

 

1H NMR (400 MHz, DMSO-d6) δ [ppm] = 8.34 (d, J = 8.6 Hz, 4H. H1), 8.08 (m, 4H, 

H4,5), 7.90 – 7.84 (d, J = 8.5 Hz, 2H, H6), 7.55 (t, J = 7.5 Hz, 2H, H3), 7.44 (t, J = 7.7 

Hz, 2H, H2). 

 

13C NMR (101 MHz, DMSO-d6) δ [ppm] = 156.78 (2 C-N), 147.89 (C-NO2), 147.35 

(Cpara-N), 144.13, 138.50, 129.47, 128.91, 128.81, 128.19, 124.04, 117.01. 

 

Anal. Calc. for C23H16N2O2: C, 78.39; H, 4.58; N, 7.95. Found: C, 79.37; H, 4.37; N, 

7.91. 
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5.2 Synthesis of [Hg(II)[C^N(R)^C]Cl] complexes 

4-(4'-hydroxophenyl)-2,6-diphenylpyridinylmercury(II) chloride [Hg(C^N(OH)^C)Cl], 9 

 

 

 

Ligand 5 (1.90 g, 5.87 mmol, 1.0 eq.) and mercury(II) acetate (1.70 g, 5.34 mmol, 0.9 

eq.) were heated in 50 mL absolute ethanol under reflux for 24 h under argon. 

Thereafter, a solution of lithium chloride (0.50 g, 11.74 mmol, 2.0 eq.) in 20 mL 

absolute methanol was added, refluxed for another 15 minutes, and subsequently 

given into 100 mL ice-cold, ultrapure water. The formed precipitate was filtered off 

and washed with ice-cold water and methanol. The solid was extracted with hot 

methanol to leave the bismercurated product as a solid residue. Upon cooling the 

formation of a precipitate could be observed, which was filtered and washed with 

ice-cold methanol. Any remaining solvent was removed under reduced pressure to 

afford complex 9 as a white, fine crystalline solid with a yield of 23% (0.75 g, 1.35 

mmol). 

 

1H-NMR (400 MHz, DMSO-d6): δ [ppm] = 8.12 (d, J = 7.5 Hz, 3H, H1), 7.98 (s, 2H, 

H4), 7.83 (d, J = 8.4 Hz, 2H, H6), 7.71 – 7.60 (m, 6H, H2,2’,3), 7.54 (d, J = 8.3 Hz, 2H, 

H5). 

 

13C-NMR (101 MHz, DMSO-d6): δ [ppm] = 157.7 (2 C-N), 156.7(2 C-OH), 149.8 

(Cpara-N), 139.8 (C-HgCl), 131.6, 129.7, 129.5, 129.2, 128.9, 128.8, 128.7, 128.3, 

128.0, 127.3, 116.8, 116.2. 

 

199Hg-NMR (72 MHz, DMSO-d6): δ [ppm] = -1054.22. 
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4-(4'-fluorophenyl)-2,6-diphenylpyridinylmercury(II) chloride [Hg(C^N(F)^C)Cl], 10 

 

 

 

Ligand 6 (1.91 g, 5.87 mmol, 1.0 eq.) and mercury(II) acetate (1.70 g, 5.34 mmol, 0.9 

eq.) were heated in 50 mL absolute ethanol under reflux for 24 h under argon. 

Thereafter, a solution of lithium chloride (0.50 g, 11.74 mmol, 2.0 eq.) in 20 mL 

absolute methanol was added, refluxed for another 15 minutes, and subsequently 

given into 100 mL ice-cold, ultrapure water. The formed precipitate was filtered off 

and washed with ice-cold water and methanol. The solid was extracted with hot 

methanol to leave the bismercurated product as a solid residue. Upon cooling the 

formation of a precipitate could be observed, which was filtered and washed with 

ice-cold methanol. Any remaining solvent was removed under reduced pressure to 

afford complex 10 as a white solid with a yield of 25% (0.82 g, 1.45 mmol). 

 

1H-NMR (400 MHz, DMSO-d6): δ [ppm] = 8.33 (d, J=7.4 Hz, 3H, H1), 8.18 (s, 2H, H4), 

8.15-8.08 (m, 2H, H5), 7.55 (t, J=7.4 Hz, 4H, H2,3), 7.48 (m, 2H, H2’), 7.40 (d, J=8.7 Hz, 

2H, H6). 

 

13C-NMR (101 MHz, DMSO-d6): δ [ppm] = 189.09 (C-F), 142.58 (C-HgCl), 137.43(2 

C-N), 135.14, 133.67(Cpara-N), 133.31, 130.66, 128.99, 128.85, 128.61, 122.78, 

119.12, 109.60. 

 

199Hg-NMR (72 MHz, DMSO-d6): δ [ppm] = -1054.93. 
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4-(4'-bromophenyl)-2,6-diphenylpyridinylmercury(II) chloride [Hg(C^N(Br)^C)Cl], 11 

 

 

 

Ligand 7 (2.27 g, 5.87 mmol, 1.0 eq.) and mercury(II) acetate (1.70 g, 5.34 mmol, 0.9 

eq.) were heated in 50 mL absolute ethanol under reflux for 24 h under argon. 

