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 This thesis describes the synthesis and reactivity of heterometallic complexes containing medicinally 

active Au(I) and tetrathiomolybdate, [MoS4]2-. The research is motivated by the idea of multifunctional 

drugs, which are designed to treat diseases through two or more mechanisms of action. Five clusters of 

the general form, [MoS4(AuL)2] were prepared: C-1 (L=IPr), C-2 (L=IBzMe), C-3 (L=IMes), C-4 (L=PPh3), 

and C-5 (L=PEt3). The clusters with NHC ligands, C-1, C-2, and C-3 were prepared for the first time and 

thoroughly characterized by 1H NMR,13C{1H} NMR, UV-vis, cyclic voltammetry, SCXRD, elemental analysis 

and mass spectrometry. C-4 and C-5, which were reported previously, were prepared to compare the 

effect of phosphine and NHC ligands on the cluster reactivity.  

 Percent buried volume (% Vbur) calculations show that the steric bulkiness of the ligands increases in 

the order, C-5 > C-2 > C-4 > C-3 > C-1. A DFT calculation carried out on C-1 suggests the presence of  Au-

Mo interactions, which could contribute to stabilization of the clusters in addition to the bridging 

sulfides. The TDDFT study showed that the lowest energy transitions are primarily υ(Au, S → Mo) and 

υ(S → Mo) charge transfer. This is consistent with the experimental UV-vis spectra of all five clusters 

which have max = 487-491 nm. 



 

 Clusters C-1 – C-5 were screened for antimicrobial activity by CO-ADD lab at the University of 

Queensland, Australia. C-2 showed notable activity against one fungal strain, Candida albicans, and C-5 

showed notable activity against the gram-positive bacteria, methicillin-resistant Staphylococcus aureus 

and one fungal strain, Cryptococcus neoformans.  

 The reactivity of [MoS4(AuL)2] clusters with PhSH and PhSeH in DMSO-d6 was investigated as a 

model for thiol- and selenol nucleophiles present in cysteine and selenocysteine proteins. In general, the 

clusters react with PhSH to a greater extent than with PhSeH. Cluster C-3 was the most reactive with 

PhSH and PhSeH but this complex was inactive in antimicrobial cytotoxicity testing. Cluster C-4 was not 

reactive with PhSH or PhSeH and it was completely inactive in cytotoxicity testing. Additional 

experiments are proposed as future work to better understand the complex interplay of steric and 

electronic effects in the [MoS4(AuL)2] clusters. 
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CHAPTER 1 

SYNTHESIS AND REACTIVITY OF GOLD (I) TETRATHIOMOLYBDATE CLUSTERS 

1.1. Overview of thesis 

The objective of this thesis research is to synthesize and investigate the reactivity of a series of 

cluster complexes that combine two medicinally active metals, gold (I) and Mo(VI). The hypothesis is 

that combining gold (I) and molybdenum (VI) into one molecule will yield a compound that may show 

two modes of activity that are better than the sum of the parts. This hypothesis is based on the idea of 

multifunctional drugs, which are designed to treat diseases through two or more mechanisms of action 

(Scheme 1.1). The Au(I)/ Mo(VI) clusters described in this thesis are of the general form, [MoS4(AuL)2] 

where L = phosphine or N-heterocyclic carbene (NHC) as shown in Figure 1.1. The central unit in these 

clusters is tetrathiomolybdate, [MoS4]2- which coordinates to two AuL+ cations via bridging sulfur 

interactions. 

 

Scheme 1.1. The combination of bioactive gold (I) and tetrathiomolybdate complexes into one 

molecule  may overcome drug resistance. 
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Figure 1.1. General (MoS4)(AuL)2 cluster structure. Mo(VI) has a tetrahedral geometry and Au(I) is 

trigonal planar. 

1.2. Metal-based drugs 

Metal-based compounds have been a cornerstone of medicine since the beginning of the 20th 

century. An important application of metal complexes is in the field of anticancer medicines, where 

platinum-based medications, such as cisplatin, are among the most widely used chemotherapeutics 

despite being developed more than 40 years ago.1 Since then, clinical trials have been conducted on 

metal complexes that contain titanium, iron, copper, gallium, molybdenum, ruthenium, palladium, 

silver, gold, and bismuth.2 Transition metal complexes have two potentially beneficial characteristics. 

First, they offer multiple oxidation states and multivalency, which enable the transition metals to bind 

with a wide range of different organic and inorganic ligands and build highly varied three-dimensional 

structures. Second, is their ability to access distinctive types of reactions, e.g., redox, catalytic 

production of active species ( e.g., the production of reactive oxygen species), ligand exchange, or ligand 

release. These characteristics could make a significant difference in the field of medicine and 

complement the arsenal of organic drugs currently available.3–5 

Cisplatin-derivatives have shown great success in treating a number of cancers including, testicular, 

ovarian, and head and neck cancers.6,7 However, platinum-based complexes show non-selective 

interactions with DNA. Furthermore, these complexes demonstrate common problems facing drug 

developers, which are the resistance of some cancer cell lines and severe side effects such as kidney and 

gastrointestinal disorders, hearing loss, allergic reactions, and decreased immunity to infections.8–10 This 
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has motivated researchers to develop alternatives to platinum-based drugs, employing metals that are 

expected to have different mechanisms of action. For example, Au(I) complexes have shown promising 

results in inhibiting cancer cell lines with DNA-independent mechanisms.11 Moreover, several gold(I) 

compounds have shown significant activity against cisplatin-resistant cancer cell lines.12–14 This suggests 

that gold(I) compounds have different modes of action than cisplatin. 

 

Figure 1.2. Auranofin structure, Ac= acetyl. 

Auranofin, a phosphine gold (I) thiolate compound (Figure 1.2), was given clinical approval for 

treatment of rheumatoid arthritis in 1985.15–17 Auranofin is in a class of drugs referred to as disease-

modifying antirheumatic drugs (DMARDs). Auranofin has been shown to slow the progression of 

rheumatoid arthritis and in some patients, it can lead to remission of the disease. However, in recent 

years the clinical use of auranofin for treatment of rheumatoid arthritis has declined for a variety of 

reasons, including some severe side effects, the requirement for patient monitoring and the expiration 

of the original patent.18 There has been great interest in repurposing auranofin to treat a variety of 

other conditions, including parasite infections, neurological diseases, AIDS, and bacterial infections.19 

Recently, the US Food and Drug Administration cleared auranofin for phase II clinical studies as a cancer 

treatment.20 Although the mechanism of therapeutic action of auranofin is not completely understood, 

many studies have focused on the inhibition of sulfur- and selenium- containing enzymes, especially 

thioredoxin reductases (TrxR), which are a crucial part of the cellular antioxidant system.21–23 The 

increasing interest in developing new metal-based drugs as well as renewed interest in repurposing 
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auranofin have prompted investigations of a wide variety of gold (I) compounds for medicinal 

applications.24  

The types of ligands in metal complexes have a big effect on the activity and toxicity of a metal-

based drug. For example, phosphine and N-heterocyclic carbene (NHC) ligands have attracted 

researchers for future drug design of Au(I)-based complexes. These ligands have tunable 

lipophilicity/hydrophilicity through changing the substituents binding to phosphine or on the 

imidazolium salt precursor of NHC ligands. Lipophilicity/hydrophilicity balance is an important factor in 

determining drug delivery to the target tissue and drug permeability through cell membranes.25 The 

possibility of changing the substituents on phosphine or NHC ligands can be used to fine-tune the 

lipophilicity and reactivity of gold (I) complexes.26  

1.3. Chemistry of gold 

Gold has an atomic number 79 and the chemical symbol Au, derived from the Latin word aurum. 

Gold is one of the higher atomic number elements that are naturally occurring. It is a bright, slightly 

reddish-yellow, dense, soft, malleable, and ductile metal in its purest form. Gold is a group 11 element 

and is a transition metal in terms of chemistry. Gold is not affected by oxygen or sulfur although it reacts 

quickly with aqua regia due to the combined acting of oxidation by nitric acid and coordination of Au(III) 

by chloride ions (Scheme 1.2).27 

Gold has the highest initial electron affinity (222.8 kJ mol-1) of any metal (i.g. for comparison Cu, 

118.5 kJ mol-1 and Ag, 125.7 KJ mol-1) and is quite close to the halogens' values (Br, 324.7 KJ mol-1 and I, 

295.2 KJ mol-1) making  Au- as accessible oxidation state.28  

Furthermore gold in cationic form may accept electrons from practically any source (reducing 

agents) to generate neutral gold atoms. Gold often exists in the oxidation states Au(I) (aurous 

compounds) and Au(III) (auric compounds). Many Au(III) complexes are toxic to cells because they are 
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potent oxidizing agents and are reduced to Au(I). This reduction can be driven by thiol or thioether 

reductants such as tetrahydrothiophene (THT, SC4H8) as shown in Scheme 1.3.29 

 

 

 

 

 

Scheme 1.2. Reaction of gold with aqua regia (the images show dissolving a gold coin in aqua regia 

over time). 

The complex, Au(tht)Cl is a common starting material for preparing gold (I) complexes because the 

tht ligand can easily be displaced by other ligands like phosphines or N-heterocyclic carbenes (NHC). 

Au(I) has a d10 closed-shell configuration and prefers two-coordinate, linear compounds, which are the 

most prevalent coordination geometry. Three-coordinate, trigonal and four-coordinate, tetrahedral, are 

rarely observed.30 

 

Scheme 1.3. HAuCl4 reduction to Au(tht)Cl by THT. 
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1.4. Gold(I) complexes in medicine 

 Gold compounds have been used for therapeutic purposes since ancient times. In the modern era, 

gold compounds have been used in medicine since Robert Koch discovered that gold(I) dicyanide has 

anti-tubercular properties.31 The use of gold formulations in medicine, particularly for the treatment of 

inflammatory conditions including rheumatoid arthritis and joint pain, is known as "chrysotherapy".32 

The physician Jacque, Forestier introduced Au(I) thiolate complexes which are considered less toxic than 

gold cyanide to treat rheumatoid arthritis.33 As time went on, it was seen that patients who had 

chrysotherapy for arthritis had reduced rates of malignancy evidence, leading to the hypothesis that 

gold compounds might have anti-cancer actions.34–38 Auranofin (Figure 1.2) showed a potential to inhibit 

the proliferation of tumor cells in vitro, and then was discovered to have anticancer efficacy in a mouse 

tumor model in vivo.39,40 Since then, a wide range of other linear two-coordinate Au (I) phosphine 

complexes have been demonstrated to suppress the development of tumor cell cultures in vitro. 

Thiolate-ligands are frequently included in these complexes like thiosugars, thionucleobases and 

dithiocarbamates derivatives. 34,41–46 

McKeage, et al. stated that auranofin and Et3PAuCl both alter mitochondrial function.47 Later, these 

findings were interpreted as the induction of mitochondrial apoptotic pathways. In recent years, 

antitumor activity has been reported for linear Au(I) complexes with N-heterocyclic carbene (NHC), 

cyclodiphosphazene, phosphole, and N,N’-disubstituted cyclic thiourea ligands.48–50 Some studies 

revealed that the limited anticancer effect of auranofin in vivo was constrained by its strong reactivity to 

protein thiols.51 With the intention of lowering the high thiol reactivity of auranofin and other gold (I) 

complexes, chelating diphosphines such as 1,2-bis-diphenylphosphino-ethane (dppe) were used to 

create the cationic [Au(dppe)2]Cl complexes (Figure 1. 3).51 Despite [Au(dppe)2]Cl's significant antitumor 

activity against a variety of tumor models in mice, clinical development of the drug was stopped after 

toxicological studies in dogs and rabbits revealed severe toxicities to the heart, liver, and lung due to 
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mitochondrial dysfunction.52,53 A family of imidazolium salt precursors were used to create a series of 

linear, cationic Au(I)NHC complexes [(R2Im)2Au]+ (Figure 1. 3), where the lipophilicity was adjusted by 

adding various functional groups (from log P = - 1.09 (R = Me) to 1.73 (R =  cyclohexyl)).54 Certain 

compounds from this series were demonstrated to be selectively toxic to two highly tumorigenic breast 

cancer cell lines while not being hazardous to normal breast cells, and the degree of selectivity and 

potency were adjusted by changing the substituents.54 

 

 

Figure 1. 3. Examples of cationic gold(I) anticancer compounds. 

 

1.4.1. Gold(I) phosphines 

 Auranofin's rising popularity sparked the creation of gold (phosphine) complexes as possible metal-

based drugs. Phosphines are effective donors and easily bond to the gold ions. Complexes R3PAuCl with 

ethyl substituents (R) were more successful than methyl, isopropyl, or n-butyl complexes at producing a 

therapeutic response and raising serum Au (I) levels.17 However, Et3PO has been found in the urine of 

patients who have been treated with auranofin and studies with 195Au, 35S, and 32P-radiolabelled 

auranofin in dogs showed that the 35S and 32P are excreted more rapidly than 195Au.55,56 It has been 

found that the acetylthioglucose ligand in auranofin is replaced upon binding to serum albumin, and the 

phosphine ligand is released slowly (with formation of Et3PO).57 The seleno-auranofin (Se-AF) analogue 
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was inactive in the orally administered carragenan-induced assay in rats because of the rapid 

metabolism of Se-AF, presumably due to a greater extent of ligand exchange reactions and more rapid 

formation of Et3PO during the reaction with serum albumin.58 From the standpoint of ligand design, 

phosphine confers membrane solubility and changes the pharmacological profile of the Au (I) complex, 

including cell absorption. Initial research on arylphosphines was lacking, but later studies shown that 

triphenylphosphine Au (I) complexes are more active in the rat model of arthritis.59 As a significant class 

of anticancer medicines, gold(I) phosphine complexes have shown promising results in numerous 

biochemical and pharmacological studies. A comparison investigation on the cytotoxic potential, cellular 

uptake, and nuclear uptake of several R3PAuCl (R= Me, Et, t-But, Ph) complexes was conducted by Ott 

and colleagues (Table 1.1).60 Electrothermal atomic absorption spectrometry was used to evaluate the 

amounts of cellular and nuclear gold in HT-29 colon cancer and MCF-7 breast cancer cells.  

 Table 1.1 lists the antiproliferative effects of the investigated gold phosphine complexes in two 

human tumor cell lines. In both tested cell lines, all examined complexes demonstrated considerable 

antiproliferative activities. Gold levels in the cellular and nuclear compartments were elevated, 

particularly for complexes R3PAuCl with phenyl substituents (R), indicating a beneficial effect of bigger 

and more lipophilic substituents.60 Phosphine gold (I) thiolate complexes have been combined with the 

chemotherapy drug, 5-flourouracil. Cerrada, et al. reported that the combination of the two compounds 

acted through a synergistic mechanism to kill colon cancer cells. Furthermore, the dose required was 

significantly less than the dose required for the individual compounds to achieve the same effect.61 
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Table 1.1. Anticancer activity of complexes R3PAuCl vs colon cancer (HT-29) and breast cancer (MCF-

7) cells (IC50 is the half maximal inhibitory concentration).60 

Compound 
IC50 of cancer cell line 

HT-29 (µM) MCF-7 (µM) 

 

5.2 ± 0.6 3.9 ± 0.9 

 

5.3 ± 1.9 3.2 ± 1.3 

 

5.2 ± 2.1 3.1 ± 0.4 

 

4.2 ± 0.9 2.6 ± 0.1 

 

1.4.2. Gold(I) N-heterocyclic carbenes 

In modern organometallic chemistry, NHCs are among the most significant and extensively 

researched ligand classes.62 This intense level of attention is mostly attributable to NHC-metal 

complexes' exceptional activity in homogeneous chemical catalysis.63–65 NHCs have been substituted for 

phosphines in the construction of catalysts because numerous studies have demonstrated that they 

interact with metals in a manner that is like that of phosphines, perhaps most notably for the second-

generation Grubbs catalyst.64,66 As far as ligand design is concerned, NHCs are appealing since they offer 

considerable synthetic flexibility and the synthesis of imidazolium salts (NHC.HX) is frequently simple 

(Scheme 1.4).64 
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Scheme 1.4. Convenient synthetic routes to imidazolium salts, a) the same R substituents, b) 

different R substituents where R = any aromatic or aliphatic group.64 

 Gold (I)-NHC complexes frequently exhibit improved stability to air and moisture compared to 

phosphines. This stability is due to the stable metal-carbene bond and the electron-donating 

characteristics of NHCs. Several review articles discuss recent advancements in the medicinal inorganic 

chemistry of NHC-metal complexes, which has seen a significant increase in interest in recent years.67–71 

Isab, et al. tested the in vitro cytotoxicity of some (NHC)AuX complexes (Table 1.2) against human colon 

cancer (HCT15), human osteosarcoma (MG-63), and human cervical cancer (HeLa) cell lines and 

compared their cytotoxicity with cisplatin.72 The table shows that (NHC)Au-thiolate complexes were 

more active than (NHC)AuCl against all cancer cell lines. Arambula, et al. tested the in vitro cytotoxicity 

of a bis-NHC Au(I)  complex against lung cancer cells (A549). The potency of the cationic complex, 

[Au(NHC)2]+ was found to be about 2-fold greater than auranofin (Table 1.3).73 
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Table 1.2. Anticancer activity of complexes (NHC)AuX and cisplatin vs HCT15 (colon),  MG-63 

(osteosarcoma) and HeLa (cervical) cancer cells. 72 

Compound 
IC50 of cancer cell line 

HCT15 (µM) MG-63 (µM) HeLa (µM) 

 

31.9 ± 0.6 33.4 ± 1.2 21.6 ± 0.7 

 

119.8 ± 10.6 61.6 ± 3.7 171.6 ± 12.0 

 

6.6 ± 0.2 1.8 ± 0.2 9.2 ± 0.2 

 

23.9 ± 1.2 14.7 ± 1.0 42.7 ± 6.0 
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Table 1.3. Anticancer activity of complexes [Au(NHC)2]+ and auranofin vs A549 (lung) cancer cells. 73 

Compound 

IC50 of cancer cell 
line 

A549 (µM) 

 
 

1.67 ± 0.05 

 

0.71 ± 0.03 

  

Table 1.4. Anticancer activity of complexes (NHC)AuX, cisplatin and auranofin vs A2780S (sensitive 

to cisplatin) and  A2780R (cisplatin resistant) ovarian cancer cells. 74 

Compound 
IC50 of cancer cell line 

A2780S (µM) A2780R (µM) 

 

3.3 ± 0.5 18.2 ± 1.0 

 

1.25 ± 0.5 1.5 ± 0.5 

 

4.5 ± 1.5 4.9 ± 2.0 

 

2.6 ± 0.7 2.8 ± 1.4 
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Another investigation involved (NHC)AuX complexes which were tested against human ovarian 

cancer cell lines that are sensitive to cisplatin (A2780S) and cisplatin resistant (A2780R), respectively 

(Table 1.4). The fact that the gold complexes were more cytotoxic to the cisplatin-resistant cell line 

suggests that they were able to overcome the resistance. Notably, the 2-pyrimidinethiolato derivative of 

the NHC Au(I) complex was generally more effective than the chloride derivative. Since Au-thiolate 

moieties and metal-NHC linkages are typically stable, Casini and colleagues suggested that the chloride 

ligand may be the more labile ligand at the gold center, making the chloride derivatives more reactive 

and susceptible to being deactivated by various cellular components.74 

1.4.3. NHC ligand modification effect on anticancer activity of gold complexes  

Gust, et al. prepared several NHC gold(I) and NHC gold (III) complexes and tested their cytotoxicity 

against some cancer cell lines. The NHC ligand was derived from 4,5-diarylimidazoles in which the 

aromatic rings on positions 4 and 5 of the imidazol-2-ylidene ring were substituted with OMe or F on 

different positions on the aromatic ring (Figure 1.4).75  They found that the growth inhibitory effects of 

the compound toward breast cancers (MCF-7 and MDA-MB 231)  as well as  colon cancer (HT-29) cell 

lines were affected by the type of substituent on the aryl rings (OMe or F). They reported that adding 

aryl rings to the imidazol-2-ylidene ring at positions 4 and 5 improved the growth-inhibitory properties. 

Moreover, the substituents at positions 1 and 3 of the imidazol-2-ylidene ring were examined too, it was 

discovered that these substituents and the metal's oxidation state Au (I) and Au (III) had a less significant 

impact on the biological features of the complexes. However, methoxy groups at these rings did not 

alter the growth-inhibitory characteristics, whereas F-substituents in the ortho-position significantly 

boosted activity. 
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Figure 1.4. Au(I)NHC and Au(III)NHC halide complexes derived from 4,5-diarylimidazoles.75 

Contel, et al. reported the effect of NHC ligands on the heterometallic compounds (AuTi) along with 

those of monometallic (Au) precursors against renal (Caki-1), prostate (PC3, DU145), and colon (DLD1) cancer 

cell lines (Figure 1.5).76 They found that the heterometallic compounds (AuTi) were more toxic than 

monometallic (Au) precursors. In general, all compounds showed cytotoxicity againt Caki-1, PC3, DU145 and 

DLD1 cancer cell lines but there was not a strong correlation between the type of NHC ligand employed and 

the cytotoxicity of monometallic (Au). However, the SIPr ligand (Figure 1.5) showed higher activity than IPr 

and IMes ligands in the heterometallic compounds (AuTi). The IMes ligand of AuTi compounds showed 

slightly higher activity than the IPr ligand on DU145, Caki-1 and DLL1 but lower activity on the PC3 cancer cell 

line.  Another example that illustrates design of a heterometallic compound containing gold (I) was reported 

by Arambula, et al. who prepared ferrocene complexes derivatized with Au (I) NHC.73 The heterometallic 

complexes had a higher antiproliferation activity on lung cancer cells than did the homometallic 

complexes individually. They found that the higher activity came from the formation of reactive oxygen 

species (ROS) via multiple mechanisms.61 
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Figure 1.5. [Au(NHC)(Hmba)] (Au) and  [(η5-C5H5 )2 Ti(CH3 ){OC(O)-p-C6H4SAu(NHC)}] (AuTi) 

complexes, NHC= IPr, SIPr and IMes.76 

Ott and colleagues tested a series of gold (I) complexes with two N-heterocyclic carbene ligands 

[Au(NHC)2]+ and auranofin against cancer cell lines, pathogenic bacteria and in thioredoxin reductase 

(TrxR) inhibition studies.77 The cancer cell lines were colon (HT-29) and breast (MCF-7, MDA-MB-231). 

