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Abstract

Within this project, novel silver(l)-, ruthenium(ll)- and gold(l)-NHC
complexes have been synthesised by the formation of appropriately substituted
(benz)imidazolium and 4,5-diaryl-imidazolium halides followed by either
metallation with silver acetate, or metallation with silver oxide followed by
transmetallation with dichloro ruthenium (p-cymene) dimer or dimethylsulfido gold
chloride. The three obtained NHC-gold(l) chlorides were further functionalised by
reacting them with silver acetate or 2,3,4,6-tetra-O-benzyl-1-thio-B-D-
glucopyranose to give NHC-gold(l) acetates or NHC-gold(l) thioglucopyranoses,
respectively.

All complexes were characterised by NMR ('H and *C), IR, microanalysis
and MS. Melting points were determined for all complexes with the exception of
(benz)imidazol-2-ylidene silver(l) acetates. The in vitro antibacterial activity against
bacterial strains of E. coli and MRSA of all NHC-Ag(l)OAc complexes has been
investigated utilizing the Kirby-Bauer disc diffusion method. In vitro MTT-based
cytotoxicity assays against the human renal cancer cell line Caki-1 were carried
out on all complexes and additionally against the human breast cancer cell line
MCF-7 on all 4,5-diaryl-NHC silver(l) acetate as well as on all Ru(ll)-NHC and
Au(l)-NHC complexes. Lowest ICso values down to 0.51 (x 0.07) uM against Caki-
1 and 1.4 (£ 0.1) uM against MCF-7 have been found for the most promising
NHC-silver(l) acetate complex 1,3-di(p-methylbenzyl)-4,5-di(p-
methylphenyl)imidazol-2-ylidene silver(l) acetate, which is currently under further
investigation. Moreover, after identifying Ag(l)-NHC lead structures and
subsequently transmetallating them to their ruthenium- and gold-derivatives, four

promising Ru(Il)-NHC and Au(l)-NHC derivatives have been discovered.
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Chapter 1 Introduction

The global burden of cancer continues to increase largely due to the growth
and aging of the world population alongside an increasing adoption of cancer-
causing behaviours, particularly smoking, in economically developing countries.
Based on the GLOBOCAN 2008 estimates [1], about 12.7 million cancer cases
and 7.6 million cancer deaths are estimated to have occurred in 2008; of these,
56% of the cases and 64% of the deaths occurred in the economically developing
world. Breast cancer is the most frequently diagnosed cancer and the leading
cause of cancer death among females, accounting for 23% of the total cancer
cases and 14% of the cancer deaths. Lung cancer is the leading cancer site in
males, comprising 17% of the total new cancer cases and 23% of the total cancer
deaths. Breast cancer is now also the leading cause of cancer death among
females in economically developing countries, a shift from the previous decade in
which the most prevalent cause of cancer death was cervical cancer [2].

Cancer is a generic term for a large group of diseases that can affect any
part of the body. Other terms used are malignant tumours and neoplasms. One
defining feature of cancer is the rapid creation of abnormal cells that grow beyond
their usual boundaries, and which can then invade adjoining parts of the body and
spread to other organs. This process is referred to as metastasis. Metastases are

the major cause of death (up to 90%) from cancer [3].

1 2 3 4 5
cellwith genetic hyperplasia dysplasia in sifu invasive
mutation cancer cancer

Figure 1.1: Cancer development stages



The development of cancer is shown in Figure 1.1. It results from normal epithelial
cells through multiple chromosomal damage (stage 1) and induces stepwise hyper
proliferation (stage 2 and 3), adenoma (stage 4) and finally invasive and
metastatic carcinoma cells (stage 5). Possible selective external treatment by a
drug might occur during stages 2 - 5, but unfortunately until now there are no
known tumour therapeutic drugs on the market without any side-effects. Therefore
the research on novel target selective anticancer drugs attracts a high level of
current interest.

One possible new compound class is coordinated metal ions, based on the
knowledge that a wide range of metals play an essential role in biological systems
[4]. Metal ions are essential for the function of over one third of all proteins, and
are involved in a number of key biological processes including respiration, gene
regulation, replication and repair of DNA, antioxidant defence, and
neurotransmission, but are in most cases toxic on their own. However, by
coordination to organic ligands (mostly by coordinating to C, N, O or S donor
ligands) they can become beneficial to the human system. The incorporated
organic ligands can contain functionalities capable of influencing the biological
activity, lipophilicity and toxicity of the metal compounds. A further tuning factor for
the development of novel medical therapeutics exhibiting many different functions
is the metal itself with its variable coordination spheres and geometries, kinetic
properties, redox activity and potential reactivity with biological ligands. One group
of metal coordinating ligands which gained high interest in different fields of

research over the past 2 decades are N-Heterocyclic carbenes.

1.1 N-Heterocyclic carbenes

N-Heterocyclic carbenes (commonly abbreviated as NHCs) are nowadays
known for being easy to prepare and to handle, as well as for their versatility and
stability, making them an interesting research topic in different fields of chemistry.
They mainly find application in catalysis, (e.g. cross coupling reactions [5, 6],
lactide polymerization [7], olefin metathesis [8]) and carbene transfer reactions [9,
10] but gained huge interest in the past 20 years as ligands in bioorganometallic
and medicinal chemistry [11-16].



1.1.1 Brief history

Interest arose around the topic of NHCs after Wanzlick's report about the a-
elimination of chloroform from 1,3-diphenyl-2-trichloromethylimidazolidine [17] in
1960. While obtaining the dimeric entetraamine, Wanzlick was unable to isolate
the postulated imidazolidin-2-yildene and cleavage of the entetraamine to yield the
free carbene could not be achieved. Moving from the saturated imidazolidine
system towards the unsaturated imidazolium compound tetraphenylimidazolium
perchlorate, Wanzlick attempted the preparation of the free carbene by
deprotonation with KO'Bu. Since it was known that unsaturated heterocyclic
azolium cations react in a base-catalyzed H,D-exchange reaction [18, 19], he
postulated that the intermediately formed carbene species will be stabilized by the
delocalisation of the six n-electrons in this derivative. Wanzlick was not successful
in isolating the free carbene, but in 1998 Arduengo et al. finally prepared, isolated

and characterised crystallographically the desired compound [20] (Figure 1.2).

Ph Ph
PN THF Ph N
I+>>‘H cr > I >+ KCl + HOfBu
4
Ph N\ KO'Bu Ph N\
Ph Ph

Figure 1.2: Synthesis of the free tetraphenylimidazol-2-ylidene carbene [20]

While as early as 1968 the stabilisation of unsaturated imidazolidin-2-
ylidenes in metal complexes was achieved by deprotonating the imidazolium salt
in the presence of a suitable coordinatively unsaturated metal complex [21, 22],
Arduengo et al. were the first to isolate a free N-Heterocyclic carbene without
forming the olefinic entetraamine. NHCs are strong nucleophiles and bind to both
main group and transition metals, often with greater stability than phosphines.
Furthermore, for the also very successful phosphine ligand PR3, a change of R
group is the only variable easily controlled by the experimenter, but such a change
affects both key ligand properties, steric and electronic. In contrast, these factors
are tuneable for NHCs in more ways than just changing the substituents at the

heteroatoms N' and N3. Additional R groups can be present at C* and C°, and the
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azole can be changed to imidazoline, benzimidazole, triazole or to an oxazole,
among many other variants. The steric and electronic tuning is separable to a
greater extent in NHCs than in PR3. Steric effects are predominantly associated
with the substituents at the atoms adjacent to the carbene centre and electronic
effects are more sensitive to the nature of the azole ring [23, 24]. The stability of
the carbene carbon is achieved by the pn-pn electron donation of the two adjacent
nitrogen atoms (see Figure 1.3). This accounts for a stabilization energy of
approximately 70 kcal/mol, while the aromaticity of unsaturated systems

contributes another 25 kcal/mol [25].

Figure 1.3: NHC to metal centre bonding [26]

Furthermore, inductive stabilisation of the carbene is provided by the lone
pair electrons of the nitrogen atoms [27]. Recent structural and theoretical studies
suggest the existence of some n-backbonding for certain metal centres, although
NHCs are mainly viewed as o-donors [16]. In 2006 Jacobsen et al. carried out a
computational study on the n-bonding capability of 36 transition metal NHC
complexes for systems in which the formal d-electron count for the transition metal
amounts to d°, d*, d®, d® and d'°. The results of their calculations suggest that the
NHC ligand cannot be considered as a pure o-donor and that even for d° systems
a considerable amount of zn-bonding exists. Additionally, they found that for
systems with a low d-electron count both n-donation as well as n-backdonation are
of importance while for systems with a high d-electron count backdonation

constitutes the major contribution to the n-interaction [28].
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Figure 1.4: Resonance structures on the diamino part of NHCs and aromaticity

Today the most commonly known NHCs are normal N-Heterocyclic
carbenes (nNHCs) (see Figure 1.4), such as imidazol-2-ylidene, and the next
chapters will exclusively deal with this type of NHCs. But there are two other types
of NHCs known in literature, namely abnormal (aNHCs) and remote (rNHCs)

which were described in detail in a recent review by Crabtree [24].



1.2 Silver complexes in medicinal chemistry

Records of silver being used for its antimicrobial effects date back more
than 2100 years where it was first utilized by the ancient Phoenicians, Greeks,
Romans and Egyptians to preserve food and water [29]. Silver nitrate was
mentioned by Gabor in 702 as a medical agent and Paracelsus applied it as a
caustic for the treatment of wounds. During the early pioneer days on the North
American continent, when there was no refrigeration and water needed to be
transported long distances, it was common practice to drop silver coins into the
transport vessel to preserve water. This practice also was used to preserve milk
and prevent spoilage, without knowledge that it was the prevention of bacterial
growth that caused the effect. Privileged families used silver eating utensils and
often developed a bluish-gray discolouration of the skin, thus becoming known as
"blue bloods" [30]. Silver nitrate was also used successfully to treat skin ulcers,
compound fractures, and suppurating wounds. An important contribution was
made in the 1880s by Doctor Carl Siegmund Franz Crede, a German obstetrician,
who pioneered the use of silver nitrate eye drops to prevent ophthalmia
neonatorum (gonorrheal ophthalmia) in newborn infants [31]. He first used a 2%
solution, but this was reduced subsequently to a 1% solution due to irritation
caused by higher concentrations. This was a highly effective therapy, reducing the
incidence of ophthalmia neonatorum from 7.8% to 0.13% in 13 years. Because of
the success of this method, the employment of silver nitrate eye drops in newborn
infants was widely accepted throughout the world, and in numerous countries, this
therapy was mandated by law and persisted until after the introduction of effective
antibiotics. B.C. Crede, a surgeon, is credited with being the first to employ
colloidal silver for wound antisepsis in 1891, after observing Halsted applying
silver foil to wounds to treat infections [29, 30]. Topical application of silver salts
became a common therapy. Crusius used silver nitrate for the treatment of burn
injuries in the 1890s, well before its recent rediscovery. Von Naegele realised that
the antibacterial effects of silver were attributable primarily to the silver ion, and
did systematic studies that led to the finding that silver was an effective
antimicrobial agent for almost all unicellular organisms (at least 650 species), but
frequently not against mould or parasites [5]. Silver also had another use in
medicine during the 19th century, in that Konrad Rontgen discovered in 1895 that
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X-rays activated silver halide crystals, making it possible to record radiographic
images [32]. Up to now, silver preparations have been used in medicine for
treatments of burns, in wound bandage, as silver-coated catheters, and in medical
devices. However, silver is not recognized as having any nutritional value. The
human body contains minute amounts (< 2.3 ug/l) of silver, with the value higher in
persons exposed to silver for long periods [33]. On the one hand it is toxic to
pathogen cells because it interferes with metabolic enzymes and DNA replication,

but on the other hand it shows low toxicity to humans.

Silver N-Heterocyclic carbenes have drawn a lot of attention in the past 20
years due to their successful applications in bioorganometallic chemistry and
effectiveness as carbene transfer agents. The extensive investigation of these

compounds has led to the discovery of some remarkable biological activity.

1.2.1 Synthesis and Characteristics

The two most widely used routes to synthesise Ag(l)-NHCs are a) the silver
base technique or b) the free carbene approach, while the latter is only sparingly
used. This might be attributed to the fact that the silver base route, especially by
using Ag.0O as the base and simultaneously as Ag source, is very simple. Other
silver bases used include Ag,CO3; and AgOAc.

The Ag>O route has many advantages, for example Ag,O is relatively
stable and readily accessible, reactions can be carried out under aerobic
conditions at RT, strong bases are not required and solvents do not have to be
pre-treated. These factors make this reaction very efficient, although steric
hindrance [34—38] of the azolium salt, acidity of the C? [39—42] and nucleophilicity
of the NHCs [28, 39, 43, 44] have great influence on the feasibility of this reaction.

Figure 1.5 shows the general synthesis scheme for NHC-Ag-halide
complexes as well as the different ionic and neutral types of Ag(l)-NHCs which
can be produced by the use of mono-azolium halides in the solid state. In addition
to mono-azolium salts, various bis-azolium and tris-azolium salts with different
linkers in pincer, cyclophane and tripodal architectures react readily with silver
oxide but will not be discussed herein.



Ag.,0
[R,-NHC-H]'[X] > [(R-NHC)(Ag)(X)]

X=Cl, Br, I
R,-NHC = N,N'-disubstituted N-heterocyclic carbene
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Figure 1.5: General synthesis scheme for NHC-Ag-halide complexes

For N,N'-dialkyl, N,N'-diaryl and hetero-disubstituted N-alkyl, N'-aryl
imidazolium chloride and bromide salts the most commonly afforded types of
Ag(1)-NHCs are the ionic type 1 or neutral type 2 complexes. The chain length of
the azolium halides has direct influence on the geometry of the formed crystals.
While short chained azolium halides i.e. (N,N-Me, or N,N-Et;) imidazolium,
benzimidazolium and triazolium chlorides and bromides produce with Ag,O in
CH.CI; either type 1, 2 or 3 complexes [45, 46], for long chained (C,H2,+7) azolium
chloride and bromide salts (n = 10, 12, 14, 16 and 18) mostly type 3 and type 4
complexes were found [47]. Interestingly, the stoichiometric reactions of long
chained azolium [NOgs], [BF4] and [PFg] salts produce simple bis-carbene

complexes of type 7 [47]. When mono-azolium salts (both halide and non-halide)



with functional groups at one or two N-side arms were employed to react with
Ag,0, the Ag(l)-NHCs were also isolated as type 1 ion-pair, type 2 mononuclear
neutral complexes, type 3 halide bridged complexes, type 4 Ag.Xs> bridged
tetranuclear complexes, and type 7 bis-carbene complexes [42, 48-50]. A type 5
Ag(l)-NHC was only observed when using N-Me-N'-anthracenyl substituted
imidazolium iodide in CH,Cl, [51] and evidence for type 6 halide free Ag(l)-NHC-
alkoxyl complexes obtained by the reaction of alcohol functionalized imidazolium
halides with Ag-O leading to the deprotonation of both C%-H and -OH protons were
described based on the observations of EA and NMR data only [50].

It was observed by several groups that if the synthesis is conducted in the
presence of excess Ag>O and / or for longer reaction times, sometimes the
solution turned yellow and a silver mirror in addition to a brown powdery solid
formed in the reaction vessel. UV/Vis spectra of the yellow solution showed
intense surface plasmon resonance (SPR) bands at ~ 426 nm, suggesting the
formation of silver nanoparticles which can be removed by the addition of
activated carbon [52].

In general, the formation of the Ag-C bond is clearly indicated by a shift in
the *C NMR spectrum with & values ranging from 170.0 ppm up to 234.0 ppm for
the carbene as well as the disappearance of the C? proton in the '"H NMR. The
same behaviour is observed when obtaining NHC-silver acetate complexes by
reacting azolium halides with silver acetate. This reaction route is very successful
and efficient and has been used by several groups, e.g. Tacke [53-57], Youngs
[58, 59] and Cowley [60].

Apart from these techniques, reactions of azolium salts with Ag,CO3 [61] or
with Ag(l) salts under phase transfer conditions (PTC) [45, 62] or by
transmetallation from other metal-NHCs were also reported [63].

1.2.2 Biological evaluation and possible applications

The discovery and use of penicillin and sulfonamide antibiotics lead to near
abandonment of silver and its related compounds in most parts of the world for 40
years after World War 1l [64]. The emergence of resistant strain organisms such

as methicillin-resistant Staphylococcus aureus (MRSA) and multidrug-resistant
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Pseudomonas aeruginosa to penicillin and sulfonamide drugs led to the need for
new antibiotics. The renaissance of silver has been credited to Moyer et al., for
reviving the use of silver nitrate in the 1960s. This led to the introduction of silver
sulfadiazine (Figure 1.6) in 1968, which has been found to be efficacious for
topical application. It is used for the treatment of burn wounds and was designed
to combine the antibiotic sulfadiazine, with silver in order to obtain a wide
spectrum antibiotic. It is a water insoluble complex and is polymeric in the solid
state [65].
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Figure 1.6: Silver sulfadiazine, SCC1 (Silvamist) and SCC10

Silver sulfadiazine has been shown to be effective against a number of gram-
positive and gram-negative bacteria, and is marketed as a water soluble cream,
Silvadene® Cream 1%. It remains one of the most widely used antimicrobials for
infections associated with burns. Silver has been introduced into wound dressings
in the form of organic and inorganic silver compounds and as silver metal, usually
in the nanocrystalline form. The aim of the silver containing dressings is not only
the sustained release of silver to the wound site creating a barrier for infection, but
also ease of use, management of wound exudates and provision of moisture
required for optimal wound healing. Silver has been impregnated in several
different kinds of dressing materials including nylon fabrics, meshes,
biodegradable collagens, low adherent materials, carbon fibres, and hydrofiber
alginates. Such silver containing dressings have been used in the treatment of
acute and chronic wounds, leg ulcers and several degrees of burn wounds [66,
67].

Two other successful silver containing antibacterial drugs are the small-
molecule silver(l) carbene complexes, SCC1 (or Silvamist) [58] and SCC10 [68]

(see Figure 1.6), which show promising activity for the treatment of pulmonary
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infections via inhalation. To achieve clinical utility, a nebulised silver compound
must demonstrate efficacy against respiratory pathogens without toxicity to the
host. The toxicity of silver compounds can often be linked to the carrier molecules
and therefore Cannon et al. designed these new silver-based antimicrobials by
coordinating the bioactive metal to a nontoxic carrier. SCC1 and SCC10 were
tested extensively in vitro for their antibacterial activity against a panel of highly
resistant opportunistic pathogens recovered from the respiratory tract of patients
with cystic fibrosis. SCC1 was as well tested against E. coli J53 strains with and
without the silver resistance plasmid pMG101 and it showed MIC values between
1 and 8 ug / mL against all pathogens, but did not show any activity against the
silver resistant strain of E. coli. Furthermore, in vivo studies on mice bearing a P.
aeruginosa infection were carried out with SCC1 to find a 100% survival rate [69].
Since Silvamist and SCC10 are easily nebulised or aerolised, therapeutic
outcomes with higher local drug concentration due to high doses delivered to the
lung, a proportionally lower systemic drug concentration, and therefore decreased
systemic toxicity can be achieved. However, the small size of SCC10 and its quick
diffusion across lung epithelium results in rapid clearance from the lungs following
administration. Resulting from these findings the efficacy of inhaled nanoparticles
loaded with SCC10 is currently under investigation. First results showed that core-
loaded and dual-loaded shell cross-linked nanoparticles (SCK NPs) are effective
against the cystic fibrosis relevant bacteria P. aeruginosa due to the ability of
these nanoparticle formulations to provide a sustained release of the
encapsulated silver carbene complex [70]. This approach seems to be a promising
step towards an efficient antibacterial treatment for patients with cystic fibrosis.

A further approach to overcome side-effects like skin discolouration or too
quick release of silver exhibited by commercially available silver containing
antimicrobials was made by Youngs et al. by synthesising pyridine linked pincer

NHC-silver complexes [71, 72].
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Figure 1.7: Pyridine linked pincer NHC-silver complex (Py-NHC-Ag)

Their lead compound Py-NHC-Ag (Figure 1.7) was encapsulated into an
electrospun polymer mat (Tecophilic®) and the antimicrobial activity of this mat
was investigated against the bacteria E. coli, P. aeruginosa, S. aureus and the
fungi Candida albicans (C. albicans), Aspergillus niger (A. niger) and
Saccharomyces cerevisiae (S. cerevisiae). The encapsulated Py-NHC-Ag
complex showed promising activity against the bacteria with complete killing of
bacteria for days with the addition of a constant volume of freshly grown
organisms on a daily basis at a concentration of 140 yg / mL ([Ag*] = 140 ug / mL,
25 wt. % Py-NHC-Ag - 75 wt. % Tecophilic®). Encapsulation of the silver-NHC
complex increased the antimicrobial activity compared to 0.5% silver nitrate and
1% silver sulfadiazine by enabling a slower release of active silver species, which
may consist of silver cations, nano-sized silver particles, clusters of silver cations,
anionic silver chloride complexes and silver chloride. The fibres of the polymeric

mat also provided a greater surface area for the efficiency of the silver [73].

Besides the antimicrobial activity of silver, a lot of interest arose around the
possible anticancer properties of silver complexes during the last years. Some of
them exhibited antitumor activity in vitro and in vivo, for example silver complexes
derived from coumarin [74] exhibited antitumor activity against certain types of
cancer and silver carboxylate dimers [75] possessed antitumor potency. Moreover,
some silver complexes with phosphine ligands could even inhibit cisplatin-resistant
cell lines and a novel hydrogen bonded bimetallic supramolecular coordination
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polymer [SnMes(bpe)][Ag(CN),] - 2H,O showed specific in vivo and in vitro
antitumor effects [76]. What all silver complexes seem to have in common is the
mode of action which involves the slow release of Ag® ions that enter cell
membranes and disrupt their function. However, the big problem with the existing
silver drugs (such as silver sulfadiazine) is that they lose their effects quickly due
to rapid release of the Ag” ions. Thus, it is important for silver to form complexes
with strongly coordinating ligands which can prevent the quick release of silver
and NHCs seem to be a good choice.

Nevertheless, the first reports on the evaluation of anticancer activity of
NHC-Ag(l) complexes only occurred in 2008 and are still relatively rare. The group
of W. Youngs reported the anticancer activities of several monomeric and dimeric
imidazol-2-ylidene and 4,5-dichloroimidazol-2-ylidene silver acetate complexes
(Ag1-5, Figure 1.8) [77, 78]. Complex Ag-1 proved to be not stable enough to be
evaluated but the ICsp values of Ag-2 and Ag-3 were found to be in the same
range like cisplatin against OVCAR-3 (ovarian) and MB157 (breast) cancer cells
and only little activity against HelLa (cervical) cells was observed. On the other
hand the dimeric complexes Ag-4 and Ag-5 are 10 fold less active against
cisplatin than against H460 (lung) cancer cells and no significant activity was

observed against HelLa cells.
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Figure 1.8: Structures of Ag-NHCs Ag1-5
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Gautier et al. and Roland et al. reported the I1Csy values of Ag-6 to Ag-9
against MCF-7 (breast) cancer cells and MCR5, a non-cancerous cell line in rapid
proliferation and EPC, a quiescent cell line. A 350-fold increase in activity if
compared to cisplatin was found against MCF-7 for Ag-9 and the compound
remains until now the most active NHC-Ag(l) complex. However, no discrimination
between cancerous and non-cancerous cells in rapid proliferation could be found.
The activity seems to be directly correlated with the proliferation rate, since it was
shown that the NHC-Ag(l) complexes displayed a 2- to 18-fold lower cytotoxicity
for the quiescent EPC cell line [79, 80].

Li et al. studied the cytotoxic behaviour of an amino-linked heterocyclic
silver (1) bromide complex (Ag-10, Figure 1.9) against the human breast cancer
cell lines MCF-7 and MDA-MB-231 as well as the glioblastoma cells U-87 MG. In
comparison to cisplatin it showed similar activity but the investigated Au and Pd

analogues showed much better activity [81].

[ QR R R

Ag-6 Ag-7 Ag-8 Ag-9 Ag-10

Figure 1.9: Structures of Ag(l)-NHCs Ag-6-10

Between 2010 and 2011 our group reported the synthesis, characterisation
and evaluation of the anticancer activity of over 30 NHC-silver(l) acetate
complexes against the human renal cancer cell line Caki-1 (Ag-11a to Ag-18e,
Figure 1.10).
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Figure 1.10: Structures of Ag(l)-NHC complexes Ag-11 to Ag-18

In these studies several complexes were found to exhibit activity in the same
range or up to 3-fold higher activity than the one of cisplatin (3.3 uM) against Caki-
1. Ag-11a and Ag-11c exhibited values of 3.2 (+ 0.6) and 3.3 (+ 0.4) uM while Ag-
16a showed better activity against Caki-1 than cisplatin with an ICsg of 2.5 (£ 3)
MM. However, Ag-13d, better known by now as SBC1 showed superior activity
with a value of 1.2 (£ 0.6) uM against the tested cancer cell line. This led to further
investigations into the possible mode of action and in vivo testing of the complex

which will be discussed later (see chapter 6).
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1.3 Gold in medicinal chemistry

Gold has a long known history of being used in medicinal application.
Already in 2500 BC the practice of medicine in China was influenced by the
"power" of metallic gold. Colloidal red gold, called "Swarma Bhasma", was used in
the form of Ayurvedic medicine for rejuvenation and revitalization during old age in
India [82, 83]. People who were suffering from nervous disorder were treated for
revitalisation for a long time with a gold based drug called "nervin" [84] and in the
16th century, gold was recommended for the treatment of epilepsy [85] for which
Paracelsus created a potion called Aurum Potabile. Also Arabic and medieval
physicians experimented with soluble gold, mainly chlorides which were given
orally as part of the "Keeley cure" for alcoholism in the late 1800s. Even the first
edition of the Merck Manual in 1899 lists gold chloride for the treatment of
tuberculosis and lupus, while gold bromide is mentioned as a treatment for
epilepsy and migraine [86]. When Robert Koch discovered the bacteriostatic effect
of gold cyanide on Mycobacterium tuberculosis, the therapeutic use of gold was
established for the first time and the medicinal use of gold for the treatment of
tuberculosis was introduced in the 1920s [85]. The main application of gold and
gold compounds is its use as drugs for the treatment of rheumatic diseases
including psoriasis, palindromic rheumatism, juvenile arthritis and discoid lupus
erythematosus [87, 88]. Sodium aurothiomalate and aurothioglucose are just two
examples for the treatment of rheumatoid arthritis, but long and extensive
exposure of the human body to these gold thiolate drugs can lead to severe side
and adverse effects. The gold can accumulate in liver, kidney and spleen while
higher concentrations of gold in the kidneys may cause nephrotoxicity.
Furthermore skin irritation, liver toxicity, blood disorders and mouth ulcers have
been reported [89]. To avoid this toxicity and poor pharmacokinetics, safer and
superior second generation drugs like e.g. auranofin (see 1.3.2) or Au-N-

Heterocyclic carbene complexes had and still have to be developed.
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1.3.1 Synthesis and Characteristics

The first report of Au-NHC complexes has been made by Lappert's group in
1974, where they synthesised complexes of the type [Au(NHC)][anion] from
electron-rich olefins [90] and in the same year Fehlhammer et al. described the
generation of Au(l)- and Au(lll)-NHC complexes through spontaneous cyclisation
of isocyanide ligands [91]. In 1989 Au(l)-NHC complexes were isolated through
reaction of [Au(PPh3)CI] with lithiated benzimidazoles, followed by [92] and later
Raubenheimer et al. were able to extend this strategy to form N-alkyl-substituted
Au(l)-NHC complexes [93]. Via oxidative addition of halogens they gained access
to Au(lll)-NHCs from the corresponding Au(l)-NHCs [94]. The unexpected
formation of a Au(l)-NHC complex form the addition of tetrachloroaurate to tris(4,5-
dimethylimidazol-2-yl)phosphine was described by Lock et al. [95] while Lin and
co-workers obtained the first series of liquid crystalline Au(l)-NHC compounds by
reacting long chain substituted N,N'-dialkyl-benzimidazolium salts with
[Au(SMe;)CI] under basic phase transfer conditions in 1997 [96]. A year later they
developed a technique to gain access to Au(l)-NHCs by using Ag(l)-NHCs as
carbene transfer agents [45]. This technique is nowadays the most used
technique to synthesise non-silver metal-NHC complexes.

Au-NHCs are synthesised in general by applying one of the following
methods: i) cleavage of electron-rich double bonds, ii) protonation or alkylation of
gold carbeniate compounds, iii) transfer of NHCs from group 6, 7 or 11 complexes,
and iv) reaction of Au(l) sources with free NHCs. Method i) has been employed in
a few cases up to 2004 and method ii) involves two sequential steps where first
Au(l)-carbeniate complexes are formed by the reaction of Au(l) sources with
lithiated azoles which are subsequently protonated or alkylated to produce Au(l)-
NHC complexes. In the most common third method some metal-NHCs, mainly
Ag(1)-NHCs, can react with Au(l) sources to form Au(l)-NHCs. Method iv) utilizes
free carbenes which can be prepared in situ by reacting azolium salts with a
strong base or which have been isolated before and reacting these directly with
Au(l) sources. As for the Ag(l)-NHC complexes the formation of the Au-C bond is
indicated by a shift in the *C NMR with & values ranging from 156.3 to 252.2 ppm
and the loss of the C*H signal in the 'H NMR spectrum. Similar to the Ag(l)-NHCs
the Au(l)-NHCs can be classified as neutral, ionic, multinuclear and other types of
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bonding, with neutral and ionic bonding modes being the most common. The most

usual types of Au-NHCs are depicted in Figure 1.11.

Au source
[(R,-NHC)-M-X] = [(Ry-NHC)(Au)(X)]

M = Ag, Cr, Cu, Mn, Mo, W
X=Cl, Br, |
R,-NHC = N,N'-disubstituted N-heterocyclic carbene

Au source = Au(SMe,)CI, Au(PPh,)Cl, Au(CO)CI, Au(PEt,)Cl etc.

(R,-NHC)-Au-(NHC-R,)

(R,-NHC)Au-X [(R,-NHC)-Au-L]" X [(R,-NHC),-Au]" X
X =PF,, BF,, SBF, X =Br, Cl, PF, BF, (R,-NHC)-Au-(NHC-R,)
Type 1 Type 2 Type 3 Type 4
[(R,-NHC),Au]CI [Au’] R,-NHC-Au(lll)-L, or abnormal Au-NHCs

R,-NHC-Au(lIl)-(NHC)(L),

Type 5 Type 6 Type 7

Figure 1.11: General synthesis scheme for NHC-Au-X complexes

Reacting one equivalent Au source directly with one equivalent [NHC-AgX]
gives in most cases Au(l)-NHC complexes of type 1, while type 2 complexes can
be obtained by further reacting type 1 Au(l)-NHCs with e.g. PPh3 in the presence
of KPFg [97] , or with AgBF4 and AgPF; in acetonitrile [98]. By employing the free
carbene route, direct reaction of Au(SMe;)X [X = Br, Cl] with two equivalents of
the appropriate imidazolium salt in the presence of base gave cationic complexes
of type 3 [99], but also utilizing the Ag-carbene transfer route, reacting two
equivalents of the corresponding [Ag(NHC)CI] compounds with [Au(SMe3)CI]
resulted in complexes of this type [100—103]. Multinuclear Au-NHCs of type 4 or
higher nuclearity and even heteronuclear (Au(l) and Ag(l)) complexes mostly show
Au(l)---Au(l)/Ag(l) interactions and exhibit luminescence properties. Dinuclear
complexes are either obtained by directly reacting Au(SMe)Cl with the

corresponding cyclo-bis-imidazolium salt in the presence of mild base Na(OAc)
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[104] or by the Ag-carbene transfer route, in which the Ag(l)-NHCs were
generated in situ [105] or prior isolated [103, 106]. Examples of Au(lll)-NHC
complexes (type 6) are relatively rare and until 2008 only the oxidation of
[Au(NHC)Br] complexes with Br, [107] or [Au(NHC),]" complexes with I, [108]
were reported, but in 2012 Jiang et al. successfully synthesised and characterised
a stable Au(lll)-NHC from the reaction of an azolium salt with [NaAuCl, - 2H,0]
[10]. Fischer et al. as well as Bertrand's group have reported the formation of
abnormal Au-NHCs (type 7). While Fischer et al. attempted the transfer of
pyrazolin-3-ylidene and pyrazolidin-3-ylidene carbene ligands from chromium to a
Au(l) source [109], Bertrand's group developed a whole new class of unusual
metal-NHC complexes. These complexes are obtained by reacting free cyclic
(alkyl)(amino)carbenes with Au(SMe;)Cl and are very useful catalysts in many
organic transformations [110].

Interestingly, in 2003 Herrmann et al. reported the synthesis of the first
Au(l)-NHC complex containing a Au-O bond by reacting (1-diphenylmethyl-3-
methylimidazolin-2-ylidene) gold(l) chloride with silver acetate to form the NHC-
Au(l) acetate complex [111]. The only other publication which is dealing with gold
acetate complexes covers the synthesis of bipyridine- and phenanthroline-Au(lll)
acetates [112], leaving a lot of room for further synthesis, characterisation and

biological evaluation of this novel compound class.

1.3.2 Biological evaluation and possible applications

One of the currently best studied gold based complexes in medicine is the
thioredoxin reductase (TrxR) inhibitor auranofin and some of its derivatives (see
Figure 1.12). 30 years ago, it was originally developed for the treatment of
rheumatoid arthritis as a substitution for the injectable gold compounds
aurothiomalate and aurothioglucose, but despite its efficacy in the treatment of
both rheumatoid arthritis and psoriasis, auranofin is seldom used since more novel
anti-rheumatic medications have become available. Nevertheless, the interest in

potential new applications of auranofin never died and during the last years more
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and more insight was gained into the possible treatment of other diseases with

auranofin.
/N + R
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Figure 1.12: [Au(dppe)]Cl, Auranofin and NHC-Auranofin analogues

Klegeris et al. [113] recently summarized the vast studies on the biological
activity of auranofin. Besides the anti-neoplastic, anti-parasitic, anti-bacterial and
anti-viral activity of auranofin also its cytoprotective effects have been studied. It
was found that auranofin shows a good balance between anti-inflammatory and
protective activities, which makes it a good candidate for the treatment of several
diseases associated with inflammation and tissue damage [114, 115]. Many of the
currently available anti-inflammatory treatments stop inflammation without
inducing protective mechanisms that enhance recovery which makes the potential
cytoprotective effects of auranofin particularly exciting. Achieving a balanced
inflammatory response by reducing several protective pathways is the aim of a
new therapeutic approach in which auranofin may play a role [116]. The
reclassification of auranofin as an "orphan drug" to promote its use as a treatment
for parasitic infections and the Phase Il clinical trial for auranofin in the treatment
of chronic lymphocytic leukaemia were pushed by recent studies on the anti-
tumour, anti-parasitic and anti-microbial activities of auranofin (clinicaltrials.gov
and [117]). Furthermore the drug is now under investigation as a means of
reducing the viral reservoir of HIV that lies latent in the body's T-cells. A
reintroduction of auranofin in the treatment of inflammatory arthritis might be on its
way due to the identification of novel mechanisms of action combined with an
acceptable clinical safety profile for this compound [118]. Besides these findings,
structure-activity relationship studies on auranofin and Et;PAuCl have been

carried out and indicated that the phosphine ligand is more important for the
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biological potency than the halide or the thioglucose and no loss of antitumor
activity was observed by exchanging these ligands [119, 120].

During the past 7 years a considerable amount of reports on potential new
Au(l/lll)-based anticancer drugs with micro- to nanomolar cytotoxic activity has
been published. In this work the focus will lay solely on novel monomeric,
mononuclear, dinuclear, neutral and cationic Au(l)-NHC and Au(l)-bis(NHC)
complexes.

One alternative to the use of phosphines are NHCs and in the last years
considerable interest has arose around these ligands for the synthesis of
biological active Au(l) complexes. Berners-Price et al. reported dinuclear Au(l)-
bis(NHC) complexes which induced mitochondrial permeability transition in
isolated rat liver mitochondria. In order to adjust the lipophilic character of the
complexes, a critical factor for targeting malignant cells, the wingtip groups were
adjusted and a further mononuclear, linear, cationic Au-NHC complex series was
synthesised leading to Ca®*-sensitive anti-mitochondrial effects. The Ca*-
sensitive mitochondrial swelling is highly influenced by the lipophilicity of the Au(l)-
complexes and therefore the fine-tuned bis(1,3-diisopropyl-2H-imidazole-2-
ylidene) gold(l) bromide complex (Figure 1.13, Au-1), showing intermediate
lipophilicity and significant anti-mitochondrial activity was selected for further
studies. Apoptosis induction via the activation of Caspase 9 and Caspase 3 in
cancer cells as well as selective inhibition of TrxR activity but not GR activity in
MDA-MB 231 cells and accumulation in mitochondria was found for the above
mentioned compound. Since dinuclear Au(l)-NHCs show luminescence associated
to their aurophilic interactions, it was used to visualize (via FCM) the intracellular
distribution of two Au(l)-bis(NHC) complexes. The obtained images of mouse
macrophage cancer cells showed intracellular localization to lysosomes of one
complex while the cell morphology was preserved [97, 99, 104, 121-123].

In 2008 Raubenheimer et al. synthesised a bis-ferrocenylcarbene Au(l)
complex (Figure 1.13, Au-2) with the aim to target mitochondria. While they found
enhanced antitumor activity compared to cisplatin against two cancer cell lines, it

remained unclear if this was due to the presence of the ferrocenylgroups [102].
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Figure 1.13: Structures of Au-NHC complexes Au-1, Au-2 and Au-3

Barrios et al. synthesised a series of Au(l)-NHCs with the aim to find new
potential targets for cancer treatment, in this case the inhibition of cysteine-
dependent protein tyrosine phosphatases (PTPs). PTPs have shown to be
involved in numerous diseases including cancer and therefore this family of
enzymes became of interest. In a comparative study with auranofin, the new
developed monomeric, neutral Au(l)-NHCs inhibited PTP activity in Jurkat T
leukaemia cells and primary mouse thymocytes. (1-methyl-3-benzyl-imidazole-2-
ylidene) gold chloride (Figure 1.13, Au-3) was an even better inhibitor of PTP than
auranofin with an ICso range from 10 to 40 mM on four PTP types [124].

Extensive studies on the structural optimisation and identification of
possible targets of Au(l)-NHCs have been carried out by Ott et al. A series of
benzimidazole-2-ylidene gold(l) complexes have been synthesised based on the
gold phosphole complex GoPl (chloro[1-phenyl-2,5-di(2-pyridyl)-phosphole]
gold(l)) in the active site of GR and they showed selective TrxR inhibition as well
as anti-proliferative effects in cancer cells. Unfortunately, no selectivity towards
tumour cells over non-tumour cells (HEK-293 and HFF) was observed as well as
no improvement of activity with enhanced lipophilicity and / or surface volume of
the side arms in position 1 and 3 of the benzimidazole. Comparison of the
corresponding free ligand with the (1,3-diethyl-benzimidazole-2-ylidene) gold(l)
chloride complex (Figure 1.14, Au-4a) showed that the biological activities, namely
i) high increase of ROS formation, ii) apoptosis induction, iii) inhibition of

mitochondrial respiration and iv) activity against resistant cell lines, are dependent
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on the presence of the Au(l) centre. Moving on from monomeric, neutral Au(l)-
NHCs to cationic [NHC-Au(l)-X]" (X = NHC or triphenylphosphine) complexes
(Figure 1.14, Au-4b and Au-4c) led to general improved cytotoxic properties, an
increase in cellular uptake, induced mitochondrial accumulation and alternate
reactivity towards the target enzyme TrxR [125].

On the search for metal-NHCs with targeted drug delivery routes, Metzler-
Nolte et al. developed a series of Au(l)- and Au(lll)-NHCs bearing cysteine thiolate
ligands (Figure 1.14, Au-5a and Au-5b). These metal-bioconjugates showed
similar biological activity if compared to the Au(l)-NHCs without cysteine-derived
ligands which shows that the activity as well as pharmacokinetic properties of Au-
NHC complexes can be varied and optimized by choosing the appropriate

oxidation state of the metal core and ligand system.
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Figure 1.14: Structures of Au-NHC complexes Au-4a-c and Au-5a and Au-5b

Au-4a

Unfortunately, Au(lll) complexes are often instable under physiological
conditions, but Che et al. reported a series of stable Au(lll)-NHC-X complexes (X
= 2,6-diphenylpyridine or 2,4-diphenyl-6-thiophen-2-yl-pyridine) of which the Au(lIl)
complex containing a 2,6-diphenylpyridine and 1,3-dimethylimidazole-2-ylidene
ligand (Figure 1.15, Au-6) was selected for several in vitro and in vivo studies. It
showed 18- to 28-fold higher cytotoxic activity than cisplatin against hepatocellular
carcinoma (HepG2), cervical epithelioid carcinoma (KB and KB-CPT-100), non-
small lung carcinoma (NCI-H460) and nasopharyngeal carcinoma (SUNE1) cell
lines and 167-fold higher activity towards non-small lung carcinoma cells (NCI-
H460) than against normal lung fibroblast cells (CCD-19Lu). Evaluation of its in

vivo activity against hepatocellular carcinoma (PLC tumour) in nude mice
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displayed significant tumour suppression (47%) compared to the vehicle control at
a dose of 10 mg per kg per week for 28 days. Additionally, no apparent toxic side
effects including death and weight loss in the mice were observed during the
treatment [126].

In 2011 Nolan et al. synthesised two series of neutral and cationic Au(l)-
NHC complexes and the in vitro test against the prostate carcinoma (LNCaP) and
breast cancer (MDA-MB-231) cell lines showed higher activity of the cationic
species (Figure 1.15, Au-7) compared to the neutral complexes [127].

