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GENERAL INTRODUCTION 
 

 

The section on anticancer gold complexes is based on the review paper: 
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1/ Metal ions in medicine 

 Metal ions are naturally present in biological systems. Indeed, metals such as iron, 

calcium, copper, zinc, magnesium, sodium or potassium are well-known essential elements 

of human body homeostasis. However, beyond these elements, many more are also present 

in traces. Thus, even though some of them are generally considered as toxic, metals such as 

selenium or molybdenum present benefic effects when present at very low concentrations.
1, 2

 

Moreover, not only the element or its amount inside the cell has to be considered in biology, 

but also the coordination environment of the metals is crucial to determine the balance 

between beneficial and toxic effects. As an example, “free” copper ions are almost absent in 

the cytosol and are highly toxic. Copper is carried through the cytoplasm by chaperons such 

as Atox1 and delivered to its actual destination such as mitochondria where it is incorporated 

into metalloenzymes. One example of such enzyme is cytochrome c oxidase which has a 

Fe/Cu center in its active site for the conversion of O2 to H2O.
3
 This highlights the 

importance of the coordination chemistry of metals in biological systems.  

Within this frame, coordination chemistry appears as a mandatory tool to describe 

the interactions of metal ions in cells, as well as to develop new drugs based on metal ions. 

The field of medicinal metal-based chemistry started at the beginning of the XX
th 

century 

with the use of the arsenic-based compound Salvarsan for the treatment of syphilis.
4
 Since 

then, this research area has been developed and metal-based compounds have appeared from 

anecdotic to widely used as treatments for several diseases as stomach ulcers (bismuth),
5
 

diabetes (vanadium),
6
 rheumatoid arthritis (gold)

7
 and cancer (platinum).

8
 Another important 

set of applications of metal complexes in medicine is their use for diagnosis purposes such as 

for example contrast agent in Magnetic Resonance Imaging (MRI) (gadolinium-, 

manganese- or iron-based complexes)
9, 10

 or as radio-pharmaceuticals (
99m

technetium, 
68

galium or 
186

rhenium).
11, 12 

A cartoon-picture of the current use of metal-based and 

inorganic compounds in the clinic is depicted in Figure 1.
13
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Figure 1: Overview of the use of metal-based drugs in medicine. Reproduced from ref. 13. 

 

One of the main advantages of metal-based compounds is the high variability of possible 

structures and diversity of coordination geometries from linear two-coordinated, tetrahedral 

or square-planar, octahedral to even nine-coordinated for lanthanides as depicted in Figure 2.  

 

 
 

Figure 2: Examples of achievable geometries with metal-based compounds. 

 

This leads to extremely diverse structures. Thus, several research groups exploited metal 

centers to build up unprecedented 3D-architectures enabling increasing the selectivity toward 

selected biological targets.
14, 15, 16, 17  

 Moreover, the particular redox chemistry of transition 

metals opens also opportunities to design compounds with tuned redox properties in 

biological systems. This chapter will present the state of the art of anticancer metallodrugs 

from the most studied and used, the platinum-based compounds, to continue with the recent 

advances dealing with other transition metals such as ruthenium, iron, titanium, copper and 

gold. I will also discuss the strategy of using polymetallic complexes. In each case, I will 

present different representative examples and discuss their pharmacological effects and 

possible mechanisms of action. 
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2/ Platinum-based anticancer drugs 

 

2.1/ Pt(II) complexes 

 

 Since the end of the 60’s and the discovery of the antiproliferative properties of the 

cis-diamminodichloridoplatinum(II) by Rosenberg
11

, platinum(II) compounds have been 

widely used in clinics as chemotherapeutic agents (fig. 3). Nowadays, among the thousands 

of platinum(II) compounds synthesized and screened for their anticancer properties, only 

three have been worldwide approved: Cisplatin, Carboplatin and Oxaliplatin, and other three 

have been approved at least in one country: Nedaplatin in Japan, Lobaplatin in China and 

Heptaplatin in the Republic of Korea (fig. 3).
 18

  
 

 

Figure 3: Platinum compounds that reached market in at least one country. 

 

Cisplatin is widely used in treatment regimes in combination with different other drugs such 

as topoisomerase II inhibitors (doxorubicin, etoposide, mytomycin and epirubicin), mustards 

(cyclophosphamides, melphalan and ifosfamide), antimetabolites (gemcitabine, 5-

fluorouracil and methotrexate), vinca alkaloids (vinblastine and vinorelbine) and taxols 

(paclitaxel).
19 

It is currently applied to treat testicular cancer (for which the cure rate exceeds 

90 % and rises almost 100 % for the early-stage diseases), ovarian (although it tends to be 

replaced by Carboplatin), bladder, melanoma, non-small cell lung cancer (NSCLC), small 

cell lung cancer (SCLC), lymphomas and myelomas.
20, 21

 However, in spite of their great 

clinical success, platinum compounds present severe side effects including nephrotoxicity, 

emetogenesis and neurotoxicity that limit the doses administrated to patients. While some 

side effects can be managed by combining with other drugs, neurotoxicity remains a 

significant dose-limiting toxic effect. Moreover, both acquired and intrinsic mechanisms of 

resistance limit their spectrum of action.
22

 Understanding the cellular mechanism of 

Cisplatin-induced effects is thus a major goal in medicinal inorganic chemistry in order to 
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rationally design new compounds that overcome resistance mechanisms and present 

decreased side effects.  

 Concerning the mechanisms of action, Cisplatin remains in its intact dichlorido 

form in the blood stream due to the high extracellular chloride concentration (100 mM). 

Once it enters the cells, hydrolysis of one or both chlorido ligands to afford aqua complexes 

[Pt(NH3)2Cl(OH2)]
+ 

or [Pt(NH3)2(OH2)2]
2+

 will occur due to the lower chloride intracellular 

concentration (4-50 mM). These aqua species will then react with the biological targets.
23

 

DNA is recognized to be the main intracellular target of platinum-based drugs and Pt-nucleic 

acids interactions have been abundantly reviewed.
23, 24, 25, 26 

Platinum(II) compounds interact 

with DNA via the coordination of the cis-[Pt(NH3)2] fragment to the N
7
 atom of purine bases 

(guanine and adenine) by displacing the aqua ligands to form mainly 1,2- cis(GG) and 

cis(AG), 1,3-intrastrand cis(GNG) crosslinks or interstrand crosslinks.
23

 A cartoon-picture of 

the most relevant Cisplatin-DNA adducts is depicted in Figure 4. 

 

 
 

Figure 4: Mechanisms of interaction of Cisplatin with DNA. Reproduced from ref. 23. 

 

Such crosslinks distort the structure of DNA duplex, notably by bending it significantly 

toward the major groove modifying the binding site of proteins. This bending can interfere 

with several transduction pathways including the p53 pathway, a protein responsible of 

induction of cell-cycle arrest or apoptosis in response to cellular stress and mutated in the 

majority of human tumors.
23

 Moreover, it has been shown that Cisplatin can induce G2-arrest 

leading to cell death.
23, 24

  

 Beyond the interactions of platinum-based compounds with DNA described in the 

previous section, the reaction of this class of metallodrugs with proteins has appeared 

fundamental for the understanding of the biological properties of platinum-based 

compounds.
27

 Indeed, interactions between proteins and platinum-based drugs are involved 

in numerous events including the regulation of metallodrug influx/efflux and detoxification.  
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 The accumulation of Cisplatin is not completely understood and various 

mechanisms have been investigated and proposed, including passive diffusion, Na
+
,K

+
-

ATPase, copper transporters (e.g. CTR1), and organic cation transporters (OCTs).
28

 A 

cartoon-picture summarizing Cisplatin’s tranporters is presented in Figure 5. 

 

 
Figure 5: Proposed influx/efflux mechanisms of Cisplatin. Reproduced from ref. 28. 

 

GSH and Atox1 are involved in the efflux mechanism of Cisplatin as well. Indeed, GSH, a 

tripeptide containing a cysteine residue, can coordinate heavy metals and transfer them to 

GS-X pumps eliminating GSH-conjugated species. That transporter family is known as 

multidrug resistance-associated proteins (MRPs) (fig. 5).
28 

Atox1 is a chaperon involved in 

copper homeostasis by transferring it to the copper efflux transporters ATP7A and ATP7B. 

The crystal structure of an adduct Atox1-Cisplatin has been solved suggesting its 

involvement in the mechanism of excretion of Cisplatin (fig. 5).
27, 28

 Metallothioneins (MTs) 

are a class of small proteins characterized by a high amount of cysteine residues (20 

cysteines in a 61-68 amino acid protein) responsible for the detoxification of heavy metals 

including platinum by sequestrating them (fig. 5). Such interactions lead to inactivation of 

the drugs inducing mechanisms of resistance toward platinum-based compounds.
27

 

Moreover, zinc-finger proteins have been identified as possible target of platinum-based 

drugs by displacement of the zinc cation by platinum. Within this frame, Cisplatin has been 

demonstrated to inhibit the zinc-finger protein poly(ADP-ribose) polymerase 1 (PARP-1) 

involved in the DNA repair mechanism.
29 
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2.2/ Pt(IV) complexes 

 

Pt(IV) compounds present an octahedral geometry introducing two extra binding 

sites compared to Pt(II) complexes. Moreover, the kinetic inertness of Pt(IV) compounds 

toward reduction or ligand substitution makes them unlikely to react with biological 

nucleophiles. This increases their lifetime in blood and thus their chance to reach the tumor 

and enter the cells intact. It is hypothesized that the activity of Pt(IV) compounds follows the 

reduction of Pt(IV) to Pt(II) and the subsequent release of the two axial ligands leading to the 

biologically active Pt(II) species.  

 Within the various families of experimental Pt(IV) compounds developed so far, 

different drug design strategies were applied including: i) tuning the rate of reduction of the 

Pt(IV) center and the compound’s lipophilicity to optimize the release of Pt(II) drug into the 

cell
30

 and ii) making use of the two axial positions to couple Pt(II) moieties to bioactive 

ligands to allow “bifunctional” and targeted therapy.
31

  

Satraplatin, a trans-diacetato-cis-dichlorido Pt(IV) compounds with a 

cyclohexylamine ligand (fig. 6) has been shown to induce cell death in Cisplatin-resistant 

cell lines including human ovarian, lung and prostate cancer cell lines.
18, 30

 Satraplatin passed 

Phase I clinical trials in which myelosuppression and nausea appeared as dose limiting 

toxicities (DLTs). It reached Phase II clinical trial for the treatment of small-cells lung 

cancer and hormone refractory prostate cancer. It also gave interesting results in Phase III 

clinical trials in combination with prednisone on patients with refractory cancer (SPARC) 

reducing by 40 % the risk of cancer progression. However, it was rejected by the FDA due to 

lack of benefits in terms of overall survival. It is currently under Phase I, II and III clinical 

trials in combination with different drugs.
 
 

Some groups took advantage of the extracellular stability of the Pt(IV) metal center 

to build up targeted Cisplatin pro-drugs and “bifunctional” compounds bearing organic 

drugs. The main limitation of this approach is the intrinsic inertness of Pt(IV) complexes 

which renders the exchange of the axial ligands impossible and limitates the scope of ligands 

that can be introduced in these positions to the ones that can be incorporated during the 

oxidation step. Following this methodology, some trans-dihydroxido and trans-dichorido 

complexes were synthesized by oxidation with hydrogen peroxide or chlorine gas 

respectively.
32, 33

 Keppler et al. reacted the dihydroxido complex with succinic anhydride to 

obtain complexes with free carboxylate groups available for further coupling with alcohols 

or amines.
34

  

 Dyson et al. developed a Cisplatin-based Pt(IV) complex incorporating two 

equivalents of ethacrynic acid (ethacraplatin, Fig. 6), a known inhibitor of the enzyme 

Glutathione-S-transferase which is supposed to be involved in the mechanism of resistance 

to Cisplatin. Indeed, ethacraplatin showed a faster toxicity against all tested Cisplatin-

resistant cell lines compared to Cisplatin alone.
35
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Figure 6: Examples of Pt(IV) complexes under investigation. 

 

Lippard et al. developed a series of Pt(IV) complexes presenting different peptides for 

targeting αVβ3/αVβ5 integrins overexpressed in endothelial tumor cells.
35

 An example (Pt-

RGD) is presented in Figure 6. A recent work from Liu et al. reports the development of a 

fluorescent Pt(IV)-based targeted agent (TPS-DEVD-Pt-cRGD, Fig. 6).
37 In this compound 

cRGD moiety enables it to target cancer cells overexpressing integrin αvβ3 receptors. 

Moreover, the drug-induced apoptosis by in cellulo generated Cisplatin was detected 

monitoring the fluorescence of the tetraphenylsilole moiety (TPS) activated by caspase-3.  

 

3/ Ruthenium-based compounds 

 

 Ruthenium is studied as potential anticancer agent since the early 80’s following 

Clarke’s work who showed that the coordination complex fac-[(NH3)3RuCl3] presented an 

anticancer activity in murine models.
38

 In physiological environment, the most common 

oxidation states for ruthenium are +IV, +III and +II.
39

 In addition, ruthenium presents a 

relative kinetic inertness with ligand exchange time in the range of minutes to a few days 

(corresponding to ligand exchange kinetic of platinum) associated with affinity for sulfur-, 

nitrogen- and oxygen-donor containing ligands.
40

 As ruthenium belongs to the same column 

of transition metal as iron, it is isoelectronic to iron and can thus mimic its binding to 
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proteins like albumin and transferrin, which can facilitate its solubility and transportation 

through plasma.
38

 
 

3.1/ Ru(III) coordination complexes 

 

Among ruthenium-based compounds, coordination Ru(III) complexes are the only 

compounds to have reached clinical trials (fig. 7). Indeed, trans-[RuCl4(Im)(κ-S-

DMSO)][ImH] (NAMI-A) developed by Sava et al. and trans-[RuCl4(Ind)2] [IndH] 

(KP1019) developed by Keppler et al. entered clinical trials in 1999 and 2002 respectively.
41, 

42
  

 

 
 
Figure 7: Chemical structure of NAMI-A and KP1019. 

 

In spite of their high similarity, these two complexes present very different behavior 

in both in vitro and in vivo experiments: classically NAMI-A does not show cytotoxicity in 

vitro, whereas KP1019 shows marked antiproliferative activity against colorectal and colon 

carcinoma cell lines. Moreover, NAMI-A has been shown to act selectively against 

metastasis by inhibiting their proliferation and their development, when KP1019 has been 

proved to treat only primary tumors.
43

 Such differences of behavior is attributed to very 

different kinetics of aquation and reduction to Ru(II).
44

  

 Since the pioneering studies on Ru(III) complexes, Clarke proposed the hypothesis 

of “activation by reduction”,
 
following the same principle as that of Pt(IV) derivatives, to 

explain the biological properties of such compounds: Ru(III) complexes are actually pro-

drugs that require to be reduced to the active Ru(II) species by intracellular reductants.
43, 45 

Due to their fast development and the lack of oxygen in the tumor environment, cancer cells 

overproduce energy via glycolysis resulting in an abnormally high level of lactic acid that 

creates a more reducing environment capable to convert Ru(III) into Ru(II).
 
However this 

hypothesis has never been proved up to now and its relevance to explain biological 

properties observed in vitro and in vivo remains under debate.
46

  

These complexes were originally designed following the instance of Cisplatin to 

interact with DNA but with the hope of a different mechanism of action to overcome 
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Cisplatin resistance mechanisms. Brabeck et al. showed that ruthenium-based compounds 

can actually interact with DNA.
47

 In fact, although KP1019 may induce intrastrand adducts 

capable of stopping RNA synthesis in vitro, no real correlation between DNA binding and 

biological activity has been found yet. Conversely, for both NAMI-A and KP1019, it has 

been proved that their in vivo activity is due to interaction with other cellular components 

including proteins and enzymes. For example, NAMI-A’s antimetastatic activity would be 

due to its interaction with collagen of the extracellular matrix,
48 

as well as
 
 with intracellular 

proteases such as cathepsins
49

 when KP1019 has been shown to be able to interact with 

proteins, including serum proteins albumin and transferrin. Moreover it can induce apoptosis 

through mitochondrial pathways by activation of caspase-3.
50 

 

3.2/ Ru(II) complexes
 

 

Based on the “activation by reduction” hypothesis suggesting that the actually 

effective species of ruthenium-based anticancer agent is at the +II oxidation state, several 

groups in the world started working on Ru(II)-based compounds which are active without the 

need of further reduction in a biological environment. Below we will present different 

families of Ru(II) complexes starting with the classical coordination compounds to continue 

with the organometallics. For each family I will focus on the most representative compounds 

and discuss their different mode of action. 

 

3.2.1/ Ru(II) polypyridyl complexes 

 

 Ru(II) polypyridyl complexes have been known to efficiently interact with DNA.
47

 

In 2000, Reedijk et al. reported three isomers of dichlorido-

bis(2-phenylazopyridine)ruthenium(II) complexes with very different anticancer activities in 

vitro: the α-[Ru(II)(azpy)2Cl2] (fig. 8) being almost ten times more efficient than Cisplatin.
51

 

This compound was shown to react with the nucleobase model 9-ethylguanine through 

coordination of the N
7
 on the Ru center.

52
 Analogues of this complex where the chlorides 

have been replaced by more stable toward hydrolysis dicarboxylate ligands showed a 

decreased activity but in any case no cross-resistance with Cisplatin or Carboplatin has been 

observed suggesting a different mode of action.
53

 The replacement of
 
the hydrolysable 

ligands by a third (N^N) chelating ligand of the bipy or azpy types resulted in the 

impossibility of direct binding between the metal center and DNA. Nonetheless, a reduced 

but still present anticancer activity was observed, suggesting that these compounds could 

trigger cell death through intercalative interaction with DNA.
54

 Moreover, Gust et al. 

demonstrated that Ru(II) tris-polypyridyl bearing an extended aromatic surface ligand 

4,5,9,16-tetraazadibenzo[a,c]naphtacene (fig. 8) with micromolar toxicity on cancer cells in 

vitro was active via a modification of the cell membrane function and cells adhesion 

properties.
55 
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Figure 8: Chemical structures of two Ru(II) polypyridyl complexes with anticancer 

properties. 

 

In the last years, Ru(II) polypyridyl complexes presenting extended aromatic systems have 

been proved to selectively and efficiently interact and stabilize the unusual DNA structure G-

quadruplex.
56

 G-quadruplexes are peculiar nucleic acid architectures adopted by guanine-rich 

DNA and RNA sequences, and their stability originate in the stacking of contiguous G-

quartets (a planar and cyclic K
+
-promoted association of four guanines in a Hoogsteen 

hydrogen-bonding arrangement) as presented in Figure 9.
57

 
 

 

 
 

Figure 9: Scheme of a guanine quartet stabilized by the presence of a potassium cation (left) 

and an example of a G-quadruplex DNA structure in which planes represent quartets (right). 

Spheres represent K
+
 ions. 

 

Quadruplexes are currently intensively studied since they are suspected to play important 

roles in key cellular events: quadruplex-forming DNA sequences are indeed found in several 

pharmacologically relevant areas such as eukaryotic telomeres,
58

 promoter regions of 

identified oncogenes
59

 or promotor regions of HIV-1.
60

 Their stabilization by selective small 

molecules (also called G-quadruplex ligands)
61

 is thus currently investigated as a mean to 

control key cellular events (telomere homeostasis and, beyond this, chromosomal stability, as 
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well as regulation of oncongenes expression, respectively). Moreover, accumulating 

evidence now points towards an increasing role of quadruplex ligands as DNA damaging 

agents.
62

 This concept has been widely applied in the case of compounds that can target 

telomeric DNA.
63

 

 Finally it is worth mentioning that Ru(II) polypyridyl complexes possess interesting 

photophysical properties such as luminescence, photostability, as well as low metal to ligand 

charge transfer (MLCT) in the visible region avoiding the use of UV light and emission in 

the far-red region. Moreover, while MLCT-based luminescence is quenched in the free 

Ru(II) polypyridyl complexes, upon intercalation with DNA and overlapping of π systems 

between DNA bases an intense MLCT-based luminescence is displayed. That phenomenon 

called DNA “light switch” has been used to study interaction of such compounds with 

DNA.
64

 

 

3.2.2/ Organometallic (η
6
-arene)Ru(II) complexes 

 

 Tocher et al. showed in 1992 the ability of the organometallic moiety 

(η
6
-arene)Ru(II)Cl2 to enhance the cytotoxicity of the anticancer drug metronidazole 

[1-β-(hydroxyethyl)-2-methyl-5-nitroimidazole] (Fig. 10) upon coordination.
65

 Following 

these results, the field was largely explored by Dyson et al. They used the fragment [(η
6
-

arene)Ru(II)Cl2] coordinated by the water-soluble phosphane ligand PTA (PTA = 1,3,5-

triaza-7-phosphaadamantane) to give the so-called RAPTA complexes.
66

 The prototype 

RAPTA-C (arene = p-cymene) is depicted in Figure 10. Sadler et al. used ethylenediamine to 

chelate the fragment [(η
6
-arene)Ru(II)Cl]

+
 as in the case of the prototype compound RM175 

(arene = biphenyl) (Figure 10).
67 

 
 

Figure 10: Chemical structure of pioneers (η
6
-arene)Ru(II) complexes.  

 

 The obtained results were the starting point of a very large library of compounds in 

which the arene,
68

 the chelating and phosphane ligands,
69

 the hydrophobicity,
70

 as well as the 

metal
71

 have been changed to try to draw a structure-activity relationship. Even though 
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Dyson’s and Sadler’s compounds are very similar, both presenting the so-called “piano 

stool” geometry, they exert very different biological effects in vitro and in vivo.
72

 

 Indeed, RAPTA complexes show very low cytotoxicity in vitro against cancer cells 

but are highly active in vivo as antimetastatic agent being thus closer to NAMI-A in term of 

biological properties. RM175 is as efficient as Carboplatin (IC50 = 6 µM against A2780 

cells), and its analog, where the more lipophilic ligand tetrahydroanthracene replaces 

biphenyl, is as toxic as Cisplatin (IC50 = 0.6 µM against A2780 cells) in vitro. These results 

were confirmed in vivo as RM175 reduced growth of A2780 xenograft twice more than 

Cisplatin for tolerated doses.
73

 Moreover, it has been proved that these two types of 

arene-ruthenium compounds have different intracellular targets: the RAPTA family has been 

demonstrated to efficiently inhibit enzymes such as the cysteine protease cathepsin B, 

responsible for the degradation of the extracellular matrix, via interaction with Cys residues 

in the enzyme active sites.
74

 RM175 interacts preferentially with DNA via non-covalent 

hydrophobic bonds with the arene ligand,
52

 and through the substitution of the chloride 

ligand by N
7
 of guanine residues. 

 Interestingly, arene Ru(II) complexes (fig. 11) have also been reported to selectively 

inhibit cancer cells growth by arrest in S-phase through stabilization of a G-quadruplex 

structure in an oncogene promotor area.
75

  

 

 
 

Figure 11: Example of arene Ru(II) polypyridyl complex reported for anticancer properties 

via G-quadruplex stabilization. 

 

3.2.3/ Cyclometalated Ru(II) complexes 

 

 Another type of ruthenium(II) organometallic complexes designed for anticancer 

purposes are the cyclometalated compounds characterized by a covalent C-M (M = metal) 

bond and developed by Pfeffer et al. under the name RDC (Ruthenium Derived 

Compounds).
76

 Among the various compounds of this family, RDC11 (fig. 12) has shown 

particularly interesting antiproliferative properties in vitro in several cancer cell lines.
77

 

Moreover, it has been shown that this compound could block the cell cycle in G1 phase, a 

characteristic of cell death by apoptosis. RDCs induce apoptosis through activation of p53 
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similarly to Cisplatin. However, it was demonstrated that for RDCs, the induction of 

apoptosis is only partially p53-dependent which, in association with the lower propensity of 

RDCs to excretion by ATP7B than Cisplatin, could suggests that RDCs induce apoptosis 

through a different pathway.
77

 Moreover, in vivo RDC11 has been shown to reduce tumor 

growth of B16F10 melanoma cells implanted in mice as efficiently as Cisplatin but with 

reduced side effects such as weight loss, liver, kidney and neurotoxicity.
78

 

 

 
 

Figure 12: Chemical structure of the cycloruthenated complex RDC11. 

 

3.2.3/ “Structural” organometallic Ru(II) complexes 

 

 This class of compounds developed by Meggers et al. relies on a very different 

design strategy: while metal-based drugs are usually engineered for the metal center to 

directly interact with the biological target, for instance by replacement of hydrolysable 

ligands, in these compounds the ruthenium center is completely inert toward ligand 

substitution and is just present to build up 3D structures unreachable by classical carbon 

chemistry.
46

 As an example, compound DW1/2 (fig. 13) has been developed to mimic the 

natural product staurosporine, a potent inhibitor of protein kinases. This compound presents 

a metal-centered chirality and the S enantiomer (DW2) displays a better selectivity for one 

particular kinase, namely Pim-1 against which its efficacy is almost 100 times higher than 

staurosporine. Indeed this enantiomer mimics perfectly the interaction of the organic 

compound with the protein as shown by the crystal structure of Pim-1 with DW2.
79

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

 

 
 
Figure 13: Chemical structure of two enantiomers of the half-sandwitch complex DW1/2. 
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 The racemic mixture (DW1/2), which is an inhibitor of GSK3β kinase, was tested 

against a panel of human melanoma cells overexpressing this protein and showed an activity 

in the low micromolar range against all tested cell lines. DW1/2 induces apoptosis on 

melanoma via intrinsic mitochondrial pathway while it is poorly toxic against normal 

melanocytes.
80

 It is worth mentioning that no interaction between the compound and DNA 

have been highlighted neither by coordination to nucleobases nor by intercalation into DNA 

duplex. This suggests that the anticancer activity of such compound is due to its ability to 

inhibit kinases and is thus independent to the direct involvement of the metallic center.
81 

 

4/ Iron-, titanium- and copper-based anticancer drugs 

 

4.1/ Iron-based complexes 

 

 Chemotherapeutic treatment of breast cancer mainly consists in administrating 

selective estrogen receptor modulators (SERMs) with Tamoxifen (fig. 14) being one of the 

most potent compounds in clinic. Thus, the coupling of a SERM to a metal-based scaffold 

appeared to be an interesting way to enlarge the scope of treatable cancers by metallodrugs. 

This concept was successfully applied by Jaouen, Vessières and coworkers who replaced the 

β-aromatic cycle in Tamoxifen, or in the analogue bearing an hydroxyl group in position 4 of 

the α aromatic cycle (hydroxytamoxifen), with a ferrocene moiety affording ferrocifen or 

OH-ferrocifen, respectively (fig. 14).
82

  

   

 
 

Figure 14: Chemical structure of the SERM tamoxifen and its ferrocene analog ferrocifen.  
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 It is worth mentioning that ferrocene belongs to the metallocene family in which the 

metal center is coordinated to two cyclopentadienyl ligands (Cp). In ferrocene, the iron 

center is in the +II oxidation state making ferrocene a neutral entity. Moreover, ferrocene 

attracted interest in medicinal chemistry due to its chemical stability, low toxicity, broad 

range of derivatization as well as interesting redox properties.
83

 

 In vitro, OH-ferrocifen appeared to inhibit the proliferation of the estrogen receptor-

positive cell line MCF-7 at 1 µM with the same efficiency as OH-tamoxifen. Moreover, 

upon addition of estradiol, an estrogen inducing proliferation of the estrogen receptor-

positive cells, OH-ferrocifen maintained certain toxicity. This finding suggests that 

ferrocifens trigger their toxic effects both by the estrogen receptor (ER) inhibitor capacity of 

the organic part and by intrinsic cytotoxicity of the organometallic moiety.
82 

This effect was 

confirmed in the screening of several cell lines, both ERα(+) and ERα(-). On ERα(+) cells, at 

a concentration of 0.1 µM, OH-ferrocifen presented an anti-hormone effect equivalent to 

OH-tamoxifen associated to a cytotoxic effect via accumulation of cells in S phase and ROS 

production. On ERα(-) cells, at a concentration of 1 µM, OH-ferrocifen still induced 

cytotoxicity while OH-tamoxifen appeared unefficient.
84 

  To further investigate structure-activity relationships, different ferrocene-based 

analogues of Tamoxifen were synthetized bearing several modifications in the lead scaffold: 

i.e. the hydroxyl group was removed, the ethyl chain was replaced by an aromatic ring, the 

conjugation between ferrocene and the aromatic ring was cut and a cyclopentadienyl ligand 

was substituted by methyl groups.
85

 These new derivatives were screened against hormone-

dependent (Tamoxifen-sensitive) and hormone-independent (Tamoxifen-resistant) breast 

cancer cell lines. It appeared that some of the tested compounds presented cytotoxic effects 

even on the hormone-independent cell lines. Conjugation between the ferrocene and the 

aromatic rings as well as the presence of the ethyl chain on the same carbon as the ferrocene 

moiety have been shown to be necessary for the development of cytotoxicity in cells.  

  From a mechanistic point of view, various studies confirmed that the oxidation of 

ferrocifens to quinone methide is the crucial step to drug activation (fig. 15). In fact, the 

quinone methide is believed to be the metabolite which will further interact with biological 

targets. In this case, ferrocene can be thought to act as an intramolecular oxidation antenna.
85
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Figure 15: Mechanism of activation of ferrocifen in presence of a base and formation of 

quinone methide. Reproduced from Ref. 85. 

 

4.2/ Titanium-based complexes 

 

 Titanocene dichloride (fig. 16) is an organometallic Ti(IV) complex that was tested 

as a possible anticancer agent in the 80’s based on the fact that it presents two chlorido 

ligands in cis positions like Cisplatin.
86

 The compound appeared to be active in cancer cells 

both in vitro and in vivo on xenografted human gastrointestinal and lung carcinomas.
87

 

Titanocene dichloride reached phase I clinical trials where nephrotoxicity and increase of 

creatinine and bilirubin were noticed. In phase II clinical trial, it was found to be inefficient 

against metastatic renal-cell carcinoma.
38

 Titanium was shown to accumulate in nucleic acid 

rich areas where it acts by disrupting DNA synthesis, thus, highlighting DNA as a possible 

target in vivo.
88

  Moreover, Sadler et al. showed that titanium-based compounds could 

interact with the iron-transporter protein transferrin which internalizes iron from blood to the 

cells via an endocytosis mechanism. This interaction is proposed to be responsible of 

titanium uptake and release inside the cells.
89

 However, due to its very fast hydrolysis in 

physiological conditions, leading in fine to the insoluble TiO2 species, titanocene dichloride 

didn’t go further in the clinical trials even though some formulations to preserve the 

titanocene moiety were explored.
87, 88 
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Figure 16: Chemical structure of titanium-based complexes that reached clinical trials. 

 

Another example of titanium-based compound which reached clinical trial is budotitane (cis-

[(EtO)2(bzac)2Ti] where bzac = 1-phenylbutane-1,3-diketonate) (fig. 16). This coordination 

compound showed interesting results in colorectal cancer in animal models.
87

 However, as 

for titanocene dichloride, hydrolysis of the metal-ligand bounds is the main limitation of 

budotitane. Some formulations of budotitane with glycerinepolyethylene-glycerolericinoleate 

and 1,3-propylene glycol yielded to an increased stability of budotitane in aqueous 

environment. However, the incapacity to well characterize the actually present species 

prevented budotitane to go further on drug development.
90

  

 Based on these results on titanocene dichloride, Tacke et al. developed different 

benzyl substituted titanocene analogues. One of them, the so-called titanocene Y bearing a 

4-methoxybenzyl substituent presented an IC50 value 100-fold lower than titanocene 

dichloride on pig kidney carcinoma cells.
91

 By replacing the two chlorido ligands by an 

oxalato ligand in titanocene Y (called oxali-titanocene Y), the same group succeeded in 

obtaining a 13-fold more toxic compound than titanocene Y on pig kidney carcinoma cells.
92

 

Moreover, oxali-titanocene Y also appeared almost 2-fold more toxic than Cisplatin on the 

same cell line. 
 

More recently, Tshuva et al. described the use of tetradentate bis(phenolato)ligands 

to increase the stability of cis-diisopropoxy titanium complexes toward hydrolysis. Those 

coordination compounds showed toxicity in the same range as Cisplatin on ovarian and 

colon cancer cell lines in vitro.
93

 Moreover, upon rigidification of the tetradentate ligand, 

Tshuva et al. synthetized trans-bisphenoxy titanium complexes with lower hydrolysis rate 

and cytotoxic activities against ovarian and colon cancer cell lines 10-times higher than 

Cisplatin or budotitane.
94

 
 

 

4.3/ Copper-based complexes 

 

 Copper is a human endogenous metal ion and an essential element for aerobic 

organisms as catalytic cofactor involved in many biological pathways.
1 

Aberrant levels of 

copper are linked with several pathologies such as Alzheimer’s or Parkinson’s diseases and 

Menkes’ syndrome.
95

 In the last years an increasing number of publications reported copper 

complexes, both in the +I and +II oxidation states, as efficient anticancer agents in vitro. 
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These complexes presented a very broad range of ligands due to the extremely diverse 

coordination chemistry of copper. Among the various ligand types screened for Cu(II) 

complexes we can report S-donor containing ligands such as thiosemicarbazones or 

dithiocarbamates, acac-based ligands (acac = acetylacetonate), Schiff’s bases or bipyridine-

like chelators. Some representative examples are depicted in Figure 17.
95

  

 The coordination of N-heterocyclic carbenes to Cu(I) appeared to create highly 

potent compounds with 10 to 100-fold higher cytotoxicity compared to Cisplatin.
96

 While the 

majority of copper-based anticancer agents have been identified to interact with DNA upon 

intercalation or by cleavage of the strands upon generation of reactive oxygen species, some 

studies report copper compounds as efficient inhibitors of topoisomerase I and II and 

proteasome, thus extending the field of possible biological targets. Several compounds have 

been tested in vivo on Erlich ascites carcinoma, leukemia or breast cancer showing promising 

anticancer effects, but so far no defined copper-based complex has reached clinical trials.
95

 
 

 

 

Figure 17: Examples of copper-based compounds studied as anticancer agents. 

  

5/ Gold-based anticancer drugs 

 

  Pharmacologic properties of gold are known since the end of 19
th

 century and gold 

compounds have been tested against different pathologies even though they are currently 

only used for the treatment of rheumatoid arthritis.
97

 However, besides the anticancer 

application of gold compounds I will describe, it is worth mentioning that gold complexes 

are currently investigated as possible antimicrobial agents.
98

 Gold presents a very broad 

spectrum of oxidation states from –I to +V, however, only the +I and +III oxidation states 

which are biologically relevant will be discussed below.
99

 Au(I) has a d
10

 electronic 

configuration and it gives compounds with linear geometry. Au(III) has a d
8
 electronic 

configuration and is thus isoelectronic to Pt(II) and presents a four coordinated square-planar 
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environment that makes Au(III) complexes interesting candidates for anticancer evaluation. 

However, due to the fairly reducing intracellular milieu, the tendency of Au(III) center to get 

reduced to Au(I) makes the choice of ligands very determining.
100

 

 In this section, I will describe various families of gold compounds including Au(I) 

and Au(III) complexes. For each oxidation state, I will provide examples of coordination 

compounds (with phosphane or N-donor ligands) as well as organogold (compounds 

presenting a Au-C bound) and discuss their mechanisms of action.  

 

5.1/ Au(I) phosphane complexes 

 

 The first representative member of this family is Auranofin ((2,3,4,6-tetra-O-acetyl-

1-(thio-κS)--D-glucopyranosato)(triethylphosphane)gold(I)) (fig. 18), an orally 

administrated anti-arthritic agent, which has been reported by the end of the 70’s to inhibit 

cancer cells proliferation and DNA, RNA and proteins syntheses in vitro.
101

 In vivo, it has 

been shown to specifically increase the survival time of mice with P388 leukemia only when 

the treatment was given intraperitoneally.
102

 Based on these promising results, Auranofin and 

more generally speaking Au(I) compounds bearing phosphane ligands have been extensively 

studied and information on their chemical and biological properties have been reviewed on a 

regular basis.
86, 103, 104, 105 

 
 

Figure 18: Chemical structure of Auranofin. 

 

The intracellular mechanism of Auranofin has been extensively studied. Contrarily to 

Cisplatin, Auranofin is not reported to act by direct binding with DNA, but induces apoptosis 

via a mitochondria-related pathway.
101

 It was shown to be a highly potent and selective 

inhibitor of the seleno-enzymes thioredoxin reductases (TrxR), both cytosolic and 

mitochondrial, with an IC50 on the nanomolar range.
106

 Considering its overexpression in 

cancer cells, TrxR appeared as an interesting target for anticancer drugs. TrxRs as well as 

glutathione reductase (GR) are homodimeric enzymes whose role consists in reducing in a 

NADPH-dependent manner thioredoxin or glutathione, respectively. TrxR is responsible for 

the reduction of thioredoxin (Trx) which in turn reduces different proteins including 

ribonucleotide reductase (involved in conversion of ribonucleotide to desoxyribonucleotides 

for further synthesis of DNA) and peroxiredoxin (involved in the regulation of cellular level 

of hydrogen peroxide).
 107

 The thioredoxin system is depicted in Figure 19. 
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Figure 19: Representation of the electron transfer pathway mediated by the TrxR/Trx 

system. 

 

Auranofin is supposed to interact preferentially with the selenocysteine residue of TrxRs 

considering the 1000-fold higher concentration required for the inhibition of glutathione 

reductase lacking the seleno-residue.
107 

This inhibition of the thioredoxin 

reductase/thioredoxin systems induces mitochondrial membrane permeabilization enabling 

the release of cytochrome c to the cytosol which triggers apoptosis.
108

 Moreover, inhibition 

of TrxR by Auranofin may allow overcoming the cross-resistance with Cisplatin in an 

ovarian cancer cell line in vitro.
109

  

 Beyond TrxR, Auranofin has been reported as potent inhibitor of the seleno-enzyme 

glutathione peroxidase responsible of the detoxification of hydrogen peroxyde
110 

and more 

recently as inhibitor of the sulfur-containing enzyme gluthatione-S-transferase which is 

suspected to be involved in the mechanism of resistance to Cisplatin.
111 

Structure-activity 

relationships studies on several Auranofin analogs, in which both the sugar and the 

phosphane ligands were varied, showed the great importance of the phosphane for the 

toxicity.
112

 Moreover, a mass-spectrometry study carried out on the reaction between 

Auranofin, Et3P-Au-Cl and cysteine or methylselenocysteine showed that, for both gold 

compounds, the same products [Et3P-Au-cysteine]
+ 

and [Et3P-Au-methylselenocysteine]
+
 

were formed, giving the opportunity to optimize Auranofin’s properties by replacing the 

thio-β-D-glucose tetraacetate moiety.
113

  

 Other studies on complexes of general formula R3P-Au(I)-Cl (R = alkyl or aryl) 

showed a positive correlation between the size of the substituents on the phosphorous atom 

and the cellular uptake and toxicity.
114

 Various targets have been investigated including TrxR 

but also other proteins/enzymes relevant to cancer. Ph3P-Au-Cl has been shown to efficiently 

inhibit in vitro cathepsin B, an enzyme belonging to the cysteine protease family implicated 

in inflammatory mechanisms.
115

 The development of gold(I)-phosphole chloride (GoPI) (1, 

fig. 20) and it’s thiosugar analogue (GoPI-sugar), the latter being more stable under 

physiological conditions, lead to highly efficient inhibitors of TrxR and GR accompanied by 

cytotoxic activities in the low micromolar range against glioblastoma or breast cancer cells 

in vitro.
116, 117 
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Ott et al. associated the triethylphosphanegold(I) moiety with 

N-(N’,N’-dimethylaminoethyl)-1,8-naphtalimide ligand, an anticancer agent acting through 

DNA intercalation of the naphtalimide core and interaction of the protonable amino group 

with phosphate of the DNA backbone.
118, 119

 The resulting Au-Naphth-1 compound (2, fig. 

20) revealed to be as toxic as Et3P-Au-Cl in vitro, to inhibit TrxR to the same extent, but 

presented a higher uptake than Et3P-Au-Cl and antiangiogenesis properties the authors 

attributed to the presence of the naphtalimide moiety.
118, 119

  

Gimeno et al. reported the synthesis and the cytotoxic evaluation of Au(I) 

complexes bearing a diphenylphosphanoaminoheterocycle ligand associated to thiolate 

functionnalized pyridine or nucleic bases.
120

 The compound [Au(TG){PPh2NH(Htz)}] (TG = 

thioguanine) (3, fig. 20), appeared one order of magnitude more efficient than Auranofin 

against a cervical cancer cell line, whereas the reversed behavior was observed in case of a 

breast cancer cell line in vitro. Moreover, mechanistic studies demonstrated potent inhibition 

of TrxR (in the low or submicromolar range) associated with interactions with DNA. 

However, although the compounds interact with DNA, no structural change of DNA have 

been noticed which is in good agreement with the proposal of DNA not be being the main 

target of gold compounds.
 

 

 

Figure 20: Examples of Au(I)-phosphane complexes investigated for anticancer properties. 
 

In vivo, a triphenylphosphane-gold(I) complex bearing an uracil-based ligand 

([Au(MANUH-1)PPh3]) (MANUH-1 = 6-amino-1-methyl-5-nitrosouracilato) (4, fig. 20) has 

been demonstrated to significantly reduce the growth of glioma tumor in mice. The treatment 

was associated with weak modification of serum parameters such as electrolytes, biomarkers 

of renal and hepatic functions and lipid profile, thus suggesting only very moderate side 

effects.
121 
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 In the early stage of development of Au(I)-based anticancer agents, Berners-Price et 

al. reported the use of a delocalized lipophilic cation (DLC) based on bis-

(diarylylphosphano)ethane (5a-d, fig. 20). The tetrahedral 

bis-[bis(diphenylphosphano)ethane]gold(I) chloride (5a) has been shown to possess potent 

antitumor activity against a range of murine tumor model including leukemias, reticulum cell 

carcinoma, mammary adenocarcinoma and melanoma.
122

 However due to severe 

hepatotoxicity, the development of this compound didn’t go further.
123

 The authors attributed 

this lack of selectivity to the high lipophilicity of the compound resulting in a non-specific 

binding to intracellular components. They showed that the higher selectivity resulted of an 

average balance between lipophilicity and hydrophilicity. By plotting the antitumor 

properties in vitro vs the lipophilicity of the studied compounds, the authors found a 

maximum of the antitumor properties in vitro for the compound with average lipophilicity. 

Moreover, in vivo on mice with murine subcutaneous colon 38 tumors, the compound with 

intermediate lipophilicity presented the highest activity on tumor growth with a tumor 

growth delay of 9 days, pointing out the importance of fine tuning these parameters for the 

development of new drug candidates.
124

 Bis-[1,3-bis(dipyridylphosphano)propane]gold(I) 

chloride ([Au(d2pypp)2]Cl) (6 fig. 20) in which the spacer in between the two phosphanes is 

increased to give rise to 6-membered rings showed great selectivity for breast cancer cells 

compared to the healthy ones associated to an efficiency against malignant cells comparable 

to 5a. The compound, as DLCs in general,
125

 was shown to accumulate in mitochondria due 

to the negative mitochondrial membrane potential. Moreover, while the ethane-bridged 

compounds 5a-d showed only poor interactions with thiols, 6 can efficiently inhibit activity 

of both purified and cellular Trx and TrxR. The authors attributed this different behavior to a 

more labile phosphane ligand enabling the coordination of sulfur- or selenium-donor atoms 

to the gold center.
126 

 

5.2/ Au(III) complexes with chelating N-donor ligands 

 

  The gold(III) complexes [AuCl3(Hpm)] and [AuCl2(pm)] 

(Hpm = 2-pyridylmethanol) were tested against a panel of cancer cell lines in vitro and 

showed comparable activities to Cisplatin and NaAuCl4. The compounds were shown to 

interact closely with proteins such as albumin and transferrin but only weakly and reversibly 

with DNA. Although demonstrating the interest of gold(III) compounds, the substitution of 

the chlorido ligands by molecules of water at pH above 2 rendered them too instable in 

physiological environment for medicinal purposes.
127

 Thus, several polydentate ligands were 

tested to stabilize the gold(III) center, such as ethylenediamine (en), phenanthroline (phen) 

(19), 2-phenylazopyridine (azpy) (20), diethylenetriamine (dien) (21), terpyridine (terpy) 

(22) or macrocycles (TACN and cyclam) (23).
128, 129, 130

 Some of these complexes are 

depicted in Figure 21. The stability of some compounds was measured both by cyclic 

voltammetry and UV-Visible spectroscopy in the presence of reducing agents. It appeared 
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that polyamine complexes were particularly stable, with the complex 23 presenting the 

highest stability toward reduction (table 1), although the most toxic compounds on ovarian 

cancer cell lines appeared to be the least stable ones (table 1 19 and 22).
128

  

 

 
Figure 21: Exemples of Au(III) complexes with N-donor ligands tested as anticancer agents.  

 

Table 1: Comparison between redox stability in aqueous solution at pH 7.4 and IC50 values 

on human ovarian cancer cells sensitive (A2780) and resistant to Cisplatin (A2780cisR) of 

some Au(III) complexes.  

Complex Ep (vs NHE
*
) (V) IC50 A2780 (µM) IC50 A2780cisR (µM) 

23
a - 0.20 99.0 > 120.0 

21
a + 0.19 8.2 ± 0.93 18.7 ± 2.16 

22
a + 0.62 0.2 0.37 ± 0.032 

19
a + 0.80 3.8 ± 1.1 3.49 ± 0.91 

AuCl4
- + 0.55

a 
11

b 
17.7

b 

* normal hydrogen electrode [a] data from ref. 128 [b] data from ref. 127 

 

The mechanism by which these compounds trigger their antiproliferative effect was carefully 

studied. Due to the isoelectronic structure of Au(III) cation compared to Pt(II), DNA was 

primarily envisaged as possible target. Even though it has been shown that Au(III) 

compounds can actually interact with nucleic acids through the coordination of their N-donor 
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atoms,
131

 the interaction calf thymus DNA appeared to be weak and reversible and could not 

explain the cytotoxic properties of this class of compounds.
132

  

  Some dimeric dioxido-bridged Au2 with bipyridine ligands have been developed by 

Cinellu et al. and are fairly stable at the +3 oxidation state under the dimeric form, with 

toxicities in the low micromolar range both against Cisplatin-sensitive and resistant ovarian 

cancer cell lines. The most cytotoxic one (24, fig. 21) has been demonstrated to tightly bind 

to calf thymus DNA. Indeed, inductively induced plasma optical emission spectroscopy 

(ICP-OES) measurements evidenced that more than 80 % of gold was still associated with 

DNA after ultrafiltration. Moreover, the reactivity of 24 with different proteins including 

human serum albumin (hSA), cytochrome c (cyt c) and bovine ubiquitin (Ubq) was 

investigated using spectrophotometric and mass spectrometry techniques. All experiments 

showed that 24 could react with protein through redox processes involving the breakdown of 

the dimeric structure as well as the release of the bipyridine ligand .
133

 

  Based on these results, the interactions with proteins appeared to be the main 

pathway by which such gold (III) complexes induce their toxic effects in cancer cells, 

explaining the low cross-resistance with Cisplatin.
134, 135

 Among the various enzymes 

screened as possible target of gold(III) metallodrugs, some revealed to be of particular 

interest. Indeed, gold(III) are very potent inhibitors of TrxRs and can induce mitochondrial 

swelling even though in a lower extent than Auranofin.
106

 More recent studies pointed out 

gold(III) as very powerful inhibitors of the zinc-finger enzyme PARP-1 compared to other 

metal-based drugs such as Ciplatin, NAMI-A or Auranofin in both purified enzyme and 

lysate.
29

 Using mass spectrometry techniques, 19 was demonstrated to displace zinc cation 

from the zinc-finger domain upon loss of all ligands including the phenanthroline. More 

recently, 19 has been reported to selectively inhibit the water and glycerol membrane protein 

channels aquaporins.
136

  

  Finally, a unique family of Au(III) with N-donor ligands, is the Au(III) porphyrins' 

one, which is characterized by a very high stability upon reduction as assessed by cyclic 

voltammetry (Ep = -1.34 and -1.97 V vs NHE), but also in solution in the presence of cellular 

reductants such as glutathione. [Au(tpp)]
+
 (tpp = meso-tetraphenylporphyrin) (25, fig. 21) 

has been tested against a large panel of human cancer cell lines including Cisplatin- and 

multi-drug resistant cell lines with several hundred folds higher efficiency.
137

 In vivo data 

showed that 25 can reduce nasopharyngeal carcinoma tumor growth without body weight 

loss or liver injuries on mice. Mechanistic studies revealed that 25 triggers apoptosis through 

reduction of mitochondrial membrane potential and subsequent release of cytochrome c and 

apoptosis-activating factor.
138

 

 

5.3/ Au(III) dithiocarbamate complexes 

 

  Gold(III) dithiocarbamate complexes developed by Fregona et al. are characterized 

by two symmetrical Au-S bounds giving rise to the stabilization of the +III oxidation state as 
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assessed by cyclic voltammetry (5 mV ≤ Ep(Au-dithiocarbamate) ≤ 125 mV compared to Ep 

= 1.29 V vs NHE for KAuCl4) (fig. 22).  

 

 
 

Figure 22: Chemical structures of the most studied dithiocarbamate-Au(III) complexes as 

anticancer agents. 

 

These compounds appeared highly toxic against a panel of human cancer cell lines including 

leukemia, cervical adenocarcinoma, colon adenocarcinoma or malignant melanoma in vitro. 

Moreover, comparison between toxicity on Cisplatin-sensitive and -resistant cell lines 

showed no cross-resistance with Cisplatin suggesting a different mechanism of action.
139

 

Furthermore, in vivo, [(DMDT)AuCl2] was proved to reduce prostate tumor xenografts in 

mice associated with good tolerance of the treatment.
140

 Such compounds trigger apoptosis 

through a different cellular target compared to other gold-based metallodrugs. Indeed, it has 

been shown that dithiocarbamate compounds act through the inhibition of proteasome both 

in vitro and in vivo.
141

 

 

5.4/ Au(I) N-heterocyclic carbene (NHC) complexes 

 

  As previously mentioned, much effort has been directed towards the application of 

gold complexes for targeting mitochondrial cell death pathways. Following the successful 

application of gold phosphane complexes as antitumor agents, Berners-Price et al. have 

synthesized a variety of organometallic cationic mononuclear gold(I) biscarbene complexes 

as potential chemotherapeutic agents (7a-d fig. 23).
142, 143, 144

 The wingtip groups have been 

modified in order to adjust the lipophilic character of the complexes, a critical factor for 

targeting malignant cells. These gold organometallics display strong antimitochondrial 

effects, which can be attributed to both their cationic and lipophilic character. Very recently, 

a gold(I) biscarbene complex has been reported to decrease tumor size on mice bearing 

melanoma tumor without decreasing of body weight upon treatment.
145
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Figure 23: Structures of biologically active gold(I)-NHC complexes.  

 

An important aspect of these organometallic complexes in regulating the biological activity 

is related to the presence of an ancillary ligand coordinated to gold, in addition to the Au-

NHC bond. Rubbiani et al synthesized three NHC gold(I) complexes of the 1,3-

benzimidazol-2-ylidene type (8a-c fig. 23) with different ligands (Cl, NHC, and PPh3, 

respectively).
146

 Initial DFT calculations revealed differences in bond dissociation energies 

(BDEs), which indicated an order of stability Cl < PPh3 < NHC. Experimentally, the 

complexes have different reactivity regarding binding to albumin and inhibition of the target 

enzyme TrxR. The chlorido derivative was a strong and selective inhibitor of TrxR and 

showed an intensive binding to albumin similar to Auranofin. The cationic biscarbene 

complex with two NHC ligands exhibited the lowest inhibition of TrxR and had 

concomitantly the lowest albumin binding capacity. Finally, the triphenylphosphane 

derivative 8b led to a strong inhibition of TrxR and also to an increased protein binding. 

Generally, TrxR was inhibited preferentially over structurally related enzymes (glutathione 

reductase GR and glutathione peroxidase GPx), and mass spectrometry studies with a 
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selenocysteine-containing model peptide indicated that covalent interactions with selenium 

are highly relevant for the molecular mechanism of drug action. 

  The cellular uptake, as well as the biodistribution of the three complexes, were also 

studied by atomic absorption spectroscopy.
146

 Interestingly, the obtained results indicated 

that, for the derivatives 8a and 8b, which had the higher protein affinity, cellular gold levels 

in the presence of serum were decreased, suggesting that extracellular protein binding 

negatively influenced the compounds’ uptake. 

  With the purpose of achieving metal compounds imaging in biological 

environments, a gold(I)-NHC complex bearing a fluorescent anthracenyl ligand (9) was 

recently synthesized and the cytotoxic effects of the compound were investigated in vitro on 

different human cell lines of normal and cancer cells (fig. 23).
147

 The TrxR inhibition 

properties of this compound were also evaluated both directly on the purified enzyme and in 

cell extracts, comparing its ability to inhibit glutathione reductase, a pyridine-disulfide 

oxido-reductase maintaining glutathione in its reduced state. The effects of the new complex 

on the oxidation state of the thioredoxin system and peroxiredoxins were analysed.  

  In particular, considering mitochondrial peroxiredoxin 3 (Prx3), the redox state of 

the mitochondrial system after compound’s administration was highlighted.
147

 

Peroxiredoxins (Prxs) are enzymes decomposing peroxides using a highly reactive cysteine 

thiolate in their active site. Prx3 is kept reduced by the mitochondrial thioredoxin system, 

thus playing a role in protecting mitochondria from H2O2 produced by the respiratory chain 

complexes.
148

 Overall, the reported results indicate a correlation between the cytotoxicity of 

9 and Trx/Prx3 oxidation via TrxR inhibition in cells.
147

 Finally, fluorescence microscopy 

studies allowed visualizing the compound’s uptake and biodistribution in cells, showing a 

larger diffusion in tumor cells compared to normal ones (fig. 24). A very recent study using a 

gold(I)-NHC complex bearing a coumarin moiety showed the same bioditribution in human 

prostate cancer cells PC3.
149

  

  Other studies confirmed that many gold(I)-NHC complexes with the 1,3-substituted 

imidazole-2-ylidene and benzimidazol-2-ylidene ligands of type NHC-Au-L (L = Cl or 2-

mercapto-pyrimidine) (10, fig. 23) can potently inhibit both of the cytosolic and 

mitochondrial isoforms of the TrxR enzyme.
150

 The compounds showed marked and 

selective TrxR inhibition properties in particular in cancer cell lines. Remarkably, the most 

selective TrxR inhibitors induced extensive oxidation of thioredoxins (Trxs), which was 

more relevant in cancer cells (A2780) than in HEK-293T cells. Trx oxidation might be 

induced either by inhibition of TrxR by gold(I)-NHC complexes or by a massive increment 

of H2O2. However, the latter has not been detected at least in the A2780 and HEK-293T 

cells, at variance with what has been observed for other Au(I)-NHC complexes. 
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a)                                b)                                 c) 

Figure 24: Visualization of the gold(I) NHC compound 9 using confocal microscopy in 

human embryonic kidney HEK-293T and human ovarian cancer Cisplatin resistant 

A2780cisR cells: a) fluorescence of the compound b) propidium iodide localization c) 

overlay. Images adapted from ref. 147. 

 

  In fact, it is worth mentioning that, among the several reported biologically active 

gold NHC complexes, distinct effects related to tumor cell proliferation inhibition have been 

described, including the increased formation of reactive oxygen species (ROS) or apoptosis 

induction.
151, 152, 153, 154

 However, it should be noted that a general direct correlation between 

TrxR inhibition and cytotoxic effects of gold NHC complexes could not so far always be 

claimed.
155

 This indicates that other mechanisms besides TrxR inhibition might contribute to 

their overall pharmacological profile. Very recently, Poly(ADP-ribose) polymerase 1 

(PARP-1), an enzyme which is involved into DNA repair mechanism
156

 and suspected to be 

involved into resistance to Cisplatin,
157

 has been demonstrated as a credible target for some 

Au(I)-NHC complexes.
158

 Moreover, some gold(I) N-heterocyclic carbene complexes have 

been proved to be efficient inhibitors of cysteine dependent protein tyrosine phosphatases 

(PTPs).
159

 PTPs are an enzyme family that plays important roles in various cellular processes 

and signaling pathways and that are considered targets for diseases including cancer or 

autoimmune disorders. 

