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Zusammenfassung 

Im Jahr 2020 ist Krebs immer noch eine der tödlichsten Krankheiten und stellt die 

Gesundheitssysteme weltweit vor zahlreiche Probleme. In diesem Zusammenhang gehören 

platinbasierte Metallkomplexe wie Cisplatin zu den am häufigsten verwendeten Krebsmedi-

kamenten. Trotz des klinischen Erfolgs führt ihr Einsatz häufig zu unerwünschten Neben-

wirkungen oder zur Entwicklung von Resistenzen. Goldkomplexe mit N-heterozyklischen 

Carben (NHC) Liganden bieten hierbei eine vielversprechende Alternative. Zum einen besitzen 

Goldverbindungen andere biologische Targets als die bekannten platinbasierten Medika-

mente. Daher können sie auch bei der Behandlung von platinresistenten Tumoren eingesetzt 

werden. Zum anderen sind NHCs ideale Liganden, da sie leicht synthetisiert und hinsichtlich 

ihrer elektronischen und sterischen Eigenschaften derivatisiert werden können. So können 

Arzneimittelkandidaten schnell und effizient optimiert werden. Eine weitere Möglichkeit, die 

Nachteile platinbasierter Medikamente zu überwinden, ist die Verwendung so genannter 

supramolekularer Koordinationsverbindungen (SCCs) als Drug-Delivery-Systeme. Diese sind 

an sich nicht zytotoxisch, können aber ein Krebsmedikament, wie zum Beispiel Cisplatin, vor 

unerwünschter Inaktivierung schützen. Im Rahmen dieser Arbeit wurden beide Ansätze mit 

dem Ziel, effizientere und selektivere Krebsmedikamente herzustellen, verfolgt. 

Die Gruppe um Casini konnte zeigen, dass eine NHC-AuI Verbindung mit einem zusätzlichen 

tert-Butylacetylen Liganden in vitro eine vielversprechende Zytotoxizität besitzt. Noch 

bemerkenswerter war jedoch, dass sie im Vergleich zu gesunden Nierenzellschnitten eine 

hohe Selektivität für Krebszellen zeigte. Daher wurde im Rahmen dieser Arbeit zunächst eine 

kleine Bibliothek von NHC-AuI-Alkinyl Verbindungen mit unterschiedlichen sterischen und 

elektronischen Eigenschaften synthetisiert und charakterisiert. Diese wurden dann auf ihre 

Reaktivität gegenüber biologisch relevanter Targets, in diesem Fall Thiolen, und auf ihre 

Stabilität in biologischem Medium untersucht. Es konnte gezeigt werden, dass die sterischen 

Eigenschaften der Liganden einen entscheidenden Einfluss auf die Stabilität und Reaktivität 

der Komplexe haben. Je größer die Liganden, desto stabiler ist der resultierende Komplex 

unter den untersuchten Bedingungen. Die elektronischen Eigenschaften der Liganden spielen 

dabei eine untergeordnete Rolle. Einige der Komplexe wurden des Weiteren auf ihre 

biologische Aktivität untersucht. Drei der Vertreter, die alle eine tert-Butylacetylen Gruppe 

tragen, zeigen in vitro eine Zytotoxizität im niedrigen mikromolaren Bereich gegenüber drei 

Krebszelllinien. Eine dieser Verbindungen ist auch in der Lage, G-Quadruplexe zu stabilisieren, 

was einen positiven Effekt auf die Zytotoxizität haben könnte. Die biologische Aktivität dieser 

Komplexe kann also mit ihrer hohen Stabilität in Zusammenhang gebracht werden, die 

wiederum das Resultat von sterisch anspruchsvollen Liganden ist. 
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Als nächstes wurde die Verwendung von NHC-AuI Verbindungen in Drug-Delivery-Systemen 

untersucht. Dabei wurden zunächst NHC-AuI-Alkinyl Komplexe mit einem azidfunktiona-

lisierten Bispyridin verknüpft und dann zu heteroleptischen Pd-Au Käfigen umgesetzt. 

1H NMR-Spektroskopie zeigte, dass diese Strukturen in der Lage sind, zwei Äquivalente des 

Krebsmedikaments Cisplatin einzukapseln. Anschließend wurde eine ähnliche NHC-Vorstufe 

synthetisiert, die es ermöglicht, Postmodifikation durchzuführen. Diese Experimente zeigen, 

dass SCCs mit zytotoxischen NHC-Au Komplexen funktionalisiert werden können, die dann in 

der Lage sind, das Krebsmedikament Cisplatin einzukapseln. Dies könnte zu effizienteren und 

selektiveren Krebsmedikamenten führen.  

Schließlich wurde die Einkapselung von Goldverbindungen in den Oxidationsstufen +III und +I 

in Pd-basierten Käfigen untersucht. Während die AuIII Verbindungen zu einer Zersetzung des 

Käfigs führten, zeigte der hier untersuchte NHC-AuI Komplex eine stabile Wechselwirkung 

beider Strukturen. Dies könnte möglicherweise auf eine Einkapselung des Goldkomplexes in 

der Kavität des Käfigs zurückzuführen sein. Diese Experimente zeigen, dass Goldkomplexe, 

vornehmlich stabile NHC-AuI Verbindungen, ähnlich zu Cisplatin, als Kandidaten für Drug-

Delivery-Systeme verwendet werden könnten, um ihre Wirksamkeit als Krebsmedikamente 

zu erhöhen. 
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Abstract 

In 2020, cancer is still one of the deadliest diseases and poses numerous problems for health 

care systems worldwide. In this context, platinum-based metal complexes such as cisplatin are 

among the frequently used anticancer drugs. Despite their clinical success, these often lead 

to undesired side effects or the development of resistances. Gold complexes with N-hetero-

cyclic carbene (NHC) ligands are a promising alternative. Firstly, gold compounds address 

different biological targets. As a result, they can also be used in the treatment of platinum-

resistant tumors. On the other hand, NHCs are ideal ligands because they can be easily 

synthesized and derivatized regarding their electronic and steric properties. Thus, drug candi-

dates can be optimized quickly and efficiently. Another possibility to overcome the 

disadvantages of platinum-based drugs is the use of so-called supramolecular coordination 

complexes (SCCs) as drug delivery systems. These are not cytotoxic per se but can protect an 

anticancer drug, e.g. cisplatin, from undesired inactivation. This work focuses on both 

approaches with the goal of producing more efficient and selective anticancer drugs. 

Casini and co-workers have shown that a NHC-AuI compound, carrying an additional 

tert-butylacetylene ligand, exhibited promising anticancer activities in vitro. More important-

ly, it showed a high selectivity for cancer cells when compared to healthy kidney cell slices. 

Therefore, a library of NHC-AuI-alkynyl compounds showing different steric and electronic 

properties was synthesized and characterized. They were then examined for their reactivity 

towards biologically relevant targets, in this case thiols, and for their stability in biological 

medium. It could be shown that the steric properties of the ligands have a decisive influence 

on the stability and reactivity of the complexes. The more sterically demanding the ligands, 

the more stable the resulting complex under the investigated conditions. The electronic 

properties of the ligands play a subordinate role. Some of the complexes were further 

investigated for their biological activity. Three of the representatives, which all carry a 

tert-butylacetylene group, show cytotoxicity in the low micromolar range against three cancer 

cell lines in vitro. One of these compounds is also able to stabilize G-quadruplexes, which 

might have a positive effect on its cytotoxicity. The biological activity of these complexes could 

therefore be related to their high stability resulting from sterically demanding ligands. 

Next, the use of NHC–AuI compounds in drug delivery systems was explored. Therefore, 

NHC-AuI-alkynyl complexes were linked to an azide functionalized bispyridine and then 

converted to heteroleptic Pd-Au metallacages. 1H NMR spectroscopy showed that these 

structures are capable of encapsulating two equivalents of the anticancer drug cisplatin. 

Subsequently, a similar NHC precursor was synthesized, allowing for further post-modifica-

tion. These experiments show that SCCs can be functionalized with cytotoxic NHC-AuI 
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complexes, which are then able to encapsulate the anticancer drug cisplatin. This might lead 

to more efficient and selective anticancer drugs.  

Finally, the encapsulation of gold compounds in Pd-based cages was investigated. While the 

AuIII compounds led to a decomposition of the cage, the NHC-AuI complex herein investigated 

showed a stable interaction of both structures. This could possibly be due to an encapsulation 

of the gold complex in the cavity of the cage. These experiments show that gold complexes, 

mainly stable NHC-AuI compounds, similar to cisplatin, could be used as candidates for drug 

delivery systems to increase their efficiency as anticancer drugs. 
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1 Introduction 

 The Impact of Cancer on Society 

“Cancer is a large group of diseases that can start in almost any organ or tissue 

of the body when abnormal cells grow uncontrollably, go beyond their usual 

boundaries to invade adjoining parts of the body and/or spread to other 

organs.”[1]  

 

Figure 1: Ranking of cancer as causes of deaths worldwide. Reprinted from Ref. 2.  

As the World Health Organization (WHO) states in their World Cancer Report 2020, 18.1 mil-

lion new cases of cancer and 9.6 million cancer-related deaths were registered in the year 

2018 alone with numbers rising steadily.[2] In 134 out of 183 countries worldwide, cancer 

poses the primary or secondary cause of premature deaths (Figure 1). In an additional 

45 countries, cancer is the third or fourth leading cause. These figures rank cancer the second 

most common cause of death globally. The most frequent cancer types include lung (2.09 mil-

lion cases), breast (2.09 million cases), colorectal (1.80 million cases), prostate (1.28 million 

cases), skin (1.04 million cases) and stomach (1.03 million cases) cancer. Lung cancer is by far 

the cancer type with the highest mortality rate (1.8 million). This is primarily caused by tobacco 

smoking, being responsible for around 90% of lung cancer deaths. Other major reasons for 

cancer deaths include alcohol use, lack of physical activity, infections, radiation and an 

unhealthy diet.[2] 

Apart from these tragic numbers, cancer has become an increasingly important topic in many 

different aspects of our society. A huge industrial complex involving government agencies, 
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pharmaceutical and biomedical companies, hospitals and clinics, universities, professional 

societies and non-profit foundations has evolved around the disease. In the past ten years, 

the money spent on cancer care in the United States of America has increased by 40%, from 

125 billion USD (2010) to 175 billion USD (2020, estimated).[3] Over the past decades, cancer 

has also gained immense importance in the field of research. The cancer-related entries per 

year in the public database of biomedical literature PubMed rose from 6% in the 1950s up to 

16% in 2016, while this trend was not observed for other diseases and conditions, such as 

malaria, AIDS, tuberculosis, diabetes, infection and stroke. Contrarily, the entries of some of 

these even decreased.[4] 

Furthermore, as with many diseases, cancer reflects the uneven distribution of wealth around 

the world. For example, cancer mortality is higher in low- and middle-income countries when 

compared to high-income countries.[2] This is due to a poor exertion of preventive measures 

as well as a later diagnosis due to a lack of monetary funds. In fact, fatality rates associated 

with noncommunicable diseases (NCD), particularly cancer, are falling in many higher-income 

countries, while this is not the case in lower-income countries. Cancer surgery services are 

available in 95% of high-income countries, but only in 25% of low-income countries. This leads 

to a much higher fatality rate in low-income countries (70%) when compared to higher-income 

countries (45%).[5] Additionally, lower-income countries struggle with poverty-related NCDs, 

including infection-related cancer such as stomach, liver and cervical cancer, which are not as 

prominent in higher-income countries.[6]  

Regarding the treatment of cancer, several options exist, depending on the location, grade of 

the tumor and the stage of the disease. The most common treatment methods include 

surgery, chemotherapy, radiation therapy, targeted therapy and hormonal therapy.[7] Often, 

a combined approach, e.g. surgery and chemotherapy, is used. Since cancer includes a class 

of diseases, it is unlikely that there will ever be a single "cure for cancer". It is therefore of 

utmost importance to develop new, highly efficient and selective anticancer drugs, capable of 

curing different types of cancer with no to little side effects. Within the field of chemotherapy, 

metal complexes make up a small part of anticancer drugs used in clinics, with organic 

compounds still being dominant. However, their unique chemical properties qualify them as 

promising candidates for the development of new anticancer drugs in the future. 
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 Metal Complexes as Anticancer Agents 

A metal complex consists of a central metal ion, which is surrounded by other molecules or 

ions, the so-called ligands (Figure 2). Due to their electron configuration, the metal ion hereby 

acts as an electron pair acceptor (Lewis acid), while the ligands act as an electron pair donator 

(Lewis base). The resulting bond is called a coordinative or dative bond. It differs from the 

covalent bond in that the bonding electrons come only from one partner, the ligand, whereas 

in a covalent bond the bonding electrons come from both partners.[8] 

 

Figure 2: Schematic representation of a metal complex. M: metal; L: ligand.[8] 

In the late 19th century the systematic research on complex compounds was pioneered by 

Sophus Mads Jørgensen and Alfred Werner. In 1875, Jørgensen developed rules to interpret 

the structure of compounds such as CoCl3·6NH3. Together with Swedish chemist Christian 

Wilhelm Blomstrand, he developed the so-called “chain theory”.[9] He suggested that the 

cobalt atom was linked to three molecules to match the metal’s valency and that ammonia 

molecules could link together as NH3 chains, a concept taken from CH2 chains in organic 

chemistry. He further suggested that molecules not bound to the metal ion could dissociate 

into ions in solution and be bound through the NH3 chains.[8] Werner, in his seminal work in 

1893, postulated that the oxidation state of a metal and the number of ligands bound could 

be treated independently from each other.[10] He was therefore able to describe the highly 

stable CoCl3·6NH3 complex as a central metal ion surrounded by six ammonia molecules, 

bound symmetrically at the six corners of an octahedron. With this, Werner laid the 

foundation of coordination chemistry as we know it and is therefore often referred to as the 

founder of coordination chemistry. He was the first inorganic chemist to win the Nobel prize 

in 1913, and the only one prior to 1973.[11] In the following decades, the development of new 

theories of chemical bonding and new technologies such as X-ray structure analysis led to 

major advances in coordination chemistry. Ever since the groundbreaking works of Jørgensen 

and Werner, several Nobel prizes in chemistry were awarded in the field of complex chemistry, 

for example in 1973 for the research of so-called sandwich complexes by Ernst Otto Fischer 

and Geoffrey Wilkinson,[12] or in 2005 for the description of olefin metathesis and the 

development of suitable complex catalysts by Yves Chauvin, Robert Grubbs and Richard R. 

Schrock.[13] 
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Metal complexes have gained increasing interest in medicinal chemistry over the past 

decades. They evolved from mere laboratory curiosities to very useful compounds used in 

clinical trials and many are nowadays even used in clinics.[14] They are used for imaging and 

therapeutic purposes in the treatment of various diseases such as cancer, arthritis, 

inflammation, depression and gastrointestinal disorders.[15–17] Prominent examples of 

therapeutic metal compounds used in clinics include platinum anticancer drugs, auranofin for 

the treatment of rheumatoid arthritis, antibacterial silver agents and zinc for wound healing. 

Furthermore, the most important metal compounds used for imaging are 99mTc for γ-ray 

imaging and Gd(III) complexes as magnetic resonance imaging (MRI) contrast agents.[18] 

Beyond what is used in clinics, research about metals in medicine comprises almost the entire 

periodic table with a strong focus on anticancer activity.[19] Within this field, platinum 

compounds play a crucial role. The cytostatic effect of platinum complexes was first 

discovered in the 1960s purely by chance. Barnett Rosenberg wanted to study the effect of 

alternating current on the growth of Escherichia coli.[20] He used platinum electrodes and 

found that cell growth was inhibited. It turned out the cause was not the alternating current, 

but the complex compound cis-diamminetetrachloridoplatinum(IV), [Pt(NH3)2Cl4], which had 

formed from the supposedly inert platinum electrodes. Subsequent experiments with the 

platinum(II) complex cis-diamminedichloridoplatinum(II), [Pt(NH3)2Cl2], known as cisplatin 

(Figure 3), showed the same effect in terms of growth inhibition. Interestingly, studies with 

the corresponding trans compound showed no effect. Cisplatin was first used in 1974 in a 

study at the University Hospital of Indiana for the treatment of testicular cancer and in the 

following years led to significant treatment success without recurrence in many patients.[21] 

The approval of cisplatin by the Food and Drug Administration (FDA) in 1978 paved the way 

for second- and third-generation platinum anticancer agents (Figure 3), such as carboplatin, 

oxaliplatin (both approved by the FDA), nedaplatin (approved in Japan), heptaplatin (approved 

in Korea) and lobaplatin (approved in China).[22] 
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Figure 3: Clinically approved platinum drugs for the treatment of cancer including year and country of 

approval.[22] 

The importance of platinum-containing anticancer drugs is unparalleled. Platinum containing 

drugs are nowadays prescribed for an estimated 10 to 20 percent of all cancer patients.[23] 

Since the introduction of cisplatin, the survival rate for testicular cancer rose dramatically from 

10% to 95%.[24] Cisplatin, carboplatin and oxaliplatin are even listed on the WHO’s Model List 

of Essential Medicine.[25] According to their definition, these can be used to meet the most 

urgent medical care needs of a population. 

It is important to note the structural similarities between the compounds shown in Figure 3. 

They all share a square planar PtII metal center with heteroleptic ligands, which can be further 

divided into non-leaving group ligands and leaving group ligands. The non-leaving group 

ligands include neutral chelating or non-chelating amine ligands which remain bound to the 

PtII center throughout the course of action. The leaving group ligands on the other hand, which 

consist of anionic chelating or non-chelating moieties, are able to undergo a ligand exchange 

reaction. The primary target of platinum compounds is the deoxyribonucleic acid (DNA) in the 

cell nucleus and its mode of action can be further divided into four crucial steps (Figure 4): 

cellular uptake (I), aquation/activation (II), DNA binding (III), and cellular processing of DNA 

lesions leading to cell death (IV).[22]  
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Figure 4: Mechanism of action of anticancer platinum drugs.[22] 

A thorough understanding of the mechanism of cellular uptake of cisplatin and analogous PtII 

compounds is still lacking, but the two most likely pathways include passive diffusion through 

the plasma membrane and active transport through membrane proteins (I).[26–29] Once inside 

the cell, cisplatin is subjected to a ligand exchange reaction, where one anionic chloride ligand 

is exchanged for a neutral water molecule (II). Interestingly, this only happens inside the cell 

and not in the bloodstream due to the low concentration of chloride anions in the cyto-

plasm.[30] This aquation process is necessary for cisplatin to enter the nucleus and undergo a 

second ligand exchange reaction, where the water and the remaining chloride ligand are 

displaced by the nitrogen atoms (N7 position) of guanine residues in the DNA, forming a cross-

link in the DNA (III). The subsequent ligand exchange of water and chloride can either occur 

on the same or on different DNA strands, resulting in intra- and interstrand DNA cross-

links.[31-33] As a result, the DNA is highly distorted, resulting in bending and unwinding of the 

double helix upon platination.[34] This puts a signaling pathway into operation which even-

tually leads to the release of cytochrome c and activation of intracellular caspases, both 

signaling proteins responsible for apoptosis (IV).[35] 

Despite their clinical success, the above-mentioned platinum compounds all show con-

siderable drawbacks, including side-effects and resistances. Many patients treated with 

anticancer platinum compounds suffer from nausea, kidney damage, emesis, hair loss, hearing 

impairment and myelosuppression, which will often be dose-limiting.[36–38] Furthermore, 

patients will often develop resistances over the course of the treatment, making it less 

effective. There are several reasons for the development of resistances, including reduced 

cellular drug accumulation, increased detoxification system, increased DNA repair process, 

decreased apoptosis and autophagy.[39] 
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A major focus of anticancer research is the avoidance of these side effects. Early research 

focused on developing analogues of cisplatin, i.e. the so-called second- and third-generation 

cisplatin analogues like carbo- and oxaliplatin (Figure 3). Although these drugs show an 

improvement over cisplatin, they still have numerous side-effects.[40] Trans and polynuclear 

PtII drugs were also investigated.[41–43] The trinuclear complex triplatin tetranitrate, also known 

as BBR3464 (Figure 5), advanced to phase II clinical trials and remains, up to date, the only 

non-cisplatin analogue to be introduced to humans.[43] The success of BBR3464 led scientists 

to shift their focus away from cisplatin and its analogues onto PtIV prodrugs, different metals 

such as Ru, Os, Ir, Fe, Cu, Au, Ag, Ti, V, As and onto supramolecular coordination complexes as 

drug delivery systems.[44–47] Although none of these have been commercialized as anticancer 

agents, many have already undergone clinical trials, e.g. NAMI-A, KP1019, titanocene 

dichloride, budotitane, KP46 or auranofin (Figure 5), underpinning the potential of anticancer 

metal compounds beyond cisplatin and analogues.[44,45,48–50] Within this group, the gold 

compound auranofin has received considerable attention due to its well-established clinical 

use against rheumatoid arthritis, but also due to its potent anticancer activities in vitro as well 

as in vivo and its unique mode of action.[51] 

 

Figure 5: Metal compounds beyond cisplatin and analogues that made it into phase I and phase II clinical 

trials.[44,45] 
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 Gold and its Long History in Medicine 

Gold is a chemical element with the element symbol Au (from Latin: aurum) and atomic 

number 79. It is a transition metal and belongs to group 11 in the periodic table. The electronic 

configuration of Au0 is [Xe] 4f14 5d10 6s1. Its oxidation states range from ‒I to +V, with Au0, AuI 

and AuIII being the most stable. The medical use of gold has a long history, with earliest 

applications dating back to China and Egypt in 3000-2500 BC.[52,53] It was not until the revival 

of alchemy in Europe during the medieval age that gold became popular as a medical agent. 

Alchemists were interested in an elixir of life, a magical substance that restored youth. Many 

alchemists thought they had found it in aurum potabile, potable gold. Although aurum 

potabile was well known at the time, it is questionable how much gold the elixir actually 

contained. For example, one recipe for the production called for the alchemist to quench a 

heated gold plate several times in a container of wine.[53] In the 17th century, gold was 

employed for the treatment of illnesses related to a “decrease in the vital spirits, such as 

melancholy, fainting or fevers” followed by the use of Na[AuCl4] for treatment of syphilis in 

the 19th century.[52] In 1890, German bacteriologist and Nobel laureate Robert Koch 

discovered the bacteriostatic properties of K[Au(CN)2] against tubercle bacilli, paving the way 

for gold-based tuberculosis therapy introduced in the 1920s.[52] The tubercle bacilli was 

suggested to also be the cause of rheumatoid arthritis, which led Jacques Forestier to 

investigate gold compounds as antirheumatic agents in the 1930s.[54,55] Although his results 

looked promising, it was not until the controlled study of the Empire Rheumatism Council, 

reported in 1960/61, that gold therapy was more widely regarded as an appropriate and 

effective therapy for rheumatoid arthritis.[56,57] Several of these compounds, such as 

auranofin, aurothiomalate and aurothioglucose (Figure 6), made it into clinics and are still 

used today to treat rheumatoid arthritis.[58,59] Gold drugs have also been used in the treatment 

of other rheumatic diseases such as psoriatic arthritis, juvenile arthritis, palindromic 

rheumatism and discoid lupus erythematosus.[60] 

 

Figure 6: Clinically approved gold compounds in the treatment against rheumatoid arthritis.[58,59] 

Due to the clinical success of gold compounds in the treatment against rheumatoid arthritis, 

Mirabelli and co-workers started to evaluate the clinically approved drug auranofin for 
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anticancer activities in 1985.[61] It showed potent in vitro cytotoxicity against various cancer 

cell lines and was even effective in vivo against P388 mouse leukemia. Mechanistic studies 

showed that auranofin causes oxidation of peptides containing the amino acid cysteine, e.g. 

in thioredoxin reductase (TrxR).[62] Additionally, production of reactive oxygen species (ROS), 

activation of p38 mitogen-activated protein kinase (MAPK) and the inhibition of proteasome-

associated deubiquitinases (DUBs) were found to cause auranofin-induced apoptosis and 

tumor growth inhibition.[63–65] The confirmation of auranofin’s cytotoxicity by Mirabelli and 

co-workers was the starting signal of gold compounds being investigated for their anticancer 

activity and interest steadily rose over the past decades. Some even made it to clinical trials, 

e.g. aurothiomalate (Figure 6) to phase I clinical trials against non-small cell lung cancer.[66] 

Auranofin (Figure 6) even completed phase II clinical trials against chronic lymphocytic 

leukemia, small lymphocytic lymphoma and prolymphocytic lymphoma.[67] 

Regarding the oxidation states, the focus has always been on AuI and AuIII, since these are the 

most stable under physiological conditions. The research on AuI was pushed under the 

premise that AuI compounds (e.g. auranofin) were already used in clinics for the treatment of 

rheumatoid arthritis. On the other hand, AuIII compounds are investigated as analogues to the 

anticancer platinum drugs discussed in chapter 1.2, showing the same square planar geometry 

and being isoelectronic and isostructural to cisplatin. It was therefore expected that AuIII 

compounds might show similar biological activity as PtII complexes.[68] 

The choice of adequate ligands and therefore stabilization of the oxidations state is crucial for 

the biological activity of the metal complex. Indeed, neglecting adequate stabilization of the 

gold center can easily lead to reduction of AuI/III to Au0 under physiological conditions, leading 

to the compound’s inactivation or uncontrolled reactivity. Therefore, a wide variety of 

different ligand types has been established over the past years, including phosphines, 

thiolates, porphyrins, N-heterocyclic carbenes, alkynyls, bipyridyl-type ligands and cyclo-

metalated gold complexes.[51,69–71] Within this group, N-heterocyclic carbenes (NHCs) have 

been extensively employed due to their high stability and ease of derivatization, two 

important prerequisites for efficient drug design.[72]  
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 N-Heterocyclic Carbenes: New Rising Stars in Anticancer Gold 

Compounds 

Carbenes are neutral compounds containing a divalent carbon atom with six valence electrons 

in its valence shell.[73] N-heterocyclic carbenes (NHCs) comprise a group of heterocyclic 

compounds containing a carbene carbon and at least one nitrogen atom within the ring 

structure.[74] The majority of NHCs used today consists of a core five-membered ring with two 

nitrogen atoms (e.g. imidazolylidenes or benzimidazolylidenes). However, many different 

types of NHCs are available commercially and synthetically, including thiazolylidenes, oxa-

zolylidenes, triazolylidenes, cyclic alkyl amino carbenes as well as ring-expanded analogues 

such as pyrimidinylidenes and diazepanylidenes (Figure 7).[75] As shown by this small extract 

of structures, the NHC family comprises a high variety of structures. The most modifiable 

positions include the wingtip substituents, which primarily dictate the steric properties of the 

NHC, and the backbone substituents, which control the electronic properties.[74] 

 

Figure 7: Different classes of NHC ligands and their modifiable positions.[74,75] 

In the long history of chemistry, NHCs make up a very recent discovery. In 1960, German 

chemist Hans-Werner Wanzlick, in a short publication of less than 20 lines, reported on a 

possible synthetic approach to stable NHCs for the first time.[76] He sought to obtain 1,3-di-

phenyl-dihydroimidazol-2-ylidene as a free carbene by α-elimination of chloroform, but mass 

spectrometric investigations only proved the formation of a dimer compound (Figure 8). In 

their pioneering work in 1968, Wanzlick and Öfele independently managed to isolate NHC 

complexes with mercury and chromium, respectively.[77,78] However, it was not until 1991, 
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when Arduengo isolated the first “bottleable” NHC and characterized it by single-crystal X-ray 

diffraction (SC-XRD), that the nature of free carbenes was unequivocally proven.[79] 

 

Figure 8: Milestones in the research on N-heterocyclic carbenes (NHCs).[76–79] 

NHCs exhibit unique electronic properties: unlike classical carbenes, they feature a singlet 

ground-state.[74,80] The orbitals around the carbene center are therefore best described as sp2 

hybridized with an unoccupied p-orbital (Figure 9). The carbene structure is hereby stabilized 

by two effects, both emanating from the neighboring nitrogen atoms. First, electron density 

is withdrawn from the sp orbital of the carbene carbon (‒I effect). Second, they donate 

electron density into the empty p-orbital (+M effect). Upon coordination to a metal center, 

several stabilizing factors come into play (Figure 9). First, the sp orbital of the NHC donates 

electron density to the empty dz2 orbital of the metal. Second, electron density, coming from 

the adjacent nitrogen atoms, is also donated from the pz orbital of the NHC to the d orbital of 

the metal. Lastly, the NHC experiences a back donation from the d orbital of the metal to the 

pz orbital of the NHC.[74,80]  

 

Figure 9: Electronic properties of a free carbene and its corresponding NHC-metal compound.[74,80] 

When compared to other ligand types such as phosphines, two big advantages of NHCs 

become apparent. First, due to their enhanced electron-donating properties, NHCs are usually 

thermally more stable than their phosphine analogues. Second, their electronic and steric 

properties are easily tunable by slight modifications of the carbene core. While many different 

types of NHCs are known, structural variation of phosphines is often not trivial. Furthermore, 
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NHCs allow for the independent modification of nitrogen substituents, backbone 

functionalities and the heterocycle itself, while phosphines are not as variable.[74]  

In 2004, the group of Berners-Price was the first to report on the cytotoxic properties of 

NHC-AuI compounds.[81] They were able to show that dinuclear, NHC-bridged AuI compounds 

induced Ca2+ sensitive mitochondrial membrane permeabilization (MMP) in isolated rat liver 

mitochondria, an important event in the process of cell death.[82] Out of a series of seven 

substrates, compound I-1 was particularly effective, inducing MPP at sub-micromolar 

concentrations.[81] This seminal work led to an increasing interest in NHC‒Au compounds and 

their use as anticancer agents, especially in the last decade. It is interesting to have a look on 

how NHC ligands, with respect to NHC‒Au compounds, perfectly fit prerequisites for efficient 

drug design and fast optimization by alteration of the wingtip, the backbone substituents or 

the ancillary ligand. At this point, the concept of highly tunable, versatile and cytotoxic 

NHC-Au complexes shall be further explored through various examples. An overview of the 

discussed structures can be found in Figure 10. As stated above, gold compounds for biological 

activity are most often used in the oxidation states +I and +III due to their stability. The focus 

of this work lays on NHC‒AuI compounds. Therefore, AuIII will not be discussed. Nonetheless, 

it has to be noted that AuIII make up a fair amount of research about NHC‒Au compounds. 

