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ABSTRACT 

A series of mononuclear phosphanegold(I) thiocarbamides, Ph3PAu{SC(OR)=NC6H4X-

4} for R = alkyl, X = H, CH3, Cl and NO2, and dinuclear (Ph2P-Fc-

PPh2){AuSC(OiPr)=NC6H4X-4}2 and (R3PAu)2{1,4-[SC(OMe)=N]2C6H4} with X = H, 

CH3, Cl and iPr, R = Et, Ph and Cy, were prepared from the reaction of the respective 

phosphanegold(I) precursor with thiolate ligands in the presence of base. The complexes 

were characterised by IR spectroscopy, (multi)NMR spectroscopy, elemental analyses, 

thermogravimetric analyses, UV/Vis spectroscopy, photoluminescent study, powder X-

Ray diffraction (PXRD) analyses and single-crystal X-ray diffraction studies. The crystal 

structures of the compounds featured essentially linear gold atom coordination geometries 

defined by phosphane-P and thiolate-S atoms. Both parent phosphanegold(I) complexes 

and the N-bound p-tolyl derivatives showed promising cytotoxicity against the HT-29 

cancer cell line, and the N-bound p-tolyl series were found to exhibit specific 

antibacterial activity against Gram-positive bacteria. Dinuclear compounds, (Ph2P-Fc-

PPh2){AuSC(OiPr)=NC6H4X-4}2, possessed better cytotoxicity against HEK-293 

embryonic kidney cells as compared to the mononuclear analogues and less toxic against 

MCF-7 breast cancer cell lines. (R3PAu)2{1,4-[SC(OMe)=N]2C6H4} displayed 

unexpected Au…π interactions which are more stable by at least 12 kcal mol-1. The disk 

diffusion results for this series demonstrated that the Et3P analogue exhibited a broad 

spectrum of anti-bacterial activity toward 24 strains of Gram-positive and Gram-negative 

bacteria while the Ph3P and Cy3P analogues were limited to Gram-positive bacteria. 

Contemplating the study on phosphanegold(I) complexes, exploration studies conducted 

on (Ph3P)2Cu[ROC(=S)N(H)Ph]Cl with R = Me, Et and iPr revealed interesting 

interactions, i.e. C–H···π(quasichelate ring) where a six-membered quasi-chelate ring is 

closed by an N–H···Cl hydrogen bond. Calculations suggest that the energy of attraction 

provided by such interactions approximates 3.5 kcal mol-1. 
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ABSTRAK 

Satu siri sebatian emas(I)fosfana tiokarbamat, Ph3PAu{SC(OR)=NC6H4X-4}, (Ph2P-Fc-

PPh2){AuSC(OiPr)=NC6H4X-4}2 [R = alkil, X = H, CH3, Cl dan NO2] dan (R3PAu)2{1,4-

[SC(OMe)=N]2C6H4} [R = Et, Ph dan Cy] telah disediakan daripada tindak balas bahan 

pemula emas(I)fosfana dengan tiokarbamat. Sebatian yang telah disediakan telah 

dicirikan dengan pelbagai spektroskopi NMR (1H, 13C dan 31P), IR, UV/Vis, fotoluminasi, 

analisis unsur, analisis gravimetric, pembelauan X-ray serbuk (PXRD) dan pembelauan 

X-ray hablur tunggal (SCXRD). Daripada struktur hablur yang diperolehi, sebatian 

emas(I) telah memaparkan geometri lurus; daripada penyelarasan atom emas, fosforus 

dan sulfur atom pada ligan. Semua sebatian emas(I)fosfana tiokarbamat menunjukkan 

kesan sitotoksik terhadap sel kanser HT-29 dan siri p-tolyl menunjukkan aktiviti terhad 

terhadap bakteria Gram-negatif. Sementara itu, sebatian dinuklear emas(I) (Ph2P-Fc-

PPh2){AuSC(OiPr)=NC6H4X-4}2, menunjukkan kesan sitotoksik yang lebih baik 

terhadap HEK-293, iaitu sel kanser buah pinggang berbanding dengan analog 

mononuklear dan kurang toksik terhadap sel kanser payudara; MCF-7. (R3PAu)2{1,4-

[SC(OMe)=N]2C6H4} menunjukkan iteraksi Au...π yang tidak dijangkakan dan lebih 

stabil dengan sekurang-kurangnya 12 kcal mol-1. Keputusan resapan cakera menunjukkan 

bahawa analog Et3P mempamerkan aktiviti anti-bakteria yang luas terhadap 24 jenis 

bakteria Gram-positif dan Gram-negatif. Sebaliknya, aktiviti anti-bakteria oleh analog 

Ph3P dan Cy3P adalah terhad kepada bakteria Gram-positif. Siri 

(Ph3P)2Cu[ROC(=S)N(H)Ph]Cl dengan R = Me, Et dan iPr juga dikajikan dan 

mendedahkan interaksi yang menarik, iaitu C-H···π (bulatan kuasi kelat) di mana enam 

ahli dalam bulatan kuasi kelat dihubungkan melalui ikatan hidrogen N-H···Cl. Pengiraan 

menunjukkan bahawa tenaga tarikan yang ditunjukkan oleh interaksi tersebut adalah lebih 

kurang 3.5 kcal mol-1. 
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CHAPTER 1: INTRODUCTION 

1.1 Cancer and Medicinal Chemistry 

Cancer remains as a main health issue owing to its impediments to successful 

treatment and recovery. Cancer is a form of disease that erupts from abnormal cell growth 

and is often lethal. It happens when the DNA of a cell is changed or damaged, and causes 

unwanted effect on cell growth where, damaged cells replicate in an uncontrolled manner, 

forming lumps or masses of tissue that is known as a tumour. There are numerous types 

of cancer, including the top leading killers: breast cancer, colorectal cancer and lung 

cancer, to name a few. Amongst these cancers, colorectal cancer brings to the second 

highest mortality rate in the developed countries (Jemal et al., 2011). 

Owing to the above, medicinal chemistry has always attracted noteworthy attention 

due to its importance and impact in tackling human disease, including cancer and tumour 

malignancies that afflict communities owing its life-threatening nature not to mention 

chronic pain caused by the disease itself and that related to its treatment. In the realm of 

medicinal chemistry, designing and developing effective bio-active molecules is often 

constrained by poor understanding of the underlying mechanism of action. This, however, 

does not limit exploration of new chemistry; enormous efforts are underway to delineate 

and discover potential pharmaceutical agents. In the area of metal-based drugs, gold 

formulations have received extensive attention with exploration of their medicinal 

properties dating since ancient times; Indian, Chinese and Arabian physicians employed 

gold in their prescriptions for the treatment of various ailments (Kean et al., 1985). The 

use of gold compounds in modern for medicinal purposes was first initiated by Robert 

Koch in his discovery of the anti-tubercular activity of gold cyanide in 1890. Despite gold 

cyanide was proven to be ineffective against tuberculosis in the 1920s. The above later 
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lead to the discovery of gold drugs, e.g. auranofin, which serves as an important agent to 

halt the progression of rheumatoid arthritis. 

1.2 Chrysotherapy and Gold Drugs 

The Chinese used gold as a medicinal agent dated back to as early as 2500 BCE 

(Merchant, 1998). Triethylphosphanegold(I) tetraacetylatedthioglucosate, commonly 

known as auranofin, is a phosphinegold(I) thiolate derivative, and a key example of the 

potential anti-proliferative gold complexes. Studies of auranofin on cultured tumour cells 

were conducted in 1985 to delineate its mechanism of action (Mirabelli et al., 1985), thus 

laid the foundation for the development of other gold drug analogues. Complementing 

studies of molecular gold compounds, the use of gold nanoparticles as new agents for 

drug or gene delivery open up new paradigms in drug-related therapies (Pissuwan et al., 

2011).  

S
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Figure 1.1: Chemical structure of Class I (myocrisin and aurothioglucose) and Class II 

(Auranofin) gold drugs. 
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Chrysotherapy, the use of gold compounds in medicine, often refers to the treatment 

of rheumatoid arthritis (Gielen et al., 2005; Sadler et al., 1998; Shaw, 1999). In general, 

there are two classes of gold drugs used in this context: Class I, being polymeric, charged 

and water soluble, as in myocrisin and aurothioglucose. Class II, represented by auranofin, 

is monomeric, neutral and hydrophobic, as depicted in Figure 1.1. Auranofin was first 

approved for clinical use in 1985 (Sutton, 1986; Sutton et al., 1972), and it showed 

comparable efficacy during treatment. However, administration of gold drugs results in 

inevitable side effects, e.g. nausea, weakness, rashes and the most common adverse effect, 

diarrhea (Giannini et al., 1990). Auranofin has now been rarely used clinically as there 

are more anti-rheumatic agents become available. Myocrisin and aurothioglucose, on the 

other hand, are injectable gold drugs. Unfortunately, the typical side effects associated 

with chrysotherapy still being the main limitation of the treatment, let alone the poor 

response of some patients towards treatment using gold drugs. Despite there are 

tremendous efforts dedicated to the development of gold drugs, their mechanism of action 

still remains poorly understood. Some of the side effects of chrysotherapy may relate to 

the generation of gold(III). When gold(I) dismutase to gold(III) ions and metallic gold(0), 

the gold(III) species denature proteins and nucleic acids, which are believed to be 

responsible for the toxicity of the administered gold(I) drugs (Brown et al., 2007; De Wall 

et al., 2006; Shaw, 1999).  

1.3 Thiocarbamide 

Thiocarbamide, with the general formula of ROC(=S)NR’R”, is a type of thione 

molecule (Vallejos et al., 2009) as illustrated in Figure 1.2. This molecule, when 

deprotonated, becomes a thiolate and it forms the focus of current research. 

Thiocarbamide comprises a potential coordinating sulphur atom and thus it is classified 

as a soft base, which usually forms strong bonding with soft acids and monovalent Group 

11 cations (Aslanidis et al., 2005; Sigel et al., 1979). 
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C

ORS

HN

R'           

R, R' = alkyl and/or aryl 

group  

Figure 1.2: General chemical structure of thiocarbamide. 

Characteristically, thiocarbamide binds to a metal centre via the thione sulphur. 

Examples of the neutral thiocarbamide connect as a monodentate thione are seen in the 

complexes of trans-Pd[S=C(OEt)N(H)Me]2(SCN)2 (Bardi et al., 1981) and 

[Au(S=C(OEt)N(H)Me]2Cl (Casellato et al., 1990). In the contrary, thiocarbamide 

functions as a thiolate ligand upon deprotonation as in gold(I) compounds, e.g. 

Ph3PAu[SC(OMe)N=Ph] and other related structures as described in the literature (Ho et 

al., 2007; Kuan et al., 2008). Alternatively, chelating modes are adopted via the S and N 

atoms in palladium(II) (Tarantelli et al., 1971) complexes. In rare occasions, the ligand 

coordinates via both anionic S- ligand mode and a N-,S-chelate in the same molecule of 

[Pd{PhNC(OMe)S}2(PPh3)] (Furlani et al., 1971). Despite both S and N atoms are 

available for bond formation, it is possible that with cyclic thiocarbamide molecule, such 

coordination is not observed as the electron lone pairs are involved in conjugation 

(Tsukamoto et al., 1980; Varma et al., 1968). 

1.3.1 Preparation of Thiocarbamides 

Thiocarbamate glycosides that embodies a -OC(S)N(H)- moiety was first found in 

the leaves of Moringa oleifera, by Faizi et al. (Faizi et al., 1992; Faizi et al., 1994), who 

discovered the first thiocarbamide moiety in natural product. Later, synthesis of 

thiocarbamides has been developed as discussed below. 

The preparation of thiocarbamide mainly involves alcohol and molecules 

containing S=C=N to serve as the starting materials. In 1994, Sekiyama and colleagues 

discovered that allyl isothiocyanate reacted more rapidly in the presence of alcohol even 
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when no mechanical stirring was applied, and the reactivity increased at higher 

temperature (Sekiyama et al., 1994). This study reveals that reaction between alcohol and 

isothiocyanate is facile, and the reaction mechanism is as illustrated in Figure 1.3.  

S

C

N

R'

R

O

H

C

ORS

HN

R'

 

Figure 1.3: Facile reaction of alcohol and isothiocyanate, where R, R’ = alkyl/aryl 

groups. 

 

It is common to prepare thiocarbamides from the heating of isothiocyanate and 

alcohol, (Gomes et al., 2009; Gomes et al., 2011; Kutschy et al., 2002; Kutschy et al., 

2001; Ribeiro da Silva et al., 2007; Zhou et al., 2009) or by reflux method (Breme et al., 

2007; El-Adasy, 2007; Elderfield et al., 1953; Ellis et al., 2009; Ghorab et al., 2008). 

Deprotonating agents such as alkali metal (e.g. Na) (Bost et al., 1943; Dixit et al., 2005), 

sodium hydride (NaH) (Alajarin et al., 2009; Arora et al., 2004; Cesarini et al., 2008; 

Dixit et al., 2005; Du et al., 2003; Gais et al., 2002; Lee et al., 2004; Min et al., 2010; 

Rudra et al., 2007; Spallarossa et al., 2009; Tamaru et al., 1987; Tokuyama et al., 2001; 

Yoon et al., 2003), potassium hydride (KH) (Yamashita et al., 2011; Yamashita et al., 

2009), base (e.g. NaOH, KOH) (Ho et al., 2005; Jian et al., 2006; Kuan et al., 2007) and 

Bronsted base (e.g. Et3N) (Stanetty et al., 1996) are also employed in the preparation of 

thiocarbamides to afford alkoxides with higher reactivity. The reactions are later 

completed by addition of acid (e.g. HCl, TFA) (Ho et al., 2005; Jian et al., 2006; Kuan et 

al., 2007; Lee et al., 2004; Tokuyama et al., 2001), or Bronsted acid (e.g. NH4Cl, 

NaHCO3) (Cesarini et al., 2008; Gais et al., 2002; Spallarossa et al., 2009; Yamashita et 

al., 2011). The use of aryl/acyl chloride, thiocyanate salt and alcohol (Arslan et al., 2007; 

Montiel-Ortega et al., 2004; Plutín et al., 2010; Plutín et al., 2005; Skinner et al., 1955) 

Univ
ers

ity
 of

 M
ala

ya



6 

 

on the other hand paved the synthesis of new and novel thiocarbamide ligands. 

Alternatively, chlorothionoformate (Taguchi et al., 2003; Zhang, 2008) or thiophosgene 

(Selvakumar et al., 2003; Selvakumar et al., 2006; Takhi et al., 2008) are reacted with 

amine to produce thiocarbamides. 

1.3.2 Chemical Properties and Their Applications 

Thiocarbamide, when protonated, features a N-H bond stretching mode around 

3200 cm-1 in the IR spectra (Arslan et al., 2007; Ho et al., 2006; Kuan et al., 2007; 

Vallejos et al., 2009). This characteristic N-H stretch forms a significant indication for 

successful coordination of thiocarbamide as a thiolate ligand to the metal centre. In such 

case, the nitrogen atom is deprotonated and the respective N-H stretching is no longer 

observed in the IR spectra of metal complexes (Ho et al., 2006; Kuan et al., 2008). 

Likewise, thiocarbamide exhibits a characteristic N-H resonance around 8.6 ppm in the 

1H NMR spectra, which disappears upon successful complexation (Cesarini et al., 2008; 

Dixit et al., 2005).  

Theoretical studies, e.g. DFT- B3LYP method (Al-Omary et al., 2014; Arslan et al., 

2007; Jian et al., 2006; Vallejos et al., 2009), were performed to delineate the 

characteristic electronic resonance of thiocarbamide molecules (Kaur et al., 2005). 

Molecular packing of ROC(S)N(H)C(O)OCH3 (R = CH3– and CH3CH2–), were found 

stabilised by intermolecular N-H···S=C hydrogen bonding, in addition to the trans 

orientation of sulphur and oxygen atoms within the -(S)N(H)C(O)- moiety, as reported 

by Vallejos et al. in 2009. Analogous intermolecular hydrogen bondings were also 

observed in the structure of O-ethyl benzoylthiocarbamate (Arslan et al., 2007). Such 

interactions are thought to be responsible for the discrepancy of the calculated and 

experimental frequencies of the N-H stretching vibration mode, with an approximate 

difference of 195 cm-1.  
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Crystallographic studies however revealed that {…H–N–C=S}2 synthon does not 

predominate in the crystal structures of thiocarbamide, and the substance may form E- 

and Z- conformations about the central C–N bond. The study performed on O-methyl-N-

arylthiocarbamides concluded that both E- and Z- conformations coexist in the solution 

state while in the solid state, the E-conformation has higher stability by approximate 5 kJ 

mol-1 due to the formations of hydrogen bonding (Ho et al., 2005). 

Thiocarbamide provides opportunities for its applications as catalysts, owing to the 

stability of N-H bonding over thiourea towards high moisture content in 

bromolactonisation reactions. This higher tolerance to moisture leads to the development 

of thiocarbamides as effective chiral catalyst for asymmetric bromolactonisation (Tan et 

al., 2011) as well as for highly region- and enantioselective synthesis of lactones (Tan et 

al., 2012). Over and above, due to the strong affinity toward selective ions and related 

chelating ability, thiocarbamide functions as a sequestering substance of heavy metal ions 

(Quas et al., 2000; Ribeiro Da Silva et al., 2004; Schroder et al., 1995; Shagun et al., 

2006); (Harris et al., 1954; Seryakova et al., 1975). 