Thereafter a solution of lithium chloride (0.89 g, 21.07 mmol, 2.0 eq.) in 20 mL 

absolute methanol was added, refluxed for another 15 minutes, and subsequently 

given into 100 mL ice-cold, ultrapure water. The formed precipitate was filtered off 

and washed with ice-cold water and methanol. The solid was extracted with hot 

methanol to leave the bismercurated product as a solid residue. Upon cooling the 

formation of a precipitate could be observed, which was filtered and washed with 

ice-cold methanol. Any remaining solvent was removed under reduced pressure to 

afford complex 11 as a white, fine crystalline solid with a yield of 27% (0.98 g, 1.58 

mmol). 

 

1H NMR (400 MHz, DMSO-d6) δ [ppm] = 8.31 (d, J = 6.7 Hz, 3H, H1), 8.12 (s, 2H, H4), 

7.94 (d, J = 8.2 Hz, 2H, H5), 7.60 (t, J = 6.7 Hz, 4H, H2,3), 7.49 (m, 2H, H2’), 6.86 (d, J 

= 8.3 Hz, 2H, H6). 

 

13C-NMR (101 MHz, DMSO-d6): δ [ppm] = 156.90 (2 C-N), 156.24 (Cpara-N), 

143.91(C-HgCl), 138.66, 134.03, 128.80, 128.02, 127.32 (C-Br), 123.34, 118.41, 

116.22, 113.25, 109.15. 

 

199Hg-NMR (72 MHz, DMSO-d6): δ [ppm] = -1055.12 
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4-(4'-nitrophenyl)-2,6-diphenylpyridinylmercury(II) chloride [Hg(C^N(NO2)^C)Cl], 12 

 

 

 

Ligand 8 (2.07 g, 5.87 mmol, 1.0 eq.) and mercury(II) acetate (1.70 g, 5.34 mmol, 0.9 

eq.) were heated in 50 mL absolute ethanol under reflux for 24 h under argon. 

Thereafter a solution of lithium chloride (0.89 g, 21.07 mmol, 2.0 eq.) in 20 mL 

absolute methanol was added, refluxed for another 15 minutes, and subsequently 

given into 100 mL ice-cold, ultrapure water. The formed precipitate was filtered off 

and washed with ice-cold water and methanol. The solid was extracted with hot 

methanol to leave the bismercurated product as a solid residue. Upon cooling the 

formation of a precipitate could be observed, which was filtered and washed with 

ice-cold methanol. Any remaining solvent was removed under reduced pressure to 

afford complex 12 as a white, fine crystalline solid with a yield of 25% (0.86 g, 1.47 

mmol). 

 

1H NMR (400 MHz, DMSO-d6) δ [ppm] = 8.33 (d, J = 7.3 Hz, 3H, H1), 8.20 (s, 2H, H4), 

8.10 (d, J = 8.5 Hz, 2H, H5), 7.62 (d, J = 8.5 Hz, 2H, H6), 7.55 (t, J = 7.4 Hz, 4H, H2,3), 

7.52 – 7.45 (m, 2H, H2’). 

 

13C NMR (101 MHz, DMSO-d6): δ [ppm] =163.21 (2 C-N), 156.37(Cpara-N), 149.55 (C-

HgCl), 138.99 (C-NO2), 138.03, 136.14, 129.22, 128.80, 126.76, 115.44, 115.17. 

 

199Hg-NMR (72 MHz, DMSO-d6): δ [ppm] = - 1054.37. 
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5.3 Synthesis of [Au(III)[C^N(R)^C]Cl] complexes 

4-(4'-hydroxophenyl)-2,6-diphenylpyridinylgold(III) chloride [Au(C^N(OH)^C)Cl], 13 

 

 

K[AuCl4] (37.8 mg, 0.1 mmol, 1eq.) was added to a suspension of complex 9 (55.8 

mg, 0.1 mmol, 1eq.) in 20 mL dry and degassed acetonitrile under vigorous stirring. 

The suspension was refluxed under argon at 100°C for 48 h upon which 

solubilisation of the educts occurred. The solution was then allowed to cool down, 

leading to the precipitation of a solid. The crude product was filtrated via a Whatman 

filter and washed with ice-cold diethyl ether and pentane. Any remaining solvent was 

removed under reduced pressure to afford complex 13 as a light-yellow solid with a 

yield of 70% (38,77 mg, 70 µmol). 

   

1H NMR (400 MHz, DMSO-d6) δ [ppm] = 9.76 (s, 1H, OH), 8.27 (d, J = 6.8 Hz, 4H, 

H1,4), 8.06 (d, J = 13.7 Hz, 4H,H6,7), 7.60 – 7.53 (m, 4H, H2,3), 7.51 – 7.46 (m, 2H,H5). 

 

13C NMR (101 MHz, DMSO-d6) δ [ppm] = 157.47(2 C-N), 151.21 (C-OH), 150.02 

(Cpara-N), 140.14 (C-Au), 128.95, 128.87, 128.77, 127.96, 127.28, 127.26, 126.18, 

116.81, 116.17, 112.64. 

 

Positive ESI-MS (acetone/water): m/z = 571.0382 [M+H2O]+ (calcd for 

C23H17AuClNO2: 571.0613). 