Therefore, the interested reader shall be referred to further literature.[51,69,83–85] 

First, the wingtip substituents can be easily modulated. For example, Baker et al. synthesized 

a family of linear, cationic bis-carbene AuI compounds (I-2 to I-5).[86] The various substituents 

enabled them to fine-tune the complexes’ lipophilicity (from log P = ‒1.09 to 1.73), a param-

eter which plays a crucial role in pharmacokinetics and pharmacodynamics of a drug 

substance.[87] They were able to show that the more lipophilic the compound, the faster the 

swelling of the mitochondria, a process closely related to MMP and therefore cell death. Three 

related compounds (I-6 to I-8) were further evaluated for their cytotoxicity in breast cancer 

cells and normal cells. Interestingly, the degree of selectivity correlated with their log P 

values.[88] In this series, the average lipophilicity of complex I-7 (log P = ‒0.29) showed the best 

ratio between selectivity and cytotoxicity.  

Second, backbone substituents also have a big impact on the properties of the NHC and the 

resulting complex. For example, Schmidt et al. synthesized a family of bis-NHC‒AuI com-

pounds with varying electronic properties (I-9 to I-13). All compounds were cytotoxic in vitro 

in the low micromolar range. Imidazole derivatives with a phenyl substituent on the backbone 

(I-11 to I-13) showed higher cytotoxicity than the other compounds.[89] 
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Figure 10: Various NHC‒AuI compounds that have been explored for their anticancer properties. 

Third, the ancillary ligand of the NHC‒Au complex plays a crucial role for its biological activity. 

It influences the overall charge of the complex as well as the binding energy of the ligand to 

the gold atom. For example, Rubbiani et al. synthesized a series of three NHC‒AuI compounds 
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(NHC = 1,3-diethylbenzimidazol-2-ylidene) with varying ancillary ligands (I-14 to I-16).[90] The 

neutral, mono-NHC complex I-14, featuring a chloride ligand, showed a lower antiproliferative 

activity than the two cationic species. These results were in agreement with cellular gold 

uptake studies, where the amount of compound inside the cell was 3-fold higher for cationic 

I-15 and I-16 when compared to the neutral I-14. They proposed that the cationic charge of 

I-15 and I-16 and their rather large lipophilic ligands contribute to a phenomenon known as 

delocalized lipophilic cations (DLC). DLCs can pass the hydrophobic barriers of cellular 

membrane and accumulate in mitochondria because of the membrane’s inner and outer 

layers’ electric gradient. They were shown to selectively target the mitochondria of carcinoma 

cells, making them interesting candidates to selectively address cancer cells.[91] The same 

group synthesized four more compounds with the same NHC, but varying phosphine ligands 

(I-17 and I-20).[92] All compounds showed antiproliferative activity in two cancer cell lines 

(HT-29 and MCF-7) with IC50 values in the low micromolar and sub-micromolar range. 

Interestingly, bioactivity could to some extent be correlated to cellular accumulation. For 

example, compound I-20, being the most lipophilic due to the triphenylphosphine ligand, 

showed the highest cellular uptake and was also the most cytotoxic. Furthermore, density 

functional theory (DFT) calculations confirmed that compound I-20 had the lowest Au‒P 

binding dissociation energy (BDE), stating it was also the compound most prone to exchange 

the phosphine ligand, making it the most likely to react with nucleophiles. In 2017, Estrada-

Ortiz et al. tested a series of homo- and heteroleptic NHC‒Au compounds on their anticancer 

properties.[93] Within this series, they reported on the cytotoxicity of a mixed NHC‒Au‒alkynyl 

compound (I-21) for the first time. In four cancer cell lines (HCT116 p53wt, HCT116 p53null, 

MCF-7 and A375), it showed EC50 values in the low micromolar range, comparable to or even 

more active than cisplatin. More importantly, it was the only compound barely toxic in healthy 

rat kidney tissues, being five-fold less toxic in healthy tissue when compared to cancer cells. 

The authors propose that the reduced bioactivity might be due to its lower stability against 

extracellular nucleophiles (e.g. serum proteins).[93]  

When considering the design of NHC‒Au compounds, modifications mostly concern the three 

positions mentioned before, i.e. the wingtip and backbone substituents and the ancillary 

ligand, with imidazole being the most prominent NHC type. Interestingly, changes to the 

heterocycle of the NHC itself are also under investigation. In fact, different heteroatoms highly 

alter the electronic properties of the ligand and might therefore have a positive effect on its 

cytotoxicity.[75] For example, triazole based NHC‒AuI complex I-22 showed IC50 values in the 

low micromolar range against two cancer cell lines (HT-29 and MDA-MB-231) in vitro, while 

also showing moderate TrxR inhibition (IC50 = 1.2 ± 0.6 μM).[94] Furthermore, tetrazole based 

NHC‒AuI compound I-23 was found to be effective against HeLa cells in vitro 

(IC50 = 1.67 μM).[95] Although there are only few examples, changing the NHC core structure 



  Introduction 

15 

proves to be another valid strategy in the design of more efficient anticancer NHC‒Au 

compounds.[94,95] 

The high modifiability of NHCs further allows for the synthesis of multinuclear compounds, a 

useful concept to benefit from the unique properties of different metals. This has led to a 

number of bi- and poly-, homo- and heterometallic complexes with exceptional chemical and 

biological properties.[96] For example, Fernández-Gallardo et al. synthesized a series of 

NHC-AuI‒RuII compounds (I-24 to I-27).[97] Interestingly, they showed a higher cytotoxic 

activity (IC50 = 4-14 μM) than their monometallic analogues (IC50 = 17-59 μM) against two 

cancer cell lines (Caki-1 and HCT 116). Furthermore, they were practically non-toxic against 

healthy kidney cells (HEK-239T, IC50 > 70 μM).[97] 

As shown, there are numerous ways to design and redesign NHC–Au complexes to alter their 

cytotoxic properties. This usually includes changing the compound’s lipophilicity, reactivity 

and/or stability. However, substituents can also provide additional useful functionalities which 

are not reflected in increased cytotoxicity. For example, fluorophores such as coumarin or 

anthracene can be used for in vitro imaging.[98–100] Bertrand et al. could trace compound I-28 

entering a tumor cell and accumulating in the nucleus via confocal microscopy.[98] One of the 

advantages of using gold as a biologically active metal is the fact that luminescence can also 

be achieved via aurophilic interactions. For example, Barnard et al. synthesized a dinuclear 

AuI complex with bidentate NHC ligands (I-29).[101] The ligand was explicitly designed to 

support aurophilic interactions. This made it possible for the authors to investigate the cellular 

processing of the compounds in different cancer cell lines by confocal fluorescence 

microscopy. 

In summary, NHC‒Au compounds pose a potent alternative to the well-established anticancer 

platinum drugs. As shown, NHC ligands display many advantages such as high stability of the 

resulting complexes and high tunability regarding their electronic and steric properties. These 

features make them ideal candidates for fast and efficient design of new drug candidates. To 

establish these types of drugs as anticancer agents, a thorough understanding of their mode 

of action is necessary, which will be discussed in the next chapter. 
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 Mode of Action of Anticancer Gold Compounds 

Biologically active gold compounds were first regarded as platinum analogues. i.e. AuIII 

compounds that are isostructural and isoelectronic to cisplatin. It was therefore hypothesized 

that gold compounds would have a similar mode of action as cisplatin with DNA as a target. 

As more gold compounds were investigated, a far lower affinity for DNA was found when 

compared to platinum compounds. In fact, gold compounds are often able to overcome 

cisplatin resistance, indicating a DNA-independent mode of action.[102] Instead, gold 

compounds can act on many targets in the cell which primarily include proteins with selenol 

or thiol groups.[103] This can be explained by the ‘soft’ character of the gold ion with high 

affinity for binding soft Lewis bases. The dysfunction of these targets has been shown to 

contribute to a variety of human diseases, such as inflammatory diseases, bone and joint 

disorders, parasitic diseases, cancer and autoimmune diseases.[104–108] 

Gold compounds most likely act in the mitochondrion of the cell.[102] The mitochondrion is a 

cell organelle that is enclosed by a double membrane and contains its own genetic material, 

the mitochondrial DNA. It fulfills essential tasks in the cell, including energy production, 

regulation of apoptosis and the intracellular redox state.[109] As targets for gold compounds, 

numerous proteins have been identified, such as thioredoxin reductase, glutathione 

reductase, dihydrofolate reductase, carbonic anhydrase, deubiquitinase, cathepsin cysteine 

protease, glutathione peroxidase, iodothyronine deiodinase, collagenase and tyrosine 

phosphatase.[102]  

Although the mechanism of action of gold compounds is not yet fully understood and multiple 

targets might play an important role, the most studied is thioredoxin reductase.[68] It is part of 

the thioredoxin system, which consists of thioredoxin (Trx), thioredoxin reductase (TrxR) and 

NADPH and plays a crucial role in regulating the overall redox balance inside the cell. It is 

responsible for the regulation of reactive oxygen species (ROS) such as H2O2. The dysfunction 

of TrxR leads to an accumulation of ROS, which, in turn, can induce apoptosis.[110,111] The mode 

of action of the thioredoxin system is outlined in Figure 11.[68] Inside the cell, H2O2 is reduced 

to water by a family of proteins known as peroxiredoxins (Prxs). The active site of Prx contains 

a cysteine residue, which is oxidized to form a disulfide bond with a neighboring cysteine 

residue. Trx then comes into play and performs its major antioxidant role, namely the 

reduction of oxidized Prx. In turn, Trx itself is oxidized, once again by the formation of a 

disulfide bond of two neighboring cysteine residues. Trx is then reduced by TrxR, which, in 

turn, is oxidized to form a Se‒S bond. The TrxR enzyme is then reduced by oxidation of NADPH. 

In summary, inhibition of TrxR blocks the entire redox cascade and leads to the accumulation 

of H2O2, which, in turn, will induce apoptosis.[68] 
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Figure 11: The thioredoxin system, comprising NADPH, TrxR (thioredoxin reductase) and Trx (thioredoxin) is 

responsible for the intracellular reduction of H2O2. Inhibition of the thioredoxin pathway increases H2O2 

concentration in the cell, which, in turn, can lead to apoptosis.[68] 

All targets discussed so far are proteins and their modes of action most likely include a 

displacement of one or two of the ligands by donor groups from amino acid side chains, most 

prominently thiol or selenol groups. However, it has also been shown that certain bis-NHC-AuI 

compounds are also able to target DNA secondary structures, namely duplex and mismatch 

DNA, replication forks, i-motifs and G-quadruplexes (G4).[112] Especially G4s have gained 

increasing interest as targets for gold compounds in the past years. G4s are nucleic acid 

sequences that contain particularly high amounts of guanine and are therefore able to form 

four-stranded secondary structures.[113] They can be found in the telomeres of a multitude of 

organisms, play an essential role in replication of a cell and are overexpressed in cancer cells. 

Stabilizing G-quadruplexes of cancerous cells can inhibit cell growth and replication, which in 

turn, can lead to apoptosis.[114] For example, Bertrand et al. recently showed that 

caffeine-derived bis-NHC‒AuI compound I-30 (Figure 12) showed antiproliferative activity 

against human ovarian cancer cell lines (IC50 = 16.2 μM in A2780 and IC50 = 15.6 in A2780/R), 

showing high selectivity for cancer cells when compared to healthy kidney cells (IC50 > 100 μM 

in HEK-293T).[115] Furthermore, I-30 was found to be a potent and selective G4 interacting 

agent. Interestingly, X-ray diffraction analysis showed that I-30 does not bind covalently, but 

rather through π‒π stacking interactions between neighboring G4’s, stabilizing this particular 

DNA secondary structure.[116] These results indicate a paradigm shift in understanding the 

mechanisms of actions of gold compounds, since not only proteins but also DNA secondary 

structures, such as G-quadruplexes, mismatch DNA, 3- and 4-way junctions are now explored 

as possible targets.[112] 

 
Figure 12: Caffeine-based bis-NHC‒AuI compound I-30 is a selective G4 intercalator.[116]  
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  A “Complex-in-a-Complex”: Drug Delivery Systems in Medicinal 

Chemistry 

As stated before, anticancer platinum compounds used in clinics show severe side effects 

because of poor specificity.[117] Side effects such as nephro-, neuro- or ototoxicity are often 

the dose-limiting factor in the patients’ treatment with these drugs. Another crucial problem 

is intrinsic and acquired resistance, making the treatment often inefficient. Ways to overcome 

these problems include the synthesis of cisplatin analogues (e.g. carboplatin, oxaliplatin) or 

the use of different, biologically active metals (e.g. Ru, Ti, Fe, Cu, Au). A third fascinating 

approach is the improvement of the drug accumulation at the tumor site by means of an 

accurate targeting and delivery strategy via supramolecular coordination complexes 

(SCCs).[46,118,119] SCCs belong to the family of metallosupramolecular compounds and are, 

besides metal-organic frameworks (MOFs), their most important representative (Figure 13). 

SCCs consist of a metal center and multidentate ligands. In contrast to MOFs, SCCs are well-

defined, discrete two- and three-dimensional entities, which are synthesized via coordination-

driven self-assembly.[120] Their general chemical formula is best described by MxLy, where M 

is a metal, usually a transition metal, and L is an organic ligand. Both metal and ligand can have 

a big influence on the size and the shape of SCCs as depicted in Figure 13. Depending on the 

metal, its preferred coordination geometry, but also the ligand’s shape and denticity and the 

ligand-to-metal ratio, various geometries, such as cyclic, polyhedral, cubic or prismatic can be 

achieved.[121] 

 

Figure 13: Different compositions lead to different architectures in metal-organic frameworks (MOFs) and 

supramolecular coordination complexes (SCCs). Reprinted from Ref. 46. 
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SCCs can be used in molecular recognition,[122] catalysis,[123] and drug delivery.[46,119] In this 

regard, cage-like structures (Figure 13) are of particular interest, as they feature an internal 

cavity able to encapsulate guest molecules. This makes three-dimensional cages optimal 

candidates for host-guest chemistry for molecular recognition and encapsulation, as nano-

reactors and in biological processes as drug delivery systems.[119,124,125] 

In their seminal work of 2008, Therrien et al. were the first to introduce a “complex-in-a-

complex” as drug delivery system.[126] They synthesized a hexaruthenium metallacage (I-31) 

via self-assembly and were able to encapsulate [Pd(acac)2] and [Pt(acac)2] inside the cavity of 

the metallacage (Figure 14). This modification made it possible to transport to and release the 

almost water-insoluble palladium and platinum drugs in cancer cells, resulting in an increase 

in their cytotoxic activity. While the drugs alone showed no cytotoxicity in human ovarian 

cancer cells, due to their insolubility in water, and the cage complex I-31 showed moderate 

activity (IC50 = 23 μM), the SCCs showed a comparably higher activity (IC50 = 12 μM for 

[Pt(acac)2⊂I-31] and IC50 = 1 μM for [Pd(acac)2⊂I-31]. This was the first example of what was 

later called the “Trojan horse strategy”, i.e. hiding a cytotoxic agent in the cavity of a 

metallacage until its release at the desired target site. 

 

Figure 14: A “complex-in-a-complex”: schematic representation and corresponding X-ray structure (CCDC: 

673229) of [Pt(acac)2⊂I-31].[126] Solvent molecules, counterions and hydrogen atoms are omitted for clarity. 

Colour code: grey = carbon, blue = nitrogen, red = oxygen, green = ruthenium, white = platinum. 

Other types of SCCs that have received considerable attention in terms of drug delivery are 

PdII based compounds of the general formula Pd2L4 (Figure 15). In their pioneering work in 

1998, McMorran and Steel reported on the first coordinatively saturated, quadruply stranded 

helicate (I-32), employing a configurationally flexible, bidentate bispyridine ligand, and its 

encapsulation of a hexafluorophosphate anion.[127] Three years later, Fujita and co-workers 

synthesized a very similar cage but using a more rigid bispyridyl ligand (I-33).[128] As both 
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ligands are neutral, both cages are four times positively charged and were found to 

encapsulate one of the four counterions (PF6
‒ and NO3

‒, respectively). This was an important 

proof of concept, confirming that Pd2L4 type metallacages were also able to encapsulate small 

molecules and act as possible drug delivery systems. Following this approach, Crowley and 

co-workers prepared a Pd2L4 type metallacage with a tripyridyl skeleton as the bridging ligand 

(I-34).[129] Remarkably, this compound was able to encapsulate two molecules of the 

anticancer drug cisplatin upon simple addition of the drug to a solution of the cage in DMF 

followed by sonication. The crystal structure confirmed that the cisplatin molecules were 

stabilized through hydrogen bonding interactions between the NH3 groups of cisplatin and the 

endo-facing nitrogen atom of the cage. Furthermore, stabilizing hydrogen bonding and metal 

to metal interactions were also observed between the two cisplatin molecules. Interestingly, 

disassembly of the cage could be stimulated by addition of a competing nucleophile such as 

4-dimethylaminopyridine (DMAP) or chloride ions, enabling the release of encapsulated guest 

molecules and hence “activation” of the drug. Unfortunately, while the SCC with cisplatin 

formed readily in acetonitrile and DMF, this was not the case for biologically more relevant 

solvents, such as water or DMSO.[130]  

 

Figure 15: Schematic representations and corresponding X-ray structures of Pd2L4 type metallacages of I-32[127] 

(CCDC: 117940), I-33[128] (CCDC: 164966) and I-35[129] (CCDC: 853227). Notably, the crystal structure of I-34 

contains two equivalents of the anticancer drug cisplatin. Solvent molecules, counterions and hydrogen atoms 

are omitted for clarity. Colour code: grey = carbon, blue = nitrogen, red = oxygen, light green = fluorine, 

white = platinum, dark green = chloride, orange = phosphorus. 

Based on these promising results, Schmidt et al. synthesized a series of fluorescent 

exo-functionalized Pd2L4 metallacages and tested them against various cancer cell lines (A549, 
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SKOV-3, HepG2).[131] As in the prior case, they were able to show that two molecules of 

cisplatin were encapsulated in the cavity of the cage by SC-XRD and NMR spectroscopy. 

Additionally, compound I-35 (Figure 16) showed an interesting cytotoxic profile. While 

cisplatin and the cage alone were moderately toxic in SKOV-3 (IC50 = 15.4 μM for cisplatin and 

IC50 = 11.6 μM for I-35), the SCC [(cisplatin)2⊂I-35] showed significant higher cytotoxicity 

(IC50 = 1.9 μM). More importantly, the metallacages were nontoxic in healthy rat liver tissue 

ex vivo. Due to the fluorescence of the ligands, they were further able to study their uptake in 

cancer cells via fluorescence microscopy. Further improvements of the selectivity towards 

carcinoma cells include the attachment of tumor cell-specific ligands, mainly peptides, via 

exo-functionalization of the cages. Casini and co-workers synthesized the structurally related 

metallacage I-36 (Figure 16) functionalized with a carboxylic acid moiety and utilized it to link 

integrin-binding peptides specific for integrin subtypes ανβ3 and α5β1 via amide bond 

formation.[132] The increased integrin binding affinity was confirmed by enzyme-linked 

immunosorbent assay (ELISA), illustrating the potential of this strategy. 

 

Figure 16: Exo-functionalized metallacages I-35 and I-36. The SCC [(cisplatin)2⊂I-35] showed higher cytotoxicity 

than I-35 and cisplatin alone. I-36 was used to link integrin-binding peptides.[131,132] 

Although the anticancer drug cisplatin and small molecules, e.g. chloride, remain in the focus 

of encapsulation studies, very recently, Puig et al. were the first to report on the encapsulation 

of a AuIII compound.[133] Based on the cage structure introduced by Crowley, they synthesized 

two methoxy exo-functionalized M2L4 metallacages with palladium (I-37) and platinum (I-38) 

metal centers and studied their encapsulation abilities of the square planar AuIII thiolate 

compound [n-Bu4N][Au(bdt)2] (bdt = benzene-1,2-dithiolate, Figure 17). The strongly coordi-

nating sulfur ligand and interesting magnetic and redox properties make [n-Bu4N][Au(bdt)2] a 

challenging metal complex to encapsulate. In fact, encapsulation studies with the Pd-based 
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cage (I-37) only led to decomposition of the cage. In contrast, encapsulation could be achieved 

with the Pt-analogue I-38. The authors assumed that the higher stability of the Pt2L4 cage was 

due to a stronger Pt−ligand interaction.[133] 

 

Figure 17: Pd (I-37) and Pt (I-38) metallacages by Puig et al. and encapsulation of a AuIII compound (CCDC: 

1841449).[133] Solvent molecules, counterions and hydrogen atoms are omitted for clarity. Colour code: 

grey = carbon, blue = nitrogen, red = oxygen, white = platinum, yellow = sulfur, orange = gold. 

The use of SCCs as drug delivery systems is still in its infancy, with pioneering works only going 

back to the 2000s with works by Steel, Fujita and Therrien.[126–128] It is therefore no surprise 

that their mechanism of action regarding selective targeting of cancer cells on the one side 

and encapsulation and release of the drug molecule on the other side are still highly debated 

topics. The selective accumulation of metallacages in tumors was first believed to be 

attributable to the enhanced permeability and retention (EPR) effect.[134] The EPR effect 

explains the phenomenon of passive accumulation of macromolecules, liposomes or nano-

particles in tumor tissues much more than they do in normal tissues. The reason is that, due 

to the high growth rate of tumor cells, they show increased permeability in their cell tissue.[135] 

While the EPR effect has been shown to have a big influence in the passive targeting of drugs 

with molecular weights of more than 40 kDa and a diameter of 20-200 nm, it is unlikely that 

this effect influences the delivery of supramolecular metallacages with molecular weights of 

2-3 kDa and diameters of ca. 10-15 Å.[136] Furthermore, although drug accumulation in tumors 

due to the EPR effect showed to be very useful in preclinical in vivo studies, this phenomenon 

did not translate to a success in clinical trials.[137] Therefore, the design of new metallacages 

should focus on facilitating active tumor targeting mechanisms, e.g. by attachment of a 

cancer-cell specific ligand, such as I-36 (Figure 16).[132]  

Besides understanding the accumulation of such drug delivery systems in different (cancer) 

cell lines, it is of utmost importance to understand the encapsulation and release mechanisms 
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in order to validate these systems for drug delivery. Various factors were determined to play 

an important role, including interactions of the guest molecule with the host cavity (e.g. 

hydrogen bonding, van der Waals, coordination and electrostatic interactions) and 

energetically favorable solvent rearrangements.[46] For example, Lewis et al. attributed the 

favorable cisplatin encapsulation in I-34 (Figure 15) to stabilizing hydrogen bond interactions 

between the cisplatin molecules and the endo facing nitrogen atoms of the tripyridyl 

ligand.[129] However, Woods et al. could show that cisplatin was also encapsulated in cages 

that missed the central nitrogen atom responsible for hydrogen bond interaction with 

cisplatin.[138] Instead, the authors claimed that the solvent polarity was the driving force in the 

encapsulation process. They showed that encapsulation could easily occur in the hydrophobic 

cavity of the cage if the solvent was of sufficient polarity. On the other hand, polar solvents, 

such as water, prefer not to be encapsulated in the hydrophobic cage cavity and will therefore 

not compete with cisplatin.[138] 

Another important point to keep in mind when designing a drug delivery system is the guest 

release mechanism at the desired site. There are several mechanisms that can come into play, 

either targeting the guest or the host molecule. First, the guest molecule can be modified to 

leave the cavity. Second, the host molecule can also be targeted, either by changing binding 

environment or by a partial or even a complete disassembly of the cage.[139] In both cases, the 

affinity of the guest to the host will be lowered, which results in a release of a guest molecule. 

To activate one of these mechanisms, some sort of stimulus is necessary. An advantage of 

using SCCs as drug delivery systems is the variety of options they offer to induce one of them. 