Biological activities of thiocarbamides are also accessed and they have been used 

widely as herbicides (Mizuno et al., 2003; Zhou et al., 2009; Zhu et al., 2007), 

bactericides (Goel et al., 2002; Ryder et al., 1986) and pesticides (Breiter et al., 1998; 

Lee et al., 2004). Remarkably, thiocarbamides are also identified as HIV-1 non-

nucleoside reverse transcriptase inhibitors (NNRTIs) (Cesarini et al., 2008; Ranise et al., 

2005). The pharmacological activity of thiocarbamides may correspond to the molecular 

flexibility of the conjugated C-N linkages which is dictated by the restricted rotation 

around the chemical bonds (Beers et al., 1970). Incorporation of a thiocarbamide group 

in the linezolid, a synthetic antibiotic used for treatments of infections caused by Gram-

positive bacteria, found to improve the biological activities (Selvakumar et al., 2003) 

(Dixit et al., 2005; Selvakumar et al., 2006), let alone the promising fungicidal activity 
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possessed by thiocarbamides (Albores-Velasco et al., 1995; Soung et al., 2010). In short, 

understanding of the structural/stability/reactivity relations remains as a key factor for the 

design of thiocarbamide molecules with higher effectiveness regardless of the specific 

application. 

1.4 Phosphinegold(I) Compounds 

While thiocarbamide molecules possess promising biological activity, in addition 

to its facile preparation and potential structural modification, research on the bioactivity 

of their gold (I) species are however limited. The biological potential demonstrated by 

auranofin prompted efforts to study related phosphinegold(I) thiolate species. 

Gold(I), the soft Lewis acid, forms stable compounds with soft donor ligands. 

Conversely, coordination of gold(I) with hard ligands may induce disproportionation to 

gold(III) and gold(0). While gold(III) species are postulated to cause toxicity as well as 

to contribute to protein and nucleic acids denaturation, stable gold(I) species may 

eliminate such negative effects. In view of the above, complexation of thiocarbamides 

and phosphinegold(I) precursors is thought worthwhile for the preparation of highly 

potent gold species.  

1.4.1 Phosphinegold(I) Precursors 

Gold(I), with an oxidation state of +1, favours the complexation with soft donor 

ligands such as thiolates, cyanide and phosphine to form stable compounds. Gold(I) 

usually adopts linear geometry, but trigonal and tetrahedral geometries are also possible 

with multidentate ligands. Other than promoting stability, phosphine ligands essentially 

enhance the biological activity of related gold(I) species (Fortman et al., 2010; Glisic et 

al., 2014; Hashmi et al., 2010; Partyka et al., 2007; Perez-Galan et al., 2010). This is 

further substantiated when gold thiolates (Berners-Price et al., 1988; Mirabelli et al., 1986; 

Univ
ers

ity
 of

 M
ala

ya



9 

 

Snyder et al., 1986) and gold chlorides without phosphorus donors were found to have 

reduced potency (Tiekink, 2002). The selection of appropriate phosphine ligand is 

therefore crucial, as suggested from the work of Glisic and Djuran (Glisic et al., 2014), 

which demonstrated that replacement of phenyl groups with less bulky methyl groups on 

the phosphorous atom in dinuclear complexes resulted in significant reduction of anti-

microbial activity. In contrast, the gold(I) compounds that bear comparable small 

phosphine group, triethylphosphine (PEt3), exhibited high activity against selected strains 

of bacteria and fungi.  

A wide range of phoshinegold(I) halide precursors can be sourced commercially, 

or prepared from the reduction of gold(III) salts, e.g. KAuCl4, by incorporating reducing 

agents such as thiodiglycol (Batsanov et al., 2009), phosphine (Santini et al., 2011) and 

sodium sulphite (Xiong et al., 2014). Reactions involved in the reduction of gold(III) to 

gold(I) using sodium sulphite are shown as below (Romankiw et al., 2000): 

 

[Au(SO3)2]
3- → [Au(SO3)]

- + SO3
2-       (1) 

[Au(SO3)]
- → Au+ + SO3

2-        (2) 

Au+ + e- → Au         (3) 

As the reduction of gold(III) to gold(0) is unfavourable, the control over the rate of 

reaction is therefore crucial to optimise the production of desired gold(I) species. This 

can be achieved by monitoring the reaction temperature, e.g. 0 °C from ice/salt 

combination, and/or, by fine-tuning the solvent system polarity e.g. mixture of 

acetone/water, so that the reduction is carried out at a controllable pace. Indication of 

successful gold(III) reduction to gold(I) is observed from the changes of colour from 

yellow to colourless.  

 

Univ
ers

ity
 of

 M
ala

ya



10 

 

1.4.2 Phosphinegold(I) Thiolate Compounds 

Preparation of phosphinegold(I) thiolate compounds from the respective 

phosphinegold(I) chloride and thiocarbamide is often aided with base, e.g. NaOH. 

Successful complexation is indicated from the absence of broad resonance around δ 8 

ppm corresponding to thiocarbamide N-H in the 1H NMR spectrum of the 

phosphinegold(I) compound. The upfield shift of the resonance in the 13C{1H} NMR due 

to the quaternary carbon may be observed as a consequence of reorganisation of π-

electron density in the ligand upon deprotonation and subsequent C=N bond formation 

(Ho et al., 2006). Coordination of thiocarbamide as a thiolate ligand is also observed in 

the IR spectra of the respective phosphinegold(I) compounds due to the absence of the 

characteristic N-H stretching band absorption at ~ 3200 cm-1. 

1.4.2.1 Chemical Properties and Their Applications 

One of the motivating factors behind the interest in gold(I) compounds, often relates 

to their characteristic luminescent properties (Chao et al., 2002; Elbjeirami et al., 2007; 

Lee et al., 2003; Lee et al., 2002; Stott et al., 2005; Tzeng et al., 2004; Yun et al., 2006; 

Zhang et al., 2001). The above leads to the development of gold(I) compounds function 

as molecular sensors, energy storage devices as well as for the detection of alkali ions, 

e.g. K+. The macrocyclic residues carried by functionalised dinuclear phosphinegold(I) 

thiolates sandwich the cation and promote Au…Au interactions that cause a luminescent 

event (Li et al., 2005; Li et al., 2004; Yam et al., 2001; Yam et al., 1998).  

The frontier orbitals of gold(I) species with electron configuration d10 are the filled 

5d orbitals followed by empty 6s and 6p orbitals. Arising from the oxidising as well as 

reducing abilities of gold(I), both the LMCT and MLCT occur with comparable 

probability depending on the ligand coordinated, and these transitions are thought to be 

responsible for the luminescence properties. In addition to intraligand, metal-centered, 
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LMCT and MLCT transitions, aurophilic interactions are speculated to influence the 

luminescence properties, as a result of lower energy gap and higher transition probability 

(Tiekink et al., 2009; van Zyl et al., 2000). Au…Au interactions are found leading to a σ 

overlap of 5d and 6p orbitals in polynuclear gold(I) compounds, thereby introduces 

stabilisation of the gold(I) 6p orbitals and thus the HOMO and LUMO are 𝜎𝑑
∗ and  𝜎𝑝

𝑏 

orbitals respectively (Vogler et al., 2001). Such phenomena resulted in the corresponding 

metal centred dp absorption as observed in [Au2(dppm)2]
2+ species at λmax = 292 nm, and 

the phosphorescence from such dp triplets at λmax in the range of 565 – 593 nm was 

reported (Che et al., 1990; Che et al., 1989; King et al., 1989; Yam et al., 1990). The 

bulky phosphine ligand in mononuclear phosphinegold(I) precursors, e.g. Ph3PAuCl, 

restrains the formation of Au…Au interactions, however. When the compound was 

excited in the UV region, two emission bands were observed in the 350 - 500 and 420 - 

600 nm regions, respectively (Larson et al., 1995), correspond to phosphorescence 

phenomena. From the SCF-Xα-SW calculations performed, the HOMO of this molecule 

is mainly of phenyl-π character while the LUMO centred on gold, phosphorous and 

chloride atoms (Tiekink et al., 2009). 

The luminescence properties of the phosphinegold(I) thiolate compounds are 

mainly governed by the nature of the ligand employed. The optical process occurs 

predominantly due to the excitation of sulphur with subsequent charge transfer to gold, 

despite the fact that chromophore are often present in the phosphine ligand. A series of 

mononuclear [R3PAu{SC(OMe)=NC6H4NO2-4}], for R = Et, Cy, and Ph, and binuclear 

[(Ph2P(CH2)nPPh2) {Au{SC(OMe)=NC6H4NO2-4}2], for n = 1–4 were found to display 

shoulders at ~260-262 nm in the absorption spectra arisen from the thiocarbamide ligand-

centered π-π* transition which were also observed in the ligand itself at ~256 nm. 

Meanwhile, the intraligand transitions due to the phenyl rings of the phosphine ligands 

were observed at ~266 - 270 nm. When these compounds were examined for their 
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luminescence properties, the results indicated that the nature of the ancillary phosphines, 

presence of Au…Au either intra- or inter-molecular, did not induce a significant influence 

on the luminescence properties (Ho et al., 2006). This is further supported by the work of 

Jones et al. and Narayanaswamy et al. (Jones et al., 1995; Narayanaswamy et al., 1993), 

in which, the photophysical data of dinuclear diphosphinegold(I) thiolate compounds 

with phosphine ligand of various spacer proved that there is no correlation between the 

Au…Au interactions and luminescence properties. The observed luminescence originates 

from the charge transfer of sulphur to gold atom, with low energy absorption bands 

observed below 300 nm assigned to LMCT (S→Au) and the emission maxima appeared 

in the 485-510 nm region. 

1.4.2.2 Crystallography and Related Interactions 

Gold(I) compounds generally feature linear geometry, as in the structures of related 

phosphinegold(I) thiocarbamide compounds, where the gold atom is connected to a 

sulphur and a phosphorous donor atom, with the angle of P-Au-S close to linearity (Ho et 

al., 2006; Ho et al., 2007; Kuan et al., 2008). The crystal packing of the molecules may 

be influenced by the nature of the thiolate ligand, in addition to other forces arising from 

possible intramolecular Au…Au, Au…O, Au…π and intermolecular Au…X (X = halide) 

interactions. While the additional interactions occur mainly around the gold(I) centre as 

a consequence of the relativistic effect, this has paved the possibilities for crystal 

engineers to utilise such interactions to design gold(I) compounds of desired properties 

for respective applications.  

Aurophilic interactions are often observed when gold(I) atoms are connected by a 

multidentate ligand that holds them in close proximity, which arise from the overlap of 

filled 5d orbitals and 6p orbitals due to relativistic effect. Such interaction is perceived to 

afford comparable stabilisation energy to that of a hydrogen bonding (Pyykko et al., 1997; 
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Schmidbaur, 2001). The influence of aurophilic interactions upon supramolecular 

aggregation patterns is well described in the literature (Ahrland et al., 1985; Coker et al., 

2004; Jones et al., 1998; Schmidbaur et al., 1990) where, the reported structures 

resembles a rod or cone in the absence of aurophilic interactions. When the gold(I) atoms 

in these structures are connected to each other, the structural dimensionality is increased 

to a 1-D chain. Hence, harnessing aurophilicity aids in designing gold(I) compounds with 

different architectures, e.g. simple dimers, infinite bands or sheets and complex 3-D 

arrays in some cases (Katz et al., 2008). (p-Tolyl)3PAuCl is an example of gold(I) 

compounds that appears in polymorphic forms, where the presence of Au…Au contact is 

detected in one of the forms while the other is not,  governed by the crystallisation modes 

(Bott et al., 2004; Cookson et al., 1994). The well-established aurophilic interactions in 

gold(I) compounds are of great interest for their specific influences on the physical 

properties, which can be employed for applications such as photocatalysts, vapochromic 

or solvatochromic sensors and light-emitting diodes (Schmidbaur et al., 2012). 

Intramolecular Au…O interactions commonly feature in R3PAu[SC(OMe)=NR′], 

where R, R′ = aryl and alkyl (Ho et al., 2006; Kuan et al., 2008). Tiekink and colleagues 

discovered that substituting the P-bound phenyl rings with electron rich p-tolyl ring 

promoted formation of Au…π(arene) interactions while insertion of a nitro group to the 

thiolate-arene ring was sufficient to restore the Au…O interactions. The above implies 

that varying the N- and P-bound groups influence the formation of Au…O or 

Au…π(arene) interactions. Au…π(arene) interactions receive less attention as compared 

to aurophilicity. A delocalised Au…π interaction is recognised at the distance of gold 

atom and the ring centroid less than 4.0 Å (Tiekink et al., 2009). In fact, the energy of 

stabilisation imparted by these two interactions are of similar strength, as in the two 

polymorphic forms of (Ph2PCH2PPh2)(AuCl)2, bis(diphenylphosphino)methane-

di[chloridogold(I)] where Au…π(arene) interactions were found to stabilise one 
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polymorphic form while the other featured Au…Au contacts (Healy, 2003; Schmidbaur 

et al., 1977). In short, these interactions play a crucial role in the overall molecular 

structures of gold(I) compounds and each of the interactions imparts considerable impact. 

1.4.3 Stability of Gold(I) Compounds under Biological Condition 

The use of gold species for the treatment of cancer (Tiekink, 2002) and HIV (Okada 

et al., 1993) is another driving force for extensive studies of their pharmacological 

properties. Buckley and his colleagues (Buckley et al., 1996) first reported some 

organogold(III) complexes endowed with significant cytotoxic and anticancer properties. 

However, a number of gold(III) complexes are found to exhibit poor stability under 

physiological condition owing to their high reduction potential and fast hydrolysis rate, 

thus only limited gold(III) complexes are found demonstrating anticancer activity 

(Berners-Price et al., 2011; Nobili et al., 2010). During the past decade, various gold(III) 

complexes of sufficient stability in the physiological environment have been synthesized 

and evaluated for in vitro anti-cancer properties (Casini et al., 2006). In view of the above, 

focus is directed to prepare related gold(I) compounds with acceptable stability. Recently, 

mono- and bis-phosphinegold(I) species, including thiolate derivatives, are found to 

demonstrate promising anti-tumour activities, as discussed in recent bibliographic 

reviews (McKeage et al., 2002; Ott, 2009; Tiekink, 2003). 

Notwithstanding a broad range of linear two coordinate gold(I) compounds display 

promising in vitro cytotoxicity, the characteristic feature of these compounds to undergo 

facile ligand exchange reactions limit their application as anti-cancer agents. The 

sensitivity of gold(I) compounds rely on the structural rigidity induced by the attached 

ligands. Therefore, the interactions of gold(I) compounds with proteins and enzymes 

comprising cysteine or selenocysteine residues active sites have received much attention 

as these sites are suggested to be the major targets for gold(I) compounds (Bhabak et al., 
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2011). Langdon-Jones and colleague (Langdon-Jones et al., 2014) suggested higher 

lipophilicity in four coordinate gold(I) compounds induce less reactivity to thiols. The 

incorporation of chelating phosphine ligand was later aimed to increase the structural 

stability of gold(I) compounds so as to reduce their high thiol activity. Unfortunately, 

enhanced lipophilicity resulted in severe toxicity in the mitochondria of both normal and 

tumorigenic cells (Berners-Price et al., 1986). Gold(I) compounds with triethylphosphine, 

however, were found to impart considerable lipophilicity and exhibit several 

pharmacokinetic advantages (Bhabak et al., 2011). Research on gold(I) compounds with 

promising biological activity require a long term effort as the delineation of the 

structural/stability/reactivity relations still remains elusive. 

1.5 Related Copper(I) Thiolate Compounds  

Thiocarbamides, with both nitrogen and sulphur to function as potential donating 

atoms, also form strong bonding with monovalent copper cation which appears at the top 

of Group 11 in periodic table, above silver and gold.  Efforts are devoted to study the 

related copper(I) thiocarbamide compounds owing to the rich coordination chemistry 

displayed (Aslanidis et al., 2004; Aslanidis et al., 2002; Divanidis et al., 2005; 

Hadjikakou et al., 1991; Karagiannidis et al., 1990). Copper(I) compounds generally 

present linear (regular and irregular), trigonal and tetrahedral coordination geometries due 

to the highly labile and easily distorted d10 coordination sphere (Greenwood et al., 2012). 

The coordination of copper(I) with sulphur containing ligand yielded rich variety of 

structures of mononuclear trigonal planar and tetrahedral compounds as in the literature 

(Aslanidis et al., 2004), with the copper(I) centre coordinated to the sulphur atom via 

terminal and/or μ2-S bridging modes. Interest is also directed to develop diverse 

coordination networks from copper(I) and soft bases which may exhibit conducting, 

catalytic and magnetic exchange properties (Carlucci et al., 2000; Lobana et al., 2006). 

The interesting structures of 1D polymers, {Cu6(µ3-SC3H6N2)4(µ-SC3H6N2)2(µ-I)2I4}, 
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{Cu6(µ3-SC3H6N2)2(µ-SC3H6N2)4(µ-Br)4Br2}n and 3D polymer {Cu2(µ-SC3H6N2)2(µ-

SCN)2}n, were reported containing 20-membered metallacyclic rings in their preparation 

of coordination networks  (Carlucci et al., 2000; Lobana et al., 2006). In addition to the 

non-biological applications, copper(I) is an essential trace element for living organism 

(Linder, 1991). The remarkable feature of cancer cells and tissues to accumulate copper 

lead to the development of potential strategy in cancer chemotherapy; in the presence of 

copper, sulphur containing molecules become active proteasome inhibitors and breast 

cancer killers (Daniel et al., 2005). Owing to the above, copper complexes of sulphur 

containing ligands have been paid enormous attention including their cytotoxicity and 

anti-proliferative activity toward various types of tumours (Rodríguez-Argüelles et al., 

2009) and nuclease activity (Krishna et al., 2009). 

1.6 Aims of Study 

(i) To prepare highly potent gold-based therapeutic agents, the phosphinegold(I) 

thiolate compounds.  

(ii) To employ various characterisation techniques in the delineation of the 

chemistry, e.g. infrared (IR) spectroscopy, multi-nuclear magnetic resonance 

(multi-NMR) spectroscopy, thermogravimetric analyses, elemental analyses, 

powder X-ray diffraction and single crystal X-ray diffraction.  