  The possibility to synthesize compounds with a high degree of structural diversity is 

certainly among the features that make gold NHC complexes extremely attractive in drug 

design, as exemplified by recently reported complexes with hetero-biscarbenes or peptide 

bioconjugates.
160, 161, 162, 163, 164

 For example the peptide-Au-NHC compounds 11a-c (fig. 23) 

hold great promise due to their resistance overcoming in p53 deficient tumor cells.
163

 These 

complexes are also powerful inhibitors of TrxR, induce ROS formation and apoptosis, and 

trigger antimitochondrial effects. 
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  The synthesis and cytotoxic properties of “bimodal” Au(I)-NHC complexes bearing 

a N,N-dimethyl-4,5-diarylimidazol-2-ylidene moiety, modeled on the naturally occurring 

vascular disrupting anticancer drug combretastatin A-4, have been recently reported (12a-d, 

fig. 23).
165

 Notably, in this work the transport mechanisms of a few compounds have been 

investigated showing that compounds’ uptake in 518A2 melanoma cells goes mainly via 

organic cation transporters (OCT-1/2) and copper transporters (Ctr1), similarly to Cisplatin. 

   

5.3/ Gold alkynyl complexes  

 Gold alkynyl complexes are a type of organometallics containing a gold(I) central 

atom with one or more coordinated alkynyl (R-C≡C
-
) ligands (see 13-18, fig. 25).

166, 167
 The 

alkynyl ligand is isoelectronic to cyanide (N≡C
-
) or carbon monoxide (CO) and can be 

interpreted as a pseudohalido ligand. Their most intensively studied property is 

luminescence, which was initially described in 1993 and is thought to be related to 

intraligand π-π* or Au-C σ-π* transitions.
168

 Despite the extended interest in these systems, 

biological properties related to metallodrug research are quite scarce.
169, 170, 171

 Of note, 

gold(I) alkynyl derivatives containing the water-soluble 1,3,5-triaza-7-phosphaadamantane 

(PTA) and 3,7-diacetyl-1,3,7-triaza-5-phosphabicyclo[3.3.1]nonane (DAPTA) phosphane 

ligands (see examples 13-14 in fig. 25) are cytotoxic in cancer cells and their cellular uptake 

was confirmed by fluorescence microscopy using the luminescent properties of these 

organometallics.
172

 As expected the complexes lack reactivity with DNA. Fluorescence 

microscopy also confirmed the cellular uptake of complexes containing fluorescent 

anthraquinone based ligands such as 15.
173

  

A recent study showed that mononuclear alkynyl gold complexes of the type 

alkynyl(triphenylphosphane)gold(I) (16, 17, fig. 25) exhibit a promising potential as future 

chemotherapeutics.
171

 In fact, these compounds were able to trigger antiproliferative effects 

and are strong inhibitors of TrxR with a high selectivity over the related enzyme glutathione 

reductase. Moreover, effects against tumor cell metabolism and mitochondrial respiration 

were observed, as well as significant anti-angiogenic properties in zebrafish embryos.  

 Finally, phosphane-bridged dinuclear gold(I) alkynyl complexes such as 18 are 

scarcely active against TrxR but still cause strong antiproliferative effects accompanied by 

an efficient cellular accumulation.
174  
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Figure 25: Structures of cytotoxic gold(I) alkynyl complexes.  

 

5.6/ Cyclometalated Au(III) complexes with C,N-donor ligands 

 

 Cyclometallation reaction is the transition metal-mediated C-R bond activation of a 

wide range of organic molecules bearing donor atoms (D) such as N, O, P, S, and Se, and 

resulting in the formation of a chelate ring composed of a coordination D-M bond and a 

covalent M-C bond.
175

 Cyclometalated complexes are generally characterized by redox and 

thermodynamic stability. Moreover steric and electronic properties can be easily tuned by 

modification of either the anionic cyclometalated or the ancillary ligands to afford 

compounds with enhanced lipophilic character. 

  A variety of cyclometalated gold(III) complexes of nitrogen-donor ligands have 

been synthesized so far, featuring both bidentate C,N- and tridentate C,N,N-, C,N,C- and 

N,C,N-donor ligands (fig. 26), with either five- or six-membered C,N rings. Below are 

presented those that have been mostly studied for their anticancer properties and interactions 

with biological targets. 
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Figure 26: General representation of cyclometalated gold(III) complexes with C,N-donor 

ligands (L = ancillary ligand). 

   

The discovery of the anti-tumor properties of the complex [Au(damp)Cl2],
176

 (damp = 2-

[(dimethylamino)methyl]phenyl), and its derivatives [(damp)AuX2] (X = SCN, OAc or X2 = 

oxalato, malonato)
177

 (26, fig. 27) by Parish and co-workers caused a renaissance of interest 

in gold(III) complexes as potential anticancer agents. These complexes displayed similar 

cytotoxicity to the one of Cisplatin against several human tumor cell lines, with the acetato 

and malonato complexes generally showing the best activities and selectivity in vitro, as well 

as moderate in vivo antitumor activity against human carcinoma xenografts.
176, 178 

Complex 

26 and its acetato and malonato analogues inhibit the cysteine proteases cathepsin B and K, 

with IC50 values of 0.6–1.36 μM and 1.3–3.3 μM, respectively,
179

 and are also very potent 

inhibitors of TrxR.
180

 

   

 

 

Figure 27: Representative examples of cytotoxic cycloaurated complexes of the type 

[(C,N)Au(X,X)].  
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 Following these promising results, a series of square planar six-membered 

cycloaurated complexes based on a pyridinyl-phenyl linked backbone (fig. 27) was found to 

inhibit the cysteine proteases cathepsin B and K, with IC50 values very similar to those found 

for the five-membered cycloaurated complexes.
181

 Five compounds of this series were 

evaluated for in vitro cytotoxicity against a panel of human tumor cell lines. In general, the 

leaving group had a pronounced effect on the cytotoxicity with the thiosalicylato compound 

being consistently more active than the chlorido compounds. Thus, the thiosalicylato 

compound was tested in vivo against the HT29 human colon tumor xenograft model, and a 

modest decrease in tumor growth was observed compared with the untreated control tumor. 

Various cyclometalated (C,N) gold(III) compounds, analogues of complex 26, with one, two 

or three carbon-gold bonds were evaluated in another study.
180

 In general, introduction of an 

increasing number of C-Au bonds makes the compounds more lipophilic, and thus facilitate 

intracellular uptake. However, the ability to interact with thiols or selenol groups of proteins 

appeared to be reduced. In addition, the damp derivative Au(damp)(C6H5)Cl, bearing two 

gold-carbon bonds, was found to be a potent inhibitor of TrxR (IC50 = 2.2 nM), nevertheless 

it is devoid of any anticancer activity against MCF-7 breast cancer and HT-29 colon cancer 

xenografts.
180

   

  The water-soluble biguanide complex [Au(R-C,N)(biguanide)]
+
 (R = 2-(4-n-

butylphenyl)pyridine, 27 fig. 27), which combines the lipophilic character imparted by the 

cyclometalated 2-(4-n-butylphenyl)pyridine with the hydrophilic properties given by the H-

bonding groups of the chelating biguanide, displays high toxicity against HeLa cells and low 

toxicity towards normal lung fibroblast CCD-19Lu cells.
182

 Complex 27 was found to react 

rapidly with GSH to form gold-GSH adduct(s); it induces endoplasmic reticulum (ER) stress 

and ER swelling, up-regulates ER-stress markers such as CHOP and HSP70, causes partial 

S-phase cell cycle arrest in HeLa cells following apoptosis- and necrosis-independent cell 

death. Moreover, 27 showed anti-angiogenic effects at sub-cytotoxic concentrations. 

  The biological activities of the cationic organogold(III) complex containing the 

“pincer” iminophosphorane ligand (2-C6H4-PPh2=NPh) (28 fig. 27) and its derivatives 

obtained from substitution of the chlorides with chelating ligands such as thiosalicylate, 

catecholate and dithiocarbamates, have recently been reported.
183, 184, 185

 The thiosalicylato 

and catecholato derivatives showed markedly higher anti-tumor activity versus P388 murine 

leukaemia cells compared to the parent chlorido complex.
183, 186 

The cationic 

dithiocarbamate-substituted complexes were highly active against HeLa human cervical 

carcinoma and Jurkat-T acute lymphoblastic leukaemia cells, and exhibited low toxicity 

against normal T-lymphocytes.
178, 179

 Mechanistic studies suggest that reactive oxygen 

species (ROS) production at the mitochondrial level is a critical step in the cytotoxic effect 

of these compounds.
185

 

  In 2002 Cinellu and Messori developed the cyclometalated hydroxido complex 

[(bipy
dmb

-H)Au(OH)][PF6] (bipy
dmb

 = 6-(1,1-dimethylbenzyl)-2,2’-bipyridine) (29 fig. 28), 

stable under pseudo-physiological conditions and cytotoxic towards different ovarian cancer 
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cell lines sensitive and resistant to Cisplatin.
187

 In a more recent study, the compound was 

tested against a panel of 12 cell lines and showed moderate antiproliferative effects, as well 

as scarce selectivity. Interestingly, the analogue of 29 containing a 2,6-xylidine ligand (31) 

was markedly more cytotoxic and had a high degree of selectivity against a panel of 36 

human tumor cell lines. The obtained results were analyzed by COMPARE analysis and 

inhibition of mTOR, the proteasome, and/or DNA synthesis has been suggested as possible 

mechanism of action of such complex.
188

  

  The interaction of 29 with calf-thymus DNA has been proved to be weak and 

reversible, while the compound reacted with bovine serum albumin (BSA) most likely 

through coordination at the level of surface histidines.
189

 Further studies of the interaction of 

complex 29 with model proteins showed that small amounts of metal-protein adducts are 

also formed with cytochrome c and lysozyme, in which the gold(III) center and the C,N,N 

pincer ligand are conserved.
190

  

   

 
 

Figure 28: Representative mononuclear and dinuclear cyclometalated gold (C,N,N) 

complexes. 

 

Recently, 29 was reported to form stable adducts with the copper chaperone Atox-1 

containing gold in the oxidation state +1 as evidenced by high-resolution electrospray 

ionization mass spectrometry.
191

 However, it must be noted that, under the applied 

experimental conditions – i.e. the reducing environment provided by DTT – the gold(III) 

center may be pre-reduced to gold(I) with simultaneous loss of the starting ligands. Of note, 

Atox-1 is an intracellular metallochaperone crucially involved in copper trafficking, and the 

above mentioned studies may suggest that gold compounds are able to interfere importantly 

with the intracellular copper trafficking system also in vivo. 

  Studies of the effects of cyclometalated gold(III) compounds 29 and 31 showed that 

they inhibit mitochondrial TrxR2 and disrupt mitochondrial function triggering 

mitochondrial swelling, although the effects are reduced compared to Auranofin. These 

results suggest that mitochondrial pathways are directly involved in the compounds’ 

cytotoxic activity.
106, 192
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  In order to investigate metal binding to TrxR, MALDI-ToF MS experiments on the 

intact TrxR1 enzyme provided evidence for extensive enzyme metallation by 31, while 

experiments on trypsinized gold(III)-TrxR1 adducts identified a specific protein fragment – 

namely 
236

IGEHMEEHGIK
246

 – bearing an attached gold(I) ion.
193

 Independent mechanistic 

information on the system was derived from BIAM (biotin-conjugate iodoacetamide) assays 

capable of monitoring selective metal binding to cysteine and/or seleno-cysteine residues. In 

this type of assay, while the effects produced by Auranofin, used as a reference TrxR 

inhibitor, could be essentially ascribed to gold(I) coordination to the active site selenol, the 

effects caused by the various gold(III) compounds were better interpreted in terms of 

oxidative protein damage. Overall, these results point towards the possibility of protein 

binding by (C,N,N) gold(III) compounds to other sites than Cys or Sec, such Met and His 

residues. 

  Interestingly, the cationic dinuclear oxido complexes [(N,N,C)2Au2(-O)][PF6]2 

(with N,N,CH = 6-(1,1-dimethylbenzyl)-2,2’-bipyridine (32) or 6-(1-methylbenzyl)-2,2’-

bipyridine (33)) (fig. 27) and their corresponding mononuclear hydroxido complexes were 

evaluated for cytotoxic actions against a representative panel of 12 human tumor cell lines. 

They showed moderate cytotoxicity towards the majority of them. Complex 33 was found to 

be particularly active against the human breast cancer 401NL cell line, while 32 showed 

poorly selective action. Most importantly, the dinuclear compounds appear to be very stable 

in the cellular environment, and possibly cause their still appreciable biological effects in the 

form of gold(III) species.
194

 As a matter of fact, mass spectrometry studies of 32-33 with 

model proteins evidenced that the resulting gold-protein adducts still contain gold ions in the 

oxidation state +3 and that the multidentate ligands are retained,
194

 at variance with what has 

been previously reported for other dinuclear and mononuclear gold(III) compounds bearing 

exclusively N-donor ligands.
133

 This also implies that the reactivity with proteins facilitates 

the cleavage of the oxygen bridge and the conversion of the bimetallic complexes into 

monometallic species. 

  Substitution reactions of the chlorido ligand in complex [Au(C,N,C)Cl] 34 

(HC,N,CH = 2,6-diphenylpyridine) afforded a series of cationic cycloaurated complexes, 

both mononuclear [Au(C,N,C)L]
+
 (L = 1-methylimidazole, 34a, pyridine, 34b, 

triphenylphosphane, 34c) and polynuclear [Aum(C,N,C)mL]
n+

 [L = imidazolate (n = +1), 

Ph2P(CH2)pPPh2, n = +2, m = 2, p = 1-6; L = Ph2P(CH2)2PPh(CH2)2PPh2, n = +2, m = 3) (fig. 

29).
195, 196

 The mononuclear compounds, containing non-toxic N-donor ancillary ligands, e.g. 

34a and 34b, were shown to exert anticancer potency comparable to that of Cisplatin, but 

they do not exhibit cross-resistance with Cisplatin against nasopharyngeal carcinoma, with 

resistance factors less than 1. Flow cytometry assays indicated that 34a causes cell death by 

apoptosis and cell-cycle analysis revealed S-phase cell arrest. Interestingly, further studies 

showed that 34a binds strongly by intercalation to calf-thymus DNA, and it also enhances 

G-quadruplex assembly, suggesting that it could act as an inhibitor of telomerase. Studies of 

human DNA topoisomerase inhibition indicated that 13a inhibits the topoisomerase I 
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cleavage reaction since it prevents binding of the DNA substrate.
196 

  The dinuclear complexes (fig. 29) resulted to be in general much more active than 

their mononuclear counterparts, with IC50 values from 0.055 to 4.3 μM toward cancer 

cells.
196

 Their cytotoxicity correlates to that of the metal-free phosphane ligands (IC50 = 

0.13–38.0 μM), with [Au2(C,N,C)2(μ-dppp)]
2+

 35 and the free dppp (dppp = 1,3-

bis(diphenylphosphano)propane) being the most cytotoxic compounds in the series. Thus, 

the [Au(C,N,C)]
+
 moiety was regarded as a vehicle to carry highly cytotoxic phosphane 

ligands to cancer cells. Moreover, the gold phosphane complexes, although very cytotoxic, 

were found to interact only weakly with DNA and did not cause cell cycle arrest.
196 

  In vivo studies in rat bearing HCC orthografts showed that 35 causes significant 

inhibition in tumor growth (77% vs. vehicle control) and displays promising cytotoxicity 

towards cancer cells.
197

 Transcriptomic and connectivity map analyses have revealed that the 

transcriptional profile of this compound is similar to those of inhibitors of thioredoxin 

reductase and inducers of ER stress. Indeed, 35 is a nanomolar inhibitor of purified TrxR1, 

and effective in the micromolar range when TrxR activity assays are performed on cell 

extracts. Notably, the compound has also been subjected to acute and sub-chronic toxicity 

evaluation in nude mice and in beagle dogs. From these studies, no severe and irreversible 

side-effects were observed in association with the consumption of the compound at its 

effective concentrations in these animal models. Moreover, the gold complex does not 

induce noticeable genotoxicity as indicated by the analysis of micronucleus formation in rat 

bone marrow cells treated with it. 
 

 

Figure 29: Representative mononuclear and dinuclear cyclometalated gold (C,N,C) 

complexes. 

   

Replacing the phosphane by bridging carbene ligands (compounds 36, fig. 29) resulted in the 

reduction of the cytotoxic properties of the compounds, as well as lack of selectivity towards 

non-cancer cells. 

  A first example of supramolecular polymers self-assembled from cyclometalated 

gold(III) (C,N,C)-type complexes was recently reported with possible applications in 

medicinal chemistry. In this study, the mononuclear complex [Au(C,N,C)(4-dpt)]
+
 34d was 

synthesized, containing the anti-angiogenic ligand 2,4-diamino-6-(4-pyridyl)-1,3,5-triazine 
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(4-dpt) able to form intermolecular hydrogen bonding and - interactions necessary to 

supramolecular complex formation.
198

 The compound was found to self-assemble into a 

supramolecular polymer when dissolved in MeCN at a concentration of 20 mM at 323 K and 

then cooled at 298 K.
198

  

  The gold-polymer was cytotoxic towards B16 cancer cells, and to a lesser extent 

towards non-tumorigenic lung fibroblasts CCD-19Lu cells, after a prolonged time. It is worth 

mentioning that, to avoid any direct contact of the supramolecular polymer with the cells, 

double chambered transwell 24-well plates containing a semipermeable membrane at the 

bottom of the upper chamber were employed in the cytotoxicity assay. The authors proposed 

that sustainable release of the free 4-dpt ligand and the concomitant formation of adducts of 

the gold compound with GSH may account for its cytotoxicity. Taken together, these results 

suggest that the gold-polymer could have potential application in sustained delivery therapy 

with improved therapeutic efficiency and safety by reducing the frequency of drug 

administration and the dose of drug required. For example, the gold-polymer could 

encapsulate the gold(III) porphyrin complex [Au(TPP)]Cl (H2TPP = meso-

tetraphenylporphyrin),
198

 thus providing the possibility to modulate its cytotoxicity in vivo 

and to reduce side toxicity through localized drug delivery. 

 

6/Multinuclear metal compounds 

 

 Beyond replacement of the platinum metal center by other transition metals, another 

strategy used to achieve improved drug design consists in increasing the number of metal 

centers into a molecular entity to enhance the anticancer properties of the compound. This 

concept is called multinuclearity. As for mononuclear species, compounds can be divided 

into coordination and organometallic polynuclear complexes and will be presented in this 

order in the following section. 

 The first polymetallic complexes synthetized and used for anticancer purposes were 

built based on the scaffold of Cisplatin (37 fig. 30).
199

 These compounds were shown to have 

a higher affinity for DNA than Cisplatin leading to the development of different derivatives 

in which the cis-trans configuration, as well as the overall charge were varied to optimize the 

biological properties.
200

 This led to the development of the trinuclear complex BBR3464 

(fig. 30) which displayed higher toxicity on sensitive cell lines in comparison to Cisplatin 

associated to an ability to overcome Cisplatin-resistance on several cancer cell lines. This 

compound reached Phase II clinical trial where it showed a lack of activity on gastric and 

small cell lung cancer preventing any further development.
18 

  Similarly, several ruthenium-based bimetallic complexes were developed on the 

basis of NAMI-A. An example of such compound is reported in Figure 30 (38). The 

bimetallic complexes revealed to have toxicity comparable with the parent compound 
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NAMI-A. Moreover, these complexes could reduce both the number and the size of 

metastasis in murine model in vivo.
201

 

 

 
 

Figure 30: Examples of homopolynuclear coordination complexes studied as anticancer 

agents.  

 

Gold in oxidation states +I and +III was also studied for the synthesis of polynuclear 

compounds. Examples of homobimetallic coordination complexes have already been 

described in section 5 (24, fig. 24). Dinuclear Au(I) complexes bearing polyphosphane 

ligands (39, 40, fig. 30) appeared to be generally highly toxic both in vitro and in vivo on 

different murine tumor models.
200

 Compound 39 has been reported by Che et al. to induce 

autophagy, a process associated with cytotoxicity mechanisms and consisting in the 

sequestration of cytoplasmic components into autophagosome for further degradation by 

lysosomes.
202

 Other bimetallic gold(I) complexes based on the 2-arylimidazole scaffold 

(41a-b, fig. 30) were toxic in the low micromolar range against a panel of human cancer cell 

lines in vitro, with compound 41b being able to efficiently inhibit PARP-1 in a Cisplatin-
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sensitive ovarian cell line while being totally inactive on PARP-1 in the Cisplatin-resistant 

parent cell line.
203

 

 Vilar et al. reported the synthesis and biological investigation of copper-based di- 

and trinuclear complexes (42-43, fig. 30).
 204

 42 has been shown to bind very efficiently to 

DNA with a 100-fold selectivity for G-quadruplex structures compared to duplex DNA 

structure. Complex 43 has also been reported of interacting with DNA, although with lower 

affinity than 42, mainly via groove binding mode. 43 has been demonstrated to have a highly 

potent nuclease activity associated to higher toxicity than Cisplatin against different cancer 

cells but also in the same extent against healthy cells.
205

 

 Reedijk et al. synthesized different heteropolynuclear complexes as DNA binding 

and cleavage agents. They developed complexes based on the Ru(terpy)2 moiety (terpy = 

2,2’:6’,2’’-terpyridine) coupled to [PtCl(terpy)] or [CuCl2(terpy)] moieties (44 and 45 fig. 

31, respectively).  

 

 
 

Figure 31: Examples of heteropolynuclear coordination complexes studied for interactions 

with DNA. 

 

44 was shown to form adduct with DNA base model 9-ethylguanine by coordination of the 

N
7
 to the platinum ion.

206
 45 and its analogues with higher numbers of metal centers 

appeared to be more efficient DNA cleavage agents than [CuCl2(terpy)].
207

 The authors 

attributed this increased potency to the presence of the inert ruthenium polypyridyl complex 

which favored the interaction with DNA via electrostatic interaction showing the possible 

associativity of the biological properties of each fragments. Another example of association 

of the properties of two metal-based fragments is presented in Figure 31 (46). Indeed, the 

Cisplatin-like fragment can preferentially bind on the GG DNA sequence placing the copper-

based nuclease agent in the close proximity of that sequence. Thus, this bimetallic Pt/Cu 

complex can cleave DNA selectively around GG sequences.
208

 

 Several polynuclear organometallic complexes have also been developed. Keppler 

et al. prepared a series of dimeric ruthenium-based complexes with different linker length 

(47, fig. 32). The authors noticed an increase in toxicity in vitro against a panel of human 
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cancer cell lines including colon, ovarian, bladder, lung, breast, oesophagus and cervical 

cancer cells, following the increase of the size of the linker and the related compound’s 

lipophilicity.
209

 The compounds were shown to bind to transferrin but not to smaller proteins 

like ubiquitin or cytochrome c.  

 Interestingly, porphyrins were used to build up tetranuclear ruthenium complexes 

for possible “bimodal” applications in photodynamic therapy (PDT) and chemotherapy. 

Thus, for example using 5,10,15,20-tetra(4-pyridyl)porphyrin (4-tpp) as platform, the 

obtained tetrakis[(arene)RuCl] (48, fig. 32) showed moderate toxicity (IC50 = 50 μM for the 

most effective compound) against melanoma cells in vitro without irradiation.
210 

However, 

upon irradiation at 652 nm, even at low doses (5 J/cm
2
) photoactivation of the compound 

occurred resulting in an enhanced cytotoxicity.
210 

 

 
 

Figure 32: Examples of polynuclear organoruthenium complexes studied as anticancer 

agents. 

 

Different supramolecular organometallic cages have been developed by Suss-Fink et al. to 

carry inside the cells insoluble compounds (fig. 33).
72

  

 
 

Figure 33: Ruthenium-based organometallic cage. Reproduced from ref. 72.  
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 While platinum or palladium acetylacetonato complexes are not toxic against 

ovarian cancer cells in vitro due to their high hydrophobicity, by being incorporated into the 

water-soluble cage both encapsulated platinum and palladium compounds (49, 50 

respectively) appeared more toxic than the empty cage. The palladium compound 50 

appeared 20-fold more efficient than the empty cage (IC50 = 1 μM and 23 μM respectively).
72

 

 In the previous chapter I already described the biological activity of different 

cyclometalated Au(III) complexes (compounds 32, 33 fig. 28 and 35, 36 fig. 29). Here I will 

focus on the dinuclear Au(I)-NHC complexes developed by Berners-Price et al. An example 

of such compound is given in Figure 34. 

 

 
 

Figure 34: Example of bimetallic Au(I)-NHC complexes. Reproduced from ref. 212. 

 

52 was shown to induce mitochondrial swelling in isolated rat liver mitochondria, as well as 

mitochomdrial membrane permeabilzation in a Ca
2+

-dependent pathway.
211

 Moreover, it is 

worth mentioning that an analog of 52, where an ortho-xylyl bridge has been replaced by a 

propyl bridge resulting in a shorter Au-Au distance, was observed into mouse macrophage 

cancer cells. The compound was shown to accumulate in lysosomes rather than in 

mitochondria.
212

  

 Heterometallic polynuclear organometallic complexes have been developed based 

on ferrocene and titanocene dichloride scaffolds. Süss-Fink et al. synthesized di- and 

trinuclear Ru/Fe and Ru/Fe/Ru on the type of compounds 53 and 54 (fig. 35). While the 

dinuclear compounds appeared moderately toxic against ovarian cancer cells both Cisplatin-

sensitive and -resistant in vitro (IC50 ≈ 40 μM), the trinuclear complexes appeared twice 

more efficient than their dinuclear analogs on both cell lines. Moreover, the equivalent 

toxicities on both sensitive and resistant cells suggest a different mechanism of action 

compared to Cisplatin.
213

 Based on the ferrocene/mono- bisiminophosphorane platform 

Contel et al. developed polynuclear Au/Fe and Pd/Fe complexes (55 and 56 fig. 35). Both 55 

and 56 had been shown to have toxicity in the low micromolar range on all tested human cell 

lines including ovarian cancer (Cisplatin-sensitive and -resistant), breast cancer and healthy 

embryonic kidney cells for control. Both compounds appeared more toxic than their 

respective fragments. However, although both compounds have equivalent toxicities in vitro, 

they seemed to have different intracellular targets. Indeed 55 has been demonstrated to delay 
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plasmid DNA on electrophoresis experiment indicating DNA as potential target while 56 

was shown to inhibit PARP-1 in the low micromolar range.
214

  

 
  

Figure 35: Examples of heteropolynuclear organometallic complexes studied anticancer 

purposes. 

 

Le Gendre et al. developed different titanocene dichloride-based polynuclear complexes 

associating titanium with ruthenium and gold moieties (compounds 57 and 58, respectively, 

Fig. 35). 57 revealed to be toxic in the low micromolar range against Cisplatin-sensitive and 

-resistant ovarian cancer cells in vitro (IC50 = 6.8 ± 1.3 μM and 4.5 ± 1.1 μM respectively) 

while both monometallic fragments: titanocene dichloride and RAPTA-C showed toxicities 

beyond 300 μM. Moreover, a mixture in a 1:1 ratio of these monometallic fragments gave 

toxicity beyond 200 μM evidencing the interest of polymetallic entities.
215

 Such behavior 

was also noticed in the case of the trinuclear complex 58 (IC50 = 0.40 ± 0.15 μM and 0.41 ± 

0.15 μM against sensitive and resistant ovarian cancer cells in vitro). It appeared also more 

toxic than the monometallic fragments, although in a lower extent due to the already high 

toxicity of the gold fragment. The higher measured toxicity for 58 was attributed to a higher 

intracellular uptake compared to its Ti/Au bimetallic analog as assessed by quantification of 

intracellular gold using inductively coupled plasma mass spectrometry (ICP-MS) 

techniques.
216

 

 Contel et al. developed Ti/Pd and Ti/Pt complexes (59 and 60 fig. 34). While the 

platinum compound 60 appeared not toxic against human cervical and prostate cancer cells 

in vitro, the palladium analog 59 revealed to be highly toxic against the cervical cancer cell 

line. Both compounds were shown to interact with CT-DNA via direct covalent bonds.
217
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7/Aim and outline of the thesis 

 

 Within the field of Medicinal Inorganic Chemistry, the aim of this research project 

was the rational development of organometallic gold(I/III) complexes as possible anticancer 

agents. Thus, new series of gold compounds bearing N-heterocyclic carbene and (C,N) 

cyclometalated ligands were synthesized. The choice to focus on gold organometallics and 

not on coordination compounds was due to the fact that, in general, organometallic gold(I) 

and gold(III) complexes have higher stability compared to classical gold-based coordination 

complexes. Moreover, they are extremely suitable to design gold compounds acting as pro-

drugs, but in which the redox properties and ligand exchange reactions can be modulated to 

achieve selective activation in diseased cells. In addition, the possibility to couple more than 

one metal center in the same molecule to obtain dinuclear gold or even heteronuclear 

compounds was explored. 

 Initially, I focused on the synthesis of new Au(I)-NHCs scaffolds and on the 

identification of their possible biological targets. To achieve this aim, I tested the reactivity 

of my compounds towards different biomolecules including DNA and selected proteins. 

Some of the compounds were also designed to contain fluorescent ligands to facilitate the 

study of their uptake and sub-cellular distribution in cellulo. Thus, Chapter 2 focuses on the 

synthesis and chemical characterization of gold(I)-NHC complexes based on the natural 

product caffeine. Caffeine is a natural precursor for N-heterocyclic carbenes (NHCs) as it 

presents an imidazole ring, which is one of the most frequently used moieties for metal NHC 

synthesis. Moreover, caffeine and analogs has been recently reported as possible anticancer 

agents.
218

 Thus, I expected to obtain “bifunctional” compounds combining the properties of 

both Au(I)-NHC complexes with the intrinsic biological properties of the caffeine scaffold. 

One of the compounds revealed to be selective against human ovarian cancer cells in vitro. 

Notably, in that study I identified a new possible biological target for Au(I)-NHC complexes, 

namely DNA G-quadruplex structures. The most promising compound out of the in vitro 

screening was also tested in rat healthy organs using an ex vivo technique developed in Pr. 

Groothuis’s lab in Groningen. Specifically, I used the so-called Precision Cut Tissue Slices 

(PCTS) to evaluate compounds toxicity.
219

  

 In chapter 3 I pursued the synthesis of bimetallic complexes. Thus, I explored the 

synthesis of homo- and heterobimetallic complexes based on the Au(I) NHC scaffold, ideal 

for functionalization a posteriori. In detail, this chapter presents two different synthetic 

strategies to reach late/late type bimetallic complexes either by coupling two metal-based 

fragments or by incorporating a free ligand on the Au(I)-NHC scaffold enabling the selective 

coordination of a second metal. I could also extend the family of reachable compounds by 

replacing the chloride ligand on gold(I) by a thio-β-D glucose tetraacetate group .  

 In chapter 4, gold(I)-NHC complexes, incorporating a fluorescent moiety to follow 

their uptake and distribution inside the cells, were devloped. Two different types of sugar 



CHAPTER 1: General introduction 

 

 

52 

 

moieties (protected or not by acetate groups) were coupled to this scaffold to try to increase 

the uptake of the compounds possibly via GLUT-1 receptors. The various compounds were 

screened as possible inhibitors of the seleno-enzyme thioredoxin reductase (TrxR), a protein 

already reported as a target for gold-based metallodrugs (see Section 5), and promising 

results were obtained.
  

 In chapter 5, I explored the chemistry of (C,N) cyclometalated Au(III) complexes. 

Thus, I synthetized and fully characterized Au(III) complexes with different phosphane- or 

sulfur-based ancillary ligands. The photophysical properties of the compound bearing a 

fluorescent coumarin moiety were investigated. The compounds were tested in a panel of 

cancer cell lines, as well as in a model of healthy cells, showing certain selectivity.  

 In chapter 6, a new series of coordination Au(I) complexes, bearing ligands based 

on an organic drug, and synthesized in the lab of Prof. M. A. Cinellu (Dept. of Chemistry, 

University of Sassari, Italy) was screened for their antiproliferative properties in a series of 

cancer and non-tumorigenic cells. In detail, the gold(I) complexes contained the ligand 

lansoprazole, currently used as proton pump inhibitor (PPI) for the treatment of gastric and 

duodenum ulcers. This specific ligand has been chosen because it was shown that pre-

treatment with PPI increased uptake and efficacy of Cisplatin in tumors.
220

 Therefore, with 

these compounds we explored the possibility of increasing potency of Au(I)-based drugs by 

designing ’’bifunctional’’ anticancer agents. 

 Finally, the data obtained in this thesis are summarized and discussed in chapter 7. 

Moreover, future directions conserning the use gold-based compounds in anticancer 

chemotherapy are also provided. 
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Abstract 

 

 A new series of gold(I) N-heterocyclic carbene (NHC) complexes based on xanthine 

ligands have been synthesized and characterized by mass spectrometry, NMR and X-ray 

diffraction. The compounds have been tested for their antiproliferative properties in human 

cancer cells and non-tumorigenic cells in vitro. The bis-carbene complex [Au(caffeine-2-

ylidene)2][BF4] appeared to be selective for human ovarian cancer cell lines, and poorly toxic 

in a model of healthy organs ex vivo. To gain preliminary insights into their actual 

mechanism of action, two biologically relevant in cellulo targets were studied, namely the 

unconventional DNA structures G-quadruplexes, playing a key role in oncogenetic 

regulation, and a pivotal enzyme of the DNA damage response (DDR) machinery named 

PARP-1, involved in cancer resistance mechanism. Our results indicate that our Au(I) NHC 

compound acts as an efficient and selective G-quadruplex stabilizer while being a modest 

PARP-1 inhibitor (i.e., poor DDR impairing agent) and, thus, provide preliminary insights 

into the molecular mechanism underlying its antiproliferative effects in cancer cells. 
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Introduction 

 

Following the discovery of the cytotoxic properties of Cisplatin by Rosenberg at the end of 

the 60’s,
1
 the interest for metal-based anticancer treatments increased tremendously. 

However, in spite of their great success, administration of platinum compounds presents 

important drawbacks such as severe side-effects and development of drug resistance, which 

limit their domain of applicability.
2
 Therefore, many different inorganic and organometallic 

compounds have been developed and evaluated for anticancer activity, including platinum, 

ruthenium, iron, and gold complexes.
3, 4, 5, 6, 7

 The latter have been the object of intense 

studies by our group among others.
8, 9

 

 In spite of their promising antiproliferative effects, the risk in developing gold 

compounds for biological applications is the remarkable oxidizing character of the 

gold(III)/gold(I) centers and a tendency to reduce to gold(I)/gold(0) leading to extensive and 

unselective cell damage, as well as to possible compound’s inactivation in aqueous 

environment. This is particularly true within the fairly reducing intracellular milieu. 

Therefore, different families of organometallic gold complexes were synthesized in which 

the presence of a direct carbon-gold bond greatly stabilizes the gold oxidation state and 

guarantees more controlled chemical speciation in biological systems. In general, both 

organometallic gold(I) and gold(III) compounds have increased stability compared to the 

classical gold-based coordination complexes, allowing to design gold compounds in which 

the redox properties and ligand exchange reactions can be modulated to achieve selective 

activation in diseased cells. 

 Within this frame, in the last years, gold(I) N-heterocyclic carbenes (NHCs) have 

transformed from niche compounds to some of the most popular scaffolds in medicinal 

inorganic chemistry.
10, 11 

In fact, several studies have described the promising anticancer 

activities of gold(I) NHC complexes in vitro, and in a few cases also in vivo.
12

 Concerning 

the possible mechanisms of action, the antiproliferative effects of gold NHC compounds 

have been shown to be mediated by strong antimitochondrial effects via inhibition of the 

seleno-enzymes thioredoxin reductase (TrxR), involved in maintaining the redox 

homeostasis of cells.
13, 14, 15

 Thus, for example, cytotoxic compounds based on a 

benzimidazol-2-ylidene core, such as the chlorido-(1,3-dimethylbenzimidazol-2-

ylidene)gold(I) complex 1 ([AuCl (Me2BIm)], Figure 1),
16

 as well as on an imidazol-2-

ylidene scaffold
17, 18, 19

 have been reported to be efficient inhibitors of TrxR. However, it 

should be noted that a general direct correlation between TrxR inhibition and cytotoxicity of 

gold NHC complexes could not always be demonstrated, and this indicates that other 

mechanisms besides TrxR inhibition might contribute to the overall pharmacological profile. 

 In view of these promising results, we designed new organometallic gold(I) 

complexes with a NHC ligand based on a caffeine scaffold as possible cytotoxic agents (3-

10, Figure 1). Caffeine is a natural precursor of NHC because it possesses an imidazole ring. 
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Moreover, this natural compound and its analogues have recently drawn attention for their 

possible therapeutic applications as anticancer agents.
20  

 

 
 

Figure 1: Structure of the gold(I) NHC complexes discussed in this study. 

 

All compounds were tested in vitro against different human cancer cell lines (i.e. A2780, 

A2780R, SKOV3 and A549) along with a model of non-cancer cells (i.e. HEK-293T). The 

gold(I) NHC derivative 1 and its bis-carbene analogue 2 ([Au(Me2BIm)][BF4], Figure 1)
16, 21 

were also synthesized and tested against the aforementioned cells for comparison purposes. 

To gain preliminary mechanistic insights, we screened the interactions of bis-NHC 

complexes 2, 4-10 with both quadruplex- and duplex-DNA. The properties of some of these 

complexes were further investigated ex vivo on precision-cut tissue slices (PCTS) of liver, 

kidney and colon, to assess the compounds’ toxicity in healthy organs;
22 

PCTS are viable ex 

vivo explants of tissue with a reproducible and well defined thickness, containing cells in 

their natural environment. Notably, this technique is a FDA approved model for drug toxicity 

and metabolism studies. Additionally, some were tested for the inhibition of the zinc-finger 

protein poly-(adenosine diphosphate (ADP)-ribose) polymerase 1 (PARP-1), a key enzyme 

in the DNA Damage Response (DDR), inspired by a recent report on the potent inhibition of 

this zinc-finger enzyme by Au(I) and Au(III) compounds.
23, 24

 PARPs are key enzymes in the 

DNA Damage Response (DDR), binding to single-stranded breaks and base-excision sites to 

facilitate repair processes, and, therefore, they are essential proteins involved in cancer 

resistance to chemotherapies, including Cisplatin.
25 

Studying both DNA interacting and DDR 

pivotal enzyme inhibitory properties enabled us to gain preliminary insights into the actual 

mechanism of action of these new gold(I) NHC complexes. 
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Results and Discussion 

 

Synthesis and structural characterization  

 Initially, methylcaffeinium iodide and tetrafluoroborate were synthesized according 

to published methods by quaternization of caffeine using Meerwein’s salt in refluxing 

1,2-dichloroethane or a large excess of iodomethane in refluxing DMF.
26, 27 

Due to a lack of 

nucleophilicity of caffeine, its quaternization indeed requires harsh reaction conditions and is 

limited to methyl or benzyl substituents.
26, 27, 28 

To enlarge the scope of these ligands, we 

considered an alternative route starting from theophylline. Thus, according to previously 

reported data by Petch et al,
29

 theophylline was allowed to react with two equivalents of 

substituted allyl or benzyl bromide in the presence of potassium carbonate in dry DMF at 

room temperature (Scheme 1). The resulting N7-substituted theophyllines 6a-10a were 

obtained in moderate to good yields (51-95%) by precipitation upon addition of water. N-

allyltheophylline (5a) did not precipitate in these conditions and was difficult to isolate; thus, 

it was obtained by deprotonation of theophylline using NaH in dry THF and addition of allyl 

bromide (34% yield). The next step consisted in the methylation of the N7-substituted 

theophyllines (5a-10a) with Meerwein’s salt in refluxing 1,2-dichloroethane, affording the 

corresponding theophyllinium tetrafluoroborates (5b-10b) in good yields (Scheme 1).  

 

 
 

Scheme 1: Synthesis of the theophyllinium tetrafluoroborates 5b-10b. 

 

The neutral compound [AuI(MC)] (3) was then synthesized adapting a procedure described 

by Berners-Price et al., consisting of the deprotonation of the iodide salt of the methylated 

caffeinium to afford the free carbene, which was further reacted with [Au(tht)Cl] (Scheme 

2).
30 

In parallel, the different cationic complexes 4-10 were synthesized via the commonly 

used silver carbene route by reacting caffeinium and theophyllinium tetrafluoroborates (5b-

10b) with silver oxide, and then with [Au(tht)Cl] (Scheme 2).
21 

All new Au(I) complexes 

were characterized by 
1
H and 

13
C-NMR, and by 

19
F-NMR in the case of complex 10. The 

1
H 

NMR spectra of complexes 3-10 are rather similar to those of the corresponding imidazolium 

salts, the signal of the imidazolium proton (8.80 < δ < 9.49 ppm) being however obviously 

absent. In the 
13

C-NMR spectra, a significant shift is observed for the signal corresponding to 
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the carbenic carbon moving from δ = 139 ppm for the imidazolium salts to δ = 187 ppm for 

the Au(I) carbene. It is worth noting that for all cationic complexes 4-10 the 
1
H-NMR spectra 

display a perfect symmetry of the molecule, both carbene ligands giving rise to the same set 

of signals even by decreasing the NMR acquisition temperature down to 213 K. This 

isochrony can be explained by the fast rotation of the ligand around the Au-Ccarbene axis 

compared to the NMR time scale. This observation is in good agreement with the work of 

Berners-Price in the case of bis(1-ethyl-3-methylimidazol-2-ylidene)Au(I) complex.
14 

 

 
 

Scheme 2: Syntheses of the caffeine and theophylline-based NHC Au(I) complexes (3-10). 

 

Suitable crystals for X-ray structure determination were grown from complexes 3, 4, 7 and 

10 and their solid state structures were solved (see experimental section).
 
The structures 

reveal the typical linear two-coordinated geometry of the Au(I) cation with the angles C-Au-

I (for 3) and C-Au-C (for 4, 7 and 10) being 177.66(12)°, 176.02(16)°, 178.23(28) and 

175.00(39)°, respectively (Figure 2). The main difference in the solid state structures of the 

cationic gold(I) bis(heterocarbene) complexes 4, 7 and 10 lies in the relative position of the 

two purine ligands. Both purine rings in complex 4 are coplanar with a dihedral angle of 

2.27(16)° but are tilted from 73.37(12)° and 83.42(20)° in complexes 7 and 10, respectively. 

We could not rationalize this difference as resulting from strong intra or intermolecular 

interactions and we therefore suspect a low energy difference between planar and orthogonal 

conformers. It is worth mentioning that a planar cationic silver complex isostructural to 4 has 

been described,
31

 while cationic gold complexes bearing two benzyl substituted imidazole-

based NHC ligands oriented in orthogonal planes have been also reported in the literature.
32
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Figure 2: ORTEP views of compounds 3, 4, 7 and 10. Solvent molecules are omitted for 

clarity. 

 

As previously mentioned, caffeine and N-substituted theophylline react more sluggishly with 

MeI than their methylimidazole or methylbenzimidazole analogues. Therefore, we expected 

a weaker σ-bond donor ability of the corresponding xanthine-derived NHC ligands. Such 

expectation is, at variance with the similitude in the Au-Ccarb bond lengths, confirmed in our 

caffeine- and theophylline-derivatives in regard to imidazole-based NHC complexes: 

2.004(4) Å for 3 (mean = 2.007 Å for imidazole-based AuI complexes, 2 structures in the 

CCDC) and a mean of 2.023 Å for 4, 7 and 10 (mean = 2.021 Å for 84 imidazole-based 

structures in the CCDC). This apparent discrepancy can be rationalized if we simply consider 

the mesomeric forms of caffeine and of the methylated caffeine, the latter being isolobal to 

the gold complex (see Scheme 3). The carbonyl group of the dioxopyrimidine ring next to 

the imidazole moiety withdraws electrons through delocalization and thus decreases electron 

density on the imidazole ring. Conversely, the opposite NMe group of the dioxopyrimidine 

ring shows a +M effect and releases electrons toward the imidazolium ring. Consequently, 

two significantly different bond lengths are observed in complex 3, 4, 7 and 10 for Ccarb-N: 

1.338(3) Å and 1.369(3) Å as means over seven pairs of bonds,
33

 the shorter bond being 

located on the side of the conjugated carbonyl group. Thus, the dioxopyrimidine fragment 

inhibits the reactivity of the caffeine toward simple alkylation but may act as push-pull 
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substituent giving rise to stable carbene gold complex as attested by the Au-Ccarbene bond 

lengths in complex 3, 4, 7 and 10.
 

 

 
 

Scheme 3: Mesomeric forms of caffeine (left) and methyl caffeinium (right). 

 

With the synthetic conditions set up, we tried to couple the caffeine core to an organic 

fluorophore to be able to visualize the caffeine-based carbene complexes in cellulo. We 

choose a coumarin derivative which is well-known for cellular imaging.
34

 We thus 

introduced the coumarin moiety by reacting theophylline with the commercially available 4-

bromomethyl-7-methoxycoumarin using previously described conditions. Using the same 

conditions as previously, theophylline was coupled to the coumarin moiety with high yield 

(11a, Scheme 4). Moreover, we also coupled 4-bromomethyl-7-methoxy coumarin with 

theobromine (the isomer of theophylline where the NH is in position 1) to stick as close as 

possible to the caffeine scaffold. This last reaction required harsher condition due to the 

lower reactivity of the N1 position compared to the N7 (12a, Scheme 4). 

 
 

Scheme 4: Synthesis of the 7-methoxy-4-methylenecoumarin- N1- and N7-subsituted 

xanthines. 

 

We then performed the quaternization of N9 of each xanthine using Meerwein’s salt. 

Surprisingly, the presence of the coumarin moiety didn’t improve the solubility of the 

compounds in organic solvents. This resulted in a lower yield for the reaction of 11a with 

Meerwein’s salt (Scheme 5). This solubility issue was even worse for compound 12a making 
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the quaternization reaction poorly efficient and the subsequent separation of product and 

unreacted starting material impossible.  

 

 
 

 

Scheme 5: Quaternization of the N1- and N7-subsituted xanthine by 7-methoxy-4-methylene 

coumarin. 

 

11b was treated with silver oxide at room temperature in the darkness followed by reaction 

with [AuCl(tht)]. Unfortunately, we never managed to obtain the expected product in pure 

form. We thus decided to introduce the coumarin moiety via an ethane bridge. As a new 

starting material, 7-hydroxycoumarin was reacted with a large excess of 1,2-dibromoethane 

in DMF to obtain the coumarin 13 with a bromoethyl linker. 13 was then reacted under 

microwave irradiation with both theophylline and theobromine to give the N7 and N1 

substitution products 14a and 15a (Scheme 6). This reaction was adapted from a procedure 

from the literature.
35

 

 

 
 

Scheme 6: Substitution at the N7 and N1 positions by ethane-bridge coumarin. 
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 As we noticed in the case of the methylene-brigded compound 12a, 15a appeared 

not to be very soluble in common organic solvents. We next performed the quaternization of 

the N9 position using Meerwein’s salt and just like in the case of 11a and 12a, we could only 

obtain the xanthinium salt 14b corresponding to the theophylline derivative 14a (scheme 7).  

 

 
 

Scheme 7: Quaternization of the ethane-bridge coumarin-xanthines. 

 

In a final step, xanthinium salt 14b was reacted with silver oxide overnight and then with 

[AuCl(tht)] for 24 h as performed for the synthesis of all previously mentioned Au(I) 

complexes. Although, no more evolution was noticed, the reaction was not complete as 

assessed by 
1
H NMR spectroscopy as the imidazolium proton is still visible at δ = 9.5 ppm. 

We also noticed the presence of two other side-products. Despite all our tries, no coumarin-

labeled caffeine-based Au-NHC has been obtained. The replacement of the coumarin 

fluorophore by a more lipophilic moiety such as bodipy or rhodamine as well as the increase 

of the linker length should be envisaged for the synthesis of labeled caffeine-based Au-NHC 

complexes. 

 

In vitro cell viability assays 

 The antiproliferative properties of the Au(I) NHC complexes 1-10 (with Cisplatin 

used as comparison) were assessed by monitoring their ability to inhibit cell growth using the 

MTT assay in the human ovarian cancer A2780 cell line, its Cisplatin resistant variant 

A2780/R, in human ovarian cancer SKOV3 cells, as well as in the human lung cancer A549 

cell line. In addition, in order to evaluate the compounds’ “selectivity” for cancer compared 

to healthy cells, the gold complexes were also tested in human embryonic kidney HEK-293T 

cells. The IC50 values of the caffeine-based Au(I) complexes are presented in Table 1. 
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Table 1. IC50 values of Au(I) NHC complexes against various cancer cell lines and non-

cancer cells HEK-293T compared to Cisplatin after 72 h incubation at 37°C
a, b

. 

 IC50 (µM) 

Complex A2780 A2780/R SKOV3 A549 HEK-293T 

1 10.9 ± 1.0 - - 17.8 ± 4.8 10.9 ± 2.4 

2 0.54 ± 0.12 - 0.75 ± 0.29 5.9 ± 2.2 0.20 ± 0.09 

3 37 ± 15 49 ± 15 37.3 ± 9.8 25.4 ± 2.2 22.9 ± 6.9 

4 16.2 ± 2.1 15.6 ± 2.7 62.7 ± 7.8 > 100 >100 

5 26.0 ± 2.2 17.2 ± 1.7 60 ± 14 52.8 ± 5.2 42.0 ± 4.0 

6 28.4 ± 4.0 25.8 ± 1.7 25.6 ± 4.5 46.7 ± 5.6 38.7 ± 8.3 

7 12.4 ± 0.2 17.1 ± 0.4 21.8 ± 2.3 47.7 ± 0.6 32.5 ± 4.4 

8 23.4 ± 4.0 20.7 ± 2.8 53.8 ± 4.6 90.0 ± 4.8 82 ± 13 

9 21.9 ± 2.4 22.1 ± 3.2 37.6 ± 7.2 56.0 ± 7.9 84 ± 11 

10 13.1 ± 2.4 17.8 ± 1.7 30.3 ± 3.4 26.1 ± 2.1 37.9 ± 2.1 

cisplatin 5.2 ± 1.9 35 ± 7 13.2 ± 3.5 8.0 ± 0.5 11.0 ± 2.9 

a 
Mean  SE of at least three determinations or mean of three independent experiments 

performed with quadruplicate cultures at each tested concentration.
 b

 Solutions of the gold 

complexes were prepared by diluting a freshly prepared stock solution (10
-2

 M in DMSO) of 

the corresponding compounds in cell culture medium. The stability of the complexes in 

DMSO was checked: after 20 h at room temperature no degradation and no ligand 

replacement by DMSO was observed. Cisplatin stock solutions were prepared in MilliQ 

water  

 

Several conclusions can be drawn in light of the results displayed in Table 1:  

- All compounds elicit moderate antiproliferative properties against the tested cancer cell 

lines (IC50 values lying in the micromolar range). In particular, complex 2 displays an IC50 

value lying in the submicromolar range. On the contrary, the MC ligand is completely non-

toxic in all the selected cell lines tested (IC50 > 200 M).  

- The new compounds display certain selective antiproliferative properties, not being 

cytotoxic for HEK-293T (neither for A459) but fairly active against the human ovarian 

cancer cells A2780 and A2780R. This first series of results enthrones complex 4 as the most 

promising compound, yet being less active than Cisplatin against A2780 cells (IC50 = 16.2 vs 
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5.2 M, respectively) but almost two-fold more potent against A2780/R cells (IC50 = 15.6 vs 

35 M, respectively), while poorly effective against SKOV3 and A549 cancer cells (IC50 > 

60 M) and with very low activity in the model of non-cancer cells (IC50 > 100 M). 

Notably, neutral compound 3, although moderately cytotoxic in all the tested cell lines, is 

also poorly selective as compound 2.  

 

DNA-binding properties 

 In order to gain initial mechanistic insights, in collaboration with the group of Dr. 

David Monchaud (ICMUB, Dijon, France), we subsequently investigated the properties of 

all bis-NHC complexes, namely 2, 4-10, as G-quadruplex DNA stabilizers.
 
G-quadruplexes 

are peculiar nucleic acid architectures adopted by guanine-rich DNA and RNA sequences, 

whose stability originate in the stacking of contiguous G-quartets (a planar and cyclic K
+
-

promoted association of four guanines in a Hoogsteen hydrogen-bonding arrangement).
36 

Quadruplexes are currently intensively studied since they are suspected to play important 

roles in key cellular events. Quadruplex-forming DNA sequences are indeed found both in 

eukaryotic telomeres
37

 and in promoter regions of identified oncogenes or in promotor region 

of HIV-1.
38, 39

 Their stabilization by selective small molecules (also called G-quadruplex 

ligands)
40 

is thus currently investigated as a mean to control key cellular events (telomere 

homeostasis and chromosomal stability, as well as regulation of oncongene expression). 

Moreover, increasing evidence now points towards a major role of quadruplex ligands as 

DNA damaging agents;
41 

this observation being particularly important in light of DDR 

defects of most cancer cells, in which PARP (and PARP-inhibitors) are playing a pivotal role 

(vide infra).
42

 In other words, among the new strategies currently implemented in cancer 

chemotherapy, the development of drugs targeting quadruplexes is extremely versatile and 

promising.
43

  

 Within this frame, the interactions of complexes 2, 4-10 with quadruplex-DNA 

were assessed via FRET-melting assays (FRET = Fluorescence Resonance Electroninc 

Transfer), implemented in a competitive manner: briefly, experiments were performed with 

the most classically used quadruplex-forming oligonucleotide F21T which mimics the 

human telomere sequence (FAM-d[
5’

G3(T2AG3)3
3’

]-TAMRA).
44 

The FRET-melting principle 

is schematically presented in Figure 4A: it relies on the temperature-promoted unfolding of 

an oligonucleotide doubly labeled with a FRET pair (herein fluoresceine phosphoramidate 

(FAM or F) and tetramethyl-6-carboxyrhodamine (TAMRA or T)); the stability imparted by 

a ligand (expressed as ΔT1/2 values, in °C), readily monitored through the modification of the 

FRET phenomenom (fluorescence resonance energy transfer, Figure 3A), enables an easy 

quantification of its apparent affinity for quadruplex-DNA. Herein, FRET-melting 

experiments were carried out with F21T in absence or presence of an excess of the unlabeled 

duplex-DNA competitor ds17 (d[
5’

C2AGT2CGTAGTA2C3
3’

]/d[
5’

G3T2ACTACGA2CTG2
3’

]) 

to assess the quadruplex-vs-duplex selectivity.  



CHAPTER 2: Caffeine-based gold(I) NHC as possible anticancer agents 

 

 

76 

 

 

 
 

Figure 3: FRET-melting principle (A) and DNA binding properties of complexes 2, 4-10: 

quadruplex affinity (B) and selectivity (C) evaluated via competitive FRET-melting assay 

carried out on F21T (0.2 μM), Au(I) complexes (1 μM) without (black bars) or with 15 (blue 

bars) or 50 equiv. (green bars) of competitor double-stranded DNA ds17). ΔT1/2 values are 

mean of 2 to 4 experiments.  

 

Results (summarized in Figure 3B,C) are interesting since they are in line with the 

antiproliferative results to some extent: indeed, only four complexes exceeded the affinity 

threshold (i.e. ΔT1/2 = 10°C, Figure 4B), namely 2, 4, 8 and 9 (with ΔT1/2 = 13.4, 14.0, 10.7, 

and 13.4°C, respectively), and among them only complex 4 exceeded the selectivity 

threshold (i.e. normalized ΔT1/2 = 50%, Figure 3C) with normalized ΔT1/2 = 89 and 69% in 

presence of 15 and 50 equivalents of ds17 (i.e. an ability to retain 89 and 69% of its affinity 

for F21T in the presence of 15 and 50 equivalents of ds17), respectively. These results, along 

with that of antiproliferative studies, enabled us to select complexes 2 and 4 as the most 

interesting prototypes for further studies, the former being highly active but unselective 

(elevated antiproliferative effects on cancer cells and non-cancer cells, and DNA affinities 

whatever its structure), and the latter being both active and exquisitely selective (toxic for 

cancer cell lines only, high affinity and selectivity for quadruplex-DNA only). 
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 We can postulate that the two unsubstituted aromatic rings from the benzimidazole 

moieties found at the periphery of complex 2 make it an efficient intercalator able to slither 

in between two base pairs (the major duplex-DNA binding site). Conversely, the two 1,3-

dimethyluracil moieties found at the periphery of complex 4 create a steric hindrance that 

prevents intercalation between base pairs to some extent, thereby making it a weaker 

classical duplex-DNA interacting compound. Given that the access of the quadruplex 

binding site is less sterically demanding (being based on the ligand stacking onto the external 

quartet), both complexes display roughly comparable quadruplex stabilization ability (Figure 

3B). Therefore, the difference of quadruplex selectivity between complexes 2 and 4 probably 

originates solely in the lower affinity for duplex structures of the latter.  

