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Abstract 

Square planar gold(III) complexes have four coordination sites, and hence the 

diverse ligand design can fine-tune the reactivity of the gold(III) centre. In addition, the 

four coordination sites allow a distinctive advantage in the design of chiral ligands for 

asymmetric catalysis that is severely limited in the linear gold(I) catalysts having only 

two coordination sites. However, poor catalytic activity of the coordinatively saturated 

gold(III) complexes hindered the development of gold(III) catalysis. We envision that 

novel strategies of ligand design and substrate activation are the key to open up a new 

direction for gold(III) catalysis. 

    We report the development of stable bis-cyclometallated gold(III) complexes 

[Au(C^N)2BF4
-
] (HC^N = 2-phenylquinoline and 3-phenylisoquinoline) as efficient 

catalysts for organic synthesis by employing two novel strategies: (1) distorted square 

planar complex design and (2) gold-silver dual catalysis for substrate activation. X-ray 

crystallography study on the bis-cyclometallated gold(III) complex with bulky 

2-phenylquinoline ligands revealed the distorted square planar geometry and significant 

elongation of Au-N bonds (up to 0.141 Å ) compared to other cyclometallated gold(III) 

complexes in literatures. Secondly, the significantly higher catalytic activity (83% vs 8% 

isolated yields) in propargylamine synthesis could be attributed to this unique distorted 

complex geometry. The bis-cyclometallated gold(III) complex could also catalyse the 
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stereoselective propargylamine synthesis (up to 90% isolated yield and dr >99:1) and 

oligosaccharide modification with high aldehyde conversion. Thirdly, the catalysts were 

found to be active in indole alkylation by using a novel gold-silver dual catalysis (up to 

80% isolated yield). Alkylated indoles with different substituents could also be obtained 

(up to 94% isolated yield). Finally, recyclability experiments of the catalyst in the 

propargylamine and dual metal-catalysed alkylated indole synthesis were conducted, 

demonstrating the exceptionally higher recyclability of bis-cyclometallated gold(III) 

complexes in catalysis over KAuCl4.     

    Given the four coordination sites of gold(III) centre, we envisage that the reactivity 

of gold(III) reductive elimination could be fine-tuned by modular ligand assembly. In this 

work, we are exploring the novel application of meticulously designed gold(III) 

complexes for modification of cysteine by C-S bond formation.  

    A ligand controlled C-S bond formation reaction from gold-peptide adducts for 

chemoselective cysteine modification has been developed. Cyclometallated gold(III) 

complexes with bidentate msen as an ancillary ligand exhibited excellent cysteine 

chemoselectivity to give gold-peptide adducts up to 99% conversion in aqueous medium 

under mild conditions and various pH values. The structures of gold-peptide adducts and 

S-arylated peptides were supported by model reactions between the gold(III) complexes 

and N-acetyl-L-cysteine benzyl amide. C-S bond formation from gold-peptide adducts 
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could be controlled by the corresponding arylpyridine ligands to give S-arylated peptides 

up to 99% conversion at 40 
o
C. A dansyl functionalized gold(III) complex was 

synthesized for chemoselective cysteine modification with a biophysical probe under mild 

reaction conditions. 
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Chapter 1 Introduction 

1.1 Gold Chemistry  

As a coinage metal, gold is air and moisture stable for thousands of years which the 

attractive appearance would not be tarnished. Gold has been widely used in jewellery 

manufacturing or making gold coins for thousands of years because of its tempting colour. 

Therefore, it was regarded as money due to its inherent value that many of ancient people 

fought for the treasure over thousands of years. Because of the exceptionally stable properties 

of gold, the interest of chemists to the catalytic ability of gold was not raised until the 

discovery gold nanoparticles which show promising catalytic ability.
[1],[2]

  

In fact, there are some special properties in gold chemistry.
 
Firstly, it has lower 

electrochemical potential than other transition metals. The cationic form of gold tends to 

accept electrons from reducing agents to form metallic gold. Secondly, gold is the most 

electronegative metals across the period in periodic table based on Pauling scale. Thirdly, 

diatomic molecules of Au exist in vapour state which has higher dissociation energy than 

some non-metal elements such as iodine. Finally, the unusual gold-gold interactions were 

observed in many organogold compounds which revealed the term aurophilic attraction in 

gold(I) chemistry. The attraction between the nearby Au(I) ion was discovered in many di-

nuclear Au(I) complexes using bidentate phosphine ligands (Scheme 1.1).
[3] 

 

Scheme 1.1 The aurophilic attractions in di-nuclear Au(I) complex 
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1.1.1 Relativistic Effect 

    Au: [Xe]4f
14

5d
10

6s
1
. Based on the theory of relativity, the corrected masses ( ) of 

electrons
 
with speed close to 3 x 10

8
 ms

-1
 (speed of light ) will become larger compared 

with the rest masses ( ).  

 

The relativistic effect leads to a smaller Bohr radius by contraction of the outermost 

orbitals of the electron. As the outer 6s electrons of Au moved with speed close to light, the 

corrected mass of the e
-
 will tend to be infinity resulting in the contraction of the outer 6s 

orbital. The strong charge density induced by 6s orbital contraction contributes to the 

superior Lewis acid property of Au(I). Au(I) is even a stronger Lewis acid than neighbouring 

element such as Ag(I).
[4]

 As the outer 6s orbital contracts, the shielding effect towards 5d 

orbitals increases. The 5d orbitals are destabilized and more diffused (Figure 1.1).
[5] 

The 

relativistic effect in gold renders it exceptional soft Lewis acid in nature. This strong Lewis 

acidity was employed to explain the unique catalytic properties in gold-catalysed organic 

transformations. 

 

Figure 1.1 Energy levels of outer orbitals of Ag(I) and Au(I) with non-relativistic (NR)  or 

relativistic (R) effects. 
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1.2 Gold Catalysis 

Au(I): [Xe]4f
14

5d
10

, Au(III): [Xe]4f
14

5d
8
 

    The catalytic activity of gold in olefin hydrogenation was discovered by Bond and his co-

workers by using a small amount of gold particles. Despite many reports showed that gold 

has no such catalytic ability and suggested that the reaction might be catalysed by some 

impurities such as a trace amount of other transition metals leading to bimetallic 

catalysis.
[6],[7]

 Unlike other transition metals [i.e. rhodium (Rh), iridium (Ir) and silver (Ag)], 

development of gold catalysis has just started since decades ago. Homogeneous gold 

catalysis has been rapidly developed in recent years and surprisingly gold(I) or gold(III) 

catalysts were found to be the best catalysts in some organic transformations.
[8]

 Furthermore, 

gold nanoparticles were also found to be catalytically active in some fundamental reactions 

in organic chemistry such as hydrogenation and oxidation.
[9]

 Some notable activities of gold 

are: 

1. Oxidation of CO and H2 at low temperature.
[10]

 

2. Hydrochlorination of alkynes.
[11]

 

3. Nucleophilic addition of inactivated alkynes.
[12]

 

4. Chemoselective hydrogenation of nitro compounds.
[13]

 

5. Oxidation of alcohols to form carboxylic acids and aldehydes.
[14],[15]

 

6. Hydrogen peroxide formation from hydrogen and oxygen.
[16]
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The research of gold catalysts increases rapidly due to its alkynophilic nature. 

Activation of C-C triple bonds can be achieved under mild conditions as a result of 

alkynophilic nature of soft gold(I) or gold(III) ions rather than oxophillic nature.
[17]

 As one of 

the coinage metals, exploration of chemistry of gold is much less than silver. In fact, the 

abundance of gold in our planet is much more than other late transition metals (i.e. rhodium, 

iridium and platinum). High functional group tolerance and moisture stability are the major 

advantages of using gold catalysts
[1, 8a, 9-10, 17a]

 As a soft Lewis acid, gold can induce π 

activation of C-C multiple bonds with exceptional functional tolerance. Besides, gold can 

also activate carbon-heteroatom bonds such as carbonyls, imines, aziridines, ethers and 

epoxides through σ-coordination.
[18]

 

In organometallic chemistry, the Au-C bond is more likely to undergo protodeauration 

rather than β hydride elimination so that the less side reactions with be occurred in the 

nucleophilic addition of nucleophiles to olefins or alkynes which enhance the product 

selectivity.
[19]

 This feature reveals that gold is may be useful catalysts in various organic 

transformations as a π acidic catalyst. However, most of the studies of gold are based on 

gold(I) catalysed reactions. Only a few of research works focused on the studies of gold(III) 

catalysts. Unlike soft and Lewis acidic gold(I) with full-filled d
10

 system , gold(III) having 

unfulfilled d orbitals may give exceptionally different chemistry from gold(I).  
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1.2.1 Interactions between Gold Catalysts and Alkynes 

    With two π orbitals orthogonal to each other occupied by two pairs of e
-
, alkynes are 

favourable to react via electrophilic addition with halogens or electrophilic metal centres like 

gold(I) or gold(III).
[17b]

 Alkynes are able to coordinate with electrophilic gold(I) or (III) 

centres through π electron donation of C-C triple bond to vacant d subshells of the metal 

centres. Energy of LUMO of alkynes will be lower and hence, the alkynes are more 

favourable to be attacked by some weak nucleophiles (i.e. H2O, Cl
-
, RNH2) via nucleophilic 

addition. By coordinating with gold complexes, the alkyne is activated as a result of 

contributing electron density to the highly electrophilic metal fragments. The carbon atoms in 

alkynes are more electropositive and more susceptible to nucleophilic attack (Scheme 1.2, 

upper).  In the case of terminal alkynes, the terminal hydrogen atom will be abstracted by the 

presence of base. Gold-alkynyl complexes will be formed through σ-coordination. The 

resulting gold acetylide is more nucleophilic which favours the nucleophilic attack to some 

electrophiles (Scheme 1.2, lower). 

 

Scheme 1.2 Activation of alkynes by gold.  
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1.2.2 The Gold Carbenoids 

    Gold carbenoids refer to carbon species that bear carbocation character and carry a C-Au 

bond at the same site. Apart from acting as Lewis acidic metal catalysts, thanks to the 

unusual relativistic effect of gold, experimental results suggested that backbonding from the 

relativistically expanded 5d orbitals into the LUMO of σ-bonded carbon to give gold 

carbenoids. The formation of carbenoid was attempted by reacting of Fischer carbenes with 

Au(I) phosphine complexes by transmetallation. The resulting compounds were studied 

based on nuclear magnetic resonance spectroscopy at low temperature and theoretical 

calculation.
[20]

 This data suggested that after the gold activated nucleophilic addition to the 

alkynes, the trapping of the electrophiles can be accomplished by backdonating of 5d 

electrons
 
to form a more stabilized gold carbenoid structure (Scheme 1.3).

[4, 21]
 

 

Scheme 1.3 Formation of the gold carbenoid. 

    More recently, a resonance stabilized gold carbenoid generated from transmetallation of 

chromium fisher carbene to gold(I) complexes was obtained in crystalline form. The X-ray 

crystallography did not support the formation of Au-C double bonds nor a stabilized carbon 

cation.
[22]

 In fact, the electron density was delocalized through the C-Au bond and the 

aromatic rings (Scheme 1.4).  Although the nature of C-Au bonds in gold carbenoids have 
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not been ruled out yet, this concept provided an explanation of many novel gold catalysed 

transformations. The generation of reactive α-oxo gold carbenes was proposed to be achieved 

by using N-O bond oxidants which is a useful substitute of metal carbenes formation by 

using dangerous diazo compounds.
[23]   

 

Scheme 1.4 Comparison of generating α-oxo gold carbenes by alkynes and diazo compounds. 
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1.2.3 Gold Catalysed C-C Bond Coupling Reactions  

As gold usually presented as carbophilic Lewis acid catalysts in organic transformations, 

the involvement of redox cycle between Au(I) and Au(III) was not drawing much attention 

because of the high redox potential of Au(I)/Au(III) (E = +1.41 V).
[24]

 Despite of the 

development of gold catalysis with the distinct mode of reactivity such as gold carbenoids, 

the reports of organic transformations involving Au(I)/Au(III) redox system are rare.  

In 2006, Corma et. al. reported of the use of gold(I) catalysts with Schiff base ligands in 

Suzuki cross-coupling of aryl boronic acid and iodobenzne (Scheme 1.5).
[25]

 Later they have 

also reported the study of gold(I) and gold(III) catalysts with Schiff base ligands for the 

Sonogashira reaction.
[26]

 They found that the gold(I) catalyst is active and selective to the 

reaction without the additional of copper(I) co-catalysts (Scheme 1.6). The homocoupling 

compounds was formed as major products when gold(III) catalysts was used (Scheme 1.6).  

 

Scheme 1.5 Gold(I) catalysed Suzuki cross-coupling reactions. 

 

Scheme 1.6 Different reactivities of gold(I) and gold(III) in coupling reactions. 

As mentioned, the high redox potential of Au(I)/Au(III) couple leads to generally poor 

reactivity of gold catalysts in coupling reactions. An alternative approach to pass through the 
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Au(I)/Au(III) redox barrier for homogeneous catalysis is addition of external oxidants to 

promote oxidation of Au(I) to Au(III) (Scheme 1.7).
[27]

  

 

Scheme 1.7 Gold-catalysed oxidative coupling using external oxidants. 

     

Scheme 1.8 Gold(I) catalysed ethynylation of arenes.  
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One of the most representative examples is the gold(I) catalysed ethynylation of arenes 

by addition of PhI(OAc)2 as an external oxidant (Scheme 1.8).
[28]

 The use of external 

oxidizing agent for the gold-catalyzed oxidative coupling is now being further studied. More 

recently, Russel et. al. have reported the direct arylation of arenes by arysilanes at room 

temperature with high functional group tolerance (Scheme 1.9).
[29]

 However, the mechanistic 

studies of the key steps in the coupling reactions are relatively unexplored such as the 

intermediates formed from reactions between gold species and oxidants
[30]

 as well as the 

reductive elimination for C-C bond formation.
[31] 

 

Scheme 1.9 Gold-catalysed direct arylation of arenes with arylsilanes. 
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1.3 Synthesis of Cyclometallated Gold(III) Complexes 

    Cyclometalated metal complexes were synthesized and studied extensively for different 

transition metals (i.e. Pd, Ir, Pt, Rh) in view of synthesizing various metallocyclics for fine-

tuning of electronic and steric properties, as well as improving the solubility in organic 

solvents. Besides, the stability of the complexes can be improved in large extent towards 

oxidation, reduction or decomposition which is also important to stabilize the reaction 

intermediates in catalytic cycles affording higher product turnover or extraordinary product 

selectivity. Constable and Leese first reported the synthesis of cyclometallated gold(III) 

complexes by direct cycloauration using a bidentate 2-phenyl pyridine ligand.
[32]

 More 

cyclometallated gold(III) complexes were synthesized by using other bidentate C,N ligands 

or tridentate C,N,N and C,N,N ligands (Figure 1.2).
[33]

 

 

Figure 1.2 Examples of cyclometallated gold(III) complexes with C,N donors. 

    The direction C-H bond activation of arenes by gold(III) is rather difficult compared with 

other transition metals. In some cases, the C,N cyclometallated gold(III) complexes cannot 
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be synthesized by direct cycloauration. Some gold(III) complexes were reported to be 

synthesized by silver-assisted cycloauration or transmetallation from organomercury 

precursors. 

Direct C-H Bond Activation 

    Most gold(III) complexes can be directly synthesized by mixing of ligands with simple 

gold(III) salts such as KAuCl4 or HAuCl4 in CH3CN/H2O and the resulting mixture is 

refluxed for 12 h to 24 h. Figure 1.3 shows the examples of cyclometallated gold(III) 

complexes that can be directly obtained by thermal C-H activation.
[33]

  

 

Figure 1.3 Cyclometallated gold(III) complexes synthesized by direct cycloauration. 

    The coordination of the pyridine N to the Au(III) centre is facile to form monodentate 

gold(III) complexes. The subsequent C-H bond activation can be achieved by refluxing the 

mixture in CH3CN/H2O for a period of time (Scheme 1.10). This is the direct method to 

synthesize cyclometallated gold(III) complexes via thermal C-H bond activation. However, it 

is not suitable for thermally unstable ligands such as oxazoline-type ligands. 

 

Scheme 1.10 Direct C-H bond activation for cycloauration.  



13 
 

    More recently, Tilset and Heyn have reported the synthesis of cyclometallated gold(III) 

complexes by microwave assisted C-H bond activation. This method provides sufficient 

energy for activation of the aromatic C-H bond in a much shorter time than the thermal 

method which is useful in production of novel gold(III) complexes in a more convenient 

way.
[34]

 

Silver Ion Assisted Cycloauration 

    In a number of cases, silver salts are added with the gold salts as halide ions scavengers by 

forming insoluble AgCl.
[35]

 A reactive vacant site on the metal fragment are generated which 

is more favourable to cycloauration under heating (Scheme 1.11). 

 

Figure 1.4 Cyclometallated gold(III) complexes synthesized by silver ion assisted 

cycloauration. 

 

Scheme 1.11 Silver ion assisted cycloauration. 
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Synthesis of Gold(III) Complexes by Transmetallation  

    The principle of this method is transmetalation reaction of gold(III) precursors such as  

KAuCl4 or HAuCl4 with organomercury ligands to synthesize cyclometallated gold(III) 

compounds that cannot be synthesized by the previous two methods. This is the versatile 

method for transferring the ligands from Hg(II) to Au(III).
[36]

 Furthermore, the organogold(III) 

compounds can also be the precursors for transmetallation with the organomercury 

complexes to form bis-cyclometallated gold(III) complexes. The organomercury precursors 

are generally formed by reaction of ligands with nBuLi at 0 
o
C to give organolithium 

compounds which subsequently react with HgCl2 to afford the organomercury compounds 

(Scheme 1.12). Parish and co-workers have reported the synthesis of a wide range of 

organomercury precursors which were used to synthesize cyclometallated gold(III) 

complexes.
[36b]

 

 

Figure 1.5 Cyclometallated gold(III) complexes synthesized by transmetallation. 

 

Scheme 1.12 Transmetallation reaction of organomercury to gold(III) salts. 
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1.4 Chemical Modification of Biomolecules 

Biomolecules (i.e. proteins, nucleic acids, glycans and lipids) are essential components 

in cells (Figure 1.6). Besides, there are presence of small molecules such as organic or 

inorganic metabolites within the biological systems.
[37]

  

 

Figure 1.6 Components of biomolecules in a mammal cell. 

    These biomolecules are critical components to maintain the functions of cells which 

control the whole living organisms. By studying the role of biomolecules in biological 

activities, scientists are able to have insight into the causes of some diseases as well as the 

ways to cure. However, very few of them containing distinct features can be detected or 

identified directly in the complicated milieus. Biomolecule modification in chemical ways 

allows manufacturing of covalently-bonded synthetic functional probes to biomolecules of 

interest by biocompatible chemical reactions. The resulting products are regarded as 

bioconjugates which provide useful information for biological studies.
[37-38]

 Green 

fluorescent proteins (GFP) or others variants are combination of fluorescent probes with 

targeting proteins by chemical methods which are used for cell imaging.
[39]
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Protein Modification 

Proteins are the main target of interest for early development for biomolecule 

modification, which are composed of peptides linked by amide bonds through the assembly 

of 20 natural occurring amino acids. Every amino acid has a unique side chain containing 

various functional groups (i.e. amines, thiols, carboxylic acids, phenols, alcohols, guanidines, 

indoles and imidazoles). The selective modification is based on the reactivities of different 

amino acids side chains within the target proteins. Through reacting with the functional 

groups of these residues, other biomolecules (i.e. glycans and lipids) can be incorporated into 

the target proteins. These chemical modifications are also referred as post-translational 

modifications (PTM) as these steps occurred after protein biosynthesis steps. After PTM, the 

biological properties and functions of the modified proteins are changed which lead to 

different biological outcomes (i.e. phosphorylation of hydroxyl groups of serine, tyrosine 

residue leading to conformational changes of the proteins).   

In the 20 natural occurring amino acids, lysine and cysteine are mostly used as the target 

residues for protein modification because of their inherent nucleophilicity.
[40]

 Lysine is the 

most accessible residue on the surface of proteins but the least site specific. Cysteine is the 

strongest nucleophile when compared with other amino acids. Free cysteine residue is rare 

(~1.7%) as most of them exist as disulfide form, allowing site specific modification.  

Lysine bearing ε-amino moiety can react as a nucleophile even the side chain is 

protonated. The primary amine group in lysine is reactive to common electrophiles such as 

N-hydroxysuccinimide esters, isothiocyanates, sulfonyl chlorides, aldehydes or other 

reagents affording the corresponding amides, thioureas, sulfonamides or imines respectively 

(Scheme 1.13).
[40b, 41]
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Scheme 1.13 Current chemical modification methods for lysine. 

For arginine residues, the nitrogen atoms of the guanine can react with methylglyoxal to 

afford a pyrimidine derivative (Scheme 1.14, upper). However, the long reaction time (~14 d) 

makes in inefficient and inapplicable in cell labelling.
[42]

 Modification of histidine residue 

can be achieved by reacting with epoxide derivatives and the method was shown to be 

selective to histidine (Scheme 1.14, lower).
[43]

 

 

Scheme 1.14 Modification of arginine and histidine residues. 
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Furthermore, the phenol group on tyrosine can react as a nucleophile to diazonium salts 

affording diazo compounds which can be further transformed into stable benzoxazine 

derivatives (Scheme 1.15, upper).
[44]

 By using ketone-derived aryldiazonium salts, ketone-

derived diazo compounds can be formed which can further react with hydroxylamines to give 

oxime ethers (Scheme 1.15, lower).
[45]

  

 

Scheme 1.15 Modification of tyrosine residues. 