(iii) To review the synthesised compounds for their biological activities against 

HT-29 colon cancer cell line, MCF-7 breast cancer cell line and HEK-293 

embryonic kidney cell line as well a broad panel of Gram-positive and Gram 

negative bacteria for exploration of structure/activity relationships.  

(iv) To explore the chemistry and structural study of related phosphinecopper(I) 

compounds to contemplate the study on gold(I) derivatives. 
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CHAPTER 2: METHODOLOGY 

2.1 Materials 

Water, sodium hydroxide (Merck), hydrochloric acid fuming 37% (Merck), methanol, for 

analysis EMSURE® grade (Merck), ethanol, for analysis EMSURE® grade (Merck), 

isopropranol, for analysis EMSURE® grade (Merck), chloroform, for analysis 

EMSURE® grade (Merck), dichloromethane, for analysis EMSURE® grade (Merck), 

acetone, for analysis EMPARTA® grade, acetonitrile, for analysis EMSURE® grade 

(Merck), triethylphosphine solution,1.0 M in THF (Merck), triphenylphosphine (Sigma-

Aldrich), tricyclohexylphosphine 98% (Sigma-Aldrich), 1,1′-

Bis(diphenylphosphino)ferrocene 97% (Sigma-Aldrich), phenyl isothiocyanate 98% 

(Merck), p-tolyl isothiocyanate (Merck), 4-chlorophenyl isothiocyanate (Sigma-Aldrich), 

4-nitrophenyl isothiocyanate (Acros Organic), p-phenylene diisothiocyanate 98% 

(Sigma-Aldrich), potassium tetrachloroaurate(III) 98% (Sigma-Adrich), sodium sulfite ≥ 

98% (Merck), copper(I) chloride (Merck). All chemicals and solvents were sourced 

commercially and used as received.  

2.2 Synthesis 

2.2.1 Thiocarbamide 

All reactions were carried out under ambient conditions. The methods employed 

for the preparation of thiocarbamide ligands were similar, so that the preparation of the 

parent thiocarbamide is described in detail as a representative example.  

MeOC(=S)N(H)C6H5 was prepared in quantitative yields by adding phenyl 

isothiocyanate (1.0 mmol) to a stirred solution of NaOH (1.0 mmol) in methanol (50 mL). 

The resulting mixture was stirred at room temperature for 2 h, followed by addition of 

excess HCl (5 M) and stirred for another 1 h. The final product was later extracted from 

the aqueous solution with chloroform and left for slow evaporation at room temperature. 
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Bi-functional thiocarbamide was prepared in similar manner as described above where p-

phenylene diisothiocyanate (1 mmol) was reacted in methanol (100 ml) in the presence 

of two mole equivalents of NaOH.   

MeOC(=S)N(H)Ph (L1) 

mp 93.0 – 94.0 °C. Anal. Calc. for C8H9NOS: C, 57.46; H, 5.42; N, 8.38. Found: C, 57.48; 

H, 5.25; N, 8.33 %. IR (cm-1): 3184 (br) ν(N–H), 1448 (s) ν(C–N), 1207 (s) ν (C=S), 1059 

(s) ν(C–O). 1H NMR (CDCl3): δ 8.67 [s, br, 1H, NH], 7.33 [t, 2H, m-aryl-H, J = 7.72 Hz], 

7.27 [br, 2H, o-aryl-H, overlapped with solvent resonance], 7.19 [t, 2H, p-aryl-H, J = 7.14 

Hz], 4.14 [s, 3H, OCH3] ppm. 13C{1H} NMR (CDCl3): δ 188.7 [Cq], 137.0 [Cipso], 129.1 

[Cmeta], 125.6 [Cpara], 121.8 [Cortho], 58.8 [OCH3] ppm. 

EtOC(=S)N(H)Ph (L2) 

mp 66.0 – 68.0 °C. Anal. Calc. for C9H11NOS: C, 59.64; H, 6.12; N, 7.73. Found: C, 59.49; 

H, 6.09; N, 7.73 %. IR (cm-1): 3214 (br) ν(N–H), 1446 (s) ν(C–N), 1199 (s) ν (C=S), 1038 

(s) ν(C–O). 1H NMR (CDCl3): δ 8.68 [s, br, 1H, NH], 7.34 [t, 2H, m-aryl-H, J = 7.70 Hz], 

7.27 [br, 2H, o-aryl-H, overlapped with solvent resonance], 7.17 [t, 2H, p-aryl-H, J = 7.10 

Hz], 4.63 [s, br, 2H, OCH2], 1.41 [t, 3H, CH3, J = 7.10 Hz] ppm. 13C{1H} NMR (CDCl3): 

δ 188.7 [Cq], 137.2 [Cipso], 129.0 [Cmeta], 125.4 [Cpara], 121.6 [Cortho], 68.8 [OCH2], 14.1 

[CH3] ppm. 

iPrOC(=S)N(H)Ph (L3) 

mp 75.0 – 77.0 °C. Anal. Calc. for C10H13NOS: C, 61.50; H, 6.71; N, 7.17. Found: C, 

61.89; H, 6.83; N, 7.28 %. IR (cm-1): 3169 (br) ν(N–H), 1450 (s) ν(C–N), 1206 (s) ν 

(C=S), 1090 (s) ν(C–O). 1H NMR (CDCl3): δ 8.68 [s, br, 1H, NH], 7.33 [t, 2H, m-aryl-H, 

J = 7.66 Hz], 7.27 [br, 2H, o-aryl-H, overlapped with solvent resonance], 7.15 [t, 2H, p-

aryl-H, J = 7.06 Hz], 5.66 [sept, 1H, OCH, J = 6.23 Hz], 1.41 [d, 6H, CH3, J = 6.24 Hz] 
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ppm. 13C{1H} NMR (CDCl3): δ 188.0 [Cq], 137.2 [Cipso], 129.0 [Cmeta], 125.3 [Cpara], 

121.1 [Cortho], unobserved [OCH], 21.7 [CH3] ppm. 

MeOC(=S)N(H)C6H4Me-4 (L4) 

mp 78.0 – 80.0 °C. Anal. Calc. for C9H11NOS: C, 59.64; H, 6.17; N, 7.73. Found: C, 59.26; 

H, 6.29; N, 7.74 %. IR (cm-1): 3234 (br) ν(N–H), 1451 (s) ν(C–N), 1204 (s) ν (C=S), 1061 

(s) ν(C–O). 1H NMR (CDCl3): δ 8.70 [s, br, 1H, NH], 7.13 [s, br, 4H, aryl-H], 4.11 [s, 

3H, OCH3], 2.32 [s, 3H, aryl-CH3] ppm. 13C{1H} NMR (CDCl3): δ 189.6 [Cq], 135.5 

[Cipso], 134.4 [Cpara], 129.6 [Cmeta], 122.0 [Cortho], 58.8 [OCH3], 21.0 [aryl-CH3] ppm. 

EtOC(=S)N(H)C6H4Me-4 (L5) 

mp 64.0 – 67.0 °C. Anal. Calc. for C10H13NOS: C, 61.50; H, 6.71; N, 7.23. Found: C, 

61.30; H, 6.82; N, 7.23 %. IR (cm-1): 3236 (br) ν(N–H), 1450 (s) ν(C–N), 1202 (s) ν 

(C=S), 1042 (s) ν(C–O). 1H NMR (CDCl3): δ 8.68 [s, br, 1H, NH], 7.13 [s, br, 4H, aryl-

H], 4.62 [s, br, 2H, OCH2], 2.32 [s, 3H, aryl-CH3], 1.39 [t, 3H, CH3, J = 7.10 Hz] ppm. 

13C{1H} NMR (CDCl3): δ 188.6 [Cq], 135.2 [Cipso], 134.6 [Cpara], 129.6 [Cmeta], 121.6 

[Cortho], 68.7 [OCH2], 20.9 [aryl-CH3], 14.1 [CH3], ppm. 

iPrOC(=S)N(H)C6H4Me-4 (L6) 

mp 91.0 – 92.0 °C. Anal. Calc. for C11H15NOS: C, 63.12; H, 7.22; N, 6.69. Found: C, 

63.35; H, 7.33; N, 6.70 %. IR (cm-1): 3221 (br) ν(N–H), 1462 (s) ν(C–N), 1205 (s) ν 

(C=S), 1087 (s) ν(C–O). 1H NMR (CDCl3): δ 8.65 [s, br, 1H, NH], 7.13 [s, br, 4H, aryl-

H], 5.65 [sept, 1H, OCH, J = 6.22 Hz], 2.32 [s, 3H, aryl-CH3], 1.39 [d, 6H, CH3, J = 6.20 

Hz] ppm. 13C{1H} NMR (CDCl3): δ 187.8 [Cq], 135.0 [Cipso], 134.7 [Cpara], 129.5 [Cmeta], 

121.5 [Cortho], 73.7 [OCH], 21.7 [CH3], 20.9 [aryl-CH3] ppm. 
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iPrOC(=S)N(H)C6H4Cl-4 (L7) 

mp 92.0 – 93.0 °C. Anal. Calc. for C10H12ClNOS:  C, 52.28; H, 5.27; N, 6.10. Found: C, 

52.27; H, 5.10; N, 6.10 %. IR (cm-1): 3198 (br) ν(N–H), 1498 (s) ν(C–N), 1207 (s) ν 

(C=S), 1091 (s) ν(C–O). 1H NMR (CDCl3): δ 8.58 [s, br, 1H, NH], 7.30 [d, 2H, m-aryl-

H, J = 8.52 Hz], 7.21 [s, br, 2H, o-aryl-H], 5.64 [sept, 1H, OCH, J = 6.23 Hz], 1.40 [d, 

6H, CH3, J = 6.20 Hz] ppm. 13C{1H} NMR (CDCl3): δ 187.8 [Cq], 135.7 [Cipso], 129.1 

[Cmeta], 126.6 [Cpara], 122.7 [Cortho], unobserved [OCH], 21.7 [CH3] ppm. 

iPrOC(=S)N(H)C6H4NO2-p (L8) 

mp 119.0 – 121.5 °C. Anal. Calc. for C10H12N2O3S: C, 49.99; H, 5.03; N, 11.66. Found: 

C, 50.19; H, 5.02; N, 11.86 %. IR (cm-1): 3240 (br) ν(N–H), 1495 (s) ν(C–N), 1209 (s) ν 

(C=S), 1084 (s) ν(C–O). 1H NMR (CDCl3): δ 8.60 [s, br, 1H, NH], 8.22 [dt, 2H, m-aryl-

H, J = 9.12 Hz, J = 2.47 Hz], 7.54 [s, br, 2H, o-aryl-H], 5.68 [sept, 1H, OCH, J = 6.24 

Hz], 1.46 [d, 6H, CH3, J = 6.24 Hz] ppm. 13C{1H} NMR (CDCl3): δ 187.5 [Cq], 143.9 

[Cipso], 142.7 [Cpara], 125.1 [Cmeta], 120.4 [Cortho], unobserved [OCH], 21.6 [CH3] ppm. 

1,4-[MeOC(=S)N(H)]2C6H4 (L9) 

mp 209.0 – 210.0 °C. Anal. Calc. for C10H12N2O2S2: C, 46.85; H, 4.72; N, 10.93. Found: 

C, 46.71; H, 4.64; N, 10.94 %. IR (cm-1): 3219 (br) ν(N–H), 1454 (s) ν(C–N), 1140 (s) 

ν(C–O), 1046 (s) ν (C=S). 1H NMR (DMSO-d6): δ 11.10 [s, br, 2H, NH], 7.59 [s, br, 2H, 

aryl-H], 7.30 [s, br, 2H, aryl-H], 3.99 [s, 6H, OCH3] ppm. 1H NMR (CDCl3): δ 8.32 [s, 

br, 2H, NH], 7.56 [s, br, 2H, aryl-H], 7.22 [s, br, 2H, aryl-H], 4.12 [s, 6H, OCH3] ppm.  

13C{1H} NMR (DMSO-d6): δ 189.1, 188.4 [Cq], 135.8, 134.8 [Cipso], 123.7 and 122.6 

[Cortho], 58.3, 56.8 [OCH3] ppm. 
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2.2.2 Gold(I) Compounds 

Ph3PAu{SC(OR)=NC6H4X-4} for R = Me, Et and iPr, X = H, CH3, Cl and NO2 

were obtained from the reaction of Ph3PAuCl precursor (synthesized by the reduction of 

KAuCl4 by sodium sulfite followed by the addition of Ph3P) with one mole equivalent of 

ROC(=S)N(H)Ph in the presence of base. The preparation of Ph3PAu{SC(OMe)=NC6H5} 

is described as a representative example.  

NaOH (0.50 mmol) in MeOH (5 mL) was added to a suspension of Ph3PAuCl (0.50 

mmol) in MeOH (20 mL), followed by the addition of MeOC(=S)NHC6H5 in MeOH (20 

mL). The resulting mixture was stirred for 3 h at 50 °C. An equal volume of 

dichloromethane was added and the solution was left for slow evaporation at room 

temperature. 

Ph3PAu[SC(OMe)=NC6H5] (1) 

Colourless crystal. Yield: 0.288 g (91 %). mp 142.0-144.0 °C. Anal. Calc. for 

C26H23AuNOPS: C, 49.93; H, 3.71; N, 2.24. Found: C, 49.69; H, 3.45; N, 2.28 %. IR (cm-

1): 1435 (s) ν(C=N), 1145 (s) ν(C–O), 1099 (s) ν(C–S).  1H NMR (CDCl3): δ 7.53 – 7.42 

[m, br, 15H, Ph3P], 7.04 [t, 2H, m-aryl-H, J = 7.80 Hz]. 6.84 [dd, 2H, o-aryl-H, J = 8.34 

Hz, J = 1.10 Hz], 6.71 [t, 1H, p-aryl-H, J = 7.36 Hz], 3.91 [s, 3H, OCH3] ppm.  13C{1H} 

NMR (CDCl3): δ 164.6 [Cq], 151.1 [aryl, Cipso], 134.3 [d, m-Ph3P, 3JCP = 13.84 Hz], 131.6 

[d, p-Ph3P, 4JCP = 2.29 Hz], 129.5 [d, i-Ph3P, 1JCP = 56.62 Hz], 129.1 [d, o-Ph3P, 2JCP = 

11.49 Hz], 128.8 [aryl, Cmeta], 122.5 [aryl, Cpara], 121.9 [aryl, Cortho], 55.3 [OCH3] ppm. 

31P{1H} NMR (CDCl3): δ 38.0 ppm. 
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Ph3PAu[SC(OEt)=NC6H5] (2) 

Colourless crystal. Yield: 0.284 g (88 %). mp 134.0-136.0 °C. Anal. Calc. for 

C27H25AuNOPS: C, 50.71; H, 3.94; N, 2.19. Found: C, 50.64; H, 3.75; N, 2.26 %. IR (cm-

1): 1438 (s) ν(C=N), 1131 (s) ν(C–O), 1100 (s) ν(C–S). 1H NMR (CDCl3): δ 7.54 – 7.44 

[m, br, 15H, Ph3P], 7.06 [t, 2H, m-aryl-H, J = 7.78 Hz]. 6.84 [d, 2H, o-aryl-H, J = 8.28 

Hz], 6.73 [t, 1H, p-aryl-H, J = 7.36 Hz], 4.35 [q, 2H, OCH2, J = 7.09 Hz], 1.34 [t, 3H, 

CH3, J = 7.10 Hz] ppm. 13C{1H} NMR (CDCl3): δ 164.0 [Cq], 151.2 [aryl, Cipso], 134.3 

[d, m-Ph3P, 3JCP = 13.83 Hz], 131.6 [d, p-Ph3P, 4JCP = 2.25 Hz], 129.5 [d, i-Ph3P, 1JCP = 

59.12 Hz], 129.1 [d, o-Ph3P, 2JCP = 11.49 Hz], 128.7 [aryl, Cmeta], 122.4 [aryl, Cpara], 121.9 

[aryl, Cortho], 63.9 [OCH2], 14.6 [CH3] ppm. 31P{1H} NMR (CDCl3): δ 37.8 ppm. 

Ph3PAu[SC(OiPr)=NC6H5] (3) 

Colourless crystal. Yield: 0.297 g (90 %). mp 139.0-142.0 °C. Anal. Calc. for 

C28H27AuNOPS: C, 51.46; H, 4.16; N, 2.14. Found: C, 51.31; H, 3.84; N, 2.39 %. IR (cm-

1): 1436 (s) ν(C=N), 1148 (s) ν(C–O), 1099 (s) ν(C–S). 1H NMR (CDCl3): δ 7.54 – 7.44 

[m, br, 15H, Ph3P], 7.05 [t, 2H, m-aryl-H, J = 7.78 Hz]. 6.84 [d, 2H, o-aryl-H, J = 8.28 

Hz], 6.71 [t, 1H, p-aryl-H, J = 7.36 Hz], 5.29 [sept, 1H, OCH, J = 6.19 Hz], 1.32 [d, 6H, 

CH3, J = 6.20 Hz] ppm. 13C{1H} NMR (CDCl3): δ 163.1 [Cq], 151.4 [aryl, Cipso], 134.3 

[d, m-Ph3P, 3JCP = 13.85 Hz], 131.6 [d, p-Ph3P, 4JCP = 2.23 Hz], 129.6 [d, i-Ph3P, 1JCP = 

56.74 Hz], 129.0 [d, o-Ph3P, 2JCP = 11.48 Hz], 128.7 [aryl, Cmeta], 122.2 [aryl, Cpara], 121.9 

[aryl, Cortho], 70.4 [OCH], 22.1 [CH3] ppm. 31P{1H} NMR (CDCl3): δ 37.9 ppm. 