 

Anal. Calc. for C23H15AuClNO: C, 49.88; H, 2.73; N, 2.53;%. Found: C, 49.63; H, 

2.55; N, 2.57;%. 
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4-(4'-fluorophenyl)-2,6-diphenylpyridinylgold(III) chloride [Au(C^N(F)^C)Cl], 14 

 

 

K[AuCl4] (37.8 mg, 0.1 mmol, 1eq.) was added to a suspension of complex 10 (62.1 

mg, 0.1 mmol, 1eq.) in 20 mL dry and degassed acetonitrile under vigorous stirring. 

The suspension was refluxed under argon at 100°C for 48 h upon which 

solubilisation of the educts occurred. The solution was then allowed to cool down, 

leading to the precipitation of a solid. The crude product was filtrated via a Whatman 

filter and washed with ice-cold diethyl ether and pentane. Any remaining solvent was 

removed under reduced pressure to afford complex 14 as a light-yellow solid with a 

yield of 63 % (35.01 mg, 63 µmol).   

 

1H NMR (300 MHz, DMSO-d6) δ [ppm] = 8.32 (s, 2H, H5), 8.25 (m, 2H, H7), 8.12 (d, J 

= 7.7 Hz, 2H, H4), 7.70 (d, J = 7.2 Hz, 2H, H1), 7.54 – 7.41 (m, 4H, H2,3), 7.34 (m, 2H, 

H6).  

 

13C NMR (101 MHz, DMSO-d6) δ [ppm] = 189.11 (C-F), 142.69 (C-Au), 137.42 (2 C-

N), 133.99 (Cpara-N), 133.34, 131.93, 131.27, 130.88, 128.87, 128.62, 128.13, 124.06, 

122.83.  

 

Positive ESI-MS (acetone): m/z = 555.0463 [M]+ (calcd for C23H17AuClNO2: 

555.0464). 

 

Anal. Calc. for C23H14AuClFN: C, 47.15; H 3.83; N, 1.77 %. Found: C, 47.04; H 

3.68;N, 1.79 %. 
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4-(4'-bromophenyl)-2,6-diphenylpyridinylgold(III) chloride [Au(C^N(Br)^C)Cl], 15 

 

  

 

K[AuCl4] (37.8 mg, 0.1 mmol, 1eq.) was added to a suspension of complex 11 (56.4 

mg, 0.1 mmol, 1eq.) in 20 mL dry and degassed acetonitrile under vigorous stirring. 

The suspension was refluxed under argon at 100°C for 48 h upon which 

solubilisation of the educts occurred. The solution was then allowed to cool down, 

leading to the precipitation of a solid. The crude product was filtrated via a Whatman 

filter and washed with ice-cold diethyl ether and pentane. Any remaining solvent was 

removed under reduced pressure to afford complex 15 as a light-yellow solid with a 

yield of 65 % (40.08 mg, 65 µmol).   

 

1H NMR (300 MHz, DMSO-d6) δ [ppm] = 8.32 (s, 2H, H5), 8.12 (m, 4H, H4,1), 7.85 (d, J 

= 6.0 Hz, 2H, H7), 7.71 (d, J = 8.0 Hz, 2H, H6), 7.50 – 7.41 (m, 2H, H2), 7.40 – 7.29 (m, 

2H, H3). 

 

13C NMR (75 MHz, DMSO-d6) δ [ppm] = 157.05 (2 C-N), 148.76 (Cpara-N), 139.11 (C-

Au), 137.30, 132.42, 129.99, 129.79, 129.22, 127.44 (C-Br), 124.39, 116.90. 

 

Positive ESI-MS (acetone): m/z = 616.9659 [M]+ (calcd for C23H17AuClNO2: 

614.9664). 

  

Anal. Calc. for C23H14AuBrClN: C, 44.80; H, 2.29; N, 2.27 %. Found: C, 44.61; H, 

2.24; N, 2.36 %. 
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4-(4'-nitrophenyl)-2,6-diphenylpyridinylgold(III) chloride [Au(C^N(NO2)^C)Cl], 16 

 

 

 

K[AuCl4] (37.8 mg, 0.1 mmol, 1eq.) was added to a suspension of complex 12 (58.7 

mg, 0.1 mmol, 1eq.) in 20 mL dry and degassed acetonitrile under vigorous stirring. 

The suspension was refluxed under argon at 100°C for 48 h upon which 

solubilisation of the educts occurred. The solution was then allowed to cool down, 

leading to the precipitation of a solid. The crude product was filtrated via a Whatman 

filter and washed with ice-cold diethyl ether and pentane. Any remaining solvent was 

removed under reduced pressure to afford complex 16 as a light-yellow solid with a 

yield of 61 % (35.55 mg, 61 µmol).   

 

1H NMR (400 MHz, DMSO-d6) δ [ppm] = 8.44 (s, 2H, H5), 8.32 (d, J = 8.6 Hz, 2H, H7), 

8.23 (d, J = 8.7 Hz, 2H, H6), 7.87 – 7.74 (m, 4H, H1,4), 7.58 – 7.51 (m, 2H, H3), 7.50 – 

7.40 (m, 2H, H2). 

 

13C NMR (75 MHz, DMSO-d6) δ [ppm] = 157.20 (2 C-N), 148.29 (C-NO2), 147.77 

(Cpara-N), 144.55, 144.10, 138.91 (C-Au), 129.96, 129.90, 129.33, 129.25, 127.48, 

124.49, 117.42. 