    Cysteine contains nucleophilic thiol group (-SH) as the side chain residue. Because of 

stronger nucleophilicity of -SH group among other nucleophilic residues such as R-NH2 

and –OH groups, the site selective modification of cysteine over other amino acids is 

possible by choosing suitable chemical reagents. Moreover, the low natural abundance (~1.7 

%) of cysteine in protein sequences makes it as a useful handle for modification of target 

protein containing cysteine residues. The modification of cysteine will be discussed in 

chapter 3. 
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1.5 Objectives 

    There is an increasing trend in exploration of gold catalysis in organic chemistry. The 

attraction of gold catalysis is due to its unique chemical properties over other transition 

metals commonly employed in catalysis. For instance, gold catalysts are chemically stable in 

the presence of air and moisture, and carbophilic gold(I)/(III) catalysts render a wide range of 

catalytic organic transformations based on activation of C-C multiple bonds. Due to the 

advance in development of novel organic transformations, gold catalysis will be a promising 

tool for efficient organic transformation reactions as well as selective modification of 

biomolecules.  

In chapter 2, the bis-cyclometallated gold(III) complexes would be synthesized and their 

catalytic activity would be examined in propargylamine synthesis and indole alkylation. The 

geometry of the resulting gold(III) complexes would be studied by X-ray crystallography. By 

understanding the geometry of the bis-cyclometallated gold(III) complexes, strategies for 

activating the gold(III) catalysts would be developed for organic transformations. 

    In chapter 3, cyclometallated gold(III) complexes with different ancillary ligands would be 

synthesized and the chemoselectivity towards cysteine modification would be studied by 

conducting control experiments. The interaction between the cyclometallated gold(III) 

complexes and cysteine would be studied by conducting model reactions. The ease of 

formation of S-arylated peptides from reactions between cysteine-containing peptides and 

different cyclometallated gold(III) complexes would be studied under various conditions.    
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Chapter 2 

Bis-cyclometallated Gold(III) Complexes as Efficient 

Catalysts for Synthesis of Propargylamines and 

Alkylated Indoles 

2.1 Introduction 

   Gold catalysis has drawn significant interest in recent years because of its superior soft 

Lewis acid character. This character leads to extraordinary selectivity and functional 

tolerance in reactions when compared with other late transition metals. Applications of gold 

in organic synthesis were reported for decades.
[1]

 However, most examples of gold catalysed 

organic synthesis were based on simple gold(I) or gold(III) salts. In general, it is not 

favourable for catalysis research because of lacking in tunable and stable catalysts for 

affording catalysts with better reactivity and chemoselectivity. Gold(I) or gold(III) catalyst 

development has been started in recent years aiming to improve the reactivity, selectivity or 

enantioselectivity in organic reactions.  
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2.1.1 Development of Gold Catalysis 

The works on simple gold salts (e.g. AuCl and AuCl3) employed as catalysts for organic 

synthesis have been reported widely.
[2]

 Indeed, simple gold salts can provide a new approach 

for catalytic organic transformations that were usually catalysed by other noble metals such 

as palladium,
[3]

 rhodium
[4]

 or platinum
[5]

 where the abundance of gold was the highest among 

them. Nevertheless, the instability of simple gold salts without appropriate ligands presence 

in catalytic cycles leads to poor product turnovers in reactions.
[6]

 In this manner, 

development of gold(I) catalysts (Figure 2.1) have been largely expanded by using different 

types of ligands as effective catalysts
[7]

 to perform novel synthetic transformations or as 

substitutes for existing reactions catalysed by other catalysts in the view of better reactivity, 

selectivity and functional group tolerance (Scheme 2.1).  

  
 

 

Figure 2.1(a) Au(I)-phosphine complexes.
[6c]

 (b) Au(I)-carbene
[8]

 and Au(I)-thione 

complexes.
[9]
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Scheme 2.1 Ligand effect in gold complexes affecting the product distribution.
[7a]

 

One of the major reasons of the rapid development in gold(I) catalysis is similar ligand 

design strategies to palladium(II) catalysis
[10]

 which have been well developed in different 

areas of catalysis. For instance, chiral phosphine ligands used in palladium catalysed 

asymmetric synthesis were found to be useful in developing chiral gold(I) catalysis. 

Asymmetric cyclization of 1,6-diynes by BINAP gold(I) catalyst has been reported (scheme 

2.2).
[11]

 With the presence of a wide range of chiral ligands in hands, gold(I) asymmetric 

synthesis has been progressively explored because of readily coordination of the chiral 

phosphine ligands to Au(I) centre.
[12] 

Furthermore,  it was reported that chiral anion strategies 

could be applied in asymmetric gold(I) catalysis (scheme 2.3).
[13]

 On the contrary, evolution 

of gold(III) complexes for catalysis and asymmetric gold(III) catalysis remains unexplored.  

 



27 
 

 

Scheme 2.2 Asymmetric cyclization of enynes via chiral gold(I) catalysts. 

 

Scheme 2.3 The chiral anion strategy for asymmetric alkoxylation. 
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2.1.2 Gold(III) Catalysts for Organic Synthesis 

Although gold(I) catalysts showed profound applications in organic synthesis, the linear 

gold(I) centre with only two coordination sites confined the design of ligands. It is generally 

difficult to improve product selectivity by the design of monodentate ligands. Besides, 

relatively long distance of substrates from the chiral centre leads to inefficient chirality 

transfer from ligands to substrates. Unlike linear gold(I) geometry, square planar gold(III) 

complexes are four-coordinated. The stability of gold(III) centre can be enhanced by using 

various bidentate ligands. Furthermore, the reactivity of the gold(III) centre can be controlled 

easily by choosing suitable ligands in a modular approach similar as other transition metal 

complexes. Cyclization reaction of furan alkynes for phenol synthesis by using 

cyclometallated gold(III) complexes with N,O donors has been reported (Scheme 2.4) and 

the cationic bipyridine gold(III) complex was found to effectively catalyse the amidation of 

benzylic C-H bond (Scheme 2.5).
[14]

   

 

Scheme 2.4 Gold(III) catalysed phenol synthesis.
[14a]
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Scheme 2.5 Gold(III) catalysed amidation of benzylic C-H bond.
[14g] 

        

2.1.3 Previous Works on Cyclometallated Gold(III) Catalysts  

    Cyclometallated gold(III) complexes with 5 or 6-membered rings metallocycles containing 

both soft sp
2 

carbon and hard nitrogen ligands are extraordinary stable in air and moisture as 

a resulted of strong Au-C bonds. Similar to cis-platin, these complexes could be regarded as 

potential anticancer drugs due to its stability in vitro and showing promising activity and 

selectivity.
[15]

 However, seldom do researchers utilize these air and moisture stable 

complexes in organic synthesis in which gold(I) catalysis were scrutinized much more.  

Synthesis of cyclometallated gold(III) complexes with C,N donor ligands via direct 

cycloauration was reported by Constable et al.
[16]

 since 1989. The studies of these 

cyclometallated gold(III) complexes were only based on biological properties,
[17]

 and 

electrochemical properties.
[18]

 More recently, the application of cyclometallated (C^N) 

gold(III) complexes has been extended to photochemical studies because of interesting 

luminescent properties with different auxiliary ligands (Figure 2.2).
[19]
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Figure 2.2 Luminescent cyclometallated gold(III) complexes.
[19b, 20]

 

    Professor Hashimi’s group pioneered the use of gold(III) complexes in organic 

transformations. They strived to overcome the instability of simple gold salts and controlling 

the reactivity and selectivity of gold(III) catalysts by ligand design.  Over the years, Wong 

and Che had been developing cyclometallated (C^N) gold(III) complexes catalysed organic 

reactions. In 2006, they found that gold(III) salen complexes (Figure 2.3) performed 

excellent catalytic ability towards three-component coupling reactions of propargylamine 

synthesis in aqueous medium.
[21]

 It was noted that the gold(III) salen complex was unstable 

under reaction conditions in air and hence nitrogen atmosphere was necessary to ensure high 

substrate conversion. 
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Figure 2.3 Structures of gold(III) salen complexes. 

    Later they found that cyclometallated (C^N) gold(III) complex (C^N = 2-phenylpyridine) 

could also catalyse the three-component coupling reactions in normal atmosphere.
[22]

 

Moreover, recycling experiment showed that the catalyst was stable in the reaction 

conditions and able to perform ten cycles without significant loss of catalytic activity. More 

recently, various cyclometallated (C,N) gold(III) complexes were designed and synthesized 

to be the catalysts in the synthesis of propargylamines, allenes and isoxazoles (Figure 2.4).
[23]

   

 

Figure 2.4 Catalytic active cyclometallated gold(III) complexes for organic transformations. 
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    In addition, cyclometallated gold(III) complex with 2-benzylpyridine was found to 

catalyse the bifunctional modification of oligosaccharides via three-component coupling 

reactions.
[24]

 These findings motivated us in the development of more efficient gold(III) 

catalysts in organic synthesis or bioconjugation. Apart from developing new gold(III) 

catalysts, we are also interested in searching for strategies to make these gold(III) catalysts 

more reactive in catalysis. 

    As a matter of fact, a significant challenge in the pursuing of efficient gold(III) catalysts is 

to make a balance between the stability and reactivity. Same as other transition metals, the 

stability of gold(III) centres increases significantly by coordination with ligands. However, a 

stable gold(III) complex generally lose its catalytic ability in the reactions compared with 

simple gold (III) salts. Novel strategies in ligand design and substrate activation are 

imperative in the future development in effective gold(III) catalysts for organic 

transformations. 
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2.1.4 Helical Metal Complexes 

    Square planar metal complexes with d
8
 system (e.g. Rh(I), Ir(I), Pd(II), Ni(II), Pt(II) and 

Au(III)) lead to diverse metal complexes by modular ligand design (i.e. ligands with 

donating or accepting properties for fine-tuning of reactivity, and chiral ligands for 

asymmetric catalysis). However, examples of ligand designs for altering the geometry of 

metal complexes are rare. 

Pt(II) as a d
8
 metal centre is the most typical representative of square planar complexes. 

Although other d
8
 transition metal such as Pd(II), Rh(I) and Ir(I) frequently showed distortion 

of square planar by increasing the ligand size and decreasing the local symmetry.
[25]

 

Distortion of square planar Pt(II) complexes towards tetrahedral geometry has not been 

discovered until Stoeckli-Evans and Zelewsky et. al. reported the synthesis of Pt(II) 

complexes with helical chirality by using 2,6-diphenylpyridine ligands (Figure 2.5).
[26]

 X-ray 

crystallography revealed that the distortion geometry may be arisen due to the ligand 

interaction (i.e.  stacking of aromatic rings) instead of a coplanar geometry by forming a 

trans square planar complex. The similar helical complexes were synthesized by using more 

bulky ligands.  

 

  Figure 2.5 Structures of helical Pt(II) complexes. 
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    It is envisioned that by using pyridine ligands with chiral moieties
[27]

 is a potential strategy 

to prepare helically chiral metal complexes with distorted square planar geometry. Later, they 

successfully synthesized Pt(II) complexes with predetermined chirality by using chiral 

pyridine ligands.
[28]

 The crystal structures of these complexes confirmed the helical chirality 

induced by the bulky chiral pyridine ligands cis to each other. They attempted to synthesize 

the Pd(II) complexes with helical chirality. However, the resulting compound is highly 

unstable towards reductive elimination to give Pd(0). Only using the less sterically hindered 

chiral pyridine as ligand can afford a square planar Pd(II) complex. 

 

Figure 2.6 Structures of Pt(II) and Pd(II) complexes with predetermined chirality. 

    The distorted square planar ligand design can also be used in the construction of metal 

helicates.
[29]

 Kwong et. al. developed a helical bimetallic palladium complex by using a 

chiral quaterpyridine ligand. The X-ray crystallography of the crystal structure revealed a 

single stranded helical structure with each Pd(II) centre adopted a distorted square planar 

structure (Scheme 6).
[30]

 The complex was found to catalyse allylic substitution of 1,3-

diphenylprop-2-enyl acetate by malonate with up to 85% ee. 
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Scheme 2.6 Synthesis of a single stranded Pd(II) complex. 

    Furthermore, Kwong and Yeung reported the synthesis of chiral double stranded Cu(I) 

helicates by using chiral oligopyridines (Figure 2.7 ).
[31]

 The resulting double helical 

complexes were found to catalyse the asymmetric cyclopropanation of alkenes efficiently. 

More recently, they have successfully produced more examples of double stranded metal 

helicates by using Mn(II)
[32]

 and Re(I)
[33]

 metal centres. 

 

Figure 2.7 Chiral double stranded Cu(I) helicates. 
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2.1.5 Propargylamines 

    Propargylamines are commonly found structural elements in natural products which 

showed significant biological activities. For instance, Uncialamycin, a new antibiotic 

containing two carbon-carbon triple bonds and propargylamine moiety was isolated from the 

surface of British Columbia lichen (Figure 2.8a). This natural compound was found to show 

antibacterial properties against some human pathogens causing death of patients with cystic 

fibrosis. Another example is Dynemicin A isolated from ethyl acetate extract of 

Micromonospora chersina which has similar structure to Uncialamycin and showed anti-

cancer properties (Figure 2.8b).  

               

Figure 2.8 Structures of (a) Uncialamycin: an antibiotic from lichen Cladonia uncialis.
[34]

 (b) 

Dynemicin A: a metabolite derivative from bacterium Micromonospora chersina.
[35]

 

 

    In organic synthesis, most of N-heterocyclic compounds such as pyrrolidines,
[36] 

pyrroles,
[37]

 oxazoles
[38]

 and allenes
[39]

 can be synthesized based on propargylamine 

intermediates. Propargylamines are also utilized for the total synthesis of natural products 

containing pyrroles groups. 
[40]
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Scheme 2.7 Synthesis of 2, 3, 4 tri-substituted pyrroles from propargylamines and α,α-

diacetylketene dithioacetal.
[37b]

 

 

Scheme 2.8 A three-component oxazole synthesis via amidation–coupling–

cycloisomerization.
[38]

 

    Since propargylaimnes showed biological activities and were versatile structural motifs in 

organic synthesis, chiral propargylamine-containing compounds are of importance potential 

drugs for various diseases. For instance, L-Deprenyl and rasagiline are early developed 

propargylamine-type drugs for inhibiting monoamine oxidase B in human brains in the 

treatment for Parkinson’s and Alzheimer’s diseases. The researches based on 

propargylamine-type drugs have been undergoing.
[41]

   

    Traditional approaches for propargylamine synthesis were mainly based on the 

nucleophilic attack of highly unstable iminium ions by lithium acetylides or Grignard 

reagents. This usually required extreme conditions such as high temperature, inert 
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atmosphere and dry solvents. Use of highly reactive reagents resulted in poor functional 

groups tolerance and hence functional group protection was required before the synthesis. 

However, regioselectivities and yields of propargylamines were generally poor by using 

these methods.    

    Later, transition metal catalysed
[42]

 propargylamine synthesis were developed by using 

silver,
[43]

 copper
[44]

 and other transition metals
[45]

 via generating the metal acetylides for the 

nucleophilic attack to the iminium ions, which provided more efficient and regioselective 

approaches in the synthesis of diverse propargylamines. Scheme 2.9 shows microwave 

assisted Cu(I) catalysed propargylamine synthesis in water
[44b]

 and scheme 2.10 shows Ni(II) 

catalysed propargylamine synthesis by using dihalomethanes.
[45f]

 Besides, unlike using 

lithium acetylides or Grignard reagents, the reactions can be catalysed under mild conditions 

with relatively high functional tolerance. 

  

Scheme 2.9 A three-component coupling reaction of propargylamine synthesis.
[44b]

  

 

Scheme 2.10 Propargylamine synthesis via three-component coupling reaction of 

dihalomethanes, amines and alkynes.  
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    Furthermore, enantioselective synthesis of propagylamines have been developed by using 

chiral ligands
[46]

 which is fundamental to future drug development. Copper catalysed 

asymmetric synthesis of propargylamines has been achieved by adding (R)-QUINAP as a 

ligand (Scheme 2.11). 

 

Scheme 2.11 A chiral copper(I) catalyst for asymmetric propargylamine synthesis.
[46c]

 

    Notably, Che and Wong successfully developed gold(III) salen complex catalysed 

diasteroselective propargylamine synthesis by using chiral 2
o
 amines with up to 99:1 

diastereomeric ratios (Scheme 2.12). The gold(III) catalysed three-component coupling 

reaction was also applied in synthesizing propargylamine-modified artemisinin derivatives 

with excellent yields and diastereoselectivity (Figure 2.9).
[21]
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Scheme 2.12 Gold(III) salen complex catalysed three-component coupling reactions.  

 

Figure 2.9 Modification of artemisinin via three-component coupling reactions. 

    Propargylamine synthesis, combining different functional groups together in a single 

compound provides excellent pathway for modification of natural compounds with various 

functional groups.
[47]

 Scheme 2.13 shows the Cu(I) catalysed alkynylation of glucose-

modified imines by alkynes.
[47a]

  However, those reactions developed were required to be 

carried out in high temperature or organic solvent. An aqueous compatible and mild reaction 

for modification of natural compounds or biomolecules was still highly demanding.  
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Scheme 2.13 Diasteroselective alkynylation of glucose-modified imines with terminal 

alkynes.  

    As Wong and Che continually spent their effort into gold(III) catalysed propargylamine 

synthesis under mild conditions and aqueous medium.
[21-23]

  The reaction was further applied 

in bifunctional modification of oligosaccharides with remarkably high conversions under 

aqueous medium leading to highly efficient modification of oligosaccharides via three-

component coupling reactions by using biophysical probes. It was reported that the 

modification of D-raffinose aldehyde by gold(III) mediated three-component coupling 

reaction resulting in up to 88% substrate conversion and implied the feasibility in 

modification of more complicated biomolecules (Scheme 2.14).
[24]
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Scheme 2.14 Gold(III) mediated bifunctional modification of oligosaccharides.  

    Three-component coupling reactions of propargylamine synthesis are one of the important 

reactions in development of gold catalysis
[48]

 based on highly reliable substrate conversions 

resulted by superior affinity of gold with carbon-carbon multiple bonds. The reaction became 

one of the reactions used for the screening of catalytic abilities of new gold(III) complexes. 
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 2.1.6 Indole Alkylation 

    Indole, a heterocyclic aromatic compound containing N-H, is a good hydrogen bond donor 

with pKa about 21 in DMSO.
[49]

 Amino acid tryptophan is an indole derivative which mostly 

acts as anion binding through hydrogen bond in proteins. For instance, sulphate binding 

protein, Salmonella typhimirium, binding the sulphate via amide N-H bonds and one of them 

coming from tryptophan.
[50]

 Indole structure is a common feature among natural molecules 

(Figure 2.10). Serotonin, in tryptamine family, is a neurotransmitter in the human body. 

Besides, melatonin, a hormone found in participating in the circadian rhythms regulation, 

belongs to the same family. 

 

Figure 2.10 Structures of Serotonin (left) and melatonin (right). 

    Because of the inherent nucleophilicity of indoles as a result of π-excessive aromatic 

properties, the major reactions related to indoles are electrophilic substitutions. There are two 

carbons C2 and C3 on indoles that can undergo electrophilic substitution reactions.  Different 

from pyrroles, the electrophilic substitution usually takes place at the C3 rather than C2. In 

organic synthesis, most indole related reactions are found at the C3 position on the five-

member heterocyclic rings. The phenomenon can be explained by drawing resonance 

structures of indole being attacked at C2 or C3. It shows that extra stability is gained resulted 



44 
 

from the delocalization of positive charge to the aromatic ring in the intermediate while C3 is 

attacked by electrophiles (E) (Scheme 2.15).  

 

Scheme 2.15 Possible resonance structures formed by electrophilic attack on the indole ring.  

    The development of a highly effective, selective and green synthetic method for 

functionalization of indole at C3 position has attracted much attention because of potential 

building blocks for the synthesis of therapeutic and biologically active compounds, 

medicines, and natural products. Traditionally, Friedel–Crafts acylations, Mannich type 

alkylations, Vilsmeier–Haack reaction and halogenations are common electrophilic aromatic 

substitution reactions allowed for functionalization of indoles at C3 position (Scheme 

2.16).
[51]

 Alkylation of indoles is the most attractive reaction because of the formation of 

strong carbon-carbon bonds. In the past, indole alkylation has been performed by alkyl 

halides via electrophilic substitution. However, the regioselectivity is generally poor.
[52]

 

Although regioselective alkylation of indoles can been achieved in reactions with 

aldehydes,
[53]

 α,β-unsaturated ketones,
[54]

 or other reagents,
[55]

 these reactions required 

additions of large amounts of acids with moderate to low yields. 
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Scheme 2.16 Electrophilic substitution reactions of indoles. 

    In addition, further functionalization of indoles can be achieved through C-C multiple 

bonds activation by transition metal catalysis. Addition of arenes to unactivated multiple 

bonds such as alkene, alkynes or allenes through transition metal catalysis is a highly 

effective and regioselective method for preparation of functionalized aromatic compounds. 

Late transition metals (i.e., Cu, Pd, Pt, Au and Rh) are known as π acidic catalysts in various 

C-C multiple bond activation reactions (Scheme 2.17). This allowed the C-H addition of 

indoles to those unactivated C-C multiple bonds taking the advantage of excellent functional 

group compatibility. 