Ph3PAu{SC(OMe)=NC6H4Me-4} (4) 

Colourless crystal. Yield: 0.297 g (93 %). mp 143.0 – 145.0 °C. Anal. Calc. for 

C27H25AuNOPS: C, 50.71; H, 3.94; N, 2.19. Found: C, 50.93; H, 3.64; N, 2.18 %. IR (cm-

1): 1436 (s) ν(C=N), 1146 (s) ν(C–O), 1100 (s) ν(C–S). 1H NMR (CDCl3): δ 7.53 – 7.40 
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[m, br, 15H, Ph3P], 6.82 [d, 2H, m-aryl-H, J = 8.04 Hz]. 6.73 [dt, 2H, o-aryl-H, J = 8.20 

Hz, J = 1.95 Hz], 3.90 [s, 3H, OCH3], 2.03 [s, 3H, aryl-CH3] ppm. 13C{1H} NMR 

(CDCl3): δ 164.4 [Cq], 148.6 [aryl, Cipso], 134.3 [d, m-Ph3P, 3JCP = 13.86 Hz], 131.6 [d, 

p-Ph3P, 4JCP = 2.16 Hz], 131.5 [aryl, Cpara], 129.5 [d, i-Ph3P, 1JCP = 56.86 Hz], 129.6 [aryl, 

Cmeta], 129.1 [d, o-Ph3P, 2JCP = 11.49 Hz], 121.8 [aryl, Cortho], 55.3 [OCH3], 20.8 [aryl-

CH3] ppm. 31P{1H} NMR (CDCl3): δ 38.0 ppm. 

Ph3PAu{SC(OEt)=NC6H4Me-4} (5) 

Colourless crystal. Yield: 0.278 g (85 %). mp 131.0 – 133.0 °C. Anal. Calc. for 

C28H27AuNOPS: C, 51.46; H, 4.16; N, 2.14. Found: C, 51.68; H, 3.91; N, 2.22 %. IR (cm-

1): 1431 (s) ν(C=N), 1118 (s) ν(C–O), 1101 (s) ν(C–S). 1H NMR (CDCl3): δ 7.53 – 7.40 

[m, br, 15H, Ph3P], 6.83 [d, 2H, m-aryl-H, J = 8.04 Hz]. 6.73 [d, 2H, o-aryl-H, J = 8.20 

Hz], 4.34 [q, 2H, OCH2, J = 7.12 Hz], 2.05 [s, 3H, aryl-CH3], 1.33 [t, 3H, CH3, J = 7.10 

Hz] ppm. 13C{1H} NMR (CDCl3): δ 163.8 [Cq], 148.7 [aryl, Cipso], 134.3 [d, m-Ph3P, 3JCP 

= 13.85 Hz], 131.6 [d, p-Ph3P, 4JCP = 2.27 Hz], 131.4 [aryl, Cpara], 129.5 [d, i-Ph3P, 1JCP 

= 56.84 Hz], 129.5 [aryl, Cmeta], 129.1 [d, o-Ph3P, 2JCP = 11.44 Hz], 121.8 [aryl, Cortho], 

63.8 [OCH2], 20.8 [aryl-CH3], 14.7 [CH3]  ppm. 31P{1H} NMR (CDCl3): δ 38.0 ppm. 

Ph3PAu{SC(OiPr)=NC6H4Me-4} (6) 

Colourless crystal. Yield: 0.297 g (89 %). mp 148.0 – 151.0 °C. Anal. Calc. for 

C29H29AuNOPS: C, 52.18; H, 4.38; N, 2.10. Found: C, 52.15; H, 4.25; N, 2.15 %. IR (cm-

1): 1437 (s) ν(C=N), 1132 (s) ν(C–O), 1093 (s) ν(C–S). 1H NMR (CDCl3): δ 7.53 – 7.42 

[m, br, 15H, Ph3P], 6.83 [d, 2H, m-aryl-H, J = 8.04 Hz]. 6.72 [d, 2H, o-aryl-H, J = 8.16 

Hz], 5.28 [sept, 1H, OCH, J = 6.20 Hz], 2.05 [s, 3H, aryl-CH3], 1.32 [d, 6H, CH3, J = 6.20 

Hz] ppm. 13C{1H} NMR (CDCl3): δ 162.9 [Cq], 148.9 [aryl, Cipso], 134.3 [d, m-Ph3P, 3JCP 

= 13.84 Hz], 131.6 [d, p-Ph3P, 4JCP = 2.30 Hz], 131.2 [aryl, Cpara], 129.6 [d, i-Ph3P, 1JCP 
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= 56.73 Hz], 129.5 [aryl, Cmeta], 129.0 [d, o-Ph3P, 2JCP = 11.40 Hz], 121.7 [aryl, Cortho], 

70.3 [OCH], 22.1 [CH3], 20.8 [aryl-CH3] ppm. 31P{1H} NMR (CDCl3): δ 38.0 ppm. 

Ph3PAu{SC(OiPr)=NC6H4Cl-4} (7) 

Colourless crystal. Yield: 0.313 g (91 %). mp 163.0 – 166.0 °C. Anal. Calc. for 

C28H26AuClNOPS: C, 48.88; H, 3.81; N, 2.04. Found: C, 49.06; H, 3.69; N, 2.06 %. IR 

(cm-1): 1436 (s) ν(C=N), 1138 (s) ν(C–O), 1094 (s) ν(C–S). 1H NMR (CDCl3): δ 7.54 – 

7.42 [m, br, 15H, Ph3P], 6.97 [dt, 2H, m-aryl-H, J = 8.60 Hz, J = 2.46 Hz], 6.75 [dt, 2H, 

o-aryl-H, J = 8.56 Hz, J = 2.45 Hz], 5.26 [sept, 1H, OCH, J = 6.20 Hz], 1.32 [d, 6H, CH3, 

J = 6.20 Hz] ppm. 13C{1H} NMR (CDCl3): δ 163.8 [Cq], 150.0 [aryl, Cipso], 134.2 [d, m-

Ph3P, 3JCP = 13.81 Hz], 131.7 [d, p-Ph3P, 4JCP = 2.34 Hz], 129.4 [d, i-Ph3P, 1JCP = 57.25 

Hz], 129.1 [d, o-Ph3P, 2JCP = 11.50 Hz], 128.8 [aryl, Cmeta], 127.3 [aryl, Cpara], 123.4 [aryl, 

Cortho], 70.6 [OCH], 22.1 [CH3] ppm. 31P{1H} NMR (CDCl3): δ 38.1 ppm. 

Ph3PAu{SC(iPr)=NC6H4NO2-p} (8) 

Yellowish crystal. Yield: 0.314 g (90 %). mp 166.0 – 167.5 °C. Anal. Calc. for 

C28H26AuN2O3PS: C, 48.15; H, 3.75; N, 4.01. Found: C, 47.78; H, 3.47; N, 3.76 %. IR 

(cm-1): 1435 (s) ν(C=N), 1149 (s) ν(C–O), 1097 (s) ν(C–S). 1H NMR (CDCl3): δ 7.93 [dt, 

2H, m-aryl-H, J = 8.92 Hz, J = 2.42 Hz], 7.56 – 7.39 [m, br, 15H, Ph3P], 6.89 [dt, 2H, o-

aryl-H, J = 8.92 Hz, J = 2.42 Hz], 5.25 [sept, 1H, OCH, J = 6.20 Hz], 1.33 [d, 6H, CH3, J 

= 6.20 Hz] ppm. 13C{1H} NMR (CDCl3): δ 164.7 [Cq], 157.6 [aryl, Cipso], 142.6 [aryl, 

Cpara], 134.1 [d, m-Ph3P, 3JCP = 13.79 Hz], 131.8 [d, p-Ph3P, 4JCP = 2.36 Hz], 129.2 [d, o-

Ph3P, 2JCP = 11.55 Hz], 129.1 [d, i-Ph3P, 1JCP = 57.52 Hz], 124.9 [aryl, Cmeta], 122.5 [aryl, 

Cortho], 71.5 [OCH], 22.0 [CH3] ppm. 31P{1H} NMR (CDCl3): δ 37.9 ppm. 
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DPPFeAu2{SC(OR)=NC6H4X-4}2 for R = Me, Et and iPr, X = H, CH3, Cl and NO2 

were prepared in a similar manner as mono-functional analogues and the preparation of 

DPPFeAu2{SC(OMe)=NC6H5}2  is described as a representative example. 

NaOH (0.50 mmol) in water (5 mL) was added to a suspension of DPPFeAu2Cl2 

(0.25 mmol) in acetonitrile (20 mL), followed by addition of MeOC(=S)N(H)C6H5 (0.50 

mmol) in 20 mL acetonitrile and the resulting mixture was stirred for 3 h at 50 °C. The 

solution mixture was extracted with chloroform and left for slow evaporation at room 

temperature. 

DPPFeAu2{SC(OiPr)=NC6H5}2 (9) 

Orange crystal. Yield: 0.231 g (69 %). mp 209.0 – 210.0 °C. Anal. Calc. for 

C54H52Au2FeN2O2P2S2: C, 48.52; H, 3.92; N, 2.10. Found: C, 48.49; H, 3.59; N, 2.06 %. 

IR (cm-1): 1435 (s) ν(C=N), 1139 (s) ν(C–O), 1086 (s) ν(C–S). 1H NMR (CDCl3): δ 7.48 

– 7.39 [m, br, 20H, Ph3P], 7.11 [t, 4H, m-aryl-H, J = 7.68 Hz], 6.85 [d, 4H, o-aryl-H, J = 

7.60 Hz], 6.79 [t, 4H, p-aryl-H, J = 7.34 Hz], 5.33 [sept, 2H, OCH, J = 6.16 Hz ], 4.65 [s, 

br, 4Ha, PC5H4], 4.19 [s, br, 4Hb, PC5H4], 1.35 [d, 12H, CH3, J = 6.16 Hz] ppm. 13C{1H} 

NMR (CDCl3): δ 162.9 [Cq], 151.2 [aryl, Cipso], 133.6 [d, m-PC6H5, 
3JCP = 14.00 Hz], 

131.6 [d, p-PC6H5, 
4JCP = 2.18 Hz], 130.9 [d, i-PC6H5, 

1JCP = 58.31 Hz], 128.9 [d, o-

PC6H5, 
2JCP = 11.51 Hz], 128.8 [aryl, Cmeta], 122.4 [aryl, Cpara], 121.8 [aryl, Cortho], 75.2 

[d, o-PC5H4, 
2JCP = 8.27 Hz], 74.7 [d, m-PC5H4, 

3JCP = 13.33 Hz], 71.7 [d, i-PC5H4, 
1JCP 

= 65.54 Hz], 70.4 [OCH], 22.2 [CH3] ppm. 31P{1H}NMR (CDCl3): δ  32.7 ppm.  

DPPFeAu2{SC(OiPr)=NC6H4Me-4}2 (10) 

Orange crystal. Yield: 0.283 g (83 %). mp 192.0 – 193.0 °C. Anal. Calc. for 

C56H56Au2FeN2O2P2S2: C, 49.28; H, 4.14; N, 2.05. Found: C, 48.90; H, 4.05; N, 1.88 %. 

IR (cm-1): 1435 (s) ν(C=N), 1137 (s) ν(C–O), 1092 (s) ν(C–S). 1H NMR (CDCl3): δ 7.49 
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– 7.41 [m, br, 20H, Ph3P], 6.91 [d, 4H, m-aryl-H, J = 7.80 Hz], 6.75 [d, 4H, o-aryl-H, J = 

7.88 Hz], 5.32 [sept, 2H, OCH, J = 6.14 Hz], 4.66 [s, br, 4Ha, PC5H4], 4.16 [s, br, 4Hb, 

PC5H4], 2.13 [s, 6H, aryl-CH3], 1.34 [d, 12H, CH3, J = 6.12 Hz] ppm. 13C{1H} NMR 

(CDCl3): δ 162.7 [Cq], 148.7 [aryl, Cipso], 133.6 [d, m-PC6H5, 
3JCP = 14.04 Hz], 131.6 [d, 

p-PC6H5, 
4JCP = 2.20 Hz], 131.4 [aryl, Cpara], 131.0 (d, i-PC6H5, JCP = 58.33 Hz), 129.5 

[aryl, Cmeta], 128.9 (d, o-PC6H5, 
2JCP = 11.49 Hz), 121.6 [aryl, Cortho], 75.2 [d, o-PC5H4, 

2JCP = 8.38 Hz], 74.6 [d, m-PC5H4, 
3JCP = 13.19 Hz], 71.7 [d, i-PC5H4, 

1JCP = 65.65 Hz], 

70.2 [OCH], 22.2 [CH3], 20.9 [aryl-CH3] ppm. 31P{1H}NMR (CDCl3): δ  32.5 ppm.  

DPPFeAu2{SC(OiPr)=NC6H4Cl-4}2 (11) 

Orange crystal. Yield: 0.278 g (79 %). mp 200.0 – 201.0 °C. Anal. Calc. for 

C54H50Au2Cl2FeN2O2P2S2: C, 46.14; H, 3.59; N, 1.99. Found: C, 46.03; H, 3.28; N, 

1.86 %. IR (cm-1): 1435 (s) ν(C=N), 1140 (s) ν(C–O), 1091 (s) ν(C–S). 1H NMR (CDCl3): 

δ 7.50 – 7.40 [m, br, 20H, Ph3P], 7.07 [d, 4H, m-aryl-H, J = 8.52 Hz], 6.79 [d, 4H, o-aryl-

H, J = 8.48 Hz], 5.29 [sept, 2H, OCH, J = 6.17 Hz], 4.64 [s, br, 4Ha, PC5H4], 4.21 [s, br, 

4Ha, PC5H4], 1.33 [d, 12H, CH3, J = 6.20 Hz ] ppm. 13C{1H} NMR (CDCl3): δ 163.6 [Cq], 

149.8 [aryl, Cipso], 133.6 [d, m-PC6H5, 
3JCP = 14.02 Hz], 131.7 [d, p-PC6H5, 

4JCP = 2.25 

Hz], 130.8 [d, i-PC6H5, 
1JCP = 58.57 Hz], 129.0 [d, o-PC6H5, 

2JCP = 11.52 Hz], 128.7 [aryl, 

Cmeta], 127.4 [aryl, Cpara], 123.3 [aryl, Cortho], 75.0 [d, o-PC5H4, 
2JCP = 8.46 Hz], 74.8 [d, 

m-PC5H4, 
3JCP = 13.15 Hz], 71.8 [d, i-PC5H4, 

1JCP = 65.48 Hz], 70.6 [OCH], 22.2 [CH3] 

ppm. 31P{1H}NMR (CDCl3): δ  32.6 ppm.  

DPPFeAu2{SC(OiPr)=NC6H4NO2-4}2 (12) 

Orange crystal. Yield: 0.267 g (75 %). mp 190.0 – 191.5 °C. Anal. Calc. for 

C54H50Au2FeN4O6P2S2: C, 45.46; H, 3.53; N, 3.93. Found: C, 45.68; H, 3.50; N, 3.88 %. 

IR (cm-1): 1435 (s) ν(C=N), 1162 (s) ν(C–O), 1101 (s) ν(C–S). 1H NMR (CDCl3): δ 8.02 

[d, 4H, m-aryl-H, J = 8.92 Hz], 7.53 – 7.41 [m, br, 20H, Ph3P], 6.91 [d, 4H, o-aryl-H, J = 
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8.88 Hz], 5.26 [sept, 2H, OCH, J = 6.17 Hz], 4.60 [s, br, 4Ha, PC5H4], 4.28 [s, br, 4Hb, 

PC5H4], 1.32 [d, 12H, CH3, J = 6.20 Hz] ppm. 13C{1H} NMR (CDCl3): δ 164.5 [Cq], 

157.5 [aryl, Cipso], 142.7 [aryl, Cpara], 133.5 [d, m-PC6H5, 
3JCP = 14.04 Hz], 131.8 [s, br, 

p-PC6H5], 130.5 [d, i-PC6H5, 
1JCP = 58.73 Hz], 129.1 [d, o-PC6H5, 

2JCP = 11.59 Hz], 124.8 

[aryl, Cmeta], 122.5 [aryl, Cortho], 75.1 [d, m-PC5H4, 
3JCP = 13.0 Hz], 74.6 [d, o-PC5H4, 

2JCP 

= 8.21 Hz], 72.0 [d, i-PC5H4, 
1JCP = 65.87 Hz], 71.4 [OCH], 22.2 [CH3] ppm. 

31P{1H}NMR (CDCl3): δ  32.1 ppm.  

 The methods employed for the preparation of (R3PAu)2L with R = Et, Ph and Cy, L 

= 1,4-[MeOC(=S)N(H)]2C6H4  were similar, so that the preparation of the Et3P derivative 

is described in detail as a representative example.   

 NaOH (0.50 mmol) in water (5 ml) was added to a suspension of Et3PAuCl (0.50 

mmol) in acetonitrile (20 ml) followed by addition of 1,4-[MeOC(=S)N(H)]2C6H4  (0.25 

mmol) in acetonitrile (20 ml).  The resulting mixture was stirred for 3 h at 50 °C. 

Extraction followed with dichloromethane (100 mL) and an equivalent volume of 

acetonitrile added.  The solution was left for slow evaporation at room temperature. 