 

Positive ESI-MS (acetone): m/z = 582.0400 [M]+ (calcd for C23H17AuClNO2: 

582.0409). 

 

Anal. Calc. for C23H14AuClN2O2: C, 47.40; H, 2.42; N, 4.81 %. Found: C, 47.34; H, 

2.37; N, 4.83 %. 
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6 Synthesis of C^N Au(III) complexes 

 

Benzylpyridinylgold(III) dichloride [Au(pyb-H)Cl2], 17 

 

 

(pyb-H = C^N cyclometalated 2-benzylpyridine) 

 

Synthesis was carried out with slight changes according to Cinellu et al.[86] KAuCl4 

(1.00 g, 2.65 mmol, 1 eq.) and benzylpyridine (0.43 mL, 2.65 mmol, 1 eq.) were 

dissolved in 50 mL ultrapure water and refluxed at 100°C for 24 hours. A white 

precipitate was formed which filtered off and washed with methanol, diethylether 

and pentane. Any remaining solvent was removed under reduced pressure to afford 

complex 17 as a white solid with a yield of 75 % (0.87 g, 1.99 mmol). 

 

1H NMR (400 MHz, DMSO-d6) δ [ppm] = 9.17 (d, J = 5.6 Hz, 1H, H4), 8.26 (t, J = 8.1 

Hz, 1H, H2), 7.99 (d, J = 7.6 Hz, 1H, H1), 7.71 (t, J = 6.7 Hz, 1H, H3), 7.41 (d, J = 8.0 

Hz, 1H, H4’), 7.25 (d, J = 6.6 Hz, 1H, H1’), 7.18 (t, J = 7.2 Hz, 1H, H3’), 7.07 (t, J = 8.2 

Hz, 1H, H2’), 4.62 (d, J = 15.2 Hz, 1H, CHaHb), 4.35 (d, J = 15.1 Hz, 1H, CHaHb). 

Assignments based on 2D-COSY spectra. 

 

13C NMR (101 MHz, DMSO-d6) δ [ppm] = 155.66 (C-N), 152.05 (C4-N), 143.25 (C-

Au), 141.05, 132.68, 131.93, 128.60, 127.93, 126.90, 126.38, 124.47, 46.05 (CH2). 

 

Anal. Calc. for C12H10AuCl2N: C, 33.05; H, 2.31; N, 3.21 %. Found: C, 32.45; H, 2.43; 

N, 3.86 %.  
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N-(4-ethynylphenyl)-2-oxo-2H-chromene-3-carboxamide, 18 

 

 

 

To a solution of coumarin-3-carboxylic acid (1.00 g, 5.26 mmol, 1.05 eq.) in 50 mL 

DCM, N-(3-dimethylaminopropyl)-N'-ethylcarbodiimmide (0.89 mL  5.01 mmol, 1eq.) 

was added dropwise under vigorous stirring. Subsequently, a solution of 4-

ethynylaniline (0.59 g, 5.01 mmol, 1.05 eq.) in 50 mL DCM was added. The reaction 

was stirred at 0°C for 24h upon which a formation of a yellow solid was observed. 

The solid was filtered and washed with distilled water, ethanol, and diethyl ether. Any 

remaining solvent was removed under reduced pressure to afford ligand 18 as a 

yellow solid with a yield of 61% (0.88 g, 3.06 mmol). 

 

1H NMR (400 MHz, CDCl3) δ [ppm] = 10.93 (s, 1H, N-H), 9.02 (s, 1H, H3), 7.73 (m, 4H, 

H4-7), 7.51 (d, J = 8.6 Hz, 2H, H2), 7.48 – 7.39 (m, 2H, H1), 3.07 (s, 1H, C≡ CH). 

 

13C NMR (101 MHz, CDCl3) δ [ppm] = 161.98 (C=O), 159.50 (O-C=O), 154.68 (O-

C=C), 149.33(C3), 138.26 (C-C≡ CH), 134.70 (C6), 133.16 (C1), 130.16 (C4), 125.72 

(C5), 120.33 (C2), 118.82, 118.55, 118.37, 116.93 (C7), 83.57 (C≡ CH), 77.36 (C≡ CH). 

 

Anal. Calc. for C18H11NO3: C, 74.73; H, 3.83; N, 4.84 %. Found C, 75.61; H, 3.73; N, 

4.25 %. 
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Benzylpyridinylgold(III) hydroxide [Au(pyb-H)OH2],  19 

 

 

 

(pyb-H = C^N cyclometalated 2-benzylpyridine) 

 

Route A 

Synthesis was carried out analogously to a previously reported procedure for the 

synthesis of [Au(bipy)(OH)2][PF6] (bipy=bipyridine) by Cinellu et al.[133b, 134]. 

An aqueous suspension of Ag2O (0.054 g, 0.23 mmol, 2eq.) was added to a solution 

of complex 17 (0.05 g, 0.115 mmol, 1 eq.) in acetone. The suspension was stirred for 

24 hours at room temperature. Subsequently, AgCl was removed by filtration and 

the solution evaporated to dryness under reduced pressure. The residue was 

extracted with acetonitrile and filtered over Celite to afford a pale-yellow solution. 