This pattern was also observed by Ott and co-workers [125] and is most
likely due to apoptosis induction in the cancer cells via the mitochondrial apoptotic
pathway caused by the cationic species. One Au(l)-NHC complex (Figure 1.15,
Au-8), as well as its Pd and Ag analogues, has been synthesised, characterised
and biologically evaluated by Li and co-workers. The compound showed selective
activity against the human glioblastoma-astrocytoma, epithelial-like cell line U-
87MG, but did not inhibit TrxR indicating that it might trigger apoptosis via a DNA
dependent mechanism and it was later found that apoptosis was triggered through
a p53-bak pathway. Moreover the complex might mediate S-phase arrest through
downregulation of cyclin A and B1 and cdk2 and it has influence on negative
regulation of p21, which gives it therapeutic potential in the treatment of

glioblastoma in the case of p21-dependent resistance of p53-induced apoptosis

[81].
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Figure 1.15: Structures of Au-NHC complexes Au-6, Au-7 and Au-8
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Gust et al. synthesised several mononuclear, neutral Au(l)-NHC and neutral
as well as cationic Au(l)-bis(NHC) series and evaluated them for their cytotoxic
activity against two human breast cancer cell lines (MCF-7 and MDA-MB-231) and
the human colon cancer cell line HT-29. Furthermore their potential as TrxR and
COX-1 enzyme inhibitors and binding to ER and DNA were investigated. Some
Au(l)-NHC complexes were more active than Et;PAuCIl and cisplatin and as active
as auranofin against the three cancer cell lines and (1,3-diethyl-4,5-di(p-
fluorophenyl)-imidazole-2-ylidene) gold(l) bromide exhibited distinctly higher anti-
proliferative potency than cisplatin. While all complexes showed TrxR inhibition, no
SAR was found and with the missing correlation with cytotoxic properties
involvement of further targets was indicated. DNA binding and interference in the
hormonal system was excluded based on the investigations on cellular and
nuclear uptake and binding to the ER. Nevertheless the most active complex
showed selective inhibition of the COX-1 enzyme and might open new
perspectives for targeted Au(l)-NHCs. The Au(l)-bis(NHC) complexes displayed
increased cytotoxic activity if compared to the Au(l)-NHC complexes against all
three cancer cell lines, but was independent of the anionic counter ion or the
oxidation state of the metal. If compared to the non-metal containing NHCs it was
clearly shown that the gold centre is responsible for the high cytotoxic activity of
these complexes. Also the exchange of the bromide ligand for triphenylphosphine
or a further NHC ligand showed remarkable influence on the anti-tumour potency
of these complexes, leading to low nanomolar ICsg values. Despite these findings,
preliminary studies on the mode of action indicated only marginal activity at the
TrxR and COX-1 inhibition as well as the ER binding [128—130].

Besides classical benzimidazole-derived NHC ligands, Huynh et al. also
investigated a series of Au(l) and Au(lll) mono-, homobis- and heterobis(carbene)
complexes with nonclassical pyrazole-derived NHC ligands. Again, the cationic
Au-bis(NHC) complexes (Figure 1.16, Au-10a and Au-10b) showed higher activity
against non-small lung cancer cells (NCI-H1666), with 1Csy values in the
nanomolar range, than the neutral Au-NHC complexes and cisplatin [131].

25



\ )>—Au—Br Au-10a Au-11a
o Q R G g
F N ?l N
Q= U
N N~ N
Au9 & U Au-11c Au-11d
u B A A\
Au-10b Au-11b = S_<N;>

Figure 1.16: Structures of Au-NHC complexes Au-9, Au-10a, Au-10b and Au-11a-d

Four cytotoxic imidazole and benzimidazole based Au(l)-NHC complexes
(Figure 1.16, Au-11a-d) have been selected for screening for their TrxR inhibition
properties both on the purified enzyme and on cell extracts in vitro, after initial
screening for their cytotoxic activity against the cisplatin-sensitive and -resistant
human ovarian (A2780S/R) and non-tumourigenic human embryonic kidney (HEK-
239T) cell line by Mohr et al. Cytosolic TrxR1 was better inhibited by these four
complexes than mitochondrial TrxR2 and even to a much lesser extend GR.
Interestingly, the inhibition of TrxR by these complexes seems to be relevant in
cancerogenic cells, but not in non-tumourigenic cells, which is not the case for
auranofin. In the presence of these complexes in tumourigenic cells a correlation
between cytotoxicity and thioredoxin oxidation via TrxR inhibition was observed
and biochemical assays on glutathione systems and ROS formation displayed
great differences compared to auranofin [132].

In 2012, Schobert et al. reported their results on the biological evaluation of
five N-methyl-4,5-diarylimidazole-2-ylidine gold(l) chlorides which showed
micromolar cytotoxic activity and selectivity against human colon carcinoma (HT-
29), leukaemia (HL-60), melanoma (518A2), cervix carcinoma cells (KB-V1/Vbl)
and non-malignant foreskin fibroblasts (HF). The cellular uptake of the complexes
occurred mainly via the copper transporter (Ctr1) and the organic cation
transporters (OCT-1/2). Furthermore, the complex ((1-p-methoxybenzyl-3-(3,4,5-
methoxybenzyl)imidazole-2-ylidene) gold(l) chloride (Figure 1.17, Au-12) was
preferentially accumulated by Na*/K*-dependent endocytosis and via the OCT-1/2.
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The Au(l)-NHC complexes did not inhibit polymerisation of tubulin to give
microtubules, a performance observed for the metal free 1-methyl-4,5-
diarylimidazole precursors, therefore their mechanism of action appears to be
different from that of their free ligands [133].

Dinda et al. synthesised two mononuclear, neutral, benzimidazole based
Au(l)-NHC  complexes, but the evaluation of the (1-methyl-3-(2-
pyridylmethyl)benzimidazole-2-ylidene) gold(l) chloride (Figure 1.17, Au-13)
showed no improvement of cytotoxic behaviour against mouse melanoma
(B16F10), human hepatocarcinoma (HepG2) and human cervical carcinoma
(HeLa) cells when compared to cisplatin. When treated with the complex, the cells
showed interesting morphological changes (cell rounding and shrinkage, nuclear
fragmentation) which indicate an induction of apoptotic cell death. Whereas
cisplatin showed 75% cytotoxicity at 10 mM against normal human peripheral
blood mononuclear cells, the complex did not show any significant cytotoxic effect
at 100 mM [134].
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Figure 1.17: Structures of Au-NHC complexes Au-12, Au-13 and Au-14a-c

Also our group synthesised three novel mononuclear, neutral
benzimidazole based Au(l)-NHC complexes (Figure 1.17, Au-14a-c) by
transmetallation in situ from the NHC-Ag()Br complexes. The Au(l)-NHC
complexes showed good solubility in DMSO and biological medium and were
tested against the cancer cell line Caki-1 (renal), but unfortunately no higher

activity than cisplatin was observed [135].
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Besides the evaluation of Au-NHCs for their cytotoxic properties, some
groups started to evaluate the antimicrobial activity of potential active Au(l)-NHC
complexes. Ozdemir et al. tested the activity of six symmetrically substituted,
cationic Au(l)-bis(NHC) complexes against the bacterial strains E. coli,
Staphylococcus epidermidis (S. epidermidis), S. aureus, Enterococcus faecalis (E.
faecalis) , Enterobacter cloacae (E. cloacae), P. aeruginosa and C. albicans in
2004. However, only complex Au-15a (Figure 1.18) showed low MIC values
against most of the strains, with exception of E. coli where only Au-15b (Figure
1.18) exhibited a MIC value as low as 3.12 ug/ml. Additionally, the free ligand
displayed a higher activity than the cationic complexes against S. epidermidis, S.
aureus, E. faecalis and P. aeruginosa, showing that the activity cannot be
attributed to the metal centre. In 2010 three neutral Au(l)-NHC complexes have
been evaluated and the methoxy-containing compounds (Au-16a and Au-16b,
Figure 1.18) exhibited good activity against S. aureus and E. faecalis while the
symmetrical methyl-substituted compound Au-16¢ (Figure 1.18) was active
against C. albicans and Candida tropicalis (C. tropicalis). However, none of the
complexes showed activity against gram-negative bacteria strains. 3 years later
the same group reported the antimicrobial activity of another cationic Au(l)-
bis(NHC) series, of which two compounds were symmetrically and four
unsymmetrically substituted on the nitrogen side arms. The two most active
complexes Au-17a and Au-17b (Figure 1.18) have shown MIC values of 12.5
pMg/mL against S. aureus, C. albicans and C. tropicalis, but exhibited no activity
against the gram-negative bacterial strain E. coli [136—138].

(1-tertbutyl-3-benzyl-imidazole-2-ylidene) gold(l) chloride (Figure 1.18, Au-
18) was tested on its antibacterial activity against Bacillus subtilis (B. subtilis) and
E. coli by Ghosh et al., showing a MIC of 15 yM against B. subtilis but no effects
were found on E. coli. Incubation of B. subtilis over 4 h with a concentration of the
complex of 4 yM showed that the cell length increased 3.5-fold relative to the
control. This finding indicated that the Au(l)-NHC was able to inhibit the bacterial
proliferation by blocking cytokinesis. Furthermore the ligand precursor did not

show any activity against the two examined bacteria strains [139].
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Figure 1.18: Structures of Au-NHC complexes Au-15a, Au-15b, Au-16a-c, Au-17a, Au-17b, Au-

18 and Au-19

In 2012, Gust et al. evaluated the cationic Au(l)-bis(NHC) complex Au-19

(Figure 1.18) for its activity against Ervinia amylovora (E. amylovora), E. coli, B.

subtilis and Bacillus megaterium (B. megaterium), where they found no activity for

the first two bacteria strains but activity comparable to the one of AgQNO3; against

the latter two. Interestingly, the methyl-bridged NHC-ligand showed higher activity

than the metal-containing complex and even stronger activity against all bacterial

strains if compared to AgNO3 [130].
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1.4 Ruthenium in medicinal chemistry

Ru(ll) and Ru(lll) compounds have been widely explored in respect to their
potential uses in medicine as chemotherapeutics against different diseases. In
particular, they have demonstrated high potentiality for the development of drug
candidates for cancer therapy being promising alternatives to platinum complexes.
Novel targets like different modes of DNA binding are offered by either classical
coordination ruthenium compounds or organoruthenium compounds and they
show potential to overcome resistances and side-effects exhibited by cisplatin and
platinum-based antitumor drugs. Additionally, the design of ruthenium compounds
targeting relevant cellular proteins and cellular signalling pathways overexpressed
in tumour cells, mimicking organic enzyme inhibitors or other organic bioactive
compounds and those suitable for photodynamic therapy are currently underway
[140-142]. The advantages of ruthenium in biological applications are the
following: Ru(ll) as well as Ru(lll) both show preferences for N and S donors,
which are found in biomolecules like DNA, serum, cellular proteins and enzymes.
Ru(ll) and Ru(lll) form six coordinated octahedral compounds allowing the in vivo
interconversion between both oxidation states without extra energy requirements
for structural rearrangements. This octahedral geometry offers wider possibilities
of coordination to relevant molecular targets than the four coordinated Pt centre.
These additional coordination sites could be wused to fine-tune the
pharmacologically relevant properties of the compounds. Moreover, Ru complexes
are kinetically as inert as Pt(Il) complexes while ligand exchange determines the
activity in biological systems. Furthermore, ruthenium compounds show low
toxicity in humans, probably due to metabolic similarities with iron. It can mimic
iron in binding biomolecules (e.g. serum albumin and transferrin) and this
contributes to a decrease in toxicity and helps the transport of the ruthenium
complexes into the cancer cells. Since cancer cells show higher iron requirements
than normal cells and therefore exhibit an increased number of transferrin
receptors on the cell surface the uptake of ruthenium-compounds is increased in
cancer cells [141]. Another advantage is that the redox potential Ru(ll)/Ru(lll) in
many complexes is available in the biological redox potential window. This
behaviour can be then exploited to develop ruthenium complexes which can be
activated in hypoxic tumour tissues by bioreduction, allowing for achieving
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selectivity by reoxidation in healthy normally oxygenated cells. Nevertheless, the
kinetic lability of ruthenium ions is highly dependent on the types of bound ligands
and substitution rates can vary in many orders of magnitude [143]. These various
chemical and biological properties have lead to the discovery of potent Ru-based
pro-drugs [144-147].

1.4.1 Synthesis and Characteristics

Ru(ll)-NHCs are well known to act as catalysts and they are synthesised in
general by applying one of the two following methods: i) transfer of NHCs from
Ag(l)-NHCs, or ii) direct metallation of NHCs with Ru(ll) sources. As for the Ag(l)-
NHC and Au-NHC complexes the formation of the Ru-C bond is indicated by a
shift in the "*C NMR with & values ranging from 156.3 to 252.2 ppm and the loss of
the C%H signal in the '"H NMR spectrum [148—156].

1.4.2 Biological evaluation and possible applications

Ruthenium complexes like KP1019, KP1339, NAMI-A and RAPTA-T
(Figure 1.19) have been successfully studied for their application as possible
anticancer drugs. Of all non-platinum based drugs ruthenium complexes are the
most intensively studied for application in cancer chemotherapy. Some unique
properties of ruthenium-based drugs can justify the potential expectations posed
on these chemical moieties. These properties can be resumed in i) the facility to
exchange with O- and N-donor molecules in a way very similar to that of platinum
drugs (furthermore their octahedral geometry offers unique possibilities to bind to
nucleic acids), ii) the ability to easily access the oxidation states Il, lll and IV in the
biological fluids, iii) the possibility of getting low reactive pro-drugs with the
ruthenium ion at +3 oxidation state that can be reduced, then activated, selectively
in solid tumour masses where the low oxygen content can create a reducing
environment, and iv) the transportation into tumour cells by transferrin, given the

presumed higher need of iron of these rapidly dividing cells [157].
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Figure 1.19: KP1019 [144]/ KP1339 [145], NAMI-A [146] and RAPTA-T [147] (from left to right)

Two of the best studied ruthenium complexes, namely KP1019
(imidazolium trans-[tetrachloridobis(1H-imidazole)ruthenate(lll)) / KP1339 (the
much more water soluble [158] Na® analogue of KP1019) and NAMI-A
(imidazolium trans-imidazoledimethylsulfoxidetetrachlororuthenate) have
successfully entered clinical trials.

The first ruthenium compound which entered clinical trials was NAMI-A and
dose finding was carried out in phase |. PK determination and toxicity evaluation
were performed in 24 patients with diverse tumour histotypes and previously
treated with surgery and chemotherapy with or without radiotherapy, according to
the different tumour type [159, 160]. NAMI-A is characterized by i) no direct cell
cytotoxicity on tumour cells in vitro up to 0.1 mM concentration ii) a selective effect
on lung metastases of solid metastasizing tumours, with no concomitant effect on
primary tumour growth, in a number of experimental models, consistent with
similar findings obtained with the sodium salt parent compound NAMI, iii) an anti-
metastatic effect independent of the stage of growth of lung metastases [active on
metastases on advanced stage of growth and/or after surgical removal of primary
tumour], iv) a similar activity over a number of treatment schedules, including
acute and repeated treatments, v) an activity significantly greater than that of
cisplatin on metastases of the human lung cancer H460M2 transplanted into SCID
mice, and vi) an activity often synergetic when used in combination with cisplatin
and other classical anticancer drugs (taxanes, adriamycin, gemcitabine) in vitro
and in vivo. Today NAMI-A is studied for use as a second line therapy in the

metastatic non-small-cell lung carcinoma (NSCLC) in combination with
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Gemcitabine. Although the study is still ongoing, preliminary data of dose finding
show the possibility to treat these patients with the combination NAMI-A +
Gemcitabine. Main toxicities are flebitis at the injection site, for which reason the
drug is infused through a central venous catheter (port-a-cath), general malaise
and cutaneous blister formation [157].

The biological in vitro and in vivo effects of KP1019 can be summarised as
follows: in vivo activity against autochthonous chemically-induced colorectal
cancer in mice [161, 162], in vitro activity on colorectal colon carcinoma [163-165],
in vivo activity on the chemo-resistant MAC15A colon carcinoma [166], unable to
modify the metastatic cell behaviour [167], transferrin [168] and HSA [158] binding,
more cytotoxic after reduction, causes apoptosis via the mitochondrial pathway
[168], generation of ROS species [165] and at last solubility problems [168] (which
are now overcome by its Na* analogue KP1339 [158]).

Another ruthenium based complex which shows some selectivity of anti-
tumour activity towards metastases after the discovery of NAMI-A is the RAPTA-T
complex by the group of Dyson. RAPTA-T (Ru(n®-C¢HsMe)(PTA)CI,) with PTA =
(1,3,5-triaza-7-phosphoadamantane), which is similar to nearly all other
derivatives of the RAPTA series [147], shows better cytotoxicity against tumour
cells compared to non-tumour cells but is only weakly cytotoxic. Nevertheless it
has shown in vitro to have significant influence on cell behaviour by modifying
invasion and metastasis [169].

Despite this, reports on the tumour growth inhibiting properties of ruthenium

NHC complexes are surprisingly rare (see Figure 1.20).
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Figure 1.20: Structures of Ru-NHC complexes Ru-1 to Ru-6

In general ruthenium based drugs are much less toxic than platinum-based
drugs and are furthermore often capable of overcoming platinum-induced
resistances in cancer cells [142, 143, 171-176]. The ability of ruthenium to mimic
iron in binding to biological molecules, for example in HSA and transferrin, and the
selective activation to more reactive species by the reducing environment of solid
tumours seem to be the reasons for these activities [173, 175-179].

Looking at possible DNA targeting some complexes have been especially
designed to mimic platinum drugs [178, 179], but unfortunately the ruthenium
complexes interact far more weakly with DNA relative to platinum complexes and
the mechanisms of action of ruthenium-based antitumor complexes are
comparatively unexplored [173, 180].

Recently, Ciftci et al. compared the oxidative damage in rat heart tissue
induced by Ru(ll)-NHC (Ru-4, Figure 1.20) and Au(l)-NHC complexes which
showed anti-tumour effects in vitro [156]. The results indicated that both
complexes caused oxidative damage by suppressing the antioxidant defence
systems and increasing the lipid peroxidation in heart tissue of rats. This effect
was changed in a dose-dependent manner for Au(I)-NHC treatment. Additionally,
it was observed that the Au(l)-NHC complex was more cardiotoxic than the

Ru(ll)-NHC complex which indicated that ruthenium compounds should be
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preferred over Au(l)-NHC for cancer treatment when they were used clinically
[15].

Metzler-Nolte et al. described a way to synthesise ruthenium carbene
peptide conjugates to improve the solubility and stability of ruthenium complexes.
Using solid phase synthesis they reported the first fully characterised metal-NHC
peptide conjugate. A pseudoenkephalin peptide was successfully linked to a

functionalised p-cymene Ru(Il)-NHC ligand [181].
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Figure 1.21: ruthenium-NHC pseudoenkephalin [181]

The cytotoxic and potential chemotherapeutic properties of this complex has not
been evaluated until now, but the results might be promising when compared to
the well studied p-cymene containing RAPTA complexes from Dyson et al. [142,
143, 174, 176, 182, 183].

However the group around Keppler just recently published their work on the
anticancer activity of a ruthenium arene peptide conjugate. The resulting
organometallic half-sandwich Ru bioconjugate displayed anti-proliferative activity
in the low micromolar range against CH1 ovarian cancer cells, whereas the non-
metallated peptide shows no activity. Furthermore they identified a small building
block (Figure 1.22) which might open an approach to a wider range of anticancer

active Ru bioconjugates [184].
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Figure 1.22: Ruthenium-bioconjugate building block [184]

Another series of Ru(ll) arene complexes with different NHC ligands (Ru-1,
Figure 1.20) was studied in vitro for antioxidant/pro-oxidant activity by Burgos et
al. [185]. To investigate and characterise the toxicity of some of these compounds
the zebrafish (Danio rerio) has been used additionally as an in vivo model. At
higher concentrations they showed pro-oxidant capacity while they behaved as
antioxidants at low concentrations. Further experiments indicated that zebrafish
embryos were not harmed by exposure to Ru(ll) complexes. And thus the
complexes can be considered as non-toxic. The characteristics as pro-oxidant
and/or antioxidant agents together with their biosafety may indicate that this type
of complexes have the potential as antitumoural or neuroprotective drugs [15].

Facilitating the promising results of ruthenium arene complexes, Ott et al.
evaluated archetypical examples of Grubbs catalysts (Ru-5 and Ru-6, Figure
1.20) for their inhibition of enzymatic activities of TrxR, GR, proteases trypsin and
cathepsin B and cell growth (MCF-7 and HT-29 cells), as well as on cellular
metabolism [186]. The results indicated that Ru-6 was the most pronounced in
terms of enzyme inhibition and anti-proliferative effects in tumour cells, because it
interacted with TrxR and albumin considerably stronger and followed a time-
dependent process. Similar to other bioactive ruthenium metallodrugs it can be
speculated that ligand-exchange processes with thiol- or selenol-containing
biomolecules are involved in the biochemistry of the investigated complexes [173,
176]. A reduction of both cell impedance and standard acidification rate, as well as
a compensatory increase in glycolysis was found while measuring the effects on
cell metabolism. In general, it could be concluded that all results demonstrated

that directed cytotoxic effects in cultured tumour cells can be triggered.
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Nevertheless, both complexes were less active than their evaluated benzimidazol-
2-ylidene gold complexes reported in the same group on inhibition of enzyme TrxR
and cell growth [187]. While the potencies of these catalysts are poor to moderate
from a drug development prospective, the observed triggering of biological effects
might provide a rationale for the use of Ru(ll)-NHC fragments in metallo-drug
design [15].
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1.5 Other metal-NHCs in medicinal chemistry

Besides the evaluation of silver, gold and ruthenium NHCs for their
biological applications, also numerous Pd, Pt, Cu and other transition metal NHC
complexes have been synthesised and assessed for their suitability as potential
novel antimicrobial and anticancer drug candidates.

Unsurprisingly, after the major discovery of cisplatin and its derivatives
carboplatin and oxaliplatin as anticancer therapeutics, platinum based NHC
complexes were investigated for their possible antitumoural applications. The most
promising results were reported in 2011 by Che et al. for their cyclometallated
Pt(ll) complex Pt-1 (Figure 1.23), showing submicromolar cytotoxicity towards
three cancer cell lines and less activity against healthy CCD-19Lu lung fibroblast
cells and overall better activity of compared to cisplatin. Furthermore, in vivo
evaluation of the influence of Pt-1 on the tumour growth of non-small lung
carcinoma NCI-H460 in nude mice at a concentration of 3 mg / kg / d resulted in
55 £ 11% growth inhibition and no observed toxic effects on healthy tissue [188].

Ghosh et al. evaluated the anti-proliferative potential of two neutral Pd(ll)-
NHC complexes (Pd-1 and Pd-2, Figure 1.23) and found 2- to 20-fold increased
activity for Pd-2 against HeLa, HCT and MCF-7 cancer cell lines compared to
cisplatin. Moreover, they claim that despite the trans configuration of the complex,
the same cellular pathway as cisplatin is exhibited by Pd-2, with cell cycle arrest in
G2/M transition, activation of cyclin B1, activation of a p53-dependent pathway in
cell death and phosphorylation of cdc2 [139].

The first Cu(l)-NHC complex has been reported by Arduengo in 1993 [189],
but compared to other transition metal NHCs there has been moderate evaluation
on the biological properties of Cu(l)- and Cu(ll)-NHCs, since their main use is
found in catalysis. Nevertheless, the Cu(l)-NHC complexes Cu-1 to Cu-3 (Figure
1.23) have shown some interesting results. In 2009 Gautier et al. reported the
evaluation of the anti-proliferative effects of Cu-1 against the five cancer cell lines
KB (oral carcinoma), HL60 (promyelocytic leukaemia), MCF-7 and MCF-7R
(breast) and LNCaP (prostatic) and found overall better and up to 150-fold higher
activity than cisplatin. Unlike cisplatin, Cu-1 arrests the cell cycle progression at

the G1 phase and induces apoptosis at a lower concentration. They also assumed
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that an aerobic radical process leading to a DNA strand break is responsible for

the observed cytotoxicity [190].
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Figure 1.23: Structures of metal-NHC complexes Pt-1, Pd-1, Pd-2 and Cu-1 to Cu-3b

During the same year they also evaluated the Cu(l)-NHC complex Cu-2,
which was designed with the intention of using it for the localisation of intracellular
targets by fluorescence microscopy. In fact it presents an intense fluorescence
when excited around 360 nm [79]. Santini et al. reported the synthesis of a series
of metal-NHCs (M = Ag, Au, Cu), among them complex Cu-3. Unfortunately, MTT
assay data for complex Cu-3 were not reproducible probably because of the high
instability of copper derivatives in physiological media, thus avoiding [Csg

calculation [191].
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Chapter 2 Non-symmetrically p-benzyl-substituted
(benz)imidazole N-Heterocyclic carbene-

silver(l) acetate complexes

Work published as:

Novel non-symmetrically p-benzyl-substituted (benz)imidazole N-Heterocyclic
carbene-silver(l) acetate complexes — synthesis and biological evaluation, F.
Hackenberg, A. Deally, G. Lally, S. Malenke, H. Muller-Bunz, F. Paradisi, S. Patil,
D. Quaglia and M. Tacke, International Journal of Inorganic Chemistry, 2012, 13
pages, doi:10.1155/2012/121540.
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2.1 Key Words

Anticancer drugs, antibacterial drugs, silver(l) acetate, NHC, Caki-1,

Staphylococcus aureus, Escherichia coli.
2.2 Abstract

Non-symmetrically substituted N-Heterocyclic carbene (NHC) precursors 1a-d and
3a-d were synthesised by first reacting 1H-(benz)imidazole with p-cyanobenzyl
bromide to give 4-(1H-imidazole-1-ylmethyl)benzonitrile (1) and 4-(1H-
benzimidazole-1-ylmethyl)benzonitrile (3) and afterwards introducing benzyl
bromide, 1-(bromomethyl)-4-methylbenzene, 1-(bromomethyl)-4-methoxybenzene
and methyl 4-(bromomethyl)benzoate. The NHC-silver(l) acetate complexes (1-
benzyl-3-(4-cyanobenzyl)-2,3-dihydro-1H-imidazole-2-ylidene) silver(l) acetate
(2a), (1-(4-cyanobenzyl)-3-(4-methylbenzyl)-2,3-dihydro-1H-imidazole-2-ylidene)
silver(l) acetate (2b), (1-(4-cyanobenzyl)-3-[4-(methoxycarbonyl)benzyl]-2,3-
dihydro-1H-imidazole-2-ylidene)  silver(l)  acetate (2c), (1-benzyl-3-(4-
cyanobenzyl)-2,3-dihydro-1H-benzimidazole-2-ylidene) silver(l) acetate (4a), (1-(4-
cyanobenzyl)-3-(4-methylbenzyl)-2,3-dihydro-1H-benzimidazole-2-ylidene) silver(l)
acetate (4b), (1-(4-cyanobenzyl)-3-(4-methoxybenzyl)-2,3-dihydro-1H-
benzimidazole-2-ylidene) silver(l) acetate (4c) and (1-(4-cyanobenzyl)-3-[4-
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(methoxycarbonyl)benzyl]-2,3-dihydro-1H-benzimidazole-2-ylidene) silver(l)
acetate (4d) were yielded by reacting these NHC precursors with silver(l) acetate.
The silver(l) acetate complex 4b was characterised by single crystal X-ray
diffraction. Preliminary in vitro antibacterial studies against the Gram-positive
bacteria Staphylococcus aureus and the Gram-negative bacteria Escherichia coli,
using the Kirby-Bauer disc diffusion method were carried out on the seven NHC-
silver(l) acetate complexes 2a-c and 4a-d. Also the ICsy values of these seven
complexes were determined by an MTT-based assay against the human renal
cancer cell line Caki-1. The complexes 2a-c and 4a-c revealed the following ICsg
values respectively: 25 (x 1), 15 (x 2),5.4 (2 0.8),16 (x 2), 7.1 (£ 1), 20 (£ 4) and
14 (£ 1) uM.
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2.3 Introduction

N-Heterocyclic carbenes (NHCs) are versatile ligands in silver complexes
exhibiting antimicrobial activity, in particular for the possible treatment of
pulmonary infections accompanying cystic fibrosis (CF) and chronic lung infections
[1-3] and maybe in the treatment of cancer [4]. Youngs' research group have
reported antimicrobial activity of NHC-silver complexes derived from 1H-imidazole,
4,5-dichloro-1H-imidazole and xanthines against a panel of highly resistant
pathogens recovered from the respiratory tract of cystic fibrosis (CF) patients
[1,3,5]. Another important contribution by the Ghosh research group led to the
synthesis and antimicrobial evaluation of NHC-silver complexes derived from 1-
benzyl-3-tert-butylimidazole [6]. In addition, in vitro and murine in vivo efficacy and
toxicity studies of nebulised methylated caffeine-silver(l) complex (SCC1), for
treatment of pulmonary infections [7]. Recently, a larger number of known

compounds were evaluated as potential antibiotics by Roland and Jolivalt [8].

In addition, silver complexes have been reported to have anticancer activity in
vitro. Egan has reported that silver complexes of coumarin derivatives possess
anticancer activity against certain types of cancer [9]. Zhu has reported that silver
carboxylate dimers possess anticancer activity against human carcinoma cells
[10]. McKeage has shown phosphine complexes of silver to be active anticancer
agents, even against cisplatin-resistant cell lines [11]. Youngs and co-workers
have reported anticancer activity of NHC-silver complexes derived from 4,5-
dichloro-1H-imidazole against the human cancer cell lines OVCAR-3 (ovarian),
MB157 (breast), and HeLa (cervical) [4]. We have reported the anticancer (CAKI-
1, renal) and antibacterial (E. coli, S. aureus) activity of benzyl-substituted N-

Heterocyclic carbene-silver [12-17] and carbene-gold complexes [18, 19].

Within this paper we present a new series of non-symmetrically p-benzyl-
substituted N-Heterocyclic carbene-silver acetate complexes derived from
imidazole and benzimidazole, their synthesis, cytotoxicity and antibacterial

studies.
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2.4 Experimental
241 General:

All reactions were carried out under aerobic conditions. All silver(l) acetate
reactions were carried out under exclusion of light. 1H-Imidazole, 1H-
benzimidazole, benzyl bromide, 4-methylbenzyl bromide, methyl 4-
(bromomethyl)benzoate, 4-cyanobenzyl bromide, silver(l)acetate and K,CO3 were
procured commercially from Sigma-Aldrich Chemical Company and were used
without further purification. IR Spectra were recorded on a Perkin-Elmer Paragon
1000 FT-IR spectrometer employing a KBr disc. NMR Spectra were measured
either on a Varian 300 MHz or 400 MHz spectrometer. All chemical shifts are
reported in ppm and referenced to TMS. ESI MS was performed on a quadrupole
tandem mass spectrometer (Quattro Micro, Micromass/Water's Corp., USA), using
solutions in 100% MeOH. MS spectra were obtained in the ES+ (electron spray
positive ionisation) mode for all compounds. CHN Analysis was carried out in an
Exeter Analytical CE-440 elemental analyzer. Crystal Data was collected using an
Agilent Technologies (former Oxford Diffraction) SuperNova diffractometer fitted
with an Atlas detector. 4b was measured with Mo-Ka (0.71073 A) at 100 K. A four
times redundant dataset was collected, assuming that the Friedel pairs are not
equivalent. An analytical absorption correction based on the shape of the crystal
was performed [20]. The structure was solved by direct methods using SHELXS-
97 [21] and refined by full matrix least-squares on F2 for all data using SHELXL-97
[21]. Hydrogen atoms were added at calculated positions and refined using a
riding model. Their isotropic thermal displacement parameters were fixed to 1.2
(1.5 for methyl groups) times the equivalent ones of the parent atom. Anisotropic
thermal displacement parameters were used for all non-hydrogen atoms. A
suitable crystal of 4b was grown in a saturated solution of chloroform with slow
infusion of pentane. Further details about the data collection are listed in Table 1.

CCDC 853680 (for 4b) contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambridge

Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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2.4.2 Synthesis:

4-(1H-Imidazole-1-ylmethyl)benzonitrile (1):

1H-Imidazole (1.478 g, 22.03 mmol), 4-(bromomethyl)benzonitrile (4.319 g, 22.03
mmol) and K,CO3; (4.560 g, 33.00 mmol) were stirred in CH3CN at room
temperature for 2 d. After the solvent was removed under reduced pressure, water
(30 mL) was added. The aqueous phase was extracted with CH>Cl, (3x 20 mL)
and the combined organic phases were dried with magnesium sulfate. After
removing the solvent under reduced pressure the product (1) was yielded (3.511

g, 19.14 mmol, 87% yield) as a white powder.

'H NMR (3 ppm, CDCl3, 300 MHz): 7.65 (d, J= 7.7, 2H, CHeyanobenzyl), 7-56 (s, 1H,
CHimidazole), 7-21(d, J= 7-2, ZH, CHcyanobenzyI), 712 (d, 1H, CHimidazole), 6.89 (S, 1H1
NCHN), 5.20 (s, 2H, CH,).

3C NMR (& ppm, CDCl3, 100 MHz, proton decoupled): 139.6, 134.4, 132.9, 128.4,
128.2, 118.7, 113.9, 111.9 (NCHN, CN, Cinidazole), 90.2 (CHy).

IR absorptions (KBr, cm™): 3427 (m), 3132 (s), 3063 (m), 2981 (s), 2852 (s), 2226
(s), 1608 (m), 1567 (s), 1411 (s), 1355 (m), 1209 (s), 1161 (s), 769 (m), 634 (m),
550 (m).

MS (m/z, QMS-MS/MS): 182.07 [M*-H].

Micro Analysis Calculated for C411HgN3 (183.21): Calcd.: C, 72.11%; H, 4.95%; N,
22.94%; Found: C, 72.03%; H, 5.05%; N, 22.92%.

1-Benzyl-3-(4-cyanobenzyl)-2,3-dihydro-1H-imidazole-2-ylium bromide (1a):
4-(1H-Imidazole-1-ylmethyl)benzonitrile (1) (0.500 g, 2.73 mmol) and 1.5
equivalents of benzyl bromide (0.701 g, 4.10 mmol) were dissolved in toluene (30
mL) and heated under reflux for 6 h. After removing the solvent under reduced
pressure the obtained sticky white product was washed with pentane (2x 10 ml),
diethylether (3x 5 mL) and THF (2x 10 mL) to yield a white powder (0.512 g, 1.44
mmol, 53% yield).
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'"H NMR (5 ppm, CDCls, 300 MHz): 11.36 (s, 1H, NCHN), 7.71 (bs, 4H,
CHcyanobenzy|), 7.44 (S, 5H, CHbenzy|), 708 (S, 1 H, CHimidazo|e), 704 (S, 1 H,
CHimidazole), 5-78 (s, 2H, CHy), 5.48 (s, 2H, CH,).

3C NMR (® ppm, CDCIs;, 100 MHz, proton decoupled): 137.9 (NCHN), 137.8,
133.2, 132.1, 129.9, 129.8, 129.7, 129.0, 121.8, 121.7, 117.9, 113.6 (CN +
Cimidazole + Ccyanobenzyl + Cbenzyl), 53-9, 52.6 (CHZ)

IR absorptions (KBr, cm™): 3461 (m), 3130 (s), 3058 (s), 2980 (s), 2920 (s), 2226
(s), 1608 (m), 1567 (s), 1411 (m), 1355 (m), 1209 (s), 1160 (s), 770 (s), 634 (m),
549 (m).

MS (m/z, QMS-MS/MS): 274.12 [M*-Br].

Micro Analysis Calculated for C1gH1sBrNs (354.24): Calcd.: C, 61.03%; H, 4.55%;
N, 11.86%; Found: C, 60.96%; H, 4.52%, N, 11.68%.

1-(4-Cyanobenzyl)-3-(4-methylbenzyl)-2,3-dihydro-1H-imidazole-2-ylium
bromide (1b):

4-(1H-Imidazole-1-ylmethyl)benzonitrile (1) (0.500 g, 2.73 mmol) and 1.5
equivalents of 1-(bromomethyl)-4-methylbenzene (0.759 g, 4.10 mmol) were
dissolved in toluene (30 mL) and heated under reflux for 6 h. After removing the
solvent under reduced pressure the obtained sticky white product was washed
with pentane (2x 10 mL), diethylether (3x 5 mL) and THF (2x 10 mL) to yield a
white powder (0.784 g, 2.13 mmol, 78% yield).

"H NMR (5 ppm, CDCls, 300 MHz): 10.74 (s, 1H, NCHN), 7.76 (d, J = 8.2 Hz, 2H,
CHeyanobenzyt), 7.64 (d, J = 8.2 Hz, 2H, CHeyanobenzyl), 7-52 (s, TH, CHimigazole), 7.35 —
7.26 (m, 2H, CHimdazoles CHmetybenzy), 7.18 (d, J = 7.6 Hz, 3H, CHimidazole,
CHmetnylbenzyl), 5.82 (S, 2H, CH,), 5.45 (s, 2H, CHy), 2.33 (s, 3H, CHa).

3C NMR (3 ppm, CDCls;, 100 MHz, proton decoupled): 139.8(NCHN), 138.3,
136.9, 133.0, 130.2, 129.9, 129.4, 128.9, 122.5, 121.9, 118.1, 113.2 (CN +
Cimidazole + Ccyanobenzyl + Cmethylbenzyl), 53-4, 52.3 (CHZ), 21.2 (CHB)
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IR absorptions (KBr, cm™): 3455 (m), 3130 (s), 3052 (s), 2981 (s), 2852 (s), 2227
(s), 1609 (m), 1566 (s), 1411 (m), 1209 (m), 1160 (s), 769 (s), 635 (m), 551 (s).

MS (m/z, QMS-MS/MS): 288.11 [M*-Br].

Micro Analysis Calculated for C19H1sBrN;3 (368.27): Calcd.: C, 61.97%; H, 4.93%;
N, 11.41%; Found: C, 62.34%; H, 5.01%; N, 11.21%.

1-(4-Cyanobenzyl)-3-(4-methoxybenzyl)-2,3-dihydro-1H-imidazole-2-ylium
bromide (1c):

4-(1H-Imidazole-1-ylmethyl)benzonitrile (1) (0.500 g, 2.73 mmol) and 1.5
equivalents of 1-(bromomethyl)-4-methoxybenzene (0.59 mL, 4.1 mmol) were
dissolved in toluene (30 mL) and heated under reflux for 6 h. After removing the
solvent under reduced pressure the obtained sticky white product was washed
with pentane (2x 10 mL), diethylether (3x 5 mL) and THF (2x 10 mL) to yield a
white powder (1.038 g, 2.70 mmol, 99% yield).

"H NMR (6 ppm, CDCl3, 300 MHz): 11.24 (s, 1H, NCHN), 7.69 (d, J = 9.2 Hz, 4H,
CHcyanobenzyl ), 7.50 — 7.17 (m, 4H, CHmethoxybenzy), 6.92 (s, 2H, CHimidazole), 5.81 (s,
2H, CHy), 5.42 (s, 2H, CHy), 3.80 (s, 3H, CH3).

3C NMR (3 ppm, CDCls;, 100 MHz, proton decoupled): 138.3(NCHN), 137.0,
133.0, 130.7, 129.8, 129.3, 124.3, 122.2, 121.8, 121.5, 118.1, 114.9, 113.2 (CN +
Cimidazole + Ccyanobenzyl + Cmethylbenzyl), 55.4 (OCH3), 53-31 52.4 (CHZ)

IR absorptions (KBr, cm™): 3414 (m), 3059 (s), 2986 (s), 2964 (s), 2223 (s), 1610
(m), 1553 (s), 1516 (s), 1257 (m), 1146 (s), 1032 (m), 846 (m), 629 (s), 562 (m).

MS (m/z, QMS-MS/MS): 304.06 [M*-Br].

Micro Analysis Calculated for C49H1gsBrN3sO (384.27): Calcd.: C, 59.39%; H,
4.72%; N, 10.94%; Found: C, 59.01%; H, 4.80%; N, 10.47%.
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1-(4-Cyanobenzyl)-3-[4-(methoxycarbonyl)benzyl]-2,3-dihydro-1H-imidazole-
2-ylium bromide (1d):

4-(1H-Imidazole-1-ylmethyl)benzonitrile (1) (0.500 g, 2.73 mmol) and 1.5
equivalents of methyl 4-(bromomethyl)benzoate (0.939 g, 4.10 mmol) were
dissolved in toluene (30 mL) and heated under reflux for 6 h. After removing the
solvent under reduced pressure the obtained sticky white product was washed
with pentane (2x 10 mL), diethylether (3x 5 mL) and THF (2x 10 mL) to yield a
white powder (0.461 g, 1.12 mmol, 41% yield).

"H NMR (5 ppm, CDCls, 300 MHz): 10.99 (s, 1H, NCHN), 8.02 (d, 2H, J = 8.4 Hz,
CHecyanobenzyl), 7.67 (m, 4H, CHmethoxycarbonylbenzyl), 7.94 (d, 2H, J = 8.4 Hz,
CHcyanobenzyl), 7.40 (s, 1H, CHimidazole), 7.28 (s, 1H, CHimidazole), 5.77 (S, 2H,
CHoacyanobenzyl), 5.65 (s, 2H, CHamethoxycarbonylbenzyl), 3.92 (s, 3H, CHa).

3C NMR (5 ppm, CDCl;, 100 MHz, proton decoupled): 160.1 (C=0), 142.6
(NCHN), 137.9, 137.2, 133.1, 131.3, 130.6, 130.0, 129.9, 129.0, 122.4, 122.2,
117.9, 113.4 (Cimidazole * Ccyanobenzyl + Crmethoxycarbonylbenzyl), 99.1, 2.2 (CHy) ,32.2
(CHs).

IR absorptions (KBr, cm™): 3403 (m), 3132 (s), 3062 (s), 2983 (s), 2851 (s), 2226
(s), 1718 (m), 1609 (m), 1566 (s), 1412 (s), 1286 (s), 1161 (s), 769 (s), 635 (m),
556 (s).

MS (m/z, QMS-MS/MS): 332.09 [M*-Br].

Micro Analysis Calculated for CyoH1sBrN3;O, (412.28): Calcd.: C, 58.26%; H,
4.40%; N, 10.19%; Found: C, 59.01%; H, 4.68%; N, 10.89%.

