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Summary 
Bioorthogonal reactions templated by metal complexes is a thriving area in medicinal 

bioinorganic chemistry for applications in therapy and/or imaging. These reactions are 

commonly catalytic transformations mediated by metal complexes in organic solvents 

and cannot proceed naturally. However, applying these reactions in physiological 

conditions is not facile due to the presence of endogenous nucleophiles, e.g. thiols. 

Palladium complexes have been widely investigated to mediate bioorthogonal reactions; 

however, they often suffer from lack of chemoselectivity and are limited to certain 

experimental conditions (e.g. pH and incubation time). Thus, gold complexes have also 

been considered due to their greater tolerance to aqueous conditions and 

chemoselectivity.  

Therefore, this research aims to explore gold-based catalysts to mediate 

bioorthogonal reactions using two different approaches. The first part of this thesis 

investigates the ability of cyclometalated Au(III) C^N complexes to mediate C-S cross-

coupling reactions via reductive elimination of cysteine residues in different peptides, 

including pharmacologically relevant zinc finger domains. Following this work, other 

cross-coupling reactions have been explored in water and/or generally mild reaction 

conditions, namely C-P and C-C bond formation with different substrates. For example, 

silver phenylacetylide and vinyl-tri(n-butyl)stannane were used as coupling partners to 

form C(sp2)-C(sp) and C(sp2)-C(sp2) products, respectively. Mechanistic insights into the 

different cross-coupling reactions were achieved using an integrated investigational 

approach, including spectroscopic and analytical methods as well as computational 

studies.  

The second part of this thesis incorporates a heterogeneous approach to 

bioorthogonal reactions by the synthesis and characterisation of water-soluble gold 

nanoparticles stabilised by N-heterocyclic carbene ligands (NHC@AuNPs) featuring 

imidazolium scaffolds with sulfonate groups. Gold nanoparticles are widely known for 

their applications in catalysis. Therefore, we envisaged their use as catalysts in living 

cells for bioorthogonal reactions, e.g., activating a pro-drug in situ. Two types of 

NHC@AuNPs were synthesised by a bottom-up approach using Au bis-NHC complexes 

and reducing them with sodium borohydride. Afterwards, the obtained AuNPs were 

characterised by different methods, including transmission electron microscopy (TEM), 

which was used to observe the small size of the NPs (ca. 2 nm). The catalytic 

performance of the nanoparticles was assessed using the model 4-nitrophenol reduction 

to 4-aminophenol in water, with more biocompatible reactions envisaged in future 

studies. Moreover, the same NHC@AuNPs can be used in other biomedical 

applications, including photothermal therapy (PTT) and photoacoustic imaging (PAI).  
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1. Metal complexes as anticancer agents 
The concept of metals in medicine dates back to ancient times when metal compounds, 

such as mercury sulfide (cinnabar), were used to treat trachoma and venereal diseases.1 

Other metals such as arsenic, gold and copper were also utilised to treat different 

diseases in early times; however, little was understood about their mechanisms of action 

and toxicity.1 Eventually, in the 1960s, Rosenberg et al.2 discovered the anticancer 

effects of cisplatin (cis-diamminedichloroplatinum(II)), and since then, metal compounds 

have been truly considered as therapeutic agents (Figure 1, top).1 

 

 
Figure 1 – (Top) Selection of metal-based anticancer complexes. (Bottom) Two metal-based 

complexes used for treatment of different diseases such as diabetes and leishmaniasis. 

 

However, due to the inherent toxicity of cisplatin and acquired resistance by cancer cells, 

derivatives were synthesised to overcome these issues, such as oxaliplatin (Figure 1, 

top).3 Oxaliplatin contains a DACH (diaminocyclohexane) ligand, which, due to its steric 

bulk, is thought to be responsible for its greater inhibition of DNA synthesis and reduced 

cross-resistance.4 Its exceptional activity against metastatic colorectal cancer has led to 

its use as a therapeutic in many countries in combination with fluoropyrimidines.4 Other 

metal complexes have also shown anticancer properties such as ferrocifen, titanocene 

dichloride and RAPTA-C ([Ru(η6-p-cymene)Cl2(PTA)] (PTA = 1,3,5-triaza-7-
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phosphaadamantane and p-cymene = 1-methyl-4-(propan-2-yl)benzene)) (Figure 1, 

top).5 

Nowadays, metal complexes are not just limited to anticancer treatment; for 

example, the vanadium complex bis(maltolato)oxovanadium(IV) (Figure 1, bottom) is an 

insulin-mimetic that can be taken orally as an antidiabetic agent to control glucose levels 

in the blood.6 Additionally, antimonials such as sodium stibogluconate (Figure 1, bottom) 

have been used for the treatment of leishmaniasis until recently.7  

 

1.1. Gold(I) complexes as anticancer agents 
1.1.1. Auranofin and related gold(I) complexes 

Gold (Au) has played a role in medicine since the early centuries, where it was believed 

to ward off evil spirits responsible for disease.8 The first gold-based drugs featured Au(I) 

thiolate moieties, such as aurothiomalate and aurothioglucose, which were used to treat 

tuberculosis between the late 19th and early 20th centuries (Figure 2).9–11 However, the 

treatment induced severe toxicity and eventually also its effectiveness against 

tuberculosis was questioned.10 Nevertheless, non-tubercular patients treated with 

sodium aurothiomalate reported reduced joint pain, which led Forestier to investigate 

gold compounds as treatment for rheumatoid arthritis.10,12 Since then, sodium 

aurothiomalate (Myochrysine®) has remained in the clinic as an anti-arthritis agent, 

administered by intramuscular injection.10 

 

 
Figure 2 – Structures of antirheumatic gold(I) complexes with anticancer effects. 

 

In 1972, auranofin [2,3,4,6-tetra-o-acetyl-L-thio-β-D-glycopyranosato-S-(triethyl-

phosphine)gold(I)] (Figure 2) was tested, along with 12 other alkylphosphine gold 

complexes, for its anti-arthritic properties.13 Auranofin was the most active complex 

studied and showed less severe side effects compared to gold sodium thiomalate.10 Due 

to its hydrophilic nature, auranofin (Ridaura®) could be given as an oral therapeutic in 

the clinic.10 

 Interestingly, in 1979 Simon et al.14 tested the activity of auranofin against cancer 

cell proliferation in HeLa cells (human cervical cancer cell line). A few years later, 

Mirabelli et al.,15 evaluated the antitumour activity of auranofin in vitro against different 

tumour cell lines and in vivo in different mouse tumour models.15 Auranofin was found to 

only be effective against P388 leukaemia in vivo, yet was very cytotoxic in a range of 
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tumour cell types in vitro.15 Further work showed that auranofin derivatives featuring 

other phosphane groups also possessed the same activity in vitro and in vivo to the 

parent compound.16  

However, auranofin was later shown to be inactive against solid tumour models.17 

Additionally, even in mice with the P388 leukaemia model, auranofin was only active 

when administered by intraperitoneal injection (injection into the body cavity).9 

Concerning the mechanisms of action, auranofin has also been shown to induce cell 

apoptosis and inhibition of tumour growth by activation of p38 mitogen-activated protein 

kinase (p38 MAPK) and inhibition of proteasomal deubiquitinases (DUBs).9,18–20 

In terms of pharmacological targets, several studies have reported that auranofin 

can potently inhibit seleno-containing proteins such as thioredoxin reductase (TrxR).21 

TrxRs are homodimeric proteins and part of the flavoprotein family.22 They are named 

as such due to their ability to catalyse the nicotinamide adenine dinucleotide phosphate 

(NADPH)-dependent reduction of thioredoxins (Trxs) (Figure 3).22 Overall, the 

thioredoxin system, which includes TrxR, Trx and peroxiredoxin (Prx), are required to 

regulate the concentration of hydrogen peroxide (H2O2) in cells (Figure 3).21 Uniquely, 

mammalian TrxRs contain a C-terminal selenocysteine (Sec) residue that, with an 

adjacent cysteine (Cys), functions as an additional redox-active site.22 The Sec residue 

is not found in bacterial TrxRs.22 Of note, there have been several reports of TrxRs and 

Trxs being overexpressed in cancer cells, making them a suitable target for anticancer 

treatment.21 

 

 
Figure 3 -Thioredoxin pathway to mediate the reduction of hydrogen peroxide. TrxRs catalyse 

the NADPH-dependent reduction of Trx, which in turn reduces Prx, allowing hydrogen peroxide 

to be converted to water. Image adapted from ref.21 

 

Following the initial studies on auranofin, various families of Au(I) compounds were 

shown to be potent inhibitors of mammalian TrxRs. This can be explained by the 

presence of the Sec residue which favours binding to the Au(I) soft Lewis acid leading 

to TrxR inhibition.21 In general, the same gold(I) complexes are 1000-fold less effective 

in inhibiting human glutathione reductase (GR) and glutathione peroxidase, highlighting 

the selectivity of these complexes for the seleno-containing enzyme TrxR.21,23  
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 Au(I) complexes usually possess a linear coordination geometry and high 

reactivity towards sulfur donors (e.g. thiolates of Cys residues) via ligand exchange 

reactions, which may also contribute to the development of side effects.24 With the aim 

of reducing the reactivity with thiols, several four-coordinated bis-chelated Au(I)-

phosphane complexes have also been designed.24 For example, Berners-Price et al.25 

were the first to report on the antitumoural activity of these complexes, namely 

[Au(dppe)2]Cl (dppe = bis(diphenylphosphino)ethane) (Figure 4) in mice tumour 

models.25 [Au(dppe)2]+ and its derivatives belong to a class of antitumour agents known 

as delocalised lipophilic cations (DLCs), which accumulate in the mitochondria of cancer 

cells.26 However, the compounds were not selective for cancer cells causing 

mitochondrial dysfunction, leading to severe toxicity in preclinical studies on dogs and 

rabbits.26 

 In order to modulate the complex to target cancer cells selectively, the lipophilic 

nature was decreased to avoid membrane permeabilization of healthy cells.24 McKeage 

et al.27 observed that replacing the phenyl groups of [Au(dppe)2]Cl with pyridyl groups 

gave a series of complexes with an extensive array of hydrophilic properties, with the 

general formula, [Au(dnpype)2]Cl (dnpype = 1,2-bis(di-n-pyridylphosphino)ethane, n = 2, 

3 and 4).27 The 2-pyridyl complex [Au(d2pype)2]Cl (Figure 4) showed intermediate 

lipophilic character and significant in vivo antitumour activity in colon 38 (MC-38) tumours 

in mice.26,27 The cytotoxic potential of these complexes was also assessed in isolated rat 

hepatocytes and different cisplatin-resistant human ovarian cancer cell lines.26,28 

Generally, it was found that increasing the compound’s lipophilicity resulted in an 

increase in cytotoxicity along with a decrease in selectivity towards cancer cells.26,28 

 

 
Figure 4 – Structures of Au(I) chelated diphosphine anticancer complexes. Ph = phenyl and Py 

= 2-pyridyl. 

 

Further work to optimise the lipophilicity of these Au(I) chelated diphosphine complexes 

involved replacing the ethyl-bridge between the pyridyl phosphine ligands of 

[Au(d2pype)2]Cl with a propyl-bridge forming [Au(d2pypp)2]Cl (d2pypp = 1,3-bis(di-2-

pyridylphosphino)propane) (Figure 4).29 The increased length of the alkyl chain 

increased the lipophilicity, resulting in an octanol-water partition coefficient (log P) of the 

complex to be within an optimal range (increase in log P from -0.92 to -0.46 for 
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[Au(d2pype)2]Cl and [Au(d2pypp)2]Cl, respectively).29 It is important to point out that this 

is still far away from the logP value of the highly lipophilic parent complex, [Au(dppe)2]+ 

(logP = 1.41).29 Additionally, the complex demonstrated selective cytotoxicity towards 

triple-negative human breast cancer cells (MDA-MB-468) rather than healthy human 

mammary epithelial cells (HMEC).29  

Further studies showed that the complex could inhibit both Trx and TrxR more 

effectively in breast cancer cells than healthy cells, which could further account for its 

selective toxicity.30 It was previously shown that [Au(dppe)2]Cl had low reactivity towards 

thiols; however, it appears that for [Au(d2pypp)2]Cl this is not the case, which may be 

due to more facile opening of the six-membered chelate ring, compared to the five-

membered ring of the parent complex, allowing it to interact with the protein thiol/selenol 

groups.30 It was proposed that the Au(I) would irreversibly bind to the Cys/Sec residues 

in the active site of TrxR1 and TrxR2, causing displacement of the phosphine ligands; 

therefore, inhibiting the Trx/TrxR system intracellularly (Figure 5).30 

 

 
Figure 5 – Schematic representation of [Au(d2pypp)2]Cl uptake in cells leading to its 

accumulation in the cytoplasm and mitochondria, thus, binding to the corresponding Trx and 

TrxR isoforms. Image adapted from ref.30 

 

Lipophilic cationic mixed gold phosphine complexes have also been shown to possess 

anticancer activity; for example, [Au(dppp)(PPh3)Cl] (dppp = 1,3-

bis(diphenylphosphino)propane, PPh3 = triphenylphosphine) was found to be effective in 

vitro against a range of different cancer cell lines, showing highest toxicity in melanoma 

cells.31 The group later reported mitochondria as the likely target for this complex, 

inducing mitochondria-mediated apoptosis.32 In solution, the [Au(dppp)(PPh3)Cl] 

complex partially decomposes to form the dinuclear cationic species [Au2(dppp)2Cl]+, 

which could be the active species responsible for the anticancer activity in the different 

cell lines.33  
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remarkably, its anticancer effect is exerted in androgen-independent PC-3 human 

prostate tumour cells, which are rarely inhibited by metal-based drugs.34 Analysis of the 

cell cycle of HCT-15 cells (human colorectal carcinoma cells), when exposed to the 

complex, showed elongation of the G1 phase, indicating a cytostatic effect of the drug.34 

This effect was also observed in vivo for mice bearing syngeneic meth/A sarcoma cells, 

with an increased survival time when treated with [Au(P(CH2OH)3)4]Cl.34  

 

 
Figure 6 – (a) Structure of the four-coordinate Au(I)-phosphine complex published by Katti and 

co-workers.34 (b) Au(I)-phosphane complexes capable of inducing autophagy in HeLa cells.35 

 

Che and co-workers later reported a series of Au(I)-phosphines capable of inducing 

autophagy in HeLa cells, with [Au(PPh3)Cl], [Au2(μ-dppm)Cl2] (dppm = 

bis(diphenylphosphino)methane) and [Au3(μ-dpmp)Cl3] (dpmp = 

bis(diphenylphosphinomethyl)phenylphosphine) (Figure 6b) producing an accumulation 

of autophagosomes in the cells as observed by TEM (transmission electron microscopy), 

which is thought to be associated with cell death.35 

In 2015, Contel and co-workers reported the ability of a heterometallic titanocene-

gold phosphine complex, [(η-C5H5)2TiMe(μ-mba)Au(PPh3)] (mba = S-C6H4-COO-) 

(Figure 7), to selectively inhibit the growth of human renal cancer cells (Caki-1) against 

healthy human kidney cell lines, HEK-293T (non-tumourigenic human embryonic kidney 

cells) and RPTC (human renal proximal tubular cells) in vitro.36 Further in vitro studies 

showed that renal cancer growth could be impeded by pathways involving inhibition of 

TrxR and decreased expression of protein kinases involved in tumour metathesis.36 In 

vivo work was also performed using mice inoculated with Caki-1 cancer cells, which, 

when treated with the compound for 28 days (3 mg per kg per every other day), saw an 

impressive 67% decrease in tumour size.36  
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Figure 7 – Structure of heterometallic titanocene-gold phosphine complex, [(η-C5H5)2TiMe(μ-

mba)Au(PPh3)] (mba = S-C6H4-COO-) reported by Contel and co-workers.36 

 

1.1.2. Gold(I) N-heterocyclic carbene (NHC) complexes 
In an attempt to reduce the speciation of cytotoxic Au(I) complexes in a biological 

environment and to control their reactivity with selected targets, numerous recent studies 

have investigated organometallic Au(I) complexes endowed with increased stability in 

terms of ligand exchange reactions and redox properties.37 In this context, N-heterocyclic 

carbene (NHC) ligands have become popular in medicinal inorganic chemistry due to 

their ease of functionalisation and less toxic nature compared to phosphine ligands.37 

NHCs are ideal ligands for gold(I) due to their strong electron-donating ability, providing 

stability in physiological conditions.37 In 2004, Berners-Price and co-workers38,39 

presented a series of dinuclear Au(I) cationic complexes (Figure 8) bearing imidazolium-

linked cyclophane or cyclophane-like ligands, investigating their ability to induce 

mitochondrial membrane permeabilization (MMP) in isolated rat liver mitochondria.38,39  

Mitochondria are not only needed for ATP (adenosine triphosphate) generation; 

they are also vital for the control of apoptotic cell death.40 Cellular apoptosis can be 

initiated by the permeabilization of the mitochondrial membrane, which is controlled by 

the opening of the permeability transition pore in the inner membrane of the 

mitochondria.41 However, in diseases such as cancer, mitochondrial apoptosis can be 

inhibited, allowing cancer to spread.40 This led to research into new anticancer 

complexes capable of targeting the mitochondrial cell death pathway to trigger apoptosis 

by MMP.39 The significant difference between plasma membrane potentials and 

mitochondria in cancer cells compared to healthy cells has been exploited as a potential 

targeted anticancer therapy using compounds with optimal lipophilic character and 

featuring positive charges (the aforementioned DLCs).39 Although previous work had 

shown that Au(I) phosphine complexes such as [Au(dppe)2]+ could be effective 

anticancer compounds acting as DLCs,25 the robustness in functionalisation of NHC 

ligands, together with their reduced toxicity in non-tumourigenic cells with respect to 

phosphane ligands, has made them attractive alternatives, with easier control of the 

overall chemico-physical properties.39 
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Figure 8 – Series of dinuclear Au(I) NHC complexes bearing imidazolium-linked cyclophanes 

and related non-cyclophane scaffolds.39 
 

The MMP in the presence of compounds 1-7 (Figure 8) was monitored by mitochondrial 

swelling, with increased swelling suggesting increased permeabilization.39 Overall, the 

most active compound was 2 in the presence of Ca2+;39 however, it still did not exceed 

the activity of auranofin.42 

 Two years later, the same group reported five linear mononuclear Au(I) bis-NHC 

complexes (Figure 9) bearing monodentate dialkylimidazol-2-ylidene ligands, which 

were varied to alter the lipophilicity of the compound.43 The lipophilic character of the 

complexes can be tuned to favour rapid uptake in cancer cells compared to healthy cells, 

specifically in the mitochondria, due to their increased plasma and mitochondrial 

membrane potentials.43 

 

 
Figure 9 – Structures of Au(I) NHC complexes bearing monodentate dialkylimidazol-2-ylidene 

ligands altered to tune the lipophilicity of the compound.43,44 

 

Compounds 9-12 showed dose-dependent (1-10 μM) mitochondrial swelling in isolated 

rat liver mitochondria, whereas the least lipophilic compound (8) did not induce 

significant swelling.43 
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 9 

 Following on from this work, Berners-Price and co-workers chose to investigate 

complex 9 as a potential inhibitor of TrxR due to its intermediate lipophilicity (log P = -

0.29), alongside two new derivatives (Figure 9), 13 (log P = -0.002) and 14 (log P = -

0.84).44 In this study, the cytotoxicity of compounds 9, 13 and 14 were evaluated against 

MDA-MB-231 and MDA-MB-468, both of which are highly tumourigenic breast cancer 

cell lines, and also healthy human mammary epithelial cells (HMEC), to observe any 

selectivity towards the cancer cell lines.44 All three complexes showed selective 

cytotoxicity for the two breast cancer cell lines over the healthy cells.44 However, complex 

9, with the intermediate log P value, provided the greatest selectivity and cytotoxicity.44  

To gain more understanding as to whether thiol- and selenol-containing proteins, 

such as TrxR, are targets for Au(I)-NHC compounds, complex 8 from the previous study, 

alongside complex 9 (1.7 mM), were incubated with Cys and Sec (8.3 mM) at 37 ºC in 

phosphate-buffered saline (PBS, 0.1 M, pH 7.2).44 The reaction was monitored using 1H 

NMR (nuclear magnetic resonance), paying close attention to the resonances of the 

imidazolium H4/H5 protons. It was reported that a two-step process occurs whereby the 

NHC ligands are exchanged to form either [Au(Cys)2]- or [Au(Sec)2]-.44 Complex 8 was 

2- to 3-times more reactive than complex 9, which was expected, due to the bulkier 

wingtip group (iPr) of the latter, providing steric hindrance to the entering ligand. The 

reactions with Sec for both complexes were also faster compared to Cys, which the 

authors proposed was due to the difference in pKa values at pH 7.2, as the Sec group 

would be deprotonated, whereas the Cys would be protonated.44 To observe whether 

these reactions would translate to inhibition of TrxR, complex 9 was incubated with MDA-

MB-231 cells over 6 hours with increasing concentrations of 9. The results showed 

promise, with TrxR activity inhibited by ca. 50% with 5 μM of 9 with no inhibition of GR, 

a thiol-containing, Se-free enzyme.44 

 Following on from this work, Ott and co-workers synthesised a series of mono 

benzimidazol-2-ylidene gold(I) compounds (15-18, Figure 10) with the general formula 

[Au(NHC)Cl].45 Different substituents on the NHC core were used to alter the lipophilicity 

and surface volume to interact with the TrxR active site favourably.45 

 

 
Figure 10 – Series of mono benzimidazol-2-ylidene gold(I) compounds to inhibit TrxR.45 
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All compounds (15-18) selectively inhibited the TrxR enzyme when compared to the 

structurally similar GR enzyme, with EC50 values between 0.009 and 4.0 μM for TrxR, 

and between 4.2 and 94 μM for GR, with complex 18 showing the lowest activity in both 

TrxR and GR.45 Anticancer effects of these compounds were also investigated on 

different cancer cell lines showing moderate antiproliferative effects. Complex 16 was 

then examined in more detail, with studies showing that treatment of cells with 2.5 μM of 

16 resulted in apoptosis/necrosis of cells.45 Reactive oxygen species (ROS) formation 

was also monitored with an increase seen in concentrations greater than 2.5 μM of 16, 

suggesting that the activity of the TrxR enzyme had been affected. This was also 

evidenced by the effects of 16 on the mitochondrial respiration of isolated mice liver 

mitochondria.45 

 Further studies by the Ott group investigated the effects of different ancillary 

ligands, other than chloride, on the overall pharmacological activity of the Au(I)-NHC 

complexes.46 Thus, two cationic complexes were synthesised, namely the bis-NHC (Au) 

complex 19 and the NHC-Au(I) phosphane derivative 20 (Figure 11).46 

 

 
Figure 11 – 1,3-benzimidazol-2-ylidene Au(I) complexes with NHC and PPh3 ligands as more 

stable alternatives to complex 16.46 
 

DFT (density functional theory) calculations gave different bond dissociation energies 

(BDE), which in turn could be used to predict the stability of the complexes (16 < 20 < 

19).46 As expected, complex 19 showed the greatest stability due to the presence of two 

Au-C bonds.46 The complexes were then reacted with serum albumin, the most abundant 

serum protein containing a Cys34 residue, where gold compounds are known to bind.46,47 

The reactivity followed the same trend in stability, as predicted by the BDE values, with 

complex 19 being the least reactive.46 The inhibition of TrxR is also in line with these 

results, with complex 19 showing the lowest inhibition.46  

 Later that year, Casini, Ott and co-workers expanded the library of Au(I)-NHC 

complexes with other phosphane ligands, forming complexes 21-23 (Figure 12).48 Firstly, 

the antiproliferative effects of the complexes were tested on MCF-7 cells (human breast 

cancer cell line) and HT-29 cells (human colorectal cancer cell line); complex 20 was 
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also included as a comparison.48 In both cell lines, the complexes were cytotoxic, with 

IC50 values below 10 μM; however, the lowest IC50 values were seen in MCF-7 cells. 

Complex 20 was the most potent in both cell lines, which could be explained by its high 

lipophilicity; thus, cellular accumulation.48  

 

 
Figure 12 - Structures of Au(I) NHC complexes with different phosphane ancillary ligands.48 

 

The potential of the complexes 21-23 to inhibit TrxR was assessed, comparing to the 

enzyme, GR.48 All complexes were effective inhibitors of TrxR, with IC50 values below 1 

μM, however complexes 22 and 23, with the smaller groups on the phosphane ligand, 

gave the lowest IC50 values.48 Importantly, 22 and 23 exhibited a marked selectivity for 

TrxR inhibition compared to GR inhibition;48 however, this is still not enough to exceed 

the selectivity seen previously by auranofin.23,46 The zinc finger protein PARP-1 

(poly(ADP-ribose) polymerase-1) was also investigated in this work as another potential 

target for gold complexes.48,49 PARP-1 is responsible for recognising DNA damage and 

initiating its repair, as well as being involved in cancer cell proliferation.50 All complexes 

(20-23) showed exceptional inhibition of the enzyme, with IC50 values 100-fold lower than 

the benchmark inhibitor 3-aminobenzamide,49 with the lowest IC50 value observed for 

complex 20.48 The authors postulated that this increased activity was due to complex 20 

having the lowest BDE value for the Au-PR3 bond.48 

 Further examples of increasing the potency of the Au(I) NHC complexes have 

been demonstrated; for example, Contel and co-workers51 conjugated a Au(I) NHC 

complex to a titanocene group, resulting in increased cytotoxic activity compared to their 

corresponding monometallic precursors in prostate and colon cancer cell lines.51 

Targeted drug delivery can also be achieved, as seen by Veige and co-workers, by 

attachment of a CCRF-CEM-leukaemia specific aptamer sgc8c to a NHC-Au(I) 

complex.52 

Che and co-workers53 demonstrated the advantages of retaining both an NHC and 

phosphine ligand on the Au(I) for targeting cellular TrxR in vivo. The dinuclear complex 

(24, Figure 13) possessed a bridging bis(NHC) ligand to provide stability against cellular 

thiols, such as glutathione (GSH) and serum albumin, and a diphosphine ligand to allow 

favourable reactivity towards TrxR.53 In vivo studies also showed that the complex could 
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significantly inhibit tumour growth of HeLa xenografts on mice as well as highly 

aggressive mouse B16-F10 melanoma. Comprehensive toxicology studies also showed 

that the complex bears no noticeable side effects in the conditions investigated.53 

 

 
Figure 13 – Dinuclear Au(I) complex investigated as a TrxR inhibitor and anticancer agent by 

Che and co-workers.53 

 

Au(I) bis-NHC complexes were further investigated for targeting other non-proteinaceous 

targets, including G-quadruplex (G4) DNA. The formation of G4 structures from single-

stranded telomeric DNA can inhibit the enzyme telomerase, which is overexpressed in 

most cancer cells.54 G4 DNA structures are also commonly found in the promoter regions 

of oncogenes; therefore, stabilisation of these G4 structures can stop the expression of 

the corresponding oncogene.54  

Due to the strong Au-C bonds in the Au(I) bis-NHC complex, it was hypothesised 

that instead of a ligand exchange reaction, the complex would interact with the G4 DNA 

via non-covalent interactions. This was demonstrated by Casini and co-workers,55–57 

where they used two methylated caffeine ligands to achieve [Au(9-methylcaffeine-8-

ylidene)2]+, a potent G-quadruplex stabiliser. The complex also demonstrated selectively 

by stabilising G4-DNA over duplex DNA.55,56 Combined X-ray diffraction (XRD) and 

atomistic simulations showed that the compound could stack at the top of a G4 unit 

(Figure 14).56 This compound also showed moderate cytotoxicity against the human 

ovarian cancer cell line A2780 and its cisplatin-resistant variant, A2780/R, with little effect 

on non-cancerous HEK-293T cells, displaying desirable and selective antiproliferative 

effects.57  
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Figure 14 – An adduct of the cationic bis-NHC Au(I) complex [Au(9-methylcaffeine-8-ylidene)2]+ 

with promoter G4 structure (cKIT) calculated by multiple collective variable (CV) metadynamics. 

Figure generated with VMD software by Dr. Wragg. Reprinted with permission from ref. 59 

Copyright (2021) Elsevier.56,58,59 

 

1.1.3. Gold(I) Alkynyl complexes 
The use of gold(I) alkynyl complexes for therapeutic applications was first explored in 

2009 in two separate papers by the groups of Mohr60 and Wong.61 Mohr and co-workers 

synthesised Au(I) alkynyl complexes bearing derivatives of known anti-malaria drugs to 

improve their efficacy (25-27, Figure 15).60 Unfortunately, the complexes showed low 

anti-malaria activity when tested on two different strains of plasmodium falciparum, with 

IC50 values several times higher than chloroquine alone.60 However, the complexes were 

also screened as anticancer agents on four different human cancer cell lines and their 

results were compared to those found for cisplatin. The cytotoxicity was moderate for all 

complexes, with 27 showing the lowest IC50 values, however still not as active as 

cisplatin.60 

 Wong and co-workers investigated the anticancer activity of diethynylfluorenes 

and their Au(I) complexes (28 and 29, Figure 15), differing only in a carbonyl group, in 

three different human cancer cell lines.61 Remarkably, 28 showed superior anticancer 

activity compared to cisplatin, at variance to its starting ligand. Due to these promising 

results, 28 was next investigated in vivo against human Hep3B (human liver) carcinoma 

cells xenografted onto athymic nude mice.61 Over 10 days, 28 showed no overall change 

in mean tumour volume; however, the mice treated with the buffer vehicle (placebo) saw 

a 3-fold increase in tumour volume. Autopsy samples of vital organs from both the mice 

treated with 28 or the buffer vehicle showed no necrotic features, highlighting a promising 

toxicology profile of 28.61 Investigations into the mechanism of action for 28 led to the 

discovery that it produces significant intracellular ROS, which the authors proposed as 
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essential for the cytotoxicity of the compound due to reduction of ROS generation and 

cytotoxic activity when co-incubated with catalase, a ROS scavenger.61,62 

 

 
Figure 15 - Au(I) alkynyl complexes bearing triphenylphosphine ligands60,61 

 

The following year, Vergara et al.,63 synthesised organometallic alkynyl phosphane Au(I) 

complexes bearing either PTA or DAPTA (3,7-diacetyl-1,3,7-triaza-5-

phosphabicyclo[3.3.1]nonane) as co-ligands to improve the stability and water-solubility 

of these Au(I) complexes. A series of mono-, di- and trinuclear Au(I) derivatives were 

formed with a range of alkynyl groups, a selection of which were then tested for their 

cytotoxicity in A2780 and A2780cisR cell lines.63 The most active compounds are shown 

in Figure 16 (30-32). 30b showed greater potency compared to cisplatin in both cell lines, 

with comparable IC50 values to auranofin, suggesting it was capable of overcoming the 

cisplatin resistance mechanism.63 31a and 31b were both more potent than cisplatin and 

auranofin in A2780 cells, however, could not outperform auranofin in A2780cisR cells. 

Trinuclear complexes 32a and 32b were again more active than cisplatin however could 

not match the potency observed for auranofin in either cell line.63 

 

 
Figure 16 – Organometallic alkynyl Au(I) complexes bearing PTA or DAPTA as a co-ligand.63–65 

 

More recently, inspired by these results, the groups of Cerrada and Rodriguez-Yoldi,64,65 

investigated the anticancer effect of complexes 30a64 and 33a65 (Figure 16) on human 

colorectal carcinoma cells (Caco-2/TC7). Both complexes were able to bind to bovine 

serum albumin (BSA) more strongly than cisplatin, which was proposed to lead to greater 

distribution of the complex within the blood.64,65 Antiproliferative studies highlighted the 

high potency of both complexes in vitro and their selectivity for cancer cells (Caco-2/TC7 
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cells which are not at confluence) compared to normal enterocytes (Caco-2/TC7 cells at 

confluence).64,65 However, the mechanism of action of these complexes appeared to be 

different. 30a caused inhibition of the enzyme TrxR-1, resulting in increased ROS levels 

and cell apoptosis. Whereas 33a showed minimal inhibition of TrxR, but an increase in 

ROS production, which led to necroptotic cell death in Caco-2/TC7 cells.64,65 Therefore 

33a showed promise as a treatment for cancer cells resistant to apoptosis.65 

 Meanwhile, Laguna and co-workers66 investigated a series of s-

propargylthiopyridine phosphane Au(I) complexes coordinated to Cu(I) via free nitrogen 

and sulfur groups for use as anticancer agents for colon cancer. Water-soluble 

phosphanes (PTA and DAPTA) were also used in this work after the success observed 

by Vergara et al.63 the previous year.66 The addition of Cu(I) was anticipated to increase 

the potency of the complex due to the combination of two cytotoxic metals.67 The 

cytotoxicity of the dimetallic complexes (35a,b and 36a,b, Figure 17) were tested against 

two clones of the cell line Caco-2: Caco-2/TC7 and Caco-2/PD7, as well as the Au 

(34a,b, Figure 17) and Cu mononuclear precursors.66 In all cases, the bimetallic 

complexes (35a,b and 36a,b) showed significant potency compared to both 

monometallic precursors. Generally, the complexes bearing two Au atoms and a 

hexafluorophosphate (PF6
-) counterion (35a,b) exhibited increased cytotoxicity 

compared to the mono-Au complexes featuring a nitrate (NO3
-) counterion (36a,b), with 

the exception of 36b in Caco-2/TC7 cell line.66 The bimetallic complexes (35a,b and 

36a,b) also showed superior activity compared to cisplatin and auranofin, with a 

maximum increase in five orders of magnitude for 35a compared to cisplatin in Caco-

2/PD7 cells.66 Derivatisation of the propargylthiopyridine to form complexes 37a,b-39a,b 
resulted in highly cytotoxic compounds against Caco-2/PD7 and Caco-2/TC7 cell lines, 

however none were more potent than auranofin. The PTA complexes (37-39a) showed 

greater toxicity than their DAPTA counterparts (37-39b) with the most active complex 

across both cell lines being 37a, however this was closely followed by 38a and 39a.66 
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Figure 17 – A series of S-propargylthiopyridine phosphane Au(I) complexes with/without Cu(I) 

coordination.66 

 

The group of Ott have also synthesised Au(I) alkynyl complexes for anticancer treatment, 

bearing a triphenylphosphine (PPh3) group as the ancillary ligand.68 The complexes 

exhibited IC50 values in the low μM range in MCF-7 and HT-29 cells, with complexes 40 

and 41 (Figure 18) being the most successful for TrxR inhibition, with selectivity over 

GR.68 The authors also tested the complexes for anti-angiogenic effects; zebrafish 

embryos were treated with non-toxic concentrations of 40 and 41 for 48 and 72 h and 

compared to the known anti-angiogenic drug thalidomide.68 

 

 
Figure 18 – Au(I) alkynyl complexes bearing a triphenylphosphine ligand synthesised by the Ott 

group.68 

 

Both complexes (40 and 41) were shown to be effective anti-angiogenic agents in more 

than 90% of the embryos treated, whereas thalidomide only affected approximately half 
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of the embryos.68 Interestingly, the corresponding ligands of 40 and 41 showed no anti-

angiogenic properties.68 

Combining the advantages of NHC and alkynyl ligands on Au(I) was first reported 

by Casini and co-workers69 for the NHC-gold(I)-alkynyl complex 42 (Figure 19). The 

complex was tested against four tumour cell lines such as HCT-116 (p53wt and p53null), 

MCF-7 and A375 (human melanoma cell line).69 Low micromolar IC50 values were 

obtained across the cell lines, with potential selectivity demonstrated due to little toxicity 

observed against healthy rat kidney tissue.69  

Casini, Bonsignore and co-workers70 later described a further series of NHC-Au(I)-

alkynyl complexes, including complex 43 (Figure 19) where the NHC ligand was derived 

from a xanthine structure. The complex was tested against three cancer cell lines (A375, 

SKOV-3  (human ovarian cancer cell line) and MCF-7) and only showed moderate 

cytotoxicity against the MCF-7 cell line.70 Instead, the benzimidazole complexes 44 and 

45 (Figure 19) exhibit only moderate cytotoxicity against the same three cell lines.71 

 

 
Figure 19 – NHC-Au(I)-alkynyl complexes reported by the Casini group.69–71 

 

1.2. Gold(III) complexes as anticancer agents 
1.2.1. Gold(III) porphyrin complexes 

Pioneering work by Che and co-workers72 sparked interest in this field, describing the 

ability of a gold(III) tetraphenylporphyrin (TPP) complex (46, Figure 20) to exhibit higher 

potency in human cancer cells compared to the benchmark cisplatin. This included 

higher potency in cisplatin-resistant cell lines, which indicates a different mechanism of 

action.72 The stability of the complex towards glutathione (2 mM GSH, Tris buffer : 

Acetonitrile, 19:1 v/v, pH 7.2) was also highlighted using Ultraviolet-Visible (UV-Vis) 

spectroscopy, with no change observed in the spectrum after several hours. After 48 h, 

the Soret band did appear to reduce in intensity; however, this could be restored by the 

addition of acetone, suggesting this change was caused by aggregation of the complex 

itself.72 

 Over the years, complex 46 has also shown remarkable cytotoxicity in vivo 

against a range of different cancers, such as: hepatocellular carcinoma (HCC),73 

nasopharyngeal carcinoma (NPC),74 colon cancer,75 neuroblastoma,76 NPC metastasis77 
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and melanoma.78 Extraordinarily, complex 46 has also been shown to inhibit the 

development of cancer stem cells in vivo, with no significant genotoxicity in nude mice 

at a dose below 3 mg kg-1.79 Additional work by the group also showed that complex 46 

was capable of inhibiting both cisplatin sensitive (A2780) and cisplatin-resistant 

(A2780cisR) ovarian cancers in vivo, by using a xenograft model consisting of the two 

tumours on the same nude mouse.80 This was prepared by inoculation of the two types 

of cancer cells (A2780 and A2780cisR) into either side of the mouse.80 

 

 
Figure 20 – Cytotoxic Au(III) tetraphenylporphyrin (TPP) complexes (46, 47 and 46a) and Au(III) 

mesoporphyrin IX dimethyl ester complex (48) investigated by the group of Che.72,81–83 

 

Further work by the group of Che84 also showed that different peripheral substituents on 

the meso-phenyl rings could influence the properties of the complex; for example, the 

addition of saccharide conjugations resulted in greater selectivity to cancer cells and 

enhanced cytostatic activity; however, it reduced the cytotoxicity of the complexes.84 

 The addition of a meso-hydroxyl group to the TPP structure (complex 47, Figure 

20) was also reported to improve the water-solubility of complex 46.81 Remarkably, 

complex 47 also showed high cytotoxicity in cancer cells, specifically in human breast 

cancer cells, with up to 3000-fold greater cytotoxicity compared to cisplatin.81 In vivo work 

also showed that complex 47 could suppress the growth of breast cancer tumours in 

nude mice.81 The authors considered this potency to be partly due to inhibition of the 

class I histone deacetylase (HDAC) activity which reduced the signalling of Wnt/β-

catenin, a key target of cancer treatment.81,85 
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 In order to gain more insight into the target molecules of the Au porphyrin 

complexes within cells, Che and co-workers82 exploited approaches such as affinity-

based proteome profiling, whereby a clickable photoaffinity probe was attached to 

complex 46 to form complex 46a (Figure 20). The combination of a linker, clickable tag 

and photoaffinity tag were required in order to form the complex; however, regardless of 

these additions, complex 46a showed comparable cytotoxicity to complex 46.82  

In this work, cancer cells (HeLa) were incubated with complex 46a for 1 h before 

irradiation with UV light, initiating the reaction with the azide conjugated Cy5.82 The heat-

shock protein 60 (Hsp60), a mitochondrial chaperone, was identified as the photo-affinity 

labelled protein by MALDI-TOF/TOF MS (matrix-assisted laser desorption ionisation-

time of flight / time of flight mass spectrometry).82 The function of Hsp60 is to refold and 

reactivate misfolded proteins alongside its co-chaperonin Hsp10;86 therefore, to 

understand if complex 46a affects its activity, Hsp60 was exposed to denatured malate 

dehydrogenase (MDH) alongside varying concentrations of 46a (2-20 μM).82 The authors 

observed a dose-dependent inhibition of Hsp60 to reactivate MDH, which was also true 

for complex 46 and 47. A Pt(II) derivative of 46a bearing an N-substituted pyridine group 

was also tested for inhibition of Hsp60; however, it did not produce a significant reduction 

in activity.82 

 More recently, Che and co-workers83 uncovered the novel reactivity of a gold(III) 

mesoporphyrin IX dimethyl ester (AuMesoIX, complex 48, Figure 20) due to its ability to 

react with cysteine residues. Complex 48 forms covalent C-S bonds to the protein’s thiols 

due to the electrophilic methine group, at variance with complex 46 that possess phenyl 

groups in the meso-positions.83 The most common reactivity of gold complexes with 

thiols is via the formation of a Au-S bond; however, in this case the ligand is activated by 

the electrophilic gold(III), meaning the meso-carbon can react with the thiol instead. This 

work also demonstrated the ability of the complex to inhibit the activity of several 

anticancer protein targets such as Trxs and DUBs via their thiol residues and showed 

potent cytotoxicity towards cancer cells both in vitro and in vivo.83 Therefore, this novel 

reactivity could be exploited to develop new covalent protein inhibitors for anticancer 

treatment. 