The pathogenic bacteria were Gram-negative strains  (A. baumannii, E. coli, K. pneumoniae, P. 

aeruginosa) and Gram-positive strains (E. faecium, MRSA RKI, MRSA DSM). Cancer cells and Gram-

positive bacteria showed evidence of suppressed proliferation, whereas Gram negative bacteria were 

not significantly affected by the complexes. They found that adding aryl rings to the imidazol-2-ylidene 

ring at positions 4 and 5 substituent on the aryl ring as well as a bromine significantly improved the anti-

cancer activity ( Table 1.5, C and D). The compounds containing bromine had more anticancer activity 

than the compounds without bromine (( Table 1.5, B and D). The most anticancer-active compound 

was complex D. The strongest TrxR inhibitor was auranofin and complex D. Interestingly, complex C 

showed lower anti-cancer activity than D but showed higher growth inhibition of Gram-negative 

bacteria than complex D. The TrxR inhibition study showed that complex D had higher inhibition of rat 

TrxR than complex C but had lower inhibition of bacterial TrxR (E. coli) than complex C (Table 1.5).  
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Table 1.5. Anticancer and antibacterial activities, and TrxR inhibition of complexes [Au(NHC)2]+ and 

auranofin vs selected cancer cells, one strain of Gram-positive (MRSA DMS) and one strain 

of Gram-negative bacteria, and  TrxR of rat and bacteria (E. coli) .77 

Compound 

IC50 for anticancer  MIC* for 
antibacterial 

IC50 for TrxR 
inhibition 

HT-
29 

(µM) 

MCF-
7 

(µM) 

MDA-
MB-
231 

(µM) 

MRSA 
DSM 
(µM) 

E. coli 
(µM) 

Rat 
(µM) 

E. coli 
(µM) 

 
 

3.79 
± 

0.18 

2.00 
± 

0.05 

1.54 ± 
0.12 

0.4 ± 
0.3 

45.7 ± 
5.1 

0.09 ± 
0.01 

0.30 ± 
0.07 

 

5.54 
± 

0.79 

4.20 
± 

0.72 

5.08 ± 
0.60 

79.0 ± 
29.2 

>100 
± 0.0 

127.8 
± 6.1 

410.9 ± 
42.1 

 

1.51 
± 

0.10 

0.72 
± 

0.07 

1.08 ± 
0.06 

12.2 ± 
8.0 

>100 
± 0.0 

71.9 ± 
5.4 

57.2 ± 
6.2 

 

0.15 
± 

0.01 

0.16± 
0.03 

0.18 ± 
0.02 

1.7 ± 
0.4 

47.7 ± 
10.7 

30.3 ± 
4.6 

30.0 ± 
7.1 

 

0.14 
± 

0.02 

0.06 
± 

0.00 

0.18 ± 
0.01 

9.6 ± 
3.4 

>100 
± 0.0 

16.3 ± 
3.2 

96.6 ± 
13.4 

MIC = Minimal inhibitory concentrations which was defined in the experimental part as the lowest 

concentration that completely suppressed growth of bacteria. 
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1.5. Chemistry of molybdenum 

 Molybdenum has an atomic number 42 and the chemical symbol Mo, derived from the Latin word 

molybdos. It is a silvery metal, with an extremely high melting point (2623 °C). Molybdenum is a group 6 

element and a transition metal in terms of chemistry. Molybdenum is found naturally in oxidation states 

between -2 to +6. Taube reported that Mo(VI) and Mo(V) are labile metals but Mo(III) is inert.78 The 

metal is readily accessible to humans, animals, and plants since it is soluble in water as molybdate, 

[MoO4]2-. Molybdate is transferred into prokaryotes and eukaryotes using the typical active transport 

mechanisms for phosphate and sulfate.79 Sulfidation of molybdate occurs in four steps (Scheme 1.5).80 

The formation of tetrathiomolybdate (TTM, [MoS4]2-) depends on the pH of the solution. 

 

Scheme 1.5. Reaction profile of the interconversion of the [MoOxS4-x] (x= 0-4) dianions.80 

The sulfides in the TTM dianion function as ligands to coordinate metal ions in diverse bonding 

modes, such as monodentate, bidentate, tridentate, and ambident bidentate, either terminal or 

bridging. The ability of TTM to form heterobimetallic trinuclear clusters such as ([MoS4]MXn, 

M=Fe,Cu,Au,Ag, X=Cl-, CN-, PR3) was investigated by several groups in the 1980 ’s (Scheme 1.6).80–82  

 

Scheme 1.6. Heterobimetallic trinuclear cluster complexes coordination of TTM. 
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1.5. 1. Tetrathiomolybdate complex in medicine 

Ammonium tetrathiomolybdate (Figure 1.6) has an interesting use in treating chronic copper toxicity 

in sheep.83 It has also been studied for the treatment of Wilson's disease, a genetic disorder associated 

with excessive copper accumulation.83,84 TTM can combine with proteins (such as ceruloplasmin and 

albumin) and copper to form a stable tripartite complex (Figure 1.7).84  

 

 

Figure 1.6. Ammonium tetrathiomolybdate structure. 

In vivo, tetrathiomolybdate weakly complexes or binds free Cu2+ with serum albumin while being 

absorbed into the blood. This complex slowly excretes through the bile and urine, has no biological 

activity, and is no longer accessible for cellular absorption.85 Due to the copper role to stimulate blood 

vessel formation and maturation (angiogenesis), and to the fact that tumor growth needs to build up 

new blood vessels, ammonium tetrathiomolybdate has been investigated against cancer cell lines and 

has shown a promising result to inhibit tumor growth and treat metastatic tumors.86,87  

Chisholm, et al. found that the copper ATPase transporter protein (ATP7A) contributed to cisplatin-

resistance in a breast cancer cell line and acted to reduce drug uptake and contribute to treatment 

failure. Moreover, they reported that ammonium tetrathiomolybdate reduced the ATP7A level and 

enhanced cisplatin treatment in a cisplatin-resistant breast cancer.88 TTM can be regarded as a crucial 

agent that participates in angiogenesis.85 Pre-clinical research revealed that TTM could be used to 

reduce tumor development and angiogenesis via copper depletion (CD).89,90 In a phase I study, TTM was 

well tolerated and led to stabilization but not reduction of metastatic tumors.91 In a phase II study of 

women with high-risk breast cancer, the use of TTM following the end of adjuvant/standard therapy led 
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to encouraging overall survival, particularly for triple-negative breast cancer.92 Hence, TTM can be 

considered as a complementary drug in the treatment of  metastatic tumor. 

 

 

Figure 1.7. Ball-and-stick model of the S6Cu4MoS4 cluster structure (yellow balls, sulfur atoms; blue 

balls, copper atoms; lime ball, molybdenum atoms).84 

1.6. Thesis objectives & organization 

 This thesis describes the synthesis and characterization of  [MoS4(AuL)2] clusters (L= PR3; NHC), 

computational studies of the steric properties of the ligands, DFT calculations on [MoS4(AuIPr)2] (IPr= 

1,3-Bis(2,6-diisopropylphenyl-imidazol-2-ylidene), and investigation of the reactivity with thiol and 

selenol compounds. Antimicrobial activity data, obtained in collaboration with a lab at University of 

Queensland, is also reported. 

The thesis is organized as follows, Chapter 2 presents the synthesis and characterization of five 

[MoS4(AuL)2] clusters. Two of the clusters with L= PEt3 and PPh3 have been reported previously.81,82 The 

three clusters with N-heterocyclic carbene ligands are new (L= 1,3-bis(2,6-diisopropylphenyl-imidazol-2-



20 
 

ylidene), 1-benzyl-3-methyl-imidazol-2-ylidene, and 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene). 

All clusters are characterized by 1H NMR, either 13C{1H} NMR or 31P{1H} NMR, UV-Vis, elemental analyses, 

ESI-MS, and cyclic voltammetry.  The three NHC containing clusters are further characterized by SC-XRD.  

Chapter 3 describes the percent buried volume calculations on the [MoS4(AuL)2] clusters, which is a 

measure of steric bulk of the phosphine and NHC ligands. DFT calculations for [MoS4(AuIPr)2] are 

reported and the calculated values are compared to the experimental UV-Vis, 1H NMR and 13C{1H} NMR 

spectra. The calculation is used to gain insight into the electronic structure of [MoS4(Au(NHC))2] clusters.  

Chapter 4 describes the antimicrobial data obtained for several [MoS4(AuL)2] clusters. The 

antimicrobial data were collected and published in collaboration with the Community for Open 

Antimicrobial Drug Discovery initiative (CO-ADD, co-add.org) funded by The Wellcome Trust and the 

University of Queensland.  The primary focus of the chapter is on the investigation of the reactivity of 

[MoS4(AuL)2] clusters with thiophenol and selenophenol. Reactions were monitored by 1H NMR for 

clusters with NHC ligands, and by 1H NMR and 31P{1H} NMR for clusters with phosphine ligands. The 

relative rates of the reaction of [MoS4(AuL)2] clusters with thiophenol and selenophenol are discussed. 

All the clusters showed low to moderate reactivity in general with thiophenol or selenophenol and the 

reactivity with selenophenol was lower than thiophenol.  

Characterization data are collected in the appendices. Appendix A has all the NMR spectra. 

Appendix B has the UV- vis spectra and cyclic voltammograms. Appendix C has the  single-crystal X-ray 

diffraction data. Appendix D collects the elemental analysis and mass spectrometry data. Appendix E 

contains the published article and supporting information: “Metal Complexes as Antifungals? From a 

Crowd-Sourced Compound Library to the First In Vivo Experiments”,  JACS Au 2022, 2, 10, 2277–2294. 
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CHAPTER 2  

SYNTHESIS AND CHARACTERIZATION OF GOLD-MOLYBDENUM CLUSTERS [MoS4(AuL)2] (L=NHC, PR3) 

2.1 Introduction 

 This chapter is about the synthesis and characterization of the five Au-Mo-S clusters shown in 

Scheme 2.1. The clusters with N-heterocyclic carbene ligands (C-1, C-2, C-3) are new and the two 

clusters with phosphine ligands (C-4, C-5) have been reported previously.1,2 All clusters are characterized 

by 1H NMR, either 13C{1H} NMR or 31P{1H} NMR, UV-Vis, elemental analyses, electrospray ionization mass 

spectrometry and cyclic voltammetry. Clusters C-1, C-2 and C-3 are further characterized by SC-XRD. 

 

Scheme 2.1. Au-Mo-S complexes synthesized and studied in this thesis. 

2.2. Experimental Section 

2.2.1. General Consideration 

A Canadian Gold Maple Leaf coin  (gold content of 99.99%) purchased from ModernCoinMart was 

used to prepare Au(tht)Cl. Ammonium tetrathiomolybdate ([NH4]2[MoS4], 99%), tetrahydrothiophene 

(THT; C4H8S, 99%), tetraethylammonium hydroxide ((C2H5)4N(OH), 35wt. % in H2O), triphenylphosphine 
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(Ph3P, 99%), triethylphosphine (PEt3, 99%), 1-(2,6-diisopropylphenyl)-3-(2,4,6-trimethylphenyl)-4,5-

dihydroimidazolium chloride (IPr.HCl; C24H33ClN2, 97%), 1-benzyl-3-methylimidazolium chloride 

(IBzMe.HCl; C11H13ClN2, 97%),  1,3-bis(2,4,6-trimethylphenyl)imidazolium chloride (IMes.HCl; C21H25ClN2, 

95%), acetylacetone (CH3COCH2COCH3, 99%), tetrabutylammonium hydroxide solution (n-Bu4N(OH), 0.1 

M in water), potassium carbonate (K2CO3, 99%), sodium sulfate (Na2SO4, 99%) and tetrabutylammonium 

hexafluorophosphate (TBAH) (electrochemical analysis, ≥99.0%) were obtained from Sigma-Aldrich and 

used as received. Concentrated hydrochloric acid (HCl), concentrated nitric acid (HNO3), diethyl ether 

(Et2O), acetone (CH3COCH3), acetonitrile (CH3CN), pentane (CH3(CH2)3CH3), heptane (C7H16), methanol 

(CH3OH) and methylene chloride (CH2Cl2) were purchased from Fisher Scientific. Dimethyl sulfoxide 

(DMSO; CH3SOCH3), was purchased from Acros Organics. Ethanol (CH3CH2OH) was purchased from 

Pharmco by Greenfield Global. Deuterated solvents: dichloromethane-d2 (CH2CI2-d2), dimethyl sulfoxide-

d6 (DMSO-d6), chloroform-d (CDCI3) and acetonitrile-d3 (CD3CN) were purchased from Cambridge Isotope 

Laboratories, Inc. Monocrystalline Diamond Suspension (1 μm) was received from Buehler. 

All reactions were carried out in the air unless otherwise stated. Reactions carried out under a 

nitrogen atmosphere were conducted using standard Schlenk techniques. All glassware was oven-dried 

prior to use. 

1H NMR,13C{1H} NMR and 31P{1H} NMR spectra were obtained using Varian Inova 400 MHz or Bruker 

Avance NEO 500 MHz NMR spectrometers at room temperature. The chemical shifts of 1H NMR spectra 

were referenced to residual proton signals of the deuterated solvents and 13C{1H} NMR were referenced 

to 13C signals of the solvents. 31P{1H} NMR spectra were referenced to 85% H3PO4 (external standard). All 

1H, 13C{1H} and 31 P {1H} NMR spectra are collected in Appendix A. Ultraviolet−visible light (UV-vis) 

spectra were collected using a Perkin Elmer Lambda 25 spectrophotometer. A Potentiostat/Galvanostat 

Model 273 was used to conduct cyclic voltammetry (CV) and experiments were carried out in air in a one 

compartment cell. The working electrode was a platinum disk (1 mm). A platinum coil and saturated 
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calomel (SCE, Hg2Cl2)  were used as counter and reference electrodes, respectively. The electrolyte 

solution was tetrabutylammonium hexafluorophosphate (TBAH; 0.1 M) in the dichloromethane or 

acetonitrile. The analyzed compounds (1.5mM) were prepared in electrolyte solution. UV-Vis and CVs of 

C-1, C-2, C-3, C-4, C-5 and ammonium tetrathiomolybdate data are collected in Appendix B.  

Single-crystal X-ray diffraction measurements (SC-XRD) for C-1, C-2 and C-3 were collected using a 

Bruker D8 QUEST ECO diffractometer with a sealed tube source (Mo-Kα λ = 0.71073 Å) running at 50 

mV/20 mA with a Photon 50 detector. The crystals were mounted on dual thickness MiTeGen micro 

loop with an immersion oil (type NVH, Cargille laboratories). The structures were solved through direct 

methods using the APEX 3 (Bruker, 2017) suite of programs. Further refinement on the solved structure 

was done by the Olex2 (V1.2.10) program3 using the SHELXL refinement package.4 All hydrogen atoms 

were geometrically calculated by the software and finally refined. SCXRD data of C-1, C-2 and C-3 data 

are collected in Appendix C.  

 Elemental analyses (CHN) were performed by Galbraith Laboratories, Inc., Knoxville, Tennessee, 

USA. Electrospray ionization mass spectrometry (ESI-MS) was performed by Kyle Wilhelm in Professor 

Touradj Solouki's lab at Baylor University, Texas. Elemental analysis reports for C-1, C-2 and C-3 as well 

as mass spectra of C-1, C-2, C-3 and C-4 are collected in Appendix D.  

The synthesis of all metal complexes, including those that have been previously reported, are 

described here for completeness. 

2.2.2.Synthesis of Au(tht)Cl 

 Gold (3.4 g, 17.2 mmol) was dissolved in 300 mL of aqua regia (3:1 conc. HC1: conc. HNO3).  The 

solution was heated slowly to 70 °C in a water bath ( liquid nitrogen was on hand to quickly quench  the 

reaction if it became too vigorous.) The round-bottom flask was connected to a vacuum aspirator via a 

Tygon tube and the reaction mixture was stirred for 7 h to remove NOxs. Concentrated hydrochloric acid 

(1 mL) was added into the solution after 30 min, 2 h, and after all the gold had dissolved.  The reaction 
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mixture was cooled to room temperature and then kept in an ice bath. A 10 % excess of 

tetrahydrothiophene (3.34 mL, 37.84 mmol) and 200 mL of absolute ethanol were added into the 

reaction mixture at 0 ℃. First a yellow precipitate of AuCl3(tht) formed, and then after 15 min with 

stirring at 0 ℃,  a white solid of Au(tht)Cl formed. The white precipitate was filtered, washed with two 

10 mL portions of cold ethanol, and vacuum dried. Yield 4.9 g (90%). 

2.2.3. Synthesis of [Et4N]2[MoS4] 

[Et4N]2[MoS4] was prepared by slight modification of published procedures.1,5 A 35 % aqueous 

solution of Et4NOH (5.04 mL, 12.31 mmol), 40 mL water and [Et4N]2[MoS4] (1.6 gm, 6.15 mmol) were 

placed under vacuum with stirring for 2h to remove NH3. The solution was filtered after adding 100 mL 

of isopropanol and 25 mL diethyl ether and washed with isopropanol and then diethyl ether. The orange 

solid was dissolved in 200 mL acetonitrile and reprecipitated by adding 100 mL diethyl either. Yield 2.2 g 

(74%). UV-vis. λmax (nm) in acetonitrile (245 , 322, 474) (see Fig B.1). 

2.2.4. Synthesis of Au(IPr)Cl 

Au(IPr)Cl was prepared by slight modification of published procedures.6–8 Au(tht)Cl (0.5 gm, 1.56 

mmol), K2CO3 powder ( 0.43 gm, 3.12 mmol) and 1-(2,6-diisopropylphenyl)-3-(2,4,6-trimethylphenyl)-

4,5-dihydroimidazolium chloride (IPr.HCl; 0.66 gm, 1.56 mmol) were dissolved in 100 mL acetone in a 

round-bottom flask and  stirred for 15 min. The mixture was refluxed at 60 ℃ for 2.5 h. The acetone was 

removed under vacuum and CH2Cl2 (20 mL) was added. The solution was filtered through a thin pad of 

silica and washed with 5 mL of CH2Cl2. Heptane (5 mL) was added to the filtrate and left in an 

evaporating dish for 5-6 h to yield white crystalline precipitate. The crystals were collected by  filtration, 

washed with pentane (5 mL) and dried under vacuum. Yield 0.9 gm (92%). 
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 δ 1H NMR (400 MHz, CH2Cl2-d2) 7.57 (2 H, t, J 7.8), 7.35 (4 H, d, J 7.8), 7.24 (2 H, s), 2.56 (4 H, hept, J 

6.9), 1.34 (12H, d, J 6.9), 1.23 (12 H, d, J 6.9) ppm. δ 13C{1H} NMR (101 MHz, CH2Cl2-d2) 175.62, 146.29, 

134.56,131.29, 124.89, 123.95, 29.40, 24.66, 24.22 ppm. δ 1H NMR and δ 13C{1H} NMR (see Fig A.1 and 

Fig A.2) 

 2.2.5. Synthesis of Au(IBzMe)Cl 

Au(IBzMe)Cl was prepared by slight modification of published procedures.6–9 A 0.1 M 

tetrabutylammonium hydroxide aqueous solution (17.20 mL , 1.72 mmol)  and  acetylacetone ( 0.18 

mL,1.72 mmol) were mixed and stirred for 10h. The solution was dried under vacuum to give a yellow 

solid [Bu4N][acac]. Au(tht)Cl (0.5 gm, 1.56 mmol), and 1-benzyl-3-methylimidazolium chloride 

(IBzMe.HCl; 0.27 gm, 1.56 mmol) were added to the yellow solid and dissolved in 100 mL CH2Cl2 in a 

round-bottom flask and  stirred for 2 h. The solution was filtered through a thin pad of silica and sodium 

sulfate. Heptane (5 mL) was added and leave the solution in the evaporating dish for 5-6 h to get white 

crystals in heptane. The crystals were collected by  filtration, washed with pentane (5 mL) and dried  

under vacuum. Yield 0.51 gm (81%). 
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 δ 1H NMR (400 MHz, CH2Cl2-d2) 7.43 – 7.29 (5 H, m), 6.97 (1 H, d, J 2.0), 6.92 (1 H, d, J 2.0), 5.37 (2 H, 

s), 3.84 (3 H, s) ppm. δ 13C{1H} NMR (101 MHz, CH2Cl2-d2) 172.00, 136.08, 129.50, 129.09, 128.47, 122.93, 

121.03, 55.43, 38.84 ppm. δ 1H NMR and δ 13C{1H} NMR (see Fig A.3 and Fig A.4) 

2.2.6. Synthesis of Au(IMes)Cl 

Au(IMes)Cl was prepared by modified the previous published procedures.6–8 Au(tht)Cl (0.5 gm, 1.56 

mmol), K2CO3 powder (0.65 gm, 4.68 mmol) and 1,3-Bis(2,4,6-trimethylphenyl)imidazolium chloride 

(IMes.HCl;  0.53 gm, 1.56 mmol) were dissolved in 100 mL acetone under air in a round-bottom flask and  

stirred for 15 min. The mixture was refluxed at 60 ℃ for 4h. The acetone was removed under vacuum 

and CH2Cl2 (20 mL)was added. The solution was filtered through thin pad of silica and added 5 mL of 

CH2Cl2 to wash the silica pad. Heptane (5 mL) was added and leave the solution in the evaporating dish 

for 5-6 h to get white crystals in heptane. The crystals were collected by  filtration, washed with pentane 

(5 mL) and dried under vacuum. Yield 0.76 gm (91%). 

 

 δ 1H NMR (400 MHz, CH2Cl2-d2) 7.16 (2 H, s), 7.07 (4 H, s), 2.38 (6 H, s), 2.12 (12 H, s) ppm. δ 13C{1H} 

NMR (101 MHz, CH2Cl2-d2) 173.53, 140.54, 135.44, 135.27, 129.90 , 122.89 , 21.52, 18.08 ppm. δ 1H NMR 

and δ 13C{1H} NMR (see Fig A.5 and Fig A.6) 

2.2.7 Synthesis of Ph3PAuCl 

Ph3PAuCl was prepared by slight modification of published procedures.10,11 Au(tht)Cl (0.5 gm, 1.56 

mmol) and Ph3P (0.41 gm, 1.56 mmol) were weighed in air then placed under nitrogen. CH2Cl2 (50 mL) 

was purged under nitrogen gas and transferred via cannula to the mixture flask and the mixture was 
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stirred at room temperature for 30 min. The volume of the solution was reduced to 1 mL under vacuum 

and Et2O was added (5 mL) resulting in the precipitation of the complex. The solid was collected by  

filtration, washed with Et2O (5 mL) and dried under vacuum. Yield 0.69 gm (90%). 