(1-Benzyl-3-(4-cyanobenzyl)-2,3-dihydro-1H-imidazole-2-ylidene) silver(l)
acetate (2a):

1-Benzyl-3-(4-cyanobenzyl)-2,3-dihydro-1H-imidazole-2-ylium bromide (1a) (0.499
g, 1.41 mmol) and 2 equivalents of silver(l) acetate (0.471 g, 2.82 mmol) were
dissolved in 30 mL of methanol/dichloromethane (1:1) and stirred in darkness at
room temperature for 4 d. After filtering off the AgBr by-product, the solvent was

reduced to 3 mL and by adding dropwise 10 mL of pentane a white powder
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precipitated. The solvent was decanted and the white precipitate was washed with
pentane (2x, 10 mL) and diethylether (3x, 10 mL) to yield a white powder (0.422 g,
0.96 mmol, 68% vyield).

1H NMR (6 ppm, CDCI3, 300 MHZ) 770 (m, 5H, CHcyanobenzy|, CHbenzy|), 739 (m,
4H, CHcyanobenzy|, CHbenzy|), 701 (d, 2H, CHimidazo|e), 540 (S, 4H, CHZ), 205 (S, 3H,
CH3acetate)-

3C NMR (5 ppm, CDCls, 100 MHz, proton decoupled): 188.1 (NCN), 166.1 (C=0),
144.1, 137.5, 136.9, 133.1, 131.2, 130.6, 129.1, 128.2, 127.5, 117.9 (Ccyanobenzyl +
Cimidazole + Cbenzyl)1 52-4, 51.2 (CHZ), 21.7 (CH3acetate)-

IR absorptions (KBr, cm™): 3410 (s), 3154 (s), 2230 (s), 1564 (s), 1411 (s), 1237
(m), 777 (m), 672 (w), 557 (m).

MS (m/z, QMS-MS/MS): 382.23 [M*-OCOCHj].

Micro Analysis Calculated for CyoH1sAgN3O, (440.24): Calcd.: C, 54.56%; H,
4.12%; N, 9.54%; Found: C, 55.01%; H, 4.24%; N, 9.07%.

(1-(4-Cyanobenzyl)-3-(4-methylbenzyl)-2,3-dihydro-1H-imidazole-2-ylidene)
silver(l) acetate (2b):
1-(4-Cyanobenzyl)-3-(4-methylbenzyl)-2,3-dihydro-1H-imidazole-2-ylium bromide
(1b) (0.501 g, 1.36 mmol) and 2 equivalents of silver(l) acetate (0.451 g, 2.72
mmol) were dissolved in 30 mL of methanol/dichloromethane (1:1) and stirred in
darkness at room temperature for 4 d. After filtering off the AgBr by-product, the
solvent was reduced to 3 mL and by adding dropwise 10 ml of pentane a white
powder precipitated. The solvent was decanted and the white precipitate was
washed with pentane (2x, 10 mL) and diethylether (3x, 10 mL) to yield a white
powder (0.296 g, 0.650 mmol, 48% yield).

1H NMR (6 ppm, CDC|3, 300 MHZ)- 770 (m, 4H, CHcyanobenzy|, CHmethy|benzy|), 740
(m7 4H7 CHcyanobenzyl, CHmethylbenzyl)s 7.01 (d, 2H, CHimidazoIe), 5.40 (d7 4H, CHZ), 1.91
(dv 6H, CH3acetatea CH3methbeenzyI)-
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3C NMR (5 ppm, CDCls, 100 MHz, proton decoupled): 178.4 (NCN), 176.5 (C=0),
140.4, 138.0, 133.2, 132.9, 129.5, 128.4, 121.9, 121.3, 118.0, 112.8, 110.0 (CN +
Cimidazole * Ccyanobenzyl * Cmethylbenzyt), 95.2, 2.7 (CHz), 30.9 (CHsmethyibenzy1), 23.3
(CHaactetate)-

IR absorptions (KBr, cm™): 3391 (s), 3053 (m), 2227 (s), 1567 (s), 1410 (s), 1238
(m), 1158 (m), 771 (s), 690 (s), 624 (m).

MS (m/z, QMS-MS/MS): 392.23 [M*-OCOCHj].

Micro Analysis Calculated for Cz1H20AgN3O, (454.27): Calcd.: C, 55.52%; H,
4.44%; N, 9.25%; Found: C, 55.48%; H, 4.62%; N, 9.09%.

(1-(4-Cyanobenzyl)-3-[4-(methoxycarbonyl)benzyl]-2,3-dihydro-1H-imidazole-
2-ylidene) silver(l) acetate (2c):
1-(4-Cyanobenzyl)-3-[4-(methoxycarbonyl)benzyl]-2,3-dihydro-1H-imidazole-2-
ylium bromide (1d) (0.449 g, 1.09 mmol) and 2 equivalents of silver(l) acetate
(0.363 g, 2.18 mmol) were dissolved in 30 mL of methanol/dichloromethane (1:1)
and stirred in darkness at room temperature for 3 d. After filtering off the AgBr by-
product, the solvent was reduced to 3 mL and by adding dropwise 10 mL of
pentane a white powder precipitated. The solvent was decanted and the white
precipitate was washed with pentane (2x, 10 mL) and diethylether (3x, 10 mL) to
yield a white powder (0.309 g, 0.620 mmol, 57% yield).

1H NMR (6 ppm, CDC|3, 300 MHZ): 7.68 (d, 4H, CHcyanobenzyh CHmethoxycarbonylbenzyl)1
7.40 (d, 4H, CHcyanobenzyl, CHmethoxycarbonylbenzyl), 7.01 (S, 2H, CHimidazole), 5.75 (d, 2H,
CHZ), 5.72 (d, 2H, CHZ), 3.91 (S, 3H, CH3 methoxycarbonylbenzyl), 2.07 (S, 3H, CH3acetate)-

3C NMR (5 ppm, CDCls, 100 MHz, proton decoupled): 178.3 (NCN), 156.2 (C=0),
140.2, 133.0, 130.5, 128.5, 122.0, 118.0, 112.9, 110.0 (Cimidazole +

Cmethoxycarbonylbenzyl + Ccyanobenzyl), 55-4, 55.3 (CHZ), 30.9 (OCH3methoxycarbonylbenzy|)7
224 (OCHSacetate).

IR absorptions (KBr, cm™): 3417 (s), 3080 (s), 2229 (s), 1720 (m), 1566 (s), 1412
(s), 1281 (w), 656 (s).
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MS (m/z, QMS-MS/MS): 440.23 [M*-OCOCHj].

Micro Analysis Calculated for CzH20AgN30O4 (498.28): Calcd.: C, 53.03%; H,
4.05%; N, 8.43%; Found: C, 52.66%; H, 4.12%, N, 8.01%.

4-(1H-Benzimidazole-1-ylmethyl)benzonitrile (3):

1H-Benzimidazole (1.488 g, 12.70 mmol), 4-(bromomethyl)benzonitrile (2.489 g,
12.70 mmol) and K,CO3 (2.633 g, 19.05 mmol) were stirred in CH3CN at room
temperature for 2 d. After the solvent was removed under reduced pressure, water
(30 mL) was added. The aqueous phase was extracted with CH,Cl, (3x 20 mL)
and the combined organic phases were dried with magnesium sulfate. After
removing the solvent under reduced pressure the product (3) was yielded as a
white powder (2.637 g, 11.81 mmol, 93% yield).

'H NMR (8 ppm, CDCl;, 300 MHz): 7.98 (s, 1H, NCHN), 7.86 (d, 1H,
CI'Ibenzimidazole), 7.64 (d, 2H, CHcyanobenzyl), 7.24 (m, 5H, CHcyanobenzyl, CHbenzimidazoIe),
5.45 (s, 2H, CHy).

3C NMR (6 ppm, CDCl3, 100 MHz, proton decoupled): 138.2, 137.9, 134.6, 134.2,
128.9, 128.1, 120.3, 119.1, 118.4, 113.7 (NCHN, CN, Cyenzimidazole), 47.3 (CH>).

IR absorptions (KBr, cm™): 3427 (m), 3060 (m), 2222 (s), 1615 (m), 1490 (s), 1457
(s), 1364 (m), 1284 (s), 1259 (s), 1167 (s), 761 (m), 745 (m), 556 (s).

MS (m/z, QMS-MS/MS): 232.09 [M*-H].

Micro Analysis Calculated for C1sH11N3 (223.27): Calcd.: C, 77.23%, H, 4.75%; N,
18.01%; Found: C, 76.47%; H, 4.73%; N, 17.77%.

1-Benzyl-3-(4-cyanobenzyl)-2,3-dihydro-1H-benzimidazole-2-ylium bromide
(3a):

4-(1H-Benzimidazole-1-ylmethyl)benzonitrile (3) (0.500 g, 2.24 mmol) and 1.5
equivalents of benzyl bromide (0.575 g, 3.36 mmol) were dissolved in toluene (30

mL) and heated under reflux for 6 h. After removing the solvent under reduced
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pressure the obtained sticky white product was washed with pentane (2x 10 mL),
diethylether (3x 5 mL) and THF (2x 10 mL) to yield a white powder (0.624 g, 1.54
mmol, 69% yield).

"H NMR (5 ppm, CDCls, 300 MHz): 12.02 (s, 1H, NCHN), 7.73 (d, J = 8.0 Hz, 2H,
CHcyanobenzy), 7.65 (d, J = 8.0 Hz, 2H, CHcyanobenzyt), 7.93 (d, J = 10.9 Hz, 6H,
CHoenzimidazole; CHbenzyl), 7.39 (d, J = 5.1 Hz, 3H, CHyenzimidazoles CHbenzy1), 6.10 (s,
2H), 5.83 (s, 2H).

3C NMR (5 ppm, CDCls;, 100 MHz, proton decoupled): 143.7 (NCHN), 137.7,
133.1, 132.1, 131.2, 129.5, 129.1, 128.3, 127.4, 117.9, 113.9, 113.3 (CN +
Cbenzimidazole + Ccyanobenzyl + Cbenzyl), 51 -9, 50.7 (CHZ)-

IR absorptions (KBr, cm™): 3451 (s), 3384 (s), 3121 (s), 3035 (s), 2877 (s), 2228
(s), 1607 (m), 1554 (s), 1454 (s), 1184 (s), 1020 (m), 770 (s), 622 (m).

MS (m/z, QMS-MS/MS): 324.14 [M*-Br].

Micro Analysis Calculated for C2,H1sBrN3 (404.30): Calcd.: C, 65.36%; H, 4.49%;
N, 10.39%; Found: C, 65.40%; H, 4.40%, N, 10.21%.

1-(4-Cyanobenzyl)-3-(4-methylbenzyl)-2,3-dihydro-1H-benzimidazole-2-ylium
bromide (3b):

4-(1H-Benzimidazole-1-ylmethyl)benzonitrile (3) (0.500 g, 2.24 mmol) and 1.5
equivalents of 1-(bromomethyl)-4-methylbenzene (0.622 g, 3.36 mmol) were
dissolved in toluene (30 mL) and heated under reflux for 6 h. After removing the
solvent under reduced pressure the obtained sticky white product was washed
with pentane (2x 10 mL), diethylether (3x 5 mL) and THF (2x 10 mL) to yield a
white powder (0.787 g, 1.88 mmol, 84% vyield).

"H NMR (5 ppm, CDCls, 300 MHz): 11.94 (s, 1H, NCHN), 7.72 (d, J = 8.2 Hz, 2H,
CHeyanobenzyl), 7.64 (d, J = 8.2 Hz, 2H, CHeyanobenzyl), 7.53 (d, J = 16.2 Hz, 4H,
CHbenzimidazole), 7.39 (d, J = 8.0 Hz, 2H, CHumetnyibenzyt), 7.18 (d, J = 8.0 Hz, 2H,
CHmetnybenzyl), 6.10 (s, 2H, CH,), 5.77 (s, 2H, CHy), 2.33 (s, 3H, CHa).
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3C NMR (5 ppm, CDCl;, 100 MHz, proton decoupled): 143.5 (NCHN), 139.5,
137.8, 133.0, 131.2, 130.1, 129.1, 128.3, 127.3, 118.0, 114.0, 113.4, 113.1 143.7,
137.7, 133.1, 132.1, 131.2, 129.5, 129.1, 128.3, 127.4, 117.9, 113.9, 113.3 (CN +
Chenzimidazole + Ccyanobenzyl ¥ Cmethylbenzy1), 91.8, 0.7 (CHy2), 21.2 (CHj).

IR absorptions (KBr, cm™): 3465 (s), 3397 (s), 3127 (s), 3032 (s), 2968 (s), 2885
(s), 2230 (s), 1608 (m), 1561 (s), 1416 (m), 1372 (s), 1191 (s), 1019 (m), 761 (s),
613 (m), 554 (m).

MS (m/z, QMS-MS/MS): 338.13 [M*-Br].

Micro Analysis Calculated for Cz3H20BrN3 (418.33): Calcd.: C, 66.04%; H, 4.82%;
N, 10.04%; Found: C, 65.99%; H, 4.79%, N, 10.04%.

1-(4-Cyanobenzyl)-3-(4-methoxybenzyl)-2,3-dihydro-1H-benzimidazole-2-
ylium bromide (3c):

4-(1H-Benzimidazole-1-ylmethyl)benzonitrile (3) (0.500 g, 2.24 mmol) and 1.5
equivalents of 1-(bromomethyl)-4-methoxybenzene (0.484 ml, 3.36 mmol) were
dissolved in toluene (30 mL) and heated under reflux for 6 h. After removing the
solvent under reduced pressure the obtained sticky white product was washed
with pentane (2x 10 mL), diethylether (3x 5 mL) and THF (2x 10 mL) to yield a
white powder (0.651 g, 1.50 mmol, 67% yield).

"H NMR (5 ppm, CDCls, 300 MHz): 11.91 (s, 1H, NCHN), 7.72 (d, J = 8.2 Hz, 2H,
CHcyanobenzyl), 7.63 (d, J = 8.2 Hz, 2H, CHcyanobenzyl), 7.60 — 7.41 (m, 6H,
CHoenzimidazole, CHmethoxybenzy), 6.89 (d, J = 8.6 Hz, 2H, CHmethoxybenzy1), 6.09 (s, 2H,
CHs), 5.75 (s, 2H, CHa), 3.77 (s, 3H, CH).

3C NMR (5 ppm, CDCls;, 100 MHz, proton decoupled): 144.3 (NCHN), 137.9,
133.1, 131.2, 129.9, 129.1, 127.3, 124.2, 117.9, 114.8, 113.9, 113.2 (CN +
Cbenzimidazole + Ccyanobenzyl + Cmethoxybenzyl)s 55.34 (OCHS), 51 -5, 50.6 (CHZ)-

IR absorptions (KBr, cm™"): 3420 (s), 3122 (s), 3035 (s), 2968 (s), 2840 (s), 2229
(s), 1792 (w), 1609 (s), 1555 (s), 1514 (s), 1459 (s), 1370 (s), 1254 (s), 1178 (s),
1112 (s), 1013 (s), 763 (s), 613 (s).
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MS (m/z, QMS-MS/MS): 355.08 [M*-Br].

Micro Analysis Calculated for Cy3H20BrN;O (434.33): Calcd.: C, 63.60%; H:
4.64%; N, 9.67%; Found: C, 63.41%; H, 4.70%; N, 9.69%.

1-(4-Cyanobenzyl)-3-[4-(methoxycarbonyl)benzyl]-2,3-dihydro-1H-
benzimidazole-2-ylium bromide (3d):
4-(1H-Benzimidazole-1-ylmethyl)benzonitrile (3) (0.500 g, 2.24 mmol) and 1.5
equivalents of methyl 4-(bromomethyl)benzoate (0.770 g, 3.36 mmol) were
dissolved in toluene (30 mL) and heated under reflux for 6 h. After removing the
solvent under reduced pressure the obtained sticky white product was washed
with pentane (2x 10 mL), diethylether (3x 5 mL) and THF (2x 10 mL) to yield a
white powder (0.735 g, 1.59 mmol, 71% yield).

'H NMR (5 ppm, CDCl3, 300 MHz): 12.09 (s, 1H, NCHN), 8.03 (d, J = 8.2 Hz, 2H,
CHcyanobenzy), 7.72 (d, J = 8.2 Hz, 2H, CHcyanobenzyt), 7.66 (d, J = 8.2 Hz, 2H,
CHoenzimidazole), 7.98 (d, J = 8.2 Hz, 2H, CHopenzimidazole), 7.1 (d, J = 5.5 Hz, 4H,
CHumethoxycarbonylbenzyt), 6.07 (s, 2H, CH2), 5.96 (s, 2H, CH>), 3.91 (s, 3H, CHs).

3C NMR (3 ppm, CDCls, 100 MHz, proton decoupled): 166.20 (C=0), 143.88
(NCHN), 139.76, 139.48, 133.32, 131.50, 130.17, 129.56, 129.03, 127.42, 118.86,
114.45, 114.39, 111.93 (CN + Cpenzimidazole + Ccyanobenzyl * Crmethoxycarbonylbenzyl), 92.75
(OCH3), 50.14, 49.96 (CHacyanobenzyi + CHamethoxycarbonyibenzyl)-

IR absorptions (KBr, cm™): 3433 (s), 2963 (s), 2228 (s), 1717 (s), 1560 (m), 1435
(m), 1416 (m), 1283 (s), 1189 (m), 1107 (m), 748 (m), 601 (m).

MS (m/z, QMS-MS/MS): 382.05 [M*-Br].

Micro Analysis Calculated for Cz4H20BrN3;O, (462.34): Calcd.: C, 62.35%; H,
4.36%; N, 9.09%; Found: C, 61.90%; H, 4.14%; N, 9.10%.
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(1-Benzyl-3-(4-cyanobenzyl)-2,3-dihydro-1H-benzimidazole-2-ylidene)

silver(l) acetate (4a):
1-Benzyl-3-(4-cyanobenzyl)-2,3-dihydro-1H-benzimidazole-2-ylium bromide (3a)
(0.150 g, 0.370 mmol) and 2 equivalents of silver(l) acetate (0.124 g, 0.740 mmol)
were dissolved in 30 ml of dichloromethane and stirred in darkness at room
temperature for 3 d. After filtering off the AgBr by-product, the solvent was
reduced to 3 mL and by adding dropwise 10 mL of pentane a white powder
precipitated. The solvent was decanted and the white precipitate was washed with
pentane (2x, 10 mL) and diethylether (3x, 10 mL) to yield a white powder (0.094 g,
0.192 mmol, 52% vyield).

'"H NMR (5 ppm, CDCl3, 300 MHz): 7.64 (d, 2H, CHcyanobenzy), 7.30 (m, 11H,
CHcyanobenzyl, CHbenzimidazole, CHbenzyI), 5.74 (S, 2H, CHZ), 5.66 (S, 2H, CHZ), 2.09 (S,
3H, CH3acetate)-

3C NMR (8 ppm, CDCl;, 100 MHz, proton decoupled): 189.21 (NCN), 165.20
(C=0), 142.29, 136.61, 133.19, 129.23, 128.74, 128.50, 128.00, 124.63, 118.95,
113.02, 112.72, 111.28, 109.99 (Ccyanobenzyl, Cbenzimidazole; Cobenzyl), 52.56, 51.85
(CHz), 23.82 (CHaacetate)-

IR absorptions (KBr, cm™): 3476 - 3364 (m), 3037-2922 (s), 2229 (m), 1607 (s),
1562 (s), 1390 (s), 1335 (m), 740 (s), 657 (s), 614 (s), 552 (m), 454 (m).

MS (m/z, QMS-MS/MS): 430.05 [M*-OCOCHj].

Micro Analysis Calculated for Cz4H20AgN3O, (490.30): Calcd.: C, 58.79%; H,
4.11%; N, 8.57%; Found: C, 58.71%; H, 4.03%; N, 8.69%.

(1-(4-Cyanobenzyl)-3-(4-methylbenzyl)-2,3-dihydro-1H-benzimidazole-2-
ylidene) silver(l) acetate (4b):
1-(4-Cyanobenzyl)-3-(4-methylbenzyl)-2,3-dihydro-1H-benzimidazole-2-ylium
bromide (3b) (0.498 g, 1.19 mmol) and 2 equivalents of silver(l) acetate (0.399 g,
2.39 mmol) were dissolved in 30 mL of dichloromethane and stirred in darkness at
room temperature for 3 d. After filtering off the AgBr by-product, the solvent was

reduced to 3 mL and by adding dropwise 10 mL of pentane a white powder
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precipitated. The solvent was decanted and the white precipitate was washed with
pentane (2x, 10 mL) and diethylether (3x, 10 mL) to yield a white powder (0.462 g,
0.916 mmol, 77% vyield).

1H NMR (6 ppm, CDCls, 300 MHZ) 725 (m, 12 H, CHcyanobenzy|, CHmethy|benzy|,
CHuenzimidazole), 5.73 (d, 2H, CH,), 5.61 (d, 2H, CHz), 2.32 (s, 3H, CHa menyienzy),
2.08 (S, 3H, CH3acetate)-

3C NMR (5 ppm, CDCls, 100 MHz, proton decoupled): 179.1 (NCN), 138.5, 133.9,
133.7, 132.9, 131.7, 131.7, 129.8, 127.9, 127.3, 1245, 118.2, 112.4, 111.6
(Ceyanobenzyl, Coenzimidazole, Cmethylbenzyl), 95.5, 52.8 (CHy), 22.8, 21.1 (CHamethyibenzyl,
CH3actetate)-

IR absorptions (KBr, cm™): 3417 (m), 3030 (s), 2229 (m), 1571 (s), 1391 (s), 796
(m), 743 (m), 668 (m), 612 (m).

MS (m/z, QMS-MS/MS): 445.95 [M*-OCOCHj].

Micro Analysis Calculated for CysH2AgN3O, (504.33): Calcd.: C, 59.54%; H,
4.40%; N, 8.33%; Found: C, 60.04%; H, 4.38%, N, 8.37%.

(1-(4-Cyanobenzyl)-3-(4-methoxybenzyl)-2,3-dihydro-1H-benzimidazole-2-
ylidene) silver(l) acetate (4c):
1-(4-Cyanobenzyl)-3-(4-methoxybenzyl)-2,3-dihydro-1H-benzimidazole-2-ylium
bromide (3c) (0.499 g, 1.15 mmol) and 2 equivalents of silver(l) acetate (0.383 g,
2.30 mmol) were dissolved in 30 mL of dichloromethane and stirred in darkness at
room temperature for 2 d. After filtering off the AgBr by-product, the solvent was
reduced to 3 mL and by adding dropwise 10 mL of pentane a white powder
precipitated. The solvent was decanted and the white precipitate was washed with
pentane (2x, 10 mL) and diethylether (3x, 10 mL) to yield a white powder (0.418 g,
0.805 mmol, 70% yield).

1H NMR (6 ppm, CDCI3, 300 MHZ)' 725 (m, 12H, CHCyanobenzy|, CHmethoxybenzy|,
CHbenzimidazo|e), 5.74 (d, 2H, CHZ), 558 (d, 2H, CHZ), 378 (S, 3H, CH3), 207 (S, 3H,
OCH3acetate)-
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3C NMR (5 ppm, CDCls, 100 MHz, proton decoupled): 178.8 (NCN), 159.8 (C=0),
133.9, 133.7, 132.9, 128.8, 127.9, 124.4, 118.1, 114.5, 112.4, 111.5 (Ccyanobenzy!,
Cbenzimidazole7 Cmethoxybenzyl)a 55-3, 53.2 (CH2), 30.9 (CH3methoxybenzyl), 22.9 (CH3acetate)-

IR absorptions (KBr, cm-1): 3390 (m), 2929 (s) [C-H], 2228 (s), 1608 (s), 1571 (s),
1513 (s), 1393 (s), 1249 (s), 1176 (s), 1116 (w), 1024 (s), 799 (s), 745 (s), 538 (s).

MS (m/z, QMS-MS/MS): 461.97 [M*-OCOCHj].

Micro Analysis Calculated for CasH22AgN3O5 (520.33): Calcd.: C, 57.71%; H,
4.26%; N, 8.08%; Found: C, 57.72%; H, 4.18%; N, 8.27%.

(1-(4-Cyanobenzyl)-3-[4-(methoxycarbonyl)benzyl]-2,3-dihydro-1H-
benzimidazole-2-ylidene) silver(l) acetate (4d):
1-(4-Cyanobenzyl)-3-[4-(methoxycarbonyl)benzyl]-2,3-dihydro-1H-benzimidazole-
2-ylium bromide (3d) (0.499 g, 1.08 mmol) and 2 equivalents of silver(l) acetate
(0.360 g, 2.16 mmol) were dissolved in 30 mL of dichloromethane and stirred in
darkness at room temperature for 2 d. After filtering off the AgBr by-product, the
solvent was reduced to 3 mL and by adding dropwise 10 mL of pentane a white
powder precipitated. The solvent was decanted and the white precipitate was
washed with pentane (2x, 10 mL) and diethylether (3x, 10 mL) to yield a white
powder (0.361 g, 0.658 mmol, 61% vyield).

'H NMR (3 ppm, CDCls, 300 MHz): 7.39 (m, 12H, CHcyanobenzy,
CHmethoxycarbonylbenzyl, CHbenzimidazole), 5.74 (d, 2H, CHZ), 5.72 (d! 2H, CH2)1 3.90 (S,
3H, CHS), 208 (S, 3H, OCHsacetate).

3C NMR (5 ppm, CDCls, 100 MHz, proton decoupled): 179.3 (NCN), 166.3 (C=0),
140.0, 139.4, 133.8, 133.7, 133.0, 130.4, 127.9, 127.2, 124.8, 118.1, 112.7, 112.2,
111.8  (Ccyanobenzyl,  Cbenzimidazoles Cmethoxycarbonylbenzyl),  93.4, 53.0 (CH2), 52.3
(CHamethoxycarbonylbenzyl), 22.6 (CH3actetate)-

IR absorptions (KBr, cm-1): 3422 (m), 2952 (s), 2229 (m), 1715 (s), 1573 (s), 1394
(s), 1283 (s), 1106 (m), 1018 (w), 739 (m).
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MS (m/z, QMS-MS/MS): 490.07 [M*-OCOCHj].

Micro Analysis Calculated for C26H22AgN304 (548.34): Calcd.: C, 56.95%; H,
4.04%; N, 7.66%; Found: C, 56.77%; H, 4.03%; N, 7.48%.

2.4.3 Antibacterial studies

The silver(l) acetate complexes were screened in preliminary in vitro antibacterial
tests against two bacterial strains. The test organisms included Staphylococcus
aureus (SA) (NCTC 7447) as a Gram-positive bacteria and Escherichia coli (E.
coli) as Gram-negative bacteria.

To assess the biological activity of compounds 2a-c and 4a-d, the qualitative
Kirby—Bauer disk-diffusion method was applied [22]. All bacteria were individually
cultured from a single colony in sterile LB medium [23] overnight at 37°C in an
orbital shaker incubator. All the work carried out was performed under sterile
conditions.

For each strain, 70 pL of culture were spread evenly on agar-LB medium. Four 5
mm diameter Whatman paper discs were placed evenly separated on each plate.
Two stock solutions (9:1 DMSO:H,0) of every compound were prepared at 2.2 yM
and 4.4 uM to be able to test the effect of different concentrations. Each plate was
then tested with 5 yL and 7 L of 2.2 yM solution and 5 pL and 10 uL for the 4.4
MM solution. The plates were covered and placed in an incubator at 37°C for 24 h.
The plates were then removed and the area of clearance, which is defined as the
distance between the edge of the filter paper disc and the beginning of the

bacterial growth, was measured for each sample in mm.

2.4.4 Cytotoxicity studies

Preliminary in vitro cell tests were performed on the human cancerous renal cell
line Caki-1 in order to compare the cytotoxicity of the compounds presented in this
paper. This cell line was chosen based on its regular and long-lasting growth

behaviour, which is similar to the one shown in kidney carcinoma cells. The cells
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were obtained from the ATCC (American Tissue Cell Culture Collection) and
maintained in Dulbecco’s Modified Eagle Medium containing 10% (v/v) FCS (fetal
calf serum), 1% (v/v) penicillin streptomycin and 1% (v/v) L-glutamine. Cells were
seeded in 96-well plates containing 200 yL microtitre wells at a density of 3000
cells/200 pL of medium and were incubated at 37°C for 24 h to allow for
exponential growth. Then the compounds used for the testing were dissolved in
the minimal amount of DMSO (dimethylsulfoxide) possible and diluted with
medium to obtain stock solutions of 5 x 10™ M in concentration and less than 0.7%
of DMSO. The cells were then treated with varying concentrations of the
compounds and incubated for 48 h at 37°C. Then, the solutions were removed
from the wells and the cells were washed with PBS (phosphate buffer solution)
and fresh medium was added to the wells. Following a recovery period of 24 h
incubation at 37°C, individual wells were treated with 200 pL of a solution of MTT
(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) in medium. The
solution consisted of 22 mg of MTT in 40 mL of medium. The cells were incubated
for 3 h at 37°C. The medium was then removed and the purple formazan crystals
were dissolved in 200 yL DMSO per well. For all tests cells with low passage
numbers were used. A Wallac Victor (Multilabel HTS Counter) Plate Reader was
used to measure absorbance at 540 nm. Cell viability was expressed as a
percentage of the absorbance recorded for control wells. The values used for the
dose response curves represent the values obtained from four consistent MTT-

based assays for each compound tested.
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2.5 Results and Discussion

In Scheme 2.1 and Scheme 2.2 the synthetic routes for the asymmetric
substituted N-Heterocyclic carbene ligand precursors as well as their
corresponding silver(l) acetate complexes are given. The initial precursors 4-(1H-
imidazole-1-ylmethyl)benzonitrile 1) and 4-(1H-benzimidazole-1-
ylmethyl)benzonitrile (3) were prepared by stirring 1H-imidazole and 1H-
benzimidazole with 4-(bromomethyl)benzonitrile in acetonitrile and K,CO3 at room
temperature for 2 d with 69 and 93% yields respectively. 1-benzyl-3-(4-
cyanobenzyl)-2,3-dihydro-1H-imidazole-2-ylium bromide (1a), 1-(4-cyanobenzyl)-
3-(4-methylbenzyl)-2,3-dihydro-1H-imidazole-2-ylium bromide  (1b), 1-(4-
cyanobenzyl)-3-(4-methoxybenzyl)-2,3-dihydro-1H-imidazole-2-ylium bromide (1c)
and 1-(4-cyanobenzyl)-3-[4-(methoxycarbonyl)benzyl]-2,3-dihydro-1H-imidazole-2-
ylium bromide (1d) were synthesised by stirring (1) with benzyl bromide, 1-
(bromomethyl)-4-methylbenzene, 1-(bromomethyl)-4-methoxybenzene and 4-
(bromomethyl)benzoate in toluene under reflux for 6 h to yield the N-Heterocyclic
carbene ligand precursors in 53, 78, 99 and 41%, respectively. The benzimidazole
containing precursors 1-benzyl-3-(4-cyanobenzyl)-2,3-dihydro-1H-benzimidazole-
2-ylium bromide (3a), 1-(4-cyanobenzyl)-3-(4-methylbenzyl)-2,3-dihydro-1H-
benzimidazole-2-ylium bromide (3b), 1-(4-cyanobenzyl)-3-(4-methoxybenzyl)-2,3-
dihydro-1H-benzimidazole-2-ylium bromide (3¢) and 1-(4-cyanobenzyl)-3-[4-
(methoxycarbonyl)benzyl]-2,3-dihydro-1H-benzimidazole-2-ylium bromide (3d)
followed the same reaction route to give the respective yields of 69, 84, 67 and
71%.

In the absence of light, the silver(l) acetate complexes (1-benzyl-3-(4-
cyanobenzyl)-2,3-dihydro-1H-imidazole-2-ylidene) silver(l) acetate (2a), (1-(4-
cyanobenzyl)-3-(4-methylbenzyl)-2,3-dihydro-1H-imidazole-2-ylidene) silver(l)
acetate (2b) and (1-(4-cyanobenzyl)-3-[4-(methoxycarbonyl)benzyl]-2,3-dihydro-
1H-imidazole-2-ylidene) silver(l) acetate (2c) were prepared by stirring the
respective precursor with 2 equivalents of silver(l) acetate in a mixture of
dichloromethane and methanol (1:1) at room temperature for 3-4 d. The silver
complexes were obtained in 68, 48 and 57% yield respectively.

The synthesis of the asymmetric benzimidazole silver(l) acetate complexes were
carried out under the same conditions but in dichloromethane and with shorter
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reaction times of 2-3 d to give the silver(l) acetate complexes (1-benzyl-3-(4-
cyanobenzyl)-2,3-dihydro-1H-benzimidazole-2-ylidene) silver(l) acetate (4a), (1-(4-
cyanobenzyl)-3-(4-methylbenzyl)-2,3-dihydro-1H-benzimidazole-2-ylidene) silver(l)
acetate (4b), (1-(4-cyanobenzyl)-3-(4-methoxybenzyl)-2,3-dihydro-1H-
benzimidazole-2-ylidene) silver(l) acetate (4c) and (1-(4-cyanobenzyl)-3-[4-
(methoxycarbonyl)benzyl]-2,3-dihydro-1H-benzimidazole-2-ylidene) silver(l)
acetate (4d) in 52, 77, 70 and 61% yields.

N
Il . R
CH,CN

N 1.5eq. K,CO N N
[\ + Y3 (» + toluene | oH' B
N RT, 2d N 6h, reflux 4
H
Br Br —
=N
[y 1a, R=H
1b, R=CH,
1

1c, R = OCH,

1d, R =COOCH,

//@,R @,R
N CH,CL,/ MeOH (1:1)

0 N 0
(S .
| CH Br + 2eq Ag—O—q [ —A —0—{
[ ’ CHa 3 -4d, RT, darkness | N g

N CH,
L@_ —
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2b, R=CH,

2¢, R=COO0CH,

Scheme 2.1: General reaction scheme for the synthesis of imidazole containing asymmetric
substituted NHC precursors 1a-d and their corresponding NHC-silver(l) acetate complexes 2a-c.

The asymmetric substituted N-Heterocyclic carbene ligand precursors as well as
the silver(l) acetate complexes were fully characterized by spectral ('"H NMR, *C
NMR, IR, mass) and elemental analysis studies.

Furthermore the solid state structure of the silver(l) acetate complex 4b was

determined by single crystal X-ray diffraction.
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Scheme 2.2: General reaction scheme for the synthesis of benzimidazole containing asymmetric
substituted NHC precursors 3a-d and their corresponding NHC-silver(l) acetate complexes 4a-d.

Due to the positive charge of the molecule, the 'H NMR spectra of all NHC
precursors 1a-d and 3a-d show a characteristic downfield shift in the range ¢ =
10.74-12.09 ppm for the NCHN proton [23-25]. In addition, their identities have
also been confirmed by a base peak for the [M*- Br] fragments in their positive
mode ESI| mass spectra. A successful formation of the complexes 2a-c and 4a-d
is indicated by the absence of a downfield NCHN signal and presence of new
signals at 2.09-1.91 ppm for the acetate protons in all the '"H NMR spectra. The
3C NMR resonances of the carbene carbon atoms in complexes 2a-¢c and 4a-d
occur in the range & 188.1-178.3 ppm respectively. These signals are shifted
downfield compared to the corresponding precursors of 1a-d and 3a-d carbene
carbons resonance at the range 144.3-137.9 ppm respectively which further
demonstrates the formation of expected NHC-silver(l) acetate complexes. Also the
appearance of the *C NMR resonances for the carbonyl and methyl carbons of
the acetate group of complexes 2a-c and 4a-d in the range 176.5-156.2 and 23.3-

21.1 ppm respectively showed the formation of the NHC-silver(l) acetate
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complexes [1,3]. Furthermore, positive mode ESI mass spectra of all six NHC-
silver(l) acetate complexes (2a-c, 4a-d) are dominated by [M*-O,CCHjs] fragment

peaks arising from the loss of one acetate ligand.

2.5.1 Structural discussion

The crystal of 4b was formed in a saturated solution of chloroform with slow
infusion of pentane. It crystallized in the monoclinic space group P24/n (#14) in
absence of any solvent molecules. The crystal data and refinements are found in
Table 1, whereas selected bond lengths and bond angles are compiled in Table 2.
The X-ray structure shows that the benzimidazole ring is planar and the bond
lengths and angles in the five membered imidazole ring (NCNCC) are in good
agreement with those in similar compounds reported earlier by our group [13-16].
Complex 4b crystallises in two different species, which are shown in Figure 2.1
and Figure 2.2.

The major species (95%, Figure 2.1) shows a nearly linear bond angle of
170.76(7)° at the two-coordinated silver atom. The bond distance Ag(1)-C(9) of
2.060(2) A agrees very well with previously reported examples of this compound
class [13-17] and shows that the silver is strongly bonded to the carbene.

The Ag(1)-O(1) bond length of 2.1088(14) A is quite short compared to the ones
our group previously reported, but is still within range of the corresponding ones in
similar molecules (see for example [26, 27]). This short distance suggests a

predominantly covalent character of the Ag(1)-O(1) bond.
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Figure 2.1: X-ray diffraction structure of 4b showing the major occupied Ag position; thermal
ellipsoids are drawn on the 50% probability level.

Figure 2.2: X-ray diffraction structure of 4b showing the minor occupied Ag position; thermal
ellipsoids are drawn on the 50% probability level, Ag2 with fixed radius
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In comparison to this, the minor species (5%, Figure 2.2), where the silver atom is
bonded to both oxygen atoms of the acetate group, the bond lengths to the
oxygen atoms are much longer (Ag(2)-O(1): 2.408(6) A and Ag(2)-O(2): 2.554(5)
A). Furthermore the bond angle C(9)-Ag(2)-O(1) is no longer linear with 135.9(4)°
and the C(9)-Ag(2)-O(2) angle is found to be 164.9(3)°. This bonding pattern is
characteristic for a predominantly ionic coordination of the acetate to the silver.
Both these modes have been observed earlier (see for example [17]). Having both
of them in the same structure suggests a rather small energy difference between

the two forms.

Table 2.1: Crystal Data and Structure Refinement for 4b.

4b
Empirical formula CysH2N30,Ag
Formula weight [g/mol] 504.33
Crystal system Monoclinic
Space Group P2./n (#14)
Unit cell dimensions [A] a | 7.6287(2)
b | 12.4073(3)
c | 23.0001(6)
B | 94.496(3)°
Volume [A?] 2170.30(10)
z 4
Density [mg/m3] (calc.) 1.543
Absorption coefficient [mm'1] 0.956
F(000) 1024
Crystal size [mm3] 0.2663 x 0.1227 x 0.1080
Theta range for data collection 3.32 to0 26.42°.
Index ranges —9<=h<=9
—15<=k<=15
—28<=I<=28
Reflections collected 35074
Independent reflections 4454 [R(int) = 0.0421]
Completeness to 6ax 99.6 %
Max. and min transmission 0.913 and 0.808
Data/restraints/parameters 4454 /10 /287
Goodness-of-fit in F2 1.086
Final R indices (1>20(1)) R1 =0.0238
wR2 =0.0512
R Indices (all data) R1=0.0301
wR2 =0.0543
Largest diff. peak and hole 0.871and —0.323 e A
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Table 2.2: Selected bond lengths [A] and angles [°] for 4b.

Bond length [A]

Bond angle [°]

4b 4b 4b 4b
(95% (5% (95% (5%
species) species) species) species)
Ag(1)-C(9) 2.060(2) C(9)-Ag(1)-O(1) 170.76(7)
Ag(1)-O(1) 2.1088(14) C(9)-Ag(2)-0(1) 135.9(4)
Ag(2)-C(9) 2.074(5) C(9)-Ag(2)-0(2) 164.9(3)
Ag(2)-0(1) 2.408(6) 0O(1)-Ag(2)-0(2) 53.05(11)
Ag(2)-0(2) 2.554(5) N(3)-C(9)-N(2) 105.98(17)
N(2)-C(9) 1.350(3) N(3)-C(9)-Ag(1) 127.63(14)
N(2)-C(10) 1.395(2) N(2)-C(9)-Ag(1) 125.82(14)
C(9)-N(3) 1.348(2) N(3)-C(9)-Ag(2) 118.7(2)
C(10)-C(15) | 1.388(3) N(2)-C(9)-Ag(2) 133.79(19)
C(15)-N(3) 1.391(3) C(15)-C(10)-N(2) 105.82(17)
O(1)-C(24) 1.276(3) C(10)-C(15)-N(3) 106.11(17)
0(2)-C(24) 1.237(2) C(9)-N(3)-C(15) 111.09(16)
C(24)-C(25) | 1.511(3) C(9)-N(2)-C(10) 110.96(16)
C(24)-0O(1)-Ag(1) 109.21(12)
C(24)-0(1)-Ag(2) 93.9(2)
C(24)-0(2)-Ag(2) 88.1(2)
0(2)-C(24)-0(1) 124.18(19)
0O(2)-C(24)-C(25) 119.62(19)

O(1)-C(24)-C(25)

116.19(18)

2.5.2 Biological evaluation

2.5.2.1 Antibacterial Testing

Using the Kirby-Bauer disk diffusion method the in vitro antibacterial activity of the

NHC-silver(l) acetate complexes was tested and are summarised in Figure 2.3

and Figure 2.4. The metal salt (silver(l) acetate) used to prepare the complexes

and the solvent (DMSO) used to prepare the stock solutions played no role in

growth inhibition on the same bacteria as previously reported [17,28].
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Figure 2.4: Area of clearance on Escherichia coli (Gram -ve) by 2a-c and 4a-d.

Compounds 2b and 2c showed almost no antibacterial activity against the Gram
positive bacteria Staphylococcus aureus and compound 4d showed the best
activity against this bacterial strain, but in comparison to previous reported NHC-
silver(l) acetate complexes the activity is more in a medium range. Hereby, an
area of clearance of 0 mm is considered as no activity, areas of 1-4 mm as low, 5-

9 as medium and areas of clearance = 10 mm as high activity. Low antibacterial
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activity was observed for complexes 2c¢ and 4b against the Gram negative
bacteria Escherichia coli and all other complexes (2a, 2b, 4a, 4c and 4d) exhibited

only medium activity against this bacteria strain.