(Et3PAu)2L (13) 

Colourless crystals. Yield: 0.206 g (93 %). mp 174.0-176.0 °C. Anal. Calc. for 

C22H40Au2N2O2P2S2: C, 29.87; H, 4.56; N, 3.17. Found: C, 29.92; H, 4.53; N, 3.04 %.  IR 

(cm-1): 1421 (m) ν(C=N), 1123 (vs) ν(C–O), 1094 (s) ν(C–S). 1H NMR (CDCl3): δ 6.72 

[s, 4H, aryl-H], 3.81 [s, 6H, OCH3], 1.70 [dq, 12H, CH2P, J = 7.70 Hz, J = 9.82 Hz], 1.06 

[dt, 18H, CH3CH2P, J = 7.62 Hz, J = 18.32 Hz] ppm. 13C{1H} NMR (CDCl3): δ 165.3 

[Cq], 145.7 [aryl, Cipso], 122.8 [aryl, Cortho], 55.2 [OCH3], 17.6 [d, CH2P 1JCP = 33.3 Hz], 

8.8 [s, CH3CH2P] ppm. 31P{1H} NMR (CDCl3): δ 35.6 ppm. 
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(Ph3PAu)2L (14) 

Colourless crystals. Yield: 0.255 g (87 %). mp 181.5-183.0 °C. Anal. Calc. for 

C46H40Au2N2O2P2S2: C, 47.11; H, 3.44; N, 2.39. Found: C, 47.25; H, 3.31; N, 2.41 %. IR 

(cm-1): 1434 (s) ν(C=N), 1143 (s) ν(C–O), 1101 (s) ν(C–S). 1H NMR (CDCl3): δ 7.49–

7.41 [m, 30 H, Ph3P], 6.41 [s, 4H, aryl-H], 3.73 [s, 6H, OCH3] ppm. 13C{1H} NMR 

(CDCl3): δ 163.2 [Cq], 145.7 [aryl, Cipso], 134.4 [d, o-Ph3P, 3JCP = 13.9 Hz], 131.4 [d, p-

Ph3P, 5JCP = 2.2 Hz], 129.6 [d, i-Ph3P, JCP = 57.04 Hz], 128.9 [d, m-Ph3P, 4JCP = 11.47 

Hz], 122.4 [aryl, Cortho], 55.0 [OCH3] ppm. 31P{1H}NMR (CDCl3): δ 38.1 ppm. 

(Cy3PAu)2L (15)   

Colourless crystals. Yield: 0.275 g (91 %). mp 180.0-181.0 °C. Anal. Calc. for 

C46H76Au2N2O2P2S2: C, 45.69; H, 6.34; N, 2.32. Found: C, 45.57; H, 6.40; N, 2.24 %. IR 

(cm-1): 1444 (s) ν(C=N), 1130 (s) ν(C–O), 1093 (m) ν(C–S). 1H NMR (CDCl3): δ 6.84 [s, 

4H, aryl-H], 3.82 [s, 6H, OCH3], 1.98–1.20 [m, 66 H, Cy3P] ppm. 13C{1H} NMR (CDCl3): 

δ 163.9 [Cq], 145.4 [aryl, Cipso], 122.4 [aryl, Cortho], 54.8 [OCH3], 33.3 [d, i-Cy3P, JCP = 

27.8 Hz], 30.7 [s, m-Cy3P], 27.0 [d, o-Cy3P, 3JCP = 11.9 Hz], 25.9 [s, p-Cy3P] ppm. 

31P{1H}NMR (CDCl3): δ 56.5 ppm. 

2.2.3   Copper(I) Compounds 

Preparation of (Ph3P)2CuCl{ROC(=S)N(H)C6H5} with R = Me, Et and iPr are 

similar so that preparation of (Ph3P)2CuCl{MeOC(=S)N(H)C6H5} is described in detail 

as a representative example. 

CuCl (2.5 mmol) in acetonitrile (25 mL) was added equivalent molar of 

MeOC(=S)NHPh (2.5 mmol) in acetonitrile (25 mL), followed by addition of two mole 

equivalent triphenylphosphine (5.0 mmol) in acetonitrile (25 mL). The resulting mixture 

was stirred for 3 h at 50°C, giving white suspension. Equivolume (75 mL) of 
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dichloromethane was added to the suspension and the clear solution was left for slow 

evaporation at room temperature. 

(Ph3P)2CuCl{MeOC(=S)N(H)C6H5} (16) 

Colourless crystals. Yield: 1.898 g (96 %). mp 160 – 161 °C. Anal. Calc. for 

C44H39ClCuNOP2S: C, 66.83; H, 4.97; N, 1.77. Found: C, 66.92; H, 4.81; N, 1.77 %. IR 

(cm-1): 3052 (w) ν(N-H), 1434(s) ν(C-N), 1219(s) ν(C=S), 1094(s) ν(C–O). 1H NMR 

(CDCl3): δ 11.86 [s, br, 1H, NH], 7.45 – 7.16 [m, br, 35H, Ph3P, o-aryl-H, m-aryl-H], 

7.12 [t, 1H, p-aryl-H, J = 7.40 Hz], 3.96 [s, 3H, OCH3] ppm. 13C{1H} NMR (CDCl3): δ 

186.7 [Cq], 137.5 [aryl, Cipso], 133.9 [d, m-PC6H5, JCP = 14.66 Hz], 133.9 [d, i-PC6H5, JCP 

= 24.85 Hz], 129.4 [s, p-PC6H5], 128.7 [aryl, Cortho], 128.4 [d, o-PC6H5, JCP = 8.96 Hz], 

125.1 [aryl, Cpara], 121.9 [aryl, Cmeta], 58.2 [OCH3] ppm. 31P{1H}NMR (CDCl3): δ  -4.0 

ppm.  

(Ph3P)2CuCl{EtOC(=S)N(H)C6H5} (17) 

Colourless crystals. Yield: 1.891 g (94 %). mp 163 – 166 °C. Anal. Calc. for 

C45H41ClCuNOP2S: C, 67.16; H, 5.14; N, 1.74. Found: C, 67.51; H, 5.01; N, 1.77 %. IR 

(cm-1): 3054 (w) ν(N-H), 1433(s) ν(C-N), 1225(s) ν(C=S), 1093(s) ν(C–O). 1H NMR 

(CDCl3): δ 11.81 [s, br, 1H, NH], 7.48 [d, 2H, o-aryl-H, J = 7.88 Hz], 7.42 – 7.16 [m, br, 

32H, Ph3P, m-aryl-H], 7.11 [t, 1H, p-aryl-H, J = 7.38 Hz], 4.45 [q, 2H, OCH2, J = 7.08 

Hz], 1.29 [t, 3H, CH3, J = 7.08 Hz] ppm. 13C{1H} NMR (CDCl3): δ 185.7 [Cq], 137.7 

[aryl, Cipso], 133.9 [d, m-PC6H5, JCP = 14.76 Hz], 133.9 [d, i-PC6H5, JCP = 23.82 Hz], 

129.3 [s, p-PC6H5], 128.7 [aryl, Cortho], 128.3 [d, o-PC6H5, JCP = 8.69 Hz], 124.9 [aryl, 

Cpara], 121.8 [aryl, Cmeta], 68.1 [OCH2], 14.1 [CH3] ppm. 31P{1H}NMR (CDCl3): δ  -4.1 

ppm.  
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(Ph3P)2CuCl{iPrOC(=S)N(H)C6H5} (18) 

Colourless crystals. Yield: 1.904 g (93 %). mp 169 – 173 °C. Anal. Calc. for 

C45H43ClCuNOP2S: C, 67.48; H, 5.29; N, 1.71. Found: C, 67.79; H, 4.91; N, 1.84 %. IR 

(cm-1): 3048 (w) ν(N-H), 1433(s) ν(C-N), 1225(s) ν(C=S), 1093(s) ν(C–O). 1H NMR 

(CDCl3): δ 11.86 [s, br, 1H, NH], 7.50 [d, 2H, o-aryl-H, J = 7.88 Hz], 7.41 – 7.15 [m, br, 

32H, Ph3P, m-aryl-H], 7.11 [t, 1H, p-aryl-H, J = 7.34 Hz], 5.46 [sept, 1H, OCH3, J = 6.13 

Hz], 1.24 [d, 6H, CH3, J = 6.16 Hz] ppm. 13C{1H} NMR (CDCl3): δ 184.8 [Cq], 137.8 

[aryl, Cipso], 133.9 [d, m-PC6H5, JCP = 14.82 Hz], 133.9 [d, i-PC6H5, JCP = 23.83 Hz], 

129.3 [s, p-PC6H5], 128.7 [aryl, Cortho], 128.3 [d, o-PC6H5, JCP = 8.89 Hz], 124.8 [aryl, 

Cpara], 121.8 [aryl, Cmeta], 76.3 [OCH], 21.7 [CH3] ppm. 31P{1H}NMR (CDCl3): δ  -4.3 

ppm.  

2.3 Instrumentations 

Elemental analyses were performed on a Perkin Elmer PE 2400 CHN Elemental 

Analyser. Melting points were determined on a Krüss KSP1N melting point meter. 1H 

and 13C{1H} NMR spectra were recorded in respective deuterated solutions on a Bruker 

Avance 400 MHz NMR spectrometer with chemical shifts relative to tetramethylsilane. 

31P{1H} NMR spectra were recorded in respective deuterated solution on the same 

instrument but with the chemical shifts recorded relative to 85% aqueous H3PO4 as the 

external reference; abbreviations for NMR assignments: s, singlet; d, doublet; t, triplet; q, 

quartet; sept, septet; m, multiplet; dd, doublet of doublets; dt, doublet of triplets; dq, dublet 

of quartet; br, broad. IR spectra were obtained on a Perkin Elmer Spectrum 400 FT Mid-

IR/Far-IR spectrophotometer from 4000 to 400 cm-1; abbreviations: w, weak; s, strong; 

br, broad. Powder X-ray diffraction (PXRD) data were recorded with a PANalytical 

Empyrean XRD system with Cu-Κα1 radiation (λ = 1.54056 Å) in the 2θ range 5 to 40°. 

The comparison between experimental and calculated (from CIF’s) PXRD patterns were 
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performed with X’Pert HighScore Plus. Stock aqueous solutions of 

Ph3PAu{SC(OR)=NC6H4X-4}2, DPPFeAu2{SC(OiPr)=NC6H4X-4}2 and 

(Ph3P)2CuCl{ROC(=S)N(H)C6H5} (1 x 10-3 M) and ligand ROC(=S)N(H)C6H4X-4 (1 x 

10-2 M) for R = Me, Et and iPr, X = H, CH3, Cl and NO2 were prepared in respective 

solvent system for photoluminescent study. The stock solutions were further diluted to 

concentration of 1 x 10-5 M and 1 x 10-4 M for metal(I) complexes and ligands 

respectively using the same solvent system for optical measurement. The optical 

absorption spectra were measured in the range 190-1100 nm on a single-beam Agilent 

Cary 60 UV-Vis spectrophotometer. Photoluminescence (PL) measurements were carried 

out on an Agilent Varian Cary Eclipse Fluorescence Spectrophotometer using a Xenon 

flash lamp as the excitation source at room temperature. Thermogravimetric analyses 

were performed on a Perkin Elmer TGA 4000 Thermogravimetric Analyzer in the range 

of 35 – 800 °C at the rate of 10 °C/min. 

2.4 X-Ray Crystallography 

Intensity measurements were made at 100 K on an Agilent Technologies 

SuperNova Dual CCD with an Atlas detector fitted with MoK radiation ( = 0.71073 Å) 

to max = 27.5°. Data processing and absorption correction were accomplished with 

CrysAlis PRO (CrysAlisPro, 2010). The structures were solved by direct methods with 

SHELXS-97 (Sheldrick, 2008) and refinement (anisotropic displacement parameters, C-

bound hydrogen atoms in the riding model approximation and a weighting scheme of the 

form w = 1/[2(Fo
2) + (aP)2 + bP] for P = (Fo

2 + 2Fc
2)/3) was on F2 by means of SHELXL-

97 (Sheldrick, 2008). The molecular structure diagrams were drawn with ORTEP-3 for 

Windows (Farrugia, 2012) at the 70% probability level, the overlap diagram was drawn 

with QMol (Gans et al., 2001) and the remaining crystallographic figures were drawn 
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with DIAMOND (Brandenburg, 2006) using arbitrary spheres. Data manipulation and 

interpretation were with WinGX (Farrugia, 2012) and PLATON (Spek, 2003). 

2.5 NMR Relaxation Measurements 

For the relaxation experiments, a solution of the compound (20 mg) was prepared 

in CDCl3 (4.5 cm) in a 5 mm NMR tube (Wilmad). The solution was degassed through 

five freeze-pump-thaw cycles and sealed under vacuum. The NMR measurements were 

carried out on a JEOL ECX500 NMR spectrometer. The 13C spin‒lattice relaxation time 

(T1) was obtained by using the two-pulse inversion‒recovery (IR) method (Harris, 1986; 

Nelson, 2003). Initially, an approximate T1 value was obtained before a more precise 

measurement was made using 10 IR intervals in a range up to 1.5T1. Subsequently, a final 

measurement was made to confirm the value T1 = 0.69 s at 20 ºC. Then, the NOE 

measurements were made in two consecutive experiments: one with complete proton 

decoupling with relaxation delay of 6.0 s and acquisition time of 1.04 s, and the other 

experiment with gated-decoupling in which the NOE was suppressed with the other 

conditions the same as in the first experiment. The pulse angle was 90º. Good signal 

intensity was obtained with 1024 scans. The total integrated intensity of the signal was 

obtained with the spectrometer’s data processing software. The ratio of the signal 

intensities in the two experiments gives the NOE value, usually given as NOE = 1 + η, 

where η is the NOE enhancement factor.   
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CHAPTER 3: RESULTS AND DISCUSSION 

3.1 Triphenylphosphinegold(I) Thiocarbamides: Biological Activity Against HT-

29 Colon Cancer Cells 

 

3.1.1 Synthesis and Spectroscopic Characterisation 

 

Figure 3.1: Chemical Structures of Ph3PAu{SC(OR)=NC6H4X-4} with R = Me, Et and 

iPr, X = H, CH3. 

 

A series of six mononuclear triphenylphosphinegold(I) thiocarbamides, 

Ph3PAu{SC(OR)=NC6H4X-4} with X = H, CH3, R = Me, Et and iPr was prepared to 

assess their anti-cancer properties against HT-29 colon cancer cells. The compounds were 

prepared from the metathetical reaction between Ph3PAuCl and thiocarbamides, 

ROC(=S)NHC6H4X-4 with X = H, CH3, R = Me, Et and iPr in the presence of NaOH. 

They are air-, light- and moisture-stable and present as colourless crystalline solids, with 

good solubility in chlorinated organic solvents, e.g. chloroform and dichloromethane, 

partially soluble in acetonitrile and dimethylsulfoxide, sparingly soluble in alcohols and 

acetone, and insoluble in water. Compounds 1 – 6 were characterised using infrared 
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spectroscopy, multi-nuclear (1H, 13C{1H} and 31P{1H}) NMR and ultraviolet-visible 

(UV/Vis) spectroscopy.  

 

Figure 3.2: Chemical Structures of thiocarbamides, ROC(=S)NHC6H4X-4 with R = Me, 

Et and iPr, X = H, CH3. 

 

Each of the infrared spectrum of thiocarbamides displayed characteristic absorption 

bands at ca. 3200 cm-1, 1450 cm-1, 1200 cm-1 and 1050 cm-1 correspond to ν(N-H), ν(C–

N), ν(C=S) and ν(C–O) respectively. Absence of ν(N-H) and reduction of C=S double 

bond character as indicated by the red shift of ca. 100 cm-1 to lower wavenumber in 

infrared spectra of 1 – 6 provide evidence that thiocarbamides functioned as thiolate 

ligands upon successful complexation.  

 Similarly, the presence of resonance attributed to N-H in thiocarbamides was 

observed at a. δ 8.7 ppm in their 1H NMR spectra. This N-H resonance appeared as a 

broad resonance due to the rapid intermolecular proton exchange involving the N-H group 

(Ho et al., 2005). The benzene ring of parent thiocarbamides L1 – L3 clearly resolved 

into three groups of protons; the triplets at ca. δ 7.33 and 7.17 ppm, respectively 

correspond to meta and para aromatic protons. The doublet resonance of ortho protons 

was poorly identified as it was overlapped with CDCl3 solvent resonance at δ 7.26 ppm. 

In contrast, benzene ring of L4 – L6 which has –CH3, a moderate electron donating group, 
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attached to the para position gave rise to a broad singlet resonance around δ 7.13 ppm as 

the aromatic protons are having nearly identical chemical shift despite the protons are not 

quite chemically equivalent. Each of L1 – L6 exhibited resonance around δ 4.10 – 5.70 

ppm region due to the O-bound alkyl groups, i.e. –OCH3, –OCH2CH3 and –OCH(CH3)2, 

while more shielded alkyl protons appeared at the higher field region at ca. δ 1.40 ppm 

for –OCH2CH3 and –OCH(CH3)2. Another resonance occurred at ca δ 2.30 ppm in the 

spectra of L4 – L6 arisen from aryl-CH3.  

 Complexation of thiocarbamides as thiolate anions exhibited similar characteristic 

resonances as in the 1H spectra of compounds 1 – 6, except the observed disappearance 

of N-H resonance due to the deprotonation of thiocarbamides. Overall, the resonances of 

thiolate anions experienced slight shifting to lower chemical shifts as a consequence of 

more shielded chemical environments upon coordination. Protons of triphenylphosphine 

for compounds 1 – 6 occurred in the range of ca. δ 7.40 – 7.50 ppm as a multiplet.  

 13C{1H} spectra of thiocarbamides L1 – L6 and compounds 1 – 6 revealed the 

expected resonances. Compared to that of L1 – L6, systematic shifts to lower, higher and 

lower chemical shifts are observed for resonances due to Cq, Cipso and Cpara in 13C{1H} 

spectra of compounds 1 – 6, consistent with the mode of complexation of the thiolate 

anions. Notable the resonances correspond to benzene ring of triphenylphosphine split 

into doublets due to the heteronuclear coupling effect of P atom, with J-coupling values 

of ca. 56.60 Hz, 11.50 Hz, 13.80 Hz and 2.30 Hz for Cipso, Cortho, Cmeta and Cpara, 

respectively. A single resonance was observed for each of the compounds 1 – 6 in the 

31P{1H} spectra at approximate 38.0 ppm, shifted to higher chemical shift in comparison 

with uncoordinated PPh3 at -5.2 ppm. 
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Table 3.1: Absorption data for L1 - L6 and compounds 1 – 6 measured in acetonitrile. 