 

 δ 1H NMR (400 MHz, CH2Cl2-d2) 7.47-7.59 (15 H, m) ppm. δ 31P{1H} NMR (162 MHz, CH2Cl2-d2) 33.69 

ppm. δ 1H NMR and δ 31P{1H} NMR (see Fig A.7 and Fig A.8) 

2.2.8.  Synthesis of Et3PAuCl 

 Et3PAuCl was prepared by slight modification of published procedures.12,13 Au(tht)Cl (0.5 gm, 1.56 

mmol) was weighed in air then placed under nitrogen. Acetone (50 mL) was purged under nitrogen gas 

and transferred via cannula to the flask containing Au(tht)Cl. The solution was cooled to 0 ℃ and Et3P 

(0.23 mL, 1.56 mmol) was added slowly using a glass syringe. The mixture was stirred for 60 min and 

allowed to come to room temperature. The solvent was removed under vacuum. CH2Cl2 (5 mL)  was 

added and then the solution was filtered in air through a thin pad of silica and washed with 2 mL of 

CH2Cl2. The volume of the solution was reduced to 2 mL under vacuum, heptane (2 mL) was added, and 

left in an evaporating dish for 2-3 h to get white solid in heptane. The solid  was collected by  filtration, 

washed with pentane (5 mL) and dried  under vacuum. Yield 0.42gm (76%). 
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 δ 1H NMR (400 MHz, CH2Cl2-d2) 1.85 (6 H, dq, J 10.4, 7.6), 1.19 (9 H, dt, J 18.9, 7.6) ppm. δ 31P{1H} 

NMR (162 MHz, CH2Cl2-d2) 32.27 ppm. δ 1H NMR and δ 31P{1H} NMR (see Fig A.9 and Fig A.10) 

2.2.9. Synthesis of [C-1; [MoS4(AuIPr)2]) 

A solution of Au(IPr)Cl (0.31 gm, 0.50 mmol) in chloroform (10 mL) was added slowly to a solution of 

[Et4N]2[MoS4] (0.12 gm, 0.25 mmol) in acetonitrile (7 mL). The mixture was heated under reflux (61℃) 

for 2 hours, and then  all solvents were evaporated under reduced pressure. The solid was dissolved in 

diethyl ether and filtered through a thin layer of silica gel, the filtrate was dried under reduced pressure. 

The orange residue was recrystallized from diethyl ether-heptane (1:1) at room temperature in an open 

flask to yield red crystals (0.26 gm, 76%). 

 

 δ 1H NMR (CH2Cl2-d2, 400 MHz): 7.44 (4H, t, HAr), 7.44 (4H, s, Himid), 7.25 (8H, d, HAr, J 7.8), 2.81 (8H, 

hept,H-CH2), 1.21 (48 H, dd, J 6.8, 1.0, H-CH3) ppm. δ 13C{1H} NMR (CH2Cl2-d2, 100 MHz): 186.97 ( 2C, CAu), 

147.27, 135.69, 130.47, 124.30, 123.80, 29.26, 24.75, 23.77 ppm. δ 1H NMR and δ 13C{1H} NMR (see Fig 

A.11 and Fig A.12). UV-vis. measurements of maximum wavelength (λmax ; nm)  and extinction coefficient 

(ɛ; M-1 cm-1) in acetonitrile were (270 , 290 , 357 , 491), (25k, 31k, 18k, 7k).  UV-vis. measurements (see 

Fig B.3-6) and cyclic voltammetry (CV) measurements (see Fig B.23). SCXRD data ( table C.1 and table 

C4). Anal. Calcd. for MoAu2S4N4C54H72 (1395.31): C, 46.48; H, 5.20; N, 4.01. Found: C, 46.46; H, 5.10; N, 

4.08. Elemental analysis report ( Fig. D.2). ESI-MS in acetonitrile (positive ion mode): m/z1391.2966 

([M+H+], calcd 1391.3072). ESI-MS  measurements (Fig. D.4). 
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2.2.10. Synthesis of [C-2; [MoS4(AuIBzMe)2]) 

 A solution of Au(IBeMe)Cl (0.24 gm, 0.60 mmol) in dichloromethane (20 mL) was added slowly to a 

solution of [Et4N]2[MoS4]  (0.15 gm, 0.30 mmol) in acetonitrile (10 mL). The mixture was allowed to stir 

at room temperature for 18 hours. The resulting dark red solid was isolated via vacuum filtration and 

washed with cold ethanol and Et2O. The dark-orange residue was recrystallized from dichloromethane-

heptane (1:1) at ambient temperature in an open flask to yield red crystals (0.13 gm, 44%). 

 

 δ 1H NMR (CH2Cl2-d2, 400 MHz):  7.45 – 7.31 (m, 10H , HAr), 7.19 (4H,dd, Himid, J 21.8, 1.9), 5.60 (4H, s, 

HAr), 4.04 (6H, s, H-CH3) ppm. δ 13C{1H} NMR (CH2Cl2-d2, 100 MHz): 181.05 (2C, CAu), 136.51, 129.44, 

128.94, 123.39, 121.44, 56.53, 40.04 ppm. δ 1H NMR and δ 13C{1H} NMR (see Fig A.13 and Fig A.14). UV-

vis. measurements of maximum wavelength (λmax ; nm)  and extinction coefficient (ɛ; M-1 cm-1) in 

acetonitrile were (288 , 354 , 491), (25k, 14k,5k ).  UV-vis. measurements (see Fig B.7-10 ) and cyclic 

voltammetry (CV) measurements (see Fig B.24). SCXRD data ( table C.2 and table C5). Anal. Calcd. for 

MoAu2S4N4C22H24 (962.58): C, 27.45; H, 2.51; N, 5.82. Found: C, 27.39; H, 2.53; N, 5.77. Elemental 

analysis report ( Fig. D.2). ESI-MS  in acetonitrile (positive ion mode): m/z 958.9260 ([M+H+], calcd 

958.9295). ESI-MS  measurements (Fig. D.5). 

2.2.11. Synthesis of [C-3; [MoS4(AuIMes)2]) 

 A solution of Au(IMes)Cl (0.27gm, 0.50 mmol) in chloroform (12 mL) was added slowly to a solution 

of [Et4N]2[MoS4] (0.12 gm, 0.25 mmol) in acetonitrile (7 mL). The mixture was heated under reflux (61℃) 

for 4 hours, and then all solvents were evaporated under reduced pressure. The orange solid was 
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dissolved in dichloromethane and filtered through a thin layer of silica gel (standard grade 60 A), the 

filtrate was dried under reduced pressure. The orange residue was crystallized by dissolving it in a hot 

ethanol 65 ℃ and let the temperature goes down slowly to yield red crystals (0.23 gm, 75%). 

 

 δ 1H NMR (CH2Cl2-d2, 400 MHz): 7.34 (4H, s, Himid), 6.98 (8H, s, HAr), 2.30 (12H, s, H-CH3), 2.21 (24H, s, 

H-CH3) ppm. δ 13C{1H} NMR (CH2Cl2-d2, 100 MHz): 183.48 (2C, CAu), 140.06, 135.91, 135.76, 129.63, 

123.04, 21.49, 18.35 ppm. δ 1H NMR and δ 13C{1H} NMR (see Fig A.15 and Fig A.16). UV-vis. 

measurements of maximum wavelength (λmax ; nm)  and extinction coefficient (ɛ; M-1 cm-1) in acetonitrile 

were (265 , 290 , 359 , 491), (25k, 25k, 16k,5k).  UV-vis. measurements (see Fig B.11-15 ) and cyclic 

voltammetry (CV) measurements (see Fig B.25). SCXRD data ( table C.3 and table C6). Anal. Calcd. for 

MoAu2S4N4C42H48 (1226.99): C, 41.11; H, 3.94; N, 4.57. Found: C, 41.34; H, 4.11; N, 4.91. Elemental 

analysis report ( Fig. D.1). ESI-MS  in acetonitrile (positive ion mode): m/z 1223.1176 ([M+H+], calcd 

1223.1225). ESI-MS  measurements (Fig. D.6). 

2.2.12.  Synthesis of (C-4; [MoS4(Au PPh3)2]) 

Synthesis of C-4 was first reported  by Garne  et al.2 In my work, the reported procedure was 

modified to improve the purity and eliminating the unnecessary steps like conducting the synthesis in air 

instead of under nitrogen. A solution of Ph3PAuCl (0.65 gm, 1.31 mmol) in CH2Cl2 (30 mL) was added 

slowly to a solution of [Et4N]2[MoS4] (0.32 gm, 0.66 mmol) in acetonitrile (12 mL). The mixture was 
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stirred at room temperature for 20 h, and then  all solvents were evaporated under reduced pressure. 

The solid was dissolved in CH2Cl2 (20 mL) and filtered through a thin layer of silica gel and added 4 mL of 

CH2Cl2 to wash the silica pad. The volume of the filtered solution reduced to 10 mL and heptane (2 mL) 

was added and leave the solution in unsealed round-bottom flask for 10-12 h to get orange crystals in 

heptane. The crystals were collected by  filtering the solution, washing with pentane (5 mL) and 

removing the pentane contamination under vacuum. The yield of the orange crystals of  C-4 was 0.65 

gm (87%). 

 

 δ 1H NMR (400 MHz, CH2Cl2-d2) 7.83-7.78 (12 H, dd, J 13.3, 7.2), 7.59 – 7.50 (18 H, m) ppm. δ 31P{1H} 

NMR (162 MHz, CH2Cl2-d2) 42.59 ppm. δ 1H NMR and δ 31P{1H} NMR (see Fig A.17 and Fig A.18). UV-vis. 

measurements of maximum wavelength (λmax ; nm)  and extinction coefficient (ɛ; M-1 cm-1) in 

dichloromethane were (312 , 489), (40k, 7k).  UV-vis. measurements (see Fig B.16-18) and cyclic 

voltammetry (CV) measurements (see Fig B.26). Anal. Calcd. for Mo1Au2S4P2C36H30  (1142.70): C, 37.84; H, 

2.65. Found: C, 37.91; H, 2.86. Elemental analysis report ( Fig. D.1). ESI-MS  in acetonitrile (positive ion 

mode): m/z 1138.9188 ([M+H+], calcd 1138.9242). ESI-MS  measurements (Fig. D.7). 

2.2.13. Synthesis of (C-5; [MoS4(AuPEt3)2]) 

 Synthesis of C-5 was first reported  by Kinsch and Stephan.1 The synthesis presented in this study 

was achieved by mixing a solution of Et3PAuCl (0.38 gm, 1.08 mmol) in EtOH (60 mL) with a solution of 

[Et4N]2[MoS4] (0.26 gm, 0.05 mmol) in acetonitrile (10 mL). The mixture was stirred at room 
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temperature for 16 h, and then  all solvents were evaporated under reduced pressure. The solid was 

dissolved in CH2Cl2 (20 mL) and filtered through a thin layer of silica gel and added 4 mL of CH2Cl2 to 

wash the silica pad. The solvent was evaporated under reduced pressure.  CH3CN (5 mL) was added after 

dissolving all the orange solid, Et2O (15 mL) was added. The crystal was grown by saving the solution at -

10 ℃ for 24 h. The crystals were collected by  filtering the solution, washing with Et2O (5 mL) and 

removing the solvent contamination under vacuum. The yield of the orange crystals of  C-5 was 0.23 gm 

(50%).  

 

 δ 1H NMR (400 MHz, CH2Cl2-d2) 2.09 (12 H, dq, J 10.1, 7.6), 1.36 (18 H, dt, J 19.1, 7.6) ppm. δ 31P{1H} 

NMR (162 MHz, CH2Cl2-d2) 41.20 ppm. δ 1H NMR and δ 31P{1H} NMR (see Fig A.19 and Fig A.20). UV-vis. 

measurements of maximum wavelength (λmax ; nm)  and extinction coefficient (ɛ; M-1 cm-1) in acetonitrile 

were (232 , 303 , 487), (22k, 26k, 5k).  UV-vis. measurements (see Fig B.19-22) and cyclic voltammetry 

(CV) measurements (see Fig B.27). Anal. Calcd. for Mo1Au2S4P2C12H30 (854.45): C, 16.87; H, 3.54. Found: 

C, 16.96; H, 3.57. Elemental analysis report ( Fig. D.3). ESI-MS has not measrured. 

2.3 Results and discussion 

 The cluster complexes C-1, C-2 and C-3 were synthesized by mixing one equivalent of [Et4N]2[MoS44] 

with two equivalents of the appropriate Au(NHC)Cl complex as shown in Scheme 2.2. The clusters C-4 

and C-5, which were previously reported (Garne  et al., Kinsch and Stephan, respectively) were prepared 

in a similar fashion by mixing one equivalent of [Et4N]2[MoS44] with two equivalents of the 

corresponding R3PAuCl. The Au(NHC)Cl and R3PAuCl complexes were synthesized from Au(tht)Cl as 
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described in Experimental section 2.2.2. All complexes which were previously reported were 

characterized by 1H, 13C, and 31P NMR and the data matched literature values. 

2.3.1. Elemental analyses (CHN) and mass spectrometry data 

 Complexes  C-1 – C-5 were sent to Galbraith Laboratories, Inc., Knoxville, Tennessee, USA for the 

elemental analysis, and to Professor Touradj Solouki's lab in Baylor University for nano-electrospray 

ionization-mass spectrometry (ESI-MS ). Elemental analysis reports of C-1, C-2 and C-3 as well as mass 

spectrometry of C-1, C-2, C-3 and C-4 are collected in Appendix D. The elemental analysis data are 

summarized in Table 2.1 and confirm the bulk purity of the cluster complexes C-1 – C-5.  

Table 2.1. Elemental analysis summary of the new clusters. 

Analysis 
Carbon % Hydrogen % Nitrogen % 

Calc. Expt. | Δ| Calc. Expt. | Δ| Calc. Expt. | Δ| 

C-1 46.48 46.46 0.02 5.20 5.10 0.10 4.01 4.08 0.07 

C-2 27.45 27.39 0.06 2.51 2.53 0.02 5.82 5.77 0.05 

C-3 41.11 41.34 0.23 3.94 4.11 0.17 4.57 4.91 0.34 

C-4 37.84 37.91 0.07 2.65 2.86 0.21 --- --- --- 

C-5 16.87 16.96 0.09 3.54 3.57 0.03 --- --- --- 

| Δ|: absolute vale | calc. – expt| 

 

Isotopic patterns of C-1, C-2, C-3 and C-4  were confirmed by comparing their theoretically 

calculated isotopic patterns (red dots in Figure 2.1) with their experimentally observed isotopic patterns 

in broadband MS data acquisition mode. Exact masses and relative abundances were calculated using 

the IonSpec Exact Mass Calculator; theoretically calculated isotopic patterns (red dots) were overlaid on 

the experimentally acquired mass spectra (Figure 2.1). Each of the gold-molybdenum clusters exhibited 

unique isotopic patterns with relative abundances that are characteristic for molybdenum-containing 

complexes ( Appendix D, Fig. D.4-7).  
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Figure 2.1. ESI-MS  in acetonitrile (positive ion mode) of C-1; corresponding theoretically calculated 

isotopic patterns are indicated with red dots. MMA: mass measurement accuracy values 

for  [M+H]+. 

2.3.2. NMR data 

The 1H and 13C{1H} NMR data for C-1, C-2 and C-3 are summarized in Table 2.2, where chemical shifts 

for each cluster are compared to the corresponding Au(NHC)Cl monomers. Scheme 2.3 illustrates the 

labels for 1H, 13C nuclei assignments in Table 2.2. 

In general, the imidazole protons (Himid) in clusters show slight downfield shifts  in comparison with 

the precursor Au(NHC)Cl complexes. The carbon atom coordinated to Au (CAu) in the clusters 

experiences an approximate 10 ppm downfield shift relative to the Au(NHC)Cl precursors. 
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Scheme 2.2. The synthesis of C-1, C-2 and C-3. 

The solution stability of all the gold (I) compounds was assessed by 1H NMR. The results show that 

all the compounds [except Au(tht)Cl] are stable in solution for at least 24 hours. The five cluster 

complexes C-1 to C-5 were stable in CH2Cl2-d2 for at least 72 hours. It is noteworthy that solutions of C-1 

in CH2Cl2/Et2O and C-3 in CH2Cl2/ Et2O/ Et2OH that were prepared for growing crystals, were stable at 4-6 

°C for several years.  

The clusters C-1 and C-3 have symmetrically substituted NHC ligands whereas C-2 has asymmetrical 

NHC ligands.  In the single crystal X-ray structure of C-2, the benzyl substitutes are on the same side 

(syn). We were interested to know whether conformers could be detected in solution. Further 

investigations were done on C-2 by the variable temperature 1H NMR  and DOSY 1H NMR. 

 

Scheme 2.3. Labels for 1H, 13C NMR data. 
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Table 2.2. Summary of 1H NMR  and 13C{1H} NMR chemical shifts (ppm) of C-1, C-2 and C-3 vs their Au(I) 

precursors in CH2Cl2-d2. 

Entry NMR C-1 Au(IPr)Cl C-2 Au(IBzMe)Cl C-3 Au(IMes)Cl 

HAr 1H NMR   (7.5-7.4), 
7.3, 7.2 

(7-6-7.5), 
(7.4-7.3) 

(7.4-7.3) 
 

(7.4-7.3) 7.0 7.1 

Himid 1H NMR 7.4 7.2 7.2, 7.1 7.0, 6.9 7.3 7.2 

H-CH2 
1H NMR (2.9-2.8) (2.6-2.5) 5.6 5.4 --- --- 

H-CH3 1H NMR 1.2, 1.2 1.3, 1.2 4.0 3.8 2.3, 2.2 2.4, 2.1 

CAu 13C{1H} NMR   187.0 175.6 181.1 172.0 183.5 173.5 

CAr+imid 13C{1H} NMR   147.3, 
135.7, 
130.5, 
124.3, 
123.8 

146.3, 
134.6, 
131.3, 
124.6, 
123.9 

136.5, 
129.4, 
128.9, 
128,9, 
123.4, 
121.4 

136.1, 129.5, 
129.1, 128.5, 
122.9, 121.1 

140.1, 
135.9, 
135.8, 
129.6, 
123.0 

140.5, 
135.4, 
135.3, 
129.9,  
122.9 

C-CH2+CH3 
13C{1H} NMR   29.3, 

24.7, 23.8 
29.4, 24.7, 
24.2 

56.5, 40.0 55.4, 38.8 21.5, 18.4 21,5, 18.1 

 

 Bertrand, et al. studied NHC-phosphinidene bond rotation (Scheme 2.4) by variable temperature 

(VT) NMR. Adducts bearing unsaturated NHC backbones showed free rotation around the C-P bond at 

room temperature while  saturated NHC’s did not, revealing a greater degree of double-bond character 

between phosphorus and the saturated NHC.14 VT 1H NMR spectroscopy in CH2Cl2-d2 was used to 

investigate  the dynamic rotation of the Au-C bond in C-2 at (20, 0, -20, -70 °C). Metal carbon bonds in 

NHC carbene complexes are described in the literature as single or double bonds. The greater the 

double bond character in the Au-C bond, the more restricted the rotation. If there is a barrier to 

rotation, we might expect to see separate peaks for syn and anti-conformers of C-2 at lower 

temperatures. Alternatively, we would expect fast rotation for Au-C single bond. Fast rotation results in  

the observed signal being an average of all species present in solution i.e., signals for separate 

conformers would not be detected.15 Another possibility is that there is a Au-C double bond with a 

significant barrier to rotation resulting in only one conformer in solution. 
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Scheme 2.4. Bonding effect on the rotation of NHC-phosphinidene adducts. 

 The VT 1H NMR spectra for C-2 in CH2Cl2-d2 are identical from 20°C to -70°C (Figure 2.2). This 

suggests that the barrier for rotation of the Au-C(NHC) bond is low and  the conformers interconvert 

rapidly on the NMR timescale Baker, et. al. studied [Au(NHC)2]+  complexes by VT 1H NMR and they 

found that the Au-C(NHC) rotation was fast on the NMR timescale (at -60°C).16 In practice,  Au-C(NHC) bond 

coordination is generally drawn as a single bond rather than a double bond, with π contributions being 

restricted to delocalization within the NHC ring.16,17 This representation best reflects the experimentally 

observed potential for rotation about the Au-C(NHC) bond in C-2 and emphasizes the differences between 

NHCs and conventional Fischer or Schrock carbene ligands.17 

 
Figure 2.2. VT 1H NMR of C-2 in CH2Cl2-d2. 
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 Another NMR technique that can be used to assess the possibility of two conformers in solution is 

diffusion ordered spectroscopy (DOSY). DOSY has been used to characterize two structural isomers that 

have different shapes but identical mass fragmentation patterns.18,19 It turns out that spherical 

molecules diffuse faster than ellipsoidal ones. This difference in diffusion coefficient is tentatively 

explained by microfriction effects of the solvent.20–22 DOSY 1H NMR data of C-2 showed only one species 

in solution; i.e. there was no evidence for conformational isomers (Figure 2.3). The measured diffusion 

coefficient of C-2  at 23°C in CH2Cl2-d2  was 8.5x10-10 m2/s, SD= ± 5x10-12. 

 
X axis represents 1H NMR chemical shift in (ppm), Y axis represents the log of diffusion coefficient (m2/s), SD calculated 

from the average of diffusion coefficient for each peak in C-2 (Fig.A. 21) 

Figure 2.3. DOSY 1H NMR data of C-2. 
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2.3.3. UV-vis data 

The UV-vis spectroscopy data for the clusters and  [Et4N]2[MoS4] are summarized in Table 2.3. All 

complexes are in acetonitrile solution except for C-4 which is in dichloromethane because it is not 

soluble in acetonitrile. Figure 2.4 illustrates the spectrum of one cluster, C-1 in acetonitrile to 

[Et4N]2[MoS4]. All the Au(NHC)Cl and Ph3PAuCl  complexes have no absorption bands in the visible. 

Therefore, the visible absorbance of the clusters is primarily due to the MoS4
2-  unit, which is perturbed 

by bonding to Au(I)-L. Müller, et al. assigned the visible bands in MoS4
2- complexes as primarily sulfur to 

metal charge transfer in character.23,24 The assignments for the clusters will be discussed in Chapter 3 

where the results of a TDDFT calculation on C-1 will be described in detail. 

 

Figure 2.4. UV-vis. Scan of C-1 vs [Et4N]2[MoS4]  in acetonitrile. 
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Table 2.3. UV-vis spectroscopy summary of all the clusters and (Et4N)2[MoS4]. 

Complex 
(solvent) λmax (nm)/ ɛ (M-1 Cm-1)* 

C-1 (CH3CN) 270 (25 x103), 290 (31 x103), 357 (19 x103), 491 (7 x103) 

C-2 (CH3CN)  288 (25 x103), 354 (14 x103), 491 (5 x103) 

C-3 (CH3CN) 265 (25 x103), 290 (25 x103), 359 (16x103), 491 (5 x103) 

C-4 (CH2Cl2)  312 (40 x103), 489 (7 x103) 

C-5 (CH3CN) 232 (22 x103), 303 (27 x103), 487 (5 x103) 

(Et4N)2[MoS4] (CH3CN) 245 (24 x103), 323 (17 x103), 474 (12-13 x103) 

• ɛ represents extinction coefficient, λmax represents wavelength at strongest photon 

absorption. Only ɛ of (Et4N)2[MoS4] was taken from the literatures24,25 

2.3.4. Cyclic Voltammetry (CV) data 

 Cyclic voltammetry experiments were conducted in acetonitrile solution, except for C-2 and C-4, 

which were done in dichloromethane. The potential range was 0 to 2 V vs SCE for experiments. The 

cyclic voltammetry measurements of all the L-Au(I)Cl indicate that there are no oxidations in this range. 