2.5.2.2 Cytotoxicity Studies

Our interest focuses on the probable difference in activity due to the influence of
different lipophilicity in the two compound classes. The in vitro anticancer activity
of the asymmetric substituted NHC-silver(l) acetate complexes was tested in an
MTT based assay against the human renal cancer cell line Caki-1. In this test a 48
h drug exposure period was followed by a 24 h recovery period and the log dose
response curve for complexes 2a-c and 4a-d are shown in Figure 2.5 and Figure

2.6 respectively.
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Figure 2.5: Cytotoxicity curves from typical MTT assays showing the effect of compounds 2a-c on
the viability of Caki-1 cells.
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The ICsp values of the imidazole containing complexes are 2a: 25 (£ 1), 2b: 15 (
2), 2c: 5.4 (£ 0.8) uyM. Slightly less activity was observed for the more lipophilic
NHC-silver(l) acetate complexes 4a-d, which gave ICsy values of 16 (+ 2), 7.1 (+
1), 20 (£ 4), 14 (= 1) yM respectively. Compounds 2c and 4b show the highest
cytotoxic activities with single digit micromolar IC5, values.

It has been shown that there is no difference between the cytotoxic activities of the
two compound classes, since all compounds show a good level of activity. The
solubility of all compounds in DMSO was good and they are stable in saline

solution with respect to silver chloride precipitation.

" 4a,IC =16 (+-2)10° M
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Figure 2.6: Cytotoxicity curves from typical MTT assays showing the effect of compounds 4a-d on
the viability of Caki-1 cells.

2.6 Conclusion and Outlook

In summary, a series of seven non-symmetrically p-cyanobenzyl-substituted NHC-
silver(l) acetate complexes 2a-c and 4a-d were synthesised by reacting
appropriate non-symmetrically p-cyanobenzyl-substituted N-Heterocyclic carbenes
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with silver(l) acetate. The preliminary antibacterial activity of the NHC-silver(l)
acetate complexes were tested in vitro against two bacteria strains, where
complex 4d showed superior activity against Staphylococcus aureus and complex
2b against Escherichia coli. Against the renal cancer cell line Caki-1 the NHC-
silver(l) acetate complexes 2a-c and 4a-d yielded ICs values of 25 (1), 15 (¢ 2),
54 (£ 08), 16 (x 2), 7.1 (x 1.0), 20 (= 4) and 14 (= 1) uM, respectively. The
complex 2c however gave a superior ICsg value of 5.4 (x 0.8) uM. Further work is
currently underway to improve these results by varying the substituents on the
imidazole ring in order to enhance stability and on the benzimidazole nitrogen
atoms in order to improve biological activity. Overall, this should lead to enhanced
solubility, stability and activity in biological media and enable in vivo testing of a

NHC-silver(l) acetate in the nearby future.
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3.1 Key Words
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Escherichia coli; Staphylococcus aureus.

3.2 Abstract

Symmetrically substituted N-Heterocyclic carbene (NHC) precursors 1a-e and 3a-
e were synthesised by reacting 4,5-bisaryl-1H-imidazole with 2 equivalents of 4-
benzyl bromide, 4-methylbenzyl bromide, 4-methoxybenzyl chloride, 4-
methoxycarbonylbenzyl bromide or 4-cyanobenzyl bromide to give the 1,3-bis(p-
benzyl substituted)-4,5-bisaryl-imidazolium halides. The NHC-silver(l) acetate
complexes (1,3-bisbenzyl-4,5-bisphenyl-imidazole-2-ylidene) silver(l) acetate (2a),
(1,3-bis(4-methylbenzyl)-4,5-bisphenyl-imidazole-2-ylidene) silver(l) acetate (2b),
(1,3-bis(4-methoxybenzyl)-4,5-bisphenyl-imidazole-2-ylidene)  silver(l) acetate
(2¢), (1,3-bis(4-methoxycarbonylbenzyl)-4,5-bisphenyl-imidazole-2-ylidene)
silver(l) acetate (2d), (1,3-bis(4-cyanobenzyl)-4,5-bisphenyl-imidazole-2-ylidene)
silver(l) acetate (2e), (1,3-bisbenzyl-4,5-bis(4-methoxyphenyl)-imidazole-2-
ylidene) silver(l) acetate (4a), (1,3-bis(4-methylbenzyl)-4,5-bis(4-methoxyphenyl)-
imidazole-2-ylidene) silver(l) acetate (4b), (1,3-bis(4-methoxybenzyl)-4,5-bis(4-
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methoxyphenyl)-imidazole-2-ylidene)  silver(l) acetate  (4c), (1,3-bis(4-
methoxycarbonylbenzyl)-4,5-bis(4-methoxyphenyl)-imidazole-2-ylidene)  silver(l)
acetate (4d) and (1,3-bis(4-cyanobenzyl)-4,5-bis(4-methoxyphenyl)-imidazole-2-
ylidene) silver(l) acetate (4e) were yielded by reacting these NHC precursors with
silver(l) acetate. The silver(l) acetate complexes 2d, 2e and 4c were characterised
by single crystal X-ray diffraction. Qualitative antibacterial studies against the
Gram-negative bacteria Escherichia coli and the Gram-positive bacteria
Staphylococcus aureus, using the Kirby-Bauer disc diffusion method were carried
out on the ten NHC-silver(l) acetate complexes 2a-e and 4a-e. Also the ICs
values of these ten complexes were determined by an MTT-based assay against
the human renal cancer cell line Caki-1 and the human breast cancer cell line
MCF-7. The complexes 2a-e and 4a-e revealed the following ICsy values in uM
against Caki-1: 14 (£ 1), 3.6 (x 1.0), 4.2 (x 0.5),33 (£ 2), 59 (+ 4), 21 (£ 1), 21 (¢
2),21 (£ 1), 34 (x 2), 46 (+ 2) and against MCF-7: 5.8 (+ 0.6), 3.5 (x 0.4), 5.4 (+
0.3), 28 (= 1), 25 (£ 2), 11 (x 2), 5.0 (£ 0.3), 6.5 (£ 0.4), 17 (= 1), 13 (£ 1);

respectively.
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3.3 Introduction

For many years silver complexes have been reported to exhibit antibacterial as
well as anticancer activity in vitro. Silver complexes of coumarin derivatives and
silver carboxylate dimers possess anticancer activity against human carcinoma
cells as reported by Egan [1] and Zhu [2], respectively. McKeage has shown
phosphine complexes of silver to be active anticancer agents, even against
cisplatin-resistant cell lines [3]. By combining the bioactive properties of silver with
N-Heterocyclic carbene ligands, new antibiotic complexes for the possible
treatment of pulmonary infections accompanying cystic fibrosis (CF) and chronic
lung infections were developed [4-7]. Youngs et al. have reported NHC-silver
complexes derived from 4,5-dichloro-1H-imidazole, which show anticancer activity
against the human cancer cell lines OVCAR-3 (ovarian), MB157 (breast), and
HelLa (cervical) [5]. Furthermore led the synthesis and antimicrobial evaluation of
NHC silver complexes derived from 1-benzyl-3-tert-butylimidazole by Ghosh et al.
to another important contribution [8]. Additionally, a larger number of known
compounds were evaluated as potential antibiotics by Roland and Jolivalt [9].
Recently, Gust et al. reported the anticancer activity of 4,5-diaryl-imidazole derived
NHC silver complexes against MCF-7, MDA-MB-231 (breast) and HT-29 (colon)

cancer cell lines [10].

As previously reported by us, novel benzyl-substituted N-Heterocyclic
carbene-silver [11-17] and carbene-gold complexes [18, 19] exhibited good
activity against the cancer cell line Caki-1 (renal) and antibacterial activity against
the strains Escherichia coli and Staphylococcus aureus.

Within this paper we present a new series of symmetrically p-benzyl-
substituted N-Heterocyclic carbene-silver acetate complexes derived from 4,5-
bisphenyl-imidazole and 4,5-bisanisyl-imidazole, their synthesis, cytotoxicity and

antibacterial studies.
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3.4 Experimental part

3.4.1 General conditions

All reactions were carried out under aerobic conditions. All reactions involving
silver(l) acetate were carried out under exclusion of light. 4,5-Bisphenyl-1H-
imidazole, benzyl bromide, 4-methylbenzyl bromide, 4-methoxybenzyl chloride,
methyl 4-(bromomethyl)benzoate, 4-cyanobenzyl bromide, formamide, 4,4-p-
methoxy-benzoin, silver(l)acetate and K,CO3; were procured commercially from
Sigma-Aldrich Chemical Company and were used without further purification. IR
Spectra were recorded on a Perkin-Elmer Paragon 1000 FT-IR spectrometer
employing a KBr disc. NMR Spectra were measured either on a Varian 300 MHz
or 400 MHz spectrometer. All chemical shifts are reported in ppm and referenced
to TMS. ESI MS was performed on a quadrupole tandem mass spectrometer
(Quattro Micro, Micromass/Water's Corp., USA), using solutions in 100% MeOH.
MS spectra were obtained in the ES+ (electron spray positive ionisation) mode for
all compounds. CHN Analysis was carried out in an Exeter Analytical CE-440
elemental analyzer. Crystal Data was collected using an Agilent Technologies
(former Oxford Diffraction) SuperNova diffractometer fitted with an Atlas detector.
2d, and 2e were measured with Mo-Ka (0.71073 A), 4c with Cu-Ka (1.54184 A) at
100 K. A three-fold redundant (2d), complete assuming inequivalent Friedel pairs
(2e) and complete assuming equivalent Friedel pairs (4c) dataset was collected.
An analytical absorption correction based on the shape of the crystal was
performed [20]. The structures were solved by direct methods using SHELXS-97
[21] and refined by full matrix least-squares on F? for all data using SHELXL-97
[21]. Hydrogen atoms were added at calculated positions and refined using a
riding model. Their isotropic thermal displacement parameters were fixed to 1.2
(1.5 for methyl groups) times the equivalent ones of the parent atom. Anisotropic
thermal displacement parameters were used for all non-hydrogen atoms. A
suitable crystal of 2d and 2e was grown in a saturated solution of chloroform with
slow infusion of pentane, while 4c was grown in a saturated solution of
dichloromethane with slow infusion of pentane. Further details about the data
collection are listed in Table 3.1.
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CCDC 881255 (for 2d), CCDC 881256 (for 2e) and CCDC 881257 (for 4c¢) contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge from the Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data_request/cif.

3.4.2 Synthesis

1,3-Bis-benzyl-4,5-bisphenyl-imidazolium bromide (1a)
1,3-Bisbenzyl-4,5-bisphenyl-imidazolium bromide was synthesised according to
literature [13] to give a yield of 66.2%. The formation of the product was confirmed
by NMR.

1,3-Bis-(4-methylbenzyl)-4,5-bisphenyl-imidazolium bromide (1b)
4,5-Bisphenyl-1H-imidazole (1g, 4.54 mmol), equivalents of 4-methylbenzyl
bromide (1.680 g, 9.08 mmol) and 1.5 equivalents of K,COj3 (942 mg, 6.82 mmol)
were dissolved in acetonitrile and stirred for 2 d at room temperature. After filtering
off the precipitate and removing the solvent under reduced pressure the obtained
sticky white solid was washed with pentane (2 x 20 mL) and diethyl ether (2 x 20
mL) to yield a white powder (2.051 g, 4.03 mmol, 88.7% yield).

'H NMR (8 ppm, CDCls, 300 MHz): 11.17 (s, 1H, NCHN), 7.48 — 7.30 (m, 6H,
Cthenyl + CHmethylbenzyI), 7.14 - 6.87 (m, 12H, Cthenyl + CHmethylbenzyl), 5.44 (S, 4H,
CH,), 2.29 (s, 6H, CHs).

3C NMR (5 ppm, CDCls, 100 MHz): 138.91 (NCHN), 132.01, 130.77, 130.39,
21.14 (CHs).

IR absorptions (KBr, cm™): 3416 (m), 2992 (m), 1560 (s), 1516 (s), 1448 (s), 1212
(s), 1023 (s), 802 (s).

MS (m/z, QMS-MS/MS): 429.55 [M*-Br].
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Micro Analysis Calculated for C31H29BrN, (509.50): Calcd.: C, 73.08%; H, 5.74%;
N, 5.50%; Found: C, 72.98%; H, 5.72%; N, 5.19%.

Melting point: 220-226°C.

1,3-Bis-(4-methoxybenzyl)-4,5-bisphenyl-imidazolium chloride (1c)
4,5-Bisphenyl-1H-imidazole (1 g, 4.54 mmol), equivalents of 4-methoxybenzyl
chloride (1.23 mL, 9.08 mmol) and 1.5 equivalents of K,CO3 (942 mg, 6.82 mmol)
were dissolved in acetonitrile and refluxed for 5 d. After filtering off the precipitate
and removing the solvent under reduced pressure the obtained sticky white solid
was washed with pentane (2 x 20 mL) and diethyl ether (2 x 20 mL) to yield a
white powder (0.977 g, 1.97 mmol, 43.3% yield).

"H NMR( ppm, dg-DMSO, 400 MHz): 9.63 (s, 1H, NCHN), 7.87 (d, J = 8.4 Hz,
4H, CHopnenyl * CHmethoxybenzy), 7.37 (d, J = 7.2 Hz, 2H, CHphenyi + CHmethoxybenzyi)
7.32 (t, J = 7.6 Hz, 4H, CHpnenyt * CHmethoxybenzyl), 7.28 - 7.21 (m, 8 H, CHppeny +
CHumethoxybenzyt), .93 (s, 4H, CH>), 3.83 (s, 6H, CHj3).

3C NMR (5 ppm, CDCls, 100 MHz): 159.93 (NCHN), 138.06, 131.79, 130.76,
130.38, 130.26, 129.07, 125.51, 124.94, 114.31 (Cponzyl + Cpnenyl + Cimidazole), 55.25
(CH>), 50.90 (OCHs).

IR absorptions (KBr, cm™"): 3438 (m), 2930 (m), 1613 (s), 1514 (s), 1453 (s), 1251
(s), 1179 (s), 1030 (s), 817 (s).

MS (m/z, QMS-MS/MS): 461.52 [M*-ClI].

Micro Analysis Calculated for C31H29CIN2O, (497.03): Calcd.: C, 74.91%; H,
5.88%; N, 5.64%; Found: C, 74.63%; H, 5.82%; N, 5.45%.

Melting point: 194-196°C.
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1,3-Bis-(4-methoxycarbonylbenzyl)-4,5-bisphenyl-imidazolium bromide (1d)
4,5-Bisphenyl-1H-imidazole (1.000 g, 4.54 mmol), equivalents of 4-
methoxycarbonyl-benzyl bromide (2.080 g, 9.08 mmol) and 1.5 equivalents of
K2CO3 (942 mg, 6.82 mmol) were dissolved in acetonitrile and stirred for 2 d at
room temperature. After filtering off the precipitate and removing the solvent under
reduced pressure the obtained sticky white solid was washed with pentane (2 x 20
mL) and diethyl ether (2 x 20 mL) to yield a white powder (1.958 g, 3.28 mmol,
72.2% vyield).

"H NMR (5 ppm, DMSO, 400 MHz): 9.63 (s, 1H, NCHN), 7.87 (d, J = 8.0 Hz, 4H,
CHphenyt  +  CHmethoxycarbonyibenzyt), 7.37 (d, J = 7.0 Hz, 2H, CHpheny +
CHmethoxycarbonylbenzyl), 7-32 (t, J = 7.2 Hz, 4H, CHpnenyl + CHmethoxycarbonylbenzyi), 7.28 —
7.21 (m, 4H, CHpnenyl + CHumethoxycarbonyibenzyt), .53 (s, 4H, CHy»), 3.83 (s, 6H, CH3).

3C NMR (5 ppm, DMSO, 101 MHz): 166.17 (C=0), 139.65 (NCHN), 137.58,
132.38, 131.17, 130.63, 129.90, 129.22, 128.50, 125.20 (Cmethoxycarbonylbenzyl +
Cpheny| + Cimidazo|e), 5273 (OCH3), 5071 (CHZ)

IR absorptions (KBr, cm™): 3398 (m), 2998 (m), 1720 (s), 1561 (s), 1431 (s), 1286
(s), 1187 (s), 1108 (s), 754 (s).

MS (m/z, QMS-MS/MS): 517.48 [M*-Br].

Micro Analysis Calculated for Cs3H29BrN2O4 (597.50): Caled.: C, 66.34%; H,
4.89%; N, 4.69%; Found: C, 66.21%; H, 4.83%; N, 4.49%.

Melting point: 238-240°C.

1,3-Bis-(4-cyanobenzyl)-4,5-bisphenyl-imidazolium bromide (1e)
4,5-Bisphenyl-1H-imidazole (1.000 g, 4.54 mmol), equivalents of 4-cyanobenzyl
bromide (1.78 g, 9.08 mmol) and 1.5 equivalents of K,CO3 (942 mg, 6.82 mmol)
were dissolved in acetonitrile and stirred for 3 d at room temperature. After filtering
off the precipitate and removing the solvent under reduced pressure the obtained
sticky white solid was washed with pentane (2 x 20 mL) and diethyl ether (2 x 20
mL) to yield a white powder (1.956 g, 3.68 mmol, 81.0% yield).
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"H NMR (5 ppm, CDCls, 400 MHz): 11.65 (s, 1H, NCHN), 7.52 (d, J = 8.0 Hz, 4H,
CHophenyl + CHeyanobenzyt)s 7.44 (d, J = 7.5 Hz, 2H, CHonenyl + CHeyanobenzyt), 7.35 (t, J =
7.6 Hz, 4H, CHonenyy + CHeyanobenzyl), 7.30 (d, J = 8.0 Hz, 4H, CHpneny +
CHeyanobenzyl), 7.07 (d, J = 7.4 Hz, 3H, CHonenyt + CHeyanobenzyt), 5.64 (s, 4H, CHy).

3C NMR (5 ppm, 101 MHz): 138.26 (NCHN), 137.75, 132.79, 132.27, 130.94,
13052, 12943, 12938, 12403, 11786, 11317 (Ccyanobenzy| + Cpheny| + Cimidazo|e),
50.93 (CH,).

IR absorptions (KBr, cm™): 3408 (m), 2960 (s), 2226 (s), 1557 (s), 1446 (s), 1216
(s), 1022 (s), 840 (s), 817 (s).

MS (m/z, QMS-MS/MS): 451.50 [M*-Br].

Micro Analysis Calculated for C31H23BrN4 (531.45): Calcd.: C, 70.06%; H, 4.36%;
N, 10.54%; Found: C, 69.57%; H, 4.05%; N, 10.33%.

Melting point: 290-293°C.

(1,3-Bisbenzyl-4,5-bisphenyl-imidazole-2-ylidene) silver(l) acetate (2a)
1,3-Bisbenzyl-4,5-bisphenyl-imidazolium silver(l) acetate was synthesised
according to literature [13] to give a yield of 70.7%. The formation of the product

was confirmed by NMR.

(1,3-Bis-(4-methylbenzyl)-4,5-bisphenyl-imidazole-2-ylidene) silver(l) acetate
(2b)

1,3-Bis-(4-methylbenzyl)-4,5-bisphenyl-imidazolium bromide (1b) (500 mg, 0.98
mmol) and 2.2 equivalents of silver(l) acetate (360 mg, 2.16 mmol) were dissolved
in 30 mL of dichloromethane and stirred in darkness at room temperature for 3 d.
After filtering off the AgBr by-product, the solvent was reduced to 3 mL and by
adding drop wise 10 mL of pentane a white powder precipitated. The solvent was
decanted and the white precipitate was washed with pentane (2 x 10 mL) and
diethyl ether (3 x 10 mL) to yield a white powder (370.6 mg, 0.62 mmol, 63.4%
yield).
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'H NMR (3 ppm, CDCls, 400 MHz): 7.26 (dt, J = 19.0, 7.1 Hz, 8H, CHpnenyl +
CHumethyibenzy), 7.01 (dd, J = 7.2, 4.6 Hz, 8H, CHphenyi + CHmethylbenzyt), 6.87 (d, J =
7.7 Hz, 2H, CHphenyi ¥ CHmethylbenzyt), 5.27 (s, 4H, CH>), 2.28 (s, 6H, CH3), 2.08 (s,
3H, CHaactetate)-

3C NMR (8 ppm, CDCls, 101 MHz): 178.64 (NCN), 156.23 (C=0), 137.69, 133.21,
132.49, 130.65, 129.29, 129.05, 128.52, 127.85, 127.39 (Cmeinyibenzyi + Cphonyl +
Cimidazole), 53.38 (CH2), 22.82 (CHsactetate); 21.08 (CHs).

IR absorptions (KBr, cm™): 3440 (m), 3050 (s), 2922 (m), 1568 (s), 1515 (s), 1442
(s), 1402 (s), 801 (s).

MS (m/z, QMS-MS/MS): 491.48 [M*-CgHg(methylbenzyl)].

Micro Analysis Calculated for Cs3sH32AgN2O, (596.49): Calced.: C, 66.45%; H,
5.41%; N, 4.70%; Found: C, 66.17%; H, 5.21%; N, 4.38%.

Melting point: 180-182°C.

(1,3-Bis-(4-methoxybenzyl)-4,5-bisphenyl-imidazole-2-ylidene) silver(l)
acetate (2c)

1,3-Bis-(4-methoxybenzyl)-4,5-bisphenyl-imidazolium chloride (1¢) (150 mg, 0.30
mmol) and 2 equivalents of silver(l) acetate (315 mg, 0.60 mmol) were dissolved
in 30 mL of dichloromethane and stirred in darkness at room temperature for 7 d.
After filtering off the AgBr by-product, the solvent was reduced to 3 mL and by
adding drop wise 10 mL of pentane a white powder precipitated. The solvent was
decanted and the white precipitate was washed with pentane (2 x 10 mL) and
diethyl ether (3 x 10 mL) to yield a white powder (154.0 mg, 0.25 mmol, 81.7%
yield).

"H NMR (8 ppm, CDCls, 400 MHz): 7.36 — 7.18 (m, 6H), 7.01 (d, J = 8.3 Hz, 4H,
CHophenyl + CHumethoxybenzyl), 6.91 (d, J = 8.3 Hz, 4H, CHphenyl + CHumethoxybenzyl), 6.73
(d, J = 8.3 Hz, 4H, CHphenyl + CHmethoxybenzyl), 5.25 (S, 4H, CHy), 3.76 (s, 6H, OCHg),
2.10 (s, 3H, CHaacetate)-
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3C NMR (3 ppm, CDCls, 101 MHz): 178.61 (NCN), 159.26 (C=0), 132.43, 130.67,
129.08, 128.97, 128.54, 128.24, 127.89, 113.97, 113.45 (Cnethoxycarbonylbenzyl +
Cphenyl + Cimidazole), 55.22 (CH2), 53.16 (OCHS), 22.91 (CH3acetate)-

IR absorptions (KBr, cm™): 3414 (m), 2992-2929 (w), 1611 (s), 1579 (s), 1514 (s),
1445 (s), 1251 (s), 1177 (s), 1023 (s), 701 (s).

MS (m/z, QMS-MS/MS): 569.45 [M*-COOCHs].

Micro Analysis Calculated for Cs3H32AgN2O4 (628.49): Caled.: C, 63.06%; H,
5.13%; N, 4.46%; Found: C, 62.99%; H, 4.92%; N, 4.37%.

Melting point: 144-146°C.

(1,3-Bis-(4-methoxycarbonylbenzyl)-4,5-bisphenyl-imidazole-2-ylidene)
silver(l) acetate (2d)
1,3-Bis-(4-methoxycarbonylbenzyl)-4,5-bisphenyl-imidazolium bromide (1d) (500
mg, 0.84 mmol) and 2 equivalents of silver(l) acetate (279 mg, 1.68 mmol) were
dissolved in 30 mL of dichloromethane and stirred in darkness at room
temperature for 2 d. After filtering off the AgBr by-product, the solvent was
reduced to 3 mL and by adding drop wise 10 mL of pentane a white powder
precipitated. The solvent was decanted and the white precipitate was washed with
pentane (2 x 10 mL) and diethyl ether (3 x 10 mL) to yield a white powder (400
mg, 0.58 mmol, 69.1% yield).

'H NMR (5 ppm, CDCls, 400 MHz): 7.83 (d, J = 82 Hz, 4H, CHgeny +
CHmethoxycarbonylbenzyl), 7-09 (d, J = 8.1 Hz, 4H, CHghenyi ¥ CHmethoxycarbonylbenzy), 7-.01-
6.89 (m, 6H, CHphenyi + CHmethoxycarbonyibenzyl), 6.82 (d, J = 8.2 Hz, 4H, CHppeny +
CHmethoxycarbonylbenzyl), 6.72 (d, J = 8.2 Hz, 4H, CHpnenyi ¥ CHmethoxycarbonyibenzyi), 9.34
(s, 4H, CHy), 3.87 (s, 6H, OCHB3), 2.09 (s, 3H, CHsactetate)-

3C NMR (8 ppm, CDCl3, 101 MHz): 178.90 (NCN), 166.56 (C=Omethoxycarbonylbenzy));
160.18 (C=0), 141.16, 132.54, 131.82, 130.00, 129.89, 129.86, 127.20, 119.38,
11414  (Cphenyt *+  Chmethoxycarbonylbenzyl  +  Cimidazole), 995.23 (CH2), 52.17
(OCHamethoxycarbonylbenzyl), 22.70 (CH3acetate)-
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IR absorptions (KBr, cm™): 3421 (m), 3054 (m), 1724 (s), 1611 (s), 1565 (s), 1435
(s), 1281 (s), 1108 (s), 1018 (s), 751 (s), 701 (s).

MS (m/z, QMS-MS/MS): 517.50 [M*-AgOAc].

Micro Analysis Calculated for CssH32AgN2Og (684.51): Caled.: C, 61.41%; H,
4.71%; N, 4.09%; Found: C, 61.56%; H, 4.60%; N, 3.94%.

Melting point: 204-206°C.

(1,3-Bis-(4-cyanobenzyl)-4,5-bisphenyl-imidazole-2-ylidene) silver(l) acetate
(2e)

1,3-Bis-(4-cyanobenzyl)-4,5-bisphenyl-imidazolium bromide (1e) (100 mg, 0.19
mmol) and 2 equivalents of silver(l) acetate (66 mg, 0.40 mmol) were dissolved in
30 mL of dichloromethane and stirred in darkness at room temperature for 2 d.
After filtering off the AgBr by-product, the solvent was reduced to 3 mL and by
adding drop wise 10 mL of pentane a white powder precipitated. The solvent was
decanted and the white precipitate was washed with pentane (2 x 10 mL) and
diethyl ether (3 x 10 mL) to yield a white powder (95.5 mg, 0.15 mmol, 81.3%
yield).

'"H NMR (5 ppm, CDCls, 400 MHz): 7.53 (d, J = 8.0 Hz, 4H, CHpheny +
CHeyanobenzyl)s 7-39 — 7.30 (M, 2H, CHonenyt + CHeyanobenzyl), 7.30 — 7.23 (m, 4H,
CHophenyl + CHeyanobenzyt), 7.09 (d, J = 7.9 Hz, 4H, CHonenyi + CHeyanobenzyl), 7.03 —
6.94 (M, 4H, CHonenyl + CHeyanobenzyl), 5.41 (s, 4H, CHy), 2.07 (s, 3H, CHsacetate)-

3C NMR (3 ppm, CDCls, 100 MHz): 206.90 (NCN), 156.54 (C=0), 140.76 (CN),
132.88, 132.55, 130.38, 129.75, 128.93, 128.16, 126.89, 118.18, 112.31 (Cphenyl +
Cimidazole + Ccyanobenzyl), 53.32 (CH2), 22.91 (CH3acetate)-

IR absorptions (KBr, cm™): 3427 (s), 3057 (s), 2228 (s), 1608 (s), 1580 (s), 1504
(s), 1445 (s), 1403 (s), 815 (s), 701 (s).

MS (m/z, QMS-MS/MS): 559.36 [M*-COOCHj].
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Micro Analysis Calculated for Cs3sH2sAgN4O, (618.45): Calcd.: C, 64.09%; H,
4.24%; N, 9.06%; Found: C, 64.28%; H, 4.11%; N, 9.05%.

Melting point: 206-209°C

4,5-Bis-(4-methoxyphenyl)-1H-imidazole (3)
4,5-Bis(4-methoxyphenyl)-1H-imidazole was synthesised according to literature

[22] to give a yield of 38.5%. The formation of the product was confirmed by NMR.

1,3-Bis-benzyl-4,5-bis-(4-methoxyphenyl)-imidazolium bromide (3a)

4,5-Bis-(4-methoxyphenyl)-1H-imidazole (280 mg, 1.00 mmol), equivalents of
benzyl bromide (0.24 mL, 2.00 mmol) and 1.50 equivalents of K,CO3 (207 mg, 1.5
mmol) were dissolved in acetonitrile and stirred for 2 d at room temperature. After
filtering off the precipitate and removing the solvent under reduced pressure the
obtained sticky white solid was washed with pentane (2 x 20 mL) and diethyl ether
(2 x 20 mL) to yield a white powder (396 mg, 0.731 mmol, 73.1% vyield).

"H NMR (5 ppm, DMSO, 400 MHz): 11.11 (s, 1H, NCHN), 7.29 (m, 6H, CHanisyl +
CHbenzy|), 715 (dd, J = 66, 2.9 HZ, 4H, CHanisy| + CHbenzy|), 699 (m, 4H, CHanisy| +
CHbenzy|), 684 (m, 4H, CHani5y| + CHbenzy|), 547 (S, 4H, CHZ), 380 (S, 6H, OCHS)

3C NMR (5 ppm, DMSO, 101 MHz): 160.96 (NCN), 137.02, 133.51, 132.16,
131.97, 129.08, 128.92, 128.46, 116.64, 114.52 (Canisy + Coenzyl), 55.34 (CHo),
51.21 (CHa).

IR absorptions (KBr, cm™): 3425 (m), 2949 (s), 2835 (w), 1611 (s), 1506 (s), 1450
(s), 1296 (m), 1254 (s), 1160 (s), 1024 (s), 840 (m), 704 (s).

MS (m/z, QMS-MS/MS): 461.46 [M*-Br].

Micro Analysis Calculated for C3z1H29BrN2,O, (541.48): Calcd.: C, 68.76%; H,
5.40%; N, 5.17%; Found: C 67.35%; H, 5.39%; N, 5.00%.

Melting point: 192-194°C.
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1,3-Bis-(4-methylbenzyl)-4,5-bis-(4-methoxyphenyl)-imidazolium bromide
(3b)

4,5-Bis-(4-methoxyphenyl)-1H-imidazole (280 mg, 1.00 mmol), equivalents of 4-
methylbenzyl bromide (371 mg, 2.00 mmol) and 1.5 equivalents of K,CO3 (207
mg, 1.50 mmol) were dissolved in acetonitrile and stirred for 2 d at room
temperature. After filtering off the precipitate and removing the solvent under
reduced pressure the obtained sticky white solid was washed with pentane (2 x 20
mL) and diethyl ether (2 x 20 mL) to yield a white powder (175 mg, 0.31 mmol,
30.7% vyield).

'H NMR (3 ppm, CDCl3, 300 MHz): 11.43 (s, 1H, NCHN), 7.92 (dd, J = 8.3 Hz, 4H,
CHoanisyi + CHmethyibenzy1), 7.20 (d, J = 7.6 Hz, 4H, CHanisyi + CHumethyibenzyt), 7.12 (d, J
= 7.6 Hz, 4H, CHanisy * CHmethyibenzyt), 6.93 (dd, J = 8.2 Hz, 4H, CHanisyi +
CHumethylbenzy1), 5.58 (s, 4H, CH>), 3.90 (s, 6H, OCH3), 2.33 (s, 6H, CH3acetate)-

3C NMR (5 ppm, CDCls, 101 MHz): 166.30 (NCHN), 141.02, 137.99, 137.686,
132.29, 130.73, 130.47, 130.29, 129.90, 128.40, 121.32 (Canisyl * Crmetnybenzyl):
52.27 (CHy), 50.87 (OCHs), 21.39 (CHametnyibenzy).

IR absorptions (KBr, cm™): 3431 (m), 2956 (w), 2835 (w), 1580 (w), 1575 (s), 1505
(s), 1440 (m), 1253 (s), 1178 (s), 1025 (s), 831 (m), 706 (m).

MS (m/z, QMS-MS/MS): 489.55 [M*-Br].

Micro Analysis Calculated for Cs3H33BrN2O, (569.53): Calcd.: C, 69.59%; H,
5.84%; N, 4.92%; Found: C, 69.90%; H, 5.30%; N, 4.62%.

Melting point: 238-240°C.

1,3-Bis-(4-methoxybenzyl)-4,5-bis-(4-methoxyphenyl)-imidazolium chloride
(3c)

4,5-Bis-(4-methoxyphenyl)-1H-imidazole (280 mg, 1.00 mmol), equivalents of 4-
methoxybenzyl chloride (0.24 mL, 2.00 mmol) and 1.5 equivalents of K,CO3 (207
mg, 1.50 mmol) were dissolved in acetonitrile and refluxed for 5 d. After filtering off

the precipitate and removing the solvent under reduced pressure the obtained
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sticky white solid was washed with pentane (2 x 20 mL) and diethyl ether (2 x 20
mL) to yield a white powder (245 mg, 0.44 mmol, 43.9% yield).

"H NMR (5 ppm, CDCls, 300 MHz): 11.48 (s, 1H, NCHN), 7.11 (M, 4H, CHanisyt +
CHumethoxybenzyt), 6.99 (M, 4H, CHanisy + CHmethoxybenzyt), 6.85 (M, 4H, CHanisyr +
CHumethoxybenzyt), 6.78 (M, 4H, CHanisyi + CHmethoxybenzy1), 5.38 (s, 4H, CHy), 3.81 (s,
6H, OCH), 3.76 (s, 6H, OCHa).

3C NMR (3 ppm, CDCls, 101 MHz): 160.88 (NCHN), 159.89, 137.52, 132.16,
131.58, 130.22, 125.79, 116.95, 114.50, 114.31 (Canisyi + Cmethoxybenzy), 95.34
(CHSanisyI), 55.26 (CH3methoxybenzyl), 50.69 (CHZ)

IR absorptions (KBr, cm™): 3422 (w), 2930 (m), 2838 (w), 1612 (s), 1515 (s), 1457
(m), 1294 (m), 1252 (s), 1178 (s), 1026 (m), 839 (m).

MS (m/z, QMS-MS/MS): 521.52 [M*-Br].

Micro Analysis Calculated for C33H33CIN,O4 (557.08): Calcd.: C, 71.15%; H,
5.97%; N, 5.03%; Found: C, 70.74%; H, 5.89%; N, 5.12%.

Melting point: 106-108°C.

1,3-Bis-(4-methoxycarbonylbenzyl)-4,5-bis-(4-methoxyphenyl)-imidazolium
bromide (3d)

4,5-Bis-(4-methoxyphenyl)-1H-imidazole (280 mg, 1.00 mmol), equivalents of 4-
methoxycarbonylbenzyl bromide (458 mg, 2.00 mmol) and 1.5 equivalents of
K2CO3 (207 mg, 1.50 mmol) were dissolved in acetonitrile and stirred for 3 d at
room temperature. After filtering off the precipitate and removing the solvent under
reduced pressure the obtained sticky white solid was washed with pentane (2 x 20
mL) and diethyl ether (2 x 20 mL) to yield a white powder (250 mg, 0.38 mmol,
38.0% vyield).

'H NMR (5 ppm, DMSO, 400 MHz): 11.37 (s, 1H, NCHN), 7.94 (d, J = 8.1 Hz, 4H,
CHanisyI + CHmethoxycarbonylbenzyl), 7.22 (d, J = 81 HZ, 4H, CHanisyI +
CHmethoxycarbonbeenzyI), 6.96 (d, J=28.6 HZ, 4H, CHanisyl + CHmethoxycarbonylbenzyl), 6.82
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(d7 J=28.6 HZ, 4H, CHanisyl + CHmethoxycarbonylbenzyl), 5.57 (S, 4H7 CHZ), 3.90 (S, 6H,
OCHj3), 3.79 (s, 6H, OCHa).

3C NMR (5 ppm, DMSO, 101 MHz): 166.29 (C=0), 161.08 (NCHN), 138.12,
137.47, 132.13, 132.05, 130.64, 130.27, 128.33, 116.23, 114.61 (Canisy +
Cmethoxycarbonylbenzyl + Cimidazole), 99.34 (CHz), 52.25 (CHasmethoxycarbonyibenzyi), 90.91
(CH3anisy1)-

IR absorptions (KBr, cm™): 3427 (w), 2953 (w), 1721 (s), 1612 (m), 1556 (m),
1507 (m), 1434 (s), 1284 (s), 1180 (s), 1108 (s), 1022 (m), 838 (m), 757 (m), 672
(m).

MS (m/z, QMS-MS/MS): 577.51 [M*-Br].

Micro Analysis Calculated for CgsH33BrN2Og (657.55): Caled.: C, 63.93%; H,
5.06%; N, 4.26%; Found: C, 63.52%; H, 4.86%; N, 4.18%.

Melting point: 202-203°C.

1,3-Bis-(4-cyanobenzyl)-4,5-bis-(4-methoxyphenyl)-imidazolium bromide (3e)
4,5-Bis-(4-methoxyphenyl)-1H-imidazole (280 mg, 1.00 mmol), 2 equivalents of 4-
cyanobenzyl bromide (391 mg, 2.00 mmol) and 1.50 equivalents of K,CO3 (207
mg, 1.5 mmol) were dissolved in acetonitrile and stirred for 2 d at room
temperature. After filtering off the precipitate and removing the solvent under
reduced pressure the obtained sticky white solid was washed with pentane (2 x 20
mL) and diethyl ether (2 x 20 mL) to yield a white powder (286 mg, 0.48 mmol,
48.3% yield).

"H NMR (8 ppm, DMSO, 400 MHz): 11.54 (s, 1H, NCHN), 7.55 (d, J = 7.9 Hz, 4H,
CHanisyl + CHoyanobenzyt), 733 (d, J = 7.9 Hz, 4H, CHanisyl + CHeyanobenzy), 6.97 (d, J =
8.8 Hz, 4H, CHanisyi + CHcyanobenzy), 6.84 (d, J = 8.8 Hz, 4H, CHanisyi + CHcyanobenzyl),
5.60 (s, 4H, CH,), 3.80 (s, 6H, OCHs).

3C NMR (3 ppm, DMSO, 101 MHz): 161.20 (NCHN), 138.22, 137.82, 132.72,
132.07, 131.98, 129.30, 117.97, 115.96, 114.71, 112.90 (Canisyi + Ccyanobenzyi +
Cimidazole), 55.38 (CHZ), 50.81 (CH3anisy|)-
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IR absorptions (KBr, cm™): 3420 (m), 3006 (m), 2838 (w), 2229 (s), 1638 (w),
1609 (s), 1558 (m), 1508 (s), 1455 (m), 1416 (m), 1296 (m), 1254 (s), 1178 (s),
1022 (s), 826 (s), 665 (m).

MS (m/z, QMS-MS/MS): 511.48 [M*-Br7.

Micro Analysis Calculated for Cs3H27BrN4O, (591.50): Calcd.: C, 67.01%; H,
4.60%; N, 9.47%; Found: C, 66.89%; H, 4.55%; N, 9.42%.

Melting point: 238-240°C.

(1,3-Bis-benzyl-4,5-bis-(4-methoxyphenyl)-imidazole-2-ylidene) silver(l)
acetate (4a)

1,3-Bis-benzyl-4,5-bis-(4-methoxyphenyl)-imidazolium bromide (3a) (100 mg, 0.18
mmol) and 2.1 equivalents of silver(l) acetate (63 mg, 0.38 mmol) were dissolved
in 30 mL of dichloromethane and stirred in darkness at room temperature for 2 d.
After filtering off the AgBr by-product, the solvent was reduced to 3 mL and by
adding drop wise 10 mL of pentane a white powder precipitated. The solvent was
decanted and the white precipitate was washed with pentane (2 x 10 mL) and
diethyl ether (3 x 10 mL) to yield a white powder (60 mg, 0.52 mmol, 51.7 % yield).

'H NMR (3 ppm, CDCl3, 300 MHz): 7.23 (m, 6H, CHanisyi + CHoenzy), 7.01(m, 4H,
CHanisyl + CHbenzyl), 6.90 (m,4H, CHanisyl + CHbenzyI), 6.74 (m, 4H, CHanisyl +
CHbenzy|), 529 (S, 4H, CHZ), 376 (S, 3H, CH3acetate).

3C NMR (5 ppm, CDCls, 101 MHz): 170.34 (NCN), 159.99 (C=0), 136.40, 132.33,
131.94, 128.90, 128.64, 127.93, 127.33, 119.92, 114.37, 113.98, 55.20 (CHy),

IR absorptions (KBr, cm™): 3445 (w), 3004 (m), 2953 (w), 1722 (s), 1613 (m),
1559 (m), 1508 (m), 1434 (m), 1281 (s), 1183 (s), 1108 (s), 1018 (m), 821 (m),
754 (m).

MS (m/z, QMS-MS/MS): 461.46 [M*-AgOCOCHj].
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Micro Analysis Calculated for Cs3H32AgN2O4 (628.49): Caled.: C, 63.06%; H,
5.13%; N, 4.46%; Found: C, 63.06%; H, 4.92%; N, 4.36%.

Melting point: 118-122°C.

(1,3-Bis-(4-methylbenzyl)-4,5-bis-(4-methoxyphenyl)-imidazole-2-ylidene)
silver(l) acetate (4b)
1,3-Bis-(4-methylbenzyl)-4,5-bis-(4-methoxyphenyl)-imidazolium bromide (3b)
(100 mg, 0.18 mmol) and 2 equivalents of silver(l) acetate (63 mg, 0.38 mmol)
were dissolved in 30 mL of dichloromethane and stirred in darkness at room
temperature for 2 d. After filtering off the AgBr by-product, the solvent was
reduced to 3 mL and by adding drop wise 10 mL of pentane a white powder
precipitated. The solvent was decanted and the white precipitate was washed with
pentane (2 x 10 mL) and diethyl ether (3 x 10 mL) to yield a white powder (78 mg,
0.11 mmol, 67.8 % yield).