 

Scheme 2.17 Hydroarylation of C-C multiple bonds by transition metal catalysis.
[56]
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    Nakao and Hiyama et al. reported the nickel(0) catalysed regioselective C2 addition of 

indoles to internal alkynes (Scheme 2.18).
[57]

 The regioselectivity was found to be controlled 

by the presence of electron-withdrawing groups (EWG) (i.e., CN, COOR). Application of 

gold catalysis in the intermolecular hydroarylation of alkynes at C3 is also a useful approach 

in the synthesis of bis-indolyl alkanes (Scheme 2.19).
[58]

 Furthermore, the intramolecular 

addition of indoles to alkynes was developed by C3 alkyne functionalized indoles to afford 

six, seven or eight-membered rings.
[59] 

 

Scheme 2.18 Nickel-catalysed hydroarylation of indole. 

 

Scheme 2.19 Gold catalysed addition of indoles to alkynes. 
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    Alkylation of indoles with internal and terminal alkynyl alcohols catalysed by PtCl2 was 

also reported by Cheng et al. (Scheme 2.20).
[60]

 More recently, Zanardi and Peris et al. 

reported the synthesis of alkylated indoles from multistep reactions of amino alcohols and 

alkynyl alcohols by using a heterodimetallic Ir-Pt complex (Scheme 2.21).
[61]

 

 

Scheme 2.20 Pt(II) catalysed multi-step reaction of indoles with alkynyl alcohols. 

 

Scheme 2.21 Synthesis of alkylated indoles from amino alcohols and alkynyl alcohols by a 

Ir-Pt catalyst. 
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2.2 Objectives 

   The bis-cyclometallated (C^N) gold(III) complexes would be synthesized and their 

catalytic activity would be examined in propargylamine synthesis and indoles alkylation. The 

geometry of the resulting gold(III) complexes would be studied by X-ray crystallography. By 

understanding the geometry of the bis-cyclometallated (C^N) gold(III) complexes, strategies 

for activating the gold(III) catalysts would be developed for organic transformations. 
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2.3 Results and Discussion 

2.3.1 Synthesis of Bis-cyclometallated Gold(III) Complexes with 

C,N Donor Ligands 

    Transmetallation reactions of organomercury complexes with other transition metal salts 

were reported to be highly efficient for synthesizing new organo metal complexes under mild 

conditions.
[62]

 However, there was limited examples for the study of transmetallation 

between organomercury complexes with cyclometallated gold(III) complexes. Pritchard et.al. 

reported that adding one more equivalent of Hg(pqcm)Cl (where Hpqcm = 2-Phenyl-4-

(methylcarboxylate)quinoline) with Au(pqcm)Cl2 resulted in formation of Au(pqcm)2Cl 

(Figure 2.11).
[63]

  

 

Figure 2.11 Structure of Au(pqcm)2Cl.  

    Their findings suggested that formation of square planar bis-cyclometallated gold(III) 

complexes are not favorable because of trans effect of sp
2
 carbon ligand and strong steric 

effect of ligands encountered. Herein, we reported the first example to produce bis-
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cyclometallated gold(III) complexes via silver salts promoted transmetallation reaction by 

using bulky 2-phenylquinoline ligand.  

    Bis-cyclometallated gold(III) complexes [Au(C^N)2BF4] 2.1 and 2.2 (HC^N = 2-

phenylquinoline and 3-phenylisoquinoline respectively) were synthesized by transmetallation 

reaction from organomercury complexes Hg(C^N)Cl [2.1a or 2.2a] and KAuCl4 based on the 

modified method.
[63]

 Complexes 2.1 and 2.2 were synthesized from their organomercury 

precursors with 75% and 42% yields (Scheme 2.22).  After purification by flash column 

chromatography, pale yellow or white solids were collected and 
1
H NMR suggested the 

symmetrical ligand coordination where mass spectrometry (ESI-MS) provided the formula of 

Au(C^N)2
+
. The characterization data provide that two identical ligands chelated to the 

gold(III) centre  to form a symmetric gold(III) complex. Addition of silver salts (6 equiv.) 

ensured the removal of Cl
-
 by precipitation of AgCl leading to improvement of product yields.  

 

Scheme 2.22 Synthesis of bis-cyclometallated gold(III) complexes 2.1 and 2.2. 
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2.3.2 The Distorted Square Planar Geometry of Complex 2.1 

    Formation of bis-cyclometallated gold(III) complexes using bulky ligands should be 

unfavourable due to strong steric repulsion between the ligands. Although 
1
H NMR spectra 

and mass spectrometry suggested this structure, the actual geometry of complex 2.1 was 

revealed only when crystal structure of 2.1 was elucidated by X-ray crystallography (Figure 

2.12).  

(a) 

 

(b) 

 

 

Figure 2.12 Crystal structure of 2.1; (a) top view and (b) side view with anion omitted.
[64]

  

     X-ray crystallography revealed a distorted square planar geometry of 2.1 instead of a 

square planar structure. Notably, because of steric repulsion between the quinoline rings, two 

C^N ligands were tilted and a dihedral angle (43
o
) was formed. Crystal structure of 2.1 also 

revealed significant elongation of Au-N bonds when compared with other square planar 

cyclometallated gold(III) complexes in literature (Table 2.1).
[65]

 The Au-N bond lengths in 

2.1 were found to be longer than typical Au-N bonds up to 0.141 Å . To minimize steric 

repulsion between two ligands, the complex adopted an non-planar geometry in order to keep 

the chelation of 2-phenylquinoline to the gold(III) centre (Figure 2.13).  
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Table 2.1 Comparisons of selected bond lengths between 2.1 and gold(III) complexes in 

literatures.
[65]

 

Complex Au-N (Å ) Au-C (Å ) 

 

Complex 2.1  

[Au(C^N)2][BF4] (HC^N = 2-phenylquinoline) 

2.175 (3) 2.046 (4) 

 

[Au(ppy)Cl2] (Hppy = 2-phenylpyridine)   

2.034 (1) 1.950 (2) 

  

[Au(C^N)Cl2]  

(HC^N = 4,4-dimethyl-2-phenyl-2-oxazoline) 

2.051 (8) 2.040 (8) 
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[Au(C^N)Cl2]
 

(HC^N = 1-(3,4-dimethoxyphenyl)-N,N-

dimethylmethanamine) 

2.050 (3) 2.080 (2) 

  

[(2-Cl2AuC6H4)Ph2P=N-(S)-CHMePh] 

2.072 (10) 2.045 (8) 

 

    

Figure 2.13 X-ray crystal structure of bis-cyclometallated gold(III) complex 2.1 with anion 

BF4
-
. 

   

Au-C bonds are in cis position 

Elongated Au-N bonds 
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    Less bulky 3-phenylisoquinoline mercury precursor reacted with KAuCl4 to form gold(III) 

complex 2.2 with expected square planar geometry according to literature reports and NMR 

spectroscopy. Notably, the yield of complex 2.2 was lower than complex 2.1 which supposed 

to encounter less steric hindrance between the ligands and be more favourable to give a bis-

cyclometallated complex. In theory, complex 2.2 without distorted square planar geometry 

should have comparable Au-N bonds with other square planar cyclometallated gold(III) 

complexes. This revealed that bis-cyclometallated gold(III) complexes 2.1 having weakened 

Au-N may have different catalytic activities compared to complex 2.2.  
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Trans Effect  

    As sterically bulky 2-phenyl quinolines were used as ligands in the synthesis of the bis-

cyclometallated gold(III) complex, there is a competition between trans effect and steric 

effect resulted by the coordination of ligands. Briefly, the trans effect is defined as the effect 

of a coordinated ligand upon the rate of substitution of opposite ligands by incoming ligands 

and the steric effect is defined as the bulkiness of a coordinated ligand affecting the 

coordination of another ligand. Later, the crystal structure of 2.1 revealed that the Au-C 

bonds were cis to each other. As carbon has stronger trans effect than nitrogen, the rate of 

substitution of the opposite ligand of carbon is higher than the nitrogen in square gold(III) 

complexes.  

    During the formation of complex 2.1, the transmetallation reaction between another 

equivalent of organomercury precursor and the gold(III) dichloride complex 2.1b was 

controlled by the relative strength of trans effect of the sp
2
 carbon (Ar

-
) and the quinoline 

nitrogen (py). The substitution of more labile chloride ligand opposite to the sp
2
 carbon was 

faster by quinoline nitrogen to give cis Au-N bonds. The subsequent transmetallation led to 

substitution of less labile chloride ligand opposite to the quinoline nitrogen with the sp
2
 

carbon resulting in cis Au-C bonds (Scheme 2.23). Although the bulky quinoline rings in 

complex 2.1 were on the same side which resulted in strong steric hindrance in the square 

planar gold(III) complex, there was no trans isomer of 2.1 observed. The stability of 2.1 

towards isomerization can be explained by using trans influence. 
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Trans Influence 

    Trans influence is referred to the impact of a ligand on the strength of the metal-ligand 

bond opposite to it. As the sp
2
 carbons having stronger trans influence than quinoline 

nitrogen, the Au-ligand bond trans to the carbon ligand will be weakened in the greater 

extent. More stable cis configuration was preferred in order to form stronger Au-C bonds. To 

minimize the strong steric repulsion between the ligands, a new geometry should be adopted.   

 

Scheme 2.23 Transmetallation between 2.1a and 2.1b controlled by trans effect of the 

coordinated ligand. 
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2.3.3 The Distorted Square Planar Design in Bis-cyclometallated 

Gold(III) Complexes for Gold-catalysed Three-component 

Coupling Reactions   

    Next, the catalytic activities of well characterized bis-cyclometallated gold(III) complexes 

2.1 and 2.2 with different geometry were examined based on three-component coupling 

reaction of propargylamine synthesis. Since the complex 2.1 has weakened Au-N bonds, the 

difference in catalytic activities would be examined by gold-catalysed propargylamine 

synthesis.  

    Catalytic activities of 2.1 and 2.2 in propargylamine synthesis by three-component reaction 

were studied and the results are given in Table 2.2. It was found that distorted square planar 

complex 2.1 (1 mol %) catalysed the reaction efficiently and propargylamine 2.6a was 

obtained in 83% isolated yield after stirred for 24h at 40 
o
C in H2O (Entry 1). Entry 2 showed 

that 2.6a was obtained in 60% isolated yield when only 0.1 mol % of 2.1 was used. The 

catalytic activity of gold(III) complex 2.1 was similar to that of cyclometallated (C^N) 

gold(III) complexes studied previously.
[23]

 it was noted that complex 2.1 (1 mol %) was 

found to catalyse the reaction even at room temperature (Entry 3). However, 5 mol % of 2.2 

gave 8% isolated yield only (Entry 4) while no product formation with 1 mol % of 2.2 (Entry 

5). The results showed that complex 2.2 exhibited poorer catalytic activity than complex 2.1 

in three-component coupling reactions. 
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Table 2.2 Bis-cyclometallated gold(III) complex-catalysed three-component coupling 

reaction for propargylamine synthesis
a
 

a
 Reaction conditions: 2.3a (0.5 mmol), 2.4a (0.55 mmol) and 2.5a (0.75 mmol) in H2O (1 

mL) at 40 
o
C. 

b 
r.t. 

 

     

    The remarkably higher catalytic activity of 2.1 than 2.2 can be explained based on their 

difference in geometry. Complex 2.1 with distorted square planar geometry has elongated 

bond lengths. The elongated Au-N bonds are supposed to be weakened as a result of poorer 

overlapping of orbitals between metal and the ligand. Dissociation of Au-N bonds by heating 

is more readily in complex 2.1 than complex 2.2.  Hence, ligand dissociation of 2.1 in 40 
o
C 

Entry Catalyst (mol %) Isolated Yield (%) 

1 2.1 (1) 83 

2 2.1 (0.1) 60 

3
b 

2.1 (1) 25 

4 2.2 (5) 8 

5 2.2 (1) 0 
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would form a highly reactive gold specie for terminal alkyne activation where dissociation of 

Au-N bonds in square planar complexes 2.2 is rather difficult in 40
 o

C which catalyse the 

reaction slowly. The design of distorted geometry of gold(III) complexes with enhancement 

of the reactivity is potentially applicable in metal catalysed organic transformations. Scheme 

2.24 showed the possible mechanism based on the previous proposed by Wong and Che et 

al.
[22] 

The catalytic cycle was proposed to start from the dissociation of one of Au-N bonds to 

give an unstable 14 e
-
 specie which provided vacant orbitals for the coordination of C-C 

triple bonds of phenylacetylene to give a gold acetylide 2.1.1. Subsequent nucleophilic attack 

of the gold acetylide 2.1.1 to iminium ions generated from condensation reaction of 

benzaldehyde and piperidine afford the propargylamine product and release the catalysts will 

be regenerated which can be stabilized by forming back the bis-cyclometallated gold(III) 

complex. According to the proposed catalytic cycle, the distorted square planar bis-

cyclometallated gold(III) complexes gain advantage in stability and maintain the catalytic 

ability by having labile Au-N bonds for generation of coordination sites. 
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Scheme 2.24 Proposed reaction mechanism of three-component coupling reactions  

To further investigate the interaction between phenylacetylene 2.3a and complex 2.1, a 

mixture containing 2.3a and complex 2.1 in CH3CN/H2O was heated at 40 
o
C for 2 h. The 

resulting mixture was subjected ESI-MS analysis. The mass spectrum revealed the formation 

of compound 2.1.2 which is possibly formed by the ligand substitution of 2-phenylquinoline 

ligand in 2.1.1 with phenylacetylene 2.3a (Figure 2.14). 
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Figure 2.14 Mass spectrum of the crude mixture containing 2.1.2 (M
+
). 

    According to our previous studies,
[21-23]

 cyclometallated (C^N) gold(III) complexes were 

effective catalysts for  propargylamine synthesis by using chiral secondary amines. A pair of 

diastereomers of propargylamine was formed in the reaction and 
1
H NMR studies showed 

that one of the diastereomers was dominant (up to 99:1). The distorted square planar ligand 

design strategy was also applied in the diastereoselective synthesis of propargylamines. 

Propargylamines 2.6b-h were synthesized with 70-90% isolated yield and diasteromeric ratio 

up to 99:1 by using complex 2.1 (Table 2.3). 

M+ 

[M+H2O]+ 

[M+CH3OH]+ 

Au(C^N)2
+ 
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Table 2.3 Diasteroselective synthesis of propargylamines. 

 

Entry Aldehyde Amine Alkyne Product
b
 Yield (%)

c
 dr

d
 

1 

 
  

 

75 95:5 

2 2.3a 

 

 

2.5a 

 

71 96:4 

5 2.3a  

 
 

 

2.5a 

 
 

81 >99:1 

6 

 

2.4b 2.5a 

 

90 95:5 

7 

 

2.4b 2.5a 

 
 

70 95:5 

8 2.3a 2.4b 

 
  

86 92:8 
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9 2.3a 2.4b 

 
 

 
 

 

73 94:6 

a
Unless otherwise specified, all reactions were carried out with aldehyde 2.3 (0.5 mmol), 

amine 2.4 (0.55 mmol, 1.1 equiv.), alkyne 2.5 (0.75 mmol, 1.5 equiv.) and 2.1 (5 μmol, 1 mol 

%) in H2O (1 mL) at 40 
o
C for 24 h. 

b
The absolute configuration of the major product is 

shown. 
c
Isolated yield. 

d
Determined by 

1
H NMR analysis of crude reaction mixture. 

    Furthermore, complex 2.1 was capable of achieve selective modification of D-raffinose 

aldehyde based on our previous in the selective modification of oligosaccharides via 

Au(C^N)Cl2 catalysed three-component coupling reaction of propargylamine synthesis.
[24]

 

Stirring of complex 2.1 with D-raffinose aldehyde, piperdine 2.4a and phenylacetylene 2.5a 

in water at 40 
o
C for 2 h, the reaction mixture was then analyzed by LC-MS for determining 

the conversion of D-raffinose aldehyde to propargylamine modified D-raffinose 2.6i (Scheme 

2.25). 

 

Scheme 2.25 Bifunctional modification of oligosaccharides.  

 

85% Aldehyde conversion 
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2.3.4 Indole Alkylation by Gold and Silver Dual Catalysis  

    In this section, we developed a gold-silver dual catalysis
[64]

 which was employed in indole 

alkylation by using bis-cyclometallated gold(III) complexes and silver salts as a catalytic 

system (Scheme 2.26).  

 

Scheme 2.26 Au(III)-Ag catalysed cyclization-addition of alkynyl alcohols and indoles. 

    Based on literatures, the alkylated indole 2.9a was proposed to be formed by cyclization of 

alkynyl alcohol 2.7a to give enol ether and subsequent C-H addition of indole 2.8a to the 

enol ether.
[60-61]

  

    Complex 2.1 was used as catalyst for indole alkylation based on literature procedures to 

examine its catalytic activity. However, there was no reaction for either 2.1 or 2.2 when the 

reaction mixture was stirred under room temperature. Product 2.9a was only formed when 

the reaction mixture containing complex 2.1 was heated at 70 
o
C in 1, 2-dichloroethane with 

74% isolated yield. The low in reactivity of the bis-cyclometallated gold(III) complexes at 

room temperature can be explained by coordinative saturation in the d
8 

system. As we 
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proposed previously in three-component coupling reaction, heat induced ligand dissociation 

provided vacant sites of metal centre and hence increase the reactivity. By systematic 

screening of different metal salts additives (Table 2.4), it was found that silver salts are 

capable of working with the bis-cyclometallated gold(III) complexes synergistically to 

catalyse the reaction in room temperature.  

The optimized condition was using 2.5 mol % of 2.1 with 5 mol % of AgBF4 to be the 

catalytic system. Under this condition, alkynyl alcohol 2.7a reacted with indole 2.8a to afford 

alkylated indole 2.9a in 80% isolated yield at room temperature for 2 h (Entry 2). Complex 

2.1 was also applied with different silver salts (Entries 3-6) where only AgOTf could have 

similar catalytic activity with AgBF4.  

This strategy could also be applied to square planar bis-cyclometallated gold(III) 

complex 2.2. By using complex 2.2 (2.5 mol %) with AgBF4 (5 mol %), the reaction gave 

47% isolated yield of 2.9a at room temperature for 2 h (Entry 9). Moreover, adding of other 

metal salts such as Zn(OTf)2 or Yb(OTf)3 could catalyse the reaction but with lower isolated 

yields  (76% and 39% isolated yields respectively) (Entries 7-8).  

In the control experiments (Entries 11, 13-19), there were only up to 13% isolated yields 

of 2.9a by using single metal catalyst (either complex 2.1 or metal salts). Notably, simple 

gold(III) salts KAuCl4 was found to catalyze the reaction to afford 68% isolated yield (Entry 

12). However, it was latter shown that catalyst system of “2.1 + AgBF4” could undergo more 

than 11 cycles with high substrate conversions in the recyclability experiment where KAuCl4 

lose its catalytic activity in the 2
nd

 cycle. (Table 2.6) Screening of catalysts using different 

metal salts (Entries 20-28) was also performed which indicates that only suitable dual metal 

catalyst combination is feasible to render stable bis-cyclometallated gold(III) complexes as 
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effective catalysts in organic transformations.  

Table 2.4 Systematic screening of different catalyst combinations.
a
 

 

Entry Catalyst (mol %) Isolated Yield (%) 

1 2.1 (5) + AgBF4 (5) 81 

2 2.1 (2.5) + AgBF4 (5) 80 

3 2.1 (2.5) + AgOTf (5) 80 

4 2.1 (2.5) + AgOOCCF3 (5) 50
 

5 2.1 (2.5) + AgNO3 (5) 12
b
 

6 2.1 (2.5) + Ag2CO3 (5) 0
b 

7 2.1 (2.5) + Zn(OTf)2 (5) 76 

8 2.1 (2.5) + Yb(OTf)3 (5) 39 

9 2.2 (2.5) + AgBF4 (5) 47 

10 2.2 (2.5) + AgOTf (5) 45 

11 2.1 (5) 13
b
 

12 KAuCl4 (5) 68
 

13 AgOTf (5) 10
b 

14 AgBF4 (5) 10
b 

15 Ag2CO3 (5) 0
b
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16 AgOOCCF3 (5) 0
b
 

17 2.2 (5) 0
b
 

18 Zn(OTf)2 (5) 0
b
 

19 Yb(OTf)3 (5) 0
b
 

20 2.1 (2.5) + Ag2CO3 (5) 0
b
 

21 2.1 (2.5) + CuI (5) 0
b
 

22 2.1 (2.5) + PdCl2 (5) 0
b
 

23 2.1 (2.5) + Zn(OAc)2 (5) 0
b
 

24 2.1 (2.5) + NiBr2 (5) 0
b
 

25 2.1 (2.5) + LiCl (5) 0
b
 

26 2.1 (2.5) + Mn(OAc)2 (5) 0
b
 

27 2.1 (2.5) + NaBF4 (5) 0
b
 

28 2.1 (2.5) + LaCl3 (5) 0
b
 

a
 Reaction conditions: 2.7a (0.24 mmol) and 2.8a (0.2 mmol) in CH2Cl2 (2 mL). 

b
 

Determined by 
1
H NMR using 1,3,5-trimethoxybenzene as an internal standard.  