For example, the release mechanism can be initiated by competitive guest uptake,[129,140] 

light[141,142] or redox stimuli.[143,144] This field still needs to be further investigated from a 

therapeutic point of view, though. However, the pioneering studies presented in this chapter 

offer hope that these will also be applicable to medicinal chemistry.  
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2 Objective 

As the World Health Organization states in their World Cancer Report 2020, cancer is the 

primary or secondary cause of premature death in 73% of countries worldwide, making the 

treatment and cure of this disease one of the most important challenges of our time.[2] In this 

context, metal complexes play a promising role due to their unique electronic and steric 

properties. In fact, cisplatin and analogues are already used in clinics for the successful 

treatment of various types of cancer.[22] Despite their clinical success, all of them show 

considerable drawbacks, including resistances and severe side-effects, amongst others 

nausea, kidney damage, emesis, hair loss and hearing impairment. Research has come up with 

numerous ways to overcome these issues. One promising approach is the exchange of the 

metal of the complex to address different biological targets. Another valid approach is the use 

of supramolecular coordination complexes (SCCs) as drug delivery vehicles. Therefore, 

NHC-AuI compounds, which have been shown to exhibit cytotoxic activity comparable to or 

even better than cisplatin, but exhibiting different modes of action, will be investigated for 

their cytotoxic properties, but also for their use in drug delivery vehicles (Figure 18). 

 

Figure 18: NHC–AuI compounds: cytotoxic activities and their use in drug delivery systems. 

In 2017, Casini and co-workers were the first to report on the cytotoxic properties of a 

heteroleptic NHC‒AuI–alkynyl compound.[93] It showed EC50 values in the low micromolar 

range, but, more importantly, was barely toxic in healthy rat kidney tissues, being five-fold 

less toxic in healthy tissue when compared to cancer cells. To explore this concept, a small 
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library of NHC‒AuI–alkynyl compounds will be synthesized and tested for their biological 

activities in the first part of this thesis. Additionally, to get a better understanding of their 

mode of action, structure-activity relationships will be explored by examination of the 

mechanism of action of these compounds against biologically relevant nucleophiles. 

In the second part of this thesis, SCCs as drug delivery vehicles will be investigated. Pd2L4 type 

metallacages (L = bispyridine) have been shown to encapsulate two equivalents of the 

anticancer drug cisplatin inside their cavity. The SCC of cage and two equivalents of cisplatin 

was found to be more cytotoxic than cisplatin and the cage alone.[131] To further explore this 

concept, Pd2L4 type cages will be exo- and endo-functionalized by cytotoxic NHC–AuI 

complexes. By doing so, a synergistic effect between the cytotoxicity of the NHC–AuI complex 

and the drug delivery capabilities of the Pd2L4 cage is expected. 
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3 Results and Discussion 

 Heteroleptic N-Heterocyclic Carbene Gold(I) Alkynyl Complexes: 

Biological Studies and Reactivity Profiles Against Biological 

Targets 

 

Parts of this chapter were published in J. Oberkofler, B. Aikman, R. Bonsignore, A. Pöthig, J. 

Platts, A. Casini and F. E. Kühn, Eur. J. Inorg. Chem. 2020, 2020, 1040–1051.[145] 

 

In this chapter, a series of twelve heteroleptic AuI
 complexes of general formula 

NHC-AuI-alkynyl (with NHC = benzimidazolylidenes or 1,3-dihydroimidazolylidenes and alky-

nyl = phenyl-, naphtyl- or tert-butylacetylene) were synthesized and fully characterized by 1H 

and 13C NMR spectroscopy, elemental analysis (EA) and, in some cases, single-crystal X-ray 

diffraction (SC-XRD). They were then tested for their stability in aqueous media and against a 

model thiol. 1H NMR experiments showed that all compounds were stable in the presence of 

water. Further, reactivity studies with EtSH revealed that dissociation of the more labile 

alkynyl ligands takes place in all compounds, while dissociation of the more stable NHC ligand 

could only be observed for the benzimidazolylidenes series. The reaction mechanism of the 

first ligand exchange reaction was further investigated by DFT calculations, revealing that it 

can either proceed via a π-stabilized intermediate or with the alkynyl ligand remaining purely 

σ-coordinated to the AuI center, depending on the overall steric bulkiness of the complex. The 

most stable compounds in PBS buffer were further investigated for their ability to stabilize 

G4-DNA. Moreover, two derivatives were tested in vitro for their anticancer activities in three 

different human cancer cell lines and showed cytotoxicity in the low micromolar range. 
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3.1.1 Synthesis and Characterization 

A series of twelve NHC‒AuI–alkynyl compounds (1-12) was synthesized and fully characterized 

(Scheme 1). Compounds 1-6 share a benzimidazolyl type core structure (BzImi) with methyl 

and isopropyl wingtip substituents, while compounds 7-12 share an imidazolyl core (Imi) with 

mesityl (mes) and diisopropylphenyl (dipp) wingtip substituents. Substituents on the alkynyl 

ligand include phenyl, naphtyl and tert-butyl groups. Scheme 1 shows the general synthetic 

approach. In a first step, the (benz)imidazolium salt was converted to the corresponding 

NHC-AuI–Cl complex via transmetalation of the in situ formed NHC-AgI-Cl compound. Silver 

oxide serves a double purpose, providing the metal necessary for complexation, but also 

acting as a base to deprotonate the NCHN position. Addition of Au(tht)Cl (tht = tetrahydro-

thiophene) then leads to the formation of insoluble AgCl and the corresponding NHC-AuI-Cl 

complex. In a second step, the corresponding terminal alkyne is deprotonated by a base 

(NaOH or KOtBu) to then undergo a ligand exchange reaction with the NHC‒AuI‒Cl complex. 

The NHC‒AuI‒alkynyl complexes 1-12 were obtained in moderate to good yields (27-90%). All 

compounds were fully characterized by 1H NMR and 13C NMR spectroscopy and EA. Complexes 

2, 5, 6, 8 and 9 were additionally analyzed by SC-XRD. 

 

Scheme 1: General synthetic approach to NHC‒AuI‒alkynyl compounds 1-12. BzImi: benzimidazolylidene; 

Imi: 1,3-dihydroimidazolylidene. Reprinted from Ref. 145. 

All SC-XRD structures display a linear, two-coordinate geometry (Figure 19). The C(1)–Au bond 

lengths are in between 1.985(4) and 2.023(5) Å while the Au-C(sp) bond lengths are in the 

range of 1.987(5)-2.058(4) Å. The alkynyl substituents of 5 and 9 are tilted out of plane 

compared to the NHC ligand with torsion angles of 71.41° (5) and 63.58° (9), respectively. The 

C(1)–Au–C(sp) angles reach from 172.81(15) up to 179.4(2)°, deviating from an ideal 180° 

angle possibly due to crystal packing effects. The crystal lattice of compounds 5 and 6 show 

additional aurophilic interactions with Au1–Au2 distances of 3.211 Å (5) and 3.722 Å (6). Bond 

lengths, angles and intermolecular Au interactions are in accordance with similar reported 
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structures.[146] A summary of selected bond lengths and angles are reported in Table 1, while 

full datasets are reported in Tables 10 and 11 in the appendix. 

Table 1: Selected bond lengths and angles of SC-XRD structures 2, 5, 6, 8 and 9. 

Compound C(1)–Au [Å] Au–C(sp) [Å] C(1)–Au–C(sp) [°] Au•••Au [Å] 

2 2.023(5) 1.987(5) 179.4(2) 6.878 

5 1.985(4) 2.058(4) 172.81(15) 3.211 

6 1.997(3) 2.022(3) 173.75(14) 3.722 

8 2.017(4) 1.987(3) 177.86(16) 7.234 

9 2.009(2) 1.987(2) 177.12(18) 6.923 

 

 

Figure 19: ORTEP style representation of 2, 5, 6, 8 and 9 with ellipsoids shown at a 50% probability level. Hydrogen 

atoms and solvent molecules are omitted for clarity. Reprinted from Ref. 145. 

 

3.1.2 Reactivity with Thiols 

As mentioned in chapter 1.5, the most prominent biological targets of NHC‒AuI compounds 

include thiol groups found in cysteine residues of proteins. Thus, the reactivity of 

NHC-AuI-alkynyl compounds 1-12 with model thiols was investigated by 1H NMR spectros-

copy and DFT calculations. First, all compounds were tested for their stability against water 

(Figures 77-88, appendix) by 1H NMR spectroscopy in a mixture of DMSO-d6/D2O (80:20). None 

of the compounds show any degradation over two (1-6) or even nine days (7-12). 

Subsequently, the stability of all compounds was investigated by 1H NMR spectroscopy in 

DMSO-d6 in the presence of excess ethanethiol (EtSH). Herein, the spectra of two compounds, 
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namely 6 (Figure 20) and 12 (Figure 21) as representatives for the benzimidazolylidene and 

the imidazolylidene series, will be further analyzed. Full spectra of the other compounds are 

reported in Figures 89-99 in the appendix. 

 

3.1.2.1 Reactivity of 6 with EtSH 

 

Figure 20: 1H NMR spectra in DMSO-d6 of compound 6 in the presence of EtSH over a period of two days. A and 

B show selected cutouts between 10.00-4.90 ppm and 1.80-1.53 ppm, respectively. The spectrum of 

t-butylacetylene and BzImi+ are shown for comparison. The color code in the NMR spectra matches the signals 

of the products depicted on the left. Reprinted from Ref. 145. 

Figure 20 shows the 1H NMR spectra of compound 6 in the presence of excess EtSH (full 

spectra are reported in Figure 90, appendix). After one day, a small downfield shift of the 

aromatic signals at 7.93 ppm and 7.42 ppm can be observed (Δδ = 0.01 ppm), while the 

CH-signal of the isopropyl group at 5.38 ppm experiences an upfield shift (Δδ = ‒0.02 ppm) 

and the CH3-signal of the isopropyl group at 1.69 ppm a downfield shift (Δδ = 0.03 ppm). 

Compounds 2 and 3 (sharing the Me-BzImi type NHC) show similar spectral changes 

(Figures 92 and 93, appendix), as well as compounds 4 and 5, sharing the same i-Pr-BzImi type 

NHC as 6 (Figures 94 and 95, appendix). These commonalities are attributed to the formation 

of a NHC‒AuI‒SEt adduct (Scheme 2) and are in line with previous studies on the reactivity of 

NHC-Au compounds and thiols.[88,93] Furthermore, in the case of 6, the signal of the 

t-butylacetylene group (1.16 ppm) disappears (Figure 20), while signals of free alkyne can be 

observed (1.18 ppm and 2.85 ppm), confirming the displacement of the alkynyl ligand, leading 

to the formation of NHC‒Au‒SEt and free alkyne. Additional signals are observed in the 
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spectra of 6 at 5.59 ppm and 5.93 ppm. This pattern, consisting of two distinct doublets with 

a coupling constant of about 3J = 15.5 Hz is found in the spectra of all compounds 1-12 in the 

range of 5.50 ppm to 7.00 ppm (Figures 89-99, appendix). Although the corresponding species 

could not be identified, it might be attributable to a gold catalyzed alkyne activation.[147–149] 

Unlike compounds 2-6, complex 1 seems to lose the BzImi ligand already after 5 h (Figure 89, 

appendix). In the 1H NMR spectra of 6, after two days, a second set of signals can be observed 

(9.75, 8.14, 7.69, 5.06 and 1.64 ppm), matching the signals of free benzimidazolium salt, 

indicating the displacement of the NHC ligand by a second equivalent of EtSH. This is also 

observed in the spectra of complexes 2-5 (Figure 92-95). The formation of cationic bis 

NHC-AuI complexes can be excluded in all cases, as seen by the overlay of representative NMR 

spectra (Figure 89-94). 

 

Scheme 2: Reactivity of BzImi‒AuI‒alkynyl compounds 2–6 in the presence of the soft Lewis base EtSH. For the 

Imi‒AuI‒alkynyl complexes (7–12), the reaction stops after Step I. 

 

3.1.2.2 Reactivity of 12 with EtSH 

Regarding the imidazolyl series 7-12, Figure 21 (full spectra are reported in Figure 91, 

appendix) shows representative spectra for compound 12 recorded after addition of EtSH over 

a period of eight days. Only after this time, a second set of signals can be observed (7.89, 7.53, 

7.36, 1.26 and 1.19 ppm). Compounds 10 and 11 (Figures 98 and 99, appendix), all sharing the 

same dipp-Imi-NHC motif, show the same set of signals. Furthermore, signals of free t-butyl-

acetylene can be observed (2.84 ppm, 1.18 ppm), indicating the displacement of the alkynyl 

ligand and formation of a NHC‒AuI‒SEt complex. Compounds 7 and 9 feature similar spectral 

changes after 2 and 8 days (Figures 96 and 97, appendix). Previous studies showed that 

compound 12 undergoes a similar reaction pattern with DL-homocysteine, where the alkynyl 

ligand is displaced by the thiol nucleophile. In the latter case, however, the reaction proceeds 

faster and is completed within 24 h.[93] 
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Figure 21: 1H NMR spectra in DMSO-d6 of compound 12 in the presence of EtSH over a period of 8 days. A and B 

show selected cutouts between 8.00-7.30 ppm and 3.00-0.85 ppm, respectively. The spectrum of t-butyl-

acetylene is shown for comparison. The color code in the NMR spectra matches the signals of the products 

depicted on the left. Reprinted from Ref. 145. 

As compounds 2-6, also compounds 7-12, sharing the Imi type NHC ligand, show a dis-

placement of the more labile alkynyl ligand (Step I, Scheme 2). In contrast to the BzImi type 

compounds, the Imi type compounds 7-12 show different stabilities against the model thiol. 

Compounds 7 and 10, both sharing the phenylacetylene ligand, show full conversion to the 

corresponding NHC‒AuI‒SEt after two days and one day, respectively (Figures 96 and 98, 

appendix). However, compound 11 reacts remarkably slower, showing a full conversion to the 

corresponding NHC‒AuI‒SEt only after four days (Figure 99, appendix). What’s more, 

especially compounds 9 and 12 show very high stability against EtSH. When compound 9 is 

treated with an excess of EtSH, the reaction to the corresponding NHC‒AuI‒SEt takes eight 

days to complete (Figure 97, appendix), while the reaction of compound 12 takes even longer 

(Figure 21). Unfortunately, the reactivity of compound 8 with EtSH could not be investigated 

due to its scarce solubility.  

In summary, all investigated NHC‒AuI‒alkynyl compounds, except compound 1, show the 

same reaction pattern, with the thiol displacing the more labile alkynyl ligand (Step I, Scheme 

2). Compounds 2-6, all sharing the BzImi type NHC, show full conversion to the corresponding 

NHC‒AuI‒SEt compound after one day (2, 3, 5, 6) or two days (4). In contrast, the stability of 
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the Imi-based compounds (7-12) varies considerably, with 9 and 12 showing the highest 

stability for at least eight days. 

Furthermore, for compounds 2-6, a second reaction step (Step II, Scheme 2), namely the 

displacement of the more stable NHC ligand, could also be observed. The reactivity of all 

investigated complexes depends mostly on the overall bulkiness of the wingtip groups and of 

the alkynyl ligand. The bulkier both these groups, the slower the compound’s reaction with 

EtSH. 

For stability experiments, EtSH was used as received, i.e. containing traces of water. To get a 

better understanding of the role of water during the mechanism, reactivity studies were also 

carried out on compound 6 using dry EtSH in dry DMSO-d6. Interestingly, the reaction 

progresses remarkably slower (Figure 22). Without any water present, no reaction takes place 

even after two days and only a 30% conversion can be observed after eight days. This is in 

stark contrast to the reaction in the presence of water, where the displacement of the alkynyl 

ligand is already completed after one day. Water plays an important role during the 

mechanism, which will be examined more closely by DFT calculations in the next chapter. 

 

Figure 22: 1H-NMR spectra in dry DMSO-d6 of compound 6 in the presence of dry EtSH over a period of eight 

days. A shows the whole spectra, B shows a selected cutout between 1.80-1.60 ppm. Reprinted from Ref. 145. 

3.1.2.3 Mechanistic Investigation by DFT Methods 

To get a better understanding of the molecular mechanism of this reaction, DFT calculations 

were performed. Therefore, geometry optimization calculations were carried out on 

complexes 3 and 12, which were taken as representative compounds of the two series (BzImi 

and Imi type NHCs). Subsequently, their energetically most favored reaction pathways in the 

presence of a model thiol, namely methanethiol (MeSH), were investigated. Since 1H NMR 

experiments showed that the reaction proceeded severely faster in the presence of a trace 

amount of water, one molecule of water was included in the DFT calculations. Regarding 

compound 3, the σ-coordinated alkynyl bond shifts to a π-coordination in a first step and is 
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subsequently activated by the AuI ion (Figure 23A). Simultaneously, the AuI center undergoes 

a nucleophilic attack by the thiol, while the water molecule acts as a proton shuttle to transfer 

a proton from the thiol group to the alkynyl ligand, giving rise to intermediate I (Figure 23A). 

As shown in Figure 23A, transition state TS1 shows a trigonal planar geometry with an 

activation energy of E1 = 108.2 kJ/mol. Only few examples of neutral, trigonal planar 

coordinated AuI compounds with an alkynyl ligand π-coordinated to the gold center have been 

reported before.[150–152]  

 

Figure 23: Mechanism of the reaction of compounds 3 (A) and 12 (B) with MeSH as calculated by DFT and 

molecular representations of transition states and intermediates. Reprinted from Ref. 145. 
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In a second step, the alkynyl ligand is completely dissociated and a NHC‒AuI‒SMe complex is 

formed via another trigonal planar transition state TS2, showing a very small activation barrier 

of E2 = 2.28 kJ/mol. On the other hand, compound 12 does not show an intermediate and the 

reaction towards the NHC‒AuI‒SEt species proceeds via one transition state (TS1, Figure 23B) 

only. As with compound 3, the transition state shows a trigonal planar geometry, but a higher 

activation barrier of E1 = 128.77 kJ/mol. The activation energies and geometries of the 

transition states of both compounds are in accordance to previously reported DFT studies on 

similar NHC-AuI-Cl complexes with protein targets.[153] While the Au-C(sp) and the Au-S 

bond lengths of the two transition states of compounds 3 and 12 are very similar, the 

Au-C(t-Bu) bond length and the Au-C(sp)-C(t-Bu) bond angle differ greatly (Figure 24). 

Therefore, the difference in activation energy could be explained by the different stabilization 

of the transition states. While compound 3 is free to undergo a favorable π-stabilization in the 

transition state (TS1), the alkynyl ligand of compound 12 remains purely σ-coordinated to the 

AuI center, due to the steric bulk of the NHC wingtip substituents and the alkynyl ligand (Figure 

24). The difference in activation energies is in agreement with experimental 1H NMR data, 

showing that compound 3 reacts faster than compound 12. 

 

Figure 24: Comparison of the transition states of compounds 3 and 12 and their spacefill style representations. 

Reprinted from Ref. 145. 

 

3.1.3 Stability in Buffered Solution 

To get a better understanding of the stability of NHC-AuI-alkynyl compounds in biological 

environment, compounds 1-12 were added to a solution of DMSO/PBS (pH = 7.4, DMSO <2%) 
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and monitored by UV/Vis spectroscopy over the course of 4 h at room temperature. The 

resulting absorption spectra show pronounced bands in the range of 250-350 nm (Figure 25), 

which can be assigned to the organic ligands.  

 

Figure 25: UV/Vis spectra of compounds 1-12 in PBS/DMSO (<2%) over the course of four hours. Reprinted from 

Ref. 145. 

Over time, these bands undergo hypochromic shifts, possibly due to precipitation or 

degradation. A general trend of stability can be observed, where the rate of the compound’s 

degradation seems to be more influenced by the type of alkynyl group than by the NHC 
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scaffold (BzImi vs. Imi). AuI compounds bearing a phenylacetylene group (1, 4, 7, 10) are the 

least stable, undergoing extensive decomposition within the first hour. The naphthyl 

substituted AuI compounds (2, 5, 8, 11) are slightly more stable up to 4 h. Finally, AuI 

compounds bearing a tert-butyl group (3, 6, 9) are the most stable, showing no degradation. 

Interestingly, compound 12, also bearing a tert-butylacetylene group, poses an exception to 

this general trend, showing marked hypochromic spectral changes within 4 h. This suggests 

that compounds 3, 6 and 9 are stable enough in DMSO/PBS to be investigated for their 

cytotoxic properties in vitro. 

 

3.1.4 FRET DNA Melting Assay  

BzImi-based compounds 1-3 were further selected for Förster Resonance Energy Transfer 

(FRET) DNA melting analysis, due to their planar geometry and extended π-system, which 

make them possible candidates for G4-DNA stabilization. The two enzymes hTelo and C-KIT1 

were used as models of telomeric and promoter G4-DNA. Only compound 3 shows a 

pronounced G4 stabilization (Table 2 and Figure 26), stabilizing hTelo by 3.51 ± 0.08 °C and 

C-KIT1 by 7.00 ± 0.05 °C. Compound 3 is less effective than the benchmark bis-NHC‒AuI 

complex [Au(9-methylcaffein-8-ylidene)2]+ (ΔTm = 13.26 ± 0.60 and 17.44 ± 0.85 °C for hTelo 

and C-KIT1, respectively), but shows higher stabilization than the previously reported 

NHC-AuI‒alkynyl (NHC = caffeine) analogues which showed no G4 stabilization.[154] Out of this 

series, the stabilizing effect of compound 3 might have a positive influence on its cytotoxicity. 

Table 2: ΔTm (°C) of hTelo and C-KIT1 G4-DNA solutions in 60 mM potassium cacodylate (pH = 7.4) in presence of 

5 equiv. of 1-3. Data are shown as mean ± SEM of three independent experiments. 

Compound ΔTm h-Telo [°C] ΔTm C-KIT1 [°C] 

1 0.07 ± 0.17 0.51 ± 0.08 

2 0.40 ± 0.44 1.11 ± 0.04 

3 3.51 ± 0.08 7.00 ± 0.05 
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Figure 26: FRET DNA melting profiles of 0.2 μM hTelo (A) and C-KIT1 (B) G4-DNA solutions in 60 mM potassium 

cacodylate (pH = 7.4) in presence of 5.0 eq. of selected NHC‒AuI compounds 1-3; (C) ΔTm [°C] of hTelo and C-

KIT1 G4-DNA solutions in 60 mM potassium cacodylate (pH = 7.4) in presence of 5.0 eq. of 1-3. Data are shown 

as mean ± SEM of three independent experiments. Reprinted from Ref. 145. 

 

3.1.5 Antiproliferative Activity 

Two of the compounds (3 and 9) were further tested for their antiproliferative effects against 

human cancer cells, namely SKOV-3 (ovarian), MCF-7 (breast) and A375 (skin), in vitro. To do 

so, the respective cells were incubated for 72 h and analyzed via a MTT assay. The compounds 

show moderative activity, with EC50 values in the low micromolar range (Table 3). The 

cytotoxicity of compound 3 correlates well with its ability to stabilize G4-DNA (Figure 26). 

Interestingly, both compounds show a certain selectivity with respect to the various cancer 

cell lines. For example, compound 9 shows high activity, comparable to cisplatin, against the 

melanoma A375 cell line (EC50 = 3.4 ± 0.5 µM). 

Table 3: EC50 values of heteroleptic NHC‒AuI‒alkynyl complexes in human cancer cell lines after 72 h incubation.[a] 

Compound SKOV-3 (ovarian) MCF-7 (breast) A375 (skin) 

3 13.0 ± 3 7.6 ± 0.8 12.0 ± 4 

9 12.0 ± 2 7.1 ± 0.9 3.4 ± 0.5 

12[b] n.d. 6.0 ± 2 10.0 ± 1 

cisplatin 13.2 ± 2.4 12.0 ± 2 3.7 ± 0.9 

[a] The reported EC50 values were calculated using a nonlinear fitting of log[concentration] vs. response and 

are presented as a mean (± SD) of at least three independent experiments; n.d.: not determined. [b] Data from 

previously published results.[93] 
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3.1.6 Conclusion 

In this chapter, twelve NHC–AuI–alkynyl compounds (1-12) were synthesized and fully 

characterized by 1H NMR and 13C NMR spectroscopy, EA and partially by SC-XRD. All 

compounds show high stability in the presence of water over several days as evidenced by 1H 

NMR spectroscopy. Further, the compounds’ stability and reaction mechanism against model 

thiols was investigated in solution and in silico. All compounds, except for compound 1, 

undergo a ligand substitution reaction of the more labile alkynyl ligand in the presence of 

EtSH. The BzImi–AuI–alkynyl compounds undergo a second ligand substitution reaction, 

leading to the detachment of the more stable NHC ligand. This second reaction step is not 

observed for the Imi–AuI–alkynyl compounds. In the applied reaction conditions (room 

temperature, DMSO-d6, excess EtSH), all reactions are relatively slow (i.e. days). Interestingly, 

the reaction proceeded markedly slower in the absence of H2O. DFT calculations on the alkynyl 

ligand substitution reaction of two representative compounds (3 and 12) led to a consistent 

mechanism. Both compounds show an exergonic reaction pathway (ΔΔG = –30-35 kJ/mol) and 

a trigonal planar transition state (E = 108-128 kJ/mol). While the alkynyl ligand of compound 

3 (Me-BzImi type NHC) remains purely π-coordinated in the transition state, the alkynyl ligand 

of 12 (dipp-Imi type NHC) shows a pronounced σ-coordination. Overall, DFT calculations are 

in agreement with NMR studies suggesting that the stability of the compounds with respect 

to thiols is mainly influenced by the overall bulkiness of the two ligands. The bulkier the 

wingtip substituents of the NHCs and the residues of the alkynyl ligands are, the slower the 

substitution of the more labile alkynyl ligand. In fact, the less bulky wingtip substituents of the 

BzImi-type compounds (1-6) show full conversion to their corresponding BzImi–AuI–SEt 

adducts after one or two days. In contrast, the stability of the Imi-based compounds (7-12) 

varies considerably, with 9 [(Mes)–AuI–(tert-butylacetylene)] and 12 [(dipp)–AuI–(tert-butyl-

acetylene)] showing the highest stability for at least eight days. 

To mimic biological conditions, all compounds were further tested in PBS buffer (pH = 7.4) via 

UV/Vis spectroscopy. All compounds showed a decreased stability with respect to the 

aforementioned NMR studies, showing decomposition/precipitation already after a few 

hours. Under these conditions, the stability of the compounds seems to be influenced mainly 

by the alkynyl ligand and a general trend of phenyl < naphtyl < tert-butyl can be observed, 

with tert-butyl derivatives being the most stable. 

Due to their extended π-system and planar geometry, compounds 1-3 were selected for FRET 

DNA melting assay to investigate their G4-DNA stabilizing ability. Only compound 3 showed a 

significant effect, stabilizing hTelo by 3.51 °C and C-KIT1 by 7.00 °C. Two compounds (3 and 9) 

were further tested in vitro against three cancer cell lines (SKOV-3, MCF-7 and A375) showing 

moderate cytotoxicity in the range of EC50 = 3-13 μM, comparable to cisplatin. The cytotoxicity 
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of compound 3 correlates well with its ability to stabilize G4-DNA. Together with previously 

reported compound 12, these results are among the few examples of heteroleptic 

NHC-AuI-alkynyl complexes showing antiproliferative effects.  

  



Results and Discussion 

40 

 Supramolecular Heteronuclear Pd‒Au Metallacages for Applica-

tions in Cancer Therapy 

In this chapter, the exo-functionalization of Pd2L4 type metallacages with NHC–AuI compounds 

will be presented. Therefore, two different synthetic strategies were applied regarding the 

linkage between the two moieties.  