"H NMR (5 ppm CDCls, 400 MHz): 7.91 (d, J = 8.0 Hz, 4H, CHanisyl + CHumetnybenzy),
7.17 — 6.94 (m, 8H, CHanisyi + CHmethyibenzy1), 6.85 (d, J = 7.9 Hz, 4H, CHanisyi +
CHumethyibenzyl), 5.37 (s, 4H, CH), 3.91 (s, 6H, OCHzanisy), 2.29 (s, 6H,
CHamethylbenzyl), 2.06 (s, 3H, CH3acetate)-

3C NMR (8 ppm, CDCls, 101 MHz): 178.94 (NCN), 166.56 (C=0), 141.14, 139.45,
132.75, 130.35, 129.99, 129.87, 129.40, 127.21, 124.32 (Canisyi +* Crethylbenzyl +
Cimidazole), 93.30 (CH2), 52.16 (OCH3), 22.73 (CH3acetate), 21.27 (CHamethyibenzyl)-

IR absorptions (KBr, cm™): 3416 (m), 2950 (m), 1724 (s), 1612 (m), 1574 (s), 1435
(m), 1404 (w), 1280 (s), 1182 (m), 1110 (s), 1018 (m), 822 (w), 753 (m), 669 (m).

MS (m/z, QMS-MS/MS): 489.55 [M*-AgOCOCHs].

Micro Analysis Calculated for CssH3sAgN2O4 (656.54): Calcd.: C, 64.03%; H,
5.53%; N, 4.27%; Found: C, 63.65%; H, 5.03%; N, 3.90%.

Melting point: 155-156°C.
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(1,3-Bis-(4-methoxybenzyl)-4,5-bis-(4-methoxyphenyl)-imidazole-2-ylidene)
silver(l) acetate (4c)
1,3-Bis-(4-methoxybenzyl)-4,5-bis-(4-methoxyphenyl)-imidazolium chloride (3c)
(100 mg, 0.18 mmol) and 2.1 equivalents of silver(l) acetate (63 mg, 0.38 mmol)
were dissolved in 30 mL of dichloromethane and stirred in darkness at room
temperature for 7 d. After filtering off the AgBr by-product, the solvent was
reduced to 3 mL and by adding drop wise 10 mL of pentane a white powder
precipitated. The solvent was decanted and the white precipitate was washed with
pentane (2 x 10 mL) and diethyl ether (3 x 10 mL) to yield a white powder (70 mg,
0.10 mmol, 56.7% vyield).

'H NMR (5 ppm, CDCls, 300 MHz): 6.93 (t, J = 85 Hz, 8H, CHansy +
CHmethoxybenzyl), 6.86 — 6.62 (m, 8H, CHanisyl + CHmethoxybenzyl), 5.21 (Sa 4H, CH2)7
3.77 (d, J=1.5 HZ, 12H7 CHBanisyI + CHSmethoxybenzyI), 2.10 (Sa 3H, CHSacetate)-

13C NMR (5 ppm, CDCls, 101 MHz): 178.85 (NCN), 159.95 (C=0), 133.51, 133.02,
132.00, 128.93, 128.50, 128.38, 127.76, 127.24, 120.11, 113.97 (Canisyi +
Cmethoxybenzyl * Cimidazole), 95.24 (CHy), 55.21 (OCHaanisyi), 53.04 (OCH3smethoxybenzyl),
22.95 (CHsacetate)-

IR absorptions (KBr, cm'1): 3417 (w), 2954 (w), 2929 (w), 1611 (m), 1580 (m),
1513 (s), 1439 (m), 1403 (w), 1291 (m), 1252 (s), 1176 (s), 1027 (s), 835 (m).

MS (m/z, QMS-MS/MS): 521.52 [M*-AgOCOCHs].

Micro Analysis Calculated for C3zsH3sAgN2.Og (688.54): Calcd.: C, 61.05%; H,
5.27%; N, 4.07%; Found: C, 62.00%; H, 5.26%; N, 4.01%.

Melting point: 119-122°C.

(1,3-Bis-(4-methoxycarbonylbenzyl)-4,5-bis-(4-methoxyphenyl)-imidazole-2-
ylidene) silver(l) acetate (4d)
1,3-Bis-(4-methoxycarbonylbenzyl)-4,5-bis-(4-methoxyphenyl)-imidazolium
bromide (3d) (100 mg, 0.15 mmol) and 2 equivalents of silver(l) acetate (53 mg,

0.32 mmol) were dissolved in 30 mL of dichloromethane and stirred in darkness at
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room temperature for 2 d. After filtering off the AgBr by-product, the solvent was
reduced to 3 mL and by adding drop wise 10 mL of pentane a white powder
precipitated. The solvent was decanted and the white precipitate was washed with
pentane (2 x 10 mL) and diethyl ether (3 x 10 mL) to yield a white powder (60 mg,
0.08 mmol, 53.0% vyield).

'"H NMR (5 ppm, CDCls, 300 MHz): 7.92 (d, J = 8.2 Hz, 4H, CHansy +
CHumethoxycarbonyibenzyl), 7-06 (d, J = 8.3 Hz, 4H, CHanisyi + CHmethoxycarbonylbenzyl), 6.87
(d, J = 8.7 Hz, 4H, CHanisyi + CHmethoxycarbonyibenzyl), 6.73 (d, J = 8.7 Hz, 4H, CHanisy
+ CHumethoxycarbonylbenzyl), 536 (s, 4H, CHy), 3.91 (s, 6H, OCHs), 3.75 (s, 6H, OCH),
2.06 (s, 3H, CHaacetate)-

3C NMR (5 ppm, CDCl3, 101 MHz): 178.90 (NCN), 166.56 (C=Omethoxycarbonylbenzyl)»
160.18 (C=0), 141.16, 132.54, 131.82, 130.00, 129.89, 129.86, 127.20, 119.38,
114.14 (Canisyi + Cmethoxycarbonylbenzyl + Cimidazole), 95.23 (CHz), 53.34 (OCHaanisy),
52.17 (OCHasmethoxycarbonylbenzyl), 22.70 (CH3acetate)-

IR absorptions (KBr, cm'1): 3434 (w), 2951 (m), 1723 (s), 1587 (m), 1506 (m),
1434 (s), 1280 (s), 1253 (s), 1179 (s), 1109 (s), 1024 (s), 837 (s).

MS (m/z, QMS-MS/MS): 577.51 [M*-AgOCOCHs].

Micro Analysis Calculated for Cs7H3sAgN2Os (744.56): Calcd.: C, 59.69%; H,
4.87%; N, 3.76%; Found: C, 58.95%; H, 4.53%; N, 3.53%.

Melting point: 145-146°C.

(1,3-Bis-(4-cyanobenzyl)-4,5-bis-(4-methoxyphenyl)-imidazole-2-ylidene)
silver(l) acetate (4e)
1,3-Bis-(4-cyanobenzyl)-4,5-bis-(4-methoxyphenyl)-imidazolium bromide (3e) (100
mg, 0.17 mmol) and 2.1 equivalents of silver(l) acetate (61 mg, 0.36 mmol) were
dissolved in 30 mL of dichloromethane and stirred in darkness at room
temperature for 2 d. After filtering off the AgBr by-product, the solvent was
reduced to 3 mL and by adding drop wise 10 mL of pentane a white powder

precipitated. The solvent was decanted and the white precipitate was washed with
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pentane (2 x 10 mL) and diethyl ether (3 x 10 mL) to yield a white powder (104
mg, 0.16 mmol, 90.4% yield).

"H NMR (5 ppm, CDCls, 300 MHz): 7.54 (d, J = 8.2 Hz, 4H, CHanisyi + CHoyanobenzyl),
7.11 (d, J = 8.2 Hz, 4H, CHanisyt + CHeyanobenzyl), 6.89 (d, J = 8.2 Hz, 4H, CHaniey: +
CHeyanobenzyt)s 6.77 (d, J = 8.2 Hz, 4H, CHanisyl + CHoyanobenzy), 5.37 (s, 4H, CHy),
3.77 (s, 3H, OCHj), 2.07 (s, 3H, CHaacotate)-

3C NMR (3 ppm, CDCls, 101 MHz): 179.16 (NCN), 160.40 (C=0), 141.05 (CN),
132.60, 132.55, 131.74, 130.78, 128.12, 118.95, 118.24, 114.33, 112.23 (Canisyi +
Ccyanobenzyl + Cimidazole), 55.28 (CHZ), 53.19 (CHSanisyI), 22.75 (CHSacetate)-

IR absorptions (KBr, cm'1): 3415 (w), 2964 (w), 2927 (w), 2228 (s), 1662 (w), 1609
(m), 1574 (m), 1506 (s), 1402 (m), 1253 (s), 1177 (s), 1025 (m), 834 (m).

MS (m/z, QMS-MS/MS): 511.45 [M*-AgOCOCHs].

Micro Analysis Calculated for C3zsH3pAgN4O4 (678.51): Calcd.: C, 61.96%; H,
4.46%:; N, 8.26%; Found: C, 62.23%; H, 4.19%:; N, 8.16%.

Melting point: 149-152°C.

3.4.3 Antibacterial studies

The silver(l) acetate complexes were screened in preliminary in vitro antibacterial
tests against two bacterial strains. The test organisms included Staphylococcus
aureus (S. aureus) (NCTC 7447) as a Gram-positive bacteria and Escherichia coli
(E. coli) as Gram-negative bacteria.

To assess the biological activity of compounds 2a-e and 4a-e, the qualitative
Kirby—Bauer disk-diffusion method was applied [23]. All bacteria were individually
cultured from a single colony in sterile LB medium [24] overnight at 37°C in an
orbital shaker incubator. All the work carried out was performed under sterile
conditions.

For each strain, 70 pL of culture were spread evenly on agar-LB medium. Four 5

mm diameter Whatman paper discs were placed evenly separated on each plate.
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Two stock solutions (9:1 DMSO/H,0) of every compound were prepared at 2.2 uM
and 4.4 uM to be able to test the effect of different concentrations. Each plate was
then tested with 5 pyL and 7 pL of 2.2 yM solution and 5 pL and 10 uL for the 4.4
MM solution. The plates were covered and placed in an incubator at 37°C for 24 h.
The plates were then removed and the area of clearance, which is defined as the
distance between the edge of the filter paper disc and the beginning of the

bacterial growth, was measured for each sample in mm.

3.4.4 Cytotoxicity studies

Preliminary in vitro cell tests were performed on the human cancerous renal cell
line Caki-1 and the human cancerous breast cell line MCF-7 in order to compare
the cytotoxicity of the compounds presented in this paper. These cell lines were
chosen based on their regular and long-lasting growth behaviour. The cells were
obtained from the ATCC (American Tissue Cell Culture Collection) and maintained
in Dulbecco’s Modified Eagle Medium containing 10% (v/v) FCS (fetal calf serum),
1% (v/v) penicillin streptomycin and 1% (v/v) L-glutamine. Cells were seeded in
96-well plates containing 200 uL microtitre wells at a density of 5,000-cells/200 uL
of medium and were incubated at 37°C for 24 h to allow for exponential growth.
Then the compounds used for the testing were dissolved in the minimal amount of
DMSO (dimethylsulfoxide) possible and diluted with medium to obtain stock
solutions of 5 x 10* M in concentration and less than 0.7% of DMSO. The cells
were then treated with varying concentrations of the compounds and incubated for
48 h at 37°C. Then, the solutions were removed from the wells and the cells were
washed with PBS (phosphate buffer solution) and fresh medium was added to the
wells. Following a recovery period of 24 h incubation at 37°C, individual wells were
treated with 200 pL of a solution of MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) in medium. The solution consisted of 22 mg of MTT
in 40 mL of medium. The cells were incubated for 3 h at 37°C. The medium was
then removed and the purple formazan crystals were dissolved in 200 yL DMSO
per well. For all tests cells with low passage numbers were used. A Wallac Victor
(Multilabel HTS Counter) Plate Reader was used to measure absorbance at 540
nm. Cell viability was expressed as a percentage of the absorbance recorded for
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control wells. The values used for the dose response curves represent the values

obtained from four consistent MTT-based assays for each compound tested.
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3.5 Results and Discussion

In Scheme 3.1 the synthetic routes for the symmetric substituted N-Heterocyclic
carbene ligand precursors as well as their corresponding silver(l) acetate
complexes are given. The initial precursor 4,5-bisphenyl-1h-imidazole (1) was
purchased from Sigma Aldrich and used without further purification, whereas the
precursor 4,5-bis-(methoxyphenyl)-1H-imidazole (3) was prepared by stirring 2-
bis-(4-methoxyphenyl)ethane-1,2-dione with formamide according to literature
[22]. 1,3-Bis-benzyl-4,5-bisphenyl-1H-imidazolium bromide (1a) was prepared
according to literature [13] with a yield of 66.2% while 1,3-bis-(4-methylbenzyl)-
4,5-bisphenyl-1H-imidazolium bromide (1b), 1,3-bis-(4-methoxybenzyl)-4,5-
bisphenyl-1H-imidazolium chloride (1c), 1,3-bis-(4-methoxycarbonyl-benzyl)-4,5-
bisphenyl-1H-imidazolium bromide (1d) and 1,3-bis-(4-cyanobenzyl)-4,5-
bisphenyl-1H-imidazolium bromide (1e) were synthesised by stirring (1) with 2
equivalents of 4-methylbenzyl bromide, 4-methoxybenzyl chloride, 4-
methoxycarbonylbenzyl bromide and 4-cyanobenzyl bromide with 1.5 equivalents
of K,CO3 in acetonitrile for 2-5 d at room temperature to yield the N-Heterocyclic

carbene ligand precursors in 88.7, 43.3, 72.2 and 81.0%, respectively.

R1
2
H 2 eq AgOAc
N CH ,CN CH ,Cl,
‘ +2eq »—'H X Ag— O
N/> T 2 sdays s days l T a7days %
O RT, darkness

r' X R

1R =H, R?=H, X =Br 1aR'=H, R’=H, X =Br 2aR'=H  R?=H
2:R'=0OCH, CH,, X =Br 1:R'=H,  R?*=CH, X=Br 2b:R'=H, R®=CH,
OCH,  X=Cl 1c.R'=H, R?=0CH, X=Cl 2¢:R'=H, R*=0CH,
COOCH,, X =Br 1d:R'=H,  R?=COQCH, X=Br 2d:R'=H, =COOCH,
CN, X=Br 1e:R'=H, R?=CN, X =Br 2e:R'=H, R®=CN
3a R1=0CH, R*=H, X=Br 4a:R1=0CH, R°=H
3b: R' = OCH,, R*=CH,, X =Br 4b: R' = OCH,, R*= CH,
3¢:R'=0CH, R*=0CH,  X=Cl 4c: R' = OCH,, R? = OCH,
3d: R' = OCH,, R* = COOCH,, X =Br 4d: R' = OCH,, R? = COOCH,
3e: R' = OCH, R*=CN, X=Br 4e: R' = OCH,, R*=CN

Scheme 3.1: General reaction scheme for the synthesis of symmetric substituted NHC precursors
1a-e, 3a-e and their corresponding NHC-silver(l) acetate complexes 2a-e and 4a-e.
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The 4,5-bis-(4-methoxyphenyl)-imidazole containing precursors 1,3-bis-benzyl-
4,5-bis(4-methoxyphenyl)-1H-imidazolium bromide (3a), 1,3-bis-(4-methylbenzyl)-
4,5-bis(4-methoxyphenyl)-1H-imidazolium bromide (3b), 1,3-bis-(4-
methoxybenzyl)-4,5-bis(4-methoxyphenyl)-1H-imidazolium chloride (3c), 1,3-bis-
(4-methoxycarbonyl-benzyl)-4,5-bis(4-methoxyphenyl)-1H-imidazolium  bromide
(3d) and 1,3-bis-(4-cyanobenzyl)-4,5-bis(4-methoxyphenyl)-1H-imidazolium
bromide (3e) followed the same reaction route to give the respective yields of
35.3, 98.6, 38.0, 38.0 and 50.1%.

The silver(l) acetate complex 2a was synthesised according to [13] to give a yield
of 70.7%. In the absence of light, the silver(l) acetate complexes (1,3-bis(4-
methylbenzyl)-4,5-bisphenyl-imidazole-2-ylidene) silver(l) acetate (2b), (1,3-bis(4-
methoxybenzyl)-4,5-bisphenyl-imidazole-2-ylidene) silver(l) acetate (2c¢), (1,3-
bis(4-methoxycarbonylbenzyl)-4,5-bisphenyl-imidazole-2-ylidene) silver(l) acetate
(2d) and (1,3-bis(4-cyanobenzyl)-4,5-bisphenyl-imidazole-2-ylidene) silver(l)
acetate (2e) were prepared by stirring the respective precursor with 2 equivalents
of silver(l) acetate in dichloromethane at room temperature for 3-7 d. The silver
complexes were obtained in 81.0, 63.4, 81.7, 69.1 and 81.3% yield respectively.
The synthesis of the symmetric 4,5-bis(4-methoxyphenyl)-imidazole silver(l)
acetate complexes were carried out under the same conditions to give the silver(l)
acetate complexes (1,3-bisbenzyl-4,5-bis(4-methoxyphenyl)-imidazole-2-ylidene)
silver(l) acetate (4a), (1,3-bis(4-methylbenzyl)-4,5-bis(4-methoxyphenyl)-
imidazole-2-ylidene) silver(l) acetate (4b), (1,3-bis(methoxybenzyl)-4,5-bis(4-
methoxyphenyl)-imidazole-2-ylidene) silver(l) acetate (4c), (1,3-
bis(methoxycarbonylbenzyl)-4,5-bis(4-methoxyphenyl)-imidazole-2-ylidene)
silver(l) acetate (4d) and (1,3-bis(4-cyanobenzyl)-4,5-bis(4-methoxyphenyl)-
imidazole-2-ylidene) silver(l) acetate (4e) in 51.7, 67.8, 56.7, 53.0 and 90.4%
yields.

The symmetric substituted N-Heterocyclic carbene ligand precursors as well as
the silver(l) acetate complexes were fully characterized by spectral ("H NMR, *C
NMR, IR, mass), elemental analysis studies and melting point determination.
Furthermore the solid state structure of the silver(l) acetate complexes 2d, 2e and
4c was determined by single crystal X-ray diffraction.

Due to the positive charge of the molecule, the 'H NMR spectra of all NHC
precursors 1a-e and 3a-e show a characteristic downfield shift in the range & =
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9.63-11.65 ppm for the NCHN proton [25-27]. In addition, their identities have also
been confirmed by a base peak for the [M*- Br] fragments in their positive mode
ESI mass spectra. A successful formation of the complexes 2a-e and 4a-e is
indicated by the absence of a downfield NCHN signal and presence of new
signals at 3.76-2.06 ppm for the acetate protons in all the 'H NMR spectra. The
3C NMR resonances of the carbene carbon atoms in complexes 2a-e and 4a-e
occur in the range & = 206.90-170.34 ppm respectively. These signals are shifted
downfield compared to the corresponding precursors of 1a-e and 3a-e carbene
carbons resonance at the range & = 166.30-138.26 ppm, respectively which
further demonstrates the formation of expected NHC-silver(l) acetate complexes.
Also the appearance of the >C NMR resonances for the carbonyl and methyl
carbons of the acetate group of complexes 2a-e and 4a-e in the range 166.56-
156.23 and 22.95-22.70 ppm respectively show the formation of the NHC-silver(l)
acetate complexes [4, 6]]. Furthermore, positive mode ESI mass spectra of all ten
NHC-silver(l) acetate complexes (2a-e, 4a-e) are dominated by [M*-O,CCHj]
fragment peaks arising from the loss of one acetate ligand. The melting points of
the NHC precursors 1a-e range between 220 and 293°C with the only exception
for the chloride containing precursor 1c, which melting point occurs at a lower
temperature (192-194°C). The same pattern is observed in the melting points of
3a-e where the bromide containing precursors exhibit much higher melting points
(192-240°C) than the correspondent chloride containing precursor 3c¢ (106-
108°C). The formation of the silver acetate complexes has a significant influence
on the thermal stability of the compounds and leads to lower melting points of 144-
209°C for 2a-e and 118-156°C for 4a-e. Overall the thermal stability of the 4,5-
bisphenyl-imidazole compounds is higher than their correspondent 4,5-bis(4-
methoxyphenyl) substituted imidazole analogues.

3.5.1 Structural discussion:

The crystals of 2b and 2e were formed in a saturated solution of chloroform with
slow infusion of pentane, while the crystal of 4c was grown in a saturated solution
of dichloromethane with slow infusion of pentane. 2b crystallized in the triclinic

space group P-1, 2e in the monoclinic space group C2/c (#15) and 4c in the
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triclinic space group P—1 (#2); all in absence of any solvent molecules. The crystal
data and refinements are found in Table 1, whereas selected bond lengths and
bond angles are compiled in Table 2. The X-ray structures show that the imidazole
ring is planar and the bond lengths and angles in the five membered imidazole
ring (NCNCC) are in good agreement with those in similar compounds reported

earlier by our group [12-17].
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Figure 3.1: X-ray diffraction structure of 2d; thermal ellipsoids are drawn on the 50% probability
level.

The crystal structure of 2d and 2e show a nearly linear bond angle of 178.76(7)°
and 174.69(5)° respectively at the two-coordinated silver atom. The bond
distances of the silver atom to the carbene of Ag—C(10) = 2.060(2) A (2d) and Ag-
C(9) = 2.0588(17) A (2e) agree very well with previously reported examples of
this compound class [12-17] and show that the silver is strongly bonded to the
carbene. The bond length of the silver(l) atom to the acetate oxygen is in all three
structures relatively short with Ag-O(5) = 2.1013(16) A (2d) and Ag-O(1) =
2.1164(13) A (2e) compared to the ones our group previously reported, but still

within range of the corresponding ones in similar molecules (see for example [26,
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271]). This short distance suggests a predominantly covalent character of the Ag-O

bond.
O A
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Figure 3.2: X-ray diffraction structure of 2e; thermal ellipsoids are drawn on the 50% probability

level.

In the NHC silver(l) acetate complex 4c¢ (Fig. 3, 4), one of the two silver atoms

(Ag(2)) coordinates to two acetate groups. One can see an almost linear bond
angle of 173.89(7)° at the two coordinate silver atom C(9)-Ag(1)-0O(5). The C(44)-
Ag(2)-O(11) bond angle is with 167.77(7) bent a bit more, and the displacement of
Ag(2) from the line C(44)-O(11) is towards O(6) (Fig. 4). This, together with the
Ag()-O(6) distance of 2.6279(16) A, suggests a weak bond between the two

atoms.
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Figure 3.3: X-ray diffraction structure of 4c; thermal ellipsoids are drawn on the 50% probability
level, disorder neglected.

Figure 3.4: interaction between two adjacent molecules via a short Ag~O contact; thermal
ellipsoids are drawn on the 50% probability level, aryl groups are represented by their ipso carbons
only.
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Table 3.1: Crystal Data and Structure Refinement for 2d, 2e and 4c.

2d 2e 4c
Empirical formula Ca5H3,AgN,Og Ca3H26AgN4O; C70.75H71.5N4012Cl1 5AQ
Formula weight [g/mol] 802.86 617.44 1438.74
Crystal system Triclinic Monoclinic Triclinic
Space Group P -1 C2/c (#15) P-1 (#2)
Unit cell dimensions [A] a | 8.8250(3) 29.4955(9) 13.4580(4)
b | 14.9450(4 8.2592(2) 16.9528(5)
c | 15.2246(4) 24.1508(7) 17.1298(5)
a | 116.877(3)°. 107.092(3)°.
B | 101.163(2)° 104.100(3)°. 112.693(3)°.
y | 97.006(2)° 96.891(2)°.
Volume [A%] 1706.08(9) 5706.1(3) 3323.5(2)
Z 2 8 2
Density [mg/mg] (calc.) 1.563 1.437 1.438
Absorption coefficient [mm'1] 0.875 0.743 5.808
F(000) 816 2512 1479

Crystal size [mm°]

0.3211 x 0.2116 x 0.1567

0.2206 x 0.1980 x 0.1272

0.2785x 0.1791 x 0.1199

Theta range for data collection

3.30 to 26.42°.

3.42 10 29.71°.

3.01t0 76.47°.

Index ranges -10<=h<=11 —37<=h<=37 -16<=h<=16
-18<=k<=18 —11<=k<=11 -21<=k<=21
-19<=1<=19 —33<=I<=32 -21<=I<=21

Reflections collected 48384 31477 35819

Independent reflections

6973 [R(int) = 0.0586]

7085 [R(int) = 0.0279]

13796 [R(int) = 0.0286]

Completeness to 6.«

99.5 %

99.2 %

98.8%

Max. and min transmission

0.904 and 0.830

0.896 and 0.849

0.630 and 0.440

Data/restraints/parameters 6973/0/436 7085/0/ 362 13796 / 34 / 868
Goodness-of-fit in F? 1.047 1.053 1.028
Final R indices (I1>2a(l)) R1=0.0285 R1 =0.0266 R1 =0.0291
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wR2 = 0.0647 wR2 = 0.0643 wR2 =0.0730
R Indices (all data) R1=0.0346 R1=0.0325 R1=0.0319
wR2 = 0.0685 wR2 = 0.0681 wR2 =0.0749

Largest diff. peak and hole

0.623 and -0.764 e A>

0.418 and —-0.554 e. A

0.602 and —0.863 e.A®

Table 3.2: Selected bond lengths [A] and angles [°] for 2d, 2e and 4c.

2d Bond length [A] 2e Bond length [A] 4c Bond length [A]
Ag—C(10) 2.060(2) Ag—C(9) 2.0588(17) Ag()-C(9) 2.087(2)
Ag—0O(5) 2.1013(16) Ag-O(1) 2.1164(13) Ag(1)-O(5) 2.1582(14)
N(1)-C(10) 1.350(3) N(2)-C(9) 1.350(2) N(1)-C(9) 1.350(3)
N(1)-C(11) 1.398(3) N(2)-C(10) 1.392(2) C(9)-N(2) 1.348(3)
C(10)-N(2) 1.348(3) C(9)-N(3) 1.351(2) N(1)-C(10) 1.399(3)
C(18)-N(2) 1.396(3) C(17)-N(3) 1.397(2) C(10)-C(18) 1.360(3)
C(11)-C(18) 1.359(3) C(10)-C(17) 1.361(2) C(18)-N(2) 1.393(3)
Ag(2)-0O(11) 2.1197(16)
Ag(2)-C(44) 2.073(2)
0O(6)-Ag(2) 2.6279(16)
2d Bond angle [°] 2e Bond angle [°] 4c Bond angle [°]
C(10)-Ag-0(5) 178.76(7) C(9)-Ag-0O(1) 174.69(5) C(9)-Ag(1)-0O(5) 173.89(7)
N(2)-C(10)-N(1) 104.73(17) N(2)-C(9)-N(3) 104.39(14) N(2)-C(9)-N(1) 104.90(17)
N(2)-C(10)-Ag 125.82(15) N(2)-C(9)-Ag 128.09(12) N(2)-C(9)-Ag(1) 126.78(14)
N(1)-C(10)-Ag 129.43(15) N(3)-C(9)-Ag 127.21(12) N(1)-C(9)-Ag(1) 127.84(14)
C(18)-C(11)-N(1) 106.31(18) C(17)-C(10)-N(2) 106.44(14) C(18)-C(10)-N(1) 105.95(18)
C(11)-C(18)-N(2) 105.99(18) C(10)-C(17)-N(3) 105.76(14) C(10)-C(18)-N(2) 106.49(18)
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C(10)-N(2)-C(18) 111.67(17) C(9)-N(3)-C(17) 111.75(13) C(9)-N(2)-C(18) 111.34(17)
C(44)-Ag(2)-O(6) 104.32(6)
O(11)-Ag(2)-0(6) 84.95(6)
C(34)-0O(5)-Ag 111.11(13) C(32)-0(1)-Ag 107.66(12) C(34)-0(5)-Ag(1) 108.72(13)
C(34)-0(6)-Ag(2) 109.57(13)
0(6)-C(34)-0(5) 124.3(2) 0(2)-C(32)-0(1) 123.60(18) 0(6)-C(34)-0(5) 124.3(2)
0(6)-C(34)-C(35) 120.5(2) 0(2)-C(32)-C(33) 119.80(17) 0(6)-C(34)-C(35) 119.7(2)
0(5)-C(34)-C(35) 115.27(19) 0(1)-C(32)-C(33) 116.61(17) 0(5)-C(34)-C(35) 116.0(2)
C(69)-0(11)-Ag(2) 119.64(14)
0(12)-C(69)-0(11) 125.7(2)
0(12)-C(69)-C(70) 119.3(2)
0(11)-C(69)-C(70) 115.01(19)
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3.5.2 Biological evaluation

3.5.2.1 Antibacterial Testing

Using the Kirby-Bauer disk diffusion method, the antibacterial activity of the NHC-
silver acetate complexes was tested and summarised in Figure 3.5-3.8. The metal
salt (silver(l) acetate) used to prepare the complexes and the solvent (DMSO)
used to prepare the stock solutions played no role in growth inhibition on the same
bacteria as previously reported [28, 29]]. An area of clearance of 0 mm was
considered as no activity, areas of 1-3 mm as low, 4—7 mm as medium, and areas
of clearance 28 mm as high activity. The primary aim was to synthesise a
derivative of the target molecule (1,3-bisbenzyl-4,5-bisphenyl imidazole-2-ylidene)
silver(l) acetate 2a, that would exhibit greater antimicrobial properties than this

leading compound against E. coli and S. aureus bacteria strains.

1.1 pmol

®1.5 pymol

2.1 pmol

Area of clearance [mm)]

m4.3 pmol

2c 2d 2e

Compound

Figure 3.5: Area of clearance on Escherichia coli (Gram -ve) by 2a-e.

Almost no antibacterial activity against E. coli was found for the compounds 4b-

4d, and against S. aureus nearly no activity was found for 2e and 4d. Medium
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activity against E. coli was found only for two bisphenyl-imidazole silver complexes
(2d, 6 mm; 2e, 7 mm), whereas more complexes were active in this range against

S. aureus (2a, 7 mm; 2b, 5 mm, 2d, 4 mm and 4c¢, 5 mm).
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Figure 3.6: Area of clearance on Escherichia coli (Gram -ve) by 4a-e.
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Figure 3.7: Area of clearance on Staphylococcus aureus (Gram +ve) by 2a-e.
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Only compounds 2c¢ and 4a, showed slightly higher activity against S. aureus

compared to 2a.
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Figure 3.8: Area of clearance on Staphylococcus aureus (Gram +ve) by 4a-e.

3.5.2.2 Cytotoxicity Studies

The log dose response curves for complexes 2a-e and 4a-e against the cancer
cell line Caki-1 are shown in Figure 3.9 and Figure 3.10, respectively. All
compounds were well soluble in DMSO and stable in the biological medium over
the period of the testing time.

As well as for the antibacterial studies (see above), all ICs cell test results were
compared to our previously reported complex 2a , which has shown to have an
ICs0 value against the human renal cancer cell line Caki-1 of 14 (x 1) uM [13].
Unfortunately all 4,5-bis-(methoxyphenyl)-imidazole silver acetates 4a-e exhibited
lower cytotoxic activity against this cell line with 21 (x 1), 21 (x 2), 21 (£ 1), 34 (¢
2) and 46 (£ 2) uM, respectively.
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Figure 3.9: Cytotoxicity curves from typical MTT assays showing the effect of compounds 2a-e on
the viability of Caki-1 cells.
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Figure 3.10: Cytotoxicity curves from typical MTT assays showing the effect of compounds 4a-e on
the viability of Caki-1 cells.
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In contrast to this the 4,5-bisphenyl-imidazole silver acetates 2b-e have shown
partial improvement in cytotoxic activity against Caki-1. Compounds 2b and 2c
both show a 3-4 fold increase in biological activity and exhibit therefore ICsy values
of 3.6 (x 1) and 4.2 (+ 0.5) uM. 2d and 2e show like their analogues 4d and 4e a
significant lower activity with 1Cs values of 33 (x 2) and 59(+ 4) yM. The strong
decrease in activity in these complexes might be due to the introduction of the
more hydrophilic 4-cyanobenzyl (2d and 4d) and 4-methoxycarbonylbenzyl (2e
and 4e) groups in position 1 and 3 of the imidazole. The overall tendency seems
to be that the 4,5-bisphenyl substitution is superior to its 4,5-bisanisyl counterpart
with respect to cytotoxicity.

The log dose response curves for complexes 2a-e and 4a-e against the cancer

cell line MCF-7 are shown in Figure 3.11 and Figure 3.12, respectively.
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Figure 3.11: Cytotoxicity curves from typical MTT assays showing the effect of compounds 2a-e on
the viability of MCF-7 cells.
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Figure 3.12: Cytotoxicity curves from typical MTT assays showing the effect of compounds 4a-e on
the viability of MCF-7 cells.

In comparison to the cell test results against the human renal cancer cell line Caki-
1 (see above), not only 4,5-bisphenyl-imidazole silver acetates 2b and 2c
exhibited comparable or better ICsy values (3.5 (+ 0.4) and 5.4 (+ 0.3) uM) against
this cell line, but also the two 4,5-bis(methoxyphenyl)-imidazole silver acetates 4b
and 4c have shown a good level of activity with values of 5.0 (£ 0.3) and 6.5 (z
0.4) uM.

Interestingly, the substitution pattern in position 1 and 3 of the imidazole ring
seems to play an overall big role in the cytotoxic activity of these ten new
symmetrical substituted NHC silver acetate complexes. While all four more
hydrophilic substituted complexes 2d, 2e, 4d and 4e show moderate biological
activity against both human cancer cell lines, good activity is found for 2b and 2c
against Caki-1 and MCF-7 and for 4b and 4c against MCF-7 alone. The difference
in activity against Caki-1 comparing complexes 2b and 2c¢ versus 4b and 4c must
be directly related to the change from a proton in position 4 on the phenyl rings to

a methoxy group instead. The therefore more hydrophilic substitution pattern
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seems to have a direct impact on either the cellular uptake or the interaction in the

cell itself.

3.6 Conclusion and Outlook

These newly synthesised N-Heterocyclic carbene silver acetate complexes
derived from 4,5-diaryl-imidazole have shown some promising cytotoxic results
against the human cancer cell lines Caki-1 and MCF-7; the cytotoxicity is already
comparable to platinum-based drugs on these specific cell lines. In addition,
significant antibacterial activity against E. coli and S. aureus were observed but
the level of conventional antibiotics was not reached yet for the derivatives
described. Most promising results were obtained for complexes 2b and 2c¢c against
both cancer cell lines as well as against both bacterial strains.

Further studies on the influence of more hydrophilic and hydrophobic substitution
patterns of the imidazole ring on the cytotoxicity and antibacterial properties of
such complexes are in progress; in future experiments the mode of action of the

NHC-silver acetate complexes and their toxicity in vivo will be investigated.
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4.2 Abstract

From the reaction of 1,2-bis-(4-methylphenyl)ethane-1,2-dione with formamide,
symmetrically  substituted 4,5-bis-(4-methylphenyl)-1H-imidazole (1) was
synthesised ad further reacted with p-benzyl substituted halides to give the
symmetrically substituted N-Heterocyclic carbene (NHC) precursors 1a-e.

The NHC precursors were then reacted with silver(l) acetate to yield NHC-silver(l)
acetate complexes 1,3-bis-(benzyl)-4,5-bis-(4-methylphenyl)-imidazole-2-ylidene
silver(l) acetate (2a), 1,3-bis-(4-methylbenzyl)-4,5-bis-(4-methylphenyl)-imidazole-
2-ylidene  silver(l) acetate (2b), 1,3-bis-(4-methoxylbenzyl)-4,5-bis-(4-
methylphenyl)-imidazole-2-ylidene silver(l) acetate (2¢c), 1,3-bis-(4-
methoxycarbonylbenzyl)-4,5-bis-(4-methylphenyl)-imidazole-2-ylidene silver(l)
acetate (2d) and 1,3-bis-(4-cyanobenzyl)-4,5-bis-(4-methylphenyl)-imidazole-2-
ylidene silver(l) acetate (2e).

Two NHC-silver acetate complexes 2a and 2e were characterised by single crystal
X-ray diffraction. The preliminary in vitro antibacterial activity of the NHC-silver

complexes 2a-e was investigated against Gram-positive bacteria Staphylococcus
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aureus and Gram-negative bacteria Escherichia coli using the qualitative Kirby—
Bauer disk-diffusion method. The areas of clearance determined for the maximum
dose (4.3 uM) range between 1 mm and 7 mm for MSSA and 0 mm and 7 mm for
E. coli. All of the newly synthesised silver(l) acetate complexes were tested for
their cytotoxicity by MTT based in vitro tests on the human renal cancer cell line
Caki-1 and human breast cancer cell line MCF-7 in order to determine their ICsg
values.

The NHC-silver complexes 2a-e were found to have ICsy values of 3.0 (£ 0.6),
0.51 (£ 0.07),4.2 (£ 1.2), 9.0 (x 0.6), 26 (x 2) uM, against the renal cancer cell-line
Caki-1 and ICsp values of 2.3 (£ 0.4), 1.4 (£ 0.2), 3.0 (£ 0.5),3.4 (£ 1.2) and 14 (¢
2) uM against the breast cancer cell line MCF-7, respectively. Compared to our
lead compound SBC3 (1,3-bisbenzyl-4,5-bisphenyl-imidazole-2-ylium silver(l)
acetate) (ICsp value = 14 (+ 1) uM against Caki-1 and 5.8 (+ 0.6) uM against MCF-
7) these values represent improved cytotoxicity against both cell lines, especially
for the silver complexes 2a and 2b. These two compounds are not only more
active than SBC3 but also exhibit in the case of 2b a 7 times higher biological

activity than cisplatin (ICsp value = 3.3 yM) against Caki-1.
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4.3 Introduction

In the treatment of cancer, platinum-based drugs such as cisplatin, oxaliplatin and
carboplatin are widely used, but due to several factors resistance against these
drugs may develop during treatment. To overcome resistance many groups focus
on the design of novel platinum based complexes [1] by using specific carriers, or
a change from platinum to other transition metals. Novel carrier ligands must
initially meet certain criteria, such as being easily accessible in few steps,
substituents can be widely varied and their reactivity in biological medium can be
easily fine-tuned. All these criteria are met by N-Heterocyclic carbenes (NHCs),
which are nowadays not only used in organometallic chemistry and catalysis, but
more and more also in the design and synthesis of cytotoxic and antibacterial
transition metal complexes. Most commonly used transition metals in the
development of new anticancer and antibacterial drugs are platinum, palladium,
rhodium, ruthenium, copper, silver and gold [2—15].

Silver salts such as silver nitrate are used for many years as antimicrobial agents
and have exhibited low toxicity for humans, but recently an increased number of
research groups focuses on the activity of new silver therapeutics as anticancer
agents [4, 11]. Youngs and co-workers have reported anticancer activity of NHC-
silver complexes derived from 4,5-dichloro-1H-imidazole against the human
cancer cell lines OVCAR-3 (ovarian), MB157 (breast), and HelLa (cervical). Activity
was even demonstrated in vivo for [4,5-dichloro-1,3-dimethylimidazol-2-ylidene]
silver(l) acetate against an ovarian cancer xenograft model [10]. The groups of
Gautier and Morel reported an N,N'-diaryl-substituted carbene of high lipophilicity
as suitable ligand for metal complexes. The cytotoxicity of the resulting silver
complex was 40-fold (MCF-7 and HL60) to 7-fold (MCF-7R) higher than that of
cisplatin [6]. Also Gust et al. have recently reported that symmetrically and
unsymmetrically substituted NHC-silver(l) halides show promising activity against
different cancer cell lines as well as bacteria strains [16], which correlates well with
the findings in our group [17-26].

Within this paper we present a new series of symmetrically p-benzyl-substituted N-
Heterocyclic carbene silver acetate complexes derived from 4,5-ditolyl-imidazole,

their synthesis, cytotoxicity, and antibacterial studies.
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4.4 Experimental Part

4.4.1 General conditions

All silver(l) acetate reactions were carried out under exclusion of light. All solvents
used were of analytical grade and were used without further purification. 4,4-
Dimethylbenzoin, formamide, benzyl bromide, 4-methylbenzyl bromide, 4-
methoxybenzyl chloride, methyl 4-(bromomethyl)benzoate, 4-(bromomethyl)
benzonitrile, silver(l) acetate and K,CO3s; were purchased from Sigma-Aldrich
Chemical Company and were used without further purification.

'"H NMR spectra were measured on a Varian 300 MHz spectrometer while '*C
spectra were measured on a Varian 400 MHz spectrometer. All chemical shifts are
reported in ppm and referenced to TMS. IR spectra were recorded on a Perkin-
Elmer Paragon 1000 FT-IR spectrometer employing a KBr disc. ESI MS was
performed on a quadrupole tandem mass spectrometer (Quattro Micro,
Micromass/Water's Corp., USA), using solutions in 100% methanol. MS spectra
were obtained in the ES+ (electron spray positive ionisation) mode for all
compounds. CHN Analysis was carried out in an Exeter Analytical CE-440
elemental analyzer. Crystal Data was collected using an Agilent Technologies
(former Oxford Diffraction) SuperNova diffractometer fitted with an Atlas detector.
A suitable crystal of 2a was grown from a saturated solution of diethyl ether and
slow evaporation of the solvent while crystals of 2e were grown in a saturated
dichloromethane solution with slow infusion of pentane. 2a and 2e were measured
with Mo-Ka (0.71073 A°) at 100 K. A five-time redundant (2a) or a complete (2e)
dataset was collected, assuming that the Friedel pairs are not equivalent. An
analytical absorption correction based on the shape of the crystal was performed
[27]. The structure was solved by direct methods using SHELXS-97 [28] and
refined by full matrix least-squares on F2 for all data using SHELXL-97 [28].
Hydrogen atoms were added at calculated positions and refined using a riding
model. Their isotropic thermal displacement parameters were fixed to 1.2 (1.5 for
methyl groups) times the equivalent ones of the parent atom. Anisotropic thermal
displacement parameters were used for all non hydrogen atoms. CCDC 897777
(for 2a) and CCDC 897778 (for 2e) contain the supplementary crystallographic
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data for this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via http://www.ccdc.cam.ac.uk/cgi-

bin/catreq.cgi/.

4.4.2 Synthesis

Synthesis of 4,5-Bis(4-methylphenyl)-1H-imidazole (1)
4,5-Bis(4-methylphenyl)-1H-imidazole was synthesised according to literature [29]

to give a yield of 66%. The formation of the product was confirmed by NMR.