 

    There was a recent report about dual catalysis of gold and zinc salts for the synthesis of N-

protected indoles.
[66]

 The role of zinc salts was proposed to enhance the nucleophilicity of –

OH which could attack the gold activated alkynes easier. The possible function of silver salts 

in this reaction involved in the enhancement of nucleophilicity of –OH of alkynyl alcohol 

2.7a to form 2.7a’ (Scheme 2.27) according to the proposed reaction mechanism by Cheng et 

al.
[60]

 Interestingly, the use of Lewis acidic Zn(OTf)2 instead of silver salts also gave high 
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yields (Table 2.4, entry 7). This implied that combining of gold(III) with Lewis acidic metal 

salts could be efficient catalyst system in this reaction. To further verify the proposed role of 

silver ions, we conducted experiments for investigating the dual metal catalysed-cyclization 

reaction.  

    

Scheme 2.27 Proposed mechanism of indole alkylation. ([Au]
+
 = Complex 2.1). 

    Firstly, by adding complex 2.1, AgBF4 or “2.1 + AgBF4” to the solution of 2.7a, it was 

found that only the combination of “2.1 + AgBF4” gave complete conversion of 2.7a in 2 h 

(Table 2.4, entry 2). However, either 2.1 or AgBF4 gave poor consumption of 2.7a (Table 2.4, 

entries11, 14). 

    Secondly, the reaction of commercially available 2.7a’ and 2.8a in CH2Cl2 (Scheme 2.28) 

by complex 2.1 only gave a trace amount of product 2.9a while AgBF4 could catalyse the 

reaction to afford 2.9a with 29% isolated yield. This suggested that the subsequent addition 

of indole 2.8a to 2.7a’ was catalysed by Ag
+
. As the reaction involved two metal catalysts, 
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the exact role of each catalyst could not be understood thoughtfully at this moment. 

Therefore, further detailed mechanistic studies are needed. 

 

Scheme 2.28 Reaction between 2.7a’ and 2.8a to give 2.9. 

     To expand substrate scope of the gold-silver dual catalysis for indole alkylation, a series 

of alkynyl alcohols with different chain lengths 2.7a-g and indoles with different substituents 

(2.8a-j) were employed in the synthesis of alkylated indoles 2.9a to 2.9b (Table 2.5). The 

isolated yields were found to be up to 94%. The results demonstrated that the reactivity and 

regioselectivity of the indole alkylation reactions were consistent with literature reports.
[60-61]
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Table 2.5 Gold(III)-silver cyclization-addition of alkynyl alcohols and indoles. 

 

Entry  Alkynyl alcohol  Indole Product  Isolated 

Yield 

(%)  

1 

 

 
 

 

80 

2 

 

2.8a 

 

74 

3 

 

2.8a 

 

78 

4 

 

2.8a 

 

75 



71 
 

5 

 

2.8a 

 

74
b
 

6 

 

2.8a 

 

84
c
 

7 

 

2.8a 

 

94
c
 

8 2.7a 

 

 

80 

9 2.7a 

  

80 

10 2.7a 

 

 

67
d
 



72 
 

11 2.7a 

 

 

40 

12 2.7a 

 

 

75 

13 2.7a 

 

 

71
e
 

14 2.7a 

 

 

53 

15 2.7a 

 

 

70
d
 

16 2.7a 

 
 

58 

a 
Reaction conditions: 2.7a-g (0.24 mmol) and 2.8a-j (0.2 mmol) in CH2Cl2 (2 mL) at room 

temperature for 2 h. 
b 

5-exo-dig cyclized product was formed. 
c 
6-exo-dig cyclized products 

were formed. 
d
 16 h. 

e
 4 h.  
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2.3.5 Recyclability Experiments     

    Tunable catalytic activity and coordination stability are important advantages of gold(III) 

complexes compared with simple gold(III) salts in catalysis. Herein, we demonstrated how 

stabilities of bis-cyclometallated (C^N) gold(III) complexes and gold(III) salts affect their 

performances in recyclability expermient in three-component coupling reaction and indole 

alkylation.  

    The recyclability experiments of catalyst 2.1 in three-component coupling reaction were 

conducted (Table 2.6). Complex 2.1 showed excellent catalytic activity in seven cycles 

leading to 638 product turnovers without significant drop in aldehyde conversion. However, 

the catalytic activity of KAuCl4 became poor along with 7 cycles. The aldehyde conversion 

droped to 29% after seven reaction cycles. These findings provide indication of the superior 

recyclability of catalyst 2.1 over simple gold(III) salts. 

    Next, recyclability experiment of catalyst 2.1 and KAuCl4 in the dual catalysis of indole 

alkylation was set out (Table 2.7). Catalyst 2.1 performed high reactivity in repeatedly using 

for 11 cycles to give 73-88% conversions. It was noticed that the silver salt was found to be 

deactivated for 5 cycles which affected the substrate conversions. Therefore, addition of 

AgBF4 at the sixth and eleventh cycles provided fleshy silver ions for dual catalysis such that 

catalyst 2.1 could be reused with further addition of AgBF4 for reactivating the catalyst. At 

the end of the tenth cycle, the reaction was subjected to ESI-MS analysis which showed that 

the complex 2.1 remained intact. The above results suggest that catalyst 2.1 keeps high 

reactivity along with repeating reactions without significant loss of catalyst or deactivation. 

However, by using KAuCl4 or “KAuCl4 + AgBF4” as catalysts in the recyclability experiment, 

the substrate conversion dropped to zero in the second cycle. This implied that simple 



74 
 

gold(III) salts lost its catalytic ability in the reaction completely regarding to its poor stability 

under such reaction conditions. 

Table 2.6 Recyclability experiments of catalysts 2.1 and KAuCl4 in three-component 

reaction
a
 

 

 

Cycle 1 2 3 4 5 6 7 

Conversion (%)
b
 by 2.1   99 97 93 85 89 86 89 

Conversion (%)
b
 by KAuCl4 99 94 82 65 51 38 29 

a
 Reaction conditions: 2.3a (1 mmol), 2.4a (1.1 mmol) and 2.5a (1.5 mmol) in H2O (1 mL) at 

40 
o
C. 

b
 Determined by 

1
H NMR. 
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Table 2.7 Recyclability experiment of catalyst (2.1 + AgBF4)
 
in the reaction of 2.7a and 2.8a 

at room temperature in CDCl3
a
 

 

 

Cycle  

Conversion (%)
b
 

1 

85 

2 

81 

3 

81 

4 

78 

5 

73 

6
c
 

88
 

7 

87 

8 

85 

9 

81 

10 

74 

11
c
 

83
 

a 
Reaction conditions: 7a (0.24 mmol) and 8a (0.2 mmol) in CDCl3 (2 mL) at room 

temperature. 
b 

Determined by 
1
H NMR. 

c
 Additional AgBF4 (5 mol %) was added. 

 

 

This work regarding the use of bis-cyclometallated gold(III) complexes for efficient 

catalysts of propargylamine synthesis and indole alkylation has been published in Chem. 

Commun. 2013, 49, 88698871. 
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2.4 Conclusion 

    In conclusion, we have developed two different strategies to make stable bis-

cyclometallated gold(III) complexes as effective catalysts in organic transformations by (1) 

distorted square planar geometry ligand design for metal-ligand bond elongation and (2) 

combining with other metal salt catalysts. Both strategies were successfully applied in three-

component coupling reactions for propargylamine synthesis, and indoles alkylation 

respectively with high reusability when compared with simple gold(III) salts. 
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2.5 Experimental Section 

General Methods 

All chemicals were commercially available and used without further purification. 

Compounds 2.1a, 2.2a, 2.7d-e, 2.8b-e and D-raffinose aldehyde were synthesized according 

to literature procedures. Flash column chromatography was conducted using silica gel 60 

(230-400 mesh ASTM) with n-hexane/EtOAc or MeOH/CH2Cl2 as eluent. 
1
H NMR and 

13
C 

NMR spectra were recorded on Bruker DPX-400 and Varian Unity Inova 400 NB 

spectrometers. The chemical shifts are expressed in ppm and coupling constants are given in 

Hz. Data for 
1
H NMR are recorded as follows: chemical shift (δ, ppm), multiplicity (s, singlet; 

br s, broad singlet; d, doublet; dd, double doublet; t, triplet; td, triplet doublet; m, multiplet), 

coupling constant (Hz), integration. Data for 
13

C NMR are reported in terms of chemical shift 

(δ, ppm). Low resolution mass spectra (MS) and high resolution mass spectra (HR-MS) were 

obtained on Waters Micromass Q-TOF 2
TM 

with a positive ESI source. X-ray crystal 

structures were obtained by Bruker CCD area detector diffractometer. Milli-Q
®  

water used as 

reaction solvent in oligosaccharide modification and LC-MS was deionised using a Milli-Q
®  

Gradient A10 system (Millipore, Billerica, USA). 

 

LC–MS Analysis Procedures for Modification of D-raffinose 

The LC system was based on CapLC
®  

system from Waters (Manchester, UK). The system 

was equipped with a Poroshell 300SB-C18 column with 1.0 mm ID ×75 mm, 5μm) and 

ZORBAX Poroshell guard column  with 1.0 mm ID ×17 mm, 5 μm (Agilent-Technologies 

Inc., Wilmington, United States of America). Mass spectrometry analysis was conducted by 
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using Q-TOF 2
TM

 (Waters-Micromass, Manchester, UK) as the ESI source in the positive ion 

mode. Mobile phase A consisted of formic acid (0.5%) in Milli-Q
®  

water and mobile phase B 

consisted of formic acid (0.5%) in CH3CN. 2 μL of sample was injected with a flow rate of 

40 μL/min at room temperature. The initial conditions for separation were 3% B in 0-3 min, 

followed by a linear gradient to 70% B in 4-30 min and 3% B in 31-45 min. The mass spectra 

were scanned over m/z 200-2000, and the raw spectra were deconvoluted by using the 

MassLynx 4.1 Transform Program (Waters, Manchester, UK). Desolvation and source 

temperatures were set to be 150 °C and 80 °C respectively. Operating conditions optimized 

for the detection of target ions in the reaction mixture were as follows: capillary voltage 3 kV, 

sample cone voltage 30 V, extraction voltage 4 V and collision cell voltage 10 eV. 
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General Procedure for Synthesis of Bis-cyclometallated Gold(III) Complexes via 

Transmetallation 

Synthesis of complexes 2.1 and 2.2 were based on modified literature procedures.
[62a, 63]

 The 

organomercury intermediate 2.1a or 2.2a (0.4 mmol, 2 equiv.), KAuCl4 (0.2 mmol, 1 equiv.) 

and AgBF4 (1.2 mmol, 6 equiv.) were dissolved in CH3CN/CH2Cl2 (1:1, 10 mL) and stirred 

at room temperature for overnight. After the reaction, precipitates were first removed by 

filtration. The yellow filtrate was then evaporated to dryness and redissolved in CH2Cl2 (10 

mL). The solution was extracted with water (3  20 mL), dried over anhydrous MgSO4, 

filtered and concentrated under vacuum to give pale yellow solid. The product was further 

purified by flash column chromatography using CH2Cl2/MeOH as eluent. 

 

Scheme 2.29 Synthesis of bis-cyclometallated gold(III) complexes 2.1 and 2.2. 
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Compound 2.1:  

Transparent crystal for X-ray crystallography study was obtained by slow diffusion of n-

hexane to a solution of 1 in CHCl3; 
1
H NMR (400 MHz, d6-DMSO): δ 8.81 (d, J = 8.7 Hz, 

1H), 8.53 (d, J = 8.7 Hz, 1H), 8.26 (d, J = 7.6 Hz, 1H), 8.08 (d, J = 8.0, 1H), 7.89 (m, 1H), 

7.61 (d, J = 7.6 Hz, 1H), 7.50–7.54 (t, J = 7.5 Hz, 2H), 7.42–7.45 (t, J = 7.5 Hz, 1H), 7.28–

7.31 (t, J = 7.5 Hz, 1H); 
13

C NMR (100 MHz, d6-DMSO): δ 162.5, 146.8, 145.7, 143.6, 142.7, 

133.4, 132.9, 131.6, 129.3, 129.1, 128.7, 128.2, 126.1, 119.4; MS (ESI
+
): m/z 605 [M]

+
; HR-

MS (ESI
+
): m/z 605.1295 [M]

+
, calcd. for C30H20N2Au: m/z 605.1292. 

 

Compound 2.2:  

Grey solid; 
1
H NMR (400 MHz, d6-DMSO): δ 9.71 (s, 1H), 8.74 (s, 1H), 8.47, (d, J = 8.3 Hz, 

1H), 8.15, (d, J = 8.3 Hz, 1H), 8.03–8.07 (t, J = 7.4 Hz, 1H), 7.94, (d, J = 7.1 Hz, 1H), 7.84–

7.88, (t, J = 7.4 Hz, 1H), 7.68, (d, J = 7.7 Hz, 1H), 7.23–7.27, (m, 2H); 
13

C NMR (100 MHz, 

d6-DMSO): δ 154.0, 153.3, 146.4, 144.5, 137.8, 135.6, 134.1, 131.5, 131.2, 129.9, 129.3, 

128.2, 127.8, 125.6, 118.9; MS (ESI
+
): m/z 605 [M]

+
; HR-MS (ESI

+
): m/z 605.1268 [M]

+
, 

calcd. for C30H20N2Au: m/z 605.1292. 
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Compound 2.2a:  

White solid; 
1
H NMR (400 MHz, CDCl3): δ 9.28 (s, 1H), 8.27 (s, 1H), 8.19 (d, J = 6.8 Hz, 

1H), 8.03 (d, J = 8.2 Hz, 1H), 7.91 (d, J = 8.2 Hz, 1H), 7.76 (t, J = 8.0 Hz, 1H), 7.64 (t, J = 

8.0 Hz, 1H), 7.56–7.59 (m, 1H), 7.44–7.47 (m, 2H); 
13

C NMR (100 MHz, CDCl3): δ 151.4, 

149.3, 148.8, 142.5, 138.2, 137.4, 131.7, 129.4, 129.2, 128.6, 128.2, 128.0, 127.4, 127.1, 

117.2; MS (ESI
+
): m/z 438 [M+H]

+
; HR-MS (ESI

+
): m/z 438.0241 [M+H]

+
, calcd. for 

C15H11N1Hg: m/z 438.0247. 
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Table 2.8 Crystal data and structure refinement for bis-cyclometallated gold(III) complex 2.1. 

Empirical formula  Au(C30H20N2) .BF4 

Formula weight  692.26 

Temperature  296(2) K 

Wavelength  0.71073 Å  

Crystal system  Monoclinic 

Space group  P2(1)/n  

Unit cell dimensions a = 15.2230(3) Å    α = 90° 

 b = 7.6173(2) Å     β= 93.8440(10)° 

 c = 20.9299(4) Å     γ = 90° 

Volume 2421.53(9) Å 3 

Z 4 

Density (calculated) 1.899 Mg/m3 

Absorption coefficient 6.130 mm-1 

F(000) 1336 

Crystal size 0.50 x 0.22 x 0.10 mm3 

Theta range for data collection 1.60 to 27.51°. 

Index ranges -19<=h<=19, -9<=k<=9, -26<=l<=27 

Reflections collected 28180 

Independent reflections 5427 [R(int) = 0.0657] 

Completeness to theta = 27.51° 97.7 %  
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Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7456 and 0.3707 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5427 / 0 / 363 

Goodness-of-fit on F2 1.003 

Final R indices [I>2sigma(I)] R1 = 0.0529, wR2 = 0.1556 

R indices (all data) R1 = 0.0628, wR2 = 0.1627 

Largest diff. peak and hole 2.458 and -2.017 e.Å -3 

 

 

 

 

Figure 2.15 X-ray crystal structure of bis-cyclometallated gold(III) complex 2.1. 
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Figure 2.16 A representation (top view) of packing in a single crystal of 2.1. 
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Figure 2.17 A representation (side view) of packing in a single crystal of 2.1. 

 

Figure 2.18 A representation (rear view) of packing in a single crystal of 2.1.  
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General Procedure for Bis-cyclometallated Gold(III) Complex-Catalysed Synthesis of 

Propargylamines via Three-component Coupling Reaction  

A mixture of bis-cyclometallated gold(III) complex 2.1 or 2.2 (1 mol %), aldehyde 2.3a-c 

(0.5 mmol), amine 2.4a-d (0.55 mmol) and alkyne 2.5a-c (0.75 mmol) in water (1 mL) was 

stirred at 40 
o
C for 24 h.

[22]
 The reaction mixture was extracted with diethyl ether (3  20 

mL). The combined organic layers were dried over anhydrous MgSO4, filtered, and 

concentrated under reduced pressure. Propargylamine 2.6a-h was purified by flash column 

chromatography using n-hexane/EtOAc as eluent. 

Compound 2.6a:  

Yellowish oil; 
1
H NMR (400 MHz, CDCl3): δ 7.64–7.62 (m, 2H), 7.50–7.53 (m, 2H), 7.24–

7.37 (m, 6H), 4.79 (s, 1H), 2.54–2.57 (m, 4H), 1.55–1.61 (m, 4H), 1.42–1.45 (m, 2H); MS 

(ESI
+
): m/z 276 [M+H]

+
. 

Compound 2.6b:  

Pale yellow oil; 
1
H NMR (400 MHz, CDCl3): δ 7.59–7.61 (d, J = 7.2 Hz, 2H), 7.48–7.53 (m, 

2H), 7.30–7.40 (m, 6H), 5.12 (s, 1H), 3.81–3.86 (dd, J = 10.9, 3.5 Hz, 1H), 3.51–3.56 (dd, J 

= 10.9, 2.2 Hz, 1H), 3.27–3.31 (m, 1H), 2.77–2.86 (dd, J = 9.2, 7.3 Hz, 1H), 2.59–2.66 (td, J 

= 8.0, 3.0 Hz, 1H), 1.92–1.97 (m, 1H), 1.75–1.87 (m, 1H), 1.66–1.73 (m, 2H); MS (ESI
+
): 

m/z 292 [M+H]
+
. 
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Compound 2.6c:  

Pale yellow oil; 
1
H NMR (400 MHz, CDCl3): δ 7.59–7.61 (m, 2H), 7.48–7.53 (m, 2H), 7.30–

7.40 (m, 6H), 5.12 (s, 1H), 3.84 (dd, J = 10.9, 3.5 Hz, 1H), 3.54 (dd, J = 10.9, 2.2 Hz, 1H), 

3.27–3.31 (m, 1H), 2.82 (dd, J = 9.2, 7.3 Hz, 1H), 2.63 (td, J = 8.0, 3.0 Hz, 1H), 1.92–1.97 

(m, 1H), 1.75–1.87 (m, 1H), 1.66–1.73 (m, 2H); MS (ESI
+
): m/z 306 [M+H]

+
. 

 

Compound 2.6d:  

Pale yellow solid; 
1
H NMR (400 MHz, CDCl3): δ 7.83–7.86 (m, 2H), 7.61–7.64 (m, 2H), 

7.54–7.57 (m, 2H), 7.37–7.40 (m, 3H), 7.29–7.32 (m, 6H), 7.21–7.26 (m, 3H), 7.12–7.20 (m, 

2H), 4.69 (s, 1H), 4.51 (q, J = 5.0 Hz, 1H), 4.27 (s, 1H), 2.94 (td, J = 9.1, 7.1 Hz, 1H), 1.82–

1.98 (m, 1H), 1.60–1.81 (m, 3H); MS (ESI
+
): m/z 444 [M+H]

+
. 

Compound 2.6e:  

Pale yellow oil; 
1
H NMR (400 MHz, CDCl3): δ 7.46–7.51 (m, 4H), 7.29–7.33 (m, 3H), 7.15–

7.17 (d, J = 7.9 Hz, 2H), 5.07 (s, 1H), 3.77–3.82 (dd, J = 10.9, 3.6 Hz, 1H), 3.49–3.54 (dd, J 

= 10.9, 2.4 Hz, 1H), 3.22–3.29 (m, 1H), 2.76–2.85 (td, J = 9.2, 7.3 Hz, 1H), 2.60–2.66 (m, 

1H), 2.34 (s, 3H), 1.65–2.01 (m, 4H); MS (ESI
+
): m/z 306 [M+H]

+
.  
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Compound 2.6f:   

Pale yellow oil; 
1
H NMR (400 MHz, CDCl3): δ 7.48–7.52 (m, 6H), 7.33–7.36 (m, 3H), 5.07 

(s, 1H), 3.80 (dd, J = 11.0, 3.5 Hz, 1H), 3.54 (dd, J = 11.0, 2.6 Hz, 1H), 3.16–3.30 (m, 1H), 

2.75–2.79 (m, 1H), 1.65–2.02 (m, 4H); MS (ESI
+
): m/z 370 [M+H]

+
. 