In contrast, all the clusters show irreversible oxidation peaks as summarized in Table 2.4. Moreover, 

[MoS4]2-  showed irreversible oxidation peaks at 0.24 and 1.38 V vs SCE. The irreversible oxidation peak 

at 0.24V could be considered as the oxidation of [MoS4]2- to [MoS4]- . The irreversible oxidation peak at 

1.38 V could be considered as the oxidation of [MoS4]- to [MoS3] consistent with appearance of  a dark 

brown deposit on the electrode  surface. This is similar to what G. Laperriere, et al. found for the 

aqueous oxidation of (NH4)2[MoS4] to [MoS3].26 On the other hand, all the clusters showed the first 

oxidation peaks at higher potentials than the first oxidation peak of [MoS4]2- consistent with removing 

an electron from anionic complex ([MoS4]2-) being easier than removing an electron from a neutral 
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cluster. The second oxidation peak of C-1, C-3 and C-5 could be assigned  as Au(I)/Au(III) or some 

rearrangement that occurs after the first oxidation. Complete assignments of the CV ‘s was not 

conducted in this thesis. 

Table 2.4. Summary of the CV oxidation potentials of C-1 – C-5 and [Et4N]2[MoS4].  

Complex Eox vs (SCE) 

C-1 0.98 , 1.57 (V) (CH3CN) 

C-2 0.71 (V) (CH2Cl2) 

C-3 0.97 , 1.54 (V) (CH3CN) 

C-4 0.96 (V) (CH2Cl2) 

C-5 0.74 , 1.65 (V) (CH3CN) 

(Et4N)2[MoS4] 0.24 , 1.38 (V) (CH3CN) 

0.1M TBAH, 1.5mM complex,   Pt, 100 mV/s scan rate. 

 

 

2.3.5. Single crystal x-ray diffraction (SCXRD) data 

All the crystals of C-1, C-2 and C-3 were orange-red in color and were obtained as described in the 

experimental section. The crystals showed good stability in the mother liquor for over a year. However, 

cracks were observed when the crystals were removed from the crystallization solution. The cracking of 

the crystals had a negative impact on the SCXRD quality and it was not possible to solve the data for any 

logical structure. Immersing the crystals into a protective oil directly after taking them from the solution 

helped to slow down the cracking process. It was possible to collect the data within the X-ray 

measurement timeframe by using the oil technique. The diffraction data were collected and refined as 

mentioned in the experimental section. All the .cif files have been checked and analyzed by the  

International Union of Crystallography (https://checkcif.iucr.org/) and the detailed reports are attached 

at the end of Appendix D. The single crystal structure and the unit cell packing of each cluster are shown 

in Figures 2.3, 2.4, and 2.5. The summary of the selected bonds distance and angles are shown in Figures 

https://checkcif.iucr.org/
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2.6, 2.7, and 2.8. The Au-C(NHC) distances are 1.992(8) Å in C-1 (IPr), 2.019(6) and 2.023(6) Å in C-

2 (IBzMe), and  2.013(18), 2.015(18) Å in C-3 (IMes). These Au-C bond distances are similar to other 

reported Au-C(NHC) distances of (Au-IPr: 1.942(3), Au-IBzMe: 2.026(3), Au-IMes: 1.998(5) Å) in the 

compounds (NHC)AuX where X= Cl, CF3.27,28  

 

 

 

Figure 2.5. Hydrogen atoms are omitted, (top)Model molecular structure of C-1 (ORTEP), (bottom) 

Packing model of C-1 in the unit cell (ORTEP, depth cue was used to get better 

visualization of the packed molecules). 
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Figure 2.6. Hydrogen atoms are omitted, (top)Model molecular structure of C-2 (ORTEP), (bottom) 

Packing model of C-2 in the unit cell (ORTEP, color by symmetry operation  was used to 

get better visualization of the packed molecules). 
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Figure 2.7. Hydrogen atoms are omitted, (top)Model molecular structure of C-3 (ORTEP), (bottom) 

Packing model of C-3 in the unit cell (ORTEP, color by symmetry operation  was used to 

get better visualization of the packed molecules). 
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Figure 2.8. Hydrogen atoms are omitted, Wireframe model molecular structure of C-1 (top) shows 

selected bond distances, (bottom) shows selected angles. 
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Figure 2.9. Hydrogen atoms are omitted, Wireframe model molecular structure of C-2 (top) shows 

selected bond distances, (bottom) shows selected angles. 
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Figure 2.10. Hydrogen atoms are omitted, Wireframe model molecular structure of C-3 (top) shows 

selected bond distances, (bottom) shows selected angles. 
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2.4. Conclusion 

In conclusion, three novel clusters (C-1, C-2 and C-3) were prepared and characterized by 1H 

NMR,13C{1H} NMR, UV-vis, cyclic voltammetry, SCXRD, elemental analysis and mass spectrometry. The 

clusters  were pure and showed great stability in solution and in the solid state. Two clusters previously 

reported (C-4 and C-5) were prepared using slightly modified procedures. These clusters were 

characterized by 1H NMR,31P{1H} NMR, UV-vis, cyclic voltammetry, elemental analysis, and mass 

spectrometry. The SCXRD of cluster C-2 showed that both benzyl substituents on the NHC ligands are on 

one side and the methyl groups are on the other side (i.e. syn conformation). DOSY and VT 1H NMR did 

not show evidence of conformational isomers. Either there is only one conformation present in solution 

or there is rapid interconversion of isomers as a result of rotation around the Au-C bond. The 

observation of  syn conformation in the solid state may be preferred due to crystal packing forces.  
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CHAPTER 3 

PERCENT BURIED VOLUME CALCULATIONS FOR [MoS4(AuL)2] (C-1 – C-5) AND DFT 

CALCULATIONS FOR [MoS4(AuIPr)2]  (C-1) 

3.1. Introduction 

In medicine, metal-based complexes have the potential to serve in various areas as anticancer, 

antimicrobial, or diagnostic agents.1,2 This enhances the need to understand the reaction mechanisms, 

reactivity, and selectivity of metal-based compounds in a variety of applications. Computational 

chemistry plays an important role in understanding organic, inorganic, and metal-based chemistry.3 

Moreover, it can provide a quantitative representation of chemical reactivity. Density functional theory 

(DFT) offers high quantitative accuracy in linking theoretical studies with experimental results. 

Computational studies are routinely employed for spectroscopic and electrochemical analyses, as well 

as for interpretation of chemical reactivity and studying mechanistic details of catalytic reactions.4–6 

The reactivity of transition metal compounds is influenced by steric and electronic effects of the 

ligands. Tolman developed a measure of steric bulk for phosphine ligands called cone angle (Figure 3.1, 

a).7  This has been widely used for example, to rationalize the steric effect of phosphine ligands in kinetic 

and equilibrium data. However, cone angle measurements are less meaningful when applied to more 

elaborate ligands such as bidentate phosphines, biarylphosphines, or N-heterocyclic carbenes (NHC), 

which have different shapes than standard phosphines, PR3. In 2003, Nolan and coworkers proposed 

another model to describe the total volume of a sphere occupied by a ligand coordinated to a metal, 

which they called "percent buried volume" (%VBur) (Figure 3.1, b).8 In 2010, Nolan and Clavier reviewed 

the steric properties of NHC and phosphorus-based ligands in several metal complexes using SambVca 

(Salerno molecular buried volume calculation) software.9 They compared cone angle and %VBur values 

with different parameters such as the type of metal, the geometry of the complex, and the other ligands 



67 
 

connected to the metal center. Notably, there was a linear relationship between the cone angle and the 

%VBur values for different phosphine ligands in gold(I) compounds, which is a good indication that the 

two models provide similar measurements of steric properties. This model has been applied to NHC-

metal complexes, including nickel, silver, gold, palladium, ruthenium, and other-NHC complexes.10–14 

 

 
Figure 3.1. a) Tolman cone angle; b) sphere dimensions for steric parameter determination %VBur of 

NHC ligands.8,15 

Rheingold, et al. described that [MoS4]2- can function as a ligand for low-valent organometallic 

compounds.16 Many complexes with [MoS4]2- ligands have been reported to have unusual electronic 

properties based on chemical reactivity and spectroscopic and electrochemical measurements.17–22 The 

unusual electronic properties of the [MoS4]2- ligand for low-valent metals is caused by electron 

delocalization and metal-metal bonding interactions, where the sulfur donor atoms and Mo(VI) vacant d 

orbitals could interact with d orbitals of low-valent metals to result in sulfur to metal and/or metal to 

metal charge transfer.22  Wu and co-workers studied the electronic structure of transition metal cluster 

compounds M-(µ-S)2-M’ where (M = V, Mo, W; M’= Fe, Co, etc.). They found that p orbitals on the 

bridging sulfur atoms largely contributed to the frontier molecular orbitals.23 Shi and co-workers have 

assigned the three lowest energy electronic transitions of the cluster [MS4(M’L)2] where M= Mo, W and 

M'= Cu, Ag, as ligand to metal charge transfer (Figure 3.2).24 Several additional articles provide 

theoretical calculations of the electronic structure and nonlinear optical properties for clusters of the 

type [MoS4(M’L)2] where M’= Cu, Ag, and Au. 25–27  
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Figure 3.2. General M (Mo, W)-M'(Cu , Ag)-S cluster structure. 24 

 This chapter represents the result of %VBur calculations for clusters, C-1 – C-5. The steric properties 

of the ligands are of potential importance for interpreting reactivity trends discussed in Chapter 4. 

Density functional theory (DFT) and time-dependent density functional theory (TDDFT) calculations were 

carried out on C-1 to aid in interpreting the electronic structure and reactivity of [MoS4(AuL)2]  clusters. 

3.2. Experimental Section 

3.2.1. Percent buried volume calculations 

Calculations  of  %VBur values were measured by SambVca 2.1 which  requires  the  definition  of the 

metal center (Au) to which the ligand is coordinated (NHC). Crystallographic CIF for C-1, C-2 and C-3 

(Appendix C), C-4 and C-5 (Garne et al, Kinsch and Stephan respectively)28,29 where used to provide the 

coordinates for %VBur calculations. SambVca 2.1 is a free web application with a user-friendly interface 

to the SambVca 2.1 program with video tutorial for the calculation of %VBur  for NHC and phosphine 

ligands which  can  be  found  at  (https://www.molnac.unisa.it/OMtools/sambvca2.1/index.html).30 The 

first step  was to load the CIF and then select the right side of the cluster excluding the S atoms (L-Au, H 

atoms were included) (Figure 3.3). Au(I) was chosen as the center of the sphere. The z axis was defined 

to contain gold and the carbon atom attached to gold for C-1, C-2 and C-3 or the phosphorus atom for C-

4 and C-5. The xz plane was defined by the nitrogen atoms in the imidazole ring for C-1, C-2 and C-3 or 

the two carbon atoms attached to the phosphorus atom for C-4 and C-5. Only the NHC or PR3 ligand 

atoms were selected for calculating the %VBur. The %VBur measurements were calculated using Bondi 

atomic radii scaled by 1.17 and a sphere radius of 3.5Å as recommended by Cavallo, et al.30 The distance 

https://www.molnac.unisa.it/OMtools/sambvca2.1/index.html
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of the coordination point from the center of the sphere was set to zero. Mesh spacing for numerical 

integration was set to 0.10. Then the left side of each cluster was selected and the same steps were 

applied as for the right side calculations (Figure 3.3). Thus, there are two values of  %VBur for each cluster 

and the average value for each cluster will be considered in the discussion (Table 3.1).  

 
Figure 3.3. [MoS4(AuL)2]  structure; the top structure shows the selected left side, and the bottom show 

the selected right side. 

 

3.2.2. DFT calculations of the electronic structures for [MoS4(AuIPr)2]  (C-1) 

 Density functional theory (DFT) and time-dependent density functional theory (TDDFT) calculations 

were carried out using Gaussian 16 31  at the University of Maine High Performance Computing (HPC). A 

large triple-ζ valence plus two polarization functions including an effective core potential basis set (def2-

TZVPP)32–34 and the B3LYP functional which contains empirical data were applied for all the 

calculations.35,36 The structure of C-1 was fully optimized and the stationary point found. The selected 

computed parameters for the optimized structure are summarized in Table 3.2.  
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3.3. Results and discussion 

3.3.1. Percent buried volume 

Figures 3.4-3.7 show the results of the SambVca 2.1 calculations where the images in black 

background represent the selected left ligand (A) and right ligand (B) of each side of the clusters and  the 

corresponding steric maps (A’ and B’) of each side. The steric maps were calculated with the SambVca 

package by analyzing the first coordination sphere around the metal. The %VBur  of a given ligand is used 

in these calculations to quantify the amount of the first coordination sphere of the metal occupied by 

that ligand.37 The SambVca program plots a 2D steric map from the top (i.e., looking down on the ligand 

along the z axis) and defines the surface of the ligand that is exposed to incoming reactants. The 

isocontour curves of the steric  potential maps are in Å.  

The steric properties are important matter to compare between the NHC and phosphine ligands 

because previous studies suggest that properties NHC and phosphine ligands are very similar.38,39 The 

percent buried volume model (%Vbur) is the best tool to examine and analyze the steric characteristics of 

ligands. The reported %Vbur of L-Au(I)-Cl model complexes (L= phosphine or NHC ligands) were taken as a 

reference to compare with the calculated values of ligands in C-1, C-2, C-3, C-4, and C-5 (Table 3.1).  The 

%Vbur values calculated here compare well with the reported values with the exception of the IPr ligand 

in C-1 which is smaller than the literature value. However, the trend is the same. In addition, there was 

no %Vbur value available for the asymmetrical NHC, which is in the cluster C-2. 
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Table 3.1. Computed %Vbur values  for  the NHC and phosphine ligands in C-1 – C-5 vs reported  %Vbur 
values  for same ligand in L-Au(I)Cl complexes. 

Cluster 
Au-L 

distance (Å) 
%Vbur / 

Left  
%Vbur/ 
Right  

Average 
%Vbur 

Reported %Vbur 

in L-Au(I)Cl*** 

 

1.99 42.2 38.8 40.5 44.5 

 

2.02 27.0 29.1 28.1 --- 

 

2.01 36.6 34.7 35.7 36.5 

 

2.27* 31.2 30.1 30.7 29.9  

 

2.28** 27.5 28.1 27.8 27.1  

The data was taken from the references: *28 , **29 , ***39 

The results show that %Vbur increases as a function of ligand bulk so we can arrange the clusters 

from the least sterically bulky to the highest as C-5 < C-2 < C-4 < C-3 < C-1. This arrangement could be 

used as a steric hindrance scale to predict the relative reactivity of the clusters with a nucleophile. 

Cluster C-1 is predicted to be the most sterically hindered and least reactive and cluster C-5 the least 

hindered and most reactive. 

 The steric maps of all the clusters show the ligand surfaces encountered by an approaching 

nucleophile. The predominant green area in the steric maps of the NHC complexes (Figures 3.4 – 3.6) 

indicate relatively flat regions of the imidazole backbone and the more positive greenish- yellow regions 

are where the substituents on the imidazole rings are located. The blue regions (more negative values) 

show more open areas, i. e. where the underlying metal is more exposed to an incoming nucleophile. 

The steric maps for the phosphine ligands indicate less sterically bulky regions in general, especially for 

the Et3P ligand. 
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Figure 3.4. A and B show the selected ligand of left and right sides of C-1, A’ and B’ show the 

corresponding steric maps (viewed along the Z axis) of the left and right sides related to the 
upper images. 

  

   A) Left side                                                                       B) Right side 

     

     A’) Left side                                                                      B’) Right side 

        

Z axis
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Figure 3.5. A and B show the selected ligand of left and right sides of C-2, A’ and B’ show the 

corresponding steric maps (viewed along the Z axis) of the left and right sides related to the 
upper images. 

  

   A) Left side                                                                       B) Right side 

     

     A’) Left side                                                                      B’) Right side 

        

Z axis
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Figure 3.6. A and B show the selected ligand of left and right sides of C-3, A’ and B’ show the 

corresponding steric maps (viewed along the Z axis) of the left and right sides related to the 
upper images. 

  

   A) Left side                                                                       B) Right side 

     

     A’) Left side                                                                      B’) Right side 

              

Z axis
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Figure 3.7. A and B show the selected ligand of left and right sides of C-4, A’ and B’ show the 

corresponding steric maps (viewed along the Z axis) of the left and right sides related to the 
upper images. 

 

  

   A) Left side                                                                       B) Right side 

     

     A’) Left side                                                                      B’) Right side 

        

Z axis
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Figure 3.8. A and B show the selected ligand of left and right sides of C-5, A’ and B’ show the 

corresponding steric maps (viewed along the Z axis) of the left and right sides related to the 
upper images. 

 

 

 

  

   A) Left side                                                                       B) Right side 

     

     A’) Left side                                                                      B’) Right side 

       

Z axis
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3.3.2. DFT calculations 

 The bond distances for the MoS4(Au)2 core in the optimized [MoS4(AuIPr)2] structure are shown in  

Figure 3.9. Selected bond distances and angles of the optimized structure are compared to the SCXRD 

data for C-1 in Table 3.2. There is good agreement between the optimized structure and crystallographic 

data. The calculated and experimental data show the coordination geometry of Au(I) can be described 

as trigonal planer and that of Mo(VI) as tetrahedral. The calculated Au-Mo distance is 2.89 Å and the 

experimental value is 2.78 Å. For comparison, Srujders, et al calculated a Au-Mo distance of 2.89 Å in C-4 

by using the LanL2Dz basis set and replacing PPh3 with PH3.27 The estimated metallic radius between Au 

(4 coordination) and Mo (6 coordination) is 2.61 Å.40 The van der Waals radii of Au is 1.66 Å and Mo is 

2.1 Å.41 The short Au-Mo distance in C-1 (2.78-2.89 Å) could imply a metal-metal bonding interaction. 

The partial charges calculated by a Mullikan population analysis of the DFT/B3LYP orbitals are shown on 

each atom in the core structure in Figure 3.10 and the charges are also listed in Table 3.2. The positive 

charge is evenly distributed across the gold and molybdenum atoms, despite the formal Au(I) and 

Mo(VI) oxidation state. The negative charge is evenly distributed among the bridging sulfides. The 

optimized structure of C-1  was used to calculate theoretical absolute chemical shielding tensors of 1H 

NMR and 13C{1H} NMR by using def2-TZVPP. The gauge-independent atomic orbital (GIAO) plot at the 

B3LYP-6-311+G(2d,p) was used to show the chemical shift assignments for each atom.42,43 All the 

calculated spectra are referenced to tetramethyl silane (TMS) (Figure 3.14 and Figure 3.15). The 

calculated chemical shift values are compared with the experimental values in Table 3.3. This good 

agreement between theory and experiment is an additional indication that the optimization and basis 

set used in the calculation were appropriately chosen.  

The HOMO and LUMO molecular orbital diagrams are shown in Figure 3.11, and the calculated 

HOMO-LUMO energy gap is 3.46 eV. This is similar to the HOMO-LOMO gaps of 2.88-3.48 eV calculated 

for [MS4(M’PH3)2] (M=Mo, W; M’=Cu, Ag, Au).27 The HOMO is primarily sulfur p-orbital in character with 
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some contribution from Au. The LUMO is primarily Mo d-orbital in character with some contribution 

from sulfur. Figure 3.13 shows selected molecular orbital diagrams which illustrate the delocalized 

nature of the bonding in the MoS4(Au)2 core, consistent with a Mo-Au bonding interaction. These 

findings of metal-metal bonding interaction and electron delocalization in the MoS4(Au)2 core are similar 

to the calculational results for tetrathiomolybdate complexes of Rh(I) reported by Koinis and co-workers 

who employed the def2-TZVPP basis set.44  

Table 3.2. selected computed parameters of optimized structure (def2-TZVPP). 

Distance (Å) Optimized C-1 (SD) SCXRD C-1 (SD) 

Au-Cimd 2.04 (0.01) 1.99 (0) 

Au-Mo 2.89 (0.01) 2.78 (0) 

Au-S 2.47 (0.01) 2.39 (0) 

Mo-S 2.22 (0.01) 2.23 (0) 

Angles ( ˚)   

Au-Mo-Au 179.9 180 

Au-S-Mo 75.89 (0.18) 73.92 (0) 

N-C-N 104.5 (0.01) 107.02 (0) 

Other parameters   

ΔE  (HOMO−LUMO) 3.46 eV  

Q(Au) + 0.40 (0.03)  

Q(Mo) + 0.38  

Q (S) - 0.47 (0.01)  

Q :Partial charges calculated by a Mulliken population analysis of the DFT/B3LYP orbitals 
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Figure 3.9. The wireframe model of the optimized molecular structure of C-1 shows the bond distances 

in angstrom (Å). 

 

 
Figure 3.10. The wireframe model of the optimized molecular structure of C-1 shows partial charges 

calculated by a Mulliken population analysis of the DFT/B3LYP orbitals. 
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Figure 3.11. HOMO (nonbonding) and LUMO molecular orbitals for C-1, isovalue 0.04. 

 

 

 

LUMO 

(-1.533eV) 

 

 

 

 

 

 

 

HOMO 

(-4.997eV) 
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Figure 3.12. HOMO+2, HOMO+1, LUMO-1, and LUMO-2 molecular orbitals for C-1, isovalue 0.04. 

 

 

 

LUMO+2 

(-0.782eV) 

 

 

 

 

LUMO+1 

(-1.275eV) 

 

 

 

 

HOMO-1 

(-5.004eV) 

 

 

 

 

HOMO-2 

(-5.019eV) 
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Figure 3.13. Selected molecular orbitals’ bonding showing delocalized bonding in the Au(µ-S)2Mo(µ-
S)2Au core for C-1, isovalue 0.04. 

 

 

 

HOMO-6 

(-6.484eV) 

 

 

  

HOMO-18 

(-7.337eV) 

 

 

 

HOMO-23 

(-8.220eV) 

 

 

 

 

HOMO-27 

(-8.313eV) 
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Figure 3.14. Molecular structure of C-1 showing the computed 1H NMR chemical shift (ppm). 

 

 
 

Figure 3.15. Molecular structure of C-1 showing the computed 13C{1H}  NMR chemical shift (ppm). 

 

 



84 
 

Table 3.3. Measured (CH2Cl2-d2 ) vs computed (basis set def2-TZVPP, referenced to TMS by using B3LYP-
6-311+G(2d,p) GIAO ) 1H NMR and 13C{1H} NMR for C-1. 