Synthesis of 1,3-Bis-benzyl-4,5-bis-(4-methylphenyl)-imidazolium bromide
(1a)

4,5-Bis-(4-methylphenyl)-1H-imidazole (248 mg, 1.00 mmol), 2 equivalents of
benzyl bromide (0.24 mL, 2.00 mmol) and 1.5 equivalents of K,CO3 (207 mg, 1.50
mmol) were dissolved in acetonitrile and stirred for 2 d at room temperature. After
filtering off the precipitate and removing the solvent under reduced pressure the
obtained sticky white solid was washed with pentane (2 x 20 mL) and diethyl ether
(2 x 20 mL) to yield a white powder (280 mg, 0.55 mmol, 55% yield).

"H NMR (8 ppm, DMSO, 400 MHz): 9.57 (s, 1H, NCHN), 7.35 — 7.28 (m, 6H), 7.16
(s, 10H), 7.12 — 7.06 (m, 5H), 5.37 (s, 4H, CH,), 2.26 (s, 6H, CH3).

3C NMR (5 ppm, DMSO, 101 MHz): 140.28 (NCHN), 136.82, 134.63, 132.25,
131.10, 129.83, 129.27, 128.93, 128.17, 122.47 (Cpenzyt + Ciolyl + Cimidazole), 50.82
(CHa), 21.30 (CHs).

IR absorptions (KBr, cm™): 3421 (m), 3031 (s), 2942 (s), 1619 (s), 1558 (s), 1502
(s), 1452 (s), 817 (s).

MS (m/z, QMS-MS/MS): 509.00 [M*-H].
Micro Analysis Calculated for C31H29BrN, (509.48): Calcd.: C, 73.08%; H, 5.74%;

N, 5.50%; Found: C, 72.37%, H 5.52%, N 5.41%.
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Melting point: 203-206°C.

Synthesis of 1,3-Bis-(4-methylbenzyl)-4,5-bis-(4-methylphenyl)-imidazolium
bromide (1b)

4,5-Bis-(4-methylphenyl)-1H-imidazole (248 mg, 1.00 mmol), 2 equivalents of 4-
methylbenzyl bromide (371 mg, 2.00 mmol) and 1.5 equivalents of K,CO3 (207
mg, 1.50 mmol) were dissolved in acetonitrile and stirred for 2 d at room
temperature. After filtering off the precipitate and removing the solvent under
reduced pressure the obtained sticky white solid was washed with pentane (2 x 20
mL) and diethyl ether (2 x 20 mL) to yield a white powder (200 mg, 0.37 mmol,
37% vyield).

'H NMR (3 ppm, CDCls, 300 MHz): 11.07 (s, 1H, NCHN), 7.14 (d, J = 7.7 Hz, 4H),
7.10 — 7.00 (m, 8H), 6.97 (d, J = 7.8 Hz, 4H), 5.41 (s, 4H, CH,), 2.35 (s, 6H,
CH3tonI), 2.30 (37 6H7 CH3benzyl)-

®C NMR (3 ppm, CDCl3, 101 MHz): 140.60 (NCHN), 138.86, 136.96, 132.01,
130.64, 130.54, 129.73, 129.70, 128.48, 121.86 (Cmethyibenzyl * Ctolyi + Cimidazole),
50.96 (CHz), 21.39 (CHatoiy), 21.16 (CHapenzyi)-

IR absorptions (KBr, cm™): 3423 (m), 3010 (s), 2865 (s), 1558 (s), 1515 (s), 1450
(s), 817 (s).

MS (m/z, QMS-MS/MS): 457.64 [M*-Br].

Micro Analysis Calculated for Cs3H33BrN; (537.53): Calcd.: C, 73.74%; H, 6.19%;
N, 5.21%; Found: C, 73.44%; H, 6.12%; N, 5.01%.

Melting point: 212-214°C.

Synthesis of 1,3-Bis-(4-methoxybenzyl)-4,5-bis-(4-methylphenyl)-
imidazolium chloride (1c)

4,5-Bis-(4-methylphenyl)-1H-imidazole (248 mg, 1.00 mmol), 2 equivalents of 4-
methoxybenzyl chloride (0.24 mL, 2.00 mmol) and 1.5 equivalents of K,CO3 (207
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mg, 1.50 mmol) were dissolved in acetonitrile and refluxed for 3 d. After filtering off
the precipitate and removing the solvent under reduced pressure the obtained
sticky white solid was washed with pentane (2 x 20 mL) and diethyl ether (2 x 20
mL) to yield a white powder (200 mg, 0.38 mmol, 38% yield).

"H NMR (5 ppm, CDCls, 300 MHz): 11.57 (s, 1H, NCHN), 7.12 (dd, J = 15.7, 8.2
Hz, 8H), 6.95 (d, J = 8.1 Hz, 4H), 6.77 (d, J = 8.7 Hz, 4H), 5.39 (s, 4H, CH,), 3.76
(s, 6H, OCHs), 2.36 (s, 6H, CHa).

3C NMR (5 ppm, CDCls, 101 MHz): 159.90 (NCHN), 140.56, 131.69, 130.62,
130.27, 129.74, 128.45, 125.75, 122.00, 114.29, (Crmethoxybenzyl + Ctoyl + Cimidazole)
55.25 (CHj), 50.67 (OCH3), 21.39 (CHa).

IR absorptions (KBr, cm™): 3421 (m), 3088-2956 (m), 1613 (s), 1514 (s), 1452 (s),
1250 (s), 1178 (s), 821 (s).

MS (m/z, QMS-MS/MS): 489.49 [M*-HCI].

Micro Analysis Calculated for C33H33CIN2O, (525.08): Calcd.: C, 75.48%; H,
6.33%; N, 5.34%; Found: C, 75.28%; H, 6.22%; N, 5.13%.

Melting point: 196-198°C.

Synthesis of 1,3-Bis-(4-methoxycarbonylbenzyl)-4,5-bis-(4-methylphenyl)-
imidazolium bromide (1d)

4,5-Bis-(4-methylphenyl)-1H-imidazole (248 mg, 1.00 mmol), 2 equivalents of 4-
methoxycarbonylbenzyl bromide (458 mg, 2.00 mmol) and 1.5 equivalents of
K2CO3 (207 mg, 1.50 mmol) were dissolved in acetonitrile and stirred for 3 d at
room temperature. After filtering off the precipitate and removing the solvent under
reduced pressure the obtained sticky white solid was washed with pentane (2 x 20
mL) and diethyl ether (2 x 20 mL) to yield a white powder (100 mg, 0.16 mmol,
16% yield).
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"H NMR (5 ppm, DMSO, 400 MHz): 9.57 (s, 1H, NCHN), 7.89 (d, J = 8.4 Hz, 4H),
7.25(d, J = 8.1 Hz, 4H), 7.14 (s, 8H), 5.49 (s, 4H, CHy), 3.83 (s, 6H, CHs), 2.24 (s,
6H, CHatoly).

3C NMR (5 ppm, DMSO, 101 MHz): 166.19 (C=0), 140.37 (NCHN), 139.83,
132.39, 131.04, 129.96, 129.82, 128.92, 128.38, 124.98, 122.26
(Crmethoxycarbonylbenzyl +  Cphenyl * Cimidazole), 52.74 (CH2), 50.55 (OCHas), 21.28
(CHatoiy).

IR absorptions (KBr, cm™): 3423 (m), 2950 (s), 1722 (s), 1614 (s), 1434 (s), 1280
(s), 821 (s).

MS (m/z, QMS-MS/MS): 545.54 [M*-Br].

Micro Analysis Calculated for CssH33BrN2O4 (625.55): Caled.: C, 67.20%; H,
5.32%; N, 4.48%; Found: C, 67.10%; H, 5.20%; N, 4.80%.

Melting point: 207-211°C.

Synthesis of 1,3-Bis-(4-cyanobenzyl)-4,5-bis-(4-methylphenyl)-imidazolium
bromide (1e)

4,5-Bis-(4-methylphenyl)-1H-imidazole (248 mg, 1.00 mmol), 2 equivalents of 4-
cyanobenzyl bromide (391 mg, 2.00 mmol) and 1.5 equivalents of K,CO3 (207 mg,
1.50 mmol) were dissolved in acetonitrile and stirred for 2 d at room temperature.
After filtering off the precipitate and removing the solvent under reduced pressure
the obtained sticky white solid was washed with pentane (2 x 20 mL) and diethyl
ether (2 x 20 mL) to yield a white powder (327 mg, 0.58 mmol, 58% vyield).

"H NMR (5 ppm, DMSO, 400 MHz): 9.57 (s, 1H, NCHN), 7.81 (d, J = 8.3 Hz, 4H),
7.32(d, J = 8.4 Hz, 4H), 7.13 (s, 8H), 5.50 (s, 4H, CH,), 2.24 (s, 6H, CH3).

C NMR (5 ppm, DMSO, 101 MHz): 140.39 (NCHN), 140.02 (CN), 137.51,
133.06, 132.32, 131.02, 129.82, 129.06, 122.21, 118.86, 111.57 (Ccyanobenzyl + Crolyl
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IR absorptions (KBr, cm™): 3461 (m), 2966 (m), 2227 (s), 1614 (s), 1560 (s), 1448
(s), 821 (s).

MS (m/z, QMS-MS/MS): 479.57 [M*-HBr].

Micro Analysis Calculated for C33H27BrN4 (559.50): Calcd.: C, 70.84%; H, 4.86%;
N, 10.01%; Found: C, 70.56%; H, 4.62%; N, 9.85%.

Melting point: 279-281°C.

Synthesis of 1,3-Bis-benzyl-4,5-bis-(4-methylphenyl)-imidazole-2-ylidene
silver(l) acetate (2a)

1,3-Bis-benzyl-4,5-bis-(4-methylphenyl)-imidazolium bromide (1a) (100 mg, 0.19
mmol) and 2.1 equivalents of silver(l) acetate (69 mg, 0.41 mmol) were dissolved
in 30 mL of dichloromethane and stirred in darkness at room temperature for 2 d.
After filtering off the AgBr by-product, the solvent was reduced to 3 mL and by
adding dropwise 10 mL of pentane a white powder precipitated. The solvent was
decanted and the white precipitate was washed with pentane (2 x 10 mL) and
diethyl ether (3 x 10 mL) to yield a white powder (90 mg, 0.15 mmol, 77% yield).

'H NMR (3 ppm, CDCls, 300 MHz): 7.25 — 7.20 (m, 6H), 7.02 (d, J = 7.9 Hz, 8H),
6.87 (d, J = 7.9 Hz, 4H), 5.30 (s, 4H, CH,), 2.29 (s, 6H, CHay), 2.07 (s, 3H,
CH3acetate)-

3C NMR (8 ppm, CDCls, 101 MHz): 198.98 (NCN), 164.32 (C=0), 138.07, 135.40,
129.48, 128.93, 128.23, 127.62, 126.91, 126.34, 124.76, 123.81 (Cioyi + Cimidazole +
Chenzyl), 52.51 (CHz), 20.27 (CHtoly)-

IR absorptions (KBr, cm™): 3480-3416 (m), 2360 (s), 1598 (s), 1440 (s), 1375 (s),
1020 (s), 817 (s).

MS (m/z, QMS-MS/MS): 429.61 [M*-AgOAc].

Micro Analysis Calculated for Cs3zH32AgN2O, (596.49): Calcd.: C, 66.45%; H,
5.41%; N, 4.70%; Found: C, 66.44%; H, 5.39%; N, 4.54%.
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Melting point: 143-147°C.

Synthesis of 1,3-Bis-(4-methylbenzyl)-4,5-bis-(4-methylphenyl)-imidazole-2-
ylidene silver(l) acetate (2b)
1,3-Bis-(4-methylbenzyl)-4,5-bis-(4-methylphenyl)-imidazolium bromide (1b) (100
mg, 0.19 mmol) and 2 equivalents of silver(l) acetate (65 mg, 0.39 mmol) were
dissolved in 30 mL of dichloromethane and stirred in darkness at room
temperature for 2 d. After filtering off the AgBr by-product, the solvent was
reduced to 3 mL and by adding dropwise 10 mL of pentane a white powder
precipitated. The solvent was decanted and the white precipitate was washed with
pentane (2 x 10 mL) and diethyl ether (3 x 10 mL) to yield a white powder (90 mg,
0.14 mmol, 78% vyield).

"H NMR (6 ppm, CDCls, 300 MHz): 7.91 (d, J = 8.0 Hz, 4H, CHpenzy + CHioiy), 7.04
(t, J = 8.0 Hz, 8H, CHoenzy + CHioy), 6.85 (d, J = 8.0 Hz, 4H, CHoenzyi + CHioly),
5.37 (s, 4H, CHz), 3.90 (s, 6H, CHabenzy)s 2.29 (s, 6H,CHaoy), 2.06 (s, 1H,
CHsactetate)-

3C NMR (8 ppm, CDCls, 101 MHz): 177.16 (NCN), 138.97 (C=0), 137.60, 133.47,
132.38, 130.52, 129.53, 129.27, 129.22, 128.26, 127.37, 124.95 (CHoy + CHpenzy
+ CHimigazole), 53.19 (CHy), 21.27 (CH3), 21.09 (CH).

IR absorptions (KBr, cm™): 3437 (m), 3028 (s), 2921 (s), 1708 (s), 1517 (s), 819
(s).

MS (m/z, QMS-MS/MS): 451.53 [M*-AgOAc].

Micro Analysis Calculated for CssH3sAgN2O, (624.54): Calcd.: C, 67.31%; H,
5.81%; N, 4.49%; Found: C, 66.98%; H, 5.53%; N, 4.09%.

Melting point: 126-128°C.
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Synthesis of 1,3-Bis-(4-methoxybenzyl)-4,5-bis-(4-methylphenyl)-imidazole-
2-ylidene silver(l) acetate (2c)
1,3-Bis-(4-methoxybenzyl)-4,5-bis-(4-methylphenyl)-imidazolium chloride (1c) (100
mg, 0.18 mmol) and 2.1 equivalents of silver(l) acetate (62 mg, 0.38 mmol) were
dissolved in 30 mL of dichloromethane and stirred in darkness at room
temperature for 2 d. After filtering off the AgBr by-product, the solvent was
reduced to 3 mL and by adding dropwise 10 mL of pentane a white powder
precipitated. The solvent was decanted and the white precipitate was washed with
pentane (2 x 10 mL) and diethyl ether (3 x 10 mL) to yield a white powder (70 mg,
0.10 mmol, 56% vyield).

"H NMR (6 ppm, CDCI3, 300 MHz): 7.05 (d, J = 8.0 Hz, 4H), 6.91 (m, 8H), 6.74 (d,
J = 8.0 Hz, 4H), 5.22 (s, 4H, CHy), 3.76 (s, 6H, CHsmethoxybenzy), 2.31 (s, 6H,
CHstoiy), 2.09 (s, 3H, CHsacetate)-

13C NMR (& ppm, CDCls, 101 MHz): 178.62 (NCN), 159.21 (C=0), 138.99, 132.31,
13054, 12923, 12895, 12851, 12498, 12356, 11395 (Cmethoxybenzy| + Ct0|y| +
Cimidazole), 95.23 (CHy), 52.98 (OCH3), 22.81 (CHastaiyi), 21.28 (CH3zacetate)-

IR absorptions (KBr, cm™): 3398 (m), 3003 (s), 2920 (s), 1576 (s), 1513 (s), 1384
(s), 1252 (s), 820 (s).

MS (m/z, QMS-MS/MS): 489.52 [M*-AgOAc].

Micro Analysis Calculated for CssH3sAgN2O4 (656.54): Calcd.: C, 64.03%; H,
5.53%; N, 4.27%; Found: C, 63.41%; H, 5.28%; N, 4.03%.

Melting point: 166-168°C.

Synthesis of 1,3-Bis-(4-methoxycarbonylbenzyl)-4,5-bis-(4-methyl-phenyl)-
imidazole-2-ylidene silver(l) acetate (2d)

1,3-Bis-(4-methoxycarbonylbenzyl)-4,5-bis-(4-methylphenyl)-imidazolium bromide
(1d) (100 mg, 0.16 mmol) and 2 equivalents of silver(l) acetate (56 mg, 0.33
mmol) were dissolved in 30 mL of dichloromethane and stirred in darkness at
room temperature for 2 d. After filtering off the AgBr by-product, the solvent was
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reduced to 3 mL and by adding dropwise 10 mL of pentane a white powder
precipitated. The solvent was decanted and the white precipitate was washed with
pentane (2 x 10 mL) and diethyl ether (3 x 10 mL) to yield a white powder (60 mg,
0.08 mmol, 53% vyield).

'H NMR (5 ppm, CDCls, 300 MHz): 7.91 (d, J = 8.0 Hz, 4H), 7.04 (t, J = 8.3 Hz,
8H), 685 (d, J = 8.0 HZ, 4H), 537 (S, 4H, CHZ), 391 (S, 6H, CH3methgxycarbony|benzy|),
2.29 (s, 6H, CHsqoiyi1), 2.06 (s, 3H, CHazacetate)-

3C NMR (3 ppm, CDCls, 101 MHz): 179.13 (NCN), 169.67 (C=0), 166.56 (C=0),
141.15, 139.45, 132.75, 130.34, 129.99, 129.87, 129.40, 127.20, 124.31, 53.29
(CHa), 52.16 (OCH3), 22.79 (CHaacetate), 21.27 (CHatol).

IR absorptions (KBr, cm™): 3434 (m), 2950 (w), 1724 (s), 1579 (m), 1434 (m), 819
(s)-

MS (m/z, QMS-MS/MS): 547.45 [M*-AgOAc].

Micro Analysis Calculated for Cs7H3sAgN2Og (712.56): Calcd.: C, 62.37%; H,
5.09%; N, 3.93%; Found: C, 61.66%; H, 4.78%; N, 3.72%.

Melting point: 196-198°C.

Synthesis of 1,3-Bis-(4-cyanobenzyl)-4,5-bis-(4-methylphenyl)-imidazole -2-
ylidene silver(l) acetate (2¢)
1,3-Bis-(4-cyanobenzyl)-4,5-bis-(4-methylphenyl)-imidazolium bromide (1e) (100
mg, 0.18 mmol) and 2.1 equivalents of silver(l) acetate (63 mg, 0.37 mmol) were
dissolved in 30 mL of dichloromethane and stirred in darkness at room
temperature for 2 d. After filtering off the AgBr by-product, the solvent was
reduced to 3 mL and by adding dropwise 10 mL of pentane a white powder
precipitated. The solvent was decanted and the white precipitate was washed with
pentane (2 x 10 mL) and diethyl ether (3 x 10 mL) to yield a white powder (104
mg, 0.16 mmol, 90% yield).
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'H NMR (8 ppm, CDCls, 300 MHz): 7.53 (d, J = 7.9 Hz, 4H), 7.08 (dd, J = 11.0, 8.0
Hz, 8H), 6.86 (d, J = 7.9 Hz, 4H), 5.37 (s, 4H, CHy), 2.31 (s, 6H, CHay), 2.06 (s,
3H, CH3acetate)-

3C NMR (3 ppm, CDCls, 101 MHz): 179.13 (NCN), 165.98 (C=0), 141.04 (CN),
139.84, 132.80, 132.53, 130.24, 129.59, 128.12, 123.96, 118.24, 112.20
(Ccyanobenzyl + CtonI + Cimidazole), 93.15 (CHZ), 22.70 (CH3tonI)a 21.29 (CH3acetate)-

IR absorptions (KBr, cm™): 3430 (s), 2925 (w), 2227 (m), 1581 (s), 1506 (m), 1405
(s), 819 (m).

MS (m/z, QMS-MS/MS): 479.44 [M*-AgOAc].

Micro Analysis Calculated for C3zsH3pAgN4O, (646.51): Calcd.: C, 65.02%; H,
4.68%; N, 8.67%; Found: C, 64.82%; H, 4.37%; N, 8.28%.

Melting point: 161-163°C.

4.4.3 Antibacterial studies

The silver(l) acetate complexes were screened in preliminary in vitro antibacterial
tests against two bacterial strains. The test organisms included Staphylococcus
aureus (SA) (NCTC 7447) as a Gram-positive bacteria and Escherichia coli (E.
coli) as Gram-negative bacteria.

To assess the biological activity of compounds 2a-e the qualitative Kirby—Bauer
disk-diffusion method was applied [30]. All bacteria were individually cultured from
a single colony in sterile LB medium [31] overnight at 37°C in an orbital shaker
incubator. All the work carried out was performed under sterile conditions.

For each strain, 70 pL of culture were spread evenly on agar-LB medium. Four 5
mm diameter Whatman paper discs were placed evenly separated on each plate.
Two stock solutions (9:1 DMSO:H,0) of every compound were prepared at 2.2 uM
and 4.4 uM to be able to test the effect of different concentrations. Each plate was
then tested with 5 yL and 7 pL of 2.2 uM solution and 5 pL and 10 pL for the 4.4
MM solution. The plates were covered and placed in an incubator at 37°C for 24 h.

The plates were then removed and the area of clearance, which is defined as the
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distance between the edge of the filter paper disc and the beginning of the

bacterial growth, was measured for each sample in mm.

4.4.4 Cytotoxicity studies

Preliminary in vitro cell tests were performed on the human cancerous renal cell
line Caki-1 and human cancerous breast cell line MCF-7 in order to compare the
cytotoxicity of the compounds presented in this paper. This cell lines were chosen
based on their regular and long-lasting growth behaviour. The cells were obtained
from the ATCC (American Tissue Cell Culture Collection) and maintained in
Dulbecco’s Modified Eagle Medium containing 10% (v/v) FCS (fetal calf serum),
1% (v/v) penicillin streptomycin and 1% (v/v) L-glutamine. Cells were seeded in
96-well plates containing 200 uL microtitre wells at a density of 5,000-cells/200 uL
of medium and were incubated at 37°C for 24 h to allow for exponential growth.
Then the compounds used for the testing were dissolved in the minimal amount of
DMSO (dimethylsulfoxide) possible and diluted with medium to obtain stock
solutions of 5 x 10* M in concentration and less than 0.7% of DMSO. The cells
were then treated with varying concentrations of the compounds and incubated for
48 h at 37°C. Then, the solutions were removed from the wells and the cells were
washed with PBS (phosphate buffer solution) and fresh medium was added to the
wells. Following a recovery period of 24 h incubation at 37°C, individual wells were
treated with 200 pL of a solution of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) in medium. The solution consisted of 22 mg of MTT
in 40 mL of medium. The cells were incubated for 3 h at 37°C. The medium was
then removed and the purple formazan crystals were dissolved in 200 yL DMSO
per well. For all tests cells with low passage numbers were used. A Wallac Victor
(Multilabel HTS Counter) Plate Reader was used to measure absorbance at 540
nm. Cell viability was expressed as a percentage of the absorbance recorded for
control wells. The values used for the dose response curves represent the values

obtained from four consistent MTT-based assays for each compound tested.
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4.5 Results and Discussion

The synthetic route for symmetrically substituted imidazole starting materials, N-
Heterocyclic carbenes as ligand precursors and their corresponding silver
complexes described in here is given in Scheme 4.1. The initial symmetrically 4,5-
diaryl-substituted imidazole starting material was prepared by reacting 2-bis(4-
methylphenyl)ethane-1,2-dione with formamide to form 4,5-bis(4-methylphenyl)-
1H-imidazole (1) according to literature [29], with 60% vyield.

;55 @ ¢

R/X=H/Br (1a) R= H (2a)
CH,/ Br (1b) CH, (2b)
OCH,/ Cl (1c) OCH, (2c)
COOCH,/ Br (d) COOCH, (2d)
CN/Br (1e) CN (2¢)

Scheme 4.1: General reaction scheme for the synthesis of (i) 4,5-bistolyl-imidazole (1), (ii) 1,3-bis-
(p-substituted benzyl)-4,5-bistolyl imidazolium halides (1a-e) and (iii) 1,3-bis-(p-substituted benzyl)-
4,5-bistolyl imidazole-2-ylium silver acetates (2a-e).

The symmetrically substituted NHC precursors 1,3-bis-benzyl-4,5-bis-(4-
methylphenyl)-imidazolium bromide (1a), 1,3-bis-(4-methylbenzyl)-4,5-bis-(4-
methylphenyl)-imidazolium bromide (1b), 1,3-bis-(4-methoxycarbonylbenzyl)-4,5-
bis-(4-methylphenyl)-imidazolium bromide (1d) and 1,3-bis-(4-cyanobenzyl)-4,5-
bis-(4-methylphenyl)-imidazolium bromide (1e) were prepared by stirring 4,5-bis(4-
methoxylphenyl)-1H-imidazole (1) with 2 equivalents of appropriately p-substituted
benzyl bromide in the presence of K,COj; in acetonitrile at room temperature for 1-
5 d with 35, 99, 38 and 50% yields, respectively. The symmetrically substituted
NHC precursor 1,3-bis-(4-methoxybenzyl)-4,5-bis-(4-methylphenyl)-imidazolium
chloride (1¢) was synthesised by stirring 4,5-bis(4-methoxylphenyl)-1H-imidazole
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(1) with 2 equivalents of 4-methoxybenzyl chloride in the presence of K,COg in
acetonitrile at 80°C temperature for 9 d with 38% yield (ii).

The NHC precursors were characterized by spectral ('"H, '*C NMR, IR and MS)
and elemental analysis studies. The '"H NMR spectra of all NHC precursors 1a-e
show a characteristic downfield shift in the range & = 9.27-11.05 ppm for the
NCHN proton attributable to the positive charge of the molecule [32, 33] .In
addition, their identities have also been confirmed by a base peak for the [M*-Br]
or [M*-CI] fragments in their positive mode ESI| mass spectra.

The NHC-silver complexes 1,3-bis-benzyl-4,5-bis-(4-methylphenyl)-imidazole-2-
ylidene silver(l) acetate (2a), 1,3-bis-(4-methylbenzyl)-4,5-bis-(4-methylphenyl)-
imidazole-2-ylidene silver(l) acetate (2b), 1,3-bis-(4-methoxybenzyl)-4,5-bis-(4-
methylphenyl)-imidazole-2-ylidene silver(l) acetate (2c), 1,3-bis-(4-
methoxycarbonylbenzyl)-4,5-bis-(4-methylphenyl)-imidazole-2-ylidene silver(l)
acetate (2d) and 1,3-bis-(4-cyanobenzyl)-4,5-bis-(4-methylphenyl)-imidazole-2-
ylidene silver(l) acetate (2e) were synthesised by the reaction of 1a-e with 2.1
equivalents of silver acetate in dichloromethane. The reaction mixture was stirred
for 1-3 d at room temperature to afford the NHC-silver acetate complexes as off
white solid in 77, 78, 56, 53 and 90% yields, respectively.

The complexes were characterised by spectral ('"H, *C NMR, IR, UV-visible and
MS) and elemental analysis studies. Furthermore, the solid state structures of 2a
and 2e were analysed by single crystal X-ray diffraction. Absence of a downfield
NCHN signal in the range between 11.57-9.57 ppm and presence of new signals
at 2.09—2.06 ppm for the acetate protons in all '"H NMR spectra for 2a-e however,
indicates a successful complex formation. The *C NMR resonances of the
carbene carbon atoms in complexes 2a-e occur in the range 6 = 198.98-178.16
ppm respectively. These signals are shifted downfield compared to the
corresponding precursors of 1a-e carbene carbons resonance in the range of
159.90-140.28 ppm respectively, which further demonstrates the formation of the
expected NHC-silver acetate complexes. Finally, positive mode ESI mass spectra
of all five NHC-silver complexes (2a-e) are dominated by [M*™—0,CCHz3] fragment

peaks arising from the loss of the acetate ligand.
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4.5.1 Structural discussion

Suitable crystals for X-ray crystallography to determine the molecular structure of
2a were formed from a saturated solution of diethyl ether and slow evaporation of
the solvent. 2e was grown from a saturated solution of chloroform with slow

infusion of pentane.

Figure 4.1: X-Ray diffraction structure of 2a; thermal ellipsoids are drawn on the 50% probability
level.

Compound 2a crystallises in the monoclinic space group P21/c (#14) while 2e
crystallised in the triclinic space group P-1 (#2). Both compounds 2a and 2e
crystallise with 4 molecules in the unit cell. The molecular structures of the
compounds 2a and 2e are shown in Figures 4.1-4.3. The crystal data and
refinement details for the compounds mentioned above are tabulated in Table 4.1,
while selected bond lengths and bond angles are compiled in Tables 4.2 (2a) and
4.3 (2e). The NHC—silver complexes 2a and 2e are mononuclear complexes. In

the NHC—silver complex 2a (Figure 4.1) the bond lengths and bond angles within
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the ligand agree with literature data for complexes of related ligands [34-38].
Complex 2e shows two independent molecules in the unit cell, which are shown in
Figures 4.2 and 4.3. Selected bond lengths (A) and bond angles (°) for both types

of species for complex 2e are shown in Table 4.3.
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Figure 4.2: X-ray diffraction structure of 2e showing the major occupied Ag position; thermal
ellipsoids are drawn on the 50% probability level.
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Figure 4.3: X-ray diffraction structure of 2e showing both Ag positions; thermal ellipsoids are drawn
on the 50% probability level, Ag2B with fixed radius.

In 2e one molecule appears as expected [4, 17, 18, 26], and one is split into a
major (95%) and a minor (5%) species. In the major species the Ag-C bond length
is 2.049(2) A, the Ag-O one is 2.110(2) A and the C-Ag-O angle is 170.37(9)° as
seen in Table 4.3. This agrees very well with the first molecule, the geometry in 2a
and previously reported examples of this family of compounds reported by our
group [17]. The rather short Ag-O distance together with the monodentate
coordination of the acetate to the silver suggests a predominantly covalent
character of the Ag(2A)-0O(3) bond.

In the minor species of the second molecule (5%, see Figure 4.3) the silver atom
binds to both oxygen atoms of the acetate group. The bond lengths to the oxygen
atoms are elongated (Ag(2B)-O(4): 2.274(6) A, and Ag(2B)-0O(3): 2.479(6) A).
The bond length to the carbene carbon atom increases as well (Ag(2B)-C(44):
2.202(6) A; Table 4.3). This bonding pattern is characteristic for a predominantly
ionic coordination of the acetate to the silver. Both of these modes have been
observed earlier [17, 26] suggesting a rather small energy difference between the

major and minor form.
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Table 4.1: Crystal data and structure refinement for complexes 2a and 2e

2a 2e
Empirical formula C33H3:N,0,Ag C35H29N4O,Ag
Formula weight [g/mol] 595.47 645.49
Crystal system Monoclinic Triclinic
Space Group P2./c (#14) P-1 (#2)
Unit cell dimensions [A] a | 12.1787(1) 7.8609(1)
b | 8.77455(7) 16.5810(3)
c | 25.4346 23.7243(4)
a 89.668(2)°
B | 98.4644(8)° 89.978(1)°
Y 89.995(1)°
Volume [A%] 2688.40(4) 3092.21(9)
Z 4 4
Density [mg/mg] (calc.) 1.471 1.387
Absorption coefficient [mm'1] 0.783 0.689
F(000) 1224 1320

Crystal size [mm°]

0.2205 x 0.1377 x 0.0790

0.2042 x 0.1250 x 0.0356

Theta range for data collection

2.83 t0 29.36°

2.99 to 26.41°.

Index ranges —16<=h<=16 —9<=h<=9
—11<=k<=12 —20<=k<=20
—34<=I<=34 —29<=|<=29

Reflections collected 58286 52284

Independent reflections

7058 [R(int) = 0.0314]

12634 [R(int) = 0.0427]

Completeness to 6y«

95.6 %

99.6%

Max. and min transmission

0.949 and 0.891

0.976 and 0.905

Data/restraints/parameters 7058 /0/ 346 12634 /0 /769

Goodness-of-fit in F? 1.094 1.063

Final R indices (1>20(1)) R1=10.0264 R1=0.0254
wR2 = 0.0645 wR2 = 0.0542

R Indices (all data) R1=0.0318 R1 =0.0294
wR2 = 0.0676 wR2 = 0.0561

Largest diff. peak and hole

0.516 and —-0.472 e.A>

0.596 and —0.501 e. A
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Table 4.2:

Selected bond lengths (A) and bond angles (°) for complexes 2a and 2e
2a Bond length [A] | 2e Bond length [A]
Ag-C(8) 2.0548(17) Ag(1)-C(9) 2.057(2)
Ag-0O(1) 2.1100(13) Ag(1)-0(1) 2.1101(16)
N(1)-C(8) 1.354(2) N(2)-C(9) 1.356(3)
N(1)-C(9) 1.397(2) N(2)-C(10) 1.396(3)
C(8)-N(2) 1.355(2) C(9)-N(3) 1.348(3)
C(10)-N(2) 1.392(2) C(10)-C(18) 1.365(3)
C(9)-C(10) 1.363(2) C(18)-N(3) 1.391(3)
C(9)-Ag(1)-0O(1) | 176.66(9)
N(3)-C(9)-N(2) 104.6(2)
N(2)-C(9)-Ag(1) | 127.33(17)
2a Bond angle [°] 2e Bond angle [°]
C(8)-Ag-0(1) 178.18(6) C(9)-Ag(1)-0O(1) | 176.66(9)
N(1)-C(8)-N(2) 104.76(14) N(3)-C(9)-N(2) 104.6(2)
N(1)-C(8)-Ag 128.30(12) N(2)-C(9)-Ag(1) | 127.33(17)
N(2)-C(8)-Ag 126.93(12) N(3)-C(9)-Ag(1) | 128.00(18)
C(10)-C(9)-N(1) | 106.01(14) C(18)-C(10)-N(2) | 105.8(2)
C(9)-C(10)-N(2) | 106.59(14) C(10)-C(18)-N(3) | 106.5(2)
C(8)-N(2)-C(10) | 111.24(14) C(9)-N(2)-C(10) | 111.50(19)
C(32)-0(1)-Ag 107.35(11)
0(2)-C(32)-0(1) | 124.14(17) C(34)-0(1)-Ag(1) | 107.87(15)
0(2)-C(32)-C(33) | 120.71(17) 0(2)-C(34)-0(1) | 124.8(2)
0O(1)-C(32)-C(33) | 115.12(16) 0(2)-C(34)-C(35) | 119.0(2)
O(1)-C(34)-C(35) | 116.2(2)
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Table 4.3: Selected bond lengths (A) and bond angles (°) for both types of species of complex 2e.

2e (95% species) | Bond length [A] | 2e (5% species) | Bond length [A]

Ag(2A)-C(44) 2.049(2) Ag(2B)-C(44) 2.202(6)
Ag(2A)-0(3) 2.1103(17) Ag(2B)-O(4) 2.274(6)

Ag(2B)-0(3) 2.479(6)
N(6)-C(44) 1.361(3) N(6)-C(44) 1.361(3)
N(6)-C(45) 1.402(3) N(6)-C(45) 1.402(3)
C(44)-N(7) 1.346(3) C(44)-N(7) 1.346(3)
C(45)-C(53) 1.357(4) C(45)-C(53) 1.357(4)
C(53)-N(7) 1.397(3) C(53)-N(7) 1.397(3)

2e (95% species) | Bond angle [°] 2e (5% species) Bond angle []

C(44)-Ag(2A)-0(3) | 170.37(9) C(44)-Ag(2B)-0(4) | 177.3(3)
C(44)-Ag(2B)-0(3) | 124.5(3)
O(4)-Ag(2B)-0O(3) | 55.66(13)
N(7)-C(44)-N(6) | 104.5(2) N(7)-C(44)-N(6) | 104.5(2)
N(6)-C(44)-Ag(2A) | 131.33(19) N(6)-C(44)-Ag(2B) | 110.5(2)
N(7)-C(44)-Ag(2A) | 124.14(18) N(7)-C(44)-Ag(2B) | 141.3(2)
C(44)-N(6)-C(45) | 111.3(2) C(44)-N(6)-C(45) | 111.3(2)
C(53)-C(45)-N(6) | 106.0(2) C(53)-C(45)-N(6) | 106.0(2)
C(44)-N(7)-C(53) | 111.7(2) C(44)-N(7)-C(53) | 111.7(2)
C(45)-C(53)-N(7) | 106.6(2) C(45)-C(53)-N(7) | 106.6(2)
C(69)-0(3)-Ag(2A) | 107.00(15) C(69)-0(3)-Ag(2B) | 84.9(2)
C(69)-O(4)-Ag(2B) | 94.8(2)
0(4)-C(69)-0(3) | 124.5(2) 0(4)-C(69)-0(3) | 124.5(2)
O(4)-C(69)-C(70) | 120.0(2) 0(4)-C(69)-C(70) | 120.0(2)
0(3)-C(69)-C(70) | 115.5(2) 0(3)-C(69)-C(70) | 115.5(2)

4.5.2 Biological evaluation

In previous studies, we already synthesised and biologically evaluated
symmetrically substituted 1,3-bis-(p-substituted-benzyl)-4,5-diarylimidazole silver
acetates ([17,21]). From these studies, the earliest reported complex SBC3 (1,3-
bisbenzyl-4,5-bisphenyl-imidazole-2-ylium silver acetate) [21] worked as a lead
compound for further substituent optimisation to enhance antibacterial and

cytotoxic activity.
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4.5.2.1 Cytotoxicity Studies

The log dose response curves for complexes 2a-e against the human renal cancer
cell line Caki-1 and the human breast cancer cell line MCF-7 are shown in Figures
4.4 and 4.5 respectively. All NHC-silver acetate complexes exhibit unique ICs
values against both cell lines which indicates that the cytotoxic activity of the
compounds is directly influenced by the different p-substituents (-H, -CHz, -OCHs,
COOCHj3, -CN) on the benzyl rings.
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Q 064
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g " e 2b1C, =051 (+-007)10°M
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Figure 4.4: Cytotoxicity curves from typical MTT assays showing the effect of compounds 2a-e on
the viability of Caki-1 cells.
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Figure 4.5: Cytotoxicity curves from typical MTT assays showing the effect of compounds 2a-e on
the viability of MCF-7 cells.

The highest activity is observed for compound 2b with an ICsy value of 0.51 (
0.07) yM against Caki-1 and an IC5p = 1.4 (x 0.1) uM against MCF-7. Compared
to our previously reported NHC-silver(l) acetate complexes [17] and especially
compared to our lead compound SBC3 (ICso = 14 (£ 1) uM against Caki-1 and
IC50 = 5.8 (x 0.6) uM against MCF-7), complex 2b exhibits a remarkable increase
in cytotoxic activity. By removing the CH3 groups in the para position on the benzyl
rings, the cytotoxic activity drops by a factor of 6 (2a, ICsy = 3.0 (x 0.6) uM) and
replacing it with other groups leads to a decrease in activity of up to 50-fold (2e,
ICs0 = 26 (£ 2) uM). Additionally the 1Csp value of the NHC precursor 1b against
Caki-1 was determined to evaluate the effect of silver acetate on the activity of the
compound. With an ICsy = 4.8 (x 0.3) uM 1b shows a high cytotoxic potential by
itself, but in combination with silver acetate, forming the NHC silver(l) complex 2b
the synergistic effect of both parts leads to a superior activity against this particular

cell line.
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4.5.2.2 Antibacterial testing

Using the Kirby-Bauer disk diffusion method, the antibacterial activity of the NHC-
silver acetate complexes was tested and summarised in Figures 4.6 and 4.7.

€
E
Q
Q
&
§ 51.1 ymol
© 1.5 pmol
E 521 pmol
o 4.3 pmol
<
2a 2h
2c 2d 2e SBC3
Compound
Figure 4.6: Area of clearance on Escherichia coli (Gram -ve) by 2a-e
B
E
<]
(3]
G
E ®1.1 pmol
© 1.5 pmol
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2a 2b 2 2d 2e

SBC3
Compound

Figure 4.7: Area of clearance on Staphylococcus aureus (Gram +ve) by 2a-e.
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The metal salt (silver(l) acetate) used to prepare the complexes and the solvent
(DMSO) used to prepare the stock solutions played no role in growth inhibition on
the same bacteria as previously reported [23,26].An area of clearance of 0 mm
was considered as no activity, areas of 1-3 mm as low, 4-7 mm as medium, and
areas of clearance = 8 mm as high activity.

The primary aim was to synthesise a derivative of SBC3, that would exhibit better
antimicrobial properties than this leading compound against Gram-positive
Staphylococcus aureus (SBC3, Area of clearance = 7 mm) and Gram-negative
Escherichia coli (SBC3, Area of clearance = 10 mm) bacteria strains. Almost no
antibacterial activity was observed for compounds 2b, 2d and 2e against both
bacteria strains. Medium antibacterial activity was observed for compound 2c
against Gram-positive Staphylococcus aureus (Area of clearance = 5 mm) but no
antibacterial activity was observed against Gram-negative bacteria Escherichia
coli. The best antibacterial activity was observed for the compound 2a against
both bacteria strains with an area of clearance of 7 mm (Fig. 4.6 and 4.7).
Therefore no improvement in antibacterial activity for the herein presented

compounds 2a-e over SBC3 was observed.
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4.6 Conclusion and Outlook

Five new symmetrically substituted N-Heterocyclic carbene—silver (l) acetate
complexes (2a-e) were synthesised by the reaction of symmetrically substituted N-
Heterocyclic carbenes (1a-e) with silver(l) acetate. Some of the complexes have
shown medium to high antibacterial activity, especially against the Gram-positive
bacteria strain Staphylococcus aureus, but no improvement in comparison to our
lead compound SBC3 was observed. In contrast to this, the antitumor activity has
been greatly enhanced and the NHC-silver complexes 2a-e yielded ICsp values of
3.0 (£ 0.6), 0.51 (£ 0.07), 4.2 (£ 1.2), 9.0 (£ 0.6), 26 (* 2) uM against the Caki-1
renal cancer cell-line (SBC3 IC5p = 14 (x 1) uM). At the same time these NHC—
silver complexes were found to have ICsg values against the human breast cancer
cell line MCF-7 of 2.3 (£ 0.4), 1.4 (£ 0.2), 3.0 (£ 0.5), 3.4 (x 1.2), 14 (x 2) M,
respectively (SBC3 ICsg = 5.8 (x 0.6) uM).