The solution was concentrated to a small volume, and pentane was added to afford 

a white precipitate. 

Variation of the applied temperature, solvent and reaction time has been conducted 

as can be seen in Table 6. 

 

Table 6. Varied reaction conditions for complex 19. 

temperature [°C] time [h] solvent 

RT 24 acetone/water 

RT 12 acetone/water 

RT 1.5 acetone/water 

60 24 acetone/water 

100 (reflux) 24 acetone/water 

RT 24 DCM/water 

60 24 DCM/water 

100 (reflux) 24 DCM/water 

RT 24 MeCN/DCM 

60 24 DCM/ DCM 

100 (reflux) 24 DCM/ DCM 
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Route B 

An aqueous solution of KOH (33 mg, 0.59 mmol, 2 eq.) was added to an aqueous 

suspension of complex 17 (179 mg, 0.27 mmol). The mixture was refluxed at 100°C 

for 1 h under vigorous stirring. Subsequent filtration over Celite gave a colourless 

filtrate. The filtrate was concentrated under reduced pressure and stored at 0°C 

upon which crystallization of white crystals occurred. The white solid was filtrated 

and any remaining solvent removed under reduced pressure. 

 

Route C 

An aqueous solution of CsOH (88 mg, 0.59 mmol, 2 eq.) was added to an aqueous 

suspension of complex 17 (179 mg, 0.27 mmol). The mixture was refluxed at 100°C 

for 1 h under vigorous stirring. Subsequent filtration over Celite gave a colourless 

filtrate. The filtrate was concentrated under reduced pressure and stored at 0°C 

upon which crystallization of white crystals occurred. The white solid was filtrated 

and any remaining solvent removed under reduced pressure. 

 

All routes didn’t lead to an isolation of the target complex 19. 
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N-(4-ethynylphenyl)-2-oxo-2H-chromene-3-carboxamido-benzylpyridinylgold(III) 

chloride, 20 

 

Complex 17 (0.20 g, 0.5 mmol, 1eq.) and ligand 18 (0.15 g, 0.55 mmol, 1.1eq.) were 

dissolved in 20 mL DCM and cooled to 0°C. Under vigorous stirring a 3M in Et2O 

solution of ethylmagnesiumbromide (0.17mL, 0.55 mmol, 1.1 eq.) was added 

dropwise upon which the yellow solution turned brown. The solution was stirred at 

room temperature for two hours and afterwards filtered over Celite, giving a bright 

yellow solution. The solution was reduced to a small volume and pentane was 

added, leading to the precipitation of yellow solid and dark yellow oil, which was 

removed by fractionated filtering at 0°C. The solid was washed with ice-cold 

diethylether and pentane. Any remaining solvent was removed under reduced 

pressure to afford complex 20 as a neon-yellow solid with a yield of 31% (0.11 g, 

0.15 mmol). 

 

1H NMR (400 MHz, Acetone-d6) δ [ppm] =10.94 (s, 1H, N-H), 9.38 (d, J = 6.1 Hz, 1H, 

H4), 9.05 (s, 1H, H7), 8.29 (t, J = 7.7, 1H, H2), 8.04 (d, J = 7.9, 2H, H8,11), 7.85 (m, 2H, 

H5), 7.83 (m, 2H, H6), 7.71 (t, J = 7.4 Hz, 1H, H3), 7.62 (d, J = 8.8 Hz, 1H, H1), 7.53 (t, 

J = 7.0 Hz, 2H, H9,10), 7.51 (t, J = 7.9 Hz, 1H, H3’), 7.29 (d, J = 11.1 Hz, 1H, H4’), 7.17 

(t, J = 7.7 Hz, 1H, H2’), 7.04 (d, J = 9.1 Hz, 1H, H1’), 4.61 (d, J = 15.1 Hz, 1H, CHaHb), 

4.40 (d, J = 15.0 Hz, 1H, CHaHb). Assignments based on 2D-COSY spectra. 

  

Anal. Calc. for C30H20AuClN2O3: C, 52.30; H, 2.93; N, 4.07; %. Found C, 52.81; H, 

2.68; N, 4.31; %. 
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Appendix 

Crystalstructur report for [Au(C^N^C)(PTA)][PF6] 

Single X-Ray Crystallography was performed for the obtained crystals of complex 3. 

Table 7 gives an overview of the physical data collection details of complex 3. 

 

Table 7. Physical data collection details for complex 3. 

Axis dx/mm 2θ/° ω/° φ/° χ/° Width/° Frames Time/s T/K 

Phi 34.024 1.38 2.64 0.00 -23.00 0.50 720 1.00 100.00 

Omega 34.025 1.38 5.84 270.00 -44.94 0.50 187 1.00 99.99 

Omega 34.025 55.60 324.89 244.83 68.07 0.50 187 1.00 100.01 
Omega 34.024 1.38 5.84 90.00 -44.94 0.50 187 1.00 100.00 

Omega 34.026 55.99 322.60 61.46 66.20 0.50 192 1.00 99.99 

Phi 34.026 1.37 272.05 360.00 23.00 0.50 720 1.00 99.99 
Omega 34.026 1.37 5.84 180.00 -44.94 0.50 103 1.00 100.04 

(U= 50 kV, I= 1.0 mA, λ= 0.71073 Å) 