 

Compound 2.6g:  

Pale yellow oil; 
1
H NMR (400 MHz, CDCl3): δ 7.60 (d, J = 7.5 Hz, 2H), 7.41–7.47 (m, 2H), 

7.32–7.38 (m, 2H), 7.24–7.30 (m, 1H), 6.82–6.88 (m, 2H), 5.10 (s, 1H), 3.82 (dd, J = 3.0 Hz, 

1H), 3.79 (s, 3H), 3.55 (dd, J = 11.0, 3.0 Hz, 2H), 3.20–3.31 (m, 1H), 2.80 (q, J = 16.6, 11.0 

Hz, 1H), 2.70 (br s, 1H), 2.56–2.65 (m, 1H), 1.90–2.22 (m, 1H), 1.78–1.89 (m, 1H), 1.58–

1.88 (m, 2H); MS (ESI
+
): m/z 322 [M+H]

+
.  
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Compound 2.6h:  

Pale yellow oil; 
1
H NMR (400 MHz, CDCl3): δ 7.55–7.61 (m, 2H), 7.40–7.47 (m, 2H), 7.33–

7.40 (m, 3H), 5.11 (s, 1H), 3.73 (dd, J = 11.0, 3.0 Hz, 1H), 3.55 (dd, J = 11.0, 3.0 Hz, 1H), 

3.22–3.27 (m, 1H), 2.80 (q, J = 16.6, 11.0 Hz, 1H), 2.60–2.66 (m, 1H), 2.55 (br s, 1H), 1.90–

2.05 (m, 1H), 1.80–1.90 (m, 1H), 1.60–1.80 (m, 2H); MS (ESI
+
): m/z 326 [M+H]

+
. 
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General Procedure for Gold-mediated Bifunctional Modification of D-Raffinose 

Aldehyde  

The reaction was carried by using gold(III) complex 2.1 according to literature procedures.
[24]

 

A mixture of D-raffinose aldehyde (10 μL of 100 mM in H2O), 2.4a (10 equiv.), 2.5a (10 

equiv.) and 2.1 (1 equiv.) in water (90 μL) was stirred at 40 
o
C for 2 h. The crude reaction 

mixture was centrifuged. The clear liquor (2 μL) was analyzed by LC-MS for determination 

of the aldehyde conversion. 

 

Figure 2.19 LC–MS spectrum of 2.6i ([M+H]
+
 = m/z 672.31) and the XIC chromatogram of 

2.6i at 6.39 min (inset). 

 

 

Intensity 
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Calculation of Aldehyde Conversion  

The crude reaction mixture containing D-raffinose aldehyde and propargylamine-modified 

D-raffinose after completed reaction was subjected to LC-MS analysis with elution time of 

45 min. The raw data was processed by MassLynx 4.1 Transform Program. The aldehyde 

conversions at different time intervals were determined by measuring the relative peak 

intensities of aldehyde (substrate) and propargylamine-modified D-raffinose (product) in the 

mass spectrum as follows: 

 

 

Figure 2.20 LC–MS spectrum of 2.6i ([M+H]
+
 = m/z 672.31) and D-raffinose aldehyde 

([M+H2O+Na]
+

 = m/z 543.17). 

 

 

6i [M+H]+  Intensity 

D-raffinose aldehyde 

[M+H2O+Na]+  
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General Procedure for Gold(III) Complex-silver Catalysed Synthesis of Alkylated 

Indoles 

A mixture of alkynyl alcohol 2.7a-g (0.24 mmol), indole 2.8a-j (0.2 mmol), gold complex 

2.1 or 2.2 (2.5 mol %) and AgBF4 (5 mol %) in CH2Cl2 (2 mL) was stirred at room 

temperature for 2 h or until complete conversion of indoles was observed by thin layer 

chromatography. The solvent was removed under vacuum. The crude mixture was subjected 

to flash column chromatography to get the purified product.  

 

Compound 2.9a:  

Colorless oil; 
1
H NMR (400 MHz, CDCl3): δ 7.73 (d, J = 8.0 Hz, 1H), 7.28–7.32 (m, 1H), 

7.22–7.26 (t, J = 7.0 Hz, 1H), 7.11–7.15 (t, J = 7.0 Hz, 1H), 6.99 (s, 1H), 3.99–4.04 (m, 2H), 

3.77 (s, 3H), 2.39–2.44 (m, 1H), 1.95–2.09 (m, 3H), 1.71 (s, 3H); MS (ESI
+
): m/z 216 

[M+H]
+
. 

Compound 2.9b:  

Colorless oil; 
1
H NMR (400 MHz, CDCl3): δ 7.71 (d, J = 8.0 Hz, 1H), 7.28–7.32 (m, 1H), 

7.21–7.25 (t, J = 7.2 Hz, 1H), 7.08–7.12 (t, J = 8.0 Hz, 1H), 6.96 (s, 1H), 3.91–3.99 (m, 2H), 

3.77 (s, 3H), 2.33–2.37 (m, 1H), 1.90–2.11 (m, 5H), 0.80–0.84 (t, J = 7.4 Hz, 3H); MS (ESI
+
): 

m/z 230 [M+H]
+
.  
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Compound 2.9c:  

Colorless oil; 
1
H NMR (400 MHz, CDCl3): δ 7.69 (d, J = 8.0 Hz, 1H), 7.26 (d, J = 8.2 Hz, 

1H), 7.20 (m, 1H), 7.05–7.09 (t, J = 7.1 Hz, 1H), 6.91 (s, 1H), 3.87–3.97 (m, 2H), 3.71 (s, 

3H), 2.30–2.35 (m, 1H), 1.86–2.05 (m, 5H), 1.27–1.35 (m, 1H), 1.12–1.18 (m, 1H), 0.79–

0.83 (t, J = 7.4 Hz, 3H); 
13

C NMR (100 MHz, CDCl3): δ 137.9, 126.3, 125.9, 121.5, 120.8, 

120.4, 118.9, 109.5, 85.1, 67.4, 44.0, 37.6, 32.9, 26.1, 18.5, 14.8; MS (ESI
+
): m/z 244 

[M+H
+
]; HR-MS (ESI

+
): m/z 244.1694 [M+H]

+
, calcd. for C16H21NO: m/z 244.1701. 

Compound 2.9d:  

Pale yellow oil; 
1
H NMR (400 MHz, CDCl3): δ 7.60 (d, J = 8.0 Hz, 1H), 7.54 (d, J = 7.6 Hz, 

2H), 7.30–7.34 (t, J = 7.6 Hz, 2H), 7.17–7.26 (m, 3H), 7.01–7.05 (t, J = 7.1 Hz, 1H), 6.87 (s, 

1H), 4.10–4.14 (m, 2H), 3.75 (s, 3H), 2.74–2.81 (m, 1H), 2.47–2.53 (m, 1H), 2.08–2.15 (m, 

1H), 1.97–2.04 (m, 1H); MS (ESI
+
): m/z 278 [M+H]

+
. 

Compound 2.9e:  

Pale yellow oil; 
1
H NMR (400 MHz, CDCl3): δ 7.77 (d, J = 8.0 Hz, 1H), 7.31–7.33 (d, J = 

8.0 Hz, 1H), 7.24–7.27 (t, J = 7.5 Hz, 1H), 7.14–7.23 (m, 4H), 7.05–7.07 (m, 2H), 6.79 (s, 

1H), 3.91–3.94 (t, J = 6.9 Hz, 2H), 3.73 (s, 3H), 3.25–3.33 (m, 2H), 2.27–3.33 (m, 1H), 

2.14–2.21 (m, 1H), 1.75–1.89 (m, 2H); 
13

C NMR (100 MHz, CDCl3): δ 138.6, 137.9, 130.8, 
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127.8, 126.5, 126.2, 125.9, 121.5, 120.7, 120.5, 119.1, 109.6, 85.1, 67.7, 47.4, 36.2, 32.9, 

26.1; MS (ESI
+
): m/z 292 [M+H]

+
; HR-MS (ESI

+
): m/z 292.1698 [M+H]

+
, calcd. for 

C20H22NO: m/z 292.1701. 

Compound 2.9f:  

Pale yellow oil; 
1
H NMR (400 MHz, CDCl3): δ 7.92 (d, J = 8.0 Hz, 1H), 7.29–7.32 (d, J = 

8.0 Hz, 1H), 7.22–7.25 (t, J = 7.0 Hz, 1H), 7.09–7.12 (t, J = 7.0 Hz, 1H), 6.83 (s, 1H), 3.78 (s, 

3H), 3.71–3.74 (m, 1H), 3.48–3.55 (m, 1H), 2.17–2.23 (m, 1H), 1.92–2.00 (m, 1H), 1.71–

1.78 (m, 4H), 1.38–1.41 (m, 1H), 1.29 (m, 1H), 1.10–1.24 (m, 5H), 0.89–0.93 (m, 1H), 0.78–

0.87 (t, J = 6.8 Hz, 3H); 
13

C NMR (100 MHz, CDCl3): δ 137.6, 127.5, 126.8, 121.9, 121.4, 

118.9, 116.8, 109.0, 77.3, 62.7, 44.0, 33.9, 32.8, 32.4, 26.1, 23.7, 22.7, 20.2, 14.1; MS (ESI
+
): 

m/z 286 [M+H]
+
; HR-MS (ESI

+
): m/z 286.2159 [M+H]

+
, calcd. for C19H27NO: m/z 286.2171. 

Compound 2.9g:  

Pale yellow oil; 
1
H NMR (400 MHz, CDCl3): δ 7.95 (d, J = 8.0 Hz, 1H), 7.32 (d, J = 8.0 Hz, 

1H), 7.25 (t, J = 7.6 Hz, 1H), 7.12 (t, J = 7.0 Hz, 1H), 6.88 (s, 1H), 3.79 (s, 3H), 3.74–3.77 

(m, 1H), 3.50 (td, J = 11.3, 2.7 Hz, 1H), 2.24–2.27 (m, 1H), 1.73–1.83 (m, 4H), 1.58 (s, 3H), 

1.42–1.46 (m, 1H); MS (ESI
+
): m/z 230 [M+H]

+
. 
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Compound 2.9h:  

Pale yellow oil; 
1
H NMR (400 MHz, CDCl3): δ 7.84 (br s, 1H), 7.30 (dd, J = 8.7, 1.8 Hz, 1H), 

7.16 (d, J = 8.7 Hz, 1H), 6.97 (s, 1H), 3.94–4.06 (m, 2H), 3.74 (s, 3H), 2.31–2.39 (m, 2H), 

2.01–2.09 (m, 2H), 1.91–1.99 (m, 1H), 1.67 (s, 3H); MS (ESI
+
): m/z 294 [M+H]

+
.  

Compound 2.9i:  

Pale yellow oil; 
1
H NMR (400 MHz, CDCl3): δ 7.16–7.17 (m, 2H), 6.91 (s, 1H), 6.88 (dd, J 

= 8.8, 2.3 Hz, 1H), 3.93–4.01 (m, 2H), 3.87 (s, 3H), 3.07 (s, 3H), 2.36–2.39 (m, 1H), 1.98–

2.04 (m, 2H), 1.93–1.97 (m, 1H), 1.66 (s, 3H); MS (ESI
+
): m/z 246 [M+H]

+
. 

Compound 2.9j:  

Pale yellow solid; 
1
H NMR (400 MHz, CDCl3): δ 8.68 (s, 1H), 8.10 (d, J = 9.0 Hz, 1H), 7.28 

(d, J = 9.0 Hz, 1H), 7.11 (s, 1H), 3.95–4.06 (m, 2H), 3.81 (s, 3H), 2.30–2.35 (m, 1H), 2.05–

2.14 (m, 2H), 1.92–2.00 (m, 1H), 1.67 (s, 3H); MS (ESI
+
): m/z 261 [M+H]

+
. 

Compound 2.9k:   

Colorless oil; 
1
H NMR (400 MHz, CDCl3): δ 7.67 (d, J = 8.0 Hz, 1H), 7.23 (d, J = 8.0 Hz, 

1H), 7.13 (t, J = 7.1 Hz, 1H), 7.04 (t, J =7.1 Hz, 1H), 3.98–4.04 (m, 1H), 3.86 (m, 1H), 3.62 
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(s, 3H), 2.55 (s, 3H), 2.47–2.52 (m, 1H), 2.15–2.22 (m, 1H), 1.97–2.04 (m, 1H), 1.82–1.92 

(m, 1H), 1.63 (s, 3H); MS (ESI
+
): m/z 230 [M+H]

+
. 

Compound 2.9l:   

Pale yellow oil; 
1
H NMR (400 MHz, CDCl3): δ 8.06 (br s, 1H), 7.72 (d, J = 8.0 Hz, 1H), 7.33 

(d, J = 8.0 Hz, 1H), 7.16–7.19 (t, J = 7.5 Hz, 1H), 7.08–7.13 (m, 2H), 3.94–4.05 (m, 2H), 

2.37–2.42 (m, 1H), 2.01–2.08 (m, 2H), 1.92–1.98 (m, 1H), 1.69 (s, 3H); MS (ESI
+
): m/z 202 

[M+H]
+
. 

 

Compound 2.9m:  

Pale yellow oil; 
1
H NMR (400 MHz, CDCl3): δ 8.41 (br s, 1H), 7.88 (s, 1H), 7.17–7.25 (dd, J 

= 24.3, 8.6 Hz, 2H), 7.04 (s, 1H), 3.98–4.06 (m, 2H), 2.34–2.38 (m, 1H), 1.97–2.07 (m, 3H), 

1.68 (s, 3H); 
13

C NMR (100 MHz, CDCl3): δ 135.9, 127.0, 124.8, 123.1, 122.9, 121.9, 112.8, 

112.82, 81.8, 67.5, 38.6, 28.6, 26.3; MS (ESI
+
): m/z 280 [M+H]

+
; HR-MS (ESI

+
): m/z 

280.0332 [M+H]
+
, calcd. for C13H14BrNO: m/z 280.0337. 

 

Compound 2.9n:  

Pale yellow oil; 
1
H NMR (400 MHz, CDCl3): δ 7.95 (br s, 1H), 7.28 (d, J = 5.1 Hz, 1H), 7.21 

(d, J = 2.2 Hz, 1H), 7.09 (s, J = 2.2 Hz, 1H), 6.87 (dd, J = 8.8, 2.4 Hz, 1H), 3.95–4.08 (m, 
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2H), 3.89 (s, 3H), 2.40–2.44 (m, 1H), 2.01–2.07 (m, 2H), 1.96–2.00 (m, 1H), 1.70 (s, 3H); 

13
C NMR (100 MHz, CDCl3): δ 153.8, 132.5, 125.7, 122.7, 121.5, 112.1, 111.9, 102.9, 82.0, 

67.5, 56.3, 38.4, 28.5, 26.3; MS (ESI
+
): m/z 232 [M+H]

+
; HR-MS (ESI

+
): m/z 232.1334 

[M+H]
+
, calcd. for C14H17NO2: m/z 232.1338. 

 

Compound 2.9o:  

Yellow solid; 
1
H NMR (400 MHz, CDCl3): δ 8.70 (d, J = 1.7 Hz, 1H), 8.43 (br s, 1H), 8.11 (d, 

J = 6.9 Hz, 1H), 7.38 (d, J = 9.0 Hz, 1H), 7.25–7.26 (m, 1H), 3.97–4.08 (m, 2H), 2.34–2.38 

(m, 1H), 2.08–2.14 (m, 2H), 1.96–1.99 (m, 1H), 1.69 (s, 3H); 
13

C NMR (100 MHz, CDCl3): 

δ 141.6, 140.3, 125.9, 124.7, 123.8, 117.9, 117.7, 111.5, 81.7, 67.6, 38.9, 28.7, 26.3; MS 

(ESI
+
): m/z 247 [M+H]

+
; HR-MS (ESI

+
): m/z 247.1071 [M+H]

+
, calcd. for C13H14NO3: m/z 

247.1083. 

Compound 2.9p:  

Pale yellow oil; 
1
H NMR (400 MHz, CDCl3): δ 7.68 (br s, 1H), 7.63 (d, J = 8.2 Hz, 1H), 7.31 

(d, J = 7.4 Hz, 1H), 7.03–7.10 (m, 2H), 3.98–4.04 (m, 1H), 3.85–3.90 (m, 1H), 2.52 (s, 3H), 

2.43–2.49 (m, 1H), 2.11–2.15 (m, 1H), 1.97–2.04 (m, 1H), 1.84–1.92 (m, 1H), 1.64 (s, 3H); 

MS (ESI
+
): m/z 216 [M+H]

+
. 

 



104 
 

Recyclability Experiment of Gold(III) Catalysts in Synthesis of Propargylamine 2.6a via 

Three-Component Coupling Reaction   

A mixture of cyclometallated gold(III) complex 2.1 or KAuCl4 (1 mol %), benzaldehyde 2.3a 

(1 mmol), piperidine 2.4a (1.1 mmol) and phenylacetylene 2.5a (1.5 mmol) in water (1 mL) 

was stirred at 40 
o
C for 24 h. After 24 h, the substrate conversion based on benzaldehyde was 

determined by 
1
H NMR analysis of an aliquot of reaction mixture taken out from the reaction 

flask. An additional portion of starting materials was added into the reaction mixture. The 

reaction was conducted for an additional 24 h.  

  

Recyclability Experiment of Gold(III) Catalysts in Synthesis of Alkylated Indole 2.9a  

 A mixture of alkynyl alcohol 2.7a (0.24 mmol), indole 2.8a (0.2 mmol), gold complex 2.1 

(2.5 mol %), AgBF4 (5 mol %) and 1,3,5-trimethoxylbenzene (0.2 mmol) in CD2Cl2 (2 mL) 

were stirred at room temperature for 2 h. After 2 h, the substrate conversion was determined 

by 
1
H NMR analysis based on the relative peak intensities of product and 1,3,5-

trimethoxylbenzene. Another batch of substrates was added for the next cycle of experiments. 

The reaction was conducted for an additional 2 h. AgBF4 (5 mol %) was added at the 6th and 

11th cycles.  
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1
H NMR Spectra of Diastereomers of Propargylamines in Crude Reaction Mixture (Table 2.3) 
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NMR Spectra 
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Chapter 3 

Cyclometallated Gold(III) Complexes for 

Chemoselective Cysteine Modification via Ligand 

Controlled C-S Bond-Forming Reductive 

Elimination 

3.1 Introduction  

3.1.1 Applications of Cyclometallated Gold(III) Complexes 

Gold-based therapeutic agents have been on the market for decades.
 
The application of 

gold compounds was first used in the treatment of rheumatoid arthritis and sold under the 

trade names of Myochrysine, Solgonal and Ridaura. Later studies revealed that the gold 

compounds also provided promising treatment for asthma, pemphigus and arthritis.
[1]

 Notably, 

square planar gold(III) compounds having d
8
 system are isoelectronic and isostructural with 

Pt(II) compounds such as cis-platin.  

    Some gold compounds were found to exhibit anti-cancer properties
[2]

 as well as anti-HIV 

activities.
[3]

 The gold(III) complex [AuCl2damp] (damp = 2-[(dimethylamino)methyl]phenyl) 

complex was one of the most representative examples of gold(III) complexes showing anti-

cancer properties (Figure 3.1a). It was found to cause damaging of cancer cells by its modest 

DNA binding properties.
[4]

 Later, Che and Sun reported that gold(III) porphyrin complexes as 

potential anti-cancer drugs (Figure 3.1b). The complexes showed high stability against 
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glutathione and gave cytotoxic effects against human cancer cell lines.
[5]

 Furthermore, 

binuclear gold(III) oxo complexes were tested as anti-cancer agents which showed different 

antiproliferative properties towards human cell lines compared to the mononuclear analogues 

(Figure 3.1c).  

 

Figure 3.1 Examples of gold(III) complexes as therapeutic agents.  

The use of gold complexes has also been expanded to electrochemical
[6]

 and luminescent
[7]

 

applications. As mentioned in the previous chapter, cyclometallated gold(III) compounds 

offer excellent chemoselectivity, reactivity and compatibility in catalytic organic 

transformations.
[8]

 Modular design of square planar gold(III) complexes taking advantages of 

their four coordination sites allows fine-tuning of the stability and reactivity of the gold 

catalysts.
[9]

 However, the use of gold(III) complexes in selective biomolecule modification 

remains unexplored. 
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3.1.2 Selective Cysteine Modification 

    Cysteine, a naturally occurring amino acid, contains a highly nucleophilic thiol group 

which is the strongest nucleophilic among the natural amino acids. The pKa value of the 

cysteine thiol group is close to natural (pH~8.5). In biological environment, cysteine always 

occurs as thiolate form which is highly nucleophilic that leads to wide range of biological 

functions of cysteine (Scheme 3.1). 

 

Scheme 3.1 Deprotonation of thiol group of cysteine.   

Because of the stronger nucleophilicity of -SH group among other nucleophilic residues 

such as R-NH2 and –OH groups, the site selective modification of cysteine over other amino 

acids is possible by choosing suitable chemical reagents. Moreover, the low natural 

abundance (~1.7 %) of cysteine in protein sequences makes it as a useful handle for 

modification of target protein containing cysteine residues. Various methods for cysteine 

modification have been developed based on the unique reactivity of cysteine. Selective 

cysteine modification can be achieved by alkylation, disulfide bond formation, 

dehydroalanine formation, metal mediated reaction with cysteine and formation of vinyl 

sulfide linkages (Scheme 3.2).
[10]
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Scheme 3.2 Various routes for cysteine modification. 
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3.1.2.1 Conventional Approaches for Cysteine Modification 

    By using suitable electrophiles, alkylation of nucleophilic cysteine is a common cysteine 

modification technique.
[11]

  Michaelis et.al. pioneered the modification of cysteine residue in 

a protein by using electrophilic α-halocarbonyl compounds (i.e. iodoacetamides) in 

nucleophilic substitution reaction with cysteine (Scheme 3.3, upper).
[12]

 However, the cross-

reactivity of this reaction with other amino acids such as methionine, lysine, histidine and 

tyrosine was observed. 

 

            

Scheme 3.3 Conventional approaches for modification of cysteine by alkylating agents. 