Entry 
NMR 

C-1 
Experimental 

C-1 
Computational 

HAr 1H NMR   (7.5-7.4), 7.3, 
7.2 

(7.5-7.8) 

HImid 1H NMR 7.4 7.4 

H-CH2 
1H NMR (2.9-2.8) (2.9-3.19) 

H-CH3 1H NMR 1.2, 1.2 (1.2-2.16) 

CAu 13C{1H} NMR   187.0 (198.3-201.4) 

CAr+Imid 13C{1H} NMR   147.3, 135.7, 
130.5, 124.3, 
123.8 

CAr (128.6-
157.9) CImid 
(127.1-128.8) 

C-CH2+CH3 
13C{1H} NMR   29.3, 24.7, 

23.8 
CH2 (32.9-45.9), 
CH3 (22.8-27.3) 

 

The experimental electronic absorption spectra for C-1 in acetonitrile solution is shown in Figure 

3.16. The UV-vis spectra of all the clusters are similar in appearance (see chapter 2) with the lowest 

energy transition near λmax = 490 nm, a higher energy transition near λmax = 357 nm, and several weaker 

absorptions that appear as shoulders in between these two peaks. The TDDFT results are summarized 

and analyzed in Table 3.4. The contribution percentage values in this  table were calculated by the 

equation: (configuration coefficient)2 × 2 × 100%. The transitions in the visible region can be assigned as 

primarily υ(S →Mo) and   υ(Au, S →Mo) charge transfer, arising primarily from an essentially degenerate 

set of nonbonding molecular orbitals (HOMO, HOMO-1 and HOMO-2), (Figure 3.17).  
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Figure 3.16. UV-vis, spectrum of C-1 in acetonitrile. 

Table 3.4. Excitation Energy (E), Oscillator Strength (f), Dominant Contributing Transitions and 
Associated Percent Contribution, and Assignment of C-1. 

Excited 
state  

Excitation 

Energy 
(eV) 

Excitation 

Energy 
(nm) 

Oscillator 
strength 

( f) 

Dominant transitions 
(contribution %) 

assignment 

1 2.53 491 0.0010 HOMO→ LUMO (82) Au, Sbr → Mo 

2 2.53 490 0.0011 HOMO-1 → LUMO (82) Au, Sbr → Mo 

4 2.77 448 0.0447 HOMO-2→ LUMO (90) Au, Sbr → Mo 

5 2.87 431 0.0048 HOMO→ LUMO+1 (85) Sbr → Mo 

6 2.88 431 0.0051 HOMO-1 → LUMO+1 (85) Sbr → Mo 

9 3.38 367 0.0023 HOMO-2 → LUMO+2 (81) Au, Sbr → Mo 

12 3.53 351 0.4244 
HOMO → LUMO+3 (37) 
HOMO-1 → LUMO+3 (10) 

Au, Sbr → Mo 

22 3.93 316 0.0034 
HOMO → LUMO+7 (37) 
HOMO-1 → LUMO+4 (29) 

Au, Sbr→ L 

27 3.98 311 0.0367 
HOMO→ LUMO+9 (37) 
HOMO-1 → LUMO+9 (37) 

Au, Sbr → Mo, L 

29 4.01 309 0.0293 HOMO→ LUMO+10 (44) Au, Sbr → Mo, L 

46 4.31 288 0.4980 
HOMO-4 → LUMO+1 (46) 
HOMO-3→ LUMO+1 (12) 
HOMO→ LUMO+12 (15) 

Sbr → Mo 
Au, Sbr → Mo 

47 4.31 287 0.1337 HOMO-5 → LUMO+1 (71) Au→ Sbr 

58 4.67 266 0.0125 
HOMO-1→ LUMO+14 (50) 
HOMO→ LUMO+14 (47) 

Au, Sbr→ L, Mo 

Sbr (bridging sulfide), L (NHC ligand of C-1) 
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Figure 3.17. Molecular orbital diagram of C-1, degeneracy threshold 0.027eV (0.001Hartree). 

 

3.4. Conclusion  

 In conclusion, % Vbur calculations show that the steric bulkiness of the ligands increases in the order, 

C-5 > C-2 > C-4 > C-3 > C-1. DFT calculations were done on C-1 as an example of the [MoS4(AuNHC)2] 

cluster complex. The calculated Au-Mo distance and molecular orbitals showed there were interactions 

between the metal centers, which could contribute to stabilization of the clusters in addition to the 

bridging sulfides. The TDDFT study showed that the lowest energy transition is assigned as HOMO, 

HOMO-1 and HOMO-2 → LUMO, which is a mixture υ(Au, S → Mo) and υ(S → Mo) charge transfers. This 

is consistent with the measured UV-vis spectra of all five clusters which have a band around 487-491 nm 

(chapter2, Table 2.4), regardless of whether the ligands are phosphine or NHC. The ligands are involved 

in the transitions in the UV but they have little influence in the visible, which might indicate  that the 

electronic properties of the ligands will have less effect on the reactivity of the clusters. However, the 

ligands are expected to show a noticeable steric effect and furthermore  the ligands play an important 

role in the solubility of the clusters.  
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CHAPTER 4 

RELATIVE REACTIVITY OF [MoS4(AuL)2] (C-1 – C-5) WITH THIOPHENOL AND SELENOPHENOL; 

IMPLICATIONS FOR POTENTIAL ANTIMICROBIAL AND ANTICANCER ACTIVITY 

4.1. Introduction 

 Metal-based drugs are of current interest for antimicrobial and anticancer therapy. Many scientists 

are motivated to develop new drugs that will overcome the increasing drug resistance shown by 

different type of cancers, bacteria, and fungi. Heterometallic clusters have the potential to overcome 

drug resistance and improve the activity of the metal-based drugs by a synergistic or cooperative effect 

of the combined metal, multiple mechanism of action, higher stability and/ or specific delivery of the 

active moieties to limited targets.1,2 Some heterometallic clusters have been investigated for therapeutic 

purposes by incorporation of two different cytotoxic metals within the same molecule and have shown a 

promising activity.3–5  

 

Scheme 4.1. Au-Mo-S clusters. The labels in parenthesis correspond to the abbreviation used in the 
published article in Appendix E.6 

The clusters discussed in this thesis and in Scheme 4.1 were sent to the Community for Open 

Antimicrobial Drug Discovery initiative (CO-ADD, co-add.org) funded by The Wellcome Trust and the 

University of Queensland. CO-ADD offers free antimicrobial screening to chemists around the world.7 
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The initial screening for antimicrobial activity involved testing against five bacterial and two fungal 

pathogens commonly associated with antimicrobial resistance, as well as two types of healthy cells used 

to measure the cytotoxicity (Table 4.1). Antimicrobial activity was measured by minimum inhibitory 

concentration (MIC) which is defined as the lowest concentration of a complex (μg/mL) at which the 

growth of a microbe was inhibited by ≥80% (equivalent to no visible growth, i.e. cloudiness, by the eye).  

Toxicity against human embryonic kidney cells ((HEK-293) was measured by the concentration causing 

death of 50% of the viable cells (CC50). Hemolysis (HC10) was determined by the concentration of 

complex causing 10% hemolysis of human blood.6  

Table 4.1. MIC, CC50 and HC10 values for the clusters (values given in μg/mL). 

Cluster 
G-ve (MIC) G+ve (MIC) Fungi (MIC) HEK RBC 

Ab Ec Kp Pa Sa Ca Cn CC50 HC10 

C-1 >32 >32 >32 >32 >32 >32 >32 n.d. n.d. 

C-2 >32 >32 >32 >32 >32 ≤0.25 >32 >32 >32 

C-3 >32 >32 >32 >32 >32 >32 >32 n.d. n.d. 

C-4 >32 >32 >32 >32 >32 >32 >32 n.d. n.d. 

C-5 >32 >32 >32 >32 ≤0.25 16 ≤0.25 >32 >32 
Gram negative (G-ve) and Gram-positive (G+ve)  bacteria; Ab, Acinetobacter baumannii ATCC 19606 type strain; Ec, Escherichia 
coli ATCC 25922 FDA control strain; Kp, Klebsiella pneumoniae ATCC 700603 ESBL; Pa, Pseudomonas aeruginosa ATCC 27853 QC 
control strain; SA, methicillin-resistant Staphylococcus aureus ATCC 43300; Ca, Candida albicans ATCC 90028 NCCLS11; Cn, 
Cryptococcus neoformans H99 ATCC 208821 type strain; HEK, HEK-293 human embryonic kidney cells ATCC CRL-1573; RBC, 
human red blood cells. N.d., not determined. 

Clusters C-1 – C-5 were part of a set of 1039 metal based complexes submitted by research groups 

all around the world, which were subjected to the initial screening. Cluster complexes C-1 – C-5  were 

the only heteronuclear, bimetallic complexes tested and the only ones containing molybdenum.6 Out of 

the original 1039 complexes, 90 showed good activity against at least one fungal strain (MIC = 16 µg/ 

mL), had no cytotoxicity against HEK-293 (CC50 > 32 µg/ mL) and < 10% hemolysis of red blood cells at 

concentrations ≥ 32 µg/ mL. From this group, 320 complexes were classified as having “high” antifungal 

activity, defined as MIC < 2 µg/ mL. Cluster complexes C-2 and C-5 were in this group of highly active and 

low toxicity compounds. 
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Notably, the nature of ligands in the clusters had a dramatic effect on the reactivity. Cluster C-4 with 

PPh3 ligands was completely inactive while C-5 with PEt3 was defined as having “high” antifungal activity. 

Similarly C-1 and C-3 with aliphatic substituents on the phenyl rings, were less active than C-2, which has 

an unsubstituted phenyl and a methyl substituent on each NHC ligand. As shown in Table 4.1 C-2 

showed “high“ activity against Ca (Candida albicans) and C-5 showed high activity against SA and Cn 

(Methicillin resistant Staphylococcus aureus, Cryptococcus neoformans), and good activity against Ca.

 Cluster C-5 was selected for further testing against an extended panel of fungal strains. There was 

good activity as shown in Table 4.2 against Candida auris, Cryptococcus deuterogattii, and Cryptococcus 

neoformans. However, since there was a wide variation in replicates, this complex was not advanced to 

the next level of testing in an in vivo, moth larvae model. Nevertheless, the low toxicity combined with 

indications of structure-activity relations in the ligands suggest that further investigation to understand 

the reactivity of the [MoS4(AuL)2] clusters is warranted. 

Table 4.2. Cytotoxicity of C-5 against an extended panel of fungal strains (MIC ≥ 50 % inhibition in µM).6 

Fungi MIC (µM) 

Candida albicans 50 – 200 

Candida auris 3.13 – 6.25* 

Candida glabrata 100 - 200 

Cryptococcus deuterogattii 3.12 – 6.25* 

Cryptococcus neoformans 3.12 – 6.25* 

* MIC values that were inactive or gave a wide replicate variation when analyzed for ≥ 80 % inhibition (optically clear to slightly 

hazy). These were re-analyzed at 50% inhibition and gave more consistent and active values, Appendix E. 

 

Gold(I) complexes have been found to undergo ligand exchange reactions in biological systems 

(Scheme 4.2).8 Upon administering a gold(I) complex to cells, the ligand exchange process has been 

documented with Cys34 of serum albumin (SA) to create gold(I)-SA adducts.9 It has been proposed that 

SA could work as a drug "scavenger" or as a drug carrier.10,11 Moreover, Sadler and colleagues reported 

that auxiliary ligands affect the thermodynamic stability of gold(I) complexes.8 Most likely there is not a 
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single mode of action given the wide variety of ligands and structures for medicinally active gold 

compounds. Fortunately, some trends can be used to understand the general biological effect of gold 

complexes. For example, enzymes and proteins with thiol- and selenol- containing amino acids are 

particularly susceptible to attack by gold complexes. This targeting property is a result of the high 

affinity of Au(I) for S and Se. Many thiol- and/ or selenol- containing enzymes, including glutathione 

reductase (GR), cysteine protease, and thioredoxin reductases (TrxR), are overexpressed in cancer cells 

and may therefore serve as prospective targets for gold(I)-based cancer therapies.12,13 Auranofin and a 

wide range of other gold(I) compounds containing phosphine (monodentate and bidentate) and NHC 

ligands have now been shown to inhibit TrxR, which could be due to the strong covalent binding of the 

gold center to a selenocysteine residue in the active site of the TrxR enzyme.14–20  

 
Scheme 4.2. Ligand exchange reaction of gold(I) complexes with thiolate. 

The objective of the work described in this chapter is to investigate the relative reactivity of C-1 – C-

5 with benzenethiol and benzeneselenol and to gain insight into the possible mechanism of action of 

these heterometallic clusters, related to coordinating to thiol-containing and selenol-containing 

proteins. Benzenethiol (PhSH) and benzeneselenol (PhSeH) were used as models for thiol or selenol 

functionalities in proteins. This decision was made because alkyl selenols, such as selenocysteine, are 

more rapidly oxidized in air and from  diselenide. Bagno and co-workers proposed the same model of 

benzenethiol (PhSH) and benzeneselenol (PhSeH) to mimic the interaction of auranofin with thiol and 

selenol nucleophiles present in TrxR.21 This is the first report of the reactivity of [MoS4(AuL)2] clusters 

with thiol or  selenol nucleophiles. The reactivity of   C-1 – C-5 with PhSH and PhSeH was investigated by 
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1H NMR and 31P NMR (for C-4 and C-5) spectroscopy. Results are analyzed in terms of the steric effects 

of the ligands and the electronic structure of [MoS4(AuL)2] clusters as discussed in chapter 3. 

4.2. Experimental Section 

4.2.1. General Consideration 

The synthesis of the L-Au(I)-Cl complexes, C-1, C-2, C-3, C-4, and C-5 are described in Chapter 2. 

Benzenethiol (PhSH, 97%), benzeneselenol (PhSeH, 97%), and potassium carbonate (K2CO3, 99%) were 

obtained from Sigma-Aldrich and used as received. Diethyl ether (Et2O), acetone (CH3COCH3), heptane 

(C7H16), and methylene chloride (CH2Cl2) were purchased from Fisher Scientific. Deuterated solvents: 

dichloromethane-d2 (CH2CI2-d2), and dimethyl sulfoxide-d6 (DMSO-d6) were purchased from Cambridge 

Isotope Laboratories, Inc. 

1H NMR, and 31P{1H} NMR spectra were obtained on a Bruker Avance NEO 500 MHz NMR 

spectrometer at room temperature. The chemical shifts of 1H NMR and 13C NMR were referenced to 

residual signals of the deuterated solvents. 31P{1H} NMR spectra were referenced to 85% H3PO4 (external 

standard). 

4.2.2. General Synthesis of L-Au-SPh and L-Au-SePh (L = PPR3 or NHC) 

All the complexes in Scheme 4.3 were prepared by weighing the appropriate L-Au(I)-Cl complex (0.3 

mmol) into a Schlenk flask and placing it under nitrogen. Separately, K2CO3 (0.4 mmol) was weighed into 

another Schlenk flask  and placed under nitrogen. Acetone (100 mL) was purged with nitrogen and then 

50 mL was transferred via cannula to the flask containing the L-Au(I)-Cl complex, and 10 mL was 

transferred via cannula to the flask containing K2CO3. PhSH or PhSeH (0.3 mmol), respectively, was 

added slowly using a glass syringe to the K2CO3, solution. After 15 min., the thiolate or selenate solutions 

were added to the gold(I) solution and stirred for 16 hours. The solvent was removed under vacuum. 

CH2Cl2 (5 mL)  was added and then the solution was filtered in air through a thin pad of silica and 
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washed with 2 mL of CH2Cl2. The volume of the solution was reduced to 2 mL under vacuum, Et2O (2 mL) 

was added, and the solution was left in the freezer (-15 °C) for 24 hours. A white solid was collected by  

filtration, washed with Et2O (5mL) and dried  under vacuum. The CS-1 and CS-5 complexes in Scheme 4.3 

have been previously prepared and their 1H NMR matched the literature values.22,23 CSe-1, CS-2, CS-3, 

CSe-3, and CSe-5 have not been reported, and CSe-2 was not prepared successfully. All the complexes 

were characterized by 1H NMR, and 31P{1H} NMR. These complexes were prepared to aid analysis of 1H 

NMR and 31P{1H} NMR spectra for the reactions between C-1, C-2, C-3, C-4, and C-5 clusters and PhSH or 

PhSeH. 

 

Scheme 4.3. Chemical structure of L-Au-SPh and L-Au-SePh prepared complexes. 

4.2.2.1. Synthesis of CSe-1 

 A mixture of Au(IPr)Cl (0.19 gm, 0.3 mmol), PhSeH ( 32 µL, 0.3 mmol), and K2CO3 ( 0.05 gm, 0.36 

mmol) in acetone (60 mL) was stirred for 16 hours. Yield 0.18 gm ( 80 %). δ 1H NMR (500 MHz, DMSO-d6) 

7.99 (2 H, s), 7.59 (2 H, t, J 7.8), 7.42 (4 H, d, J 7.8), 6.95 – 6.58 (5 H, m), 2.56 (4 H, hept, J 6.6), 1.23 (24 H, 

dd, J 21.4, 6.9) (Figure 4.1). 
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Figure 4.1. 1H-NMR of CSe-1 in DMSO-d6 (H2O 3.33 ppm). 

4.2.2.2. Synthesis of CS-2 

A mixture of Au(IBzMe)Cl (0.12 gm, 0.3 mmol), PhSH ( 31 µL, 0.3 mmol), and K2CO3 ( 0.05 gm, 0.36 

mmol) in acetone (60 mL) was stirred for 16 hours. Yield 0.06 gm ( 41 %). δ 1H NMR (500 MHz, DMSO-d6) 

7.56 (1 H, d, J 2.0), 7.47 (1 H, d, J 1.8), 7.40 – 7.28 (7 H, m), 6.98 (2 H, t, J 7.7), 6.86 (1 H, t, J 7.3), 5.38 (2 

H, s), 3.80 (3 H, s)(Figure 4.2). 
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Figure 4.2. 1H NMR of CS-2 in DMSO-d6 (H2O 3.33 ppm). 

4.2.2.3. Synthesis of CSe-2 

A mixture of of Au(IBzMe)Cl (0.12 gm, 0.3 mmol), PhSeH ( 32 µL, 0.3 mmol), and K2CO3 ( 0.05 gm, 

0.36 mmol) in acetone (60 mL) was stirred for 16 hours. A transparent viscous mixture of two or three 

products was obtained, which was not possible to separate. Yield 0.07 gm ( 45 %). δ 1H NMR (500 MHz, 

DMSO-d6) 7.65 – 7.60 ( m), 7.56 (d, J 1.9), 7.52 (d, J 1.9), 7.46 (d, J 1.9), 7.40 – 7.10 ( m), 6.96 (d, J 6.3), 

5.37 (s), 3.81 ( s) (Figure 4.3). 
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Figure 4.3. 1H NMR of expected CSe-2 in DMSO-d6 (H2O 3.33 ppm). 

4.2.2.4. Synthesis of CS-3 

A mixture of Au(IMes)Cl (0.16 gm, 0.3 mmol), PhSH ( 31 µL, 0.3 mmol), and K2CO3 ( 0.05 gm, 0.36 

mmol) in acetone (60 mL) was stirred for 16 hours. Yield 0.06 gm ( 41 %). δ 1H NMR (500 MHz, DMSO-d6) 

7.81 (2 H, s), 7.15 (4 H, s), 6.82 – 6.71 (5H, m), 2.35 (6 H, s), 2.10 (12 H, s) (Figure 4.4). 
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Figure 4.4. 1H NMR of CS-3 in DMSO-d6 (H2O 3.33 ppm). 

4.2.2.5. Synthesis of CSe-3 

A mixture of Au(IMes)Cl (0.16 gm, 0.3 mmol), PhSeH ( 32 µL, 0.3 mmol), and K2CO3 ( 0.05 gm, 0.36  

mmol) in acetone (60 mL) was stirred for 16 hours. Yield 0.08 gm ( 42 %). δ 1H NMR (500 MHz, DMSO-d6) 

7.80 (2 H, s), 7.14 (4 H, s), 6.93 – 6.84 (3 H, m), 6.77 (2 H, t, J 7.3), 2.35 (6H, s), 2.10 (12 H, s) (Figure 4.5). 
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Figure 4.5. 1H NMR of CSe-3 in DMSO-d6 (H2O 3.33 ppm). 

4.2.2.6. Synthesis of CSe-5 

A mixture of Et3PAuCl (0.10 gm, 0.3 mmol), PhSeH ( 32 µL, 0.3 mmol), and K2CO3 ( 0.05 gm, 0.36  

mmol) in acetone (60 mL) was stirred for 16 hours. Yield 0.06 gm ( 43 %). δ 1H NMR (500 MHz, DMSO-d6) 

7.53 – 7.48 (2 H, m), 7.08 – 6.99 (3 H, m), 1.93 (6 H, dq, J 10.2, 7.6), 1.13 (9 H, dt, J 18.8, 7.6) (Figure 

4.6).δ 31P{1H} NMR (202 MHz, DMSO-d6) 41.41 ppm (Figure 4.7). 
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Figure 4.6. 1H NMR of CSe-5 in DMSO-d6 (H2O 3.33 ppm). 

 

 
Figure 4.7. 31P{1H} NMR of CSe-5 in DMSO-d6,referenced to 85% H3PO4 

4.2.3. Synthesis of (C-6; [MoS4AuIPr][NEt4]) 

 A solution of Au(IPr)Cl (0.11 gm, 0.17 mmol) in chloroform (10 mL) was added slowly to a solution of 

(Et4N)2[MoS4] (0.08 gm, 0.17 mmol) in acetonitrile (7 mL). The mixture was heated under reflux (61°C) 



106 
 

for 2 hours, and then  all solvents were evaporated under reduced pressure. The solid was dissolved in 

acetonitrile (10 mL) and filtered through a funnel with a fritted disc. The filtrate was concentrated to (2 

mL) under reduced pressure and diethyl ether (5 mL) was added. The orange solid was filtered through 

Buchner funnel with fritted disc to yield orange product (0.26gm, 82 %). 

 
 δ 1H NMR (500 MHz, DMSO-d6) 7.95 (2 H, s), 7.39 (2 H, , t, J 7.7), 7.24 (4 H, d, J 7.8), 3.20 (8 H, q, J 

7.3), 2.80 (4 H, hept, J 7.0), 1.23 (12 H, d, J 6.9), 1.20 – 1.10 (24 H, m), Figure 4.8. Anal. Calcd. for 

MoAuS4N3C35H56 (940.01): C, 44.72; H, 6.00; N, 4.47. Found: C, 44.69; H, 6.09; N, 4.54. Elemental analysis 

report (Fig. D.1).  