One of the compounds presented in this paper, 1,3-bis-(4-methylbenzyl)-4,5-bis-
(4-methylphenyl)-imidazole-2-ylidene silver(l) acetate (2b) shows the highest
cytotoxic activity [IC5p = 0.51 (£ 0.07) pM] compared to all N-Heterocyclic
carbene—silver complexes synthesised by our research group (see [17-22, 24-26]).
Here, the activity of an already cytotoxic imidazolium is strongly enhanced by
deprotonation and coordination to silver acetate resulting in a water-soluble and
neutral drug molecule. This indicates its high potential as an anticancer drug and

gives a good insight into possible further substitution patterns.
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Chapter 5 Ru(ll)- and Au(l)-NHC complexes
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5.1 Abstract

The synthesis, characterisation as well as the biological evaluation of novel
Ru(ll)-and Au(l)-N-heterocyclic carbenes is reported. The NHC-ruthenium(ll)
complexes (1-6) were synthesized by reacting the appropriately substituted
imidazolium bromides with Ag,0, forming the NHC-silver bromide in situ followed
by transmetallation with dimeric p-cymene ruthenium(ll) dichloride. In an
analogous manner the NHC-gold(l) chloride complexes (NHC-Au(l)Cl) 7-9 were

synthesized, utilizing dimethylsulfido gold(l) chloride as the transmetallating agent.
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The ligand exchange on the NHC-gold(l) chlorides was achieved by either reacting
the complexes with silver acetate to yield the NHC-gold(l) acetates (NHC-
Au(1)OAc) 10-12, or by reacting the NHC-gold(l) chlorides under basic conditions
with 2',3'4'6'-tetra-O-acetyl-1-thio-p-D-glucopyranose (SR) to give the NHC-
gold(l)-(2',3',4',6'-tetra-O-acetyl-3-D-glucopyranosyl-1-thiolate)-complexes (NHC-
Au(l)SR) 13-15. The Ru(ll)-NHC complex 1 and the Au(l)-NHC complex 9 were
characterized by single X-ray diffraction. Also the ICsy values of these 15
complexes were determined by an MTT-based assay against the human cancer
cell lines Caki-1 (renal) and MCF-7 (breast). The Ru(ll) complexes 1-6 revealed
the following ICsy values against Caki-1 of >500, 94 (£ 5), 93 (x 2), 170 (x 20), 39
(£ 5) and 13 (x 2) uM, and against MCF-7 of >500, 80 (+ 15), 19 (x 1), 7.1 (£ 1.2),
24 (£0.7)and 7.0 (= 1.2) uM, respectively. ICsy values of 67 (£ 7), 16 (£ 2), 41 (=
1),31(x2),42 (£ 5),18 (£ 1), 14 (¥2), 17 (¥2) and 58 (+ 2) uM against Caki-1 and
84 (x04),30(x3),12(x1),23(x3),12(x1),25(£3),6.1(x1.5),9.3 (x1.6)
and 14 (+ 2) uM against MCF-7 were found for the Au(l) complexes 7-15.

5.2 Keywords:

NHC; gold; ruthenium; acetate; thioglucopyranose; anticancer drug.
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5.3 Introduction

N-Heterocyclic carbenes (NHCs) are easy to prepare and exhibit versatile
ligand properties. NHCs can form stronger bonds to metal centres than
phosphines; the resulting complexes are more stable towards moisture, air and
heat ", they play important roles in catalysis 2 and biomedical applications 3 as well
as other fields like luminescent and functional materials applications *. Their
metal-complexes are as versatile as their applications, ranging from zinc over
rhodium to platinum; the latter of particular interest since the discovery of Cisplatin
as an effective anticancer drug. But also other metal-NHCs have been intensively
investigated for their biological applications. Silver, known since antique times for
its antibacterial properties, is used widely in the synthesis and evaluation of novel
potential anticancer and antibacterial agents °. Our group has reported
imidazolium based silver halide and silver acetate complexes %'°, leading to the
discovery of the highly antibacterial complex SBC3 (1,3-diphenyl-4,5-diphenyl-
imidazol-2-ylidene silver(l) acetate), which shows remarkable activity against E.
coli, MRSA and Pseudomonas aeruginosa ''. Furthermore, SBC1 (1-methyl-3-(p-
cyanobenzyl)-benzimidazol-2-ylidene silver acetate) was found to exhibit strong
cytotoxic activity against the human renal cancer cell line Caki-1, leading to further
in vivo investigation of its possible usefulness as novel anticancer agent '.
Unfortunately, it was found that SBC1 does not show tumour growth inhibition,
which might be overcome in future by binding the complex to a targeted linker or

formulation of the complex.

Ruthenium, a transition metal mostly used in NHC-catalysis chemistry also
slowly made its way into anticancer applications. Among the Ru(lll)-based drugs,
two of them, namely, NAMI-A and KP1019 are currently in phase |l clinical trials.
Recently the synthesis and preliminary biological evaluation of a new NAMI-A
analogue, called AziRu has been reported, where a pyridine ligand replaces the
imidazole of NAMI-A. This compound is one of the most promising ruthenium
complexes in terms of anticancer activity currently known, being more cytotoxic
than NAMI-A and showing high in vitro antiproliferative activity '>. Furthermore
Grubbs and Hoveyda-Grubbs catalysts have been investigated for possible

anticancer activity, but demonstrated overall weak to medium efficiency as tumour
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cell proliferation inhibitors. On the other hand benzimidazol-2-ylidene-Ru(ll)
complexes have been reported to exhibit strong antiproliferative effects when the

cellular uptake was efficient '.

However, the largest contribution to metal-based anticancer drugs is made
on the field of gold(l/lll) complexes. One of the best studied Au(l)-complexes is
Auranofin, a drug used for over 20 years in the treatment of rheumatoid arthritis,
which on its own just exhibits moderate antitumour activity. But since the
development of Auranofin many other Au(l) and Au(lll) complexes with different
ligands (mostly phosphine or NHC) have been investigated. For example, Ott ef al.
reported the synthesis and biological evaluation of a series of benzimidazol-2-
ylidene-gold(l) complexes and found strong antiproliferative effects against MCF-
7, HT-29 (cancerous) and HEK-293 (non-cancerous) cells as well as TrxR
inhibition for the NHC-Au-PPh; complexes '°. Demir et al. studied the reproductive
toxicity '® and the oxidative damage of Au(l)-NHC complexes on heart tissue of
rats ', while Gust et al. investigated the influence of counter ion exchange and
oxidation states of the metal (Au(l) vs. Au(lll)) on the in vitro behaviour of [1,3-

diethyl-4,5-diarylimidazol-2-ylidene] gold(l/1ll) complexes ®.

In this paper we present a series of 6 new Ru(ll)-NHC complexes as well as
9 novel Au(l)-NHC complexes, their synthesis and in vitro biological evaluation

against the human cancer cell lines Caki-1 (renal) and MCF-7 (breast).
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5.4 Results and discussion

In Scheme 5.1 the synthetic route for the unsymmetrically and
symmetrically substituted N-heterocyclic carbene (p-cymene)ruthenium(ll)
dichloride complexes is given. The initial precursors were synthesized and
characterized following procedures published earlier by our group &' (1-
Methyl-3-(p-cyanobenzyl)-benzimidazol-2-ylidene)(n®-p-cymene) ruthenium(ll)

dichloride (1), an analogue of the well studied NHC-silver acetate SBC1 &2

was
obtained in 37.5% yield, while the complexes (1,3-Dibenzyl-4,5-diphenyl-imidazol-
2-ylidene)(n®-p-cymene)-ruthenium(ll) dichloride (2), (1,3-Di(p-methylbenzyl)-4,5-
di(p-methylphenyl)-imidazol-2-ylidene)(n®-p-cymene)-ruthenium(ll) dichloride (3),
(1,3-Di(p-methylbenzyl)-4,5-di(p-isopropylphenyl)-imidazol-2-ylidene)(n°®-p-
cymene)-ruthenium(ll) dichloride (4), (1,3-Di(p-methylbenzyl)-4,5-di(p-
methoxyphenyl)-imidazol-2-ylidene](n®-p-cymene)-ruthenium(ll) dichloride (5) and
(1,3-Di(p-methoxybenzyl)-4,5-di(p-isopropylphenyl)-imidazol-2-ylidene)(n°-p-
cymene)-ruthenium(ll) dichloride (6) gave moderate to good yields of 76.0, 51.5,
40.2, 64.5 and 68.6% respectively. All complexes were synthesized following the
carbene transfer route, more precisely transmetallation of the in situ generated
NHC-silver(l) bromide complexes with dichloro-(p-cymene)-ruthenium(ll) dimer
after initial metallation of the NHC-bromide precursors with Ag,O at rt in darkness.
This procedure is probably one of the most general methods, because it
generates an air stable intermediate under mild reaction-conditions, thus allowing
an easy access to a wide range of transition metal complexes. It is often used
successfully when other methods fail ?°. The use of Ag—NHC complexes as
carbene transfer reagents provides in many cases a convenient way to overcome
the difficulties arising from wusing strong bases, inert atmospheres, and

complicated workups. This method was used for the preparation of complexes 1-9.
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Scheme 5.1: General reaction scheme for the synthesis of unsymmetrically substituted NHC-
Ru(Il)(p-cymene)Cl, (1) and symmetrically substituted NHC-Ru(p-cymene)Cl, (2-6) complexes.
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Scheme 5.2: General reaction scheme for the synthesis of symmetrically substituted NHC-Au(I)ClI
(7-9), NHC-Au(I)OAc (10-12) and NHC-Au(I)SR(13-15) complexes
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Scheme 5.2 shows the synthesis of the NHC-Au(l)Cl complexes (7-9) as
well as the NHC-Au(I)OAc (10-12) and NHC-Au(l)SR (13-15) complexes which
were obtained by ligand exchange. Also here the symmetric substituted precursor
were synthesized and characterized following our earlier publications 8% After
generating the NHC-Ag(l) bromide complexes in situ under the exclusion of light at
rt, addition of chloro(dimethylsulfido)gold(l) in dichloromethane and stirring for
further 6 h, the NHC-Au(l) chloride complexes (1,3-Dibenzyl-4,5-diphenyl-
imidazol-2-ylidene) gold(l) chloride (7), (1,3-Di(p-methylbenzyl)-4,5-di(p-
methylphenyl)-imidazol-2-ylidene)  gold(l) chloride (8) and (1,3-Di(p-
methoxybenzyl)-4,5-di(p-isopropylphenyl)-imidazol-2-ylidene) gold(l) chloride (9)
were obtained in 48.7, 73.4 and 83.2% vyield, respectively. (1,3-Dibenzyl-4,5-
diphenyl-imidazol-2-ylidene) gold(l) acetate (10), (1,3-Di(p-methylbenzyl)-4,5-di(p-
methylphenyl)-imidazol-2-ylidene)  gold(l) acetate (11) and (1,3-Di(p-
methoxybenzyl)-4,5-di(p-isopropylphenyl)-imidazol-2-ylidene) gold(l) acetate (12)
were obtained in 69.0, 53.3 and 67.9% yield by reacting the appropriately
substituted NHC-Au(l) chloride with 1.2 equivalents of silver acetate in CH,CI, at
0°C for 1-3 h under the exclusion of light. By reacting the appropriately substituted
NHC-Au(l)Cl complexes (7-9) with 1.05 equivalents of 2',3'4',6'-tetra-O-acetyl-1-
thio-B-D-glucopyranose (SR) (synthesized according to literature®') and 1.09
equivalents of triethylamine in CH,ClI, at rt for 2 h the complexes (1,3-Dibenzyl-
4,5-diphenyl-imidazol-2-ylidene) gold(l) (SR) (13), (1,3-Di(p-methylbenzyl)-4,5-
di(p-methylphenyl)-imidazol-2-ylidene) gold(l) (SR) (14), (1,3-Di(p-
methoxybenzyl)-4,5-di(p-isopropylphenyl)-imidazol-2-ylidene) gold(l) (SR) (15)
were recovered in good yields of 70.8, 66.9 and 75.1%.

All complexes were fully characterized by spectral ("H NMR, *°C NMR, IR,
mass), elemental analysis studies and melting point determination. The melting
points revealed a similar thermal stability of the Ru(ll)-complexes 1-6 (mp: 185-
270°C) compared to the Au(l) chlorides 7-9 (mp: 230-252°C), while Au(l) acetates
10-12 (mp: 82-167) and Au(l) SR complexes 13-15 (mp: 59-118°C) exhibited
much lower melting points. Especially the SR substituted complexes show a very

low thermal stability which can be attributed to the sugar moiety.
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5.4.1 NMR spectra of complexes

In all complexes the formation of the NHC-metal bond was indicated in the
'H NMR by the loss of the C2-proton (9.27 - 11.51 ppm) and a downfield shift of
the NCN carbon in the *C NMR from 137.20-159.83 ppm to 176.08-201.53 ppm.
NMR spectra of the Ru(ll)-NHC complexes 2-6 clearly indicate that the former

symmetric benzyl groups &%

in position 1 and 3 at the imidazole ring are now
found to have an unsymmetrically geometry, due to the newly formed bond to the
Ru(p-cymene)Cl, moiety. The bulky substituents around the ruthenium force one
of the benzyl arms out of the symmetrical geometry and therefore, the CH, groups
are no longer represented by a singlet in the proton NMR, but split up to give two
separate doublets at 5.30-5.21 ppm and 5.15-5.08 ppm. The NMR spectra of the
chloro complexes 7-9 and the acetate complexes 10-12 showed the number of
signals expected for complexes with a symmetrical 1,3-di(p-benzyl)-4,5-diaryl-
imidazol-2-ylidene unit, For the SR substituted complexes 13-15, the signals for
the 1,3-di(p-benzyl)-4,5-diaryl-imidazol-2-ylidene unit were also detected, although
the CH, groups on position 1 and 3, and the methyl as well as methoxy groups in
complexes 14 and 15 were magnetically inequivalent on the "H NMR timescale

due to the chirality of the glucopyranosyl moiety.
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Figure 5.1: 'H NMR spectra (400 MHz, CDCIl;) for 2',3'4',6'-tetra-O-acetyl-1-thio-B-D-
glucopyranose (upper) and complex 13 (lower). (f indicates pentane)
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5.4.2 Structural discussion

The solid state structure of the NHC-Ru(ll)(p-cymene)Cl, complex (1) and
the NHC-Au(I)Cl complex (9) were determined by single crystal X-ray diffraction.
Crystals of 1 and 9 grew from slow infusion of pentane into concentrated
chloroform solutions and crystallized in the monoclinic space groups P24/c(#14)
(1) and C2/c(#15) (9). As already indicated by the 1TH NMR measurements, the
benzyl arm on the imidazole ring in complex 1 is forced to the back due to the
bulkiness of the chlorido- and p-cymene-substituents on the ruthenium. The
crystal structure of 1 (Figure 5.2) shows a three legged piano stool geometry and
the angles involving Ru and the legs of the stool are near 90° (with a range of 86-
91°). The Ru-centroid distance of 1.684 A and the Ru-carbene distance of 2.052 A

22

are in good agreement with similar reported complexes ““. Furthermore, the

benzimidazole ring shows no deformation and is completely planar.

Figure 5.2: X-ray diffraction structure of 1; thermal ellipsoids are drawn on the 50% probability level

Complex 9 (Figure 5.3) is located on a crystallographic 2-fold axis, which

forces the C(9)-Au-Cl angle to be completely linear with 180.0° and the bond
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distances Au-Cl of 2.2851(9) A and Au-C(9) of 1.988(3) A are in agreement with
the literature 2>”. The thermal ellipsoids are drawn at 30% probability, because the
crystal had to be measured at slightly higher temperatures (150 K) since the
crystal goes through a destructive phase transition in the region between 140 K
and 150 K. Moreover, it is to mention that the isopropyl groups in para position on

the phenyl rings are disordered over 3 positions.

Figure 5.3: X-ray diffraction structure of 9; thermal ellipsoids are drawn on the 30% probability
level, disorder neglected; symmetry operation: '1-x, y, 1.5-z
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Table 5.1: Crystal data and structural refinement for 1 and 9

1 9
Empirical formula Co6H27N3ClRuU C75Hg1N4O,4ClsAuU,
Formula weight (g/mol) 553.48 1673.62
Crystal system Monoclinic Monoclinic
Space group P2,/c(#14) C2/c(#15)
Unit cell dimensions
a(A) 13.2135(2) 11.1988
b (A) 17.0126(2) 20.6671
c (A) 11.9512(2) 17.4530
a(®) 90 90
B (°) 116.291(2) 105.969(2)
v (°) 90 90
V (A%) 2408.67
z 4 2
Density (mg/m®)(calc.) 1.526 1.431
Absorption coefficient (mm™) 0.892 3.992
F(000) 1128 1668
Crystal size (mm°) 0.2525 x 0.1796 x 0.1350 0.2905 x 0.2268 x 0.1242
0 (°) 2.95 to 29.55 3.54 to 29.41
Index ranges -17<h<17 -15<h<15
-23<k<23 -26<k28
-16<I<16 -23<I<18
Reflections collected 43619 18716
Independent reflections Ry 6318 (0.0310) 4850 (0.0259)
Completeness to 6% (%) 99.2 99.7

Maximum and minimum

transmission

0.925 and 0.859

0.723 and 0.490

Data/restraints/parameters

6318/0/293

4850/16/230

Goodness-of-Fit (GOF) on F*

1.033

1.112

Final R indices [ > 20(l)]

R1=0.0283, wR2=0.0708

R1=0.0258, wR2=0.0595

R indices (all data)

R1=0.0335, wR2=0.0746

R1=0.0292, wR2=0.0607

Largest difference in peak and
hole (e A®)

1.036 and -0.818

0.604 and -0.721
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Table 5.2: Selected bond lengths [A] and angles [°] for 1 and 9

Bond length [A]

Bond angle [°]

1 9 1 9
Ru-C(9) 2.052(2) Au-C(9) 1.988(3) C(9)-Ru-Centroid | 126.98(6) C(9)-Au-Cl 180.0
Ru-CI(1) 2.4599(5) Au-Cl 2.2851(9) CI(1)-Ru-Centroid | 126.22(1) N#1-C(9)-N 105.5(3)
Ru-CI(2) 2.4346(5) N-C(9) 1.353(3) Cl(2)-Ru-Centroid | 125.58(1) N-C(9)-Au 127.24(14)
Ru-Centroid 1.684(3) N-C(10) 1.399(3) C(9)-Ru-CI(1) 88.45(6) C(9)-N-C(10) 110.6(2)
N(2)-C(9) 1.371(3) C(10)-C(10)# 1.352(5) C(9)-Ru-CI(2) 90.90(6) C(10)#1-C(10)-N | 106.66(15)
N(2)-C(10) 1.396(3) CI(1)-Ru-CI(2) 86.260(16)
N(3)-C(9) 1.359(3) N(2)-C(9)-N(3) 105.59(17)
N(3)-C(15) 1.388(3) N(2)-C(9)-Ru 126.42(14)
C(10)-C(15) 1.386(3) N(3)-C(9)-Ru 127.72(15)

N(2)-C(10)-C(15) | 106.22(18)

N(3)-C(15)-C(10) | 106.68(18)
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5.4.3 Biological evaluation

The 1C5p values against the cancer cell lines Caki-1 (renal) and MCF-7
(breast) for complexes 1-15 are shown in Table 5.3. All compounds were well
soluble in DMSO and stable in the biological medium over the period of the testing

time.

Table 5.3: ICsq values [uM] against Caki-1 and MCF-7 of Cisplatin, Ru(ll)-NHC complexes 1-6 and
Au(l)-NHC complexes 7-15. Values obtained by typical MTT-based assays after 48 h drug
exposure followed by 24 h recovery time.

Cisplatin 1 2 3 4 5 6
Caki-1 3.3 >500 94 (£5) 93(x2)170(x20) 39(x5) 13(x2)
MCF-7 14 >500 80(x15)19(x1)7.1(x1.2)24(£0.7)7.0(x1.2)
7 8 9 10 11 12 13 14 15

Caki-1 | 67 (+7) 16(£2) 41(x1) 31(x2) 42(x5) 18(x1) 14(x2) 17(x2) 58(¢2)

MCF-7 [8.4 (£ 0.4) 30(x3) 12(x1) 23(x3) 12(x1) 25(¢x3) 6.1(+1.5)9.3 (+1.6) 14 (¢ 2)

In comparison to Cisplatin, which exhibited an ICsp value of 3.3 yM against
Caki-1, the ruthenium complexes 1-6 did not show higher activity. In case of the
unsymmetrical substituted complex 1, coordination of the ruthenium-(p-cymene)-
dichloride moiety to the imidazolium bromide led to a complete loss of activity of
the resulting complex, while the other 5 complexes showed little (4), moderate
(2,3,5) and good activity (6). Surprisingly, if their activity is tested against MCF-7,
far stronger cytotoxicity was observed. Again, 1 did not show any activity, but
medium (2), good (3) and high activity (4-6) were found for the other Ru(ll)-NHCs,
with the latter 3 showing better activity than Cisplatin against this specific cell line.
Most interesting are the results found for complex 4, where an increase in activity
against the breast cancer cell line MCF-7 of a factor of 24 was observed when
compared to the value obtained for Caki-1. Furthermore, the exchange of the

isopropy! (4) for methoxy groups (5) in para position of the phenyl substituents in
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position 4 and 5 on the imidazole led to a further 3-fold increase in activity against
MCF-7. Also, 5 is 16-fold more active against MCF-7 than Caki-1 and nearly 6
times more active against MCF-7 than Cisplatin. These findings indicate that a)
the substitution pattern on the imidazole has major influences on the activity of
these complexes and b) that the mode of action of these complexes, resulting in

cell death, has to be different for the two cell lines.

With exception for the NHC-Au(l)Cl complex 8 and the NHC-Au(l)OAc
complex 12, also the Au(l)-NHC complexes show higher activity against MCF-7
than Caki-1. Medium to good activity was found for all 9 complexes against Caki-1
with 14 expressing the best activity, having a value of 14 (+ 2) uM. In general, the
NHC-Au(1)SR complexes (13-15) exhibited better or equal activity against both cell
lines if compared to their corresponding NHC-Au(l)CI (7-9) and better activity than
their NHC-Au(l)OAc analogues (10-12). The only exceptions are found for the
[(1,3-di(p-methoxybenzy)-4,5-di(p-isopropylphenyl)-imidazol-2-ylidene) gold(l) X]
complexes 9 (X = CI), 12 (X = OAc) and 15 (X = SR), where the complex
containing the acetate group shows significant better activity against Caki-1 (18
1 uM) than the chlorido- (41 £ 1 yM) and SR-containing (58 + 2 uyM) analogues.
Lower ICsp values of the NHC-Au(l)SR complexes 13-15 are most likely to be
attributed to the higher solubility of the complexes as well as possible enhanced

cellular uptake due to the thioglucopyranose moiety.
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5.5 Conclusion and Outlook

In summary, a series of six novel NHC-Ru(ll)(p-cymene)Cl, complexes 1-6,
three NHC-Au(1)Cl 7-9, three NHC-Au(I)OAc 10-12 and three NHC-Au(l)SR 13-15
complexes have been synthesized by applying the silver carbene transfer route.
The ICsp values of the complexes 1-15 against the human cancer cell lines Caki-1
(renal) and MCF-7 (breast) have revealed moderate to good results, with
complexes 4-6, 7, 13 and 14 showing low micromolar activity against MCF-7.
Special attention has to be drawn to the Ru(ll)-NHC complexes 4 and 5 where the
complexes have shown 24-fold and 16-fold higher activity against MCF-7 than
Caki-1. Additionally, the thioglucopyranose-substituted Au(l)-NHC complexes 13-
15 have shown overall good activity against both cell lines, superior to the results
obtained for the NHC-Au(1)Cl and NHC-Au(lI)OAc complexes 7-12. This finding
shows, that substitution of previously determined lead structures with biological
vectors can improve the activity against certain cancer cell lines. Further work to
improve the activity as well as selectivity and investigation of the mode of action of

these potential anticancer drugs will be undertaken.
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5.6 Materials and Methods

5.6.1 General conditions:

All reactions were carried out under aerobic conditions. All Ag.O and
silver(l) acetate reactions were carried out under exclusion of light.
Dimethylsulfido-gold(l) chloride, dichloro-ruthenium(ll)(p-cymene) dimer, silver
oxide, silver acetate and triethylamine were procured commercially from Sigma-
Aldrich Chemical Company and were used without further purification. The
solvents were of analytical grade and used without further purification or drying.
The synthesis of the appropriately substituted imidazolium bromides was reported

previously by our group %1

IR Spectra were recorded on a Perkin-Elmer
Paragon 1000 FT-IR spectrometer employing a KBr disc. NMR Spectra were
measured either on a Varian 300 MHz or 400 MHz spectrometer. All chemical
shifts are reported in ppm and referenced to TMS. ESI MS was performed on a
quadrupole tandem mass spectrometer (Quattro Micro, Micromass/Water's Corp.,
USA), using solutions in 100% MeOH. MS spectra were obtained in the ES+
(electron spray positive ionisation) mode for all compounds. CHN Analysis was
carried out in an Exeter Analytical CE-440 elemental analyzer. Crystal Data was
collected using an Agilent Technologies (former Oxford Diffraction) SuperNova
diffractometer fitted with an Atlas detector. 1 and 9 were measured with Mo-Ka
(0.71073 A), 1 at 100 K, 9 at 150 K. A five times (1) and four times (9) redundant
dataset was collected, assuming that the Friedel pairs are not equivalent. An
analytical absorption correction based on the shape of the crystal was performed
% The structure was solved by direct methods using SHELXS-97 ?° and refined
by full matrix least-squares on F? for all data using SHELXL-97 %. Hydrogen
atoms were added at calculated positions and refined using a riding model. Their
isotropic thermal displacement parameters were fixed to 1.2 (1.5 for methyl
groups) times the equivalent ones of the parent atom. Anisotropic thermal
displacement parameters were used for all non-hydrogen atoms. A suitable crystal
of 1 and 9 was grown in a saturated solution of chloroform with slow infusion of

pentane. Further details about the data collection are listed in Table 1 and 2.
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CCDC 955702 (for 1) and CCDC 955703 (for 9) contain the supplementary
crystallographic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data_request/cif.

5.6.2 Synthesis:

(1-Methyl-3-(p-cyanobenzyl)-benzimidazol-2-ylidene)(n®-p-cymene)  ruthenium(ll)
dichloride (1)

1-Methyl-3-(p-cyanobenzyl)-benzimidazolium bromide 8 (131 mg, 0.400 mmol) and
Ag,0 (46 mg, 0.20 mmol) were stirred in 15 mL dichloromethane in darkness at rt
for 4 h. Dichloro-(p-cymene)-ruthenium(ll) dimer (123 mg, 0.200 mmol) was added
and the mixture was stirred for 4 h in darkness at rt. After filtration through a celite
plug to remove the AgBr by-product the solvent was reduced to 5 mL and 20 mL
pentane were added to precipitate the crude product. Filtration and washing with
2x20mL pentane and 2x20mL diethylether gave the product in 37.5% yield (81
mg, 0.15 mmol).

"H NMR (300 MHz, CDCls, & ppm): 7.58 (d, J = 8.3 Hz, 2H, CHeyanobenzyt), 7.42 (d,
J = 8.1 Hz, 1H, CHeyanobenzyl), 7-33-7.24 (M, 3H, CHeyanobenzyl + CHbenzimidazol)s 715
(d, J = 8.1 Hz, 1H, CHoenzimidazo), 6.88 (d, J = 8.1 Hz, 1H, CHpenzimidazol), 4.29 (s,
2H, CHy), 2.98 (p, J = 6.9 Hz, 1H, CH(CHs)2eymene), 2.05 (s, 3H, CHs), 1.27 (d, J =
6.9 Hz, 6H, CH(CHs)2cymene).

3C NMR (101 MHz, CDCls, & ppm): 190.98 (NCN), 142.75 (CN), 136.09, 134.69,
132.46, 132.45, 127.42, 123.56, 123.46 (Ccyanobenzyl + Coenzimidazot), 110.93, 110.27,
110.17, 99.12 (Ceymene), 52.82 (CH,), 36.88 (CHs), 30.83 (CH(CH3)aeymene), 18.82
(CH(CH3)acymene)-

IR (KBr): 3042 (m), 2960 (m), 2869 (w), 2229 (s), 1607 (m), 1507 (w), 1375 (s),
1345 (s).

MS (m/z, QMS-MS/MS): 517.3 [M*-CI].
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Micro Analysis calculated for CysH27N3CloRu (553.49): C, 56.42; H, 4.92; N,
7.59%. Found: C, 56.58; H, 4.81; N, 7.50%.

Decomposition Temperature: 270°C.

(1,3-Dibenzyl-4,5-diphenyl-imidazol-2-ylidene)(n°-p-cymene)-ruthenium(ll)
dichloride (2)

1,3-Dibenzyl-4,5-diphenyl-imidazolium bromide ® (193 mg, 0.400 mmol) and Ag,O
(46 mg, 0.20 mmol) were stirred in 15 mL dichloromethane in darkness at rt for 4
h. Dichloro-(p-cymene)-ruthenium(ll) dimer (123 mg, 0.200 mmol) was added and
the mixture was stirred for 4 h in darkness at rt. After filtration through a celite plug
to remove the AgBr by-product the solvent was reduced to 5 mL and 20 mL
pentane were added to precipitate the crude product. Filtration and washing with
2x20mL pentane and 2x20mL diethylether gave the product in 76.0% vyield (215
mg, 0.304 mmol).

"H NMR (300 MHz, CDCls, & ppm): 7.27 (m, 7H, CHoenzyt + CHgnenyl), 6.99 (m, 13H,
CHbenzyl + CHphenyl), 6.40 (d, 2H, J = 17.3 Hz, CHeymene), 5.24 (d, 2H, J = 5.7 Hz,
CHa), 5.20 (d, 2H, J = 17.3 Hz, CHeymene), 5.11 (d, 2H, J = 5.7 Hz, CHy), 2.47 (m,
1H, CH(CHa)zisopropyl), 1.82 (s, 3H, CH(CHa)zeymene), 1.10 (s, 3H, CH(CHs)zeymene):
1.08 (s, 3H, CH(CHs)26ymens)-

3C NMR (101 MHz, CDCls, & ppm): 206.88 (NCN), 139.56, 134.94, 130.62,
128.56, 128.48, 128.29, 127.90, 127.02, 125.52 (Cimidazol * Cbenzyi +Cpheny), 105.79,
94.78, 86.24, 83.37 (Comens), 5341 (CHz), 30.89 (CH(CHa)soymens), 22.53
(CH(CH3)2cymene), 17.67 (CHacymene)-

IR (KBr): 3059 (m), 2963 (m), 2869 (w), 1605 (s), 1496 (s), 1445 (s), 1372 (m),
1343 (s).

MS (m/z, QMIS-MS/MS): 670.5 [M*-ClI].

Micro Analysis calculated for CsgH3sN2Cl:Ru (706.71): C, 66.28; H, 5.42; N,
3.96%. Found: C, 66.08; H, 5.23; N, 3.69%.

173



Melting Point: 210-211°C.

(1,3-Di(p-methylbenzyl)-4,5-di(p-methylphenyl)-imidazol-2-ylidene)(n°-p-cymene)-
ruthenium(ll) dichloride (3)

1,3-Di(p-methylbenzyl)-4,5-di(p-methylphenyl)-imidazolium bromide ' (215 mg,
0.400 mmol) and Ag>O (46 mg, 0.20 mmol) were stirred in 15 mL dichloromethane
in darkness at rt for 4 h. Dichloro-(p-cymene)-ruthenium(ll) dimer (123 mg, 0.200
mmol) was added and the mixture was stirred for 4 h in darkness at rt. After
filtration through a celite plug to remove the AgBr by-product the solvent was
reduced to 5 mL and 20 mL pentane were added to precipitate the crude product.
Filtration and washing with 2x20mL pentane and 2x20mL diethylether gave the
product in 51.5% yield (157 mg, 0.206 mmol).

"H NMR (300 MHz, CDCls, & ppm): 7.12 (d, 4H, J = 7.7 Hz, CHmetnybenzy), 6.83 (m,
12H, CHumethyibenzyl + CHmetnylphenyt), 6.35 (d, 2H, J = 17.5 Hz, CHeymene), 5.21 (d, 2H,
J = 6.0 Hz, CHy), 5.1 (d, 2H, J = 17.5 Hz, CHeymene), 5.08 (d, 2H, J = 6.0 Hz,
CHa), 2.34 (s, 6H, CHametybenzy), 2.16 (S, 6H, CHametnyipheny), 1.78 (s, 3H,
CHagymene), 1.09 (s, 3H, CH(CHs)isopropyl), 1.07 (8, 3H, CH(CHs)isopropy)-

8C NMR (101 MHz, CDCls, & ppm): 177.00 (NCN), 138.19, 136.87, 136.46,
134.88, 130.50, 129.18, 128.59, 125.49, 12529 (Cimidazor * Chmethybenzyi *+
Chmethyipheny), 105.27, 94.35, 86.35, 83.19 (Cqymene), 952.88 (CH2), 30.37
(CH(CH3)2isopropyl), 22.58, 22.30, 21.15, 21.05, 17.56, 15.24, 14.02 (CH3methyibenzy +
CHamethyiphenyt T+ CH(CHS3)cymene)-

IR (KBr): 3025 (w), 2976 (m), 2921 (s), 2869 (m), 1516 (s), 1442 (s), 1370 (s),
1343 (m).

MS (m/z, QMS-MS/MS): 726.6 [M*-CI.

Micro Analysis calculated for C43HssN2CloRu (762.82): C, 67.70; H, 6.08; N,
3.67%. Found: C, 67.09; H, 5.82; N, 3.41%.

Melting Point: 207-211°C.
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(1,3-Di(p-methylbenzyl)-4,5-di(p-isopropylphenyl)-imidazol-2-ylidene)(n°-p-

cymene)-ruthenium(ll) dichloride (4)

1,3-Di(p-methylbenzyl)-4,5-di(p-isopropylphenyl)-imidazolium bromide '° (297 mg,
0.500 mmol) and Ag,0 (58 mg, 0.25 mmol) were stirred in 15 mL dichloromethane
in darkness at rt for 4 h. Dichloro-(p-cymene)-ruthenium(ll) dimer (153 mg, 0.250
mmol) was added and the mixture was stirred for 4 h in darkness at rt. After
filtration through a celite plug to remove the AgBr by-product the solvent was
reduced to 5 mL and 20 mL pentane were added to precipitate the crude product.
Filtration and washing with 2x20mL pentane and 2x20mL diethylether gave the
product in 40.2% yield (165 mg, 0.201 mmol).

"H NMR (400 MHz, CDCls, & ppm): 7.07 (d, J = 7.7 Hz, 4H, CHmethyibenzyl
CHisopropyiphenyt), 6.90 - 6.62 (m, 12H, CHumethyibenzyl + CHisopropyiphenyl), 6.27 (d, J
17.2 Hz, 2H, CHoymens), 5.23 (d, J = 5.9 Hz, 2H, CH,), 5.12 (m, 6H, CH, +
CHeymene), 2.71 (p, J = 6.9 Hz, 2H, CH(CH3)aisopropyipheny), 2.49 (m, 1H,
CH(CH3)2isopropylcymene), 2.32 (s, 6H, CH(CHS3)2isopropyicymene), 1.82 (s, 3H, CHacymene),
1.09 (s, 18H, CHamethylbenzyt + CH(CHS3)2isopropylphenyl)-

+

3C NMR (101 MHz, CDCls, & ppm): 176.90 (NCN), 148.89, 136.79, 136.35,
134.73, 130.57, 129.09, 125.89, 125.85, 125.53 (Cpnenyi + Coonzyt + Cimidazol),
105.56, 94.50, 86.22, 83.25 (Ceymene) 53.15 (CH2), 33.65, 30.42 (CHacymne), 23.67
(CHapenzyl), 22.58 (CHabenzyl), 21.03 (CHaphenyt), 17.69 (CHisopropyi).

IR (KBr): 2960 (s), 2926 (w), 2870 (m), 1635 (w), 1516 (s), 1440 (w), 1363 (w),
1336 (m).

MS (m/z, QMS-MS/MS): 782.6 [M*-CI.

Micro Analysis calculated for C47Hs4N2Cl;Ru (818.92): C, 68.93; H, 6.65; N,
3.42%. Found: C, 68.13; H, 6.53; N, 3.33%.

Melting Point: 208-211°C.
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(1,3-Di(p-methylbenzyl)-4,5-di(p-methoxyphenyl)-imidazol-2-ylidene](n®-p-

cymene)-ruthenium(ll) dichloride (5)

1,3-Di(p-methylbenzyl)-4,5-di(p-methoxyphenyl)-imidazolium bromide ° (228 mg,
0.400 mmol) and Ag>0 (46 mg, 0.20 mmol) were stirred in 15 mL dichloromethane
in darkness at rt for 4 h. Dichloro-(p-cymene)-ruthenium(ll) dimer (122 mg, 0.200
mmol) was added and the mixture was stirred for 4 h in darkness at rt. After
filtration through a celite plug to remove the AgBr by-product the solvent was
reduced to 5 mL and 20 mL pentane were added to precipitate the crude product.
Filtration and washing with 2x20mL pentane and 2x20mL diethylether gave the
product in 64.5% yield (205 mg, 0.258 mmol).

'H NMR (300 MHz, CDCIs, & ppm): 7.12 (d, J = 7.6 Hz, 4H, CHnethyibenzy +
CHumethoxyphenyl), 6.92 - 6.68 (m, 8H, CHmethyibenzyl ¥ CHmethoxyphenyl), 6.54 (d, J = 8.7
Hz, 4H, CHmethyibenzyl ¥ CHmethoxypheny), 6.33 (d, J = 17.2 Hz, 2H, CHcymene), 5.21 (d,
J =6.0 Hz, 2H, CHy), 5.09 (m, 4H, CH> + CHcymene), 3.64 (s, 6H, OCHamethoxyphenyt),
2.43 (m, 1H, CH(CH3)2isopropyl), 2.33 (s, 6H, CHamethyibenzy1), 1.08 (d, J = 6.8 Hz, 6H,
CH(CH3)2isopr0pyl)-

13C NMR (101 MHz, CDCls, & ppm): 176.73 (NCN), 159.41 (C-O), 136.84, 136.49,
134.65, 131.92, 129.22, 125.28, 120.73, 113.35 (Cmetoxyphenyl + Cimetnyibenzyl)
105.31, 94.31, 86.38, 83.17 (Ccymene), 55.04 (OCH3methoxyphenyt), 52.91 (CHy), 30.37
(CH(CHa3)aisopropyl),  22.57  (CH(CH3)zisopropyl),  21.04  (CHamethyibenzyt), 17.58
(CHacymene)-

IR (KBr): 2963 (m), 2870 (w), 2836 (w), 1603 (s), 1520 (s), 1507 (s), 1290 (m),
1250 (s).

MS (m/z, QMS-MS/MS): 758.7 [M*-CI].

Micro Analysis calculated for C43H46CI2N2O2Ru (794.81): C, 64.98; H, 5.83; N,
3.52%. Found: C, 64.35; H, 5.63; N, 3.56%.

Melting Point: 185-187°C.
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(1,3-Di(p-methoxybenzyl)-4,5-di(p-isopropylphenyl)-imidazol-2-ylidene)(n°-p-

cymene)-ruthenium(ll) dichloride (6)

1,3-Di(p-methoxybenzyl)-4,5-di(p-isopropylphenyl)-imidazolium chloride '® (200
mg, 0.344 mmol) and Ag,O (40 mg, 0.17 mmol) were stirred in 15 mL
dichloromethane in darkness at rt for 4 h. Dichloro-(p-cymene)-ruthenium(ll) dimer
(105 mg, 0.172 mmol) was added and the mixture was stirred for 4 h in darkness
at rt. After filtration through a celite plug to remove the AgCI by-product the solvent
was reduced to 5 mL and 20 mL pentane were added to precipitate the crude
product. Filtration and washing with 2x20mL pentane and 2x20mL diethylether
gave the product in 68.6% yield (201 mg, 0.236 mmol).

"H NMR (400 MHz, CDCl3, & ppm): 6.86 (m, 16H, CHmethoxybenzyl + CHisopropyiphenyt),
6.21 (d, 2H, J = 16.7 Hz, CHcymene), 5.30 (d, 2H, J = 6.0 Hz, CH>), 5.22 (d, 2H, J =
16.7 Hz, CHeymene), 5.15 (d, 2H, J = 6.0 Hz, CHa), 3.82 (s, 6H, OCHs), 2.75 (p, 2H,
J = 6.9 Hz, CH(CHa)2isopropy), 2.62 (M, 1H, CH(CH3)2isopropyicymene), 1.91 (s, 3H,
CHacymene), 1.15 (m, 18H, CH(CHSs)2isopropyiphenyl ¥ CH(CH3)2isopropylcymene)-

3C NMR (101 MHz, CDCls, & ppm): 176.55 (NCN), 158.40 (C-O), 148.89, 134.69,
131.65, 130.50, 126.84, 125.86, 113.79, 105.95 (Cimidazsl + Crmethoxybenzyl +
Cisopropylphenyl), 105.95, 94.87, 86.00, 83.40 (Coymene), 55.29 (OCHg), 52.92 (CHy),
33.66 (CH(CHs)zeymene), 30.50 (CH(CHs)zisopropyiphenyl)s 23.68 (CH(CHs)2eymens),
22.57 (CH(CHs)zisopropyiphenyt)s 17-87 (CHscymene)-

IR (KBr): 2961 (m), 1614 (m), 1513 (s), 1339 (m), 1245 (s), 1177 (s), 1034 (s).

MS (m/z, QMS-MS/MS): 815.9 [M*-CI], 645.7 [M*-(Clx(p-cymene)], 545.5 [M*-
(Ru(p-cymene)Cly)].

Micro Analysis calculated for C47H54N2O,CIloRu (850.92): C, 66.34; H, 6.40; N,
3.29%. Found: C, 66.19; H, 6.26; N, 3.50%.

Melting Point: 197-199°C.

177



(1,3-Dibenzyl-4,5-diphenyl-imidazol-2-ylidene) gold(l) chloride (7)

1,3-Dibenzyl-4,5-diphenyl-imidazolium bromide 8 (241 mg, 0.500 mmol) and Ag,0O
(65 mg, 0.28 mmol) were dissolved in 10 mL dichloromethane and stirred for 4 h
at rt in darkness. Chloro(dimethylsulfido)gold(l) (147 mg, 0.500 mmol) was added
and the mixture was stirred for 6 h at rt in darkness before filtering through a short
silica plug to remove the AgBr by-product. The solvent was reduced to 5 mL under
reduced pressure and 30 mL pentane was added to precipitate the off white
crude. After washing with further 50 mL cold pentane the white product was
isolated in 48.7% vyield (154 mg, 0.243 mmol).