 

1.2.2. Gold(III) corrole complexes 
Corrole ligands show interesting coordination chemistry due to their trianionic nature and 

high electron density, meaning they are able to coordinate to elements in formally high 

oxidation states such as manganese, iron, cobalt and gallium.87  

Taking inspiration from similar Au(III) porphyrin complexes, Teo et al.,88 reported 

the cytotoxic and cytostatic properties of a water-soluble Au(III) complex of 2,17-bis-

sulfonate-5,10,15-trispentafluorophenylcorrole (complex 49, Figure 21). This ligand has 
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also been synthesised as a Ga(III) complex, which was found to be cytotoxic towards 

breast cancer cells.89 The cytotoxicity of complex 49 was compared to its Ga analogue 

in four different cancer cell lines, including DU145 (human prostate), SK-MEL-28 (human 

melanoma), MDA-MB-231 (human triple-negative breast) and OVCAR-3 (human 

ovarian).88 Remarkably; complex 49 showed superior toxicity across all cancer cell lines 

compared to the Ga analogue, which was also seen for the cytostatic activity, indicating 

that the mechanism of action of 49 is via cell cycle arrest due to inhibition of DNA 

replication.88 

 

 
Figure 21 – Cytotoxic and cytostatic water-soluble Au(III) corrole complex.88 

 

The authors also observed a decrease in binding affinity of complex 49 to human serum 

albumin (HSA) compared to the Ga complex, which they believe could be responsible 

for its greater cytotoxicity.88 

 

1.2.3. Gold(III) complexes with chelating N donor ligands 
Gold(III) can also be stabilised by chelating nitrogen donor ligands (N^N), as shown by 

Messori et al.90 where they investigated the stability and anticancer properties of these 

Au(III) complexes (Figure 22). The N donor ligands used to form the Au complexes were: 

ethylenediamine (en, complex 50), phenanthroline (phen, complex 51), 

diethylenetriamine (dien, complex 52), terpyridine (terpy, complex 53) and 1,4,8,11-

tetraazacyclotetradecane (cyclam, complex 54).90  
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Figure 22 – Series of Au(III) complexes with chelating N donor ligands reported by Messori et 

al.90 

 

All complexes showed reasonable stability in physiologically relevant buffer over 72 h.90 

Cytotoxicity studies were performed against the A2780 cell line, both sensitive and 

resistant to cisplatin, with all complexes apart from Aucyclam (54) showing low μM IC50 

values in the cisplatin sensitive cell line.90 Auterpy (53) appeared to be the most toxic 

across both cell lines; however, the ligand itself was also highly toxic, which suggests 

loss of the Au(III) centre. Alternatively, Auen (50) and Audien (52) showed superior 

toxicity to their corresponding ligands, strongly signifying that their potency is due to the 

Au(III) centre.90  

Another key target of Au(III)(N^N) complexes are aquaporins (AQPs), which are 

plasma membrane proteins.91,92 There are 13 human isoforms of AQP (AQP0-12), and 

these can be divided into two groups: orthodox AQPs that transport mainly water, and 

aquaglyceroporins (AQP3, 7, 9 and 10) that also transport small solutes such as glycerol. 

They are involved in many physiological processes, including cell proliferation, making 

them important targets for anticancer treatment.91,92 Auphen (51) and Audien (52) 

showed superior inhibition of AQP3 activity compared to the other metal complexes 

tested in the study, with 51 possessing the greatest inhibition.91,92 The targeting was also 

shown to be selective favouring inhibition of AQP3 over AQP1, an orthodox AQP.92,93  

 A multi-level theoretical study was also performed using the Au(III)(N^N) complex 

[Au(bipy)Cl2]PF6 (bipy = 2,2’-bipyridine) as the model inhibitor of AQP3 due to its basic 

scaffold and ease of functionalisation.94 The results concluded that water speciation of 

the Aubipy complex, where the chloride is replaced by a hydroxide forming 

[Aubipy(OH)Cl]+, is required for interaction with AQP3.94  

 In 2006, Casini et al.95 reported the synthesis and biological properties of 

dinuclear oxo-bridged Au(III) complexes bearing bipyridyl ligands. Complex 55 (Figure 
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23), bearing two 6,6’-dimethyl-2,2’-bipyridine ligands, showed the highest cytotoxicity 

against cisplatin sensitive and resistant A2780 cell lines, with a five-fold increase in 

cytotoxicity compared to cisplatin against the A2780/R cells.95 Remarkably, 55 was found 

to have high selectivity and activity when tested on a panel of thirty six cancer cell lines, 

with a mode of action predicted by COMPARE analysis to be histone deacetylase 

(HDAC) inhibition.96  

 

 
Figure 23 – Oxo-bridged Au(III) complex bearing two chelating 6,6’-dimethyl-2,2’-bipyridine 

ligands.95 

 

A series of Au(III)-NHC complexes bearing 2,6-bis(imidazol-2-yl)pyridine N^N^N ligands 

have been developed as thiol “switch-on” fluorescent probes.97 In the presence of thiols 

such as GSH, the H2N^N^N ligand is lost, which is fluorescent and thus quenched when 

coordinated to the Au(III).97 The most cytotoxic compound was 56 (Figure 24), which 

showed the lowest IC50 values in HeLa cells and also for the inhibition of TrxR, which 

was correlated to its high lipophilicity. Therefore, this complex was used for in vivo 

studies on nude mice with HeLa xenografts, with a reduction in tumour size observed 

with no serious side effects.97 

 

 
Figure 24 – Au(III) NHC complex bearing a 2,6-bis(imidazol-2-yl)pyridine N^N^N ligand acting 

as a fluorescent switch.97 

 

1.2.4. Gold(III) complexes with dithiocarbamate ligands 
Dithiocarbamate ligands have been shown to decrease the nephrotoxicity of cisplatin 

without decreasing its anticancer properties,98 therefore, it was also investigated as a 
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ligand for Au(III), which is isoelectronic to Pt(II).99 Unsurprisingly, dithiocarbamate 

ligands have a high affinity to gold and the complexes themselves showed interesting 

anticancer properties. Fregona and co-workers99 demonstrated this by showing that 

[(DMDT)AuX2] (DMDT = N,N-dimethyldithiocarbamate) (57) and [(ESDT)AuX2] (ESDT = 

ethylsarcosinedithiocarbamate) (58) (Figure 25, X = Cl, Br) complexes possessed 

greater potency than cisplatin in vitro and showed no cross-resistance in cisplatin-

resistant cell lines.99  

 

 
Figure 25 – Series of Au(III) dithiocarbamate complexes investigated as anticancer agents.99 

 

The same group later showed that complex 57b could inhibit proteasome activity in vitro 

and in vivo, which have already been highlighted as a key target for anticancer treatment 

due to their role in tumour growth and survival.100,101 Complexes 57a,b and 58a,b were 

also found to be inhibitors of TrxR in HeLa cells.102 Further investigations into the 

mechanism of action reported the ability of complex 57a to affect the mitochondrial 

functions of PC3 cells (prostate cancer) causing ROS accumulation and inhibition of 

TrxR, as was previously seen in HeLa cells.102,103 In vivo studies were also performed on 

nude mice with PC3 cancer xenografts, with an 85% difference in tumour growth 

compared to the control after 19 days of treatment with 57a.103 Complex 58b was also 

tested in vivo on mice implanted with Ehrlich solid carcinoma or Lewis lung carcinoma; 

in both cases, 58b showed superior activity to cisplatin and exhibited low toxicity to the 

mice with reduced nephrotoxicity.104 

 

1.2.5. Gold(III) cyclometalated complexes 
Cyclometalated complexes are popular with late transition metals, including Au(III) ions. 

Cyclometalation can stabilise this oxidation state and avoid reduction to Au(I) or metallic 

Au. The process of cyclometalation involves the activation of a C-R bond within a cyclic 

ligand, which also contains at least one donor (D) atom such as O, N, S, Se or P, to 

chelate to the metal in at least one other position.105 Concerning Au(III) cyclometalated 

compounds, so far, five general scaffolds have been explored (Figure 26) featuring C^N, 

C^N^N, C^N^C and N^C^N ligands. Au(III) cyclometalated complexes will be discussed 

in the following sections due to their inherent stability in physiological conditions owing 
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to their strong Au-C bond and interesting reactivity with biomolecules, both of which 

enhance their anticancer properties.106,107 

 

 
Figure 26 – Five general classes of cyclometalated complexes. 

 

1.2.5.1. Gold(III) C^N complexes 
The first examples of Au(III) C^N complexes as potential anticancer agents were 

reported in 1996.108 All compounds contained a 2-[(dimethylamino)methyl]phenyl (damp) 

ligand which coordinated to Au via the C and N atoms of the ligand in order to stabilise 

the Au(III) centre.108 The parent complex bearing two chlorides as ancillary ligands 

[Au(damp)Cl2], showed in vitro cytotoxicity similar to cisplatin, however when transferred 

to a xenograft ZR-75-1 (human breast cancer) tumour model the toxicity appeared to be 

less potent as predicted from the in vitro studies, which the authors concluded as issues 

with aqueous solubility.108  

 In order to address this problem, Buckley et al.109 investigated different ancillary 

ligands to improve solubility of the [Au(damp)X2] complex without loss of its cytotoxicity. 

The two most successful complexes were X2 = acetato (complex 59, Figure 27) and X2 

= malonate (complex 60, Figure 27), which did not exhibit the cross-resistance seen by 

cisplatin, suggesting another mechanism of action is present.109 In vivo experiments on 

mice with implanted HT1376 (human bladder carcinoma) and CH1 (human ovarian 

carcinoma) xenografts showed that the complexes 59 and 60 had similar toxicity to 

cisplatin.109 These compounds have also been reported as potent inhibitors of cathepsin 

B, a cysteine protease which has been shown to play a role in tumour growth.110 

 Taking inspiration from this work a further series of Au(III) complexes were 

synthesised with replacement of the NMe2 group with a pyridine and the addition of a 

bridging group between the phenyl and pyridine.111 Different bridging groups were tested, 

including: CH2, C=O, O, S and NH, as well as different ancillary ligands: monodentate 

such as chloride or bidentate such as thiosalicylate.111 The [Au(CCH2N)(thiosalicylate)] 

complex (complex 61, CCH2N = benzylpyridine, Figure 27) showed the most promise 

during in vitro studies for the inhibition of cathepsin B and K; however, when tested in 

vivo against a colon HT29 tumour xenograft, the cytotoxicity was comparable to the 
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parent [Au(damp)Cl2] complex. Again the authors proposed this was due to solubility 

issues of the complex.111 

 Further work on the 2-benzylpyridine scaffold was performed by Cinellu, Casini 

and co-workers112 by replacement of one or both of the chloride ligands with PTA or thio-

β-D-glucose tetraacetate (GluS-). The PTA ligand was incorporated to address the issue 

of water-solubility, whereas the GluS- ligand was used to target GLUT1 transporters.112 

Overall, [Au(CCH2N)(PTA)Cl]PF6 (complex 62, Figure 27) exhibited the greatest potency 

in vitro and was the most toxic in the HCT116 p53 +/+ cell line.112 In order to gain more 

insight into the toxicity and transfer mechanisms of complex 62 compared with cisplatin, 

precision-cut tissue slices (PCTS) from healthy rat kidneys were tested.113 Toxicity 

studies showed that complex 62 appeared to be more toxic than cisplatin for the kidney 

tissue, as well as targeting the distal tubular cells, whereas cisplatin targeted proximal 

tubular cells in the kidney slices.113  

 

 
Figure 27 – Structures of AuC^N complexes investigated as potential anticancer agents. 

 

Au(III) complexes bearing 2-phenylpyridine C^N ligands have also been reported as 

anticancer agents. In 2003, Fan et al.114 reported four derivatives of the type [Au(C^N)X2] 

(C^N = 2-phenylpyridine) with different carboxylic acid-based ancillary ligands. The most 

cytotoxic complex was 63 (Figure 27) with significantly lower IC50 values in both cell lines 

investigated (MOLT-4 (human leukaemia cells) and C2C12 (murine myoblast cells)) 

compared to cisplatin and the other derivatives.114 Interestingly the other carboxylate 

derivatives were non-toxic in the C2C12 cell line.114  

In the same year, the group published further [Au(C^N)X2] derivatives but this 

time focusing on thiolates (mono- and bidentate) as the ancillary ligands.115 In this work, 

all complexes showed toxicity in both cell lines (MOLT-4 and C2C12), with all complexes 
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more potent than cisplatin in the MOLT-4 cell line. Overall the [Au(C^N)(thiosalicylate)] 

complex (64, Figure 27) appeared to be most toxic when taking into account both cell 

lines.115 

Che and co-workers116 reported a further derivative of the [AuC^N] complex, 

employing an n-butyl moiety to the phenyl group of the scaffold, as well as using 

biguanide as the ancillary ligand to give a cationic complex (65, Figure 28). The n-butyl 

group was added to provide lipophilicity whereas the biguanide was chosen to balance 

the solubility of the complex.116 Complex 65 showed potency in a number of cancer cell 

lines outperforming cisplatin and showed less toxicity towards normal lung fibroblast 

cells.116 The complex specifically induced endoplasmic reticulum (ER) stress, causing 

ER swelling, as well as displaying angiogenesis inhibition at sub-cytotoxic 

concentration.116 The following year, the same group modified the ancillary ligand to a 

diethyldithiocarbamate (DEDT) moiety, which was able to successfully inhibit 

deubiquitinases (DUB).117 This highlights the diverse biological targets of these 

Au(III)C^N complexes. 

Rubbiani et al.118 also reported the cytotoxicity of a Au(III) 2-phenylpyridine 

complex, but in this case the ancillary ligands included a PPh3 group and a 2,4,6-

tris(trifluoromethyl)phenyl (FMes) group on the Au(III) centre (66, Figure 28). Complex 

66 showed promising cytotoxicity in HeLa cells and inhibited the TrxR enzyme, which 

was further confirmed by an increase in ROS generation.118 

 

 
Figure 28 - Structures of further AuC^N complexes investigated as potential anticancer agents. 

 

A further derivative of the C^N cyclometalated scaffold included iminophosphorane (2-

C6H4-PPh2=NPh) ligands.119 Contel and co-workers119 synthesised Au(III) complexes 

bearing this pincer ligand and a variety of ancillary ligands. One of the most promising 

complexes (67, Figure 28) contained a dithiocarbamate ancillary ligand and showed high 

toxicity in HeLa and Jurkat-T (human T lymphocyte) cells in vitro.119 No interaction of 67 

was observed with calf thymus DNA; therefore the interaction of complex 67 was 

investigated with two proteins: cytochrome c (used as a model) and TrxR (possible 

target), respectively. The results showed that an interaction does occur and therefore, 

the inhibition of these proteins could be responsible for the cytotoxicity of the complex.119  
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1.2.5.2. Gold(III) C^N^C complexes 
The synthesis of Au(III) C^N^C complexes was first reported by the group of Che in 

1998,120 specifically using 2,6-diphenylpyridine pincer ligands. The same group later 

reported a series of such complexes bearing the same 2,6-diphenylpyridine ligand but 

with varying amounts of gold, [Aum-(C^N^C)mL]n+ (m = 1,3; n = 0-3; L = chloride, N-donor 

or phosphine ligand).121 The complexes were unsurprisingly stable in a tris-buffered 

saline (TBS) / dimethylsulfoxide (DMSO) (9:1) solution in the presence of GSH (2 mM), 

due to the strong stabilising effect of the C^N^C ligand towards the electrophilic Au(III) 

centre.121 Modification of the ancillary ligand (L) from the parent complex [Au(C^N^C)Cl] 

(68, Figure 29) had a significant effect on the cytotoxicity mechanism of the 

complexes.121  

The N-donor ligands themselves were non-toxic; however, in combination with the 

[Aum-(C^N^C)mL]n+ structure, the complexes exhibited similar toxicity to cisplatin and 

other Au(III) cyclometalated complexes as seen in the four cancer cell lines investigated 

(HeLa, HepG2 (human liver), SUNE1 (human nasopharyngeal carcinoma, cisplatin 

sensitive) and CNEI (human nasopharyngeal carcinoma, cisplatin-resistant)).121 Further 

studies were performed with [Au(C^N^C)(1-methylimidazole)]+ (69, Figure 29) showing 

the ability of the complex to induce apoptosis in SUNE1 cells. The authors also observed 

the capability of 69 to bind to DNA by intercalation and that during the S phase of DNA 

replication it caused cell cycle arrest.121  

This is at variance to the Au(III) C^N^C complexes bearing cytotoxic phosphine 

ligands, such as [Au2(C^N^C)2(μ-1,2-bis(diphenylphosphino)propane)]2+ (70, Figure 29), 

that exhibit very potent cytotoxicity; however, do not induce significant DNA binding or 

induce cell cycle arrest, suggesting a different mechanism of action.121 It is worth 

mentioning that the IC50 values of the phosphine derivatives appear to be similar to those 

of the free phosphine ligands. Therefore, the authors proposed that the [Au(C^N^C)]+ 

structure transports the phosphine ligands to the cancer cells due to the overall stability 

of the complexes, and that the cytotoxicity is due to the release of the phosphine 

ligands.121  

Further experiments revealed that the cytotoxicity of complex 70 was 

accompanied by nanomolar inhibition of TrxR, initiation of ER stress and the expression 

of the death receptor 5 (DR5).122 In vivo testing of 70 on a nude mice model inoculated 

with PLC cells (human hepatocellular carcinoma) revealed a greater reduction of tumour 

growth compared to cisplatin and doxorubicin, with no adverse effects observed.122 
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Figure 29 – Au(III) C^N^C complexes investigated by the group of Che for anticancer 

properties. 

 

Following on from their previous work in 2006,121 Che and co-workers123 synthesised a 

series of [Au(C^N^C)(NHC)]+ complexes and investigated their cytotoxic activity. Among 

the series investigated, [Au(C^N^C)(1,3-dimethylimidazol-2-ylidene)]CF3SO3 (complex 

71, Figure 29) was the most cytotoxic in the cell lines investigated, showing ca. eighteen- 

to twenty eight-fold greater cytotoxicity compared to cisplatin.123 In vivo cytotoxicity 

studies were also completed with 71 using nude mice bearing PLC tumours. After 28 

days of treatment with 71 at 10 mg/kg/week, there was a reduction in tumour growth by 

47%, with no harmful side effects.123 Interestingly, the authors identified the ability of 71 

to stabilise topoisomerase I. Topoisomerase I is an enzyme that unfolds DNA; therefore, 

stabilisation results in DNA strand breakage and thus apoptosis of cells. Therefore, this 

pathway could be responsible for the potent cytotoxicity of the compound.123 

Taking inspiration from complex 71, Che and co-workers124 generated a chemical 

probe analogue bearing a small photo-activatable diazirine group and a clickable alkyne 

group on the wingtips of the NHC (complex 72, Figure 29). Upon irradiation with UV light 

(λ=365 nm) the probe covalently bonded to the biomolecule it interacted with due to the 

loss of nitrogen from the diazirine moiety.124 The exposed alkyne group then underwent 

a click reaction with an azido-biotin complex, which was isolated using a streptavidin-

peroxidase conjugate. Upon incubation of 72 with HeLa cells, six biotinylated proteins 
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could be identified, all of which were known as possible anticancer targets.124 In this work 

the group also formed a series of derivatives of 71 by adding other wingtip groups. A 

trend was observed upon increase in length of the alkyl chain on the NHC wingtips; 

complex 73 (Figure 29) bearing two n-butyl groups showed increased toxicity from 71.124  

 Che and co-workers125 have also reported the ability of a non-emissive  

[Au(C^N^C)(NHC)]+ biotin complex (74, Figure 29) to become emissive in the presence 

of avidin, a biotin-binding protein. The Au(III)-avidine conjugate (74-conjugate) can then 

bind to DNA and proteins such as BSA, resulting in an increase in emission intensity as 

great as 45-fold. Both complex 74 and 74-conjugate exhibited greater cytotoxicity in 

HeLa, HepG2 and MDA-MB-231 cell lines compared to cisplatin.125 

Meanwhile, Bochmann and co-workers126 synthesised alternative Au(III) C^N^C 

complexes by replacing the central pyridine ring with a pyrazine, which resulted in 

increased photoemission. In total, a series of seven complexes were synthesised, both 

neutral and ionic; however, the most promising anticancer agent was [Au(C^Npz^C)(1,3-

dimethylbenzimidazol-2-ylidene)]PF6 (complex 75, Figure 30).127 Its cytotoxicity was 

tested against numerous cancer cell lines including HL60 (human leukaemia), MCF-7 

and A549 (human lung carcinoma); with potency ranging from 0.3 to 8 μM, all of which 

are superior to cisplatin in the same cell lines.127 The selectivity of the complex was also 

assessed using healthy human fetal lung fibroblast cells (MRC-5); unfortunately, a low 

IC50 value was observed (1.4 μM), highlighting the need for improvements to be made.127 

Extraordinarily, the replacement of the benzimidazole ligand with a caffeine moiety 

resulted in a ten-fold decrease in toxicity, which could be assigned to the reduced gold 

uptake intracellularly observed by ICP-MS (inductively coupled plasma mass 

spectrometry). This reduced uptake was rationalised by the fact that the caffeine moiety 

contained more polarity and therefore cannot pass through the cell membrane by 

passive diffusion as easily as the benzimidazole group.127  

 Complex 75 was also stable towards GSH (10 mM) at room temperature for up 

to six days in DMSO-d6 as monitored by 1H NMR.127 Different mechanisms of action were 

then investigated; interestingly the compound was able to interact strongly with the 

human telomeric G-quadruplex sequence, with a ∆Tm value of 40 °C, and was also able 

to stabilise i-motif structures of DNA, both of which were stabilised selectively compared 

to canonical double helix DNA.127 The complex was also able to inhibit mouse double 

minute 2 homolog (MDM2)-p53 interactions, the first example of a gold complex 

disrupting this interaction.127 This is of particular important for anticancer treatment due 

to the overexpression of MDM2 proteins in some cancers which can inhibit the p53 

tumour suppressor activity by protein-protein interactions.128 Therefore, complex 75 

showed promise, however further work has to be done to improve its selectivity. 

 



 30 

 
Figure 30 – Structure of a Au(C^Npz^C) complex bearing a NHC ligand by Bochmann and co-

workers.127 

 

The following year the same group addressed the issue of selectivity by synthesising 

bioconjugated and binuclear complexes.129 The precursor to form these complexes was 

based on the structure of 75; however, the NHC ligand had a pentafluorophenyl ester 

group on one of the NHC wingtips.129 This was then reacted with diaminoalkanes with 

different alkyl chain lengths allowing the conjugation to occur via the pendant amine. 

Three different conjugates (biotin, oestradiol and a Au(I) NHC complex) were used 

forming complexes 76, 77 and 78 (Figure 31).129  

 

 
Figure 31 – Structures of bioconjugated and binuclear [Au(C^Npz^C)(NHC]) complexes as 

potential anticancer agents.129 

 

The cytotoxicity of complexes 76 and 78 were tested on cell lines expressing or not 

expressing biotin receptors and oestrogen receptors, respectively.129 However, this did 
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not have much effect on the IC50 values and overall the precursor complex 75 was more 

potent compared to 76 and 78.129  

 

1.2.5.3. Gold(III) C^N^N complexes 
In 2002, Marcon et al.130 reported the high toxicity of a gold(III) C^N^N complex: 

[Au(bipyc-H)(OH)][PF6] (79, bipyc = 6-(1,1-dimethylbenzyl)-2,2’-bipyridine), Figure 32), 

which showed high stability in physiological buffer at 37 °C and in the presence of 

ascorbate. The bipyridine analogue, without the organogold bond, is easily reduced with 

ascorbate.130 Complex 79 showed high toxicity in the A2780 cell line in particular, with 

superior cytotoxicity to cisplatin in the A2780/R cell line, highlighting the potential for an 

alternative mechanism of action, which was also evidenced by weak interactions with 

calf thymus DNA.130 Further cytotoxicity studies were carried out with 12 other cell lines, 

although moderate cytotoxicity was observed and no selectivity could be concluded.96 

 Further derivatives of complex 79 were synthesised, such as complex 80 bearing 

a 2,6-xylidine ligand instead of the hydroxyl group (Figure 32).131 In buffer this amine 

group is easily hydrolysed; however, the bipyc scaffold remained coordinated to the 

Au(III) centre.131 Cytotoxicity studies of complex 80 showed superior toxicity in the 

various cell lines compared to 79, as well as exhibiting greater selectivity across a panel 

of thirty six human tumour cell lines.96,131 The mechanism of action of 80 was also 

postulated using COMPARE analysis, including inhibition of mTOR (mammalian target 

of rapamycin), proteasome, and/or DNA synthesis.96 Remarkably, both complexes 79 

and 80 showed inhibition of mitochondrial TrxR and mitochondrial respiration.132 

 The interaction of complex 79 with various proteins has been investigated over 

the years, including interactions with BSA,133 cytochrome c, lysosomes134 and TrxR.135 

79 was also shown to form stable adducts with the copper chaperone Atox-1; however, 

using high-resolution electrospray ionisation mass spectrometry (HR-ESI-MS) the 

authors were able to identify the Au in a +1 oxidation state.136 This could have been due 

to the reducing environment the compound was exposed to or due to the interaction with 

the chaperone; therefore, more research is needed to determine whether 79 could 

interfere with Atox-1.136 79 has also been identified as an inhibitor of purified 20S 

proteasome,137 as well as the hetero-transmembrane enzyme, Na/K-ATPase.138 

 As discussed above, TrxR was identified as a biological target for both complexes 

79 and 80; however, to further understand the mechanism of inhibition, Casini and co-

workers used MALDI-TOF MS experiments on the intact enzyme after incubation with 

80, showing significant enzyme metalation.139 At variance to auranofin, which showed 

coordination to the selenol active site, 80 showed more extensive oxidative protein 

damage, which could be due to binding to other residues such as methionine and 

histidine.139 More recently, ESI-TOF MS (electrospray ionisation time of flight mass 
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spectrometry) experiments with complex 79 showed preferential binding to 

selenocysteines over histidine, cysteine, methionine and glutamate residues.140 

 Interestingly, the dinuclear oxo-bridged complex 81 ([(bipyc)2Au2(μ-O)][PF6]2, 

Figure 32) can undergo reversible hydrolysis to form two equivalents of 79.141 However, 

81 showed moderate stability in phosphate buffer (10 mM, pH 7.4) and in the presence 

of reducing agents such as ascorbic acid and glutathione. Remarkably, it only underwent 

hydrolysis in the presence of model proteins such as lysozyme and cytochrome c.141 The 

hydrolysis of 81 to 79 was also described by Gratteri et al. enabling the stabilisation of 

non-canonical DNA G-quadruplexes.142 

 

 
Figure 32 – Structures of mono- and dinuclear Au(III) C^N^N complexes as anticancer agents. 

 

More recently, Casini and co-workers143 reported on a series of novel (C^N^N) 

cyclometalated Au(III) complexes with the general formula [Au(bipydmb-H)X][PF6] 

(bipydmb-H = 6-(1,1-dimethylbenzyl)-2,2′-bipyridine). The complexes featured an array of 

anionic ligands (X) with C (alkynyl)-, N-, O-, or S-donor atoms, which were found in the 

fourth coordination position.143 The X ligands included: 4-ethynylaniline, saccharine, thio-

β-D-glucose tetraacetate, GSH, and a coumarin-substituted amide derived from 4-

ethynylaniline. Interestingly, a number of the compounds were found to selectively form 

adducts with oligonucleotides rather than proteins upon ligand exchange with the 

monodentate X ligands.143 Overall, the obtained results point towards the possibility to 

selectively target DNA with gold(III) organometallics.

79

Au
OH

N N PF6
Au

NH

N N PF6

80

AuN
N 2PF6

Au
O

N
N

2

81



 33 

2. Bioorthogonal catalysis in cells 
Over the last decade, a thriving area fusing both biologists and chemists has evolved, 

with interest in modifying and functionalising biomolecules through metal-catalysed 

bioorthogonal reactions.144 This term was first defined by Bertozzi and co-workers in 

2003,145 describing the labelling of a glycoprotein with an unnatural azide tag.145 This 

field involves the application of conventional organic reactions within a biological setting, 

and are commonly catalysed by transition metal catalysts.146 A requirement of the 

reaction is the non-interference with the surrounding biological environment.144 The latter 

is by far the most challenging step to overcome with many biological nucleophiles, such 

as glutathione (GSH), present in living cells which can deactivate the metal catalyst.147  

Bioorthogonal reactions can open new doors for metal-templated reactions in 

cells for different applications, including: i) labelling of biomolecules with fluorescent tags 

for intracellular tracking and irreversible modifications of biomolecules via coupling to 

substrates or redox catalysis and ii) activation of a prodrug in situ by a decaging reaction, 

for example within cancer cells (Figure 33).148   

 

 
Figure 33 – Examples of bioorthogonal reactions that can be performed in living cells. Image 

adapted from ref.149 

 

2.1. Transition metal catalysts for bioorthogonal reactions 
The use of transition metal catalysts within these bioorthogonal reactions has stemmed 

from their natural abundance within nature in the form of metalloproteins.150 The human 

proteome contains a large percentage of metalloproteins, making them essential for 

existence.151 Within a metalloprotein, the metal plays a significant role in the protein’s 

function, influencing both its reactivity and structure.151 An example of an essential 

metalloprotein is haemoglobin, which contains heme iron and is vital for binding 

oxygen.151 Therefore, there has been a lot of interest in mimicking metalloproteins by 

forming artificial versions using different metal active sites; thus, tuning the activity of 



 

 34  

these proteins.152 However, these artificial metalloproteins can be costly, and so an 

alternative route involves forming small molecules with a metal centre that can catalyse 

these bioorthogonal reactions.152 

The area of bioorthogonal chemistry owes its growth to the development of the 

Copper-Catalysed Azide-Alkyne Cycloaddition (CuAAC) reaction, which was 

independently published by Rostovtsev et al.153 and Tornøe et al.154 both in 2002. The 

reaction requires a copper(I) catalyst to achieve reasonable reaction rates, which can be 

increased with ligands that are specific for Cu(I).155 Within a year of the reaction 

discovery, three groups, Wang et al.156, Speers et al.157 and Link and Tirrell,158 published 

work involving CuAAC in biological contexts. However, the cytotoxicity of Cu(I) has 

remained a barrier in using these catalysts in living cells.155 

Pioneering work by Streu and Meggers paved the way for the use of 

organometallic transition metal complexes in bioorthogonal reactions.159 They reported 

the ability of Ru(II) complexes to mediate the cleavage of an allylcarbamate group to 

expose the respective amine within living HeLa cells (human cervical cancer cell line) 

with the final aim to activate a prodrug molecule.159 

 

2.1.1. Palladium mediated bioorthogonal reactions 
Palladium catalysis has been at the forefront of cross-coupling reactions, with the Nobel 

Prize awarded in 2010 for the exceptional work by Heck, Negishi and Suzuki.160 These 

reactions can also be interesting in the field of bioorthogonal chemistry, such as the 

formation of C-C bonds to form an active compound in situ or the activation of an inert 

C-H bond of a biomolecule.160 However, these cross-coupling reactions are usually 

performed in organic solvents; therefore, research is needed to perform such reactions 

in biologically relevant media.161  

 

2.1.1.1. Coupling reactions 
In 2012, Davis and co-workers162 demonstrated the ability of a Pd(II) catalyst to mediate 

a Suzuki-Miyaura cross-coupling reaction within a biological environment. The coupling 

was performed on the cell surface of Escherichia coli (E. coli) by targeting an aryl halide 

moiety, introduced in a porin channel, with boronic acid as the coupling agent in the 

presence of a Pd(OAc)2 catalyst (Scheme 1). However, this system has shown 

disadvantages due to unwanted reactions with intracellular thiols such as GSH.162 
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Scheme 1 – Suzuki-Miyaura cross-coupling reaction between an aryl iodide tagged porin 

channel in Escherichia coli with boronic acid, mediated by a Pd(II) catalyst with a 2-amino-4,6-

dihydroxyprimidine ligand.162 

 

Nevertheless, the group of Bradley150 showed that Pd(0) nanoparticles (PdNPs) 

supported on polystyrene microspheres could be used to perform a Suzuki-Miyaura 

cross-coupling reaction in HeLa cells. This involved the coupling of two non-fluorescent 

substrates to form a fluorescent product.150 One of the substrates contained a lipophilic 

triphenylphosphine (PPh3) group that could facilitate cell uptake and target the 

mitochondria.150 These PdNPs have also been shown to favour the Suzuki-Miyaura 

coupling reaction of two non-cytotoxic precursors to form an anticancer prodrug in cancer 

cells in situ.163 The PdNPs could also be targeted by conjugation to a cyclic peptide, 

cRGD, which is a potent antagonist of the αvβ3 receptor, overexpressed in tumour 

cells.164 Not only did the peptide conjugated PdNPs selectively accumulate in 

glioblastoma cells, but they could also simultaneously form two anticancer agents in situ, 

one by a Suzuki-Miyaura cross-coupling reaction mentioned above, and the other by 

prodrug activation involving the cleavage of the propargyl group of 5-fluoro-1-propargyl 

uracil (Pro-5FU), yielding 5-Fluorouracil (5FU).164   

Finally, Sonogashira cross-coupling reactions in physiological conditions have 

also been mediated by palladium(II) complexes, with the group of Lin demonstrating the 

versatility of aminopyrimidine Pd(II) complexes without the need for toxic Cu(I) salts.165–

167 Such bioorthogonal reactions have been used for the labelling of proteins in E. coli 

and on mammalian cell surfaces.165,167 

 

2.1.1.2. Cyclisation reactions 
Palladium is less known for its ability to perform cyclisation reactions, with Weissleder 

and co-workers168 reporting one of the only examples within living cells. A Pd(II) 

precatalyst (PdCl2(TFP)2, TFP = tri(2-furyl)phosphine) was encapsulated into a 

poly(lactic-co-glycolic acid)-b-polyethyleneglycol formulation to form NP type species. 

These NPs were used to mediate the intramolecular Heck coupling reaction of a 

coumarin precursor, 5-diethylamino-2-iodophenyl ester, which can be monitored within 

HT1080 (human fibrosarcoma) cells by formation of a fluorescent signal (Scheme 2).168  
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Scheme 2 – PdNP catalysed intramolecular Heck coupling of 5-diethylamino-2-iodophenyl ester 

to form the fluorescent compound coumarin.168 

 

2.1.1.3. Bond-cleaving reactions 
The papers already discussed above have described the use of palladium catalysts to 

cleave allyl/alloc groups.150,168 For example, Yusop et al.150 described the ability of their 

PdNPs to mediate not only the Suzuki-Miyaura cross-coupling reaction within HeLa cells, 

but also the allylcarbamate cleavage of bis-N,N’-allyloxycarbonyl rhodamine 110 to form 

fluorescent rhodamine 110.150 Miller et al.168 also reported the ability of their PdNPs to 

mediate the allylcarbamate cleavage of a prodrug (pro-doxorubicin) to form the 

anticancer drug doxorubicin within HT1080 cells. The activated drug could then induce 

DNA damage and apoptosis over 72 h, resulting in an IC50 value of 26 ± 1 nM.168 

  More recently, Martínez-Calvo et al.169 described the ability of palladium(II) 

complexes bearing phosphine ligands, designed to balance optimal stability and 

reactivity properties, to perform deallylation and depropargylation reactions in HeLa cells 

successfully. Bradley and co-workers170 have also described the ability of a Pd(II)-

carbene complex conjugated to a cell-penetrating peptide for the depropargylation 

reaction of N, N’-bis(propargyloxycarbonyl)rhodamine 110 (pro-rhodamine 110) to 

rhodamine 110 in PC-3 cells (human prostate cancer cell line). 

 The group of Chen have been essential contributors to this field, reporting the 

ability of Pd(II) catalysts to perform depropargylation reactions to decage lysine 

residues.171 The same group then went on to study the same reaction but for the in situ 

generation of neuramic acid (Neu) on cell-surface glycans.172 In this work, Pd(0)NPs 

were more efficient catalysts than the Pd(II) complexes previously used by the 

group.171,172 

 Unciti-Broceta, Bradley and co-workers173 demonstrated the versatility of their 

PdNPs, reporting the propargylcarbamate cleavage of the protected fluorophore, proc-

rhodamine 110 (Scheme 3a). The PdNPs were implanted in the yolk of zebrafish 

embryos 24 h after fertilisation and then the pro-dye was added after a subsequent 24 

h.173 Fluorescence from the rhodamine 110 was observed within the yolk sac after 24 h 

incubation due to successful in vivo propargylcarbamate cleavage (Scheme 3b). A 

fluorescent signal was also observed in the gastrointestinal tract (Scheme 3b), with or 

without the PdNPs due to cleavage by digestive enzymes; therefore, proc-rhodamine 

110 should not be administered orally.173 
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Scheme 3 – a) Propargylcarbamate cleavage of N,N’-bis(propargyloxycarbonyl)rhodamine 110 

mediated by PdNPs to form rhodamine 110 in zebrafish embryos, b) Images to show the 

position of the PdNP, which is indicated with a red arrow. Confocal microscopy images (right) 

showed successful in vivo propargylcarbamate cleavage due to the strong fluorescent signal 

surrounding the NP. The gastrointestinal tract is also fluorescent as indicated with a white 

arrowhead. Figure partially reproduced (b) with permission from ref 173. Copyright 2014, 

Springer, Nature, http://creativecommons.org/licenses/by-nc-sa/3.0/.173 
 

2.1.2. Gold mediated bioorthogonal reactions 
More recently, gold complexes have been recognised as suitable bioorthogonal catalysts 

due to several advantages over conventional Pd(II) complexes, including biocompatibility 

in physiological media and mild reaction conditions.174,175 The field began in the area of 

sensing probes for gold ions in physiological environment due to the carbophilicity of 

Au(I) and Au(III) ions to coordinate and thus activate unsaturated bonds.147,176 The 

general scheme for a nucleophilic addition reaction involving a nucleophile and alkyne is 

shown in Scheme 4.177 The first step is the formation of the π-complex whereby the 

cationic AuL+ species activates the alkyne. This then allows for the concerted addition of 

the nucleophile to form the alkene species, followed by the protodeauration reaction to 

release the cationic Au catalyst. This mechanism is typical for many processes involving 

alkynes activated by LAu+ species, including hydration, hydroamination and 

hydrocarboxylation reactions, to name only a few.177 
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Scheme 4 – A typical catalytic cycle for the nucleophilic addition reaction between a nucleophile 

and an alkyne, which has first been activated by a cationic AuL+ species to form the π-complex. 