 

A total of 2296 frames were collected. The total exposure time was 0.64 hours. The 

integration of the data using a triclinic unit cell yielded a total of 42875 reflections to 

a maximum θ angle of 25.35° (0.83 Å resolution), of which 4235 were independent 

(average redundancy 10.124, completeness = 100.0%, Rint = 5.26%, Rsig = 2.31%) 

and 4125 (97.40%) were greater than 2σ(F2). The final cell constants of a = 9.0119(2) 

Å, b = 9.6107(2) Å, c = 14.7237(4) Å, α = 93.2060(10)°, β = 97.9400(10)°, γ = 

112.8820(10)°, volume = 1155.19(5) Å3, are based upon the refinement of the XYZ-

centroids of 156 reflections above 20 σ(I) with 17.74° < 2θ < 56.77°. The ratio of 

minimum to maximum apparent transmission was 0.466. The calculated minimum 

and maximum transmission coefficients (based on crystal size) are 0.1210 and 

0.2920. The final anisotropic full-matrix least-squares refinement on F2 with 405 

variables converged at R1 = 1.33%, for the observed data and wR2 = 3.63% for all 

data. The goodness-of-fit was 1.215. The largest peak in the final difference electron 

density synthesis was 0.315 e-/Å3 and the largest hole was -0.786 e-/Å3 with an 

RMS deviation of 0.106 e-/Å3. On the basis of the final model, the calculated density 
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was 2.146 g/cm3 and F(000), 724 e-. 

Table 8 gives an overview of the determined crystal data of complex 3.  

 

Table 8. Sample and crystal data for complex 3. 

Chemical formula C23H25AuCl0F6N4OP2 

Formula weight 746.38 g/mol 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal size 0.248 x 0.348 x 0.554 mm 

Crystal habit clear yellow fragment 

Crystal system triclinic 

Space group P -1 

Unit cell dimensions a = 9.0119(2) Å α = 93.2060(10)° 

 b = 9.6107(2) Å β = 97.9400(10)° 

 c = 14.7237(4) Å γ = 112.8820(10)° 

Volume 1155.19(5) Å3  

Z 2 

Density (calculated) 2.146 g/cm3 

Absorption coefficient 6.582 mm-1 

F(000) 724 

 

Structure refinement was performed for complex 3 as presented in Table 9. 

 

Table 9. Data collection and structure refinement for complex 3. 

Diffractometer Bruker D8 Venture Duo IMS 

Radiation source IMS microsource, Mo 

Theta range for data collection 2.32 to 25.35° 

Index ranges -10<=h<=10, -11<=k<=11, -17<=l<=17 

Reflections collected 42875 

Independent reflections 4235 [R(int) = 0.0526] 

Coverage of independent reflections 100.0% 

Absorption correction Multi-Scan 

Max. and min. transmission 0.2920 and 0.1210 
Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2014/7 (Sheldrick, 2014) 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / parameters 4235 / 275 / 405 
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Images of the crystal structures were generated with the crystallographic software 

PLATON and represent Ortep drawings with 50% ellipsoids. The [PF6]- counterion 

could be detected, as well as a co-crystalized H2O molecule as displayed in Figure 

42. 

 

Figure 42 . Complete crystal structure with Ortep drawings complex 3. 

 

The determined bond lengths, angles and torsion angles of complex 3 are given in  

Table 10,   

Goodness-of-fit on F2 1.215 
Δ/σmax 0.024 

Final R indices                                              4125 data; I>2σ(I) 
                                                                      R1 = 0.0133, wR2 = 0.0361 
                                                                      all data 
                                                                      R1 = 0.0142, wR2 = 0.0363 
Weighting scheme w=1/[σ2(Fo

2)+(0.0120P)2+0.3302P] 
where P=(Fo

2+2Fc
2)/3 

Largest diff. peak and hole 0.315 and -0.786 eÅ-3 

R.M.S. deviation from mean 0.106 eÅ-3 



III Experimental 
 

108 
 

Table 11 and Table 12, respectively. 

 

 

Table 10. Bond lengths(Å) of complex 3. 

 

  

bond length (Å) bond length (Å) 

Au1-N1 2.025(2) Au1-C17 2.091(2) 

Au1-C1 2.106(2) Au1-P1 2.2706(6) 

P1-C18 1.840(3) P1-C19 1.843(2) 

P1-C20 1.848(3) N1-C7 1.353(3) 

N1-C11 1.353(3) N2-C18 1.470(3) 

N2-C23 1.471(3) N2-C21 1.483(3) 

N3-C22 1.465(3) N3-C19 1.473(3) 

N3-C21 1.474(3) N4-C22 1.465(3) 

N4-C23 1.470(3) N4-C20 1.476(3) 

C1-C2 1.394(4) C1-C6 1.417(4) 

C2-C3 1.400(4) C2-H2 0.95 

C3-C4 1.384(4) C3-H3 0.95 

C4-C5 1.380(4) C4-H4 0.95 

C5-C6 1.397(4) C5-H5 0.95 

C6-C7 1.461(4) C7-C8 1.395(4) 

C8-C9 1.381(4) C8-H8 0.95 

C9-C10 1.384(4) C9-H9 0.95 

C10-C11 1.385(4) C10-H10 0.95 

C11-C12 1.465(4) C12-C13 1.396(4) 