Compound λabs (nm) ε (L cm-1mol-1) Band Assignments 

L1 274 17,800 

π-π* Transition 

L2 275 18,270 

L3 276 18,450 

L4 275 17,270 

L5 276 18,260 

L6 277 17,190 

1 

240 22,964 LMCT (S → Au) 

267 12,378 Intraligand Transition 

275 10,586 π-π* Transition 

2 

240 24,918 LMCT (S → Au) 

267 12,052 Intraligand Transition 

275 10.423 π-π* Transition 

3 

240 26,384 LMCT (S → Au) 

267 12,378 Intraligand Transition 

275 10,423 π-π* transition 

4 

240 34,390 LMCT (S → Au) 

267 14,671 Intraligand Transition 

275 11,865 π-π* Transition 

5 

240 31,219 LMCT (S → Au) 

267 14,320 Intraligand Transition 

275 11,962 π-π* Transition 

6 

240 27,700 LMCT (S → Au) 

267 13,500 Intraligand Transition 

275 12,400 π-π* Transition 

  

 Absorption spectra for thiocarbamides and the respective gold(I) compounds were 

evaluated in acetonitrile, each exhibited characteristic bands as listed in Table 3.1. 

Thiocarbamides L1 – L6 each showed a single band at ca. 276 nm ascribed to 

carbonimidothioate ligand-centered π-π* transition (Ho et al., 2006). By comparison with 
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the absorption data for compounds 1 – 6, additional two bands were observed at 

approximate 240 nm and 267 nm respectively. The observed band at 240 nm in 

compounds 1 – 6 is assigned to LMCT (S → Au) (Jones et al., 1995; Narayanaswamy et 

al., 1993) whilst the band at 267 nm is resulted from the phenyl groups of 

triphenylphosphine moiety (Ho et al., 2006). 

3.1.2 Molecular Structures 

The coordination of thiocarbamides to gold(I) centre as thiolate ligands is further 

confirmed by the crystal structure determination of the respective gold(I) compounds. 

Molecular structures of two independent molecules comprising the crystallographic 

asymmetric unit in 3 and molecular structure of 6 are illustrated in Figure 3.3 and 3.4 

respectively. The gold atom is linearly coordinated by phosphine-P and sulphur-S atoms 

in each structure.  

 
Figure 3.3: Molecular structures of the two independent molecules comprising the 

crystallographic asymmetric unit in Ph3PAu{SC(OiPr)=NC6H5} (3). Displacement 

ellipsoids are shown at the 50% probability level. 

 
In comparison with crystal structures of thiocarbamides, elongation of C1 – S1 and 

shortening of C1 – N1 bond lengths are demonstrated, i.e. 1.7647 (53) and 1.2812 (65) 

for 3 respectively, as presented in Table 3.2. The above is consistent with thiocarbamides 

functioned as thiolate anions. Similar phenomena are observed in crystallographic data 

for remaining thiocarbamides and gold(I) compounds; details could be retrieved from 

Publication I.  
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Figure 3.4: Molecular structures of Ph3PAu{SC(OiPr)=NC6H4CH3-p} (6). 

Displacement ellipsoids are shown at the 50% probability level. 

 

Table 3.2: Selected geometric parameters for L3, L6, compounds 3 and 6. 

Compound Bond (Bond Length (Å)) 

ROC(=S)NHC6H5 (L3) 
C1 – S1 

1.6748 (16) 

C1 – N1  

1.3341 (20) 

ROC(=S)NHC6H4CH3-p (L6) 
C1 – S1 

1.6679 (19) 

C1 – N1  

1.3371 (21) 

Ph3PAu{SC(OiPr)=NC6H5} (3) 
C1 – S1  

1.7647 (53) 

C1 – N1  

1.2812 (65) 

Ph3PAu{SC(OiPr)=NC6H4CH3-p} (6) 
C1 – S1 

1.7767 (27) 

C1 – N1  

1.2687 (38) 

 

 Powder X-ray diffraction (PXRD) serves as a platform to determine conformity 

of bulk materials to that of the crystallographic information file (CIF) obtained from 

single crystal X-ray crystallography (SCXRD) measurements. The powder X-ray 

diffraction patterns measured on bulk samples for 1 – 6, as depicted in Figure 3.5, 

revealed that they are in close agreement with the patterns stimulated from CIF data. 
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(a)                                                                 (b) 

 

 
(c)                                                                (d) 

 

 
(e)                                                                (f) 

Figure 3.5: Calculated (red trace) and measured (blue trace) PXRD pattern for 

compounds 1 (a), 2 (b), 3 (c), 4 (d), 5 (e) and 6 (f). 

 

3.1.3 Biological Study 

Compounds 1 – 6 were evaluated in vitro against HT-29 human colon cancer cell 

lines through the inhibition study of cell proliferation activity using the standard 

procedures as described in Publication I and II. Upon treatment for 24 h, the effects of 1 

– 6 on HT-29 cells growth were presented in IC50 values, as tabulated in Table 3.3.   
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Table 3.3: Cytotoxic activities of 1 - 6 against HT-29 colon cancer cell model after 24 h 

treatment. 

Compound IC50 (μM) 

1 18.1 ± 0.3 

2 11.9 ± 0.4 

3 14.2 ± 0.2 

4 11.3 ± 0.3 

5 17.0 ± 0.3 

6 16.8 ± 0.2 

 

Compound 4 demonstrated the highest potency amongst the series of six 

mononuclear phosphinegold(I) thiocarbamide compounds, whilst compound 1 being the 

least potent against HT-29 colon cancer cells. Notable that the parent compounds 1 – 3 

with different O-bound alkyl group, when arranged according to their cytotoxicity, 

followed a sequence of 2 > 3 > 1. Remarkably, incorporation of a methyl group to the 

thiocarbamides phenyl ring at para position however, inverted the sequence into 4 > 6 > 

5. The above suggests that increased hydrophobicity on the phenyl ring enhanced the 

cytotoxicity for compound with O-bound methyl group, but the inverse is true for ethyl 

and isopropyl derivatives.  

Cell mortality generally driven by apoptotic or necrotic processes. The differences 

between apoptosis and necrosis include the causing factors that lead to the above; 

apoptosis is a programmed cell death while necrosis is a cell death triggered by extreme 

variance from physiological conditions. While necrosis may cause inflammation upon 

cell swelling and rupture, apoptosis is preferred over the former as the apoptotic bodies 

formed will be engulfed by white blood cells. The mode of cell death induced by 1 – 6 

were assessed from the DNA fragmentation study and membrane permeability study; 

apoptosis was demonstrated, as discussed below. 
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Figure 3.6: Gel images of the DNA fragmentation analysis. The HT-29 cells were 

cultured for 24 h in DMEM control media, in the presence of 18.1 µM of 1 (L2), 11.9 

µM 2 (L3), 14.2 µM 3 (L4), 11.3 µM of 4 (L5), 17.0 µM 5 (L6) and 16.8 µM 6 (L7). 

DNA was extracted from the cultures and DNA fragmentation was evaluated using 

electrophoresis with 2% agarose gel.  L1 is 1 kb DNA ladder, L8 is negative control 

(untreated cells).  Compounds 1 – 6 showed the presence of fragmented ladders 

(indicated by arrow) which suggest the cell death by apoptosis. 

 

Apoptotic DNA fragmentation is one of the fundamental characteristic of apoptosis. 

The confirmation of 1 – 6 induced apoptotic cell death in HT-29 colon cancer cells is as 

illustrated in Figure 3.6, featured with DNA ladder fragmentation. Owing to the increased 

sensitivity of apoptotic cells toward certain fluorescent dyes (Kapuscinski et al., 1983; 

Ormerod et al., 1992), AO/PI staining provides a promising method to evaluate the 

membrane integrity of HT-29 colon cancer cells after treatment with 1 – 6. Acridine 

orange (AO), when in contact with intact membrane, produces a green fluorescent whilst 

propidium iodide (PI), gives rise to bright-red fluorescent upon its penetration to dead or 

dying cells that have lost the membrane integrity. As depicted in Figure 3.7, as a 

representative example, treatment of HT-29 colon cancer cells with compound 1 featured 

apoptotic cells that were stained green with multiple yellow/green dots of condensed 

nuclei. Necrotic cells were found present as a minor species, which were stained bright-

red due to the influx of PI stain. 
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(a)  

(b)  

Figure 3.7: Images of AO/PI staining of HT-29 cells (a) after being treated with 

compound 1 at the IC50 dose and (b) untreated cells (negative control). The blue arrow 

points to an apoptotic cell with a fragmented nucleus and condensed chromatin, and the 

red arrow points to a necrotic cell. 

 

In summary, compounds 1 – 6 possess significant cytotoxicity to the HT-29 colon 

cancer cells through the induction of apoptotic cell death, with 4 being the most active. 

Detailed delineation of the apoptosis pathways demonstrated by compounds 1 - 6 is 

presented in Publication I and II. Over and above, compounds 4 – 6 were found to exhibit 

specific action against a broad panel of Gram-positive bacteria (Publication III). The 

above suggests that compounds 4 – 6 may be potentially developed as bactericidal agents. 

With the promising biological activity presented, it is therefore worthwhile to explore the 

above and other related phosphinegold(I) thiocarbamide compounds to uncover their 

prospective applications for treatment of disease.  
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3.2 Mono- and Binuclear Phosphinegold(I) Thiocarbamides: Structural Diversity 

and Chemistry 

 

3.2.1 Synthesis and Spectroscopic Characterisation 

 

 

Figure 3.8: Chemical structures of thiocarbamides, iPrOC(=S)NHC6H4X-4 (left) and 

mononuclear phosphinegold(I) thiocarbamides (right), with X = H, CH3, Cl and NO2 

 

The findings of compounds 1 – 6 exhibited promising biological activity prompted 

the interest of current project, comprising 4 mononuclear Ph3PAu{SC(OiPr)=NC6H4X-4} 

(Figure 3.8) and 4 binuclear phosphinegold(I) thiocarbamides, (Ph2P-Fc-

PPh2){AuSC(OiPr)=NC6H4X-4}2 (Figure 3.9) with X = H, CH3 Cl and NO2. This project 

serves to provide better insight on the influence exerted by variation of the P-bound and 

para-substituted thiolate ligands on their chemistry and biological activity. 1,1’-

bis(diphenylphosphino)ferrocene was employed in this context in relation to the 

antitumour ability reported in literature (Bjelosevic et al., 2012; Hill et al., 1989; Pereira 

et al., 2015).  
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Figure 3.9: Chemical structures of binuclear phosphinegold(I) thiocarbamide, (Ph2P-Fc-

PPh2){AuSC(OiPr)=NC6H4X-4}2 with X = H, CH3 Cl and NO2. 

 
Thiocarbamides, L3, L6 – L8, and respective gold(I) compounds were 

characterised using FT-IR spectroscopy; each of the IR spectrum showed the anticipated 

absorption bands with notable absence of ν(N-H) in the IR spectra of the gold(I) 

compounds, as detailed in section 2.2.1 and 2.2.2. Red shift of ν(C=S) to lower 

wavenumber was observed in compounds 3, 6 – 12, indicative of coordination of 

thiocarbamides as thiolate ligands.  

NMR spectroscopy (1H, 13C{1H} and 31P{1H}) also provides evidence for 

coordination of anionic forms of the ligands. L3, L6 – L8, each showed a N-H resonance 

at approximate δ 8.60 ppm, which was not observed in the 1H NMR spectra of the 

respective gold(I) compounds. The resonances correspond to thiocarbamides aryl-H were 

varied with the introduction of the different substituent at the para position, i.e. H, CH3, 
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Cl and NO2. L3, bearing a parent benzene ring at the N-bound position, given rise to three 

distinct resonances ascribed to o-aryl-H, m-aryl-H and p-aryl-H protons. A broad single 

resonance was however observed for L6 N-bound p-tolyl group, while 1H NMR spectrum 

of L7 showed a doublet and a broad single resonance at δ 7.30 ppm and 7.21 ppm for aryl 

protons due to the magnetically inequivalency induced by Cl substituent. Likewise, L8 

demonstrated a doublet of triplet (δ 8.22 ppm) and a broad single resonance (δ 7.54 ppm) 

for aryl protons when a NO2 group is attached at the para position. Despite for L7 and 

L8, both of their m-aryl protons were resolved into a clearly defined doublet and doublet 

of triplets respectively, there was only a broad single resonance observed for o-aryl 

protons, suggestive of the hydrogen interactions between the o-aryl protons and O atom 

of –OCH(CH3)2, as observed in the E-isomer in –OMe derivative, L1 (Ho et al., 2005).  

Coordination of L3, L6 – L8 as thiolate ligands resulted in the upfield shift of the 

resonances correspond to ligand aryl protons as observed in the 1H NMR spectra of the 

gold(I) compounds. The shifting occurred more prominently in compounds 3, 6 – 8 with 

PPh3 as the P-bound ligand when compared to ferrocene containing binuclear compounds 

9 – 12. In the 13C{1H} NMR spectra of 3, 6 – 12, the P-bound aromatic rings experienced 

coupling effect due to the presence of the P atom as detailed in section 2.2.2. Shifting to 

lower, higher and higher chemical shifts were also observed for ligand carbons, i.e. Cq, 

Cipso and Cpara, respectively, while no apparent shifting was indicated for Cmeta. A single 

resonance was observed in the 31P{1H} spectra for compounds 3, 6 – 8 at ca. δ 38.0 ppm 

and 9 – 12 at ca. δ 32.5 ppm respectively, with more shielding effect imparted by the 

ferrocene group.  

3.2.2 Thermogravimetric Analysis 

Results for thermogravimetric analysis of compounds 3, 6 – 12 are shown in Table 

3.4 and Figure 3.10. Each of the compounds demonstrated different decomposition 

Univ
ers

ity
 of

 M
ala

ya



46 

 

pathway with 3 resulted in ½ Au2S in a single decomposition step from 112.97 – 

370.85 °C. In contrast, compounds 6 – 8 yielded elemental Au at endset temperature of 

329.03 °C, 426.15 °C and 675.73 °C, respectively. The decomposition pathways of 

compounds 9 – 12 bearing ferrocene group were found incomplete at temperature up to 

800 °C, with Fe(C5H4P)2 remained as part of the residue.  

Table 3.4: Thermogravimetric analysis results for compounds 3, 6 – 12. 

Compound Temp. (°C) obs., calc’d weight percentage (%) 

3 112.97 – 370.85 32.64 cf. 32.59 (residue of ½ Au2S) 

6 
119.48 – 223.26 

223.26 – 329.03 

11.57 cf. 13.65 (loss of p-tolyl) 

27.46 cf. 29.51 (residue of Au) 

7 145.43 – 426.15 28.76 cf. 28.63 (residue of Au) 

8 
187.59 – 331.54 

331.54 – 675.73 

36.07 cf. 37.22 (residue of AuPS) 

27.90 cf. 28.20 (residue of Au) 

9 

203.97 – 231.24 

231.24 – 488.14 

488.14 – 800.00 

13.54 cf. 13.63 (loss of NPh) 

25.12  cf. 23.07 (Loss of Fc-Ph) 

46.37 cf. 47.87 (Residue of Fe(C5H4P)2Au2) 

10 
184.67 – 492.00 

492.00 – 800.00 

37.99 cf. 38.00 (Loss of NC6H4Me-4 and Fc-Ph) 

47.83 cf. 46.88 (residue of Fe(C5H4P)2Au2) 

11 

204.93 – 371.52 

371.52 – 498.13 

498.13 – 800.00 

24.47 cf. 21.94 (loss of Fc-Ph) 

16.63 cf. 17.86 (loss of NC6H4Cl-4) 

46.75 cf. 45.52 (residue of Fe(C5H4P)2Au2) 

12 

116.96 – 137.62 

137.62 – 248.91 

248.91 – 800.00 

6.84 cf. 6.45 (loss of NO2) 

18.60 cf. 18.67 (loss of NC6H4 and –CH(CH3)2) 

47.37 cf. 47.10 (residue of Fe(C5H4P)2 and Au2S) 
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(a)                          (b) 

 

 
(c)                          (d) 

 

 
(e)                          (f) 

 

 
(g)                         (h) 

 

Figure 3.10: Thermograms of 3 (a), 6 (b), 7 (c), 8 (d), 9 (e), 10 (f), 11 (g) and 12 (h) 

 

3.2.3 Molecular Structures 

 Molecular structures of L3 (Kuan et al., 2007), compounds 3 (Yeo et al., 2013) and 

9 were presented in Figure 3.11, as representative examples for the series. The 

coordination of thiocarbamide as thiolate ligand was confirmed as indicated by the 

elongation of S1–C1 bond and contraction of C1–N1 bond in the structures of compound 

3 and 9, as listed in Table 3.5. The gold(I) centre displayed a linear geometry defined by 

Step 1 

Step 2 

Step 2 

Step 1 

Step 1 

Step 2 

Step 3 

Step 1 

Step 2 

Step 1 

Step 2 

Step 3 

Step 1 

Step 2 

Step 3 
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phosphine-P and thiolate-S, with angle of S1–Au–P1 close to ideal linearity. The slight 

deviation is attributed to the close proximity of the O atom towards Au centre, giving rise 

to Au…O interactions.  

 
(a)                                                        (b) 

 
(c) 

 

Figure 3.11: Molecular structure of L3 (a), asymmetric unit of 3 (b) and molecular 

structure of 9 with solvate molecule eliminated for clarity (c). 
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Table 3.5: Selected bond lengths (Å) and angles (°) for L3, compounds 3 and 9. 