Image adapted from ref.177 

 

The ability of gold complexes, particularly Au(III), to mediate cross-coupling reactions in 

organic solvents has only been recognised over the last few years.174 Therefore 

transforming these reactions into biological conditions is still in its infancy. However, 

there have been recent examples of selective modifications of biomolecules via C-X (X 

= heteroatom) or C-C bond formation reactions which will be discussed in the following 

sections.178 
 

2.1.2.1. Au(III) complexes 
2.1.2.1.1. Heterocyclization reactions 

To the best of my knowledge, the first example of using Au(III) salts to mediate 

bioorthogonal reactions was published by Jou et al. in 2009,179 where AuCl3 was shown 

to mediate the intramolecular cyclisation of a rhodamine-alkyne derivative transforming 

a propargylamide moiety to an oxazolecarbaldehyde group. This resulted in a 

colorimetric change from colourless to pink, alongside a considerable enhancement in 

fluorescence, defining the complex as a ‘chemodosimeter’ for Au(III) ions.179 This activity 

has also been reported for Pd(II) salts, although in that case, a stoichiometric amount of 

oxidant was also needed.180 Localisation of the fluorescence was observed within the 

cells after 1 h incubation of the rhodamine probe with the Au salt, highlighting great 

promise for these reactions within living systems.179 

Yang et al.181 published a similar rhodamine probe for Au(III) ions, whereby an 

irreversible Au(III)-promoted cyclisation reaction of the rhodamine amide produced a 

pink fluorescence. This was also observed in HeLa cells after incubation with AuCl3 and 

subsequent incubation with the probe.181 
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 In 2012, Wang et al.182 reported the ability of a BODIPY (boron-dipyrromethene, 

4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) derivative to undergo an intramolecular 

hydroamination reaction in the presence of Au(III) and Au(I) ions (Scheme 5), at variance 

to the examples above where only Au(III) ions were detected. The BODIPY derivative is 

initially non-fluorescent due to photoinduced electron transfer (PET) from the aniline to 

the BODIPY group. However, upon detection of Au(III) or Au(I) ions, the intramolecular 

hydroamination reaction is mediated, converting the 2’-ethynyl biphenylamine to a 

phenanthridine group.182 This results in inhibition of the PET mechanism due to the 

removal of the amino group. Although Au(I) could also promote this reaction, it was less 

effective, showing lower reaction rates.182 Nevertheless, interference studies showed 

that the probe could be ‘turned on’ by Hg(II) and Pd(II) ions, albeit at a lower fluorescence 

intensity. The reaction was also performed in HeLa cells to demonstrate its applicability 

in physiological environments.182 

 

 
Scheme 5 – Non-fluorescent BODIPY derivative undergoes an intramolecular hydroamination 

reaction in the presence of Au(I) and Au(III) ions producing a fluorescent product.182 

 

Seo et al.183 addressed the drawbacks of previous work using rhodamine alkyne 

derivatives as probes,179,181 due to side reactions associated with the alkyne activation 

mediated by the gold ions, including alkyne hydration.183 Previous work by the same 

group attempted to overcome this by separating the reaction part of the probe from the 

signalling part, thereby reducing the fluorescence interference by side reactions; 

however, the ester moieties present in the probe were susceptible to the esterase 

enzyme in living systems.184 

 In more recent work, the group investigated different ways of modifying the initial 

rhodamine alkyne derivative.183 Steric strain was added to the lactam group by addition 

of an N-(2-ethynylphenyl) moiety, resulting in the promotion of the gold mediated ring-

opening of the rhodamine due to an increase in ground state energy. This work also 

included the synthesis of a novel FRET (Förster resonance energy transfer) probe 

consisting of the rhodamine-alkyne moiety as the FRET acceptor and a naphthalimide 

dye acting as the FRET donor.183 FRET systems are advantageous in cell studies due 
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to a larger pseudo-Stokes shift and less influence from environmental factors due to two 

emission intensities at different wavelengths.185 Fluorescence microscopy was used to 

evaluate the FRET system in N2A cells (murine neuroblastoma cell line); the probe alone 

emitted green fluorescence, then in the presence of Au(III), red fluorescence was 

observed, overlap of these images demonstrated the key advantages to these 

systems.183 

 

2.1.2.1.2. Carbocyclization reactions 
An apocoumarin probe has also been used as a Au(III) sensor with a relative 

fluorescence response of 60% due to a hydroarylation reaction mediated by gold(III) ions 

between the alkyne, acting as a Michael acceptor, and the phenyl with a dialkylamino 

moiety located in the para position.186 This was demonstrated in HaCaT cells (human 

epidermal keratinocyte cell line) with initial incubation with Au(III) ions and then the 

addition of the pre-fluorescent complex. Fluorescence microscopy of the cells showed 

localised fluorescence within the cytoplasm, with sensitivity studies demonstrating the 

ability of the probe to detect toxic concentrations of Au(III) (40 ppm). The fluorophore 

was also sensitive to Ag(I) ions; however, this fluorescence response was only 4.6% and 

therefore should have minimal effect.186   

 

2.1.2.1.3. Ester amidation reactions 
The first in vivo study of a gold mediated reaction was published by Tsubokura et al.,187 

involving an organ-targeted Au(III) cyclometalated complex capable of mediating amide 

bond formation between propargyl ester probes and amino groups on the surface of the 

target organ (Figure 34).187 Two glycoalbumins were used to target the liver and intestine: 

α(2-6)-disialoglycoalbumin (Sia) and galactosylglycoalbumin (Gal), respectively.188–190 

These were complexed with a coumarin-Au conjugate due to the strong binding affinity 

of coumarin in the binding pocket of albumin,191 allowing the formation of two complexes: 

Glyco-Au(Sia) and Glyco-Au(Gal).187 The in vivo studies on live mice first involved the 

introduction of the complexes intravenously, allowing time to reach their target organ. A 

second injection was then administered containing the fluorescently labelled propargyl 

ester probe. Subsequently, this underwent a Au(III)-mediated amide bond formation with 

an amino group on the surface of the targeting organ, generating a localised 

fluorescence (Figure 34).187 This work provides very promising results in therapeutic 

applications due to its impressive organ targeting and ability to be performed in vivo; 

hopefully, this can be extended to tumour tissue over the next few years. 
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Figure 34 – Structure of the cyclometalated Au(III)-coumarin conjugate and schematic 

illustration of the glycoalbumin-Au complex (Gal or Sia) mediating the amide bond formation 

between the imaging agent and amino surface group.187 

 

The same group also reported that an ‘unbound’ [Au(CCON)Cl2] (CCON = 2-

benzoylpyridine) complex could mediate the albumin labelling with the propargyl ester 

probe,192 surprisingly this showed higher reactivity compared to the ‘bound’ gold 

alternative previously published.187 The authors proposed that this increased reactivity 

was due to the fact that the ‘bound’ Au complex interacts only with the amine residues 

on the nearby surface, whereas the ‘unbound’ Au complex can react with any amine on 

the protein surface.192 In comparison, an unligated gold complex, NaAuCl4 (sodium 

tetrachloroaurate), was also included in the study; however, it showed lower reactivity 

with only traces of the product detected. Therefore, this highlighted the need for the 

benzoylpyridine scaffold, which was hypothesised to provide an activated ester 

intermediate to facilitate the reaction.192  

 

2.1.2.1.4. C-S cross-coupling reactions (cysteine arylation) 
Gold(III) cyclometalated complexes have also been used for coupling reactions, 

including C-S reductive elimination reactions resulting in cysteine arylation of 

biomolecules (Figure 35A).193 This was inspired by the triumph of Pd(II) complexes for 

cysteine arylation, particularly the work by Buchwald and co-workers.194 The aryl Pd(II) 

complexes investigated showed outstanding chemoselectivity towards cysteine with very 

fast reaction kinetics; however, the catalysts required preparation and storage in inert 

conditions, as well as the addition of an organic co-solvent in aqueous media.194 As 

previously mentioned, gold complexes are generally more biocompatible and tolerate 

aqueous conditions, making them promising alternatives.174,175 
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Kung et al.195 were the first to describe the use of a Au(III) cyclometalated 

complex to mediate cysteine arylation via a C-S reductive elimination reaction. A series 

of Au(III) organometallic complexes were investigated, three of which contained an msen 

chelating group as the ancillary ligand (msen = N,N’-

bis(methanesulfonyl)ethylenediamine), whilst one other possessed two chloride 

ligands.195 The initial investigations involved the incubation of the [Au(CCH2N)(msen)] 

(CCH2N = 2-benzylpyridine) complex (Figure 35B) with different cysteine-containing 

peptides in phosphate-buffered saline (PBS, pH 7.4): DMSO (dimethylsulfoxide) (9:1) at 

25 °C for 2 h. In all cases, the conversion to cysteine arylation was above 90%, as 

determined by LC-MS (liquid chromatography-mass spectrometry) analysis.195 The 

excellent chemoselectivity of this complex was observed when reacting with cysteine-

free peptides, as no conversion was detected. However, when the reaction was 

performed with the [Au(CCH2N)Cl2] complex, an N-terminal modification was observed, 

which could be due to the inherent hardness of both the N-terminal α-amino group 

(RNH2) and the chloride ligands, favouring this reaction.195  

Investigations into the cysteine arylation ability of the two additional complexes, 

[Au(CCON)(msen)] and [Au(C^N)(msen)] (C^N = 2-phenylpyridine), revealed that in the 

latter cysteine arylation could not be achieved, as only adducts of the type [Au(C^N)-Cys] 

could be detected, whereas [Au(CCON)(msen)] could efficiently mediate the reaction 

similarly to the CCH2N analogue.195 Attempts to expand the scope of the cysteine arylation 

were successful using a dansyl-functionalised (dansyl = 5(dimethylamino)naphthalene-

1-sulfonyl) gold(III) cyclometalated complex (10 eq.) to arylate the single surface-

exposed cysteine in both bovine serum albumin (BSA) and human serum albumin (HSA), 

as confirmed by LC-MS/MS (liquid chromatography-mass spectrometry/mass 

spectrometry) analysis.195  

Messina et al.196 were next to publish work on Au(III)-mediated cysteine arylation 

via reductive elimination. However, in this work, an oxidative addition Au(III) complex, 

[(Me-DalPhos)Au(tolyl)Cl][SbF6] (Me-DalPhos = (Ad2P(o-C6H4)NMe2), Figure 35B), was 

employed as the catalyst, showing quantitative arylation of GSH after only a few minutes 

in water (H2O) : acetonitrile (CH3CN) (80:20) at 25 °C.196 The reaction was tested in a 

variety of conditions, including an extensive pH range, different buffers and in the 

presence of tris(2-carboxyethyl)phosphine (TCEP), a disulfide reducing agent, and 

guanidine•HCl, a protein denaturing agent.196 Derivatives of the lead catalyst were also 

prepared by addition of different substrates, replacing the tolyl group. This included 

biorelevant groups such as heterocycles, a fluorescent tag, a drug molecule, an affinity 

label and a poly(ethylene glycol) polymer (PEG) moiety, which resulted in a water-

soluble Au catalyst. Remarkably, all derivatives were successful for cysteine arylation of 

GSH and more complex peptide substrates.196 
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The lead complex was also able to mediate cysteine arylation of DARPin 

(designed ankyrin repeat protein), and the PEG derivative could arylate the cysteine of 

FGF2 (fibroblast growth factor 2).196 Due to the success of these Au(III) catalysts, their 

activity was challenged against a Pd(II) complex, [Ru(Phos)Pd(tolyl)Cl], previously 

reported for cysteine arylation.194 The Au(III) catalyst was most successful for the 

arylation of GSH, with ca. 92% conversion to the corresponding product, demonstrating 

that the gold-mediated arylation was a faster reaction compared to the palladium-

mediated reaction.196 

 

 
Figure 35 – A) Schematic representation of a cysteine arylation reaction; B) Au(III) 

cyclometalated complexes capable of mediating cysteine arylation.195–197 

 

 A few years later, Farrell and co-workers197 reported the ability of the Au(III) 

cyclometalated complex, [Au(CCH2N)Cl2] (Figure 35B), to arylate the cysteines of the full-

length zinc finger (ZF) of HIV-1 nucleocapsid protein NCp7 with a ZnCys3His 

coordination sphere, as well as its single C-terminal finger. The reaction was not limited 

to this type of ZF, with cysteine arylation also observed with the Cys2His2 ZF of the Sp1 

human transcription factor.197 Three other Au(III) complexes were investigated bearing 

N-donor ligand scaffolds (2,2’-bipyridine, 4,4’-dimethyl-2,2’-bipyridine and 1,10-

phenanthroline); however, these were ineffective for cysteine arylation, highlighting the 

importance of the C^N cyclometalated scaffold to provide stability to the Au(III) centre. It 

should be noted that in these experiments, the conditions for incubation of the complexes 

and ZF peptides were far from physiological, with cysteine arylation occurring only after 

48 h.197  

Alternatively, as mentioned in 1.2.1, a gold(III) mesoporphyrin IX dimethyl ester 

complex (AuMesolX) can also be used to modify cysteine residues by covalent C-S bond 

formation to the electrophilic methine group of the porphyrin scaffold.198 
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2.1.2.1.5. C-C cross-coupling reactions 
More recently, Wong and co-workers199 reported the ability of cyclometalated Au(III) 

complexes to mediate a C-C cross-coupling reaction in a biological environment via an 

alkynylation reaction. The reaction was achieved using the Au(III) cyclometalated 

complex, [Au(CON)Cl2] (CON = 2-phenoxypyridine) (1 eq.), which was coupled with 

phenylacetylene (5 eq.) in the presence of K2CO3 (potassium carbonate) (5 eq.) in a 

CH3CN:H2O (1:1) mixture at 40 °C for 16 h (Scheme 6), yielding the product (82%).199  

 

 
Scheme 6 – C-C bond formation mediated by the Au(III) cyclometalated complex 

[Au(CON)Cl2.199 

 

The reaction scope was further expanded by using a series of other Au(III) 

cyclometalated complexes with different groups between the pyridyl and aryl rings, as 

well as introducing electron-donating and withdrawing groups on the phenylacetylene.199 

Unsurprisingly, the five-membered cyclometalated complex, [Au(C^N)Cl2], was unable to 

yield any product.199   

Proof-of-concept experiments were then performed to showcase the ability of 

these complexes to mediate the reaction in a biological system.199 In detail, an alkyne 

tethered to a model peptide was reacted with [Au(CON)Cl2] or [Au(CCON)Cl2] (5 eq.) in a 

PBS (pH 7.4, 50 mM):DMSO (9:1) solution at 40 °C for 4 h, resulting in a >99% 

conversion for both complexes.199 To perform this reaction in living cells, selectivity is 

essential. Therefore, an alkyne was tethered to lysine residues in a lysozyme model 

protein to selectively couple with [Au(CON)Cl2] (10 eq.) in PBS (pH 7.4, 50 mM) at 40 °C 

for 16 h (Scheme 7). Product formation was confirmed by LC-MS/MS analysis of the 

digested peptide sequences.199 The versatility of this reaction was demonstrated by 

attaching either a dansyl or BODIPY group to the cyclometalated Au(III) scaffold to 

achieve fluorescent labelling of a model protein. These reactions were again performed 

in PBS (pH 7.4, 50 mM) at 40 °C for 16 h and involved the reaction between the 

fluorescent Au(III) cyclometalated complex (10 eq.) and the alkyne tethered lysozyme, 

resulting in successful product formation.199 This work provides great promise for utilising 

Au(III) cyclometalated complexes for in vivo fluorescent labelling of target proteins.  
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Scheme 7 – C-C cross-coupling reaction between an alkyne tethered to a lysine residue in a 

lysozyme with the cyclometalated Au(III) complex in PBS.199 

 

2.1.2.2. Au(I) complexes 
2.1.2.2.1. Cyclisation reactions 

There are far fewer examples of Au(I) complexes to mediate reactions in living cells, and 

those that do usually can still be mediated by Au(III) complexes, albeit at a slower rate. 

The standard method for Au sensing, as described above in section 2.1.2.1.1, involves 

a non-fluorescent molecule comprising of a fluorophore and organic molecule, which 

within the presence of Au ions undergoes a structural change forming a fluorescent 

probe.182 However, in 2012 Patil et al.200 reported a new approach involving the 

‘anchoring and unanchoring’ of a fluorophore. In detail, on addition of the fluorescent 

fluorophore to the organic substrate, its fluorescence is masked; however, in the 

presence of Au(I) and Au(III) ions, the fluorescence is restored. Interestingly the reaction 

with Au(III) ions occurred at a slower rate compared to Au(I) ions.200 A549 cells (human 

lung carcinoma) were incubated with the organic substrate fluorophore conjugate, and 

upon addition of Au(I) ions, green fluorescence was observed which appeared 

concentrated in certain areas of the cells. Unfortunately, the images were not of sufficient 

quality to allow conclusions to be undoubtfully drawn.200 

In 2018, Mascareñas and co-workers201 reported the ability of simple Au(I) 

coordination complexes to mediate a carbocyclization reaction via hydroarylation of a 

pro-coumarin derivative to form the fluorescent coumarin product (Figure 36). A range of 

different Au(I) and Au(III) complexes were tested to mediate this reaction; however, the 

most successful were the coordination complexes with the general formula [AuI(L)Cl] (L 

= phosphane ligand, complexes 1-4, Figure 36).201 Starting from the [Au(PTA)Cl] (PTA 

= 1,3,5-triaza-7-phosphaadamantane, 1) complex, the hydroarylation reaction was 

initially performed in water; however, due to scarce solubility of the pro-coumarin 

derivative, a co-solvent (CH3CN) was required (8:2, H2O:CH3CN). It is important to 

mention that using CH3CN alone also did not result in any activity, which the authors 

proposed was due to water being needed to form the active catalyst.201 

 

O

N
Au

Cl Cl

HN
O

HN
O

ON

PBS, 40 oC, 16 h



 

 46  

 
Figure 36 – Schematic representation of the carbocyclization reaction via hydroarylation of a 

pro-coumarin derivative to form the fluorescent coumarin product, mediated by Au(I) and Au(III) 

coordination complexes (1-5).201 

 

Other [AuI(L)Cl] catalysts (2-4) were also very active, except for [Au(PPh3)Cl], which was 

due to its low solubility in the reaction mixture.201  Overall, it was concluded that facile 

hydrolysis of the chloride ligands helped facilitate this reaction. Out of the three Au(III) 

coordination complexes studied, only the one bearing a 1,10-phenanthroline scaffold, 

[Au(phen)Cl]PF6 (5, Figure 36) was capable of successfully mediating this reaction.201 

The [Au(PTA)Cl] complex was the least cytotoxic and therefore was used in fluorescent 

microscopy images within HeLa cells along with the pro-coumarin derivative. The 

fluorescent coumarin product was found to accumulate within the lysosomes of the HeLa 

cells.201 

 Unfortunately, the catalytic activity of the [Au(PTA)Cl] complex was inhibited in 

the presence of excess thiols, including GSH and cysteine, both ubiquitous in 

physiological media.201 Therefore, to translate this work in vivo, greater protection from 

speciation is required.201 However, it should be highlighted that the reaction can be 

performed concurrently with the previously reported150 Ru-mediated deallylation reaction 

within HeLa cells.201 The reactions were performed with the same substrates, with 

infrared fluorescence detected for the deallylation product and a green and blue emission 

for the hydroarylation product. This example is a first of its kind, highlighting the 

significant chemoselectivity and bioorthogonal manner of these transition metal 

catalysts.201 
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2.1.2.3. Au(0) nanoparticles 
In attempts to overcome speciation issues and unwanted reactions with thiols, commonly 

observed for homogenous gold catalysts in the cellular environment, Unciti-Broceta and 

co-workers202 reported the first example of an uncaging reaction mediated by gold 

nanoparticles (AuNPs) in living systems. The AuNPs themselves were embedded within 

a polyethylene glycol (PEG)-grafter low-cross-linked polystyrene matrix, similar to the 

matrix the authors used to embed PdNPs,150 providing greater protection against large 

thiol molecules whilst still allowing small molecules to enter and react.202 The AuNPs 

were first tested for the O-depropargylation reaction of a non-fluorescent rhodamine 110 

derivative to form the fluorescent rhodamine 110 product. The reactions were performed 

in physiologically relevant conditions, with and without serum. Interestingly, in both 

cases, fluorescent rhodamine 110 was formed, with the addition of serum increasing the 

yield by ca. 25%.202 

To explore this phenomenon further, GSH was added to the AuNPs and 

rhodamine 110 derivative at varying concentrations.202 It was found that up to 

physiological concentrations of GSH the reaction was promoted; however, once this was 

surpassed (over 50 µM) the fluorescence intensity decreased.202 Therefore the authors 

concluded that the Au-S bonding of GSH to the NP surface could facilitate the 

dealkylation reaction when GSH concentration was below the threshold; however, once 

this was surpassed, the GSH then blocked most of the active sites on the surface of the 

NPs meaning the gold-alkyne could not interact and the depropargylation reaction was 

not performed.202  

 In vitro studies were next performed in A549 cells to evaluate the reaction in more 

physiological conditions; in this case, protected anticancer drugs (prodrugs) were 

used.202 Remarkably, this was successful with cell viability measured after incubation 

with both the AuNPs and prodrugs alone, both of which had no cytotoxic effect; yet, when 

combined cytotoxicity was observed.202 

 Due to this success, the authors then envisaged using these embedded AuNPs 

as implants for localised tumours within the brain or prostate, for example, offering in situ 

transformation of the prodrug to an active anticancer agent in a specific area.202 

Therefore, in vivo proof-of-concept experiments involving the AuNPs and non-

fluorescent rhodamine 110 derivative (pro-dye) were performed within the cranium of 

zebrafish embryos (Figure 37). The AuNPs were first implanted into the brain of zebrafish 

larvae before the addition of the lipophilic pro-dye to the embryo media, which was taken 

up through the skin and/or by ingestion.202 Extraordinarily, fluorescence was only 

observed once the pro-dye had reached the AuNPs, as observed by the strong green 

fluorescence localised in the area of the AuNPs (Figure 37).202 This work paves the way 
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for heterogeneous gold catalysts as bioorthogonal reagents, overcoming issues of 

speciation and unwanted thiol reactions whilst demonstrating the ability of AuNPs to 

successfully activate prodrugs in situ, reducing harm to healthy tissues, an ever-present 

challenge with using chemotherapeutics.202  

 

 
Figure 37 - O-depropargylation reaction of 1 mediated by AuNPs to form the green fluorescent 

Rhodamine 110 in the brain of zebrafish embryos. The white arrow in the brightfield image 

shows the presence and location of the AuNPs. Figure partially reproduced from ref 202. 

Copyright 2017, John Wiley and Sons, Angewandte Chemie International Edition, 

http://creativecommons.org/licenses/by/4.0/.202 

 

Motivated by this success, the same group recently published the ability of similar AuNPs 

to activate the prodrug of Panobinostat, which has been approved for the treatment of 

multiple myeloma.203,204 The AuNPs were formed using a similar method to before,202 

except trisodium citrate was used as a more biocompatible reducing and stabilising 

agent to replace tetrakis(hydroxymethyl)phosphonium chloride (THPC).203 In vitro 

studies were performed in non-small-cell lung cancer (NSCLC) A549 cells and showed 

successful depropargylation of the Panobinostat prodrug by the AuNPs. The AuNPs 
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were also demonstrated to be re-usable, with sufficient activity over three successive 

cycles.203
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3. Gold nanoparticles (AuNPs) stabilised by NHC 

ligands 
Nanomaterials such as inorganic nanoparticles are identified as such due to their 

dimension being within the nanometre scale (1-100 nm).205 They possess different 

chemical and physical properties compared to small molecules and bulk materials, 

showing increased reactivity due to a large surface area to volume ratio.206 This latter 

property makes metal nanoparticles (MNPs) natural choices for new catalysts. The 

advantages of these systems surpasses the benefit of metal economy as the restriction 

of electrons within a nanoscale domain can improve the activity and selectivity of these 

catalysts.207 In fact, MNPs also have distinct optical properties due to the presence of a 

surface plasmon resonance (SPR) band.208,209 This is due to the excitation of free 

electrons of the MNPs when exposed to the electromagnetic field of light, causing them 

to oscillate collectively away from the lattice of positive ions.210 The frequency of 

oscillation is the same as the incident light, forming localised surface plasmons (LSPs), 

as shown in Figure 38.210,211 This in turn gives strong SPR bands due to light scattering, 

thus enhancement of local electromagnetic fields.209,210  The properties of the SPR bands 

(frequency and intensity) allow the material to be identified.209 

 

 
Figure 38 - Excitation of free electrons of MNPs by light forming localised surface plasmons, 

adapted from ref.211 

 

Gold nanoparticles (AuNPs) are one of the most well-researched MNPs and can be 

produced from a range of different synthetic methods, all of which can affect the size, 

shape, and stability of the NPs. The preparative methods can be divided into two main 

types: physical and chemical.206,212 The former, which is less common, usually produces 

NPs of larger size obtained by grinding, evaporation or milling.206,212 The chemical 

method generally involves a reducing agent, such as sodium borohydride (NaBH4), 

which is added to the Au ions in a chosen solvent with the addition of a protecting 
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agent/stabiliser to reduce agglomeration of AuNPs. Altering the ratios of these reagents 

can affect the size and morphology of the NPs.212  

 The diverse colour of AuNPs was first discovered by Michael Faraday who 

presented a reaction involving the reduction of an aqueous solution of a gold salt, sodium 

tetrachloroaurate (NaAuCl4), with a solution of phosphorus in carbon disulfide.213 A 

colour change of the yellow NaAuCl4 solution to deep ruby was observed after a few 

minutes of reduction due to the formation of AuNPs.213 In fact, as light scattered from 

AuNPs is within the visible region of the electromagnetic spectrum, this yields an array 

of colours characteristic of the type of AuNPs.214 The sensitivity of the plasmon frequency 

of AuNPs means that the wavelength of the SPR band can be indicative of the 

environment the AuNP is in, see Figure 39.214 For example, aggregation of NPs 

increases the amount of light scattered, rather than absorbed, increasing the wavelength 

of the SPR band, resulting in the ruby red colloidal solution becoming more purple.214  

 

 
Figure 39 – Central image showing colour change observed upon increasing size of gold 

nanoparticles in an aqueous solution from 4 to 40 nm (a-e), with corresponding transmission 

electron microscopy images of the nanoparticles, scale bars are 100 nm. Reprinted with 

permission from ref 214. Copyright (2008) American Chemical Society.214 

 

There have been many applications of AuNPs over the years in different areas, such as 

catalysis, biological sensing, clinical imaging and drug delivery.206,208,214,215 This is mostly 

due to the unique optical properties of AuNPs, but also to their biocompatibility and 

relatively low toxicity, which have made them a popular choice in biomedical applications 

among the possible nanomaterials.206  

As mentioned above, stabilisers are needed to inhibit irreversible agglomeration 

of metal NPs, and among the different types, ligands containing donor atoms, polymers 

or surfactants can be used for these purposes.207 Stabilisers can function either sterically 
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or electrostatically, both preventing the encounter of distinct NPs.207 The choice of 

stabiliser can influence different properties of the NPs such as size, shape and 

structure.216 In 1994, the first example of thiol stabilised AuNPs was reported by Brust et 

al.217 using the alkanethiol, dodecanethiol, due to the aurophilic nature of thiols. This 

yielded AuNPs with a small size distribution ranging between 1-3 nm, thus remained a 

popular choice for NP synthesis.217 Thioethers have also been explored as a stabiliser 

for AuNPs,218,219 as well as phosphines,220 however these ligands do not bind to Au as 

strongly as thiols.221 The stabilising ligand can occupy further roles such as 

functionalisation of the NP surface by the addition of various groups including 

biocompatible targeting ligands, and to increase the solubility of the NPs.222 

The following sections will be focused on AuNPs stabilised by N-heterocyclic 

carbene (NHC) ligands, however it should be noted that the literature is teeming with 

examples of NHC stabilised Au materials223 such as: nanocrystals,224–226 nanoclusters227–

229 and monolayers.230–235 

 

3.1. AuNPs stabilised by N-heterocyclic carbene (NHC) ligands 
3.1.1. N-heterocyclic carbenes (NHCs) 

The field of NHCs was developed following the isolation of the stable carbene IAd (1,3-

bis(adamantyl)imidazol-2-ylidene) (Figure 40a) in 1991.236 NHCs have become a popular 

choice over the years due to their high stability and facile synthesis, with the ability to 

functionalise multiple positions of the structure over a short period of time.237 

NHCs possess a singlet ground state electron configuration, where the carbenic 

carbon is considered formally as having an sp2-hybridised lone pair as the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) 

being an unoccupied p orbital (Figure 40b).237 The presence of the adjacent N atoms 

help to stabilise the structure electronically as they act as σ-electron-withdrawing groups 

(green arrows, Figure 40b), lowering the energy of the occupied σ	orbital, as well as π-

electron-donating groups, donating electron density to the empty p orbital (red arrows, 

Figure 40b).237 The reactivity and stability of NHCs is affected by both electronic and 

steric factors. For example, IAd contains two bulky adamantyl groups constituting the N-

anchored wingtips, which sterically disfavour the NHC dimerization (Figure 40a).237 

Replacement of these groups with other substituents greatly affects the steric properties 

of the NHC. The cyclic structure of the NHC also favours the more stable singlet ground 

state on the carbenic carbon by imposing a more bent structure.237 Modification of the 

backbone itself can also affect the electronic properties of the NHC by the addition of 

different substituents, for example a carbonyl group on the NHC backbone can cause 

the NHC to be less electron-donating.238 
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Figure 40 - (a) Structure of IAd (1,3-bis(adamantyl)imidazol-2-ylidene), (b) Representation of 

singlet ground state electronic structure of imidazol-2-ylidene-type NHC. Adapted from ref.237 

 

NHC ligands are known to be strong σ-donors and weak π-acceptors, similar to 

phosphine ligands.237 However, phosphines, at variance with NHCs, often suffer from 

decomposition at high temperatures.237 In 1995, Herrmann et al.239 were the first to 

describe a transition metal complex bearing an NHC ligand to be used as a homogenous 

catalyst.239  

Within this framework, organometallic gold complexes featuring NHC ligands 

have raised interest over the years for applications in catalysis, such as enyne 

cycloisomerisation,240 hydration of nitriles to amides241 and C-H activation by 

carboxylation,242 to name just a few. Also, due to their high affinity for binding to metals 

in the oxidation state 0, NHCs were also explored for applications in heterogeneous 

catalysis, and in 2009, the first examples of AuNPs stabilised by NHCs were 

reported.243,244  

 

3.1.2. Synthetic approaches to AuNPs stabilised by NHCs (NHC@AuNPs) 
Hurst et al.243 were the first to report the synthesis of AuNPs stabilised with NHCs 

(NHC@AuNPs) via a ligand exchange method, which has been named as the ‘top-down’ 

approach. Generally, this approach involves the replacement of a weaker ligand from 

the AuNP, such as a thioether ligand, with an NHC ligand. For example, bis-tert-

butylimidazol-2-ylidene was first prepared by deprotonation of the corresponding 

imidazolium salt using KOtBu (potassium tert-butoxide), before the addition to the AuNPs 

stabilised with dodecyl sulfide in benzene.243 The NHC@AuNPs then precipitated out of 

solution after ca. 12 h. Although the NPs were stable at -4 °C in their solid form for 

months, in solvents including DMSO (dimethylsulfoxide), CH3CN (acetonitrile) and 

CH2Cl2 (dichloromethane), the NPs were only stable for ca. 12 h before a precipitate was 

formed. The instability of such AuNPs was attributed to the large sterics of the NHC 

ligand.243  

In the same year, Vignolle and Tilley244 reported a different so-called ‘bottom-up’ 

approach for the formation of NHC@AuNPs which involved the direct reduction of the 

corresponding NHC-Au(I) starting complex. Specifically, this work used a Au(I) NHC 

complex as the starting material, featuring the less sterically demanding iPr2Im (1,3-
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diisopropylimidazol-2-ylidene) NHC ligand.244 After reduction with KBEt3H (potassium 

triethylborohydride) in THF (tetrahydrofuran) a brown solution was formed. 

Unfortunately, due to the small size of the spherical AuNPs (2.19 ± 0.47 nm) and similar 

solubility to the NHC-Au(I) starting complex, purification of these NPs could not be 

achieved.244  

This study then moved towards NHC ligands with longer C14H29 alkyl chains as 

wingtip groups on the NHC scaffold, which again were reduced using KBEt3H in THF.244 

The synthesised AuNPs produced a ruby red solution with an SPR band around 525 nm. 

The purified NPs were stable as solids or in apolar organic solvents, excluding 

chlorinated solvents.244 TEM (transmission electron microscopy) analysis showed mainly 

spherical NPs with a larger size of 6.8 ± 1.8 nm. The effect of the reducing agent was 

next investigated by replacement with a weaker reducing agent, 9-BBN (9-

borabicyclo[3.3.1]nonane).244 The NPs formed were more triangular or rhombic in shape, 

with a lower size distribution and overall smaller size (5.75 ± 0.49 nm) compared to those 

formed with KBEt3H.244 Compared to the work by Hurst et al.,243 this work showed the 

formation of more stable AuNPs, albeit with different NHC ligands and preparation 

methods.244  

Using the same ‘bottom-up’ approach as Vignolle and Tilley,244 Song et al.245 

explored AuNPs with NHC ligands attached to π-conjugated polymers or conducting 

polymers (CPs).245 Interestingly, when starting from the bithiophene-NHC-Au(I) 

precursor (BT-NHC-AuCl, Scheme 8), replacement of the chloride with triflate, which 

binds more weakly, resulted in disproportionation of Au(I) to Au(III) and Au(0). The Au(III) 

immediately induced oxidative polymerisation through the thiophene groups and the 

Au(0) initiated growth of AuNPs.245 This afforded NHC-based CP/AuNP hybrids, where 

the NHC ligands were significant for the dispersion of the AuNPs in the polymer matrix.245 

The catalytic applicability of these NHC-CP/AuNPs was then demonstrated for the 

reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) using NaBH4 in H2O. The 

reduction was completed within 510 s showing significant activity.245 Hybrid composites 

of CP and NPs can be used as materials in many areas including optoelectrics.246 

 

 
Scheme 8 - Synthesis of NHC functionalised conducting polymer/AuNP hybrids from the 

bithiophene-NHC Au(I) precursor by concurrent disproportionation of Au(I) to Au(III) and Au(0) 

and oxidative polymerisation of the thiophene groups.245 
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In 2014, further work on the ‘top-down’ method was reported by Richter et al.247 with a 

focus on forming stable PdNPs with NHC ligands; however an example using AuNPs 

was also included.247 This involved the ligand exchange reaction in a two-phase solvent 

system of CH3CN and hexane, with thioether stabilised AuNPs and a long alkyl chain 

imidazolium salt (1,3-dimethyl-4,5-diundecyl-1H-imidazol-3-ium), in the presence of 

tBuONa (sodium tert-butoxide).247 The authors described the ligand exchange on the 

AuNPs as successful, forming stable AuNPs with long-chain NHC ligands. Unfortunately, 

very little information was given on the stability of the AuNPs synthesised in this work.247 

In the same year, Richeter and co-workers248 also used the ‘top-down’ method to 

produce stable NHC@AuNPs; however, they focused solely on AuNPs.248 In this work, 

two benzimidazol-2-ylidene derivatives (1a and 1b, Figure 41) were used to try and 

improve the lack of stability observed previously when using imidazolium 

derivatives.243,248 The starting thioether-coated AuNPs were reacted with the carbene, 

formed in situ by the addition of tBuONa to the corresponding NHC salt (1a and 1b).248 

This led to the formation of the AuNPs as a precipitate. The NHC@AuNPs formed from 

1a were two times smaller than the starting thioether NPs (2.8 ± 0.6 nm vs. 5.8 ± 1.2 nm, 

respectively) and more aggregated, as seen by the broad SPR band at λmax ~552 nm, 

compared to 510 nm for the thioether NPs.248 Investigations showed that the 

corresponding bis-NHC Au(I) complexes were formed alongside the NPs, as well as 

NHC ligands remaining present on the NP surface, which was also seen previously.243,248 

This was additionally observed for 1b and 1c.248  

In 2016, the same group continued this work by comparing the stabilisation ability 

of 1d (N,N-dibenzylbenzimidazol-2-ylidene, Figure 41) to those previously reported.248,249 

Benzyl groups were chosen to further stabilise the AuNPs through π-interactions with 

the surface.249 Unfortunately, enhanced stability was not achieved, with the bis-NHC 

Au(I) complex once again being the predominant species, with small aggregated NPs 

also present.248,249 

 

 
Figure 41 - Structure of benzimidazol-2-ylidene derivatives used in work by Richeter and co-

workers.248,249 

 

The size of the AuNPs can be important for biomedical applications, for example, 

ultrasmall NPs (UNPs) have a size ranging between 1 to 2 nm and can be used for 
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intracellular drug delivery250 or as a contrast agent for in vivo fluorescence imaging of 

tumour cells.251 The first example of NHC@AuUNPs was reported by Richeter and co-

workers252 in 2014. In this work, two types of Au(I) C6F5 complexes were used as the 

precursors for the formation of AuUNPs (Figure 42).252 The first was an anionic complex 

with an imidazolium cation, [C18H37-MIM][Au(C6F5)2] (C18H37-MIM = 1-methyl-3-

octadecyl-imidazolium) (2, Figure 42), and the second was a neutral complex with an 

imidazol-2-ylidene ligand, [Au(C6F5)(C18H37-NHC)] (C18H37-NHC = 1-methyl-3-octadecyl-

imidazol-2-ylidene) (3, Figure 42).252  

In order to synthesise UNPs that have a small size distribution and high stability, 

high temperature thermolysis was used to ensure a fast nucleation step.252 This synthetic 

method can be considered as a ‘bottom-up’ approach due to reduction of the Au(I) NHC 

species to the Au(0) NPs, using the C6F5
- ligands attached to the Au(I) NHC. After heating 

under air at 285 °C for 10 min, AuUNPs of 2 were formed, containing a mixture of UNPs 

and larger polyhedral nanocrystals.252 Next, AuUNPs of 3 were formed by thermolysis at 

285 °C, albeit in this case the NPs were formed after only 3 min and of slightly smaller 

size, with no nanocrystals. Reducing the temperature for the thermolysis of 3 to 250 °C, 

paired with a longer reaction time, gave UNPs as well as larger NPs of ~15 nm in size. 

The authors proposed that in the case of 2, two steps are required to reach the UNPs, 

both mediated by the C6F5
- ligands.252 Firstly, the C6F5

- ligands deprotonate the MIM 

cation to form complex 3 in situ and secondly, the C6F5
- ligands act as reductive 

elimination agents to reduce Au(I) to Au(0). However, when starting with 3 only the 

reductive elimination step is required. Therefore, this suggests that in the case of 2, 

larger NPs are seen alongside the UNPs due to the extra step needed to first form 3, 

meaning the nucleation step is slower.252  

 

 
Figure 42 – Structures of complexes [C18H37-MIM][Au(C6F5)2] (C18H37-MIM = 1-methyl-3-

octadecyl-imidazolium) (2) and [Au(C6F5)(C18H37-NHC)] (C18H37-NHC = 1-methyl-3-octadecyl-

imidazol-2-ylidene) (3).252 

 

To assess the catalytic ability of these UNPs, NPs of 3 were supported on aminopropyl-

functionalised silicon dioxide to improve water-solubility and subsequently tested for the 
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reduction of 4-NP with an excess of NaBH4 in water.252 The supported AuUNPs of 3 were 

very efficient for this reaction, showing full conversion after ca. 8 min.252 Thus, this work 

highlights that the most efficient method to form UNPs is by the direct reduction of the 

Au complex bearing the NHC ligand, to avoid the additional step of forming this bond, as 

was seen in the case of 2.252 

The versatility of NHC@AuNPs was next presented by Cao et al.253 in 2016, 

where they showed that the addition of the NHC ligand on the AuNP surface can 

enhance the electrocatalytic reduction of CO2 to CO in water.253 The NHC@AuNPs were 

formed by the ‘top-down’ approach, resulting from a ligand exchange reaction after the 

addition of the oleylamine stabilised AuNPs to an excess of the NHC ligand (4-6, Figure 

43) in anhydrous toluene. L4 was tested first showing enhanced activity for CO2 

reduction compared to the original AuNPs.253 To explore whether the steric demands of 

the NHC can influence the activity, L5 (1,3-bis(2,6-diisopropylphenyl)-1,3-dihydro-2H-

imidazol-2-ylidene) and L6 (1,3-ditert-butylimidazol-2-ylidene) were also tested.253 All 

three NHC ligands (L4-6) increased the electrocatalytic activity of the AuNP, with L4 

being most active, followed by L5 and then L6. This was rationalised by using the steric 

bulk descriptor, percent buried volume (%Vbur), for each ligand.253 The %Vbur increased 

from L4 to L6 therefore suggesting that increased steric bulk results in less 

electrocatalytic efficiency. Of note, the previously reported instability of NPs prepared by 

the ‘top-down’ approach was not evidenced in this work.253 

 

 
Figure 43 – Structures of NHC ligands used as stabilisers for AuNP electrocatalysts.253 

 

NHC@ AuNPs have also been utilised to form amphiphilic AuNPs that can self-assemble 

into NP ensembles, as reported by Crudden and co-workers.254 These NP ensembles 

can display different electronic, magnetic and optical properties to the individual 

NPs.255,256 Firstly, the Au(I)-NHC complex was formed from an amphiphilic NHC ligand 

possessing different wingtip groups, the non-polar group being a long alkyl dodecyl chain 

and the polar one a triethylene glycol (TEG) ligand.254 The AuNPs were then formed by 

reduction of the Au(I)-NHC complex with excess NaBH4 in a biphasic solution of water 

and CH2Cl2. The biphasic solution was used to slow down the rate of reduction of the 

gold complex, providing more uniform NPs.254 The NPs remained stable and discrete in 

THF, displaying an SPR band at 525 nm. In order to form the NP ensembles, water or 
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ethanol was added as the polar solvent to the AuNPs in THF to solubilise the TEG 

group.254 Water formed small aggregates with an SPR band of 555 nm, whereas ethanol 

formed larger ensembles as seen by the SPR band shift to 580 nm. The stability of the 

NP aggregates formed in water was assessed against excess glutathione (GSH).254 GSH 

is ubiquitous in human cells and therefore, resistance to its nucleophilic power is vital for 

biological applications.257 After 24 h there was only a 10% decrease in intensity of the 

SPR band, which shows moderate stability towards GSH, however due to the formation 

of aggregates it is unlikely that these systems can be used for biological applications.254 

In 2018, the same group258 reported the first example of AuNPs stabilised by bis-

NHC ligands (Figure 7). This work investigated if the addition of alkyl groups to the 

benzimidazole scaffold (R), or an increase in chain length (L) between the NHC ligands, 

would effect NP stability (Figure 44A).258 Interestingly, the synthesis of the NPs was 

conducted using the ‘top-down’ and ‘bottom-up’ approaches to observe possible 

changes in stability due to the preparation method (Figure 44A).258  

 

 
 

Figure 44 – (A) Synthetic routes used to form multidentate NHC@AuNPs (‘top-down’ and 

‘bottom-up’ approaches). (B) Structures of monodentate (7H and 7R) and bidentate (8-9H and 8-
9R) NHC ligands used to stabilise multidentate AuNPs against external thiols by Crudden and 

co-workers, adapted from ref.258 

 

The stability of the AuNPs possessing both mono- (7) and bi-dentate (8, 9) NHC ligands 

were investigated, featuring (R), or not (H), alkyl groups on the benzimidazole scaffold 

(Figure 44B).258 Overall, the bidentate NHC ligands with the alkyl groups, synthesised 

using the ‘top-down’ approach, produced the most stable NPs (8R AuNPTD and 9R 

AuNPTD) with respect to high temperature and thiols (e.g. dodecanethiol).258 This result 

is surprising considering previous reports of unstable NPs produced by the ‘top-down’ 

approach,243,248,249 and could be ascribed to the inherent stability of the bidentate 
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scaffold.258 The length of the alkyl linker between the two NHCs in the bidentate complex 

(8 vs. 9) did not appear to affect the stability of the NPs.258 

In 2017, Young et al.259 were the first to publish the use of chiral biomolecules as 

NP stabilisers, specifically featuring an N-BOC-histidine-methyl ester group (BOC = tert-

butyloxycarbonyl) anchored to the NHC ligand backbone.259 The stabiliser was 

synthesised by methylation of L and D isomers of BOC-His-OH before transmetalation 

with Ag2O (silver oxide) and Au(SMe2)Cl (chloro(dimethylsulfide)gold(I)). The ‘bottom-

up’ approach was then used to form the L and D AuNPs, by reduction of the L or D Au(I) 

complexes with tBuNH2·BH3 (tert-butylamine borane) in THF (Scheme 9).259  

 

 
Scheme 9 - Synthesis of (L)/(D) AuNPs from (L)/(D) Au(I) NHC complex bearing an N-BOC-

histidine-methyl ester group.259 

 

Interestingly, circular dichroism (CD) spectroscopy in CH2Cl2 showed optical activity for 

only the L and D AuNPs, not for the L and D Au(I) complexes or methylated ligands.259 

This highlights the importance of the AuNP in its arrangement and ordering of the 

histidine ligands absent in single molecules. It is worth mentioning that, normally, small 

chiral molecules do not show optical activity above 230 nm, however since CH2Cl2 was 

used in this work the threshold was 255 nm for the CD spectroscopy.259 The authors 

proposed different areas where these NPs could be utilised, including: asymmetric 

catalysis and drug delivery; however, the group acknowledged the importance of forming 

water-soluble alternatives.259 

Toste and co-workers260 later published an alternative application of chiral NHC 

ligands for AuNP synthesis based on the model of supported Dendrimer-Encapsulated 

Metal Clusters (DEMCs).260 The AuNPs were formed by the ‘bottom-up’ approach using 
tBuNH2·BH3 to reduce the chiral Au(I)-NHC ligand in the presence of the dendrimer. In 

order to prevent NP aggregation, the resulting dendrimer-encapsulated AuNPs were 

supported on silica forming Cat-1, allowing separation from the solution (Scheme 10).260   
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Scheme 10 - Dendrimer encapsulated gold nanoparticles with NHC ligands supported on silica 

forming Cat-1.260 

  

The catalytic activity of Cat-1 was challenged against the intramolecular lactonization 

reaction of allenes,260 which has previously been catalysed by Au(I) complexes 

dispersed in silica.261 Cat-1 catalysed the reaction in deuterated DCM (CD2Cl2) at 20 °C 

after 22 h, requiring 100 °C and deuterated toluene to reach full conversion.260 In this 

work, techniques such as XPS (X-ray photoelectron spectroscopy) suggested the 

presence of a Au(I)-NHC monolayer around the Au(0) core of Cat-1, which the authors 

acknowledged as a potential catalytic active site. The NHC ligands not only activated the 

AuNPs as catalysts but also provided chirality, resulting in an enantiomeric excess (e.e.) 

of 16% for the reaction.260 A control experiment using the mono Au(I)-NHC as the catalyst 

showed no reactivity, however this does not prove that the Au(I)-NHC monolayer on the 

AuNPs is not responsible for the catalytic activity in this reaction, although does suggest 

that the heterogeneous nature of the catalyst plays a significant role in its catalytic 

activity.260  

More recently, Lomelí-Rosales et al.262 investigated the difference in AuNP 

formation using either Au(I) or Au(III) complexes as precursors, all featuring NHC 

ligands. The AuNPs were formed by direct reduction of the complexes with an aqueous 

solution of NaBH4 added dropwise in ethanol.262 For the mono and bis-Au(I)NHCs, 

addition of NaBH4 formed black solutions, showing uncontrollable reduction and 

therefore, instability of the resulting NPs regardless of the ligand to metal ratio.262 

However, reduction of the neutral mono-Au(III)NHC complexes showed controlled NP 

formation, evidenced by purple colloidal suspensions after addition of NaBH4, which 

authors claim to remain stable over an undefined period of time. TEM analysis showed 

these NPs were spherical and small (average size ca. 3-5 nm).262 Therefore, the authors 

suggested that the oxidation state of the AuNHC precursor was accountable for the 

stability of the resulting AuNPs, with Au(III) being the most suitable when using neutral 

Au(III) mono-NHCs as precursors.262  Nevertheless, further work is needed in this area, 

such as exploring the NP formation starting from charged Au(III) bis-NHC complexes 

and variation of NHC ligands used. More in-depth analysis into the stability of the AuNPs 
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formed from the Au(III) complexes is also required, such as in the presence of exogenous 

thiols.  