In chapter 3.2.1, some of the NHC–AuI–alkynyl complexes discussed in the previous chapter 

(9, 10 and 12) were linked to a bispyridine moiety via a copper-catalyzed alkyne-azide 

cycloaddition (CuAAC). Three new NHC‒AuI‒triazolyl complexes were synthesized and fully 

characterized by 1H and 13C NMR spectroscopy, ESI-MS and SC-XRD. Their self-assembly to 

heteronuclear Pd-Au metallacages was then investigated in solution and in silico, giving 

strong evidence for successful formation. Furthermore, 1H NMR spectroscopy confirmed the 

encapsulation of two equivalents of the anticancer drug cisplatin in the cavity of 14c.  

In chapter 3.2.2, the attachment of a NHC–AuI compound to a bispyridine moiety was 

investigated via the wingtip positions of the NHC. Using a CuAAC approach led to the isolation 

of a new NHC precursor, which was obtained in 32% yield and characterized by 1H NMR 

spectroscopy and ESI-MS. 
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3.2.1 Functionalization via Alkynyl Ligand 

3.2.1.1 Synthesis and Characterization of Cage Precursors 

Scheme 3 shows the general synthetic approach to heteronuclear metallacages 14a-c via their 

corresponding NHC‒AuI‒triazolyl complexes (13a-c). All three precursor complexes 13a-c 

feature an imidazolyl scaffold, 13a with mesityl (mes) wingtip substituents, 13b and 13c with 

diisopropylphenyl (dipp) wingtip substituents. Compounds 13a and 13c feature a tert-butyl 

group on the triazolyl moiety, while compound 13b features a phenyl group. In the first step, 

NHC-AuI-alkynyl compounds are attached to a bispyridine containing an azide functionality 

via a CuAAC reaction with yields ranging from 22-69%. In a second step, compounds 13a-c are 

converted to their corresponding NHC‒AuI exo-functionalized Pd2L4 type cages by coordi-

nation-driven self-assembly through the addition of [Pd(MeCN)4](BF4)2 with yields ranging 

from 41-95%. 

 

Scheme 3: Synthetic approach to NHC‒AuI exo-functionalized Pd2L4 (L = NHC‒AuI‒triazolyl-bispyridine) cages 

14a-c. Yields of the individual steps are given in brackets. 

Compounds 13a-c were fully characterized by 1H NMR and 13C NMR spectroscopy, ESI-MS and 

SC-XRD. All obtained X-ray structures display a linear, twofold coordinated AuI center as shown 

in Figure 27. Selected bond lengths and angles are reported in Table 4, while full datasets are 

reported in Table 11 in the appendix. The CNHC–Au bond lengths are in the range of 

2.014(8)-2.023(5) Å and the Ctriazolyl–Au bond lengths in the range of 2.018(3)-2.029(7) Å. The 

CNHC–Au–Ctriazolyl angles are in the range of 176.44(5)-179.37(3)°, deviating from an ideal 180° 

angle possibly due to crystal packing effects. The dihedral angle between the (non-hydrogen-

atom) mean planes of the NHC and the triazolyl moieties is nearly coplanar in all complexes, 

with 13a being slightly tilted (torsionNHC–triazolyl = 167.42(3)°). The dihedral angle between the 

(non-hydrogen-atom) mean planes of the triazolyl moiety and the bispyridine moiety is tilted 

out of plane. Intermolecular Au•••Au interactions are absent, probably due to the high sterical 

demand around the AuI center. Bond lengths and angles are in accordance to previously 

reported similar structures.[155,156] 
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Table 4: Selected bond lengths and angles of 13a-c obtained by SC-XRD. 

Compound 13a 13b 13c 

CNHC–Au [Å] 2.016(3) 2.023(5) 2.014(8) 

Ctriazolyl–Au [Å] 2.018(3) 2.027(5) 2.029(7) 

CNHC–Au–Ctriazolyl [°] 176.44(5) 179.37(3) 177.8(3) 

torsionNHC–triazolyl [°] 167.42(3) 172.28(4) 178.49(3) 

torsiontriazolyl–bispyridine [°] 138.45(3) 128.11(5) 78.33(4) 

    

 

Figure 27: ORTEP style representations of 13a-c with ellipsoids shown at a 50% probability level. Hydrogen atoms 

and solvent molecules are omitted for clarity. Colour code: grey = carbon, blue = nitrogen, yellow = gold. 

 

3.2.1.2 Self-Assembly to Heteronuclear Pd‒Au Cages 

With compounds 13a-c in hand, their self-assembly to NHC‒AuI exo-functionalized Pd2L4 

(L = NHC‒AuI‒triazolyl-bispyridine) cages was studied by 1H NMR spectroscopy, 1H DOSY NMR 

spectroscopy and DFT calculations. Furthermore, 14c was analyzed by mass spectrometry. The 

results will be discussed in this chapter and, taken together, give strong evidence for the 

successful formation of the Pd2L4 cages.  

 

I) 1H NMR spectroscopy 

Upon reaction of 13a with [Pd(MeCN)4](BF4)2 in DMSO-d6, all signals corresponding to the 

bispyridine moiety (Ha-e and Hg) experience a downfield shift (Figure 28, full spectra are 

reported in Figure 100, appendix), which has been attributed to the electron withdrawing 

effect of the PdII ions upon cage formation and is in accordance to previous findings.[129] The 

most pronounced shifts are observed for Ha and Hb, with ∆δ = 1.0 and 0.7 ppm, respectively. 

On the other hand, Hf and Hh of the NHC experience an upfield shift of ∆δ = ‒0.2 ppm. 
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Figure 28: Self-assembly of 13a in DMSO-d6: downfield shifts of Ha and Hb indicate successful cage formation. 

Self-assembly of 13b was monitored in DMSO-d6 but is not as clear as for compound 13a 

(Figure 29, full spectra are reported in Figure 101, appendix). A pronounced shift of the signals 

Ha and Hb, in accordance to 13a, could be attributed to successful self-assembly. The signal at 

10.05 ppm shows a doublet with a coupling constant of J = 9.6 Hz. Since this is not in 

accordance with the coupling constant of the spectrum of 13b at 8.85 ppm (4J = 1.9 Hz and 

5J = 0.9 Hz), it is assumed that the signal at 10.05 ppm corresponds to two distinct species. The 

signal at 9.55 ppm can be attributed to Hb due to its similar coupling constant of 3J = 4.8 Hz 

when compared to the spectrum of 13b. The broadened peaks in the aromatic region could 

not be assigned properly. Confirmation of the self-assembly of 13b to metallacage 14b by 
1H NMR spectroscopy therefore remains unclear. A change of the solvent to acetonitrile had 

no effect on the reaction outcome. 

Upon reaction of 13c with [Pd(MeCN)4](BF4)2 in DMF-d7, almost all signals corresponding to 

the bispyridine moiety (Ha-c, He, Hf) experience a downfield shift (Figure 30, full spectra are 

reported in Figure 102, appendix).[129] Interestingly, the protons closest to the triazolyl moiety, 

Hh, experience a slight upfield shift of ∆δ = ‒0.1 ppm. The most pronounced shifts are ob-

served for Ha and Hb, the two protons right next to nitrogen atoms of the pyridine moieties, 

with ∆δ = 1.2 and 1.0 ppm, respectively. 
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Figure 29: Self-assembly of 13b in DMSO-d6. A shows a cutout of the aromatic region. B shows two signals at 

10.05 ppm and 9.55 ppm. 

These results are in accordance to the spectrum of 14a (Figure 28) and to previous published 

results on similar cages, indicating successful cage formation.[131,138] Furthermore, Hg of the 

NHC wingtip substituents also experiences a downfield shift, while Hd and Hi experience an 

upfield shift of ∆δ = ‒0.2 ppm and ‒0.1 ppm, respectively. 

 

Figure 30: Self-assembly of 13c in DMF-d7: downfield shifts of Ha and Hb indicate successful cage formation. 
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II) 1H DOSY NMR spectroscopy 

Diffusion-ordered NMR spectroscopy (DOSY) provides additional evidence of successful cage 

formation (Table 5). 1H DOSY NMR experiments of the NHC‒AuI‒triazolyl precursors (13a-c) 

and of the cages (14a-c) gave diffusion coefficients (D) in the range of 1.29-1.41 × 10‒10 m2 s‒1 

and 0.58-0.66 × 10-10 m2 s-1, respectively, resulting in DLigand/DCage ratio of 2.00-2.22, which are 

in line with previously reported results for similar cage structures.[131,157] Additionally, the size 

of the cage compounds was estimated by using the Stokes-Einstein equation. The hydro-

dynamic radii rs of the cage compounds are between 1.66-1.89 nm. These are considerably 

larger than previously reported cage structures (approx. 1 nm),[131] which is to be expected 

due to the very bulky gold compounds. Taken together, 1H DOSY NMR experiments give strong 

evidence for the successful formation of Pd2L4 metallacages in all cases. 

Table 5: Diffusion coefficients (D, × 10‒10 m2 s‒1) and stokes radii rs of the corresponding metallacages obtained 

by 1H DOSY NMR spectroscopy. 

Compound DLigand DCage DLigand/DCage rs(Cage)[nm] 

a 1.41 0.65 2.17 1.69 

b 1.29 0.58 2.22 1.89 

c 1.32 0.66 2.00 1.66 

 

 

III) 1H NMR titration experiment  

To get a better understanding of the self-assembly reaction, a titration experiment was 

conducted with ligand 13c as a representative compound in DMSO-d6 (Figure 31, full spectra 

are reported in Figure 103, appendix). The first row shows the 1H NMR spectrum of the 

precursor 13c. The following 1H NMR spectra were recorded after the sequential addition of 

aliquots of 1 eq. of [Pd(MeCN)4](BF4)2 each in DMSO-d6 directly into the NMR tube 

containing compound 13c. The ratio of 13c to [Pd(MeCN)4](BF4)2 steadily varies from 10:0 to 

10:10 equivalents.  
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Figure 31: Titration experiment of aliquots of [Pd(MeCN)4](BF4)2 in DMSO-d6 to a solution of 13c – cutout of the 

aromatic region. 

Starting from a ratio of 10:1, a second set of signals can be observed, most prominent at 

9.4 ppm and 10.0 ppm, attributable to the proton signals of 14c right next to the pyridine 

moieties (Ha and Hb, see Figure 30). From 10:1 to 10:4, a steady decrease of the intensity of 

signals corresponding to 13c can be observed (8.84, 8.65, 8.06, 7.91, 7.73, 7.54, 7.73, 7.26, 

1.19, 1.09 and 0.97 ppm), while the intensity of the second set of signals steadily increases 

(10.03, 9.41, 8.25, 7.90, 7.84, 7.70, 7.46, 7.28, 7.04, 1.07, 0.93 and 0.87 ppm). At a ratio of 

10:5, all signals corresponding to 13c have disappeared. Subsequent addition of 

[Pd(MeCN)4](BF4)2 does not show any effect. Overall, the significant shift of the protons of 

compound 13c at 8.8 ppm and 8.7 ppm to 9.4 ppm and 10.0 pm, respectively, indicates 

successful self-assembly to a metallacage, as shown previously for similar structures.[129,131,138] 

To form one equivalent of Pd2L4 cage, four equivalents of NHC‒AuI complex and two 

equivalents of Pd salt, corresponding to a ratio of 10:5 (or 4:2), are needed. Therefore, from 

10:1 to 10:4, which corresponds to an excess of 13c, two species can be observed, 
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corresponding to 13c and 14c, while, starting from 10:5, all of 13c is transformed into 14c and 

further addition of the PdII precursor does not show any effect. 

 

IV) DFT studies 

To determine whether a stable structure of metallacages 14a-c was feasible, DFT calculations 

on the B3LYP/def2-SVP level of theory were carried out on a reference Pd2L4 system with 

L = 1,3-bis(pyridin-3-ylethynyl)benzene (Figure 32A) and compared to a representative Pd2L4 

system with L = NHC‒AuI‒triazolyl-bispyridine (Figure 32B). A reference system with no exo-

functionalization was chosen, representing the most basic structural motif shared by different, 

fully characterized, Pd2L4 type cages.[46,121,158] As a representative compound of this series, a 

NHC‒AuI‒triazolyl derivative with 2,6-dimethylphenyl wingtip substituents on the imidazolyl 

NHC and a methyl substituent on the triazolyl moiety was chosen. First, the level of theory 

was validated by comparison of the reference system to its SC-XRD structure, which showed 

excellent agreement in terms of Pd-N, Pd–Pd, Cendo–Cendo bond lengths and N–Pd–N bond 

angle (Table 6).[158]  

Table 6: Selected mean bond lengths and angles of the SC-XRD structure compared to DFT calculations 

(B3LYP/def2-SVP). 

 SC-XRD[158] DFT Δ = (DFT‒SC-XRD) 

Pd–N [Å] 2.022 2.082 0.060 (2.9%) 

Pd–Pd [Å] 11.853 12.158 0.305 (2.5%) 

Cendo–Cendo [Å] 10.737 10.753 0.016 (0.15%) 

N–Pd–N [°] 90.00 90.00 0 

 

With a valid level of theory in hand, structure optimization calculations were carried out on 

the representative system, yielding a stable structure (Figure 32A). While calculations of the 

reference system predict a square planar conformation of the PdII centers and a rigid, highly 

symmetrical geometry for the bispyridyl ligands (Figure 32A), the heteronuclear Pd‒Au cage 

shows a highly twisted conformation (Figure 32B). The Pd centers are coordinated in a square 

planar fashion as expected. The cage structure is still symmetrical, but two opposing ligands 

are twisted out of plane. In fact, this twist results in weak hydrogen bonding between the 

nitrogen atoms of a triazolyl moiety and the hydrogen atoms of the wingtip substituent on the 

NHC of a neighboring ligand (Figure 32B, red circle), with an average hydrogen bonding 

distance of Ntriazolyl–Hwingtip = 2.72 Å. 
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Figure 32: DFT optimized cage structures (side view and top-down view along the Pd‒Pd axis) of a reference Pd2L4 

system (L = 1,3-bis(pyridin-3-ylethynyl)benzene, A) and a representative Pd2L4 system (L = NHC‒AuI–triazolyl-

bispyridine, B). The red dotted circle marks weak hydrogen bonding between a triazolyl moiety and the wingtip 

substituents of a neighboring ligand (average hydrogen bonding distance Ntriazolyl–Hwingtip = 2.72 Å). All hydrogen 

atoms not involved in hydrogen bonding are omitted for clarity. Colour code: grey = carbon, blue = nitrogen, 

yellow = gold, white = hydrogen. 

In a next step, it was investigated whether the formation of heteronuclear Pd‒Au cages was 

energetically feasible. Therefore, Gibbs free energies of both systems were calculated using 

an implicit solvent model (PCM). Acetonitrile (dielectric constant ε = 35.688) was chosen as a 

solvent since it was also used in the self-assembly step. As shown in Figure 33, the Gibbs free 

energy of the reference system is ΔG = -273.2 kJ/mol (A), well in line with its favorable 

formation. The Gibbs free energy of heteronuclear Pd‒Au cage is ΔG = ‒241.5 kJ/mol (B), only 

slightly less exergonic. Furthermore, the energies are in the same order of magnitude 

(∆∆G = 31.7 kJ/mol). The calculations are therefore in line with the results of the NMR titration 

experiments, showing a high thermodynamic preference of the cage formation even at 

substoichiometric amounts of PdII salt.  
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Figure 33: Comparison of the Gibbs free energy of the reference system (A) to the representative heteronuclear 

Pd‒Au system (B). 

 

3.2.1.3 Encapsulation Studies with Cisplatin 

As mentioned in chapter 1.6, encapsulation of cisplatin in Pd2L4 type drug delivery systems is 

of great interest. Therefore, the encapsulation process of a representative compound, namely 

14c, was investigated by 1H NMR spectroscopy in DMF-d7 (Figure 34, full spectra are reported 

in Figure 104, appendix). Upon reaction with two equivalents of cisplatin, Ha and Hb experience 

a downfield shift of ∆δ = 0.05 ppm and 0.03 ppm and Ha an additional broadening compared 

to the empty Pd2L4 cage (Figure 34B), which is in accordance to literature.[129,131,138] 

Furthermore, Hc and Hg also experience a small up- and downfield shift, respectively. 

Interestingly, in contrast to what has been reported previously, the cavity facing proton He 

experiences a significant downfield shift of ∆δ = 0.04 ppm. Taken together, these results give 

a strong indication for successful encapsulation of two equivalents of cisplatin inside the 

cage’s cavity. 
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Figure 34: Encapsulation of 2.0 eq. of the anticancer drug cisplatin by heteronuclear Pd‒Au metallacage 14c in 

DMF-d7. A shows a cutout of the aromatic region, B shows a cutout of the signals belonging to Ha and Hb. 
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3.2.2 Functionalization via the NHC Wingtip Positions 

In the previous chapter, three NHC–AuI–triazolyl complexes were synthesized and their self-

assembly to heteronuclear Pd2L4 type metallacages was studied. Although different 

experiments on the self-assembly reaction gave strong indication for successful cage 

formation, a drawback of these types of compounds is the lack of possible post-modification 

around the AuI center, since both coordination sites are occupied by strongly binding ligands. 

Therefore, a second approach was investigated, seeking to attach the NHC–AuI moiety to the 

bispyridine ligand via the wingtip position of the NHC. This would leave the second 

coordination site of the AuI atom available for post-modification, e.g. to finetune electronic, 

steric, or solvation properties, characteristics often targeted to increase the biological 

activity.[86,88,92] Additionally, to make use of these compounds as bioimaging agents, a 

fluorescent tag could be attached.[100,159] To use this concept, two biocompatible functional 

groups were chosen as anchoring systems, namely an amide bond (Scheme 4A) and a triazolyl 

moiety (Scheme 4B). The amide bond (A) is formed by the reaction of amine functionalized 

bispyridine LNH2 with (COX)NHC–Au, bearing an activated carbonyl moiety at the wingtip 

position. The triazolyl moiety (B) is formed by a CuAAC reaction between an azide functional-

ized bispyridine LN3 and a (C≡C)NHC–Au, bearing a terminal alkyne group at the wingtip 

position. After successful formation of NHC-AuI functionalized bispyridine complexes 

(COLNH)NHC–Au and (C=CLN3)NHC–Au, standard self-assembly procedures can be used to form 

the heteronuclear Pd2L4 cage.[131] 

 

Scheme 4: Wingtip functionalization of NHC–AuI compounds opens the possibility to post-modify the second AuI 

coordination site en route to heteronuclear Pd–Au metallacages. A shows the amide approach, B shows the 

CuAAC approach. 
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3.2.2.1 Functionalization via Amide Bond Formation 

The first approach, making use of an amide bond, is based on NHC–Au compound 15Imi and 

15BzImi, inspired by imidazolium (Imi) salt 17Imi, a compound first synthesized by Bertrand et 

al.[160] and its benzimidazolium (BzImi) salt derivative 17BzImi, both bearing an “activable” ester 

moiety on the wingtip substituents (Scheme 5). Bertrand et al. showed that the pentafluoro-

phenolic ester group of 17Imi could be readily activated by an amine functionality to form the 

corresponding amide in a microwave assisted reaction. Therefore, the reactions of 17Imi and 

17BzImi with an amine functionalized bispyridine (LNH2) to form amides 16Imi and 16BzImi and 

their subsequent complexation to the corresponding NHC–AuI compounds (15Imi and 15BzImi, 

respectively) were investigated. The retrosynthetic approach is outlined in Scheme 5. 

 

Scheme 5: Retrosynthetic scheme of bispyridine functionalized NHC–AuI–Cl compounds 15Imi and 15BzImi. 

Procedures P1-3 (Table 7) were carried out for both 17Imi and 17BzImi in a microwave assisted 

reaction using 1.0 eq. of LNH2 in acetonitrile at 80 °C. The first procedure (P1) used 50W without 

addition of an external base, similar to the original publication.[160] However, in this case, only 

starting material could be observed (m/z = 383 for compound 17Imi, m/z = 433 for compound 

17BzImi, Figure 123, appendix). Therefore, a second procedure, using the same reaction 

conditions, but 150W instead of 50W, was investigated (P2). As with P1, only starting material 

was observed in the crude reaction mixture (m/z = 383 for compound 17Imi, m/z = 433 for 

compound 17BzImi, Figure 124, appendix). Thus, a third procedure with additional use of an 

external base (10 eq. NaOH) was investigated (P3), resulting in the same outcome (Figure 125, 

appendix). Since no product formation at all could be observed, the CuAAC approach was 

followed instead. 

Table 7: Optimization of reaction conditions for the synthesis of 16Imi and 16BzImi. * determined by ESI-MS 

Procedure Eq. amine Base Solvent Reaction conditions Product formation* 

P1 1 - MeCN 80 °C, 50W, 1 h  

P2 1 - MeCN 80 °C, 150W, 1 h  

P3 1 NaOH MeCN 80 °C, 150W, 1 h  
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3.2.2.2 Functionalization via a Triazole Moiety 

The second approach, making use of a triazole moiety, is based on NHC–Au complex 19 

(Scheme 6).  

 

Scheme 6: Retrosynthetic scheme of bispyridine functionalized NHC–AuI–Cl compound 19. 

Two different synthetic approaches were investigated. The first one (A) is based on the 

modification of alkyne functionalized NHC–AuI–Cl complex 18, first published by Garner et 
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al.[161] They showed that it could be readily attached to benzyl azide with PPh3CuOAc via a 

CuAAC. The second approach (B) seeks to click the azide to the benzimidazolium salt first (20) 

and to synthesize the corresponding NHC-AuI-Cl compound (19) via gold complexation in a 

second step. Both approaches were investigated and can be further organized according to 

the use of catalyst and co-catalyst into three categories: I) use of Cu(0) turnings, II) use of Cu(0) 

powder and CuSO4 × 5·H2O and III) use of CuSO4 × 5·H2O with sodium ascorbate (NaAsc) and 

tris((1-benzyl-4-triazolyl)methyl)amine (TBTA). A summary of reaction conditions and out-

comes are reported in Table 8. For approach A, the reaction of alkyne functionalized NHC–AuI 

complex 18 to 19 was investigated, while for approach B, the reaction of alkyne functionalized 

benzimidazolium salt 21 to 20 had to be investigated first.  

Table 8: Optimization of reaction conditions towards the synthesis of 19. P stands for procedure. S1 stands for 

H2O/THF (1:1), S2 stands for H2O/t-BuOH (2:1). * determined by ESI-MS 

Approach A 

P Catalyst/cocatalyst (eq.) Eq. N3 Solvent 
Reaction 

conditions 
Product 

formation* 

Full 
conversion 
of starting 
material* 

P1 
CuSO4 × 5·H2O (0.2), 

NaAsc (0.4), TBTA (0.2) 
1.0 S1 45 °C, 1d   

P2 Cu (30) 2.0 S2 r.t., 1d ✓  

P3 
Cu (0.03), CuSO4 × 5·H2O 

(0.07) 
1.2 S2 

70 °C, 
150W, 
1-2h 

✓  

Approach B 

P4 
CuSO4 × 5·H2O (0.2), 

NaAsc (0.4), TBTA (0.2) 
1.0 S1 45 °C, 1 d ✓  

P5 Cu (30) 2.0 S2 r.t. 5 d   

P6 Cu (30) 2.0 S2 70 °C, 2 d ✓  

P7 
Cu (0.03), CuSO4 × 5·H2O 

(0.07) 
1.2 S2 

70 °C, 
150W, 1 h 

✓  

P8 
Cu (0.03), CuSO4 × 5·H2O 

(0.07) 
1.2 S2 

100 °C, 
150W, 5 h 

✓  

P9 
Cu (0.1), CuSO4 × 5·H2O 

(0.3) 
2.0 S2 

100 °C, 
150W, 5 h 

✓  

P10 
Cu (0.1), CuSO4 × 5·H2O 

(0.3) 
3.0 S2 

100 °C, 
150W, 2 h 

✓ ✓ 
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Since compound 18 is already literature known, approach A was chosen first (entries P1-P3) 

and compound 18 was synthesized using a previously reported protocol.[161] For the synthesis 

of 19, a procedure established by Lewe et al., using CuSO4 × 5·H2O, NaAsc and TBTA in H2O/THF 

(1:1) was investigated first (P1).[162] Analysis of the crude product by ESI-MS did not show any 

product formation (Figure 126, appendix). Two additional procedures were investigated, one 

inspired by Heckler et al.,[155] using an excess of copper turnings at room temperature (P2) and 

a third approach, using Cu(0) and CuSO4 × 5·H2O in a microwave assisted reaction at 70 °C (P3). 

Both reactions were carried out in a solvent mixture of H2O/t-BuOH (2:1). The crude reaction 

mixture showed successful conversion of 18 to 19 in both cases ([M–Cl]+ = 701.93, Figure 127 

and 128A, appendix). However, both still contained a decent amount of starting material 18 

([M–Cl]+ = 381.22). Prolongation of the reaction time from one to two hours (P3) resulted in 

disappearance of the starting material, but also led to the formation of a purple precipitate, 

indicating gold nanoparticle formation and thus decomposition of the NHC–AuI compound 

(Figure 128B, appendix). The remaining major peaks at m/z = 147 and the three peaks at 

m/z = 282, 294 and 322 in all spectra correspond to a fragment of 18 and to unreacted azide 

(LN3), respectively. For procedures P2 and P3, isolation of the product was attempted. After 

filtration of the copper salts, various attempts to separate 19 from starting material 18 led 

either to decomposition of the product (column chromatography on silica or aluminum oxide) 

or did not yield the pure product (fractional precipitation, washing with pentane, crystalli-

zation).  

Since harsher reaction conditions led to decomposition, approach B was followed instead. 

Bispyridyl functionalized benzimidazolium salt 20 was believed to be less susceptible to 

decomposition and thus allowed for harsher reaction conditions and possibly full conversion 

of the starting material. Therefore, the already clicked benzimidazolium salt 20 had to be 

synthesized first (entries P4-P10). The same three copper sources as previously were used. 

First, the already established procedure by Lewe et al., using CuSO4 × 5·H2O, NaAsc and TBTA 

in H2O/THF (1:1) was investigated (P4).[162] ESI-MS analysis of the crude reaction mixture 

showed almost exclusively the desired product 20 (m/z = 506, 346), containing a small amount 

of starting material 21 (m/z = 185, Figure 129, appendix). The 1H NMR spectrum in DMSO-d6 

is reported in Figure 35. Importantly, the peak at 8.85 ppm, typical for a CH proton in a triazole 

moiety, gives strong indication for a successful cycloaddition.[163,164] The signals in the 

aromatic region between 7.5 ppm and 8.5 ppm could not be assigned due to the very broad 

signals, indicating a possible contamination by starting material. Interestingly, the signals of 

the protons next to the nitrogen of the pyridine moieties, expected between 8.5 ppm and 

9.5 ppm, could not be observed. 
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Figure 35: 1H NMR spectrum of 20 in DMSO-d6 after procedure P4. 

A second procedure, established by Heckler et al.,[155] using an excess of copper turnings at 

room temperature (P5), did not yield any transformation of the starting material, not even 

after five days. Instead, only starting material was observed (m/z = 321.94, 282.19 for LN3 and 

m/z = 185.10, 147.58 for 21, Figure 130, appendix). Consequently, the same procedure was 

followed at 70 °C instead of room temperature (P6). After two days, the crude ESI-MS showed 

the desired peak at m/z = 506.16, with almost full consumption of the starting material 

(approximately m/z = 185, Figure 131, appendix).  