 To further characterize the very interesting selectivity of compound 4 for G-

quadruplex DNA over duplex DNA, we thus decided to study the interactions of 4 with four 

different DNA architectures, namely duplex- and quadruplex-DNA and three- and four-way 

DNA junctions. We selected three double-stranded DNA sequences: an intramolecular 

(hairpin) duplex-DNA (hereafter named F-DS1-T), the shorter F-DS2-T and the mismatched 

F-DS3-T. Beyond the F21T sequence (hereafter named F-GQ1-T), we also studied the 

quadruplex sequences F-myc-T and F-kit2-T (hereafter named F-GQ2-T and F-GQ3-T, 

respectively) which correspond to promotor areas of the oncogenes cmyc and ckit2, 

respectively. We included examples of three way junctions (hereafter named F-TWJ1-3-T), a 

DNA structure typical in replication forks, an event occuring during cellular division.
45

 The 

last structures we studied were examples of four way junction (hereafter named F-FWJ1-2-T) 

which are key intermediates of homologous recombination.
46

 Instances of each studied DNA 

structures are depicted in Figure 4. 

 

 
 

Figure 4: Examples of the studied DNA structures. 

 

For comparison purposes, we also investigated the interactions between these DNA 

structures and TMPyP4 (5,10,15,20-tetra(N-methyl-4-pyridyl)porphyrin) as the most studied 

DNA ligand.
47

 When subjected to the above-mentioned array of FRET-melting experiments, 

TMPyP4 indeed stabilizes very efficiently all DNA architectures, to different extent, with 
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ΔT1/2 values up to 15.3°C for duplex-DNA, 26.5°C for quadruplex-DNA, 21.3°C for TWJ 

and 37.9°C for FWJ (see table 2). 4 was thus subjected to the above-mentioned array of 

FRET-melting experiments: contrarily to what has been observed with TMPyP4, this 

complex stabilizes quadruplex-DNA (with ΔT1/2 values up to 12.3°C, see table 2) with a very 

high selectivity since the melting temperature of all other structures are not increased. This is 

an interesting observation; we are currently investing efforts to elucidate the precise 

quadruplex/4 interaction. Collectively, these results suggest that the nature-inspired design of 

4 is valuable for the construction of interesting ligands that display affinity only for a single 

DNA structure, herein G-quadruplex DNA. 

Table 2. FRET-melting results of experiments carried out with eleven doubly labelled DNA 

in absence or presence of TMPyP4 or 4. 

 DNA alone DNA + TMPyP4 DNA + 4 

 T1/2 (°C) T1/2 (°C) ΔT1/2 (°C) T1/2 (°C) ΔT1/2 (°C) 

F-DS1-T 63.7 73.2 9.5 61.9 0 (-1.8) 

F-DS2-T 61.4 73.2 11.8 60.1 0 (-1.3) 

F-DS3-T 54.1 69.4 15.3 53.0 0 (-1.1) 

F-GQ1-T 52.4 78.9 26.5 64.7 12.3 

F-GQ2-T 63.9 83.2 19.3 69.7 5.8 

F-GQ3-T 61.2 82.4 21.2 70.9 9.7 

F-TWJ1-T 51.4 65.9 14.5 50.1 0 (-1.3) 

F-TWJ2-T 55.7 68.7 13.0 54.3 0 (-1.4) 

F-TWJ3-T 47.9 69.2 21.3 46.0 0 (-1.9) 

F-FWJ1-T 45.8 83.7 37.9 44.3 0 (-1.5) 

F-FWJ2-T 51.3 58.1 6.8 49.6 0 (-1.7) 

 

PARP -1 activity assay 

 Inspired by recent results indicating that some cytotoxic gold compounds are 

efficient inhibitors of the zinc-finger protein PARP-1, we tested complexes 2-4 on this 

purified human enzyme. PARP-inhibitors are currently highly investigated for their selective 

cytotoxicity properties: PARP inhibitors are indeed poorly toxic to normal cells but are 

highly active against homologous recombination (HR)-defective cells, notably BRCA-

defective breast and ovarian cancers. PARP inhibitors can thus be considered as DDR 
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inhibitors,
48 

which can be used in combination with classical DNA damaging agents for 

optimizing the therapeutic outcome. In other words, PARP inhibiting properties of complex 

4 were investigated to decipher if it can be used as a double-edged sword, acting both a DNA 

damaging drug (quadruplex interaction) and DDR impairing agent (PARP inhibition). 

PARP-1 inhibition was indeed observed with all compounds 2 (IC50 = 1.20 ± 0.40 M), 3 

(IC50 = 0.45 ± 0.10 M) and 4 (IC50 = 0.96 ± 0.13 M), albeit in a lower range than other 

cytotoxic gold(III) and gold(I) complexes (showing IC50 values in the low nanomolar 

range).
24 

These results are not surprising per se, since the PARP-1 inhibition by Au(I) 

complexes is likely to occur via a direct gold binding to the zinc finger domain of the protein 

after exchange of the carbene and iodido ligands. Since such ligands are less prone to 

undergo ligand exchange reactions than for example chlorido and N-donor ligands, they 

impede the metal center (gold) to covalently bind to the zinc finger domain. Altogether, these 

results are interesting since they indicate that the highly selective antiproliferative properties 

of complex 4 probably originate in a mechanisms relying rather on the non-covalent 

interaction with peculiar DNA structures than on the covalent inhibition of DDR-related 

enzymes. Nonetheless, they also clearly highlight that massive efforts have now to be 

invested to decipher precisely the actual mechanism of action of gold(I) NHC complexes.  

 

Ex vivo toxicity studies 

 Afterwards, complexes 2 and 4 were tested for their possible toxic effects in healthy 

organs ex vivo in rat liver, colon and kidney tissues using the PCTS technology.
22

Thus, tissue 

slices were incubated with different concentrations of each gold complex, and after a certain 

incubation time (24 h for liver and kidney, 5 h for colon slices, respectively) the viability of 

the tissues was determined measuring its ATP content. The obtained results are presented in 

Figure 5.  
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Figure 5: Viability of rat liver, colon and kidney PCTS after treatment with 2 (A) and 4 (B). 

The obtained values were statistically analyzed using a t-test comparing treated samples with 

controls. 

 

As it can be observed, while 2 is highly cytotoxic already at 10 M concentration in liver, 

kidney and colon slices (Figure 5A), complex 4 shows some toxicity only at 100 M and 24 

h incubation in liver, as well as in kidney slices (Figure 5B).The effects of 4 on the precision 

cut kidney slices (PCKS) were also assessed by histomorphology. The data are shown in 

Figure 6 and confirm the findings made using the ATP data While the kidney slices were 

only slightly affected by the compound up to 50 M during 24 h incubation in comparison to 

the controls, PCKS incubated with 100 M 4 show necrosis indicated by the loss of nuclei, 

particularly in the cortex area. The highest concentration also causes loss of normal 

histologic architecture, as well as swelling and vacuolation of the tubular epithelium. 

Notably, even at the highest concentration, the glomerulus is not affected, as previously 

reported in the case of Cisplatin in a similar ex vivo model.
49

 Overall, although the ex vivo 

data cannot be directly compared to the in vitro antiproliferative activities, the results 

obtained in PCTS are in line with those observed for the same compounds in HEK-293T 

cells, i.e. compound 2 being markedly more toxic than 4 in both cases..  
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Figure 6: Histomorphology of PCKS (3 mg) treated with different concentrations of 

compound 4 for 24 h. Slices were stained with hematoxylin-eosin. The original 

magnification is 20x.  
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Conclusions  

 

This study was initiated in the frame of ongoing studies in our laboratories aiming at 

developing new organometallic gold compounds as anticancer agents. In fact, as 

demonstrated by numerous studies, regulating the reactivity and redox chemistry of gold 

compounds via the optimization of an appropriate organometallic scaffold may constitute a 

strategy to achieve selectivity for cancer tissues, a feature that is often lacking with other 

types of coordination gold complexes. Overall, the possibility of “fine-tuning” the stability of 

organometallic gold complexes while maintaining their biological activity and decreasing 

their side-effects is extremely attractive in the field of metallodrug development. Moreover, 

the combination of very stable organometallic gold moieties with bioligand 

functionalization, such as caffeine-type ligands, holds also great promise for further 

investigation.
50

 

 In this context, we reported here on a series of new caffeine-based gold(I) NHC 

complexes that have been synthesized and tested for their antiproliferative activities in 

different cancer and non-tumorigenic cell lines in vitro in comparison to 1,3-

dimethylbenzimidazol-2-ylidene derivatives. The bis-carbene caffeine-based complex 

[Au(MC)2][BF4] 4 has shown interesting anticancer properties in vitro against the human 

ovarian cancer cell line A2780 and its Cisplatin resistant variant A2780/R, while appeared to 

be poorly toxic in non-cancer HEK-293 cells in vitro, as well as in healthy tissues ex vivo. 

The latter result is of particular importance for the future development of new metallodrugs 

with reduced side-effects.  

 Interestingly, complex 4 has also been proved to be an efficient and selective 

quadruplex interacting agent. To date, a number of G-quadruplex stabilizing small molecules 

have been synthesized but often lack of selectivity when incubated with duplex DNA.
51

 

Among them, metal complexes occupy an increasingly important role,
52 

but only very few of 

the studies reported so far have been devoted to the study of Au complexes.
53, 54 

Most 

importantly, the gold compounds investigated so far are mainly gold(III) coordination 

complexes. Thus, the results presented herein further bolster the interest of gold compounds 

in the quest for valuable G-quadruplex ligands, notably in light of the enticing quadruplex-

selectivity of the bis-carbene complex 4. Notably, the cationic derivative 2 efficiently 

stabilizes quadruplex-DNA albeit with a very poor selectivity, which may account for its 

high but indiscriminate antiproliferative properties and enhanced toxicity ex vivo.  

 This series of results is also interesting because it provides some valuable – yet 

preliminary – insights into the mechanism that may underlie the observed antiproliferative 

behavior of this class of compounds: while the covalent linking of PARP-1 enzyme seems 

rather unlikely, the non-covalent interaction of the intact gold complexes (that is, without 

any loss of carbenic ligand) with higher-order nucleic acids structures appears efficient. Even 

more interesting is the parallel that can be drawn between the quadruplex and cytotoxicity 

selectivity, although further studies are necessary to confirm direct DNA binding in cells.  
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 In light of very recent results,
55, 56 

we are currently assessing the ability of these gold 

complexes to recognize other quadruplexes, notably RNA quadruplexes,
57 

aiming at 

combining these investigations with cellular uptake and biodistribution studies in order to 

better fathom the molecular basis of their intracellular action.  

 Furthermore, the insertion of substituents in the N7 position did not lead to a 

substantial improvement of the biological effects in terms of cytotoxicity and G-

quadruplexes selectivity; however, further chemical design is ongoing in our labs aimed at 

expanding this family of compounds using theobromine instead of theophylline as a NHC 

building block which allows for inserting functional groups in the back of the carbene ligand 

(N1 position) while keeping the two methyl substituents in N7 and N9 positions.
58

  

 

ABBREVIATIONS 

DDR: DNA damage response; Me2Bim: 1,3-dimethylbenzimidazol-2-ylidene; MC: 

methylated caffeine-2-ylidene; NHC: N-heterocyclic carbenes; PARP-1: poly-(adenosine 

diphosphate (ADP)-ribose) polymerase 1; FRET: Fluorescence resonance energy transfer; 

PCTS: Precision cut tissue slices; TrxR: thioredoxin reductase. 
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Experimental section 

 

General Remarks  

 

 All chemical reactions were carried out under an atmosphere of purified argon using 

Schlenk techniques. Solvents were dried and distilled under argon before use. The precursor 

Au(tht)Cl
59

 and the imidazole- and benzimidazole-based complexes
16, 60

 have been 

synthesized according to literature procedures. All other reagents were commercially 

available and used as received. All the analyses were performed at the “Plateforme 

d’Analyses Chimiques et de Synthèse Moléculaire de l’Université de Bourgogne”. The 

identity and purity (≥ 95%) of the complexes were unambiguously established using high-

resolution mass spectrometry and NMR. Exact mass of the synthesized complexes were 

obtained on a Thermo LTQ Orbitrap XL. 
1
H- (300.13, 500.13 or 600.23 MHz), 

13
C- (125.77 

or 150.90 MHz) and 
19

F- (282.38 MHz) NMR spectra were recorded on Bruker 300 Avance 

III, 500 Avance III or 600 Avance II spectrometers. Chemical shifts are quoted in ppm (δ) 

relative to TMS (
1
H and 

13
C) and CFCl3 (

19
F), using the residual protonated solvent (

1
H) or 

the deuterated solvent (
13

C) as internal standards, or CFCl3 as an external standard (
19

F). 

Infrared spectra were recorded on a Bruker Vector 22 FT-IR spectrophotometer (Golden 

Gate ATR). X-ray diffraction data for 3, 4, 7 and 10 were collected on a Bruker Nonius 

Kappa CCD APEX II at 115 K. Microwave reactions were carried on in an Anton Paar 

Monowave 300 apparatus. 

 

7-allyl-1,3-dimethylxanthine (5a) 

 

A two-neck round-bottom flask is charged with NaH (276 mg, 11.5 mmol) in suspension into 

freshly distilled THF (40 mL). Theophylline (1 eq., 2.08 g, 11.5 mmol) is added by portion 

to the pure NaH suspension at room temperature. After the end of the addition, the reaction 

mixture is refluxed for 4 h. Allyl bromide (1 eq., 1.0 mL, 11.5 mmol) is then added to the 

refluxing mixture which is reacted overnight. After the mixture is cooled down to room 

temperature, the pale yellow solution is filtered off and THF partially evaporated. After 

addition of pentane (100 mL), the product precipitates as a white solid which can be isolated 

after filtration and washing with pentane (870 mg, 34 % yield). 
1
H NMR (CDCl3, 300.13 

MHz): 3.40 (s, 3 H, N-Me), 3.59 (s, 3 H, N-Me), 4.94 (dt, 2 H,
3
JH-H = 5.7 Hz, 

4
JH-H = 1.2 Hz, 

N-CH2), 5.23 (ddt, 
2
JH-H = 0.9 Hz, 

3
JH-H = 16.8 Hz, 

4
JH-H = 1.2 Hz, 1 H, CH2-allyl), 5.31 (ddt, 

2
JH-H = 0.9 Hz, 

3
JH-H = 10.2 Hz, 

4
JH-H = 1.2 Hz, 1 H, CH2-allyl), 6.05 (m, 1 H, CHallyl), 7.26 (s, 

1 H, N-CH=N). 
13

C{
1
H} NMR (CDCl3, 75.48 MHz): 28.0 (N-CH3), 29.8 (N-CH3), 48.8 (N-

CH2), 106.9 (=C-C(O)), 119.4 (CH2-allyl), 132.1 (CHallyl), 140.7 (N-CH=N), 148.8 (N-C=), 

151.7 (C(O)), 155.2 (C(O)). ESI-MS (DMSO-MeOH), positive mode exact mass for 

[C10H12N4O2]
+
 (221.10330): measured m/z 221.10220 [M+H]

+
. FT-IR (ATR, cm

-1
): 3108, 

2951, 1698, 1654, 1601, 1542, 1457, 1419, 1369. 
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General procedure for the synthesis of compounds 6a-11a: 

 

A round-bottom flask is charged with theophylline and K2CO3 (2 eq.) in suspension into dry 

DMF. Allyl- or benzylbromide (2 eq.) is added to the reaction mixture. The obtained white 

suspension is stirred at room temperature overnight. Water (2 VDMF) is then added and the 

reaction mixture is cooled down in ice for 2 h. The formed white precipitate is collected by 

filtration, washed with 8 mL of water and reprecipitated in a dichloromethane/ether mixture. 

After drying under vacuum, the pure product is obtained as a white powder. 

 

(E)-7-(but-2-enyl)-1,3-dimethylxanthine (6a) 

 

Theophylline (500 mg, 2.78 mmol), K2CO3 (767 mg, 5.56 mmol), crotyl bromide (0.6 mL, 

5.56 mmol) and dry DMF (8 mL). Product: 334 mg (51 % yield). 
1
H NMR (CDCl3, 300.13 

MHz): 1.72 (dd, 
3
JH-H = 5.1 Hz, 

4
JH-H = 1.2 Hz, 3 H, Mecrotyl), 3.40 (s, 3 H, N-Me), 3.58 (s, 3 

H, N-Me), 4.85 (d, 
3
JH-H = 6.3 Hz, 2 H, N-CH2), 5.64-5.84 (m, 2 H, 2 CHcrotyl), 7.54 (s, 1 H, 

N-CH=N). 
13

C{
1
H} NMR (CDCl3, 75.48 MHz): 17.7 (CH3-crotyl), 28.0 (N-CH3), 29.7 (N-

CH3), 48.6 (N-CH2), 106.9 (=C-C(O)), 124.8 (CHcrotyl), 131.9 (CHcrotyl), 140.4 (N-CH=N), 

148.8 (N-C=), 151.7 (C(O)), 155.2 (C(O)). ESI-MS (DMSO-MeOH), positive mode exact 

mass for [C11H15N4O2]
+
 (235.11895): measured m/z 235.11790 [M+H]

+
. FT-IR (ATR, cm

-1
): 

3117, 2947, 1694, 1648, 1598, 1540, 1479, 1433, 1403, 1372. 

 

7-benzyl-1,3-dimethylxanthine (7a) 

 

Theophylline (600 mg, 3.33 mmol), K2CO3 (920 mg, 6.66 mmol), benzyl bromide (0.81 mL, 

6.66 mmol) and dry DMF (10 mL). Product: 832 mg (93 % yield).
1
H NMR (CDCl3, 300.13 

MHz): 3.40 (s, 3 H, N-Me), 3.58 (s, 3 H, N-Me), 5.50 (s, 2 H, N-CH2), 7.34 (m, 5 H, Ph), 

7.55 (s, 1 H, N-CH=N). 
13

C{
1
H} NMR (CDCl3, 75.48 MHz): 27.0 (N-CH3), 28.7 (N-CH3), 

49.3 (N-CH2), 106.0 (=C-C(O)), 127.0 (2 CHPh), 127.6 (CHPh-para), 128.1 (2 CHPh), 134.3 

(CPh-ipso), 139.8 (N-CH=N), 147.9 (N-C=), 150.7 (C(O)), 154.3 (C(O)). FT-IR (ATR, cm
-1

): 

3106, 2948, 1699, 1652, 1544, 1472, 1447, 1403, 1368. 

 

1,3-dimethyl-7-(4-nitrobenzyl)xanthine (8a) 

 

Theophylline (2.0 g, 11.1 mmol), K2CO3 (3.07 g, 22.2 mmol), 4-nitrobenzyl bromide (4.80 g, 

22.2 mmol) and dry DMF (30 mL). Product: 3.309 g (95 % yield). 
1
H NMR (DMSO-D6, 

300.13 MHz): 3.18 (s, 3 H, N-Me), 3.44 (s, 3 H, N-Me), 5.64 (s, 2 H, N-CH2), 7.53 (d, 
3
JH-H 

= 8.7 Hz, 2 H, 2 CHPh), 8.20 (d, 
3
JH-H = 8.7 Hz, 2 H, 2 CHPh), 8.31 (s, 1 H, N-CH=N). 

13
C{

1
H} NMR (DMSO-D6, 75.48 MHz): 28.0 (N-CH3), 30.0 (N-CH3), 49.0 (N-CH2), 106.3 

(=C-C(O)), 124.3 (2 CHPh), 129.0 (2 CHPh), 143.3 (N-CH=N), 144.9 (CPh-ipso), 147.6 (N-C=), 

149.1 (C-NO2), 151.5 (C(O)), 154.8 (C(O)). ESI-MS (DMSO-MeOH), negative mode exact 
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mass for [C14H12N5O4]
-
 (314.08838): measured m/z 314.08889 [M-H]

-
. FT-IR (ATR, cm

-1
): 

3121, 1700, 1649, 1599, 1543, 1514, 1486, 1441, 1403, 1378.  

 

7-(4-(methoxycarbonyl)benzyl)-1,3-dimethylxanthine (9a) 

 

Theophylline (600 mg, 3.33 mmol), K2CO3 (920 mg, 6.66 mmol), benzyl bromide (0.81 mL, 

6.66 mmol) and dry DMF (10 mL). Product: 1.005 g (92 % yield). 
1
H NMR (CDCl3, 300.13 

MHz): 3.39 (s, 3 H, N-Me), 3.59 (s, 3 H, N-Me), 3.90 (s, 3 H, O-Me), 5.55 (s, 2 H, N-CH2), 

7.35 (d, 
3
JH-H = 8.4 Hz, 2 H, 2 CHPh), 7.61 (s, 1 H, N-CH=N), 8.02 (d, 

3
JH-H = 8.4 Hz, 2 H, 2 

CHPh). 
13

C{
1
H} NMR (CDCl3, 75.48 MHz): 28.0 (N-CH3), 29.8 (N-CH3), 49.9 (N-CH2), 

52.2 (O-CH3), 106.9 (=C-C(O)), 127.6 (2 CHPh), 130.4 (2 CHPh), 130.5 (C-COOMe), 140.3 

(CPh-ipso), 140.9 (N-CH=N), 149.0 (N-C=), 151.6 (C(O)), 155.2 (C(O)), 166.4 (COOMe). 

ESI-MS (DCM-MeOH), positive mode exact mass for [C16H16N4O4Na] (351.10638): 

measured m/z 351.10476 [M+Na]
+
. FT-IR (ATR, cm

-1
): 3109, 2955, 1713, 1694, 1646, 1543, 

1481, 1429, 1374, 1277, 1232, 1192, 1101.  

 

1,3-dimethyl-7-(4-(trifluoromethyl)benzyl)xanthine (10a) 

 

Theophylline (600 mg, 3.33 mmol), K2CO3 (920 mg, 6.66 mmol), benzyl bromide (0.81 mL, 

6.66 mmol) and dry DMF (10 mL). Product: 1.009 g (90 % yield). 
1
H NMR (CDCl3, 300.13 

MHz): 3.37 (s, 3 H, N-Me), 3.57 (s, 3 H, N-Me), 5.54 (s, 2 H, N-CH2), 7.40 (d, 
3
JH-H = 8.1 

Hz, 2 H, 2 CHPh), 7.60 (s+d, 
3
JH-H = 8.1 Hz, 3 H, N-CH=N + 2 CHPh). 

13
C{

1
H} NMR 

(CDCl3, 75.48 MHz): 28.0 (N-CH3), 29.8 (N-CH3), 49.6 (N-CH2), 106.9 (=C-C(O)), 126.1 

(q, 
2
JC-F = 3.8 Hz, C-CF3), 128.0 (4 CHPh), 139.4 (CPh-ipso), 140.9 (N-CH=N), 149.0 (N-C=), , 

151.6 (C(O)), 155.2 (C(O)). 
19

F{
1
H} NMR (CDCl3, 282.38 Hz): -62.8 (s, 3 F, CF3). ESI-MS 

(DMSO-MeOH), positive mode exact mass for [C15H13N4O2F3Na]
+
 (361.08828): measured 

m/z 361.08802 [M+Na]
+
. FT-IR (ATR, cm

-1
): 3092, 1701, 1651, 1547, 1472, 1457, 1323, 

1165, 1108.  

 

 
 

Scheme 8: Labeling of the position of the protons on the coumarin scaffold. 
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7-((7-methoxy-2-oxo-2H-chromen-4-yl)methyl)-1,3-dimethylxanthine (11a) 

 

Theophylline (400 mg, 2.22 mmol), Na2CO3 (471 mg, 4.44 mmol), 4-(bromomethyl)-7-

methoxy-2H-chromen-2-one (717 mg, 2.67 mmol) and dry DMF (10 mL). Product: 799 mg 

(98% yield). 
1
H NMR (CDCl3, 300.13 MHz): 3.37 (s, 3 H, N-Me), 3.63 (s, 3 H, N-Me), 3.89 

(s, 3 H, O-Me), 5.58 (t, 
4
JH-H = 1.2 Hz, 1 H, CH

A
), 5.68 (d, 

4
JH-H = 1.2 Hz, 2 H, N-CH2), 6.85 

(d, 
4
JH-H = 2.4 Hz, 1 H, CH

B
), 6.90 (dd, 

3
JH-H = 9.0 Hz, 

4
JH-H = 2.4 Hz, 1 H, CH

C
), 7.50 (d, 

3
JH-H = 9.0 Hz, 1 H, CH

D
), 7.65 (s, 1 H, N-CH=N). 

13
C{

1
H} NMR (CDCl3, 75.48 MHz): 27.9 

(N-CH3), 29.9 (N-CH3), 47.0 (N-CH2), 55.9 (O-CH3), 101.4 (s, CH
B
), 106.8 (s, =C-C(O)), 

109.7 (s, CH
A
), 110.4 (s, Cquat-CH2), 113.0 (s, CH

C
), 124.1 (s, CH

D
), 141.5 (N-CH=N), 149.0 

(N-C=), 149.8 (s, Cquat-CH
D
), 151.6 (C(O)xanth.), 155.2 (C(O)xanth.), 155.6 (s, Cquat-OC(O)), 

160.4 (s, C(O)coum.), 163.4 (s, Cquat-OMe). ESI-MS (MeOH), positive mode exact mass for 

[C18H16N4O5Na]
+
 (391.10129): measured m/z 391.10034 [M+Na]

+
. FT- IR (ATR, cm

-1
): IR 

(ATR, cm
-1

): 3069, 2955, 1696, 1646, 1613, 1553, 1469, 1450, 1431, 1393, 1331, 1294, 

1222, 1145, 1028.  

 

1-((7-methoxy-2-oxo-2H-chromen-4-yl)methyl)-3,7-dimethylxanthine (12a) 

 

A round-bottom flask was charged with theobromine (2 eq., 800 mg, 4.44 mmol), Na2CO3 (4 

eq., 941 mg, 8.88 mmol) and 4-(bromomethyl)-7-methoxy-2H-chromen-2-one (1 eq., 1.25 g, 

2.67 mmol) in suspension into 16 mL of dry DMF. The suspension was stirred at 120°C 

overnight. Water (30 mL) was then added and the reaction mixture was cooled down in ice 

for 2 h. The formed yellow precipitate was collected by filtration, washed with 8 mL of 

water and reprecipitated in a dichloromethane/ether mixture. After drying under vacuum, the 

pure product was obtained as a yellow powder (768 mg, 47 % yield). 
1
H NMR (CDCl3, 

300.13 MHz): 3.62 (s, 3 H, N-Me), 3.88 (s, 3 H, O-Me), 3.99 (s, 3 H, N-Me), 5.34 (d, 
4
JH-H = 

1.5 Hz, 2 H, N-CH2), 5.81 (t, 
4
JH-H = 1.5 Hz, 1 H, CH

A
), 6.84 (d, 

4
JH-H = 2.4 Hz, 1 H, CH

B
), 

6.90 (dd, 
3
JH-H = 8.7 Hz, 

4
JH-H = 2.4 Hz, 1 H, CH

C
), 7.59 (s, 1 H, N-CH=N), 7.63 (d, 

3
JH-H = 

8.7 Hz, 1 H, CH
D
). 

13
C{

1
H} NMR (CDCl3, 150.94 MHz): 30.2 (s, N-CH3), 33.8 (s, N-CH3), 

40.7 (s, N-CH2), 55.9 (s, O-CH3), 101.3 (s, CH
B
), 107.6 (s, =C-C(O)), 108.3 (s, CH

A
), 111.7 

(s, Cquat-CH2), 112.8 (s, CH
C
), 124.7 (s, CH

D
), 142.4 (s, N-CH=N), 149.0 (s, N-C=), 149.8 (s, 

Cquat-CH
D
), 151.3 (s, C(O)xanth.), 154.7 (s, C(O)xanth.), 155.7 (s, Cquat-OC(O)), 161.3 (s, 

C(O)coum.), 163.0 (s, Cquat-OMe). 

 

7-(2-bromoethoxy)-2H-chromen-2-one (13) 

 

A two-neck round bottom flask was charged with 7-hydroxycoumarine (1 eq., 1.5 g, 9.3 

mmol) and Na2CO3 (3 eq., 27.8 mmol, 3.0 g) in suspension in 30 mL of DMF. 1,2-

dibromoethane (20 eq., 16 mL, 185 mmol) was added and the mixture was heated at 70°C 

for 3 days. After addition of water (60 mL), the product was extracted three times with 



CHAPTER 2: Caffeine-based gold(I) NHC as possible anticancer agents 

 

 

88 

 

dichloromethane (50 mL). Organic phases were combined and washed two times with water 

(30 mL). The solution was concentrated under reduced pressure and the product was 

precipitated upon addition of an excess of pentane. The product was purified by column 

chromatography (silica, Et2O/DCM, 7/3). The solvants were evaporated to give the pure 

product (1.36 g, 50 % yield). 
1
H NMR (CDCl3, 300.13 MHz, 300 K): 3.66 (t, 

3
JH-H = 6.0 Hz, 

CH2-Br), 4.35 (t, 
3
JH-H = 6.0 Hz, O-CH2), 6.27 (d, 

3
JH-H = 9.3 Hz, CH

A
), 6.80 (d, 

4
JH-H = 2.4 

Hz, CH
E
), 6.86 (dd,

 3
JH-H = 8.7 Hz, 

4
JH-H = 2.4 Hz, CH

D
), 7.38 (d, 

3
JH-H = 8.7 Hz, CH

C
), 7.62 

(d, 
3
JH-H = 9.3 Hz, CH

B
). 

 

General procedure for the synthesis of compounds 14a and 15a 

 

A microwave 10mL-tube was charged with 13 (1 eq.), Na2CO3 (2 eq.) and 

theophylline/theobromine (1 eq.) in DMF. The reaction was maintained 1 hour at 100°C 

under microwave irradiation (fast heating, 150W) with magnetic stirring (600 rpm). DMF 

was removed under vacuum to give the crude products which was then dissolved into 

dichloromethane and washed three times with water. After drying over MgSO4 and removal 

of dichloromethane under vacuum, the products were obtained as off white powders.  

 

1,3-dimethyl-7-(2-(2-oxo-2H-chromen-7-yloxy)ethyl)xanthine (14a) 

 

13 (101 mg, 0.375 mmol), Na2CO3 (80 mg, 0.750 mmol), theophylline (68 mg, 0.375 mmol) 

and DMF (5 mL). Product: 106 mg (77 % yield). 
1
H NMR (CDCl3, 300.13 MHz): 3.41 (s, 3 

H, N-Me), 3.59 (s, 3 H, N-Me), 4.40 (t, 
3
JH-H = 5.1 Hz, 2 H, N-CH2), 4.74 (t, 

3
JH-H = 5.1 Hz, 

2 H, O-CH2), 6.26 (d, 
3
JH-H = 9.6 Hz, 1 H, CH

E
), 6.78 (m, 2 H, CH

A
 + CH

B
), 7.35 (d, 

3
JH-H = 

9.3 Hz, 1 H, CH
C
), 7.61 (d, 

3
JH-H = 9.6 Hz, 1 H, CH

D
), 7.70 (s, 1 H, N-CH=N). 

13
C{

1
H} 

NMR (CDCl3, 75.48 MHz): 28.2 (s, N-CH3), 30.0 (s, N-CH3), 46.4 (s, N-CH2), 66.8 (s, O-

CH3), 102.0 (s, CH
E
), 106.7 (s, =C-C(O)), 112.5 (s, CH

D
), 113.4 (s, Cquat-CH2), 114.0 (s, 

CH
A
), 129.1 (s, CH

C
), 142.3 (s, N-CH=N), 143.2 (s, CH

B
), 149.3 (s, N-C=), 149.3 (s, 

C(O)xanth.), 151.8 (s, C(O)xanth.), 155.9 (s, Cquat-OC(O)), 160.9 (s, C(O)coum.), 161.0 (s, Cquat-

OMe). ESI-MS (DCM-MeOH), positive mode exact mass for [C18H16N4O5Na]
+
 (391.10129): 

measured m/z 391.10063 [M+Na]
+
. 

 

3,7-dimethyl-1-(2-(2-oxo-2H-chromen-7-yloxy)ethyl)xanthine (15a) 

 

13 (300 mg, 1.11 mmol), Na2CO3 (236 mg, 2.22 mmol), theobromine (201 mg, 1.11 mmol) 

and DMF (15 mL). Product: 302 mg (74 % yield). 
1
H NMR (DMSO-D6, 300.13 MHz): 3.42 

(s, 3 H, NMe), 3.89 (s, 3 H, NMe), 4.28 (s, 4 H, 2xCH2), 6.27 (d, 
3
JH-H = 9.3 Hz, CH

E
), 6.93 

(dd, 
3
JH-H = 9.3 Hz, 

4
JH-H = 2.4 Hz, 1 H, CH

B
), 7.01 (d, 

4
JH-H = 2.4 Hz, 1 H, CH

A
), 7.60 (d, 

3
JH-H = 9.3 Hz, 1 H, CH

C
), 7.96 (d, 

3
JH-H = 9.3 Hz, 1 H, CH

D
), 7.02 (s, 1 H, N-CH=N). 
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General procedure for the synthesis of compounds 5b-11b and 14b: 

 

A Schlenk tube was charged with Meerwein’s salt (1.5 eq.) and 5a-11a in distilled 

1,2-dichloroethane. The reaction was maintained under reflux for 24 h. The solvent was 

partially removed under vacuum to give a white precipitate. Precipitation was completed by 

adding diethylether and the solvents were eliminated by filtration. After addition of 

dichloromethane and precipitation with diethylether, the formed white precipitate was dried 

under vacuum to afford the pure product. 

 

7-allyl-1,3,9-trimethylxanthinium tetrafluoroborate (5b) 

 

Meerwein’s salt (242 mg, 1.63 mmol), 5a (200mg, 1.36 mmol) and distilled 

1,2-dichloroethane (6 mL). Product: 292 mg (67 % yield). 
1
H NMR (DMSO-D6, 300.13 

MHz): 3.27 (s, 3 H, N-Me), 3.74 (s, 3 H, NMe), 4.15 (s, 3 H, 
+
N-Me), 5.11 (d, 

3
JH-H = 5.4 

Hz, 2 H,
+
N-CH2), 5.31 (dd, 

2
JH-H = 0.9 Hz, 

3
JH-H = 17.1 Hz, 1 H, CH2-allyl), 5.38 (dd, 

2
JH-H = 

0.9 Hz, 
3
JH-H = 10.5 Hz, 1 H, CH2-allyl), 6.08 (m, 1 H, CHallyl), 9.34 (s, 1 H, N-CH=N

+
). 

13
C{

1
H} NMR (DMSO-D6, 75.48 MHz): 28.9 (N-CH3), 31.8 (N-CH3), 37.5 (

+
N-CH3), 50.7 

(
+
N-CH2), 107.5 (=C-C(O)), 120.7 (CH2-allyl), 131.4 (CHallyl), 139.8 (N-CH=N

+
), 140.2 (N-

C=), 150.7 (C(O)), 153.4 (C(O)). ESI-MS (DMSO-MeOH), positive mode exact mass for 

[C11H15N4O2]
+
 (235.11895): measured m/z 235.11782 [M-BF4]

+
. FT-IR (ATR, cm

-1
): 3176, 

3137, 3110, 2959, 1715, 1670, 1581, 1545, 1461, 1434, 1046. 

 

(E)-7-(but-2-enyl)-1,3,9-trimethylxanthinium tetrafluoroborate (6b) 

 

Meerwein’s salt (152 mg, 1.03 mmol), 6a (200 mg, 0.86 mmol) and distilled 

1,2-dichloroethane (4 mL). Product: 282 mg (98 % yield). 
1
H NMR (CDCl3, 300.13 MHz): 

1.74 (dt, 
3
JH-H = 6.6 Hz, 

4
JH-H = 0.8 Hz, 3 H, Mecrotyl), 3.39 (s, 3 H, N-Me), 3.79 (s, 3 H, N-

Me), 4.19 (s, 3 H, 
+
N-Me), 5.01 (d, 

3
JH-H = 6.9 Hz, 2 H, 

+
N-CH2), 5.64-5.74 (m, 1 H, CH-

CH2), 6.02-6.13 (m, 1 H, CH-Me), 8.80 (s, 1 H, N-CH=N
+
). 

13
C{

1
H} NMR (CDCl3, 75.48 

MHz): 17.8 (CH3-crotyl), 28.8 (N-CH3), 31.5 (N-CH3), 37.3 (
+
N-CH3), 51.2 (

+
N-CH2), 107.8 

(=C-C(O)), 121.8 (CHcrotyl), 136.4 (CHcrotyl), 138.5 (N-CH=N
+
), 139.7 (N-C=), 150.3 (C(O)), 

153.2 (C(O)). ESI-MS (DMSO-MeOH), positive mode exact mass for [C12H17N4O2]
+
 

(249.13460): measured m/z 249.13341 [M-BF4]
+
. FT-IR (ATR, cm

-1
): 3166, 3106, 2959, 

1717, 1674, 1577, 1541, 1458, 1053. 

 

7-benzyl-1,3,9-trimethylxanthinium tetrafluoroborate (7b) 

 

Meerwein’s salt (132 mg, 0.89 mmol), 7a (200 mg, 0.74 mmol) and distilled 

1,2-dichloroethane (3 mL). Product: 200 mg (73 % yield). 
1
H NMR (DMSO-D6, 300.13 

MHz): 3.27 (s, 3 H, N-Me), 3.72 (s, 3 H, N-Me), 4.15 (s, 3 H, 
+
N-Me), 5.72 (s, 2 H, 

+
N-
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CH2), 7.43 (m, 5 H, Ph), 9.46 (s, 1 H, N-CH=N
+
). 

13
C{

1
H} NMR (DMSO-D6, 75.48 MHz): 

28.4 (N-CH3), 31.3 (N-CH3), 37.1 (
+
N-CH3), 51.1 (

+
N-CH2), 106.9 (=C-C(O)), 128.1 (2 

CHPh), 128.8 (CHPh-para), 128.9 (2 CHPh), 134.1 (CPh-ipso), 139.4 (N-CH=N
+
), 139.8 (N-C=), 

150.1 (C(O)), 153.1 (C(O)). FT-IR (ATR, cm
-1

): 3167, 3101, 1720, 1673, 1582, 1545, 1467, 

1056.  

 

1,3,9-trimethyl-7-(4-nitrobenzyl)xanthinium tetrafluoroborate (8b) 

 

Meerwein’s salt (106 mg, 0.71 mmol), 8a (150 mg, 0.48 mmol) and distilled 

1,2-dichloroethane (10 mL). Product: 164 mg (82 % yield). 
1
H NMR (DMSO-D6, 300.13 

MHz): 3.23 (s, 3 H, N-Me), 3.75 (s, 3 H, N-Me), 4.18 (s, 3 H, 
+
N-Me), 5.86 (s, 2 H, 

+
N-

CH2), 7.66 (d, 
3
JH-H = 8.7 Hz, 2 H, 2 CHPh), 8.26 (d, 

3
JH-H = 8.7 Hz, 2 H, 2 CHPh), 9.49 (s, 1 

H, N-CH=N
+
). 

13
C{

1
H} NMR (DMSO-D6, 75.48 MHz): 28.9 (N-CH3), 31.8 (N-CH3), 37.7 

(
+
N-CH3), 51.0 (

+
N-CH2), 107.5 (=C-C(O)), 124.3 (2 CHPh), 129.6 (2 CHPh), 140.4 (C-NO2), 

140.5 (N-CH=N
+
), 141.9 (CPh-ipso), 148.0 (N-C=), 150.6 (C(O)), 153.4 (C(O)). ESI-MS 

(DMSO-MeOH), positive mode exact mass for [C15H16N5O4]
+
 (330.11968): measured m/z 

330.11833 [M-BF4]
+
. FT-IR (ATR, cm

-1
): 3111, 3018, 1722, 1673, 1574, 1542, 1520, 1457, 

1345, 1026.  

 

7-(4-(methoxycarbonyl)benzyl)-1,3,9-trimethylxanthinium tetrafluoroborate (9b) 

 

Meerwein’s salt (271 mg, 1.83 mmol), 9a (500 mg, 1.52 mmol) and distilled 

1,2-dichloroethane (10 mL). Product: 542 mg (83 % yield). 
1
H NMR (DMSO-D6, 300.13 

MHz): 3.23 (s, 3 H, N-Me), 3.73 (s, 3 H, N-Me), 3.84 (s, 3 H, O-Me), 4.15 (s, 3 H, 
+
N-Me), 

5.79 (s, 2 H, 
+
N-CH2), 7.53 (d, 

3
JH-H = 8.1 Hz, 2 H, 2 CHPh), 7.97 (d, 

3
JH-H = 8.4 Hz, 2 H, 2 

CHPh), 9.46 (s, 1 H, N-CH=N
+
).

13
C{

1
H} NMR (CDCl3, 75.48 MHz): 28.9 (N-CH3), 31.8 (N-

CH3), 37.6 (
+
N-CH3), 51.3 (

+
N-CH2), 52.8 (O-CH3), 107.5 (=C-C(O)), 128.7 (2 CHPh), 130.0 

(2 CHPh), 130.3 (C-COOMe), 139.8 (N-CH=N
+
), 140.3 (CPh-ipso), 140.4 (N-C=), 150.6 

(C(O)), 153.5 (C(O)), 166.2 (COOMe). ESI-MS (DCM-MeOH), positive mode exact mass 

for [C17H19N4O4] (343.14008): measured m/z 343.13902 [M-BF4]
+
. FT-IR (ATR, cm

-1
): 

3105.1, 1720, 1681, 1638, 1580, 1539, 1456, 1427, 1347, 1261, 1012. 

 

1,3,9-trimethyl-7-(4-(trifluoromethyl)benzyl)xanthinium tetrafluoroborate (10b) 

 

Meerwein’s salt (158 mg, 1.07 mmol), 10a (30 mg, 0.89 mmol) and distilled 

1,2-dichloroethane (5 mL). Product: 339 mg (87 % yield). 
1
H NMR (DMSO-D6, 300.13 

MHz): 3.25 (s, 3 H, N-Me), 3.74 (s, 3 H, N-Me), 4.16 (s, 3 H, 
+
N-CH3), 5.81 (s, 2 H, 

+
N-

CH2), 7.64 (d, 
3
JH-H = 8.1 Hz, 2 H, 2 CHPh), 7.80 (d, 

3
JH-H = 8.1 Hz, 2 H, 2 CHPh), 9.48 (s, 1 

H, N-CH=N
+
). 

13
C{

1
H} NMR (DMSO-D6, 75.48 MHz): 28.9 (N-CH3), 31.8 (N-CH3), 37.6 

(
+
N-CH3), 51.1 (

+
N-CH2), 107.5 (=C-C(O)), 126.2 (q, 

2
JC-F = 4.5 Hz, C-CF3), 129.3 (4 CHPh), 
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139.2 (N-CH=N
+
), 140.3 (CPh-ipso), 140.4 (N-C=), 150.6 (C(O)), 153.5 (C(O)). 

19
F{

1
H} NMR 

(DMSO-D6, 282.38 Hz): -61.1 (s, 3 F, CF3), -148.4 (d, BF4
-
). ESI-MS (DMSO-MeOH), 

positive mode exact mass for [C16H16N4O2F3]
+
 (353.12199): measured m/z 353.12103 [M-

BF4]
+
. FT-IR (ATR, cm

-1
): 3175, 3109, 1718, 1677, 1579, 1539, 1424, 1305, 1174, 1047. 

 

1-((7-methoxy-2-oxo-2H-chromen-4-yl)methyl)-3,7,9-trimethylxanthinium 

tetrafluoroborate (11b) 

 

Meerwein’s salt (161 mg, 1.08 mmol), 11a (200 mg, 0.54 mmol) and distilled 

1,2-dichloroethane (50 mL). Product: 114 mg (47 % yield). 
1
H NMR (DMSO-D6, 300.13 

MHz): 3.23 (s, 3 H, N-Me), 3.78 (s, 3 H, N-Me), 3.90 (s, 3 H, O-Me), 4.20 (s, 3 H, 
+
N-Me), 

5.88 (s, 1 H, CH
A
), 6.03 (s, 2 H, N-CH2), 7.07 (dd, 

3
JH-H = 8.7 Hz, 

4
JH-H = 2.4 Hz, CH

C
), 7.11 

(d, 
4
JH-H = 2.4 Hz, CH

B
), 7.85 (d, 

3
JH-H = 8.7 Hz, CH

D
), 9.40 (s, 1 H, N-CH=N

+
). 

13
C{

1
H} 

NMR (DMSO-D6, 75.48 MHz): 28.4 (N-CH3), 31.4 (N-CH3), 37.3 (s, 
+
N-CH3), 47.9 (N-

CH2), 56.1 (O-CH3), 101.2 (s, CH
B
), 107.1 (s, =C-C(O)), 108.5 (s, CH

A
), 109.9 (s, Cquat-

CH2), 112.7 (s, CH
C
), 125.6 (s, CH

D
), 140.2 (N-CH=N

+
), 140.4 (N-C=), 149.3 (s, Cquat-CH

D
), 

150.2 (C(O)xanth.), 152.9 (C(O)xanth.), 154.3 (s, Cquat-OC(O)), 159.8 (s, C(O)coum.), 163.0 (s, 

Cquat-OMe). ESI-MS (MeOH), positive mode exact mass for [C19H16N4O5]
+
 (383.13500): 

measured m/z 383.13469 [M-BF4]
+
. FT- IR (ATR, cm

-1
): 3103, 2961, 1680, 1609, 1582, 

1541, 1459, 1427, 1352, 1333, 1289, 1208, 1135, 1038. 

 

1,3,9-trimethyl-7-(2-(2-oxo-2H-chromen-7-yloxy)ethyl)xanthinium tertrafluoroborate 

(14a) 

 

Meerwein’s salt (181 mg, 1.22 mmol), 14a (150 mg, 0.408 mmol) and distilled 

1,2-dichloroethane (30 mL). Product: 96 mg (50 % yield). 
1
H NMR (DMSO-D6, 300.13 

MHz): 3.23 (s, 3 H, N-Me), 3.74 (s, 3 H, N-Me), 4.20 (s, 3 H, 
+
N-Me), 4.51 (t, 

3
JH-H = 4.8 

Hz, 2 H, O-CH2), 4.93 (t, 
3
JH-H = 4.8 Hz, 2 H, 

+
N-CH2), 6.31 (d, 

3
JH-H = 9.3 Hz, 1 H, CH

E
), 

6.97 (dd, 
3
JH-H = 9.3 Hz, 

4
JH-H = 2.4 Hz, 1 H, CH

B
), 7.05 (d, 

4
JH-H = 2.4 Hz, 1 H, CH

A
), 7.65 

(d, 
3
JH-H = 9.3 Hz, 1 H, CH

C
), 7.98 (d, 

3
JH-H = 9.3 Hz, 1 H, CH

D
), 9.45 (s, 1 H, N-CH=N

+
). 

13
C{

1
H} NMR (DMSO-D6, 75.48 MHz): 28.4 (N-CH3), 31.3 (N-CH3), 37.0 (

+
N-CH3), 47.9 

(s, O-CH2), 65.6 (s, 
+
N-CH2), 101.8 (s, CH

E
), 107.1 (s, =C-C(O)), 112.5 (s, CH

D
), 112.9 (s, 

CH
A
), 129.5 (s, CH

C
), 139.6 142.3(s, N-C=), 139.9 (s, N-CH=N

+
), 144.1 (s, CH

B
), 150.1 (s, 

C(O)xanth.), 153.3 (s, C(O)xanth.), 155.1 (s, Cquat-OC(O)), 160.1 (s, C(O)coum.), 160.5 (s, Cquat-

OMe). ESI-MS (MeOH), positive mode exact mass for [C19H19N4O5]
+
 (383.13500): 

measured m/z 383.13364 [M-BF4]
+
. 
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(1,3,7,9-tetramethylxanthin-8-ylidene)Au(I) iodide (3) 

 

A Schlenk tube was charged with 1,3,7,9-tetramethylxanthinium iodide (100 mg, 0.30 

mmol) dissolved in DMF (2.5 mL) and 0.5 M KHMDS solution in toluene (1.2 eq., 0.72 

mL, 0.36 mmol) was added. The obtained yellow solution was stirred for 15 min at room 

temperature and then transferred onto a solution of [AuCl(tht)] (1 eq., 98 mg, 0.30 mmol) in 

DMF (1.5 ml). After 1 h at room temperature, the expected complex was precipitated by 

addition of diethylether (10 mL) and filtrated. The obtained white precipitate was washed 

with diethylether (6 mL) and dried under vacuum to afford the pure product (86.3 mg, 47 %). 

Crystals suitable for X-Ray diffraction have been obtained by slow evaporation of 

dichloromethane. RMN 
1
H (CD2Cl2, 600.23 MHz): δ 3.37 (s, 3H, C(O)N(CH3)C=C), 3.77 (s, 

3H, C(O)N(CH3)C(O)), 4.14 (s, 3H, N(CH3)imidaz.), 4.23 (s, 3H, N(CH3)imidaz.). RMN 
13

C{
1
H} 

(CD2Cl2, 125.77 MHz): δ 28.9 (C( O)N(CH3)C=C), 32.3 (C(O)N(CH3)C(O)), 37.7 

(N(CH3)imidaz.), 39.0 (N(CH3)imidaz.), 109.0 (C(O)C
sp2

N), 139.9 (NC
sp2

N), 151.1 (NC(O)C=C), 

δ 153,4 (C(O)urea), 187.1 (Ccarbene). FT-IR (ATR, cm
-1

): 2951, 1704, 1666, 1538, 1461, 1437, 

1406, 1298. 

 

General procedure for the synthesis of compounds 4-10: 

 

A round-bottom flask was charged with xanthinium salt 4b-10b (1 eq.), Ag2O (0.8 eq.) and 

molecular sieves 4 Å which were suspended in distillated acetonitrile (10 mL) and kept away 

from light. After 6 hours of stirring at room temperature, [Au(tht)Cl] (0.5 eq.) was added 

and the stirring was maintained overnight at room temperature. KI (0.5 eq.) was added to the 

mixture and the solution was filtrated off through Celite to give a colorless solution. After 

washing the Celite with dichloromethane, removing of 2/3 of the volume of volatiles under 

vacuum and precipitation by addition of ether, a white precipitate was formed which was 

collected by filtration to afford the pure product as a white powder. 

 

Bis(1,3,7,9-tetramethylxanthin-8-ylidene)Au(I) tetrafluoroborate (4) 

 

4b (100 mg, 0.34 mmol), Ag2O (63 mg, 0.27 mmol), Au(tht)Cl (54 mg, 0.17 mmol) and KI 

(28 mg, 0.17 mmol). Product: 63 mg (53 % yield). Crystals suitable for X-ray diffraction 

were grown by slow diffusion of pentane into a saturated solution in dichloromethane. RMN 
1
H (DMSO-D6, 300.13 MHz): δ 3.23 (s, 3H, C(O)N(CH3)C=C), 3.77 (s, 3H, 

C(O)N(CH3)C(O)), 4.16 (s, 3H, N(CH3)imidaz.), 4.27 (s, 3H, N(CH3)imidaz.). RMN 
13

C{
1
H} 

(DMSO-D6, 500.13 MHz): δ 28.8 (C(O)N(CH3)C=C), 32.1 (C(O)N(CH3)C(O)), 37.5 

(N(CH3)imidaz.), 39.2 (N(CH3)imidaz.), 109.2 (C(O)C
sp2

N), 140.9 (NC
sp2

N), 151.0 (NC(O)C=C), 

153.7 (C(O)urea), 187.0 (Ccarbene). ESI-MS (DMSO/MeOH, positive mode exact mass for 

C18H24AuN8O4 (613.15805): measured m/z 613.16075 [M
+
]. FT-IR (ATR, cm

-1
): 1706, 1662, 

1537, 1434, 1030. 
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Bis(7-allyl-1,3,9-trimethylxanthin-8-ylidene)Au(I) tetrafluoroborate (5) 

 

5b (100 mg, 0.31 mmol), Ag2O (58 mg, 0.25 mmol), Au(tht)Cl (50 mg, 0.16 mmol) and KI 

(26 mg, 0.16 mmol). Product: 102 mg (88 % yield). 
1
H NMR (DMSO-D6, 300.13 MHz): 

3.26 (s, 3 H, N-Me), 3.77 (s, 3 H, N-Me), 4.27 (s, 3 H, N-Me), 5.11 (dd, 
2
JH-H = 0.9 Hz, 

3
JH-H 

= 17.1 Hz, 1 H, CH2-allyl), 5.20 (d, 
3
JH-H = 5.4 Hz, 2 H, N-CH2), 5.36 (dd, 

2
JH-H = 0.9 Hz, 

3
JH-H 

= 10.5 Hz, 1 H, CH2-allyl), 6.04-6.17 (m, 1 H, CHallyl). 
13

C{
1
H} NMR (DMSO-D6, 75.48 

MHz): 28.8 (N-CH3), 32.1 (N-CH3), 51.7 (N-CH2), 108.4 (=C-C(O)), 118.2 (CHallyl), 133.9 

(CH2-allyl), 141.2 (N-C=), 150.9 (C(O)), 153.3 (C(O)), 187.2 (Ccarbene). ESI-MS (DMSO-

MeOH), positive mode exact mass for [C22H28N8O4]
+
 (665.18935): measured m/z 665.18702 

[M-BF4]
+
. FT-IR (ATR, cm

-1
): 3091, 3027, 2964, 1707, 1664, 1576, 1539, 1522, 1459, 1347, 

1028. 

 

Bis[(E)-7-(but-2-enyl)-1,3,9-trimethylxanthin-8-ylidene]Au(I) tetrafluoroborate (6) 

 

6b (100 mg, 0.30 mmol), 55 mg of Ag2O (55 mg, 0.24 mmol), Au(tht)Cl (48 mg, 0.15 

mmol) and KI (25 mg, 0.15 mmol). Product: 60.1 mg (51 % yield). 
1
H NMR (CDCl3, 300.13 

MHz): 1.69 (dd, 
3
JH-H = 6.3 Hz, 

4
JH-H = 1.2 Hz, 3 H, Mecrotyl), 3.40 (s, 3 H, N-Me), 3.84 (s, 3 

H, N-Me), 4.36 (s, 3 H, N-Me), 5.12 (d, 
3
JH-H = 6.0 Hz, 2 H, N-CH2), 5.65-5.73 (m, 1 H, CH-

CH2), 5.81-5.89 (m, 1 H, CH-Me). 
13

C{
1
H} NMR (CDCl3, 75.48 MHz): 17.7 (CH3-crotyl), 

28.8 (N-CH3), 32.1 (N-CH3), 39.5 (N-CH3), 51.8 (N-CH2), 108.5 (=C-C(O)), 125.3 (CHcrotyl), 

131.9 (CHcrotyl), 140.5 (N-C=), 150.6 (C(O)), 153.2 (C(O)), 187.6 (Ccarbene). ESI-MS 

(DMSO-MeOH), positive mode exact mass for [C24H32N8O4]
+
 (693.22066): measured m/z 

693.21772 [M-BF4]
+
. FT-IR (ATR, cm

-1
): 2950, 1707, 1664, 1536, 1463, 1420, 1050. 

 

Bis(7-benzyl-1,3,9-trimethylxanthin-8-ylidene)Au(I) tetrafluoroborate (7) 

 

7b (100 mg, 0.27 mmol), Ag2O (50 mg, 0.22 mmol), Au(tht)Cl (43 mg, 0.14 mmol) and KI 

(23 mg, 0.14 mmol). Product: 81 mg (73 % yield). Crystals suitable for X-Ray diffraction 

were grown by slow evaporation of dichloromethane. 
1
H NMR (CD3CN, 300.13 MHz): 3.28 

(s, 3 H, N-Me), 3.74 (s, 3 H, N-Me), 4.14 (s, 3 H, N-Me), 5.74 (s, 2 H, N-CH2), 7.30 (s, 5 H, 

Ph), 9.46. 
13

C{
1
H} NMR (CD3CN, 75.48 MHz): 27.7 (N-CH3), 31.2 (N-CH3), 38.8 (N-CH3), 

50.3 (N-CH2), 108.3 (=C-C(O)), 126.9 (2 CHPh), 128.0 (CHPh-para), 128.5 (2 CHPh), 136.0 

(CPh-ipso), 140.7 (N-C=), 150.5 (C(O)), 153.2 (C(O)), 187.4 (Ccarbene). ESI-MS (DMSO-

MeOH), positive mode exact mass for [C30H32N8O4Au]
+
 (765.22066): measured m/z 

765.21838 [M-BF4]
+
. FT-IR (ATR, cm

-1
): 1714, 1667, 1533, 1459, 1421, 1061, 1024. Anal. 