 

3.2. Water-soluble AuNPs stabilised by NHCs 
For the application of AuNPs in biological systems or green chemistry, their solubility in 

an aqueous environment is an essential feature; however, it was not until 2015 that 

MacLeod and Johnson reported the first example of water-soluble NHC@AuNPs.263 

Their work was focused on the applicability of water-soluble AuNPs for biomedical 

purposes, where stability is essential for function. Therefore, a hydrophilic NHC 

poly(ethylene glycol) (PEG) ligand was selected to provide steric stability to the AuNPs, 

with N-methyl substituents.263 The NPs were formed by reduction of the corresponding 

Au(I)/Au(III) NHC complexes with tBuNH2·BH3 in THF at room temperature (Scheme 11) 

before dialysis against water. Unfortunately, issues of separation during the synthesis of 

the AuNHC complex meant a mixture of Au(I) and Au(III) NHC complexes were used to 

form the AuNPs.263 

 

 
Scheme 11 - Synthesis of water-soluble AuNPs stabilised by hydrophilic NHC PEG ligands 

formed by the reduction of corresponding Au(I) and Au(III) NHC complexes.263 

 

TEM analysis showed spherical AuNPs with an average diameter (DTEM) of 4.2 ± 0.7 nm, 

whilst DLS (dynamic light scattering) measurements showed an average hydrodynamic 

diameter (Dh) of 16.2 ± 0.1 nm in an aqueous solution, indicating the presence of a core-

shell structure.263 Next, the stability of the NPs in aqueous solutions was assessed based 

on the SPR band; the NPs were stable for at least 3 months at room temperature and 

tolerated extreme high and low temperatures (95 and -78 °C) for 5 h. The pH tolerance 

of the NPs was also investigated and showed high stability over 24 h, independent of the 

pH.263 After 2 days, only particles at pH 1 showed signs of aggregation. Exceptionally, 

after 8 weeks, NP solutions with a pH >3 did not show any change, whilst at pH 3 there 

was only a small decrease and red shift of the SPR band.263 Solutions of pH 1 and 2 

were visibly aggregating with a large decrease in the SPR band. To mimic more 
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biological conditions, the stability of the NPs in saline solution was also assessed and 

showed that the AuNPs were stable for 6 h.263  

The AuNPs were also tested in other solutions including buffers of varying pH: 

after 3 days there was only a small shift in the SPR bands and after 7 weeks the NPs 

had no visible aggregation.263 The NPs were also stable in cell culture medium containing 

fetal bovine serum (FBS) after 26 h at either room temperature or 37 °C.263  

Finally, the AuNPs were exposed to two thiol-based reducing agents, namely 2-

mercaptoethanol (BME) and GSH.263 NPs exposed to BME exhibited immediate 

broadening of the SPR band, although over 3 h this remained mostly unchanged. After 

26 h, the BME exposed NPs had completely aggregated.263 However, the GSH exposed 

NPs only suffered a small shift in the SPR band. Treatment of the NPs with excess PEG-

SH resulted in ligand exchange with the NHC ligand, but also the release of Au(I)/(III) 

NHC complexes. Unfortunately, no further biological data was reported for these NPs.263 

Later that year, Ferry et al.264 continued the work on water-soluble NHC stabilised 

PdNPs and AuNPs. Thus, different negatively charged NHC ligands bearing either 

sulfonate or carboxylate groups to improve water-solubility and stabilisation by 

electrostatic interactions were reported (L10-13, Scheme 12).264 The ‘top-down’ 

approach was employed in this work, beginning with the in situ formation of the reactive 

NHCs in DMF (dimethylformamide) by the addition of KOtBu to their corresponding 

imidazolium salts (L10-13), followed by the addition of didodecylsulfide (DDS) stabilised 

Pd or AuNPs in hexane (Scheme 12).264   

 

 
Scheme 12 - Reaction scheme to form MNPs (M = Au/Pd) from imidazolium salts (L10-13), by 

Ferry et al.264 

 

Ligand exchange was confirmed by phase transfer of the NPs in non-polar hexane into 

polar DMF, leaving behind excess DDS in hexane.264 After purification by dialysis the 

NPs were stable over 3 months. NHC@PdNPs were formed with L10-13, whereas 

NHC@AuNPs were formed with L10-12, due to previous work using L13 for Au 

complexes.264,265 TEM analysis of the NHC@PdNPs compared to the DDS@PdNPs 

showed very little variation; however, the NHC@AuNPs showed a significant decrease 
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in size upon ligand exchange, for example, DDS@AuNPs had a mean size of 8.5 ± 1.7 

nm, whereas L10@AuNPs had a mean size of 4.7 ± 1.6 nm.264 This had also been seen 

previously for the ‘top-down’ method, as reported above,243,248,249 by loss of 

corresponding Au(I)-NHC complexes, deeming the NPs unstable.264 However, NMR 

(nuclear magnetic resonance) and ESI-MS (electrospray ionisation mass spectrometry) 

analysis confirmed that before purification by dialysis, Au(I)-NHC species were present, 

however after dialysis these species were successfully removed yielding the pure NPs, 

which showed no further decrease in size after dialysis.264  
To further investigate their stability, the Pd and AuNPs were subjected to acidic 

pH solutions between pH 1 and 4.264 Stability of the NPs was attributed to the charged 

group on the NHC ligand, sulfonated ligands (L10 and L11) gave stable NPs at pH 4, 

whereas the NPs with the carboxylate ligands (L12 and L13) aggregated. This can be 

explained due to partial protonation of the carboxylate group, reducing its charge and 

therefore electrostatic repulsion to neighbouring NPs, resulting in aggregation.264 This 

aggregation was reversible for L12 Pd and AuNPs by adjusting the pH to 10 for 3 cycles, 

although the NPs did not tolerate acidic conditions for longer than 30 min. Lastly, the 

catalytic ability of the PdNPs was investigated for the hydrogenation of olefins, showing 

high chemoselectivity and reactivity, as well as the ability to be recycled.264  

 Following on from the work of Ferry et al.,264 further investigations into sulfonated 

imidazolium salts as stabilisers for water-soluble AuNPs was reported in 2017 by Monti 

et al.266 The AuNPs were formed in situ by addition of an aqueous solution of the 

imidazolium salts (L14-16, Figure 45) to HAuCl4 (chloroauric acid), before the addition of 

hydrazine, producing AuNPs almost immediately.266  

 

 
Figure 45 – Structures of sulfonated imidazolium salts (L14-16) used as stabilisers for water-

soluble AuNPs by Monti et al.266–268 

 

TEM analysis was used to determine the average diameter of the NPs, with L14 giving 

the smallest NPs (9 ± 2 nm) and L15 giving the largest (15 ± 2 nm).266 Negative zeta 

potential values were seen for all NPs, which led the authors to hypothesise that the 

AuNP surface interacts with the positively charged imidazolium ring, meaning that the 

negatively charged sulfonate groups point away from the surface.266 

 Additional investigations by the group showed that the interaction between the 

imidazolium ring and AuNP surface was electrostatic, with the strength of interaction 

N N

O3S SO3Na

N NO3S N NHO3S

L14 L15 L16



 

 
64 

dictated by the orientation of the alkyl chain and sulfonate groups.267 Therefore, the 

stronger the interaction, the more stability the AuNPs had in water. L14 possessed bulky 

isopropyl groups which reduced the interaction with the NP surface, making them less 

stable.267 Whilst L15 and L16 showed only small differences, the orientation and 

coverage of the ligands appeared to be different, with L16 showing a stronger interaction 

of the imidazole ring with the NP surface compared to L15, which could be attributed to 

more steric impedance on L15.267  

The catalytic ability of the NPs for reduction of 1,4-dinitrobenzene (DNB) to 4-

nitroaniline (NA) was also assessed.267 The reaction was performed in water at room 

temperature with the addition of hydrazine and monitored by absorption spectra. All NPs 

showed activity after 30 min.267 To further explore the difference in reactivity between the 

AuNPs of L15 and L16, the rate constant (k) of the reaction was determined for each NP 

by varying the apparent rate constant (kapp) with DNB concentration.268 AuNPs of L16 

showed a greater k value, which was recognised to be due to less compaction and steric 

hinderance of the stabilising NHC ligands, providing easier access of the DNB molecules 

to react with the AuNP surface.268 The recyclability of the NPs of L15 and L16 was also 

assessed, with the conversion determined after each recovery and re-use of the NPs. 

After each cycle the conversion of DNB dropped for both NPs.268 The authors 

hypothesised that the loss in conversion could be due to loss of AuNP during recovery, 

or increased occupied/modified active sites after each cycle, meaning less active sites 

for DNB molecules to compete for.268 

 Recent work published by DeJesus et al.269 described the formation in aqueous 

conditions of AuNPs stabilised by NHC ligands bearing protic groups; the synthesised 

AuNPs had an average diameter >15 nm.269 AuNPs larger than 10 nm have been 

reported as advantageous in areas such as in vivo biological applications to avoid rapid 

excretion by the kidneys.269,270 The authors aimed to utilise the reactions of amine 

functional groups in amide coupling reactions.269 However, due to the incompatibility of 

amines with typical reaction conditions for NP formation, a nitro group was initially 

attached to the NHC precursor complex (Scheme 13, 17-I, 18-I/Cl and 18-I).269 Mono 

(17-I) and bis (18-I/Cl and 18-I) AuNHC complexes were initially formed and isolated 

before addition of the NHC complex in CH2Cl2 to an aqueous solution of citrate-capped 

AuNPs. After 10 min, spontaneous functionalisation of the AuNPs produced AuNPs-NO2 

(Scheme 13).269 Post-synthetic modification of the nitro group on the AuNPs-NO2 was 

achieved by reduction with Na2S2O4 (sodium dithionite) to form the amino group 

functionalised NPs, AuNPs-NH2 (Scheme 13).269 
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Scheme 13 - Synthesis of AuNPs stabilised by NHC ligands bearing a nitro group (AuNPs-NO2) 

via the ligand exchange method, which could then be reduced to form AuNPs-NH2, allowing 

further derivatisation by formation of an amide bond (AuNPs-Benz and AuNPs-Phe) (DIC = 

N,N’-diisopropylcarbodiimide).269 

 

The amino group was then functionalised further to form a carboxylic acid group via 

amide coupling (Scheme 13).269 Benzoic acid was first reacted with DIC (N,N’-

diisopropylcarbodiimide) in water, before the addition of AuNPs-NH2, resulting in 

successful amide bond formation to produce AuNPs-Benz (Scheme 13). L-

phenylalanine was chosen for bioconjugation to the NPs, successfully yielding AuNPs-
Phe after only 10 min (Scheme 13).269  This work describes a robust procedure to form 

large NHC@AuNPs with protic functional groups, which can be further functionalised for 

applications in many different areas, including medicine. Unfortunately, no stability tests 

in physiological conditions were performed for these NPs.269 

 In the same year, Pleixats and co-workers271 reported the ability of water-soluble 

AuNPs, stabilised with PEG-tagged imidazolium salts (Figure 46), to be used as 

recyclable catalysts for two organic reactions.271 The effect of the counterion was 

explored for stabiliser 19, using either a bromide (19A) or tetrafluoroborate (19B) anion, 

and 19A and 20 were used to compare the effect of the cation.271 
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Figure 46 – Structures of the PEG-tagged imidazolium stabilisers (19A, 19B and 20) used to 

stabilise the water-soluble AuNPs reported by Pleixats and co-workers.271 

 

The AuNPs were prepared by the ‘bottom-up’ approach involving the reduction of 

tetrachloroauric acid trihydrate using NaBH4 in the presence of the stabiliser (19A, 19B 

or 20, Figure 46) in water at room temperature.271 The NPs formed varied slightly in size, 

with 19A and 19B producing NPs with a mean diameter of 5.2 ± 3 nm and 4.5 ± 2 nm, 

respectively, and 20 yielding NPs of a narrower size distribution of 5.6 ± 1.5 nm. XPS 

studies revealed that NPs of stabiliser 20 contained two valence states of Au (Au(0) and 

Au(I)).271 The authors suspected that not all of the Au(III) precursor had been fully 

reduced to Au(0). Therefore, the synthesis was repeated with increased equivalents of 

NaBH4; however, this surprisingly resulted in the Au(I) signals being slightly higher in 

intensity. The XPS studies for NPs of 19A and 19B also showed evidence of the two Au 

valence states; however, Au(0) dominated.271 The presence of Au-NHC-Cl species, 

formed due to deprotonation of the imidazolium hydrogen by a hydride anion from the 

excess reducing agent, could be responsible for the Au(I) valence states, although this 

was not proven in this work. Additionally, 1H NMR of 19B showed the presence of the 

imidazolium proton of the stabiliser, whereas for 19A and 20 this was not seen along 

with other protons near the centre of the stabiliser, indicating a strong interaction of the 

stabiliser to the gold surface.271  

 The catalytic ability of the AuNPs was assessed via two organic transformations, 

the first reaction being the A3 coupling between aldehydes, terminal alkynes and amines 

to yield propargylamines in neat conditions at 100 °C for 24 h.271 The second, a less 

common transformation catalysed by AuNPs, the cycloisomerisation of γ-alkynoic acids 

to afford enol lactones in toluene/water at room temperature for 50 min to 48 h, 

depending on the NP used.271 The best performing NPs were with stabiliser 20, showing 

the highest catalytic performance and the ability to be recycled for both reactions for four 

and six runs for the A3 coupling and cycloisomerisation, respectively.271  
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3.3. Gold NPs for biomedical applications 
AuNPs have received significant attention over the last two decades, especially in the 

area of nanomedicine.272 One of the first examples of AuNPs in medicine, specifically as 

radiotracers, was reported in the 1950s by Sherman and Ter-Pogossian, using 

radioactive colloidal Au198.273 Nowadays, the unique properties of AuNPs are 

accountable for their use in various diagnostic techniques such as optical imaging, as 

well as in therapeutic techniques including radiotherapy.272 The enhanced permeability 

and retention (EPR) effect has been reported to increase accumulation of nanomaterials, 

including AuNPs at a cancer site, making them ideal systems for targeted drug 

delivery.274 The latter property, together with the biocompatibility and large surface area 

of AuNPs has led to more theranostic applications, with conjugation of the AuNPs to 

various drug molecules, targeting ligands and imaging probes.272,275  

Finally, it is also worth mentioning that AuNPs have emerged as popular choices 

as bio-sensors due to their optoelectronic properties and their ease of synthesis.276 The 

characteristic strong absorbance of AuNPs, due to their SPR band, can be applied in 

colorimetric studies for the interaction of an analyte with the NP causing a colorimetric 

change.208 The different possible applications of AuNPs in medicine are summarised in 

Figure 47 and will be discussed in more detail in the following sections.  

 

 
Figure 47 – The wide array of biomedical applications of AuNPs, adapted from ref.274 
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3.3.1. Drug Delivery  
AuNPs have become popular drug delivery systems as they are relatively non-toxic, they 

possess a large surface-to-volume ratio and their surface chemistry can be altered by 

changing the charge, hydrophilicity and functionality of the surface ligands.277 

Specifically, these drug delivery systems have been widely explored in anticancer 

therapy due to their preferential accumulation at the tumour site via the so-called EPR 

effect.275,278 

AuNPs are not just drug delivery systems, they can also be used to deliver other 

compounds, such as imaging agents that exhibit low solubility and poor 

pharmacokinetics, or compounds that are intrinsically prone to enzymatic degradation, 

as well as those that display poor intracellular penetration (e.g., siRNA).275 The ability to 

tune the size of AuNPs, as well as ease of functionalisation has also led to successful 

delivery of large biomolecules, such as peptides, proteins, genes or nucleic acids.279 

As an example of AuNPs delivering cytotoxic metallodrugs, Brown et al.280 

reported the conjugation of an activated oxaliplatin complex, [Pt(R,R-dach)Cl2] (dach = 

diaminocyclohexane) to AuNPs (Scheme 14).280 In order to anchor the metallodrug to 

the NPs, a PEG linker was first attached to the NPs via bonding to the cyclic disulfide 

group. This linker possessed a terminal carboxylic acid group, which was initially 

deprotonated with DIPEA (N,N-diisopropylethylamine) to bind to Pt(II).280 The compound 

used in this work is the activated form of the original oxaliplatin structure within cells after 

hydrolysis to [Pt(R,R-dach)(H2O)2]. The water ligands are then displaced by the 

carboxylate groups of the PEG linker. Notably, the Pt-tethered AuNPs were shown to be 

specifically targeted to the nucleus of lung cancer cells.280  

 

 
Scheme 14 - Chemical synthesis of AuNPs conjugated to the active component of oxaliplatin 

via a PEG linker with a cyclic disulfide group, to bind to the AuNPs, and a carboxylic acid group 

which can bind the [Pt(R,R-dach)(H2O)2], after deprotonation with DIPEA (N,N-

diisopropylethylamine).280 
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In 2004, Rotello and co-workers281 reported AuNPs able to bind and inhibit the enzyme 

β-galactosidase (β-gal), which was chosen due to its overall negative surface charge. 

They showed that this inhibition could be reversed causing release of the enzyme in the 

presence of intracellular concentrations of GSH (Figure 48A).281 The AuNPs were coated 

with a mixed monolayer (MM) functionalised with positively charged trimethylammonium 

groups providing electrostatic interactions to the anionic enzyme, leading to enzyme 

inhibition.281 This interaction caused inhibition of the enzyme meaning it could not 

catalyse the hydrolysis of the chromogenic substrate, ONPG (o-nitrophenyl-β-D-

galactopyranoside) upon increase of AuNP concentration.281  

To demonstrate that electrostatic interactions were responsible for the enzyme 

inhibition, agarose gel electrophoresis was used to demonstrate the loss in charge of the 

enzyme upon addition of NPs.281 The enzyme alone migrated to the positive pole due to 

its negative charge, whereas when the AuNPs were added there was a significant 

decrease in the movement of the enzyme. This was attributed to an increase in size of 

the enzyme upon AuNP binding and a decrease in the negative surface charge of the 

enzyme due to the positively charged groups of the AuNP monolayer.281 The ability of 

GSH to reactivate the enzyme after inhibition is due to the presence of its negative 

charge, which can mitigate against the positive charge of the AuNP monolayer, thus 

reducing the electrostatic interaction causing release of the enzyme.281  

Increasing the length of the alkyl chains of the monolayer (MM1 vs. MM2) 

prevents release of the enzyme by GSH (Figure 48B), which the authors attributed to an 

insufficient interaction of the GSH with the longer alkyl chain monomer (MM2), meaning 

it cannot mitigate its charge.281 This concept provides promise for reversible inhibition of 

enzymes in vivo, which could be applied to other concepts such as release of drugs or 

proteins in certain intracellular conditions using the addition and mitigation of 

electrostatic interactions.281 Unfortunately, no in vitro or in vivo work was included in the 

scope of this study; however, it provides proof-of-concept to how these reactions could 

occur for biomedical applications.281 
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Figure 48 – (A) Inhibition of β-galactosidase enzyme by binding of MM1-AuNPs, enzyme is 

released and active in the presence of GSH. (B) Inhibition of β-galactosidase enzyme by 

binding of MM2-AuNPs; however, due to the longer alkyl chain of MM2 the enzyme cannot be 

released with GSH. Image adapted from ref.281 

 
3.3.2. Radiotherapy 

As mentioned above, radioactive Au198 colloids were utilised in the 1950s as 

radiotracers;273 however, non-radiolabelled AuNPs are generally applied in radiotherapy 

simply to enhance the dose of the radiation. The increased radiotherapy efficiency seen 

in combination with AuNPs is due to the interaction of the ionising radiation with the 

electrons in the NP, which can cause excitation of an inner shell electron and subsequent 

emission of an Auger electron.282 Auger electrons can then damage the DNA itself or 

produce reactive species such as hydroxyl radicals (•OH) by interaction with water, 

eventually leading to cell damage.282  

In 1998, Regulla et al.283 reported the ability of gold foil to enhance the dose of 

radiation in vitro, which was later confirmed by Herold et al.284, who reported radiation 

dose enhancement by AuNPs in vitro. However, it wasn’t until 2004 that the first report 

on the use of AuNPs for radiation dose enhancement in vivo was published by Hainfeld 

et al.285 The AuNPs (1.9 ± 0.1 nm, Nanoprobes Inc.) were injected into syngeneic mouse 

mammary EMT-6 (experimental mammary tumour-6) tumours and irradiated with X-

rays.285 The difference in tumour size between those treated with just radiation and those 
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treated with radiation and AuNPs was significant. Nine out of ten mice receiving both 

AuNPs and radiation were tumour-free over 30 days, with the tenth mouse showing a 

decrease in tumour size.285 

 

3.3.3. Photothermal Therapy (PTT) 
Photothermal therapy (PTT) is a therapeutic technique using photon energy, which is 

converted to heat by NPs to kill cancer cells.286 It is less damaging than typical anticancer 

chemotherapy due to the localised heating of the cancer cells in the early stage of tumour 

growth.272 Spherical AuNPs have been used in PTT for treatment of shallow tumours, 

such as skin cancer.286 This is due to the SPR band of the AuNPs absorbing in the visible 

region, which is also absorbed by tissues.286 To target tumours within the body for in vivo 

therapy, near-infrared (NIR) light is needed to penetrate tissues.286 AuNPs can absorb 

NIR light when their size is above 50 nm.272  

Gold nanorods (AuNRs) are the most common NIR PTT agents, with their first 

application in vitro by El-Sayed and co-workers in 2006.287 In this work, the AuNRs were 

attached to anti-epidermal growth factor receptor (anti-EGFR) monoclonal antibodies to 

target malignant cells due to their overexpression of EGFR on their cytoplasmic 

membrane.287 Following treatment with the NRs, cells were then exposed to a NIR laser 

at 800 nm, before a further laser, with different energies, was used to destroy the cells. 

Due to increased uptake of the NRs in cancer cells, half of the energy was required to 

destroy them compared to the non-malignant cells, showing a good selectivity.287  

The advantage of using AuNRs for PTT is due to the strong absorption band in 

the NIR region from the oscillation of electrons along the longitudinal length of the rod 

(Figure 49).286 This longitudinal wavelength undergoes red shift with increase in aspect 

ratio (length/width) of the rod. The transverse band is weak and appears in the visible 

region, it is unaffected by the aspect ratio of the rod (Figure 49).286 The size of AuNRs 

can vary for different applications, however, the width is usually between 10-20 nm and 

the length can be up to 300 nm depending on the synthesis conditions.275 Nanorods with 

a high aspect ratio (larger length compared to width) and small volume are favoured for 

use as photo-absorbers, whereas NRs with high aspect ratio and large volume are better 

scattering contrast agents for bioimaging.288 

 

 
Figure 49 - Diagram of a gold nanorod showing longitudinal and transverse direction. 
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3.3.4. Photoacoustic (PA) Imaging 
Photoacoustic (PA) imaging involves exposure of target organs to short pulses of NIR 

laser light which is absorbed by the different tissue components present, such as 

haemoglobin, lipids and water (Figure 50).289 The latter then undergo thermoelastic 

expansion, emitting ultrasound signals which can be detected by an ultrasound 

transducer, providing information on tissue composition, such as the presence of 

tumours (Figure 50).289  

 

 
Figure 50 – The principle of photoacoustic imaging. Image adapted from ref.289 

 

AuNPs in particular have been previously utilised as probes for photoacoustic imaging, 

enhancing the depth of tissue that can be imaged.290 This is due to the SPR band of the 

AuNPs which leads to far superior optical absorption compared to organic dyes 

previously used.291 Additionally, the EPR effect plays a role in identifying tumours by 

accumulation of AuNPs at the tumour site, which can be detected by PA imaging.291 

However, as mentioned above, AuNPs generally have a typical absorbance in the UV-

Vis (ultraviolet-visible) region (around 520 nm), which is also similar to the absorbance 

of blood, reducing the contrast.291 Therefore, AuNRs have also been utilised in PAI.291 

Eghtedari et al.292 demonstrated the ability of a highly sensitive laser optoacoustic 

imaging system to detect AuNRs in vivo at concentrations as low as 1.25 pM within 

tissue.292  
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Figure 51 – Detection of AuNRs in vivo in nude mice using single optoacoustic transducer. 

AuNR suspension (25 μL at a concentration of 1.25 pM) or PBS solution (25 μL) was injected 

into the abdominal area of the mouse subcutaneously (SQ) to enhance optoacoustic signal. 

Signal was then detected via a transducer on the back of the mouse. Reprinted with permission 

from ref 292. Copyright (2007) American Chemical Society.292 

 

The laser pulse was administered at -2.5 μs and arrived at the transducer at time zero, 

which can be seen as the first peak in the graph (Figure 51).292 The AuNRs were 

administered subcutaneously (SQ), meaning just under the skin, in the abdominal area 

of the mouse. There was very little difference between injecting the NRs or PBS 

(phosphate-buffered saline), until ca. 8 μs where the AuNRs enhanced the amplitude of 

the optoacoustic signal by increasing the light absorption in the local subcutaneous area 

(SQ) where the injection was given. The optoacoustic signal increased proportionally 

with AuNR concentration.292 

To increase the selectivity towards breast cancer cells, the AuNRs could also be 

functionalised by attaching monoclonal antibodies which bind to Her2/neu receptors 

(human epidermal growth factor receptor-2).293 These receptors are commonly 

overexpressed in breast cancer cells.293 

 

3.3.5. Computed Tomography (CT) 
Computed tomography (CT) was presented in 1972 and has been a common technique 

for imaging ever since.294 Its discovery enabled production of 3D images instead of 2D 

radiographs (X-rays), which often had shadowing and overlap of different components, 

making diagnostic imaging challenging.294 CT exploits the difference in electron density 

of the different tissues it is targeting by emission of X-ray photons.208,272 However, due 

to similar electron density between tissues, the images can experience poor contrast.272 

AuNPs have been used to enhance contrast due to their high electron density.272 The 
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first example of AuNPs as contrast agents was seen in the work by Hainfeld et al.285 that 

focused on enhanced radiotherapy by AuNPs as described above, but also included a 

radiograph with increased contrast of the tumour when treated with AuNPs.285 Over the 

years many more examples of AuNPs as x-ray contrast agents have been published with 

improved contrast enhancement to allow more in-depth images to be seen.294 An 

example of this has been published by Reuveni et al.295 where they demonstrated the 

use of targeted AuNPs by conjugation of an anti-epidermal growth factor in vivo to 

identify cancer molecular markers rather than the actual tumour itself with CT imaging, 

which could lead to earlier diagnosis.295 Remarkably, this allowed identification of a small 

tumour that could not be seen using conventional anatomical CT, as seen in Figure 52.295 

 

 
Figure 52 – In vivo X-ray computer tomography (CT) images of (A) mouse without AuNPs 

(GNPs), (B) mouse treated with nonspecific immunoglobin G AuNPs, 6 h post-injection, and (C) 

mouse treated with anti-epidermal growth factor receptor (EGFR)-coated AuNPs that target 

squamous cell carcinoma head and neck tumours, 6 h post-injection. Targeted AuNPs (C) show 

contrast enhancement of the tumour (yellow arrow), which is absent in the mouse with no 

AuNPs (A, yellow arrow). The CT numbers represent the average Hounsfield units (HU) of each 

tumour area, with (C) showing the highest CT number for the tumour due to the high density of 

AuNPs attached to the tumour. All scans performed using a clinical CT at 80 kVp, 500 mAs, 

collimation 0.625 x 64 mm and 0.521 pitch size (64 detector CT scanner, LightSpeed VCT; GE 

Healthcare, Little Chalfont, UK). Figure reproduced with permission from ref 295. Copyright 

(2011), Targeted gold nanoparticles enable molecular CT imaging of cancer: an in vivo study, 

Reuveni T et al, International Journal of NanoMedicine, Dove Medical Press, 

http://creativecommons.org/licenses/by-nc/3.0/.295 

 

3.4. Water-Soluble Gold NPs stabilised by NHCs for biomedical applications 
In 2017, Crudden and co-workers296 presented water-soluble NHC@AuNPs formed by 

the ‘bottom-up’ approach.296 The [Au(NHC)Cl] (21, Figure 53A) complex and 
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corresponding bis-complex [(NHC)2Au]OTf (22, Figure 53A) were reduced by NaBH4 in 

an aqueous solution of NaOH (sodium hydroxide). NaOH was necessary to deprotonate 

the carboxylate group on the NHC ligand, resulting in a negatively charged surface, thus 

water-soluble AuNPs.296  

 

 
Figure 53 – (A) Structures of Au(I) NHC complexes (21 and 22) used for the formation of water-

soluble AuNPs. (B) Acoustic wave signal recorded after irradiation of an aqueous solution of 22 

at 532 nm using a pulsed laser beam. Image (B) adapted with permission from ref. 296. 

Copyright (2017) John Wiley and Sons, Angewandte Chemie International Edition.296 

 

The charged surface was exploited using polyacrylamide gel electrophoresis (PAGE) to 

determine the purity and monodispersity of the AuNPs due to size separation.296 NPs 

from 21 were formed almost immediately on addition of NaBH4, maintaining high 

monodispersity even after  5 h. Conversely, AuNPs formed from the reduction of 22 

required more time (at least 1 h).296 PAGE showed that after 5 h reaction time, AuNPs 

of 21 and 22 were similar in size (ca. 2.4 nm). Therefore, due to the more facile synthesis 

of 22 compared to 21 and the similar size of the NPs formed, the authors decided to only 

investigate the bis-NHC NPs (22). Increasing reaction time correlated to an increase in 

particle size.296 

The stability of the NPs was assessed in pH 8 and pH 10 solutions for 2 months, 

which resulted in only minor changes in the UV-Vis spectra for both pH solutions, 

indicating that the NPs were stable.296 A sodium chloride (NaCl) solution (150 mM) was 

next used to mimic more biological media, which resulted in a slight sharpening of the 

SPR band of the AuNPs after 7 days; however, this was very minimal.296 The AuNPs 
were then exposed to an excess of GSH (2 mM) in a slightly basic solution. Over 24 h 

there was a drop in absorbance of the SPR band; however, it was still centred around 

515 nm, showing some stability in the presence of excess GSH.296  

Lastly, the NPs were tested as possible probes for PA imaging, the first report of 

NHC@AuNPs for biological applications.296 Preliminary experiments involved the 

preparation and irradiation of an aqueous solution of AuNPs with a pulsed laser beam 

(532 nm). A photoacoustic signal was recorded for the AuNPs, despite their weak SPR 

bands, with a linear increase in signal observed as AuNP concentration increased 
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(Figure 53B). Subsequent in vitro work is needed to evaluate the feasibility of this 

application.296 

In 2019, MacLeod et al.297 reported the ability of bidentate NHC-thiolate ligands 

to form AuNRs for application in PTT.297 As described above, AuNRs exhibit enriched 

plasmonic properties compared to spherical NPs due to elongation, meaning that they 

can absorb NIR light, which can be exploited for use in bioimaging.298 Nanorod formation 

usually involves an intermediate stabilising ligand, such as cetyl trimethylammonium 

bromide (CTAB) in water, before ligand exchange with a more robust and stable thiol 

ligand.297 In this work, the authors exploited this concept by starting from the CTAB-

stabilised gold nanorods and adding a bidentate thiolate masked Au(I) NHC complex 

(Scheme 15).297 

 

 
Scheme 15 - Formation of NHC stabilised Au nanorods, (i) firstly the bidentate thiolate NHC 

ligand is photogenerated in situ to exchange with CTAB ligands to stabilise the Au nanorods, (ii) 

then the Au(I) complex is reduced with tBuNH2·BH3 to form the NHC stabilised Au nanorods.297 

 

The Au(I) complex with the bidentate thiolate NHC ligand was firstly activated by in situ 

photogeneration (365 nm) of the thiolate by removal of the ortho-nitrobenzyl group, which 

could then undergo ligand exchange with the CTAB@AuNRs (Scheme 15).297 A tert-

butylamine borane complex was then used as a mild reducing agent, resulting in addition 

of the Au atom on the NHC ligand to the surface of the nanorod as an adatom, forming 

NHC-stabilised nanorods (Scheme 15).297 The synthesis of these nanorods can be 

considered as a mixture of the ‘top-down’ and ‘bottom-up’ approaches. The first step 

follows the ‘top-down’ approach as ligand exchange occurs between the CTAB ligands 

and the thiol, then the second step, whereby the Au(I)-NHC complex is reduced, can be 

considered as the ‘bottom-up’ approach.297 The nanorods were stable over a range of 

different pH solutions, temperatures and salt concentrations, also showing outstanding 

stability when treated with 4 mM of GSH in water over 6 days.297  

Due to these promising results, the use of these nanorods in PTT was assessed, 

whereby the nanorods were irradiated with a laser to produce local heating, resulting in 

cell death.297 Preliminary tests in MCF7 cells (human breast cancer cell line) showed that 

when irradiation was given in absence of the AuNR, no effect on cell viability was 
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observed (0 μg, +hν, Figure 54). This was also true when 38 or 75 μg ml-1 of AuNR was 

given with no irradiation (3.8 μg, -hν and 7.5 μg, -hν, Figure 54).297 However, there was 

a significant decrease in cell viability when the cells were exposed to irradiation and 38 

or 75 μg ml-1 of AuNR (3.8 μg, +hν and 7.5 μg, +hν, Figure 54), showing that both the 

irradiation and the AuNRs are essential for cell death.297 This work highlights the 

significance of the nanorod structure and its applicability in therapy, although the study 

has been performed only in vitro.297  

 

 
Figure 54 – Graph to show the MCF-7 cell viability studies in vitro determined by CellTiter-Glo. 

Statistical significance was assessed by a two-tailed t-test with 3 independent samples. NS, not 

significant, * P< 0.05, ***P < 0.001. Image reproduced with permission from ref. 297. Copyright 

(2018) Springer Nature, Nature Chemistry.297 
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4. Aims 
The overall aim of this work is to explore different gold-based catalysts to mediate 

bioorthogonal reactions in living cells for applications in therapy and/or imaging. 

Therefore, in the first part of the project (Chapter 5 to Chapter 7), we envisaged that 

gold(III) compounds could be used for metal-templated reactions in living cells, leading 

either to i) the chemoselective modification of a biomolecule (protein) affecting its 

function, or ii) the in situ synthesis of a therapeutic drug. The first approach has exploited 

organometallic gold(III) compounds, featuring cyclometalated C^N ligands, that are able 

to template C-S cross-coupling reactions in physiological conditions via reductive 

elimination. This work was inspired by previous work in our group involving the ability of 

a [Au(C^N)Cl2] complex to interact with model zinc finger domains by displacement of 

the zinc cation with the gold(III) whilst retaining its C^N scaffold.299 Interestingly, initial 

mechanistic insights into the title reaction has enabled broadening of the scope to other 

types of C-X bond forming reactions, namely C-P (Chapter 6) and C-C (Chapter 7) cross-

couplings, in mild conditions.  

The second part of this thesis has instead focused on the synthesis of water-

soluble gold nanoparticles stabilised by NHC ligands (NHC@AuNPs) as a 

heterogeneous approach to both biomedicine and catalysis (Chapter 8). The 

NHC@AuNPs are evaluated by different techniques, including 1H NMR (nuclear 

magnetic resonance) spectroscopy, XPS (X-ray photoelectron spectroscopy), FTIR-ATR 

(Fourier-transform infrared attenuated total reflectance) spectroscopy, TEM 

(transmission electron microscopy) and TGA (thermogravimetric analysis). Moreover, 

their stability in physiologically relevant media is studied to ensure their suitability for 

future biomedical applications, e.g. photothermal therapy (PTT) and photoacoustic 

imaging (PAI). The catalytic performance of the NHC@AuNPs is also challenged using 

the reduction of 4-nitrophenol to 4-aminophenol as a model reaction. The maintenance 

of the AuNPs catalytic behaviour in aqueous environment can hold promise for future 

biocompatible catalysis. 
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5. C-S Cross-Coupling Reactions mediated by Au(III) 

Cyclometalated Complexes. 
 

This chapter is based on the following papers: 

 

Cyclometalated AuIII Complexes for Cysteine Arylation in Zinc Finger Protein 
Domains: towards Controlled Reductive Elimination 

 

Margot N. Wenzel+, Riccardo Bonsignore+, Sophie R. Thomas, Didier Bourissou, 

Giampaolo Barone and Angela Casini 

[+] Authors contributed equally to this work. 

 

DOI: 10.1002/chem.201901535 

 

& 

 

Exploring the Chemoselectivity towards Cysteine Arylation by Cyclometallated 
AuIII Compounds: New Mechanistic Insights 

 

Sophie R. Thomas+, Riccardo Bonsignore+, Jorge Sánchez Escudero, Samuel M. 

Meier-Menches, Christopher M. Brown, Michael O. Wolf, Giampaolo Barone, Louis Y. 

P. Luk and Angela Casini 

[+] Authors contributed equally to this work. 

 

DOI: 10.1002/cbic.202000262 
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5.1. Introduction 
The selective modification of biomolecules, such as proteins, has become an important 

tool for researchers to investigate biosynthetic pathways and gain an understanding of 

the natural function of proteins.300 The modification can be performed by functionalisation 

of the protein with a tag, such as a fluorophore for in vivo live cell imaging, or can involve 

a reaction to disrupt the protein function, such as blocking of the active site for 

therapeutic applications.300 These reactions are commonly synthetic chemistry reactions 

that would otherwise not occur naturally, and so are defined as ‘bioorthogonal 

reactions’.148 

 However, these reactions are not facile: they need to be selective towards the 

biomolecule (protein) of interest, whilst avoiding interactions with other intracellular 

substrates.301 The use of transition metal complexes for bioorthogonal protein labelling 

reactions was first demonstrated using copper(I),153,154 however due to issues of toxicity, 

other transition metal catalysts have been since explored including Ru, Ir, Fe and Pd.301 

 Palladium complexes are well-known for their ability to catalyse cross-coupling 

reactions, particularly C-C, therefore it comes to no surprise that there are many 

examples in the literature of palladium-catalysed reactions to selectively modify proteins 

in vitro and in vivo.302 An example of which was reported by Buchwald and co-workers 

for the arylation of a cysteine (cys) residue by a palladium aryl complex.194 Cysteine is 

commonly targeted for selective modification due to its strong nucleophilic behaviour and 

relatively low natural abundance.303 N-methylmaleimide cysteine ligation has been used 

as a metal-free alternative route in the past, however the maleimide adducts suffer with 

instability in biologically relevant conditions, therefore transition metal catalysts were 

investigated.193 Nevertheless, issues also arise when using palladium complexes as they 

often suffer with unwanted interactions with endogenous biomolecules in living cells,193 

meaning other alternatives are still needed. 

 This has led to the emergence of gold complexes to mediate reactions in living 

cells due to their high reactivity and chemoselectivity, ability to tolerate aqueous 

conditions, as well as their capability to perform these reactions under mild 

conditions.174,175 Wong and co-workers195 were pioneers in the area of C-S cross-

coupling via reduction elimination, reporting the ability of a Au(III) cyclometalated CCH2N 

(CCH2N = 2-benzylpyridine) complex, featuring a N,N’-bis(methanesulfonyl)-ethylene 

(msen) ancillary ligand (Figure 55), to selectively arylate cysteine residues. Preliminary 

reactions involved the incubation of different peptidic domains with equimolar amounts 

of the [Au(CCH2N)(msen)] complex at 37 °C for 24 h in phosphate-buffered saline (PBS) 

: dimethyl sulfoxide (DMSO) (9:1) solution.195 The adducts were then identified by liquid 

chromatography-mass spectrometry (LC-MS) and showed exclusive cysteine 
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modification.195 The authors also demonstrated the ability of a Au(III) C^N dansyl (dansyl 

= 5-(dimethylamino)naphthalene-1-sulfonyl) functionalised cyclometalated complex to 

mediate the C-S cross-coupling reaction of a single cysteine residue exposed in bovine 

and human serum albumin (BSA and HSA).195 

 Further work in this area was reported by Messina et al.196 who demonstrated the 

ability of an oxidative addition complex [(Me-DalPhos)Au(tolyl)Cl][SbF6] (Me-DalPhos = 

adamantyl2P(o-C6H4)NMe2, Figure 55) to mediate cysteine arylation of GSH 

(glutathione) via reductive elimination. The complex was also further derivatised by 

replacing the tolyl group with biorelevant moieties, including a drug molecule.196  

 

 
Figure 55 – Representative Au(III) organometallic complexes able to mediate cysteine arylation 

via reductive elimination. 