Complex  C-6 is stable as a solid but it converts into C-1 in solution (DMSO-d6, CH2CI2-d2, CH3CN-d3) 

(Figure 4.9). C-6 was left in solution for 72 hours and the 1H NMR showed about 50% of C-6 had 

converted to C-1. The 1:1 Au:Mo complexes with the other ligands used in clusters C-2, C-3, and C-5 

were not possible to separate from the [MoS4(AuL)2] clusters, which also formed in the reaction 

mixtures. The reaction of PPh3Au-Cl with  (Et4N)2[MoS4] did not show evidence of a 1: 1 Au: Mo complex 

and C-4 was always formed even when a 1:2 mole ratio of PPh3Au-Cl :  [Et4N]2[MoS4] was used. 
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Figure 4.8. 1H NMR of C-6 in DMSO-d6 (H2O 3.33 ppm; heptane 1.24-1.14 ppm). 

 
Figure 4.9. Stacked 1H NMR in CH2CI2-d2 shows C-1 formation after 10 min of dissolving C-6. 
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4.2.4. Reactivity procedure 

 One of the major goals of this work was to compare the relative reactivity of Au-Mo-S clusters with 

PhSH and PhSeH. All the reactions were done on a small scale using ≤ 2 mL of solvent (DMSO-d6), and 

small quantities of each reactant. The procedure summarized in Scheme 4.4 was developed to try to  

limit the error in the mole ratio of the reactants (Cluster vs PhSH or PhSeH) to less than ± 5%.  

 

Scheme 4.4. Summary of applied procedure for the reactivity investigations. 

Heptane was chosen as an internal standard because it does not react with the reactants or the 

expected products and moreover, the 1H NMR chemical shifts do not interfere with reactant or product 

chemical shifts. Heptane (2 µL) was added to 2.0 mL of DMSO-d6. The solution of heptane DMSO-d6  was 
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divided into three vials in the amount shown in Scheme 4.4. Two vials were used to prepare a solution of 

the Au-Mo-S cluster at double the required final concentration and a solution of either PhSH or PhSeH at 

double the required final concentration. Quantitative 1H NMR was used to ensure that the required 

concentration ratio of the cluster vs either PhSH or  PhSeH was correct by using the heptane integration 

value. The stock solutions were used to adjust the required concentration ratio of the cluster vs either 

PhSH or  PhSeH and then another quantitative 1H NMR was done to ensure that the right ratio had been 

achieved. Finally, equal volumes of cluster solution, and either PhSH or PhSeH solution were mixed and 

the reaction was monitored by 1H NMR.  

4.2.5. Procedure for preparing reaction solutions 

Each cluster was dissolved in 0.6 mL DMSO-d6 solution to form a solution concentration of 16 mM 

(Scheme 4.4, G). A separate solution of PhSH or PhSeH was prepared to form 1.2 mL of a 32 mM solution 

in DMSO-d6 (Scheme 4.4, F). The reaction mixture was prepared by adding 0.6 mL of PhSH or PhSeH 

solution to 0.6 mL of the cluster solution, to give final concentrations of 8 mM cluster and 16 mM PhSH 

or PhSeH (Scheme 4.4, J). Half (0.6 mL) of the reaction solution was transferred to an NMR tube and a 

series of spectra were collected over time. 

4.2.6. Quantitative 1H NMR 

 Integrals for reactants and products were normalized to the heptane integrals (Scheme 4.4, G). The 

1H NMR spectra acquired at the 10, 20, and 30 min time points were used for the reactivity calculations 

because they did not show significant disulfide formation or decomposition of the products. 

Quantitative 1H NMR was used to determine the relative concentrations of compounds in the reaction 

mixtures. The 90° pulse length and T1 relaxation time were determined. The longest T1 relaxation was 

about 5-6 s for aromatic peaks and the imidazole proton T1 relaxation was about 3-4 s. The relaxation 

delay was set to 15 s and the acquisition time was 3.3 s. The phase and baseline were corrected before 



110 
 

taking the integrations. Equation (1) was used to calculate reacted amount of each cluster and the 

product of each reaction within 10, 20, and 30 minutes. The initial molar concentration of a cluster was 

calculated by adding the integrations (I) of the unreacted cluster peaks and the gold-containing product 

peaks at 10 minutes and then dividing the total integrations by the number of nuclei of the cluster (N). 

The formula below was used to determine the molar ratio MX / MY between two chemicals, X and Y: 

𝑀𝑥

𝑀𝑦
=

𝐼𝑥

𝐼𝑦
×  

𝑁𝑦

𝑁𝑥
   …………….. (1) 

where (I) is the integral, and (N) is the number of nuclei giving rise to the signal. 

 The percentage was calculated by using the equation (2): 

𝑋% =
𝑀𝑥

𝑀𝑦
× 100 ……...(2) 

where (Mx) represents the relative concentration of the compound under investigation and (My) 

represents the initial relative concentration of a cluster before the reaction. Malz and Jancke, found the 

accuracy of qNMR to be about 98.5% with parameters optimized as described above. For more 

accuracy, they described that further parameters should be optimized with the utmost care to attain 

precision with an error of less than 1.0%.24,25 

4.3. Results and analyses 

4.3.1. Reactions of clusters with PhSH and PhSeH 

 Benzenethiol and benzeneselenol are expected to react as nucleophiles attacking gold. If two 

molecules of PhSH or PhSeH react with the cluster we expect the reaction shown in Scheme 4.5, A. 

Alternatively, if only one PhSH or PhSeH reacts with the clusters, we expect the reaction shown in 

Scheme 4.5, B.  
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Scheme 4.5. The expected reaction of benzenethiol or benzeneselenol with C-1 - C-5 clusters, (A) two 
molecules of PhSH or PhSeH react with the clusters, and (B) only one PhSH or PhSeH reacts 
with the clusters. 

 

4.3.1.1. Reaction of C-1 – C-5 with PhSH 

 Figure 4.10 shows the 1H NMR spectra in the aromatic region for the reaction of C-1 with PhSH  

monitored over time. Figure 4.11 shows a stacked plot of spectra at the 40 min time point comparing 

the reaction mixture with the expected products. The top spectrum in the stacked plot shows a mixture 

of PhSH and PhSSPh. The disulfide could form via oxidation of the thiol. However, there was no evidence 

of disulfide formation in the reaction mixture even after 24 hours. Figure 4.12 shows the 1H NMR 

spectrum of the reaction mixture after 4 hours with peaks assigned as shown in the equation at the top 

of the figure. It is evident that only one equivalent of PhSH reacts with C-1 to form (IPr)-Au(SPh) and C-6 

as shown in Figure 4.5, B. 

 Separate experiments demonstrate that C-6 is unstable in solution, converting to C-1 (see Figure 

4.9). This can also be seen in Figure 4.10 where the peak at 7.95 ppm, assigned to C-6 increases in up to 

about 8 hours and then decreases. 
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Figure 4.10. 1H NMR in the aromatic region for the reaction between C-1 (8 mM) and PhSH  (16 mM) in 

DMSO-d6  over time. 

 
Figure 4.11. Stacked 1H NMR in DMSO-d6 of the reaction between C-1 (8 mM) and PhSH (16 mM)  after 

40 min vs 1H NMR of the  expected compounds. * indicate the reaction mixture. 
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Figure 4.12. 1H NMR in DMSO-d6 of the reaction between C-1 (8 mM)  and PhSH (16 mM)  after 4 hours, 

with peak assignments as shown. 

 
Figure 4.13. 1H NMR in the aromatic region for the reaction between C-2 (8 mM) and PhSH  (16 mM) in 

DMSO-d6  over time. 
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 A similar set of 1H NMR spectra in DMSO-d6  for reaction of C-2 and C-3 with PhSH are collected in 

Figures 4.13 – 4.18. The reaction of benzenethiol with the clusters with NHC ligands, C-1, C-2, and C-3 all 

proceed according to Scheme 4.5, B. 

 The reaction of C-4 with PhSH was carried out in CH2Cl2-d2 because C-4 has very low solubility in 

DMSO-d6. Figure 4.19 shows the 1H NMR stacked plots in the aromatic region for the reaction mixture 

compared to expected products, while Figure 4.20 shows the 31P NMR spectra. It is evident that there is 

no reaction between C-4 and PhSH even after 24 hours.  

 The 1H NMR spectra for the reaction of C-5 with PhSH are shown in Figures 4.21 -4.23, and the 31P 

NMR spectra are shown in Figure 4.24. Cluster C-5, with PEt3 ligands, reacts similar to the clusters with 

NHC ligands, according to Scheme 4.5, B. 

 
Figure 4.14. Stacked 1H NMR in DMSO-d6 of the reaction between C-2 (8 mM) and PhSH (16 mM)  after 

20 min vs 1H NMR of the  expected compounds. * indicate the reaction mixture. 
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Figure 4.15. 1H NMR in DMSO-d6 of the reaction between C-2 (8 mM)  and PhSH (16 mM)  after 4 hours, 

with peak assignments as shown. 

 
Figure 4.16. 1H NMR in the aromatic region for the reaction between C-3 (8 mM) and PhSH  (16 mM) in 

DMSO-d6  over time. 
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Figure 4.17. Stacked 1H NMR in DMSO-d6 of the reaction between C-3 (8 mM) and PhSH  (16 mM)  after 

30 min vs 1H NMR of the  expected compounds. * indicate the reaction mixture. 

 

 
Figure 4.18. 1H NMR in DMSO-d6 of the reaction between C-3 (8 mM)  and PhSH (16 mM)  after 4 hours, 

with peak assignments as shown. 
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Figure 4.19. Stacked 1H NMR in CH2CI2-d2 of the reaction between C-4 (8 mM) and PhSH (16 mM) after 

30 min and 24 hours vs 1H NMR of the  expected compounds. * indicate the reaction 
mixture. 

 
Figure 4.20. Stacked 31P{1H} NMR in CH2CI2-d2 of the reaction between C-4 (8 mM) and PhSH (16 mM)  

after 30 min and 24 hours vs 31P{1H} NMR of C-4. * indicate the reaction mixture. 
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Figure 4.21. 1H NMR in DMSO-d6 of the reaction between C-5 and PhSH  over the time. 

 
Figure 4.22. Stacked 1H NMR in DMSO-d6 of the reaction between C-5 (8 mM) and PhSH (16 mM)  after 

30 min vs 1H NMR of the  expected compounds. * indicate the reaction mixture. 
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Figure 4.23. Stacked 31P{1H} NMR in DMSO-d6 of the reaction between C-5 (8 mM) and PhSH (16 mM) 

after 30 min vs 1H NMR of C-5. * indicate the reaction mixture. 

 
Figure 4.24. 1H NMR in DMSO-d6 of the reaction between C-5 (8 mM)  and PhSH (16 mM)  after 30 

minutes, with peak assignments as shown. 
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4.3.1.2. Reaction of C-1 – C-5 with PhSeH 

The reactions of benzeneselenol with clusters C-1 – C-5 were carried out using the same procedure 

as for the reaction with benzenethiol. A similar set of 1H NMR spectra for reaction of NHC-containing 

clusters, C-1, C-2, and C-3 are collected in Figures 4.25 – 4.33. In general, the reaction of benzeneselenol 

with C-1, C-2, and C-5 is somewhat more complex than the reaction with benzenethiol. Clusters C-1 and 

C-3 react to form small amounts of (NHC)-Au(SePh) and [MoS4Au(NHC)]- according to Scheme 4.5, B. In 

contrast, the reaction of C-2 with PhSeH, (NHC)-Au(SePh) does not appear to form. 

 The 1H and 31P NMR spectra for the reaction of benzeneselenol with C-4 in CH2Cl2-d2 are shown in 

Figures 4.34 – 4.36. There is no reaction between C-4 and PhSeH. However, there was evidence for the 

formation of PhSeSePh in the reaction mixture (Figure 4.35). In addition, the formation of a black 

precipitate suggests there was some decomposition of C-4 after 24 hours. 

The 1H and 31P NMR spectra for the reaction of C-5 with PhSeH are shown in Figures 3.37 – 4.39. 

There is no reaction between C-5 and PhSeH; the only product detected was a small amount of Et3P=O 

(Figure 4.39, 24 hr). Similarly to C-4, there was also a black solid that formed in the reaction mixture 

after 24 hours. 
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Figure 4.25. 1H NMR in the aromatic region for the reaction between C-1 (8 mM) and PhSeH  (16 mM) in 
DMSO-d6  over time. 

 

 
Figure 4.26. Stacked 1H NMR in DMSO-d6 of the reaction between C-1 (8 mM) and PhSeH (16 mM)  after 

30min vs 1H NMR of the  expected compounds. * indicate the reaction mixture. 
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Figure 4.27. 1H NMR in DMSO-d6 of the reaction between C-1 (8 mM)  and PhSeH (16 mM)  after 4 hours, 

with peak assignments as shown. 

 
Figure 4.28. 1H NMR in the aromatic region for the reaction between C-2 (8 mM) and PhSeH  (16 mM) in 

DMSO-d6  over time. 
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Figure 4.29. Stacked 1H NMR in DMSO-d6 of the reaction between C-2 (8 mM) and PhSeH (16 mM) after 
30min vs 1H NMR of the  expected compounds. * indicate the reaction mixture. 

 
Figure 4.30. 1H NMR in DMSO-d6 of the reaction between C-2 (8 mM)  and PhSeH (16 mM)  after 4 hours, 

with peak assignments as shown. 
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Figure 4.31. 1H NMR in the aromatic region for the reaction between C-3 (8 mM) and PhSeH  (16 mM) in 

DMSO-d6  over time. 

 
Figure 4.32. Stacked 1H NMR in DMSO-d6 of the reaction between C-3 (8 mM) and PhSeH (16 mM) after 

30min vs 1H NMR of the  expected compounds. * indicate the reaction mixture. 
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Figure 4.33. 1H NMR in DMSO-d6 of the reaction between C-3 (8 mM)  and PhSeH (16 mM)  after 30 

minutes, with peak assignments as shown. 

 
Figure 4.34. 1H NMR in CH2CI2-d2 of the reaction between C-4 (8 mM) and PhSeH (16 mM) over time. 
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Figure 4.35. Stacked 1H NMR in CH2CI2-d2 of the reaction between C-4 (8 mM) and PhSeH (16 mM)  after 

10 min and 24 hours vs 1H NMR of the  expected compounds. * indicate the reaction 
mixture. 

 
Figure 4.36. Stacked 31P{1H} NMR in CH2CI2-d2 of the reaction between C-4 (8 mM) and PhSeH (16 mM) 

after 4 hours and 24 hours vs 31P{1H} NMR of the  expected compounds. * indicate the 
reaction mixture. 
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Figure 4.37. 1H NMR in DMSO-d6  of the reaction between C-5 (8 mM) and PhSeH (16 mM) over the time. 

 

Figure 4.38. Stacked 1H NMR in DMSO-d6  of the reaction between C-5 (8 mM) and PhSeH (16 mM)  after 
10 min and 24 hours vs 1H NMR of the  expected compounds. * indicate the reaction 
mixture. 
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Figure 4.39. Stacked 31P{1H} NMR in DMSO-d6  of the reaction between C-5 (8 mM) and PhSeH (16 mM)  

after 10 min and 24 hours vs 31P{1H} NMR of the  expected compounds. * indicate the 
reaction mixture. 

4.3.2. Relative reactivity of clusters 

 To compare the relative reactivity of the clusters with benzenethiol and benzeneselenol, 

quantitative 1H NMR spectroscopy was used to calculate the concentration of clusters and reaction 

products relative to the concentration of heptane, added as an internal standard (Figures 4.40 – 4.57). 

The initial concentration of a cluster was calculated by summing the integrals for L (NHC or PR3) in the 

cluster and the gold-containing products according to the reaction shown in equations 3 and 4.  

 

 The approximate initial concentration for all clusters was 8 mM and 16 MM for PhSH or PhSeH. The 

percentages of clusters and reaction products, LAuSPh or LAuSePh, and [MoS4(AuL)]- at the 10, 20, and 

30 min. time points are shown in Table 4.3. 

(L-Au)
2
MoS

4
 +    PhSH                   L-Au-S-Ph + [L-Au-MoS4]-   …….. (3) 

(L-Au)
2
MoS

4
 +    PhSeH                   L-Au-Se-Ph + [L-Au-MoS4]-  ……… (4) 
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Table 4.3. The relative reactivity of C-1 – C-5 with PhSH or PhSeH calculated by quantitative 1H NMR in 
DMSO-d6. 

[MoS4(AuL)2] 
time 
(min) 

% 
[MoS4(AuL)2] 

(remaining/reacted) 

% 
L-Au-SPh 

% 

[MoS4(AuL)]
-

 

% 
[MoS4(AuL)2] 

(remaining/reacted) 

% 
L-Au-SePh 

% 

[MoS4(AuL)]
-

 

 

10 92 / 8 8 8 98 / 2 2 2 

20 89 / 11 11 10 96 / 4 4 3 

30 85 / 15 14 12 95 / 5 4 3 

 

10 73 / 27 27 26 

No reaction 
20 71 / 29 28 24 

30 68 / 32 30 22 

 

10 58 / 42 43 41 94 / 6 6 5 

20 51 / 49 54 45 92 / 8 9 7 

30 49 / 51 57 44 89 / 11 13 8 

 

10 

No reaction No reaction 20 

30 

 

10 91 / 9 15 2 
No reaction 20 91 / 9 15 3 

30 88 / 12 15 3 

Initial concentrations: ~ 8 mM [MoS4(AuL)2] and ~ 16 mM PhSH or PhSeH 

Cluster C-3 was the most reactive complex in the reaction with benzenethiol and benzeneselenol. 

Approximately 40 % of the initial amount of C-3 reacts with benzenethiol within the first 10 minutes. The 

reaction with benzeneselenol was significantly slower with only approximately 10 % of the initial 

amount of C-3 reacted within 30 minutes. In general, the clusters react with benzenethiol to a greater 

extent than benzeneselenol. The relative reactivity of the clusters with benzenethiol is in the order C-3 > 

C-2 > C-1 ≈ C-5.  
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Figure 4.40. 1H NMR in DMSO-d6 of the reaction between C-1 and PhSH after 10 min, the expected 

reaction equation with the relative peaks of each compound were assigned. 

 
Figure 4.41. 1H NMR in DMSO-d6 of the reaction between C-1 and PhSH after 20 min, the expected 

reaction equation with the relative peaks of each compound were assigned. 
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Figure 4.42. 1H NMR in DMSO-d6 of the reaction between C-1 and PhSH after 30 min, the expected 

reaction equation with the relative peaks of each compound were assigned. 

 
Figure 4.43. 1H NMR in DMSO-d6 of the reaction between C-2 and PhSH after 10 min, the expected 

reaction equation with the relative peaks of each compound were assigned. 
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Figure 4.44. 1H NMR in DMSO-d6 of the reaction between C-2 and PhSH after 20 min, the expected 

reaction equation with the relative peaks of each compound were assigned. 

 
Figure 4.45. 1H NMR in DMSO-d6 of the reaction between C-2 and PhSH after 30 min, the expected 

reaction equation with the relative peaks of each compound were assigned. 
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Figure 4.46. 1H NMR in DMSO-d6 of the reaction between C-3 and PhSH after 10 min, the expected 

reaction equation with the relative peaks of each compound were assigned. 

 
Figure 4.47. 1H NMR in DMSO-d6 of the reaction between C-3 and PhSH after 20 min, the expected 

reaction equation with the relative peaks of each compound were assigned. 
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Figure 4.48. 1H NMR in DMSO-d6 of the reaction between C-3 and PhSH after 30 min, the expected 

reaction equation with the relative peaks of each compound were assigned. 

 
Figure 4.49. 1H NMR in DMSO-d6 of the reaction between C-5 and PhSH after 10 min, the expected 

reaction equation with the relative peaks of each compound were assigned. 
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Figure 4.50. 1H NMR in DMSO-d6 of the reaction between C-5 and PhSH after 20 min, the expected 

reaction equation with the relative peaks of each compound were assigned. 

 
Figure 4.51. 1H NMR in DMSO-d6 of the reaction between C-5 and PhSH after 30 min, the expected 

reaction equation with the relative peaks of each compound were assigned. 
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Figure 4.52. 1H NMR in DMSO-d6 of the reaction between C-1 and PhSeH after 10 min, the expected 

reaction equation with the relative peaks of each compound were assigned. 

 
Figure 4.53. 1H NMR in DMSO-d6 of the reaction between C-1 and PhSeH after 20 min, the expected 

reaction equation with the relative peaks of each compound were assigned. 
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Figure 4.54. 1H NMR in DMSO-d6 of the reaction between C-1 and PhSeH after 30 min, the expected 

reaction equation with the relative peaks of each compound were assigned. 

 
Figure 4.55. 1H NMR in DMSO-d6 of the reaction between C-3 and PhSeH after 10 min, the expected 

reaction equation with the relative peaks of each compound were assigned. 
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Figure 4.56. 1H NMR in DMSO-d6 of the reaction between C-3 and PhSeH after 10 min, the expected 

reaction equation with the relative peaks of each compound were assigned. 

 
Figure 4.57. 1H NMR in DMSO-d6 of the reaction between C-3 and PhSeH after 10 min, the expected 

reaction equation with the relative peaks of each compound were assigned. 
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4.4. Discussion and conclusions 

 Clusters C-1 – C-5 were screened for antimicrobial activity by the CO-ADD lab at the University of 

Queensland, Australia. Four gram-negative and one gram-positive bacteria and two fungal strains were 

used in the initial screening (Table 4.1). Cluster C-2 showed notable activity against one fungal strain, 

Candida albicans, and C-5 showed notable activity against the gram-positive bacteria, methicillin-

resistant Staphylococcus aureus and one fungal strain, Cryptococcus neoformans. Clusters C-1, C-3, and 

C-4 did not make the cutoff of a MIC ≤ 32 µg/ mL. Clusters C-2 and C-5 also demonstrated low toxicity 

against human embryonic kidney cell lines and in the hemolysis tests on human red blood cells. 

 A predominant mechanism for the biological activity of gold (I) complexes is the inhibition of TrxR, 

an enzyme which carries out thiol-disulfide exchange and contributes to redox regulation in cells. 

Dysregulation of redox can result in apoptosis. TrxR plays a key role in redox homeostasis in humans, 

some fungi, and gram-positive bacteria. In general, gram-negative bacteria are less reliant on TrxR for 

maintaining redox homeostasis because the glutathione-glutaredoxin system can scavenge reactive 

oxygen species.26 TrxR has been identified as a potential target for anticancer and antimicrobial drug 

development.27 TrxR has a selenocysteine at the active site and the strong inhibition by gold(I) is 

attributed to the affinity of the soft Au(I) ion for soft selenium. Gold(I) will also bind strongly to cysteine, 

thereby inhibiting enzymes with sulfur at the active site, such as glutaredoxins and proteases.28,29  

 Bagno, et al. investigated the reactivity of auranofin with PhSH and PhSeH as models for thiol and 

selenol nucleophiles present in cysteine and selenocysteine proteins. They found that PhSH and PhSeH 

both substitute the thiolate ligand in auranofin and the equilibrium constant (in CDCl3 solution) for 

substitution by PhSeH is a factor of 1000 times greater than for PhSH. The reaction in a more polar 

solvent (CH3OH) is more complex, including oxidation of PhSeH to PhSeSePh, substitution of the Et3P 

ligand, and formation of Et3P=O.21  
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In contrast to the reactions of auranofin with sulfur and selenium nucleophiles, the reactions of the 

[MoS4(AuL)2] clusters with PhSH proceed to a greater extent than the reactions with PhSeH. The 

reactions were carried out in a polar solvent, DMSO-d6, and similar to the results of Bagno and 

coworkers, the formation of PhSeSePh and Et3P=O (for C-5) was observed. Cluster C-3 was the most 

reactive with PhSH and PhSeH in NMR studies but this complex was inactive in antimicrobial cytotoxicity 

testing. Clusters C-2 and C-5 were the most cytotoxic in antimicrobial screening studies and both react 

with PhSH but not with PhSeH. Cluster C-4 was not reactive with PhSH or PhSeH and it was completely 

inactive in cytotoxicity testing.   