 L3 3 9 

Au–S1 - 2.3137(13) 2.3057(15) 

Au–P1 - 2.2643(13) 2.2545(13) 

C1–S1 1.6739(13) 1.7647(53) 1.7577(47) 

C1–O1 1.3219(16) 1.3470(56) 1.3501(64) 

C1–N1 1.3341(21) 1.2812(65) 1.2693(76) 

S1–Au–P1 - 176.437(48) 174.477(43) 

 

 
(a)                                                                  (b) 

 
 (c)                                                                        (d) 

 
(e)                                                                        (f) 

 
(g)                                                                        (h) 

Figure 3.12: PXRD patterns for 3 (a), 6 (b), 7 (c), 8 (d), 9 (e), 10 (f), 11 (g) and 12 (h): 

Blue trace (generated from CIF), red trace (calculated from bulk material). 
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The PXRD measurements performed on dried bulk materials for compounds 3, 6 – 

8 (Figure 3.12 (a) – (d)) were consistent with the patterns generated from the single crystal 

structure. Compounds 9 – 12 each crystallised with the presence of solvate and the sample 

became opaque when removed from the mother liquor and dried under atmospheric 

condition. In the absence of solvate molecules, one might expect a collapse in the crystal 

structure. Insignificant differences in the measured and calculated PXRD patterns were 

possibly ascribed to the loss of solvate in dried samples, as presented in Figure 3.12 (e) – 

(f). 

3.2.4 Biological Study 

Biological properties of 3, 6 – 12 were evaluated against MCF-7 breast cancer cells 

and HEK-293 human embryonic kidney cells using the MTT colorimetric assay, 

employing procedures similar to literature (Ooi et al., 2015), and the results are presented 

in Table 3.6. Overall, compounds 3, 6 – 8 exhibited better activity towards MCF-7 as 

compared to its cytotoxicity against HEK-293 with 6 being the most potent amongst these 

four mononuclear species. Replacing the P-bound PPh3 to dppf (1,1’-

bis(diphenyphosphino)ferrocene) led to comparable activity for compound 9 (2.58 μM 

c.f. 2.45 μM for 3) and 10 (1.96 μM c.f. 1.71 μM for 6), respectively, against MCF-7 cell 

lines. Compounds 11 and 12 were found to reduce in cytotoxicity as compared to the 

respective mononuclear analogues against MCF-7, and also HEK-293 in the case of 12 

where the IC50 values against these two cell lines were not determined. HEK-293 cell 

lines were however more susceptible towards binuclear species, compounds 9 – 11 with 

IC50 of 1.21 μM, 0.28 μM and 0.82 μM respectively, with 10 being the most cytotoxic 

against HEK-293. In short, compounds with different P-bound ligand exerted a diverse 

cytotoxic effect towards both of the cancer cell lines. Comparing the activity induced by 

compounds bearing different ligand, gold(I) compounds with N-bound p-tolyl were found 

to possess remarkable anti-cancer properties in both MCF-7 and HEK-293 cell lines.  
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Table 3.6: IC50 values of 3, 6 – 12 against MCF-7 and HEK-293 cell lines. 

Compounds 

IC50 ± SD (µM) 

MCF-7 HEK-293 

3 2.45 ± 0.02 5.83 ± 0.61 

6 1.71 ± 0.09 2.79 ± 0.38 

7 3.21 ± 0.01 9.88 ± 0.24 

8 2.28 ± 0.36 2.89 ± 0.04 

9 2.58 ± 0.13 1.21 ± 0.79 

10 1.96 ±  0.13 0.28 ± 0.09 

11 5.77 ± 0.79 0.82 ± 0.17 

12 ND ND 

 

ND: not determined as the viability of cells more than 50% across all the tested 

concentration. 
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3.3 Bipodal Thiocarbamide and Related Binuclear Phosphinegold(I) Compounds: 

Importance of Au···π(Aryl) Interactions 

 

3.3.1 Synthesis and Spectroscopic Characterisation 

 

Figure 3.13: Chemical structure of 1,4-[MeOC(=S)N(H)]2C6H4 (L9). 

 

Au···Au interactions that arise from relativistic effects in gold(I) species have 

garnered the interest of chemists, in addition to their luminescence properties in both the 

solution and solid states. On the contrary, Au···π interactions that impart comparable 

stabilisation in crystal structures of gold(I) compounds receive far less attention. This 

sub-chapter aims to delineate the Au···π interactions afforded from binuclear 

phosphinegold(I) thiocarbamide compounds. A series of three binuclear phosphinegold(I) 

thiocarbamide compounds were prepared stemmed from a bipodal thiocarbamide, 1,4-

[MeOC(=S)N(H)]2C6H4 prepared. 1,4-[MeOC(=S)N(H)]2C6H4, coded as L9, displayed 

similar characteristic IR bands for thiocarbamides, e.g. 3219 cm-1,  1454 cm-1, 1140 cm-1 

and 1046 cm-1 correspond to ν(N–H), ν(C–N), ν(C–O), and ν(C=S), respectively. 

Remarkably, 13C{1H} NMR spectrum of L9 showed unpredictable multiple resonances 

from chemically equivalent sites. In view of the above, variable temperature 1H NMR 

study was conducted on L9 in CDCl3 and DMSO-d6 and the results are discussed and 

presented below. 
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Table 3.7: Variable temperature 1H NMR data (δ, ppm; W½, bandwidth at half height) 

for L9 recorded in DMSO-d6 solution. 

 

 

Table 3.8: Variable temperature 1H NMR data (δ, ppm; W½, bandwidth at half height) 

for L9 recorded in CDCl3 solution. 

 

 

Table 3.7 and 3.8 each summarised the 1H NMR data obtained for L9 in both 

DMSO-d6 and CDCl3 solutions. L9 possesses better solubility in DMSO-d6; the strong 

hydrogen interactions of L9 with DMSO-d6 as delineated from the δ values correspond 

to N-H groups at ca. 11.0 ppm however restrict a decent study of the solution properties 

and thus additional experiments were conducted in less interacting CDCl3, with N-H 

resonances occurred at ca. δ 8.30 ppm, as a comparison.  

At temperatures below 48 °C, the aryl protons gave rise to two resonances when 

equivalency might have been expected (Table 3.7 and 3.8 Figure 3.14, 3.15 and 3.16). 
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The observed two resonances are ascribed to the strong interactions of the –OCH3 with 

aryl π-electrons, which led to chemically inequivalency. Upon temperature increment, the 

two resonances coalesced into a single signal due to the shorten interactions lifetime, so 

that the chemical shifts of the ortho- and meta- protons are averaged out. At higher 

temperatures, ≥ 48 °C, the exchange occurs rapidly and the observed 1H spectra of the 

aryl protons are actually the weighted average of the two (Figure 3.16). 

 

Figure 3.14: 1H spectrum of L9 recorded in CDCl3 at room temperature. 

 

 

Figure 3.15: 1H spectrum of L9 recorded in DMSO-d6 at room temperature. 

 

While no splitting was observed for –OCH3 in both DMSO-d6 and CDCl3 

solutions, the consistent marked sharpening of the resonance in the two solutions as 

manifested in the W½ values (Table 3.7 and 3.8), was indicative of a rapid exchange 

process correspond to –OCH3···π(aryl) interactions , as in Figure 3.17. 
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Figure 3.16: Variable temperature 1H resonances responsible for aryl–H of L9 measured 

in DMSO-d6. 

 
Figure 3.17: Variable temperature 1H resonances responsible for –OCH3 of L9 

measured in DMSO-d6. 

 

Notable a slight downfield shift of –OCH3 resonance was observed when 

measurements were conducted in DMSO-d6 but not in the CDCl3 solutions. 

Complemented by the N-H upfield shift in the DMSO-d6 and the appearance of a shoulder 

at 68 °C (Table 3.8 and Figure 3.17), the hydrogen bonding between the N-H and solvent 

are defined as a two step process and involved a minor species. At lower temperature, the 

two N-H groups are expected to form strong hydrogen bonding with DMSO-d6 solvent 

molecules as a species I, which is expected to exist in rapid equilibrium with single 

bonded hydrogen-bonded species II (Figure 3.18). At higher temperature, ≥ 68 °C, the 

lifetime of species II becomes sufficiently long on the NMR time-scale so that a distinct 

species is observed for the OCH3 proton. 
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Figure 3.18: Proposed NH···DMSO-d6 interactions with species I involves both of the 

N-H groups in the interactions while species II having only one of the N-H groups 

interacts with DMSO-d6 solvent molecules. 

 

 Upon coordination of L9 as thiolate ligand, the characteristic 1H NMR resonance 

corresponds to N-H was no longer observed in the 1H NMR spectra of respective gold(I) 

compounds 13, 14 and 15. Compounds 13, 14 and 15, with their chemical structures as 

illustrated in Figure 3.19, exhibited the expected resonance as detailed in section 2.2.2. 

In consistent with the crystallographic data obtained, significant upfield shift of the aryl-

H resonances of L9 i.e. from δ 7.56 and 7.22 ppm (CDCl3) to δ 6.72, 6.41 and 6.84 ppm 

for 13, 14 and 15, respectively, correlate to the presence of intramolecular Au···π(aryl) 

interactions.  

 

Figure 3.19: Chemical structures of (R3PAu)2{1,4-[SC(OMe)=N]2C6H4}, with R = Et, 

Ph and Cy. 
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13C{1H} NMR spectra of  13, 14 and 15 revealed that the four aryl-C of the bipodal 

thiocarbamide, ortho and meta, all appeared as a single resonance in CDCl3 solutions.  

13C{1H} NMR relaxation study was conducted on 13 as a representative example to assess 

the rotation motion of this bipodal thiocarbamide phenyl group. At 20 °C, the aryl-C 

resonated at δ 122.84 ppm; the observed spin‒lattice relaxation time (T1) and the Nuclear 

Overhauser Effect (NOE) are: T1 = 0.69 s and NOE = 2.88 (or the NOE enhancement 

factor η = 1.88) respectively. As this NOE value closes to the maximum value of 2.988 

for 13C, it indicates that the dominant relaxation mechanism is the dipole‒dipole 

relaxation mechanism (T1
dd), for which the rate of this dipolar relaxation (1/ T1

dd), is 

proportional to the molecular correlation time (Harris, 1986). The observed relaxation 

time is therefore a qualitative measure of the motion of the molecule or of a group in the 

molecule. The observed T1 value is extremely low for the aryl carbons in 13 in CDCl3 

solution. The relaxation data thus indicates that the motion of the phenyl carbons is 

severely retarded in the solution. There are two motions for the phenyl group in compound 

13: (1) the internal rotation and (2) the reorientational motion which accompanies the 

tumbling motion of the whole molecule in the solution. The tumbling motion is expected 

to be normal for this relatively large molecule in solution and hence, the relaxation data 

imply severe hindrance in the internal rotation of the phenyl group. 31P{1H} NMR spectra 

of 13 – 15 each displayed a single resonance at δ 35.6 ppm, 38.1 ppm and 56.5 ppm, 

respectively, which are shifted downfield compared to uncoordinated Et3P (-20.0 ppm), 

Ph3P (-5.2 ppm) and Cy3P (9.2 ppm), owing to the loss of electron density upon 

coordination with gold(I) atom.  
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3.3.2 Thermogravimetric Analysis 

Thermograms of 13 – 15 (Figure 3.20) demonstrate a similar decomposition 

pathway and the following sequence is proposed. Compound 13 featured a three step 

decomposition pathway: step 1 – onset temperature 181.9 °C to endset 226.9 °C with 

observed weight loss of 29.3 % (calcd. 26.7 %) corresponding to the loss of 2Et3P. The 

second step (226.9 – 441.8 °C) attributed to the decomposition of [MeO(=C)N]2C6H4 

fragment with weight loss 18.0 % cf. 21.5 %, leaving 2AuS (obs., calc’d weight remaining 

52.7% cf. 51.8%) in the intermediate step. The 2AuS eventually reduced to 2Au with the 

loss of 2S (obs., calc’d weight remaining 45.4% cf. 44.5%) from onset temperature 

441.8 °C to endset 806.1 °C, with a weight loss of 7.2 % cf. 7.3%. The decomposition of 

compounds 14 and 15 however do not resolve into discernible steps. For compound 14, 

the first step was correlated to the loss of 2Ph3P and [MeO(=C)N]2C6H4 fragment (obs., 

calc’d weight loss of 55.2 % cf. with 60.9 %)  from 163.5 °C to 346.7 °C, giving 2AuS 

with observed weight remaining 44.7 % cf. 39.1 %. The second step involved the loss of 

2S (obs., calc’d weight loss of 9.8 % cf. 5.5 %), leaving elemental gold (obs., calc’d 

weight remaining for 2Au 35.0 % cf. 33.6 %). Similarly, compound 15 showed a two step 

decomposition pathway. For step 1, with onset temperature 160.7 °C and endset 422.6 °C, 

accompanied with  62.7% weight loss cf. with calculated 62.1% for concomitant loss of 

2Cy3P and [MeO(=C)N]2C6H4 fragment (obs., calc’d weight remaining for 2AuS 37.2 % 

cf. 37.8 %), while step 2 with 3.6 % weight loss cf. with calculated 5.3 % attributed to the 

loss of 2S (obs., calc’d weight remaining for 2Au 33.6 % cf. 32.6 %) from 422.6 to 

815.2 °C.  
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(a) 

 

 
(b) 

 

 
(c) 

Figure 3.20: Thermogravimetric traces for 13 (a), 14 (b) and 15 (c). 
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3.3.3 Molecular Structures 

In agreement with general two coordinated gold(I) compounds, molecular 

structures of 13 – 15 feature linear geometry, with S1–Au–P1 close to ideal linearity, i.e. 

172.13(4)°, 167.79(3)° and 168.63(2)°, respectively. The observed deviations are 

ascribed to the formation of intramolecular Au···π(aryl) interactions. As the crystal 

structure of L9 is unavailable, the comparison of the geometric parameters of the gold(I) 

compounds is made between compounds 13 – 15 with L1, MeOC(=S)NHC6H5, the 

monopodal analogue of L9. As compared to the free thiocarbamide, L1, elongation of 

C1–S1 (1.6708(11) Å) and contraction of C1–N1 (1.3288(15) Å) were observed in 

compounds 13 – 15, as listed in Table 3.21, indicative of the coordination mode of L9 as 

thiolate ligand.  

Table 3.9: Selected bond lengths (Å) and angles (°) for 13 – 15. 

 13 14 15 

Au–S1 2.3152(10) 2.3058(9) 2.3019(6) 

Au–P1 2.2663(10) 2.2593(9) 2.2695(6) 

C1–S1 1.762(4) 1.761(3) 1.756(3) 

C1–O1 1.372(5) 1.356(4) 1.362(3) 

C1–N1 1.258(5) 1.268(4) 1.263(3) 

S1–Au–P1 172.13(4) 167.79(3) 168.63(2) 

Au...Cga 3.26 3.32 3.55 

αa 22.7 21.6 30.7 

a is the angle between the normal to the plane through the central ring and the vector 

passing through the ring centroid (Cg) to the Au atom. 

 

 

 

 

 

 

 

 

 

 

Univ
ers

ity
 of

 M
ala

ya



61 

 

 (a) 

 

(b) 

 

(c) 

 
Figure 3.21: Perspective view of molecules of 13 (a), 14 (b) and 15 (c). 
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While each of 13 – 15 displayed distinctive features in the NMR spectra, their 

crystal structures demonstrated unexpected Au···π(aryl) interactions; the Au atoms in 

compounds 13 – 15 are in close proximity to the aryl ring of L9 (Figure 3.21), with the 

bond lengths of Au···Cg(aryl) 3.26 Å, 3.32 Å and 3.55 Å, respectively. Crystal structures 

of 13 – 15 are found unprecedented from a search of the Cambridge Structural Database 

(CSD) (Groom et al., 2014) for binuclear structures constructed from bipodal 

thiocarbamides. Out of 31 related structures from CSD (Groom et al., 2014) searches, 

with general formula of R3PAu[SC(OMe)=NR’] and diphosphine analogues (Ho et al., 

2006; Ho et al., 2007; Kuan et al., 2008; Tadbuppa et al., 2007; Tadbuppa et al., 2009; 

Tadbuppa et al., 2009; Tadbuppa et al., 2009, 2009; Tadbuppa et al., 2010; Tadbuppa et 

al., 2010), 27 structures feature Au···O interactions while the remaining 4 structures 

demonstrated Au···π(aryl) interactions. In view of the above, compound 13 was subjected 

to a computational study for assessment of the stability imparted by Au···π(aryl) 

interactions. 

Figure 3.22 portrayed energy minimised structures with conformation in close 

agreement with the measured structures. The calculations were performed following 

procedures detailed in Publication IV. Overall, the calculations revealed that the 

conformation with two intramolecular Au···π(aryl) interactions, as demonstrated in the 

molecular structure of compound 13, possessed higher stability by 12.2 kcal mol-1 in 

comparison with the conformation bearing one Au···π(aryl) interaction and one Au···O 

interaction. The conformer that featured two Au···O interactions present as the least 

stable conformation amongst the three with stability 23.6 kcal mol-1 lower than that of the 

first conformer (Figure 3.22 (a)). 
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(a)                                                               (b) 

 
(c) 

Figure 3.22: Theoretical structure for 13: (a) the compact, spherical, conformation with 

two intramolecular Au…π interactions, (b) intermediate structure with one Au…π and 

one Au…O contact, and (c) the open, rod-like, conformation with two Au…O 

interactions. Bader’ delocalisation indices between gold (in orange) and all other 

individual atoms are given as a colour scale ranging from zero (white) to 0.30 (red). 

 Figure 3.22 (a) – (c) are illustrated with atoms of different colour scale as a 

representation of Bader delocalization indices (DI’s), which serves to evaluate the degree 

of electron deocalisation between interacting moiety (Otero-de-la-Roza et al., 2014). The 

highest stability exhibited by conformer Figure 3.22 (a) is well elucidated by the orbital 

interactions between the gold atoms and the π-system.  
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(a)                                                        (b) 

 
(c) 

Figure 3.23: Calculated (red trace) and measured (blue trace) PXRD patterns for 

compounds 13 (a), 14 (b) and 15 (c). 

 

PXRD patterns measured on compounds 13 – 15 are shown in Figure 3.23. The 

close agreement between the measured and calculated patterns from single crystal data 

reported herein show that bulk material of 13 – 15 match the crystallographic structure in 

each case. 

3.3.4 Antibacterial Study 

Compounds 13 – 15 were screened against a broad panel of Gram-positive and 

Gram-negative bacteria, with the results of disk diffusion assay reported in Table 3.10. 