Calc. for C30H32AuN8O4BF4.2CH2Cl2: C: 37.60, H: 3.55, N: 10.96; Found: C: 38.02, H: 3.27, 

N: 11.86. 

 

Bis(1,3,9-trimethyl-7-(4-nitrobenzyl)xanthin-8-ylidene)Au(I) tetrafluoroborate (8) 
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8b (100 mg, 0.24 mmol), Ag2O (45 mg, 0.19 mmol), distilled acetonitrile (10 mL), Au(tht)Cl 

(38 mg, 0.12 mmol) and KI (20 mg, 0.12 mmol). Product: 61 mg (54 % yield). 
1
H NMR 

(DMSO-D6, 300.13 MHz): 3.20 (s, 3 H, N-Me), 3.77 (s, 3 H, N-Me), 4.23 (s, 3 H, N-Me), 

5.87 (s, 2 H, N-CH2), 7.42 (d, 
3
JH-H = 8.7 Hz, 2 H, 2 CHPh), 8.04 (d, 

3
JH-H = 8.7 Hz, 2 H, 2 

CHPh). 
13

C{
1
H} NMR (DMSO-D6, 75.48 MHz): 28.8 (N-CH3), 31.1 (N-CH3), 32.2 (N-CH3), 

52.0 (N-CH2), 108.6 (=C-C(O)), 124.0 (2 CHPh), 128.2 (2 CHPh), 141.5 (C-NO2), 143.9 (CPh-

ipso), 147.4 (N-C=), 150.9 (C(O)), 153.4 (C(O)), 187.5 (Ccarbene). ESI-MS (DMSO-MeOH), 

positive mode exact mass for [C30H30N10O8Au]
+
 (855.19081): measured m/z 855.18961 [M-

BF4]
+
. FT-IR (ATR, cm

-1
): 3090, 1711, 1669, 1576, 1540, 1519, 1459, 1346 1026. 

 

Bis(7-(4-(methoxycarbonyl)benzyl)-1,3,9-trimethylxanthin-8-ylidene)Au(I) 

tetrafluoroborate (9) 

 

9b (150 mg, 0.35 mmol), Ag2O (65 mg, 0.28 mmol), distilled acetonitrile (10 mL), Au(tht)Cl 

(56 mg, 0.17 mmol) and KI (29 mg, 0.17 mmol). Product: 129 mg (79 % yield). 
1
H NMR 

(DMSO-D6, 500.13 MHz): 3.21 (s, 3 H, N-Me), 3.76 (s, 3 H, N-Me), 3.83 (s, 3 H, O-Me), 

4.22 (s, 3 H, N-Me), 5.80 (s, 2 H, N-CH2), 7.31 (d, 
3
JH-H = 8.5 Hz, 2 H, 2 CHPh), 7.78 (d, 

3
JH-

H = 8.5 Hz, 2 H, 2 CHPh).
13

C{
1
H} NMR (CDCl3, 75.48 MHz): 28.8 (N-CH3), 32.1 (N-CH3), 

39.5 (N-CH3), 52.3 (N-CH2), 52.6 (O-CH3), 108.6 (=C-C(O)), 127.4 (2 CHPh), 129.6 (C-

COOMe), 129.8 (2 CHPh), 141.5 (CPh-ipso), 141.7 (N-C=), 150.9 (C(O)), 153.4 (C(O)), 166.1 

(COOMe), 187.4 (Ccarbene). ESI-MS (DMSO-MeOH), positive mode exact mass for 

[C34H36N8O8Au]
+
 (881.23161): measured m/z 881.22999 [M-BF4]

+
. FT-IR (ATR, cm

-1
): 

2957, 1709, 1666, 1536, 1459, 1420, 1280, 1186, 1050. 

 

Bis(1,3,9-trimethyl-7-(4-(trifluoromethyl)benzyl)xanthin-8-ylidene)Au(I) 

tetrafluoroborate (10) 

 

10b (130 mg, 0.30 mmol), Ag2O (55 mg, 0.24 mmol), distilled acetonitrile (10 mL), 

Au(tht)Cl (48 mg, 0.15 mmol) and KI (25 mg, 0.15 mmol). Product: 110 mg (74 % yield). 

Crystals suitable for X-ray diffraction were grown by slow diffusion of pentane into a 

saturated solution in dichloromethane. 
1
H NMR (DMSO-D6, 300.13 MHz): 3.22 (s, 3 H, N-

Me), 3.76 (s, 3 H, N-Me), 4.24 (s, 3 H, N-CH3), 5.84 (s, 2 H, N-CH2), 7.45 (d, 
3
JH-H = 8.1 

Hz, 2 H, 2 CHPh), 7.59 (d, 
3
JH-H = 8.1 Hz, 2 H, 2 CHPh). 

13
C{

1
H} NMR (DMSO-D6, 75.48 

MHz): 28.8 (N-CH3), 32.2 (N-CH3), 39.5 (N-CH3), 52.2 (N-CH2), 108.5 (=C-C(O)), 125.9 

(m, C-CF3), 128.1 (4 CHPh), 141.1 (CPh-ipso), 141.5 (N-C=), 150.9 (C(O)), 153.4 (C(O)), 

187.3 (Ccarbene). 
19

F{
1
H} NMR (DMSO-D6, 282.38 Hz): -61.2 (s, 6 F, CF3), -148.3 (d, BF4

-
). 

ESI-MS (DMSO-MeOH), positive mode exact mass for [C32H30N8O4F6Au]
+
 (901.19452): 

measured m/z 901.19227 [M-BF4]
+
. FT-IR (ATR, cm

-1
): 2958, 1713, 1668, 1538, 1460, 
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1420, 1322, 1163, 1110, 1053. Anal. Calc. for C32H30AuN8O4F6BF4.CH2Cl2: C: 36.93, H: 

3.01, N: 10.44; Found: C: 36.55, H: 3.30, N: 10.87. 

  

X-ray crystallography 

 

Crystals of 3, 4, 7 and 10 were obtained by slow diffusion of pentane through a solution in 

dichloromethane. Intensity data were collected on a Bruker Nonius Kappa CCD APEX II at 

115 K. The structures were solved by direct methods (SIR92)
61

 and refined with full-matrix 

least-squares methods based on F
2
 (SHELXL-97)

62
 with the aid of the WINGX program.

63
 

All non-hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen atoms 

were included in their calculated positions and refined with a riding model. Crystallographic 

data are reported in Tables 2-4. CCDC numbers are respectively: CCDC 951227, 885458, 

972032 and 972033. 

 

Table 2: Crystal data and structure refinement for 3. 

Empirical formula C9H12AuN4O2I.CH2Cl2 

Formula weight 617.02 

Temperature 115(2) K 

Wavelength 0.71073 Å  

Crystal system, space group Triclinic, P -1 

Unit cell dimensions a = 7.9219(3) Å α = 79.978(2)° 

 b = 8.5434(2) Å β = 78.5350(10)° 

 c = 12.0893(4) Å ϒ = 88.140(2)° 

Volume 789.29(4) Å
3
 

Z, Calculated density 2, 2.596 g/cm
3
 

Absorption coefficient 11.619 mm
-1

 

F(000) 568 

Crystal size 0.15 x 0.10 x 0.07 mm 

2θ range for data collection 2.42 to 27.44 deg. 

Limiting indices -10≤h≤10, -11≤k≤7, -15≤l≤15 

Reflections collected / unique 9015 / 3563 [R(int) = 0.0442] 

Completeness to theta = 27.44 98.8 % 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 3563 / 0 / 185 

Goodness-of-fit on F^2 1.156 

Final R indices [I>2σ(I)] R1 = 0.0348, wR2 = 0.0928 

R indices (all data) R1 = 0.0350, wR2 = 0.0930 

Largest diff. peak and hole 3.310 and -3.693 e.Å
-3 
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Table 3: Crystal data and structure refinement for 4. 

Empirical formula C18H24AuN8O4.BF4 

Formula weight 700.23 

Temperature 115(2) K 

Wavelength 0.71073 Å  

Crystal system, space group Monoclinic, P21/n 

Unit cell dimensions a = 10.7350(4) Å α = 90° 

 b = 15.2505(5) Å β = 103.438(2)° 

 c = 14.7786(5) Å ϒ = 90° 

Volume 2353.22(14) Å
3
 

Z, Calculated density 4, 1.976 g/cm
3
 

Absorption coefficient 6.327 mm
-1

 

F(000) 1360 

Crystal size 0.12 x 0.12 x 0.05 mm 

2θ range for data collection 2.36 to 27.46 deg. 

Limiting indices -13≤h≤13, -19≤k≤12, -19≤l≤19 

Reflections collected / unique 8276 / 5355 [R(int) = 0.0162] 

Completeness to theta = 27.44 99.5 % 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 5355 / 0 / 333 

Goodness-of-fit on F^2 1.104 

Final R indices [I>2σ(I)] R1 = 0.0275, wR2 = 0.0626 

R indices (all data) R1 = 0.0314, wR2 = 0.0652 

Largest diff. peak and hole 2.021 and -0.684 e.Å
-3 

 

Table 4: Crystal data and structure refinement for 7. 

Empirical formula C30H32AuN8O4.BF4.2(CH2Cl2) 

Formula weight 1022.26 

Temperature 115(2) K 

Wavelength 0.71069 Å  

Crystal system, space group Monoclinic, P21/c 

Unit cell dimensions a = 11.7128(3) Å α = 90° 

 b = 18.3831(6) Å β = 94.57° 

 c = 17.3075(5) Å ϒ = 90° 

Volume 3714.75(19) Å
3
 

Z, Calculated density 4, 1.828 g/cm
3
 

Absorption coefficient 4.318 mm
-1

 

F(000) 2016 
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Crystal size 0.20 x 0.03 x 0.03 mm 

2θ range for data collection 2.608 to 27.506 deg. 

Limiting indices -15≤h≤15, -18≤k≤23, -22≤l≤22 

Reflections collected / unique 12444 / 8467 [R(int) = 0.0385] 

Completeness to theta = 25.240 99.6 % 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 8467 / 0 / 493 

Goodness-of-fit on F^2 1.232 

Final R indices [I>2σ(I)] R1 = 0.0539, wR2 = 0.0949 

R indices (all data) R1 = 0.0844, wR2 = 0.1076 

Largest diff. peak and hole 1.111 and -0.834 e.Å
-3

 

 

Table 5: Crystal data and structure refinement for 10. 

Empirical formula C32H30AuF6N8O4.BF4.0.5(CH2Cl2) 

Formula weight 4123.51 

Temperature 115(2) K 

Wavelength 0.71069 Å  

Crystal system, space group Orthorhombic, F2dd 

Unit cell dimensions a = 10.040(5) Å α = 90° 

 b = 29.921(5) Å β = 90° 

 c = 49.455(5) Å ϒ = 90° 

Volume 14857(8) Å
3
 

Z, Calculated density 4, 1.844 g/cm
3
 

Absorption coefficient 4.133 mm
-1

 

F(000) 8080 

Crystal size 0.12 x 0.10 x 0.08 mm 

2θ range for data collection 1.591 to 27.498 deg. 

Limiting indices -13≤h≤12, -23≤k≤38, -36≤l≤64 

Reflections collected / unique 16898 / 8204 [R(int) = 0.0330] 

Completeness to theta = 25.240 99.9 % 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 8204 / 21 / 541 

Goodness-of-fit on F^2 1.130 

Final R indices [I>2σ(I)] R1 = 0.0357, wR2 = 0.0976 

R indices (all data) R1 = 0.0418, wR2 = 0.1141 

Absolute structure parameter 0.005(12) 

Largest diff. peak and hole 1.164 and -0.997 e.Å
-3 
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Cell culture and inhibition of cell growth 

 

The human lung cancer cell line A549 and human ovarian cancer cell lines SKOV3, A2780, 

and A2780R (obtained from the European Centre of Cell Cultures ECACC, Salisbury, UK) 

were cultured respectively in DMEM (Dulbecco’s Modified Eagle Medium) and RPMI 

containing GlutaMaxI supplemented with 10% FBS and 1% penicillin/streptomycin (all from 

Invitrogen), at 37°C in a humidified atmosphere of 95 % of air and 5 % CO2 (Heraeus, 

Germany). Non-tumoral human embryonic kidney cells HEK-293T were kindly provided by 

Dr. Maria Pia Rigobello (CNRS, Padova, Italy) and were cultured in DMEM medium, added 

with GlutaMaxI (containing 10 % FBS and 1 % penicillin/streptomycin (all from Invitrogen) 

and incubated at 37°C and 5 % CO2. For evaluation of growth inhibition, cells were seeded 

in 96-well plates (Costar, Integra Biosciences, Cambridge, MA) at a concentration of 15000 

cells/well and grown for 24 h in complete medium. Solutions of the compounds were 

prepared by diluting a freshly prepared stock solution (10
-2

 M in DMSO) of the 

corresponding compound in aqueous media (RPMI or DMEM for the A2780 and A2780R or 

A549, SKOV3 and HEK-293T, respectively). Afterwards, the intermediate dilutions of the 

compounds were added to the wells (200 L) to obtain a final concentration ranging from 0 

to 150 M, and the cells were incubated for 72 h. Following 72 h drug exposure, 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was added to the cells at a 

final concentration of 0.5 mg ml
-1

 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 550 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. 

 

Preparation of rat Precision-Cut Tissue Slices (PCTS) and toxicity studies ex vivo 

 

Male Wistar rats (Charles River, Kissleg, Germany) of 250-450 g were housed under a 12 h 

dark/light cycle at constant humidity and temperature. Animals were permitted free access to 

tap water and standard lab chow. All experiments were approved by the committee for care 

and use of laboratory animals of the University of Groningen and were performed according 

to strict governmental and international guidelines. 

PCTS were made as described by de Graaf et al.
22

 In brief, the intestine tissue was flushed 

with ice-cold Krebs-Henseleit buffer. After the removal of the muscle layer, a segment of 10 

× 20 mm was embedded in 3 % agarose (low-gelling-temperature agarose type VII, Sigma-

Aldrich, Steinheim, Germany) using a tissue embedding unit. Cores of tissue were prepared 
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from liver and kidney using a coring tool as described. Rat intestine, liver and kidney tissues 

were subsequently sliced with a Krumdieck tissue slicer (Alabama R&D, Munford, AL, 

USA) in ice-cold Krebs-Henseleit buffer saturated with carbogen (95 % O2 and 5 % CO2). 

Intestinal slices (350-450 µm thick and 2-4 mg wet weight) and liver and kidney slices (250 

µm thick and 4 mg wet weight) were stored in ice-cold Krebs-Henseleit buffer until 

incubation.  

 PCTS were incubated in 12-well plates (Greiner bio-one GmbH, Frickenhausen, 

Austria), at 37°C individually in 1.3 ml Williams’ medium E (WME, Gibco by Life 

Technologies, Paisley, UK) with glutamax-1, supplemented with 25 mM D-glucose (Gibco) 

and antibiotics (liver: 50 µg/ml gentamicin (Gibco); colon: 50 µg/mL gentamycin + 2.5 

ug/mL amphotericin B; kidney: 100 U/ml penicillin G + 100 µg/ml streptomycin)) at pH 7.4 

with shaking (90 times/min) in atmosphere of carbogen. Stock solutions of compounds 2 and 

4 were prepared in dimethyl sulfoxide at a concentration of 10
-2

 M (DMSO, VWR, 

Fontenay-sous-Bois, France) and stored at 4°C. The final concentration of DMSO during the 

PCTS incubation was always below 1 % to exclude DMSO toxicity. Concentration 

dependent toxicities of compounds 2 and 4 were evaluated by incubating the human PCTS 

with different concentrations of compounds between 0 and 200 µM. Incubation time was 5 h 

for intestine and 24 h for both liver and kidney tissues, respectively. After the incubation, 

slices were collected for ATP and protein determination, by snap freezing them in 1 ml of 

70 % ethanol/x mM EDTA. The viability of PCTS was determined by measuring the ATP 

using the ATP Bioluminescence Assay kit CLS II (Roche, Mannheim, Germany) as 

described previously.
22

 The ATP content was corrected by the protein amount of each slice 

and expressed as pmol/µg protein. The protein content of the PCTS was determined by the 

Bio-Rad DC Protein Assay (Bio-Rad, Munich, Germany) using bovine serum albumin (BSA, 

Sigma-Aldrich, Steinheim, Germany) for the calibration curve. ATP data were expressed as 

the relative value to the 5 h vehicle control or to the 24 h vehicle control for intestine or 

liver/kidney tissue, respectively. 

 

FRET melting assay 

 

Materials and chemicals: All oligonucleotides were purchased from Eurogentec (Belgium) 

in OligoGold
®
 purity grade and purified by RP-HPLC at ~200 nmol scale for ds26 and at 

~1000 nmol for all other oligonucleotides. 

 

Oligonucleotides: sequences and higher-order structure preparation. The lyophilized 

strands were firstly diluted in deionized water (18.2 MΩ.cm resistivity) at 500 µM for 

duplex- and quadruplex-DNA constitutive strands and at 1000 µM for all three- and four-

way junction constitutive strands. The actual concentration of stock solutions were 

determined, via a dilution to 1 µM theoretical concentration (i.e. 2 µL in 998 µL water for 

duplex- and quadruplex-DNA, 1 µL in 999 µL water for three- and four-way junction), via 
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UV-Vis spectra analysis at 260 nm (after 5 min at 90°C), using the molar extinction 

coefficient values provided by the manufacturer. All DNA structures were prepared in a 

Caco.K buffer, comprised of 10 mM lithium cacodylate buffer (pH 7.2) plus 10 mM KCl/90 

mM LiCl. Monomolecular structures were prepared by mixing the constitutive strand (40 µL 

at 500 µM) with lithium cacodylate buffer solution (8 µL, 100 mM, pH 7.2), plus KCl/LiCl 

solution (8 µL, 100 mM/900 mM) and water (24 µL). Bimolecular structures were prepared 

by mixing each of the two constitutive strands (40 µL, 500 µM) with lithium cacodylate 

buffer solution (16 µL, 100mM, pH 7.2), plus KCl/LiCl solution (16 µL, 100 mM/900 mM) 

and water (48 µL). Trimolecular structures were prepared by mixing each of the three 

constitutive strands (20 µL, 1000 µM) with lithium cacodylate buffer solution (12 µL, 100 

mM, pH 7.2), plus KCl/LiCl solution (12 µL, 100 mM/900 mM) and water (36 µL). 

Tetramolecular structures were prepared by mixing each of the four constitutive strands (20 

µL, 1000 µM) with lithium cacodylate buffer solution (32 µL, 100 mM, pH 7.2), plus 

KCl/LiCl solution (32 µL, 100 mM/900 mM) and water (96 µL). The final concentrations 

were theoretically of 250, 125, 166.7 and 83.3 µM for mono-, bi-, tri- and tetra-molecular 

DNA structures, respectively. The actual concentration of each DNA was determined via a 

dilution to 1 µM theoretical concentration (expressed in motif concentration) for 

monomolecular structure (i.e. 4 µL in 996 µL water), at 1 µM for bimolecular structure (i.e. 

8 µL in 992 µL water), at 0.4 µM for trimolecular structure (i.e. 2.4 µL in 997.6 µL water) 

and at 0.2 µM for tetramolecular structure (i.e. 2.4 µL in 997.6 µL water), via UV-Vis 

spectra analysis at 260 nm (after 5 min at 90°C), using the following molar extinction 

coefficient values: 258900 (F-DS1-T); 224000 (F-DS2-T); 306300 (F-DS3-T); 268300 (F-

GQ1-T); 232000 (F-GQ2-T); 205600 (F-GQ3-T); 564100 (F-TWJ1-T); 632200 (F-TWJ2-T); 

435500 (F-TWJ3-T); 759800 (F-FWJ1-T); 907300 M
-1

.cm
-1

 (F-FWJ2-T); and 328300 

M
-1

.cm
-1

 (ds17).  

 The higher-order DNA structures were folded according to two procedures: i- for the 

intramolecular architectures (quadruplex-DNA, labelled duplex-DNA and F-TWJ3-T), the 

solutions were heated at 90°C for 5 min, cooled in ice for 7 h, and then stored at least 

overnight at 4°C; ii- for the folding of all other structures, the solutions were heated at 90°C 

for 5 min, cooled at 65°C for 1 h, 55°C for 1 h, 50°C for 1 h, 45°C for 1 h, 40°C for 30 min, 

35°C for 30 min, 30°C for 30 min, 25°C for 1 h and then stored at least overnight at 4°C. 

 

FRET-melting protocol. Experiments were performed as a high-throughput screening assay 

in a 96-well format using an Agilent Stratagene Mx3005P real-time PCR machine equipped 

with a FAM filter (λex= 492 nm; λem= 516 nm). All the experiments were carried out with a 

total reaction volume of 100 µL and 0.2 µM of labelled-DNA in a Caco.K buffer (comprised 

of 10 mM lithium cacodylate buffer (pH 7.2) plus 10 mM KCl/90 mM LiCl), except for F-

GQ2-T and F-GQ3-T carried out in a modified Caco.K buffer (comprised of 10 mM lithium 

cacodylate buffer (pH 7.2) plus 1 mM KCl/99 mM LiCl). TMPyP4 and 4 were prepared as 

100 µM mother solutions in DMSO and added at 1 µM (5 equivalents). Competitive FRET-
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melting experiments were carried out with F-GQ1-T in a Caco.K buffer with 15 and 

50 equivalents of ds26, a self-complementary duplex-forming sequence 

(
5’

CA2TCG2ATCGA2T2CGATC2GAT2G
3’

), expressed in motif concentration. This duplex 

sequence was selected since its melting temperature (Tm, evaluated by UV-melting 

experiments) is > 20°C above that of F-GQ1-T (Tm= 79°C). After a first equilibration step at 

25°C during 30 s, a stepwise increase of 1°C every 30 s for 65 cycles to reach 90°C was 

performed and measurements were made after each cycle. Final data were analyzed by using 

Excel and OriginPro8. The emission of FAM was normalized between 0 and 1, and T1/2 was 

defined as the temperature for which the normalized emission is 0.5. ΔT1/2 values are mean 

of 2 to 4 experiments. 

 

PARP-1 activity determinations 

 

PARP-1 activity was determined using Trevigen's HT Universal Colorimetric PARP Assay. 

This assay measures the incorporation of biotinylated poly(ADP-ribose) onto histone 

proteins in a 96 microtiter strip well format. Recombinant human PARP-1 (High Specific 

Activity, purified from E.coli containing recombinant plasmid harboring the human PARP 

gene, supplied with the assay kit) was used as the enzyme source. 3-Aminobenzamide (3-

AB), provided in the kit, was used as control inhibitor. Two controls were always performed 

in parallel: a positive activity control for PARP-1 without inhibitors, that provided the 100% 

activity reference point, and a negative control, without PARP-1 to determine background 

absorbance. PARP-1 was incubated with different concentrations of compounds for 1 h at 

RT prior deposition on the plate wells. The final reaction mixture (50 L) was treated with 

TACS-Sapphire™, a horseradish peroxidase colorimetric substrate, and incubated in the dark 

for 30 min. Absorbance was read at 630 nm after 30 min. The data correspond to means of at 

least three experiments performed in triplicate  S.D.
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Abstract 

While N-heterocyclic carbenes (NHC) are ubiquitous ligands in catalysts for organic or 

industrial synthesis, their potential to form transition metal complexes for medicinal 

applications has still to be exploited. Within this frame, we have synthesized new 

Au(I)-NHC compounds and structurally characterized them via different methods. The solid 

state structure of one of these compounds was also established by X-ray crystallography. Of 

note, three of these complexes bear a pentafluorophenolic ester group as a possible 

“activable” moiety for further functionalization. This scaffold allows tethering an alkyl 

amine ligand via microwave activation. Using another Au(I)-phosphane complex and a 

bipyridine ligand bearing a pendant amine function, we have thus developed two different 

methods to prepare homo- and heterobimetallic complexes (Au(I)/Au(I) or Au(I)/Cu(II), 

Au(I)/Ru(II), respectively). All compounds have been fully characterized by several 

spectroscopic techniques including FIR study, and have been tested for their antiproliferative 

effects in human ovarian cancer A2780 cells, and in non-tumorigenic human embryonic 

kidney HEK-293T cells, showing promising anticancer properties and a certain selectivity 

towards cancer cells. 
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Introduction 

Currently, metal-based drugs are used in clinic in a regular basis as anticancer 

chemotherapic agents. In fact, the platinum-based drugs Cisplatin, Carboplatin and 

Oxaliplatin, are present in more than 75 % of anticancer chemotherapic cocktails.
1, 2

 

However, despite their great clinical success, these drugs present major drawbacks such as 

the limited spectrum of action, development of resistance, and severe side effects that 

narrowed their range of applicability. To overcome such drawbacks, one of the most 

explored strategies consisted in the replacement of platinum by other transition metals. This 

approach already gave promising results in the case of ruthenium, iron, gold and titanium 

coordination and organometallic compounds among others.
3, 4, 5, 6, 7, 8

 In particular, gold(I) 

complexes have appeared in the last decades as very potent cytotoxic agents;
9, 10, 11, 12

 the 

most famous example being ((2,3,4,6-tetra-O-acetyl-1-(thio-kS)--D-glucopyranosato) 

(triethylphosphane)gold(I)) (Auranofin) which is in clinical trials for the treatment of several 

types of cancer.  (Figure 1).
13

 As a matter of fact, gold is the most noble of the elements and 

it certainly holds a central place in the world of finance, art and jewelry. Nowadays, the 

medicinal uses of gold compounds are the subject of intense studies. Conspicuous 

experimental evidence has been gathered so far to suggest that the pronounced 

antiproliferative effects caused by gold compounds most likely arise from innovative 

mechanisms of action in comparison to established anticancer drugs. 

 Following the successful application of gold phosphane complexes as antitumor 

agents, Berners-Price and coworkers have pioneered the application of a variety of cationic 

mononuclear gold(I) bis[N-heterocyclic carbene (NHC)] complexes as potential 

chemotherapeutic agents (an example is reported in Fig. 1).
14

 Since then a number of 

Au(I)-NHC compounds have been synthesized and characterized for their biological 

properties, and the studies on this family of organometallic compounds have been reviewed 

on a regular basis in the past few years.
15, 16, 17

 Indeed, Au(I)-NHC compounds present a 

variety of different derivatization possibilities associated to the possible presence of an 

ancillary ligand coordinated to gold, in addition to the Au-NHC bond (e.g. phosphanes, 

thiols, as well as a second NHC ligand, as depicted in Figure 1).
18, 19

 Contrary to platinum 

derivatives, it has been shown that several Au(I)-NHC complexes induce apoptosis via 

targeting mitochondria, but also through the interaction with different proteins/enzymes (e.g. 

thioredoxin reductase).
20, 21

 

 Notably, physicochemical and biological properties of metal complexes have been 

improved through various strategies, among which the concept of multinuclearity. Indeed, a 

number of platinum,
22

 ruthenium and gold-based homo- or heteropolynuclear complexes, 

either bi- or polymetallic, have been developed by us and others and biologically tested.
23, 24, 

25, 26, 27, 28
 

 In this context, we describe here the synthesis and characterization of new 

Au(I)-NHC compounds among which three bear a pentafluorophenolic ester group as a 
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possible “activable” moiety for further functionalization. In order to prove this concept, one 

of the Au(I)-NHC complexes was tethered a posteriori, using microwave activation, to a 

bipyridine ligand and to other Au(I)-phosphane complexes bearing a pendant amine function. 

In the latter cases, dinuclear Au(I) complexes were obtained. The success of this strategy 

opens a quick route to a great diversity of structures allowing further exploration of 

synergies. Assessment of the antiproliferative properties of the new compounds in human 

ovarian cancer cells (A2780) and in a model of healthy cell (human embryonic kidney 

HEK-293T) is also reported demonstrating the suitability of these scaffolds for biological 

applications. 
 

 
 

Figure 1: Examples of currently studied Au(I) compounds with cytotoxic properties. 

 

Results and Discussion 

 

Synthesis, structural characterization and reactivity of Au(I)-NHC complexes bearing an 

“activable ester” function  

 In order to easily derivatize a NHC-ligand allowing further efficient coupling with 

an amine moiety, we selected the procedure previously described by Metzler-Nolte et al. in 

the case of ruthenium and rhodium functionalized complexes.
29

 Thus, the “pro-ligand” 

1-methyl-3-(4-(perfluorophenoxycarbonyl)benzyl)imidazolium bromide (L.HBr) was 

obtained in two steps starting from commercial 4-bromomethylbenzoic acid and 

pentafluorophenol, the corresponding ester being then reacted with one equivalent of 

1-methylimidazole. The Au(I) complex 1 was obtained in 75 % yield by a transmetallation 

reaction from the in situ formed Ag(I) complex according to the general method described by 

Lin et al., and subsequent transfer of the NHC ligand to the gold(I) precursor [AuCl(tht)] 

(Scheme 1)).
30

 The formation of 1 was assessed by 
1
H NMR spectroscopy where the 

disappearance of the singlet of the imidazolium proton at 9.37 ppm was noticed. The shift of 

the signal of the corresponding carbon on the 
13

C{
1
H} NMR spectrum from 139.0 ppm for 

the imidazolium salt to 172.4 ppm confirmed the formation of the carbene complex.
18
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 An unsymmetrical cationic NHC/phosphane complex 2 was also synthesized in 

90 % yield by reacting 1 with triphenylphosphane in the presence of silver tertrafluoroborate 

as a chloride abstractor (Scheme 1).  

 

 

Scheme 1: Synthesis of the different Au(I)-NHC complexes bearing the pentafluophenol 

ester moiety. 

 

The coordination of the triphenylphosphane ligand was assessed by 
31

P{
1
H} NMR, the 

phosphorus atom giving a broad singlet at 40.7 ppm characteristic of cationic Au(I)-

phosphane complexes.
31

 Additionally, in 
13

C{
1
H} NMR the signal corresponding to the 

carbene was shifted from 172.4 ppm to 186.4 ppm, as expected for coordination to a cationic 

Au(I) center. Crystals of 2 suitable for X-Ray diffraction have been obtained by slow 

evaporation of a dichloromethane/pentane (1/4) solution. The crystal structure of this 

complex was solved and shows the typical linear two-coordinated geometry of the Au(I) 

cation (Figure 2).  
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Figure 2: Ortep view of compound 2. Selected bond distances (Å) and angle (°): Au-P 

2.2788(13); Au-C(1) 2.034(5); P-Au-C1 177.70(16). 

 

In order to obtain a cationic bis-NHC metal derivative, we used a classical method 
32 

starting 

from the imidazolium salt containing a non-halide anion (L.HBF4). L.HBr was thus reacted 

quantitatively with an excess of sodium tetrafluoroborate to lead to the tetrafluoroborate 

analogue L.HBF4. The latter was reacted with silver(I) oxide and half an equivalent of 

[Au(tht)Cl] to afford the cationic bis-NHC complex 3 in 60 % yield (Scheme 1). The 
13

C{
1
H} NMR spectrum of 4 shows a carbenic signal at 184.4 ppm characteristic of this type 

of cationic Au(I) complexes.
33

 

The last reaction we tested was the substitution of the chlorido ligand of complex 1 by a 

thiolato-β-D-glucose tetraacetate moiety as in Auranofin.
34

 Complex 1 was thus reacted with 

one equivalent of thio-β-D-glucose tetraacetate deprotonated by an aqueous 1 M solution of 

NaOH
 
following a reported procedure.

35
 However, the formed thiolate reacted on both 

potential sites: the gold cation and the activated ester in a 50/50 ratio. 

Afterwards, we decided to graft a Au(I)-phosphane complex, bearing a pendant 

amine function, directly to the Au(I)-NHC complex through the activated pentafluorophenol 

ester to obtain a bimetallic complex. 2-phenylethylamine was preliminary used as a model 

compound to setup reaction conditions. Therefore, 1 was reacted with one equivalent of the 

amine in acetonitrile under microwave irradiation and the best reaction conditions were 

found to be heating at 80°C for 30 minutes (Scheme 2); higher temperatures lead to partial 

decomposition of the gold complex even when using a shorter reaction time. It is also worth 
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noting that no additional base was used to prevent any degradation of the carbene. The 

coupling product 4 was simply purified by precipitation and obtained in very good yield    

(87 %). The 
19

F{
1
H} NMR spectrum of compound 4 showed the disappearance of the signals 

of pentafluorophenol. Moreover, the 
1
H spectra displayed a downshift of all signals of the 

NHC moiety when compared to the spectrum of the starting complex 1, an downfield shift of 

the signal of the N-CH2 in the ethylenic linker from 2.9 ppm in case of 2-phenylethylamine 

to 3.5 ppm in the case of 4. This phenomenon was associated to the appearance of a broad 

singlet at 6.2 ppm corresponding of the NH proton which couples with the signal of the 

N-CH2 in the ethylenic linker as shown by 2D 
1
H-

1
H correlation NMR. Additionally, in 

13
C{

1
H} spectroscopy, the signal of the C(O) is shifted from 161 ppm in the activated ester 

to 166 ppm in the amide, confirming the reaction of the perfluorinated ester moiety. Finally, 

the comparison of the IR spectra showed a shift of the vibration band of the carbonyl group 

from 1715 cm
-1

 to 1640 cm
-1

. Complex 4 was also characterized by high-resolution mass 

spectrometry and elemental analysis, all these data being in agreement with the formation of 

the amide linkage. 

 

 
 

Scheme 2: Optimized conditions for the post-metallation coupling. 

 

When aniline was tested to enlarge the scope of the reaction, unfortunately, no coupling 

product was detected. Thus, we tried with addition of sodium carbonate to increase the 

nucleophilicity of aniline, but the presence of the base led to the degradation of the Au(I) 

carbene. 
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Synthesis, and structural characterization of homobimetallic Au(I)/Au(I) complexes 

 Applying the optimized reaction conditions defined above for the amide bond 

formation, we reacted complex 1 with the 2-aminoethyldiphenylphosphane gold(I) chloride 

complex and obtained the desired bimetallic complex 5 in very good yield (Scheme 3). 

Compound 5 was fully characterized by 
1
H, 

13
C{

1
H}, 

19
F{

1
H} and 

31
P{

1
H} NMR, IR and 

FIR spectroscopy, mass spectrometry and elemental analysis. Compound 5 presented the 

same spectral characteristics in IR and both 
1
H and 

13
C{

1
H} NMR spectroscopy than 4 for 

the peptidic-like coupling part. Moreover, the FIR spectra showed one quite intense vibration 

band at 325 cm
-1

 corresponding to the two Au-Cl bonds (Figure 3). The 
31

P{
1
H} spectrum 

showed a broad singlet at 24 ppm very similar to the one of the starting Au(I) complex 

attesting that no demetallation occurred during the microwave reaction. 

 Since we were not able to coordinate selectively the sugar on the the gold center of 

1, we tried to introduce it on the Au(I)-P side. For this purpose, we started from the 

[Au(H2N(CH2)2PPh2)Cl] precursor which was reacted with one equivalent of thio-β-D-

glucose tetraacetate following an adapted procedure from the previously described one to 

give the corresponding aminophosphane Au(I) thiosugar (A) (Scheme 3).
35

 In the 
31

P{
1
H} 

NMR spectrum of A, the phosphorous atom gives rise to a broad singlet shifted downfield 

from 4 ppm in accordance with the substitution of the chlorido ligand by a thiolato ligand.
36

 

Moreover, in the FIR spectrum the vibration band ῡAu-Cl has been replaced by a vibration 

band ῡAu-S broader and less intense at 372 cm
-1

.
37

 The microwave-assisted coupling of 

compounds 1 and A successfully led to the formation of the homobimetallic complex 6 with 

two differently substituted gold centers (Scheme 3) in good yield.  

 

 

Scheme 3: Synthesis of compounds 5-6. 
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 As for compounds 4 and 5, compound 6 presents the characteristics of the peptidic-

type bond –NH-CO–. Moreover, it is worth mentioning that although no diastereotopic 

splitting due to the presence of the optically active sugar was observed in case of compound 

A, both CH2-P and CH2-N appeared as AB systems in the 
1
H NMR spectrum of 6. The 

31
P{

1
H} NMR spectrum of the crude product showed the presence of 5 % of redistribution 

product (complex in which the thiolato ligand moved from the Au-P center to Au-NHC one) 

visible by the presence of a thinner singlet at 24 ppm corresponding to a P-Au-Cl moiety. 

However, by precipitation from a solution of dichloromethane using a small amount of 

diethyl ether, it is possible to get complex 6 pure although with a lower yield than other 

coupling reactions. The FIR spectrum of compound 6 presents two vibration bands 

corresponding to the two different Au-X bounds. The Au-Cl bound gives rise to a thin band 

at 325 cm
-1

 while the Au-S bound gives rise to a broader band at 372 cm
-1

 (Figure 3).  

 To complete the series of homobimetallic Au(I)/Au(I) complexes, complex 5 was 

reacted with two equivalents of thio-β-D-glucose tetraacetate in acetone to afford the 

homobimetallic complex 7 with two thiosugar moieties in good yield (Scheme 4).  

 

 

Scheme 4: Synthesis of compound 7. 

 

Interestingly, in 
1
H NMR, corresponding signals in both thiosugars appeared identical 

showing that the shifts observed from the free thiol to the coordinated one are due to the 

metal center and not to the other L ligands on the gold(I) atom. Moreover, on the 
31

P{
1
H} NMR spectrum we observed the same shift downfield of 4 ppm associated to a 

broadening of the singlet as in case of compound 6. The FIR spectrum of compound 8 

presents the typical ῡAu-S vibration band at 372 cm
-1 

(Figure 3). As we previously noticed in 

the case of compound 5, both Au-S bounds give rise to a unique vibration band confirming 

the equivalence of the thiolato ligands we observed in 
1
H NMR. 
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Figure 3: Far-IR spectra of complexes 5 (blue), 6 (green) and 7 (red) in the νAu-X area. 

 

In an attempt to enlarge the scope of polymetallic complexes, both cationic complexes 2 and 

3 were respectively reacted with one or two equivalents of 2-aminoethyldiphenylphosphane 

gold(I) chloride to obtain homobimetallic compounds. However, even though the coupling 

through the activated ester occurred, a redistribution of the ligands was observed, yielding to 

a mixture of products in both cases. Moreover, we also tried to react 1 with the free 

2-aminoethyldiphenylphosphane to get the Au(I)-NHC complex with a free phosphane 

ligand for further complexation. However, we noticed the immediate formation of an off-

white precipitate at room temperature. After removal of the solution by filtration, drying of 

the precipitate, the obtained product was analyzed by 
19

F{
1
H} NMR showing the 

disappearance of the perfluorinated phenol moiety as previously observed in the synthesis of 

complexes 4, 5 and 6. The 
31

P{
1
H} NMR spectrum showed a broad singlet at 29.2 ppm while 

the signals of the free phosphane and the Au(I)Cl complex appear at -22 ppm and 24 ppm, 

respectively, suggesting the quantitative formation cationic Au(I)-P adduct. All these data 

suggest the formation of a coordination polymer were the 2-aminoethyldiphenylphosphane 

reacted through the activated ester moiety to give the corresponding amide when the 

phosphane ligand substituted the chloride atom on the gold(I) center. Since our goal was the 

synthesis of bimetallic complexes, this synthetic pathway was clearly not worth pursuing and 

the actual structure of the obtained product was not further investigated.  

ῡAu-Cl ῡAu-S 
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Synthesis, and structural characterization of heterobimetallic Au(I)/Cu(II) and Au(I)/Ru(II) 

complexes  

 Continuing the work of our groups in the development of multinuclear complexes, 

we developed a series of late/late heterobimetallic complexes.
38

 Thus, we tried to combine 

the Au(I)-NHC moiety with platinum, ruthenium or copper fragments with the purpose of 

achieving synergic effects and to enhance compounds’ cytotoxicity. Thus, we decided to 

introduce a bipyridine moiety as second ligand in our Au(I) NHC scaffold. 

 This choice was based on the versatility of bipyridine which enables the 

complexation of a broad spectrum of metal ions (e.g. ruthenium, iron, copper, platinum and 

rhenium).
39, 40, 41

 Complex 1 was reacted with the (4’-methyl-[2,2’-bipyridin]4-yl) methamine 

following the previously described procedure. The desired gold(I) NHC complex bearing a 

free bipyridine ligand 8 was obtained in very good yield (Scheme 5). 

 

 
 

Scheme 5: Synthesis of complex 8. 

 

Starting from complex 8, our first attempt was to synthetize the corresponding platinum(II) 

complex. Complex 8 was reacted with one equivalent of [Pt(PhCN)2Cl2] in refluxing THF 

for 4 h. Even though this methodology has already been successfully applied for the 

synthesis of bimetallic Au(I)/Pt(II) complexes in our group in the case of phosphane-gold 

compounds,
 38

 for the present reaction, we observed the formation of dark grey particles 

(typical of the formation of metallic gold due to the degradation of the compound). We 

decreased the reaction temperature to room temperature to prevent any reduction of the Au(I) 

cation. The reaction of 8 with [Pt(PhCN)2Cl2] was thus maintained at room temperature for 

24 h, and during this time no formation of metallic gold was observed. However, as assessed 

by 
1
H NMR spectroscopy, we only recovered both starting materials. So it appeared that the 

chelation reaction of a Pt(II) cation into the bipyridine moiety is not compatible with our 

Au(I)-NHC group.  

 To check if the metallation of a bipyridine was possible at room temperature, we 

used 4,4’-dimethyl-2,2’-bipyridine as a test ligand. One equivalent of model ligand was 

reacted with one equivalent of CuCl2.2H2O at room temperature for 3 h. The synthesis of 10 

was already described by Sadler et al. and performed in methanol.
42

 However, due to the low 
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solubility of 8 in methanol, we optimized the metallation conditions using acetone as solvent. 

The expected copper and ruthenium complexes 9 and 10 were obtained in 92 % and 98 % 

yield, respectively (Scheme 6). Due to the paramagnetic copper(II) cation, 9 was not studied 

by NMR, but, we assessed its structure by elemental analysis and high-resolution mass 

spectrometry. The 
1
H

 
NMR spectra of 10 corresponded to the data provided by Sadler et al. 

FIR spectra of both compounds 9 and 10 have been recorded and showed vibration bands at 

316 cm
-1

 and 303 cm
-1 

attributed to the ῡCu-Cl and at 286 cm
-1

 attributed to the ῡRu-Cl which 

confirmed the getting of the model complexes. 

 

 
 

Scheme 6: Synthesis of the ruthenium and copper based model complexes 9 and 10. 

 

These encouraging results prompted us to perform these reactions with 8. The two 

heterobimetallic complexes Au(I)/Cu(II) 11 and Au(I)/Ru(II) 12 were afforded in very good 

yield: 97 % and 95 % respectively (scheme 7).  

 

 

Scheme 7: Synthesis of the heterobimetallic complexes 11 and 12.  
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 Due to the paramagnetic copper(II) cation, 11 was not studied by NMR. However, 

we assessed its structure by elemental analysis and high-resolution mass spectrometry as we 

did for 9. The formation of 12 was also demonstrated by 
1
H NMR, and we could observe a 

shift of the protons in 6 and 6’ positions from 8.50 ppm in 8 to 9.39 and 9.46 ppm upon 

chelation of ruthenium. Moreover, the splitting of the two methyl groups of the isopropyl due 

to their diastereotopy in 12 confirmed the coordination of the arene-Ru moiety by an 

unsymetricaly substituted bipyridine. The FIR spectra of 11 showed the metal-chloride 

vibration bands: ῡAu-Cl at 328 cm
-1 

and two ῡCu-Cl at 310 and 286 cm
-1

, corresponding to both 

monometallic precursors (figure 4A). Moreover, the FIR spectra of complex 12 presents the 

two metal-chlorine vibration bands ῡAu-Cl and νRu-Cl at 328 and 284 cm
-1

 respectively, 

corresponding to both monometallic analogues as noticed in case of the Au(I)/Cu(II) 

bimetallic
 
complex 11 (figure 4B). 

 

 

 

Figure 4: (A) Far-IR spectra of complexes 9 (blue) and 11 (red) (B) Far-IR spectra of 

complexes 10 (blue), 12 (red) and 14 (green) in the ῡM-X area. 

 

To mimic auranofin, complex 8 was reacted with one equivalent of thio-β-D-glucose 

tertraacetate to afford compound 13 (scheme 8). Beyond the expected 1/1 ratio between the 

sugar and the NHC-free bipy moieties, the 
1
H NMR spectra of 13 showed a splitting of the 

singlet corresponding of the protons of the N-CH2 bridge to an AB-type system assessing the 

coupling of the optically active sugar to the gold ion. Moreover, the coordination through the 
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sulfur atom was confirmed by FIR spectroscopy where the band ῡAu-Cl at 325 cm
-1

 in case of 

compound 8 has been replaced by a broad band ῡAu-S at 373 cm
-1

. 

 

Scheme 8: Synthesis of complex 13. 

 

To be consistent with the Au-Cl series, complex 13 was reacted with CuCl2.2H2O and half an 

equivalent of [(p-cymene)RuCl2]2 following the procedures we applied for the syntheses of 

heterobimetallic complexes 11 and 12. Although the heterobimetallic complex Au(I)/Ru(II) 

14 was obtained in a yield comparable to those of 10 and 12, the reaction between 13 and 

CuCl2.2H2O failed (scheme 9). Indeed, the elemental analysis of the supposed Au/Cu 

complex (B) showed the almost complete disappearance of sulphur (Table 1).  

 

 

Scheme 9: Reactions of complex 13 with CuCl2.H2O and [(p-cymene)RuCl2]2. 
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Table 1: Results of elemental analysis of B.  

Compound % N % C % H % S 

B calculated 6.31 41.11 3.99 2.89 

B measured 8.38 39.18 3.71 0.93 

11 calculated 9.16 37.71 3.03 0.00 

 

Moreover, the Far-IR spectrum instead of presenting an Au-S vibration band at 373 cm
-1

 and 

two Cu-Cl bands around 300 cm
-1

 showed no band at 373 cm
-1 

and three bands at 327, 307 

and 286 cm
-1 

respectively. These bands correspond exactly to the bands observed in case of 

complex 11 in which the band at 327 cm
-1

 is indicative of the Au-Cl bound. Thus we 

conclude that the thiosugar ligand had been replaced by a chloride ligand. Our hypothesis 

concerning this reaction is that the copper(II) cation oxidized the thiolate ligand to the 

corresponding disulphide, regenerating complex 8 which could chelate a copper(II) cation 

and triggering the precipitation of a mixture containing complex 11 has major product. 

 The 
1
H NMR spectrum of the bimetallic complex 14 was very difficult to interpret. 

In fact, complex 14 is a mixture in a 1/1 ratio of two diastereoisomers emerging from the 

association of the opticaly pure thiosugar with the two possible absolute configurations of 

the arene-ruthenium moiety. Thus, all signals are doubled because of the two 

diastereoisomers, all CH2 signals appearing additionally splitted into AB systems. However, 

we noticed the same shift downfield of almost 1 ppm for the protons in α positions compared 

to the nitrogen atoms from 8.5 and 8.6 to 9.4 and 9.5 ppm as noticed in case of complex 12. 

The same behavior appeared in the 
13

C{
1
H} NMR spectrum where all signals were doubled. 

Contrarily to the Au/Cu complex, Far-IR spectrum of 14 showed a broad band at 375 cm
-1

 

corresponding to the Au-S bound and another one at 287 cm
-1

 in perfect agreement with the 

corresponding ones in cases of complexes 10 and 12 (figure 4B). These data, in association 

with the elemental analysis and the high resolution mass spectrum, enabled us to confirm the 

structure of the expected heterobimetallic complex 14. 

 

Antiproliferative activities 

 The new compounds were screened for their antiproliferative properties in human 

ovarian cancer cell lines sensitive to Cisplatin (A2780) using the classical MTT assay (see 

Experimental part for details). In addition, in order to evaluate the compounds’ selectivity for 

cancer compared to healthy cells, the complexes were also tested in human embryonic 

kidney HEK-293T cells. A dose-dependent inhibition of cell growth was observed in all cell 

lines with IC50 values ranging from ca. 2 to above 100 μM after 72 h incubation as depicted 

in Table 2. 
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Table 2. Cell Viability IC50 Values of compounds 1-14 in human ovarian carcinoma cell line 

A2780 or in human embryonic kidney cells (HEK-293T) after 72 h incubation. 

 IC50
[a] 

Compound A2780 HEK-293T 

1 53.0 ± 2.4 122.0 ± 6.2 

2 5.2 ± 0.7 11.2 ± 0.5 

3 19.7 ± 2.0 41.5 ± 1.4 

4 - - 

5 2.2 ± 0.4 6.2 ± 0.7 

6 5.8 ± 1.7 8.1 ± 0.2 

7 5.0 ± 1.3 9.3 ± 2.1 

8 21.8 ± 3.6 31.3 ± 4.2 

9 2.75 ± 0.05 1.06 ± 0.01 

Mix 8/9 1:1 0.77 0.72 ± 0.4 

10 > 100 > 100 

11 10.3 ± 0.5 15.4 ± 3.7 

12 63.4 ± 2.4 > 100 

13 16.1 ± 2.7 16.2 

Mix 13/10 1:1 22.5 27.3 

14 16.8 ± 3.1 36.6 ± 3.9 

Cisplatin 5.2 ± 1.9 11.0 ± 2.9 

Auranofin 1.2 ± 0.5 1.7 ± 0.3 

[a] only for compounds 1-5, mean ± SE of at least three determination, for the other values 

correspond to one or two determinations and have to be repeated. 

 

In the homobimetallic series, we can notice that the presence of the protected glucose moiety 

didn’t improve toxicity of the compounds against the ovarian cancer cell line. Indeed, 

compounds 6 and 7 display even slighly higher IC50 values than their dichlorido equivalent 5. 

However, we can notice a trend of decreasing toxicity against the model of healthy cells. 

 The heterobimetallic Au/Cu compound 11 appeared cytotoxic on cancer cells and 

with intermediate potency compared to the gold and copper monometallic species 8 and 9 

(IC50 (8) = 21.8 ± 3.6, (11) 10.3 ± 0.5, (9) 2.75 ± 0.05 μM respectively). Interestingly, the 1:1 

mixture of 9 and 10 appeared more cytotoxic against the cancer cells than both the copper 

and the gold monometallic complexes, and even more potent than 11. However, compound 
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11 appeared more toxic on cancer cells compared to the healthy ones in the same range as 8 

while 9 was actually more toxic against the model of healthy cells than against the cancer 

cells. 

 The ruthenium-based monometallic complex 10 previously reported by Sadler 

et al
42

 was confirmed to be non toxic neither on the cancer cell line nor on the healthy ones 

in accordance with former studies. However, coupling of gold with ruthenium into the 

Au/Ru heterobimetallic complex 12 did not lead to any improvement of anticancer properties 

compared to 10 (IC50(12) = 63.4 ± 2.4 μM against A2780 cells and is beyond 100 μM against 

HEK-293T cells).  

 Substituting the chloride ligand in 8 with a thiolato-β-D-glucose tetraacetate ligand 

in 13, we notice an increase in toxicity on both cell lines. A 1:1 mixture of 10 and 13 didn’t 

show any improvement in activity compared to 13 alone both in terms of toxicity and 

selectivity (IC50(mixture) = 22.5 μM and 27.3 μM against A2780 and HEK-293T cells, 

respectively). However, the Au/Ru heterobimetallic compound 14 showed an increased 

selectivity for the cancer cell line. Indeed, its IC50 is more than twice higher in the HEK-

293T cell than in the A2780 cells. 

 

Conclusions 

 

We have reported here the synthesis of five neutral or cationic Au(I)-NHC complexes in 

good yields. Among them, three present a pentafluorophenolic ester functionality as a useful 

“activable” ester for further functionalization, and chlorido, NHC or triphenylphosphane as 

second ligands. A stoichiometric base-free method for grafting an alkyl amine on gold(I) 

carbenes in high yields using microwave irradiation is also reported, which allowed the 

synthesis of six new NHC complexes including homo- and heterobimetallic compounds 

following two different strategies: the first one, consisting of the grafting of Au(I) complexes 

differently substituted on gold centre, is a quick and selective synthesis of homobimetallic 

complexes while the second, involving a bipyridine fragment, requires more synthetic steps 

but allows a broader scope of heterobimetalic complexes achievable.  

 The preliminary results of the cytotoxicity studies on the different classes of 

bimetallic complexes show interesting biological properties. The addition of thio-sugar 

moieties tends to increase the cytotoxicity of the Au monometallic but not of the Au/Au 

homobimetallic scaffold. This is in accordance with previous studies form our group on gold 

complexes derivatized with the same thio-sugar moiety.
34

 

 Moreover, the Au/Cu heterobimetallic complex 11 appeared more selective than the 

copper precursor, as well as the mixture in a 1:1 ratio of the Au and Cu monometallic 

species. Regarding the Au/Ru heterobimetallic complexes, while the Au compound with 

chlorido ligand 12 appeared not toxic on any cell line, the analogue bearing a thiolato-β-D-

glucose tetraacetate 14 seems to be more toxic on the cancer cells than on the healthy cells. 
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 Although further biological studies should be undertaken to investigate the 

mechanisms of action of this new series of compounds, preliminary in vitro antiproliferative 

assays have revealed the promising cytotoxic properties of the compounds in cancer cells 

compared to non-tumorigenic ones. Overall, we are confident that these results will allow 

new possibilities of fine-tuning of the chemico-physical properties of organometallic Au(I)-

NHC scaffolds for biological applications. 
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Experimental section 

General Remarks  

 

All reactions were carried out under an atmosphere of purified argon using Schlenk 

techniques. Solvents were dried and distilled under argon before use. The precursors 

[AuCl(tht)],
43

 [AuCl(H2N(CH2)2PPh2)]
44

 and (4’-methyl-[2,2’-bipyridin]4-yl)methamine
45

 

have been synthesized according to literature procedures. All other reagents were 

commercially available and used as received. All the analyses were performed at the 

“Plateforme d’Analyses Chimiques et de Synthèse Moléculaire de l’Université de 

Bourgogne”. The identity and purity (≥ 95 %) of the complexes were unambiguously 

established using high-resolution mass spectrometry and NMR. Exact mass of the 

synthesized complexes were obtained on a Thermo LTQ Orbitrap XL. 
1
H- (300.13, 500.13 

or 600.23 MHz), 
13

C- (125.77 or 150.90 MHz) and 
19

F- (282.38 MHz) NMR spectra were 

recorded on Bruker 300 Avance III, 500 Avance III or 600 Avance II spectrometers. 

Chemical shifts are quoted in ppm (δ) relative to TMS (
1
H and 

13
C) and CFCl3 (

19
F), using 

the residual protonated solvent (
1
H) or the deuterated solvent (

13
C) as internal standards. 

Alternatively, 85 % H3PO4 (
31

P) and CFCl3 (
19

F) were used as an external standard. Infrared 

spectra and far-infrared spretra were recorded on a Bruker Vector 22 FT-IR 

spectrophotometer (Golden Gate ATR) and on a Bruker Vertex 70v (Platinum ATR) 

respectively. X-ray diffraction data for 3 were collected on a Bruker Nonius Kappa CCD 

APEX II at 115 K. Microwave reactions were carried on in an Anton Paar Monowave 300 

apparatus. 