The results of DFT calculations on C-1 discussed in chapter 3 suggest that the HOMO in the 

[MoS4(AuL)2] clusters is Au and S in character. We expect that sulfur and selenium nucleophiles would 

attack at the gold(I) ion, displacing the bridging sulfurs. The % Vbur calculations indicate that the steric 

bulk increases in the order  C-5 ≈ C-2 < C-4 < C-3 < C-1. Notably the least sterically hindered clusters C-5 

and C-2 were the most cytotoxic for microorganisms. However, the cluster which reacted to the greatest 

extent with PhSH, C-3, has greater steric bulk. None of the clusters reacted to a great extent with PhSeH, 

perhaps in part due to the large atomic radius of selenium vs sulfur and the stability of the interaction 

AuL+ with MoS4
2-. Further investigations are needed to better understand the complex interplay of steric 

and electronic effects in the [MoS4(AuL)2] clusters. 

4.5. Future work 

 We have presented the synthesis and reactivity of bimetallic complexes containing gold(I) and 

tetrathiomolybdate, [MoS4(AuL)2], C-1 – C-5. In general, the reactivity of [MoS4(AuL)2] with any 

compound has not been reported and our thesis work is the first in the field to study the reactions with 

benzenethiol and benzeneselenol. Further investigations are needed to better understand the complex 

interplay of steric and electronic effects in the [MoS4(AuL)2] clusters. Additional experiments should be 

done to determine the order of reaction and rate of reaction of these clusters with benzenethiol in 
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different solvents (DMSO-d6, CH2Cl2-d2). More investigations are recommended to study the reactivity of 

C-1 – C-5 with aliphatic thiol and selenol compounds. Moreover, it since tetrathiomolybate tends to 

chelate with copper30–32, it could be useful to broaden our scope  and investigate the trans metalation 

reactivity between C-1 – C-5 clusters and a copper complex (Scheme 4.6). It would also be interesting to 

try the reaction with other metals. This could open further applications of these clusters beside the 

reactivity with thiol and selenol compounds. 

 

Scheme 4.6. The proposed reaction of a copper complex  with C-1 - C-5 clusters, L= NHC. 

In Chapter 1 in the section “NHC ligand modification effect on anticancer activity of gold 

complexes”, studies by Gust, et al., and Ott, et al. were discussed. These authors reported that adding 

aryl rings to the imidazol-2-ylidene ring at positions 4 and 5 improved the growth-inhibitory properties 

against cancer cell lines.33,34 Furthermore, Gust, et al.,  reported that F-substituents in the ortho-position 

of those aryl rings significantly boosted activity.33  Another study by Contel, et al. reported that saturated 

the NHC ligand, SIPr in [(η5-C5H5 )2 Ti(CH3 ){OC(O)-p-C6H4SAu(NHC)}]  showed higher anticancer activity than 

unsaturated IPr and IMes ligands (Figure 1.6) .35 

We suggest adding aryl rings to the imidazol-2-ylidene ring at positions 4 and 5 of the ligand used in 

cluster C-2 to try to improve the reactivity, and also F-substituents in the ortho-position of the aromatic 

rings. Cluster C-3, which was the most reactive toward benzenethiol and benzeneselenol could be 

modified with F-substituents on the aromatic ring and the NHC ligand could also be made with a 

saturated backbone (SIMes) (Scheme 4.7). 
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Scheme 4.7. The suggested modifications of the ligands used in cluster C-2 and C-3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



143 
 

4.6. Chapter References 
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APPENDICES 

APPENDIX A: 1H, 13C{1H} AND 31 P {1H} NMR SPECTRA 

 

Fig. A. 1. 1H NMR of Au(IPr)Cl in CH2Cl2-d2. 

 
Fig. A. 2. 13C{1H} NMR of Au(IPr)Cl in CH2Cl2-d2. 
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Fig. A. 3. 1H NMR of Au(IBzMe)Cl in CH2Cl2-d2. 

 

Fig. A. 4. 13C{1H} NMR of Au(IBzMe)Cl in CH2Cl2-d2. 



151 
 

 
Fig. A. 5. 1H NMR of Au(IMes)Cl in CH2Cl2-d2. 

 
Fig. A. 6. 13C{1H} NMR of Au(IMes)Cl in CH2Cl2-d2. 
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Fig. A. 7. 1H NMR of Ph3PAuCl  in CH2Cl2-d2. 

 
Fig. A. 8. 31P{1H} NMR of Ph3PAuCl in CH2Cl2-d2. 
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Fig. A. 9. 1H NMR of Et3PAuCl  in CHCl3-d. 
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Fig. A. 10. 31P{1H} NMR of Et3PAuCl  top in CDCl3 and bottom in CH2Cl2-d2. 
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Fig. A. 11. 1H NMR of C-1 in CH2Cl2-d2. 

 
Fig. A. 12. 13C{1H} NMR of C-1 in CH2Cl2-d2. 
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Fig. A. 13. 1H NMR of C-2 in CH2Cl2-d2. 

 
Fig. A. 14. 13C{1H} NMR of C-2 in CH2Cl2-d2. 



157 
 

 
Fig. A. 15. 1H NMR of C-3 in CH2Cl2-d2. 

 
Fig. A. 16. 13C{1H} NMR of C-3 in CH2Cl2-d2. 
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Fig. A. 17. 1H NMR of C-4; [MoS4(AuPh3P)2]  in CH2Cl2-d2. 
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Fig. A. 18. 31P{1H} NMR of C-4; [MoS4(AuPh3P)2]  the top in CDCl3 and bottom in CH2Cl2-d2. 
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Fig. A. 19. 1H NMR of C-5; [MoS4(AuEt3P)2] in CH2Cl2-d2. 
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Fig. A. 20. 31P{1H} NMR of C-5; [MoS4(AuEt3P)2] the top in CD3CN and the bottom in CH2Cl2-d2. 
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Fig. A. 21. The diffusion coefficient measurements of C-2 by DOSY 1H NMR 
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APPENDIX B: UV-Vis and CVs 

B.1. Ultraviolet-Visible spectroscopy 

 

Fig. B. 1. UV-vis. Scan of [Et4N]2[MoS4] in acetonitrile 

 
Fig. B. 2. UV-vis. Scan of C-1 vs [Et4N]2[MoS4]  in acetonitrile 
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Fig. B. 3. UV-vis. ɛ calculations curve of C-1 (25k) in acetonitrile at 270nm 

 

Fig. B. 4. UV-vis. ɛ calculations curve of C-1 (31k) in acetonitrile at 290nm  
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Fig. B. 5. UV-vis. ɛ calculations curve of C-1 (18k) in acetonitrile at 357nm 

 
Fig. B. 6. UV-vis. ɛ calculations curve of C-1 (7k) in acetonitrile at 491nm 
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Fig. B. 7. UV-vis. Scan of C-2 vs [Et4N]2[MoS4]  in acetonitrile 

 

 
Fig. B. 8. UV-vis. ɛ calculations curve of C-2 (25k) in acetonitrile at 288nm 
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Fig. B. 9. UV-vis. ɛ calculations curve of C-2 (14k) in acetonitrile at 354 nm  

 

 
Fig. B. 10. UV-vis. ɛ calculations curve of C-2 (5k) in acetonitrile at 491 nm 
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Fig. B. 11. UV-vis. Scan of C-3 vs [Et4N]2[MoS4]  in acetonitrile 

 

 
 Fig. B. 12. UV-vis. ɛ calculations curve of C-3 (25k) in acetonitrile at 265 nm 
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Fig. B. 13. UV-vis. ɛ calculations curve of C-3 (25k) in acetonitrile at 290 nm 

 

 
 Fig. B. 14. UV-vis. ɛ calculations curve of C-3 (16k) in acetonitrile at 359 nm 
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 Fig. B. 15. UV-vis. ɛ calculations curve of C-3 (5k) in acetonitrile at 491 nm 

 
Fig. B. 16. UV-vis. Scan of C-4 in dichloromethane 
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Fig. B. 17. UV-vis. ɛ calculations curve of C-4 (40k) in dichloromethane at 312nm 

 

 
Fig. B. 18. UV-vis. ɛ calculations curve of C-4 (7k) in dichloromethane at 489nm 
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Fig. B. 19. UV-vis. Scan of C-5 in acetonitrile 

 

 
Fig. B. 20. UV-vis. ɛ calculations curve of C-5 (22k) in acetonitrile at 232nm 
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Fig. B. 21. UV-vis. ɛ calculations curve of C-4 (26k) in acetonitrile at 303nm 

 

 
Fig. B. 22. UV-vis. ɛ calculations curve of C-4 (5k) in acetonitrile at 487nm 

 

 

 



176 
 

B.2. Cyclic Voltammetry (CV) 

Cyclic voltammetry studies were utilized to analyze the electrochemical properties of C-1 to C-5. 

One compartment cell was used to perform the CV experiments. The working electrode used was 

platinum disk (1mm) . A platinum coil and saturated calomel (SCE, Hg2Cl2)  were used as counter and 

reference electrodes, respectively. The scan rates and voltage rages were optimized and mentioned in 

each figure. The electrolyte solution was tetrabutylammonium hexafluorophosphate (TBAH; 0.1 M) in 

the dichloromethane or acetonitrile. The analyzed compounds (1.5mM) were prepared in electrolyte 

solution. Monocrystalline Diamond Suspension (1 μm), polish disk, Kimwipe were used to clean the tip 

of the working electrode between each scan.  All experiments were repeated a minimum of three times. 

 

 
Fig. B. 23. CV of C-1 vs its precursors in acetonitrile 
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 Fig. B. 24. CV of C-2 vs its precursors in dichloromethane 

 
Fig. B. 25. CV of C-3 vs its precursors in acetonitrile 
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Fig. B. 26. CV of C-4 vs its precursors in dichloromethane 

 
 Fig. B. 27. CV of C-5 vs its precursors in acetonitrile  
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APPENDIX C: SCXRD DATA 

Table C. 1. SCXRD data of C-1 

Crystal Data= C-1 

Chemical formula 

Mr 

[MoS4Au2N4C54H72] 

1395.28 

Crystal system, space group 

Temperature (K) 

Tetragonal, I 41/a 

296 

a, b, c (Å) 

α, β, γ (ᵒ) 

18.5116(8), 18.5116(8), 17.4697(8) 

90, 90, 90 

V (Å3) 5986.5(6) 

Z 4 

Radiation type 

µ (mm-1) 

Mo Kα 

5.270 

Crystal size (mm) 0.760 × 0.737 ×  0.574 

Data collection 

Diffractometer Bruker D8 Quest ECO 

Absorption correction Multi-scan (SADABS: Krause et al., 2016) 

Tmin, Tmax 0.090, 0.150 

  

No. of measured, independent, and 

observed [I > 2σ(I)] reflections 

8494, 3701, 2401 

Rint 0.0904 

(sin θ/λ)max (Å -1) 0.667 

Refinement 

R[F2 > 2σ (F2)], wR(F2), S 0.0399, 0.1118, 1.076 

No. of reflections 31875 

No. of parameters 163 

No. of restraints 162 

H-atom treatment H-atom parameters constrained 

Δρmax, Δρmin (e Å-3) 1.950 ,  -0.804 
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Table C. 2. SCXRD data of C-2 

Crystal Data= C-2 

Chemical formula 

Mr 

[MoS4Au2(C11H12N2)2] 

962.56 

Crystal system, space group 

Temperature (K) 

Triclinic, P -1 

293 

a, b, c (Å) 

α, β, γ (ᵒ) 

10.5919(6), 11.0031(6), 13.8204(7) 

93.932(3), 103.082(3), 117.507(2) 

V (Å3) 1363.30(13) 

Z 2 

Radiation type 

µ (mm-1) 

Mo Kα 

11.512 

Crystal size (mm) 0.760 × 0.737 ×  0.574 

Data collection 

Diffractometer Bruker D8 Quest ECO 

Absorption correction Multi-scan (SADABS: Krause et al., 2016) 

Tmin, Tmax 0.4467, 0.7452 

No. of measured, independent, and 

observed [I > 2σ(I)] reflections 

19028, 4810, 3814 

Rint 0.0419 

(sin θ/λ)max (Å -1) 0.596 

Refinement 

R[F2 > 2σ (F2)], wR(F2), S 0.0320, 0.0700, 1.068 

No. of reflections 4810 

No. of parameters 300 

No. of restraints 0 

H-atom treatment H-atom parameters constrained 

Δρmax, Δρmin (e Å-3) 0.742, -1.163  
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Table C. 3. SCXRD data of C-3 

Crystal Data= C-3 
Chemical formula 

Mr 

[MoS4Au2(C21H24N2)2] 

1226.97 

Crystal system, space group 

Temperature (K) 

Triclinic, P -1 

296 

a, b, c (Å) 

α, β, γ (ᵒ) 

9.5740(19),15.415(3),16.586(4) 

93.971(10), 91.067(10, 99.438(10) 

V (Å3) 2407.8(9) 

Z 2 

Radiation type 

µ (mm-1) 

Mo Kα 

6.539 

Crystal size (mm) 1.385 × 0.918 ×  0.310 

Data collection 
Diffractometer Bruker D8 Quest ECO 

Absorption correction Multi-scan (SADABS: Krause et al., 2016) 

Tmin, Tmax 0.001,0.132 

No. of measured, independent, and 

observed [I > 2σ(I)] reflections 

68282, 12438, 7477 

Rint 0.1698 

(sin θ/λ)max (Å -1) 0.675 

Refinement 

R[F2 > 2σ (F2)], wR(F2), S 0.1106, 0.3497, 1.023 

No. of reflections 12374 

No. of parameters 470 

No. of restraints 0 

H-atom treatment H-atom parameters constrained 

Δρmax, Δρmin (e Å-3) 4.854,  -4.310 
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Table C. 4. Selected bonds data of C-1 

 

 

 

 

 

 

 

Table C. 5. Selected bonds data of C-2 

Atoms Distance (Å) 

N-CAu 1.33 benzyl, 1.36 methyl 

Au-Cimd 2.02 

Au-Mo 2.80 

Au-S 2.38 

Mo-S 2.20 

 Angles  

Au-Mo-Au 176˚ 

Au-S-Mo 74.6 ±0.3 

N-C-N 104.3 

 

Table C. 6. Selected bonds data of C-3 

Atoms Distance (Å) 

N-CAu 1.35, 1.33 

Au-Cimd 2.01 

Au-Mo 2.84, 2.79 

Au-S 2.4 ± 0.1 

Mo-S 2.20 

 Angles 

Au-Mo-Au 170˚ 

Au-S-Mo 74.9 ±1.3 

N-C-N 105.1 ±1.5 

 

 

 

Atoms Distance (Å) 

N-CAu 1.35  

Au-Cimd 1.99 

Au-Mo 2.78 

Au-S 2.39 

Mo-S 2.23 

 Angles  

Au-Mo-Au 180˚ 

Au-S-Mo 73.9 

N-C-N 107.2 
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C-1/ checkCIF/PLATON report 

 
Structure factors have been supplied for datablock(s) Dhirgam 
THIS REPORT IS FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW PROCEDURE 
FOR PUBLICATION, IT SHOULD NOT REPLACE THE EXPERTISE OF AN EXPERIENCED 
CRYSTALLOGRAPHIC REFEREE. 
No syntax errors found. CIF dictionary Interpreting this report 
Datablock: C-1 
Bond precision: C-C = 0.0469 A Wavelength=0.71073 
Cell: a=18.5116(8) b=18.5116(8) c=17.4697(8) 
alpha=90 beta=90 gamma=90 
Temperature: 296 K 
Calculated Reported 
Volume 5986.5(6) 5986.5(5) 
Space group I 41/a I 41/a 
Hall group -I 4ad -I 4ad 
Moiety formula C54 H72 Au2 Mo N4 S2 C54 H72 Au2 Mo N4 S2 
Sum formula C54 H72 Au2 Mo N4 S2 C54 H72 Au2 Mo N4 S2 
Mr 1331.16 1331.20 
Dx,g cm-3 1.477 1.477 
Z 4 4 
Mu (mm-1) 5.199 5.199 
F000 2624.0 2604.6 
F000’ 2603.24 
h,k,lmax 24,24,23 24,24,23 
Nref 3707 3701 
Tmin,Tmax 0.072,0.052 0.100,0.150 
Tmin’ 0.037 
Correction method= # Reported T Limits: Tmin=0.100 Tmax=0.150 
AbsCorr = MULTI-SCAN 
Data completeness= 0.998 Theta(max)= 28.310 
R(reflections)= 0.1081( 2401) wR2(reflections)= 0.3503( 3701) 
S = 1.337 Npar= 154 
The following ALERTS were generated. Each ALERT has the format 
test-name_ALERT_alert-type_alert-level. 
Click on the hyperlinks for more details of the test. 
Alert level A 
SHFSU01_ALERT_2_A The absolute value of parameter shift to su ratio > 0.20 
Absolute value of the parameter shift to su ratio given 1.369 
Additional refinement cycles may be required. 
PLAT080_ALERT_2_A Maximum Shift/Error ............................ 1.37 Why ? 
PLAT245_ALERT_2_A U(iso) H14C Smaller than U(eq) C14 by 0.150 Ang**2 
PLAT721_ALERT_1_A Bond Calc 1.0(2), Rep 0.96000 Dev... 0.04 Ang. 
C11 -H11B 1.555 1.555 ........ # 32 Check 
PLAT721_ALERT_1_A Bond Calc 1.0(2), Rep 0.96000 Dev... 0.04 Ang. 
C12 -H12A 1.555 1.555 ........ # 34 Check 
PLAT721_ALERT_1_A Bond Calc 1.0(2), Rep 0.96000 Dev... 0.04 Ang. 
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C12 -H12C 1.555 1.555 ........ # 36 Check 
PLAT721_ALERT_1_A Bond Calc 1.0(3), Rep 0.96000 Dev... 0.04 Ang. 
C13 -H13A 1.555 1.555 ........ # 37 Check 
PLAT721_ALERT_1_A Bond Calc 1.0(2), Rep 0.96000 Dev... 0.04 Ang. 
C13 -H13C 1.555 1.555 ........ # 39 Check 
PLAT971_ALERT_2_A Check Calcd Resid. Dens. 2.21A From Mo1 9.53 eA-3 
PLAT973_ALERT_2_A Check Calcd Positive Resid. Density on Au1 3.93 eA-3 
Alert level B 
PLAT094_ALERT_2_B Ratio of Maximum / Minimum Residual Density .... 6.53 Report 
PLAT097_ALERT_2_B Large Reported Max. (Positive) Residual Density 11.52 eA-3 
PLAT342_ALERT_3_B Low Bond Precision on C-C Bonds ............... 0.04692 Ang. 
PLAT722_ALERT_1_B Angle Calc 107(13), Rep 109.50 Dev... 2.50 Degree 
H13B -C13 -C9 1.555 1.555 1.555 # 61 Check 
PLAT971_ALERT_2_B Check Calcd Resid. Dens. 0.39A From S2 3.37 eA-3 
PLAT973_ALERT_2_B Check Calcd Positive Resid. Density on Mo1 1.82 eA-3 
Alert level C 
DIFMX02_ALERT_1_C The maximum difference density is > 0.1*ZMAX*0.75 
The relevant atom site should be identified. 
PLAT068_ALERT_1_C Reported F000 Differs from Calcd (or Missing)... Please Check 
PLAT082_ALERT_2_C High R1 Value .................................. 0.11 Report 
PLAT084_ALERT_3_C High wR2 Value (i.e. > 0.25) ................... 0.35 Report 
PLAT213_ALERT_2_C Atom C10 has ADP max/min Ratio ..... 3.8 prolat 
PLAT220_ALERT_2_C Non-Solvent Resd 1 C Ueq(max)/Ueq(min) Range 3.2 Ratio 
PLAT222_ALERT_3_C Non-Solv. Resd 1 H Uiso(max)/Uiso(min) Range 9.7 Ratio 
PLAT234_ALERT_4_C Large Hirshfeld Difference Au1 --S2 . 0.22 Ang. 
PLAT234_ALERT_4_C Large Hirshfeld Difference Au1 --C1 . 0.16 Ang. 
PLAT234_ALERT_4_C Large Hirshfeld Difference Mo1 --S2 . 0.16 Ang. 
PLAT234_ALERT_4_C Large Hirshfeld Difference C7 --C8 . 0.24 Ang. 
PLAT241_ALERT_2_C High ’MainMol’ Ueq as Compared to Neighbors of C5 Check 
PLAT242_ALERT_2_C Low ’MainMol’ Ueq as Compared to Neighbors of Au1 Check 
PLAT242_ALERT_2_C Low ’MainMol’ Ueq as Compared to Neighbors of Mo1 Check 
PLAT242_ALERT_2_C Low ’MainMol’ Ueq as Compared to Neighbors of C2 Check 
PLAT242_ALERT_2_C Low ’MainMol’ Ueq as Compared to Neighbors of C9 Check 
PLAT260_ALERT_2_C Large Average Ueq of Residue Including Au1 0.127 Check 
PLAT412_ALERT_2_C Short Intra XH3 .. XHn H11A ..H12B . 1.89 Ang. 
x,y,z = 1_555 Check 
PLAT413_ALERT_2_C Short Inter XH3 .. XHn H11A ..H13A . 2.10 Ang. 
1/2+x,y,3/2-z = 16_556 Check 
PLAT721_ALERT_1_C Bond Calc 0.94(14), Rep 0.96000 Dev... 0.02 Ang. 
C11 -H11A 1.555 1.555 ........ # 31 Check 
PLAT721_ALERT_1_C Bond Calc 0.94(13), Rep 0.96000 Dev... 0.02 Ang. 
C13 -H13B 1.555 1.555 ........ # 38 Check 
PLAT722_ALERT_1_C Angle Calc 108(5), Rep 109.50 Dev... 1.50 Degree 
H14B -C14 -C9 1.555 1.555 1.555 # 67 Check 
PLAT722_ALERT_1_C Angle Calc 111(10), Rep 109.50 Dev... 1.50 Degree 
H14C -C14 -H14B 1.555 1.555 1.555 # 71 Check 
PLAT910_ALERT_3_C Missing # of FCF Reflection(s) Below Theta(Min). 5 Note 
PLAT918_ALERT_3_C Reflection(s) with I(obs) much Smaller I(calc) . 1 Check 
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PLAT925_ALERT_1_C The Reported and Calculated Rho(max) Differ by . 1.99 eA-3 
PLAT926_ALERT_1_C Reported and Calculated R1 Differ by ......... -0.0023 Check 
PLAT927_ALERT_1_C Reported and Calculated wR2 Differ by ......... -0.0012 Check 
PLAT934_ALERT_3_C Number of (Iobs-Icalc)/SigmaW > 10 Outliers .... 1 Check 
PLAT972_ALERT_2_C Check Calcd Resid. Dens. 1.29A From C10 -2.17 eA-3 
PLAT972_ALERT_2_C Check Calcd Resid. Dens. 0.82A From Mo1 -1.75 eA-3 
PLAT972_ALERT_2_C Check Calcd Resid. Dens. 0.82A From Mo1 -1.75 eA-3 
PLAT972_ALERT_2_C Check Calcd Resid. Dens. 0.80A From Mo1 -1.71 eA-3 
PLAT972_ALERT_2_C Check Calcd Resid. Dens. 1.37A From Mo1 -1.67 eA-3 
PLAT972_ALERT_2_C Check Calcd Resid. Dens. 0.57A From S2 -1.58 eA-3 
PLAT972_ALERT_2_C Check Calcd Resid. Dens. 0.90A From Au1 -1.56 eA-3 
PLAT977_ALERT_2_C Check Negative Difference Density on H10 -0.95 eA-3 
PLAT977_ALERT_2_C Check Negative Difference Density on H11A -0.40 eA-3 
PLAT977_ALERT_2_C Check Negative Difference Density on H14C -0.51 eA-3 
PLAT978_ALERT_2_C Number C-C Bonds with Positive Residual Density. 0 Info 
Alert level G 
PLAT002_ALERT_2_G Number of Distance or Angle Restraints on AtSite 6 Note 
PLAT003_ALERT_2_G Number of Uiso or Uij Restrained non-H Atoms ... 18 Report 
PLAT072_ALERT_2_G SHELXL First Parameter in WGHT Unusually Large 0.20 Report 
PLAT176_ALERT_4_G The CIF-Embedded .res File Contains SADI Records 2 Report 
PLAT177_ALERT_4_G The CIF-Embedded .res File Contains DELU Records 1 Report 
PLAT178_ALERT_4_G The CIF-Embedded .res File Contains SIMU Records 1 Report 
PLAT187_ALERT_4_G The CIF-Embedded .res File Contains RIGU Records 1 Report 
PLAT300_ALERT_4_G Atom Site Occupancy of S2 Constrained at 0.5 Check 
PLAT301_ALERT_3_G Main Residue Disorder ..............(Resd 1 ) 3% Note 
PLAT335_ALERT_2_G Check Large C6 Ring C-C Range C2 -C7 0.19 Ang. 
PLAT722_ALERT_1_G Angle Calc 114.00, Rep 109.50 Dev... 4.50 Degree 
H11B -C11 -H11A 1.555 1.555 1.555 # 50 Check 
PLAT722_ALERT_1_G Angle Calc 108.00, Rep 109.50 Dev... 1.50 Degree 
H11C -C11 -H11A 1.555 1.555 1.555 # 52 Check 
PLAT722_ALERT_1_G Angle Calc 114.00, Rep 109.50 Dev... 4.50 Degree 
H12B -C12 -H12A 1.555 1.555 1.555 # 56 Check 
PLAT722_ALERT_1_G Angle Calc 106.00, Rep 109.50 Dev... 3.50 Degree 
H12C -C12 -H12B 1.555 1.555 1.555 # 59 Check 
PLAT722_ALERT_1_G Angle Calc 114.00, Rep 109.50 Dev... 4.50 Degree 
H13B -C13 -H13A 1.555 1.555 1.555 # 62 Check 
PLAT722_ALERT_1_G Angle Calc 113.00, Rep 109.50 Dev... 3.50 Degree 
H13C -C13 -H13A 1.555 1.555 1.555 # 64 Check 
PLAT722_ALERT_1_G Angle Calc 104.00, Rep 109.50 Dev... 5.50 Degree 
H13C -C13 -H13B 1.555 1.555 1.555 # 65 Check 
PLAT860_ALERT_3_G Number of Least-Squares Restraints ............. 76 Note 
PLAT883_ALERT_1_G No Info/Value for _atom_sites_solution_primary . Please Do ! 
PLAT912_ALERT_4_G Missing # of FCF Reflections Above STh/L= 0.600 3 Note 
PLAT913_ALERT_3_G Missing # of Very Strong Reflections in FCF .... 1 Note 
PLAT933_ALERT_2_G Number of OMIT Records in Embedded .res File ... 4 Note 
PLAT960_ALERT_3_G Number of Intensities with I < - 2*sig(I) ... 8 Check 
PLAT982_ALERT_1_G The Au-f’= -1.8451 Deviates from IT-value = -2.0133 Check 
PLAT983_ALERT_1_G The Au-f"= 8.8704 Deviates from IT-Value = 8.8022 Check 
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PLAT983_ALERT_1_G The Mo-f"= 0.7034 Deviates from IT-Value = 0.6857 Check 
PLAT983_ALERT_1_G The S-f"= 0.1244 Deviates from IT-Value = 0.1234 Check 
10 ALERT level A = Most likely a serious problem - resolve or explain 
6 ALERT level B = A potentially serious problem, consider carefully 
40 ALERT level C = Check. Ensure it is not caused by an omission or oversight 
27 ALERT level G = General information/check it is not something unexpected 
27 ALERT type 1 CIF construction/syntax error, inconsistent or missing data 
36 ALERT type 2 Indicator that the structure model may be wrong or deficient 
10 ALERT type 3 Indicator that the structure quality may be low 
10 ALERT type 4 Improvement, methodology, query or suggestion 
0 ALERT type 5 Informative message, check 
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C-2/ checkCIF/PLATON report 