 

Targeting of cysteine residues can be particularly useful for developing therapeutic 

protein binders where the cysteine residues play a role in the activity and function of the 

protein, such as zinc finger proteins (ZFP). ZFPs can be classified into different families 

depending on the structural motif of its domain, which plays important roles in the protein 

function.304 All domains possess a central Zn2+ ion that maintains its tetrahedral structure 

when coordinated to a combination of cysteine and histidine residues, or just cysteine 

residues. The three classical ZF domains are: Cys2His2 (CCHH), Cys3His (CCHC) and 

Cys4 (CCCC).304  

 In 2018, Farrell and co-workers197 investigated the interaction of the 

[Au(CCH2N)Cl2] complex (Figure 55) with the full length ZF (Cys2HisCys) of HIV 

nucleocapsid protein NCp7. In this work, in addition to classical ZF-Au(CCH2N) adducts, 

cysteine arylation was observed after 48 h incubation by mass spectrometry.197 In the 

same year, our group studied the interaction of Au(III) complexes (organometallic and 

coordination) with the zinc finger domain PARP-1 (poly(ADP-ribose)polymerase-1) by a 

hyphenated liquid chromatography mass spectrometry (LC-MS) approach, which was 

supported by quantum mechanics/molecular mechanics (QM/MM) calculations.299 

PARP-1 contains the CCHC domain (Cys3His) and is involved in DNA repair as well as 
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in cisplatin resistance mechanisms, making it a popular pharmacological target.304 

Overall, the [Au(CCH2N)Cl2] complex showed the greatest selectivity and reactivity 

towards the ZF domain Cys2HisCys in the presence of another Cys2His2 model peptide, 

forming mostly adducts of the type apo-ZF-[Au(CCH2N)], with no reductive elimination 

observed.299 Conversely, the Au(III) coordination complex Auphen ([Au(phen)Cl2]Cl 

(phen = 1,10-phenanthroline), with a chelating N^N ligand, did not exhibit such selectivity 

towards the different model peptides and formed adducts of the type apo-ZF-[Au(I)] with 

both peptides due to loss of the N^N ligand and displacement of the Zn ion.299   

 Intrigued by the reactivity of the cyclometalated Au(III) C^N complexes with the 

ZF domains, we decided to investigate a series of Au(III) C^N complexes with a model 

peptide of the Cys2His2 zinc finger domain to investigate whether derivatives of the C^N 

scaffold would induce the cysteine arylation reaction. 

 

5.2. Results and Discussion 
Circular dichroism experiments were performed by Dr. Riccardo Bonsignore. 

Computational analysis was completed by Prof. Giampaolo Barone. Synthesis of AC, C 

and L peptides was completed by Jorge Sánchez Escudero. Online tandem MS analysis 

was completed by Dr. Samuel M. Meier-Menches. 2-(phenylthiol)pyridine was 

synthesised and characterised by Dr. Christopher Brown. Dr. Thomas Williams helped 

with the MS studies. 

 

The Au(III) cyclometalated complexes chosen for this study, alongside the 

[Au(CCH2N)Cl2] complex, were: [Au(CCON)Cl2] (CCON = 2-benzoylpyridine), [Au(CNHN)Cl2] 

(CNHN = N-phenylpyridin-2-amine) and [Au(C^N)Cl2] (C^N = 2-phenylpyridine) (Figure 

56). The model Cys2His2 zinc finger peptide was constituted by incubation of the peptide 

sequence with DTT (dithiothreitol) and zinc acetate in (NH4)2CO3 buffer (25 mM, pH 7.4). 

Each of the compounds were then incubated separately with the peptide for 10 min and 

24 h in a ratio of 3:1 (complex : ZF) in (NH4)2CO3 buffer, before analysing with high-

resolution liquid chromatography electrospray ionization mass spectrometry (HR-LC-

ESI-MS), following a procedure that was previously reported by our group.299  
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Figure 56 – Series of cyclometalated Au(III) C^N complexes investigated in this work to mediate 

cysteine arylation.305 

 

The HR-LC-ESI-MS results showed that after 10 min all four compounds had formed the 

classical coordination adduct with the ZF domain (apo-ZF-[AuC^N]), where the Zn2+ ion 

has been displaced by the Au complex due to the aurophilic nature of the thiol functional 

group in a cysteine residue. The Au complex loses its two labile chloride ligands whilst 

retaining the C^N scaffold due to the strong organometallic bond and chelating effect. It 

should be noted that multiple binding sites must be present in the model peptide, not just 

cysteine residues, as after 10 min, adducts of the type [Apo-ZF+2AuC^N]7+ were 

observed for the three six-membered Au(III) cyclometalated complexes, with 

[Au(CCH2N)Cl2] and [Au(CNHN)Cl2] also forming the [Apo-ZF+3AuC^N]7+ adduct. 

 The [Au(CCON)Cl2] complex was found to be the most reactive, as even after only 

10 min incubation, the C-S cross-coupling product was observed by HR-LC-ESI-MS in 

combination with the coordination adduct [Apo-ZF+(AuCCON)+(CCON)]7+/6+ (Figure 57a), 

which was not seen for the other complexes. 
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Figure 57 - HR-LC-ESI-MS spectra for the incubation of [Au(CCON)Cl2] with the model ZF 

domain in a 3:1 ratio after a) 10 min and b) 24 h incubation at 37 °C in (NH4)2CO3 buffer (25 

mM, pH 7.4). Figure modified from ref 305. Copyright 2019, John Wiley and Sons 

https://creativecommons.org/licenses/by/4.0/.305 

 

After 24 h, the [Au(CCON)Cl2] complex (Figure 57b) showed multiple adducts of the C-S 

arylated product, including a peak for the [Apo-ZF+3CCON]6+ adduct, providing evidence 

that other residues could not only be potential binding sites for gold, but also arylation 

sites if both cysteines have been arylated. This is further corroborated by previous 

tandem MS studies, which showed that the fragmentation pattern of the [Apo-

ZF+Au(CCH2N)] adduct involved coordination to Cys4, Cys7 and His24.299 

 The two other six membered cyclometalated complexes showed similar reactivity 

after 24 h (Figure 58a and b), including a mixture of classical coordination and C-S 

product adducts, highlighting their reduced reactivity compared to the [Au(CCON)Cl2] 

complex. The [Au(CCH2N)Cl2] complex showed slightly greater reactivity than the NH 

analogue due to less classical coordination adducts present. Remarkably the five 

membered [Au(C^N)Cl2] complex showed only the classical coordination adducts, even 

after 24 h (Figure 58c). 
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Figure 58 - HR-LC-ESI-MS spectra for the incubation of the complex a) [Au(CCH2N)Cl2], b) 

[Au(CNHN)Cl2]  and c) [Au(C^N)Cl2] with the model ZF domain in a 3:1 ratio after 24 h incubation 

at 37 °C in (NH4)2CO3 buffer (25 mM, pH 7.4). Figure modified from ref 305. Copyright 2019, 

John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.305 

 
The reactions were repeated under the same conditions using a free cysteine molecule. 

Interestingly, the compounds could not mediate cysteine arylation in this case, which 

suggests the peptide structure is required to template the reaction, potentially due to the 

multiple binding sites. 

It should also be noted that circular dichroism (CD) spectroscopy was performed 

to confirm the presence of the folded holo-zinc finger306 formed with DTT and zinc 

acetate, as well as the loss of this secondary structure upon addition of the [Au(CCON)Cl2] 

complex in buffered solution over 1 h (Figure 59). Upon addition of the complex, the loss 

of ellipticity was immediate (grey line vs. red line, Figure 59), indicating loss of the Zn2+ 

ion and interaction of the peptide with the complex. However, the type of interaction 
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cannot be confirmed by CD spectra, therefore the interaction could be total arylation, 

coordination, or a mixture of the two.  

 

 
Figure 59 - CD spectra of the Zn-ZF domain (25 μM in NH4CH3COO-, 5 mM, pH = 7.4) without 

(grey line) and in presence of 3 equiv. of [Au(CCON)Cl2] after 0 min (red line), 10 min (blue line), 

30 min (green line) and 60 min (magenta line). Figure from ref 305. Copyright 2019, John Wiley 

and Sons https://creativecommons.org/licenses/by/4.0/.305 

 

In order to obtain a greater understanding of our experimental results, DFT calculations 

for all four complexes with two cysteinate groups were performed by Prof. Giampaolo 

Barone, which allowed us to hypothesise a potential reaction mechanism (Scheme 16).  
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Scheme 16 – Hypothesised mechanism for the C-S cross-coupling reaction mediated by Au(III) 

cyclometalated complexes resulting in cysteine arylation.305 

 

The reactant (R) is proposed as the first species to be formed, with a cysteinate bound 

trans to the pyridyl nitrogen. This is not only necessary due to the preference of reductive 

elimination to occur between two groups that are cis to each other, but also the stronger 

trans influence of the C compared to N, meaning that R is the thermodynamically 

favoured species.175,307 This could also be observed when comparing the standard Gibbs 

formation free energy (ΔGº) values of both diastereomers for each complex, with the E 

conformation of the cysteinate (trans to N) being lower in energy, therefore more 

thermodynamically favoured. The structure and energies of the [Au(CCON)(Cys)Cl] 

diastereomers are show in Figure 60, however all complexes follow this same trend. 
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Figure 60 – Structures and !Gº of the E and Z [Au(CCON)(Cys)Cl] adducts obtained by DFT 

calculations. Figure modified from ref 305. Copyright 2019, John Wiley and Sons 

https://creativecommons.org/licenses/by/4.0/.305 
 

In order for the reaction to progress from the R species, the aryl group must rotate from 

its coplanar position with the Au atom, to allow coupling with the adjacent S atom. 

Therefore, to initiate the aryl group rotation, the pyridyl N must be decoordinated from 

the Au, which can be promoted by the apical approach of a second cysteinate residue. 

This results in the formation of the bis-cysteinate intermediate species (I) via the first 

transition state (TS1). A second transition state (TS2) then proceeds via a three 

coordinate species to form the C-S reductive elimination product (P) and the Au(I) side 

product [CysAuCl]-.  

 The four complexes each showed differences in relative energies across the 

reaction pathway, as can be seen graphically in Figure 61, including the activation energy 

barriers to overcome the two transition states. The values for the relative energies and 

activation energy barriers for all four compounds can be found in Table 1. Beginning with 

the three six-membered Au(III) cyclometalated complexes, all reaction pathways appear 

quite similar: the steps from R to I and I to P are exergonic in nature, meaning a more 

thermodynamically stable product is formed for both steps (I and P) and the 1st activation 

energy barrier is lower than the 2nd. Nevertheless, even though a similar trend is 

observed, the differences in energy to overcome the two activation energy barriers could 

be responsible for the disparities in reactivity observed. Of note, the energy to overcome 

the 1st activation energy barrier was related to the trend in reactivity; the [Au(CCON)Cl2] 

complex was most reactive and required lower energy to overcome the 1st activation 

energy, whereas the opposite was true for the [Au(CNHN)Cl2] complex. This same trend 

was also observed for the 2nd activation energy barrier, with an increase in energy in the 

order [Au(CCON)Cl2] < [Au(CCH2N)Cl2] < [Au(CNHN)Cl2]. 
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Figure 61 – Calculated relative energy profiles for the four Au(III) cyclometalated complexes 

with activation energies (E1‡ and E2‡).305 

 

The five-membered phenylpyridine complex (--) showed a different reaction pathway 

(Figure 61, green trace), which was not surprising due to the absence of its reductive 

elimination product in the HR-LC-ESI-MS studies. The first activation energy barrier is 

within the range of the other three Au complexes, however the energy of the I species is 

slightly higher than the R, meaning this step would not be thermodynamically favourable, 

making I fairly unstable. This could be explained by the stronger chelating effect of the 

phenylpyridine ligand compared to the other ligands with a group between the phenyl 

and pyridine, therefore, the decoordination of the N is less favoured. However, even if I 
with low stability is formed, the activation energy barrier to form P is large (63.8 kJ/mol), 

which could be explained by the greater steric shielding of the pyridine group directly 

attached to the aryl, meaning rotation of the aryl group cannot be performed. Overall this 

corroborates our experimental results.  
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Table 1 – Calculated relative standard Gibbs free energy values (kJ/mol) and calculated 1st and 

2nd activation energy barriers (kJ/mol) of the species involved in the cysteine arylation 

mechanism.305 

 Compounds 
 CO CH2 NH -- CO/ZF 

R 0.0 0.0 0.0 0.0 0.0 

TS1 = E1‡ 7.9 12.7 29.4 22.2 4.1 

I -32.4 -63.5 -54.4 5.4 -36.2 

TS2 14.8 -6.1 21.4 69.2 37.2 

E2‡ 47.3 57.4 75.8 63.8 73.4 

P -89.2 -114.8 -89.5 -63.7 -81.3 

 

QM/MM calculations were also performed with the [Au(CCON)Cl2] complex and a ZF 

model to mimic the binding and reactivity in a more biologically relevant system. The 

relative energy values of the reaction species can be found in Table 1 (CO/ZF). It is 

interesting to see that regardless of the peptide structure, the relative energies of the 

reaction species are comparable to those found with the two cysteinates (Table 1, CO). 

 Comparing the overall results obtained from both HR-LC-ESI-MS and DFT 

calculations, a trend in reactivity was confirmed for the cysteine arylation reaction, 

increasing in the order: [Au(CNHN)Cl2] < [Au(CCH2N)Cl2] < [Au(CCON)Cl2]. Therefore, we 

envisaged that differences in the C^N scaffold could be responsible for the difference in 

stability of R and I. The electronic effects of the bridging groups were initially thought to 

have an effect on the donating strength of the pyridyl N. However, this cannot be the 

case since the C=O group is an electron withdrawing group and as such would not 

decrease the donor strength of the pyridyl N as it is not in the meta position. This would 

not result in more thermodynamically favourable decoordination of the N to Au, which is 

observed in the relative energy values, i.e. the intermediate I given by [Au(CCON)Cl2] is 

the least thermodynamically stable compared to the other intermediates.  

 Other factors which could be responsible for the difference in stability of  the 

intermediate I could involve the π-conjugation of the different C^N scaffolds and its effect 

on the N decoordination. Consequently, natural bond orbital (NBO) analysis of R (one 

cysteinate bound trans to the pyridyl N) for the [Au(CCON)Cl2] and [Au(CCH2N)Cl2] 

complexes was performed. Unfortunately, no conclusive differences in the donating 

strength of the pyridyl N or π-conjugation strength of the scaffolds could be identified, 

with the N-Au distance and bond strength similar for both R. Steric effects were also 

considered as a possible difference between the scaffolds, therefore non-covalent 

interaction (NCI) plots of the CO and CH2 I (N decoordination with Au bound to two 

cysteinates) were performed. However, this analysis also did not unveil any conclusive 
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difference in the sterics or non-covalent interactions between the I. Advanced 

computational experiments are currently in progress to try and understand these 

differences in reactivity. 

Intrigued by the results of this work, the reactivity of three other Au(III) 

cyclometalated complexes (Figure 62) with the ZF model peptide were investigated, two 

C^N complexes featuring either a O or S bridging group: [Au(CSN)Cl2] (CSN = 2-

(phenylthiol)pyridine) and [Au(CON)Cl2] (CON = 2-phenoxypyridine), and a C^N^N 

complex [Au(C^N^N)Cl][PF6] (C^N^N = 6-(1,1-dimethylbenzyl)-2,2’-bipyridine). 
 

 
Figure 62 – Structures of the three cyclometalated Au(III) complexes (C^N and C^N^N) 

investigated in this work to mediate cysteine arylation via reductive elimination.308 

 

The same conditions were used as described above (3 eq. Au complex, (NH4)2CO3 buffer 

(25 mM, pH 7.4), 37 °C), however in this work the two incubation times used were 30 

min and 24 h. The [Au(CCON)Cl2] complex was also included in these studies to allow 

comparison with the new complexes investigated.  

After 30 min, HR-LC-ESI-MS analysis (Table 2) identified the classical 

coordination adduct [Apo-ZF+AuC^N+4H]6+ and the cysteine arylated adduct [Apo-

ZF+C^N+5H]6+ for the three AuC^N complexes, whereas the AuC^N^N complex only 

showed coordination adducts of the type [Apo-ZF+2AuC^N^N+2H]6+. The [Au(CCON)Cl2] 

and [Au(CSN)Cl2] complexes appeared more reactive than the [Au(CON)Cl2] complex as 

more Au coordination adducts were observed in the latter. Interestingly, adducts of the 

type [Apo-ZF+2C^N+4H]6+ could also be identified, even after 30 min, highlighting the 

presence of at least two binding sites on the peptide, which are most likely the two 

cysteine residues.  

 

 

 

S

N
Au
ClCl

O

N
Au
ClCl

N
Au

ClN

[Au(CSN)Cl2]

PF6

[Au(CON)Cl2] [Au(C^N^N)Cl][PF6]



 

 
 92 

Table 2 - Experimental (Mexp) and theoretical (Mtheor) masses of the detected species at specific 

retention times (RT) during the individual HR-LC-ESI-MS experiment of Cys2His2 model peptide 

after 30 min incubation.308 

Compound RT (mins) Species Mexp Mtheor Δppm 

Au(CCON) 
3.96 

[Apo-ZF+AuCCON+4H]6+ 557.5768 557.5846 13.99 

[Apo-ZF+CCON+5H]6+ 524.9214 524.9248 6.48 

4.25 [Apo-ZF+2CCON+4H]6+ 555.2608 555.2673 11.71 

Au(CSN) 
4.03 

[Apo-ZF+CSN+5H]6+ 525.5815 525.5876 11.61 

[Apo-ZF+AuCSN+4H]6+ 558.2365 558.2474 19.52 

4.39 [Apo-ZF+2CSN+4H]6+ 556.5881 556.5930 8.80 

Au(CON) 

3.74 
[Apo-ZF+AuCON+4H]6+ 555.5796 555.5846 9.00 

[Apo-ZF+CON+5H]6+ 523.0834 523.0919 16.25 

3.91 [Apo-ZF+AuCON+CON+3H]6+ 583.7609 583.7601 1.37 

4.02 

[Apo-ZF+2CON+4H]6+ 551.0939 551.1003 11.61 

[Apo-ZF+AuCON+CON+3H]6+ 583.9191 583.9271 13.70 

[Apo-ZF+AuCON+AuI+3H]6+ 588.2609 588.2444 28.05 

Au(C^N^N) 3.86 [Apo-ZF+2AuC^N^N+2H]6+ 650.9475 650.9465 1.54 

 

After 24 h, both the [Au(CSN)Cl2] and [Au(CON)Cl2] complexes had retained some of the 

coordination adducts, whereas the [Au(CCON)Cl2] complex showed full conversion to the 

reductive elimination adduct. However, the [Au(C^N^N)Cl][PF6] complex preserved its 

coordination adduct throughout. It should be noted that the adduct formation was never 

quantitative in all cases as the free ZF peptide could be observed in the chromatogram. 

The chemoselectivity towards cysteine arylation was next explored using a model 

peptide with only one cysteine residue and the sequence ANGELACASINI (AC). The 

same experimental conditions as the ZF peptide were used, except a lower ratio of 1:1 

for the complex and AC peptide. This was due to the high reactivity of the peptide in 

preliminary studies, which resulted in peptide decomposition with the Au complexes. 

After 30 min incubation, HR-LC-ESI-MS analysis detected four different adducts with the 

AuC^N complexes; the mono Au adduct [AC+AuC^N]2+, the bis Au adduct [AC+2AuC^N-

2H]2+, the reductive elimination adduct [AC+C^N+1H]2+ and their co-existence 

[AC+AuC^N+C^N-1H]2+, an example of which can be seen for the [Au(CON)Cl2] complex 

at 854.8404 m/z in Figure 63. Therefore, regardless of only one cysteine residue present, 

the peptide can still offer a second Au binding site that is not a cysteine. The 

[Au(C^N^N)Cl][PF6] complex formed the classical coordination adduct seen with the ZF 

peptide, however only one molecule of complex was coordinated to the peptide, rather 

than two, which suggests a strong chemoselectivity for cysteine, which has been 

observed previously.309  
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Figure 63 – HR-LC-ESI-MS analysis for the reaction of the [Au(CON)Cl2] complex with AC 

model peptide (1 : 1 ratio) after 30 min incubation at 37 °C, recorded at retention time 6.60 min. 

Comparison between the experimental isotopic patterns of a representative adduct with the 

theoretical values is also shown. Figure from ref 308. Copyright 2020, John Wiley and Sons 

https://creativecommons.org/licenses/by/4.0/.308 

 

After 24 h, even though a ratio of 1:1 was used for the complex and peptide, the CO 

complex still initiated peptide decomposition, which has been previously reported for 

Pt(II) and Pd(II) complexes due to hydrolysis of the amide backbone.310 Conversely, the 

[Au(CSN)Cl2] and [Au(CON)Cl2] complexes retained their [AC+AuC^N+C^N-1H]2+ 

adducts, whilst the C^N^N complex adduct remained the same (Table 3). 

 
Table 3 - Experimental (Mexp) and theoretical (Mtheor) masses of the detected species at specific 

retention times (RT) during the individual HR-LC-ESI-MS experiment of the AC model peptide 

after 24 h incubation.308 

Compound RT (mins) Species Mexp Mtheor Δppm 

Au(CSN) 6.53 
[AC+2AuCSN-2H]2+ 968.7899 968.7870 2.99 

[AC+AuCSN+CSN-1H]2+ 870.8113 870.8077 4.13 

Au(CON) 6.43 [AC+AuCON+CON-1H]2+ 854.8404 854.8306 11.46 

Au(C^N^N) 4.80 [AC+AuC^N^N]2+ 821.8527 821.8434 11.32 

 

Next, the position of the cysteine residue for cysteine arylation was investigated using 

an N-terminal cysteine peptide sequence, CASINI (C). These experiments were also 

carried out with a 1:1 ratio of complex : peptide to allow comparison to the AC peptide. 

The results after 30 min can be seen in Table 4, where all four complexes have formed 

the classical coordination adduct. Interestingly, the CON complex also formed a 

[C+2AuCON-3H]+ adduct indicating that a secondary Au binding site could also be found 
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in this peptide. After 24 h the classical coordination adducts remained with no reductive 

elimination products, demonstrating that the position of the cysteine plays an important 

role in the reductive elimination mechanism. 
 

Table 4 - Experimental (Mexp) and theoretical (Mtheor) masses of the detected species at specific 

retention times (RT) during the individual HR-LC-ESI-MS experiment of C model peptide after 

30 min incubation.308 

Compound RT (mins) Species Mexp Mtheor Δppm 
Au(CCON) 5.20 [C+AuCCON-1H]+ 996.3513 996.3353 16.06 

Au(CCON) 5.29 [C+AuCSN-1H]+ 1000.3221 1000.3124 9.70 

Au(CON) 
5.19 [C+AuCON-1H]+ 984.3491 984.3353 14.02 

6.89 [C+2AuCON-3H]+ 1349.3585 1349.3467 8.72 

Au(C^N^N) 4.78 [C+AuC^N^N-1H]+ 1087.4188 1087.4138 4.60 

 

The complexes were also incubated with GSH, a physiologically relevant reducing agent 

containing one cysteine residue.311 The incubation was carried out in a 3:1 ratio (complex 

: peptide) and analysed after 24 h (Table 5).  

 
Table 5 - Experimental (Mexp) and theoretical (Mtheor) masses of the detected species at specific 

retention times (RT) during the individual HR-LC-ESI-MS experiment of GSH after 24 h 

incubation.308 

Compound RT (mins) Species Mexp Mtheor Δppm 
Au(CCON) 9.65 [GSH+CCON]+ 489.1411 489.1444 6.75 

Au(CCON) 11.58 [GSH+CSN]+ 493.1254 493.1216 7.71 

Au(CON) 

10.85 [GSH+AuCON-1H]+ 673.1104 673.1031 10.84 

11.02 
[GSH+CON]+ 477.1422 477.1444 4.61 

[GSH+AuCON-1H]+ 673.1104 673.1031 10.84 

Au(C^N^N) 9.65 [GSH+AuCNN-1H]+ 776.1815 776.1817 0.26 

 

As expected, the three AuC^N complexes were capable of mediating cysteine arylation, 

whereas the AuC^N^N complex could only form the classical coordination adduct at 

776.1815 m/z (Figure 64).  
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Figure 64 – HR-LC-ESI-MS analysis for the reaction of [Au(C^N^N)Cl][PF6] with GSH (3 : 1 

ratio) after 24 h incubation at 37 °C. Comparison between the experimental isotopic patterns of 

a representative adduct with the theoretical values is also shown. Figure from ref 308. Copyright 

2020, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.308 

 

The chemoselectivity of the cysteine arylation was next investigated with a cysteine-free 

peptide with the sequence LFRANALK (L). Similar results were observed at 30 min and 

24 h, with the AuC^N complexes forming mainly the classic coordination adduct of the 

type [L+AuC^N]2+, with no reductive elimination (Table 6). The AuCON complex also 

exhibited an adduct of the type [L+AuI+H]2+, where the gold centre had been reduced 

from Au(III) to Au(I). Interestingly, no adducts were observed for the AuC^N^N complex, 

even after 24 h, demonstrating its preference to bind to cysteine residues only, as 

described earlier.309  

 
Table 6 - Experimental (Mexp) and theoretical (Mtheor) masses of the detected species at specific 

retention times (RT) during the individual HR-LC-ESI-MS experiment of L model peptide after 

24 incubation.308 

Compound RT (mins) Species Mexp Mtheor Δppm 
Au(CCON) 

 

4.27-4.64 [L+AuCCON]2+ 654.8054 654.8018 5.50 

4.74-4.93 [L-NH4+AuCCON]2+ 645.8030 645.7845 28.65 

Au(CSN) 4.25+4.76 [L+AuCSN]2+ 656.7945 656.7903 6.40 

Au(CON) 
4.69 [L+AuCON]2+ 648.8228 648.8018 32.37 

4.91 [L+AuI+1H]2+ 564.2738 564.2753 2.66 

 

Another cysteine-free peptide was included in this study, [Leu5]Enkephalin (LE), which 

is part of the enkephalin family that can act as agonists at opiate receptors.312 They were 

originally isolated from pig and cow brains and possess the amino acid sequence: Tyr-
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Gly-Gly-Phe-Leu (YGGFL).312 This peptide was investigated due to the absence of 

classical nucleophilic sites for coordination to the Au(III) complexes, that were present in 

L. However, regardless of this, the adducts formed were very similar to L (Table 7), with 

coordination adducts formed for the AuC^N complexes, and no reactivity with the 

AuC^N^N complex. 
 
Table 7 - Experimental (Mexp) and theoretical (Mtheor) masses of the detected species at specific 

retention times (RT) during the individual HR-LC-ESI-MS experiment of the LE model peptide 

after 24 h incubation.308 

Compound RT (mins) Species Mexp Mtheor Δppm 

Au(CCON) 

5.22-5.39 [LE-NH4+OH+AuCCON-2H]+ 932.3184 932.2808 40.33 

6.50 [LE+AuCCON-1H]+ 933.2914 933.3124 22.50 

6.92 [LE-NH4+AuCCON-1H]+ 915.2888 915.2781 11.69 

Au(CSN) 5.27+6.87 [LE+AuCSN-1H]+ 937.2682 937.2896 22.83 

Au(CON) 5.22+6.75 [LE+AuCON-1H]+ 921.2922 921.3124 21.92 

 

Therefore, to elucidate the binding sites of the AuC^N complexes, tandem MS (MS/MS) 

studies were analysed by Dr. Samiel M. Meier-Menches using an online top-down 

software, Apm2s, developed by Dyson and co-workers.313 The tandem MS technique 

involves performing an initial ESI-MS to identify the ion of interest before further 

fragmentation of this signal. The conventional nomenclature for peptide fragmentation 

can be seen in Figure 65a.   
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Figure 65 – a) Diagram of conventional nomenclature used for peptide fragment positive ions as 

reported by Biemann,314 b) Diagram of LE peptide with expected fragmentation pattern from 

collision induced dissociation.308 
 

In this work the fragmentation was carried out by collision-induced dissociation (CID) on 

the [LE+AuCCON-H]+ adduct with a m/z of 933. CID experiments usually generate b and 

y fragment ions due to cleavage of the peptide backbone at the C-N bond;315 the 

nomenclature used can be seen in Figure 65b. However, in this work, only b fragments 

were observed with associated high energy a-fragments, the results of which can be 

seen in Figure 66. Overall, the postulated binding sites of the [Au(CCON)Cl2] complex can 

be seen in gold circles in Figure 66, the first being the N-terminal coordination to Tyr1 

(tyrosine1), as these metalated a and b fragments were abundant in the spectrum. The 

second binding site was predicted to be the amide backbone of the Gly3Phe4 (glycine3 

phenylalanine4) fragment due to the identification of two internal fragments, a4y3 and 

a3y3. 
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Figure 66 - Fragment-mass spectrum of the [LE+AuCCON-H]+ adduct (m/z 933) showing the 

identified metalated a-, b- (N-terminal) and ay- (internal) fragments. The fragmentation positions 

and the most likely binding sites (golden circles) are indicated in the structure of LE in the top 

right corner. Figure from ref 308. Copyright 2020, John Wiley and Sons 

https://creativecommons.org/licenses/by/4.0/.308 

 

In addition, to further complement these experimental results, computational analysis 

was performed by Prof. Giampaolo Barone. Firstly, DFT calculations were used to 

determine the standard formation Gibbs free energy values of mono adducts of the type 

[Au(CCON)Cl(X)], where X = amino acid with binding site. As expected, using hard-soft 

acid-base (HSAB) theory, the most stable adduct contained the cysteine residue, 

followed by the N-containing side chain residues (arginine, asparagine and glutamine). 

O-containing side chain residues (tyrosine and serine) showed similar values to the N-

containing side chains, which also provided further evidence to support the tandem MS 

studies for the potential binding of the Au complex to Tyr1. 

 DFT calculations were also used to postulate a reaction mechanism between the 

[Au(CCON)Cl2] complex and the AC peptide to elucidate the importance of the cysteine 

residue position for reductive elimination to occur. We predicted that the binding of the 

complex to the peptide would involve bidentate coordination due to the previous 

mechanism hypothesised using the Cys2His2 model peptide (Scheme 16). Therefore, 

due to the presence of only one cysteine residue in the AC peptide, a secondary binding 

site that it not a cysteine must be involved.  
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Figure 67 – ANGELACASINI model peptide structure with the potential binding sites for the Au 

complex highlighted: Cys7, Asn11 and Asn2.308 

 

Modelling of the complex and AC peptide identified two other possible binding sites for 

the Au complex, Asn2 and Asn11, which were located on either side of the Cys7 (Figure 

67). This is supported by the favourable mono adduct formation energy calculated 

between the [Au(CCON)Cl2] complex and asparagine (ΔG° = -42.0 kJ/mol), as described 

above. The first step in the hypothesised mechanism (Scheme 17) involved the formation 

of the reactant (R), whereby the two chloride ligands were displaced by the Cys7 and 

Asn11 side chains. The formation of the intermediate (I) then proceeded by the addition 

of the second asparagine (Asn2) which resulted in the decoordination of the pyridyl N, 

as observed in our previously proposed mechanism (Scheme 16) using a second 

cysteine residue. The formation of I was thermodynamically favoured as it was 114 

kJ/mol more stable than R. DFT calculations then showed that two types of cross-

coupling reactions could be observed via reductive elimination, both of which are 

exergonic in nature, namely cysteine (S)-arylation or asparagine (N)-arylation. 

Surprisingly, the N-arylated product is ca. 20 kJ/mol more thermodynamically stable that 

the S-arylated product shown in Scheme 17. However, it should be highlighted that the 

product is also comprised of the Au(I) side product, which possessed Asn2 and Asn11 

ligands in the S-arylation reaction, and Cys7 and Asn2 ligands for the N-arylation. 

Therefore, the N-arylation Au(I) side product could be responsible for the increased 

stability. 

 

 
Scheme 17 – Proposed mechanism for the reaction of the [Au(CCON)Cl2] complex with the 

model AC peptide forming the cysteine arylation product via reductive elimination.308 
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Unfortunately our MS data cannot discriminate between the two arylation sites, however 

the feasibility of this second arylation site does potentially provide insights into the 

adducts formed with the [Au(CSN)Cl2] and [Au(CON)Cl2] complexes and the AC peptide. 

For example, adducts of the type [AC+AuC^N+C^N-H]2+ were identified, meaning there 

must be more than one binding site other than Cys7 for reductive elimination to occur, 

which could potentially be the Asn11 residue suggested by the DFT calculations. In fact, 

the C peptide contained a secondary binding site as evidenced by the ability of the 

[AuC^N] complexes to form classical coordination adducts, however the absence of 

reductive elimination could be more related to the fact that the coordination environment 

surrounding the cysteine did not allow stabilisation of the intermediate. The importance 

of the coordination environment can also be seen with the GSH peptide, as although it 

is a short sequence, the residues surrounding the cysteine allow reductive elimination to 

occur with the AuC^N complexes.   

 

5.3. Summary and Future Outlook 
To conclude, this work has provided thorough investigations into the propensity for Au(III) 

cyclometalated complexes to mediate cysteine arylation, with a total of seven complexes 

evaluated across the two studies, allowing initial structure activity relationships (SARs) 

to be established. However, an explanation for these SARs is not as straight forward as 

one would expect, as initial computational analysis (NBO and NCI) could not provide 

conclusive evidence for the greater reactivity of the [Au(CCON)Cl2] complex compared to 

the [Au(CCH2N)Cl2] complex. DFT calculations were also used to help hypothesise a 

mechanism for the cysteine arylation via reductive elimination, which first begins with the 

displacement of a chloride by a cysteinate group trans to the pyridyl N. A second 

cysteinate can then approach and bind to the Au(III), causing the Au-N bond to break, 

forming the intermediate (I) species [Au(III)(C^N)(Cys)2Cl]-. This step is crucial to allow 

the aryl group to rotate to facilitate reductive elimination. 

Our second study delved further into the chemoselectivity of the cysteine 

arylation, concluding that the intermediate I does not necessarily require a second 

cysteine to form, but can take place in the presence of any nucleophilic group within the 

peptide chain, which is available for coordination to Au(III). Therefore, the possibility of 

forming intermediate I is strongly dependent on the coordination environment 

surrounding the cysteine residue (AC vs. C peptide). This means that the reactivity of 

Au(III) complexes with peptides cannot be predicted solely on their affinity for binding 

certain residues, but is modulated by the overall protein folding and residue exposure. 

The structure of the Au(III) cyclometalated complex is also an important factor to 

consider; the [Au(C^N^N)Cl][PF6] only formed the coordination complex (displacement 
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of the chloride by the cysteine residue) with the cysteine containing peptides and showed 

no adduct formation with the L and LE peptides. This high chemoselectivity was not 

observed with the [Au(C^N)Cl2] complexes. 

 The future outlook of this project is currently being pursued in our group, and 

includes exploring proteomic profiling of the [Au(C^N)Cl2] complexes for cysteine 

arylation in bacteria,316 as well as the conjugation of therapeutic and imaging agents to 

the cyclometalated ligand scaffold. 
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5.4. Materials and Methods 
5.4.1. General 

Circular dichroism experiments were performed by Dr. Riccardo Bonsignore. 

Computational analysis was completed by Prof. Giampaolo Barone. Synthesis of AC, C 

and L peptides was completed by Jorge Sánchez Escudero. Online tandem MS analysis 

was completed by Dr. Samuel M. Meier-Menches. 2-(phenylthiol)pyridine was 

synthesised and characterised by Dr. Christopher Brown. [Au(C^N^N)Cl][PF6] (C^N^N = 

6-1,1-dimethylbenzyl)-2,2’-bipyridine) was available in the group. Dr. Thomas Williams 

helped with the MS studies. 

 

Solvents and reagents (reagent grade) were all commercially available and used without 

further purification. The zinc finger precursor peptide was obtained from Peptide 

Specialty Laboratories GmbH and had the sequence 
1PYKCPECGKSFSQKSDLVKHQRTHTG26 (ZF). 1H NMR (nuclear magnetic resonance) 

spectra were recorded in DMSO-d6, acetone-d6 and CD2Cl2 with TMS as an internal 

reference, on Bruker Avance 400 or 500 MHz NMR spectrometers. HR-LC-ESI-MS 

spectra were recorded on Synapt G2-Si time-of-flight (TOF) mass spectrometer (Waters) 

by high-pressure liquid chromatography (HPLC). Mass spectra were acquired and 

processed using MassLynx V4.1 (Waters). The purity of the compounds was confirmed 

by elemental analysis which showed purity >98%.  

 

5.4.2. Synthesis of Au(III) complexes and 2-(phenylthio)pyridine 
[Au(CCON)Cl2 was synthesised by modification of a literature procedure.111  

A mixture of NaAuCl4 (400 mg, 1 mmol, 1 eq.) and 2-benzoylpyridine (184 mg, 1 mmol, 

1 eq.) in deionised (DI) H2O (15 mL) was stirred at room temperature for 20 min before 

the addition of a solution of AgNO3 (340 mg, 2 mmol, 2 eq.) in DI H2O (5 mL). The 

orange/brown suspension was then stirred for 10 min at room temperature before 

increasing the temperature to reflux for 3 days. The mixture was then filtered whilst hot 

and the light brown precipitate was collected and dried before recrystallisation using 

propionitrile. A white precipitate was then filtered to yield the clean product (170 mg, 0.37 

mmol, 37%). 
1H NMR (400 MHz, DMSO-d6) δ 9.48 (d, J = 5.7 Hz, 1H), 8.60 – 8.51 (m, 1H), 8.41 – 

8.33 (m, 1H), 8.09 (ddd, J = 7.6, 5.9, 1.7 Hz, 1H), 7.79 – 7.72 (m, 1H), 7.73 – 7.65 (m, 

1H), 7.51 – 7.43 (m, 2H). 
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[Au(CCH2N)Cl2] was synthesised following a literature procedure.112 

NaAuCl4 (400 mg, 1 mmol, 1 eq.) was added to a flask and dissolved in DI H2O (24 mL). 

Benzylpyridine (160 μL, 1 mmol, 1 eq.) was then added, forming a yellow precipitate. 

The mixture was refluxed overnight until the precipitate had turned from yellow to white. 

The mixture was then filtered and the precipitate was washed with methanol, followed 

by recrystallisation from a dichloromethane/diethyl ether mixture to yield the pure product 

(320 mg, 0.74 mmol, 74%).  
1H NMR (400 MHz, Acetone-d6) δ 9.33 – 9.27 (m, 1H), 8.31 (td, J = 7.7, 1.5 Hz, 1H), 

8.06 (d, J = 7.8 Hz, 1H), 7.75 (t, J = 6.9 Hz, 1H), 7.49 (dd, J = 8.0, 1.2 Hz, 1H), 7.32 – 

7.24 (m, 1H), 7.18 (td, J = 7.3, 1.2 Hz, 1H), 7.08 (td, J = 7.7, 1.8 Hz, 1H), 4.68 (d, J = 

15.4 Hz, 1H), 4.41 (d, J = 15.1 Hz, 1H). 

 

[Au(CNHN)Cl2] was synthesised following a literature procedure.317 

A mixture of NaAuCl4 (398 mg, 1 mmol, 1 eq.) and 2-anilinopyridine (170 mg, 1 mmol, 1 

eq.) in DI H2O (30 mL) was stirred at room temperature for 1 h, before increasing the 

temperature to reflux for a further 3 h. The precipitate was filtered after cooling and then 

washed with water, collected and dried in air. The product was then recrystallised using 

hot acetone and the solution was concentrated to yield a light brown precipitate. This 

was then filtered and washed with a little acetone to yield the pure product (200 mg, 0.46 

mmol, 46%). 
1H NMR (400 MHz, DMSO-d6) δ 10.70 (s, 1H), 8.81 (d, J = 6.5 Hz, 1H), 7.97 (ddd, J = 

8.6, 7.0, 1.6 Hz, 1H), 7.56 (dd, J = 8.2, 1.3 Hz, 1H), 7.40 (d, J = 8.6 Hz, 1H), 7.26 (td, J 

= 7.5, 1.3 Hz, 1H), 7.19 – 7.06 (m, 2H), 7.06 – 6.97 (m, 1H). 

 

[Au(C^N)Cl2] was synthesised by combining two literature procedures.111,318 

A mixture of NaAuCl4 (400 mg, 1 mmol, 1 eq.) and 2-phenylpyridine (0.14 mL, 0.98 mmol, 

1 eq.) in DI H2O (15 mL) was stirred at room temperature for 20 min. The addition of the 

2-phenylpyridine caused a yellow precipitate to be formed. A solution of AgNO3 (340 mg, 

2 mmol, 2 eq.) in DI H2O (5 mL) was then added. This was then stirred for 10 min at 

room temperature before increasing the temperature to reflux for 3 days producing an 

off-white suspension. The mixture was then filtered whilst hot and the off-white 

precipitate was collected and dried before recrystallisation using propionitrile. A white 

precipitate was then filtered to yield the clean product (80 mg, 0.19 mmol, 20%). 
1H NMR (400 MHz, DMSO-d6) δ 9.57 – 9.49 (m, 1H), 8.44 – 8.36 (m, 2H), 8.01 – 7.94 

(m, 1H), 7.82 (dd, J = 8.1, 1.2 Hz, 1H), 7.77 (td, J = 6.3, 2.4 Hz, 1H), 7.52 – 7.45 (m, 1H), 

7.42 – 7.35 (m, 1H). 
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[Au(CON)Cl2] was synthesised by modification of a literature procedure.319 

A mixture of NaAuCl4 (200 mg, 0.5 mmol, 1 eq.) and 2-phenoxypyridine (86 mg, 0.5 

mmol, 1 eq.) in DI H2O (8 mL) was stirred at room temperature for 20 min. On addition 

of the 2-phenoxypyridine to the aqueous gold solution, a yellow precipitate was formed. 

A solution of AgNO3 (170 mg, 1 mmol, 2 eq.) in DI H2O (2 mL) was then added causing 

the formation of an orange precipitate. This was then stirred for 10 min at room 

temperature before increasing the temperature to reflux for 2 days producing a light grey 

suspension. The mixture was then filtered whilst hot and the precipitate was collected 

and dried before recrystallisation using propionitrile. A yellow precipitate was then filtered 

to yield the clean product (154 mg, 0.35 mmol, 69%). 
1H NMR (400 MHz, DMSO-d6) δ 9.06 (d, J = 6.1 Hz, 1H), 8.42 (t, J = 7.7 Hz, 1H), 7.86 

(d, J = 8.2 Hz, 1H), 7.69 (t, J = 6.8 Hz, 1H), 7.59 (d, J = 8.0 Hz, 1H), 7.37 (q, J = 8.5 Hz, 

2H), 7.28 – 7.19 (m, 1H). 