 

Synthesis 

 

Perfluorophenyl 4-(bromomethyl)benzoate  

 

A round flask was filled with 4-(bromomethyl)benzoic acid (5,00 g, 23,5 mmol) and 

perfluorophenol (1 eq., 4.32 g, 23,5 mmol) in a mixture 30:1 of ethyl acetate/DMF 

(70 mL/2.3 mL) at 0°C. Then DCC (1 eq., 4.84 g, 23,5 mmol) was added and the mixture 

was reacted at 0°C for 2 h and then 4 h at room temperature. A white precipitate appeared 

after the first hour of reaction. After a filtration over a sintered glass filled with Celite®, the 

solution of ethyl acetate was washed four times with saturated NaHCO3 aqueous solution (20 

mL). The volatiles were evaporated under vacuum to give the product as a white powder. (90 

% yield). 
1
H NMR (DMSO-d6, 500 MHz): 4.74 (s, 2 H, CH2), 7.64 (d, 2H, 

3
JH-H = 8.5 Hz, 2 

CHPh), 8.08 (d, 2H, 
3
JH-H = 8.5 Hz, 2 CHPh). 

13
C{

1
H} NMR (DMSO-6d, 125.76 MHz): 32.6 

(CH2), 125.5 (C1), 130.7 (CHPh), 130.9 (CHPh), 136.7 (Cperfluo), 138.6 (Cperfluo), 139.7 

(Cperfluo), 141.7 (Cperfluo), 145.7 (C4), 161,8 (C=O). 
19

F{
1
H} NMR (DMSO-d6, 282.38 MHz): 
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-153.5 (dt, 2 F, 
3
JF-F = 25.4 Hz, 

4
JF-F = 2.8 Hz, Fortho), -157.6 (t, 1 F, 

3
JF-F = 22.6 Hz, Fpara), -

162.4 (m, 2 F, Fmeta). 

 

1-methyl-3-(4-((perfluorophenoxy)carbonyl)benzyl)imidazolium bromide (L.HBr) 

 

A two-necked round flask was filled with perfluorophenyl 4-(bromomethyl)benzoate (1 

eq., 2.00 g, 5.24 mmol) under dry argon and dissolved into distilled THF (17 mL). 

Methylimidazole (1 eq., 430 mg, 5.24 mmol) is diluted into distilled THF (17 mL) and 

added dropwise to the solution of perfluorophenyl 4-(bromomethyl)benzoate in THF. 

After a 24 h long reaction in refluxing THF, the made white precipitate was filtrated of and 

dried under vacuum to lead to the pure product. (98 % yield). 
1
H NMR (DMSO-d6, 300 

MHz): 3.95 (s, 3 H, Me) 5.70 (s, 2 H, CH2), 7.74 (d, 2H, 
3
JH-H = 8.5 Hz, 2 CHPh), 7.84 (d, 1 

H, 
3
JH-H = 1.8 Hz, CHim.), 7.90 (d, 1 H, 

3
JH-H = 1.8 Hz, CHim.), 8.28 (d, 2H, 

3
JH-H = 8.5 Hz, 2 

CHPh), 9.37 (s, 1H, NCHN
+
). 

13
C{

1
H} NMR (DMSO-d6, 125.76 MHz): 35.9 (Me), 51.3 

(CH2), 122.5 (CHim.), 124.1 (CHim.), 126.0 (C1), 129.8 (CHPh), 131.0 (CHPh), 139.0 

(NCHN
+
), 142.3 (C4), 161.8 (C=O). 

19
F{

1
H} NMR (DMSO-d6, 282.38 MHz): -153.6 (dt, 2 

F, 
3
JF-F = 25.4 Hz, 

4
JF-F = 2.8 Hz, Fortho), -157.5 (t, 1 F, 

3
JF-F = 22.6 Hz, Fpara), -162.4 (m, 2 F, 

Fmeta). 

 

1-methyl-3-(4-((perfluorophenoxy)carbonyl)benzyl)imidazolium tetrafluoroborate 

(L.HBF4) 

 

A round-bottom flask was filled with L.HBr (1 eq., 279 mg, 0.60 mmol) and NaBF4 (3 eq., 

200 mg, 1.81 mmol) in acetone (20 mL). The reaction was maintained at room temperature 

overnight. After removing of acetone under vacuum, the obtained white solid was partially 

dissolved in dichloromethane (30 mL), and filtrated through paper to give a colorless 

solution. Dichloromethane was then evaporated under vacuum to lead to the pure product (98 

% yield). 
1
H NMR (CDCl3, 300 MHz): 3.95 (s, 3 H, Me) 5.70 (s, 2 H, CH2), 7.74 (d, 2H, 

3
JH-

H = 8.5 Hz, 2 CHPh), 7.84 (d, 1 H, 
3
JH-H = 1.8 Hz, CHim.), 7.90 (d, 1 H, 

3
JH-H = 1.8 Hz, CHim.), 

8.28 (d, 2H, 
3
JH-H = 8.5 Hz, 2 CHPh), 9.37 (s, 1H, NCHN

+
). 

19
F{

1
H} NMR (CDCl3, 282.38 

MHz): -150.4 (m, BF4), -153.6 (dt, 2 F, 
3
JF-F = 25.4 Hz, 

4
JF-F = 2.8 Hz, Fortho), -157.5 (t, 1 F, 

3
JF-F = 22.6 Hz, Fpara), -162.4 (m, 2 F, Fmeta). FT-IR (ATR, cm

-1
): 3166, 1759, 1613, 1574, 

1518, 1473, 1451, 1422, 1248, 1170, 1049. Anal. Calc. for C18H11F9N2O2B: C, 45.99, H, 

2.57, N, 5.96 %. Found: C, 45.51, H, 2.39, N, 6.19. 

 

(1-methyl-3-(4-((perfluorophenoxy)carbonyl)benzyl)imidazol-2-ylidene)gold(I) chloride 

(1) 

 

A round-bottom flask was filled with L.HBr (1 eq., 146mg, 0.31 mmol), Ag2O (0.8 eq, 60 

mg, 0.26 mmol), molecular sieves 4Å (MS 4Å) (200 mg) in dichloromethane (16 mL). The 
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mixture was reacted for 4 h at room temperature in the dark. Afterwards, [AuCl(tht)] (1 eq., 

101 mg, 0.31 mmol) dissolved into dichloromethane (5 mL) was added dropwise to the 

previous mixture and reacted overnight at room temperature in the dark. After a filtration 

over Celite®, the volatiles were removed under vacuum to give the product as a white solid. 

(75 % yield). 
1
H NMR (CDCl3, 300 MHz): 3.88 (s, 3 H, Me), 5.49 (s, 2 H, CH2), 6.93 (d, 1 

H, 
3
JH-H = 1.8 Hz, CHim.), 7.00 (d, 1 H, 

3
JH-H = 1.8 Hz, CHim.), 7.47 (d, 2H, 

3
JH-H = 8.5 Hz, 2 

CHPh), 8.18 (d, 2H, 
3
JH-H = 8.5 Hz, 2 CHPh). 

13
C{

1
H} NMR (CDCl3, 75.48 MHz): 38.4 (Me), 

54.5 (CH2), 120.5 (CHim.), 122.7 (CHim.), 127.4 (C1), 128.3 (CHPh), 131.5 (CHPh), 136.3 

(Cperfluoro), 139.7 (Cperfluoro), 141.4 (Cperfluoro), 141.9 (C4), 143.0 (Cperfluoro), 161,9 (C=O), 172.4 

(Ccarbene). 
19

F{
1
H} NMR (DMSO-6d, 282.38 MHz): -152.5 (dt, 2 F, 

3
JF-F = 25.4 Hz, 

4
JF-F = 

2.8 Hz, Fortho), -157.7 (t, 1 F, 
3
JF-F = 22.6 Hz, Fpara), -162.2 (m, 2 F, Fmeta). FT-IR (ATR, cm

-

1
): 3094.3, 1753.4, 1610.7, 1516.4, 1466.9, 1414.0. ESI-MS (DMSO/MeOH), positive mode 

exact mass for C18H11AuClF5N2O2+Na (636.99869): measured m/z 636.99561 [M+Na]
+
. 

Anal. Calc. for C18H11AuClF5N2O2: C, 35.17, H, 1.80, N, 4.56 %. Found: C, 34.58, H, 1.73, 

N, 4.47 %. 

 

(1-methyl-3-(4-((perfluorophenoxy)carbonyl)benzyl)imidazol-2-ylidene)gold(I) 

triphenylphosphane tetrafluoroborate (2) 

 

A Schlenk tube was filled with 40 1 (1 eq., 40 mg, 0.065 mmol) and PPh3 (1.1 eq., 18.7 mg, 

0.072 mmol) which were dissolved into distilleddichloromethane (4 mL). AgBF4 (1eq., 1.27 

mg, 0.065 mmol) in solution in methanol was added dropwise at room temperature. The 

reaction was maintained for 1 h during which a white precipitate appeared and became grey 

after some minutes. After a filtration over a sintered glass filled with Celite®, the volatiles 

were removed under vacuum to afford a colorless oil which gave rise to a white precipitate 

after being washed with Et2O. The white precipitate was washed with Et2O to give the pure 

product. (90 % yield). Crystals suitable for X-Ray diffraction have been obtained by slow 

evaporation of a solution in dichloromethane/pentane (1:4). 
1
H NMR (CDCl3, 500 MHz): 

3.99 (s, 3 H, Me), 5.54 (s, 2 H, CH2), 7.31 (d, 1 H, 
3
JH-H = 1.8 Hz, CHim.), 7.37 (m, 8 H, 6 

Hortho/P + 2 CHPh), 7.48 (d, 1 H, 
3
JH-H = 1.8 Hz, CHim.), 7.50 (pseudo-t, 6 H, 

3
JH-H = 7.3 Hz, 6 

Hmeta/P), 7.57 (t, 3 H, 
3
JH-H = 7.5 Hz, 3 Hpara/P), 7.98 (d, 2H, 

3
JH-H = 8.5 Hz, 2 CHPh). 

13
C{

1
H} 

NMR (CDCl3, 125.76 MHz): 38.7 (Me), 54.3 (CH2), 123.6 (CHim.), 123.8 (CHim.), 126.7 

(C1), 128.0 (CipsoPPh3, 
1
JP-C = 56.6 Hz), 128.2 (CHparaPPh3), 129.7 (CmétaPPh3, 

3
JP-C = 11.3 Hz), 

131.3 (CHPh), 132.4 (CHPh), 133.9 (CorthoPPh3, 
2
JP-C = 13.8 Hz), 137.1 (Cperfluo), 139.1 (Cperfluo), 

140.5 (Cperfluo), 142.5 (Cperfluo), 143.8 (C4), 162,2 (C=O), 186.4 (Ccarbene). 
19

F{
1
H} NMR 

(CDCl3, 470.59 MHz): -152.6 (dt, 2 F, 
3
JF-F = 25.4 Hz, 

4
JF-F = 2.8 Hz, Fortho), -152.9 (m, BF4), 

-157.6 (t, 1 F, 
3
JF-F = 22.6 Hz, Fpara), -162.0 (m, 2 F, Fmeta). 

31
P{

1
H} NMR (CDCl3, 202.46 

MHz): 40.7 (s). FT-IR (ATR, cm
-1

): 1758.2, 1612.8, 1520.0, 1475.3, 1437.5. ESI-MS 

(DMSO/MeOH), positive mode exact mass for [C36H26AuF5N2O2P]
+
 (841.13121): mesured 
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m/z 841.12857 [M-BF4]
+
. Anal. Calc. for C36H26AuF5N2O2PBF4: C, 46.58, H, 2.82, N, 3.02 

%. Found: C, 46.57, H, 2.92, N, 3.04 %. 

 

bis(1-methyl-3-(4-((perfluorophenoxy)carbonyl)benzyl)imidazol-2-ylidene)gold(I) 

tetrafluoroborate (3) 

 

A round-bottom flask was filled with L.HBF4 (1 eq., 84 mg, 0.18 mmol), Ag2O (0.8 eq., 33 

mg, 0.14 mmol), and molecular sieves 4Å (MS 4Å) (100 mg) in dichloromethane (10 mL). 

The mixture was reacted for 4 h at room temperature in the dark. Then [AuCl(tht)] (0.5 eq., 

31 mg, 0.09 mmol) dissolved into dichloromethane (3 mL) was added dropwise to the 

previous mixture and reacted overnight at room temperature in the dark. After a filtration 

over sintered glass filled with Celite®, the volatiles were removed under vacuum to give the 

product as a white solid. (60 % yield). 
1
H NMR (DMSO-d6, 300 MHz): 3.83 (s, 3 H, Me), 

5.53 (s, 2 H, CH2), 7.44 (d, 2H, 
3
JH-H = 8.5 Hz, 2 CHPh), 7.57 (d, 1 H, 

3
JH-H = 1.8 Hz, CHim.), 

7.65 (d, 1 H, 
3
JH-H = 1.8 Hz, CHim.), 8.06 (d, 2H, 

3
JH-H = 8.5 Hz, 2 CHPh). 

13
C{

1
H} NMR 

(DMSO-d6 125.77 MHz): 38.6 (Me), 53.9 (CH2), 123.7 (CHim.), 124.9 (CHim.), 126.4 (C1), 

129.1 (CHPh), 131.8 (CHPh), 145.6 (C4), 162.6 (C=O), 184.4 (Ccarbene). 
19

F{
1
H} NMR 

(DMSO-d6, 282.38 MHz): -148.34 (d, BF4), -153.6 (d, 4 F, 
3
JF-F = 25.4 Hz, Fortho), -157.7 (t, 

1 F, 
3
JF-F = 22.6 Hz, Fpara), -162.6 (m, 2 F, Fmeta). FT-IR (ATR, cm

-1
): 1759.7, 1615.9, 1521.4, 

1476.1, 1439.5. ESI-MS (DMSO/MeOH), positive mode exact mass for [C36H22AuF10N4O4]
+
 

(961.11414): measured m/z 961.11676 [M-BF4]
+
. Anal. Calc. for C36H22AuF14N4O0B: C, 

41.24, H, 2.12, N, 5.34 %. Found: C, 41.12, H, 2.11, N, 5.45 %. 

 

General procedure for the microwave-based coupling reactions (compounds 4, 5, 7 and 

9) 

 

A microwave 10 mL-tube was charged with 1 (1 eq.) and H2N-CH2-R (1 eq.) dissolved in 

distilled acetonitrile. The mixture was reacted in microwave oven (quick heating from room 

temperature to 80°C, 850 W, stirring at 600 rpm) at 80°C (temperature checked by IR probe) 

for 30 min (50 W, stirring at 600 rpm). After evaporation of the acetonitrile, the product was 

redissolved in dichloromethane and filtrated through Celite®. After partial removal of 

dichloromethane and addition of a large amount of pentane (or ditehylether in case of 5), the 

obtained precipitate was filtrated and dry under vacuum to give the pure product. 

 

1-methyl-3-(4-(phenylethylcarbamoyl)benzyl)imidazol-2-ylidene gold(I) chloride (4) 

 

1 (50 mg, 0.081 mmol) was dissolved in the tube into acetonitrile (4 mL) and 

2-phenylethylamine (0.081 mmol, 10 µL) was added dropwise. The product was obtained as 

a pale yellow powder (38.9 mg, 87 % yield). 
1
H NMR (CDCl3, 298 K, 300.13 MHz): 2.93 (t, 

2 H, 
3
JH-H = 6.9 Hz, CH2-Ph), 3.71 (pseudo-q, 2 H, 

3
JH-H = 6.9 Hz, CH2-NH), 3.86 (s, 3 H, N-
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Me), 5.37 (s, 2 H, N-CH2), 6.19 (broad s, 1 H, NH), 6.88 (d, 1 H, 
3
JH-H = 1.8 Hz, CHIm), 6.94 

(d, 1 H, 
3
JH-H = 1.8 Hz, CHIm), 7.23 (m, 3 H, 3 CHPh), 7.32 (m, 4 H, 2 CHp-C6H4 + 2 CHPh), 

7.66 (d, 2 H, 
3
JH-H = 8.1 Hz, 2 CHp-C6H4). 

13
C{

1
H} NMR (CDCl3, 300 K, 125.77 MHz): 35.6 

(s, CH2-Ph), 38.4 (s, N-CH3), 41.2 (s, CH2-NH), 54.6 (s, CH2-N), 120.5 (s, CHIm), 122.5 (s, 

CHIm), 126.7 (s, CHarom), 127.7 (s, CHarom), 128.1 (s, CHarom), 128.8 (s, CHarom), 135.2 (s, 

Cquat-C(O)), 138.3 (s, , Cquat-CH2), 138.8 (s, Cquat-Ph), 166.8 (s, C=O), 172.0 (s, Ccarbene). FT-IR 

(ATR, cm
-1

): 3349, 3109, 2934, 1640, 1535, 1500, 1464, 1408, 1307, 1236, 1191. ESI-MS 

(CDCl3/MeOH), positive mode exact mass for [C20H22AuClN3O]
+
 (552.11114): measured 

m/z 552.10972 [M+H]
+
, positive mode exact mass for [C20H21AuClN3ONa]

+
 (574.09309): 

measured m/z 574.09147 [M+Na]
+
. Anal. Calc. for C20H22AuN3O: C, 43.45, H, 3.84, N, 7.60 

%. Found: C, 43.58, H, 2.72, N, 7.71 %. 

 

1-methyl-3-(4-((diphenylphosphane gold(I) chloride)ethylcarbamoyl)benzyl)imida zol-

2-ylidene gold(I) chloride (5) 

 

1 (67 mg, 0.11 mmol) and 2-aminoethyldiphenylphophine gold(I) chloride (0.11 mmol, 50 

mg) were dissolved in the tube into acetonitrile (5 mL). The product was obtained as a pale 

yellow powder (85 mg, 86 % yield). 
1
H NMR (CDCl3, 298 K, 300.13 MHz): 2.90 (m, 2 H, 

CH2-P), 3.74 (m, 2 H, CH2-NH), 3.85 (s, 3 H, N-Me), 5.36 (s, 2 H, CH2-N), 6.90 (broad s, 2 

H, NH + CHIm), 6.96 (s, 1 H, CHIm), 7.28 (d, 2 H, 
3
JH-H = 8.1 Hz, 2 CHp-C6H4), 7.42-7.52 (m, 

6 H, 6 CHPh), 7.66-7.69 (m, 6H, 2 CHp-C6H4 + 4 CHPh). 
13

C{
1
H} NMR (CDCl3, 300 K, 125.77 

MHz): 28.2 (d, 
1
JP-C = 37.7 Hz, CH2-P), 36.6 (d, 

2
JP-C = 5.0 Hz, CH2-NH), 38.4 (s, N-CH3), 

54.5 (s, N-CH2), 120.7 (s, CHIm), 122.5 (s, CHIm), 127.8 (s, CHp-C6H4), 127.9 (s, CHp-C6H4), 

128.7 (d, 
1
JP-C = 61.6 Hz, Cquat-P), 129.4 (d, 

2
JP-C = 11.3 Hz, CHortho-Ph), 132.3 (d, 

4
JP-C = 1.3 

Hz, CHpara-Ph), 133.2 (d, 
3
JP-C = 13.8 Hz, CHortho-Ph), 133.9 (s, Cquat-CH2-N), 138.7 (s, Cquat-

C(O)), 167.0 (s, C(O)), 171.8 (s, Ccarbene). 
31

P{
1
H} NMR (CDCl3, 300 K, 202.45 MHz): 24.2 

(broad s, -CH2-PPh2-AuCl). FT-IR (ATR, cm
-1

): 3345, 3127, 3054, 2992, 2925, 1648, 1532, 

1500, 1466, 1435, 1406, 1308, 1283, 1233, 1187, 1104. ESI-MS (H2O/MeOH), positive 

mode exact mass for [C26H26Au2Cl2N3OPNa]
+
 (914.04138): measured m/z 914.03946 

[M+Na]
+
. Anal. Calc. for C26H26Au2Cl2N3OP: C, 35.00, H, 2.94, N, 4.71 %. Found: C, 

34.90, H, 2.42, N, 4.93 %. 

 

2-aminoethyldiphenylphosphane gold(I) thiolato-β-D-glucose tetraacetate (A) 

 

A Schlenk tube was charged under argon with thio-β-D-glucose tetraacetate (1 eq., 55 mg, 

0.15 mmol) dissolved into degassed acetonitrile (5 mL). NaOH 1 M (1 eq., 0.16 mL, 0.15 

mmol) was added and the mixture and reacted was 30 min at room temperature. The mixture 

was then transferred on a solution of 2-aminoethyldiphenylphosphane gold(I) chloride (1 

eq., 70 mg, 0.15 mmol) into dichloromethane (3 mL) at 0°C. After the end of the addition, 

the ice bath was withdrawn and the mixture was reacted for 3 h at room temperature. After 
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removal of the solvents under vacuum and redissolution into dichloromethane, the solution 

was filtrated through Celite®. Upon removal of dichloromethane under vacuum, and rinsing 

with pentane, an off-white the product was obtained as a white powder (108 mg, 90 % yield). 
1
H NMR (CDCl3, 300 K,600.23 MHz): 1.87 (broad s, 2 H, NH2), 1.94 (s, 3 H, CH3C(O)), 

1.98 (s, 3 H, CH3C(O)), 2.01 (s, 3 H, CH3C(O)), 2.07 (s, 3 H, CH3C(O)), 2.69 (m, 2H, P-

CH2), 3.10 (m, 2 H, N-CH2), 3.76 (dd, 1 H, 
3
JH-H = 2.4 Hz, 

3
JH-H = 9.0 Hz, CHsugar), 4.11 (dd, 

1 H, 
2
JH-H = 12.6 Hz, 

3
JH-H = 2.4 Hz, CH2-sugar), 4.23 (dd, 1 H, 

2
JH-H = 12.6 Hz, 

3
JH-H = 9.0 Hz, 

CH2-sugar), 5.06-5.17 (m, 4 H, 4 CHsugar), 7.47-7.51 (m, 6 H, 4 CHmeta-Ph + 2 CHpara-Ph), 7.69-

7.75 (m, 4 H, 4 CHortho-Ph). 
13

C{
1
H} NMR (CDCl3, 300 K, 150.94 MHz): 20.8 (s, CH3C(O)), 

20.9 (s, CH3C(O)), 21.0 (s, CH3C(O)), 21.3 (s, CH3C(O)), 32.1 (d, 
1
JP-C = 34.7 Hz, CH2-P), 

38.6 (d, 
2
JP-C = 7.5 Hz, CH2-NH2), 63.0 (s, CH2-sugar), 69.1 (s, CHsugar), 74.4 (s, CHsugar), 76.0 

(s, CHsugar), 77.9 (s, CHsugar), 83.4 (s, CHsugar), 129.4 (d, 
3
JP-C = 3.0 Hz, CHmeta), 129.5 (d, 

3
JP-

C = 3.0 Hz, CHmeta), 130.0 (d, 
1
JP-C = 13.6 Hz, Cipso), 130.4 (d, 

1
JP-C = 13.6 Hz, Cipso), 131.8 

(s, CHpara), 131.9 (s, CHpara), 133.4 (d, 
2
JP-C = 7.5 Hz, CHortho), 133.5 (d, 

2
JP-C = 7.5 Hz, 

CHortho), 169.8 (s, C(O)), 170.0 (s, C(O)), 170.4 (s, C(O)), 170.9 (s, C(O)). 
31

P{
1
H} NMR 

(CDCl3, 300 K, 242.96 MHz): 29.4 (broad s, P-Au-S). IR (ATR, cm
-1

): 2945, 1740, 1436, 

1368, 1218, 1102, 1030, 519, 487, 373, 215. ESI-MS (DCM/MeOH), positive mode exact 

mass for [C28H35AuNO9S.H]
+
 (790.15084): mesured m/z 790.14896 [M+H]

+
. Anal. Calc. for 

C28H35AuNO9PS.H2O: C, 41.64, H, 4.62, N, 1.73, S, 3.97 %. Found: C, 41.63, H, 4.80, N, 

1.73, S, 3.39 %. 

 

1-methyl-3-(4-((diphenylphosphane gold(I) thiolato-β-D-glucose 

tetraacetate)ethylcarbamoyl)benzyl)imidazole-2-ylidene gold(I) chloride (6) 

 

1 (47 mg, 0.076 mmol), A (0.076 mmol, 25 mg), acetonitrile (4 mL). Product as an off-white 

powder (61 mg, 67 % yield). 
1
H NMR (CDCl3, 298 K, 600.23 MHz): 1.92 (s, 3 H, 

CH3C(O)), 1.96 (s, 3 H, CH3C(O)), 2.03 (s, 3 H, CH3C(O)), 2.06 (s, 3 H, CH3C(O)), 2.85-

2.91 (m, 1 H, P-CH2), 2.97-2.99 (m, 1 H, P-CH2), 3.73-3.77 (m, 3 H, CHsugar + NH-CH2), 

3.86 (s, 3 H, N-CH3), 4.08 (d, 1 H, 
2
JH-H = 10.2 Hz, CH2-sugar), 4.19 (dd, 1 H,

 2
JH-H = 10.2 Hz, 

3
JH-H = 4.2 Hz, CH2-sugar), 5.08-5.21 (m, 4 H, 4 CHsugar), 5.34 (d, 1 H, 

2
JH-H = 15.0 Hz, NCH2), 

5.42 (broad s, 1 H, NCH2), 6.94 (s, 1 H, CHIm), 6.97 (s, 1 H, 
3
JH-H = 1.8 Hz, CHIm), 7.31 

(broad s, 2 H, 2 CHp-C6H4), 7.42-7.47 (m, 7 H, NH + 4 CHmeta-Ph + 2 CHpara-Ph), 7.68-7.71 (m, 

6 H, 2 CHp-C6H4 + 4 CHortho-Ph). 
13

C{
1
H}NMR (CDCl3, 300 K, 150.94 MHz): 20.8 (s, O(O)C-

CH3), 20.9 (s, O(O)C-CH3), 21.4 (s, O(O)C-CH3), 28.1 (d, 
1
JP-C = 33.9 Hz, CH2-P), 37.1 (d, 

2
JP-C = 6.3 Hz, CH2-NH), 38.4 (s, N-CH3), 54.4 (s, N-CH2), 62.9 (s, CH2-sugar), 69.1 (broad s, 

CHsugar), 74.4 (s, CHsugar), 75.9 (s, CHsugar), 78.0 (broad s, CHsugar), 83.2 (broad s, CHsugar), 

120.8 (s, CHIm), 122.5 (s, CHIm), 127.9 (s, CHp-C6H4), 128.1 (s, CHp-C6H4), 129.4 (d, 
2
JP-C = 

10.1 Hz, CHortho-Ph), 129.5 (d, 
2
JP-C = 10.1 Hz, CHortho-Ph), 131.6 (s, Cquat-p-C6H4), 132.0 (s, 

CHpara-Ph), 132.1 (s, CHpara-Ph), 133.2 (d, 
3
JP-C = 13.8 Hz, CHmeta-Ph), 133.4 (d, 

3
JP-C = 13.8 Hz, 

CHmeta-Ph), 134.1 (s, Cquat-p-C6H4), 167.2 (s, C(O)-NH), 169.9 (s, carbene), 170.3 (s, C(O)O), 
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170.9 (s, C(O)O) 
31

P{
1
H} NMR (CDCl3, 300 K, 242.96 MHz): 28.3 (broad s, P-Au-S). IR 

(ATR, cm
-1

): 3373, 2945, 1744, 1653, 1520, 1436, 1367, 1103, 1034, 520, 483, 373, 327, 

217. ESI-MS (DCM/MeOH), positive mode exact mass for [C40H45Au2N3O10SP]
+
 

(1184.18888): mesured m/z 1184.18760 [M-Cl]
+
. Anal. Calc. for 

C40H45AuN3O10Au2PSCl.2H2O: C, 38.24, H, 3.93, N, 3.34, S, 2.55 %. Found: C, 37.83, H, 

3.77, N, 3.48, S, 2.08 %. 

 

1-methyl-3-(4-((diphenylphosphane gold(I) thiolato-β-D-glucose 

tetraacetate)ethylcarbamoyl)benzyl)imidazole-2-ylidene gold(I) thiolato-β-D-glucose 

tetraacetate (7) 

 

A Schlenk tube was charged under argon with thio-β-D-glucose tetraacetate (2 eq., 50 mg, 

0.139 mmol) dissolved into degassed acetone (3 mL). NaOH 1 M (2 eq., 0.14 mL, 0.139 

mmol) was added and the mixture aw reacted was 30 min at room temperature in the dark. 

The mixture was then transferred on a solution of 5 (1 eq., 62 mg, 0.069 mmol) into 

degassed acetone (5 mL) at 0°C. After the end of the addition, the ice bath was withdrawn 

and the mixture was reacted for 3 h at room temperature in the dark. After removal of the 

acetone under vacuum and redissolution into dichloromethane, the solution was filtrated 

through Celite®. Upon concentration under reduced pressure, and addition of a large amount 

of pentane, an off-white precipitate was formed which after drying under vacuum gave the 

product with two molecules of water as a white powder (85 mg, 79 % yield). 
1
H NMR 

(CDCl3, 300 K, 300.13 MHz): 1.91 (s, 6 H, 2 x O(O)C-CH3), 1.93 (s, 6 H, 2 x O(O)C-CH3), 

1.99 (s, 6 H, 2 x O(O)C-CH3), 2.04 (s, 6 H, 2 x O(O)C-CH3), 2.79-2.87 (m, 1 H, CH2-P), 

2.99-3.08 (m, 1 H, CH2-P), 3.73-3.82 (m, 4 H, CH2-NH + 2 x O-CHsugar-CH2), 3.86 (s, 3 H, 

N-CH3), 4.07 (d, 2 H, 
2
JH-H = 10.2 Hz, 2 x CH2-sugar), 4.17 (dd, 1 H, 

2
JH-H = 10.2 Hz, 

3
JH-H = 

4.8 Hz, 2 x CH2-sugar), 5.09 (broad s, 8 H, 2 x 4 CHsugar), 5.34 (d, 
2
JH-H = 15.3 Hz, CH2-Bz), 

5.50 (d, 
2
JH-H = 15.3 Hz, CH2-Bz), 6.90 (d, 1 H, 

3
JH-H = 1.8 Hz, CHIm), 6.93 (d, 1 H, 

3
JH-H = 

1.8 Hz, CHIm), 7.34 (d, 2 H, 
3
JH-H = 8.4 Hz, 2 x CHp-C6H4), 7.40-7.43 (m, 6 H, 2 x CHpara-Ph + 

2 x 2 x CHortho-Ph), 7.66 (broad t, 
3
JH-H = 3.6 Hz, NH), 7.69-7.81 (m, 6 H, 2 x CHp-C6H4 + 2 x 2 

x CHmeta-Ph). 
13

C{
1
H} NMR (CDCl3, 300 K, 125.77 MHz): 20.8 (s, O(O)C-CH3), 20.9 (s, 

O(O)C-CH3), 21.3 (s, O(O)C-CH3), 28.0 (d, 
1
JP-C = 33.9 Hz, CH2-P), 37.2 (d, 

2
JP-C = 6.3 Hz, 

CH2-NH), 38.1 (s, N-CH3), 54.2 (s, N-CH2), 62.9 (s, CH2-sugar), 69.1 (broad s, CHsugar), 74.3 

(s, CHsugar), 75.8 (s, CHsugar), 78.0 (broad s, CHsugar), 83.3 (broad s, CHsugar), 120.6 (s, CHIm), 

122.4 (s, CHIm), 127.9 (s, CHp-C6H4), 128.0 (s, CHp-C6H4), 129.3 (d, 
2
JP-C = 10.1 Hz, CHortho-Ph), 

129.4 (d, 
2
JP-C = 10.1 Hz, CHortho-Ph), 129.8 (d, 

1
JP-C = 25.2 Hz, CHipso-Ph), 130.2 (d, 

1
JP-C = 

25.2 Hz, CHipso-Ph), 131.8 (d, 
4
JP-C = 2.5 Hz, CHpara-Ph), 131.9 (d, 

4
JP-C = 2.5 Hz, CHpara-Ph), 

133.1 (d, 
3
JP-C = 13.8 Hz, CHmeta-Ph), 133.4 (d, 

3
JP-C = 13.8 Hz, CHmeta-Ph), 134.1 (s, Cquat-p-

C6H4), 139.1 (s, Cquat-p-C6H4), 167.1 (s, C(O)-NH), 169.9 (s, carbene), 170.2 (s, C(O)O), 170.8 

(s, C(O)O). 
31

P{
1
H} NMR (CDCl3, 300 K, 202.45 MHz): 30.7 (broad s, P-Au-S). FT-IR 

(ATR, cm
-1

): 1740, 1658, 1534, 1435, 1367, 1217, 1030, 602, 372, 216. ESI-MS 
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(H2O/MeOH), positive mode exact mass for [C54H64Au2N3O19PS2Na]
+
 (1570.25363): 

mesured m/z 1570.26001 [M+Na]
+
. Anal. Calc. for C54H64Au2N3O19PS2.2H2O : C, 40.94, H, 

4.33, N, 2.65, S, 4.05 %. Found: C, 40.53, H, 4.31, N, 2.84, S, 3.14 %. 

 

1-methyl-3-{4-[(4'-methyl-2,2'-bipyridin-4-yl)methylcarbamoyl]benzyl}imidazol-2-

ylidene gold(I) chloride (8) 

 

1 (1 eq., 77 mg, 0.13 mmol), [4'-methyl-(2,2'-bipyridin)-4-yl]methanamine (1 eq., 0.13 

mmol, 25 mg) were dissolved in the tube into acetonitrile (6 mL). The product was obtained 

as an off-white powder (65 mg, 83 % yield). 
1
H NMR (CDCl3, 298 K, 300.13 MHz): 2.44 (s, 

3 H, Me-Pyr), 3.85 (s, 3 H, N-Me), 4.71 (d, 2 H, 
3
JH-H = 6.0 Hz, CH2-NH), 5.38 (s, 2 H, CH2-

N), 6.83 (broad s, 1 H, NH), 6.89 (d, 1 H, 
3
JH-H = 1.8 Hz, CHIm), 6.95 (d, 1 H, 

3
JH-H = 1.8 Hz, 

CHIm), 7.13 (d, 1 H, 
3
JH-H = 4.5 Hz, CHbipy), 7.28 (d, 1 H, 

3
JH-H = 4.8 Hz, CHbipy), 7.35 (d, 2 

H, 
3
JH-H = 8.1 Hz, 2 CHp-C6H4), 7.81 (d, 2 H, 

3
JH-H = 8.1 Hz, 2 CHp-C6H4), 8.21 (s, 1 H, CHbipy), 

8.34 (s, 1 H, CHbipy), 8.49 (d, 1 H, 
3
JH-H = 4.8 Hz, CHbipy), 8.60 (d, 1 H, 

3
JH-H = 4.8 Hz, 

CHbipy). 
13

C{
1
H} NMR (CDCl3, 300 K, 125.77 MHz): 21.2 (s, CH3-Pyr), 38.4 (s, CH3-N), 

43.2 (s, CH2-NH), 54.5 (s, CH2-N), 119.8 (s, CHbipy), 120.5 (s, CHIm), 122.2 (s, CHbipy), 

122.5 (s, CHIm + CHbipy), 124.9 (s, CHbipy), 127.9 (s, CHp-C6H4), 128.1 (s, CHp-C6H4), 134.4 (s, 

Cquat-CH2), 138.7 (s, Cquat-C(O)), 148.2 (s, C
4
-C

4’
), 148.3 (s, C

4
-C

4’
), 148.9 (s, CHbipy), 149.6 

(s, CHbipy), 155.6 (s, C
2’

), 156.7 (s, C
2
), 166.9 (s, C(O)), 172.0 (s, Ccarbene). FT-IR (ATR, cm

-

1
): 3338, 3108, 3060, 2929, 1647, 1596, 1535, 1498, 1464, 1436, 1410, 1305, 1236, 1190, 

1109, 327. ESI-MS (CH2Cl2/MeOH), positive mode exact mass for [C24H23AuClN5ONa]
+
 

(652.11543): mesured m/z 652.11436 [M+Na]
+
. Anal. Calc. for C24H23AuN5Cl: C, 45.76, H, 

3.68, N, 11.12 %. Found: C, 45.79, H, 3.67, N, 10.40 %. 

 

(4,4'-dimethyl-2,2'-bipyridine)copper(II) dichloride (9) 

 

A Schlenk tube was charged under argon with CuCl2.2H2O (1 eq., 92 mg, 0.542 mmol) into 

methanol (3 mL) and transfered on 4,4’-dimethyl-2,2’-bipyridine (1 eq., 100 mg, 0.542 

mmol) dissolved into dichloromethane (6 mL). The mixture was reacted for 3 h at room 

temperature under argon during which period of time a green precipitate was formed. After 

removal of the solvents by filtration and drying under vacuum, the product was obtained as a 

green powder. (168 mg, 97 % yield). FT-IR (ATR, cm
-1

): 3378, 3109, 2941, 1653, 1615, 

1562, 1534, 1499, 1467, 1418, 1360, 1289, 1230, 1194, 1022, 831, 738, 425, 316, 303, 184, 

167, 155, 137. ESI-MS (DMSO/MeOH), positive mode exact mass for [C12H12N2CuCl]
+
 

(281.99795): mesured m/z 281.99656 [M-Cl]
+
, ESI-MS (DMSO/MeOH). Anal. Calc. for 

C12H12CuN2Cl2: C, 45.23, H, 3.80, N, 8.79 %. Found: C, 45.14, H, 4.10 N, 8.78 %. 
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[(4,4'-methyl-2,2'-bipyridine)(p-cymene) ruthenium(II) chloride] hexafluorophosphate 

(10) 

 

A Schlenk tube was charged under argon with 4,4’-dimethyl-2,2’-bipyridine (1 eq., 50 mg, 

0.27 mmol), [(p-cymene)RuCl2]2 (0.5 eq., 83 mg, 0.14 mmol) and KPF6 (4 eq., 200 mg, 

1.06 mmol) dissolved into distilled acetone (8 mL). The mixture was reacted overnight at 

room temperature under argon. After removal of the acetone under vacuum and redissolution 

into dichloromethane, the solution was filtrated through Celite®. Upon concentration under 

reduced pressure, and addition of diethylether (10 mL) and pentane (20 mL), a yellow 

precipitate was formed which after drying under vacuum gave the pure product as a yellow 

powder (158 mg, 97 % yield). 
1
H NMR (acetone-d6, 300 K, 300.13 MHz): 1.08 (d, 3 H, 

3
JH-

H = 6.0 Hz, 2xCH3-CH), 2.29 (s, 3 H, CH3-p-cymene), 2.63 (s, 6 H, 2xCH3-bipy), 2.77 (m, 1 H, 

CH(CH3)2), 5.92 (d, 2 H, 
3
JH-H = 6.0 Hz, 2xCHarom-p-cymene), 6.17 (d, 2 H, 

3
JH-H = 6.0 Hz, 

2xCHarom-p-cymene), 7.62 (dd, 2 H, 
3
JH-H = 6.0 Hz, 

4
JH-H = 2.1 Hz, CH

5,5’
), 7.96 8.43 (s, 2 H, 

CH
3,3’

), 9.38 (d, 2 H, 
3
JH-H = 6.3 Hz, CH

6,6’
). FT-IR (ATR, cm

-1
): 1658, 1620, 1531, 1499, 

1467, 1417, 1293, 1238, 831, 740, 556, 285.  

 

[(1-methyl-3-(4-((4'-methyl-2,2'-bipyridin-4-yl)methylcarbamoyl)benzyl)imidazol-2-

ylidene gold(I) chloride]-[copper(II) dichloride] (11) 

 

A Schlenk tube was charged under argon with 8 (1 eq., 50 mg, 0.079 mmol), CuCl2.2H2O (1 

eq., 14 mg, 0.079 mmol) dissolved into distilled acetone (3 mL). The mixture was reacted for 

3 h at room temperature under argon during which period of time a green precipitate was 

formed. After removal of the acetone by filtration and drying under vacuum, the product 

with a molecule of water was obtained as a green powder. (50 mg, 97 % yield). FT-IR (ATR, 

cm
-1

): 3378, 3109, 2941, 1653, 1615, 1562, 1534, 1499, 1467, 1418, 1360, 1289, 1230, 1194, 

1022, 831, 738, 424, 328, 310, 286, 134. ESI-MS (DMSO/MeOH), positive mode exact mass 

for [C24H23AuN5OCuCl2]
+
 (727.02357): measured m/z 727.02078 [M-Cl]

+
, ESI-MS 

(DMSO/MeOH), positive mode exact mass for [C24H23AuN5OCuCl]
+
 (692.05472): measured 

m/z 692.05201 [M-2Cl]
+
. Anal. Calc. for C24H23AuCuN5Cl3.H2O: C, 36.84, H, 3.22, N, 8.95 

%. Found: C, 36.83, H, 2.68, N, 8.95 %. 

 

[(1-methyl-3-(4-((4'-methyl-2,2'-bipyridin-4-yl)methylcarbamoyl)benzyl)imidazol-2-

ylidene gold(I) chloride]-[(p-cymene) ruthenium(II) chloride] hexafluorophosphate (12) 

 

A Schlenk tube was charged under argon with 8 (1 eq., 50 mg, 0.079 mmol), [(p-

cymene)RuCl2]2 (0.5 eq., 24 mg, 0.040 mmol) and KPF6 (4 eq., 58 mg, 0.318 mmol) 

dissolved into distilled acetone (5 mL). The mixture was reacted overnight at room 

temperature under argon. After removal of the acetone under vacuum and redissolution into 

dichloromethane, the solution was filtrated through Celite®. Upon concentration under 
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reduced pressure, and addition of diethylether (10 mL) and pentane (20 mL), a yellow 

precipitate was formed which after drying under vacuum gave the pure product as a yellow 

powder (79 mg, 95 % yield). 
1
H NMR (acetone-d6, 300 K, 600.23 MHz): 1.08 (d, 3 H, 

3
JH-H 

= 6.0 Hz, CH3-CH), 1.09 (d, 3 H, 
3
JH-H = 6.0 Hz, CH3-CH), 2.28 (s, 3 H, CH3-p-cymene), 2.59 

(s, 3 H, CH3-bipy), 2.77 (m, 1 H, CH(CH3)2), 3.88 (s, 3 H, CH3-N), 4.86 (pseudo t, 2 H, 
3
JH-H = 

6.3 Hz, CH2-NH), 5.53 (s, 2 H, CH2-N), 5.94 (pseudo t, 2 H, 
3
JH-H = 6.0 Hz, 2 CHarom-p-

cymene), 6.18 (pseudo t, 2 H, 
3
JH-H = 6.0 Hz, 2 CHarom-p-cymene), 7.42 (d, 1 H, 

3
JH-H = 1.8 Hz, 

CHIm), 7.48 (d, 1 H, 
3
JH-H = 1.8 Hz, CHIm), 7.53 (d, 2 H, 

3
JH-H = 8.4 Hz, 2 CHarom-p-C6H4), 7.62 

(d, 1 H, 
3
JH-H = 6.0 Hz, CH

5’
), 7.72 (d, 1 H, 

3
JH-H = 6.0 Hz, CH

5
), 7.96 (d, 2 H, 

3
JH-H = 8.4 

Hz, 2 CHarom-p-C6H4), 8.43 (s, 1 H, CH
3’

), 8.55 (m, 2 H, NH + CH
3
), 9.39 (d, 1 H, 

3
JH-H = 6.0 

Hz, CH
6’

), 9.46 (d, 1 H, 
3
JH-H = 6.0 Hz, CH

6
). 

13
C{

1
H} NMR (acetone-d6, 300 K, 125.77 

MHz): 18.8 (s, CH3-p-cymene), 21.2 (s, CH3-bipy), 22.2 (s, CH3-CH), 22.3 (s, CH3-CH), 31.9 (s, 

CH-(CH3)2), 38.5 (s, N-CH3), 43.2 (s, CH2-NH), 54.7 (s, N-CH2), 85.1 (s, CHarom-p-cymene), 

85.3 (s, CHarom-p-cymene), 87.3 (s, CHarom-p-cymene), 87.4 (s, CHarom-p-cymene), 104.3 (s, Cquat-p-

cymene), 105.8 (s, Cquat-p-cymene), 122.4 (s, CHIm), 122.9 (s, CHbipy), 123.9 (s, CHIm), 125.3 (s, 

CHbipy), 126.7 (s, CHbipy), 128.8 (s, 4 CHp-C6H4), 129.3 (s, CHbipy), 134.9 (s, Cquat-p-C6H4), 141.3 

(s, Cquat-p-C6H4), 153.4 (s, Cquat-bipy), 154.7 (s, Cquat-bipy), 155.3 (s, Cquat-bipy), 155.7 (s, Cquat-bipy), 

155.8 (s, CHbipy), 156.2 (s, CHbipy), 167.5 (s, C(O)), 172.4 (s, carbene). FT-IR (ATR, cm
-1

): 

1658, 1620, 1531, 1499, 1467, 1417, 1293, 1238, 831, 740, 556, 328, 284. ESI-MS (MeOH), 

positive mode exact mass for [C34H37AuN5ORuCl2]
+
 (900.10819): mesured m/z 900.11158 

[M-PF6]
+
. Anal. Calc. for C34H43AuRuN5Cl2PF6: C, 38.83, H, 4.12, N, 6.66 %. Found: C, 

38.70, H, 3.77, N, 6.25 %. 

 

(1-methyl-3-(4-((4'-methyl-2,2'-bipyridin-4-yl)methylcarbamoyl)benzyl)imidazol-2-

ylidene gold(I) (thiolato-β-D-glucose tetraacetate) (13) 

 

A Schlenk tube was charged under argon with thio-β-D-glucose tetraacetate (1 eq., 29 mg, 

0.079 mmol) dissolved into degassed acetone (2 mL). NaOH 1 M (1 eq., 0.08 mL, 0.079 

mmol) was added and the mixture aw reacted was 30 min at room temperature in the dark. 

The mixture was then transferred on a solution of 9 (1 eq., 49 mg, 0.079 mmol,) into 

degassed acetone (2 mL) at 0°C. After the end of the addition, the ice bath was withdrawn 

and the mixture was reacted for 3 h at room temperature in the dark. After removal of the 

acetone under vacuum and redissolution into dichloromethane, the solution was filtrated 

through Celite®. Upon concentration under reduced pressure, and addition of pentane (20 

mL), an off-white precipitate was formed which after drying under vacuum gave the product 

with one molecule of water as a white powder (46 mg, 61 % yield). 
1
H NMR (CDCl3, 300 K, 

300.13 MHz): 1.85 (s, 3 H, CH3C(O)), 1.87 (s, 3 H, CH3C(O)), 1.88 (s, 3 H, CH3C(O)), 2.08 

(s, 3 H, CH3C(O)), 2.43 (s, 3 H, CH3-Bipy), 3.68-3.71 (m, 1 H, CHsugar), 3.85 (s, 3 H, NCH3), 

4.05-4.08 (m, 2 H, CH2-NH), 4.66 (dd, 1H, 
2
JH-H = 15.6 Hz, 

3
JH-H = 5.7 Hz, CH2-sugar), 4.79 

(dd, 1H, 
2
JH-H = 15.6 Hz, 

3
JH-H = 5.7 Hz, CH2-sugar), 4.93-5.11 (m, 4 H, 4xCHsugar), 5.33 (d, 1 
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H, 
2
JH-H = 15.3 Hz, NCH2), 5.75 (d, 1 H, 

2
JH-H = 15.3 Hz, NCH2), 6.94 (d, 1 H, 

3
JH-H = 1.8 

Hz, CHIm), 6.99 (d, 1 H, 
3
JH-H = 1.8 Hz, CHIm), 7.12 (dd, 1 H, 

3
JH-H = 5.1 Hz, 

4
JH-H = 0.9 Hz, 

CH
5’

), 7.30 (dd, 1 H, 
3
JH-H = 5.1 Hz, 

4
JH-H = 1.5 Hz, CH

5
), 7.54 (d, 2 H, 

3
JH-H = 8.4 Hz, 

2xCHp-C6H4), 7.70 (broad t, 1 H, 
3
JH-H = 5.1 Hz, NH), 7.95 (d, 2 H, 

3
JH-H = 8.4 Hz, 2xCHp-

C6H4), 8.21 (s, 1 H, CH
3’

), 8.37 (s, 1 H, CH
3’

), 8.48 (d, 1 H, 
3
JH-H = 5.1 Hz, CH

6’
), 8.60 (d, 1 

H, 
3
JH-H = 5.1 Hz, CH

6
). 

13
C{

1
H} NMR (CDCl3, 300 K, 125.77 MHz): 20.7 (s, CH3C(O)), 

20.8 (s, CH3C(O)), 20.9 (s, CH3C(O)), 21.4 (s, CH3C(O)), 21.5 (s, CH3-bipy), 38.2 (s, CH3-N), 

43.4 (s, CH2-sugar), 54.2 (s, CH2-NH), 63.3 (s, CHsugar), 69.8 (s, CHsugar), 74.4 (s, CHsugar), 75.6 

(s, CHsugar), 78.6 (s, CHsugar), 83.6 (s, CHsugar), 120.2 (s, CH
3
), 120.9 (s, CHIm), 122.2 (s, 

CH
3’

), 122.4 (s, CHIm), 122.8 (s, CH
5
), 125.1 (s, CH

5’
), 128.0 (s, CHp-C6H4), 128.3 (s, CHp-

C6H4), 134.6 (s, Cquat-p-C6H4), 139.9 (s, Cquat-p-C6H4), 148.4 (s, Cquat
4
), 148.9 (s, Cquat

4’
), 149.2 (s, 

CH
6’

), 149.6 (s, CH
6
), 155.8 (s, Cquat

2
), 156.8 (s, Cquat

2’
), 167.3 (s, C(O)-NH), 170.3 (s, 

C(O)O), 170.9 (s, C(O)O), 171.0 (s, C(O)O), 184.3 (s, carbene). FT-IR (ATR, cm
-1

): 3374, 

2944, 1743, 1657, 1597, 1535, 1503, 1462, 1433, 1368, 1223, 1032, 607, 374. ESI-MS 

(MeOH), positive mode exact mass for [C38H43AuN5O10SH]
+
 (958.23907): mesured m/z 

958.23529 [M+H]
+
. ESI-MS (MeOH), positive mode exact mass for [C38H43AuN5O10SNa]

+
 

(980.22101): maesured m/z 980.21460 [M+Na]
+
. Anal. Calc. for C38H42AuN5O10S.H2O: C, 

46.77, H, 4.54, N, 7.18, S, 3.27 %. Found: C, 46.59, H, 4.37, N, 6.97, S, 3.10 %. 

 

[(1-methyl-3-(4-((4'-methyl-2,2'-bipyridin-4-yl)methylcarbamoyl)benzyl)imidazol-2-

ylidene gold(I) (thiolato-β-D-glucose tetraacetate)]-[(p-cymene) ruthenium(II) chloride] 

hexafluorophosphate (14) 

 

A Schlenk tube was charged under argon with 13 (1 eq., 30 mg, 0.031 mmol), [(p-

cymene)RuCl2]2 (0.5 eq., 10 mg, 0.016 mmol) and KPF6 (4 eq., 23 mg, 0.125 mmol) 

dissolved into distilled acetone (3 mL). The mixture was reacted for 4 h at room temperature 

under argon. After removal of the acetone under vacuum and redissolution into 

dichloromethane, the solution was filtrated through Celite®. Upon concentration under 

reduced pressure, and addition of diethylether (10 mL) and pentane (20 mL), a yellow 

precipitate was formed which after drying under vacuum gave the product as a mixture of the 

two possible diastrereoisomeres in ratio 50/50 as a yellow powder. The product was isolated 

as an adduct with two molecules of water (42 mg, 92 % yield). 
1
H NMR (acetone-d6, 300 K, 

600.23 MHz): 1.07 (m, 6 H, 2 CH3-iPr), 1.23 (m, 6 H, 2 CH3-iPr), 1.82 (s, 3 H, CH3C(O)), 1.93 

(s, 3 H, CH3C(O)), 1.93 (s, 3 H, CH3C(O)), 1.97 (s, 3 H, CH3C(O)), 2.00 (s, 6 H, 2 

CH3C(O)), 2.03 (s, 3 H, CH3C(O)), 2.12 (broad s, 3 H, CH3C(O)), 2.16 (broad s, 3 H, 

CH3C(O)), 2.26 (s, 3 H, CH3-p-cymene), 2.42 (s, 3 H, CH3-p-cymene), 2.56 (s, 3 H, CH3-bipy), 2.79 

(s, 3 H, CH3-bipy), 3.89 (broad m, 6 H, 2 NCH3), 4.07-4.11 (m, 3 H, 3 CHsugar), 4.19 (dd, 1 H, 
2
JH-H = 11.4 Hz, 

3
JH-H = 4.8 Hz, CH2-sugar), 4.55 (broad d, 1 H, 

3
JH-H = 6.6 Hz, CHsugar), 4.70 

(d, 2 H, 
3
JH-H = 6.0 Hz, CH2-NH), 4.84 (broad m, 2 H, CH2-NH), 5.06 (t, 1 H, 

3
JH-H = 9.9 Hz, 

CHsugar), 5.12 (t, 1 H, 
3
JH-H = 9.9 Hz, CHsugar), 5.23-5.58 (m, 3 H, 3 CHsugar), 5.36 (broad m, 2 
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H, 2 CHsugar), 5.42 (d, 1 H, 
3
JH-H = 9.9 Hz, CHsugar), 5.52 (m, 4 H, 2 CH2-N), 5.85 (broad s, 1 

H, CHsugar), 5.91 (d, 4 H, 2*2 CHarom-p-cymene), 6.16 (m, 4 H, 2*2 CHarom-p-cymene), 7.22 (d, 1 H, 
3
JH-H = 4.8 Hz, CHbipy), 7.37 (d, 1 H, 

3
JH-H = 4.2 Hz, CHbipy), 7.41 (s, 2 H, 2 CHIm), 7.48 (s, 1 

H, CHIm), 7.52 (m, 5 H, CHIm, + 2*2 CHp-C6H4), 7.60 (d, 1 H, 
3
JH-H = 5.4 Hz, CHbipy), 7.70 (d, 

1 H, 
3
JH-H = 5.4 Hz, CHbipy), 7.88 (d, 3 H, 

3
JH-H = 7.2 Hz, 3 CHarom-p-C6H4), 7.96 (d, 1 H, 

3
JH-H 

= 7.2 Hz, CHarom-p-C6H4), 8.28 (s, 1 H, CHbipy), 8.39 (s, 1 H, CHbipy), 8.41 (d, 1 H, 
3
JH-H = 6.0 

Hz, NH), 8.45 (m, 3 H, 3 CHbipy), 8.53 (m, 1 H, NH), 8.57 (d, 1 H, 
3
JH-H = 5.4 Hz, CHbipy), 

9.38 (d, 1 H, 
3
JH-H = 5.4 Hz, CHbipy), 9.44 (d, 1 H, 

3
JH-H = 5.4 Hz, CHbipy). 

13
C{

1
H} NMR 

(acetone-d6, 300 K, 150.94 MHz): 18.4 (broad s, CH3-p-cymene), 18.8 (s, CH3-p-cymene), 20.6 (s, 

CH3-bipy/CH3C(O)), 21.0 (s, CH3-bipy/CH3C(O)), 21.1 (s, CH3-bipy/CH3C(O)), 22.3 (s, CH3-iPr), 

31.8 (s, CHiPr), 38.5 (s, NCH3), 43.2 (s, CH2-NH), 43.3 (s, CH2-NH), 54.6 (broad s, NCH2), 

62.9 (s, CH2-sugar), 63.0 (s, CH2-sugar), 69.1 (s, CHsugar), 69.2 (s, CHsugar), 74.4 (broad s, 

CHsugar), 76.9 (s, CHsugar), 77.6 (s, CHsugar), 82.2 (s, CHsugar), 85.2 (s, CHarom-p-cymene), 85.3 (s, 

CHarom-p-cymene), 87.4 (s, CHarom-p-cymene), 104.3 (s, Cquat-p-cymene), 105.8 (s, Cquat-p-cymene), 120.2 

(s, CHbipy), 122.4 (s, CHbipy), 122.9 (s, CHbipy), 123.0 (s, CHbipy), 123.4 (s, CHbipy), 123.5 (s, 

CHbipy), 124.4 (s, CHbipy), 125.2 (s, CHbipy), 125.7 (s, CHbipy), 126.7 (s, CHbipy), 126.8 (s, 

CHbipy), 128.3 (s, CHp-C6H4), 128.8 (s, CHp-C6H4), 129.3 (s, CHp-C6H4), 134.8 (s, Cquat-arom), 

135.4 (s, Cquat-arom), 141.2 (broad s, Cquat-arom), 148.9 (s, Cquat-arom), 149.8 (s, CHbipy), 150.1 (s, 

CHbipy), 150.5 (s, Cquat-arom), 153.3 (s, Cquat-arom), 154.5 (s, Cquat-arom), 155.3 (s, Cquat-arom), 155.7 

(s, Cquat-arom), 155.8 (s, CHbipy), 156.2 (s, CHbipy), 156.6 (s, Cquat-arom), 157.1 (s, Cquat-arom), 

167.2 (s, C(O)N), 167.5 (s, C(O)N), 170.0 (s, C(O)O), 170.4 (s, C(O)O), 170.7 (s, C(O)O), 

170.8 (s, C(O)O). FT-IR (ATR, cm
-1

): 3430, 2927, 1746, 1657, 1621, 1534, 1501, 1466, 

1432, 1370, 1225, 1037, 833, 557, 375, 287. ESI-MS (MeCN), positive mode exact mass for 

[C48H56AuN5O10SRuCl]
+
 (1228.21496): measured m/z 1228.21411 [M-PF6]

+
. Anal. Calc. for 

C48H56AuClN5O10SRuPF6.2H2O: C, 40.90, H, 4.29, N, 4.97, S, 2.27 %. Found: C, 40.63, H, 

4.27, N, 4.77, S, 2.24 %.  