You have not supplied any structure factors. As a result the full set of tests cannot be run. 
THIS REPORT IS FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW PROCEDURE 
FOR PUBLICATION, IT SHOULD NOT REPLACE THE EXPERTISE OF AN EXPERIENCED 
CRYSTALLOGRAPHIC REFEREE. 
No syntax errors found. CIF dictionary Interpreting this report 
Datablock: DHC55 
Bond precision: C-C = 0.0129 A Wavelength=0.71076 
Cell: a=10.5919(6) b=11.0031(6) c=13.8204(7) 
alpha=93.932(3) beta=103.082(3) gamma=117.507(2) 
Temperature: 293 K 
Calculated Reported 
Volume 1363.30(13) 1363.30(13) 
Space group P -1 P -1 
Hall group -P 1 -P 1 
Moiety formula C22 H24 Au2 Mo N4 S4 [MOS4(AU(MBI))2] 
Sum formula C22 H24 Au2 Mo N4 S4 C22 H24 Au2 Mo N4 S4 
Mr 962.57 962.56 
Dx,g cm-3 2.345 2.345 
Z 2 2 
Mu (mm-1) 11.512 11.512 
F000 896.0 896.0 
F000’ 886.23 
h,k,lmax 12,13,16 12,13,16 
Nref 4858 4810 
Tmin,Tmax 0.009,0.042 0.450,0.750 
Tmin’ 0.005 
Correction method= # Reported T Limits: Tmin=0.450 Tmax=0.750 
AbsCorr = MULTI-SCAN 
Data completeness= 0.990 Theta(max)= 25.090 
R(reflections)= 0.0320( 3814) wR2(reflections)= 0.0700( 4810) 
S = 1.061 Npar= 300 
The following ALERTS were generated. Each ALERT has the format 
test-name_ALERT_alert-type_alert-level. 
Click on the hyperlinks for more details of the test. 
Alert level B 
PLAT232_ALERT_2_B Hirshfeld Test Diff (M-X) Au1 --S1 . 10.4 s.u. 
Alert level C 
RADNW01_ALERT_1_C The radiation wavelength lies outside the expected range 
for the supplied radiation type. Expected range 0.71065-0.71075 
Wavelength given = 0.71076 
PLAT232_ALERT_2_C Hirshfeld Test Diff (M-X) Au1 --S4 . 6.5 s.u. 
PLAT232_ALERT_2_C Hirshfeld Test Diff (M-X) Au2 --S2 . 9.7 s.u. 
PLAT232_ALERT_2_C Hirshfeld Test Diff (M-X) Au2 --S3 . 6.3 s.u. 
PLAT241_ALERT_2_C High ’MainMol’ Ueq as Compared to Neighbors of S1 Check 
PLAT241_ALERT_2_C High ’MainMol’ Ueq as Compared to Neighbors of S3 Check 
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PLAT241_ALERT_2_C High ’MainMol’ Ueq as Compared to Neighbors of S4 Check 
PLAT241_ALERT_2_C High ’MainMol’ Ueq as Compared to Neighbors of C4 Check 
PLAT241_ALERT_2_C High ’MainMol’ Ueq as Compared to Neighbors of C13 Check 
PLAT242_ALERT_2_C Low ’MainMol’ Ueq as Compared to Neighbors of Mo1 Check 
PLAT242_ALERT_2_C Low ’MainMol’ Ueq as Compared to Neighbors of C6 Check 
PLAT242_ALERT_2_C Low ’MainMol’ Ueq as Compared to Neighbors of C14 Check 
PLAT342_ALERT_3_C Low Bond Precision on C-C Bonds ............... 0.01288 Ang. 
Alert level G 
FORMU01_ALERT_1_G There is a discrepancy between the atom counts in the 
_chemical_formula_sum and _chemical_formula_moiety. This is 
usually due to the moiety formula being in the wrong format. 
Atom count from _chemical_formula_sum: C22 H24 Au2 Mo1 N4 S4 
Atom count from _chemical_formula_moiety: 
PLAT042_ALERT_1_G Calc. and Reported MoietyFormula Strings Differ Please Check 
PLAT199_ALERT_1_G Reported _cell_measurement_temperature ..... (K) 293 Check 
PLAT200_ALERT_1_G Reported _diffrn_ambient_temperature ..... (K) 293 Check 
PLAT883_ALERT_1_G No Info/Value for _atom_sites_solution_primary . Please Do ! 
0 ALERT level A = Most likely a serious problem - resolve or explain 
1 ALERT level B = A potentially serious problem, consider carefully 
13 ALERT level C = Check. Ensure it is not caused by an omission or oversight 
5 ALERT level G = General information/check it is not something unexpected 
6 ALERT type 1 CIF construction/syntax error, inconsistent or missing data 
12 ALERT type 2 Indicator that the structure model may be wrong or deficient 
1 ALERT type 3 Indicator that the structure quality may be low 
0 ALERT type 4 Improvement, methodology, query or suggestion 
0 ALERT type 5 Informative message, check 
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C-3/ checkCIF/PLATON report 

You have not supplied any structure factors. As a result the full set of tests cannot be run. 
THIS REPORT IS FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW PROCEDURE 
FOR PUBLICATION, IT SHOULD NOT REPLACE THE EXPERTISE OF AN EXPERIENCED 
CRYSTALLOGRAPHIC REFEREE. 
No syntax errors found. CIF dictionary Interpreting this report 
Datablock: C78D021019 
Bond precision: C-C = 0.0358 A Wavelength=0.71073 
Cell: a=9.5740(19) b=15.415(3) c=16.586(4) 
alpha=93.971(10) beta=91.067(10) gamma=99.438(10) 
Temperature: 296 K 
Calculated Reported 
Volume 2407.8(9) 2407.8(9) 
Space group P -1 P -1 
Hall group -P 1 -P 1 
Moiety formula C42 H48 Au2 Mo N4 S4 ? 
Sum formula C42 H48 Au2 Mo N4 S4 C42 H48 Au2 Mo N4 S4 
Mr 1226.97 1226.95 
Dx,g cm-3 1.692 1.692 
Z 2 2 
Mu (mm-1) 6.539 6.539 
F000 1184.0 1184.0 
F000’ 1174.13 
h,k,lmax 12,20,22 12,20,22 
Nref 12438 12374 
Tmin,Tmax 0.001,0.132 0.050,0.240 
Tmin’ 0.000 
Correction method= # Reported T Limits: Tmin=0.050 Tmax=0.240 
AbsCorr = MULTI-SCAN 
Data completeness= 0.995 Theta(max)= 28.700 
R(reflections)= 0.1106( 7477) wR2(reflections)= 0.3497( 12374) 
S = 1.023 Npar= 470 
The following ALERTS were generated. Each ALERT has the format 
test-name_ALERT_alert-type_alert-level. 
Click on the hyperlinks for more details of the test. 
Alert level A 
EXPT005_ALERT_1_A _exptl_crystal_description is missing 
Crystal habit description. 
The following tests will not be performed. 
CRYSR_01 
PLAT601_ALERT_2_A Structure Contains Solvent Accessible VOIDS of . 240 Ang**3 
Alert level B 
CRYSS02_ALERT_3_B The value of _exptl_crystal_size_mid is > 0.8 
Mid crystal size given = 0.918 
CRYSS02_ALERT_3_B The value of _exptl_crystal_size_max is > 1.0 
Maximum crystal size given = 1.385 
PLAT201_ALERT_2_B Isotropic non-H Atoms in Main Residue(s) ....... 4 Report 
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C7 C11 C12 C23 
PLAT213_ALERT_2_B Atom C22 has ADP max/min Ratio ..... 5.0 oblate 
PLAT342_ALERT_3_B Low Bond Precision on C-C Bonds ............... 0.03579 Ang. 
Alert level C 
RINTA01_ALERT_3_C The value of Rint is greater than 0.12 
Rint given 0.170 
PLAT020_ALERT_3_C The Value of Rint is Greater Than 0.12 ......... 0.170 Report 
PLAT082_ALERT_2_C High R1 Value .................................. 0.11 Report 
PLAT084_ALERT_3_C High wR2 Value (i.e. > 0.25) ................... 0.35 Report 
PLAT213_ALERT_2_C Atom C9 has ADP max/min Ratio ..... 3.3 prolat 
PLAT220_ALERT_2_C Non-Solvent Resd 1 C Ueq(max)/Ueq(min) Range 5.3 Ratio 
PLAT222_ALERT_3_C Non-Solv. Resd 1 H Uiso(max)/Uiso(min) Range 4.9 Ratio 
PLAT234_ALERT_4_C Large Hirshfeld Difference C14 --C19 . 0.22 Ang. 
PLAT241_ALERT_2_C High ’MainMol’ Ueq as Compared to Neighbors of S1 Check 
PLAT241_ALERT_2_C High ’MainMol’ Ueq as Compared to Neighbors of S3 Check 
PLAT241_ALERT_2_C High ’MainMol’ Ueq as Compared to Neighbors of S4 Check 
PLAT241_ALERT_2_C High ’MainMol’ Ueq as Compared to Neighbors of C2 Check 
PLAT241_ALERT_2_C High ’MainMol’ Ueq as Compared to Neighbors of C6 Check 
PLAT241_ALERT_2_C High ’MainMol’ Ueq as Compared to Neighbors of C8 Check 
PLAT242_ALERT_2_C Low ’MainMol’ Ueq as Compared to Neighbors of Mo1 Check 
PLAT242_ALERT_2_C Low ’MainMol’ Ueq as Compared to Neighbors of C5 Check 
PLAT242_ALERT_2_C Low ’MainMol’ Ueq as Compared to Neighbors of C7 Check 
PLAT242_ALERT_2_C Low ’MainMol’ Ueq as Compared to Neighbors of C9 Check 
PLAT334_ALERT_2_C Small Aver. Benzene C-C Dist C4 -C9 1.37 Ang. 
Alert level G 
PLAT002_ALERT_2_G Number of Distance or Angle Restraints on AtSite 16 Note 
PLAT003_ALERT_2_G Number of Uiso or Uij Restrained non-H Atoms ... 2 Report 
PLAT063_ALERT_4_G Crystal Size Likely too Large for Beam Size .... 1.38 mm 
PLAT072_ALERT_2_G SHELXL First Parameter in WGHT Unusually Large 0.15 Report 
PLAT083_ALERT_2_G SHELXL Second Parameter in WGHT Unusually Large 151.07 Why ? 
PLAT154_ALERT_1_G The s.u.’s on the Cell Angles are Equal ..(Note) 0.01 Degree 
PLAT172_ALERT_4_G The CIF-Embedded .res File Contains DFIX Records 8 Report 
PLAT174_ALERT_4_G The CIF-Embedded .res File Contains FLAT Records 4 Report 
PLAT176_ALERT_4_G The CIF-Embedded .res File Contains SADI Records 1 Report 
PLAT177_ALERT_4_G The CIF-Embedded .res File Contains DELU Records 1 Report 
PLAT232_ALERT_2_G Hirshfeld Test Diff (M-X) Au1 --S1 . 5.3 s.u. 
PLAT721_ALERT_1_G Bond Calc 0.97000, Rep 0.96000 Dev... 0.01 Ang. 
C19 -H19C 1.555 1.555 ........ # 61 Check 
PLAT721_ALERT_1_G Bond Calc 0.97000, Rep 0.96000 Dev... 0.01 Ang. 
C20 -H20A 1.555 1.555 ........ # 62 Check 
PLAT721_ALERT_1_G Bond Calc 0.97000, Rep 0.96000 Dev... 0.01 Ang. 
C32 -H32C 1.555 1.555 ........ # 87 Check 
PLAT721_ALERT_1_G Bond Calc 0.97000, Rep 0.96000 Dev... 0.01 Ang. 
C40 -H40B 1.555 1.555 ........ # 103 Check 
PLAT860_ALERT_3_G Number of Least-Squares Restraints ............. 32 Note 
PLAT883_ALERT_1_G No Info/Value for _atom_sites_solution_primary . Please Do ! 
2 ALERT level A = Most likely a serious problem - resolve or explain 
5 ALERT level B = A potentially serious problem, consider carefully 
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19 ALERT level C = Check. Ensure it is not caused by an omission or oversight 
17 ALERT level G = General information/check it is not something unexpected 
7 ALERT type 1 CIF construction/syntax error, inconsistent or missing data 
22 ALERT type 2 Indicator that the structure model may be wrong or deficient 
8 ALERT type 3 Indicator that the structure quality may be low 
6 ALERT type 4 Improvement, methodology, query or suggestion 
0 ALERT type 5 Informative message, check 
It is advisable to attempt to resolve as many as possible of the alerts in all categories. Often the 
minor alerts point to easily fixed oversights, errors and omissions in your CIF or refinement 
strategy, so attention to these fine details can be worthwhile. In order to resolve some of the more 
serious problems it may be necessary to carry out additional measurements or structure 
refinements. However, the purpose of your study may justify the reported deviations and the more 
serious of these should normally be commented upon in the discussion or experimental section of a 
paper or in the "special_details" fields of the CIF. checkCIF was carefully designed to identify 
outliers and unusual parameters, but every test has its limitations and alerts that are not important 
in a particular case may appear. Conversely, the absence of alerts does not guarantee there are no 
aspects of the results needing attention. It is up to the individual to critically assess their own 
results and, if necessary, seek expert advice. 
Publication of your CIF in IUCr journals 
A basic structural check has been run on your CIF. These basic checks will be run on all CIFs 
submitted for publication in IUCr journals (Acta Crystallographica, Journal of Applied 
Crystallography, Journal of Synchrotron Radiation); however, if you intend to submit to Acta 
Crystallographica Section C or E or IUCrData, you should make sure that full publication checks 
are run on the final version of your CIF prior to submission. 
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APPENDIX D: ELEMENTAL ANALYSES (CHN) and IM-MS 

 

Fig. D. 1. Elemental analysis report for C-4, C-6 and C-3 
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Fig. D. 2. Elemental analysis report for C-1 and C-2 
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Fig. D. 3. Elemental analysis report for C-5 
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Fig. D. 4. ESI-MS  in acetonitrile (positive ion mode) of C-1; corresponding theoretically calculated 
isotopic patterns are indicated with red dots. MMA: mass measurement accuracy values for  
[M+H]+ 

 

 
Fig. D. 5. ESI-MS  in acetonitrile (positive ion mode) of C-2; corresponding theoretically calculated 

isotopic patterns are indicated with red dots. MMA: mass measurement accuracy values for  
[M+H]+ 
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Fig. D. 6. ESI-MS  in acetonitrile (positive ion mode) of C-3; corresponding theoretically calculated 

isotopic patterns are indicated with red dots. MMA: mass measurement accuracy values for  
[M+H]+  

 

 

Fig. D. 7. ESI-MS  in acetonitrile (positive ion mode) of C-4; corresponding theoretically calculated 
isotopic patterns are indicated with red dots. MMA: mass measurement accuracy values for  
[M+H]+ 
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APPENDIX E (ANTIFUNGALS ARTICLE) 
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APPENDIX F: FIGURES, SCHEMES, AND TABLES RIGHTS & PERMISSIONS 

 

Figure 1.4. Au(I)NHC and Au(III)NHC halide complexes derived from 4,5-diarylimidazoles 
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Figure 1.5. [Au(NHC)(Hmba)] (Au) and [(η5-C5H5 )2 Ti(CH3 ){OC(O)-p-C6H4SAu(NHC)}] (AuTi) complexes, 
NHC= IPr, SIPr and IMes 
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Figure 1.7. Ball-and-stick model of the S6Cu4MoS4 cluster structure (yellow balls, sulfur atoms; blue balls, 
copper atoms; lime ball, molybdenum atoms) 
 



245 
 

 

Table 1.1. Anticancer activity of complexes R3PAuCl vs colon cancer (HT-29) and breast cancer (MCF-7) 
cells (IC50 is the half maximal inhibitory concentration). 
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Table 1.2. Anticancer activity of complexes (NHC)AuX and cisplatin vs HCT15, MG-63 and HeLa cancer 

cells. 
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Table 1.3. Anticancer activity of complexes [Au(NHC)2]+ and auranofin vs A549 cancer cells. 
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Table 1.4. Anticancer activity of complexes (NHC)AuX, cisplatin and auranofin vs A2780S and A2780R 

cancer cells. 
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Table 1.5. Anticancer and antibacterial activities, and TrxR inhibition of complexes [Au(NHC)2]+ and 

auranofin vs selected cancer cells, one strain of Gram-positive (MRSA DMS) and one strain of 
Gram-negative bacteria, and TrxR of rat and bacteria (E. coli). 
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Scheme 1.4. Convenient synthetic routes to imidazolium salts, a) the same R substituents, b) different R 

substituents where R = any aromatic or aliphatic group. 
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Scheme 1.5. Reaction profile of the interconversion of the [MoOxS4-x] (x= 0-4) dianions. 
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Figure 3.1. a) Tolman cone angle; b) sphere dimensions for steric parameter determination %VBur of 
NHC ligands 
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