 

Au(CSN)Cl2] was synthesised by modification of a literature procedure.319 

A mixture of NaAuCl4 (210 mg, 0.53 mmol, 1 eq.) and 2-(phenylthio)pyridine (100 mg, 

0.53 mmol, 1 eq.) in DI H2O (15 mL) was stirred at room temperature for 20 min. A 

solution of AgNO3 (180 mg, 1 mmol, 2 eq.) in DI H2O (2 mL) was then added causing the 

formation of a dark orange precipitate. This was then stirred for 10 min at room 

temperature before increasing the temperature to reflux for 3 days producing a light 

brown suspension. The mixture was then filtered whilst hot and the precipitate was 

collected and dried before recrystallisation using propionitrile. A white precipitate was 

then filtered to yield the clean product (57 mg, 0.12 mmol, 23%). 
1H NMR (400 MHz, DMSO-d6) δ 9.17 (dd, J = 6.5, 1.2 Hz, 1H), 8.32 – 8.20 (m, 2H), 7.78 

(td, J = 6.7, 1.7 Hz, 1H), 7.61 – 7.56 (m, 1H), 7.49 – 7.42 (m, 1H), 7.30 – 7.21 (m, 2H). 

 

CSN Ligand (2-(phenylthio)pyridine) – Synthesised by Dr. Chris Brown 

Prepared using a procedure adapted from Ma et al.320  

To a dried Schlenk bomb, diphenyl disulfide (3.40 g, 15.6 mmol, 1 eq.) and NaOH (0.936 

g, 24.4 mmol, 1.5 eq.) were added and placed under an N2 atmosphere. DMSO (50 mL) 

and 2-bromopyridine (2.48 mL, 26 mmol, 1.67 eq.) were added before the vessel was 

sealed. The reaction mixture was heated to 130 °C and stirred for 18 h before the solution 

was allowed to cool to room temperature, following this the DMSO was reduced in 

volume to ~5 mL in vacuo and then diluted with brine (100 mL). The crude product was 

extracted with CH2Cl2 (3 x 50 mL) before purification of the yellow oil via column 

chromatography (CH2Cl2) and the second fraction (Rf = 0.28) was collected. The pure 

product was isolated as a light-yellow oil (3.56 g, 19 mmol, 78%).  
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1H NMR (400 MHz, CD2Cl2) δ 8.39 (ddd, J = 4.9, 1.9, 0.9 Hz, 1H), 7.63 – 7.56 (m, 2H), 

7.50 – 7.42 (m, 4H), 7.01 (ddd, J = 7.5, 4.9, 1.0 Hz, 1H), 6.93 (dt, J = 8.1, 1.0 Hz, 1H). 

ESI-MS cald. for C11H10NS: 188.0534; found: 188.0533 [M+H]+. 

 

5.4.3. HR-LC-ESI-MS Studies 
HPLC was performed with an Acquity UPLC system (Waters) and using an Acquity 

UPLC protein BEH C4 column (300 Å, 1.7 μm, 2.1 mm × 100 mm) for ZF peptide and an 

Acquity UPLC CSH C18 column (130 Å, 1.7 µm, 2.1 mm x 100 mm) for the remaining 

peptides. The instrumental parameters for HPLC-MS were as follows: 2.85 kV capillary 

voltage, 120 °C source temperature, 350 °C desolvation temperature, 90 L·h-1 cone gas, 

900 L·h-1 desolvation gas and 6 bar nebulizer. A linear gradient from 95% to 5% water 

(0.1% FA), while proportionally increasing acetonitrile (0.1% FA), in 8 min was used. The 

flow rate was 300 μL·min-1, the column was held at 40 °C and the autosampler at 20 °C. 

Solutions of L and LE were prepared by dissolving the peptides in (NH4)2CO3 

buffer solution (25 mM, pH = 7.4) at 37 °C. The peptides ZF, AC and C were first 

incubated with DTT (3 eq., 3 h) in (NH4)2CO3 buffer solution (25 mM, pH = 7.4) at 37 °C. 

The ZF peptide was reconstituted to its holo-form according to a previously published 

procedure321 by further incubation with zinc acetate (3 eq., 30 min) at 37 °C. The 

formation of the ZF was confirmed by a mass shift in the resulting mass spectrum. Stock 
solutions of the gold compounds were freshly prepared in DMSO at a concentration of 

10 mM and diluted to the final concentration using (NH4)2CO3 (25 mM, pH = 7.4). The 

individual experiments between the gold compounds and the peptides were performed 

at a molar ratio of 3:1 or 1:1 (gold complex : peptide) with the peptide reaching a final 

concentration of 10 μM. The compounds were incubated at 37 °C for 10 min/30 min and 

24 h.  

ESI-MS/MS were obtained in a HPLC-MS setup by selecting the desired mass 

signal and fragmenting the parent ions at 18–34 eV. 
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6. C-P Cross-Coupling Reaction mediated by Au(III) 

Cyclometalated Complexes. 
 

This chapter is based on the following paper: 

 

Carbon-Phosphorus Coupling from C^N Cyclometalated AuIII Complexes 

 

Riccardo Bonsignore+, Sophie R. Thomas+, Wim T. Klooster, Simon J. Coles, Robert 

L. Jenkins, Didier Bourissou, Giampaolo Barone and Angela Casini 

[+] Authors contributed equally to this work. 

 

DOI: 10.1002/chem.201905392 
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6.1. Introduction 
Gold homogenous catalysis has become a thriving topic over the last few years; 

however, this has not always been the case. It was not until ground-breaking work was 

published in 1998 by Teles et al.,322 that gold was considered to truly be an active 

catalyst.323 Since then, gold has been used for many organic synthesis reactions, 

including total synthesis of natural products.324–328 The advantages of using gold in 

homogeneous catalysis compared to other transition metals includes: its high atom 

economy, increased orthogonal reactivity, high functional group tolerance and 

compatibility in aqueous medium.325 Au(I) complexes have been used extensively in 

homogenous catalysis, with most reactions performed in air.174 However, compared to 

metallic gold nanoparticles, both Au(I) and Au(III) species can precipitate from the 

reaction over time due to reduction of the Au centre; this is seen especially with Au(III) 

complexes.174 Nevertheless, Au(I) and Au(III) catalysts are most commonly used in 

catalysis for activation of alkynes or heteroatoms due to their Lewis acidity.329   

 Another area of gold homogenous catalysis involves the ability of the gold 

complex to template cross-coupling reactions.330 The latter can be mediated by transition 

metals and generally proceed through three distinct steps: (i) an oxidative addition 

reaction of the metal, e.g. Au(I) to Au(III); (ii) transmetalation with a co-catalyst, often 

involving the transfer of an organic group; and (iii) reductive elimination to release the 

product with concurrent reduction of the metal, e.g. Au(III) to Au(I).330 This topic is still 

very much in its infancy; however, due to the high redox potential of the Au(I)/Au(III) 

couple, oxidative addition reactions can be particularly problematic and slow with Au(I) 

complexes.175 Conversely, reductive elimination at Au(III) is more facile and can be used 

to form carbon-carbon and carbon-heteroatom bonds, including C-S, C-O and C-

halide.330 Nevertheless, it should be noted that the carbon-carbon and carbon-

heteroatom reductive elimination steps can be competitive, leading to poor selectivity for 

the desired product.330  

 Insights into the mechanism of the gold-catalysed cross-coupling reactions 

remain rare in the literature due to the requirement to isolate reaction intermediates 

which are often short-lived and highly reactive.331 Therefore, ligands that can stabilise 

the Au(III) centre are required, such as cyclometalated ligands of the type: C^N, C^N^N, 

C^N^C and N^C^N, as described in Chapter 1.331    

 The ability of cyclometalated Au(III) C^N complexes to mediate C-S bond 

formation via reductive elimination has been described by us in previous work305,308 and 

Chapter 5. Therefore, following these promising results, we decided to investigate a 

different type of reductive elimination reaction, namely carbon-phosphorus bond 

formation. Organophosphorus compounds are found in a wide array of different fields, 
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including: material science,332 catalysis,333 medicine334 and chemical synthesis.335 

Typically, organophosphorus compounds are formed by a C-P cross-coupling reaction 

catalysed by a transition metal complex, which is most commonly palladium,336 although 

nickel337 and copper338 have also been reported to effectively catalyse this reaction.  

To the best of my knowledge, Toste and co-workers339 were the first authors to 

report a C-P reductive elimination reaction mediated by a gold(III) catalyst (Scheme 18). 

Several Au(III) complexes with the general formula [(R3P)Au(aryl)ClX] (X = halide) were 

shown to undergo irreversible reductive elimination to form a phosphonium salt by Caryl-

P bond formation when reacted with silver salts or by thermolysis.339 Toste and co-

workers also reported in earlier work that dual gold and photoredox catalysis could be 

used for Caryl-P bond formation between aryldiazonium salts and H-phosphonates to 

yield arylphosphonates.340 

 

 
Scheme 18 – General reductive elimination reaction to form a C-P product mediated by a Au(III) 

aryl complex, reported by Toste and co-workers.339 

 

At variance to the work by Toste and co-workers,339 we applied a similar approach that 

was used for our C-S reductive elimination work305,308 and remained in mild reaction 

conditions with Au(III) C^N cyclometalated complexes. Moreover, to gain more insight 

into the mechanism of this reaction we used in situ 31P{1H} nuclear magnetic resonance 

(NMR) and high-resolution electrospray ionisation mass spectrometry (HR-ESI-MS) 

combined with density functional theory (DFT) calculations. 

 

6.2. Results and Discussion 
Computational analysis was completed by Prof. Giampaolo Barone. XRD (X-ray 

diffraction) analysis was performed by Dr. Wim T. Klooster. Dr. Robert L. Jenkins 

assisted in the 31P{1H} NMR monitoring studies at 15 °C. 

 

In this study, the [Au(CCON)Cl2] complex was first explored for C-P reductive elimination 

due to its previously reported ability to efficiently promote C-S cross-coupling 

reactions.305 The compound was reacted with 3 eq. of 1,3,5-triaza-7-phospaadamantane 

(PTA) and 5 eq. of potassium hexafluorophosphate (KPF6) in acetone at room 

temperature for 24 h (Scheme 19). After purification by column chromatography the 

clean product (1) was isolated with a yield of 88% and fully characterised by 1H, 31P{1H}, 
13C{1H} NMR, HR-ESI-MS and elemental analysis. 
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Scheme 19 – C-P bond formation via reductive elimination of a cyclometalated 

[Au(III)(CCON)Cl2] complex with PTA in mild conditions.341 

 

Reducing the amount of PTA to 2 and 1 eq. resulted in a decrease in the yield of 1 to 

49% and ca. 10%, respectively. Interestingly, the addition of 4 eq. of PTA did not improve 

the yield of 1, suggesting that 3 eq. of PTA are involved in the reaction mechanism. The 

same optimised reaction was also explored with different counter ions, including BF4
- 

(tetrafluoroborate), NO3
- (nitrate) and B(C6F5)4

- (tetrakis(pentafluorophenyl)borate). The 

results showed that the yield of product 1 decreased significantly with all anions 

compared to PF6
-. In detail, the yields decreased in the order: B(C6F5)4

- (<20%) > BF4
- 

(10%) > NO3
- (<1%). A straightforward explanation could not be drawn for the trend 

observed, and many factors had to be considered, including: coordinating ability, sterics 

and solubility, to name a few. However, one explanation for the very poor performance 

of the nitrate counter ion could be that it is the most coordinating anion342 investigated; 

thus, it could influence the reaction mechanism and prevent product formation. 

Nevertheless, more work is needed to investigate the role of the counter ion in this 

reaction and to provide an explanation for the overall trend observed. 

 Additionally, product 1 was obtained as colourless, needle-shaped crystals, 

grown from a solution of dichloromethane (CH2Cl2) and n-pentane. The resulting crystals 

were analysed by XRD studies to yield the expected structure of 1, as can be seen in 

Figure 68. It should be noted that the distance from the oxygen to the phosphorus is 

quite short (2.752(2) Å),343 which is due to the quasi-coplanar position of the ortho C=O 

bond; therefore this could result in a O→P interaction as already observed in a palladium 

benzoyl phosphonium complex.344 
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Figure 68 – Oak Ridge Thermal Ellipsoid Plot (ORTEP) to present the crystal structure of the 

phosphonium product 1. Thermal ellipsoids are shown in 50% probability. Figure from ref 341. 

Copyright 2020, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.341 

 

In order to gain an understanding of the mechanism involved for this reductive elimination 

reaction, the reaction was monitored by 31P{1H} NMR to provide simple, yet informative 

spectra. This was performed by adding the [Au(CCON)Cl2] (1 eq.) in acetone-d6 to an 

NMR tube, along with PTA (3 eq.) and KPF6 (5 eq.). Once the reagents had been 

suspended the NMR spectrum was immediately acquired; further spectra were 

measured after 1 h, then every 3 h for the subsequent 18 h, followed by a final 

measurement at 24 h (Figure 69).   
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Figure 69 – 31P{1H} NMR spectra monitoring the reaction of [Au(CCON)Cl2] with PTA (3 eq.) and 

KPF6 (5 eq.) in acetone-d6 over 24 h at room temperature. The spectrum for the purified product 

1 is also included for comparison. Figure reproduced from ref 341. Copyright 2020, John Wiley 

and Sons https://creativecommons.org/licenses/by/4.0/.341 

 

It should be noted that the heptet peak present across all spectra at -144.3 ppm 

corresponds to the PF6
- counter ion. Comparing the spectrum of the purified product (1) 

to the 31P{1H} monitoring spectra (Figure 69), it can be seen that after 3 h the product is 

formed with a singlet peak at -55.7 ppm. This peak continues to increase in intensity over 

the reaction time. Additionally, another singlet peak can be identified at -17.1 ppm, which 

can be assigned as the [Au(CCON)Cl(PTA)]+ coordination product with the PTA ligand 

displacing the chloride, forming a bond to the Au atom. This was assigned as such due 

to the isolation of the similar [Au(CCH2N)Cl(PTA)]+ coordination complex previously in our 

group.112 After the 24 h reaction, the mixture was also directly measured by HR-ESI-MS 

(Figure 70). This further confirmed the presence of the reaction product (1) at 339.1515 

m/z, as well as the coordination complex [Au(CCON)Cl(PTA)]+ at 571.0737 m/z. 
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Figure 70 – HR-ESI-MS spectrum of the reaction mixture of [Au(CCON)Cl2] with PTA (3 eq.) and 

KPF6 (5 eq.) in acetone-d6 over 24 h. Figure reproduced from ref 341. Copyright 2020, John 

Wiley and Sons https://creativecommons.org/licenses/by/4.0/.341 

 

Additionally, the reaction was performed in water to test the potential of this reaction in 

even milder conditions, which could provide promise for future biocompatible 

transformations. Remarkably, the product (1) was formed over 24 h with a yield of 70% 

after column chromatography, which is only a slight decrease compared to the yield 

obtained in acetone (88%).  

In order to rationalise the mechanism to form 1, DFT calculations were performed 

by Prof. Giampaolo Barone in acetone for the reaction between the [Au(CCON)Cl2] 

complex and PTA, the PF6
- counter ion was not included. Using the knowledge we had 

gained from our previous C-S reductive elimination work,305 and the experimental results 

obtained by the 31P{1H} NMR monitoring experiment and subsequent HR-ESI-MS; the 

first step was predicted to involve the coordination of the PTA to the gold(III) centre by 

displacement of a chloride ligand forming the coordination complex [Au(CCON)Cl(PTA)]+. 

As previously observed,305 the stereoisomer with substitution of the chloride trans to the 

pyridyl N is the more thermodynamically stable product (R1 SP-4-4, Figure 71) by -52.3 

kJ/mol. This arrangement also favours the desired reductive elimination product (1), 

where the aryl group and phosphine are cis to each other.   
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Figure 71 – Structure and relative stability of the two possible stereoisomers of the 

[Au(CCON)Cl(PTA)]+ complexes (R1) in acetone, attained by DFT calculations. Figure from ref 

341. Copyright 2020, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.341 
 

The proposed mechanism for C-P formation can be seen in Scheme 20. As described 

above, the first step involves the substitution of the chloride, trans to the pyridyl N, with 

a molecule of PTA to form R1. This step is exergonic and proceeds via TS0 with an 

activation energy barrier of only 13 kJ/mol to form R1 and Cl-, which is -71.4 kJ/mol more 

thermodynamically stable than the Au(III) precursor, [Au(CCON)Cl2].  

Following the formation of R1, the next step can progress via two different 

pathways, both involving the addition of another molecule of PTA. Path 1 proceeds via 

TS1 with a very low activation energy barrier (E1
‡ = 0.4 kJ/mol) to form I1, involving the 

coordination of the 2nd PTA that instigates decoordination of the pyridyl N. This is also 

exergonic in nature (∆E = -61.3 kJ/mol) and therefore favourable. Path 2 involves the 

substitution of the 2nd chloride ligand with the 2nd PTA to form R2 via TS00, which has a 

low activation barrier of only 8 kJ/mol. R2 is slightly more stable than R1 (∆E = -4.3 

kJ/mol), suggesting its formation is more favoured in excess of PTA. R2 can then form 

I2 upon coordination of a 3rd PTA molecule by an exergonic reaction (∆E = -45.1 kJ/mol), 

which results in decoordination of the pyridyl N.  

Interestingly, a transition state could not be identified for the formation of I2 from 

R2. However, it should be noted that the absence of an activation energy barrier for a 

reaction step is not uncommon, especially for metal complexes, and could be explained 

by a number of factors, including: elevated leaving group lability, a favourable interaction 

energy between the two atoms being coupled, and large strain and steric effects between 

substituents in a transition state.345–348  

Nevertheless, both I1 and I2 can form the reductive elimination product (1) via 

TS1’ and TS2’, respectively; however, the activation energy barrier is considerably 

higher for TS1’ (E1’‡ = 89.2 kJ/mol and E2’‡ = 55.5 kJ/mol), suggesting that it is less 

favoured.  
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Scheme 20 – A hypothesised mechanism for the C-P reductive elimination reaction between 

[Au(CCON)Cl2] and PTA to form 1.341 

 

The reductive elimination product initially formed (PRE) must undergo rotation of the CO-

phenyl bond as can be seen in Figure 72, to yield the desired product 1 that was identified 

by X-ray crystallography (Figure 68). This rotation formed the more thermodynamically 

stable conformer PRE
2 (∆E = -18.3 kJ/mol, Figure 72) with a calculated distance of 2.66 

Å between the oxygen and phosphorus, which is comparable to the distance observed 

in the XRD structure (Figure 68). 
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Figure 72 – Structure and relative stability obtained by DFT calculations after rotation of the CO-

phenyl bond in PRE to form PRE2 (1). Figure from ref 341. Copyright 2020, John Wiley and Sons 

https://creativecommons.org/licenses/by/4.0/.341 
 

It should be highlighted that the relative energy of PRE obtained by each pathway also 

includes the Au(I) side product formed. In the case of pathway 1, the relative energy of 

PRE and [Au(PTA)Cl] is -99.8 kJ/mol, whereas for pathway 2, the relative energy of PRE 

and [Au(PTA)2]+ is -153.5 kJ/mol, highlighting that the product of pathway 2 is more 

thermodynamically favoured. The overall energies and structures of the species involved 

in the two reaction pathways can be seen in Figure 73, which led us to conclude that 

pathway 2 was more favourable, as not only was R2 more thermodynamically stable 

than R1, but the rest of the steps and species formed were of lower energy, apart from 

the I2 species. 
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Figure 73 – Relative energies and structures, obtained by DFT calculations, of the species 

involved in the C-P cross-coupling reaction via reductive elimination, beginning with the Cl-/PTA 

substitution of [Au(CCON)Cl2] to form (A) R1 or (B) R2, (C) which can both then undergo 

reductive elimination to yield the product PRE2 (1). Figure reproduced from ref 341. Copyright 

2020, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.341 
 

Furthermore, to evaluate the reaction scope of the C-P cross-coupling reaction, three 

other Au(III) C^N cyclometalated complexes were tested to mediate this reaction with 

PTA, namely: [Au(CCH2N)Cl2] (CCH2N = 2-benzylpyridine), [Au(CNHN)Cl2] (CNHN = N-

phenylpyridin-2-amine) and [Au(C^N)Cl2] (C^N = 2-phenylpyridinato), which were also 

evaluated in the C-S cross-coupling reaction (Chapter 5).305 Each of the complexes were 

reacted in the same conditions used for the [Au(CCON)Cl2] complex and purified by 

column chromatography after 24 h (Scheme 21). 
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Scheme 21 - C-P cross-coupling reaction via reductive elimination with PTA, KPF6 and different 

Au(III) cyclometalated C^N complexes to yield the products 2-4 in mild conditions.341 

 

In all cases the phosphonium products were formed (2-4) and fully characterised, 

including X-ray diffraction analysis for products 2 and 3 (Figure 74). Interestingly, a 

second species could be identified with the crystals of 2: the Au(I) side product 

[Au(PTA)2][PF6], which we postulated to be the Au(I) side product of the more 

thermodynamically favoured pathway 2, providing further evidence for its preference. 

However, the yield of product (2-4) varied across the three complexes. The 

[Au(CCH2N)Cl2] complex showed the greatest yield of 46%; which decreased slightly to 

42% for the [Au(CNHN)Cl2] complex, and lastly, the [Au(C^N)Cl2] complex showed an 

even larger drop in yield to 16%. This follows the same trend in reactivity observed for 

the C-S reductive elimination reaction.305 

 

 
Figure 74 - ORTEP to present the crystal structure of the phosphonium products 2 and 3. Insert: 

[Au(PTA)2][PF6] side product obtained in combination with 2. Thermal ellipsoids are shown in 

50% probability. Figure reproduced from ref 341. Copyright 2020, John Wiley and Sons 

https://creativecommons.org/licenses/by/4.0/.341 
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Figure 75 - 31P{1H} NMR spectra monitoring the reaction of a) [Au(CCH2N)Cl2] and b) [Au(CNHN)Cl2], with PTA (3 eq.) and KPF6 (5 eq.) in acetone-d6 over 24 h at 

room temperature. The spectrum of the purified product is also included in both spectra for comparison. Partial figure reproduced from ref 341. Copyright 2020, John 

Wiley and Sons https://creativecommons.org/licenses/by/4.0/.341 
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The 31P{1H} NMR monitoring experiment was also performed with the [Au(CCH2N)Cl2] and 

[Au(CNHN)Cl2] complexes (Figure 75) using the same procedure previously used. 

Remarkably, the reaction of [Au(CCH2N)Cl2] with 3 eq. of PTA (Figure 75a) formed the 

phosphonium product 2 (-56.6 ppm) almost instantaneously at time 0, and remained the 

only peak present in the spectra over 24 h, apart from the PF6
- peak at -144.3 ppm. 

The 31P{1H} NMR monitoring experiment with the [Au(CNHN)Cl2] complex (Figure 

75b) showed two other species, in addition to the peak for the product (3) at -58.4 ppm 

and PF6
-. The peak at -11.9 ppm could be assigned to the coordination species 

[Au(CNHN)Cl(PTA)]+, which was also observed with the [Au(CCON)Cl2] complex and with 

[Au(CCH2N)Cl2] previously.112 The other peak at -52.9 ppm appeared at time 0, increased 

in concentration up to 3 h, then remained stable over the 24 h. The environment of this 

phosphorus appeared to be similar to the product 3, suggesting that it is not bound to 

Au, as is observed for the coordination product at -11.9 ppm. In order to try and 

understand the identity of the specie, HR-ESI-MS was performed on both reaction 

mixtures (Figure 76).  

  The HR-ESI-MS spectrum for the reaction of [Au(CCH2N)Cl2] and PTA (Figure 

76a) showed 2 as the predominant species at 325.1707 m/z, as well as an additional 

peak at 511.1231 m/z, which was identified as the [Au(PTA)2]+ side product of the 

reaction proceeding via pathway 2 and isolated as a crystal (Figure 74) in the presence 

of 2. Conversely, the HR-ESI-MS spectrum for the reaction of [Au(CNHN)Cl2] and PTA 

(Figure 76b) showed product 3 in a relatively low amount (326.1561 m/z), as well as the 

coordination complex [Au(CNHN)Cl(PTA)]+ at 558.0894 m/z. Unfortunately, the species 

present in the 31P{1H} NMR spectrum at -52.9 ppm could not be identified. 

 



 

 
120 

 
Figure 76 - HR-ESI-MS spectrum of the reaction mixture of a) [Au(CCH2N)Cl2] and b) 

[Au(CNHN)Cl2] with PTA (3 eq.) and KPF6 (5 eq.) in acetone-d6 over 24 h. Partial figure 

reproduced from ref 341. Copyright 2020, John Wiley and Sons 

https://creativecommons.org/licenses/by/4.0/.341 

 

To further elucidate the intermediates present in the [Au(CCH2N)Cl2] and PTA reaction, 

the 31P{1H} NMR monitoring experiment was repeated at a lower temperature (15 °C), 

and the spectra were obtained with shorter time intervals (every 5 min over 100 min). 

The resulting spectra (Figure 77) showed an additional species present at -16.1 ppm at 

time 0, which can be confidently assigned as the coordination complex, 

[Au(CCH2N)Cl(PTA)]+, previously reported.112 The coordination complex decreased in 

intensity over time, whereas the C-P product peak (2) increased, providing further 
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evidence that the coordination peak is an intermediate to form the final product (Figure 

77). This was also confirmed by synthesising and isolating the [Au(CCH2N)Cl(PTA)]+ 

complex following the literature procedure,112 and then reacting it with PTA (2 eq.) and 

KPF6 (5 eq.) in acetone for 24 h. This resulted in the formation of the C-P product (2) 

with a 74% yield, which is greater than the yield obtained using the original synthetic 

approach (46%), and no further purification was required.   

 

 
Figure 77 - 31P{1H} NMR spectra monitoring the reaction of [Au(CCH2N)Cl2] with PTA (3 eq.) and 

KPF6 (5 eq.) in acetone-d6 over 100 min at 15 °C. Figure reproduced from ref 341. Copyright 

2020, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.341 

 

Additional studies were also performed to extend the scope of the reaction to different 

phosphines. Preliminary experiments were performed using other tertiary phosphines, 

namely: triphenylphosphine, tri-n-butylphosphine and tris(hydroxypropyl)phosphine; 

which were reacted in 3 eq. with the [Au(CCON)Cl2] complex (1 eq.) and KPF6 (5 eq.) in 

acetone for 24 h at room temperature. The C-P reductive elimination product was 

observed with all phosphines by 31P{1H} NMR and HR-ESI-MS. In addition, HR-ESI-MS 

also showed the presence of different Au intermediates. However, the purification of the 

products proved challenging in all cases due to the low yield of reductive elimination 

products formed and the similar hydrophilic/lipophilic character of the product and 

intermediates, meaning separation by chromatography could not be achieved. 

Therefore, the C-P reductive elimination reaction with different phosphines requires 
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further optimisation. Nevertheless, the C-P reductive elimination products can be clearly 

identified by 31P{1H} NMR,349 as can be seen in Figure 78, with the corresponding product 

structure. 

 

 
Figure 78 - Structures of the C-P reductive elimination products obtained using 

triphenylphosphine (5), tri-n-butylphosphine (6) and tris(hydroxypropyl)phosphine (7), as well as 

their corresponding peak identified by 31P{1H} NMR.341 

 

Interestingly, during the reaction with triphenylphosphine to form 5, a crystal of the 

intermediate [Au(CCON)Cl(PPh3)2][PF6], with nitrogen decoordination, was isolated and 

analysed by XRD to obtain the structure shown in Figure 79. A species of this type (I1) 

was postulated to be formed during pathway 1, as seen in Scheme 20 and Figure 73. 

 

 
Figure 79 - ORTEP of intermediate I1 [Au(CCON)Cl(PPh3)2][PF6] with a molecule of ethyl 

acetate. Thermal ellipsoids drawn at the 50% probability level. Figure from ref 341. Copyright 

2020, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.341 

 

6.3. Summary and Future Outlook 
Overall, in this work we have provided further evidence for the effectiveness of Au(III) 

C^N cyclometalated complexes in cross-coupling reactions, namely C-P bond formation 

via reductive elimination. This reaction was optimised for the coupling of [Au(CCON)Cl2] 
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and PTA, with KPF6 as a counter ion source, which resulted in a high yield of the 

phosphonium product in mild conditions, including in water. Using DFT calculations, 
31P{1H} NMR monitoring and HR-ESI-MS we could identify possible intermediates of the 

reaction, and a hypothesis on the overall mechanism could be made.  

Additionally, we further explored the effect of the different ligand scaffold on the 

reactivity of the gold C^N complexes, which was found to follow the same trend observed 

in our previous work for C-S cross-coupling.305 Although further optimisation is required, 

we have demonstrated that this reaction can be applied to other tertiary phosphines 

generating phosphonium salts. The synthesis of phosphonium salts is relatively scarce 

in the literature, mostly involving group 10 metals such as copper,350 whereas metal 

catalysed C-P bond formation generally results in the synthesis of phosphines, 

phosphites and phosphinates.351–353   

The future outlook of this project involves further exploration into the different 

factors involved in the reaction, including: the cyclometalated ligand scaffold, counter-

ion, solvent and phosphorus source, and how each of these can affect the overall 

efficiency of this reaction. Furthermore, employing a C-P cross-coupling reaction within 

biological media could be envisaged, such as C-P bond formation between two non-toxic 

substrates in situ to form a toxic drug molecule, as many clinical drugs contain carbon-

phosphorus bonds.354
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6.4. Materials and Methods 
6.4.1. General 
Computational analysis was completed by Prof. Giampaolo Barone. XRD analysis was 

performed by Dr. Wim T. Klooster. Dr. Robert L. Jenkins assisted in the 31P{1H} NMR 

monitoring studies at 15 °C. 

 

Solvents and reagents (reagent grade) were all commercially available and used without 

further purification. 1H, 13C{1H} and 31P{1H} NMR spectra were recorded in acetone-d6 

solution, with TMS as an internal reference, on Bruker Avance (400-500 MHz) NMR 

spectrometers. HR-ESI-MS spectra were recorded on a Synapt G2-Si time-of-flight 

(TOF) mass spectrometer (Waters). Mass spectra were acquired and processed using 

MassLynx V4.1 (Waters). The synthesis of the Au(III) cyclometalated complexes: 

([Au(CCON)Cl2], [Au(CCH2N)Cl2], [Au(CNHN)Cl2] and [Au(C^N)Cl2]) can be found in Chapter 

5.  

 

6.4.2. Synthesis of C-P Reductive Elimination Products 
The Au(C^N)Cl2 complex (40 mg, 0.09 mmol, 1 eq.) was suspended in acetone (6 mL), 

before the addition of KPF6 (84 mg, 0.44 mmol, 5 eq.) and PTA (43 mg, 0.27 mmol, 3 

eq.). This mixture was then stirred overnight at room temperature. Once the reaction was 

complete, the solvent was removed under vacuum, prior to re-suspension of the crude 

product in CH2Cl2. This was then filtered and the filtrate was purified by flash column 

chromatography (CH2Cl2:CH3OH) (CH3OH = methanol) gradient from 100:0 to 85:15, 

respectively) to obtain the product. 

 

1 (Yellow solid, 38 mg, 88%) 
1H NMR (400 MHz, Acetone-d6) δ 8.87 – 8.80 (m, 2H, ar), 8.31 – 8.26 (m, 1H, ar), 8.20 

(td, J = 7.7, 1.7 Hz, 1H, ar), 8.08 – 8.00 (m, 3H, ar), 7.80 (ddd, J = 7.6, 4.7, 1.3 Hz, 1H, 

ar), 5.17 (d, J = 6.7 Hz, 6H, CH2), 4.84 – 4.69 (m, 6H, CH2). 
13C{1H} NMR (126 MHz, Acetone-d6) δ 194.32 (d, J = 2.2 Hz, CO), 154.08 (s, ar), 149.85 

(s, ar), 139.65 (d, J = 4.2 Hz, ar), 138.82 (s, ar), 137.29 (d, J = 8.2 Hz, ar), 136.22 (d, J 

= 9.4 Hz, ar), 135.08 (d, J = 3.3 Hz, ar), 134.92 (d, J = 12.8 Hz, ar), 128.78 (s, ar), 126.70 

(s, ar), 122.28 (d, J = 56.7 Hz, ar), 72.65 (d, J = 10.0 Hz, CH2), 51.78 (d, J = 32.3 Hz, 

CH2).  
31P{1H} NMR (162 MHz, Acetone-d6) δ -55.67 (s, PTA), -144.26 (hept, J = 707.6 Hz, PF6)  

ESI-MS (CH3CN, pos. mode) for [C18H20N4OP]+: exp. 339.1375 (calc. 339.1382). 

Elemental analysis for C18H22F6N4O2P2 (1+H2O): exp. C 43.30%, H 3.90%, N 11.30% 

(calc. C 43.04%, H 4.41%, N 11.15%).  
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2 (White solid, 20 mg, 46%). 
1H NMR (400 MHz, Acetone-d6) δ 8.76 – 8.73 (m, 1H, ar), 7.98 (ddd, J = 14.3, 7.9, 0.8 

Hz, 1H, ar), 7.84 (td, J = 7.7, 1.8 Hz, 1H, ar), 7.75 – 7.66 (m, 1H, ar), 7.63 – 7.59 (m, 1H, 

ar), 7.59 – 7.53 (m, 2H, ar), 7.33 (ddd, J = 7.6, 4.9, 1.2 Hz, 1H, ar), 5.26 (d, J = 6.3 Hz, 

6H, CH2), 4.77 (s, 6H, CH2), 4.29 (s, 2H, CH2).  

13C{1H} NMR (126 MHz, Acetone-d6) δ 159.23 (s, ar), 150.46 (s, ar), 146.12 (d, J = 8.0 

Hz, ar), 138.79 (s, ar), 135.57 (d, J = 3.5 Hz, ar), 133.09 (d, J = 25.4 Hz, ar), 133.07 (d, 

J = 3.0 Hz, ar), 128.65 (d, J = 12.7 Hz, ar), 124.52 (s, ar), 123.27 (s, ar), 120.56 (d, J = 

58.6 Hz, ar), 72.46 (d, J = 9.8 Hz, CH2), 52.10 (d, J = 31.0 Hz, CH2), 43.32 (d, J = 3.4 

Hz, CH2).  
31P{1H} NMR (162 MHz, Acetone-d6) δ -56.55 (s, PTA), -144.32 (hept, J = 707.4 Hz, PF6).  

ESI-MS (CH3CN, pos. mode) for [C18H22N4P]+: exp. 325.2334 (calc. 325.1582). 

Elemental analysis for C18H22F6N4P2: exp. C 45.98%, H 4.40%, N 11.75% (calc. C 

45.97%, H 4.71%, N 11.91%)  

 

3 (Brown solid, 18 mg, 42%) 
1H NMR (400 MHz, Acetone-d6) δ 8.30 (s, 1H, NH), 8.24 (d, J = 3.9 Hz, 1H, ar), 7.89 (dd, 

J = 13.8, 7.8 Hz, 1H, ar), 7.81 (ddd, J = 9.2, 3.2, 1.6 Hz, 1H , ar), 7.77 – 7.70 (m, 1H, ar), 

7.59 – 7.44 (m, 2H, ar), 6.97 (dd, J = 7.5, 4.4 Hz, 2H, ar), 4.97 (d, J = 6.8 Hz, 6H, CH2), 

4.71 – 4.56 (m, 6H, CH2).  

13C{1H} NMR (126 MHz, Acetone-d6) δ 158.61 (s, ar), 148.48 (s, ar), 147.30 (s, ar), 

139.74 (s, ar), 136.82 (d, J = 3.1 Hz, ar), 133.40 (d, J = 9.9 Hz, ar), 128.76 (s, ar), 127.46 

(d, J = 12.3 Hz, ar), 118.78 (s, ar), 117.81 (s, ar), 111.78 (s, ar), 72.42 (d, J = 9.9 Hz, 

CH2), 50.96 (d, J = 32.9 Hz, CH2). 
31P{1H} NMR (162 MHz, Acetone-d6) δ -58.38 (s, PTA), -144.24 (hept, J = 707.7 Hz, PF6).  

ESI-MS (CH3CN, pos. mode) for [C17H21N5P]+: exp. 326.1535 (calc. 326.1563). 

Elemental analysis for C17H21F6N5P2: exp. C 43.23%, H 4.45%, N 14.20% (calc. C 

43.32%, H 4.49%, N 14.86%).  

 

4 (White solid, 7 mg, 16%) 
1H NMR (400 MHz, Acetone-d6) δ 9.20 – 9.15 (m, 1H, ar), 8.23 (dd, J = 6.8, 5.1 Hz, 1H, 

ar), 8.17 (d, J = 8.1 Hz, 1H, ar), 8.07 (td, J = 8.0, 1.7 Hz, 1H, ar), 7.88 – 7.77 (m, 2H, ar), 

7.71 – 7.65 (m, 1H, ar), 7.61 (ddd, J = 7.5, 4.9, 1.0 Hz, 1H, ar), 4.91 (d, J = 6.4 Hz, 6H, 

CH2), 4.59 (q, J = 13.3 Hz, 6H, CH2). 
13C{1H} NMR (126 MHz, Acetone-d6) δ 153.93 (s, ar), 149.09 (s, ar), 144.45 (d, J = 3.8 

Hz, ar), 140.45 (s, ar), 136.34 (d, J = 10.7 Hz, ar), 135.99 (d, J = 3.4 Hz, ar), 131.18 (d, 
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J = 13.1 Hz, ar), 129.76 (d, J = 9.3 Hz, ar), 126.16 (s, ar), 122.70 (s, ar), 118.36 (d, J = 

62.8 Hz, ar), 72.77 (d, J = 9.9 Hz, CH2), 54.26 (d, J = 34.9 Hz, CH2). 
31P{1H} NMR (162 MHz, Acetone-d6) δ -60.55 (s, PTA), -144.25 (hept, J = 707.5 Hz, PF6).  

ESI-MS (CH3CN, pos. mode) for [C17H20N4P]+: exp. 311.1500 (calc. 311.1425). 

Elemental analysis for C23H32F6N4O2P2 (4+2CH3COCH3): exp. C 48.66%, H 5.63%, N 

9.79% (calc. C 48.70%, H 5.58%, N 9.79%).  

 

[Au(CCH2N)Cl(PTA)][PF6] was formed following a literature reported procedure.112 

[Au(CCH2N)Cl2] (50 mg, 0.115 mmol, 1 eq.) and KPF6 (106 mg, 0.573 mmol, 5 eq.) were 

suspended in acetone (5 mL), prior to the addition of PTA (18 mg, 0.115 mmol, 1 eq.) at 

room temperature. The reaction was stirred for 1.5 h, before partial removal of the 

solvent. CH2Cl2 was then added before filtration of the solution over Celite®, resulting in 

a yellow/orange solution. The solvent was then fully removed under reduced pressure to 

yield the crude product which was purified by recrystallisation using a CH2Cl2/n-pentane 

mixture. The purified product was obtained as an off-white solid (59 mg, 78%). 
1H NMR (500 MHz, Acetone-d6) δ 9.01 – 8.97 (m, 1H, ar), 8.28 (td, J = 7.7, 1.1 Hz, 1H, 

ar), 8.02 (d, J = 7.8 Hz, 1H, ar), 7.87 (ddd, J = 7.9, 3.5, 1.2 Hz, 1H, ar), 7.78 (t, J = 6.6 

Hz, 1H, ar), 7.48 (dd, J = 7.5, 2.0 Hz, 1H, ar), 7.33 (t, J = 7.3 Hz, 1H, ar), 7.26 – 7.20 (m, 

1H, ar), 4.96 (d, J = 3.7 Hz, 6H, PTA), 4.82 (dt, J = 13.8, 1.4 Hz, 3H, PTA), 4.61 (d, J = 

11.5 Hz, 4H, CH2, PTA), 4.41 (d, J = 14.8 Hz, 1H, CH2). 

31P{1H} NMR (202 MHz, Acetone-d6) δ -16.61, -144.23 (hept, J = 707.6 Hz, PF6).  

 

Synthesis of 2 from [Au(CCH2N)Cl(PTA)][PF6] 
[Au(CCH2N)Cl(PTA)][PF6] (40 mg, 0.057 mmol, 1 eq.) was added to acetone (6 mL) 

along with KPF6 (52 mg, 0.285 mmol, 5 eq.). PTA (18 mg, 0.114 mmol, 2 eq.) was then 

added at room temperature and after a few min stirring the solution was fully solubilised. 

This was then left to stir overnight at room temperature where a white precipitate was 

formed. The solvent was then removed under reduced pressure and re-suspended in 

CH2Cl2 before filtering to obtain the product as a white solid (20 mg, 74%). 
1H NMR (400 MHz, Acetone-d6) δ 8.78 – 8.70 (m, 1H, ar), 7.97 (ddd, J = 14.3, 7.8, 1.3 

Hz, 1H, ar), 7.84 (td, J = 7.7, 1.9 Hz, 1H, ar), 7.73 – 7.64 (m, 1H, ar), 7.64 – 7.50 (m, 3H, 

ar), 7.32 (ddd, J = 7.7, 4.9, 1.3 Hz, 1H, ar), 5.25 (d, J = 6.3 Hz, 6H, CH2), 4.76 (s, 6H, 

CH2), 4.28 (s, 2H, CH2). 
31P{1H} NMR (162 MHz, Acetone-d6) δ -56.55 (s, PTA), -144.23 (hept, J = 707.7 Hz, PF6). 

Characterisation aligns with product 2. 

 

The procedure to form the C-P product with the other phosphines (triphenylphosphine, 

tri-n-butylphosphine and tris(hydroxypropyl)phosphine) was the same as the procedure 
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used to form 1-4, except in the case of tri-n-butylphosphine and 

tris(hydroxypropyl)phosphine, inert conditions were used (dry acetone, nitrogen 

environment). 

 

6.4.3. Crystal Formation for XRD analysis 
Suitable crystals of complex 1 were obtained from a mixture of CH2Cl2 and n-pentane. 