Furthermore, a third procedure using Cu and CuSO4 × 5·H2O in H2O/t-BuOH (2:1) with micro-

wave irradiation was investigated (P7-P10). P7 showed only a small product peak in the ESI-MS 

(m/z = 506.20 for 20), with peaks belonging to the starting material being the most present 

(m/z = 321.96, 294.20 for LN3 and m/z = 185.10, 147.29 for 21, Figure 132, appendix), while 

the 1H NMR spectrum shows almost exclusively signals corresponding to the two starting 

materials 21 and LN3 (Figure 105, appendix). For procedures P8 and P9, the ESI-MS shows a 

more pronounced product peak and less starting material. In general, the more equivalents of 

azide used, the higher the temperature and the longer the reaction time, i.e. the harsher the 

reaction conditions, the more pronounced the product peak at m/z = 506.18 in the crude ESI-

MS (P7-P9, Figures 132-134, appendix). However, none of the procedures (P4-P9) resulted in 

complete conversion of the starting benzimidazolium salt 21 (m/z = 185.10, 147.4). The 

remaining major peaks at m/z = 321.95, 294.11, 265.11, 253.83 can be assigned to different 

decomposition patterns of unreacted azide (LN3). As with approach A, isolation of the desired 

product in approach B via different methods (filtration, reverse phase column chromato-

graphy, fractional precipitation, crystallization) was not successful if starting material 21 was 

still present (procedures P4-P9). However, by using a microwave assisted procedure with 

three equivalents of azide (P10, Figure 36), full conversion and isolation of 20 after fractional 

precipitation in dichloromethane/pentane was successful. The ESI-MS and the 1H NMR 

spectrum of compound 20 are reported in Figure 36. The ESI-MS spectrum shows a main peak 

at m/z = 506, corresponding to the positively charged benzimidazolium salt 20 and a fragment 
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thereof at m/z = 346 (cleavage between the triazole moiety and the CH2 bridge). Regarding 

the 1H NMR spectrum, the ratio of integrals of the benzimidazolium part matches the ones on 

the bispyridine part, indicating a successful link of the two starting materials. Importantly, the 

signal of the terminal alkyne proton of the starting benzimidazolium salt 21 at 3.00 ppm 

disappeared, while the new signal at 8.84 ppm corresponds to the CH signal of the triazole 

moiety. Interestingly, the signals next to the nitrogen of the bispyridine moiety (8.84 and 

8.69 ppm) experience a significant broadening. 

 

Figure 36: ESI-MS and 1H-NMR spectrum in DMSO-d6 of compound 20 after procedure P10 and successful 

isolation by fractional precipitation. 

 

3.2.2.3 Attempted Conversion of 20 to the Corresponding NHC–AuI–Cl Complex 

With benzimidazolium salt 20 in hand, its conversion to the corresponding NHC–AuI complex 

19 was studied (Scheme 7). The procedure was adapted from Lewe et al. using a standard 

transmetalation procedure under Schlenk conditions in dichloromethane at room tempera-

ture via the corresponding NHC–AgI–Cl complex.[162]  
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Scheme 7: Attempted conversion of 20 to its corresponding NHC–AuI complex 19. 

However, the ESI-MS spectrum of the crude product did not show any conversion to the 

desired complex, but exclusively starting material 20 (m/z = 506, 346, Figure 135, appendix). 

The 1H NMR spectrum shows mostly starting benzimidazolium salt (Figure 37), but also a set 

of second signals (8.65, 8.13, 8.09, 7.91, 7.80, 7.49, 4.84, 3.97 ppm). This species accounts for 

50% of the starting material. All signals, except for the carbene proton, seem to produce a 

second set of signals belonging to another species. This might be an indication for the 

formation of either a dimeric species (Wanzlick equilibrium) or a complex missing the carbene 

proton due to coordination to a metal atom. To get a better insight into the nature of the 

second species, further characterization needs to be undertaken. 

 

Figure 37: 1H NMR spectra of 20 and its complexation attempt to 19 in DMSO-d6. 
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3.2.3 Conclusion 

In this chapter, the exo-functionalization of Pd2L4 type metallacages with NHC–AuI compounds 

has been investigated. Therefore, azide and amine functionalized bispyridines were attached 

to NHC–AuI complexes or their corresponding (benz)imidazolium salts either directly on the 

alkynyl ligand or by functionalization of the wingtip substituents of the NHC. 

In chapter 3.2.1, NHC–AuI–alkynyl complexes were linked to a bispyridine via a CuAAC. Three 

new NHC‒AuI‒triazolyl complexes were obtained and fully characterized by 1H NMR and 13C 

spectroscopy, ESI-MS and SC-XRD. Their self-assembly to heteronuclear Pd-Au metallacages 

was then investigated in solution and in silico. During the self-assembly step in solution, the 

protons next to the pyridine moieties experience a significant upfield shift. Further, 1H DOSY 

NMR experiments give a DLigand/DCage ratio of 2.14-2.24 and Stokes-radii of rs = 1.66-1.89 nm. 

The DLigand/DCage ratios are in accordance to previously reported results on similar Pd2L4 

cages.[129,131,138] The rs however are considerably larger, which is to be expected due to the 

very bulky gold compounds. Next, a 1H NMR titration experiment with 13c and increasing 

aliquots of [Pd(MeCN)4](BF4)2 was conducted, showing that cage formation already occurs at 

substoichiometric amounts of the Pd precursor. DFT calculations revealed a stable structure 

for a representative Pd-Au metallacage. Analysis of the Gibbs free energies showed an 

exergonic reaction pathway. Further, the Gibbs free enthalpy was compared to a well-estab-

lished, fully characterized reference system and showed Gibbs free energies in the same order 

of magnitude as for the newly synthesized Pd-Au metallacage. Taken together, results from 

DFT calculations are well in line with the results from the NMR experiments, showing a high 

thermodynamic preference for the cage formation. In summary, these results give strong 

evidence for the formation of the Pd2L4 cages. At last, 1H NMR spectroscopy confirmed 

successful encapsulation of two equivalents of the anticancer drug cisplatin in the cavity of 

14c.  

In chapter 3.2.2, two different approaches for the attachment of a bispyridine to a (benz)imi-

dazolium salt via the wingtip position were investigated. The first used an amide bond 

formation between an amine and an activated ester moiety. The second used a CuAAC to 

attach an azide to a terminal alkyne. The first approach was not successful, showing no 

reaction at all. On the other hand, the second approach, using a triazolyl moiety, proved to be 

successful and a new NHC precursor (20) was synthesized in moderate yield (32%) and 

characterized by 1H NMR spectroscopy and ESI-MS. The complexation of compound 20 to 

NHC–AuI–Cl complex 19 remained unclear. 
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 Studies on the Encapsulation of AuIII and AuI Complexes Inside 

the Cavity of a Pd2L4 Metallacage 

Metallodrugs have been studied extensively for their biological activities, some are even used 

in clinics today as anticancer agents (e.g. cisplatin) or antirheumatic agents (e.g. auranofin).[15] 

However, a major drawback to the use of metallodrugs is their lack of stability in biological 

environment and their premature degradation. For metallodrugs to be used as medicinal 

agents, they need to be stable enough to get to the desired target without prior disassembly 

and only then execute their biological properties. A valid approach to ensure this is the use of 

a drug delivery vehicle. These have been used successfully in vitro, e.g. to encapsulate the 

anticancer drug cisplatin and protect the drug from disassembly before getting to the desired 

target.[131] Furthermore, Puig et al. were able to encapsulate a square planar AuIII complex 

inside the cavity of a Pt2L4 (L = 1,3-bis(pyridin-3-ylethynyl)benzene) metallacage.[133] Since gold 

complexes have gained increased interest over the past years as anticancer drugs, the 

encapsulation of different gold containing metal complexes, including AuIII and AuI species, 

inside the cavity of a Pd2L4 (L = 1,3-bis(pyridin-3-ylethynyl)benzene) type cage will be investi-

gated in this chapter (Figure 38). This could enable a better transport of Au complexes towards 

their desired targets and thus make them more promising agents in medicinal chemistry.  

 

Figure 38: Pd2L4 cages (22H, 22CO2Bz) used in this chapter to study the encapsulation of gold compounds 23, 24 

and 25. 
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3.3.1 Encapsulation Studies 

To investigate the encapsulation abilities of Pd2L4 (L = 1,3-bis(pyridin-3-ylethynyl)benzene) 

cages for gold complexes, two different PdII cages were synthesized (Figure 38). Cage 22H 

shows a N endo-functionalized cavity, no exo-functionalization with nitrate as a counterion. 

Cage 22CO2Bz on the other hand shows a C–H endo-functionalized cavity bearing a benzyl ester 

exo-functionalization and tetrafluoroborate counterion. The investigated gold species include 

HAuCl4 (23) and KAuCl4 (24) as AuIII sources and a NHC–Au–Cl compound (25) (NHC = 1,3-

dimethyl-1,3-dihydroimidazol-2-ylidene) as a AuI species. All compounds have been reported 

previously and were synthesized and characterized accordingly.[131,138,165] 

 

3.3.1.1 Encapsulation of AuIII 

Due to numerous reports on the successful encapsulation of the anticancer drug cisplatin, 

chloroauric acid (HAuCl4), being isostructural and isoelectronic to cisplatin, was used first in 

order to investigate the encapsulation process. Figure 39 shows the 1H NMR spectra of a 

mixture of 22H and 23 in DMSO-d6 after 30 minutes and after three hours (full spectra are 

reported in Figure 106, appendix). After 30 minutes, a second species can be observed (8.88, 

8.68, 8.14, 7.99, 7.75 and 7.57 ppm). After three hours, the signals of the cage have almost 

disappeared, with only the second set of signals being present. This does not comply to 

previous studies, where encapsulation of cisplatin led to a slight downfield shift and 

broadening of signals Ha and Hb.[129,131] Much more does the resulting spectrum after three 

hours resemble the spectrum of free ligand.[166] Instead of encapsulation inside the cavity, 

HAuCl4 seems to lead to the disassembly of cage 22H. 
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Figure 39: 1H NMR spectra of 22H and 23 in DMSO-d6 after 30 min and 3 h. 

Since cage 22H was not stable enough in the presence of HAuCl4, a bulkier, C-endo 

functionalized cage was synthesized, and its encapsulation abilities were investigated. Due to 

the bulkiness of the exo-functionalization and therefore higher steric hinderance, it was 

believed that this type of cage would be more stable and therefore more suitable for 

encapsulation. To study this process, cage 22CO2Bz and HAuCl4 were dissolved in DMSO and 

stirred for 30 minutes. As shown in Figure 40 (full spectra are reported in Figure 107, 

appendix), almost all signals experience an upfield shift. In particular, signals Ha and Hb are 

shifted significantly (Δδ = –0.62 ppm and -0.69 ppm, respectively). This is in accordance to 

the experiments performed with cage 22H (Figure 39). Again, the resulting spectrum after 30 

minutes resembles that of free ligand, giving strong indication for the disassembly of the cage 

instead of encapsulation of HAuCl4. It is therefore hypothesized that the strong acidic and 

oxidizing character of HAuCl4 is the reason for the disassembly of the cage. 
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Figure 40: 1H NMR spectra of 22CO2Bz and 23 in DMSO-d6 after 30 min. 

The encapsulation process was then investigated using a weaker, aprotic acid, namely the 

potassium salt of chloroauric acid (KAuCl4). This could prevent the protonation of the nitrogen 

atoms of the pyridine rings, which, in turn, should inhibit the disassembly of the cage. Figure 

41 shows a spectrum of cage 22CO2Bz and KAuCl4 (24) after 30 minutes at room temperature in 

DMSO-d6 (full spectra are reported in Figure 108, appendix). Again, almost all signals 

experience an upfield shift, with the shifts of Ha and Hb being the most pronounced 

(Δδ = -0.67 ppm and –0.72 ppm, respectively). Similar to Figures 39 and 40, the signals 

resemble that of free ligand, giving strong indication for the disassembly of the cage instead 

of encapsulation. 



Results and Discussion 

64 

 

Figure 41: 1H NMR spectra of 22CO2Bz and 24 in DMSO-d6 after 30 min. 

3.3.1.2 Encapsulation of AuI 

Both cages show degradation in the presence of highly acidic and oxidizing AuIII species HAuCl4 

and KAuCl4. Therefore, the encapsulation process was investigated in the presence of a less 

reactive AuI species bearing a NHC instead. First, in order to investigate whether the cavity of 

a M2L4 (M = PdII, L = 1,3-bis(pyridin-3-ylethynyl)benzene) type metallacage would be big 

enough to host a NHC–AuI compound, DFT calculations were applied on the ωB97X-D level of 

theory employing a split valence basis set (see experimental for more information). Therefore, 

the DFT structure of empty endo-C functionalized cage 22H was first compared to the 

previously reported SC-XRD structure, showing that the employed level of theory is in 

excellent agreement with the SC-XRD structure in terms of Pd–N, Pd–Pd, Cendo–Cendo bond 

lengths and N–Pd–N bond angles (Table 9).[158] With a valid level of theory in hand, the 

smallest imidazolyl type NHC (NHC = 1,3-dimethyl-1,3-dihydroimidazol-2-ylidene) was chosen 

as a representative NHC–AuI–Cl compound (25). DFT calculations were carried out using one 

and two equivalents of 25, since it was shown that M2L4 (L = 1,3-bis(pyridin-3-ylethynyl)ben-
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zene) type cages are able to encapsulate up to two equivalents of cisplatin and both 

compounds feature a planar geometry.[129,131,138]  

Table 9: Selected mean bond lengths and angles of the previously reported SC-XRD structure of endo-C 

functionalized cage 22H compared to DFT calculations (ωB97X-D/split valence). 

 SC-XRD[158] DFT Δ = (DFT-SC-XRD) 

Pd–N [Å] 2.022 2.067 0.045 (2.2%) 

Pd–Pd [Å] 11.853 12.041 0.188 (1.6%) 

Cendo–Cendo [Å] 10.737 10.754 0.017 (0.16%) 

N–Pd–N [°] 90.00 90.00 0 

 

 

Figure 42: Comparison of DFT optimized structures of the empty cage, with one and two equivalents of 

NHC-AuI-Cl compound 25 in top-down view along the Pd–Pd axis (top) and in side view (bottom). Hydrogen 

atoms are omitted for clarity. Color code: black = carbon, blue = nitrogen, yellow = gold, green = chloride. 

As can be seen in Figure 42, both calculations including one and two equivalents of 25 yield 

stable structures where the gold complex fits inside the cavity of the Pd2L4 cage. While the 

empty cage shows a highly symmetrical structure, both structures containing the gold complex 

are distorted. One equivalent of 25 takes up an inclined geometry, with the NHC moiety 

pointing towards one PdII center and the Cl atom pointing towards the other and outside of 

the cage. Interestingly, the gold atom is closer to one side of the cage than to the other 
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(dAu-Pd1 = 5.595 Å, dAu–Pd2 = 6.639 Å). As shown by the spacefill style representation of this 

structure, one equivalent of 25 fits nicely inside the cavity (Figure 43A). On the other hand, 

two equivalents of 25 take up an anti-parallel arrangement, perpendicular to the Pd–Pd axis 

and with both Cl atoms pointing outside on different sides of the cage. The two gold 

compounds do not show any aurophilic interaction (dAu–Au = 4.799 Å) and both gold atoms are 

distributed equally within the cavity (dAu1–Pd1 = 5.011 Å, dAu2-Pd2 = 5.012 Å). As shown by the 

spacefill style representation of this structure, two equivalents barely fit inside the cavity 

(Figure 43B). 

 

Figure 43: Spacefill style representations of the DFT optimized structures of the cage and one (A) and two (B) 

equivalents of NHC–Au–Cl complex 25. Color code: black = carbon, blue = nitrogen, yellow = gold, 

green = chloride, white = hydrogen. 

Next, the stability of NHC–AuI–Cl complex 25 was investigated in solution. 1H NMR spectra 

show that compound 25 is stable over the period of three days in DMSO (Figure 109, appen-

dix), the solvent also used in the following encapsulation studies. With the theoretical 

confirmation in hand that the cavity of a Pd2L4 (L = 1,3-bis(pyridin-3-ylethynyl)benzene) type 

cage could fit up to two equivalents of a NHC–AuI–Cl compound, the encapsulation abilities of 

compound 25 in the cavity of cages 22H and 22CO2Bz were then investigated in solution.  

Therefore, the non exo-functionalized cage (22H) was chosen first and the encapsulation 

process was investigated by 1H NMR spectroscopy in DMSO-d6 (Figure 44, full spectra are 

reported in Figure 110, appendix). Unlike the AuIII species, the cage is stable in the presence 

of the AuI species. After addition of one equivalent of NHC-AuI-Cl complex 25 (t = 30 min), a 

small upfield shift of signals Ha and Hb of Δδ = 0.03 ppm and 0.02 ppm, respectively, can be 

observed (Figure 44B). Furthermore, a second set of signals can be observed at 7.49 ppm and 
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3.85 ppm, which intensifies over the period of 24 hours. These signals can be attributed to the 

NHC-AuI-Cl complex (Hg, Hh), which is further shown by the ratio of the new signals of 2:6, 

corresponding to the backbone protons and the methyl group protons, respectively (Figure 

44C). After 24 hours, the second set of signals makes up for 30% of the original NHC-AuI-Cl 

signals. This second set of signals belonging to the NHC-AuI-Cl complex along with the shifts 

of the cage protons suggests an interaction between the two species. The reason might be 

either a decomposition of the NHC-AuI-Cl complex (e.g. hydrolysis) or some sort of 

aggregation, possibly even encapsulation of 25 in the cavity of 22H.  

 

Figure 44: 1H NMR spectra of 22H and 25 in DMSO-d6 after 30 min and 24 h. A shows a cutout of the 1H NMR 

spectra. B shows a cutout of the region including Ha and Hb. C shows a cutout of the two species belonging to the 

NHC–AuI–Cl complex. 

Next, the encapsulation of 25 in the cavity of cage 22CO2Bz was monitored. Therefore, several 

1H NMR spectra in DMSO-d6 were recorded over a period of eight days (Figure 45, full spectra 

are reported in Figure 111, appendix). Directly after addition of 25 to 22CO2Bz several signals 

belonging to the cage experience a shift, i.e. for Ha, Hd, He and Hf (Δδ = 0.1, -0.03, –0.11, 

0.01 ppm, respectively). Furthermore, a splitting of the signals belonging to 25 (Hg, Hh) can be 

observed. The signal Hg, constituting of the two backbone protons of the imidazolyl ring, splits 

into two signals at 7.48 ppm and 7.17 ppm, while Hh, constituting of the two methyl groups, 

splits into two signals at 3.85 ppm and 3.77 ppm. As in the case of Figure 44, two distinct 

signals of the NHC–AuI–Cl compound can be observed. Interestingly, some of the signals shift 
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over the course of eight days. Over this period, the cage signal Ha experiences a significant 

upfield shift of Δδ = –0.06 ppm, while cage signals Hb and He experience a downfield shift of 

Δδ = 0.02 ppm and Δδ = 0.04 ppm, respectively. On the other hand, three of the NHC-AuI-Cl 

signals experience an upfield shift, namely the peaks at 7.17 ppm (Δδ = -0.07 ppm), 

3.85 ppm (Δδ = -0.01 ppm) and 3.77 ppm (Δδ = -0.02 ppm), while the peak at 7.17 ppm 

experiences a significant downfield shift of Δδ = 0.07 ppm. This suggests that the adjustment 

of the equilibrium of the two species is very slow, in accordance to what has been reported 

previously for the encapsulation of a AuIII complex in the cavity of a similar Pt2L4 cage.[133] 

 

Figure 45: 1H NMR spectra of 22CO2Bz and 25 in DMSO-d6 up to eight days. 

Since DFT calculations suggest the possible encapsulation of two equivalents of NHC-AuI-Cl 

compound 25, another encapsulation study was undertaken using different amounts of 

NHC-AuI-Cl, ranging from 1.0 up to 2.5 equivalents (Figure 46, full spectra are reported in 

Figure 112, appendix). After the addition of one equivalent of NHC-AuI-Cl compound the 
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same pattern as in Figure 45 can be observed. Subsequent additions of aliquots of 

0.5 equivalents of 25 lead to a sequential shifting of some signals, the trend being similar to 

Figure 45. Also, the shift of the signals belonging to 25 resembles Figure 45, with both signals 

splitting into two. This suggests that a higher amount of NHC-AuI-Cl compound does not 

drive the equilibrium towards the second species, but rather the system equilibrates rather 

slowly. As with cage 22H, the second set of signals for the NHC-AuI-Cl complex along with the 

shifts of the cage protons in Figures 44 and 45 suggest an interaction between the two species, 

which might be attributed either to decomposition of the NHC-AuI-Cl complex (e.g. 

hydrolysis) or some sort of aggregation, possibly even encapsulation of 25 in the cavity of 

22CO2Bz. 

 

Figure 46: 1H NMR spectra in DMSO-d6 of 22CO2Bz and different amounts of 25. 
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3.3.2 Conclusion 

In this chapter, two Pd2L4 metallacages (22H: L = 2,6-bis(pyridin-3-ylethynyl)pyridine, 22CO2Bz: 

L = benzyl-3,5-bis(pyridin-3-ylethynyl)benzoate) were synthesized and their encapsulation 

abilities of gold complexes in the oxidation states +III (HAuCl4, KAuCl4) and +I (NHC–AuI–Cl with 

NHC = 1,3-dimethyl-1,3-dihydroimidazol-2-ylidene) were investigated. Both cages showed 

disassembly in the presence of the two AuIII species, which can be attributed to the strong 

acidic and oxidizing character of the AuIII species and is in accordance to previous findings from 

Puig et al. on a similar AuIII compound.[133] They showed that their Pd2L4 cage (L = 1,3-

bis(pyridin-3-ylethynyl)-5-methoxybenzene) was not stable in the presence of [AuIII(bdt)2]− 

(bdt = benzene-1,2-dithiolate), but instead disassembled, leading to the formation of free 

ligand. Further, the encapsulation of less reactive NHC-AuI-Cl complex 25 was studied in silico 

and in solution. DFT calculations suggest that the cavity of a M2L4 cage (L = 1,3-bis(pyridin-3-

ylethynyl)benzene) is able to host up to two equivalents of a NHC-AuI-Cl compound. With 

the theoretical confirmation in hand, the encapsulation abilities of cages 22H and 22CO2Bz 

regarding NHC-AuI-Cl compound 25 (NHC = 1,3-dimethyl-1,3-dihydroimidazol-2-ylidene) 

were investigated by 1H NMR spectroscopy in DMSO-d6. In contrast to the AuIII species, both 

cages were stable over several days in presence of the NHC-AuI species and experience similar 

shifts to what has been reported in the case of the encapsulation of cisplatin.[129,131,138] During 

the encapsulation studies, the signals belonging to NHC-AuI-Cl compound 25 split into two 

distinct species. This suggests an interaction of the two molecules, possibly even en-

capsulation of compound 25 in the cavities of 22H and 22CO2Bz., MS or SC-XRD.  
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4 Conclusion and Outlook 

The focus of this thesis lies on the synthesis, characterization and medicinal use of gold 

complexes bearing N-heterocyclic carbene (NHC) ligands. First, twelve NHC–AuI–alkynyl 

compounds (1-12) were synthesized and fully characterized. All compounds show high 

stability in the presence of water over several days. Further, the compounds’ stability and 

reaction mechanism against model thiols was investigated in solution and in silico. All 

compounds, except for compound 1, undergo a ligand substitution reaction of the more labile 

alkynyl ligand in the presence of EtSH. The BzImi-AuI-alkynyl compounds undergo a second 

ligand substitution reaction, leading to the detachment of the more stable NHC ligand.  

To gain a better insight on the molecular mechanism of the alkynyl ligand substitution 

reaction, DFT calculations were carried out on two representative compounds (3 and 12), 

leading to a consistent mechanism. Both compounds undergo an exergonic reaction pathway 

via a trigonal planar transition state (E = 108-128 kJ/mol). While the alkynyl ligand of 

compound 3 (BzImi type NHC) remains π-coordinated in the transition state, the alkynyl ligand 

of 12 (Imi type NHC) shows a pronounced σ-coordination, leading to a less stable transition 

state (Figure 47). DFT calculations are in agreement with NMR studies suggesting that the 

stability of the compounds with respect to thiols is mainly influenced by the overall bulkiness 

of the two ligands.  

Some of the complexes were further examined for their biological activity. Three compounds 

(3, 9, 12), all bearing a tert-butyl acetylene group, show cytotoxicity in the low micromolar 

range against three cancer cell lines (ovarian, breast, skin) in vitro. Compound 3 is further able 

to stabilize G4-DNA, which might have a positive effect on its cytotoxic activity. These results 

are among the few examples of heteroleptic NHC-AuI-alkynyl complexes showing 

antiproliferative effects.  

To further explore the potential of these compounds as anticancer agents, a better 

understanding of their mode of action is necessary. Therefore, mechanistic investigations of 

the most promising compounds (3, 9, 12) should be carried out in the presence of more 

relevant biological nucleophiles, such as cysteine or selenocysteine. Further, their reactivity in 

the presence of the enzyme thioredoxin reductase should be investigated experimentally as 

well as computationally, e.g. by molecular modeling approaches. Since compound 12 was 

previously reported to exhibit a significant selectivity towards cancer cells when compared to 

healthy kidney cell slices, compounds 3 and 9 should also be investigated for their cytotoxicity 

on normal cells.[93] Together with the mechanistic investigations, this should lead to a better 

understanding of the structure-activity relationship of these compounds and should enable 

the design of more efficient NHC-AuI based anticancer drugs. 
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Figure 47: DFT optimized transition states of NHC-AuI-alkynyl compounds reacting with a thiol in the presence 

of water. The overall bulkiness of the ligands plays an important role in the stabilization of the transition states. 

The resulting different reactivity influences their biological activity. Colour code: grey = carbon, blue = nitrogen, 

red = oxygen, orange = gold, yellow = sulfur, white = hydrogen. 

Second, the use of NHC–AuI compounds in drug delivery systems was explored. Therefore, 

NHC-AuI-alkynyl complexes were linked to an azide functionalized bispyridine via a CuAAC. 

Three new NHC‒AuI‒triazolyl complexes (13a-c) were obtained and fully characterized (Figure 

48). Their self-assembly to heteronuclear Pd-Au metallacages was then investigated in 

solution and in silico. 1H NMR and 1H DOSY NMR spectroscopy, titration experiments and DFT 

calculations give strong indication for successful cage formation (Figure 48). Further, 1H NMR 

spectroscopy confirmed successful encapsulation of two equivalents of the anticancer drug 

cisplatin in the cavity of representative metallacage 14c, making them interesting candidates 

for drug delivery systems.  