While L9 possessed no inhibitory effect, compounds 13 – 15 exhibited selective activity 

toward the 24 strains of pathogen. Of the three compounds, 13 demonstrated promising 

inhibitory activity against targeted Gram-positive and Gram-negative bacteria, except for 

pathogen P. aeruginosa which was only partially inhibited. As compared to standard 

antibiotics, tetracycline and chloramphenicol, compound 13 induced better or comparable 

inhibitory effect against Gram-positive bacteria, with inhibitory zones ranging from 18 to 

30 mm. Compounds 14 and 15 however displayed specific inhibitory activity toward 
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selected Gram-positive bacteria and inactive against all of the Gram-negative pathogens. 

The three compounds were also subjected to evaluation for their anti-bacterial sensitivity, 

of which 13 was found to be bactericidal to all of the Gram-positive and Gram-negative 

bacteria except for E. faecium and K. pheumoniae. By contrast, the bactericidal activity 

of 14 and 15 are only limited to Gram-positive pathogens and the detailed outcomes of 

anti-bacterial evaluation can be accessed from Publication IV. To conclude, a variation 

of the P-bound groups influences the anti-bacterial activity of the compounds; 

comprehensive study on related compounds permit the identification of biologically 

active moiety, which aids in development of highly potent bactericidal agent.  
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Table 3.10: Anti-bacterial activity measured by zone of inhibition (mm) of 13 – 15, L9 

and standard anti-biotics. 

Microorganism 13 14 15 L9 
Standard 

Anti-biotics 

Gram-positive bacteria 

 

B. cereus ATCC10876 

 

 

22 

 

 

– 

 

 

– 

 

 

– 

 

 

11a 

B. subtilis ATCC6633 27 10 8 – 24a 

E. faecalis ATCC29212 20 9 – – 11a 

E. faecium ATCC19434 18 9 8 – 16b 

L. monocytogenes ATCC19117 20 9 8 – 27a 

S. aureus (MRSA) ATCC43300 23 9 7 – 14b 

S. aureus ATCC25923 30 9 – – 18b 

S. saprophyticus ATCC15305 30 9 8 – 29a 

      

Gram-negative bacteria 

 

A. baumannii ATCC19606 

 

 

13 

 

 

– 

 

 

– 

 

 

– 

 

 

16a 

A. hydrophilla ATCC35654 8 – – – 22a 

C. freundii ATCC8090 8 – – – 26a 

E. aerogenes ATCC13048 7 – – – 20a 

E. cloacae ATCC35030 8 – – – 20a 

E. coli ATCC25922 10 – – – 18a 

K. pneumonia ATCC700603 8 – – – 13a 

P. aeruginosa ATCC27853 14 (T) – – – 14a 

P. mirabilis ATCC25933 8 – – – 14b 

P. vulgaris ATCC13315 14 – – – 19b 

S. typhimurium ATCC14028 9 – – – 24a 

S. paratyphiA ATCC9150 9 – – – 22a 

S. flexneri ATCC12022 12 – – – 18a 

S. sonnei ATCC9290 10 – – – 19a 

S. maltophilia ATCC13637 9 – – – 23b 

V. parahaemolyticus ATCC17802 23 – – – 30a 

      

The diameter of inhibition zones in millimetres (mm) were measured after 24 h incubation; 

–, no zone of inhibition; (T), partial zone of inhibition; aTetracycline; bChloramphenicol. 
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3.4 Bis(triphenylphosphine)copper(I) Thiocarbamides: Putative Arene-C-

H···π(Quasi-Chelate Ring) Interactions 

 

3.4.1 Synthesis and Spectroscopic Characterisation 

Contemplating the study on phosphinegold(I) thiocarbamides, a series of three 

bis(triphenylphosphine)copper(I) thiocarbamide compounds, 16 – 18, as illustrated in 

Figure 3.24, were prepared. Compounds 16 – 18 were readily prepared in high yield (> 

90 %) from the reaction of triphenylphosphine, copper(I) chloride and thiocarbamide L1 

– L3 respectively, in acetonitrile.  

 

Figure 3.24: Chemical structures of (Ph3P)2CuCl{ROC(=S)N(H)C6H5}, with R = Me, 

Et and iPr. 

 

The characteristic IR bands for L1 – L3 were discussed in section 3.1. Compounds 

17 – 18 exhibited the similar characteristic bands of thiorcabamides with shifting to lower, 

lower, higher and higher wavenumber are observed for ν(N–H), ν(C–N), ν(C=S) and ν(C–

O) respectively, upon the donation of the sulphur lone pair for complexation.  

The 1H NMR resonance corresponds to thiocarbamide N-H was found shifted 

downfield from CA. δ 8.67 ppm to δ 11.86 ppm upon coordination, indicative of the 

presence of hydrogen interactions, i.e. N-H…Cl interactions. Measurements on the 10-

folds diluted sample solutions (Figure 3.25) showed a significant highfield shift, 

attributed to the retention of intramolecular N–H…Cl hydrogen bonds in more 

concentrated solutions.  
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(a) 

 
 

(b) 

 
 

(c) 

 
 

Figure 3.25: 1H NMR spectra for 16 (a), 17 (b) and 18 (c) measured in CDCl3 solution 

at 2.5 x 10-2 M (red spectra) and 2.5 x 10-3 M (green spectra). 
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The formation of N-H…Cl hydrogen bonds is further supported from the 1H NMR 

of 16 – 18 in the δ 7.48 – 7.11 ppm region; such interactions inflicted changes to the 

chemical environment of the thiocarbamide aryl-ring protons. Compound 16 displayed 

indiscernible multiple splitting due to triphenylphosphine and L1 phenyl rings. 

Resonances correspond to o-aryl and p-aryl protons of thiocarbamide were clearly 

identified in the 1H NMR spectra of 17 and 18, and their respective positions were found 

inverted as compared to the uncoordinated thiocarbamides, as illustrated in Figure 3.26. 

The m-aryl protons of thiocarbamide were unable to be identified due to the overlapping 

with triphenylphosphine protons in the respective region. 

 
(a) 

 

 
(b) 

 

 
(c) 

 

Figure 3.26: 1H NMR spectra (blow up) of L1 (left), 16 (right) (a), L2 (left), 17 (right) 

(b) and L3 (left), 18 (right) (c). 

 

 The 13C{1H} NMR spectra of 16 – 18 exhibited the expected resonances. The 

phosphorous atom of triphenylphosphine induced coupling effects on the phenyl carbons, 

i.e. doublets were observed for each of the phenyl ring carbon respectively, as reported in 
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section 2.2.3. 31P{1H} spectra revealed a single resonance at ca δ -4.1 ppm, indicative of 

chemically equivalency of the two triphenylphosphine groups.  

 Photophysical data for L1 – L3 and 16 – 18 are presented in Table 3.11. L1 – L3 

each exhibited λmax at approximate 275 nm in their UV spectra, ascribed to π-π* 

transitions. Compounds 16 – 18 each showed an intense absorption band at 272 nm, which 

was slightly blue shifted as compared to the free thiocarbamides. Additional band 

attributed to triphenylphosphine was not observed in compounds 16 – 18. With reference 

to the related phosphinegold(I) analogues, intraligand transitions due to 

triphenylphosphine occurred at ca. 267 nm. It is suspected that the intraligand transitions 

of triphenylphosphine were masked in the UV spectra of 16 – 18, this is supported by the 

blue shift and increased band intensity observed. Photoexcitation of L1 – L3 given rise 

to emission bands in the range of 374 – 825 nm, as listed in Table 3.11. Upon 

complexation, the fluorescence bands of 16 – 18 were observed in a shorter range, i.e. 

371 – 532 nm, as compared to the free ligand.  

 

Table 3.11: Photophysical data for L1 – L3, 16 – 18 measured in acetonitrile. 

Compound λabs (nm) ε (L cm-1mol-1) λem (nm) 

L1 274 17,800 
374, 422, 488, 538, 762 (sh), 788 

(sh), 814 (sh) 

L2 275 18,270 
380, 422, 490, 538, 758(sh), 

825(sh) 

L3 276 18,450 
384, 420, 488, 536, 760(sh), 

810(sh) 

16 272 36,200 371, 427, 455, 489, 531(sh) 

17 272 38,300 374, 428, 458, 486, 532(sh) 

18 272 39,500 375, 429, 457, 487, 531(sh) 
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Figure 3.27: UV-Vis spectra of L1 (red), L2 (green) and L3 (blue). 

 

 
Figure 3.28: Photoluminescent spectra of L1 at λex 274 (red), L2 at λex 275 (green) and 

L3 at λex 276 (blue). 

 

 
Figure 3.29: UV-Vis spectra of compounds 16 (red), 17 (green) and 18 (blue). 

 

 
Figure 3.30: Photoluminescent spectra of 16 (red), 17 (green) and 18 (blue) at λex 272 

nm. 
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3.4.2 Thermogravimetric Analysis 

Compounds 16 – 18 were subjected to thermogravimetric analysis to evaluate 

their decomposition pathways (Figure 3.31 – 3.33); each of them displayed distinct 

decomposition pathway as discussed below. For compound 16, three discernible steps 

were determined: step 1 (132.79 – 184.67 °C) involved the loss of [MeOC(NH)C6H5] 

fragment with observed weight loss of 15.5 % cf. 17.1 %. The second step (184.67 – 

358.30 °C) resulted in the weight loss of 2 PPh3 corresponding to a weight loss of 65.9 % 

cf. 66.3 %. The final step attributed to the loss of sulphur (obs., calculated weight loss 

5.5 % cf. 4.1 %) yielding CuCl (obs., calculated weight remaining 12.8 % cf. 12.5 %) 

from onset temperature 358.30 °C to endset 535.24 °C. A similar three step 

decomposition was also observed in 17. For step 1, weight loss of 21.2 % cf. 18.5 % was 

identified between 164.05 – 207.29 °C, ascribed to the loss of [EtOC(NH)C6H5] fragment. 

Likewise, step 2 saw a weight loss of 64.9 % cf. 65.1 % attributed to the loss of 2 PPh3 

(207.29 – 358.30 °C). Step 3, from onset 358.30 °C to endset temperature 555.20 °C, is 

accompanied with a weight loss of 4.1 %, leading to ½Cu2S with weight remaining 9.5 % 

cf. 9.9 %. The decomposition steps were not clearly resolved for 18 however. The step 1 

(139.44 – 390.89 °C) was attributed to the loss of 2PPh3 and L3, iPrOC(=S)NHC6H5 with 

observed weight loss 87.4 % cf. 87.8 %. The final step, from 390.89 °C to 563.85 °C, was 

having the loss of Cl (obs., calculated weight loss 5.7 % cf. 4.3 %), producing elemental 

Cu with determined weight remaining 5.7 % cf. 7.8 %. Univ
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Figure 3.31: Thermogram of 16. 

 
Figure 3.32: Thermogram of 17. 

 
Figure 3.33: Thermogram of 18. 
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3.4.3 Molecular Structures 

The molecular structures of compounds 17 and 18 (Figure 3.34 (b) and (c)) feature 

unexpected intramolecular C–H···π(CuCl···HNCS) interactions. Despite its absence in 

compound 16 (Figure 3.34 (a)), which will be discussed in a later section, the formation 

of quasi-chelate ring CuCl···HNCS in all three compounds are relevant to the 1H NMR 

results obtained.  

  

(a)                                                      (b) 

 
(c) 

Figure 3.34: Molecular structures of (a) 16, (b) 17 and (c) 18, drawn with 70% 

displacement ellipsoids and showing atom labelling schemes. 
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Molecular structures of 16 – 18 each demonstrated a tetrahedral geometry defined 

by two phosphine-P atoms, a chlorido and a sulphur atom. Remarkably, in both 17 and 

18, a phenyl-H of triphenylphosphine ligand appears to orient towards the centre of the 

quasi-chelate ring, CuCl···HNCS formed. For 17, the separations between the phenyl-H 

and each of the constituent atoms of the quasi chelate ring, i.e. C–H*...Cu, Cl1, S1, N1, 

C1 and H1n are 3.12, 3.41, 2.99, 2.63, 2.88 and 2.48 Å, respectively, while for 18, the C–

H*...Cu, Cl1, S1, N1, C1 and H1n separations are 3.17, 2.87, 3.52, 2.99, 3.17 and 2.78 Å, 

respectively. The above information on the separations between atoms indicate that the 

phenyl-H atom is not directed toward any of the constituent atoms of the ring, but to the 

centroid of the quasi-chelate ring, CuCl···HNCS,  with the distance between the phenyl-

H and the quasi-chelate ring centroid as 2.31 Å and 2.56 Å for compound 17 and 18, 

respectively. In addition to the short distance accounted, the angles of phenyl-H···quasi-

chelate ring centroid are 147 ° and 124 ° for 17 and 18, respectively. The above is termed 

as C–H···π(CuCl···HNCS) interaction.  

 

 

Figure 3.35: Overlay diagram of 16 (red image), 17 (green) and 18 (blue). The 

molecules have been superimposed so the P1-Cu-P2 atoms are overlapped. In this 

diagram, the inverted molecule of 17 has been employed for a better fit. The orientation 

of the overlay diagram has been optimised to highlight the three relevant rings. 
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Figure 3.35 showed an overlay diagram for 16 – 18. The arrow points at the relevant 

rings that involved in putative C–H···π(CuCl···HNCS) interactions. Notable the ring in 

16 adopting an almost parallel orientation to the quasi-chelate ring and thus the C–

H···π(CuCl···HNCS) interaction is prevented. Over and above, the quasi-chelate ring in 

16 exhibits less planarity as compared to 17 and 18, with r.m.s. deviation of the five non-

hydrogen atoms of 0.1902 Å. The above leads to the absence of C–H···π(CuCl···HNCS) 

interactions in 16. DFT-D calculations, as detailed in Publication V, were accomplished 

on a related literature crystal structure (Singh et al., 1995) to study the C–

H···π(CuCl···HNCS) interactions where, stabilisation energy of ca. 3.5 kcal mol-1, was 

found afforded by this interaction. 
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CHAPTER 4: CONCLUSION 

 

Several series of mononuclear and binuclear phosphinegold(I) thiocarbamide 

compounds were successfully synthesised. The thiocarbamides coordinated to the gold(I) 

centre as thiolate ligand, as shown in the IR, 1H NMR and crystallography data. The 

characteristic N-H stretching at ~3200 cm-1 was absent in the metal complex IR spectra. 

Similar evidence was observed in the 1H NMR of the phosphinegold(I) compounds with 

the disappearance of N-H resonance at ca. 8.6 ppm. Other than that, deprotonation of 

ligand was further supported with elongation of S=C bond and shortening of C–N as 

observed in the crystallographic data of gold(I) compounds. Single crystal X-ray 

crystallography of the molecules shows that the gold atom is in an essentially linear 

geometry defined by sulphur and phosphorus atoms.  

The six mononuclear compounds, Ph3PAu[SC(OR)=NC6H4X-4], R = Me, Et and 

iPr, X = H and CH3, exhibited significant cytotoxicity to the HT-29 cancer cell line with 

Ph3PAu[SC(OMe)=NC6H4CH3-4] being the most active of the series. 

Ph3PAu[SC(OR)=NC6H4Me-4], R = Me, Et and iPr were found to possess promising 

activity against a broad panel of Gram-positive bacteria. These compounds may be 

potentially developed as alternative bactericidal agents for use in the treatment of 

microbial disease especially for recently emerging multidrug resistant strains of 

methicillin-resistant S. aureus (MRSA) and Enterococcus spp. which cause life-

threatening infections in humans.  

A series of four mononuclear Ph3PAu{SC(OiPr)=NC6H4X-4} and four binuclear 

(Ph2P-Fc-PPh2){AuSC(OiPr)=NC6H4X-4}2 with X = H, CH3 Cl and NO2 exerted 

different chemical environment to the molecules as presented by the multi-NMR (1H, 

13C{1H} and 31P{1H}) spectra. Ph3PAu{SC(OiPr)=NC6H4X-4} were found to possess 

greater cytotoxicity against MCF-7 breast cancer cell lines while HEK-293 embryonic 

kidney cell lines were more susceptible towards (Ph2P-Fc-PPh2){AuSC(OiPr)=NC6H4X-
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4}2. Compounds bearing N-bound p-tolyl exhibited more potent activity amongst the 

series. 

X-ray crystallography showed that three novel binuclear phospanegold(I) 

compounds, (R3PAu)2{1,4-[SC(OMe)=N]2C6H4} with R = Et, Ph and Cy, featured 

unexpected intramolecular Au…π interactions. Theoretical calculation revealed that these 

interactions to be attractive, with energies of stabilisation to the molecular structure of 

(Et3PAu)2L greater than 12 kcal mol-1 compared to putative Au…O interactions. All of 

the three compounds, with Et3P, Ph3P and Cy3P as the P-bound ligand, each exhibited, 

bactericidal effect on Gram-positive (13 – 15) and Gram-negative (only 13) pathogens.  

Overall, phosphinegold(I) thiocarbamides exhibit promising biological activity as 

suggested in the literature. By varying the O-bound substituent, as well as the P-bound 

phosphine ligand, the biological activities are influenced. By increasing the number of 

gold(I) atoms in the structure, it helps in promoting Au…π interactions which were found 

to stabilise the molecules in better extend. While effort are channelled to investigate 

gold(I) compounds, attention is also directed to study the copper analogue. In the copper(I) 

compounds prepared, unexpected delocalisation is observed in the putative arene system 

arises from  CuCl···HNCS. The hydrogen bonding between the chlorine atom of CuCl 

and the N-H of thiocarbamides give rise to attractive (ca. 3.5 kcal mol-1) intramolecular 

C–H···π(CuCl···HNCS) interactions.  

In short, thiocarbamides remain as a potential ligand which can be structurally 

modified for the designing of effective bio-active compounds, in addition to their 

contribution in the realm of crystal engineering. 
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