Complexes 2 and 3 formed crystals by slow evaporation at room temperature of acetone. 

The [Au(PTA)2]+ crystal was formed in combination with 2. Additionally, crystals of 

[Au(CCON)Cl(PPh3)2]+ were grown in a mixture of ethyl acetate and hexane. 

 

6.4.4. 31P{1H} NMR studies 
The reactions to synthesise 1-3 were monitored over 24 h by NMR spectroscopy on a 

Bruker Avance (400 MHz). The reaction mixtures were prepared by suspending 

[Au(C^N)Cl2] (2 mg, 1 eq.), KPF6 (4 mg, 5 eq.) and PTA (2.1 mg, 3 eq.) in acetone-d6 

(0.7 mL) in an NMR tube. Initial spectra were performed at room temperature at different 

time intervals (after the first hour, every 3 h for the subsequent 18 h and a final 

measurement at 24 h). The reaction yielding 2 was also studied at 15 °C collecting 

spectra every 5 min over 100 min.
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7. C-C Cross-Coupling Reaction Mediated by a Au(III) 
Cyclometalated Complex: Mechanistic Insights 

 

This chapter is based on the following paper: 

 

C-C Cross-Couplings from a Cyclometalated Au(III) Complex: Mechanistic 
Insights and Synthetic Developments 

 

Riccardo Bonsignore+, Sophie R. Thomas+, Mathilde Rigoulet, Christian Jandl, 

Alexander Pöthig, Didier Bourissou, Giampaolo Barone and Angela Casini 

[+] Authors contributed equally to this work. 

 

DOI: 10.1002/chem.202102668 
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7.1. Introduction 
Taking inspiration from our previous work on C-S305,308 and C-P341 cross-coupling 

reactions via reductive elimination, we next set our sights on the more investigated, 

although challenging, C-C cross-coupling reaction. The ability of a Au(III) alkyl complex 

to mediate C-C bond formation via reductive elimination was first reported by the groups 

of Schmidbaur,355 Kochi356,357 and Tobias358 in the early 1970s. Since then, the area of 

C-C cross-coupling through Au(I)/Au(III) redox cycles has thrived.359–365 It has been 

observed that the hybridisation of the C atoms involved in the C-C reductive elimination 

is generally responsible for the rate of reactions, namely C(sp3)-C(sp3) is slower than 

C(sp2)-C(sp2) or C(sp)-C(sp).366 

 In 2014, Toste and co-workers reported the ability of a cis-diaryl-Au(III) complex 

to mediate a fast C(sp2)-C(sp2) cross-coupling reaction to form the 4,4’-difluorobiphenyl 

complex, even at -52 °C.359 Alternatively, in the same year, Nevado and co-workers 

investigated the C(sp2)-C(sp2) reductive elimination reaction with a cis-diaryl-Au(III) 

complex, [Au(C6F5)2(PPh3)Cl] (PPh3 = triphenylphosphine), however in this work the 

reaction was slow, even at 150 °C.367 In 2017, Kang et al. reported an in-depth study into 

the C(sp2)-C(sp2) cross-coupling reaction involving a series of cis-diaryl-Au(III) 

complexes.368 The study also investigated the steric and electronic effects of the ligands 

on the reaction.368 An example of C(sp)-C(sp) cross-coupling mediated by a Au(III) 

catalyst was reported by Corma and co-workers361 in 2015 for the homogenous coupling 

of terminal alkynes. The reaction began with the oxidative addition of the Au(I) phosphine 

complex using the sacrificial oxidant selectfluor under basic conditions, which then 

underwent transmetalation of the alkyne, resulting in the fast reductive elimination 

reaction of the 4-coordinate Au(III) complex.361  

 Nevertheless, detailed mechanistic understanding of gold catalysed cross-

coupling reaction steps, particularly reductive elimination, are still lacking. Isolation of 

intermediates within the reaction remain challenging due to the fast kinetics and 

instability of high-valent gold intermediates; therefore more groups are turning to 

cyclometalated Au(III) complexes to reduce the reaction rates due to their redox and 

thermodynamic stability.107,331  

 In 1990, Vicente and co-workers reported the C(sp2)-C(sp2) reductive elimination 

reaction using a Au(III) C^N cyclometalated complex bearing an aryl group (Figure 80).369 

PPh3 was also required to aid the decoordination of the nitrogen donor to form the C-C 

product.369 More recently, You and co-workers370 demonstrated a phosphine-free C(sp2)-

C(sp2) coupling reaction by ortho-arylation of arylpyridines with arylboronic acids, using 

a [Au(C^N)Br2] catalyst (Figure 80). However, high temperatures (130 °C) are needed 

for these reactions to proceed.370  
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Rocchigiani et al.371 included both C(sp2)-C(sp2) and C(sp2)-C(sp3) cross-

coupling in their work, which was mediated by AuC^N cyclometalated cations derived 

from a C^N^C pincer Au(III) complex by protodeauration with a strong acid (Figure 80). 

The addition of a second ligand (L) is required to enable the decoordination of the pyridyl 

N, allowing reductive elimination to take place through a four coordinate transition 

state.371 The type of L used dictates the reactivity of the complex; if L = OEt2 (etherate) 

C-C coupling cannot be seen, however if a stronger donor L is used such as SMe2 

(dimethylsulfide) or P(p-tol)3 (tri(p-tolyl)phosphine) the reaction can proceed. The R 

group used to form the C-C bond also affects the rate of C-C coupling, with a decrease 

in rate following the sequence R = vinyl > aryl >> C6F5 > Me.371  

 

 
Figure 80 – Examples of C(sp2)-C(sp2) and C(sp2)-C(sp3) cross-coupling reactions templated by 

Au(III) cyclometalated C^N complexes.369–371 

 

An example of C(sp2)-C(sp) cross-coupling templated by a Au(III) cyclometalated 

complex was reported in 2020 by Wong and co-workers for the reaction of Au(III) 

cyclometalated C^N complexes with phenylacetylene and a base (Scheme 22).199 The 

reaction involving [Au(CON)Cl2] (CON = 2-phenoxypyridine, 1 eq.) and phenylacetylene 
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(5 eq.) resulted in a C-C product yield of 82%, which outcompetes the alternative C(sp)-

C(sp) homocoupling of the phenylacetylene, isolated with a yield of ca. 17%. The authors 

also explored the reaction with the five-membered [Au(C^N)Cl2] complex (C^N = 2-

phenylpyridine); however no product was formed as we observed in the C-S reaction305, 

with only a small yield in the C-P341 reductive elimination reaction.199 

 

 
Scheme 22 - C(sp2)-C(sp) cross-coupling reaction templated by [Au(CON)Cl2] (CON = 2-

phenoxypyridine) involving phenylacetylene (5 eq.) and K2CO3.199 

 

Nevertheless, despite the investigations reported above there is still very little 

mechanistic understanding of the C-C reductive elimination reaction. Therefore, in our 

work we combined multiple approaches to help elucidate the mechanism, including: 1H 

NMR (nuclear magnetic resonance) monitoring, X-ray crystallography and DFT (density 

functional theory) calculations; as well as using the knowledge we have gained in our 

previous cross-coupling work.305,341 

 

7.2. Results and Discussion 
P4, (2-thienyl)zinc chloride, R3 and P5 were synthesised by Mathilde Rigoulet. X-ray 

diffraction (XRD) studies were performed by Christian Jandl. Computational analysis was 

performed by Prof. Giampaolo Barone.  

 

Initial experiments involved the optimisation of the reaction between [Au(CCH2N)Cl2] (1 

eq.) and silver phenylacetylide (AgPhCC, 3 eq.) in acetone to form the C(sp2)-C(sp) 

cross-coupling product (P) (Scheme 23). A yield of 33% of P was obtained after column 

chromatography when reacting in 25 mL acetone at 50 °C for 24 h. This yield could be 

increased to 73% on addition of an extra equivalent of AgPhCC and reacting for a further 

24 h. P was fully characterised by 1H, 13C{1H} and 2D NMR, along with HR-ESI-MS (High-

Resolution Electrospray Ionisation Mass Spectrometry). The homo-coupled alkyne side 

product formed by C(sp)-C(sp) coupling was observed in trace amounts, as reported by 

Wong and co-workers.199 Furthermore, Lauterbach et al.372 described the ability of Pd 

contaminants to catalyse Sonogashira cross-coupling between aryl iodides and terminal 

alkynes, rather than the gold catalysts themselves. However, using Inductively Coupled 

O

N
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N
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Cl Cl
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+
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(5 eq.)
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Plasma Mass Spectrometry (ICP-MS), we proved that P was formed in the absence of 

Pd. 

 

 
Scheme 23 - C(sp2)-C(sp) cross-coupling reaction templated by [Au(CCH2N)Cl2] (CCH2N = 2-

benzylpyridine) with silver phenylacetylide.373 

 

Additionally, the reaction was attempted with the five-membered cyclometalated 

complex [Au(C^N)Cl2]; due to its insolubility in acetone the reaction was performed in 

DMSO-d6 in an NMR tube. AgPhCC (3 eq.) was added and the tube was heated in an 

oil bath to 50 °C for 24 h. Once completed, an NMR spectrum was recorded, however 

no reactivity was observed, which aligns with the results observed by Wong and co-

workers.199 

 The C(sp2)-C(sp) reaction with [Au(CCH2N)Cl2] (1 eq.) and AgPhCC (3 eq.) at 50 

°C for 24 h was also explored in different solvents, including: methanol (CH3OH), 

dimethylformamide (DMF), water (H2O), acetonitrile (CH3CN) and dimethyl sulfoxide 

(DMSO) (Table 8). Due to the challenging removal of DMSO from the reaction mixture, 

the reaction was performed directly in the NMR tube with the same conditions (3 eq. of 

AgPhCC, 50 °C, 24 h), but on a smaller scale and with DMSO-d6. The yield of reaction 

in DMSO-d6 was estimated using the internal standard, benzylether, which showed the 

largest P yield of 70% (Table 8). DMF and water showed only traces of product, as 

observed by recording the 1H spectrum of the crude reaction mixture. This is most likely 

due to insolubility of the reagents in these solvents. Furthermore, after purification, 

CH3CN showed the next highest yield of P (63%), followed by CH3OH (49%) (Table 8). 
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Table 8 – Yield of product formed by C(sp2)-C(sp) cross-coupling reaction templated by 

[Au(CCH2N)Cl2] (1 eq.) with AgPhCC (3 eq.) in different solvents (25 mL) at 50 °C for 24 h.373 

*Performed in NMR tube using DMSO-d6 with yield estimated by internal standard. 

Solvent Yield 

Acetone 33% 

CH3OH 49% 

DMF traces 

Water Traces 

CH3CN 63% 

DMSO* 70% 

 

Next, we focused our attention on identification of the intermediates within the reaction 

by 1H NMR spectroscopy, which required the reaction to be slow enough to observe all 

the possible species. Acetone was the chosen solvent due to the relatively low yield of 

product produced, although the conditions were altered slightly to slow down the reaction 

rate further (2 eq. of AgPhCC, 1 mL acetone-d6, which corresponds to 14 mL acetone if 

performed in batch, and room temperature). A spectrum was recorded every 30 min for 

the first h, followed by every 2 h from 2 h up to 12 h, then every 4 h until 24 h was 

reached. 

 

 
Figure 81 – A)  1H NMR spectra (between 8.2 and 10 ppm) of the reaction between 

[Au(CCH2N)Cl2] (1 eq.) and AgPhCC (2 eq.) at r.t. over 24 h in acetone-d6. The spectra of 

[Au(CCH2N)Cl2] and P are shown for comparison. The Ha signals of various species have been 

assigned, the structure of [Au(CCH2N)Cl2] is shown highlighting the Ha proton, ortho to the pyridyl 

N. B) Evolution of the intensities of the different Ha integrals over 24 h, fitting lines included to 

help visualise the trend. Figure modified from ref 373. Copyright 2021, John Wiley and Sons 

https://creativecommons.org/licenses/by/4.0/.373 
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The 1H NMR spectra over 24 h can be seen in Figure 81A, where the proton ortho to the 

pyridyl nitrogen (Ha) is monitored over the reaction as it is a diagnostic signal for the 

coordination or absence of the Au centre to the pyridyl N. Figure 81B provides the Ha 

integral intensity of each of the species identified over time. The spectra of the 

[Au(CCH2N)Cl2] complex and P are given in Figure 81A for comparison and allow both to 

be immediately identified and monitored. As expected, [Au(CCH2N)Cl2] decreased in 

intensity over time (Figure 81A and B, grey lines), whilst P is formed in traces due to the 

reduction in rate (Figure 81A and B, purple lines). 

 Three additional species are present in the spectra (Figure 81A and B) and all 

show a Ha signal in the typical ppm range for Au(III) cyclometalated C^N species. 

Therefore, tentative assignments were made for the identity of these species using 

previous knowledge we have gained from our C-S305 and C-P341 cross-coupling 

mechanisms, and the ppm of the Ha signals compared to [Au(CCH2N)Cl2] and P. The 

proposed mechanism is shown in Scheme 24, starting with the mono-substitution of a 

chloride cis or trans to the pyridyl N with AgPhCC to form R1kin/R1 
([Au(CCH2N)(CCPh)Cl]), respectively. While substitution of the chloride cis to the pyridyl 

N is expected to be the kinetically favoured species R1kin due to the stronger trans effect 

of C vs. N,374 substitution of the chloride trans to the pyridyl N is expected to be the 

thermodynamically favoured species, R1. The third species in the NMR spectra has been 

tentatively assigned as the bis-substituted complex, R2 (Scheme 24, 

[Au(CCH2N)(CCPh)2]). 

 

 
Scheme 24 – Proposed reaction mechanism for the C(sp2)-C(sp) cross-coupling reaction 

templated by [Au(CCH2N)Cl2] with AgPhCC.373 

 

Figure 81A and B show that all three unknown species appear almost immediately from 

mixing, with two species (red and blue lines) exhibiting a similar Ha shift (9.54 and 9.48 

N
Au

Cl Cl

N
Au
Cl

PhCCAg

Ph

PhCCAg
N

Au

Ph Ph

N

Ph

[Au(CCH2N)Cl2] R1 R2

P

PhCCAuAuCl

N
Au

Cl

PhCCAg

R1kin
Ph



 

 
 135 

ppm, respectively). The Ha peaks of these species are more downfield than that of 

[Au(CCH2N)Cl2], therefore we proposed that these Ha peaks could correspond to R1kin 
and R2 as both possess an alkynyl group cis to the pyridyl N (Figure 81A and B, Scheme 

24). It should be noted that the red line (R1kin) is short-lived, providing further evidence 

for its identification as a kinetic species. The third Ha peak (green line, Figure 81A and 

B) has a similar shift to the Ha of [Au(CCH2N)Cl2], and so can be cautiously assigned as 

R1, as both retain a chloride cis to the pyridyl N (Figure 81A and B, Scheme 24). 1H NMR 

monitoring studies were also carried out in other deuterated solvents in the same 

conditions, including: DMSO-d6, CH3OH-d4, DMF-d7 and CH3CN-d3. All solvents 

exhibited the same intermediates as in acetone-d6 and followed a similar pathway. 

However, to confirm the assignments made above, isolation of the intermediates was 

required. 

 In an attempt to isolate the intermediate R2, the reaction conditions used in the 
1H NMR monitoring were optimised to push the reaction towards R2, but not P. This was 

done by increasing the equivalents of AgPhCC to 3 from 2, as used in 1H NMR monitoring 

studies. Therefore, [Au(CCH2N)Cl2] (1 eq.) was reacted in acetone (14 mL) with AgPhCC 

(3 eq.) at room temperature for 24 h (Scheme 25). After purification by column 

chromatography, the species was isolated as the bis-substituted complex R2 with a yield 

of 48%. 

 

 
Scheme 25 – Formation of R2 by reaction of [Au(CCH2N)Cl2] with 3 eq. of AgPhCC at room 

temperature in acetone (14 mL) for 24 h.373 

 

This was confidently assigned with HR-ESI-MS and NMR data; specifically, 2D HMBC 

(heteronuclear multiple bond correlation) and HSQC (heteronuclear single quantum 

coherence) experiments. 1H-13C HMBC NMR in particular was very useful for assigning 

R2 due to the coupling of C14 with Hj, C22 with Hm, C8 with Hi and Hh, and C7 with Hf 

and Hg (Figure 82). It should be noted that the Ha of the R2 isolated species 

corresponded to the blue trace in the 1H NMR in acetone-d6 at room temperature (Figure 

81A and B). 
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Figure 82 – 1H-13C HMBC NMR spectrum of R2 in acetone-d6. Figure modified from ref 373. 

Copyright 2021, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.373 

 

Additionally, the HR-ESI-MS of the crude mixture forming P from [Au(CCH2N)Cl2]  and 

AgPhCC at 50 °C showed the presence of R2 in a small amount, providing evidence that 

R2 is indeed an intermediate to form P. An intermediate species of this type was also 

observed in previous C-S305 and C-P341 cross-coupling experiments with C^N 

cyclometalated Au(III) complexes. This was further evidenced by reacting R2 with 

AgPhCC (2 eq.) in acetone (25 mL) at 50 °C for 48 h, resulting in the formation of P with 

a yield of 80% after column chromatography. Interestingly, R2 can also evolve into P in 

the absence of AgPhCC when heated to 50 °C. 

 Next, attempts were made to isolate the mono-substituted species 

[Au(CCH2N)(PhCC)Cl], R1. Efforts were made to modify the procedure used to form R2 
by reducing the equivalents of AgPhCC, however R2 was still formed, albeit in a lower 

amount. Therefore, taking inspiration from the chloride/aryl exchange reaction reported 

by Toste and co-workers using a Au(III) species, a redistribution experiment was 

performed.339 This involved mixing equimolar amounts of [Au(CCH2N)Cl2] and R2 in 

acetone at room temperature for 24 h (Scheme 26). After column chromatography the 

R1 species was isolated with a yield of 85% and fully characterised by NMR and MS 

experiments.  
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Scheme 26 - Formation of R1 by reaction of equimolar amounts of [Au(CCH2N)Cl2] and R2 at 

room temperature in acetone for 24 h.373 

 

The Ha proton of R1 overlaps as expected with the green trace in Figure 81A and B at 

9.22 ppm, which was predicted to be the more thermodynamically stable product with 

the chloride substitution trans to the pyridyl N. To provide further evidence for this, DFT 

calculations were performed to assess the stability of R1 and R1kin. As expected, R1 was 

lower in energy than R1kin, with a difference of 59.4 kJ/mol (Figure 83), confirming that 

R1 is the more thermodynamically stable product.  

 

 
Figure 83 – Structure and relative stability of the possible stereoisomers of 

[Au(CCH2N)(PhCC)Cl] (R1kin and R1) in acetone, attained by DFT calculations. Figure from ref 

373. Copyright 2021, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.373 

 

Furthermore, the relative energy (ΔG°) of the redistribution reaction between 

[Au(CCH2N)Cl2] and R2 to form R1 was found to be downhill in energy by 31 kJ/mol 

per Au atom, therefore is thermodynamically favoured, as calculated by the 

following equation: 

 

ΔG° = { 2 x G°[R1] - G°[R2] - G°[Au(CCH2N)Cl2] } / 2  Equation 1 

 

To further confirm the identity and conformation of the alkynyl group of R1, crystal 

formation was attempted. This was performed by layering n-pentane on top of a diluted 

chloroform solution of R1, resulting in the formation of a milky interface. After 24 h crystal 

formation was observed allowing single crystal XRD analysis to be completed by 
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Christian Jandl. Two polymorphs of R1 were found, as can be seen in Figure 84, the 

difference between them is due to the disorder of the alkynyl group in the first polymorph 

across three orientations of the phenyl group, whereas the second polymorph does not 

exhibit any disorder of the alkynyl group. Therefore, due to the similarity in geometry, 

only the second polymorph will be discussed in detail.  

 

 
Figure 84 – Two polymorphs of R1 found in the solid state with ellipsoids at 50% probability, H 

atoms omitted for clarity. Figure adapted from ref 373. Copyright 2021, John Wiley and Sons 

https://creativecommons.org/licenses/by/4.0/.373 

 

As shown in Figure 84, the alkynyl ligand is bound trans to the pyridyl N, as expected 

due to the higher thermodynamic stability of this conformation (Figure 83). R1 also 

exhibits a typical square planar geometry, which can be evidenced by a small τδ value of 

0.03.375,376 Figure 85 shows the difference in τδ values across different 4-coordinate 

geometries, ranging from ideal tetrahedral (τδ = 1) to ideal square planar (τδ = 0).375  
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Figure 85 – Examples of τδ values and corresponding 4-coordinate structures ranging between 

ideal tetrahedral and ideal square planar geometries. Reprinted with permission from ref 375. 

Copyright (2015) American Chemical Society.375 

 

The bond distances between Au1 and Cl1, N1 or C8 are similar to those reported in the 

literature for complexes of a similar type, with 1,3,5-triaza-7-phosphaadamantane (PTA) 

or PPh3 replacing the alkynyl group.112,377 However, the bite angle of N1-Au1-C8 in the 

C^N scaffold does appear to be slightly larger than the complexes in the literature.112,377 

The second polymorph of R1 also features a boat-like conformation of the CCH2N ligand 

coordinated to Au1 (Figure 86), where the (N1 Au1 C8) plane and (C5 C6 C7) plane are 

in a similar range to the literature reported values.112,377 

 

 
Figure 86 – Molecular structure of the second polymorph of R1 in the boat-like conformation 

with ellipsoids at 50% probability. H atoms omitted for clarity. Figure adapted from ref 373. 

Copyright 2021, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.373 
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Remarkably, during the crystallisation of R1, two zwitterionic Au(I) vinyl complexes P3a 

and P3b were also co-crystallised, the structures of which can be seen in Figure 87. P3a 

and P3b were found in a disordered mixture with a ratio of ca. 62:38, and were 

constitutional isomers of R1 at the same position. Bond lengths and angles were difficult 

to compare to the literature due to the level of disorder present. The formation of P3a 

and P3b involved  the formation of a C(sp2)-C(sp) bond via cross-coupling, as observed 

for P, together with a C-N coupling reaction. A similar di-functionalisation reaction of 

alkynyl bonds with C-C and C-N bond formation has also been observed previously by 

a visible light mediated reaction with a Au(I) catalyst.378  

In both P3a and P3b the pyridyl N binds to the alkynyl bond, the position of the 

binding dictates the structure formed, as can be seen in Figure 87 with the red and black 

curly arrows. P3a is formed by coordination of the N to the alkynyl C closest to the C^N 

scaffold, forming a six-membered ring, whereas P3b is formed by coordination of the N 

to the other alkynyl C, resulting in a seven-membered ring (Figure 87). Nevertheless, 

both complexes feature the pyridyl N and Au trans to the alkene formed, due to anti-

nucleophilic attack of the pyridyl N to the π-activated alkyne bond. Unfortunately, P3a 
and P3b could not be identified in the NMR studies; however, their presence in 

crystallography certainly provides inspiration for future studies between [Au(CCH2N)Cl2] 

and AgPhCC. 

 

 
Figure 87 – Molecular structures for the formation of insertion products P3a and P3b from R1, 

with corresponding Chemdraw structures on the right. Chemdraw of the postulated transition 

state is also shown. Ellipsoids are shown at 50% probability with H atoms omitted for clarity. 

Figure adapted from ref 373. Copyright 2021, John Wiley and Sons 

https://creativecommons.org/licenses/by/4.0/.373 
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Scheme 27 – Two proposed reaction pathways, including transition states, for the C(sp2)-C(sp) cross-coupling reaction resulting in reductive elimination, as obtained 

by DFT calculations.373 
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Returning to Scheme 24, both R2 and R1 had been isolated and fully characterised, 

leaving R1kin as the only unconfirmed intermediate from the 1H NMR monitoring studies 

in Figure 81A,B (red trace). Unfortunately, attempts to isolate it were not successful; 

however, this could be expected due to its transient nature before converting to R1 and 

R2. The 1H NMR resonance of the Ha signal (9.54 ppm) also further corroborates its 

identity, as previously discussed, with a similar Ha signal to R2 (9.48 ppm) as both 

possess an alkynyl group cis to the pyridyl N. 

 Furthermore, DFT calculations were performed by Prof. Giampaolo Barone to 

support the experimental results obtained, which were also performed in our C-S and C-

P cross-coupling work with cyclometalated Au(III) C^N complexes.305,308,341 In all cases 

the decoordination of the pyridyl N was vital for the reductive elimination reaction to occur 

due to rotation of the phenyl ring.305,341 Therefore, in this work following Scheme 24, DFT 

calculations were performed using the PhCC- anion, rather than AgPhCC, to simplify the 

reactant model, leading to the proposed mechanism as seen in Scheme 27. Initial 

calculations were performed on the reaction profiles from [Au(CCH2N)Cl2] and PhCC- to 

R1, from R1 and PhCC- to R2, from R1 and PhCC- to I1 and from R2 and PhCC- to I2. 

The relative standard Gibbs free energy values (ΔG°) and activation energy barriers (E‡) 

are shown in Table 9 and Figure 88A-D. All four steps exhibited low activation energy 

barriers (up to 15 kJ/mol) and were exergonic in nature with stabilisation energies greater 

than 100 kJ/mol in all cases, meaning they are highly favourable. The formation of R2 

from R1 and PhCC- involved a small activation energy barrier (E00
‡) of 13.8 kJ/mol, 

however R2 was more stable than R1 (ΔG° = -104.3 kJ/mol), meaning its formation was 

favourable. 

 
Table 9 – Calculated relative standard Gibbs free energy values (ΔG°) and activation energy 

barriers (E‡) of the species involved in the C(sp2)-C(sp) cross-coupling reaction of 

[Au(CCH2N)Cl2] and PhCC- to I1/I2 via pathway 1 or 2 in acetone.373 

Pathway 1 Pathway 2 

Species ΔG°(kJ/mol) Species ΔG° (kJ/mol) 
[Au(CCH2N)Cl2] + PhCC- 0.0 R1 + PhCC- 0.0 

TS0 = E0‡ 5.3 TS00 = E00‡ 13.8 

R1 + Cl- -162.8 R2 + Cl- -104.3 

R1 + PhCC- 0.0 R2 + PhCC- 0.0 

TS1’ = E1‡’ 15.4 TS1 = E1‡ 7.3 

I1 -116.6 I2 -125.1 
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Figure 88 – Reaction coordinates of A) [Au(CCH2N)Cl2] and PhCC- to R1, B) R1 and PhCC- to 

R2, C) R1 and PhCC- to I1 and D) R2 and PhCC- to I2. The structures and energy values were 

calculated using DFT calculations. Figure adapted from ref 373. Copyright 2021, John Wiley 

and Sons https://creativecommons.org/licenses/by/4.0/.373 

 

Next, following Scheme 24 and Scheme 27, the intramolecular reaction takes place 

beginning with I1 or I2 leading to the cross-coupling products P1 (P +  [Au(I)Cl(PhCC)]-) 

or P2 (P + [Au(I)(PhCC)2]-), respectively. The energies of which can be seen in Table 10 

and Figure 89. In both cases, the anionic intermediates (I1 and I2) proceeded through a 

three-coordinate transition state (TS2’ and TS2) to form the second intermediate species 

(I1’ and I2’) by the reductive elimination reaction forming the C(sp2)-C(sp) bond and a 

Au(I) species. The resulting π-complexes (I1’ and I2’) feature the alkynyl bond π-

coordinated to Au in the same plane to maximise the Au→π*(CC) backdonation. The 

activation energy barrier to form I2’ and I1’ is greater for I2 than I1, respectively (85.8 vs. 

67.1 kJ/mol), however in both pathways this step is exergonic, thus favourable. 
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Table 10 - Calculated relative standard Gibbs free energy values (ΔG°) and activation energy 

barriers (E‡) of the species involved in the intramolecular reaction from I1 or I2  to P1 or P2 via 

pathway 1 or 2 in acetone, respectively.373 

Pathway 1 Pathway 2 

Species ΔG°(kJ/mol) Species ΔG°(kJ/mol) 
I1 0.0 I2 0.0 

TS2’ = E2‡’ 67.1 TS2 = E2‡ 85.8 

I1’ -110.4 I2’ -79.9 

TS3’ -90.5 TS3 -67.3 

E3‡’ 19.9 E3‡ 12.6 

P1 -168.9 P2 -197.1 

 

The last step to form the products P1 or P2, requires dissociation of the alkyne from the 

Au(I) complex via TS3’ or TS3. In both cases this step is exergonic, forming the more 

thermodynamically stable products with a low activation energy barrier of 19.9 kJ/mol for 

E3
‡’ and 12.6 kJ/mol for E3

‡, respectively. 

 

 
Figure 89 – Comparison of energy values between the two pathways forming P1 or P2 from I1 
or I2, respectively. Chemdraw structures included for I1’, I2’, P1 and P2. Results obtained by 

DFT calculations. Figure adapted from ref 373. Copyright 2021, John Wiley and Sons 

https://creativecommons.org/licenses/by/4.0/.373 

 

The overall comparison in energy of the two pathways beginning with I1 or I2 can be 

seen in Figure 89. Both pathways show a similar reaction profile, with only small 

differences in energy along the different steps. For example, the energy of the transition 

state TS2’ is ca. 19 kJ/mol lower than TS2, meaning the formation of I1’ will be kinetically 
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favoured. Nevertheless, the activation energy of TS3 is ca. 7.3 kJ/mol lower than TS3’ 
and P2 is more thermodynamically stable than P1, by ca. 28 kJ/mol. The greater stability 

of P2 must be due to the increased stability of the Au(I) co-product, [Au(I)(PhCC)2]-.  

 Comparisons were also made with the C-P cross-coupling reaction we previously 

studied.341 Interestingly, the activation energy barriers were comparable for both C-C and 

C-P cross-coupling using the same level of theory. 

 Experimentally, we were able to show that the reductive elimination reaction 

could be observed directly by heating the bis-alkynyl complex R2, therefore DFT 

calculations were performed to evaluate the energy required. The results can be seen in 

Table 11, concluding that an activation energy (E4
‡) of at least 80.7 kJ/mol is required to 

form the C(sp2)-C(sp) bond, which supports our experimental results.  
 

Table 11 - Calculated relative standard Gibbs free energy values (ΔG°) and activation energy 

barriers (E‡) of the species involved in the C(sp2)-C(sp) cross-coupling from R2.373 

Species ΔG°(kJ/mol) 

R2 0.0 

TS4 = E4‡ 80.7 

I4 -126.3 

TS5 -122.1 

E5‡ 4.3 

I4’ -139.9 

 

DFT calculations were also performed to help elucidate the mechanism for the formation 

of P3a and P3b from R1, as all three were found as crystals in the sample of R1. The 

proposed mechanism can be seen in Scheme 28 and the resulting energies with 

activation energy barriers in Table 12. The steps from R1 to I3’ remain the same to form 

both P3a and P3b and involve the formation of the C(sp2)-C(sp) bond by reductive 

elimination of the Au(III) centre, as well as decoordination of the pyridyl N. The first 

activation energy barrier (E4
‡’) to form I3 from R1 is relatively high, which can be 

expected as it involves the C(sp2)-C(sp) coupling step, with a value of 87.9 kJ/mol, 

although this step is exergonic as I3 is 115.6 kJ/mol more stable than R1. The next step 

to form I3’ involves the decoordination of the pyridyl N and exhibits a lower activation 

energy barrier (E5
‡’) of 26.9 kJ/mol. However, this step is less favourable as I3’ is slightly 

higher in energy compared to I3.  
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Scheme 28 – Proposed mechanism to form Au(I) vinyl species P3a and P3b from R1, 

calculated by DFT calculations, including transition states.373 

 

Next, I3’ can proceed via two steps to form either P3a or P3b. The activation energy 

barriers to form both products are very similar, and the thermodynamics of the products 

formed have very little difference, therefore this could explain why both products were 

found as a mixture, co-crystallised. The formation of P3a and P3b is considered to be 

‘parasitic’ as the activation energy barrier from I3 to TS4’ is over 200 kJ/mol and so the 

formation of I3 from R1 is irreversible. This means that R1 is consumed from the pathway 

to form P.    

 

Table 12 - Calculated relative standard Gibbs free energy values (ΔG°) and activation energy 

barriers (E‡) of the species to form P3a and P3b from R1.373 

Species ΔG°(kJ/mol) 

R1 0.0 

TS4’ = E4‡’ 87.9 

I3 -115.6 

TS5’ -88.7 

E5‡’ 26.9 

I3’ -101.9 

Species ΔG°(kJ/mol) Species ΔG°(kJ/mol) 

TS6a -62.8 TS6b -60.0 

E6‡ 39.1 E7‡ 41.9 

P3a -145.0 P3b -142.9 

 

After our thorough investigation into C(sp2)-C(sp) cross-coupling with C(sp) alkynyl 

substituents, we questioned whether similar reaction conditions could be used with 

C(sp2)-based nucleophiles to form C(sp2)-C(sp2) cross-coupling products. These 

reactions are very rare with cyclometalated Au(III) C^N complexes, to the best of our 

knowledge there is only one example in the literature by the group of You, using 
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arylboronic acid as coupling partners and harsh, oxidising conditions.370 The following 

reactions were performed by Mathilde Rigoulet. 

A mild organometallic complex, vinyl-tri(n-butyl)stannane, was chosen as the first 

coupling partner and was reacted in similar conditions used to form P: 3 eq. of vinyl-tri(n-

butyl)stannane with [Au(CCH2N)Cl2] (1 eq.) at 50 °C in acetone, overnight (Scheme 29). 

After column chromatography, P4 was obtained in a mixture with (n-Bu)3SnCl, which was 

then removed by extraction to yield P4 as an oil (44%). 

 

 
Scheme 29 – C(sp2)-C(sp2) cross-coupling of [Au(CCH2N)Cl2] with vinyl-tri(n-butyl)stannane in 

acetone.373 

 

After the success of the vinyl stannane complex, the heteroaryl nucleophile, (2-

thienyl)zinc chloride, was evaluated as another coupling partner to form the C(sp2)-

C(sp2) product with [Au(CCH2N)Cl2]. This reaction required slightly harsher conditions 

(THF (tetrahydrofuran) as a solvent, 80 °C and a reaction time of 3 d) (Scheme 30); 

however, the same equivalents of the coupling partner and Au(III) C^N complex were 

used as above to form P and P4. After 3 days, P5 was isolated with a 71% yield after 

column chromatography. Interestingly, the bis(2-thienyl) C^N Au(III) intermediate R3 
could be synthesised and characterised by reacting [Au(CCH2N)Cl2] (1 eq.) with (2-

thienyl)zinc chloride (3 eq.) in THF at room temperature for 2 h. Crystals of R3 were 

grown by slow evaporation of dichloromethane (CH2Cl2) (Scheme 30), and XRD analysis 

confirmed that the structure of R3 was very similar to R2.   
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 148 

 
Scheme 30 - C(sp2)-C(sp2) cross-coupling of [Au(CCH2N)Cl2] with (2-thienyl)zinc chloride in THF 

to form P5. The molecular structure of the bis(2-thienyl) Au(III) complex R3 is also present, 

ellipsoids are shown at 50% probability with H atoms omitted for clarity. Partial figure adapted 

from ref 373. Copyright 2021, John Wiley and Sons 

https://creativecommons.org/licenses/by/4.0/.373 

 

7.3. Summary and Future Outlook 
To summarise, this work has delved into the viability of C-C cross-coupling reactions 

mediated by a cyclometalated Au(III) C^N complex, as well as the mechanistic details of 

this reaction, which remains sparce in the literature. In detail, we have investigated the 

C(sp2)-C(sp) cross-coupling between [Au(CCH2N)Cl2] and AgPhCC in relatively mild 

conditions, similar to our previous C-P cross-coupling work.341 The reaction was then 

studied using 1H NMR in different solvents and conditions to elucidate the most efficient 

way to identify the intermediates. The optimised conditions led us to identify 

intermediates involved in the cross-coupling reaction and we were then able to isolate 

and fully characterise two of these by different methods including: 2D NMR and XRD 

studies. The XRD analysis also led us to a serendipitous identification of ‘parasitic’ Au(I) 

vinyl complexes, which are capable of consuming the R1 intermediate irreversibly. 

Furthermore, we demonstrated the versatility of the cross-coupling reaction with 

[Au(CCH2N)Cl2] by successfully performing the C(sp2)-C(sp2) reaction with vinyl tin and 

heteroaryl zinc reagents.  

Overall, the combination of experimental studies and DFT calculations have led 

us to propose a mechanism for the C(sp2)-C(sp) cross-coupling reaction which can 

hopefully help improve the understanding of Au(III)-mediated catalytic reactions in the 

future. Future work in this area includes expanding the library of Au(III) cyclometalated 
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C^N complexes to perform these reactions, as seen in our C-S and C-P cross-coupling 

work,305,308,341 to identify possible structure-activity relationships. 
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7.4. Materials and Methods 
7.4.1. General 
P4, (2-thienyl)zinc chloride, R3 and P5 were synthesised by Mathilde Rigoulet. X-ray 

diffraction studies were performed by Christian Jandl. Computational analysis was 

performed by Prof. Giampaolo Barone.  

 

Solvents and reagents (reagent grade) were commercially available and used without 

purification. 1H, 13C{1H} and 2D NMR spectra were recorded on Bruker Avance (300-500 

MHz) NMR spectrometers in acetone-d6 solution, with TMS as an internal reference. 

They were analysed using MestReNova v.14 by MestreLab Research S.L. Benzylether 

was used as an internal standard to determine the reaction yield in DMSO-d6. 

Additionally, hexamethylbenzene was used as an internal standard to determine the 

reaction yield of the coupling reaction with stannanes in acetone-d6. HR-ESI-MS spectra 

were recorded on a Synapt G2-Si time-of-flight (TOF) mass spectrometer (Waters). 

Mass spectra were recorded and processed using MassLynx V4.1 (Waters). The 

synthesis of the Au(III) cyclometalated complex [Au(CCH2N)Cl2] is reported in Chapter 5.  

 

7.4.2. Synthetic procedures 
Synthesis of silver phenylacetylide 
Synthesised following a literature procedure.379 

A solution of silver nitrate (170 mg, 1 mmol, 1.1 eq.) in a mixture of acetonitrile and 

triethylamine (2:1, 5 mL : 3.4 mL, respectively) was added to a stirred solution of 

phenylacetylene (100 μl, 0.91 mmol, 1 eq.) in acetonitrile (6.4 mL) at room temperature. 

This was left to stir in darkness for 3 h. The resulting precipitate was collected and 

washed with acetonitrile. After leaving to dry protected from light the product was isolated 

(183 mg, 0.876 mmol, 96%). 

 

Synthesis of P 
[Au(CCH2N)Cl2] (50 mg, 0.11 mmol, 1 eq.) was suspended in acetone (25 mL) before the 

addition of silver phenylacetylide (71 mg, 0.34 mmol, 3 eq.). The mixture was then stirred 

at 50 °C overnight. Subsequently, the resulting suspension was then filtered and the 

filtrate was purified via flash chromatography (n-hexane : ethyl acetate, 85:15). The 

desired product was formed as a yellow oil (10 mg, 0.037 mmol, 33%). 
1H NMR (400 MHz, Acetone-d6) δ 8.52 (d, J = 5.8 Hz, 1H), 7.66 (td, J = 7.7, 1.9 Hz, 1H), 

7.59 – 7.50 (m, 3H), 7.47 – 7.37 (m, 3H), 7.39 – 7.27 (m, 3H), 7.25 (d, J = 7.9 Hz, 1H), 

7.18 (ddd, J = 7.6, 4.8, 1.2 Hz, 1H), 4.43 (s, 2H). 
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13C{1H} NMR (126 MHz, Acetone-d6) δ 160.42, 149.23, 141.75, 136.26, 132.05, 131.37, 

130.15, 128.68, 128.54, 128.48, 126.54, 123.22, 122.95, 122.85, 121.23, 93.25, 88.08, 

42.76. 

HR-ESI-MS (CH3CN, pos. mode) for C20H16N+: exp. 270.1307 (calc. 270.1283). 

 

Synthesis of R2 
[Au(CCH2N)Cl2] (48 mg, 0.11 mmol, 1 eq.) was suspended in acetone (14 mL) before the 

addition of silver phenylacetylide (71 mg, 0.34 mmol, 3 eq.). The mixture was stirred 

overnight at room temperature and the resulting suspension was then filtered. The filtrate 

was purified via flash chromatography (CH2Cl2 : CH3OH 100→98%) to yield the desired 

product as a yellow solid (31 mg, 0.055 mmol, 48%).  
1H NMR (500 MHz, Acetone-d6) δ 9.48 (d, J = 5.0 Hz, 1H), 8.24 (td, J = 7.7, 1.6 Hz, 1H), 

8.01 – 7.99 (m, 1H), 7.99 – 7.96 (m, 1H), 7.70 (ddd, J = 7.4, 5.8, 1.5 Hz, 1H), 7.46 – 7.40 

(m, 4H), 7.36 – 7.22 (m, 7H), 7.15 – 7.11 (m, 2H), 4.41 (s, 2H). 
13C{1H} NMR (126 MHz, Acetone-d6) δ 158.55, 154.01, 149.04, 143.27, 137.97, 136.53, 

132.28, 132.22, 129.04, 128.96, 128.43, 127.85, 127.64, 127.51, 127.40, 127.22, 

126.79, 125.22, 119.20, 103.29, 99.91, 79.16, 77.85, 48.75.  

HR-ESI-MS (CH3CN, pos. mode) for C28H20NNa+: exp. 590.1146 (calc. 590.1159). 

 

Synthesis of R1 
Compound R2 (61.7 mg, 0.11 mmol, 1 eq.) was dissolved in acetone (16 mL) before the 

addition of an equimolar amount of [Au(CCH2N)Cl2] (48 mg, 0.11 mmol, 1 eq.). The 

suspension was stirred overnight and formed a pale-yellow solution. Purification was 

performed via flash chromatography (n-hexane : ethyl acetate, 40:60) to afford the 

desired product as an off-white solid (51 mg, 0.1 mmol, 85%).  
1H NMR (400 MHz, Acetone-d6) δ 9.22 (dd, J = 5.8, 1.6 Hz, 1H), 8.24 (td, J = 7.7, 1.6 

Hz, 1H), 7.98 (d, J = 7.5 Hz, 1H), 7.80 (dd, J = 7.7, 1.3 Hz, 1H), 7.72 (ddd, J = 7.5, 5.8, 

1.5 Hz, 1H), 7.43 – 7.36 (m, 2H), 7.40 – 7.26 (m, 5H), 7.20 (t, J = 7.3 Hz, 1H), 7.11 (t, J 

= 7.6 Hz, 1H), 4.47 (s, 1H). 
13C{1H} NMR (126 MHz, Acetone-d6) δ 157.40, 152.19, 143.31, 139.95, 136.54, 134.87, 

132.30, 129.58, 129.05, 128.61, 128.10, 128.02, 127.92, 126.65, 126.59, 125.37, 

125.09, 98.94, 81.67, 47.52. 