    Furthermore, conjugate addition reaction of cysteine to Michael acceptors can produce 

alkylated cysteine side chains. Maleimides
[13]

 and vinyl sulfones
[14]

 are widely used as 

Michael acceptors for conjugate addition of cysteine to give C-S bonds (Scheme 3.3, lower). 

Maleimides were found to react selectively with thiol and stable under biological conditions 

while other amino acid side chain such as lysine fails to react with maleimides because of 

protonation of the primary amine of lysine under pH 9.
[10] 

However, cross-reactivity with 

other amino acids side chains such as lysine and tyrosine was observed, especially in high pH 
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medium. Maleimides recently have been developed as an important component in “turn on” 

fluorophores (Fluor) for detection of cysteine -SH based on quenching properties of 

maleimide to the excited fluorophores by photo induced electron transfer (PET) or 

intramolecular charge transfer (ICT).
[15]

 After the 1,4-addition of maleimide by cysteine –SH 

to generate the thiosuccinimide product losing the quenching ability, the fluorescence of the 

resulting compound is “turned on” (Scheme 3.4).
[16]

 

 

Scheme 3.4 “Turn on” fluorescent strategies for cysteine sensing using (a) maleimides, (b) 

bromomaleimides and thiomaleimides. 
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    More recently, bromomaleimides have been designed for thiol sensing and intercellular 

reporting.
[17]

 The substitution of the bromides by thiol groups afford non-fluorescent 

compounds which can be “turn on” by reacting with another equivalent of thiol compounds 

to afford fluorescent dithiosuccinimides (Scheme 3.4b, upper). Furthermore, fluorophore-

linked thiomaleimides can be synthesized by using bromomaleimides (Scheme 3.4b, lower), 

which were found to be useful as reporter molecules in the biological studies because of high 

thiol selectivity in cells.  
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3.1.2.2 Oxidation of Cysteine: Disulfide Bond Formation 

Free thiols in proteins are relative rare compared with the oxidized form (disulfide) in view 

of gaining stability of proteins. Addition of reducing agents such as dithiothreitol (DTT) is 

generally required to generate free thiol groups by breaking some of the disulfide linkages 

within the proteins. However, the free thiols would be oxidized back to disulfide linkages 

quickly in air. This natural activity of cysteine has been adopted as a chemical strategy for 

the modification of proteins. The cysteine thiol group can also be modified through the 

formation of disulphide (S-S) bond by using reactive disulfide reagents (i.e. Ellman’s 

reagent)
[18]

 in a thiol-disulfide exchange process or reacting with some activated reagents (i.e. 

sulfenyl halides, methanethiosulfonate reagents)
[19] (Scheme 3.5). However, this required 

relatively long reaction time and led to limited control of selectivity of product resulted by 

mixed disulfides and dimers in the crude reaction mixture. Moreover, the S-S bond is 

unstable and susceptible to bond breaking in the presence reducing agents. Methods for 

conversion of disulfides into more stable thioether derivatives have been developed.
[20]

  

Conversion of cysteine into dehydroalanine followed by conjugate addition of thiol 

nucleophiles also provides facile approaches in cysteine modification.
[21]

 

 

Scheme 3.5 Various approaches for cysteine modification via disulfide formation. 
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3.1.2.3 Formation of Vinyl Sulfide Linkage by Electron Deficient Alkynes 

    According to literatures, the vinyl sulfide linkage could be formed by conjugation addition 

of nucleophilic thiols to electron-deficient alkynes (i.e. alkynoic amides esters and 

alkynones).
[22]

 Wong and Che first reported the use of electron deficient alkynes as cleavable 

reagents for chemoselective cysteine modification of peptides/proteins in aqueous 

medium.
[23]

 The reaction proceeded smoothly in various pH values with highly 

chemoselective to cysteine without side products generated by other nucleophilic side chains 

such as serine -OH and lysine ε-NH2. Furthermore, the vinyl sulfide linkage can be cleaved 

by addition of excess thiols under mild conditions to regenerate the native peptides with up to 

71% recovery. It was noted that the cleavage reaction was selective to thiol containing 

reagents.  

 

Scheme 3.6 Chemoselective cysteine modification by formation of cleavable vinyl sulfide 

linkage. 
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    The application of thiol-specific cleavage reaction was further extended by Wong and Che 

to the design of thiol selective ‘turn-on’ fluorescent probes for detection of cysteine or 

homocysteine in biological samples.  It has been achieved by connecting a fluorophore (6-

carboxyfluorescein) with a diarylazo quencher together via the vinyl sulfide linkage (Scheme 

3.7).
[24]

 More recently, a ‘turn-on’ fluorescent iridium(III) probe has been developed showing 

advantages of significantly low background emission signal and large Stokes shift between 

excitation and emission wavelengths.
[25]

 

 

Scheme 3.7 The principle of the ‘turn-on’ fluorescent probes for detection of cysteine and 

homocysteine by organic or metal dyes. 
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3.1.2.4 Transition Metal Mediated Modification of Cysteine 

    Recently, employing transition metal catalysis as a strategy in peptide/protein modification 

has become promising by rendering large reaction scopes and giving excellent 

chemoselectivity and reactivity.
[26]

 The modification of cysteine can be achieved by metal-

mediated transformation reactions, by utilizing the affinity of soft metals and sulphur 

containing compounds.
[11a, 27]

 For examples, nickel and palladium catalysts have been used to 

prepare alanine residue in peptides and proteins through the desulfurization of cysteine after 

the native chemical ligation (NCL) where NCL is a effective strategy for the total chemical 

synthesis of proteins from two peptides.
[28]

 

    Davis et.al. reported the application of olefin cross metathesis in aqueous medium with 

allyl sulfides in site-selective modification of cysteine-containing proteins.
[26d]

 The reaction 

required the transformation of cysteine -SH into S-allyl cysteines in the protein by 1) 1,4-

addition of allyl thiols to dehydroalanines generated by the reaction of the cysteine residues 

with O-mesitylenesulfonylhydroxylamine (MSH)
[29]

 and 2) nucleophilic addition of cysteine 

to allyl halides or allyl selenocyanate (Scheme 3.8, left).
[20a, 20b, 29]

 The ruthenium catalysed 

olefin metathesis was achieved by using Hoveyda-Grubbs catalyst and allyl sulphides. The 

olefins were found to chemoselectively react with S-allyl cysteines rather than their carbon or 

heteroatom counterparts (Scheme 3.8, right). Such a chemoselective olefin metathesis results 

in post-translational modification of proteins via C-C bond formation. Glycosylation and 

PEGylation on the protein surface by this method are the most representative examples of the 

application of metal mediated cysteine modification.
[21c, 26d]
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Scheme 3.8 Chemoselective cysteine modification by Ru-mediated olefin metathesis.   

    [Rh2(OAc)4]-catalysed Kirmse-Doyle reaction can also be applied in the modification S-

allyl cysteine by diazo compounds (Scheme 3.9, left).
[26c]

 The rhodium carbenoid generated 

by reacting of Rh2(OAc)2 with a sugar-functionalized diazo compound reacted with the S-

allyl cysteine  to give an allylic sulphur ylide which underwent rearrangement to afford 

product (Scheme 3.9, right).  

 

Scheme 3.9 Rh-catalysed Kirmse-Doyle reaction for cysteine modification. 
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     More recently, Wong and Che have reported the novel gold(I) mediated selective cysteine 

modification by addition reaction of cysteine thiols to allenes.
[30]

 Different from transition 

metal catalysed nucleophilic addition of allenes, hydroxyl vinyl thioethers were formed 

instead of 1,2 or 1,3 addition products (Scheme 3.10). The strategy was employed to 

modification cysteine-containing peptide RNaseA.  

 

Scheme 3.10 Gold-mediated chemoselective cysteine modification by using allenes. 

    In spite of this progress, the advance of highly effective and chemoselective modification 

of cysteine-containing peptides and proteins by metal mediated C-S bond formation in 

biological compatible conditions is still a great challenge. 
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3.1.3 Interaction between Cyclometallated Gold(III) Complexes 

and Cysteine   

Lewis acidic gold ions are highly reactive towards soft lewis bases such as sulfhydryl (-

SH) groups to give Au-S bond.
[31] 

The design and synthesis of cyclometallated gold(III) 

compounds bearing various biological sources such as cysteine containing peptides/proteins 

have drawn attentions due to novel applications of metalloprotein synthesis in asymmetric 

catalysis
[32]

 and drugs development.
[33] 

Parish et. al. discovered that a gold(III) complex [Au(dmamp)(OAc)2] (dmamp = 2-

(dimethylaminomethyl)-phenyl) reacted chemoselectively with thiol-containing biological 

ligands, such as cysteine and Glutathione (GSH) , rather than biological amine ligands, such 

as adenine, adenosine, inosine and caffeine. Furthermore, the structural study of interaction 

of gold(III) and cysteine has been studied by Parish et. al. through the substitution reactions 

of [Au(dmamp)(OAc)2] complex with GSH (Scheme 3.11).
[29]

 The possible structure of the 

substituted product [Au(dmamp)(GSH)]
+
 was proposed based on the 

1
H and 

13
C NMR 

analysis of the crude reaction mixture. However, the remaining signals in the NMR spectra 

were too complex to be interpreted for confirming the proposed structure. 

 

Scheme 3.11 Formation of [Au(dmba)(GSH)]
+
 complex. 
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    Recently Che’s group has reported the synthesis of cyclometallated gold(III) complexes 

with lipophilicity, and study of the interaction between cyclometallated gold(III) complexes, 

such as [Au(C^N)L]
n+

 where HC^N = 2-(4-n-butylphenyl)pyridine or 2-phenylpyridine, L = 

biguanide or biuret, n = 0-1) and [Au(C^N)(R2NCS2)]
+ 

(Figure 3.2), with GSH and cysteine-

containing peptides/proteins in cancer cell lines.
[34]

 However, the rationale of how these gold 

complexes interact with the -SH group of cysteine has not been found out. 

 

Figure 3.2 Structures of [Au(C^N)L]
n+

 complexes. 

    Compound [Au(C^N)(GSH)]
+
 was identified by ESI-MS in the substitution reaction of the 

cyclometallated gold(III) complex, [Au(BCN)biguanide]
+
 (BCN = 2-(4-n-

butylphenyl)pyridine) by addition of GSH. Structural studies in the binding of cysteine-

containing peptides to cyclometallated gold(III) complexes remain a challenge. 
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3.1.4 Gold(III) Reductive Elimination 

Reductive elimination of transition metal complexes is one of the well-studied reactions in 

the advance of organometallic chemistry. Nevertheless, studies on the this fundamental 

reaction of gold(III) complexes were relatively confined. Kochi first have reported the 

mechanistic studies of gold(III) reductive elimination by preparing a 

trialkyl(triphenylphosphine) gold(III) complex in 1970s. The gold(III) complex was found to 

undergo reductive elimination in three consecutive steps: (a) the rearrangement of alkyl 

groups σ-bonded to gold(III), (b) the cis-trans isomerisation of the alkyl groups, and (c) the 

reductive elimination of two cis-alkyl groups to form dialkyls and alkylgold(I) species.
[35]

 

Later, they have studied these steps separately and they found that the reductive elimination 

of gold(III) was through a three-coordinated trialkyl gold intermediate which was supported 

by kinetic experiment of addition of phosphine in the reaction mixture and theoretical 

studies.
[36]

 

    Tobias have designed and synthesized a series cationic gold(III) complex with cis-alkyl 

groups and studied the rate of reductive elimination of these complexes in various of solvents, 

temperatures, sizes of ligands.
[37]

 There was no further study until the effects of
 
steric and 

electronic factors of the ligands as well as the leaving group selectivity of gold(III) 

complexes in reductive elimination were studied by Komiya and Shibue after a decade.
[38]

  

Vicente et. al. have started to study the formation of biaryls from reductive elimination of 

dialky gold(III) compounds in 1990s.
[39]

 They have reported the formation of biaryls by 

reductive elimination from cyclometallated gold(III) complexes [Au(C6H4N=NPh)ArCl] and 

[Au(C6H4CH2NMe2)ArCl] (C6H5N=NPh = diazobenzene, C6H4CH2NMe2 = N,N-

dimethylbenzylamine) with addition of phosphine or other ligands.
[39-40]

 Gold(III) complexes 
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were relatively stable towards reductive elimination indicated by these studies. However, the 

slow reductive elimination process was considered to hinder the development of gold-

catalysed C-C coupling. 

 

Scheme 3.12 Proposed pathway to the synthesis of biaryls from reductive elimination of a 

diarylgold(III) complex. 

Interestingly, recent advances suggested the formation of C-C, C-I and C-F bonds can be 

achieved by gold(III) reductive elimination without the addition of ligands.
[41]

 Moreover, 

Toste and Mankad reported that an alkyl gold(III) fluoride complex was found to be a 

possible intermediate in gold(I) catalyzed C-C coupling with arylboronic acid which 

facilitated the C-C reductive elimination to afford products.
[41a]

 More recently, Toste’s group 

has reported that the observed reductive elimination of biaryl gold(III) compounds with 

electron withdrawing substituents to afford biaryls was the fastest among other transition 

metals.
[41e]

 In this connection, development of gold catalysis by utilizing the redox cycle of 

Au(I)/Au(III) was ongoing by continuous mechanistic studies in depth. 
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3.1.5 C-S Bond Formation 

In literature, nucleophilic substitution of halides by thiolates,
[42]

 reactions of sulfur with 

Grignard reagents and organolithium compounds
[43]

 were common methods for C-S bond 

formation (Scheme 3.13 & 3.14). However, these methods required harsh reaction conditions 

and usually resulted in poor product selectivity.  

 

Scheme 3.13 Formation of C-S bonds by nucleophilic substitution of haildes by thiolates.
[42]

 

 

Scheme 3.14 Formation of C-S bond by nucleophilic substitution of halides by 

organolithium reagents.
[43b]

 

    A breakthrough in C-S bond formation was brought by Cu-catalysed Ullmann coupling 

reactions using thiols and aryl halides (Scheme 3.15).
[44]

 Later, transition metal-catalysed C-S 

bond formation reactions were achieved by using other transition metals (e.g. Cu, Pd, Ir, Ni, 

Co) via cross coupling reactions
[45] 

or reactions of sulfur containing compounds with C-C 

multiple bonds
[46]

 to give various sulfide compounds.  
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Scheme 3.15 Cu(I) catalyzed Ullmann coupling reactions for C-S bond formation.
[44b]

 

On the contrary, examples of C-S bond formation by gold catalysis are rare
[47]

 and a 

promising approach for C-S bond formation utilizing the chemistry of gold has not been 

developed yet. According to studies in C-S bond reductive elimination from square planar 

cyclometallated Pd(IV) complexes reported by Hartwig and Dong,
[48]

 formation of C-S bonds 

via reductive elimination from highly valent metal sulfides was highly efficient in mild 

conditions.  Moreover, combining with a recent report of fast gold(III) C-C bond reductive 

elimination,
[41e]

 the urge of studies in the formation of carbon-heteroatom bonds especially 

C-S bond are inspired. We are of the opinion that the study in reductive elimination of 

gold(III) sulfides would provide a direction for further development of gold-catalysed cross-

coupling reactions for carbon-heteroatom bond formation. 
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3.2 Objectives 

    Cyclometallated gold(III) complexes with different ancillary ligands would be synthesized 

and the chemoselectivity towards cysteine modification would be studied by conducting 

control experiments. The interaction between the cyclometallated gold(III) complexes and 

cysteine would be studied by conducting model reactions. The ease of formation of S-

arylated peptides from reactions between cysteine-containing peptides and different 

cyclometallated gold(III) complexes would be studied under various conditions.    
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3.3 Results and Discussion 

    Along with our ongoing researches in the reactivity of cyclometallated gold(III) complexes 

with 5- and 6-membered rings in organic synthesis
[49]

 and developing reactions for 

modification of biomolecules,
[23, 30, 49b, 50]

 herein, we present the modular design of 

cyclometallated gold(III) complexes for modification of cysteine by C-S bond formation 

from cyclometallated gold-cysteine adducts (Figure 3.3). In this work, chemoselective 

cysteine modification of peptides by ligand controlled C-S bond reductive elimination was 

accomplished by the design of ancillary ligands in cyclometallated gold(III) complexes 

[Au(C^N)msen] (Scheme 3.16). Note that suitable choice of arylpyridine ligands can 

enhance the stability of the cationic gold-cysteine intermediates towards reductive 

elimination. To the best of our knowledge, this work is the first example of employing 

gold(III)-mediated C-S bond formation from arylpyridines and sulfhydryl compounds for 

bioconjugation. 

 

Figure 3.3 Design of cyclometallated gold(III) complexes. 
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Scheme 3.16 Chemoselective modification of cysteine by cyclometallated gold(III) 

complexes via C-S bond formation. 
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3.3.1 Synthesis of Cyclometallated Gold(III) Complexes 

with Cysteine Chemoselectivity 

Cyclometallated gold(III) complexes [Au(bpy)msen] 3.1a, [Au(pcp)msen] 3.1b and 

[Au(ppy)msen] 3.1c (msen = N,N’-bis(methanesulfonyl) ethylenediamine) were synthesized 

according to literature procedures (Scheme 3.17).
[51]

 

 

Scheme 3.17 Synthesis of cyclometallated gold(III) complexes with msen ligand. 

   The dansyl functionalized cyclometallated gold(III) complexes was synthesized by reacting 

Au(pcp)Cl2 with O-(carboxymethyl)hydroxylamine to give 3.1ea. 3.1ea was then reacted 

with dansyl piperidine obtained to give dansyl-functionalized gold(III) complex 3.1eb. 
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Replacing the ancillary ligand with msen based on the previous procedure for synthesizing 

3.1a-c obtained complex 3.1e in 85% yield (Scheme 3.18).  

 

Scheme 3.18 Synthesis of dansyl-functionalized cyclometallated gold(III) complex 3.1e. 
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3.3.2 Chemoselective Modification of Cysteine-containing 

Peptide via Formation of Gold-peptide Adducts 

     Mixing of a peptide sequence STSSSCNLSK (3.2a; 0.1 mM, M.W. = 1012) with 

[Au(bpy)msen] 3.1a (1 equiv.) in PBS (50 mM, pH 7.4)/DMSO (9:1) at 25 
o
C for 2 h gave 

gold-peptide adduct 3.3a with 99% substrate conversion (Table 3.1, entry 1) and the resulting 

products were confirmed by LC-MS. Moreover, gold-peptide adducts 3.3b-e of peptides 

AYEMWCFHQK 3.2b, ASCGTN 3.2c,  KSTFC  3.2d and CSKFR 3.2e could also be 

produced by the reaction with [Au(bpy)msen] 3.1a. The substrate conversions to the 

corresponding cysteine-modified peptides were found to be 99, 99, 95 and 92%, respectively 

by LC-MS analysis (Entries 2-5). The above reaction was found to be exclusive to cysteine-

containing peptides shown in LC-MS/MS analysis which implied the good cysteine 

selectivity of gold(III) complexes. However, no gold-peptide adduct was detected for non-

cysteine-containing peptides YTSSSKNVVR 3.2f, DSKFR 3.2g and PSKFR 3.2h (Entries 6-

8), suggesting the excellent cysteine selectivity. 
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Table 3.1 Formation of gold-peptide adducts by [Au(bpy)msen] 3.1a.
[a]

 

 

Entry Peptide sequence Product Conversion (%)
[b]

 

1 STSSSCNLSK (3.2a) 3.3a 99 

2 AYEMWCFHQK (3.2b) 3.3b 99 

3 ASCGTN (3.2c) 3.3c 99 

4 KSTFC (3.2d) 3.3d 95 

5 CSKFR (3.2e) 3.3e 92 

6 YTSSSKNVVR (3.2f)  - 

7 DSKFR (3.2g)  - 

8 PSKFR (3.2h)  - 

[a] Peptide 3.2 (0.1 mM) and [Au(bpy)msen] 3.1a (1 equiv.) in PBS (pH 7.4)/DMSO (9:1) 

solution (100 μL) at 25 
o
C for 2 h. [b] Determined by LC-MS analysis. 
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Figure 3.4. MS spectrum of 3.3a (Doubly charged ion of m/z = 688.8) and XIC 

chromatogram of 3.3a at t = 10.27 min (inset). 

 

 

Figure 3.5. MS/MS spectrum of 3.3a (ESI source, doubly charged ion of m/z = 688.8).  
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Figure 3.6 MS spectrum of 3.3b (Doubly charged ion of m/z = 853.2) and XIC 

chromatogram of 3.3b at t = 13.92 min (inset). 

 

 

Figure 3.7 MS/MS spectrum of 3.3b (ESI source, doubly charged ion of m/z = 853.2).  
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Figure 3.8 MS spectrum of 3.3c (Singly charged ion of m/z = 915.2) and XIC chromatogram 

of 3c at t = 8.97 min (inset). 

 

 

Figure 3.9 MS/MS spectrum of 3.3c (ESI source, singly charged ion of m/z = 915.2).  
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Figure 3.9 MS spectrum of 3.3d (Singly charged ion of m/z = 948.2 and XIC chromatogram 

of 3.3d at t = 14.31 min (inset). 

N
H

O

O

Au
S

N

K S T F

820

129 216

632733

317

485

464b-ions

y-ions  

 

Figure 3.10 MS/MS spectrum of 3.3d (ESI source, singly charged ion of m/z = 948.2) 
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Figure 3.11 MS spectrum of 3.3e (Singly charged ion of m/z = 502.2) and XIC 

chromatogram of 3.3e at t = 10.89 min (inset). 