C12-C17 1.415(4) C13-C14 1.383(4) 

C13-H13 0.95 C14-C15 1.386(4) 

C14-H14 0.95 C15-C16 1.396(4) 

C15-H15 0.95 C16-C17 1.394(4) 

C16-H16 0.95 C18-H18A 0.99 

C18-H18B 0.99 C19-H19A 0.99 

C19-H19B 0.99 C20-H20A 0.99 

C20-H20B 0.99 C21-H21A 0.99 

C21-H21B 0.99 C22-H22A 0.99 

C22-H22B 0.99 C23-H23A 0.99 

C23-H23B 0.99 O1-H1A 0.9599(11) 

O1-H1B 0.9599(11) P2-F2 1.590(2) 

P2-F6 1.593(3) P2-F1 1.601(2) 

P2-F4 1.602(3) P2-F3 1.605(2) 

P2-F5 1.605(2) P2A-F2A 1.587(4) 

P2A-F6A 1.596(4) P2A-F4A 1.601(4) 

P2A-F1A 1.603(4) P2A-F5A 1.605(4) 

P2A-F3A 1.606(4)   
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Table 11. Bond angles(°) for complex 3. 

bond angle(°) bond angle(°) 

N1-Au1-C17 80.44(9) N1-Au1-C1 80.32(9) 

C17-Au1-C1 160.75(10) N1-Au1-P1 177.26(6) 
C17-Au1-P1 102.11(7) C1-Au1-P1 97.13(7) 
C18-P1-C19 101.25(11) C18-P1-C20 99.60(12) 
C19-P1-C20 99.20(12) C18-P1-Au1 114.64(8) 
C19-P1-Au1 113.82(9) C20-P1-Au1 124.76(8) 

C7-N1-C11 124.3(2) C7-N1-Au1 117.88(17) 
C11-N1-Au1 117.84(17) C18-N2-C23 110.69(19) 

C18-N2-C21 111.5(2) C23-N2-C21 108.9(2) 
C22-N3-C19 111.0(2) C22-N3-C21 108.8(2) 
C19-N3-C21 112.09(19) C22-N4-C23 109.4(2) 
C22-N4-C20 111.7(2) C23-N4-C20 111.8(2) 
C2-C1-C6 117.5(2) C2-C1-Au1 132.17(19) 

C6-C1-Au1 110.35(18) C1-C2-C3 121.3(2) 
C1-C2-H2 119.3 C3-C2-H2 119.3 
C4-C3-C2 120.1(3) C4-C3-H3 119.9 
C2-C3-H3 119.9 C5-C4-C3 120.0(2) 

C5-C4-H4 120.0 C3-C4-H4 120.0 
C4-C5-C6 120.3(2) C4-C5-H5 119.8 

C6-C5-H5 119.8 C5-C6-C1 120.8(2) 

C5-C6-C7 121.3(2) C1-C6-C7 117.9(2) 

N1-C7-C8 117.9(2) N1-C7-C6 113.6(2) 
C8-C7-C6 128.5(2) C9-C8-C7 119.2(2) 

C9-C8-H8 120.4 C7-C8-H8 120.4 
C8-C9-C10 120.9(2) C8-C9-H9 119.5 
C10-C9-H9 119.5 C9-C10-C11 119.2(2) 

C9-C10-H10 120.4 C11-C10-H10 120.4 
N1-C11-C10 118.3(2) N1-C11-C12 113.2(2) 
C10-C11-C12 128.5(2) C13-C12-C17 120.6(2) 

C13-C12-C11 121.6(2) C17-C12-C11 117.8(2) 
C14-C13-C12 120.4(2) C14-C13-H13 119.8 

C12-C13-H13 119.8 C13-C14-C15 119.7(2) 
C13-C14-H14 120.1 C15-C14-H14 120.1 

C14-C15-C16 120.3(3) C14-C15-H15 119.8 
C16-C15-H15 119.8 C17-C16-C15 121.1(2) 
C17-C16-H16 119.5 C15-C16-H16 119.5 

C16-C17-C12 117.9(2) C16-C17-Au1 131.30(19) 
C12-C17-Au1 110.71(18) N2-C18-P1 110.30(16) 

N2-C18-H18A 109.6 P1-C18-H18A 109.6 
N2-C18-H18B 109.6 P1-C18-H18B 109.6 

H18A-C18-H18B 108.1 N3-C19-P1 109.69(17) 

N3-C19-H19A 109.7 P1-C19-H19A 109.7 
N3-C19-H19B 109.7 P1-C19-H19B 109.7 

H19A-C19-H19B 108.2 N4-C20-P1 109.08(17) 
N4-C20-H20A 109.9 P1-C20-H20A 109.9 
N4-C20-H20B 109.9 P1-C20-H20B 109.9 

H20A-C20-H20B 108.3 N3-C21-N2 114.0(2) 
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N3-C21-H21A 108.7 N2-C21-H21A 108.7 
N3-C21-H21B 108.7 N2-C21-H21B 108.7 

H21A-C21-H21B 107.6 N3-C22-N4 113.9(2) 
N3-C22-H22A 108.8 N4-C22-H22A 108.8 

N3-C22-H22B 108.8 N4-C22-H22B 108.8 
H22A-C22-H22B 107.7 N4-C23-N2 113.7(2) 