 

X-ray crystallography 

 

Crystals of 2 were obtained by slow evaporation of a dichloromethane/pentane (1:4) 

solution. Intensity data were collected on a Bruker Nonius Kappa CCD APEX II at 115 K. 

The structure was solved by direct methods (SIR92)
46

 and refined with full-matrix least-

squares methods based on F
2
 (SHELLX-97)

47
 with the aid of the WINGX program.

48
 All 

non-hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen atoms 

were included in their calculated positions and refined with a riding model. Crystallographic 

data are reported in Table 2. CCDC reference is 981279. 
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Table 3: Crystal data and structure refinement for 2. 

Empirical formula C36 H26 Au B F9 N2 O2 P 

Formula weight 928.33 

Temperature 115(2) K 

Wavelength 0.71073 Å  

Crystal system, space group Triclinic, P -1 

Unit cell dimensions a = 9.9996(5) Å α = 102.500(3)° 

 b = 11.5364(6) Å β = 95.586(2)° 

 c = 17.5029(10) Å ϒ = 100.972(2)° 

Volume 1914.91(18) Å
3
 

Z, Calculated density 2, 1.610 Mg/m
3
 

Absorption coefficient 3.960 mm
-1

 

F(000) 904 

Crystal size 0.2 x 0.2 x 0.2 mm 

2θ range for data collection 1.952 to 27.461 deg. 

Limiting indices -11≤h≤11, -14≤k≤14, -20≤l≤22 

Reflections collected / unique 11851 / 7768 [R(int) = 0.0297] 

Completeness to theta = 25.242 98.1 % 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 7768 / 0 / 470 

Goodness-of-fit on F^2 1.139 

Final R indices [I>2σ(I)] R1 = 0.0399, wR2 = 0.0826 

R indices (all data) R1 = 0.0486, wR2 = 0.0882 

Largest diff. peak and hole 1.082 and -0.739 e.Å
-3

 

  

Antiproliferative assay 

 

The human ovarian cancer cell line A2780 was obtained from the European Centre of Cell 

Cultures ECACC (Salisbury, UK) and were cultured respectively in RPMI medium 

containing GlutaMaxI supplemented with 10 % FBS and 1 % penicillin/streptomycin (all 

from Invitrogen), at 37°C in a humidified atmosphere of 95 % of air and 5 % CO2 (Heraeus, 

Germany). Non-tumoral human embryonic kidney cells HEK-293T were kindly provided by 

Dr. Maria Pia Rigobello (CNRS, Padova, Italy) and were cultivated in DMEM medium, 

added with GlutaMaxI (containing 10 % FBS and 1 % penicillin/streptomycin (all from 

Invitrogen) and incubated at 37°C and 5 % CO2. For evaluation of growth inhibition, cells 

were seeded in 96-well plates (Costar, Integra Biosciences, Cambridge, MA) at a 

concentration of 15000 cells/well and grown for 24 h in complete medium. Solutions of the 

compounds were prepared by diluting a freshly prepared stock solution (10
-2

 M in DMSO) of 

the corresponding compound in aqueous media (RPMI or DMEM for the A2780 and HEK-
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293T, respectively). Afterwards, the intermediate dilutions of the compounds were added to 

the wells (100 μL) to obtain a final concentration ranging from 0 to 200 μM, and the cells 

were incubated for 72 h. Following 72 h drug exposure, 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) was added to the cells at a final concentration of 0.25 

mg.ml
-1 

incubated for 2 h, then the culture medium was removed and the violet formazan 

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. 
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Abstract 

New gold(I) N-heterocyclic carbene (NHC) complexes bearing a fluorescent coumarin ligand 

were synthesized and fully characterized (
1
H and 

13
C{

1
H} NMR, IR and FIR spectroscopy, 

high resolution mass spectrometry and elemental analysis). The compounds were examined 

for their antiproliferative effects in a model of normal cells and in tumor cells in vitro. They 

displayed moderate activity and a certain degree of selectivity. The complexes inhibited 

efficiently the seleno-enzyme thioredoxin reductase (TrxR), while being poorly effective 

towards glutathione reductase (GR) and glutathione peroxidase (Gpx) enzymes. 

Notably, the 3-[(7-methoxy-2-oxo-2H-chromen-4-yl)methyl]-1-methylimi dazol-2-

ylidene gold(I) (thiolato-β-D-glucose tetraacetate) 3 showed a pronounced inhibition of TrxR 

also in cell extracts, while appearing to activate GR. Mechanistic information on the system 

derived from BIAM (biotin-conjugated iodoacetamide) assays showed selective metal 

binding to seleno-cysteine residues. Preliminary confocal fluorescence microscopy 

experiments proved that 3 enters tumor cells where it reaches the nuclear compartment. 
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Introduction 

Following the clinical success of Cisplatin, many platinum and non-platinum metallodrugs 

are currently investigated as experimental antitumor agents with different mechanisms of 

action and improved pharmacological properties compared to existing drugs.
1
 However, 

major challenges must be faced to reach such a goal, including the identification of the actual 

biological targets for metal compounds, as well as the determination of their distribution in 

tissues, cells and subcellular compartments, to achieve an understanding of the possible 

mechanisms of biological activity.
2
  

 It is worth mentioning that gold complexes belonging to various families have 

drawn attention in the last years as new generation of experimental anticancer agents, and 

have shown to possess anticancer properties in vitro and in vivo.
3
 Notably, various 

organometallic gold complexes were synthesized in which the presence of a direct carbon-

gold bond greatly stabilizes the gold oxidation state and guarantees more controlled chemical 

speciation in biological systems. In general, both organometallic gold(I) and gold(III) 

compounds have increased stability compared to the classical gold-based coordination 

complexes, allowing to design compounds in which the redox properties and ligand 

exchange reactions can be modulated to achieve selective activation in diseased cells. 

 Mechanistic studies showed that interactions of gold complexes with DNA are not 

as tight as found for platinum(II) drugs, suggesting the occurrence of different pathways to 

cytotoxicity.
4
 Indeed, several studies supported the idea that mitochondria and pathways of 

oxidative phosphorylation are among the primary intracellular targets.
5
 Moreover, inhibition 

of the seleno-enzyme thioredoxin reductase (TrxR) appears as a common mechanistic trait to 

explain (at least partially) the cytotoxic actions of gold complexes, as strong TrxR inhibition 

may eventually lead to apoptosis through a mitochondrial pathway.
6
 TrxRs are large 

homodimeric proteins playing a crucial role in the intracellular redox balance.
7
 Two major 

isoforms are known, a cytosolic (TrxR1) and a mitochondrial one (TrxR2); their main 

function is the reduction of 12 kDa disulfide protein thioredoxin (Trx) to its dithiolic form.
6a

 

Interestingly, the view that TrxRs are effective “druggable” targets for inorganic compounds 

is supported, for example, by mechanistic investigation of arsenic trioxide, a potent TrxR 

inhibitor now approved for promyelocytic leukaemia treatment.
8
  

 Within this frame, in the last years, gold(I) N-heterocyclic carbenes (NHCs) have 

transformed from niche compounds to some of the most popular scaffolds in medicinal 

inorganic chemistry.
9
 For example, studies by our group and collaborators confirmed that 

many gold(I) NHC complexes with the 1,3-disubstituted imidazol-2-ylidene and 

benzimidazol-2-ylidene ligands of the type NHC-Au-L (L = Cl or 2-mercapto-pyrimidine) 

can potently inhibit both of the cytosolic and mitochondrial isoforms of the TrxR enzyme.
10

 

The compounds showed potent and selective TrxR inhibition properties in particular in 

cancer cell lines. 
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 On the basis of these promising results, we describe here the synthesis and 

characterization of three new gold(I) NHC complexes bearing a coumarin moiety. This 

functionalization was chosen because coumarin derivatives are one of the most studied 

fluorophore for in vitro imaging. They display a good chemical and photochemical stability, 

relatively high absorption coefficients and quantum yields, and are very readily available. 

Moreover, two of the new derivatives bear 1-thio--D-glucose-type ligands, which may 

affect the uptake of the compounds as previously observed for other gold(I) complexes.
11

  

 All compounds were tested in vitro against different human cancer cell lines (i.e. 

A2780, MCF-7, and A549) along with non-cancer cells (i.e. HEK-293T). To gain 

preliminary mechanistic insights, we screened the interactions of compounds 1–4 with TrxR. 

The compounds were also screened for inhibition of glutathione reductase (GR), a pyridine 

disulfide oxidoreductase able to maintain glutathione in its reduced state, as well as of the 

seleno-enzyme glutathione peroxidase (Gpx). Additional complementary information 

regarding the enzyme metallation process and possible binding sites was obtained through 

the application of a specific biochemical assay that relies on the thiol-tagging reagent, BIAM 

(biotin-conjugated iodoacetamide). Furthermore, fluorescence confocal microscopy has been 

used to study compounds’ uptake in cancer cells. 

 

Results and Discussion 

 

Synthesis 

 The chlorido gold carbene was efficiently synthesized in three steps by adapting 

literature procedures (Scheme 1).
12

 Thus, 1-methylimidazole was alkylated by the 

commercially available 4-bromomethyl-7-methoxycoumarin to obtain the imidazolium salt 1 

in 95 % yield. Afterwards, 1 was treated with silver oxide at room temperature in the dark to 

generate the silver carbene which was transferred to gold by reaction with the precursor 

[AuCl(tht)]. The formation of the gold carbene complex 2 was assessed by 
1
H and 

13
C{

1
H} 

NMR spectroscopy. The singlet corresponding to the imidazolium proton disappeared and a 

significant shift of the signal of the C-2 carbon was observed going from 138.2 ppm in the 

imidazolium salt to 173.5 ppm in the complex (carbenic carbon). This behaviour is in 

agreement with already reported data in the literature (
13

 and references cited therein).  

 



CHAPTER 4: New gold(I) organometallic compounds with biological activity  

 

 

143 

 

 
 

Scheme 1: Synthesis of the investigated gold(I) NHC complexes. 

 

Replacing the chlorido ligand on some phosphane gold(I) complexes by 1-thio--D-glucose 

tetraacetate was reported to result in an enhancement of both the cytotoxic effects and 

uptake.
11

 Thus, we decided to substitute the chlorido ligand of 2 by both thiolato-β-D-

glucose tetraacetate and thiolato-β-D-glucose (Scheme 1). While the tetraacetate derivative 3 

was obtained by deprotonation of the thiol using 1 M NaOH in acetone,
14

 the thiolato-β-D-

glucose complex 4 was synthesized by direct reaction of the commercially available sodium 

thiolate-β-D-glucose with the chlorido gold carbene 2. All compounds were fully 

characterized by 
1
H and 

13
C{

1
H} NMR, IR, high-resolution mass spectrometry and their 

purity was checked by elemental analysis. A far infrared spectrum confirmed the formation 

of an S-Au bond in both cases, displaying a novel absorption band around 370 cm
-1

 and the 

absence of the band at 330 cm
-1

 corresponding to the ῡAu-Cl stretching.
15

 The 
1
H NMR spectra 

of 3 and 4 show the expected 1:1 ratio of the signals of the NHC compared to the sugar 

moiety. The signal of the carbenic carbon in the 
13

C{
1
H} NMR spectrum of 3 resonates 

upfield from 2 (Δδ = -3.6 ppm) and is not observed in case of 4. However, by 
1
H-

13
C 

correlation NMR spectroscopy, we observe a correlation spot between both the N-methyl and 

the methylene bridge signals in the 
1
H spectrum and a signal at around 181 ppm in the 
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13
C{

1
H} spectrum of 4 (see Figure 1). Noteworthy, the elemental analysis of 4 shows that it 

is in the form of an adduct with one equivalent of NaCl, probably through the hydroxyl 

groups of the glucose moiety as already reported for different sugars.
16 

 

 
 

Figure 1: 
13

C-
1
H HMBC NMR spectrum of 4 in DMSO-d6. 

 

The photophysical characterization was performed for the four compounds (see details of the 

values in table 1). No significant change was observed between the coumarin-imidazolium 

salt 1 and the Au(I) NHC complexes 2-4. The compounds display a maximum of absorption 

around 325 nm, a maximum of emission around 400 nm, and the molar absorption 

coefficient remains equivalent for the different compounds (the weaker ε of 4 is due to a 

solvent effect). The quantum yields are low, maybe due to a photoinduced electron transfer 

(PET) between the coumarin and the imidazolium/carbene.
17

 Absorption and emission 

spectra of compound 1 are displayed in Figure 2 (the same behaviour was observed for 

complexes 2, 3 and 4). 
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Table 1: Spectroscopic data of the studied compounds. 

Compound Solvent λabs/nm 
ε/M

-1 

.cm
-1

 
λem/nm ΦF(%)

a,b
 

Brightness 

(ε. ΦF ) / M
-1 

.cm
-1

 

1 CH2Cl2 327 11144 405 2 223 

2 CH2Cl2 324 12369 393 2 247 

3 CH2Cl2 323 10048 391 1 100 

4 H2O 326 6955 404 1 70 

a 
λexc = 361 nm ; 

b
 Using 9,10-diphenylanthracene as reference, ΦF = 0.955 in cyclohexane, 

λexc = 366 nm. All ΦF are corrected from refractive index. 

 

 

 
 

Figure 2: Typical normalized photophysical profile of compounds 1-4 (here absorption and 

emission spectra of 1 are displayed). 
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In vitro cell viability assays 

 The antiproliferative properties of the imidazolium salt 1 and Au(I) NHC 

complexes 2-4 were assessed in comparison to Cisplatin by monitoring their ability to inhibit 

cell growth using the classical MTT assay in human ovarian cancer A2780 cell line, in 

human mammary carcinoma MCF-7 cells, as well as in the human lung cancer A549 cell line 

(see Table 2). In addition, in order to evaluate the compounds’ selectivity for cancer 

compared to healthy cells, these coumarin derivatives were also tested in human embryonic 

kidney HEK-293T cells. Overall, the compounds are markedly less effective in all the 

selected cell lines in comparison to Cisplatin. Only in the case of the MCF-7 cells, 

compound 3 shows a better activity (IC50 = 11.6 ± 0.8 M) than cisplatin. Notably, 3, bearing 

the 1-thiolato--D-glucose tetraacetate ligand, is also the most active of the series in A2780 

and MCF-7 cells, as well as the one relatively selective for cancer cells compared to non-

cancer ones. The inactivity of 4 in all tested cells rules out the idea that the 1-thiolato--D-

glucose ligand may enhance the compound’s uptake via GLUT-1 transporters. 

 

Table 2: Effects of compounds 1-4 on cell viability in human ovarian carcinoma A2780 

cells, in human lung cancer A549 cells, in human mammary carcinoma MCF-7 cells, and in 

embryonic kidney cells HEK-293T after 72 h incubation. 

 IC50 (M)
 [a]

 

compound A2780 A549 MCF-7 HEK-293T 

1 46.9 ± 13.3 52.5 ± 17.9 71.2 ± 5.2 >100 

2 45.5 ± 7.5 95.8 ± 5.3 39.7 ± 11.8 48.0 ± 8.4 

3 11.6 ± 0.8 55.6 ± 12.6 12.9 ± 3.8 15.2 ± 1.7 

4 >100 >100 64.5 ± 11.5 >100 

cisplatin 1.9 ± 0.6 8.0 ± 0.5 20.0 ± 3.1 11.0 ± 2.9 

[a] Values are the mean ±SE of at least three determinations.  

 

Because TrxR is a potential target for gold compounds, in vitro inhibition of rat TrxR by 1-4 

was studied in collaboration with the group of Pr. Rigobello (University of Padova, Padova, 

Italy) using an established protocol. The results summarized in Figure 3 and Table 3 show 

that the gold(I) NHC complexes inhibit both TrxR1 and TrxR2, although less efficiently than 

the gold(I) compound Auranofin. Notably, the pro-ligand 1 is ineffective as inhibitor at least 

until 30 µM concentration (see table 3). Moreover, the new complexes are much less 

efficient compared to both the closely related selenium enzyme glutathione peroxidase 

(Gpx), and the Se-free glutathione reductase (GR), having IC50 values >1000 nM. Notably, 

minor Gpx inhibition was shown for different gold(I) NHC complexes previously reported.
18 

 



CHAPTER 4: New gold(I) organometallic compounds with biological activity  

 

 

147 

 

Table 3: IC50 values for TrxRs, GR and Gpx inhibition calculated for compounds 1-4. 

 IC50 (nM)
 [a]

 

compound TrxR1 TrxR2 GR Gpx 

1 >10000 >10000 >10000 >10000 

2 16.38 ± 1.32 76.52 ± 3.2 >1000 >500 

3 17.90 ± 1.8 78.66 ± 1.2 >1000 >500 

4 6.49 ± 0.2 54.02 ± 1.3 >1000 >1000 

auranofin 1.51 ± 0.2 24.3± 1.2 >1000 >1000 
a 
Values are the mean of at least three experiments. 

 

 
 

Figure 3: Effect of compounds 2-3 on cytosolic (A) and mitochondrial (B) TrxRs, (C) GR 

and (D) Gpx enzymes. The compounds were tested in isolated and purified enzymes. 
 

Additional complementary information on the interaction of compounds 1-3 with TrxR, and 

possible binding sites, was obtained through the application of a specific biochemical assay 

relying on the thiol-tagging reagent BIAM (biotin-conjugate iodoacetamide). BIAM 

selectively alkylates TrxR in a pH dependent manner; at pH 6.0 only seleno-cysteines and 
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low pKa cysteines are alkylated. In our experiments, TrxR1 was treated with metal complex 

and, afterwards, sample aliquots were treated with BIAM at pH 6.0. The samples were then 

analysed by SDS-PAGE. BIAM-labelled proteins were detected with horseradish 

peroxidase-conjugated streptavidin (see figure 4 and Experimental Section for further 

details). The immunoblotting indicated that the tested gold complexes are able to target, 

although to slightly varying extents, the seleno-cysteine residues present in the enzyme 

redox-active motif. 

 

 
 

Figure 4: Alkylation of TrxR1 with BIAM following treatment with gold(I) complexes. 

Thioredoxin reductase was incubated at pH 6.0 and revealed as indicated in the Experimental 

section. 

 

To assess whether TrxR inhibition by the compounds under study could contribute to the 

observed antiproliferative effects on cells, enzyme activity was also evaluated on protein 

extracts obtained from A2780 cells, pre-treated with 10 µM of the compound 3 (close to the 

IC50 for the antiproliferative effects) for 48 h. In this case, we observed an inhibition of 

thioredoxin reductase activity of ca. 30% compared to control samples (see figure 5). 

Conversely glutathione reductase, tested in the same cell lysates, appears to be largely 

stimulated. This fact can be explained as a response to the stress that cells are subjected to 

after inhibition of the thioredoxin system. In fact, as a control, isolated GR is not inhibited by 

this compound. 
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Figure 5: Thioredoxin reductase (TrxR) and Glutathione reductase (GR) activities in A2780 

cell lysates. Cells were subjected to 48 h treatment in presence of 10 µM of 3. TrxR and GR 

activities were analysed in 50 µg proteins. 

Fluorescence microscopy 

 It is worth mentioning that, among the various strategies to achieve metal 

compounds imaging in biological environments, fluorescence microscopy is certainly one of 

the most explored, and an increasing number of publications has appeared reporting on 

bifunctional metal compounds bearing fluorescent moieties for both therapeutic and imaging 

applications.
19

 Thus, recently, described a gold(I) NHC complex bearing a fluorescent 

anthracenyl ligand whose cytotoxic effects were investigated in vitro in different lines of 

normal and cancer human cells.
20

 Similarly, the uptake of 3 was evaluated in A2780 cells 

using fluorescence confocal microscopy. Figure 6 shows typical fluorescence images of cells 

treated with 3 (20 µM) for 2 h at 37°C. Unfortunately, the low fluorescence of the 

compounds allowed visualization only at 20 µM or higher. We avoided longer incubation 

times due to the relatively high tested concentrations of compounds, which may have 

induced rapid cell death. In the obtained images, preserved cell morphology confirms 

viability after treatment, and compound’s uptake is evident, as well as its accumulation in the 

nuclei (colocalization with PI staining). 
 

 

GR 
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Figure 6: Visualization of gold(I)-NHC compound using confocal microscopy. A2780 cells 

were incubated for 2 h with 20 µM of 3 at 37°C. A: fluorescence of the compound; B: 

Propidium Iodide nucleic acid staining; C: merge. 

 

Conclusions 

 

 In summary, we have synthesized and characterized a new family of gold(I) NHC 

complexes bearing a fluorescent coumarin-type carbene ligand, using a limited number of 

steps (2-3). Two of the reported compounds bear thiolato--D-glucose groups as second 

ligand. Notably, this study was initiated in the frame of ongoing studies in our laboratories 

aiming at developing new organometallic gold compounds as anticancer agents. In fact, as 

demonstrated by numerous studies, regulating the reactivity of gold compounds via the 

optimization of an appropriate organometallic scaffold may constitute a strategy to achieve 

selectivity for cancer tissues, a feature that is often lacking with other types of coordination 

gold complexes. 

 Thus, the new compounds have been tested in different cancer cell lines showing 

moderate antiproliferative properties, in particular the derivative bearing the 1-thiolato--D-

glucose tetraacetate ligand 3, which was also uptaken in cancer cells as shown by 

fluorescence microscopy. Preliminary mechanistic studies have demonstrated that the 

compounds are able to inhibit the cancer relevant enzyme thioredoxin reductase, most likely 

targeting the seleno-cysteine residue in the active site. However, no direct correlation 

between TrxR inhibition and the cytotoxic properties on cancer cells could be drawn 

considering that the best inhibitor appeared totally non-toxic in vitro. Presently, further 

studies are ongoing in our labs to validate this protein target, since other interactions may 

occur between the gold(I) compounds and other relevant biomolecules. As an example, a 

recent study presented in the chapter 2 described for the first time the properties of a cationic 

gold(I) bis-NHC complex containing a caffeine-based ligand as DNA G-quadruplex 

stabilizing agent with exquisite quadruplex-over-duplex DNA selectivity.
21
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Experimental Section 

 

General Remarks.  

 

All reactions were carried out under an atmosphere of purified argon using Schlenk 

techniques. Solvents were dried and distilled under argon before use. The precursor 

[AuCl(tht)] has been synthesized according to literature procedure.
22

 All other reagents were 

commercially available and used as received. All the analyses were performed at the 

“Plateforme d’Analyses Chimiques et de Synthèse Moléculaire de l’Université de 

Bourgogne”. The identity and purity (≥ 95%) of the complexes were unambiguously 

established using high-resolution mass spectrometry, elemental analysis, NMR 

spectroscopies and IR spectrophotometries. Exact mass of the synthesized complexes were 

obtained on a Thermo LTQ Orbitrap XL. Elemental analyses were performed on a Thermo 

Electron Flash EA 1112 Series analyzer. 
1
H- (300.13, 500.13 or 600.23 MHz) and 

13
C- 

(125.77 or 150.90 MHz) NMR spectra were recorded on Bruker 300 Avance III, 500 Avance 

III or 600 Avance II spectrometers. Chemical shifts are quoted in ppm (δ) relative to TMS 

(
1
H and 

13
C) using the residual protonated solvent (

1
H) or the deuterated solvent (

13
C) as 

internal standards. Infrared spectra were recorded on a Bruker Vector 22 FT-IR 

spectrophotometer (Golden Gate ATR) and far infrared spectra were recorded on a Bruker 

Vertex 70v FT-IR spectrophotometer (ATR Diamant). 

 

 
 

Figure 7: General coumarin 
1
H and 

13
C labelling used for the attribution of the NMR 

signals. 

 

3-[(7-methoxy-2-oxo-2H-chromen-4-yl)methyl]-1-methylimidazolium bromide (1) 

 

A two-necked round-bottom flask was charged under argon with 

4-(bromomethyl)-7-methoxy-2H-chromen-2-one (1eq., 1.00 g, 3.76 mmol) which was 

suspended in THF (50 mL). 1-methylimidazole (1 eq., 0.31 mL, 3.76 mmol) was added 

dropwise and the mixture was refluxed overnight. After removing of the THF under vacuum, 

the obtained white powder was suspended into dry dichloromethane (5 mL) and diethyl ether 
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(30 mL). The suspension was filtered and the residue was dried under reduced pressure to 

afford the pure product as a white powder (1.26 g, 96 % yield). 
1
H NMR (DMSO-d6, 300.13 

MHz, 300 K): 3.88 (s, 3 H, N-Me), 3.89 (s, 3 H, O-Me), 5.78 (s, 2 H, N-CH2), 5.89 (s, 1 H, 

CH
A
), 7.02 (dd, 1 H, 

3
JH-H = 9.0 Hz, 

4
JH-H = 2.7 Hz, CH

C
), 7.08 (d, 1 H, 

4
JH-H = 2.7 Hz, CH

B
), 

7.76 (d, 1 H, 
3
JH-H = 9.0 Hz, CH

D
), 7.80 (s, 1 H, CHIm), 7.84 (s, 1 H, CHIm), 9.22 (s, 1 H, 

N=CH-N
+
). 

13
C{

1
H} (DMSO-d6, 75.78 MHz, 300 K): 36.6 (s, N-CH3), 48.8 (s, N-CH2), 56.6 

(s, O-CH3), 101.6 (s, CH
B
), 110.7 (s, CH

A
), 113.1 (s, CH

C
), 123.4 (s, CHIm), 124.7 (s, CHIm), 

126.1 (s, CH
D
), 138.2 (s, N=CH-N

+
), 149.8 (s, Cquat-CH

D
), 155.5 (s, Cquat-OC(O)), 160.2 (s, 

C(O)), 163.4 (s, Cquat-OMe). FT-IR (ATR, cm
-1

): 3122, 3064, 2847, 1705, 1607, 1564, 1515, 

1464, 1439, 1400, 1342, 1286, 1270, 1211, 1169, 1137. ESI-MS (DCM/MeOH), positive 

mode exact mass for [C15H15N2O3]
+
 (271.10772): measured m/z 271.10664 [M-Br]

+
. Anal. 

Calc. for C15H15N2O3Br: C, 51.30, H, 4.31, N, 7.98 %. Found: C, 51.27, H, 4.05, N, 8.03 %. 

 

3-[(7-methoxy-2-oxo-2H-chromen-4-yl)methyl]-1-methylimidazol-2-ylidene gold(I) 

chloride (2) 

 

A round-bottom flask was charged with 1 (1eq., 200 mg, 0.57 mmol) and Ag2O (0.8 eq., 106 

mg, 0.46 mmol) which were suspended in dichloromethane (150 mL). The mixture was 

reacted for 6 h at room temperature in the dark. [AuCl(tht)] (1 eq., 182 mg, 0.57 mmol) was 

then added and the reaction was stirred overnight at room temperature in the dark. After 

filtration through Celite®, the filtrate was concentrated under reduced pressure. Upon 

addition of diethyl ether (20 mL), a pale yellow precipitate was formed and was collected by 

filtration. The residue was dried under reduced pressure to afford the pure product as a pale 

yellow powder (215 mg, 75 % yield). 
1
H NMR (CDCl3, 300.13 MHz, 300 K): 3.89 (s, 3 H, 

N-Me), 3.92 (s, 3 H, O-Me), 5.55 (s, 2 H, N-CH2), 5.68 (s, 1 H, CH
A
), 6.85 (d, 1 H, 

4
JH-H = 

2.7 Hz, CH
B
), 6.89 (dd, 1 H, 

3
JH-H = 9.0 Hz, 

4
JH-H = 2.7 Hz, CH

C
), 7.00 (d, 1 H, 

3
JH-H = 1.8 

Hz, CHIm), 7.06 (s, 1 H,
 3

JH-H = 1.8 Hz, CHIm), 7.52 (d, 1 H, 
3
JH-H = 9.0 Hz, CH

D
). 

13
C{

1
H} 

(CDCl3, 75.78 MHz, 300 K): 38.6 (s, N-CH3), 51.1 (s, N-CH2), 55.9 (s, O-CH3), 101.5 (s, 

CH
B
), 110.3 (s, CH

A
), 110.8 (s, Cquat-CH2), 112.9 (s, CH

C
), 120.9 (s, CHIm), 122.9 (s, CHIm), 

124.5 (s, CH
D
), 148.8 (s, Cquat-CH

D
), 155.6 (s, Cquat-OC(O)), 160.2 (s, C(O)), 163.4 (s, Cquat-

OMe), 173.5 (s, Ccarbene). FT-IR (ATR, cm
-1

): 3129, 2943, 1709, 1610, 1558, 1515, 1465, 

1429, 1397, 1348, 1331, 1288, 1245, 1207, 330. ESI-MS (DCM/MeOH), positive mode 

exact mass for [C15H14N2O3AuClNa]
+ 

(525.02507): measured m/z 525.02328 [M+Na]
+
. Anal. 

Calc. for C15H14N2O3AuCl: C, 35.84, H, 2.81, N, 5.57 %. Found: C, 35.74, H, 3.00, N, 5.50 

%. 
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3-[(7-methoxy-2-oxo-2H-chromen-4-yl)methyl]-1-methylimidazol-2-ylidene gold(I) 

(thiolato-β-D-glucose tetraacetate) (3) 

 

A Schlenk tube was charged under argon with thio-β-D-glucose tetraacetate (1 eq., 36 mg, 

0.10 mmol) which was dissolved in degassed acetone (3 mL). 1 M NaOH (1 eq., 0.1 mL, 

0.10 mmol) was added and the mixture was stirred for 30 min at room temperature. The 

mixture was then transferred onto a solution of 1 (1 eq., 50 mg, 0.10 mmol) in degassed 

acetone (5 mL) at 0°C. At the end of the addition, the ice bath was withdrawn and the 

mixture was stirred for 3 h at room temperature in the dark. The solvent was removed under 

vacuum. Dichloromethane was added and the mixture was filtered through Celite®. The 

filtrate was concentrated under reduced pressure. An off-white precipitate was formed after 

addition of pentane (20 mL). The precipitate was filtered and dried under vacuum to give the 

pure product as an off-white powder (58 mg, 71 % yield). 
1
H NMR (CDCl3, 300.13 MHz, 

300 K): 1.95 (s, 3 H, CH3-COO), 2.00 (s, 3 H, CH3-COO), 2.02 (s, 6 H, 2 CH3-COO), 3.67-

3.72 (m, 1 H, CHsugar), 3.87 (s, 3 H, N-Me), 3.95 (s, 3 H, O-Me), 4.06 (dd, 1 H, 
2
JH-H = 12.3 

Hz, 
3
JH-H = 2.4 Hz, CHA-B,sugar), 4.20 (dd, 1 H, 

2
JH-H = 12.3 Hz, 

3
JH-H = 4.8 Hz, CHA-B,sugar), 

4.99-5.11 (m, 4 H, 4 CHsugar), 5.57 (dd, 1 H, 
2
JH-H = 16.8 Hz, 

3
JH-H = 1.2 Hz, CHA-B-N), 5.67 

(d, 1 H, 
2
JH-H = 16.8 Hz, CHA-B-N), 5.75 (s, 1 H, CH

A
), 6.86 (d, 1 H, 

4
JH-H = 2.4 Hz, CH

B
), 

6.92 (dd, 1 H, 
3
JH-H = 8.7 Hz, 

4
JH-H = 2.4 Hz, CH

C
), 6.96 (d, 1 H, 

3
JH-H = 1.8 Hz, CHIm), 7.03 

(d, 1 H, 
3
JH-H = 1.8 Hz, CHIm), 7.67 (d, 1 H, 

3
JH-H = 8.7 Hz, CH

D
). 

13
C{

1
H} (CDCl3, 125.77 

MHz, 300 K): 20.6 (s, CH3-COO), 20.7 (s, CH3-COO), 20.8 (s, CH3-COO), 21.2 (s, CH3-

COO), 38.3 (s, CH3-N), 50.9 (s, CH2-N), 55.9 (s, CH3-O), 63.0 (s, CH2-sugar), 69.0 (s, 

CHsugar), 74.3 (s, CHsugar), 75.8 (s, CHsugar), 77.6 (s, CHsugar), 83.1 (s, CHsugar), 101.4 (s, CH
B
), 

110.6 (s, Cquat-CH2), 111.0 (s, CH
A
), 112.9 (s, CH

C
), 120.7 (s, CHIm), 122.8 (s, CHIm), 125.0 

(s, CH
D
), 149.3 (s, Cquat-CH

D
), 155.6 (s, Cquat-OC(O)), 160.4 (s, C(O)coum.), 163.3 (s, Cquat-

OMe), 169.6 (s, C(O)sugar), 169.9 (s, Ccarbene), 170.2 (s, C(O)sugar), 170.7 (s, C(O)sugar). FT-IR 

(ATR, cm
-1

): 2946, 1735, 1613, 1561, 1463, 1430, 1368, 1288, 1219, 1147, 1031, 373. ESI-

MS (CDCl3/MeOH), positive mode exact mass for [C29H33N2O12AuSNa]
+
 (853.13119): 

measured m/z 853.12907 [M+Na]
+
. Anal. Calc. for C29H33N2O12AuS: C, 41.93, H, 4.00, N, 

3.37, S, 3.86 %. Found: C, 41.54, H, 4.20, N, 3.27, S, 3.09 %. 

 

3-[(7-methoxy-2-oxo-2H-chromen-4-yl)methyl]-1-methylimidazol-2-ylidene gold(I) 

(thiolato-β-D-glucose) (4) 

 

A flame-dried Schlenk tube was charged under argon with sodium thiolate-β-D-glucose (1 

eq., 26 mg, 0.12 mmol) which was suspended in methanol (3 mL). This mixture was 

transferred onto a solution of 2 (1 eq., 60 mg, 0.12 mmol) in dichloromethane (6 mL) at 0°C. 

After the end of the addition, the ice bath was withdrawn and the mixture was stirred for 3 h 

at room temperature. The solution was filtered under argon through Celite® using a flame-

dried sintered glass. Upon concentration under reduced pressure, and addition of a mix 1/1 
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diethylether/n-pentane (20 mL), a white precipitate was formed. The precipitate was filtered 

and dried under reduced pressure to afford the product as an adduct with one equivalent of 

NaCl (58 mg, 68 % yield). 
1
H NMR (DMSO-d6, 600.23 MHz, 300 K): 2.50 (dt, 1 H, 

3
JH-H = 

9.0 Hz, 
3
JH-H = 3.6 Hz, CHsugar), 2.93-3.04 (m, 3 H, 3 CHsugar), 3.24-3.28 (m, 1 H, CH2-sugar), 

3.55 (ddd, 1 H, 
2
JH-H = 11.4 Hz, 

3
JH–H = 5.4 Hz, 

3
JH-H = 1.8 Hz, CHsugar), 3.82 (s, 3 H, NCH3), 

3.87 (s, 3 H, OCH3), 3.97 (broad s, 1 H, OH), 4.35 (pseudo t, 1 H, 
3
JH-H = 5.7 Hz, CH2-OH), 

4.47 (d, 1 H, 
3
JH-H = 9.0 Hz, CHsugar), 4.71-4.73 (m, 2 H, 2 OH), 5.59 (s, 1 H, CH

A
), 5.64 (s, 2 

H, NCH2), 7.01 (dd, 1 H, JH-H = 8.4 Hz,
 4

JH-H = 1.8 Hz, CH
C
), 7.05 (s, 1 H, CH

B
), 7.52 (s, 2 

H, 2 CHIm), 7.86 (d, 1 H, 
3
JH-H = 8.4 Hz, CH

D
). 

13
C{

1
H} NMR (DMSO-d6, 125.77 MHz, 300 

K): 37.5 (broad s, NCH3), 49.9 (broad s, NCH2), 56.0 (s, OCH3), 61.4 (s, CH2-sugar), 70.5 (s, 

CHsugar), 77.4 (s, CHsugar), 80.1 (s, CHsugar), 81.1 (s, CHsugar), 85.1 (s, CHsugar), 101.2 (s, CH
B
), 

109.3 (broad s, Cquat-CH2), 110.5 (s, CH
A
), 112.4 (s, CH

A
), 121.9 (broad s, CHIm), 123.3 

(broad s, CHIm), 125.8 (s, CH
D
), 151.5 (s, Cquat-CH

D
), 154.9 (s, Cquat-OC(O)), 159.8 (s, 

C(O)), 162.8 (s, Cquat-OMe), ca. 181 (Ccarbene not directly observed, see figure 2). FT-IR 

(ATR, cm
-1

): 3365, 2909, 1710, 1610, 1559, 1515, 1463, 1399, 1349, 1289, 1146, 1020, 840, 

558, 179, 171. ESI-MS (MeOH), positive mode exact mass for [C21H25N2O8AuSNa]
+
 

(685.08893): measured m/z 685.08564 [M+Na]
+
, ESI-MS (MeOH), negative mode exact 

mass for [C21H25N2O8AuSCl]
-
 (697.06802): measured m/z 697.07103 [M+Cl]

-
. Anal. Calc. 

for C21H25N2O8AuS.NaCl: C, 34.99, H, 3.50, N, 3.89, S, 4.45 %. Found: C, 34.38, H, 3.64, 

N, 4.08, S, 3.21 %. 

 

Fluorescence measurements 

 

The steady-state fluorescence emission and excitation spectra were obtained by using a 

JASCO FP8560 spectrofluorometer instrument. All fluorescence spectra were corrected for 

instrument response. The fluorescence quantum yield (ΦF) was calculated from equation 1. 

 



F

FR


n2

nR
2


IF
0



 (E ,F )dF

IFR
0



 (E ,F )dF


110 A R (E )

110 A(E )

 
Equation 1 

  

ΦF and ΦFR are fluorescence quantum yields of the compound and the reference respectively. 

A(E) and AR(E) are the absorbance at the excitation wavelength, and n is the refractive 

index of the medium. IF and IFR are fluorescent intensities of the compound and the reference 

respectively. The reference system used was 9,10-diphenylanthracene ( = 0.955 in 

cyclohexane, ex = 366 nm).
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Cell viability assay 

 

The human lung cancer cell line A549, human breast cancer MCF-7 cells and human ovarian 

cancer A2780 cells, (obtained from the European Centre of Cell Cultures ECACC, Salisbury, 

UK) were cultured in DMEM (A549, MCF-7) and RPMI (A2780) both containing 

GlutaMax-I supplemented with 10 % FBS and 1 % penicillin/streptomycin (all from 

Invitrogen), at 37°C in a humidified atmosphere of 95 % of air and 5 % CO2 (Heraeus, 

Germany). Non-tumoral human embryonic kidney cells HEK-293T were cultivated in 

DMEM medium with GlutaMax-I, 10 % FBS and 1 % penicillin/streptomycin, incubated in 

the same conditions as other cell lines. For evaluation of growth inhibition, cells were seeded 

in 96-well plates (Costar, Integra Biosciences, Cambridge, MA) at a concentration of 10000 

cells/well and grown for 24 h in complete medium. Solutions of the compounds were 

prepared by diluting a freshly prepared stock solution (10
-2

 M in DMSO) of the 

corresponding compound in aqueous media (RPMI or DMEM depending on the cell lines). 

The percentage of DMSO in the culture medium never exceeded 0.2 %: at this concentration 

DMSO has no effect on the cell viability. Cisplatin (Sigma-Aldrich) stock solutions were 

prepared in MilliQ water. Afterwards, the intermediate dilutions of the compounds were 

added to the wells (200 μL) to obtain a final concentration ranging from 0 to 200 μM, and 

the cells were incubated for 72 h. Following 72 h drug exposure, 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) was added to the cells at a final concentration of 

0.50 mg.ml
-1

 incubated for 3-4 h, then the culture medium was removed and the violet 

formazan dissolved in DMSO. The optical density of each well (96-well plates) was 

quantified in quadruplicate at 540 nm using a multi-well plate reader and the percentage of 

surviving cells was calculated from the ratio of absorbance between treated and untreated 

cells. The IC50 value was calculated as the concentration reducing the proliferation of the 

cells by 50 % and is presented as a mean (± SE) of at least three independent experiments. 

 

Estimation of enzyme activities inhibition in vitro 

 

Highly purified cytosolic thioredoxin reductase (TrxR1) was prepared from rat liver, 

according to Luthman and Holmgren.
23

 Mitochondrial thioredoxin reductase (TrxR2) was 

purified from isolated rat liver mitochondria following the procedure of Rigobello et al.
24

 

Thioredoxin reductases activity was determined by measuring the ability of the enzyme to 

directly reduce DTNB in the presence of NADPH.
23

 Aliquots of highly purified TrxR1 (30 

nM) and TrxR2 (30 nM) in 0.2 M Na, K-phosphate buffer (pH 7.4), 5 mM EDTA, 0.25 mM 

NADPH were pre-incubated for 5 min with the Au-NHC coumarin derivatives. Afterwards, 

the reaction was started with 1 mM DTNB, and monitored spectrophotometrically at 412 nm 

for about 10 min. 

Yeast glutathione reductase was obtained from Sigma (St. Louis Mo, USA) and used without 

further purification. Glutathione reductase activity was measured in 0.2 M Tris HCl buffer 



CHAPTER 4: New gold(I) organometallic compounds with biological activity  

 

 

156 

 

(pH 8.1), 1 mM EDTA, and 0.25 mM NADPH after 5 min pre-incubation with the gold 

complexes. The assay was initiated by the addition of 1 mM GSSG and followed 

spectrophotometrically at 340 nm.  

Glutathione peroxidase activity was performed by the following procedure: aliquots of GPx 

from bovine erythrocytes (0.02 U) were incubated with gold compounds in a total volume of 

0.5 mL of 50 mM Hepes buffer (pH 7.0) containing 3 mM EDTA and 0.3 mM NADPH at 

25°C.
25

 After 5min, 4 mM GSH and 25 nM glutathione reductase were added. After 2 min of 

incubation the reaction was started by the addition of 200 µM tert-butyl hydroperoxide and 

monitored spectrophotometrically at 340 nm as decrease of NADPH. 

 

BIAM assay 

 

TrxR (1 µM) pre-reduced in presence of NADPH was incubated with different 

concentrations of complexes for 30 min at room temperature, in 20 mM Tris-HCl buffer (pH 

7.4) containing 200 µM NADPH, and 1 mM EDTA. After incubation, 8 µL of the reaction 

mixture was removed and added to 50 µM biotinylated iodoacetamide (BIAM) in 0.1 M 

Hepes- Tris pH 6.0.
26

 Samples were incubated at room temperature for additional 30 min to 

alkylate the remaining -SH groups in the enzyme. Then, BIAM-modified enzyme was mixed 

with loading buffer and the mixture was subjected to sodium dodecylsulfate–polyacrylamide 

gel electrophoresis (SDS–PAGE) on a 7.5 % gel, and the separated proteins were transferred 

to a nitrocellulose membrane. Proteins labelled with BIAM were detected with horseradish 

peroxidase-conjugated streptavidin and enhanced chemiluminescence detection. 

 

Determination of TrxR and GR activities in cell lysates  

 

A2780 cells (1x10
6
) were incubated for 48 h with 10 µM of compounds 1-4, with refresh at 

24 h. After incubation, cells were harvested and washed twice with ice-cold PBS. Each 

sample was lysed with a modified RIPA buffer.
10

 After 40 min of incubation at 0°C, lysates 

were centrifuged at 14000 x g for 5 min. The obtained supernatants were tested for enzyme 

activities. Aliquots (50 µg) of lysates were subjected to thioredoxin reductase determination 

in a final volume of 250 µl of 0.2 M Na, K-phosphate buffer (pH 7.4), 5 mM EDTA, and 2 

mM DTNB. After 2 min the reaction was started with 0.3 mM NADPH. In cell lysates 

glutathione reductase activity was also estimated using 50 µg protein/ml as reported above. 

 

Fluorescence microscopy 

 

Cells (A2780) were seeded (5 x 10
5
 for each sample) and grown on 8 well microscope plates, 

coated with Poly-L-Lysine hydrobromide (Sigma-Aldrich, P6516) with a complete medium. 

After 24 h, cells were incubated with various concentrations of the complexes in RPMI, 

without FCS for 2 h at 37°C and 4°C. At the end of incubation, cells were rapidly washed 
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with cold PBS and then fixed with 2 % paraformaldehyde for 30 min at 4°C. For the 

visualization of PI, cells were permeabilized with 0.2 % Triton X-100 for 20 min at 4°C and 

treated with 1 μg/μl of PI for 10 min at room temperature. Cells were washed once with PBS 

and then analyzed by confocal microscopy. As preparation for visualization, the plate wells 

were removed and glycerol was used to cover the slide with a glass cover slip. The 

fluorescence was analysed using a Leica DM4000 B Automated Upright Microscope, 

equipped with the appropriate filters. PI was excited at 547 nm (emission wavelength 572 

nm) and the compounds at 358 nm (emission wavelength 461 nm, DAPI filter). The acquired 

images were obtained using individual filters and a combined image, overlaying the 

fluorescence acquired with the two filters, was obtained using the Leica microscope 

software. 
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Abstract 

A series of novel (C^N) cyclometalated Au(III) complexes of general formula [Au(py
b
-

H)L
1
L

2
] (py

b
-H = C,N cyclometalated 2-benzylpyridine, L

1
 and L

2
 being phosphane, 

thioglucose and chlorido ligands) have been synthesized and fully characterized using 

different techniques, including NMR, IR and Far-IR, mass spectrometry and elemental 

analysis. The crystal structure of one compound has been solved using X-ray diffraction 

methods. The photophysical properties of one of the derivatives bearing a fluorescent 

coumarin moiety are also presented. All compounds were tested in vitro in a panel of human 

cancer cell lines including lung, breast colon and ovarian cancer cells. For comparison 

purposes, all compounds were also tested in a model of human healthy cells from embryonic 

kidney. Notably, all new compounds were more toxic than their cyclometalated precursor, 

and the two derivatives bearing phosphane ligands presented the most promising toxicity 

profile in our in vitro screening.  
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Introduction 

Metallodrugs are widely used for the treatment of several disorders such as stomach ulcers,
1
 

rheumatoid arthritis
2
 or cancer.

3
 Concerning cancer, among the hundreds of compounds 

synthetized and tested since the end of the 60’s, only three reached market worldwide and 

are currently present in more than 70 % of the chemotherapeutic cocktails.
4
 However, despite 

their clinical success, platinum-based drugs present several drawbacks such as a quite narrow 

spectrum of action and huge side-effects limiting the administrable doses to patients.
5
 

Among the diverse strategies explored to improve these chemotherapeutic drugs, the 

replacement of platinum by other transition metals appeared to be particularly promising.
6
 

Thus, Several metals have been explored such as iron,
7
 ruthenium,

8
 titanium

9 
or gold

10
 with 

very different mechanisms of action compared to platinum-based drugs.
11 

Au(III) has a d
8 

electronic structure isoelectronic to the Pt(II) cation. However, 

contrarily to platinum compounds, gold(III) complexes appeared to be poorly stable in 

physiological environment. Nevertheless, by using polydentate ligands such as 

phenanthroline, terpyridine
12

 or porphyrins,
13

 the obtained gold(III) complexes showed 

sufficient stability for biological studies. Moreover, Buckley et al. developed organometallic 

cyclometalated Au(III) complexes based on DAMP ligand (2-

[(dimethylamino)methyl]phenyl) (see figure 1) with activities in the same range as 

Cisplatin.
14

 Later on, Cinellu et al. developed mono- and dimeric cyclometalated Au(III) 

complexes based on a bipyridine scaffold (A and B respectively, Figure 1) with good 

cytotoxic properties against a panel of cancer cell lines including a Cisplatin-resistant one.
15, 

16
 The mechanism of action of these Au(III) complexes has been investigated and despite the 

electronic similarity with Pt(II), their interaction with calf thymus DNA appeared to be 

weak.
17 

Their toxic effects have been shown to come from inhibition of several enzymes.
18

 

Indeed, gold compounds are reported to be highly potent inhibitors of thioredoxin reductase 

(TrxR), a selenoenzyme involved in the regulation of the redox balance as well as in the 

regulation of mitochondrial membrane potential.
19

 In the same way, cyclometalated Au(III) 

complexes have been proved to inhibit in the low micromolar or even submicromolar range 

cathepsins, proteins that belong to the cysteine protease family involved in tumor 

metastasis.
20

 Various studies have shown that derivatization of both aromatic rings, of the 

linker, as well as of the ancillary ligands stabilizing gold(III), could influence drastically the 

compounds’ biological properties: thus, for example compound [Au(py
b
-H)(thiosalicylate)] 

(py
b
-H = C,N cyclometalated 2-benzylpyridine) (scaffold C, Figure 1) is five times more 

toxic against human cell lines (DLD-1 (colon) or PC-3 (prostate)) than to the dichlorido 

analog. Moreover, such cytotoxic properties are in line with the efficiency of inhibition of 

cathepsin K .
20b 
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Figure 1: Examples of cyclometalated Au(III) complexes under investigation as anticancer 

agents. 

 

Based on these results, we report here on the synthesis and characterization of a series of 

new cyclometalated Au(III) complexes based on the 2-benzylpyridine scaffold, with one of 

the ancillary ligands being a phosphane and the other a chlorido ligand. The two selected 

phosphanes were the 1,3,5-triazaphosphaadamantane (PTA) known for its low toxicity 

associated with a good water solubility, and 

3-[4-(diphenylphosphano)phenyl]-7-methoxy-2H-chromen-2-one (PPh2Arcoum) for its 

fluorescence properties.
21 

This latter feature of PPh2Arcoum makes the related gold 

compound suitable for fluorescence microscopy studies in cells. Thus, the photopysical 

properties of the fluorescent Au(III) derivative have also been evaluated. 

 Moreover, we also synthesized cyclometalated derivatives containing one or two 

thio-β-D-glucose tetraacetate (GluSH) moieties, with the purpose to facilitate uptake into 

cancer cells via GLUT-1 transporters. The synthetic work was performed during an 

exchange stay in the lab of Prof. Cinellu (University of Sassari, Italy). Afterwards, all 

complexes have been tested on a panel of human cancer cell lines including ovarian cancer 

cell line (A2780), breast cancer (MCF-7) and colon cancer (HCT116 p53 +/+). The general 

toxicity has been estimated against a human embryonic kidney cell line (HEK-293T).  
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Results and discussion 

 

Synthesis and structural characterization. 

 The (C^N) cyclometalated precursor [Au(py
b
-H)Cl2] (1) (py

b
-H = C,N 

cyclometalated 2-benzylpyridine) was synthesized as described by Cinellu et al. by reacting 

sodium tetrachloridoaurate with 2-benzylpyridine (py
b
) in refluxing MeCN/H2O overnight 

(70 % yield).
22

 As previously reported, replacement of one chlorido ligand by 

triphenylphosphane can be achieved by reacting 1 with one equivalent of PPh3 in the 

presence of excess KPF6 or NaBF4.
22

 Following this method, we prepared the new 

phosphane derivatives [Au(py-H)(PR3)Cl]PF6, 2 and 3 containing 

1,3,5-triazaphosphaadamantane (PTA) (not toxic and water soluble phosphane) and 

3-[4-(diphenylphosphano)phenyl]-7-methoxy-2H-chromen-2-one (PPh2Arcoum), 

respectively.  

 

 
 

Scheme 1: Synthesis of the (C^N) cyclometalated Au(III) complexes. 



CHAPTER 5: Synthesis and biological characterization of cyclometalated Au(III) 

complexes 

 

 

165 

 

 By reacting 1 with one equivalent of the chosen phosphane in presence of an excess 

of potassium hexafluorophosphate for 1.5 hours at room temperature, we obtained both gold 

compounds 2 and 3 in very good yields (Scheme 1). We assessed the complexation of the 

phosphane ligands, as well as the isomeric purity of compounds 2 and 3, by 
31

P{
1
H} NMR in 

which the only singlet of the coordinated phosphorous is shifted downfield by 86 and 35 

ppm in case of 2 and 3, respectively, compared to the corresponding free ligand. Moreover, 

the 
1
H NMR spectra of both complexes showed a downfield shift of the signal of the 

pyridine proton in position 6 by 0.3 and 0.05 ppm associated to a morphological change of 

the peak. In case of 3, a splitting of the signals corresponding to the carbons of the two 

phenyl rings was observed due to their diastereotopic feature induced by the fixed geometry 

of the cyclometalated ligand as depicted in Figure 2. Moreover, another splitting of the signal 

is observed due to the coupling of the phosphorous atom with carbons and hydrogens. 

 

 
 

Figure 2: General scheme of the two possible boat-like stereoisomers. 

 

Upon slow diffusion of diethyl ether through a concentrated solution of 2, suitable crystals 

for X-ray diffraction were obtained. The crystal structure of 2 was solved and showed the 

typical, barely distorted, square-planar geometry of the d
8
 Au(III) cation (C1Au1N1: 

87.38(8)
o
; C1Au1P1: 93.44(6)

o
; Cl1Au1N1: 91.27(5)

o
; Cl1Au1P1: 87.981(19)

o
) (Figure 3A). 

Moreover, the (C^N) cyclometalated ligand appeared in a boat-like geometry corresponding 

to what Cinellu et al. previously observed for related compounds (Figure 3B).
22

 We also 

noted the presence of the PTA ligand in trans position to the nitrogen of the cyclometalated 

ligand. The Au-Cl bond length in case of 2 corresponds to the equivalent one in case of 

{Au[NC5H4(CMe2Ph)-2]Cl2}: 2.3696(5) Å and 2.390(1) Å respectively.
22

 The main 

crystallographic data of compound 2 and {Au[NC5H4(CMe2Ph)-2]Cl2} are presented in 

Table 1. 
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Table 1: Selected bond distances (Å) and angles (°) with estimated standard deviations in 

parentheses for compound 2 and {Au[NC5H4(CMe2Ph)-2]Cl2}
22

. 

Compound C1Au1N1 C1Au1P1 Cl1Au1N1 Cl1Au1P1 Au-Cl 

2 87.38(8) 93.44(6) 91.27(5) 87.981(19) 2.3696(5) 

{Au[NC5H4(CMe2Ph)-2]Cl2} 85.7(1) - 91.9(9) - 2.390(1) 

 

 
 

Figure 3: Crystal structure of compound 2 view from the top (A) and from the side (B). 

Complex 1 was also treated with one or two equivalents of thio-β-D-glucose tetraacetate 

(GluSH) and sodium carbonate in dichloromethane for 1.5 hours or overnight to afford 

compounds 4 and 5, respectively, in good yields. In both 
1
H and 

13
C{

1
H} NMR spectra, 4 

presents doubled signals in a 50/50 ratio for protons and carbons close to the metal center 

due to the equimolar presence of two diastereoisomers. The largest split is observed for 

proton 6’ with a difference of 0.25 ppm between the two diastereoisomers, while the signals 

of proton 6 are split by only 0.03 ppm, thus suggesting a close proximity of proton 6’ with 

the chiral centres. Due to the pure optical activity of the two thio-glucose moieties and the 

planar chirality of the cyclometalated Au(III) scaffold, 5 appeared as a mixture of the two 

possible diastereoisomeres. The 
1
H NMR spectrum of 5 was quite complicated, showing two 

signals for each proton of the cyclometalated ligand in a ratio 1/0.3 which correspond neither 

to the precursor 1 nor to the mono-sugar 4. However, the structure of the compound was 

assessed by the association of the ESI-MS spectra showing the peak of the adduct [5+Na]
+
 

and the elemental analysis corresponding to 5.H2O.  
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 To discriminate between the two possible isomers, i.e. ancillary ligand in trans 

position to the carbon or to the nitrogen of the cyclometalated ligand (Figure 4), all 

compounds were analyzed by Far-IR (FIR) spectroscopy, in which range of energy we can 

observe the stretching bands of Au-Cl and Au-S bonds. The main FIR bands are reported in 

Table 2. We found two bands for the precursor 1: an medium one at 358 and a strong one at 

287 cm
-1

, corresponding to the stretching of the Au-Cl bonds in trans position to the nitrogen 

and the carbon atom, respectively. These values are consistent with the values previously 

reported for this compound.
22

  

 

 

 

Figure 4: General scheme of the two possible isomers of the mono-subsituted Au(III) 

compounds. 