The concept of NHC–AuI exo-functionalized Pd metallacages was further explored by 

synthesizing a NHC precursor with an alkyne moiety attached on the wingtip position of the 

NHC, rather than directly on the gold center. This would enable for the post-modification of 

the corresponding NHC–AuI complex, e.g. by attachment of a fluorescent tag for intracellular 

imaging. To do so, two different approaches for the attachment of a bispyridine to a 

(benz)imidazolium salt via the wingtip position were investigated. The first used an amide 

bond formation between an amine and an activated ester moiety. The second used a CuAAC 

to attach an azide to a terminal alkyne. The first approach has not been successful so far but 

should be further investigated by altering the reaction conditions, i.e. using elevated 

temperatures and prolonged reaction times. Furthermore, coupling reagents and the 

additional use of non-nucleophilic bases could have a positive influence on the formation of 

the cage precursor. On the other hand, the second approach, using a triazolyl moiety, proved 

to be successful and a new NHC precursor (20) was synthesized in moderate yield (32%). 

However, the complexation of compound 20 to NHC–AuI–Cl complex 19 remained unclear and 

needs to be further investigated.  
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To use these metallacages as biological agents in the future, their stability in cell culture media 

needs to be investigated. To further explore their function as drug delivery systems, they 

should then be tested for their cytotoxicity in cancer cell lines, with and without cisplatin 

present in their cavity. The intrinsic ability of Pd metallacages to encapsulate anticancer drugs 

such as cisplatin and their exo-functionalization with cytotoxic NHC-Au compounds might 

show a synergistic effect and have a positive influence on the overall cytotoxicity and 

selectivity of the compounds. Regarding their synthesis, the herein presented bispyridines 

show a rather scarce reactivity. This is due to the strong mesomeric effect of the NH2 and the 

N3 groups directly attached to the aromatic ring, deactivating it for the reaction towards the 

desired compounds. Therefore, harsh reaction conditions needed to be applied (microwave, 

elevated temperature and reaction time). Another valid strategy for the synthesis of wingtip 

functionalized NHC-AuI complexes might include a spacer group in between the bispyridine 

moiety and the amine/azide functionality in order to increase its reactivity. This concept has 

proven successful before, i.e. by using a CH2 or a polyethylene glycol (PEG) spacer 

group.[138,167,168] By doing so, the corresponding NHC–AuI complexes and subsequently their 

heteronuclear metallacage derivatives should be more accessible. 

 

Figure 48: SC-XRD structure (left) of newly synthesized NHC-AuI-alkynyl compound 13c and DFT optimized 

structure of a representative heteronuclear Pd-Au metallacage. 1H NMR spectroscopy confirmed the 

encapsulation of two equivalents of the anticancer drug cisplatin inside the cavity of 14c. Colour code: 

grey = carbon, blue = nitrogen, yellow = gold. 

Third, the encapsulation of gold compounds in the oxidation states +III and +I inside the cavity 

of Pd-based metallacages was investigated. Although this process is very well studied and 

understood in the case of cisplatin, it is less investigated for gold compounds. However, as 

with cisplatin, this could enhance the cytotoxicity and selectivity of anticancer gold 

compounds. Therefore, two Pd2L4 cages were synthesized and the encapsulation properties 

of gold complexes in the oxidation states +III (HAuCl4, KAuCl4) and +I (NHC–AuI–Cl with NHC: 

1,3-dimethyl-1,3-dihydroimidazol-2-ylidene) were investigated. Both cages disassembled in 
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the presence of the two AuIII species, which can be attributed to their strong acidic and 

oxidizing character. 

Further, the encapsulation of less reactive NHC-AuI-Cl complex 25 was studied in silico and 

in solution. DFT calculations suggest that the cavity of a M2L4 cage (L = 1,3-bis(pyridin-3-

ylethynyl)benzene) is able to host up to two equivalents of a NHC-AuI-Cl compound (Figure 

49), similar to what has been reported for the anticancer drug cisplatin. In contrast to the AuIII 

species, both cages are stable over several days in solution in presence of the AuI species. 

Shifts in the 1H NMR spectra suggest an interaction of the two molecules, possibly even 

encapsulation of compound 25 in the cavity of the Pd metallacages. However, to get a better 

understanding of the encapsulation process, further studies, e.g. 2D-NMR spectroscopy, MS 

or SC-XRD, need to be conducted.  

Another valid approach to ensure encapsulation of a gold compound is the use of a Pt based 

metallacage. Puig et al. were able to show that their Pd2L4 cage was not stable in the presence 

of [AuIII(bdt)2]− (bdt = benzene-1,2-dithiolate), but instead disassembled, leading to the 

formation of free ligand.[133] However, when changing from Pd to a similar Pt2L4 cage, they 

were able to encapsulate the AuIII species. They attributed this to the stronger Pt–N interaction 

and thus higher stability of the cage. Given the similarity, this should also be investigated for 

the present system. 

 

Figure 49: DFT calculations show that the cavity of a Pd2L4 type metallacage can encapsulate up to two 

equivalents of a NHC-AuI-Cl compound inside its cavity. Colour code: grey/black = carbon, blue = nitrogen, 

yellow = gold, green = chloride. 
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5 Experimental 

 General Aspects 

Unless otherwise noticed, all reactions were carried out without taking special precautions to 

exclude air and water. Solvents were distilled prior to use. Air- and moisture-sensitive 

reactions were performed in heated glassware under an argon atmosphere (Ar 5.0) with 

absolute solvents using either Schlenk techniques or a glovebox. Unless otherwise noticed, 

commercially available reagents were used as received. Triethylamine was degassed by using 

three freeze-pump-thaw cycles. 1H and 13C NMR spectra were recorded on a Bruker AV400 HD 

or a Bruker AV 500 cryo spectrometer. 1H and 13C NMR spectra were referenced to the residual 

solvent signals.[169] As for correlation of the signals and their multiplicities, the following 

abbreviations were used: s – singlet, d – doublet, t – triplet, h – heptet, m – multiplet, 

br. s – broad singlet. The stated coupling constants J are denoted as the average of the 

experimentally found values. Analytical HESI-MS (heated electrospray ionization mass 

spectrometry) was performed on an UltiMate 3000 UHPLC focused chromatographic system 

(Dionex) connected to a LCQ Fleet mass spectrometer (Thermo Scientific). Elemental analyses 

(EA) were done by the Microanalytical Laboratory at the Technical University of Munich and 

are given in mass percentages. The following compounds were synthesized as previously 

reported: 1,[170] 4,[146] 7,[171] 10,[172] 11,[155] 12,[155] LN3,
[138] LNH2,

[131] 17Imi,[160] 18,[162] 21,[161] 

22H,[131] 22CO2Bz
[138]

 and 25.[165]  

 

 1H DOSY NMR Spectroscopy 

In diffusion experiments, the molecular size of a metallacage is estimated by the Stokes-

Einstein equation (1):[173,174] 

rS =  
kB ∙ T

6π ∙ η ∙ D
 (1) 

 

with  rS = hydrodynamic or Stokes radius, assumed to exhibit a spherical shape  

kB = Boltzmann constant (1.38064852 × 10-23 m2 kg s-2 K-1) 

T = temperature (298 K)  

η = viscosity of solution (DMSO = 1.99 × 10-3 Pa s) 

D = diffusion coefficient 
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 Single-Crystal X-Ray Diffraction 

Data were collected on a single-crystal X-ray diffractometer equipped with a CMOS detector 

(Photon 100), a rotating anode TXS and a Helios mirror optic using the APEX3 software 

package (2, 6, 8, 9, 13b and 13c) or a single-crystal X-ray diffractometer equipped with a CMOS 

detector (Bruker APEX III, κ-CMOS), an IMS microsource with MoKα radiation (λ = 0.71073 Å) 

and a Helios optic using the APEX3 software package (5, 13a).[175] Measurements were 

performed on single-crystals coated with perfluorinated ether. The crystals were fixed on top 

of a kapton micro sampler and frozen under a stream of cold nitrogen. A matrix scan was used 

to determine the initial lattice parameters. Reflections were corrected for Lorentz and 

polarisation effects, scan speed, and background using SAINT.[176] Absorption correction, 

including odd and even ordered spherical harmonics was performed using SADABS or 

TWINABS.[177,178] Space group assignment was based upon systematic absences, E statistics, 

and successful refinement of the structure. The structures were solved using SHELXS or 

SHELXT with the aid of successive difference Fourier maps, and were refined against all data 

using SHELXL in conjunction with SHELXLE.[179–181] Hydrogen atoms were calculated in ideal 

positions as follows: Methyl hydrogen atoms were refined as part of rigid rotating groups, with 

a C–H distance of 0.98 Å and Uiso(H) = 1.5·Ueq(C). Other H atoms were placed in calculated 

positions and refined using a riding model, with methylene and aromatic C–H distances of 

0.99 Å and 0.95 Å, respectively, and other C–H distances of 1.00 Å, all with Uiso(H) = 1.2·Ueq(C). 

Non-hydrogen atoms were refined with anisotropic displacement parameters. Full-matrix 

least-squares refinements were carried out by minimizing Σw(Fo
2 – Fc

2)2 with the SHELXL 

weighting scheme.[180] Neutral atom scattering factors for all atoms and anomalous dispersion 

corrections for the non-hydrogen atoms were taken from International Tables for 

Crystallography.[182] A split layer refinement was used for disordered groups and additional 

restraints (SHELXL: SIMU, DELU and RIGU) were used, if necessary. Images of the crystal 

structures were generated with PLATON.[183] CCDC numbers 1955875 (2), 1955877 (5), 

1955879 (6), 1955876 (8), 1955878 (9) can be obtained free of charge from The 

Cambridge Crystallographic Data Centre. 

 

 Stability and Reactivity Studies 

The stability of compounds 1-12 in water was evaluated by dissolving 6 μmol of the respective 

compound in 0.5 mL DMSO-d6/D2O (80:20). The reactivity against EtSH was investigated by 

dissolving 6 μmol of compounds 1-12 in 0.5 mL of DMSO-d6 and addition of an excess of EtSH 

and D2O (approximately 300 μmol each). Dry EtSH was obtained by fractional distillation of 
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EtSH and drying over molecular sieves (3 Å). Stability and reactivity were checked by 1H-NMR 

spectroscopy over several days. 

 

 UV/Vis Absorption Spectroscopy 

UV/Vis absorption spectra to investigate the stability of compounds 1-12 in solution were 

recorded on a Cary 60 UV-Vis spectrometer (Agilent Technologies). A stock solution of all 

compounds was prepared in DMSO. An aliquot was diluted to ca. 20 μM in 1 × PBS (pH = 7.4) 

and the UV/Vis spectra were acquired at room temperature over 24 h at different intervals 

(every 15 min during the first hour and every hour for the remaining 23 h).  

 

 FRET DNA Melting Assay 

Fluorescence resonance energy transfer (FRET) experiments were run on an Applied 

Biosystems® QuantumStudio 5 Real-Time PCR thermocycler (Thermo Fisher Scientific) 

equipped with a FAM filter (λex = 492 nm; λem = 516 nm). The thermocycler was set to perform 

a stepwise increase of 0.3 °C every 30 s, from 25 °C to 95 °C, and measurements were acquired 

after each step. All oligonucleotides were purchased from Eurogentec in HPLC purity grade. 

The FRET probes used were FAM (6-carboxyfluorescein) and TAMRA (6-carboxy-

tetramethylrhodamine). The lyophilized fluorolabelled hTelo (21-mer), d[GGG(TTAGGG)3], 

C-KIT1, d[GGGAGGGCGCTGGGAGGAGGG] oligonucleotides were firstly diluted in deionized 

water to obtain 100 μM stock solutions. These were then diluted to a concentration of 400 nM 

in potassium cacodylate buffer (60 mM, pH 7.4), and then annealed to form G-quadruplex 

(G4) structures by heating to 95 °C for 5 min, followed by cooling to room temperature 

overnight. Experiments were carried out in a 96-well plate with a total volume of 30 μL. The 

final concentration of the G4 oligonucleotide was set to 200 nM in potassium cacodylate 

buffer (60 mM, pH = 7.4). Stock solutions of the gold compounds in DMSO (1 mM) were freshly 

prepared prior to the experiments. The stock solutions were further diluted to a final 

concentration of 2 μM (with a total percentage of DMSO of approx. 0.1%) in potassium 

cacodylate buffer (60 mM, pH 7.4) to achieve G4 : gold compound stoichiometry of 1:5. 

 

 Antiproliferative Assays 

To evaluate the inhibition of cell growth by the gold complexes, cells were seeded in 96-well 

tissue culture-treated plates (Corning) at 8000 cells/well in 200 µL complete medium. Working 
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solutions of the gold compounds were prepared in the required concentration by diluting 

freshly prepared stock solutions (10-2 M in DMSO) in complete medium. The stock solutions 

were protected from light in order to avoid potential light-induced degradation. Cells were 

allowed to adhere for 24 h. Then, the medium was refreshed and cells were incubated for 72 h 

in 200 µL complete medium containing different concentrations of the gold compounds. The 

antiproliferative effects of complexes were evaluated using the 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT) assay. Following 72 h exposure, the medium was 

removed and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) in 10 × PBS 

(Corning) was added to the cells, at a final concentration of 0.3 mg/mL. After 3-4 h incubation 

at 37 °C and 5% CO2, the supernatant was discarded and the formazan crystals were dissolved 

with DMSO. The optical density was quantified in quadruplicates for each experiment at 

550 nm using a multi-well plate reader (VICTOR X, Perking Elmer). The EC50 value for each 

compound in both assays was calculated as the concentration showing 50% decrease in cell 

growth, when compared to controls, using a nonlinear fitting. Data is presented as mean 

standard deviation of at least three independent experiments. 

 

 Self-Assembly – Titration Experiment  

5.00 mg 13c (5.14 μmol, 10 eq.) were dissolved in 500 μL DMSO-d6 in an NMR tube and a 

1H NMR spectrum was recorded. In a separate vial, 2.28 mg [Pd(MeCN)4](BF4)2 (5.14 μmol, 

10 eq.) were dissolved in 500 μL DMSO-d6 and used as a stock solution. Subsequently, aliquots 

of 50 μL of the stock solution containing the Pd salt were added directly to the NMR tube 

containing compound 13c and 1H NMR spectra were recorded after each addition. The time 

between two NMR measurements was approximately five minutes. 

 

 Encapsulation Studies 

In a typical experiment, 1.00 μmol (1.0 eq.) of the corresponding cage was dissolved in 500 μL 

DMF-d7 (for cisplatin) or in 500 μL DMSO-d6 (for gold compounds) and a 1H NMR spectrum 

was recorded. The solution was then poured into a vial containing 2.0 eq. cisplatin or 

1.0-2.5 eq. of the corresponding gold compound and stirred for ten minutes. Afterwards, 

1H NMR spectra were recorded after the indicated time intervals. 
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 Quantum Mechanical Calculations 

Density functional theory (DFT) computations were carried out using the Gaussian 09 package 

and GaussView 5. All optimized geometries were checked by frequency determination at 0 K 

for negative eigenfrequencies, corresponding to the local minima (stable compounds) or the 

local maxima (transition states) on the potential energy hypersurfaces. Transition states were 

additionally checked by intrinsic reaction coordinate (IRC) calculations.[184] 

For Chapter 3.1, the structures were optimized on the B3LYP level of theory[185–187] and 

employing the def2-SVP[188] basis set. Subsequently, single point energy calculations were 

performed on the B3LYP/def2-TZVP[188,189] and the M062X/def2-TZVP[190] level to ensure 

comparability of functionals and basis sets. For M062X/def2-TZVP additional single point 

energy calculations have been performed in the presence of DMSO using a self-consistent 

reaction field (SCRF) and the polarizable continuum model (PCM).[191] 

For Chapter 3.2, suitable input geometries of the cage of the reference system and the 

NHC-AuI-triazolyl complex of the representative system were based on molecular structures 

obtained by SC-XRD. The input geometries of the bispyridine ligand of the reference system 

and the heteronuclear Pd–Au cage of the representative system were obtained by modifying 

the aforementioned SC-XRD structures using GaussView 5. For the NHC-AuI-triazolyl 

complex, the isopropyl groups and the tert-butyl groups were exchanged for methyl groups 

using GaussView 5 to reduce the number of atoms to be calculated. The structures were 

optimized on the B3LYP level of theory[185–187] and employing the def2-SVP basis set.[188] 

Subsequently, calculations were performed in the presence of acetonitrile using SCRF and 

PCM.[191] The difference in Gibbs free energies of the two systems was determined according 

to formula (2). For the calculation, [Pd(MeCN)4]4+ was used instead of [Pd(MeCN)4](BF4)2 and 

[Pd2L4]4+ instead of [Pd2L4](BF4)4.[169] 

∆G = ΣGProducts – ΣGReactants = [GCage(IV) + 8×GMeCN] – [2×GPd(II)(MeCN)4 + 4×GLigand] (2) 

For Chapter 3.3, suitable input geometries for endo-C 22H and 25 were based on the molecular 

structures obtained by SC-XRD.[158,165] The input geometries of the encapsulated NHC-AuI-Cl 

complexes were obtained by modifying the SC-XRD structures using GaussView 5. The 

structures were optimized on the ωB97X-D level of theory[192] and employing a split valence 

basis set using 6-31G on C and H atoms, 6-31G*[193–195] on N and Cl and LANL2DZ (including 

ECP for metals)[193,196] on Pd and Au.  
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 Synthetic Procedures 

5.11.1 Synthesis of 1 

 

A mixture of 17.4 μL phenylacetylene (16.9 mg, 132 μmol, 1.0 eq.) and 44.4 mg NaOH 

(1.11 mmol, 7.0 eq.) in 20 mL MeOH was refluxed for 15 minutes. The reaction mixture was 

cooled to room temperature, 50.0 mg chloro-(N,N-dimethylbenzimidazol-2-ylidene)gold(I) 

(132 μmol, 1.0 eq.) were added and the suspension was refluxed for three hours. The solvent 

was removed under reduced pressure, dissolved in 5 mL DCM and extracted with water 

(3 × 5 mL). The combined organic phases were dried with Na2SO4, filtered and dried in vacuo. 

Compound 1 was obtained as a white solid (52.8 mg, 119 μmol, 90%).  

1H NMR (400 MHz, DMSO-d6, 298 K): δ (ppm) = 7.76 (dd, 3J = 6.1 Hz, 4J = 3.2 Hz, 2H, HAr(BzImi)), 

7.49 (dd, 3J = 6.1 Hz, 3.2 Hz, 2H, HAr(BzImi)), 7.32-7.17 (m, 5H, HAr(Ph)), 4.04 (s, 6H, HMe). 

13C NMR (101 MHz, DMSO-d6, 298 K): δ (ppm) = 190.5, 132.1, 131.6, 131.2, 128.2, 126.1, 

124.0, 113.1, 104.5, 52.7, 21.9. 

EA: calcd (%) for C17H15AuN2: C 45.96, H 3.40, N 6.31. Found: C 46.04, H 3.43, N 6.03. 
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5.11.3 Synthesis of 2 

 

A mixture of 26.3 μL naphtylacetylene (28.1 mg, 185 μmol, 1.0 eq.) and 51.8 mg NaOH 

(1.29 mmol, 7.0 eq.) in 15 mL MeOH was refluxed for 15 minutes. The reaction mixture was 

cooled to room temperature, 70.0 mg chloro-(N,N-dimethylbenzimidazol-2-ylidene)gold(I) 

(185 μmol, 1.0 eq.) were added and the suspension was refluxed for four hours. The reaction 

mixture was evaporated to dryness, dissolved in 5 mL DCM and extracted with water 

(3 × 5 mL). The combined organic phases were dried with Na2SO4, filtered and the solvent was 

removed under reduced pressure. Compound 2 was obtained as a slightly yellow solid 

(91.4 mg, 159 μmol, 86%). Single crystals suitable for X-ray diffraction were obtained by slow 

diffusion of pentane into a solution of compound 2 in acetone. 

1H NMR (400 MHz, DMSO-d6, 298 K): δ (ppm) = 8.45 (d, 3J = 8.2 Hz, 1H, HNaph), 7.91 (d, 

3J = 7.2 Hz, 1H, HNaph), 7.81-7.74 (m, 3H, HNaph/HAr(BzImi)), 7.61-7.47 (m, 5H, HNaph/HAr(BzImi)), 7.43 

(dd, 3J = 8.2 Hz, 7.2 Hz, 1H, HNaph), 4.07 (s, 6H, HMe).  

13C NMR (101 MHz, DMSO-d6, 298 K): δ (ppm) = 192.9, 139.1, 133.6, 133.4, 132.9, 129.1, 

128.1, 126.5, 126.1, 125.6, 124.2, 123.9, 111.8, 101.7, 34.7. 

EA: calcd (%) for C21H17AuN2: C 51.02, H 3.47, N 5.67. Found: C 50.83, H 3.47, N 5.42.  
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5.11.4 Synthesis of 3 

 

A mixture of 130 μL tert-butylacetylene (86.8 mg, 1.06 mmol, 5.0 eq.) and 59.2 mg NaOH 

(1.48 mmol, 7.0 eq.) in 15 mL MeOH was refluxed for 15 minutes. The reaction mixture was 

cooled to room temperature, 80.0 mg chloro-(N,N-dimethylbenzimidazol-2-ylidene)gold(I) 

(211 μmol, 1.0 eq.) were added and the suspension was refluxed for four hours. The reaction 

mixture was evaporated to dryness, dissolved in 5 mL DCM and extracted with water 

(3 × 5 mL). The combined organic phases were dried with Na2SO4, filtered and the solvent was 

removed under reduced pressure. The resulting solid was dissolved in 5 mL DCM, filtered over 

basic aluminum oxide and dried in vacuo. Compound 3 was obtained as a white solid (89.7 mg, 

123 μmol, 58%). 

1H NMR (400 MHz, DMSO-d6, 298 K): δ (ppm) = 7.73 (dd, 3J = 6.1 Hz, 4J = 3.1 Hz, 2H, HAr(BzImi)), 

7.47 (dd, 3J = 6.1 Hz, 4J = 3.1 Hz, 2H, HAr(BzImi)), 3.98 (s, 6H, HMe(BzImi)), 1.15 (s, 9H, Ht-Bu). 

13C NMR (101 MHz, DMSO-d6, 298 K): δ (ppm) = 194.0, 133.5, 124.1, 117.4, 112.9, 111.7, 99.5, 

34.5, 32.2, 27.6. 

EA: calcd (%) for C15H19AuN2: C 42.46, H 4.51, N 6.60. Found: C 42.15, H 4.47, N 6.58.  
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5.11.5 Synthesis of 4 

 

A mixture of 25.3 μL phenylacetylene (23.5 mg, 230 μmol, 1.0 eq.) and 64.4 mg NaOH 

(1.61 mmol, 7.0 eq.) in 20 mL MeOH was refluxed for 15 minutes. The reaction mixture was 

cooled to room temperature, 100.0 mg chloro(1,3-diisopropylbenzimidazolin-2-ylidene) 

gold(I) (230 μmol, 1.0 eq.) were added and the suspension was refluxed for three hours. The 

solvent was removed under reduced pressure, dissolved in 5 mL DCM and extracted with 

water (3 × 5 mL). The combined organic phases were dried with Na2SO4, filtered and dried in 

vacuo. Compound 4 was obtained as a white solid (63.1 mg, 127 μmol, 55%). 

1H NMR (400 MHz, DMSO-d6, 298 K): δ (ppm) = 7.96 (dd, 3J = 6.2 Hz, 4J = 3.2 Hz, 2H, HAr(BzImi)), 

7.43 (dd, 3J = 6.2 Hz, 4J = 3.2 Hz, 2H, HAr(BzImi)), 7.34-7.16 (m, 5H, HPh), 5.38 (h, 3J = 7.0 Hz, 2H, 

HCH(i-Pr)), 1.72 (d, 3J = 7.0, 12H, HMe(i-Pr)).  

13C NMR (101 MHz, DMSO-d6, 298 K): δ (ppm) = 190.5, 132.6, 131.6, 131.2, 128.2, 126.2, 

126.1, 124.0, 113.4, 104.5, 52.7, 21.9.  

EA: calcd (%) for C21H23AuN2: C 50.41, H 4.63, N 5.60. Found: C 50.53, H 4.72, N 5.54.  
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5.11.6 Synthesis of 5 

 

A mixture of 22.9 μL naphtylacetylene (24.5 mg, 161 μmol, 1.0 eq.) and 45.1 mg NaOH 

(1.13 mmol, 7.0 eq.) in 20 mL MeOH was refluxed for 15 minutes. The reaction mixture was 

cooled to room temperature, 70.0 mg chloro(1,3-diisopropylbenzimidazolin-2-ylidene)gold(I) 

(161 μmol, 1.0 eq.) were added and the suspension was refluxed for five hours. The solvent 

was removed under reduced pressure and the solid was redissolved in 5 mL DCM and 

extracted with water (3 × 5 mL). The combined organic phases were dried with Na2SO4, 

filtered and evaporated to dryness. The solid was dissolved in 5 mL DCM and fractionally 

precipitated with pentane. The precipitate was washed with pentane (3 × 3 mL) and dried in 

vacuo. Compound 5 was obtained as an off-white solid (49.8 mg, 90.2 μmol, 56%). Single 

crystals suitable for X-ray diffraction were obtained by layering pentane on top of a solution 

of compound 5 in DCM. 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) = 8.69 (d, 3J = 7.5 Hz, 1H, HNaph), 7.80 (d, 3J = 8.1 Hz, 

1H, HNaph), 7.75 (dd, 3J = 7.0 Hz, 4J = 1.3 Hz, 1H, HNaph), 7.70 (dd, 3J = 7.0 Hz, 4J = 1.3 Hz, 1H, 

HNaph), 7.66 (dd, 3J = 6.2 Hz, 4J = 3.2 Hz, 2H, HAr(BzImi)), 7.54 (ddd, 3J = 8.1, 6.9 Hz, 4J = 1.3 Hz, 1H, 

HNaph), 7.47 (ddd, 3J = 8.1, 6.9 Hz, 4J = 1.3 Hz, 1H, HNaph), 7.39-7.36 (m, 3H, HNaph/HAr(BzImi)), 5.64 

(h, 3J = 7.0 Hz, 2H, HCH(i-Pr)), 1.76 (d, 3J = 7.0 Hz, 12H, HMe(i-Pr)).  

13C NMR (101 MHz, CDCl3, 298 K): δ (ppm) = 192.0, 134.0, 133.2, 133.0, 132.6, 130.4, 127.8, 

127.4, 126.6, 125.8, 125.7, 125.2, 123.4, 113.1, 103.1, 53.9, 21.7.  

EA: calcd (%) for C25H25AuN2: C 54.55, H 4.58, N 5.09. Found: C 54.14, H 4.63, N 5.07.  
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5.11.7 Synthesis of 6 

 

A mixture of 99.2 μL tert-butylacetylene (66.1 mg, 805 μmol, 5.0 eq.) and 45.1 mg NaOH 

(1.13 mmol, 7.0 eq.) in 15 mL MeOH was refluxed for 15 minutes. The reaction mixture was 

cooled to room temperature, 70.0 mg chloro(1,3-diisopropylbenzimidazolin-2-ylidene)gold(I) 

(161 μmol, 1.0 eq.) were added and the suspension was refluxed for four hours. The solvent 

was removed under reduced pressure, the solid redissolved in 5 mL DCM and extracted with 

water (3 × 5 mL). The combined organic phases were dried with Na2SO4, filtered and reduced 

in vacuo. Compound 6 was obtained as a white solid (54.3 mg, 113 μmol, 70%). Single crystals 

suitable for X-ray diffraction were obtained by slow diffusion of pentane into a solution of 

compound 6 in acetone. 