 

 

 

Figure 3.12 MS/MS spectrum of 3.3e (ESI source, singly charged ion of m/z = 502.2).  
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Figure 3.13 MS spectrum of YTSSSKNVVR 3.2f (Doubly charged ion of m/z = 570.8) after 

mixing with cyclometallated gold(III) complex 3.1a (Singly charged ion of m/z = 580.1). 

 

Figure 3.14 MS spectrum of DSKFR 3.2g (Singly charged ion of m/z = 652.4) after mixing 

with cyclometallated gold(III) complex 3.1a. 

 

Figure 3.15 MS spectrum of PSKFR 3.2h (Singly charged ion of m/z = 634.4) after mixing 

with cyclometallated gold(III) complex 3.1a. 
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    To demonstrate the excellent chemoselectivity of complex 3.1a for cysteine modification, 

control experiments using cyclometallated gold(III) complex 3.1d were conducted (Scheme 

3.19). Reaction of complex 3.1d with cysteine-containing peptide 3.2a gave gold-cysteine 

adducts 3.3a (15%) and 3.3a’ (85%). On the other hand, it was found that complex 3.1d 

reacted with non-cysteine containing peptide YTSSSKNVVR 3.2f to give N-terminal 

modified gold-peptide adduct 3.3f with 14% conversion. Unlike 3.1a, complex 3.1d 

exhibited poor cysteine selectivity. 

 

Scheme 3.19 Non-selective modification of peptides by cyclometallated gold(III) complex 

3.1d. 
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Figure 3.16 MS Spectrum of 3.3a’ (Doubly charged ions of m/z = 870.3) and XIC 

chromatogram of 3.3a’ at t = 12.86 min. 

 
 

 

 
Figure 3.17 MS/MS spectrum of 3.3a’ (ESI source, doubly charged ion of m/z = 870.3).  
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Figure 3.18 MS spectrum of 3.3f (Doubly charged ion of m/z = 752.3) and XIC 

chromatogram of 3.3f at t = 8.36 min (inset). 

 

 
 

 

Figure 3.19 MS/MS spectrum of 3.3f (ESI source, doubly charged ion of m/z = 752.3). 
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    The above findings indicated that complex 3.1a with msen as the ancillary ligand exhibits 

excellent chemoselectivity in cysteine modification while complex 3.1d with chloride ions as 

the ancillary ligands gives poor cysteine selectivity. It could be explained by the chemical 

hardness
[52] 

together with the chelating effect of the ancillary ligands in the cyclometallated 

gold(III) complexes 3.1a and 3.1d. According to the relative “hardness” of the ligands listed 

in below, the msen ligand has moderate “hardness” among sulfhydryl (-SH), amines (RNH2) 

and chlorides (Figure 3.20). 

 

Figure 3.20 Relative hardness of the ancillary ligands in gold(III) complexes. 

    Deprotonated sulfonamide groups of the msen ligand (chemically “softer” than chloride 

ions) of complex 3.1a bind to the soft gold(III) centre to give stronger Au-N bonds. 

Furthermore, the chelating effect of the bidentate msen ligand makes it difficult to dissociate 

and hence offers extra stability to complex 3.1a. Thus, hard monodentate ligands such as 

ROH and RNH2 from peptides could not displace the msen ligand from complex 3.1a. As 

shown in Table 1, the msen ligand only can be substituted by the “softer” RS
-
 group in the 

peptide sequence to give the gold-peptide adducts that renders cysteine selectivity. N-

Terminal α-amino group of peptides is a hard base and hence ligand substitution to the msen 
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ligand of complex 3.1a is difficult (i.e. no N-terminal modification) (Scheme 3.20). On the 

contrary, the hard chloride ions in complex 3.1d could be substituted easily by the hard N-

terminal α-amino group of peptides, resulting in non-selective cysteine and N-terminal 

modification. 

   

Scheme 3.20 Ligand displacement reactions of “hard” ligand (R-NH2) and “soft” ligand (R-

S
-
) with complex 3.1a. 

   

N-terminal 

Cysteine 
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    A time course experiment monitoring the formation of gold-peptide adduct 3.3a from 

[Au(bpy)msen] 3.1a and peptide 3.2a in various pH values was conducted at 25 
o
C (Figure 

3.21). In 1 h, the conjugation reaction gave around 80% conversions at pH 7.4-9.3, while 

only 65% conversion was observed at pH 6.2. After 2 h, quantitative substrate conversions 

were achieved at pH 6.2-9.3. These results indicated that the formation of gold-peptide 

adducts in a wide physiological pH range could proceed smoothly at 25 
o
C.  

 

Figure 3.21 The formation of 3.3a in various pH values. 
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    Cyclometallated gold(III) complexes [Au(pcp)msen] (3.1b, Hpcp = 2-benzoylpyridine) 

and [Au(ppy)msen] (3.1c, Hppy = 2-phenylpyridine) were employed in modification of 

peptide 3.2a  to afford gold-peptide adducts 3.4a and 3.4b quantitatively in the same reaction 

condition as 3.1a (Scheme 3.21). The cysteine selectivity of gold complexes 3.1b-c to 

peptide 3.2a was confirmed by LC-MS/MS analysis of the corresponding gold-peptide 

adducts. 

 

Scheme 3.21 Modification of peptide 3.2a by gold complexes 3.1b and 3.1c. 
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Figure 3.22 MS spectrum of 3.4a (Doubly charged ion of m/z = 695.7) and XIC 

chromatogram of 3.4a at t = 10.30 min (inset). 

 

 

Figure 3.23 MS/MS spectrum of 3.4a (ESI source, doubly charged ion of m/z = 695.6).  
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Figure 3.24 MS spectrum of 3.4b (Doubly charged ion of m/z = 681.8) and XIC 

chromatogram of 3.4b at t = 9.88 min (inset). 

 

 

Figure 3.25 MS/MS spectrum of 3.4b (ESI source, doubly charged ion of m/z = 681.8). 
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3.3.3 Model Studies of Interactions between Cysteine-

containing Peptides and Gold(III) Complexes 

Model studies of gold-cysteine interaction using N-acetyl-L-cysteine benzyl amide 3.5 

as a cysteine model were conducted (Scheme 3.22). Treatment of complex 3.1a with cysteine 

amide 3.5 in CH2Cl2/CH3OH (1:1) at 25 
o
C for 16 h gave product mixtures containing a trace 

amount of gold-cysteine adduct 3.6a and reductive elimination product 3.6aa as the major 

product as indicated by ESI-MS analysis of the crude mixture (Scheme 3.22a). [Au(pcp)msen] 

3.1b reacted with 3.5 in CH2Cl2/CH3OH (1:1) at 25 
o
C for 16 h to afford a trace amount of 

gold-cysteine adduct 3.6b (by ESI-MS analysis) and reductive elimination product 3.6ba in 

24% isolated yield (Scheme 3.22a). In contrast, no reductive elimination product was found 

when [Au(ppy)msen] 3.1c and 3.5 were mixed in CH2Cl2/CH3OH (1:1) at 25 
o
C for 16 h. 

Instead, a gold-cysteine adduct 3.6c was found in 68% isolated yield (Scheme 3.22a).  

We found that the reductive elimination reactions occurred easily at 40 
o
C. By heating a 

mixture of 3.1a and 3.5 in CH3CN at 40 
o
C for 16 h, reductive elimination product 3.6aa was 

formed in 72% isolated yield (Scheme 3.22b). Under the same reaction conditions, 

[Au(pcp)msen] 3.1b reacted with 3.5 to give 3.6ba in 67% isolated yield (Scheme 3.22b). 

However, gold-cysteine adduct 3.6c remained intact when it was heated at 40 
o
C for 16 h 

(Scheme 3.22c). 

Purple-coloured precipitates were found in the reaction mixture at the end of the 

reactions. We suggest that these precipitates would consist of metallic gold or gold 

nanoparticles with aggregates. According to literatures of C-C bond formation by reductive 

elimination of gold(III) compounds, cyclometallated gold(III) complexes would undergo C-S 
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bond formation to form S-arylated products together with gold(I) species.
[36b, 40c, 41b, 41e]

 The 

gold(I) species without stabilization by ligands would further reduce to metallic form or 

nanoparticles under heating.   

    As ligands such as phosphine are needed in the reaction mixture in order to enhance the 

stability of Au(I) species, we have conducted reactions of gold(III) complex 3.1a (or 3.1b) 

with N-acetyl-L-cysteine benzyl amide 3.5 in the presence of an equivalent of 

triphenylphosphine (PPh3) in CH3CN at 40 
o
C for 24 h. the S-arylated product 3.6aa (or 

3.6ba), gold(I) phosphine species (i.e. [PPh3Au]
+
 and [(PPh3)2Au]

+
) were detected by ESI-

MS (Figure 3.26). 
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Scheme 3.22 Model studies of gold-cysteine interaction using 3.5. 
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Figure 3.26 ESI-MS spectra of the crude mixture of reactions of 1a (or 1b) with 5 in the 

presence of PPh3. 

     

m/z: 491 

[PPh3AuCH3OH]
+ 

 

m/z: 721 

[(PPh3)2Au]
+
 

m/z: 491 

[PPh3AuCH3OH]
+ 

 

m/z: 721 

[(PPh3)2Au]
+
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    The structure of the gold-peptide adduct intermediates was studied by a model reaction of 

[Au(ppy)msen] 3.1c with N-acetyl-L-cysteine benzyl amide 3.5 to give the corresponding 

gold-cysteine adduct 3.6c which was characterized by 
1
H, 

13
C NMR as well as ESI-MS. The 

structure of 3.6c was suggested to contain bidentate coordination of 2-phenylpyridine to the 

Au centre via C,N-donors. Two amide –NH protons (H
5
 and H

6
) were found to be retained in 

3.6c and assigned by 2D COSY experiments (Figure 3.27). 
1
H NMR spectra of 3.6c showed 

downfield chemical shifts of H
1
, H

2
 (∆δ = +0.60, +0.57) and H

3
 (∆δ = +0.14) compared to N-

acetyl-L-cysteine benzyl amine 3.5 (Table 3.2). These changes in chemical shifts combining 

with the disappearance of –SH signal in 
1
H NMR and downfield shift of C2 (∆δ = +8.1) in 

13
C NMR (Table 3.3)

 
indicated the formation of a Au-S bond. Furthermore, the slightly 

upfield chemical shifts of H
5
 (∆δ = -0.04) and the benzylic protons H

4
 (∆δ = -0.03) suggested 

the coordination of the neighbour –NH to the gold centre. On the basis of the NMR spectra 

and literatures,
[53]

 it was suggested that 3.5 coordinates to the Au(III) centre via S,N-donors 

to afford a metallocycle. The sulfur ligand was proposed to be cis to the sp
2
 carbon in 2-

phenylpyridine because of the strong trans effect of RS
-
 and Ph

-
. No reductive elimination 

product was found when compound 3.6c was heated at 40 
o
C for 16 h. This suggested that 

gold-cysteine adduct with 2-phenylpyridine ligand was stable towards reductive elimination 

under the reaction conditions. 
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Figure 3.27 2D COSY and NOESY spectra of gold-cysteine adduct 3.6c.
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Figure 3.28 

1
H NMR spectra of compound 3.5 (a) and 3.6c (b).  

Table 3.2 
1
H NMR chemical shifts (δ) for compound 3.5 and gold-cysteine adduct 3.6c. 

δ (ppm) H
1
, H

2 
H

3 
H

4 
H

5 
H

6 
SH 

 3.5 2.79, 2.70 4.39 4.29 8.52 8.13 2.29 

 3.6c 3.39, 3.27 4.53 4.24 8.48 8.14 /
a
 

∆δ
b
 +0.60, 

+0.57 

+0.14 -0.03 -0.04 +0.01 /
 a
 

a
 ‘/’= a peak is missing. 

b
 ∆δ = δ(complex) - δ(ligand).

β-H 

α-H 

β-H 

SH 

(a) 

(b) 

 

Benzyl-

NH 
AcNH 

AcNH 

Benzyl-

NH 
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Figure 3.29 
13

C NMR spectra of compound 3.5 (a) and 3.6c (b).  

Table 3.3 
13

C NMR chemical shifts (δ) for compound 3.5 and gold-cysteine 3.6c. 

δ (ppm) C
1 

C
2 

C
3 

C
4 

C
5
, C

6 
(ambiguous) 

3.5 23.3 26.8 42.8 55.9 170.1, 170.6 

 3.6c 23.3 34.9 42.8 56.1 169.8, 171.2 

∆δ
b
 0 +8.1 0 +0.2 -0.3, + 0.6 

a
 ‘/’= a peak is missing. 

b
 ∆δ = δ(complex) - δ(ligand). 

     

(a) 

(b) 
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Explanation of tendency towards reductive elimination in model 

studies 

The above model studies indicated that gold-cysteine adducts with 2-benzylpyridine (3.6a) 

or 2-benzyolpyridine (3.6b) ligands easily underwent reductive elimination to give S-arylated 

cysteines while gold-cysteine adduct 3.6c with 2-phenylpyridine ligand resisted to undergo 

reductive elimination. As all the complexes 3.1a-c have the same msen ancillary ligand, the 

different reactivities in reductive elimination would be attributed to the arylpyridine ligands. 

Comparing the lengths of the Au-C bond of [Au(ppy)Cl2] (1.950 Å )
[54]

 with [Au(mppy)Cl2]  

(2.021 Å )
[55]

 (Hmppy = 2-(1-methyl-1-phenylethyl)pyridine) and [Au(pcp)Cl2] (2.033 Å ),
[56]

 

it is noted that the gold(III) complexes with 2-phenylpyridine ligand have shorter Au-C bond 

lengths than the other (C,N) cyclometallated gold(III) complexes (Figure 3.30). The 

differences in the Au-C bond lengths could be related to the tendency of these gold 

complexes to afford S-arylated cysteine products.
[40b]

 It would be reasonable to assume that 

weakening of the Au-C bond (i.e., longer bond length) would facilitate the reductive 

elimination reaction. Thus, the Au-C bond of gold-cysteine adduct 3.6b with 2-

benzyolpyridine ligand was weaker than that of gold cysteine adducts 3.6a and 3.6c, resulting 

in facile reductive elimination of 3.6b at 25 
o
C.  
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Figure 3.30 Comparison of Au-C bond lengths of gold-cysteine adducts based on the 

gold(III) dichloride analogues.   
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3.3.4 Reductive Elimination of Gold-peptide Adducts 

    Studies on modification of cysteine-containing peptides by C-S bond formation form the 

gold-peptide adducts 3.3a, 3.4a and 3.4b at 37
 o

C for 24 h were performed. Gold-peptide 

adduct 3.4a with 2-benzoylpyridine ligand, showing the highest tendency towards reductive 

elimination in the previous studies, successfully modified peptide 3.2a to afford S-arylated 

peptide 3.4aa by ligand controlled C-S bond formation from 3.4a in 67% conversion at 37 
o
C 

for 24 h (Scheme 3.23). There was no S-arylated peptide detected when crude mixtures of 

corresponding gold(III) adducts 3.3a and 3.4b were heated at 37 
o
C for 24 h (Figure 3.31). 

Time course experiments of the formation of S-arylated peptide 3.4aa from gold-peptide 

adduct 3.4a at 37 
o
C for various pH values were carried out. The reaction was found to 

proceed smoothly in pH 6.2-9.3 (Figure 3.32). These findings suggested that the reductive 

elimination from gold-peptide adducts to give S-arylated adducts could be achieved under 

mild reaction conditions and a wide pH range with complex 3.1b. 

 

Scheme 3.23 Reductive elimination of gold-peptide adduct 3.4a to S-arylated peptide 3.4aa.  
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Figure 3.31. Time course studies of conversions of gold-cysteine adduct 3.4a to S-arylated-

3.4aa by C-S bond formation reaction at 37
 o
C.  

 

Figure 3.32. Conversions of gold-cysteine adduct 3.4a to S-arylated-3.4aa by reductive 

elimination in various pH values at 37 
o
C. 

   

 

3.4a to 3.4aa 

3.3a (no reductive elimination) 

3.4b (no reductive elimination) 
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3.3.5 Modification of Cysteine-containing Peptides via C-S 

Bond-Forming Reductive Elimination 

    The ligand-controlled C-S bond formation for modification of peptides STSSSCNLSK 

3.2a, AYEMWCFHQK 3.2b, ASCGTN 3.2c, and KSTFC 3.2d were carried out with gold 

complex 3.1b in PBS buffer (pH 7.4) by heating at 37 
o
C for 18 h (Table 3.4). Qunatitative 

conversions of corresponding peptides were achieved (Entries 1-4). The cysteine 

chemoselective modification by gold(III) mediated C-S bond formation from their 

corresponding gold-peptide adducts were confirmed by LC-MS/MS analysis. 

Table 3.4 Modification of peptides using complex 3.1b at 37 
o
C.

[a]
 

 

[a] Peptide 3.2 (0.1 mM) and [Au(pcp)msen] 3.1b (1 equiv.) in PBS (pH 7.4)/DMSO (9:1) 

solution (100 μL) at 37 
o
C for 2 h. [b] Determined by LC-MS analysis.

 

Entry Peptide sequence Product Conversion (%)
[b]

 

1 STSSSCNLSK (3.2a) 3.4aa 67 

2 AYEMWCFHQK (3.2b) 3.4ab 99 

3 ASCGTN (3.2c) 3.4ac 92 

4 KSTFC (3.2d) 3.4ad 99 
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Figure 3.33 MS spectrum of 3.4aa (Doubly charged ion of m/z = 597.7) and XIC 

chromatogram of 3.4aa at t = 10.30 min (inset). 

 

 

Figure 3.34 MS/MS spectrum of 3.4aa (ESI source, doubly charged ion of m/z = 597.7). 
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Figure 3.35 MS spectrum of 3.4ab (Doubly charged ion of m/z = 762.3) and XIC 

chromatogram of 3.4ab at t = 13.98 min (inset). 

 

 

Figure 3.36 MS/MS spectrum of 3.4ab (ESI source, doubly charged ion of m/z = 762.3). 
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Figure 3.37 MS spectrum of 3.4ac (Singly charged ion of m/z = 733.2) and XIC 

chromatogram of 3.4ac at t = 8.43 min (inset). 

 

 

Figure 3.38 MS/MS spectrum of 3.4ac (ESI source, singly charged ion of m/z = 733.2).
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Figure 3.39 MS spectrum of 3.4ad (Singly charged ion of m/z = 766.3) and XIC 

chromatogram of 3.4ad at t = 11.28 min (inset). 

 

 

Figure 3.40 MS/MS spectrum of 3.4ad (ESI source, doubly charged ion of m/z = 766.3). 
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    The chemoselective cysteine modification via C-S bond-forming reductive elimination can 

be further extended by using dansyl-functionalized gold(III) complex 3.1e. Under the same 

reaction conditions, it was found that the functionalized gold complex can also exhibit 

excellent reactivity towards peptide 3.2a, giving dansyl-linked gold peptide adducts with 

78% conversion (Scheme 3.24). This implied that the gold(III) chemoselective cysteine 

modification strategy can afford bioconjugation of cysteine containing peptides with 

biophysical probes. The strategy is potentially useful for selective protein modification which 

is of importance to study the biological systems.   

 

Scheme 3.24 Modification of peptide 3.2a with dansyl-functionalized gold(III) complex 3.1e. 
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Figure 3.41 MS spectrum of 3.7a (Doubly charged ion of m/z = 784.9) and XIC 

chromatogram of 3.7a at t = 8.63 min (inset). 

 

 

Figure 3.42 MS/MS spectrum of 3.7a (ESI source, doubly charged ion of m/z = 784.9).  
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3.4 Conclusion 

In summary, ligand controlled C-S bond formation reaction from gold-peptide adducts 

for chemoselective cysteine modification has been developed. This gold-mediated 

bioconjugation could proceed smoothly in excellent conversion (up to 99%) with high 

functional group tolerance under mild reaction conditions in aqueous medium. The present 

work indicates that modular ligand design of gold(III) complexes will provide a new 

approach for biomolecules modification which is an unexplored area of studies in 

bioconjugation chemistry. 

 

 

 

 

This work regarding the use of cyclometallated gold(III) complexes for chemoselective 

cysteine modification has been accepted for publishing in Chem. Commun. 2014, 50, 11899-

11902. 
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3.5  Future Works 

    Based on the above results, we suggest to prepare other functionalized cyclometallated 

gold(III) complexes [Au(C^N)msen] for selective labelling of cysteine-containing peptides 

by using Biotin or PEG probes (Figure 3.43). 

 

Figure 3.43 Design of new [Au(C^N)msen] complexes 3.1f-g. 

The ligation products formed could be useful for applications of biological studies, 

pharmaceuticals, materials chemistry as well as catalysis. Furthermore, as the cysteine 

modification by C-S bond formation via reductive elimination was achieved for cysteine-

containing peptides, the next step for examining the strategy is to modify more complex 

biomolecules (i.e. proteins with surface exposed cysteine residues).    