"H NMR (300 MHz, CDCls, & ppm): 7.28 (m, 2H, CHpenzyl), 7.20 (M, 10H, CHpenzyl +
CHophenyl), 6.97 (M, 8H, CHonenyt), 5.42 (s, 4H, CHy).

3C NMR (101 MHz, CDCls, & ppm): 171.45 (NCN), 135.57, 132.03, 130.68,
129.34, 128.57, 128.54, 128.06, 127.45, 127.25 (Cimidazol + Coenzy + Cphenyl), 52.98
(CHy).

IR (KBr): 3057 (m), 2962 (w), 1497 (s), 1448 (s), 1025 (s).
MS (m/z, QMS-MS/MS): 597.2 [M*-Cl], 401.1 [M*-AuClI].

Micro Analysis calculated for Co9H24AUCIN; (632.93): C, 55.03; H, 3.82; N, 4.43%.
Found: C, 55.02; H, 3.87; N, 4.29%.

Melting Point: 240-242°C.

(1,3-Di(p-methylbenzyl)-4,5-di(p-methylphenyl)-imidazol-2-ylidene) gold(l) chloride
(8)

1,3-Di(p-methylbenzyl)-4,5-di(p-methylphenyl)-imidazolium bromide '° (204 mg,
0.380 mmol) and Ag,O (46 mg, 0.20 mmol) were dissolved in 10 mL
dichloromethane and stirred for 4 h at rt in darkness. Chloro(dimethylsulfido)gold(l)
(112 mg, 0.380 mmol) was added and the mixture was stirred for 6 h at rt in
darkness before filtering through a short silica plug to remove the AgBr by-product.

The solvent was reduced to 5 mL under reduced pressure and 30 mL pentane
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was added to precipitate the off white crude. After washing with further 50 mL cold

pentane the white product was isolated in 73.4% yield (192 mg, 0.279 mmol).

'"H NMR (300 MHz, CDCls, & ppm): 7.02 (dd, J = 8.0 Hz, 8H, CHmetnyiphenyi +
CHmethyibenzyt), 6.93 (d, J = 8.1 Hz, 4H, CHumetnyiphenyl + CHmetnylbenzy), 6.86 (d, J = 8.1
Hz, 4H, CHuethyiphenyl + CHmethylbenzyl), 5.34 (s, 4H, CHy), 2.30 (s, 6H, CHametnyiphenyl);
2.29 (s, 6H, CHamethylbenzyl)-

3C NMR (101 MHz, CDCIs, & ppm): 180.44 (NCN), 139.22, 137.69, 132.88,
Cimidazol), 52.51 (CH2), 21.28 (CHamethyipheny), 21.10 (CHamethyibenzy!)-

IR (KBr): 3025 (w), 2921 (m), 2863 (w), 1516 (s), 1506 (s), 1446 (s), 1413 (s),
1351 (m), 1184 (s).

MS (m/z, QMS-MS/MS): 712.8 [M*+Na], 653.2 [M*-CI].

Micro Analysis calculated for C33H32AuCIN; (689.04): C, 57.52; H, 4.68; N, 4.07%.
Found: C, 57.32; H, 4.66; N, 3.99%.

Melting Point: 250-252°C.

(1,3-Di(p-methoxybenzyl)-4,5-di(p-isopropylphenyl)-imidazol-2-ylidene) gold(l)
chloride (9)

1,3-Di(p-methoxybenzyl)-4,5-di(p-isopropylphenyl)-imidazolium chloride ' (291
mg, 0.500 mmol) and Ag>,O (56 mg, 0.28 mmol) were dissolved in 10 mL
dichloromethane and stirred for 4 h at rt in darkness. Chloro(dimethylsulfido)gold(l)
(148 mg, 0.500 mmol) was added and the mixture was stirred for 6 h at rt in
darkness before filtering through a short silica plug to remove the AgCI by-product.
The solvent was reduced to 5 mL under reduced pressure and 30 mL pentane
was added to precipitate the off white crude. After washing with further 50 mL cold

pentane the white product was isolated in 83.2% yield (323 mg, 0.416 mmol).

1H NMR (300 MHZ, CDCI3, 6 ppm). 7.08 (d, J = 8.1 HZ, 4H, CHisopropy|pheny| +
CHmethoxyphenyI), 6.98 (dd, J= 3-5, 8.5 HZ, 8Ha CHisopropylphenyl + CHmethoxyphenyI), 6.69
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(d, J = 87 HZ, 4H, CHisopropy|pheny| + CHmethoxypheny|), 531 (S, 4H, CH2), 374 (S, 6H,
OCH3), 285 (p, J = 69 HZ, 2H, CHisopropy|), 120 (S, 6H, CH3isopropy|), 118 (S, 6H,
CH3isopropyl)-

3C NMR (101 MHz, CDCls, & ppm): 170.25 (NCN), 159.20 (C-O), 150.09, 131.67,
13074, 12909, 12790, 12657, 12485, 11377 (Cisopropy|pheny| + Cmethoxypheny| +

IR (KBr): 2960 (m), 2835 (w), 2361 (w), 1613 (m), 1512 (s), 1445 (m), 1245 (s),
1177 (s), 1042 (m).

MS (m/z, QMS-MS/MS): 544.2 [M*-AuCl].

Micro Analysis calculated for Cz7H40AUCIN,O, (777.15): C, 57.18; H, 5.19; N,
3.60%. Found: C, 56.90; H, 5.22; N, 3.45%.

Melting Point: 230-231°C.

(1,3-Dibenzyl-4,5-diphenyl-imidazol-2-ylidene) gold(l) acetate (10)

(1,3-Dibenzyl-4,5-diphenyl-imidazol-2-ylidene) gold(l) chloride (63 mg, 0.10 mmol)
and silver acetate (20 mg, 0.12 mmol) were dissolved in 5 mL dichloromethane
and stirred for 3 h at 0°C. 2 mL methanol were added and the mixture was filtered
through a short silica plug to remove the AgCl by-product. The solvent was
removed under reduced pressure and the yellow oily crude was re-dissolved in 5
mL diethylether, precipitated by addition of 25 mL pentane, filtered and dried
under suction. The product was obtained in 69.0% yield (45 mg, 0.069 mmol).

(m, 1OH, CHbenzy| + Ctheny|), 703 (dd, 4H, J=71, 25 HZ, CHbenzy| + Ctheny|), 694
(d, 4H, J=73 HZ, CHbenzy| + Ctheny|), 543 (S, 4H, CH2), 205 (S, 3H, CHsacetate).

3C NMR (101 MHz, CDCls, & ppm): 177.27 (NCN), 164.67 (C=0), 135.65, 132.11,
130.70, 129.31, 128.55, 128.53, 127.99, 127.61, 127.32 (Cphenyy + Cbenzy +
Cimidazol), 53.07 (CHZ), 23.82 (CHBacetate)-
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IR (KBr): 3062 (w), 3031 (w), 1629 (s), 1496 (m), 1359 (m), 1307 (s).
MS (m/z, QMS-MS/MS): 614.4 [M*-COCHs], 597.2 [M*-OCOCH4].

Micro Analysis calculated for C31H27AuN20O; (656.53): C, 56.71; H, 4.15; N, 4.27%.
Found: C, 56.51; H, 4.03; N, 4.16%.

Melting Point: 82-84°C.

(1,3-Di(p-methylbenzyl)-4,5-di(p-methylphenyl)-imidazol-2-ylidene) gold(l) acetate
(11)

(1,3-Di(p-methylbenzyl)-4,5-di(p-methylphenyl)-imidazol-2-ylidene) gold(l) chloride
(69 mg, 0.10 mmol) and silver acetate (20 mg, 0.12 mmol) were dissolved in 5 mL
dichloromethane and stirred for 1.5 h at 0°C. 2 mL methanol were added and the
mixture was filtered through a short silica plug to remove the AgCI by-product. The
solvent was removed under reduced pressure and the yellow oily crude was re-
dissolved in 5 mL diethylether, precipitated by addition of 25 mL pentane, filtered
and dried under suction. The product was obtained in 53.3% yield (38 mg, 0.053

mmol).

'H NMR (400 MHz, CDCls, & ppm): 7.15 - 6.90 (M, 12H, CHumetyborzy *
CHumethyiphenyt), 6.85 (d, J= 7.9 Hz, 4H, CHnethyibenzyl + CHmethyipheny), 5.36 (s, 4H,
CHy), 2.30 (s, 12H, CHamethyibenzyl), 2.28 (S, 3H, CHsmethyipheny), 2.06 (s, 3H,
CHsacetate)-

3C NMR (101 MHz, CDCl3, & ppm): 176.08 (NCN), 166.50 (C=0), 139.17, 137.61,
+ Cimidazol), 52.59 (CHZ)s 23.85 (CHSacetate), 21.28 (CHSmethbeenzyI)7 21.09

(CH3methylphenyt)-
IR (KBr): 3026 (w), 2921 (m), 2862 (w), 1639 (s), 1517 (s), 1358 (s), 1301 (s).

MS (m/z, QMS-MS/MS): 670.4 [M*-COCHs], 653.4 [M*-OCOCH;].
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Micro Analysis calculated for C35H35AUN20O2 (712.63): C, 58.99; H, 4.95; N, 3.93%.
Found: C, 58.64; H, 4.81; N, 3.66%.

Melting Point: 166-167°C.

(1,3-Di(p-methoxybenzyl)-4,5-di(p-isopropylphenyl)-imidazol-2-ylidene) gold(l)
acetate (12)

(1,3-Di(p-methoxybenzyl)-4,5-di(p-isopropylphenyl)-imidazol-2-ylidene) gold(l)
chloride (50.0 mg, 0.064 mmol) and silver acetate (12.8 mg, 0.077 mmol) were
dissolved in 5 mL dichloromethane and stirred for 1.5 h at 0°C. 2 mL methanol
and 10 ml diethylether were added and the mixture was filtered through a short
silica plug to remove the AgCl by-product. Another 15 mL diethylether were
passed through the plug to wash out all of the product. The solvent was removed
under reduced pressure at 15°C and by addition of 25 mL cold pentane the
product was precipitated, then filtered and dried under suction. The product was
obtained in 67.9% yield (35 mg, 0.044 mmol).

"H NMR (400 MHz, CDCls, & ppm): 7.08 (d, 4H, J = 7.9 Hz, CHumethoxybenzyi), 6.94
(d, 4H, J = 8.6 Hz, CHisopropylbenzy), 6.88 (d, 4H, J = 7.9 Hz, CHumethoxybenzyl), 6.68 (d,
4H, J = 8.6 Hz, CHisopropyibenzyl), 5.32 (s, 4H, CHy), 3.73 (s, 6H, OCHs), 2.85 (p, 2H,
J = 6.9 Hz, CHisopropyl), 2.07 (S, 3H, CHsacetate).

13C NMR (101 MHz, CDCls, & ppm): 177.30 (NCN), 163.35 (C=0), 159.17 (C-O),
150.06, 131.76, 130.76, 129.30, 127.99, 126.57, 124.93, 113.73 (Cimidazol +
Cisopropylbenzyl + Cmethoxybenzyl), 95.20 (OCH3), 52.42 (CH>), 33.82 (CHisopropy1), 23.87
(CHaacetate), 23.75 (CHaisopropyl)-

IR (KBr): 2960 (m), 1643 (s), 1609 (m), 1513 (s), 1360 (s), 1306 (s), 1250 (s),
1176 (m), 1022 (m).

MS (m/z, QMS-MS/MS): 741.8 [M*-O(CO)CHj], 545.4 [M*-AuO(CO)CHj].

Micro Analysis calculated for C39H43AUN2O4 (800.74): C, 58.50; H, 5.41; N, 3.50%.
Found: C, 58.45; H, 5.25; N, 3.55%.
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Melting Point: 161-163°C.

(1,3-Dibenzyl-4,5-diphenyl-imidazol-2-ylidene) gold(l) (2',3',4',6'-tetra-O-acetyl-3-
D-glucopyranosyl-1-thiolate) (13)

(1,3-Dibenzyl-4,5-diphenyl-imidazol-2-ylidene) gold(l) chloride (63 mg, 0.10 mmol),
2'3'4' 6'-tetra-O-acetyl-1-thio-B-D-glucopyranose (38 mg, 0.11 mmol) and
triethylamine (15.2 pL, 0.109 mmol) were dissolved in 6 mL dichloromethane and
stirred for 3 h at rt. After removal of the solvent under reduced pressure the crude
was redissolved in 20 mL THF and passed through a short silica plug. The THF
was reduced to 3 mL and pentane was added to precipitate the product. Filtering
off the solvent and drying under suction gave the product in 70.8% yield (68 mg,
0.071 mmol).

"H NMR (400 MHz, CDCls, & ppm): 7.27 (d, J = 7.4 Hz, 2H, CHuenzyi + CHonenyl),
7.22 (m, 10H, CHpenzyt + CHphenyl), 7.07 (d, J = 3.48 Hz, 4H, CHoenzyi + CHpneny),
6.96 (d, J = 7.0 Hz, 4H, CHoenzyl + CHphenyt), 5.51 (d, J = 15.1 Hz, 2H, CHy), 5.42
(d, J = 15.1, 2H, CH,), 5.07 (ddd, J = 2.4, 6.8, 9.3 Hz, 1H, H3"), 4.97 (m, 2H,
H4' H2"), 4.89 (t, J = 9.7 Hz, 1H, H1"), 4.05 (dd, J = 5.1, 12.2 Hz, 1H, H6b'"), 3.97
(dd, J = 2.5, 12.2 Hz, 1H, H6a'), 3.63 (ddd, J = 2.5, 5.2, 10.2 Hz, 1H, H5'), 2.04 (s,
3H, OCHs3), 1.98 (s, 3H, OCHs), 1.95 (s, 6H, OCHs).

3C NMR (101 MHz, CDCls, & ppm): 183.32 (NCN), 170.79, 170.28, 169.87,
169.51 (C=0), 136.09, 131.83, 130.70, 129.18, 128.56, 128.50, 127.94, 127.51,
127.42 (Cpnenyl *+ Coenzyl + Cimidazol), 83.08 (C1'), 77.60 (C2'), 75.63 (C5'), 74.34
(C3'), 69.17 (C4'), 63.08 (CB'), 52.43 (CHy), 21.19, 20.79, 20.70, 20.66 (CH3).

IR (KBr): 3061 (w), 3032 (w), 2944 (w), 2858 (w), 1752 (s), 1449 (m), 1365 (m),
1227 (s), 1034 (s).

MS (m/z, QMS-MS/MS): 983.7 [M*+Na], 961.3 [M*+H].

Micro Analysis calculated for C43H43AUN2OgS (959.84). C, 53.75; H, 4.51; N,
2.92%. Found: C, 53.35; H, 4.32; N, 2.78%.
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Melting Point: 116-118°C.

(1,3-Di(p-methylbenzyl)-4,5-di(p-methylphenyl)-imidazol-2-ylidene) gold(l)
(2',3',4',6'-tetra-O-acetyl-3-D-glucopyranosyl-1-thiolate) (14)

(1,3-Di(p-methylbenzyl)-4,5-di(p-methylphenyl)-imidazol-2-ylidene) gold(l) chloride
(69 mg, 0.10 mmol), 2',3'4',6'-tetra-O-acetyl-1-thio-3-D-glucopyranose (38 mg,
0.11 mmol) and triethylamine (15.2 pL, 0.109 mmol) were dissolved in 6 mL
dichloromethane and stirred for 1.5 h at rt. After removal of the solvent under
reduced pressure the crude was redissolved in 20 mL THF and passed through a
short silica plug. The THF was reduced to 3 mL and pentane was added to
precipitate the product. Filtering off the solvent and drying under suction gave the
product in 66.9% yield (68 mg, 0.067 mmol).

"H NMR (400 MHz, CDCls, & ppm): 7.00 (dd, J = 13.7, 7.4 Hz, 12H, CHumetnyibenzyl +
CHmethylphenyt), 6.86 (d, J = 7.8 Hz, 4H, CHuetnyibenzyt + CHmetnyiohenyl), 5.38 (d, J = 7.1
Hz, 4H, CH,), 5.00 (m, 4H, H3', H4', H2', H1'), 4.02 (dd, J = 11.1, 3.7 Hz, 2H, Héa',
H6b"), 3.63 (ddd, J = 10.2, 5.0, 2.6 Hz, 1H, H5'), 2.30 (s, 12H, CHametnyibenzyl +
CHametyiphenyl), 2.06 (s, 3H, OCHg), 1.99 (s, 3H, OCHj), 1.97 (s, 3H, OCHs), 1.95
(s, 3H, OCHs).

®C NMR (101 MHz, CDCls, & ppm): 182.61 (NCN), 170.79, 170.32, 169.83,
169.42 (C=0), 139.02, 137.53, 133.34, 131.59, 130.61, 129.16, 127.47, 124.74
(Crethylbenzyl + Cmethyiphenyl + Cimidazol), 83.07 (C1'), 77.18 (C2'), 75.62 (C5'), 74.42
(C3'), 69.18 (C4'), 63.05 (C6'), 52.01 (CH2), 21.28 (CHamethyibenzy1), 21.18 (CH3),
21.08 (CHamethyiphenyt), 20.75, 20.70, 20.65 (CHa).

IR (KBr): 3026 (w), 2948 (w), 2865 (w), 1753 (s), 1365 (m), 1227 (s), 1034 (s).
QMS-MS/MS: 957.7 [M+-O(CO)CHj].

Micro Analysis calculated for C47H51AUN2OgS (1016.95): C, 55.51; H, 5.05; N,
2.75%. Found: C, 55.49; H, 5.03; N, 2.79%.

Melting Point: 88-90°C.
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(1,3-Di(p-methoxybenzyl)-4,5-di(p-isopropylphenyl)-imidazol-2-ylidene) gold(l)
(2',3',4',6'-tetra-O-acetyl-3-D-glucopyranosyl-1-thiolate) (15)

(1,3-Di(p-methoxybenzyl)-4,5-di(p-isopropylphenyl)-imidazol-2-ylidene) gold(l)
chloride (78 mg, 0.10 mmol), 2'3'4',6'-tetra-O-acetyl-1-thio-B-D-glucopyranose
(38 mg, 0.11 mmol) and triethylamine (15.2 pL, 0.109 mmol) were dissolved in 6
mL dichloromethane and stirred for 1.5 h at rt. After removal of the solvent under
reduced pressure the crude was redissolved in 20 mL THF and passed through a
short silica plug. The THF was reduced to 3 mL and pentane was added to
precipitate the product. Filtering off the solvent and drying under suction gave the
product in 75.1% yield (83 mg, 0.075 mmol).

'H NMR (400 MHz, CDCls, & ppm): 7.08 (d, J = 7.9 Hz, 4H, CHisopropyiphenyl *
CHmethoxyphenyl), 6.92 (dd, J = 8.2, 19.6 Hz, 8H, CHisopropyiphenyl + CHmethoxyphenyl), 6.71
(d, J = 8.6 Hz, 4H, CHisopropyiphenyl + CHmethoxyphenyl), 5.34 (s, 4H, CHy), 5.02 (m, 4H,
H3', H4', H2', H1'), 4.08 (dd, J = 4.9, 12.2 Hz, 1H, H6b'), 3.99 (dd, J = 2.3, 12.2
Hz, 1H, H6a"), 3.75 (s, 6H, OCHs3), 3.65 (ddd, J = 2.3, 4.7, 9.8 Hz, 1H, H5'), 2.85
(p, J = 6.9 Hz, 2H, CHisopropy1), 2.05 (s, 3H, OCHs), 1.97 (s, 3H, OCHs), 1.94 (s, 3H,
OCHj), 1.92 (s, 3H, OCHs), 1.20 (s, 6H, CHaisopropyt), 1.19 (S, 6H, CHaisopropyl)-

3C NMR (101 MHz, CDCls, & ppm): 201.52 (NCN), 170.82, 170.35, 169.84,
169.47 (C=0), 159.13 (C-Omethoxybenzyt), 149.92, 131.47, 130.75, 129.11, 128.32,
126.52, 113.75, 109.98 (Cisopropyiphenyl + Cethosyohenyt + Cimicazol)s 83.08 (C1), 77.18
(C2'), 75.62 (C5'), 74.37 (C3'), 69.16 (C4'), 63.01 (C6'), 55.19 (OCHametoxyberzy),
51.85 (CHz), 33.81 (CHisopropy)s 23.76 (CHaisopronyl), 21.18, 20.71, 20.67, 20.64
(CHa).

IR (KBr): 2961 (m), 2871 (w), 2839 (w), 1750 (s), 1613 (m), 1514 (s), 1248 (s),
1034 (s).

QMS-MS/MS: 1127.9 [M*+Na], 1106.1 [M*+H].

Micro Analysis calculated for Cs1Hs0AuUN2O11S (1105.05): C, 55.43; H, 5.38; N,
2.54%. Found: C, 55.41; H, 5.38; N, 2.44%.

Melting Point: 59-62°C.
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5.6.3 Cytotoxicity studies:

Preliminary in vitro cell tests were performed on the human cancerous renal
cell line Caki-1 and the human cancerous breast cell line MCF-7 in order to
compare the cytotoxicity of the compounds presented in this paper. These cell
lines were chosen based on their regular and long-lasting growth behaviour. The
cells were obtained from the ATCC (American Tissue Cell Culture Collection) and
maintained in Dulbecco’s Modified Eagle Medium containing 10% (v/v) FCS (fetal
calf serum), 1% (v/v) penicillin streptomycin and 1% (v/v) L-glutamine. Cells were
seeded in 96-well plates containing 200 uL microtitre wells at a density of 5,000-
cells/200 pL of medium and were incubated at 37°C for 24 h to allow for
exponential growth. Then the compounds used for the testing were dissolved in
the minimal amount of DMSO (dimethylsulfoxide) possible and diluted with
medium to obtain stock solutions of 5 x 10 M in concentration and less than 0.7%
of DMSO. The cells were then treated with varying concentrations of the
compounds and incubated for 48 h at 37°C. Then, the solutions were removed
from the wells and the cells were washed with PBS (phosphate buffer solution)
and fresh medium was added to the wells. Following a recovery period of 24 h
incubation at 37°C, individual wells were treated with 200 pL of a solution of MTT
(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) in medium. The
solution consisted of 22 mg of MTT in 40 mL of medium. The cells were incubated
for 3 h at 37°C. The medium was then removed and the purple formazan crystals
were dissolved in 200 yL DMSO per well. For all tests cells with low passage
numbers were used. A Wallac Victor (Multilabel HTS Counter) Plate Reader was
used to measure absorbance at 540 nm. Cell viability was expressed as a
percentage of the absorbance recorded for control wells. The values used for the
dose response curves represent the values obtained from four consistent MTT-

based assays for each compound tested.
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Chapter 6 Discussion, Conclusion and Outlook

In 2010, two silver(l)-NHC lead structures (Figure 6.1) with remarkable cytotoxicity
(SBC1) and antibacterial activity (SBC3) were discovered in our group by Dr. S.
Patil, which have been further evaluated in vitro and in vivo in the following years
in cooperation with our group [1, 2]. Since these two complexes were taken as a
starting point for this thesis, it is necessary to summarise the experimental results

on these:

@[N)>—Ag—04‘< | N)>—Ag—o—/<

CN

Figure 6.1: NHC-Ag(I)OAc lead structures SBC1 (left) and SBC3 (right) [3]

SBC1 has shown activity against several cancer cell lines (MCF-7 (breast),
Caki-1 (renal), PC-3 (prostate), UKF-NB-3 and UKF-NB-6 (neuroblastoma)) in the
low micromolar range and exhibited HSA and DNA binding. Unfortunately, in vivo
tests in zebrafish resulted in high mortality at concentrations of 10 uM and above.
Also, the in vivo experiment using non-tumour bearing mice showed that the
toxicity of SBC1 was under- and the MTD overestimated. This led to the situation
that three out of eight tumour bearing mice in the xenograft experiment died when
they were exposed to daily dosages of 50 mg/kg. Even in the group which
received the lower dosage, two out of eight mice died during the treatment. The
relatively high T/C values of 78% and 75% combined with the significant toxicity of
SBC1 demonstrated that the compound is toxic and does not have a useable
therapeutic index in its given formulation.

Generally, one can conclude that SBC1 is a potent cytotoxic and

resistance-breaking anticancer agent, which shows very little selectivity in vivo.
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But SBC1 might become a useful compound when bonded to a targeted delivery
vector like a protein or formulated in a suitable micelle for selective uptake into

cancer cells.

SBC3 shows significant activity against the M. bovis BCG Pasteur and M.
smegmatis as well as against Salmonella typhimurium, MSSA and MRSA. The
best activities are found for E. coli and P. aeruginosa, which makes SBC3 already
as active as conventional B-lactam antibiotics against these two bacterial strains.
Especially breaking the resistance in MRSA is a good argument for the further

development of silver-based antibiotic drug candidates like SBC3.

The research undertaken, which is described in this thesis, is based on these
findings and it has been shown that through appropriate substitution patterns and
exchange of the transition metal promising new anticancer drug candidates have

been found.

6.1 An overview about the synthesis and characterisation of the various

NHC transition metal complexes of this thesis

The synthesis of all compounds resulted in medium to high yields and high
purity, which was confirmed by NMR ('H and 'C), microanalysis, mass
spectrometry and IR. Especially NMR characterisation of the compounds has
proven to be a quick and easy tool to determine the formation of the desired NHC-
metal complexes. Upon formation of the carbene-metal bond the 'H NMR signal
for the C? proton of the respective imidazolium halide vanishes, and a highfield
shift is observed in the ">*C NMR for the C? in all complexes. Additionally, besides
in the case of the NHC-Au(1)Cl complexes, the 'H and 'C signals for the bonded
ligands (acetate, p-cymene and thioglucopyranose) are observed, exhibiting signal
shifts in both NMR spectra which could only be attributed to bound and not free
ligand. Microanalysis gave indication that the complexes are all monomeric and
also mass spectrometry confirmed the formation of the desired complexes.

Furthermore, 6 crystal structures of differently substituted NHC-Ag(l)OAc

complexes, 1 crystal structure of a NHC-Ru(ll)(p-cymene)Cl, complex and 1
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crystal structure of a NHC-Au(l)Cl complex were obtained. Of special interest was
the structure of the Ru-NHC complex, since it is visible in the solid state structure
that the benzyl ring in position 3 on the imidazole bends towards the back of the
molecule due to the bulkiness of the p-cymene and Cl, ligands, giving an
indication why two magnetically different CH, groups are observed in the 'H NMR

of the NHC-Ru(ll)(p-cymene)Cl, spectra.

Figure 6.2: Crystal structure of (1-methyl-3(p-cyanobenzyl)-benzimidazol-2-ylidene)ruthenium(Il)(p-
cymene)dichloride

Summarising, it can be said that the presented NHC-silver(l)/-ruthenium(ll)/
and -gold(l) complexes are easily accessible from cheap starting materials, give
moderate to high yields and the synthesis does not require any harsh conditions

and is not excessively sensitive towards moisture and air.
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6.2 A summary about the biological activity of the various NHC transition

metal complexes of this thesis

Presented in this section are the various substituted NHC transition metal
complexes and their corresponding in vitro cytotoxicity (ICso) as well as
antibacterial (if applicable) values at highest drug concentration, based on the

previously described MTT- and Kirby Bauer disc diffusion assays.

Table 6.1: Chapter 2: Non-symmetrically p-benzyl-substituted (benz)imidazole NHC-silver(l)
acetate complexes and their respective 1Csy values (uM) against Caki-1, and areas of clearance
(mm) against E. coli and S. aureus.

Compound
1 2 3
O
O o
N o N 0
. // - N /O
Dol el e
\\©\CN \\©\CN \\©\CN
Caki-1 25(x1) 13 (x2) 5.4 (£ 0.8)
E. coli 6 7 3
S. aureus 7 3 3
Compound 4 5 6 7
[ . 0 (U 0 " 9 OM: KQJ "
(o]
ek ek Qe Ol
\\©\CN CN CN cN
Caki-1 16 ( 2) 7.1(x1.0) 20 (x 4) 14 (£ 1)
E. coli 6 3 6 5
S. aureus 6 6 7
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Table 6.2: Chapter 3 and Chapter 4: 4,5-Diaryl-imidazole NHC-silver(l) acetate complexes and their respective IC5, values (UM) against Caki-1 and
MCF-7, and areas of clearance (mm) against E. coliand S. aureus.

Compound 8 9 10 11 12
(0]
i: > f >/0Me CN
O N (0] N//O/ (0] O N (0] O N C()) [¢]
| N)>—Ag—oJ< \ N)>—Ag—oJ< | N>>—Ag—0—/< | N)>—Ag—o—/< | )>—Ag—o~/<
g -0 U U, C o- )
o
Caki-1 14 (£ 1) 3.6 (£1.0) 4.2 (£0.5) 33 (x2) 59 (x 4)
MCF-7 5.8 (£ 0.6) 3.5(x0.4) 5.4 (£ 0.3) 28 (£ 1) 25 (= 2)
E. coli 10 8 8 6 5
S. aureus 5 8 4 2
Compound
OMe MeO
}wg }wgo }wg :IM o :IH 0
OMe MeO
Caki-1 21 (£ 1) 21 (x2) 21 (£ 1) 34 (£ 2) 46 (£ 2)
MCF-7 11 (x 2) 5.0 (£ 0.3) 6.5 (x0.4) 17 (£ 1) 13 (1)
E. coli 8 3 2 1 2
S. aureus 8 2 5 2 3
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Compound

N@ i N@o @ N@{;« N@i
| N>>—Ag—o—/< | N)>—Ag—04/< |N>>—Ag_o—/< | N>>—Ag—0—/< | N>>_Ag_04/<
O Yo O Yoo O Y. T YO T o,

Caki-1 3.6 (x1.0) 0.51 (£ 0.07) 4.1(£1.0) 9.5 (£ 0.5) 26 (= 2)
MCF-7 23(x04) 1.4 (£ 0.1) 21(x0.7) 5.6 (£1.0) 9.1 (£ 0.5)
E. coli 7 2 2 2 1

S. aureus 7 4 5 2 3

Table 6.3: Chapter 5: Benzimidazole- and 4,5-diaryl-substituted imidazole NHC-ruthenium(ll) (p-cymene) dichloride complexes their respective 1Cs, values
(MM) against Caki-1 and MCF-7

Compound 23 27 28
C MeO. OMe
RU\CI O N : e :
d | >>—Ru\ )>—Ru\ \ )%} \ >>7/R2\7/L
Caki-1 > 500 94 (£ 5) 93 (x 2) 170 (x 20) 39 (£ 5) 13 (2)
MCF-7 > 500 80 (x 15) 19 (£ 1) 7.1(x1.2) 2.4 (£0.7) 7.0(x1.2)
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Table 6.4: 4,5-diaryl-substituted imidazole NHC-gold(I)X complexes (X = CI, OAc, SR) and their
respective ICs values (UM) against Caki-1 and MCF-7.

Compound 29 30 31
OMe
QA QL o
| D—Au—ci | D—Au—ci | Y—Au—c
O N O N O N
G "G T O
Caki-1 67 (£7) 16 (x 2) 41 (£ 1)
MCF-7 8.4 (x0.4) 30 (£ 3) 12 (£ 1)
Compound 32 33 34
O o O o O
N (6] N (0] N (0]
| N)>—Au—o~/< | N)>—Au—o~/< | N)>—Au—o~/<
: -0 0 I G
Caki-1 31(x2) 42 (£ 5) 18 (£ 1)
MCF-7 23 (£ 3) 12 (1) 25 (£ 3)
Compound 35 36 37
Caki-1 14 (J_r 2) 17 (£ 2) 58 (+ 2)
MCF-7 6.1 (£1.5) 9.3 (x1.6) 14 (£ 2)

Initially, all complexes were solely tested against the human renal cancer
cell line Caki-1 (Complex 1-7), but after the first year a second cancerous cell line,
namely MCF-7 (human breast carcinoma) was introduced to get a direct
comparison of activity against different cancer types by the newly synthesised
complexes (8-37). In the compounds that were tested on both cell lines, the ICs
values were found to be, in nearly all cases, better against the MCF-7 cell line. All

in vitro cell tests were based on the MTT assay, where the tetrazolium salt is
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reduced to formazan in the presence of living cells, which can then be dissolved in
DMSO and the absorbance measured at 540 nm. The preliminary in vitro
antibacterial results for the NHC-silver(l) acetates 1-22 were all obtained by
applying the Kirby-Bauer disc diffusion method where the area of clearance
(radius from disc border to visible bacteria growth) was measured after 24 h of
incubation with different complex concentrations. Only the results for the highest
concentrations (0.44 uM) are presented.

Table 6.1 and Table 6.2 show the ICs values as well as areas of clearance
of the 22 tested NHC-Ag(I)OAc complexes. It was found that the unsymmetrically
substituted complexes 1-7 do not show improved cytotoxic (lowest value found for
3: 5.4 (x 0.8) uM) as well as antibacterial activity (widest area of clearance found
for 2 against E. coli: 7 mm; and for 7 against S. aureus: 8 mm) if compared to
SBC1 (ICso against Caki-1: 1.2 (x 0.6) uM) and SBC3 (area of clearance against
E. coli: 10 mm; S. aureus: 7 mm). These findings were the first indication that this
specific substitution pattern might not lead towards potential new antibiotics or
anticancer drug candidates. It was later discovered that the complexes had a
relative short bench lifetime (2-8 weeks), which was indicated by the observation
of a grey or brown to black discoloration of the initial white complexes. Therefore,
further investigations into the biological activity of symmetrically substituted SBC3
derivatives were pursued, which led to the discovery of the highly active 1,3-di(p-
methylbenzyl)-4,5-di(p-methylphenyl)imidazol-2-ylidene silver(l) acetate complex
19. With high stability as well as good solubility and ICsy values of 0.51 (£ 0.07)
MM (Caki-1) and 1.2 (z 0.1) yM (MCF-7) it has shown to be a promising new
anticancer drug candidate and is currently under further investigation.

Furthermore, two interesting trends in antibacterial as well as cytotoxic
activity have been observed. Firstly, upon changing the substituents in para
position on the 1,3-dibenzyl-arms from H, CH3 an OCH3; towards COOCHj; or CN,
in every compound family (complexes 8-12, 13-17 and 18-22) the cytotoxic activity
is reduced up to 7-fold against Caki-1 and up to 5-fold against MCF-7. This may
be attributed to the lower lipophilicity of these complexes. Secondly, high
antibacterial activity has only been found for structurally similar complexes to
SBC3 (see complexes 8, 9, 10, 13 and 18). This trend suggests that an
unsubstituted benzyl and/or phenyl ring has to be present in the complexes in
order to exhibit high antibacterial activity against both bacterial strains.
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Summarizing, it can be said that several highly cytotoxic complexes have
been found, identifying 19 as a new lead structure for further investigations, but
unfortunately none of the complexes 8-22 can be considered as an improved
antibacterial drug candidate since all highly antibacterial acting complexes are

also found to be highly cytotoxic.

For further studies the most promising NHC-silver(l) acetates have been
used as templates to investigate the influence of other transition metals (namely
ruthenium and gold) on the cytotoxic activity against Caki-1 and MCF-7.
Exchanging the silver acetate moiety against ruthenium (p-cymene) dichloride (23-
28) or gold chloride (29-31), gold acetate (32-34) and gold thioglucopyranose (35-
37) resulted in an overall weaker cytotoxic profile (ICso values (uM) for silver
acetate analogues of 23: 1.2 (x 0.6) (Caki-1) [3] and 23 (= 1) (MCF-7)
(unpublished results); 26: 4.6 (x 0.6) (Caki-1) and 2.1 (x 0.8) (MCF-7);
28/31/34/37: 5.5 (x 0.6) (Caki-1) and 3.4 (+ 0.6) (MCF-7) [4]). Interestingly, upon
transmetallation of SBC1 to its ruthenium containing analogue 22, the cytotoxic
activity is completely lost. Nevertheless, some interesting results have been
obtained which might lead to further investigation of the mode of action and
cellular targets of these complexes. Especially the Ru(ll)-NHC complexes 26 and
27 which show 24-fold and 16-fold better activity against MCF-7 than Caki-1
indicate that there might be different mechanisms of cellular uptake and/or of cell
death induction present in the two different cell lines. Furthermore, the SBC3 gold
chloride (29) and gold thioglucopyranose (35) analogues exhibited good ICsg
values against MCF-7 with 8-fold and 2-fold better activity than against Caki-1,

respectively.

In conclusion, several NHC-silver(l) acetates with ICsy values in the
micromolar region have been synthesised and the identified lead structures were
successfully transmetallated to their ruthenium and gold analogues. Evaluation of
the obtained derivatives for their in vitro cytotoxic activity revealed two promising
Ru(Il)-NHC (26, 27) and two Au(l)-NHC (29, 35) complexes which hopefully will

show good results in further studies.
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6.3 An Outlook towards the future of biologically active NHC-transition

metal complexes

While promising results have been obtained in this study, it is obvious that further
work has to be carried out before undergoing advanced in vivo tests as well as
clinical trials. Some steps which might be undertaken to investigate and optimise
these already highly antibacterial and cytotoxic complexes are outlined in the

following paragraph:

e Human serum albumin binding studies to determine if this is a possible
mechanism of uptake into cells.

e Carrying out DNA binding assays, CD spectroscopy and DNA denaturation
experiments might reveal if DNA is a target.

¢ Investigation of the possible inhibition of disulfide reductases (TrxR and
GR) and proteases (trypsin and catB) as well as the interaction with non-
enzymatic thiol and selenol containing biomolecules

e NCI60 cell line panel test to get an overview about which cancer cells are
specifically targeted by the potential new drug candidates.

e In vivo tests with zebrafish larvae and / or non-tumour bearing mice to
determine the MTD of the optimised complexes.

e Transmetallation to further known bioactive metals, such as palladium,
iridium, rhodium and platinum.

e Synthesis of other NHC-Au(l) complexes with different thioglucopyranose
derivatives to enhance the solubility in aqueous medium and to take a step

further into the direction of a targeted uptake of the drugs.
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Appendix

Celltest protocol

Day 1: Seed the plates in 96-well plates containing 200 pyl microtitre wells
o Split cells:
o Remove old medium
o Add trypsin/EDTA (3 ml) to cells in flask and place in the incubator for
no longer than 5 min. Add 7 ml medium to the flask to deactivate
Trypsin and pipette into a 50 ml tube. Centrifuge for 3 min at 1500
rpm.
Remove supernatant.
Add 2 ml phosphate buffer solution and remove immediately.
Re-suspend the cells in 20 ml of medium and place 10 ml in new flask.
Take note of generation number, cell line, user name and date on new
flask
o Seed the plates
o Take remaining 10 ml and add 30 ml medium.
o Pipette 200 yl in a 9x3 and 6x3 pattern into 4 x 96-well-plates

O O O O

Day 2: Add drugs. Incubate for 48 hours at 37°C
e Remove old medium
e Add drugs/control
o Med = medium
o DMSO =9.93 ml medium + 70 yl DMSO
o Dissolve drug in DMSO first, then add medium
Drug concentrations:

H: 5x10° M

| 0.2 ml of G + 1.8 ml medium)
I: 5x10°" M

0.2 ml of H + 1.8 ml medium)

A: 5x10* M (9.93 ml medium + 70 pyl DMSO)
B: (5/3)x10* M (2 ml of A + 4 ml medium)
C: 5x10° M (1 ml of A + 9 ml medium)
D: (5/3)x10° M (2 ml of C + 4 ml medium)
E: 5x10° M (0.2 ml of C + 1.8 ml medium)
F: 5x107 M (0.2 ml of E + 1.8 ml medium)
G: 5x10° M (0.2 ml of F + 1.8 ml medium)
(
(

G G G DMSO | DMSO | DMSO

H H H DMSO | DMSO | DMSO

I I I DMSO | DMSO | DMSO

Med | Med | Med

Med | Med | Med

M m| O O W X»
M m| O O W X»
M m| O O W X»

Med | Med | Med




Day 3: Day off

Day 4: Wash with PBS. Recovery period of 24 hours at 37°C
¢ Remove medium/drugs
e Wash with 200 pl phosphate buffer solution
e Add 200 pl fresh medium

Day 5: Measure ABS
e Remove old medium
Add 200 pyl MTT solution (22mg MTT/40ml medium)
Wait for exactly 3 hours and remove MTT
Add DMSO (200 pl) and measure absorption at 540 nm
Plot data in Origin on a logarithmic scale and apply sigmoidal fit to
determine the ICsq value

Preparation of medium
e Place FBS, penicillin and glutamine in water bath until they become liquid
e Add into medium:
o 25mlFBS
o 3 ml penicillin
o 3 ml glutamine
e Place medium back into fridge

Change medium in cell flask on day 5
e Remove old medium
e Wash with approximately 3 ml PBS
e Remove PBS
e Add 10 ml fresh medium



Kirby-Bauer disk diffusion test protocol

Preparing LB medium:

5g N-Z-amine

2.5g bacto yeast

2.5g NaCl

Fill up to 500 ml with H,O. Close lid, shake and open lid a bit. Cover with 1 stripe
of autoclave film and autoclave for 15 min. Let cool down to 60-70°C and close

completely. Let cool down to RT.

Preparing agar medium:

5g N-Z-amine

25g bacto yeast

2.5g NaCl

7.5g Agar

Fill up to 500 ml with H,O. Close lid, shake and open lid a bit. Cover with 1 stripe
of autoclave film and autoclave for 15 min. Let cool down to 60-70°C and close
completely. Apply thin film of agar medium to petri dishes and let cool down in
fume hood. Once cooled down, label dishes and cover with para film. Store in

fridge.

All bacteria were individually cultured from a single colony in sterile LB medium
overnight at 37°C in an orbital shaker incubator. All the work carried out was
performed under sterile conditions.

For each strain, 70 pL of culture were spread evenly on agar-LB medium. Four 5
mm diameter Whatman paper discs were placed evenly separated on each plate.
Two stock solutions (9:1 DMSO:H,0) of every compound were prepared at 2.2 yM
and 4.4 uM to be able to test the effect of different concentrations. Each plate was
then tested with 5 uL and 7 pL of 2.2 uM solution and 5 yL and 10 pL for the 4.4
MM solution. The plates were covered and placed in an incubator at 37°C for 24 h.
The plates were then removed and the area of clearance, which is defined as the
distance between the edge of the filter paper disc and the beginning of the

bacterial growth, was measured for each sample in mm.