 

In the crystal structure of 2, we only observed the presence of an Au-Cl bond in trans 

position to the carbon. In this case, the FIR spectrum showed an intense band at 310 cm
-1

 

corresponding to the value of the analogous complex with PPh3 (Table 2).  

 

Table 2: Far-IR absorption bands of the (2-benzylpyridine)-based cyclometalated Au(III) 

complexes (cm
-1

). 

Compound ῡ(transN-Au-Cl)  ῡ(transC-Au-Cl)  ῡ(Au-S)  

1 358 287 - 

[Au(pyb-H)(PPh3)Cl].BF4 - 305 - 

2 - 310 - 

3 - 311 - 

4 - 295 372 

5 - - 375, 369 

 

Thus, we were able to use these stretching values to identify which isomer we obtained in the 

case of the two mono-substituted compounds 3 and 4. Indeed, compound 3 presents an 

intense band at 311 cm
-1

 corresponding to a Au-Cl trans to a carbon atom, while 4 presents 

two bands: a broad one at 372 cm
-1

 characteristic of the Au-S stretching and a strong one at 

295 cm
-1

 corresponding to the Au-Cl bond in trans position to the carbon atom. These data 
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enabled us to confirm the position of both the ligands phosphane and thiolato in trans 

position relative to the nitrogen atom. As expected, the FIR spectra of 5 did not show any 

Au-Cl stretching band, but a broad double band with peaks at 375 and 369 cm
-1

, confirming 

the substitution of both chlorido ligands by thiols. 

 

Photophysical properties of compound 3 

  Complex 3 in dichloromethane exhibits a typical fluorescence emission band of 

coumarin at 429 nm with ΦF = 38 % (Figure 5) higher than the one of the free phosphane 

ligand (ΦF = 20 %).
23

 We already noticed this phenomenon when we previously complexed 

Au(I) on this coumarin-phosphane.
24

 The emission wavelength is not sensitive to 

complexation (λem = 426 nm for the free phosphane ligand in methanol).
23

  

 

 
 

Figure 5: Normalized absorption, excitation and emission spectra of the (C^N)Au(III) 

complex 3 in dichloromethane at 298 K. 

 

Cytotoxicity study 

  All compounds 1-5 were screened in Groningen for their antiproliferative properties 

in vitro on a panel of human cancer cell lines including human ovarian adenocarcinoma 

(A2780), human mammary carcinoma (MCF-7), human lung cancer (A549), human colon 

carcinoma (HCT116 p53+/+) and compared with healthy human embryonic kidney cells 

http://en.wikipedia.org/wiki/Carcinoma
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(HEK-293-T). The IC50 was determined after 72 h of incubation using the classical MTT 

test. The results are summarized in Table 3. 

 

Table 3: Effects of compounds 1-5 on cell viability in human ovarian carcinoma A2780 

cells, in human lung cancer A549 cells, in human mammary carcinoma MCF-7 cells, in 

human colon cancer HCT116 p53+/+ and in embryonic kidney cells HEK-293T after 72 h 

incubation. 

 IC50 (µM)
[a] 

Compound A2780 MCF-7 HCT116 p53 +/+ A549 HEK-293T 

1 36.1 ± 7.8 25.5 ± 4.7 25.5 ± 6.6 ˃ 100 21.0 ± 5.1 

2 2.0 ± 0.6 15.6 ± 4.6 8.3 ± 4 38.9 ± 3.6 6.6 ± 4.1 

3 2.9 ± 0.2 12.6 ± 3 9.8 ± 1.0 27.4 ± 4.6 10.1 ± 2.6 

4 15.7 ± 7.4 19.7 ± 3.8 9.7 ± 4.8 40.0 ± 0.7 11.7 ± 6 

5 17.4 ± 4.5 15.1 ± 3.9 10.5 ± 2 ˃ 100 12.9 ± 3.1 

Cisplatin 2.5 ± 0.2 20 ± 3 5.3 ± 0.2 20.0 ± 3.1 11.0 ± 2.9 

[a] Values are the mean ±SE of at least three determinations.  

 
Overall, the new cyclometalated complexes 2-5 were more cytotoxic than the precursor 1 in 

all cell lines with the exception of the A549 cell line in which none of the various complexes 

appeared to be highly toxic (IC50 ˃ 40 µM in most cases). The phosphane-containing 

complexes 2 and 3 present the most interesting cytotoxic profiles, showing toxicities 

comparable with that of Cisplatin in A2780 cells and slightly less potent against HCT116 

p53+/+ cells. Compound 3 also appeared slightly more toxic than Cisplatin in the breast 

cancer cell line. Compounds 4 and 5 showed overall moderate cytotoxic properties. 

 

Conclusion 

 

In conclusion, we synthesized with high yields a series of (C^N) cyclometalated Au(III) 

complexes bearing ligands selected for their biological relevance such as PTA for increased 

water-solubility, coumarin for uptake assessment and intracellular biodistribution 

determination and sugar moiety to increase the uptake of the compounds. This study is in the 

frame of our laboratory aiming in the development and the determination of the mechanisms 

of action of organometallic Au-based compounds. 

All compounds were fully characterized using NMR, IR and Far-IR spectroscopy, 

mass spectrometry and elemental analysis. The X-Ray structure of compound 2 was solved 

and revealed the typical square-planar geometry of the Au(III) cation as well as the 
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coordination of the phosphane ligand in trans position to the nitrogen. We evaluated the 

photophysical properties of 3, which presents a quantum yield of 38 % upon excitation at 

361 nm. The compounds revealed to be generally more toxic than the Au(III) precursor on 

the panel of selected cancer cells with the two phosphane-containing complexes being the 

most promising ones.  

Overall our study shows the potential of improvement of the biological properties of 

organometallic gold-based compounds by fine-tuning their coordination environment. 

Further studies are ongoing to evaluate the mechanisms of transport and possible targets for 

this new series of gold compounds. Moreover, fluorescence microscopy studies are ongoing 

to determine both the uptake and the intracellular biodistribution of 3.  
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Experimental part 

General Remarks 

All reactions were carried out under an atmosphere of purified argon using Schlenk 

techniques. Solvents were dried and distilled under argon before use. The precursor [Au(py
b
-

H)Cl2] has been synthesized according to litterature procedure.
22

All other reagents were 

commercially available and used as received. All the analyses were performed at the 

“Plateforme d’Analyses Chimiques et de Synthèse Moléculaire de l’Université de 

Bourgogne”. The identity and purity (≥ 95%) of the complexes were unambiguously 

established using high-resolution mass spectrometry and NMR. Exact mass of the 

synthesized complexes were obtained on a Thermo LTQ Orbitrap XL. 
1
H- (300.13, 500.13 

or 600.23 MHz), 
13

C- (125.77 or 150.90 MHz) and 
31

P- (121.49, 202.45 or 242.94 MHz) 

NMR spectra were recorded on Bruker 300 Avance III, 500 Avance III or 600 Avance II 

spectrometers. Chemical shifts are quoted in ppm (δ) relative to TMS (
1
H and 

13
C) using the 

residual protonated solvent (
1
H) or the deuterated solvent (

13
C) as internal standards. 85% 

H3PO4 (
31

P) was used as an external standard. Infrared spectra were recorded on a Bruker 

Vector 22 FT-IR spectrophotometer (Golden Gate ATR) and far infrared spectra were 

recorded on a Bruker Vertex 70v FT-IR spectrophotometer (Diamant ATR). X-ray 

diffraction data for 2 were collected on a Bruker Nonius Kappa CCD APEX II at 115 K.  

 

Synthesis of cyclometalated Au(III) complexes based on 2-benzylpyridine ligand (py
b
) 

  
 

Figure 6: General cyclometalated ligand 
1
H and 

13
C labelling used for the attribution of the 

NMR signals. 

 

[Au(py
b
-H

’
)Cl2] (1) 

 

A round-bottom flask was charged with NaAuCl4.2H2O (1 eq., 1.19 g, 3.00 mmol) dissolved 

into distilled water (60 mL). Benzylpyridine (1 eq., 0.482 mL, 3.00 mmol) was added at 

room temperature upon which a yellow precipitate was formed. The reaction was refluxed 

overnight until the yellow precipitate turned to white.After filtration, the white solid, was 

washed with methanol, and recystalized from a dichloromethane/Et2O mixture to give the 

pure product (912 mg, 70 % yield). 
1
H NMR (Acetone-d6, 400.13 MHz, 298 K): 4.39 (d, 1 

H, 
2
JH-H = 15.6 Hz, CH2-PyrBz), 4.66 (d, 1 H, 

2
JH-H = 15.6 Hz, CH2-PyrBz), 7.08 (pseudo t, 1 H, 
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3
JH-H = 7.4 Hz), 7.18 (pseudo t, 1 H, 

3
JH-H = 7.2 Hz), 7.48 (d, 1 H, 

3
JH-H = 8.0 Hz), 7.74 

(pseudo t, 1 H, 
3
JH-H = 6.8 Hz), 8.05 (d, 1 H, 

3
JH-H = 7.6 Hz), 8.31 (pseudo t, 1 H, 

3
JH-H = 7.6 

Hz), 9.30 (d, 1 H, 
3
JH-H = 6.4 Hz). IR (ATR & FIR, cm

-1
): 3050, 1609, 1564, 1482, 1435, 

1024, 829, 747, 358, 349, 287, 226. 

 

[Au(py
b
-H)(PTA)Cl](PF6) (2) 

 

A round-bottom flask was charged with 1 (1 eq., 50 mg, 0.115 mmol) and KPF6 (5 eq., 106 

mg, 0.573 mmol) in suspension into acetone (5 mL). PTA (1 eq., 18 mg, 0.115 mmol) was 

added to the mixture at room temperature leading to the solubilization of the starting Au 

complex. The reaction was maintained at room temperature for 1.5 h. After partial removal 

of the solvent, dichloromethane was added and the solution was filtrated through Celite® 

and evaporated to dryness. The pure product was obtained after recrystallization from a 

dichloromethane/pentane mixture (80.3 mg, 98 % yield). 
1
H NMR (Acetone-d6, 500.13 

MHz, 298 K): 4.40 (d, 1 H, 
2
JH-H = 15.6 Hz, CH2-PyrBz), 4.61 (2 d, 4 H, 

2
JH-H = 15.6 Hz, 

2
JH-H 

= 13.2 Hz, CH2-PyrBz, 3 Ha N-CHaHb-N (PTA)), 4.81 (d, 3 H, 
2
JH-H = 13.2 Hz, 3 Hb N-CHaHb-

N (PTA)), 4.96 (d, 6 H, 
3
JP-H = 3.6 Hz), 7.22 (dt, 1 H, 

3
JH-H = 7.4 Hz, 

4
JH-H = 1.0 Hz, H

5’
), 

7.32 (pseudo t, 1 H, 
3
JH-H = 7.6 Hz, H

4’
), 7.48 (dd, 1 H, 

3
JH-H = 7.6 Hz, 

4
JH-H = 1.0 Hz, H

3’
), 

7.77 (dt, 1 H, 
3
JH-H = 7.0 Hz, 

4
JH-H = 1.0 Hz, H

5
), 7.86 (ddd, 1 H, 

3
JH-H = 7.5 Hz, 

4
JH-H = 1.0 

Hz, 
4
JP-H = 3.5 Hz, H

6’
), 8.02 (d, 1 H, 

3
JH-H = 7.6 Hz, H

3
), 8.26 (dt, 1 H, 

3
JH-H = 7.8 Hz, 

4
JH-H 

= 1.0 Hz, H
4’

), 8.99 (m, 1 H, H
6
). 

13
C{

1
H} NMR (Acetone-d6, 125.77 MHz, 300 K): 47.5 (s, 

CH2-PyrBz), 53.6 (d, 
1
JP-C = 17.6 Hz, P-CH2), 73.1 (d, 

3
JP-C = 10.1 Hz, N- CH2-N), 125.7 (d, 

4
JP-C = 3.8 Hz, CH

5
), 127.5 (d, 

4
JP-C = 3.8 Hz, CH

3
), 129.5 (d, 

4
JP-C = 3.8 Hz, CH

5’
), 129.8 (s, 

CH
4’

), 131.1 (s, CH
3’

), 134.6 (d, 
3
JP-C = 6.3 Hz, CH

6’
), 136.3 (s, Cquat-Bz), 142.7 (d, 

2
JP-C = 3.8 

Hz, C-Au), 144.2 (s, CH
4
), 151.4 (s, CH

6
), 156.9 (s, Cquat-pyr).

 31
P{

1
H} NMR (Acetone-d6, 

202.45 MHz, 300 K): -16.6 (s, 1 P, PTA), -144.2 (h, 1 P, PF6). ESI-MS (MeCN-MeOH), 

positive mode exact mass for [C18H22N4O3PAuCl]
+
 (557.09306): measured m/z 557.09246 

[M-PF6]
+
. IR (ATR & FIR, cm

-1
): 2935, 1611, 1565, 1446, 1413, 1283, 1243, 823, 775, 737, 

310, 227. Anal. Calc. for C18H22N4O3P2F6AuCl.CH2Cl2: C, 28.97, H, 3.07, N, 7.11 %. 

Found: C, 28.96, H, 2.02, N, 7.26 %. 

 

[Au(py
b
-H)(PPh2-Coum)Cl].PF6 (3) 

 

A round-bottom flask was charged with 1 (1 eq., 50 mg, 0.115 mmol), KPF6 (5 eq., 106 mg, 

0.573 mmol) and 3-[4-(diphenylphosphano)phenyl]-7-methoxy-2H-chromen-2-one 

(PPh2-Coum) (1 eq., 50 mg, 0.115 mmol) in suspension into distilled acetone (5 mL) under 

argon atmosphere. Starting Au complex was solubilized after some minutes. The reaction 

was maintained at room temperature for 1.5 h; afterward 10 mL of dichloromethane were 

added and the yellow solution was filtrated through Celite® and concentrated under vacuum. 
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The pure product was obtained after recrystallization from a dichloromethane/pentane 

mixture as a yellow powder (91 mg, 80 % yield). 
1
H NMR (Acetone-d6, 500.13 MHz, 298 

K): 3.97 (s, 3 H, OCH3), 4.49 (d, 1 H, 
2
JH-H = 15.6 Hz, CH2-PyrBz), 5.05 (d, 1 H, 

2
JH-H = 15.6 

Hz, CH2-PyrBz), 6.52 (dt, 1 H, 
3
JH-H = 8.5 Hz, 

4
JH-H = 1.5 Hz, H

5’
), 6.88 (dd, 1 H, 

3
JH-H = 7.5 

Hz, 
4
JH-H = 3.0 Hz, H

6’
), 6.98 (d, 1 H, 

4
JH-H = 2.5 Hz, H

D
), 7.00 (dd, 

3
JH-H = 8.5 Hz, 

4
JH-H = 

2.5 Hz, H
C
), 7.03 (dt, 

3
JH-H = 8.5 Hz, 

4
JH-H = 0.5 Hz, H

4’
), 7.33 (dd, 1 H, 

3
JH-H = 8.5 Hz, 

4
JH-H 

= 1.5 Hz, H
3’

), 7.60-7.66 (m, 4 H, Hortho-Ph), 7.70 (d, 
3
JH-H = 8.5 Hz, H

B
), 7.73-7.79 (m, 2 H, 

Hortho-pC6H4), 7.81 (t, 
3
JH-H = 8.5 Hz, H

5
), 7.89-8.01 (m, 8 H, Hmeta/para-Ph + Hmeta-pC6H4), 8.06 (d, 

1 H, 
3
JH-H = 8.5 Hz, H

3
), 8.27 (s, 1 H, H

A
), 8.31 (dt, 1 H, 

3
JH-H = 8.5 Hz, 

4
JH-H = 1.5 Hz, H

4
), 

9.25 (broad s, 1 H, H
6
). 

13
C{

1
H} NMR (Acetone-d6, 125.77 MHz, 300 K): 47.9 (s, CH2-

PyrBz), 56.5 (s, O -CH3), 101.2 (s, CH
D
), 113.8 (s, CH

C
), 114.0 (s, Cquat-coum), 122.9 (s, Cquat-p-

C6H4), 124.0 (d, 
1
JP-C = 84.3 Hz, Cipso-Ph), 124.5 (d, 

1
JP-C = 83.0 Hz, Cipso-Ph), 124.8 (d, 

1
JP-C = 

70.4 Hz, Cipso-p-C6H4), 125.4 (d, 
4
JP-C = 3.8 Hz, CH

5
), 127.3 (d, 

4
JP-C = 3.8 Hz, CH

3
), 128.8 (s, 

CH
4’

),
 
128.9 (d, 

4
JP-C = 2.5 Hz, CH

5’
),129.8 (s, CHpara-Ph), 129.9 (s, CH

3’
), 130.2 (d, 

2
JP-C = 

10.1 Hz, CHortho-Ph), 130.3 (d, 
2
JP-C = 10.1 Hz, CHortho-Ph), 131.0 (s, CH

B
), 133.7 (d, 

3
JP-C = 7.5 

Hz, CH
6’

), 134.5 (d, 
3
JP-C = 2.5 Hz, CHortho-p-C6H4), 134.6 (s + d,

 3
JP-C = 2.5 Hz, Cquat-Bz + 

CHortho-p-C6H4), 136.1 (s, CHmeta-Ph), 136.2 (s, CHmeta-Ph + CHmeta-p-C6H4), 136.4 (s, CHmeta-p-

C6H4), 141.6 (d, 
2
JP-C = 2.5 Hz, C-Au), 143.1 (s, CH

A
), 144.2 (s, CH

4
), 150.8 (s, Cquat-coum), 

152.4 (s, CH
6
), 156.8 (s, Cquat-pyr), 157.9 (s, Cquat-coum), 160.4 (s, Cquat-coum), 164.6 (s, Cquat-

coum). 
31

P{
1
H} NMR (Acetone-d6, 202.45 MHz, 300 K): 31.5 (s, 1 P, PPh3-Coum), -144.2 (h, 

1 P, PF6). ESI-MS (DMSO-MeOH), positive mode exact mass for [C40H31NO3PAuCl]
+
 

(836.13901): measured m/z 836.13656 [M-PF6]
+
. IR (ATR & FIR, cm

-1
): 1725, 1613, 1569, 

1437, 1362, 1025, 836, 751, 311, 229. Anal. Calc. for C40H31NO3P2F6AuCl: C, 48.92, H, 

3.18, N, 1.43 %. Found: C, 48.40, H, 2.70, N, 1.52 %. 

 

[(Au(py
b
-H)(GluS)Cl] (4) 

 

A round-bottom flask was charged with 1 (1 eq., 50 mg, 0.115 mmol), thio-β-D-glucose 

tetraacetate (GluSH) (1 eq., 42 mg., 0.115 mmol) and Na2CO3 (2 eq., 24 mg , 0.230 mmol) 

in suspension into dichloromethane (5mL). The reaction was maintained at room temperature 

for 1.5 h during which time the solution turned yellow. The solution was filtered through 

Celite® and concentrated under reduced pressure. Upon addition of pentane a yellow 

precipitate was formed. The mixture of diastereoisomeres was obtained after removal of the 

solution and drying under vacuum (83.9 mg, 96 % yield). 
1
H NMR (Acetone-d6, 500.13 

MHz, 298 K): 1.89/1.94 (2 s, 3 H, O(O)CH3), 1.95 (s, 3 H, O(O)CH3), 1.98/1.99 (2 s, 3 H, 

O(O)CH3), 2.07/2.09 (2 s, 3 H, O(O)CH3), 3.74 (m, 1 H, CHsugar), 4.02/4.13 (2 dd, 1 H, 
2
JH-H 

= 12.0 Hz, 
3
JH-H = 2.0 Hz, CH2-sugar), 4.22/4.26 (2 dd, 1 H, 

2
JH-H = 12.0 Hz, 

3
JH-H = 5.5 Hz, 

CH2-sugar), 4.33 (d, 1 H, 
2
JH-H = 14.5 Hz, CH2-PyrBz), 4.52 (2 d, 1 H, 

2
JH-H = 14.5 Hz, CH2-PyrBz), 

4.99-5.09 (m, 2 H, 2 CHsugar), 5.17-5.25 (2 t, 1 H,
 3

JH-H = 9.5 Hz, CHsugar), 5.45/5.64 (2 d, 1 
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H, 
3
JH-H = 9.5 Hz, CHsugar), 7.08-7.12 (2 t, 1 H, 

3
JH-H = 5.5 Hz, CH

5’
), 7.16-7.20 (m, 1 H, 

CH
4’

), 7.29-7.31 (2 d, 1 H, 
3
JH-H = 5.5 Hz, CH

3’
), 7.33/7.58 (2 d, 1 H, 

3
JH-H = 5.5 Hz, CH

6’
), 

7.70-7.73 (m, 1 H, CH
5
), 7.98 ( broad d, 1 H, 

3
JH-H = 8.0 Hz, CH

3
), 8.22 (broad t, 1 H, 

3
JH-H = 

8.0 Hz, CH
3
), 9.17/9.20 (2 d, 1 H, 

3
JH-H = 5.5 Hz, CH

6
). 

13
C{

1
H} NMR (Acetone-d6, 125.77 

MHz, 300 K): 20.6-21.0 (s, O(O)CH3), 47.9/48.0 (2 s, CH2-PyrBz), 63.0 (s, CH2-sugar), 

69.7/69.8 (2 s, CHsugar), 73.0/73.3 (2 s, CHsugar), 75.4 (s, CHsugar), 76.2/76.4 (2 s, CHsugar), 

83.0/83.1 (2 s, CHsugar), 125.3 (s, CH
5
), 127.1 (s, CH

3
), 128.7 (s, CH

4’/5’
), 128.8 (s, CH

4’/5’
), 

129.9/130.0 (2 s, CH
3’

), 131.9-133.1 (2 s, CH
6’

), 134.0/134.1 (2 s, C-Au), 143.1/143.2 (2 s, 

CH
4
), 144.5/144.6 (2 s, Cquat-Bz), 152.0/152.1 (2 s, CH

6
), 156.9/157.1 (2 s, Cquat-Pyr), 169.8-

170.9 (s, C(O)O). ESI-MS (DMSO-MeOH), positive mode exact mass for 

[C26H29NO9SAuClNa]
+
 (786.08093): measured m/z 786.07946 [M+Na]

+
. IR (ATR & FIR, 

cm
-1

): 1743, 1612, 1569, 1435, 1367, 1219, 1029, 912, 753, 376, 295, 221. Anal. Calc. for 

C26H29NO9SAuCl: C, 40.87, H, 3.83, N, 1.83, S, 4.20 %. Found: C, 40.58, H, 4.18, N, 1.85, 

S, 3.73 %. 

  

[Au(py
b
-H)(SR)2] (5) 

 

A round-bottom flask was charged with 1 (1 eq., 50 mg, 0.115 mmol), thio-β-D-glucose 

tetraacetate (2 eq., 84 mg, 0.230 mmol,) and Na2CO3 (5 eq., 61 mg, 0.575 mmol) in 

suspension into dichloromethane (10 mL). The reaction was maintained at room temperature 

overnight during which time the solution turned yellow. The solution was filtrated through 

Celite® and concentrated under reduced pressure. Upon addition of pentane a yellow 

precipitate was formed. The pure product was obtained after removal of the solution and 

drying under vacuum (93.5 mg, 74 % yield). 
1
H NMR (Acetone-d6, 300 K, 500.13 MHz): 

1.91 (s, 4 H, CH3-C(O)), 1.93-1.95 (m, 8 H, CH3-C(O)), 2.00, (s, 6 H, CH3-C(O)), 2.09 (s, 3 

H, CH3-C(O)), 2.11 (s, 3 H, CH3-C(O)), 3.24-3.28 (m, 0.7 H, CHsugar), 3.51-3.56 (m, 0.3 H, 

CHsugar), 3.76-3.82 (m, 1.7 H, CHsugar), 4.02 (dd, 1 H, 
2
JH-H = 8.0 Hz, 

3
JH-H = 4.0 Hz, CHsugar), 

4.06 (m, 0.3 H, CHsugar), 4.12 (dd, 1 H, 
2
JH-H = 8.0 Hz, 

3
JH-H = 2.5 Hz, CHsugar), 4.24-4.32 (m, 

2.5 H, CHsugar + CH2-PyrBz), 4.43 (d, 
2
JH-H = 14.5 Hz, CH2-PyrBz), 4.50 (d, 0.7 H, 

3
JH-H = 9.5 Hz, 

CHsugar), 4.79 (t, 0.7, 
3
JH-H = 9.8 Hz, CHsugar), 4.93 (t, 0.7, 

3
JH-H = 9.8 Hz, CHsugar), 4.97-5.13 

(m, 4 H, CHsugar), 5.18-5.24 (m, 1.7 H, CHsugar), 5.42 (d, 0.7 H, 
3
JH-H = 10.5 Hz, CHsugar), 

7.09-7.15 (m, 2 H, CHBz), 7.30-7.33 (m, 1 H, CHBz), 7.53 (dd, 0.3 H, 
3
JH-H = 7.0 Hz, 

4
JH-H = 

1.5 Hz, CH
6’

), 7.62 (dd, 0.7 H, 
3
JH-H = 7.0 Hz, 

4
JH-H = 1.5 Hz, CH

6’
), 7.67-7.72 (m, 1 H, 

CHPyr), 7.96 (d, 1 H, 
3
JH-H = 7.5 Hz, CHPyr), 8.19-8.24 (m, 1 H, CHPyr), 9.39 (dd, 0.7 H, 

3
JH-H 

= 6.0 Hz, 
4
JH-H = 1.0 Hz, CH

6
), 9.45 (d, 0.3 H, 

3
JH-H = 6.0 Hz, CH

6
).

13
C{

1
H} NMR (Acetone-

d6, 300 K, 125.77 MHz): major isomer: 20.6 (s, CH3C(O)), 20.6 (s, CH3C(O)), 20.7 (s, 

CH3C(O)), 20.8 (s, CH3C(O)), 21.0 (s, CH3C(O)), 21.5 (s, CH3C(O)), 48.8 (s, CH2-PyrBz), 

62.7 (s, CH2-sugar), 62.8 (s, CH2-sugar), 69.4 (s, CH-sugar), 69.5 (s, CH-sugar), 72.8 (s, CH-sugar), 

74.7 (s, CH-sugar), 75.6 (s, CH-sugar), 75.7 (s, CH-sugar), 75.9 (s, CH-sugar), 76.1 (s, CH-sugar), 82.4 



CHAPTER 5: Synthesis and biological characterization of cyclometalated Au(III) 

complexes 

 

 

175 

 

(s, CH-sugar), 83.6 (s, CH-sugar), 125.0 (s, CHPyrBz), 127.1 (s, CHPyrBz), 128.0 (s, CHPyrBz), 128.6 

(s, CHPyrBz), 129.4 (s, CHPyrBz), 132.5 (s, CHPyrBz), 135.4 (s, C-Au), 142.9 (s, CHPyrBz), 153.1 

(s, CHPyrBz), 154.8 (s, Cquat-PyrBz), 157.7 (s, Cquat-PyrBz), 169.7 (s, C(O)), 169.8 (s, C(O)), 170.0 

(s, C(O)), 170.1 (s, C(O)), 170.2 (s, C(O)), 170.2 (s, C(O)), 170.7 (s, C(O)), 170.9 (s, C(O)); 

minor isomer: 20.6 (s, CH3C(O)), 20.7 (s, CH3C(O)), 21.1 (s, CH3C(O)), 21.2 (s, CH3C(O)), 

48.4 (s, CH2-PyrBz), 63.0 (s, CH-sugar), 63.2 (s, CH-sugar), 69.6 (s, CH-sugar), 70.0 (s, CH-sugar), 

73.6 (s, CH-sugar), 75.0 (s, CH-sugar), 75.3 (s, CH-sugar), 76.4 (s, CH-sugar), 76.6 (s, CH-sugar), 83.8 

(s, CH-sugar), 84.8 (s, CH-sugar), 123.8 (s, CHPyrBz), 125.4 (s, CHPyrBz), 126.9 (s, CHPyrBz), 127.8 

(s, CHPyrBz), 131.7 (s, CHPyrBz), 133.4 (s, CHPyrBz), 134.5 (s, C-Au), 137.2 (s, CHPyrBz), 150.4 

(s, Cquat-PyrBz), 152.9 (s, CHPyrBz), 157.9 (s, Cquat-PyrBz), 169.8 (s, C(O)), 169.9 (s, C(O)), 170.1 

(s, C(O)), 170.8 (s, C(O)). (CH2Cl2/MeOH), positive mode exact mass for 

[C40H48NO18S2AuNa]
+
 (1114.18705): measured m/z 1114.18560 [M+Na]

+
. IR (ATR & FIR, 

cm
-1

): 1740, 1614, 1569, 1437, 1367, 1218, 1029, 754, 375, 369, 212. Anal. Calc. for 

C40H48AuNO18S2.H2O: C, 43.29, H, 4.54, N, 1.26, S, 5.78 %. Found: C, 43.11, H, 4.72, N, 

1.30, S, 4.78 %. 

 

X-ray crystallography 

 

Crystals of 2 were obtained by slow diffusion of diethyl ether through a concentrated 

solution of 2 in acetone. Intensity data were collected on a Bruker Nonius Kappa CCD 

APEX II at 115 K. The structure was solved by direct methods (SIR92)
25

 and refined with 

full-matrix least-squares methods based on F
2
 (SHELLX 97)24

26
 with the aid of the WINGX 

program.
27

 All non-hydrogen atoms were refined with anisotropic thermal parameters. 

Hydrogen atoms were included in their calculated positions and refined with a riding model. 

Crystallographic data are reported in Table 4.  

 

Table 4: Crystal data and structure refinement for 2. 

Empirical formula C39H50Au2F12N8OCl2P4 

Formula weight 1463.58 

Temperature 115(2) K 

Wavelength 0.71073 Å  

Crystal system, space group monoclinic, P21/n 

Unit cell dimensions a = 13.3224() Å α = 90° 

 b = 17.2070(13) Å β = 101.168(3)° 

 c = 20.8871(17) Å γ = 90° 

Volume 4697.5(6) Å
3
 

Z, Calculated density 4, 2.069 mg/m
3
 

Absorption coefficient 6.581 mm
-1
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F(000) 2832.0  

Crystal size 0.5 x 0.2 x 0.12 mm 

2θ range for data collection 4.008 to 55.038 deg. 

Limiting indices -17≤h≤11, -22≤k≤22, -26≤l≤27 

Reflections collected / unique 105437 / 10787 [R(int) = 0.0328] 

Completeness to theta = 25.242 98.1 % 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 10787 / 0 / 615 

Goodness-of-fit on F^2 0.990 

Final R indices [I>2σ(I)] R1 = 0.0157, wR2 = 0.0384 

R indices (all data) R1 = 0.0182, wR2 = 0.0392 

Largest diff. peak and hole 0.93 and -0.63 e.Å
-3

 

  

Fluorescence measurements 

 

The steady-state fluorescence emission and excitation spectra were obtained by using a 

JASCO FP8560 spectrofluorometer instrument. All fluorescence spectra were corrected for 

instrument response. The fluorescence quantum yield (ΦF ) was calculated from equation 1. 

 



F

FR


n2

nR
2


IF
0



 (E ,F )dF

IFR
0



 (E ,F )dF


110 A R (E )

110 A(E )
 

Equation 1 

 

ΦF and ΦFR are fluorescence quantum yields of the compound and the reference respectively. 

A(E) and AR(E) are the absorbance at the excitation wavelength, and n is the refractive 

index of the medium. IF and IFR are fluorescent intensities of the compound and the reference 

respectively. The reference system used was 9,10-diphenylanthracene ( = 0.955 in 

cyclohexane, ex = 366 nm).
 
The data are shown in Table 5. 
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Table 5: Spectroscopic data of PPh2-ArCoum and 3  

Compound Solvent 
λabs / 

nm 

ε / M
-1 

.cm
-1

 
λem / nm 

Stokes’ 

shift / 

cm
-1

 

ΦF(%)
a,

b
 

Brigthness/

M
-1 

.cm
-1

 

PPh3-Coum 
21

 MeOH 345 - 426 5511 20 - 

3 CH2Cl2 361 25500 429 4390 38 9690 
a 
λexc = 361 nm ; 

b
 Using 9,10-diphenylanthracene as reference, ΦF = 0.955 in cyclohexane, λexc = 

366 nm. All ΦF are corrected from refractive index 

 

Cell viability assay 

The human breast cancer cell line MCF7, human lung cancer cell line A549, human colon 

cancer cell lines HCT116 p53+/+ and human ovarian cancer cell line A2780 (obtained from 

the European Centre of Cell Cultures ECACC, Salisbury, UK) were cultured respectively in 

DMEM (Dulbecco’s Modified Eagle Medium) and RPMI containing GlutaMax 

supplemented with 10 % FBS and 1 % penicillin/streptomycin (all from Invitrogen), at 37°C 

in a humidified atmosphere of 95 % of air and 5 % CO2 (Heraeus, Germany). Non-tumoral 

human embryonic kidney cells HEK-293T were kindly provided by Dr. Maria Pia Rigobello 

(CNRS, Padova, Italy) and were cultivated in DMEM medium, added with GlutaMax 

(containing 10 % FBS and 1 % penicillin/streptomycin (all from Invitrogen) and incubated at 

37°C and 5 % CO2. For evaluation of growth inhibition, cells were seeded in 96-well plates 

(Costar, Integra Biosciences, Cambridge, MA) at a concentration of 10000 cells/well 

(A2780, MCF-7, HEK-293T) or 6000 cells/well (HCT116 p53 +/+, A549) and grown for 24 

h in complete medium. Solutions of the compounds were prepared by diluting a freshly 

prepared stock solution (10
-2

 M in DMSO) of the corresponding compound in aqueous media 

(RPMI or DMEM for the A2780 or A549, MCF-7, HCT116 p53+/+ and HEK-293T, 

respectively). Afterwards, the intermediate dilutions of the compounds were added to the 

wells (200 L) to obtain a final concentration ranging from 0 to 50 M, and the cells were 

incubated for 72 h. Following 72 h drug exposure, 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) was added to the cells at a final concentration of 0.5 mg 

ml
-1

 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 550 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. 
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Abstract  

A number of gold(I) complexes containing the proton pump inhibitor (PPI) lansoprazole 

and its reduced precursor 2-((3-methyl-4-(2,2,2-trifluoroethoxy)pyridin-2-

yl)methylthio)-1H-benzo[d]imidazole have been synthesized and their biological effects 

have been evaluated in human cancer and non-tumorigenic cells in vitro. The 

lansoprazole-based compounds appear to act through a V-H
+
-ATPase-mediated 

mechanism.  
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Introduction 

 

Gold compounds have a long and important tradition in medicine, the so-called 

Chrysotherapy that derives its name from Chryses, a golden-haired heroine of the Greek 

Mythology. Such a tradition dates back to the Chinese (2500 B.C.) and especially 

flourished in Europe during the late Middle Age and the Renaissance. In early times of 

modern pharmacology, gold compounds were widely used for the treatment of several 

diseases, especially as anti-infective and anti-tubercular agents. Nowadays, gold-based 

drugs are only used as a treatment for severe rheumatoid arthritis, because of their 

systemic toxicity and poor stability. Moreover, in recent years, gold compounds hold 

great promise as potential anticancer drugs.
1, 2

 In fact, a conspicuous number of 

coordination and organometallic gold complexes, with highly different chemical 

structures, were reported to manifest outstanding antiproliferative properties in cancer 

cells in vitro, and sometimes in vivo.
3-5

 

  With the aim of developing new gold-based cytotoxic agents, our groups have been 

particularly focusing on the study of gold(I) and gold(III) complexes with nitrogen donor 

ligands and on the investigation of their mechanisms of biological action.
6-8

 

  It is worth mentioning that resistance to cytotoxic agents is a major problem in 

treating cancer. The mechanisms underlying this phenomenon appear to profit of functions 

involved in the control of cell homeostasis. A mechanism of resistance may be the alteration 

of the tumour microenvironment via changes in the pH gradient between the extracellular 

environment and the cell cytoplasm.
9
 In fact, the extracellular pH of solid tumours is 

significantly more acidic than that of normal tissues,
10

 thus impairing the uptake of weakly 

basic chemotherapeutic drugs and reducing their anticancer effect. Therefore, a strategy to 

revert drug resistance is the use of agents that disrupt the pH gradient in tumours by 

inhibiting the function of pumps generating the pH gradient itself, such as vacuolar H
+
-

ATPases (V-H
+
-ATPases).

11, 12
 

  A class of V-H
+
-ATPase inhibitors, called proton pump inhibitors (PPIs), have 

emerged as the drug class of choice for treating patients with peptic diseases.
13, 14

 These 

drugs inhibit gastric acid secretion by targeting the gastric acid pump, but they also directly 

inhibit V-H
+
-ATPases. PPIs are in general protonable weak bases selectively accumulating 

in acidic spaces. Currently, there are five PPIs available for treating gastric and duodenal 

ulcer disease, namely omeprazole, pantoprazole, esomeprazole, rabeprazole and 

lansoprazole. They are all substituted benzimidazoles that behave as prodrugs that need to be 

activated in vivo.
13

  

 Lansoprazole (HL
2
, Figure 1) has a structure that combines a benzimidazole 

ring and a pyridine ring connected through a sulfinyl linkage. The compound’s 

activation occurs by addition of two protons to the nitrogens on either side of the 

sulfinyl group. The second protonation on the benzimidazole ring causes rearrangement 
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of the sulfinyl into a sulfenic acid or a sulfenamide. The latter can react with the cysteine 

molecules of the H
+
-ATPase to form one or two disulfide bonds. 

15
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Ligands HL
1
 and lansoprazole (HL

2
) and their mononuclear gold(I) complexes. 

 

PPI may revert chemoresistance and increase chemosensitivity of different human tumour 

cells. Recent findings from Fais et al. have shown that PPI pretreatment sensitized tumour 

cell lines to the effect of Cisplatin, 5-fluorouracil and Vinblastine.
16

 PPI pretreatment was 

associated with the inhibition of V-H
+
-ATPase activity and an increase of both extracellular 

pH and the pH of lysosomal organelles, consistent with a cytoplasmic retention of the 

cytotoxic drugs and targeting to the nucleus in the case of Doxorubicin.
16

 In vivo experiments 

showed that oral pretreatment with omeprazole induced a sensitivity of the human solid 

tumors to anticancer drugs.
16

 Moreover, PPI pre-treatment of melanoma cells increased 

cellular uptake of Cisplatin, as compared to untreated cells, in an acidic-dependant manner.
17
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  Interestingly, other studies described the advantages of combining lansoprazole 

with metal ions, such as Ni(II), Co(II), Mn(II), Cu(II) and Hg(II), as well as inner transition 

metals (Th(IV), Ce(IV), Nd(III) and Gd(III)), for therapeutic purposes as antibacterial or 

antifungal agents.
18, 19

 Recently, the pump inhibitor pantoprazole has also been linked to a 

Gd-based compound to enhance the accumulation of the resulting MRI contrast agent in the 

stomach and colon.
20

 

  Within this frame, we decided to explore the possibility to couple gold ions to 

lansoprazole-type ligands in order to achieve ‘’bifunctional’’ metal compounds able to 

selectively target cancer cells. Thus, we report here on the synthesis and chemical 

characterization of a series of mono- and dinuclear gold(I) compounds bearing lansoprazole-

type ligands. The antiproliferative properties of the compounds have been evaluated in 

cancer cell lines, including the human ovarian cancer A2780 cells and their Cisplatin 

resistant variant A2780cisR, as well as in non-cancer human embryonic kidney HEK-293T 

cells to assess compounds’ selectivity. Moreover, preliminary results on the possible 

contribution of a V-H
+
-ATPase-mediated mechanism in the compounds’ biological mode of 

action were obtained. 

 

Results and discussion 

 

Synthesis and characterization 

  Initially, lansoprazole (2-((3-methyl-4-(2,2,2-trifluoroethoxy)pyridin-2-

yl)methylsulfinyl)-1H-benzo[d]imidazole) (HL
2
) was prepared by oxidation of 2-((3-methyl-

4-(2,2,2-trifluoroethoxy)pyridin-2-yl)methylthio)-1H-benzo[d]imidazole (HL
1
, Figure 1) 

according to a recently reported method.
21

  

  Afterward, a variety of gold(I) complexes, both mono- (Figure 1) and dinuclear 

(Figure 2), have been prepared by reaction of the two ligands with the appropriate gold(I) 

precursor. The compounds have been characterized by 
1
H and 

31
P NMR, as well as IR 

spectroscopy and elemental analysis (see experimental part for details).  

  Three of the mononuclear complexes, namely [Au(HL
1
)Cl] (1a) and 

[Au(HL
n
)(PPh3)](BF4) (n = 1, 2a-BF4; n = 2, 2b-BF4), contain the ligand – HL

1
 or HL

2
 – in 

its neutral form. The neutral complex 1a was prepared by reaction of HL
1
 with [Au(tht)Cl] 

(tht = tetrahydrothiophene). The two cationic complexes 2a-BF4 and 2b-BF4, both featuring 

triphenylphosphane as ancillary ligand, were obtained by reaction of the appropriate ligand 

with the solvento complex [Au(PPh3)(solv)](BF4), this was prepared in situ by reaction of 

[Au(PPh3)Cl] with AgBF4 in dichloromethane. 

  Of the three possible coordination sites, i.e. the sulfur atom, the pyridine and the 

imidazole nitrogen atom, the IR and 
1
H NMR data suggest that the latter is likely coordinated 

to the Au-Cl fragment in 1a. Indeed, its far IR spectrum shows the Au-Cl stretching vibration 

at 341 cm
-1

, consistent with a Au-Cl trans to a nitrogen atom, and the 
1
H NMR spectrum in 

CD2Cl2 shows two multiplets at δ = 7.71 and 7.63 ppm, each integrating for 1 proton, 
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attributed to H
6’

 and H
3’

 (Figure 4 in Experimental Section), respectively, which in the free 

ligand give rise to only one multiplet at 7.55 ppm, thus suggesting involvement of the iminic 

nitrogen of the imidazole ring in the coordination to AuCl.  

  In the case of 2a-BF4 and 2b-BF4, coordination of the AuPPh3 fragment to a 

nitrogen atom is inferred by their 
31

P{
1
H}

20
 NMR spectrum, where a singlet resonance at, 

respectively, δ = 31.6 and 31.2 ppm is consistent for linear gold(I) PPh3 derivatives having a 

phosphorus trans to a nitrogen atom. The 
1
H NMR spectra of the two cationic complexes are 

characterized by broad signals, which suggest a fluxionality process involving positional 

exchange of the (PPh3)Au
+
 group between the two iminic nitrogen coordination sites. The 

site-exchange mode is represented in Scheme 1. A similar behaviour was previously 

observed for analogous gold(I) complexes of 2-(2’-pyridyl)benzimidazole.
8
 All signals are 

shifted upfield, as usually observed for PPh3 complexes. 

 

   

 

 

 

Scheme 1: Proposed site-exchange mode of the (PPh3)Au
+
 group between the two iminic 

nitrogen coordination sites in 2a-BF4 and 2b-BF4. 

 

The neutral complexes 4a, 5a and 5b and the anionic complex Na-3a, contain the ligand in 

its deprotonated form. The saccharinate complex Na-3a was obtained from reaction of HL
1
 

with Na[Au(sac)2]
22

 (sacH = saccharine) in acetonitrile solution. The triphenylphosphane 

complex 4a was synthesized by reaction of the solvento complex [Au(PPh3)(solv)](BF4) with 

HL
1
 and KOH in acetone/MeCN/H2O, while the PTA (PTA = 1,3,5-triaza-7-

phosphaadamantane) complexes 5a and 5b have been obtained by reaction of [Au(PTA)Cl] 

with HL
1
 and HL

2
, respectively, and KOH in H2O/MeCN solution. 

  The IR spectrum of Na-3a shows the C=O and the SO2 stretching vibrations of the 

saccharinate ligand at 1689, 1290 and 1171 cm
-1

, respectively. The proton spectrum in 

CD2Cl2 shows well resolved signals for both the L
1
 and the saccharinate ligand in 1:1 molar 

ratio; most of the L
1
 signals are slightly downfield shifted compared to the free ligand and 

the H
3’

 and H
6’

 protons give rise to two multiplets, one partially overlapped with the H
4”

 and 

H
5”

 resonances of the saccharinate ligand at 7.76 ppm, the other at 7.67 ppm, thus suggesting 

coordination of the Au(sac) moiety to the deprotonated nitrogen atom of the imidazole ring. 

The 
31

P{
1
H} NMR spectra of 4a, 5a and 5b show singlet resonances at, respectively, δ = 
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32.2, -58.8 and -58.6 ppm consistent for linear gold(I) PPh3 (4a) and PTA (5a and 5b) 

derivatives having a phosphorus trans to a nitrogen atom.
8
 

  The dinuclear complexes 7a-BF4 and 7b-BF4 (Figure 2) were synthesized by 

reaction of the respective deprotonated ligand with 2 eq. of the solvento complex 

[(PPh3)Au(solv)](BF4) in dichloromethane. Their 
1
H NMR spectra are characterized by well 

resolved signals with the correct L:PPh3 integral ratio. In both cases, two signals are found in 

their 
31

P{
1
H} NMR spectrum at 31.2 and 33.1 (7a-BF4) and 31.0 and 33.2 (7b-BF4), 

attributable to the Au(PPh3) coordinated respectively to the iminic and amidic nitrogen atom 

of the imidazole ring. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Dinuclear complexes based on lansoprazole-type ligands. 

 

In vitro study 

  The new compounds were screened for their antiproliferative properties on human 

ovarian cancer cell lines sensitive (A2780) and Cisplatin resistant (A2780cisR) as well as in 

human embryonic kidney HEK-293T cells using the classical MTT assay (see Experimental 

for details) in comparison to the “free” ligands and Cisplatin used as reference. A dose-

dependent inhibition of cell growth was observed in all cell lines with IC50 values ranging 

from ca. 0.7 to > 70M after 72 hours incubation as depicted in Table 1. 
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Table 1: Cell viability (IC50 values) of gold(I) compounds and ligands HL
1
 and lansoprazole 

(HL
2
) in human ovarian carcinoma cell lines sensitive (A2780) or resistant to Cisplatin 

(A2780cisR) and in HEK-293T cells after 72 h incubation. 

 

 IC50 (M)
 [a]

  

Compound A2780 A2780cisR HEK-293T 

HL
1
 26.3 ± 8.5 66.8 ± 10.4 > 70 

lansoprazole (HL
2
) 45.6 ± 2.6 59.0 ± 15.2 > 70 

PPh3 20.2 ± 4.0 16.0 ± 4.9 18.6 ± 2.6 

PTA > 100 > 100 > 100 

1a 10.9 ± 0.5 28.2 ± 2.4 19.9 ± 0.5 

2a-BF4 3.5 ± 0.3 4.2 ± 0.8 6.8 ± 1.0 

2b-BF4 1.1 ± 0.3 0.7 ± 0.1 5.3 ± 0.4 

Na-3a 8.3 ± 2.1 13.4 ± 3.8 12.4 ± 0.5 

4a 3.0 ± 0.5 2.8 ± 0.7 3.9 ± 0.5 

5a 9.0 ± 0.8 10.3 ± 2.7 10.5 ± 1.2 

5b 16.2 ± 1.1 13.2 ± 4.6 12.1 ± 0.5 

7a-BF4 1.0 ± 0.1 1.2 ± 0.3 2.7 ± 0.8 

7b-BF4 1.5 ± 0.3 0.9 ± 0.4 5.0 ± 0.9 

Cisplatin 2.4 ± 0.6 35.0 ± 7.0 12.0 ± 1.9 

  
a
The reported values are the mean ± SD of at least three determinations. 

 

Several conclusions can be drawn from the obtained results: all compounds elicit good 

antiproliferative properties, while the ligands are moderately toxic in the selected cell lines 

(the least toxic being PTA ligand with IC50 higher than 100 μM). Secondly, each gold 

complex shows similar cell growth inhibition in both A2780 and A2780cisR cells. Notably, 

most of the new compounds (made exception for 1a) are more active than Cisplatin towards 

the resistant cell line A2780cisR, indicating that different mechanisms of action take place 

compared to classical DNA alkylating agents as platinum drugs. This is not surprising since 

gold-based compounds have been shown to mainly target proteins/enzymes in cancer cells.
23

 

  The most effective derivatives of the series, even more potent than Cisplatin, are the 

mononuclear compound 2b-BF4 derivative of lansoprazole, and the dinuclear complexes 7a-

BF4 and 7b-BF4 (IC50 in the 1 μM range), all of them containing PPh3 ligands and being 

positively charged in solution. The gold(I) derivatives bearing either the 1,3,5-triaza-7-

phosphaadamantane (5a and 5b) or the saccharine (Na-3a) ligands are ca. 10-fold less 
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effective. In general, the activities of the lansoprazole gold(I) complexes are very similar to 

those containing the reduced HL
1
 ligand, but with the same secondary ligand. However, 

compound 2a-BF4 is less potent in cancer cells than the lansoprazole derivative 2b-BF4. 

Moreover, compounds 2b-BF4 and 7b-BF4 show certain selectivity towards the cancer cells, 

being ca. 4-5-fold less effective in the non-cancer HEK-293T cell line. 

  In order to assess if the various gold complexes may exert their biological effects 

through a V-H
+
-ATPase-mediated mechanism, we evaluated the levels of intracellular ATP 

in A2780 cells treated with the compounds for 3 h as described in the Experimental section. 

Interestingly, and in accordance with previously reported data for omeoprazole and 

esomeprazole,
16

 cells treated with lansoprazole present higher levels of intracellular ATP 

than untreated cells (4.5 ± 0.3 vs 2.9 ± 0.3 pmol/g protein, respectively), suggesting 

inhibition of the V-H
+
-ATPase activity (Figure 3). 

   

 

 
 

Figure 3: Intracellular ATP levels in A2780 cells untreated (Ctl) and treated with fixed 

concentration of compounds (2 M, and 5 M for 5b) for 3 hours at 37°C. The difference in 

cellular ATP levels for HL
2
 and 7b-BF4 treated cells compared to controls was statistically 

significant (p < 0.05, unpaired Student’s t test). 
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  In addition, all the compounds based on lansoprazole also showed similar increase 

in ATP levels (following the order 2b-BF4 >> 7b-BF4 > 5b ≈ lansoprazole, see Fig. 3), 

although it must be noted that for compound 5b we had to reach 5 M concentration to 

obtain a significant shift compared to controls. Conversely, ligand HL
1 
and its derivatives did 

not show such an effect at any of the tested concentrations, supporting the idea that other 

molecular mechanisms may be at the basis of their antiproliferative properties. Specifically, 

gold(I) complexes with phosphane ligands have been often described as potent inhibitors of 

intracellular seleno-enzymes such as thioredoxin reductase.
24

 A possible reason for this 

markedly different behaviour between the two classes of compounds is that the lack of the 

sulfinyl group in HL
1
 does not allow activation of the ligand and its conversion into the 

sulfenamide responsible for V-H
+
-ATPase inhibition. 

Conclusions 

In summary, we have synthesized and characterized nine new gold(I) complexes bearing 

lansoprazole-type moieties. The series includes mononuclear complexes containing the 

neutral ligand (1a, 2a-BF4, and 2b-BF4), mononuclear compounds bearing the ligand in its 

deprotonated form (Na-3a, 4a, 5a and 5b), as well as the cationic dinuclear complexes (7a-

BF4 and 7b-BF4). The compounds have shown to possess enhanced antiproliferative 

properties in human ovarian cancer cells sensitive and resistant to Cisplatin compared to the 

“free” lansoprazole-type ligands. 

  Preliminary data on the lansoprazole-based complexes suggest that inhibition of V-

H
+
-ATPase activity may represent an important aspect of its mechanism of action compared 

to the case of gold(I) complexes containing the lansoprazole reduced precursor. Certainly, 

several differences in the compounds’ structure may account for the observed diverse 

biological effects, including differences in transport mechanisms.  

  Although further studies are necessary to validate the mechanisms of action of these 

new complexes, we believe that our results hold promise to design novel cytotoxic metal 

compounds that can be activated via the microenvironmental acidification by cancer tissues 

and whose biological targets may differ from those of classical Pt(II) chemotherapic agents. 
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Experimental section 

General procedures 

 

All starting materials were used as received from commercial sources; 2-((3-methyl-4-(2,2,2-

trifluoroethoxy)pyridin-2-yl)methylthio)-1H-benzo[d]imidazole (HL
1
) and 2-((3-methyl-4-

(2,2,2-trifluoroethoxy)pyridin-2-yl)methylsulfinyl)-1H-benzo[d]imidazole (HL
2
) were 

synthesized according to a literature method.
25

 The precursors [AuCl(PPh3)],
26 

[AuCl(PTA)],
27

 [AuCl(tht)]
28

 and Na[Au(sac)2]
22

 were prepared according to literature 

procedures. Elemental analyses were performed with a Perkin-Elmer elemental analyzer 

240B. Infrared spectra were recorded with a FT-IR Jasco 480P using nujol mulls. 
1
H and 

31
P{

1
H} NMR spectra were recorded with a Bruker Avance III 400 and with a Varian VXR 

300 spectrometers at 298 K.
 
Chemical shifts are given in ppm relative to internal TMS or to 

the solvent residual peak(s) for 
1
H and external 85% H3PO4 for 

31
P{

1
H}; J values are given 

in Hz. 

  

 
 

Figure 4: General 
1
H labelling used for the attribution of the NMR signals. 

 

Spectroscopic data of HL
1
.  

 
1
H NMR (CDCl3): δ 12.6 (s, 1H, NH), 8.41 (d, JH-H = 6.0 Hz, 1H, H

6
), 7.54 (m, JH-H = 9.3, 

6.0, 3.3 Hz, 2H, H
3’

, H
6’

), 7.19 (m, JH-H = 9.3, 6.0, 3.3 Hz, 2H, H
4’

, H
5’

), 6.72 (d, JH-H = 6.0 

Hz, 1H, H
5
), 4.43 (q, JH-F = 8.0 Hz, 2H, CH2CF3), 4.42 (s, 2H, CH2S), 2.32 (s, 3H, CH3); 

(CD2Cl2): δ 12.8 (s, 1H, NH), 8.46 (d, JH-H = 5.7 Hz, 1H, H
6
), 7.55 (m, JH-H = 9.3, 6.0, 3.3 

Hz, 2H, H
3’

, H
6’

), 7.20 (m, JH-H = 9.3, 6.0, 3.3 Hz, 2H, H
4’

, H
5’

), 6.79 (d, JH-H = 5.7 Hz, 1H, 

H
5
), 4.49 (q, JH-F = 7.8 Hz, 2H, CH2CF3), 4.46 (s, 2H, CH2S), 2.34 (s, 3H, CH3). Selected IR 

bands (ν/cm
-1

, nujol mull): 3556 (NH), 1660 (C-C, C-N ring stretch.), 1577, 1444, 1410, 

1290, 1256 (asym. C-O-C), 1167, 1109, 976, 746. 
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Spectroscopic data of HL
2
.  

 
1
H NMR (CDCl3): δ 11.4 (br, 1H, NH), 8.35 (d, JH-H = 5.6 Hz, 1H, H

6
), 7.81 (m, 1H, H

6’
), 

7.50 (m, 1H, H
3’

), 7.34 (m, JH-H = 9.6, 6.4, 3.2 Hz, 2H, H
4’

, H
5’

), 6.68 (d, JH-H = 5.6 Hz, 1H, 

H
5
), 4.77 (AB quartet, JAB = 13.6 Hz, 2H, CH2SO), 4.38 (q, JH-F = 8.0 Hz, 2H, CH2CF3), 2.23 

(s, 3H, CH3); (DMSO-d6): δ 8.29 (d, JH-H = 5.6 Hz, 1H, H
6
), 7.62 (m, AA’ part of an 

AA’BB’, JH-H = 9.3, 6.1, 3.2 Hz, 2H, H
3’

, H
6’

), 7.25 (m, BB’ part, JH-H = 9.3, 6.1, 3.2 Hz, 2H, 

H
4’

, H
5’

), 7.09 (d, JH-H = 5.6 Hz, 1H, H
5
), 4.90 (q, JH-F = 8.6 Hz, 2H, CH2CF3), 4.77 (AB 

quartet, JAB = 13.7 Hz, 2H, CH2SO), 2.18 (s, 3H, CH3). Selected IR bands (ν/cm
-1

, nujol 

mull): 3416 (NH), 1585 (C-C, C-N ring str.), 1267 (asym. C-O-C), 1164, 1113, 1039 (S=O), 

973, 746. 