1H NMR (400 MHz, DMSO-d6, 298 K): δ (ppm) = 7.93 (dd, 3J = 6.2 Hz, 4J = 3.2 Hz, 2H, HAr(BzImi)), 

7.40 (dd, 3J = 6.2 Hz, 4J = 3.2 Hz, 2H, HAr(BzImi)), 5.35 (h, 3J = 7.0 Hz, 2H, HCH(i-Pr)), 1.67 (d, 

3J = 7.0 Hz, 12H, HMe(i-Pr)), 1.15 (s, 9H, Ht-Bu).  

13C NMR (101 MHz, DMSO-d6, 298 K): δ (ppm) = 191.6, 132.1, 123.9, 115.7, 113.3, 113.1, 55.0, 

52.9, 32.3, 27.7, 21.7. 

EA: calcd (%) for C19H27AuN2: C 47.50, H 5.67, N 5.83. Found: C 47.33, H 5.67, N 5.72.  
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5.11.8 Synthesis of 7 

 

A mixture of 31.4 mg potassium tert-butoxide (279 μmol, 3.0 eq.) and 30.7 μL phenylacetylene 

(28.5 mg, 279 μmol, 3.0 eq.) was dissolved in 2 mL MeOH. In a separate flask, 50.0 mg 

Au(mes)Cl (93.1 μmol, 1.0 eq.) were suspended in 2 mL MeOH. The solution containing the 

alkyne was added dropwise to the suspension containing the gold compound and stirred at 

room temperature overnight. The solvent was removed under reduced pressure, the solid 

redissolved in Et2O, filtered over Celite and dried in vacuo. Compound 7 was obtained as an 

off-white solid (24.2 mg, 40.1 μmol, 43%).  

1H NMR (400 MHz, DMSO-d6, 298 K): δ (ppm) = 7.76 (s, 2H, HAr(Imi)), 7.21-7.06 (m, 9H, 

HAr(mes)/HAr(Ph)), 2.35 (s, 6H, HMe), 2.08 (s, 12H, HMe).  

13C NMR (101 MHz, DMSO-d6, 298 K): δ (ppm) = 187.2, 139.4, 135.5, 135.0, 133.4, 132.3, 

131.4, 129.5, 128.6, 126.4, 123.9, 103.8, 21.2, 17.7. 

EA: calcd (%) for C29H29AuN2: C 57.81, H 4.85, N 4.65. Found: C 57.78, H 4.86, N 4.50.  
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5.11.9 Synthesis of 8 

 

A mixture of 31.4 mg potassium tert-butoxide (279 μmol, 3.0 eq.) and 39.7 μL naphtyl-

acetylene (42.5 mg, 279 μmol, 3.0 eq.) was dissolved in 2 mL MeOH. In a separate flask, 

50.0 mg Au(mes)Cl (93.1 μmol, 1.0 eq.) were suspended in 2 mL MeOH. The solution con-

taining the alkyne was added dropwise to the suspension containing the gold compound and 

stirred at room temperature overnight. The solvent was removed under reduced pressure, 

the solid redissolved in DCM and filtered over Celite. Fractional precipitation with pentane 

yielded compound 8 as an off-white solid (19.6 mg, 29.8 μmol, 32%). Single crystals suitable 

for X-ray diffraction were obtained by slow diffusion of pentane into a solution of compound 

8 in benzene.  

1H NMR (400 MHz, DMSO-d6, 298 K): δ (ppm) = 8.19-8.11 (m, 1H, HNaph), 7.86-7.81 (m, 1H, 

HNaph), 7.77 (s, 2H, HAr(Imi)), 7.70-7.66 (m, 1H, HNaph), 7.50-7.45 (m, 2H, HNaph), 7.37-7.28 (m, 2H, 

HAr(mes)), 7.14 (s, 4H, HAr(mes)), 2.34 (s, 6H, HMe), 2.11 (s, 12H, HMe).  

13C NMR (101 MHz, DMSO-d6, 298 K): δ (ppm) = 186.6, 139.0, 138.5, 135.1, 134.6, 133.1, 

132.8, 129.1, 128.1, 126.3, 126.1, 125.6, 123.7, 123.6, 100.9, 30.8, 20.8, 17.4. 

EA: calcd (%) for C33H31AuN2: C 60.74, H 4.79, N 4.29. Found: C 60.60, H 4.95, N 4.02.  
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5.11.10 Synthesis of 9 

 

A mixture of 31.4 mg potassium tert-butoxide (279 μmol, 3.0 eq.) and 34.4 μL tert-butyl-

acetylene (23.0 mg, 279 μmol, 3.0 eq.) was dissolved in 2 mL MeOH. In a separate flask, 

50.0 mg Au(mes)Cl (93.1 μmol, 1.0 eq.) were suspended in 2 mL MeOH. The solution 

containing the alkyne was added dropwise to the suspension containing the gold compound 

and stirred at room temperature overnight. The solvent was removed under reduced 

pressure, the solid redissolved in Et2O and filtered over Celite. The compound was dried in 

vacuo to yield compound 9 as a white solid (45.6 mg, 78.2 μmol, 84%). Single crystals suitable 

for X-ray diffraction were obtained by slow diffusion of pentane into a solution of compound 

9 in benzene.  

1H NMR (400 MHz, DMSO-d6, 298 K): δ (ppm) = 7.68 (s, 2H, HAr(Imi)), 7.10 (m, 4H, HAr(mes)), 2.33 

(s, 6H, HMe(mes)), 2.04 (s, 12H, HMe(mes)), 0.97 (s, 9H, Ht-Bu).  

13C NMR (101 MHz, DMSO-d6, 298 K): δ (ppm) = 187.6, 138.9, 135.2, 134.6, 129.1, 123.3, 

117.0, 111.6, 32.0, 27.5, 20.8, 17.3.  

EA: calcd (%) for C27H33AuN2: C 55.67, H 5.71, N 4.81. Found: C 55.32, H 5.72, N 4.79.  



  Experimental 

89 

5.11.11 Synthesis of 10 

 

A mixture of 27.1 mg potassium tert-butoxide (242 μmol, 3.0 eq.) and 26.5 μL phenylacetylene 

(24.7 mg, 242 μmol, 3.0 eq.) was dissolved in 2 mL MeOH. In a separate flask, 50.0 mg 

Au(dipp)Cl (80.5 μmol, 1.0 eq.) were suspended in 2 mL MeOH. The solution containing the 

alkyne was added dropwise to the suspension containing the gold compound and stirred at 

room temperature overnight. The solvent was removed under reduced pressure, the solid 

redissolved in Et2O and filtered over Celite. Evaporating the solution to dryness and trituration 

with pentane yielded compound 10 as a white solid (29.0 mg, 41.9 μmol, 52%).  

1H NMR (500 MHz, DMSO-d6, 298 K): δ (ppm) = 7.90 (s, 2H, HAr(Imi)), 7.56 (t, 3J = 7.8 Hz, 2H, 

HAr(dipp)), 7.41 (d, 3J = 7.8 Hz, 4H, HAr(dipp)), 7.16-7.03 (m, 5H, HPh), 2.54-2.52 (m, 4H, HCH(i-Pr)), 

1.27 (d, 3J = 6.8 Hz, 12H, HMe(i-Pr)), 1.20 (d, 3J = 6.8 Hz, 12H, HMe(i-Pr)). 

13C NMR (101 MHz, DMSO-d6, 298 K): δ (ppm) = 188.5, 145.4, 134.3, 132.4, 131.1, 130.4, 

128.0, 126.0, 125.9, 124.6, 124.0, 103.3, 28.4, 24.3, 23.5. 

EA: calcd (%) for C35H41AuN2: C 61.22, H 6.02, N 4.08. Found: C 60.99, H 5.98, N 4.00.  
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5.11.12 Synthesis of 11 

 

A mixture of 27.1 mg potassium tert-butoxide (242 μmol, 3.0 eq.) and 34.4 μL naphtyl-

acetylene (36.8 mg, 242 μmol, 3.0 eq.) was dissolved in 2 mL MeOH. In a separate flask, 

50.0 mg Au(dipp)Cl (80.5 μmol, 1.0 eq.) were suspended in 2 mL MeOH. The solution 

containing the alkyne was added dropwise to the suspension containing the gold compound 

and stirred at room temperature overnight. The solvent was removed under reduced 

pressure, the solid redissolved in DCM and filtered over Celite. Fractional precipitation with 

pentane and drying in vacuo yielded compound 11 as a white solid (16.3 mg, 21.8 μmol, 27%).  

1H NMR (400 MHz, DMSO-d6, 298 K): δ (ppm) = 8.12-8.07 (m, 1H, HNaph), 7.96 (s, 2H, HAr(Imi)), 

7.84-7.80 (m, 1H, HNaph), 7.69-7.64 (m, 1H, HNaph), 7.60-7.55 (m, 2H, HAr(dipp)), 7.46-7.41 (m, 6H, 

HAr(dipp)), 7.31-7.28 (m, 2H, HNaph), 2.56 (h, 3J = 6.8 Hz, 4H, HCH(i-Pr)), 1.34 (d, 3J = 6.8 Hz, 12H, 

HMe(i-Pr)), 1.23 (d, 3J = 6.8 Hz, 12H, HMe(i-Pr)).  

13C NMR (101 MHz, DMSO-d6, 298 K): δ (ppm) = 188.9, 145.8, 138.7, 134.8, 133.6, 133.2, 

130.8, 129.3, 128.5, 126.5, 126.0, 125.1, 124.5, 101.4, 28.8, 24.7, 24.0. 

EA: calcd (%) for C39H43AuN2: C 63.58, H 5.88, N 3.80. Found: C 63.63, H 5.90, N 3.77.  
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5.11.13 Synthesis of 12 

 

A mixture of 27.1 mg potassium tert-butoxide (242 μmol, 3.0 eq.) and 29.8 μL tert-butyl-

acetylene (19.8 mg, 242 μmol, 3.0 eq.) was dissolved in 2 mL MeOH. In a separate flask, 50.0 

mg Au(dipp)Cl (80.5 μmol, 1.0 eq.) were suspended in 2 mL MeOH. The solution containing 

the alkyne was added dropwise to the suspension containing the gold compound and stirred 

at room temperature overnight. The solvent was removed under reduced pressure, the solid 

redissolved in Et2O and filtered over Celite. Drying in vacuo yielded compound 12 as a white 

solid (42.4 mg, 63.6 μmol, 79%).  

1H NMR (400 MHz, DMSO-d6, 298 K): δ (ppm) = 7.87 (s, 2H, HAr(Imi)), 7.55 (t, 3J = 7.8 Hz, 2H, 

HAr(dipp)), 7.41 (d, 3J = 7.8 Hz, 4H, HAr(dipp)), 2.54-2.52 (m, 4H, HCH(i-Pr)), 1.26 (d, 3J = 6.9 Hz, 12H, 

HMe(i-Pr)), 1.19 (d, 3J = 6.9 Hz, 12H, HMe(i-Pr)), 0.96 (s, 9H, Ht-Bu).  

13C NMR (101 MHz, DMSO-d6, 298 K): δ (ppm) = 189.4, 145.3, 134.5, 130.3, 124.5, 124.0, 

116.0, 111.4, 32.2, 28.4, 27.4, 24.3, 23.5.  

EA: calcd (%) for C33H45AuN2: C 59.45, H 6.80, N 4.20. Found: C 59.37, H 6.89, N 4.25.  
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5.11.14 Synthesis of LNH2 

 

Under argon atmosphere, 486 mg 3,5-dibromoaniline (1.85 mmol, 1.0 eq.), 800 mg 3-ethynyl-

pyridine (6.76 mmol, 4.0 eq.), 126 mg [Pd(PPh3)2Cl2] (185 μmol, 0.1 eq.) and 37.0 mg CuI 

(185 μmol, 0.1 eq.) were added to degassed triethylamine and stirred for 72 h at 70 °C. The 

reaction mixture was diluted with ethylacetate (50 mL) and filtered over Celite. The solvent 

was removed under reduced pressure and the crude residue was further purified by column 

chromatography (Hex/EtOAc = 100:0 → 0:100) to give compound LNH2 as an off-white solid 

(435 mg, 1.47 mmol, 77%). 

Rf = 0.7 (Hex/EtOAc 100:5) [UV] 

1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm) = 8.75 (s, 2H, Ha), 8.59 (d, 3J = 4.9 Hz, 2H, Hb), 

7.97 (dt, 3J = 8.0 Hz, 4J = 1.9 Hz, 2H, Hc), 7.47 (dd, 3J = 8.0, 4.9 Hz, 2H, Hd), 6.91 (t, 4J = 1.4 Hz, 

1H, He), 6.81 (d, 4J = 1.4 Hz, 2H, Hf), 5.57 (s, 2H, HNH2).   
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5.11.15 Synthesis of LN3 

 

125 mg LNH2 (423 μmol, 1.0 eq.) were dissolved in 3 mL HCl (6M). In a separate flask, 35 mg 

NaNO2 (508 μmol, 1.2 eq.) were dissolved in water (3 mL) and added slowly to the flask 

containing LNH2. The reaction mixture was stirred for 30 min at 0 °C. Subsequently, a solution 

of 55.0 mg NaN3 (847 μmol, 2.0 eq.) in water (3 mL) was added dropwise and stirred at room 

temperature for 2 h. The solution was brought to pH 8.5 with a 2 M solution of NaOH to give 

a pale brown precipitate, which was filtered and washed with H2O (3 × 10 mL) and Et2O 

(3 × 10 mL) to yield compound LN3 as a pale brown solid (134 mg, 415 μmol, 98%). 

1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm) = 8.81 (dd, 4J = 1.9 Hz, 5J = 0.9 Hz, 2H, Ha), 8.63 

(dd, 3J = 4.9 Hz, 4J = 1.9 Hz, 2H, Hb), 8.03 (dt, 3J = 7.9 Hz, 4J = 1.9 Hz, 2H, Hc), 7.63 (t, 4J = 1.4 Hz, 

1H, Hd), 7.51 (ddd, 3J = 7.9, 4.9 Hz, 5J = 0.9 Hz, 2H, He), 7.42 (d, 4J = 1.4 Hz, 2H, Hf).   
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5.11.16 Synthesis of 13a 

 

A mixture of 50.0 mg NHC-AuI-alkynyl complex 9 (85.8 μmol, 1.0 eq.), 55.2 mg LN3 (172 μmol, 

2.0 eq.) and 164 mg copper turnings (2.57 mmol, 30.0 eq.) were suspended in a mixture of 

3 mL t-BuOH/H2O (2:1) and stirred at room temperature for 48 h. The solvent was removed 

under reduced pressure, the solid redissolved in acetonitrile (5 mL) and filtered over Celite. 

The resulting yellow solution was evaporated to dryness and the solid dissolved in dichloro-

methane (1 mL). A fractional precipitation with pentane was performed. The first fraction, an 

orange oil, was discarded. The second fraction, a white precipitate, was collected, washed 

with pentane (3 × 5 mL) and dried in vacuo to yield compound 13a as a white solid (21.9 mg, 

21.7 μmol, 28%). Single crystals suitable for X-ray diffraction were obtained by dissolving 

compound 13a in dichloromethane, layering with pentane and storage in the freezer (–32 °C) 

over several days. 

1H NMR (500 MHz, DMF-d7, 298 K): δ (ppm) = 8.91 (dd, 4J = 1.9 Hz, 5J = 0.9 Hz, 2H, Ha), 8.69 

(dd, 3J = 4.9 Hz, 4J = 1.9 Hz, 2H, Hb), 8.13 (dt, 3J = 7.9 Hz, 4J = 1.9 Hz, 2H, Hc), 7.89 (d, 4J = 1.5 Hz, 

2H, Hd), 7.84 (s, 2H, He), 7.83 (t, 4J = 1.5 Hz, 1H, Hf), 7.57 (ddd, 3J = 7.9 Hz, 4.9 Hz, 5J = 0.9 Hz, 

2H, Hg), 7.06 (s, 4H, HAr(mes)), 2.33 (s, 6H, HMe(mes)), 2.16 (s, 12H, HMe(mes)), 1.21 (s, 9H, Ht-Bu). 

1H DOSY NMR (400 MHz, DMSO-d6, 298 K): log D = –9.85 

13C NMR (101 MHz, DMF-d7, 298 K): δ (ppm) = 189.3, 164.4, 159.2, 152.4, 149.9, 143.0, 139.4, 

139.1, 135.6, 135.0, 133.0, 129.3, 126.8, 124.1, 123.8, 123.6, 119.8, 91.1, 87.9, 32.4, 31.6, 20.7, 

17.4. 

MS (ESI, MeCN): m/z = 904.36 [M+H]+ (calc. for C47H45AuN7
+: 904.34), 453.09 [M+2H]2+ (calc. 

for C47H46AuN7
2+: 453.18). 
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5.11.17 Synthesis of 13b 

 

A mixture of 46.6 mg NHC-AuI-alkynyl complex 10 (67.9 μmol, 1.0 eq.), 43.6 mg LN3 

(136 μmol, 2.0 eq.) and 147 mg copper turnings (2.31 mmol, 34 eq.) were suspended in a 

mixture of 3 mL t-BuOH/H2O (2:1) and stirred at room temperature for 48 h. The solvent was 

removed under reduced pressure, the solid redissolved in acetonitrile (5 mL) and filtered over 

Celite. The resulting yellow solution was evaporated to dryness and the solid dissolved in 

dichloromethane (1 mL). A fractional precipitation with pentane was performed. The first 

fraction, an orange oil, was discarded. The second fraction, a white precipitate, was collected, 

washed with pentane (3 × 5 mL) and dried in vacuo to yield compound 13b as a white solid 

(15.1 mg, 15.0 μmol, 22%). Single crystals suitable for X-ray diffraction were obtained by 

dissolving compound 13b in dichloromethane, layering with pentane and storage in the 

freezer (–32 °C) over several days. 

1H NMR (500 MHz, DMSO-d6, 298 K): δ (ppm) = 8.85 (dd, 4J = 1.9 Hz, 5J = 0.9 Hz, 2H, Ha), 8.66 

(dd, 3J = 4.8 Hz, 4J = 1.9 Hz, 2H, Hb), 8.07 (dt, 3J = 7.9 Hz, 4J = 1.9 Hz, 2H, Hc), 7.94 (s, 2H, Hd), 

7.82 (t, 4J = 1.5 Hz, 1H, He), 7.79 (dd, 3J = 8.1 Hz, 4J = 1.6 Hz 2H, HPh), 7.60-7.52 (m, 4H, 

Hg/HAr(dipp)), 7.51 (d, 4J = 1.5 Hz, 2H, Hf), 7.31 (d, 3J = 7.8 Hz, 4H, HAr(dipp)), 7.16-7.06 (m, 3H, HPh), 

2.58-2.51 (m, 4H, HCH(dipp)), 1.16 (d, 3J = 6.9 Hz, 12H, HMe(dipp)), 1.10 (d, 3J = 6.9 Hz, 12H, HMe(dipp)). 

1H DOSY NMR (400 MHz, DMSO-d6, 298 K): log D = –9.89 

13C NMR (101 MHz, DMSO-d6, 298 K): δ (ppm) = 189.2, 153.5, 151.8, 149.6, 144.9, 141.8, 138.8, 

134.0, 130.5, 128.2, 127.9, 125.1, 123.9, 123.0, 119.0, 90.9, 97.9, 28.3, 23.8, 23.6. 

MS (ESI, MeCN): m/z = 1008.33 [M+H]+ (calc. for C55H53AuN7
+: 1008.40), 505.12 [M+2H]2+ (calc. 

for C55H54AuN7
2+: 505.21). 
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5.11.18 Synthesis of 13c 

 

A mixture of 100 mg NHC-AuI-alkynyl complex 12 (150 μmol, 1.0 eq.), 96.4 mg LN3 (300 μmol, 

2.0 eq.) and 238 mg copper turnings (3.75 mmol, 25.0 eq.) were suspended in a mixture of 

6 mL t-BuOH/H2O (2:1) and stirred at room temperature for 48 h. The solvent was removed 

under reduced pressure, the solid redissolved in acetonitrile (10 mL) and filtered over Celite. 

The resulting yellow solution was evaporated to dryness and the solid dissolved in dichloro-

methane (2 mL). A fractional precipitation with pentane was performed. The first fraction, an 

orange oil, was discarded. The second fraction, a white precipitate, was collected, washed 

with pentane (3 × 5 mL) and dried in vacuo to yield compound 13c as a white solid (103 mg, 

104 μmol, 69%). Single crystals suitable for X-ray diffraction were obtained by dissolving 

compound 13c in dichloromethane, layering with pentane and storage in the freezer (–32 °C) 

over several days. 

1H NMR (500 MHz, DMSO-d6, 298 K): δ (ppm) = 8.84 (d, 4J = 1.7 Hz, 2H, Ha), 8.65 (dd, 3J = 4.8 Hz, 
4J = 1.7 Hz, 2H, Hb), 8.06 (dt, 3J = 8.0 Hz, 4J = 1.8 Hz, 2H, Hc), 7.91 (s, 2H, Hd), 7.73 (t, 4J = 1.4 Hz, 

1H, He), 7.59-7.48 (m, 4H, Hf/HAr(dipp)), 7.37 (d, 4J = 1.5 Hz, 2H, Hg), 7.26 (d, 3J = 7.8 Hz, 4H, 

HAr(dipp)), 2.56-2.51 (m, 4H, HCH(dipp)), 1.19 (d, 3J = 6.9 Hz, 12H, HMe(dipp)), 1.09 (d, 3J = 6.9 Hz, 12H, 

HMe(dipp)), 0.97 (s, 9H, Ht-Bu). 

1H DOSY NMR (400 MHz, DMSO-d6, 298 K): log D = –9.88 

13C NMR (101 MHz, DMSO-d6, 298 K): δ (ppm) = 190.3, 163.5, 158.4, 151.8, 149.5, 144.68, 

142.4, 138.8, 134.3, 133.5, 130.3, 128.0, 124.7, 123.9, 122.8, 119.2, 91.1, 87.8, 32.2, 30.9, 28.3, 

23.8. 

MS (ESI, MeCN): m/z = 988.36 [M+H]+ (calc. for C53H57AuN7
+: 988.43), 495.15 [M+2H]2+ (calc. 

for C53H58AuN7
2+: 495.22). 
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5.11.19 Synthesis of 14a 

 

A mixture of 20.0 mg 13a (22.1 μmol, 4.0 eq.) and 4.91 mg [Pd(MeCN)4](BF4)2 (11.1 μmol, 

2.0 eq.) were dissolved in 3 mL MeCN and stirred at room temperature for two hours. After 

precipitation by addition of diethyl ether, the solid was filtered, washed with diethyl ether 

(3 × 5 mL) and dried in vacuo to yield compound 14a as an off-white solid (19.8 mg, 4.75 μmol, 

86%). 

1H-NMR (500 MHz, DMSO-d6, 298 K): δ (ppm) = 9.76 (s, 8H, Ha), 9.35 (d, 3J = 5.3 Hz, 8H, Hb), 

8.28 (d, 3J = 8.1 Hz, 8H, Hc), 7.92-7.76 (m, 20H, Hd), 7.57 (s, 8H, He), 6.80 (s, 16H, HAr(mes)), 2.07 

(s, 24H, HMe(mes)), 1.78 (s, 48H, HMe(mes)), 1.05 (d, 36H, Ht-Bu). 

1H DOSY NMR (400 MHz, DMSO-d6, 298 K): log D = –10.19  
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5.11.20 Synthesis of 14b 

 

A mixture of 13.8 mg 13b (13.7 μmol, 4.0 eq.) and 6.08 mg [Pd(MeCN)4](BF4)2 (6.84 μmol, 

2.0 eq.) were dissolved in 3 mL MeCN and stirred at room temperature for two hours. After 

precipitation by addition of diethyl ether, the solid was filtered, washed with diethyl ether 

(3 × 5 mL) and dried in vacuo to yield compound 14b as an off-white solid (5.90 mg, 1.39 μmol, 

41%). 

1H DOSY NMR (400 MHz, DMSO-d6, 298 K): log D = –10.24 
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5.11.21 Synthesis of 14c 

 

A mixture of 27.9 mg 13c (28.2 μmol, 4.0 eq.) and 6.27 mg [Pd(MeCN)4](BF4)2 (14.1 μmol, 

2.0 eq.) were dissolved in 3 mL MeCN and stirred at room temperature for two hours. After 

precipitation by addition of diethyl ether, the solid was filtered, washed with diethyl ether 

(3 × 5 mL) and dried in vacuo to yield compound 14c as an off-white solid (30.3 mg, 6.70 μmol, 

95%). 

1H NMR (500 MHz, DMSO-d6, 298 K): δ (ppm) = 10.02 (s, 8H, Ha), 9.40 (d, 3J = 5.3 Hz, 8H, Hb), 

8.25 (d, 3J = 8.1 Hz, 8H, Hc), 7.91 (dd, 3J = 8.1, 5.3 Hz, 8H, Hd), 7.84 (t, 4J = 1.2 Hz, 4H, He), 7.71 

(s, 8H, Hf), 7.48 (d, 4J = 1.2 Hz, 8H, Hg), 7.45 (t, 3J = 7.7 Hz, 8H, HAr(dipp)), 7.03 (d, 3J = 7.7 Hz, 16H, 

HAr(dipp)), 2.53-2.51 (m, 16H, HCH(dipp)), 1.07 (d, 3J = 6.8 Hz, 48H, HMe(dipp)), 0.93 (s, 36H, Ht-Bu), 

0.86 (d, 3J = 6.8 Hz, 48H, HMe(dipp)). 

1H DOSY NMR (400 MHz, DMSO-d6, 298 K): log D = –10.18 

MS (ESI, MeCN): m/z = 1138.87 [M + 4MeCN + 3Et2O]4+ (calc. for C232H266Au4N32O3Pd24+: 

1138.96), 1088.69 [M + MeCN + 2 Et2O]4+ (calc. for C222H247Au4N29O2Pd2
4+: 1088.67), 988.41 

[13c + H]+ (calc. for C53H57AuN7
+: 988.43), 495.19 [13c + 2H]+ (calc. for C53H58AuN7

2+: 495.22). 
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5.11.22 Synthesis of 17Imi 

 

In two separate flasks, a solution of 86.2 mg of 1-methylimidazole (1.05 mmol, 1.0 eq.) in 3 mL 

THF and a solution containing 400 mg perfluorophenyl 4-(bromomethyl)benzoate (1.05 mmol, 

1.0 eq.) in 3 mL THF were prepared. The solution containing 1-methylimidazole was then 

added dropwise to the second flask and the resulting mixture was refluxed for 24 h. Subse-

quently, the solvent was decanted from the newly formed precipitate. The solid was washed 

with THF (3 × 10 mL) and dried in vacuo to yield compound 17Imi as a white solid (402 mg, 

868 μmol, 83%). 