N4-C23-H23A 108.8 N2-C23-H23A 108.8 
N4-C23-H23B 108.8 N2-C23-H23B 108.8 

H23A-C23-H23B 107.7 H1A-O1-H1B 98.(3) 

F2-P2-F6 90.42(18) F2-P2-F1 179.9(2) 
F6-P2-F1 89.48(17) F2-P2-F4 90.32(18) 
F6-P2-F4 179.22(19) F1-P2-F4 89.77(18) 

F2-P2-F3 90.72(16) F6-P2-F3 91.18(18) 
F1-P2-F3 89.29(17) F4-P2-F3 89.04(17) 
F2-P2-F5 89.81(16) F6-P2-F5 90.68(17) 
F1-P2-F5 90.18(16) F4-P2-F5 89.09(17) 
F3-P2-F5 178.1(2) F2A-P2A-F6A 90.8(4) 

F2A-P2A-F4A 90.7(4) F6A-P2A-F4A 178.4(5) 
F2A-P2A-F1A 179.6(5) F6A-P2A-F1A 88.9(4) 
F4A-P2A-F1A 89.6(4) F2A-P2A-F5A 90.1(4) 
F6A-P2A-F5A 90.3(4) F4A-P2A-F5A 89.1(4) 

F1A-P2A-F5A 90.2(4) F2A-P2A-F3A 90.4(4) 
F6A-P2A-F3A 91.3(4) F4A-P2A-F3A 89.3(4) 
F1A-P2A-F3A 89.3(4) F5A-P2A-F3A 178.3(5) 

 

Table 12. Torsion angles (°) for complex 3. 

bond torsion angle(°) bond torsion angle(°) 

C6-C1-C2-C3 0.3(4) Au1-C1-C2-C3 178.69(19) 
C1-C2-C3-C4 -0.2(4) C2-C3-C4-C5 -0.1(4) 

C3-C4-C5-C6 0.2(4) C4-C5-C6-C1 -0.1(4) 
C4-C5-C6-C7 -179.0(2) C2-C1-C6-C5 -0.1(3) 

Au1-C1-C6-C5 -178.88(18) C2-C1-C6-C7 178.8(2) 

Au1-C1-C6-C7 0.1(3) C11-N1-C7-C8 0.8(3) 
Au1-N1-C7-C8 -178.90(17) C11-N1-C7-C6 -179.1(2) 

Au1-N1-C7-C6 1.2(3) C5-C6-C7-N1 178.1(2) 

C1-C6-C7-N1 -0.8(3) C5-C6-C7-C8 -1.7(4) 

C1-C6-C7-C8 179.3(2) N1-C7-C8-C9 -2.9(3) 

C6-C7-C8-C9 176.9(2) C7-C8-C9-C10 2.3(4) 

C8-C9-C10-C11 0.5(4) C7-N1-C11-C10 2.0(4) 
Au1-N1-C11-C10 -178.32(17) C7-N1-C11-C12 -177.5(2) 
Au1-N1-C11-C12 2.2(3) C9-C10-C11-N1 -2.6(4) 

C9-C10-C11-C12 176.8(2) N1-C11-C12-C13 174.8(2) 

C10-C11-C12-C13 -4.7(4) N1-C11-C12-C17 -2.4(3) 

C10-C11-C12-C17 178.1(2) C17-C12-C13-C14 0.6(4) 

C11-C12-C13-C14 -176.5(2) C12-C13-C14-C15 -0.7(4) 

C13-C14-C15-C16 -0.5(4) C14-C15-C16-C17 1.9(4) 

C15-C16-C17-C12 -2.0(4) C15-C16-C17-Au1 173.56(19) 
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C13-C12-C17-C16 0.8(4) C11-C12-C17-C16 178.0(2) 
C13-C12-C17-Au1 -175.69(18) C11-C12-C17-Au1 1.5(3) 

C23-N2-C18-P1 61.8(2) C21-N2-C18-P1 -59.6(2) 
C19-P1-C18-N2 49.49(19) C20-P1-C18-N2 -52.00(19) 

Au1-P1-C18-N2 172.46(13) C22-N3-C19-P1 -62.2(2) 

C21-N3-C19-P1 59.7(2) C18-P1-C19-N3 -49.12(19) 

C20-P1-C19-N3 52.69(19) Au1-P1-C19-N3 -172.65(13) 
C22-N4-C20-P1 61.7(2) C23-N4-C20-P1 -61.4(2) 
C18-P1-C20-N4 51.10(19) C19-P1-C20-N4 -52.07(19) 

Au1-P1-C20-N4 -179.70(13) C22-N3-C21-N2 54.6(3) 
C19-N3-C21-N2 -68.5(3) C18-N2-C21-N3 68.1(3) 
C23-N2-C21-N3 -54.3(3) C19-N3-C22-N4 68.6(3) 
C21-N3-C22-N4 -55.1(3) C23-N4-C22-N3 55.6(3) 
C20-N4-C22-N3 -68.8(3) C22-N4-C23-N2 -55.1(3) 
C20-N4-C23-N2 69.2(3) C18-N2-C23-N4 -68.7(3) 
C21-N2-C23-N4 54.2(3)   
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