 

Synthesis  

 

Mononuclear complexes 

 

[Au(HL
1
)Cl] (1a)  

 

A solution of HL
1
 (1 eq., 177.0 mg, 0.5 mmol) in CH2Cl2 (20 mL) was added to a solution of 

[AuCl(tht)] (1eq., 160.3 mg, 0.5 mmol) in the same solvent (20 mL). The resulting mixture 

was stirred for 24 h at room temperature in the dark. Afterward the solution was filtered 

through Celite and concentrated to a small volume. Addition of diethyl ether afforded a 

white solid that was filtered off and vacuum-dried (220 mg, 75 % yield). Mp 170 °C. 
1
H 

NMR (CD2Cl2): δ 8.49 (d, JH-H = 5.6 Hz, 1H, H
6
), 7.71 (m, JH-H = 9.6, 6.6, 3.3 Hz, 1H, H

6’
), 

7.63 (m, JH-H = 9.3, 6.0, 3.3 Hz, 1H, H
3’

), 7.38 (m, JH-H = 9.3, 6.6, 3.6 Hz, 2H, H
4’

, H
5’

), 6.86 

(d, JH-H = 6.0 Hz, 1H, H
5
), 4.54 (s, 2H, CH2-S), 4.53 (q, JH-F = 8.0 Hz, 2H, CH2CF3), 2.37 (s, 

3H, CH3). Selected IR bands (ν/cm
-1

, nujol mull): 1587, 1508, 1265, 1176, 1113, 744, 341 

(Au-Cl). Anal. Calcd. for C16H14AuClF3N3OS (585.78): C, 32.81; H, 2.41; N, 7.17. Found: 

C, 32.80; H, 2.31; N, 7.25. 

 

[Au(HL
1
)(PPh3)](BF4) (2a-BF4) 

  

To a solution of [AuCl(PPh3)] (1 eq., 274.4 mg, 0.5 mmol) in dichloromethane (20 mL) was 

added a solution of AgBF4 (1.1 eq., 107.0 mg, 0.55 mmol) in the same solvent (10 mL); the 

resulting suspension was stirred in the dark until AgCl precipitation was completed; then the 

filtered solution was added to a solution of HL
1
 (1 eq., 177.0 mg, 0.5 mmol) in the same 

solvent (10 mL) and the reaction mixture was stirred for 3 h at room temperature in the dark. 

Afterward the solution was filtered through Celite and concentrated to a small volume, 

addition of diethyl ether afforded a white solid that was filterd off and vacuum-dried to give 

the analytical sample (180 mg, 40 % yield). Mp 155 °C. 
1
H NMR (CDCl3): δ 12.6 (br, 1H, 
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NH), 8.09 (d, br, JH-H = 5.2 Hz, 1H, H
6
), 7.71 (m, br, 2H, H

3’
, H

6’
), 7.64-7.52 (m, 15H, PPh3), 

7.28 (m, br, 2H, H
4’

, H
5’

), 6.65 (d, JH-H = 6.0 Hz, 1H, H
5
), 4.64 (s, 2H, CH2-S), 4.32 (q, JH-F = 

8.0 Hz, 2H, CH2CF3), 2.00 (s, 3H, CH3). 
31

P NMR (CDCl3): δ 31.6 ppm (s, PPh3). Selected 

IR bands (ν/cm
-1

, nujol mull): 1581, 1438, 1291, 1262, 1166, 1103 (PPh3), 1057 (BF4
-
), 970, 

745, 693. Anal. Calcd for C34H29AuBF7N3OPS (899.42): C, 45.40; H, 3.25; N, 4.67. Found: 

C, 45.18; H, 3.14; N, 4.69. 

 

[Au(HL
2
)(PPh3)](BF4) (2b-BF4) 

 

Same procedure as for 2a-BF4 (298 mg, 65% yield). Mp 130 °C. 
1
H NMR (CDCl3): δ 8.33 

(br, 1H, H
6
), 7.74 (br, 2H, H

3’
, H

6’
), 7.53 (br, 15H, PPh3), 7.36 (m, JH-H = 9.1, 6.0, 3.0 Hz, 

2H, H
4’

, H
5
), 6.67 (d, JH-H 5.6 Hz, 1H, H

5
), 4.76 (AB, JAB = 13.6 Hz, 2H, CH2SO), 4.36 (br, 

2H, OCH2CF3), 2.18 (br, 3H, CH3). 
31

P NMR (CDCl3): δ 31.2 ppm (s, PPh3). Selected IR 

bands (ν/cm
-1

, nujol mull): 3419, 1632, 1579, 1437, 1261, 1165, 1102 (PPh3), 1060 (BF4
-
), 

748, 712, 693. Anal. Calcd for C34H29AuBF7N3O2PS (915.42): C, 44.61; H, 3.19; N, 4.59. 

Found: C, 44.38; H, 3.19; N, 4.67. 

 

Na[Au(L
1
)(sac)] (Na-3a)  

 

A solution of HL
1
 (1 eq., 177.0 mg, 0.5 mmol) in MeCN (20 mL) was added to a solution of 

Na[Au(sac)2] (1 eq., 292.0 mg, 0.5 mmol) in the same solvent (20 mL). The resulting 

solution was stirred for 24 h at room temperature in the dark. Afterward the solvent was 

removed under vacuum, the residue taken up with CHCl3 and the filtered solution 

concentrated to a small volume. Addition of diethyl ether afforded a white solid that was 

filtered off and vacuum-dried to give the analytical sample (165 mg, 45% yield). Mp 220 °C. 
1
H NMR (CD2Cl2): δ 8.51 (d, JH-H = 5.2 Hz, 1H, H

6
), 7.94 (d, JH-H = 6.4 Hz, 1H, H

3”
 sac), 

7.87 (d, JH-H = 6.8 Hz, 1H, H
6”

 sac), 7.76 (m, 3H, H
3’

 + H
4”

, H
5”

 sac), 7.67 (m. br 1H, H
6’

), 

7.40 (m, CD part, JH-H = 9.0, 6.0, 2.7 Hz, 2H, H
4’

, H
5’

), 6.88 (d, JH-H = 5.6 Hz, 1H, H
5
), 4.57 

(s, 2H, CH2-S), 4.53 (q, JH-F = 7.8 Hz, 2H, CH2CF3), 2.36 (s, 3H, CH3). Selected IR bands 

(ν/cm
-1

, nujol mull): 1689 (C=O), 1581, 1290 (asym SO2), 1261, 1171 (sym SO2), 1111, 972, 

746. Anal. Calcd for C23H17AuF3N4NaO4S2 (754.49): C, 36.61; H, 2.27; N, 7.43. Found: C, 

36.45, H, 2.37, N, 7.37. 

 

[Au(L
1
)(PPh3)] (4a)  

 

To a solution of [AuCl(PPh3)] (69.3 mg, 0.14 mmol) in acetone (20 mL) was added a 

solution of AgBF4 (27.3 mg, 0.14 mmol) in the same solvent (10 mL); the resulting mixture 

was stirred in the dark until AgCl precipitation was completed. Then, the filtered solution 

was added to a solution of HL
1
 (50.0 mg, 0.14 mmol) and KOH (7.9 mg, 0.14 mmol) in 

MeCN (5 mL) and H2O (20 mL) and stirred for 24 h at room temperature in the dark. 
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Afterwards, the solvent was removed under vacuum and the residue taken up with 

dichloromethane; the filtered solution was concentrated to a small volume and diethyl ether 

added. The precipitate obtained was filtered, washed with diethyl ether, and vacuum-dried to 

give the analytical sample as a white solid. Yield 40 %. Mp 155 °C. 
1
H NMR (CDCl3): δ 

8.21 (d, JH-H = 5.6 Hz, 1H, H
6
), 7.62-7.48 (m, 17H, H

3’
+H

6’
 + H-PPh3), 7.08 (m, 2H, H

4’
, 

H
5’

), 6.59 (d, JH-H = 5.6 Hz, 1H, H
5
), 4.84 (s, 2H, CH2-S), 4.34 (q, JH-F = 8.0 Hz, 2H, 

CH2CF3), 2.29 (s, 3H, CH3). 
31

P NMR (CDCl3): δ 32.2 ppm (s, PPh3). Selected IR bands 

(ν/cm
-1

, nujol mull): 1656, 1294, 1263, 1153, 1113 (PPh3), 972, 750. Anal. Calcd for 

C34H28AuF3N3OPS (811.61): C, 50.32; H, 3.48; N 5.18. Found: C, 50.25; H, 3.31; N, 5.06. 

 

[Au(L
1
)(PTA)] (5a)  

 

An aqueous solution of KOH (1 eq., 28.1 mg, 0.5 mmol) (20 mL) was added to a solution of 

HL
1
 (1 eq., 177.0 mg, 0.5 mmol) in MeCN (3 mL); the resulting solution was added to an 

aqueous suspension of [AuCl(PTA)] (1 eq., 195.0 mg, 0.5 mmol) (20 mL) and the resulting 

mixture stirred for 24 h at room temperature in the dark. Afterward the white solid was 

collected by filtration under vacuum and washed with H2O, EtOH, Et2O. Recrystallization 

from acetone/Et2O gave the analytical sample (194 mg, 55% yield). Mp 130 °C. 
1
H NMR 

(CDCl3): δ 8.36 (d, JH-H = 6.0 Hz, 1H, H
6
), 7.57 (m, br, 2H, H

3’
, H

6’
), 7.07 (m, br, 2H, H

4’
, 

H
5’

), 6.64 (d, JH-H = 5.2 Hz, 1H, H
5
), 4.85 (s, 2H, CH2S), 4.50 (q, AB, JAB = 13.6 Hz, 6H, 

NCH2N), 4.39 (q, JH-F = 8.0 Hz, 2H, CH2CF3 ), 4.22 (s, 6H, NCH2P), 2.35 (s, 3H, CH3). 
31

P 

NMR (CDCl3): δ -58.8 ppm (TPA). Selected IR bands (ν/cm
-1

, nujol mull): 1579, 1392, 

1284, 1167, 1109, 1012, 972, 742. Anal. Calcd for C22H25AuF3N6OPS (706.47): C, 37.40; H, 

3.57; N, 11.90. Found: C, 37.21; H, 3.48; N, 11.75. 

 

[Au(L
2
)(PTA)] (5b) 

  

Same procedure as for 5a. Recrystallization from acetone/Et2O gave the analytical sample 

(246 mg, 68% yield). Mp 120 °C. 
1
H NMR (CDCl3): δ 8.36 (d, JH-H = 5.6 Hz, 1H, H

6
), 7.74 

(br, 2H, H
3’

,H
6’

), 7.23 (m, JH-H = 9.2, 6.0, 3.2 Hz, 2H, H
4’

, H
5’

), 6.68 (d, JH-H = 5.6 Hz, 1H, 

H
5
), 4.70 (q, AB, JAB = 13.5 Hz, 2H, CH2SO), 4.57 (q, AB, JAB = 13.5 Hz, 6H, NCH2N), 

4.41 (q, JH-F = 8.0 Hz, 2H, OCH2CF3), 4.36 (s, 6H, N-CH2-P), 2.28 (s, 3H, CH3). 
1
H NMR 

(acetone-d6): δ 8.34 (d, JH-H = 5.4 Hz, 1H, H
6
), 7.62 (m, AA’ part of an AA’BB’, JH-H = 9.0, 

6.0, 3.3 Hz, 2H, H
3’

, H
6’

), 7.12 (m, BB’ part, JH-H = 9.0, 5.7, 2.7 Hz, 2H, H
4’

, H
5’

), 7.07 (d, JH-

H = 5.4 Hz, 1H, H
5
), 4.83 (q, JH-F = 8.4 Hz, 2H, OCH2CF3), 4.71 (AB, JAB = 12.9 Hz, 6H, N-

CH2-N), 4.57 (s, 2H, CH2SO), 4.52 (s, 6H, N-CH2-P), 2.27 (s, 3H, CH3). 
31

P NMR (CDCl3): 

δ -58.6 ppm (s, TPA). Selected IR bands (ν/cm
-1

, nujol mull): 1680, 1583, 1405, 1284, 1265, 

1163, 1106, 1038, 1016, 973, 748. Anal. Calcd for C22H25AuF3N6O2PS (722.47): C, 36.57; 

H, 3.49; N, 11.63. Found C, 36.39; H, 3.43; N, 11.48. 
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Dinuclear Complexes 

 

[Au2(L
1
)(PPh3)2](BF4) (7a-BF4) 

  

A solution of HL
1
 (1 eq., 98.9 mg, 0.28 mmol) and NaH (1 eq., 6.72 mg, 0.28 mmol) in THF 

(20 mL) was stirred for 10 minutes. Then the solvent was removed under vacuum and a 

dichloromethane solution of [Au(PPh3)](BF4) (2 eq., 0.56 mmol in 20 mL) added to the 

residue. The resulting mixture was stirred for 5 h at room temperature, in the darkness. 

Afterward the suspension was filtered through Celite and concentrated to a small volume. 

Addition of diethyl ether afforded a white solid of 7a-BF4 (281 mg, 74% yield). Mp 190 °C. 
1
H NMR (CDCl3): δ 8.03 (d, JH-H = 5.2 Hz, 1H, H

6
), 7.75 (m, 2H, AA’ part of an AA’BB’, 

JH-H = 8.8, 5.6, 3.2 Hz, H
3’

, H
6’

), 7.63-7.55 (m, 30H, PPh3), 7.34 (m, BB’ part, JH-H = 8.8, 5.6, 

2.8 Hz, 2H, H
4’

, H
5’

), 6.67 (d, JH-H = 5.6 Hz, 1H, H
5
), 4.59 (s, 2H, CH2S), 4.30 (q, JH-F = 8.0 

Hz, 2H, CH2CF3), 1.92 (s, 3H, CH3). 
31

P NMR (CD2Cl2): δ 31.2 and 33.1 ppm. Selected IR 

bands (ν/cm
-1

, nujol mull): 1679, 1581, 1261, 1165, 1105 (PPh3), 1059 (BF4
-
), 970, 837, 746, 

692. Anal. Calcd for C52H43Au2BF7N3OP2S (1357.66): C, 46.00; H, 3.19; N, 3.10. Found: C, 

46.02; H, 3.23; N, 2.97. 

 

[Au2(L
2
)(PPh3)2](BF4) (7b-BF4)  

 

Same procedure as for 7a-BF4 (219 mg, 57% yield). Mp 135 °C. 
1
H NMR (CDCl3): δ 7.95 

(d, br, JH-H = 4.8 Hz, 1H, H
6
), 7.81 (m, AA’ part of an AA’BB’, JH-H = 8.8, 5.6, 2.8 Hz, 2H, 

H
3’

, H
6’

), 7.59 (m, br, 30H, PPh3), 7.39 (m, br, BB’ part, JH-H = 9.2, 5.2, 3.2 Hz, 2H, H
4’

, H
5’

), 

6.78 (d, JH-H = 5.6 Hz, 1H, H
5
), 4.78 (q, AB, JH-H = 13.2 Hz, 2H, CH2SO), 4.27 (qd, JH-F = 

8.0, 3.2 Hz, 2H, CH2CF3), 1.93 (s, 3H, CH3). 
31

P NMR (CDCl3): δ 31.0 and 33.2 ppm. 

Selected IR bands (ν/cm
-1

, nujol mull): 1682, 1579, 1261, 1167, 1103 (PPh3), 1057 (BF4
-
), 

970, 810, 748, 694. Anal. Calcd for C52H43Au2BF7N3O2P2S (1373.66): C, 45.47; H, 3.16; N, 

3.06. Found: C, 45.33; H, 2.92; N, 2.88. 

 

Cell viability assay 

 

The human ovarian cancer A2780 and A2780cisR cells, (obtained from the European Centre 

of Cell Cultures ECACC, Salisbury, UK) were cultured in RPMI medium containing 

GlutaMax-I supplemented with 10% FBS and 1% penicillin/streptomycin (all from 

Invitrogen), at 37°C in a humidified atmosphere of 95% of air and 5% CO2 (Heraeus, 

Germany). Non-tumoral human embryonic kidney cells HEK-293T were cultivated in 

DMEM medium with GlutaMax-I, 10% FBS and 1% penicillin/streptomycin, incubated in 

the same conditions as other cell lines. For evaluation of growth inhibition, cells were seeded 

in 96-well plates (Costar, Integra Biosciences, Cambridge, MA) at a concentration of 10000 

cells/well and grown for 24 h in complete medium. Solutions of the compounds were 
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prepared by diluting a freshly prepared stock solution (10
-2

 M in DMSO) of the 

corresponding compound in aqueous media (RPMI or DMEM depending on the cell lines). 

The percentage of DMSO in the culture medium never exceeded 0.2%: at this concentration 

DMSO has no effect on the cell viability. Cisplatin (Sigma-Aldrich) stock solutions were 

prepared at 1 mM conc. in MilliQ water. Afterwards, the intermediate dilutions of the 

compounds were added to the wells (200 μL) to obtain a final concentration ranging from 0 

to 200 μM, and the cells were incubated for 72 h. Following 72 h drug exposure, 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was added to the cells at a 

final concentration of 0.50 mg.ml
-1

 incubated for 3-4 h, then the culture medium was 

removed and the violet formazan dissolved in DMSO. The optical density of each well (96-

well plates) was quantified in quadruplicate at 540 nm using a multi-well plate reader and the 

percentage of surviving cells was calculated from the ratio of absorbance between treated 

and untreated cells. The IC50 value was calculated as the concentration reducing the 

proliferation of the cells by 50% and is presented as a mean (± SE) of at least three 

independent experiments. 

 

Measurement of intracellular ATP content 

 

Cellular ATP levels as an indirect parameter of the activity of V-H
+
-ATPase were 

determined using a bioluminescence-based assay (Roche diagnostic, Mannheim, Germany). 

Thus, 1x10
4
 cells per well were allowed to attach in white-bottom 96-well plates overnight. 

Then cells were treated with compounds at different concentrations (2 M and 5 M) for 3 h 

at 37°C. The medium was then removed, and the cells were lysed as previously reported.
29

 

ATP content was quantified using the above mentioned detection kit and measuring the 

luminescence signal in a black 96-well plate Lucy1 luminometer (Anthos, Durham, NC, 

USA) using a standard ATP calibration curve. The ATP content was related to protein 

content determined by the Lowry protein assay (Bio Rad, Veenendaal, The Netherlands). 

Results are expressed as a mean (± SE) of at least three independent experiments. 
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1/ Summary and discussion  

 After
 
a bibliographic introduction on metal-based anticancer agents, which gives an 

overview of the recent progress in the field, I have described in this thesis the synthesis and 

the biological evaluation of several gold-based derivatives as possible anticancer agents. 

Specifically, I focused on organometallic complexes. Such class of metal-based complexes is 

characterized by a metal-carbon bond, that induces peculiar properties compared to classical 

coordination complexes. Although metal-carbon bonds are usually recognized to be reactive, 

which is reflected by the use of organometallics for organic synthesis,
1
 some particular 

organometallic complexes including N-heterocyclic carbenes (NHC), cyclometalated and 

alkynyl complexes appear highly stable even in physiological environment.
2
 Moreover, the 

metal-carbon bond is characterized by both a high trans effect and trans influence that 

greatly modify the lability of other metal-ligand bonds and so the reactivity of the complexes 

toward substitution reactions.
3
 Such properties can strongly influence the behavior of the 

compounds in the presence of biological targets (i.e. DNA and/or proteins), thus modifying 

their cytotoxicity and selectivity toward cancer cells. As I reported in chapter 1, one of the 

most interesting properties of NHCs (beyond the ones we discussed previously) is their 

relative ease of derivatization. This enables chemists to design a very broad range of 

structures by introducing variations in the NHC backbone, functional groups on nitrogens as 

wells as ancillary ligand as depicted in Figure 1. 

 

 
 

Figure 1: General scheme of derivatization possibilities of Au(I)-NHC compounds.  

 

Within this frame, I adopted different synthetic strategies for the synthesis of our gold-based 

NHC compounds. In chapter 2 I explored the synthesis of NHC complexes using the natural 

product caffeine while in chapter 4 I mainly worked on the ancillary ligand by incorporating 

chloride- and different sugar moieties to target the compound to cancer cells that overexpress 

glucose transporters. The most relevant complexes of each series are depicted in Figure 2. 
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Figure 2: Chemical structures of the most representative Au(I)-NHC complexes from 

chapters 2 and 4, respectively. 

 

In chapter 2, I showed that the use of caffeine as a scaffold in gold(I)-NHC complexes, 

although leading to a lower toxicity compared to the benzimidazole scaffold, could 

drastically increase the selective toxicity for ovarian cancer cells associated with a lower 

toxicity for healthy cells and tissues. Additionally, I identified a new potential target of gold-

NHC complexes: the G-quadruplex structure of DNA. The stabilization of G-quadruplex of 

DNA by small molecules is investigated to regulate key cellular events.
4
 In particular [TMX-

Au-TMX].BF4 (TMX = 1,3,7,9-tetramethylxanthin-8-ylidene) appeared to be highly 

selective of the G-quadruplex structure compared to any other DNA structures. Although up 

to now no direct evidence for the involvement of the stabilization of G-quadruplex in the 

selectivity of [TMX-Au-TMX].BF4 for ovarian cancer cells has been found, these results 

show the possible target of gold-compounds to DNA. 

 I also investigated the incorporation of two glucose derivatives already reported to 

enhance the uptake of gold compounds into cancer cells. Indeed, in chapter 4, the grafting of 

a thio-β-D-glucose tetra-acetate moiety was shown to increase the cytotoxicity of the NHC 

compound compared to its chlorido analog. The equivalent with the unprotected glucose 

moiety appeared not cytotoxic on the panel of studied cell lines. This last finding ruled out 

our starting hypothesis concerning a possible targeting of the cancer cells using glucose 

derivatives via the glucose uptake transporter. Finally, the possible mechanism of action of 

our Au(I)-NHC compounds was investigated. TrxR, an enzyme involved in the cellular 

redox balance and overexpressed in cancer cells, is known to be the main target of many 

gold-based compounds.
5
 Biochemical assays suggested that our compounds can inhibit TrxR 

via binding of gold to the selenocysteine residue. The lead compound of that series (fig. 2) 

could inhibit TrxR in cell lysate suggesting the involvement of the inhibition of TrxR in its 

cytotoxic activity. However, the best inhibitor of TrxR appeared to the least cytotoxic in the 
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cancer cells, indicating that inhibition of the TrxR is not the only relevant factor for the 

cytotoxic activity. 

Depending on the type of Au(I)-NHC complexes I could identify two different 

possible targets: the G-quadruplex structure of DNA for the caffeine-based compounds 

(chapter 2) and the seleno-enzyme TrxR for the coumarin-based compounds (chapter 4). A 

very recent study from Ott et al. describes the pro-apoptotic pathway of a Au(I)-NHC 

complex (Figure 3). The authors observed beyond inhibition of the TrxR/Trx system and the 

increase of oxidative stress, markers for DNA damages as well as inhibition of the p53 

transcription factor.
6
 This confirms my findings about a broader scope of potential 

intracellular targets of Au-based compounds.  

 

 
 

Figure 3: Au(I)-NHC-induced cell death pathway. Reproduced from ref. 6. 

 

Overall, more precise determination of the actual mechanism of action of metal-based drugs 

is still necessary to pursue. In addition to application of these compounds as possible tools to 

gain insight into the mechanism of action of metal based drugs, their use as theranostics (i.e. 

compounds bearing fragment for both therapy and imaging) also appears particularly 

promising.
7
 Indeed, the imaging of metal-based compounds in biological systems could 

provide very interesting information on the mode of uptake of the compound (by active 

transport or passive diffusion) as well as on their intracellular distribution. 

 In chapter 5, I explored another class of organometallic complexes (the 

cyclometalated complexes) and another oxidation state of gold (+III oxidation state). Starting 
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from the dichlorido (C^N) cyclometalated Au(III) precursor, I synthesized a series of 

cyclometalated Au(III) with different ancillary ligands including glucose derivatives and 

phosphane ligands as depicted in Figure 4. 

 

 
 

Figure 4: Structure of the cyclometalated Au(III) complexes studied in chapter 5. 

 

By using NMR spectroscopy (
1
H, 

13
C{

1
H} and 

31
P{

1
H}), X-Ray diffraction and Far-IR 

spectrophotometry techniques in combination, I could assess the structures of the different 

compounds including the location of the ancillary ligand in trans position to the nitrogen. 

The compounds were screened in vitro on a panel of human cancer cells and healthy kidney 

cells. I noticed an increased cytotoxicity of all new compounds compared to the dichlorido 

precursor. These results proved the potential of optimization of the scaffold by tuning the 

ancillary ligands. I could even notice an higher cytotoxicity compared to cisplatin for one 

phosphane-based compound on the breast cancer cell line. Moreover, as noticed in chapter 

4, the presence of the thio-glucose moiety did not improve the cytotoxicity on lung cancer 

cells overexpressing glucose transporters (GLUT-1). 

 Following the idea of coupling the Au(I)-NHC moiety to other entities for the 

enhancement of the anticancer properties, I applied in chapter 3 the concept of 

multinuclearity to the chemistry of Au(I)-NHC complexes. Indeed a few years ago the 

increased anticancer properties of polynuclear Ti/Ru and Ti/Au complexes compared to their 

mononuclear fragments and a mixture of these fragments was demonstrated.
8
 I thus decided 

to couple the Au(I)-NHC moiety to different late metals including gold, ruthenium and 

copper giving rise to late/late type bimetallic complexes. Due to the close reactivity of the 

two envisaged metals, the design and the selective coordination of the different metal centers 

appeared relatively delicate
9
 and this justified the development of my post-metalation 

coupling method. I synthetized two different families of bimetallic complexes by direct 

coupling of two metal-based fragments (Au/Au homobimetallic complexes) or by grafting a 

free bipyridine ligand available for further selective chelation of metals (Au/Cu and Au/Ru 

heterobimetallic complexes). on a Au-NHC complex The two families of obtained bimetallic 

complexes are depicted in Figure 5.  
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Figure 5: Structure of the bimetallic complexes studied in chapter 3. 

 

Subsequently, I performed some preliminary cytotoxicity studies in vitro on human ovarian 

cancer cells and on a model of healthy kidney cells. The introduction of sugar moieties in the 

Au/Au homobimetallic scaffold did not seem to improve the toxicity against the ovarian 

cancer cell line but decreased the toxicity against the model of healthy kidney cells in vitro. 

The impact of the sugar moiety was more noticeable in case of the Au/Ru heterobimetallic 

complex where it seemed to increase both the toxicity and the selectivity toward ovarian 

cancer cells in vitro. Moreover, the Au/Cu bimetallic complexes appeared more toxic than 

the Au(I) fragment alone and more selective than the Cu(II) fragment. Although it should be 

mentioned that all our IC50 values were obtained in a limited number of experiments and 

should be confirmed in future experiments, we could observe in most cases an increase in 

selectivity compared to the mononuclear species both separately and mixed in a 1:1 ratio. I 

thus confirmed the substantial impact of the association of different metal centers in a single 

molecular entity as noticed previously for early/late bimetallic complexes.
8
 

 I also explored the concept of “bifunctionality” in chapter 6. I coupled the gold(I) 

cation to lansoprazole (Figure 6), well-known for its activity as proton-pump inhibitor. 

Lansoprazole presents a benzimidazole core with nitrogen-donor atoms, which we used for 

the coordination of the Au(I) center.  
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Figure 6: Structures of the bifunctional coordination Au(I) complexes studied in chapter 6. 

 

The two lansoprazole-based bimetallic complexes showed similar cytotoxicity in the two 

tested cancer cell lines (IC50 ≈ 1 µM). It may be possible that the gold-lansoprazole 

derivatives may still partly act as PPIs, as our results showed an increase of intracellular ATP 

content in cells treated with the lansoprazole-based compounds with respect to controls as 

already reported for other PPIs.
10

 However, a study on 2-arylimidazole analogs of these 

compounds identified poly(ADP-ribose) polymerase 1 (PARP-1), known as the “guardian 

angel” of DNA, as a possible target of these gold complexes.
11

 In that case, the biological 

properties were attributed to the gold cation, so it is likely that the lansoprazole-based gold 

compounds possess similar properties against PARP-1. Similarly, TrxR could be another 

possible target of these gold(I) complexes. Therefore the ability of these lansoprazole-based 

gold complexes to inhibit TrxR and PARP-1 deserves further study. Moreover, the mode of 

interaction of the compounds with the enzymes could be investigated by high resolution 

mass spectrometry techniques and biochemical assays in order to determine if the 

lansoprazole-based ligand influences the biological properties of the gold cation. Those data 

would enable a better assessment of the contributions of each part of the compounds to the 

observed cytotoxicity. 

 

 To conclude, organometallic gold-based compounds are promising candidates for 

anticancer chemotherapy due to their higher stability in physiological milieu and, in some 

cases, their selective toxicity for cancer cells compared to healthy cells. From the twenty 

synthesized gold-based compounds, two of them (the caffeine-based compound TMX-Au-

TMX and the cyclometalated compound with the phosphane-coumarin ligand) are 
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particularly promising drug candidates. Three potential intracellular targets were identified 

for gold-based compounds: PARP-1, TrxR and DNA G-quadruplexes. In general, in order to 

be able to further develop metal compounds as anticancer agents and to optimize the drug 

design, more mechanistic investigation will be necessary using molecular pharmacological 

assays coupled to bioanalytical methods. 

 Moreover, the development of metal-based drug candidates requires toxicity studies 

to evaluate their possible side effects. Although in vitro screening on cell lines is a very 

interesting tool to rapidly screen a large range of compounds, we have to keep in mind that it 

is only a model. Within this frame, ex vivo models as precision-cut tissue slices (PCTS) 

described in chapter 2 appear particularly promising, not only to assess toxicity in healthy 

tissue, but when prepared from human cancer tissue, they may represent a more relevant 

model for human tumors. Finally, the evaluation of the most promising compounds in vivo is 

necessary to provide a picture of the real impact of the compounds on both the targeted 

disease and the healthy organism. 

 

2/ Perspectives 

 

 I found [TMX-Au-TMX].BF4 to be selective for an ovarian cancer cell line as well 

as to be a highly selective stabilizer of the G-quadruplex structure of DNA. However, no 

direct correlation between those two observations have been drawn yet. Thus, understanding 

much deeper its actual mechanism of action, including its mode of uptake and its distribution 

into the cells, would provide interesting information to optimize its anticancer properties. To 

do so, I tried to couple the caffeine scaffold to a coumarin fluorophore without success. This 

way should still be explored by replacing the coumarin by another fluorophore or by 

increasing the size of the linker. By tuning the size of the linker we could address the 

different issues we noticed with that family of compound: quenching of the fluorescence of 

the coumarin due to close proximity with the NHC moiety as I observed in chapter 4, 

facilitate the synthetic work by increasing the solubility in organic solvents and tune the 

lipophilicity to optimize its biological properties as demonstrated by McKeage, Berners-

Price et al.
12

 Moreover, the understanding of its interaction and selectivity for the quadruplex 

structure would be necessary to design more efficient compounds. Concerning the 

imidazole/coumarin compounds, I obtained relatively contradictory results: the best inhibitor 

of TrxR appeared to be the less cytotoxic. The lack of activity of that compound could be 

due to a very low uptake. This question could be solved by quantification of the intracellular 

gold using ICP-MS. Parallely, a way to increase the uptake of the compound should be 

developed, such as encapsulation into a liposome.
13

 

 Because of the promising results we obtained with the phosphane-containing 

cyclometalated Au(III) complexes, more investigations would be required on their mode of 

action including transport mechanism, identification of intracellular targets as well as their 
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electrochemical behavior. Moreover, intracellular distribution studies by fluorescence 

microscopy are ongoing in the lab using the fluorescent phosphane-based complexes. These 

questions elucidated, the structure could be optimized using the remaining chlorido ligand 

for further functionalization. 

 In the same way, very promising results have been observed in the bimetallic series 

on both the homo- and heterobimetallic families. However, the majority of them need to be 

confirmed. Moreover, more cell lines should be tested to have a better view of their potential. 

I also need to identify the intracellular targets of these complexes. I could observe the 

importance of the ligands on the gold moiety for both the toxicity and the selectivity for 

cancer cells, so optimization of these properties could be achieved by working on the 

coordination environment on the second metal. I can envisage the replacement of the arene 

ligand on ruthenium as well as replacement of the chlorido ligands on copper by less fairly 

hydrolysable ligands such as carboxylate or bipyridine/terpyridine-based ligands. Using the 

presented system, the scope of the second metal could be enlarged to include luminescent 

metals to allow tracking the compounds in vitro in cells via fluorescence microscopy. 

Moreover, the use of a radiometal such as 
99m

Tc could be
 
envisaged for the tracking of the 

compound in vivo. 

 To better understand the intracellular mechanisms of the lansoprazole-based, 

interactions of the compounds with reported targets of gold(I) complexes such as PARP-1 

and TrxR should be studied. These data should enable us to finer determine the implication 

of each part (ligand and metal cation) into the biological activity. 

 Based on these results, I could imagine some promising structures for the 

development of selective anticancer drugs. The use of bimetallic complexes incorporating 

thioglucose moieties seems particularly relevant. Moreover, the use of the caffeine scaffold 

to build up Au(I)-NHC complexes could provide an additional selectivity for cancer cells. 

Some examples of such caffeine-based bimetallic complexes are depicted in Figure 7. 

 

 
 

Figure 7: Examples of possible caffeine-based bimetallic complexes. 
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Samenvatting en discussie 

 Na een introductie met een overzicht van de literatuur van metaal bevattende 

antikanker middelen in hoofdstuk 1, waarin de recente ontwikkelingen in dit onderzoeksveld 

worden beschreven, wordt in dit manuscript zowel de synthese als de biologische evaluatie 

van een aantal op goud gebaseerde verbindingen als potentiële antikanker middelen 

beschreven.  

 Ik heb mij voornamelijk gericht op organometaalcomplexen. Deze metaal 

bevattende complexen verschillen van klassieke coördinatie-complexen in de karakteristieke 

covalente metaal-koolstof binding, die verantwoordelijk is voor de bijzondere eigenschappen 

van verbindingen in deze klasse. Hoewel metaal-koolstof verbindingen doorgaans als 

reactief worden beschouwd en organometalen in organische syntheses voornamelijk als 

katalysator worden gebruikt,
1
 blijken bepaalde organometaalcomplexen zoals N-

heterocylische carbenen (NHC), cyclometallo- en alkynyl complexen erg stabiel te zijn, zelfs 

in een fysiologisch milieu.
2
 Daarnaast worden de metaal-koolstof verbindingen gekenmerkt 

door zowel een hoog trans effect als een hoge trans invloed, wat de labiliteit van de binding 

tussen het metaal en de andere liganden sterk modificeert en daarmee ook de reactiviteit van 

de complexen voor substitutie reacties.
3
 Deze eigenschappen kunnen een grote invloed 

hebben op het gedrag van de verbindingen in aanwezigheid van biologische targets (d.w.z. 

DNA en/of eiwitten), en daardoor op hun cytotoxiciteit en selectiviteit voor kankercellen. 

Zoals ik heb beschreven in hoofdstuk 1, is het relatieve gemak waarmee NHCs kunnen 

worden gederivatiseerd één van de meest interessante eigenschappen (naast degene die al 

eerder zijn besproken) van deze verbindingen. Dit maakt het namelijk voor chemici mogelijk 

om een breed scala aan structuren te ontwerpen door de NHC skeletstructuur, de functionele 

groepen gebonden aan stikstof en de overige liganden te variëren, zoals weergeven in Figuur 

1.  

 

Figuur 1: De algemene structuur van Au(I)-NHC verbindingen en de verschillende 

derivatisatie mogelijkheden.  
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In dit proefschrift heb ik van verschillende synthesestrategieën gebruikt gemaakt om onze 

goud bevattende NHC verbindingen te synthetiseren. In hoofdstuk 2 heb ik de synthese van 

NHC complexen aan cafeïne onderzocht. In hoofdstuk 4 heb ik voornamelijk gewerkt aan 

de additionele liganden door chloride groepen- en verschillende suikergroepen te integreren, 

om ze daarmee specifiek op kankercellen met een overexpressie van glucosetransporters te 

richten. Representatieve voorbeelden van elke reeks zijn weergegeven in Figuur 2.  

 

Figuur 2: Chemische structuren van representatieve Au(I)-NHC complexen uit hoofdstuk 2 

en 4.  

In hoofdstuk 2 heb ik laten zien dat ondanks het feit dat de toxiciteit is verminderd ten 

opzichte van het benzimidazool molecuul zelf, het gebruik van cafeïne als een skelet om 

goud(I)-NHC complexen te ontwerpen kan leiden tot een drastische verhoging van de 

selectiviteit voor ovariumcarcinoom cellen, geassocieerd met een verminderde toxiciteit in 

gezonde cellen en weefsel. Bovendien heb ik een potentiële nieuwe target geïdentificeerd 

voor goud-NHC complexen: de G-quadruplex structuur van DNA. Onderzoek heeft 

aangetoond dat de stabilisatie van de G-quadruplex van DNA door kleine moleculen 

essentiële cellulaire processen reguleert.
4
 Een van de gesynthetiseerde verbindingen, [TMX-

Au-TMX].BF4 (TMX = 1,3,7,9-tetramethylxanthine-8-ylideen) bleek zeer selectief te zijn 

voor de G-quadruplex structuur in vergelijking met andere DNA structuren. Ook al is er tot 

nu toe nog geen direct bewijs is gevonden voor de betrokkenheid van de stabilisatie van de 

G-quadruplexen bij de toxiciteit van [TMX-Au-TMX].BF4 voor ovariumcarcinoom cellen, 

lijken deze resultaten er op te wijzen dat DNA een mogelijke target is voor 

goudverbindingen.  

 Ik heb ook onderzoek gedaan naar twee glucose-derivaten waarvan al bekend is dat 

ze de opname van goudverbindingen in kankercellen bevorderen. In hoofdstuk 4 werd 

inderdaad aangetoond dat de introductie van een thio-β-D-glucose tetra-acetaat groep de 

cytotoxiciteit van de NHC verbinding verhoogt in vergelijking met de chloride analoog. Het 

equivalent van deze verbinding, met een onbeschermde glucose groep, bleek echter niet 
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cytotoxisch te zijn voor de gebruikte cellijnen. Door deze laatste bevinding werd onze 

initiële hypothese dat glucose-derivaten zouden zorgen voor een hogere opname en dus 

grotere toxiciteit in kankercellen, verworpen. Tenslotte werd het mogelijke 

werkingsmechanisme van onze Au(I)-NHC verbindingen onderzocht. TrxR is een enzym 

betrokken bij de cellulaire redox balans en komt tot overexpressie in kankercellen, en staat 

bekend als een belangrijke target voor veel goud bevattende verbindingen.
5
 Biochemische 

assays hebben aangetoond dat onze verbindingen TrxR kunnen inhiberen via de binding van 

goud aan het selenocysteïne residu. De belangrijkste representant van deze reeks (fig. 2) kon 

TrxR inhiberen in een cel-lysaat, wat suggereert dat de inhibitie van TrxR betrokken is bij de 

cytotoxische activiteit. Daarentegen bleek de sterkste TrxR inhibitor het minst toxisch te zijn 

voor kankercellen, wat laat zien dat niet alleen de inhibitie van TrxR relevant is voor de 

cytotoxische activiteit.  

 Afhankelijk van het type Au(I)-NHC complex kon ik twee verschillende potentiële 

targets identificeren: de G-quadruplex structuur van DNA voor de op cafeïne gebaseerde 

verbindingen (hoofdstuk 2) en het seleno-enzym TrxR voor de verbindingen gebaseerd op 

coumarine (hoofdstuk 4). 

Een zeer recente studie van Ott et al. beschrijft de pro-apoptotische signaaltransductie route 

van een Au(I)-NHC complex (Figuur 3). De auteurs vonden niet alleen inhibitie van het 

TrxR/Trx systeem en de toename van oxidatieve stress, maar ook markers voor DNA schade 

en inhibitie van de p53 transcriptie factor.
6
 Dit bevestigt onze bevindingen dat er een breder 

spectrum van potentiële intracellulaire targets is voor de goudverbindingen.  

 

 

Figuur 3: Au(I)-NHC geïnduceerde celdood pathway. Overgenomen uit referentie 6. 
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 Bovendien benadrukt dit de behoefte om nauwkeuriger te kunnen bepalen wat het 

precieze werkingsmechanisme is van metaal bevattende geneesmiddelen. Naast de 

mogelijkheid om meer inzicht te verkrijgen in het werkingsmechanisme van metaal 

bevattende geneesmiddelen, lijkt het gebruik van deze verbindingen als theranostica (d.w.z. 

verbindingen die gebruikt kunnen worden voor zowel therapie als beeldvorming) 

veelbelovend.
7
 Het gebruik van deze metaalverbindingen in beeldvormende technieken in 

biologische systemen kan zeer interessante informatie opleveren met betrekking tot opname 

(actief transport of passieve diffusie) en biologische verdeling in het lichaam en in de cellen.  

 In hoofdstuk 5 heb ik een andere klasse van organometaal complexen (de 

cyclometallocomplexen) en verbindingen met een andere oxidatietoestand van goud (+III 

oxidatietoestand) onderzocht. Met dichloride (C^N) cyclometallo Au(III) als precurser heb ik 

een reeks van cyclometallo Au(III) complexen met verschillende additionele liganden 

gesynthetiseerd, waaronder glucose derivaten en fosfaan liganden zoals beschreven in Figuur 

4.  

 

Figuur 4: Structuur van de cyclogemetaleerde Au(III) complexen die zijn bestudeerd in 

hoofdstuk 5.  

Door gebruik te maken van de combinatie van NMR spectroscopie (
1
H, 

13
C{

1
H} and 

31
P{

1
H}), röntgendiffractie en spectrofotometrie in het verre rood spectrum kon ik de 

structuren van verschillende verbindingen bepalen, en daarmee vaststellen waar de 

additionele ligand in de trans positie aan de stikstof is gebonden. De verbindingen werden in 

vitro gescreend op hun cytotoxiciteit in humane kankercellen en gezonde niercellen. De 

nieuwe verbindingen hadden een verhoogde cytotoxiciteit in vergelijking tot de dichloride 

precursor, en toonden daarmee de potentiële rol van de additionele liganden in de 

optimalisatie van dit type verbindingen. Ik kon zelfs waarnemen dat een van de fosfaan 

verbindingen een verhoogde effectiviteit voor de borstkankercellijn had ten opzichte van 

cisplatina. Daarnaast zorgde de aanwezigheid van de thio-glucose groep niet voor een 

verbetering van de cytotoxiciteit voor longkankercellen met een overexpressie van glucose 

transporters (GLUT-1), zoals al was opgevallen in hoofdstuk 4.  

 Gebaseerd op het idee om AU(I)-NHC groepen te koppelen aan andere actieve 

verbindingen om zo de antikanker eigenschappen te bevorderen, paste ik in hoofdstuk 3 het 

concept van multinucleariteit toe op de chemie van de Au(I)-HNC complexen. In het 

verleden was al aangetoond dat de antikanker eigenschappen van polynucleaire Ti/Ru en 

Ti/Au complexen verbeterden ten opzichte van hun mononucleaire fragmenten en een mix 

hiervan.
8
 Daarom besloot ik de Au(I)-NHC groep te koppelen aan verschillende “late” 
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overgangsmetalen zoals goud, ruthenium en koper om zo bimetaalcomplexen van het 

“laat/laat” type te vormen. De reactiviteit van de twee gewenste metalen ligt erg dicht bij 

elkaar, hetgeen het ontwerpen en de selectieve coördinatie van de verschillende 

metaalcenters erg lastig maakt.
9
 Dit vormde de aanleiding om mijn postmetallisatie 

koppelingsmethode te ontwikkelen. Ik heb twee verschillende soorten van 

bimetaalcomplexen gesynthetiseerd door de directe koppeling van twee metaal bevattende 

fragmenten (Au/Au homobimetaal complexen) of door een vrije bipyridine ligand te 

koppelen aan een Au-HC complex zodat deze beschikbaar is voor verdere selectieve chelatie 

van metalen (Au/Cu en Au/Ru heterobimetaal complexen). De twee verkregen soorten 

bimetaal complexen worden getoond in Figuur 5. 

 

Figuur 5: Structuur van de bimetaal complexen die zijn bestudeerd in hoofdstuk 3.  

Er zijn een aantal preliminaire in vitro cytotoxiciteitstudies uitgevoerd op een humane 

ovariumcarcinoom cellijn en op een cellijn van gezonde niercellen. De introductie van de 

suikergroepen in Au/Au homobimetaal verbindingen verhoogde niet de toxiciteit voor de 

ovariumcarcinoom cellijn, maar zorgden wel voor een verlaagde toxiciteit voor de gezonde 

niercellen in vitro. Het effect van de suikergroep was groter bij de Au/Ru heterobimetaal 

complexen, waar de introductie van deze groep zorgde voor een toename van zowel de 

toxiciteit als de selectiviteit voor de ovariumcarcinoom cellen in vitro. Ook bleken de Au/Cu 

bimetaal complexen meer toxisch te zijn dan het losse Au(I) fragment, en selectiever dan het 

Cu(II) fragment. Hoewel de verkregen IC50 waarden afkomstig zijn van een te beperkt aantal 

experimenten, en deze nog moeten worden bevestigd in meerdere experimenten, kregen we 

aanwijzingen dat in de meeste gevallen de bimetaal complexen een betere selectiviteit 

vertonen dan de mononucleaire verbindingen. Hiermee heb ik de invloed van de associatie 

van verschillende “laat/laat” metalen in één molecuul bevestigd, hetgeen eerder al was 

gezien bij de “vroeg/laat” bimetaal complexen.
8
 

 In hoofdstuk 6 heb ik daarnaast het concept van “bifunctionaliteit” onderzocht. Ik 

heb het goud(I) kation gekoppeld aan lanzoprazol, een geneesmiddel dat bekend staat als 
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protonpompremmer. Lanzoprazol bevat een benzimidazool kern met stikstofdonor atomen 

die we gebruikt hebben om het Au(I) centrum te coördineren.  

 De twee lansoprazol bevattende bimetaal complexen vertoonden een vergelijkbare 

cytotoxiciteit in de twee kankercellijnen die we hebben getest ((IC50 ≈ 1 µM). Het lijkt niet 

uitgesloten dat de goud-lansoprazol derivaten nog deels as protonpomp remmers 

functioneren, omdat we een toename van het intracellulaire ATP gehalte vonden in cellen die 

met de lansoprazol verbinding waren behandeld, zoals ook is gevonden voor andere 

protonpompremmers.
10

 Echter in een studie met 2-arylimidazole verbindingen werd 

poly(ADP-ribose) polymerase 1 (PARP-1), bekend als de “bewaarengel” van DNA 

geïdentificeerd als mogelijke target voor deze goud complexen.
 11 

In dat laatste geval werden 

de biologische eigenschappen toegeschreven aan het goud kation, dus lijkt het niet 

uitgesloten dat de lanzoprazol bevattende goud verbindingen vergelijkbare effecten hebben 

op PARP-1. 

 

 

Figuur 6: De chemische structuren van de bifunctionele coördinatie Au(I) complexen die 

zijn bestudeerd in hoofdstuk 6. 

 

Ook TrxR zou een mogelijke target van deze goud(I) complexen kunnen zijn. Daarom 

verdient het aanbeveling te onderzoeken in hoeverre de lansoprazol bevattende goud 

verbindingen TrxR en PARP-1 kunnen remmen. Daarnaast zou het mechanisme van deze 

remming moeten worden onderzocht met gebruik making van massaspectrometrie met hoog 

oplossend vermogen en met biochemische methoden, om te zien of de lansoprazol ligand de 

biologische eigenschappen van het goud kation beïnvloedt. Daarmee zou een beter inzicht 

worden verkregen in de bijdrage van elk onderdeel van de complexen aan de cytotoxiciteit. 
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 Samenvattend kunnen we concluderen dat goud bevattende 

organometaalverbindingen veelbelovende kandidaten zijn voor anti-kanker chemotherapie, 

en wel onder andere vanwege hun grotere stabiliteit in fysiologisch milieu en in sommige 

gevallen een betere selectiviteit in de toxiciteit voor kanker cellen ten opzichte van gezonde 

cellen. Van de twintig goud bevattende verbindingen die zijn gesynthetiseerd in het kader 

van dit promotieonderzoek zijn twee (de cafeïne bevattende verbinding TMX-Au-TMX en 

de cyclometaalverbinding met de phosphaan-coumarine ligand) in het bijzonder 

veelbelovende kandidaten. Drie potentiele targets zijn geïdentificeerd voor de goud 

bevattende stoffen: PARP-1, TrxR en DNA G-quadruplexen. Om deze metaalverbindingen 

verder te ontwikkelen als enti-kanker geneesmiddelen zal nog veel informatie over het 

mechanisme van werking moeten worden verkregen middels moleculair-farmacologische en 

bioanalytische methoden. 

 Bovendien, de verdere ontwikkeling van metaal bevattende verbindingen vereist 

toxiciteitstudies om hun mogelijke werking en bijwerkingen te voorspellen. Hoewel in vitro 

screening met behulp van cellijnen een interessante methode is om snel een groot aantal 

stoffen te screenen, moeten we ons de beperkingen van dit model blijven realiseren. Het in 

hoofdstuk 2 beschreven ex vivo model van precies-gesneden weefsel plakjes is daarvoor 

veelbelovend, niet alleen om de toxiciteit in gezond weefsel te testen maar ook om de 

effectiviteit te testen op zulke preparaten verkregen uit kankerweefsel. 

 Tenslotte is de evaluatie in vivo van de meest veelbelovende verbindingen 

noodzakelijk om een goed beeld te krijgen van hun effect in zowel het kankerweefsel als in 

het gezonde weefsel. 
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Résumé 

Depuis sa mise sur le marché à la fin des années 70, le Cisplatin est devenu l’un des 

pricipaux agents de chimiothérapie anticancéreuse. Actuellement, les composés à base de 

platine sont présents dans la majorité des coktails de chimiothérapie. Cependant, malgré leur 

succès clinique, ces composés présentent de nombreux inconvenients comme par exemple de 

nombreux et graves effets secondaires. Une des stratégies envisagées pour parer à ces défauts 

a été de remplacer le platine par d’autres métaux de transition. Parmi les différents métaux 

possibles, l’or est apparu comme particulièrement prometteur. En effet, les propriétés 

pharmacologiques de l’or sont bien connues depuis des siècles, et aujourd’hui encore 

certains complexes d’or sont utilisés comme agents anti-arthritiques. Plus récement, il a été 

démontré que les complexes d’or étaient actifs sur des lignées cellulaires cancéreuses 

résistantes au Cisplatin. Parmi les différentes classes de composés à base d’or synthétisées et 

testées, certaines familles de complexes organométalliques tel que les carbènes N-

hétérocycliques, les complexes à ligands cyclométallés ou alkynyl ont attiré un intérêt tout 

particulier à cause de leur grande stabilité en milieu physiologique.  

Dans le présent manuscrit, nous avons présenté la synthèse de différents types de de 

complexes à base d’or incluant des carbènes N-hétérocycliques d’or(I), des complexes 

« bifonctionnels » d’or(I) basés sur le lansoprazole, des complexes (C^N) cyclométalés 

d’or(III) ainsi que des complexes homo- et hétérobimétalliques présentant un motif or(I)-

NHC. Les différents composés ont été testés sur des panels de lignées cellulaires cancéreuses 

humaines et les résultats ont été comparés à un modèle de cellules rénales humaines saines. 

Nous avons effectué différentes études mécanistiques pour tenter d’élucider le possible 

mécanisme d’action de ces composés. Ces investigations ont inclus des études de toxicité sur 

des tissus sains ex vivo utilisant des tranches de tissus coupés avec précision ainsi que 

l’identification de possible cibles intracellulaires. Nous avons étudié deux possibles enzymes 

cibles : la thiorédoxine réductase et la poly(ADP-ribose) polymérase 1 ainsi qu’une structure 

non-usuelle de l’ADN : la structure G-quadruplexe. L’internalisation cellulaire de certains 

composés fluorescents a aussi été étudiée par microscopie confocale. Parmi les différents 

composés testés, certains ont montré une sélectivité pour les cellules cancéreuses qui mérite 

une étude plus approfondie. 

Mots clés : Or ; organométallique, bimétalliques ; cancer ; G-quadruplexe ; enzymes ; 

microscopie de fluorescence ; toxicité.  
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Abstract 

Currently, platinum-based compounds are present in the majority of the chemotherapeutic 

cocktails. However, despite their clinical success, platinum-based drugs present several 

limitations including numerous and severe side effects. A strategy envisaged to overcome 

these limitations is the replacement of platinum by other transition metals. Among the 

different metals tested over the years, gold compounds have been shown to be promising as 

they can overcome resistance to cisplatin due to their different modes of action.  

In the present thesis, we present the synthesis of different types of gold-based complexes 

including gold(I)-N-heterocyclic carbenes (NHC), (C^N) cyclometalated gold(III) 

complexes as well as heterobimetallic complexes bearing a gold(I)-NHC moiety. These 

compounds show higher stability in a physiological environment compared to classical 

platinum complexes The different compounds have been tested in panels of human cancer 

cell lines and a model of human healthy kidney cells. Moreover, “bifunctional” lansoprazole-

based gold(I) complexes were also evaluated for their biological properties in vitro. On 

selected compounds we also performed mechanistic studies to try to elucidate their possible 

mechanisms of action. Specifically, we investigated two possible enzyme targets: 

thioredoxin reductase and poly(ADP-ribose) polymerase 1, as well as DNA G-quadruplexes. 

The cellular uptake of some fluorescent compounds was also studied using confocal 

microscopy techniques. In a few cases, we also assessed their toxicity ex vivo in rat healthy 

tissues using the precision-cut tissue slices technique. Among the twenty gold-based 

compounds we synthesized, two of them presented interesting selective toxicity for cancer 

cells compared to healthy cells and tissues and deserve further investigations as potential 

anticancer drugs. 

Keywords: gold; organometallics; bimetallic; cancer; G-quadruplex; enzymes; fluorescence 

microscopy; toxicity 
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Abbreviations (by alphabethical order) 

 

BIAM: biotin-conjugated iodoacetamide  

DCM: dichloromethane 

DCE: 1,2-dichloroethane 

DMEM: Dulbecco’s modified eagle medium 

DMF: dimethylformamide  

DMSO: dimethylsuloxide 

DS: double stranded DNA 

ER: endoplasmic reticulum 

FIR: far infra-red 

FRET: fluorescence resonance energy transfer  

FWJ: four-way junction 

GlucS: κS-thiolotato-β-D-glucose tetraacetate 

GR: glutathione reductase 

Gpx: glutathione peroxidase 

GSH: glutathione 

GQ: G-quadruplex DNA 

IC50: inhibitory concentration of 50 % 

MS 4Å: molecular sieves 4Å 

MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 

MW: microwave 

NHC: N-heterocyclic carbene 

NMR: nuclear magnetic resonance 

r.t.: room temperature 

PARP-1: poly(adenosine diphosphate (ADP)-ribose) polymerase 1 

PCTS: precision-cut tissue slices 

PDT: photodynamic therapy 

PET: photoinduced electron transfer 

PPh2-Coum: 3-[4-(diphenylphosphano)phenyl]-7-methoxy-2H-chromen-2-one 

PTA: 1,3,5-triaza-7-phosphaadamantane 

RPMI: Roswell Park Memorial Institute medium 

SDS-PAGE: sodium dodecyl sulfate polyacrylamide gel electrophoresis 

tht: tetrahydrothiophene  

TMX: 1,3,7,9-tetramethylxanthin-8-ylidene 

Trx: thioredoxin  

TrxR: thioredoxin reductase 

TWJ: three-way junction  
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