1H NMR (400 MHz, DMSO-d6, 298 K): δ (ppm) = 9.25 (t, 4J = 1.8 Hz, 1H, NCHN), 8.24 (d, 

3J = 8.1 Hz, 2H, HPh), 7.83 (t, 4J = 1.8 Hz, 1H, HAr(Imi)), 7.77 (t, 4J = 1.8 Hz, 1H, HAr(Imi)), 7.67 (d, 

3J = 8.1 Hz, 2H, HPh), 5.61 (s, 2H, HCH2), 3.87 (s, 3H, HMe). 
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5.11.23 Synthesis of 17BzImi 

 

In two separate flasks, a solution of 139 mg 1-methylbenzimidazole (1.05 mmol, 1.0 eq.) in 

3 mL THF and a solution containing 400 mg of perfluorophenyl 4-(bromomethyl)benzoate 

(1.05 mmol, 1.0 eq.) in 3 mL THF were prepared. The solution containing 1-methylbenz-

imidazole was then added dropwise to the second flask and the resulting mixture was refluxed 

for 24 h. Subsequently, the solvent was decanted from the newly formed precipitate. The solid 

was washed with THF (3 × 10 mL) and dried in vacuo to yield compound 17BzImi as a white solid 

(423 mg, 824 μmol, 79%). 

1H NMR (400 MHz, DMSO-d6, 298 K): δ (ppm) = 9.85 (s, 1H, NCHN), 8.23 (d, 3J = 8.2 Hz, 2H, 

HPh), 8.07 (d, 3J = 8.1 Hz, 1H, HAr(BzImi)), 7.92 (d, 3J = 8.1 Hz, 1H, HAr(BzImi)), 7.76 (d, 3J = 8.2 Hz, 2H, 

HPh), 7.73-7.66 (m, 2H, HAr(BzImi)), 5.96 (s, 2H, HCH2), 4.13 (s, 3H, HMe). 
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5.11.24 Synthesis of 21 

 

A suspension of 1.00 g 1-methylbenzimidazole (7.57 mmol, 1.0 eq.) in 10 mL toluene was 

prepared and 1.07 mL of 4-bromobut-1-yne (1.51 g, 11.4 mmol, 1.5 eq.) were added dropwise. 

The reaction mixture was refluxed for three days. After cooling to room temperature, 20 mL 

Et2O were added and the reaction mixture was stirred for another five hours at room 

temperature. The reaction mixture was filtered, the solid washed with diethyl ether 

(3 × 25 mL) and dried in vacuo to yield compound 21 as an off-white solid (1.89 g, 7.12 mmol, 

94%). 

1H NMR (400 MHz, DMSO-d6, 298 K): δ (ppm) = 9.99 (s, 1H, NCHN), 8.22-8.12 (m, 1H, HAr(BzImi)), 

8.10-7.99 (m, 1H, HAr(BzImi)), 7.76-7.63 (m, 2H, HAr(BzImi)), 4.70 (t, 3J = 6.7 Hz, 2H, NCH2CH2), 4.13 

(s, 3H, HMe), 3.00 (t, 3J = 2.6 Hz, 1H, CCH), 2.91 (td, 3J = 6.7 Hz, 4J = 2.6 Hz, 2H, NCH2CH2). 
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5.11.25 Synthesis of 18 

 

Under Schlenk conditions, 165 mg of 21 (624 μmol, 1.0 eq.) and 86.7 mg of Ag2O (374 μmol, 

0.6 eq.) were added to 6 mL dry DCM and stirred for 48 h at room temperature in the dark. 

Thereafter, 200 mg of Au(tht)Cl (624 μmol, 1.0 eq.) and 54.7 mg of NaCl (936 μmol, 1.5 eq.) 

were added and the reaction mixture was stirred for two more hours at room temperature. 

The flask was opened to air, filtered over Celite and the solution was evaporated to dryness. 

The brownish solid was dissolved in 5 mL DCM and precipitated by the addition of pentane. 

The resulting solid was filtered, washed with pentane (3 × 10 mL) and dried in vacuo to yield 

compound 18 as an off-white solid (194 mg, 462 μmol, 74%). 

1H NMR (400 MHz, DMSO-d6, 298 K): δ (ppm) = 7.63-7.43 (m, 4H, HAr(BzImi)), 4.63 (t, 3J = 6.9 Hz, 

2H, NCH2CH2), 4.06 (s, 3H, HMe), 2.88 (td, 3J = 6.9 Hz, 4J = 2.7 Hz, 2H, NCH2CH2), 2.00 (t, 

4J = 2.7 Hz, 1H, CCH). 
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5.11.26 Synthesis of 20 

 

In a microwave tube, 20.0 mg of benzimidazolium salt 21 (75.7 μmol, 1.0 eq.), 73.0 mg LN3 

(227 μmol, 3.0 eq.), 5.67 mg CuSO4 × 5·H2O (22.7 μmol, 0.3 eq.) and 962 μg copper powder 

(15.1 μmol, 0.2 eq.) were suspended in 2 mL H2O/t-BuOH (2:1) and stirred at 100 °C and 150W 

for two hours. The solution was evaporated under reduced pressure, dissolved in MeCN and 

filtered over Celite. After removal of 2/3 of the solvent under reduced pressure, a fractional 

precipitation with diethyl ether was performed. The first fraction, a brown oil, was discarded. 

The second fraction, a light-yellow precipitate, was collected, washed with diethyl ether 

(3 × 10 mL) and dried in vacuo to yield compound 20 as a yellowish solid (14.3 mg, 32%). 

1H NMR (400 MHz, DMSO-d6, 298 K): δ (ppm) = 9.71 (s, 1H, NCHN), 8.87 (br. s, 2H, Ha), 8.84 (s, 

1H, Hb), 8.69 (br. s, 2H, Hc), 8.15 (d, 4J = 1.5 Hz, 2H, Hd), 8.13-8.02 (m, 4H, HAr(BzImi)/He), 7.94 (t, 

4J = 1.5 Hz, 1H, Hf), 7.76-7.67 (m, 2H, HAr(BzImi)), 7.56 (dd, 3J = 8.0, 4.5 Hz, 2H, Hg), 4.89 (t, 
3J = 6.9 Hz, 2H, NCH2CH2), 4.08 (s, 3H, HMe), 3.44 (t, 3J = 6.9 Hz, 2H, NCH2CH2). 

MS (ESI, MeCN): m/z = 506 [M]+ (calc. for C32H24N7
+: 506.21), 346 [M–BzImi(CH2CH3)]2+ (calc. 

for C22H12N5
+: 346.11). 
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5.11.27 Synthesis of 22H 

 

A solution of 63.4 mg 1,3-bis(pyridin-3-ylethynyl)benzene (225 μmol, 4.0 eq.) and 30.0 mg 

Pd(NO3)2 × 2·H2O (113 μmol, 2.0 eq.) were stirred in 3 mL DMSO at room temperature for one 

hour. After precipitation by addition of acetone and diethyl ether, the solid was filtered, 

washed with cold acetone and diethyl ether and dried in vacuo to give compound 22H as an 

off-white solid (81.6 mg, 51.5 μmol, 91%). 

1H NMR (400 MHz, DMSO-d6, 298 K): δ (ppm) = 9.78 (s, 8H, Ha), 9.39 (d, 3J = 5.8 Hz, 8H, Hb), 

8.32 (d, 3J = 8.0 Hz, 8H, Hc), 7.97 (t, 3J = 7.8 Hz, 4H, Hd), 7.83 (dd, 3J = 8.0, 5.8 Hz, 8H, He), 7.76 

(d, 3J = 7.8 Hz, 8H, Hf). 
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5.11.28 Synthesis of 22CO2Bz 

 

A solution of 37.3 mg benzyl 3,5-bis(pyridin-3-ylethynyl)benzoate (90.0 μmol, 4.0 eq.) and 

20.0 mg [Pd(MeCN)4](BF4)2 (45.0 μmol, 2.0 eq.) were stirred in 3 mL DMSO at room temper-

ature for three hours. After precipitation by addition of acetone and diethyl ether, the solid 

was filtered, washed with cold acetone and diethyl ether and dried in vacuo to give compound 

2 as an off-white solid (27.0 mg, 12.2 μmol, 54%). 

1H NMR (500 MHz, DMSO-d6, 298 K): δ (ppm) = 9.55 (d, 4J = 1.7 Hz, 8H, Ha), 9.40 (d, 3J = 5.7 Hz, 

8H, Hb), 8.36 (dt, 3J = 8.1 Hz, 4J = 1.7 Hz, 8H, Hc), 8.22 (d, 4J = 1.6 Hz, 8H, Hd), 8.16 (t, 4J = 1.6 Hz, 

4H, He), 7.84 (dd, 3J = 8.1, 5.7 Hz, 8H, Hf), 7.48-7.44 (m, 8H, HPh), 7.42-7.34 (m, 12H, HPh), 5.36 

(s, 8H, HCH2). 
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5.11.29 Synthesis of 25 

 

Under Schlenk conditions, 69.9 mg of 1,3-dimethyl-1H-imidazol-3-ium chloride (312 μmol, 

1.0 eq.) and 36.1 mg of Ag2O (156 μmol, 0.5 eq.) were dissolved in 20 mL of dry DCM/EtOH 

(1:1) and stirred at room temperature for three hours. To the resulting grey suspension, 

100 mg of Au(tht)Cl (312 μmol, 1.0 eq.) were added and the mixture stirred for another 

20 hours at room temperature. The flask was opened to air and filtered over Celite. The clear 

yellow solution was removed under reduced pressure to approximately 1/3 its original volume 

and 10 mL of pentane were added. The resulting precipitate was separated by centrifugation, 

washed with pentane (3 × 5 mL) and dried in vacuo to yield compound 25 as a yellow solid 

(29.2 mg, 90.5 μmol, 29%). 

1H NMR (400 MHz, DMSO-d6, 298 K): δ (ppm) = 7.42 (s, 2H, CH) 3.73 (s, 6H, HMe). 
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6 Appendix 

 NMR Spectroscopy 

 

Figure 50: 1H NMR (top) and 13C NMR spectra (bottom) of compound 1 in DMSO-d6. Reprinted from Ref. 145. 
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Figure 51: 1H NMR (top) and 13C NMR spectra (bottom) of compound 2 in DMSO-d6. Reprinted from Ref. 145. 
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Figure 52: 1H NMR (top) and 13C NMR spectra (bottom) of compound 3 in DMSO-d6. Reprinted from Ref. 145. 
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Figure 53: 1H NMR (top) and 13C NMR spectra (bottom) of compound 4 in DMSO-d6. Reprinted from Ref. 145. 
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Figure 54: 1H NMR (top) and 13C NMR spectra (bottom) of compound 5 in CDCl3. Reprinted from Ref. 145. 



  Appendix 

113 

 

Figure 55: 1H NMR (top) and 13C NMR spectra (bottom) of compound 6 in DMSO-d6. Reprinted from Ref. 145. 
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Figure 56: 1H NMR (top) and 13C NMR spectra (bottom) of compound 7 in DMSO-d6. Reprinted from Ref. 145. 
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Figure 57: 1H NMR (top) and 13C NMR spectra (bottom) of compound 8 in DMSO-d6. Reprinted from Ref. 145. 
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Figure 58: 1H NMR (top) and 13C NMR spectra (bottom) of compound 9 in DMSO-d6. Reprinted from Ref. 145. 
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Figure 59: 1H NMR (top) and 13C NMR spectra (bottom) of compound 10 in DMSO-d6. Reprinted from Ref. 145. 
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Figure 60: 1H NMR (top) and 13C NMR spectra (bottom) of compound 11 in DMSO-d6. Reprinted from Ref. 145. 
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Figure 61: 1H NMR (top) and 13C NMR spectra (bottom) of compound 12 in DMSO-d6. Reprinted from Ref. 145. 
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Figure 62: 1H NMR spectrum of compound LNH2
 in DMSO-d6. 

 

Figure 63: 1H NMR spectrum of compound LN3 in DMSO-d6. 



  Appendix 

121 

 

Figure 64: 1H NMR (top) and 13C NMR spectra (bottom) of compound 13a in DMF-d7. 
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Figure 65: 1H NMR (top) and 13C NMR spectra (bottom) of compound 13b in DMSO-d6. 
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Figure 66: 1H NMR (top) and 13C NMR spectra (bottom) of compound 13c in DMSO-d6. 
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Figure 67: 1H NMR spectrum of compound 14a in DMSO-d6. 

 

Figure 68: 1H NMR spectrum of compound 14c in DMSO-d6. 
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Figure 69: 1H NMR spectrum of 17Imi in DMSO-d6. 

 

Figure 70: 1H NMR spectrum of 17BzImi in DMSO-d6. 
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Figure 71: 1H NMR spectrum of 21 in DMSO-d6. 

 

Figure 72: 1H NMR spectrum of 18 in CDCl3. 
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Figure 73: 1H NMR spectrum of 20 in DMSO-d6. 

 

Figure 74: 1H NMR spectrum of 22H in DMSO-d6. 
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Figure 75: 1H NMR spectrum of 22CO2Bz in DMSO-d6. 

 

Figure 76: 1H NMR spectrum of 25 in DMSO-d6. 
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Figure 77: 1H-NMR spectra of 1 in DMSO-d6/D2O (80:20) (top) and after two days (bottom). Reprinted from 

Ref. 145. 

 

Figure 78: 1H-NMR spectra of 2 in DMSO-d6/D2O (80:20) (top) and after two days (bottom). Reprinted from 

Ref. 145. 
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Figure 79: 1H-NMR spectra of 3 in DMSO-d6/D2O (80:20) (top) and after two days (bottom). Reprinted from 

Ref. 145. 

 

Figure 80: 1H-NMR spectra of 4 in DMSO-d6/D2O (80:20) (top) and after two days (bottom). Reprinted from 

Ref. 145. 
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Figure 81: 1H-NMR spectra of 5 in DMSO-d6/D2O (80:20) (top) and after two days (bottom). Reprinted from 

Ref. 145. 

 

Figure 82: 1H-NMR spectra of 6 in DMSO-d6/D2O (80:20) (top) and after two days (bottom). Reprinted from 

Ref. 145. 
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Figure 83: 1H-NMR spectra of 7 in DMSO-d6/D2O (80:20) (top) and after nine days (bottom). Reprinted from 

Ref. 145. 

 

Figure 84: 1H-NMR spectra of 8 in DMSO-d6/D2O (80:20) (top) and after nine days (bottom). Reprinted from 

Ref. 145. 
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Figure 85: 1H-NMR spectra of 9 in DMSO-d6/D2O (80:20) (top) and after nine days (bottom). Reprinted from 

Ref. 145. 

 

Figure 86: 1H-NMR spectra of 10 in DMSO-d6/D2O (80:20) (top) and after nine days (bottom). Reprinted from 

Ref. 145. 
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Figure 87: 1H-NMR spectra of 11 in DMSO-d6/D2O (80:20) (top) and after nine days (bottom). Reprinted from 

Ref. 145. 

 

Figure 88: 1H-NMR spectra of 12 in DMSO-d6/D2O (80:20) (top) and after nine days (bottom). Reprinted from 

Ref. 145. 
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Figure 89: 1H-NMR spectra in DMSO-d6 of compound 1 in the presence of EtSH recorded over time. A shows the 

whole spectra, B and C show selected cutouts between 9.90-7.10 ppm and 4.25-3.70 ppm. D shows the 1H-NMR 

spectra in DMSO-d6 of Au(Me-BzImi)2BF4. Reprinted from Ref. 145. 

 

Figure 90: 1H-NMR spectra in DMSO-d6 of compound 6 in the presence of EtSH recorded over time. Reprinted 

from Ref. 145. 
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Figure 91: 1H-NMR spectra in DMSO-d6 of compound 12 in the presence of EtSH recorded over time. Reprinted 

from Ref. 145. 

 

Figure 92: 1H-NMR spectra in DMSO-d6 of compound 2 in the presence of EtSH recorded over time. A shows the 

whole spectra, B and C show selected cutouts between 9.90-7.20 ppm and 4.37-3.84 ppm. Reprinted from 

Ref. 145. 
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Figure 93: 1H-NMR spectra in DMSO-d6 of compound 3 in the presence of EtSH recorded over time. A shows the 

whole spectra, B and C show selected cutouts between 9.75-7.40 ppm and 4.10-1.15 ppm. Reprinted from 

Ref. 145. 

 

Figure 94: 1H-NMR spectra in DMSO-d6 of compound 4 in the presence of EtSH recorded over time. A shows the 

whole spectra, B and C show selected cutouts between 9.90-5.00 ppm and 3.95-1.50 ppm. D shows the 1H-NMR 

spectra in DMSO-d6 of Au(i-Pr-BzImi)2BF4. Reprinted from Ref. 145. 
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Figure 95: 1H-NMR spectra in DMSO-d6 of compound 5 in the presence of EtSH recorded over time. A shows the 

whole spectra, B and C show selected cutouts between 9.90-4.90 ppm and 1.90-1.56 ppm. Reprinted from 

Ref. 145. 

 

Figure 96: 1H-NMR spectra in DMSO-d6 of compound 7 in the presence of EtSH recorded over time. A shows the 

whole spectra, B and C show selected cutouts between 8.25-6.90 ppm and 2.40-1.90 ppm. Reprinted from 

Ref. 145. 
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Figure 97: 1H-NMR spectra in DMSO-d6 of compound 9 in the presence of EtSH recorded over time. A shows the 

whole spectra, B and C show selected cutouts between 7.85-6.85 ppm and 3.05-0.95 ppm. Reprinted from 

Ref. 145. 

 

Figure 98: 1H-NMR spectra in DMSO-d6 of compound 10 in the presence of EtSH recorded over time. A shows the 

whole spectra, B and C show selected cutouts between 8.35-6.85 ppm and 1.45-1.05 ppm. Reprinted from 

Ref. 145. 
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Figure 99: 1H-NMR spectra in DMSO-d6 of compound 11 in the presence of EtSH recorded over time. A shows the 

whole spectra, B and C show selected cutouts between 8.50-6.40 ppm and 1.45-1.00 ppm. Reprinted from 

Ref. 145. 

 

Figure 100: Self-assembly of 13a in DMSO-d6. 



  Appendix 

141 

 

Figure 101: Self-assembly of 13b in DMSO-d6. 

 

Figure 102: Self-assembly of 13c in DMF-d7. 
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Figure 103: Titration experiment of aliquots of [Pd(MeCN)4](BF4)2 in DMSO-d6 to a solution of 13c. 

 

Figure 104: Encapsulation of 2.0 eq. of the anticancer drug cisplatin by heteronuclear Pd‒Au metallacage 14c in 

DMF-d7. 
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Figure 105: 1H NMR spectra in CDCl3 of crude 20 after procedure P7. 

 

Figure 106: 1H NMR spectra in DMSO-d6 of 22H and 23 after 30 min and 3 h. 
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Figure 107: 1H NMR spectra in DMSO-d6 of 22CO2Bz and 23 after 30 min. 

 

Figure 108: 1H NMR spectra in DMSO-d6 of 22CO2Bz and 24 after 30 min. 
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Figure 109: Stability test of NHC–AuI–Cl compound 25 in DMSO-d6 over a period of three days. 

 

 

Figure 110: 1H NMR spectra in DMSO-d6 of 22H and 25 after 30 min and 24 h. 
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Figure 111: 1H NMR spectra in DMSO-d6 of 22CO2Bz and 25 up to eight days. 

 

Figure 112: 1H NMR spectra in DMSO-d6 of 22CO2Bz and different amounts of 25. 
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 1H DOSY NMR Spectroscopy 

 

Figure 113: 1H DOSY NMR spectrum of 13a. 

 

Figure 114: 1H DOSY NMR spectrum of 13b. 
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Figure 115: 1H DOSY NMR spectrum of 13c. 

 

Figure 116: 1H DOSY NMR spectrum of 14a. 
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Figure 117: 1H DOSY NMR spectrum of 14b. 

 

Figure 118: 1H DOSY NMR spectrum of 14c. 



Appendix 

150 

 Mass Spectrometry 

 

Figure 119: ESI-MS spectrum of 13a. 

 

Figure 120: ESI-MS spectrum of 13b. 

 

Figure 121: ESI-MS spectrum of 13c. 

 

Figure 122: ESI-MS spectrum of 14c. 
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Figure 123: ESI-MS spectra of crude 17Imi (A) and 17BzImi (B) after procedure P1. m/z = 383 [17Imi]+ and m/z = 433 

[17BzImi]+ 

 

Figure 124: ESI-MS spectra of crude 17Imi (A) and 17BzImi (B) after procedure P2. m/z = 383 [17Imi]+ and m/z = 433 

[17BzImi]+ 

 

Figure 125: ESI-MS spectra of crude 17Imi (A) and 17BzImi (B) after procedure P3. m/z = 383 [17Imi]+ and m/z = 433 

[17BzImi]+ 

 

Figure 126: ESI-MS spectrum of crude 19 after procedure P1. 
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Figure 127: ESI-MS spectrum of crude 19 after procedure P2. m/z = 701.84 [19–Cl]+, 381.19 [18–Cl]+, 321.99, 

294.23, 282.23 [fragment of LN3]
+, 147.28 [fragment of 18]+. 

 

Figure 128: ESI-MS spectrum of crude 19 after procedure P3 after 1 h (A) and 2 h (B). m/z = 701.9 [19–Cl]+, 381.22 

[18–Cl]+, 322.0 [LN3]
+, 294.2, 282.2 [fragment of LN3]

+, 147.3 [fragment of 18]+. 

 

Figure 129: ESI-MS spectrum of crude 20 after procedure P4. m/z = 506 [20]+, 346 [fragment of 20]+, 185 [21]+. 
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Figure 130: ESI-MS spectrum of crude 20 after procedure P5. m/z = 321.94 [LN3]
+, 185.10 [21]+, 147.58 [fragment 

of 21]+. 

 

Figure 131: ESI-MS spectrum of crude 20 after procedure P6. m/z = 506.16 [20]+, 346 [fragment of 20]+, 321.95 

[LN3]
+, 253.83 [20]2+, 147.35 [fragment of 21]+. 

 

Figure 132: ESI-MS of crude 20 after procedure P7. m/z = 506.20 [20]+, 321.96 [LN3]
+, 294.20 [fragment of LN3]

+, 

185.10 [21]+, 147.35 [fragment of 21]+. 
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Figure 133: ESI-MS spectrum of crude 20 after procedure P8. m/z = 506.18 [20]+, 322.03 [LN3]
+, 294.26, 282.22 

[fragment of LN3]
+, 185.08 [21]+, 147.25 [fragment of 21]+. 

 

Figure 134: ESI-MS spectrum of crude 20 after procedure P9. m/z = 506.16 [20]+, 322.01 [LN3]
+, 253.80 [20]2+, 

147.25 [fragment of 21]+. 

 

Figure 135: Crude ESI-MS spectrum of attempted complexation of 20 to 19. m/z = 506 [20]+, 346 [fragment 

of 20]+.  
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 Crystallographic Data 

Table 10: Crystallographic details of compounds 2, 5, 6 and 8. 

Compound 2 5 6 8 

formula C21H17AuN2 C25H25AuN2 C18H27AuN2 C33H31AuN2 

CCDC number 1955875 1955877 1955879 1955876 

fw 494.33 550.43 480.41 652.59 

color/habit 
yellow 

fragment 
colourless 
fragment 

colourless 
needle 

colourless 
fragment 

crystal size [mm] 
0.075 x 0.106 x 

0.135 
0.044 x 0.098 x 

0.225 
0.024 x 0.052 x 

0.159 
0.164 x 0.250 x 

0.259 

crystal system orthorhombic monoclinic trigonal triclinic 

space group P21 21 21 P 1 21/c 1 R -3 P -1 

a [Å] 6.8784(4) 9.2309(4) 31.019(2) 8.6448(4) 

b [Å] 9.1581(6) 14.5881(7) 31.019(2) 10.3272(5) 

c [Å] 27.0507(17) 15.6108(7) 9.9442(8) 15.2816(8) 

α [deg] 90 90 90 94.317(2) 

β [deg] 90 96.154(2) 90 97.140(2) 

γ [deg] 90 90 120 93.333(2) 

V [Å3] 1704.01(18) 2090.06(16) 8286.2(14) 1346.72(11) 

Z 4 4 6 2 

T [K] 100(2) 100(2) 100(2) 100(2) 

Dcalcd [g/cm-3] 1.927 1.749 1.733 1.624 

µ [mm-1] 8.636 7.051 7.989 5.488 

F(000) 944 1072 4212 652 

reflections 
collected 

60058 50117 122271 32675 

independent 
reflections/Rint 

4225/0.0687 5410/0.0594 3640/0.0862 6167/0.0371 

data/ restraints/ 

parameters 
4225/0/220 5410/0/267 3640/6/216 6167/0/331 

R1/wR2 (I>2σ(I)) 0.0223/0.0364 0.0253/0.0383 0.0183/0.0291 0.0228/0.0821 

R1/wR2 (all data) 0.0281/0.0376 0.0381/0.0405 0.0277/0.0309 0.0246/0.0844 

GOF (on F2) 1.028 1.060 1.060 0.766 

largest diff peak 
and hole [e Å-3] 

0.511 and –
0.556 

0.859 and –
1.045 

0.559 and –
0.095 

1.990 and –
1.026 
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Table 11: Crystallographic details of compounds 9 and 13a-c. 

Compound 9 13a 13b 13c 

formula C27H33AuN2 C47H44AuN7 C55H52AuN7 C54H58AuCl2N7 

CCDC number 1955878 - - - 

fw 582.54 903.86 1008.00 1072.94 

color/habit 
colourless 
fragment 

colourless 
fragment 

colourless plate 
colourless 

block 

crystal size [mm] 
0.279 x 0.347 x 

0.354 
0.201 x 0.395 x 

0.510 
0.076 x 0.141 x 

0.245 
0.127 x 0.210 x 

0.250 

crystal system triclinic monoclinic monoclinic monoclinic 

space group P -1 P 1 21/n 1 P 1 21/n 1 P 1 21/n 1 

a [Å] 13.0656(8) 13.4879(12) 14.401(3) 13.8272(6) 

b [Å] 14.4944(9) 17.5240(15) 22.622(5) 19.679(9) 

c [Å] 16.7159(10) 20.6803(18) 28.792(6) 19.0417(8) 

α [deg] 88.941(2) 90 90 90 

β [deg] 72.240(2) 108.091(3) 90.394(7) 97.374(2) 

γ [deg] 85.571(2) 90 90 90 

V [Å3] 3005.7(3) 4646.4(7) 9380.(3) 5138.5(4) 

Z 2 4 8 4 

T [K] 100(2) 100(2) 100(2) 100(2) 

Dcalcd [g/cm-3] 1.457 1.292 1.428 1.387 

µ [mm-1] 4.916 3.203 3.182 3.009 

F(000) 1318 1816 4080 2176 

θ range [deg] 2.24 to 27.48 1.97 to 26.02 1.93 to 25.35 2.01 to 25.36 

reflections 
collected 

155201 200499 202515 128118 

independent 
reflections/Rint 

13763/0.0342 9164/0.0348 17180/0.0720 9408/0.0498 

data/ restraints/ 

parameters 
13763/99/698 9164/72/505 17180/96/1152 9408/477/656 

R1/wR2 (I>2σ(I)) 0.0165/0.0378 0.0248/0.0570 0.0387/0.0707 0.0530/0.1352 

R1/wR2 (all data) 0.0188/0.0389 0.0278/0.0602 0.0471/0.0737 0.0589/0.1393 

GOF (on F2) 1.066 1.130 1.146 1.134 

largest diff peak 
and hole [e Å-3] 

1.109 and –
0.949 

1.257 and –
1.431 

1.766 and –
1.096 

2.806 and –
3.295 
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M. A. Bernd, E. B. Bauer, J. Oberkofler, A. Bauer, R. M. Reich and F. E. Kühn, Dalton Trans. 

2020, submitted. 
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