We envision that this gold-mediated modification is fascinating to be developed as an 

efficient and versatile method for chemoselective labeling of cysteine-containing 

peptides/proteins which is important to develop novel bioconjugates for studying the 

interactions within the biological systems. The synthesis and study of metallopeptides as well 

as their stability towards reductive elimination are ongoing. 
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3.6 Experimental Section 

General Procedure 

The chemicals/reagents were bought from commercial sources and used without further 

purification and characterization. Milli-Q
®
 water was used as reaction medium in peptide 

modification and LC-MS. The Milli-Q
®
 water was deionised by using a Milli-Q

®
 Gradient 

A10 system (Millipore, Billerica, USA). Flash column chromatography was conducted using 

silica gel 60 (230-400 mesh ASTM) and ethyl acetate/n-hexane or methanol/dichloromethane 

were used as eluent. 
1
H and 

13
C NMR spectra were performed by Bruker DPX-400 or DPX-

600, Varian Unity Inova 400 NB or 500 NB spectrometers. Chemical shifts are quoted on the 

scale in ppm and calibrated by TMS or solvent residue as the internal standard. Coupling 

constants (J) are reported in Hertz (Hz) and the multiplicity was described as abbreviations: s 

= singlet, br s = broad singlet, d = doublet, dd= double doublet, t = triplet and m = multiplet. 

Low resolution and high resolution mass spectra were obtained on an ESI source of Q-TOF 

2
TM

 mass spectrometer (Waters-Micromass, Manchester, United Kingdom) in the positive 

ion mode.  

 

LC–MS Analysis of Peptides 

The LC system was based on CapLC
®  

system from Waters (Manchester, UK). The system 

was equipped with a Poroshell 300SB-C18 column with 1.0 mm ID ×75 mm, 5μm) and 

ZORBAX Poroshell guard column  with 1.0 mm ID ×17 mm, 5 μm (Agilent-Technologies 

Inc., Wilmington, United States of America). Mass spectrometry analysis was conducted by 

using Q-TOF 2
TM

 (Waters-Micromass, Manchester, UK) as the ESI source in the positive ion 

mode. The mobile phase solvent system included solvent A, Milli-Q
®

 water with 0.1% 
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formic acid, and solvent B, acetonitrile with 0.1% formic acid. The samples were first 

desalted with 3% solvent B for 3 minutes, and then eluted with a 26 minute linear gradient of 

3% to 70% solvent B and restored to 3% solvent B for last 15 minute. Desolvation and 

source temperatures were set at 150 °C and 80 °C respectively. Operating conditions 

optimized for the detection of reaction mixture were as follows: capillary voltage 3 kV, 

sample cone voltage 30 V, extraction voltage 4 V and collision cell voltage 10 eV. 

 

Calculation of Peptide Conversion 

The crude reaction mixture of cysteine-containing peptide (peptide) and modified peptide 

(product) after completed reaction was subjected to LC-MS analysis with elution time of 45 

min. The raw data was processed by MassLynx 4.1 Transform Program and peptide 

conversion at different time intervals was determined by measuring the relative peak 

intensities of aldehyde and product in the mass spectrum as follows: 
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Synthesis of [Au(C^N)msen] 3.1a-c 

Cyclometallated gold(III) complex [Au(C^N)Cl2] (HC^N = 2-arylpyridines) (0.229 mmol) 

and N,N’-bis(methanesulfonyl) ethylenediamine (msen) (142 mg, 0.341 mmol) were stirred 

in refluxing methanol (30 mL). A mixture of trimethylamine/water (1:1, 2 mL) was added, 

resulting in the formation of a milky yellow suspension. This mixture was stirred until cool 

down, filtered, and the product washed with water (2 × 10 mL) and diethyl ether (10 mL) 

then dried under vacuum to give [Au(C^N)msen] as a product.  

Synthesis of Dansyl-linked Cyclometallated Gold(III) Complex 3.1e 

Cyclometallated gold(III) complex [Au(pcp)Cl2] (0.2 mmol) was added to O-

(carboxymethyl)hydroxylamine hemihydrochloride in a mixture of 1:1 CH2Cl2/CH3OH (50 

mL). The resulting mixture was stirred for overnight at 25 
o
C to give white precipitate. The 

solvent was removed under vacuum to give white solid. The product was further purified by 

washing with CH3OH (10 mL) to give 3.1ea. 

1-Dansylpiperazine (0.1 mmol), 3.1ea (0.1 mmol) and EDC (0.2 mmol) was stirred in 

anhydrous CH2Cl2 (20 mL) for 20 h under nitrogen atmosphere. The resulting mixture was 

extracted with water (20 mL) three times. The solvent was removed under vacuum to give 

yellow solid. The purified product 3.1eb was obtained by flash column chromatography 

using CH2Cl2/CH3OH as eluent. 

Complex 3.1eb (0.05 mmol) and bis(methanesulfonyl) ethylenediamine (msen) (0.1 mmol) 

were stirred in refluxing methanol (10 mL) to give a cloudy mixture. A mixture of 

triethylamine/water (1:1, 1 mL) was added and the mixture turned clear. The resulting 

mixture was refluxed for further 15 minutes. Complex 3.1e was obtained by flash column 
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chromatography using CH2Cl2/CH3OH as eluent. 
1
H NMR spectrum showed the presence of 

diastereomers in the ratio of 1:5 which could not be separated in flash column 

chromatography.  

Chemoselective Modification of cysteine by Formation of Gold-Peptide Adducts (3.3a-e, 

3.4a-b) 

 

A mixture of peptide STSSSCNLSK 3.2a (10 μL of 1 mM in H2O) and [Au(bpy)msen] 3.1a 

(Hbpy = 2-benzylpyridine) (10 μL of 1 mM in DMSO, 1 equiv.) in a PBS solution (pH 7.4, 

80 μL) was stirred at 25 
o
C. After 2 h, the crude reaction mixture was analysed by LC-MS 

and MS/MS. The above reaction was repeated by using peptides AYEMWCFHQK 3.2b, 

ASCGTN 3.2c, KSTFC 3.2d, CSKFR 3.2e, YTSSSKNVVR 3.2f, DSKFR 3.2g and PSKFR 

3.2h.  

The formation of gold-peptide adducts 3.4a and 3.4b were conducted under the same 

reaction conditions by using [Au(pcp)msen] 3.1b and [Au(ppy)msen] 3.1c, respectively.  
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Procedure for Time Course Experiments of Studying The Formation of 3.3a in 

Different pH Values 

A mixture of peptide STSSSCNLSK 3.2a (10 μL of 1 mM in H2O) and [Au(bpy)msen] 3.1a 

(Hbpy = 2-benzylpyridine) (10 μL of 1 mM in DMSO, 1 equiv.) in a PBS solution (50 mM, 

pH 7.4, 80 μL) was stirred at 25 
o
C. The crude reaction mixture was analysed by LC-MS 

analysis within 5 h. The above reaction was repeated by using PBS solutions with different 

pH values (50 mM, pH 6.2, 8.2 and 9.3). 

Procedure for Control Experiments Using [Au(bpy)Cl2] 3.1d 

A mixture of peptide STSSSCNLSK 3.2a (10 μL of 1 mM in H2O) and [Au(bpy)Cl2] 3.1d 

(Hbpy = 2-benzylpyridine) (15 μL of 1 mM in DMSO, 1.5 equiv.) in a PBS solution (pH 7.4, 

75 μL) was stirred at 25 
o
C. After 2 h, the crude reaction mixture was analysed by LC-MS 

analysis. The above reaction was repeated by using peptides YTSSSKNVVR 3.2f. 

Procedure for Reaction of N-Acetyl-L-cysteine Benzyl Amide 3.5 with 3.1a (or 3.1b) 

A mixture of N-acetyl-L-cysteine benzyl amide 3.5 (0.1 mmol) and 3.1a (or 3.1b) (0.1 mmol) 

were stirred in CH3CN (4 mL) at 40 
o
C for 16 h. After the reaction, the solvent was removed 

under vacuum. The residue was dissolved in 10 mL of CH2Cl2 and extracted with saturated 

Na2S2O3 solution (10 mL) followed by distillated water (10 mL x 2). The combined organic 

layer was then subjected to flash column chromatography with CH2Cl2/CH3OH as eluent and 

the reductive elimination product 3.6a (or 3.6b) was then obtained. 
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Procedure for Reactions of N-Acetyl-L-Cysteine Benzyl Amide 3.5 with 3.1c 

A mixture of N-acetyl-L-cysteine benzyl amide 3.5 (0.1 mmol) and 3.1c (0.1 mmol) were 

dissolved in CH2Cl2/CH3OH (1:1) (4 mL) and the resulting mixture was stirred at 25 
o
C for 

16 h for complete conversion of 3.5. After the reaction, the crude reaction mixture was 

subjected to flash column chromatography with CH2Cl2/CH3OH as eluent and the purified 

gold-cysteine adduct 3.6c was then obtained. Heating of compound 3.6c in CH3CN (4 mL) at 

40 
o
C for 16 h gave no reductive elimination product. 

3.1c and 3.5 were mixed in CH2Cl2/CH3OH (1:1) at 25 
o
C for 16 h. Instead, a gold-cysteine 

adduct 3.6c was found in 68% isolated yield.  

Procedure for Ligand Controlled C-S  Bond Formation from Gold-peptide Adducts 

Crude mixtures of gold-peptide adducts 3.3a, 3.4a or 3.4b (100 μL of 0.2 mM in H2O) 

obtained from reactions of peptide 3.2a with complexes 3.1a-c were heated at 37 
o
C, 

respectively. The reactions were monitored by LC-MS for 24 h. 

Procedure for Time Course Experiments of Studying The Reductive Elimination of 3.4a 

to 3.4aa in Different pH Values 

A mixture containing 3.4a in a PBS solution (50 mM, pH 7.4, 80 μL) was stirred at 37 
o
C. 

The crude reaction mixture was analyzed by LC-MS analysis within 24 h. The above reaction 

was repeated by using PBS solutions with different pH values (50 mM, pH 6.2, 8.2 and 9.3). 
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Procedure for Modification of Cysteine-containing Peptides 3.2a-d by Complex 3.1b via 

C-S Bond-Forminng Reductive Elimination 

A mixture of peptide STSSSCNLSK 3.2a (10 μL of 1 mM in H2O) and [Au(pcp)msen] 3.1b 

(10 μL of 1 mM in DMSO, 1 equiv.) in a PBS solution (pH 7.4, 80 μL) was stirred at 37 
o
C. 

After 2 h, the crude reaction mixture was analyzed by LC-MS and MS/MS analysis. The 

above reaction was repeated by using peptides AYEMWCFHQK 3.2b, ASCGTN 3.2c, and 

KSTFC 3.2d. 

  

67% yield; white solid; 
1
H NMR (400 MHz, CDCl3): δ 9.08 (d, J = 6 Hz, 1H), 7.92–7.96 (m, 

1H), 7.61 (d, J = 7 Hz, 1H), 7.56 (dd, J = 8, 1 Hz, 1H), 7.38–7.42 (m, 1H), 7.21 (dd, J = 7, 

Hz, 1H), 7.13–7.18 (m, 1H), 7.06–7.10 (m, 1H), 4.49 (d, J = 15 Hz, 1H), 3.97 (d, J = 15 Hz, 

1H), 3.81 (dd, J = 11, 5 Hz, 1H), 3.56–3.65 (m, 1H), 3.31–3.38 (m, 1H), 3.14 (dd, J = 11, 5 

Hz, 1H), 2.89 (s, 3H), 2.68 (s, 3H); 
13

C NMR (100 MHz, CDCl3): δ 155.9, 153.6, 141.8, 

138.8, 133.0, 128.4, 128.1, 127.0, 125.3, 123.4, 56.8, 51.8, 47.8, 43.1, 38.6; MS (ESI
+
): m/z = 

580 [M + H]
+
; HRMS (ESI

+
) calcd. for C16H21AuN3O4S2 [M + H]

+
 580.0639, found 

580.0652. 
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75% yield, white solid; 
1
H NMR (400 MHz, CDCl3): δ 9.42 (d, J = 7 Hz, 1H), 8.29 (dd, J = 8, 

2 Hz, 1H), 8.25 (dd, J = 8, 2 Hz, 1H), 7.90 (dd, J = 7, 2 Hz, 2H), 7.76–7.80 (m, 1H), 7.40–

7.44 (m, 2H), 3.70 (t, J = 6 Hz, 2H), 3.29 (t, J = 6 Hz, 2H), 2.86 (s, 3H), 2.78 (s, 3H); 
13

C 

NMR (100 MHz, CDCl3): δ 153.9, 146.6, 142.6, 137.5, 133.9, 133.0, 130.5, 130.4, 129.9, 

128.6, 128.2, 126.6, 56.7, 51.4, 42.3, 38.3; MS (ESI
+
): m/z = 594 [M + H]

+
; HRMS (ESI

+
) 

calcd. for C16H19AuN3O5S2 [M + H]
+
 594.0432, found 594.0386. 

 

  

85% yield; white solid; 
1
H NMR (400 MHz, CDCl3): δ 9.52 (d, J = 6 Hz, 1H), 8.04–8.08 (m, 

1H), 7.82 (dd, J = 8, 1 Hz, 1H), 7.75 (dd, J = 8, 1 Hz, 1H), 7.54 (dd, J = 8, 1 Hz, 1H), 7.30–

7.34 (m, 2H), 7.29, (m, 1H), 3.50 (t, J = 6 Hz, 2H), 3.35 (t, J = 6 Hz, 2H), 3.22 (s, 3H), 3.08 

(s, 3H); 
13

C NMR (100 MHz, CDCl3): δ 164.9, 153.2, 151.3, 142.6, 142.5, 134.6, 131.6, 

128.8, 124.8, 123.4, 119.9, 55.9, 50.3, 42.7, 40.0; MS (ESI
+
): m/z = 566 [M + H]

+
; HRMS 

(ESI
+
) calcd. for C15H19AuN3O4S2 [M + H]

+
 566.0483, found 566.0473. 
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66% yield; white solid; 
1
H NMR (500 MHz, DMSO-d6): δ 9. 33 (d, J = 6 Hz, 1H), 8.48 (d, J 

= 4 Hz, 2H), 7.95 (dd, J = 10, 5 Hz, 1H), 7.54 (d, J = 8 Hz, 1H), 7.23–7.39 (m, 3H), 4.91 (s, 

2H); 
13

C NMR (125 MHz, DMSO-d6) δ 171.2, 153.7, 153.3, 143.9, 138.1, 134.1, 130.6, 

130.4, 129.4, 129.3, 128.9, 128.4, 72.4; MS (ESI
+
): m/z = 487 [M - Cl]

+
; HRMS (ESI

+
) calcd. 

for C14H11N2O3Cl [M - Cl]
+
 487.0124, found 487.0127. 

 

56% yield; pale yellow solid; analytical TLC (silica gel 60) (CH2Cl2/MeOH = 19:1, Rf = 0.5) 

1
H NMR (500 MHz, CDCl3): δ 9.39 (s, 1H), 8.80 (d, J = 8 Hz, 1H), 8.60 (d, J = 8 Hz, 1H), 

8.37 (d, J = 9 Hz, 1H), 8.22 (d, J = 7 Hz, 1H), 8.08 (t, J = 7 Hz, 1H), 7.63–7.69 (m, 1H), 

7.53–7.61 (m, 3H), 7.30–7.37 (m, 1H), 7.14–7.23 (m, 3H), 4.95 (dd, J = 133, 15 Hz, 2H), 

3.64–3.80 (m, 2H), 3.40–3.48 (m, 2H), 3.17–3.36 (m, 4H), 2.90 (s, 6H); 
13

C NMR (125 MHz, 

CDCl3) δ 166.6, 153.3, 152.1, 151.6, 145.5, 141.7, 138.5, 133.4, 132.1, 131.2, 130.9, 130.3, 

130.2, 130.1, 129.8, 128.6, 128.5, 128.4, 127.4, 126.8, 123.2, 119.2, 115.4, 72.3, 45.4, 45.3, 

44.1, 41.4; MS (ESI
+
): m/z = 788 [M - Cl]

+
; HRMS (ESI

+
) calcd. for C30H30N5O4SAuCl [M - 

Cl]
+
 788.1381, found 788.1373. 
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82% yield; pale yellow solid; analytical TLC (silica gel 60) (CH2Cl2/MeOH = 19:1, Rf = 0.6); 

1
H NMR (500 MHz, CDCl3): δ 9.18 (d, J = 6 Hz, 1H), 8.72 (d, J = 8 Hz, 1H), 8.60 (d, J = 8 

Hz, 1H), 8.37 (d, J = 9 Hz, 1H), 8.22 (d, J = 7 Hz, 1H), 8.03 (t, J = 8 Hz, 1H), 7.65 (d, J = 8 

Hz, 1H), 7.56 (t, J = 7 Hz, 2H), 7.50 (t, J = 7 Hz, 1H), 7.44–7.49 (m, 1H), 7.18–7.24 (m, 3H), 

4.93 (dd, J = 136, 15 Hz, 2H), 3.57–3.80 (m, 4H), 3.45 (s, 2H), 3.15–3.38 (m, 6H), 2.90 (s, 

6H), 2.81 (s, 3H), 2.64 (s, 3H); MS (ESI
+
): m/z = 968 [M + H]

+
; HRMS (ESI

+
) calcd. for 

C34H41N7O8S3Au [M + H]
+
 968.1844, found 968.1840. 

  

72% yield; yellow solid; analytical TLC (silica gel 60) (CH2Cl2/MeOH = 9:1, Rf = 0.65); 
1
H 

NMR (500 MHz, CDCl3): δ 8.24 (d, J = 5 Hz, 1H), 7.54–7.63 (m, 3H), 7.50 (d, J = 8 Hz, 1H), 

7.21 (m, 5H), 7.14 (m, 3H), 7.06 (m, 2H), 4.67 (dd, J = 13, 6 Hz, 1H), 4.46 (d, J = 15 Hz, 

1H), 4.32 (dd, J = 15, 6 Hz, 1H), 4.25 (d, J = 15 Hz, 1H), 4.19 (dd, J = 15, 5 Hz, 1H), 3.49 

(dd, J = 14, 5 Hz, 1H), 3.28 (dd, J = 14, 6 Hz, 1H), 1.67 (s, 3H); 
13

C NMR (125 MHz, CDCl3) 

δ 170.7, 170.3, 160.9, 149.1, 140.9, 138.1, 137.3, 134.6, 132.5, 130.8, 128.7, 127.9, 127.8, 



201 

 

127.7, 127.5, 123.9, 121.8, 54.3, 43.8, 41.5, 36.4, 22.9; MS (ESI
+
): m/z = 420 [M + H]

+
; 

HRMS (ESI
+
) calcd. for C24H26N3O2S [M + H]

+
 420.1746, found 420.1753. 

 

52% yield; white solid; analytical TLC (silica gel 60) (CH2Cl2/MeOH = 9:1, Rf = 0.6);
 1

H 

NMR (500 MHz, CDCl3): δ 8.52 (d, J = 4 Hz, 1H), 8.08 (d, J = 8 Hz, 1H), 7.89 (t, J = 8 Hz, 

1H), 7.71 (d, J = 8 Hz, 1H), 7.52 (t, J = 8 Hz, 1H), 7.42–7.48 (m, 1H), 7.39 (d, J = 7 Hz, 1H), 

7.33 (t, J = 7 Hz, 1H), 7.20–7.29 (m, 3H), 7.18 (d, J = 7 Hz, 2H), 7.08–7.15 (m, 1H), 6.87 (d, 

J = 7 Hz, 1H), 4.54 (dd, J = 12, 7 Hz, 1H), 4.31 (dd, J = 15, 6 Hz, 1H), 4.15 (dd, J = 15, 5 Hz, 

1H), 3.38–3.49 (m, 1H), 3.11–3.24 (m, 1H), 1.86 (s, 3H); 
13

C NMR (125 MHz, CDCl3): δ 

196.8, 170.6, 170.0, 154.3, 149.2, 140.8, 137.9, 137.5, 134.4, 131.8, 131.5, 129.6, 128.8, 

127.8, 127.5, 127.3, 126.7, 124.4, 53.5, 43.7, 36.5, 23.1; MS (ESI
+
): m/z = 434 [M + H]

+
; 

HRMS (ESI
+
) calcd. for C24H24N3O3S [M + H]

+
 434.1538, found 434.1527. 

 

68% yield; pale yellow solid; analytical TLC (silica gel 60) (CH2Cl2/MeOH = 9:1, Rf = 0.5);
 

1
H NMR (500 MHz, DMSO-d6): δ 9.46 (d, J = 6 Hz, 1H), 8.45 (t, J = 6 Hz, 1H), 8.41 (d, J = 
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8 Hz, 1H), 8.31 (t, J = 8 Hz, 1H), 8.14 (d, J = 8 Hz, 1H), 8.04 (d, J = 8 Hz, 1H), 7.77 (t, J = 6 

Hz, 2H), 7.43 (t, J = 7 Hz, 1H), 7.37 (t, J = 7 Hz, 1H), 7.20–7.26 (m, 4H), 7.14–7.20 (m, 1H), 

4.53 (q, J = 8, 8 Hz, 1H), 4.19–4.29 (m, 2H), 3.39 (dd, J = 13, 6 Hz, 1H), 3.27 (dd, J = 13, 8 

Hz, 1H), 1.81 (s, 3H); 
13

C NMR (125 MHz, DMSO-d6): δ 171.2, 169.8, 162.5, 151.3, 147.7, 

144.4, 143.5, 139.9, 131.9, 129.4, 128.8, 128.7, 127.7, 127.4, 127.2, 126.2, 122.2, 56.1, 42.76 

34.9, 23.2; MS (ESI
+
): m/z = 602 [M]

+
; HRMS (ESI

+
) calcd. for C23H23AuN3O2S [M]

+
 

602.1177, found 602.1172. 
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