HR-ESI-MS (CH3CN, pos. mode) for C20H15AuN+: exp. 466.0833 (calc. 466.0870). 

Elemental analysis for C41H44Au2Cl4N2O6 (2R1·6H2O·CH2Cl2): exp. C 41.04 %, H 3.43 

%, N 2.87 % (calc. C 41.16 %, H 3.71 %, N 2.34 %). 
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Synthesis of P4 
Synthesised by Mathilde Rigoulet 

[Au(CCH2N)Cl2] (43 mg, 0.10 mmol, 1 eq.) was suspended in acetone (10 mL) before the 

addition of vinyl-tri(n-butyl)stannane (88 μL, 0.30 mmol, 3 eq.). The mixture was then 

stirred at 50 °C overnight before purification via flash chromatography (n-pentane : ethyl 

acetate, 85:15). This resulted in a mixture of the product and (n-Bu)3SnCl. Thus, CH3CN 

(10 mL) was used to dissolve the mixture allowing (n-Bu)3SnCl to be extracted with n-

pentane (3 x 10 mL). CH3CN was removed under vacuum to yield the desired product 

as an oil (8.5 mg, 0.044 mmol, 44%). A reaction was also performed in an NMR tube 

(starting from 0.01 mmol of [Au(CCH2N)Cl2]) with hexamethylbenzene as an internal 

standard in acetone-d6, which resulted in a quantitative NMR yield (> 99%). 
1H NMR (300 MHz, Acetone-d6) δ 8.51-8.47 (m, 1H), 7.64 (td, J = 7.7, 1.9 Hz, 1H), 7.60-

7.53 (m, 1H), 7.31-7.20 (m, 3H), 7.20-7.15 (m, 1H), 7.14 (dd, J = 17.4, 11.0 Hz, 1H), 

7.11-7.07 (m, 1H), 5.65 (dd, J = 17.4, 1.5 Hz, 1H), 5.23 (dd, J = 11.0, 1.5 Hz, 1H), 4.23 

(s, 2H). 
13C{1H} NMR (75 MHz, Acetone-d6) δ 161.65, 149.93, 137.92, 137.84, 137.32, 135.84, 

131.59, 128.77, 127.74, 126.49, 123.65, 122.06, 115.79, 42.38. 

EI-MS for C14H11N: exp. 195.25 (calc. 195.10). 

 

Synthesis of (2-thienyl)zinc chloride  
Synthesised by Mathilde Rigoulet 

To a solution of 2-bromothiophene (194 μL, 2 mmol) in THF (4 mL, 0.5 M), n-BuLi (1.5 

mL, 1.46 M, 1.1 eq.) was added dropwise at ‒78 °C. This was then left to stir for 1 h. 

After stirring, a freshly prepared solution of ZnCl2 (300 mg, 2 mL of THF, 1.1 eq.) was 

added dropwise at -78 °C. The mixture was then allowed to warm to room temperature 

for 1 h whilst stirring, before the solution was titrated using a THF solution of I2. 
 
Synthesis of R3 
Synthesised by Mathilde Rigoulet 

[Au(CCH2N)Cl2] (43 mg, 0.10 mmol, 1 eq.) was suspended in THF (9 mL) before the 

addition of (2-thienyl)zinc chloride (1.1 mL of solution in THF, C = 0.26 M, 0.30 mmol, 3 

eq.,) at 0 °C. This was then stirred at room temperature for 2 h before purification via 

flash chromatography (n-pentane : ethyl acetate, 70:30) to yield R3 as a white solid (22.1 

mg, 42% yield).  
1H NMR (500 MHz, CD2Cl2) δ 8.55-8.51 (m, 1H), 7.89 (td, J = 7.7, 1.7 Hz, 1H), 7.66 (d, 

J = 7.7, 1H), 7.47 (dd, J = 4.8, 0.8 Hz, 1H), 7.41 (dd, J = 5.1, 1.0 Hz, 1H), 7.28-7.24 (m, 

2H), 7.23 (dd, J = 7.3, 1.5 Hz, 1H), 7.16 (dd, J = 4.8, 3.3 Hz, 1H), 7.08 (dd, J = 5.1, 3.3 
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Hz, 1H), 7.03 (td, J = 7.3, 1.5 Hz, 1H), 6.98 (td, J = 7.3, 1.6 Hz, 1H), 6.96 (dd, J = 3.4, 

1.0 Hz, 1H), 6.90 (dd, J = 3.3, 0.8 Hz, 1H), 4.38 (s, 2H). 
13C{1H} NMR (126 MHz, CD2Cl2) δ 163.95, 159.10, 157.72, 152.00, 141.46, 137.27, 

136.49, 131.08, 130.72, 128.32, 127.94, 127.72, 127.54, 127.16, 127.10, 126.63, 

126.27, 125.79, 124.02, 49.30. 

EI-MS for C16H13AuNS: exp. 448.0 (calc. 448.04). 

 

Synthesis of P5 
Synthesised by Mathilde Rigoulet 

[Au(CCH2N)Cl2] (88 mg, 0.20 mmol, 1 eq.) was suspended in THF (17 mL) before the 

addition of (2-thienyl)zinc chloride (2.8 mL of solution in THF, C = 0.22 M, 0.60 mmol, 3 

eq.) at 0 °C. The mixture was then stirred at 80 °C for 3 days. The reaction mixture was 

quenched with addition of an aqueous solution of HCl and extracted with CH2Cl2. The 

organic layers were combined and washed with brine, then dried over Na2SO4. After 

filtration, the solution was purified via flash chromatography (n-pentane : ethyl acetate, 

80:20) to yield the desired product (35.7 mg, 71% yield). 
1H NMR (300 MHz, CDCl3) δ 8.53 (d, J = 4.3 Hz, 1H), 7.51 (td, J = 7.8, 1.9 Hz, 1H), 7.46-

7.41 (m, 1H), 7.32-7.25 (m, 4H), 7.11-7.04 (m, 1H), 7.02 (dd, J = 5.1, 3.5 Hz, 1H), 6.96 

(dd, J = 3.5, 1.2 Hz, 1H), 6.88 (d, J = 7.8 Hz, 1H), 4.30 (s, 2H). 
13C{1H} NMR (75 MHz, CDCl3) δ 161.21, 149.39, 142.56, 137.79, 136.48, 134.72, 

131.39, 131.02, 128.39, 127.23, 126.86, 126.73, 125.57, 123.23, 121.19, 42.29. 

DCI/NH3-MS for C16H13NS: exp. 252.2 (calc. 252.1). 

 
7.4.3. 1H NMR Reaction Monitoring 
The cross-coupling reactions to yield product P were monitored at room temperature 

over 24 h by 1H NMR spectroscopy, on a Bruker Avance (400 MHz). The samples were 

prepared by suspending 1 eq. of [Au(CCH2N)Cl2] and 2 eq. of AgPhCC in 1 mL of the 

deuterated solvent in an NMR tube. The reactions were carried out in acetone-d6, 

methanol-d4, acetonitrile-d3, DMF-d7 and DMSO-d6. The spectra were collected and 

analysed using the Reaction Monitoring plugin in MestReNova v.14 (Mestrelab Research 

S.L.). 

 

7.4.4. Crystal Formation for XRD Analysis 
R1, P3a and P3b were co-crystallised by layering n-pentane on a saturated solution of 

R1 in CH2Cl2. Crystals of R3 were obtained by slow evaporation of a CH2Cl2 solution.
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8. Water-Soluble AuNPs stabilised by  

N-heterocyclic carbenes. 
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8.1. Introduction 
Gold nanoparticles (AuNPs) are amongst the most explored type of nanomaterials due 

to their vast array of applications in many fields, including: catalysis, energy and 

medicine.380 The unique surface plasmon resonance (SPR) band of AuNPs can be 

identified by irradiation with light at specific frequencies, which is dependent on many 

factors including size and shape of the NPs.214 

 AuNPs require stabilisation by ligands to avoid irreversible aggregation due to 

van der Waals interactions between the AuNP metallic core and their high surface 

energies.381 A vast array of ligands have been reported in the literature; most common 

are the organosulfur ligands, including thiols and sulfides, due to their aurophilic nature 

and large packing density, as well as steric and electrostatic stabilisers (e.g. PVA (poly-

vinyl alcohol), PVP (polyvinylpyrrolidone) and citrate).222,381 However, such stabilisers 

are not always ideal due to the lack of oxidative and thermal stability of the Au-S bond, 

as well as difficulties in derivatisation preventing further functionalisation of the AuNPs.381 

Therefore, researchers began investigating different stabilising ligands, including N-

heterocyclic carbenes (NHCs). 

 To date, the most common application of NHCs in materials science is to stabilise 

metal NPs and surfaces due to the strong NHC-M bond.223 The electronic structure of 

NHCs is responsible for the enhanced sigma-donor properties of the carbonic centre.223 

So far, two main synthetic procedures have been employed to form NHC stabilised 

AuNPs (NHC@AuNPs): the ‘top-down’ and ‘bottom-up’ approaches (Figure 90), 

respectively.380 The ‘top-down’ approach typically involves the addition of the 

deprotonated imidazolium precursor, which is often formed in situ, to AuNPs possessing 

a weaker stabilising ligand that is replaced by ligand exchange at the NP surface (Figure 

90A).380 Conversely, the ‘bottom-up’ approach involves the direct reduction of pre-formed 

Au(I) NHC complexes (Figure 90B).380 

 The first example of NHC@AuNPs formed by the ‘top-down’ method was 

reported by Chechik and co-workers in 2009, which involved the ligand exchange of 

didodecyl sulfide (DDS) to bis-tert-butylimidazol-2-ylidene.243 In the same year, the first 

example of the ‘bottom-up’ approach was demonstrated by Vignolle and Tilley, involving 

the reduction of mono-NHC Au(I) complexes using two different reducing agents 

(KBEt3H (potassium triethylborohydride) and 9-BBN (9-borabicyclo[3.3.1]nonane)).244 
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Figure 90 – Two general procedures to form NHC stabilised AuNPs: A) ‘top-down’ approach 

and B) ‘bottom-up’ approach, respectively. 

 

Over the years, these methods have been employed and adapted to form NHC@AuNPs 

of different types, including ultra-small NHC@AuNPs,252 NHC functionalised conducting 

polymer/AuNP hybrids,245 amphiphilic AuNPs,254 chiral amino acid-derived 

NHC@AuNPs259 and dendrimer encapsulated NHC@AuNPs.260  

 However, for use in biomedical applications, the NHC@AuNPs require aqueous-

solubility and stability, the latter often being challenging, especially in the presence of 

biologically relevant compounds such as glutathione (GSH). The first example of water-

soluble NHC@AuNPs was reported by MacLeod and Johnson in 2015.263 These 

PEGylated NHC@AuNPs were formed by the ‘bottom-up’ approach and showed stability 

in various biologically relevant conditions, including in the presence of GSH.263  

 Later that year, Glorius and co-workers used the ‘top-down’ approach to form 

water-soluble AuNPs with sulfonated imidazolium ligands, which displayed stability over 

months in aqueous solution with a pH >4.264 Afterwards, the same group published the 

first example of NHC stabilised bimetallic NPs formed from an Au-Pd alloy by the ‘top-

down’ approach.382 These bimetallic NPs were also water-soluble and demonstrated 

their catalytic performance in both oxidation and hydrogenation reactions.382 Considering 

that typical Au/Pd bimetallic nanoparticles are often utilised for catalytic reactions, 

including hydrogenation, oxidation of alkanes, alcohols, polyols, C-C coupling,383 it can 

be envisaged that the development of new NHC stabilisers may have an impact on a 

wide variety of catalytic processes. More recently, DeJesus et al.269 reported the post-

synthetic modification of nitro-groups on NHC@AuNPs to form amine groups for amide 

coupling; unfortunately, the stability and biological evaluation of the NPs were not 

investigated.269 

 Taking inspiration from their previous work,259 Reithofer and co-workers384 

reported the synthesis of water-soluble histidine-2-ylidene@AuNPs by the ‘bottom-up’ 

approach and their stability in biologically relevant solutions, including a 2 mM aqueous 

GSH solution.384 The ‘bottom-up’ approach was also used by Pleixats and co-workers271 
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to synthesise PEG-tagged NHC@AuNPs, which were used as recyclable catalysts for 

the synthesis of propargylamines by A3 coupling of aldehydes, terminal alkynes and 

amines, as well as the cycloisomerisation of γ-alkynoic acids.271 

 One of the few examples of water-soluble NHC@AuNPs for biomedical 

applications was published by Crudden and co-workers in 2017.296 In this study, 

NHC@AuNPs featuring carboxylate groups in the NHC scaffold were synthesised.296 

The NPs had an average particle size of 4.2 ± 0.7 nm and exhibited moderate stability 

in biologically relevant conditions, including a 2 mM GSH solution.296 They also showed 

potential as possible probes for photoacoustic imaging.296    

 Of note, the use of NHC stabilising ligands is not just limited to spherical AuNPs,  

MacLeod et al.297 reported the first example of gold nanorods (NHC@AuNRs) with a 

length of 42.6 ± 6.7 nm and width of 9.9 ± 1.3 nm, synthesised by a combined ‘top-down’ 

and adatom approach, and demonstrated their extraordinary applicability for in vitro 

photothermal therapy.297 

 Overall, aside from these seminal examples, the use of NHC@AuNPs for 

catalysis and biomedical applications is still in its infancy, with no reports to date of 

NHC@AuNPs being used for catalysis in living cells for therapy or further biomedical 

applications. Nevertheless, the use of AuNPs to catalyse bioorthogonal reactions in the 

brains of zebrafish has been demonstrated by Unciti-Broceta and co-workers, bringing 

great motivation to this area.202 Therefore, the aim of this work is to explore the ability of 

water-soluble/dispersible NHC@AuNPs to catalyse reactions in aqueous environment, 

for future applications in bioorthogonal transformations in cells. 

 

8.2. Results and Discussion 
TG measurements were performed by Dr. Greg Shaw. XPS was performed by Dr. David 

Morgan. TEM was performed by Dr. Thomas Davies. ICP-MS studies were performed 

by Mr. Simon Waller.  

 

8.2.1. Synthesis of water-soluble NHC@AuNPs 
The chosen synthetic approach to form NHC@AuNPs was the ‘bottom-up’ method, 

inspired by the work of Salorinne et al.296 Initially, the synthesis of the water-soluble NHC 

ligands and corresponding Au(I) NHC complexes was performed. One of the Au(I) NHC 

complexes investigated was previously reported by our group and features sulfonate 

groups to enhance hydrophilicity.385  

 



 

 158 

 
Scheme 31 – Formation of NHC@AuNPs in aqueous conditions from their corresponding 

Au(I)NHC complexes in the presence of sodium borohydride (NaBH4). 

 

The ligands (NHC-1 and NHC-2, Scheme 31) were synthesised by a straightforward 

nucleophilic addition reaction between the corresponding imidazole and 1,3-

propanesultone.386,387 Subsequently, the Au(I) NHC complexes (AuNHC-1 and AuNHC-
2, Scheme 31) were formed via transmetalation of the respective Ag(I) bis-NHC complex 

in the presence of the Au(I) precursor, [Au(SMe2)Cl] (SMe2 = dimethylsulfide).385,388 The 

NHC@AuNPs were then formed by dissolving the Au(I) complexes in water before the 

fast addition of an aqueous fresh solution of excess NaBH4 (Scheme 31). The solution 

was then stirred for 24 h to ensure full reduction and narrow size distribution, as 

described by Salorinne et al.,296 where they concluded that longer reaction time gave 

slightly larger NPs with a small particle size distribution. The formation of the 

NHC@AuNPs was monitored by Ultra Violet-Visible (UV-Vis) spectroscopy, which can 

give important details on the NP size and shape due to their inherent SPR band.389 The 

maximum wavelength (λmax) of the SPR band increases with increasing particle diameter, 

and broadening of the SPR band can be indicative of aggregate formation.389 Overall, 

the characterisation techniques used to confirm NHC@AuNP formation, as well as 

properties including size and stability were: UV-Vis spectroscopy, 1H NMR (nuclear 

magnetic resonance) spectroscopy, XPS (X-ray photoelectron spectroscopy), FTIR-ATR 

(Fourier-transform infrared attenuated total reflectance) spectroscopy, TEM 

(transmission electron microscopy) and TGA (thermogravimetric analysis). 

In a first series of studies, the aqueous AuNP solution obtained from the ‘bottom-

up’ approach was centrifuged to remove any insoluble material before being lyophilised. 

UV-Vis spectroscopy was first used to check for the presence of an SPR band and its 

position, as well as the stability of the NPs in aqueous solution over time. Therefore, to 

obtain the spectra shown in Figure 91: 0.43 mg of AuNP-1 and 4 mg of AuNP-2 were 

solubilised in 500 μL unbuffered MilliQ water and their stability was monitored over 15 h. 
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Both NPs feature an SPR band around 500 nm, with AuNP-1 exhibiting a more intense 

band. The broader band seen for AuNP-2 could indicate that there are multiple species 

present, also due to partial reduction of the Au(I) precursor. However, the AuNP-2 

solution becomes very dark during the reduction, which is indicative of NP formation. 

Unfortunately, due to the lack of Au(I) absorption bands in the visible region as well as 

the intense absorbance of the NHC ligand below 400 nm, remaining Au(I) species cannot 

be detected by spectrophotometry. 

 

 
Figure 91 - UV-Vis Spectra of a) AuNP-1 and b) AuNP-2 in MilliQ water over 15 h. Spectra 

recorded every 15 min for the first hour and then every 30 min until 15 h. Insert: Images of the 

NHC@AuNP solutions after reduction. 

 

TEM characterisation of the NHC@AuNPs indicated that organic material was still 

present on the surface of the NPs due to very small particles buried with poor contrast 

making them difficult to visualise, as well as large aggregates (Figure 92).  
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Figure 92 – TEM images of NHC@AuNPs after lyophilisation: a)-c) AuNP-1 and d)-f) AuNP-2. 

Scale bars included in each image. 

 

The average particle size was determined over a large statistical data set. In total, 596 

particles were measured for AuNP-1 over 3 images with an average diameter of 1.89 ± 

1.39 nm, and 767 particles for AuNP-2 over 2 images with an average diameter of 1.29 

± 0.94 nm (Figure 93). As shown in Figure 93, there is quite a large range in size 

distribution of both NPs, particularly AuNP-1. 

 

 
Figure 93 – Particle size histograms of NHC@AuNPs before dialysis: AuNP-1 displayed an 

average size of 1.89 ± 1.39 nm and AuNP-2 displayed an average size of 1.29 ± 0.94 nm. 

 

In addition, XPS analysis (Table 13) showed that there is a higher concentration of Au(I) 

present compared to Au(0) on the NP surface for both NHC@AuNPs, suggesting that 

some of the Au(I) NHC complex could still be present, as speculated for AuNP-2 from 
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the broad SPR band (Figure 91b). It is worth mentioning that similar results were 

obtained by Pleixats and co-workers271 who tried to enhance the percentage of Au(0) by 

increasing the amount of NaBH4. Unfortunately, this made very little difference to the 

amount of Au(I) present. Therefore, the authors proposed that a mixture of Au(0) and 

Au(I) species were forming the NP surface.271  

 
Table 13 - XPS data (binding energy (BE) and composition) for AuNP-1 and AuNP-2 before 

dialysis. 

 AuNP-1 AuNP-2 

Peak BE (eV) %At Conc. BE (eV) %At Conc. 

Au 4f (Au(I)) 84.99 0.33 85.18 0.11 

Au 4f (Au(I)) 88.66 0.24 88.85 0.08 

Au 4f (Au(0)) 82.98 0.06 83.07 0.07 

Au 4f (Au(0)) 86.65 0.04 86.74 0.05 

B 1s 191.44 10.42 191.72 17.19 

C 1s 284.8 25.71 284.8 11.3 

C 1s 286.13 8.73 286.09 3.36 

C 1s 288.52 3.49 288.2 2.11 

F 1s 687.77 0.82 688.16 0.46 

N 1s 400.6 2.45 400.76 0.86 

N 1s 398.72 0.73 399.03 0.49 

Na 1s 1070.84 11.76 1071.02 16.9 

O 1s 531.03 33.39 531.27 45.83 

S 2p 167.56 1.22 167.92 0.79 

S 2p 168.77 0.61 169.17 0.39 

 

Consequently, we opted for purification of the NPs surface by dialysis rather than 

increasing the NaBH4 amount. The dialysis was carried out straight after reduction with 

NaBH4 as described in the experimental section. Once the dialysis was complete the 

AuNP solutions were filtered. This was essential in the case of AuNP-1 as aggregation 

had occurred meaning the AuNPs were precipitating out of solution. The subsequent 

aqueous filtrates were then lyophilised and characterised fully as described in the 

following sections. 

 

8.2.2. Characterisation of water-soluble AuNPs 
8.2.2.1. Stability Studies 

Stability studies of the NPs after dialysis was performed by UV-Vis spectroscopy as 

described above. The UV-Vis spectra of both NPs in unbuffered MilliQ water appeared 
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very similar to the spectra measured before dialysis (Figure 91a and b). In detail, AuNP-
1 possessed an intense SPR band centred around 515 nm, which remained relatively 

stable over 15 h exhibiting a minimal loss in absorbance of ca. 4% (Figure 94a). In MilliQ 

water, AuNP-2 showed a relatively broad SPR band around 520 nm, indicating that some 

Au(I) species could still be present despite dialysis. The AuNP-2 remained very stable 

over 15 h in water with only a 0.5% decrease in absorbance of the SPR band at 520 nm 

(Figure 94b).  

 

 
Figure 94 – UV-Vis Spectra of a) AuNP-1 and b) AuNP-2 in MilliQ water; and c) AuNP-1 and d) 

AuNP-2 in PBS 1x (pH 7.4) over 15 h after dialysis. Spectra recorded every 15 min for the first 

hour and then every 30 min until 15 h. 

 

Stability in biological conditions is paramount for the use of AuNPs in biomedical 

applications, therefore the stability of the NPs in PBS 1x (phosphate buffered solution) 

was assessed over 15 h (Figure 94c and d), which showed a similar trend to that 

observed in water. The biological compatibility was then explored further by the addition 

of an aqueous 2 mM solution of GSH to PBS 1x. GSH is ubiquitous in living cells and 

therefore stability towards it and similar thiols is very important.257 Most living cells have 

a GSH concentration between 1-2 mM,311 therefore, the upper range of 2 mM was 

chosen to evaluate the NP stability. The results obtained by absorption spectroscopy are 

depicted in Figure 95a and b, where both NPs show high stability with very little 

difference in the UV-Vis spectra over time. 
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Figure 95 - UV-Vis Spectra of a) AuNP-1, b) AuNP-2 in PBS 1x (pH 7.4) + GSH (2mM) after 

dialysis, recorded every 10 min for the first hour, then every 30 min until 23 h. 

 

To summarise, both NHC@AuNPs have an SPR band ranging from 515-520 nm (Table 

14), providing evidence for nanoparticle formation. Both NPs show high stability in the 

conditions evaluated (Table 14), especially AuNP-2, holding promise for future biological 

applications. 

 

Table 14 – Summary of AuNP stability and SPR band position (nm) in different conditions over 

time. 

AuNPs Conditions Time (h) 
SPR band 

(nm) 
Loss in Abs over 

time (%) 

AuNP-1 
MilliQ H2O 15 515 3.4 

PBS 1x 15 515 10.1 

PBS 1x and 2 mM GSH 23 515 5.8 

AuNP-2 
MilliQ H2O 15 520 0.4 

PBS 1x 15 520 2.6 

PBS 1x and 2 mM GSH 23 520 8.2 

 

8.2.2.2. 1H NMR Spectroscopy 
NMR spectroscopy is not commonly used for the characterisation of AuNPs, however 1H 

NMR especially, can provide invaluable information on the ligand structure retained on 

the AuNP surface. Therefore, after dialysis and lyophilisation, AuNP-1 and AuNP-2 were 

dissolved in D2O and the NMR experiments were performed. The 1H NMR of AuNP-1 

overlapped with its respective compound and ligand as can be seen in Figure 96, which 

confirms the absence of the imidazolium proton (Ha at 8.83 ppm) in both the Au complex 

and NPs highlighting binding to Au. 
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Figure 96 - 1H NMR spectra of ligand NHC-1 (bottom, black), complex AuNHC-1 (middle, red) 

and AuNP-1 (top, blue) in D2O. 

 

The 1H NMR overlap of AuNP-2 with its respective compound and ligand can be seen in 

Figure 97. The spectrum of AuNP-2 shows two or more species present. However, the 

main species overlaps with the peaks of AuNHC-2. Furthermore, the imidazolium proton 

(Ha at 9.35 ppm) present in the ligand is not observed in the AuNP-2 or AuNHC-2, 

highlighting the binding to the Au centre.  

 

 
Figure 97 – 1H NMR spectra of ligand NHC-2 (bottom, black), complex AuNHC-2 (middle, red) 

and AuNP-2 (top, blue) in D2O. 
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8.2.2.3. FTIR-ATR Spectroscopy 
Fourier-transform IR spectroscopy is most commonly used nowadays compared to 

traditional IR due to the much faster speed and less tedious analysis.390 FTIR radiates a 

number of molecules at once with their characteristic IR radiation, whereas traditional IR 

spectrophotometers require selection of specific IR radiations to determine specific 

functional groups.390 However, adapted sample preparation is required for solids in FTIR, 

including the formation of potassium bromide (KBr) pellets by grinding the solid with KBr 

salt; a Nujol mull by grinding the solid with Nujol (2-(3,4,5-

trihydroxyphenyl)cheomenylium-3,5,7-triol chloride), a mineral oil, which is then pressed 

between two plates; or dissolving the solid in a solvent.390 However, all of these 

techniques can interfere with the IR spectra and so the use of an attenuated total 

reflection (ATR) attachment is preferred as the sample can be place directly on the ATR 

crystal without any pre-treatment.390 

In this work, FTIR-ATR was used to corroborate the 1H NMR data that there was 

an absence of the imidazolium precursors in the NPs. A comparison of the IR spectra 

was made between the NHC ligands, Au(I) NHC compounds and corresponding AuNPs 

to highlight the absence of the imidazolium ring stretch. A background spectrum was 

collected prior to analysis of each sample and each spectrum was averaged from 32 

scans.  

The IR spectrum of AuNP-1 (Figure 98) and its corresponding Au(I) NHC 

complex lack the characteristic peak at 1623.13 cm-1 of the corresponding imidazolium 

ligand (NHC-1). This can be tentatively assigned as the vibrational band of the 

imidazolium C-H ring stretch which is commonly observed between 1500-1620 cm-1.391 

This peak was also observed at ~1576 cm-1 by MacLeod and Johnson in their 

NHC@AuNPs.263 
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Figure 98 – FTIR-ATR spectra of NHC-1 (L, black trace), AuNHC-1 (C, red trace) and AuNP-1 

(NHC@AuNPs, blue trace); zoom in to show presence of the imidazolium C-H ring stretch 

signal (1623.13 cm-1) in the free imidazolium ligand but not in the corresponding Au(I) NHC 

complex and NHC@AuNPs. 

 

Similarly, the spectrum for AuNP-2 also showed the absence of the related bis-

imidazolium C-H ring stretch at 1551.76 cm-1 (Figure 99), providing further evidence for 

the absence of imidazolium precursors in the NHC@AuNPs. 

 

 
Figure 99 – FTIR-ATR spectra of ligand NHC-2 (L, black trace), complex AuNHC-2 (C, red 

trace) and AuNP-2 (NHC@AuNPs, blue trace); zoom in to show presence of the imidazolium C-

H ring stretch signal (1551.76 cm-1) in the free imidazolium ligand but not in the corresponding 

dinuclear Au(I) NHC complex and NHC@AuNPs. 

 

8.2.2.4. XPS characterisation 
XPS is a powerful technique for the characterisation of NPs, providing information on the 

surface coverage of the material, including atoms present, their concentration at that 

point, as well as the oxidation state of possible metals at the surface.392 Previous reports 

have used XPS to provide evidence for NHC ligands bound to the surface of the AuNPs 
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by looking at the BE of the C 1s and N 1s signals,254,258 as well as some information from 

the Au 4f signals.393,394 The results obtained for AuNP-1 and AuNP-2 after dialysis can 

be found in Table 15.  

Beginning with the C 1s peaks, both NPs show three characteristic peaks at 

around 285, 286 and 288/289 eV (rounded to the nearest whole number). The peaks at 

285 and 286 eV can be confidently assigned to the C-C and C-N bonds of the 

corresponding ligands respectively, which is in line with the literature.393,394 The peaks at 

288.69 and 288.28 eV for AuNP-1 and AuNP-2, respectively, have a lower concentration 

compared to the other C 1s peaks. These binding energies were also observed by 

Bridonneau et al.,393 and assigned to the π→π* transition originating from the 

photoelectron excitation within the heterocycle, forming a ‘satellite peak’.393 There is only 

one N 1s peak found in both NPs with a binding energy around 401 eV, which is in line 

with the values previously reported for the N atoms within the NHC structure.254,258,393,394 

 

Table 15 – XPS data (BE and composition) for AuNP-1 and AuNP-2. 

 AuNP-1 AuNP-2 

Peak BE (eV) %At Conc. BE (eV) %At Conc. 

Au 4f (Au(I)) 85.23 0.18 85.13 1.07 

Au 4f (Au(I)) 88.9 0.13 88.8 0.8 

Au 4f (Au(0)) 83.91 0.45 83.44 0.66 

Au 4f (Au(0)) 87.58 0.34 87.11 0.49 

C 1s 284.8 61.53 284.92 39.6 

C 1s 286.3 10.04 286.28 17.64 

C 1s 288.69 6.18 288.28 3.51 

N 1s 400.88 1.2 401.08 6.67 

Na 1s   1071.98 0.92 

O 1s 533.29 7.12 532.88 7.6 

O 1s 531.94 11.97 531.59 15.91 

S 2p (SOx) 168.08 0.87 167.78 5.13 

 

The other interesting peaks originate from Au 4f; however, in both cases two oxidation 

states were present, which we also saw before dialysis (Table 13). This was also 

observed by Young et al.394 and can be assigned to two of the different oxidation states 

of Au (Au(0) and Au(I)). Two peaks are present for each oxidation state of gold due to 

the two spin-orbit split of Au 4f into Au 4f7/2 and Au 4f5/2 and are separated by 3.7 eV.394,395 

The difference in BE between the two oxidation states of Au provides further evidence 

for their assignment: compared to the BE of Au(0) 4f peaks, a ∆BE of ~2.0 eV is 
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characteristic of Au(I), whereas a ∆BE of ~3.3 eV is expected for Au(III).394,395 Therefore, 

in this work, the oxidised form can be confidently assigned to Au(I) rather than Au(III) 

due to a ∆BE of 1.32 eV for AuNP-1 and 1.69 eV for AuNP-2, respectively, when 

compared to the Au(0) oxidation state.  

Young et al.394 postulated that due to the nature of forming the NPs by reduction 

of the Au(I) NHC species, it is common for some Au(I) species to remain in the NPs, 

whereas this is not the case when the NPs are formed from the imidazolium haloaurate 

salts.394 Figure 100 shows the overall composition of the Au 4f states, suggesting that 

AuNP-2 contains more Au(I) species than AuNP-1. The percentage of Au(I) and Au(0) 

can be estimated based on the percentage concentration of the peaks in Table 15. 

AuNP-1 consisted of 28% Au(I) and 72% Au(0), whereas AuNP-2 had 62% Au(I) and 

38% Au(0). Overall, it is pivotal to assess whether the Au(I) species affects the ability of 

the NPs to catalyse reactions. 

 

 
Figure 100 – XPS spectra of the Au 4f region for AuNP-1 (left) and AuNP-2 (right). 

 

8.2.2.5. TEM characterisation 
TEM is a staple technique used for the characterisation of metal nanoparticles, especially 

those used for catalysis, as the performance of the nanoparticles can ultimately be linked 

to their size and shape.389 TEM can be used to measure each particle size directly, 

allowing the mean particle size and particle size distribution to be derived. High contrast 

TEM images of AuNP-1 and AuNP-2 proved difficult due to the very small size of the 

NPs, which is close to the maximum resolution of the microscope. Additionally, there 

was still some organic matter located on the surface of the NPs despite dialysis, which 

can hamper the overall contrast of the images.  

 Nevertheless, TEM images could be obtained and an average particle size was 

determined over a large statistical data set. In addition, comparing to the TEM images of 

the AuNPs before dialysis (Figure 92), the NPs appear more uniform in size and well 

distributed (Figure 101). In total, 391 particles were measured for AuNP-1 over 6 images, 



 

 
 169 

and 507 particles for AuNP-2 over 5 images. As shown in Figure 101, both NHC@AuNPs 

have an average size of ca. 2 nm. However, a rather large particle size distribution of ± 

1.1 nm and ± 1.18 nm for AuNP-1 and AuNP-2, respectively, is observed. This could be 

explained by the presence of organic material on the surface of the NPs as described 

above. Alternatively, the use of acetone to deposit the NPs onto the carbon grid for TEM 

analysis could also be responsible for the slight aggregation as the NPs are insoluble in 

acetone leading to a large particle size distribution. Future studies should include TEM 

analysis without solvent to ensure no solvent effects are involved. Overall, the TEM 

analysis clearly highlights the small size of the AuNPs, which could also be predicted 

from the λmax of the SPR band.389 

 

 
Figure 101 – Particle size histograms of NHC@AuNPs with representative TEM image: AuNP-1 
(left) displayed an average size of 2.29 ± 1.1 nm and AuNP-2 (right) displayed an average size 

of 2.55 ± 1.18 nm. Scale bar: 10 nm. 

 

8.2.2.6. TGA 
Thermogravimetric analysis (TGA) involves heating a sample of known mass and 

monitoring the percentage drop in mass as the sample decomposes. Volatile 

compounds, physisorbed water and solvents evolve first below 150 °C, whereas 

chemisorbed water and low molecular weight organic materials are lost between 150 °C 

and 250 °C.396 Above 250 °C, other organic matter decomposes leaving the metal 

core.396 TGA was performed on the NHC@AuNPs and corresponding NHCs to estimate 

the degree of AuNP ligand functionalisation. The measurement was recorded in a 

nitrogen environment at 20 mL/min and the samples were heated with a ramp rate of 5 

°C/min from 30 to 800 °C. 
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Figure 102 – TG curves of AuNHC-1 (left) and AuNP-1 (right). 

 

The TG curves of AuNP-1 and its corresponding Au(I) NHC complex (AuNHC-1) can be 

seen in Figure 102. The ligand layer of AuNP-1 is a lot lower than its corresponding 

AuNHC-1 (7% vs. 61%, respectively), indicating low ligand functionalisation of the NPs. 

The TG curves of AuNP-2 and its corresponding Au(I) NHC complex (Figure 103) appear 

a lot more alike compared to AuNP-1. This suggests that AuNP-2 has high ligand 

coverage over the gold core and still contains a significant amount of AuNHC-2, which 

was also observed in the XPS data with a significant amount of Au(I) species. 

 

 
Figure 103 – TG curves of AuNHC-2 (left) and AuNP-2 (right). 

 

8.2.3. Catalytic studies of AuNPs 
8.2.3.1. Reduction of 4-nitrophenol 

The catalytic performance of the NHC@AuNPs was next investigated for the reduction 

of 4-nitrophenol to 4-aminophenol in the presence of excess NaBH4. This catalytic 

reaction is very popular for screening the catalytic performance of AuNPs as the reaction 

can be monitored by UV-Vis spectroscopy as a function of reaction time. This is due to 

the reduction of the peak around 400 nm, corresponding to 4-nitrophenol, with the 

concurrent increase in absorbance of the peak around 300 nm, corresponding to 4-

aminophenol. Moreover, it has been demonstrated that the only product for this reaction 
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at these experimental conditions is 4-aminophenol. The exact mechanism of this reaction 

has not yet been defined; however, a postulated mechanism is shown in Scheme 32 as 

described by de Oliveira et al.397 The first step in the reduction of 4-nitrophenol is 

proposed to be the rate-limiting step, involving the B-H bond cleavage of NaBH4 to 

activate the hydrides on the AuNP surface.397 The activated hydrides can then be 

transferred to the nitro group resulting in the reduction to aminophenol over three 

reduction steps. It should be noted that an excess of NaBH4 is vital in this reaction as a 

considerable amount of activated hydrides are lost from the NP surface as gaseous 

H2.397 An excess of NaBH4 compared to 4-nitrophenol also means that this reaction can 

be considered as pseudo-first-order allowing the rate constant to be determined using a 

first-order rate equation. 

 

 
Scheme 32 – Postulated reaction mechanism for the reduction of 4-nitrophenol catalysed by 

AuNPs in the presence of sodium borohydride. Image adapted from ref.397 

 

The typical experimental protocol for the reaction was the following: the AuNPs (AuNP-
1: 0.2 mg and AuNP-2: 0.275 mg) were added directly to a UV-Vis cuvette, followed by 

addition of 1.9 mL of MilliQ water and 100 μL of 4-nitrophenol aqueous solution (3 mM). 

Afterwards, 1 mL of a freshly prepared NaBH4 solution (0.03 M) was added to the 

cuvette. The absorption spectra were then recorded every 30 sec until the reaction was 
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complete. In all cases, full conversion could not be achieved, which we propose to be 

due to the NaBH4 being fully converted or hydrolysed before all of the 4-nitrophenol had 

reacted. This could be identified by a plateau in absorbance of the bands at 400 nm.  

 

 
Figure 104 – Calibration plot for 4-nitrophenol. 

 

In order to obtain the rate constant of the reaction, a calibration plot of 4-nitrophenol was 

first measured by plotting the absorbance at 400 cm-1 (Figure 104) of different 

concentrations of 4-nitrophenol (0.01 mM, 0.02 mM, 0.05 mM and 0.1 mM). 400 cm-1 

was chosen as it is the λmax of 4-nitrophenol. Therefore, the slope of this line was equal 

to the molar extinction coefficient (ε), which was then used to plot the concentration (C) 

of 4-nitrophenol over time using the rearranged Beer-Lamber law (Equation 2): 

 

C = A
εL

 Equation 2 

 

[A = absorbance at 400 cm-1, ε = molar extinction coefficient (17239.32 M-1 cm-1) and L 

= path length of the cuvette used (1 cm)]. The change in concentration over time was 

then used to plot the conversion as a percentage over time using the following equation: 

 

Conversion (%) = !(C0-Ct)
C0

"  × 100 Equation 3 

 

[C0 = concentration of 4-nitrophenol at time zero and Ct = concentration at each time 

point]. The rate constant (k) of the reaction was then calculated by plotting the natural 

logarithm for the change in concentration over time. A straight line is fitted for these 

points and the gradient of the slope is equal to -k due to the following equation: 

 

ln [C] = -kt + ln [C0] Equation 4 
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The UV-Vis kinetic study of AuNP-1 can be seen in Figure 105a, which illustrates the 

speed of the reaction, with the largest drop in absorbance of the 4-nitrophenol band from 

0.5 to 1 min. It is also clear from the plot in Figure 105b that the concentration of 4-

nitrophenol started to plateau after 1.5 min. This is also illustrated in Figure 105c where 

the conversion reaches 81% after 1.5 min, only increasing to 84% after 2.5 min.  

 The UV-Vis kinetic study of AuNP-2 is reported in Figure 105d, as well as the 

concentration of 4-nitrophenol vs. time (Figure 105e), and the conversion of 4-

nitrophenol vs. time (Figure 105f). 

 



 174 

 
Figure 105  - Representative UV-Vis kinetic study for the reduction of 4-nitrophenol into 4-aminophenol catalysed by a) AuNP-1 over 2.5 min, with a spectrum 

recorded every 30 sec, d) AuNP-2 over 10 min, with a spectrum recorded every 30 sec. Plots of concentration vs. time for b) AuNP-1 and e) AuNP-2. Plots of 

substrate conversion vs. time at 400 cm-1 for c) AuNP-1 and f) AuNP-2, respectively. 
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Figure 106a displays the plot of the natural logarithm for the change in concentration 

over time beginning from 0 min for AuNP-1. Of note, from 0 to 0.5 min an induction period 

can be detected; in other words, the rate is a lot slower, whereas from 0.5 to 1.5 min the 

rate is faster following a straight line. Therefore, in order to calculate the apparent rate 

constant, after the induction period, the time points from 0.5 to 1.5 min were plotted, as 

shown in Figure 106b. These points follow a straight line displaying a rate constant of 

1.42 min-1 per 0.2 mg of AuNP-1, compared to 1.13 min-1 when the induction period was 

considered. The existence of the induction period was also observed when this reaction 

was repeated. 

 

 
Figure 106 - Plots of Ln([C]/[Co]) vs. time for the reduction of 4-nitrophenol to calculate the rate 

constant for the AuNP-1 catalyst, a) from 0 to 1.5 min and b) from 0.5 to 1.5 min. 

 

The natural logarithm (ln) of the concentration vs. time was also plotted to determine the 

rate constant for AuNP-2, as shown in Figure 107. In this representative plot the points 

are taken from 0 to 7 mins as after this time the reaction plateaus, giving a rate constant 

of 0.21 min-1 per 0.275 mg of AuNP-2. At variance to AuNP-1, no induction period was 

observed for AuNP-2. 
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Figure 107 – Plot of Ln([C]/[Co]) vs. time for the reduction of 4-nitrophenol to calculate the rate 

constant for the AuNP-2 catalyst. 

 

It should be noted that the rate constants calculated above are based upon the mass of 

the catalyst. However, to draw an overall conclusion of which was most efficient, the 

mass of Au in each catalyst should be considered, as this is the proposed active site of 

the reaction. Therefore, ICP-MS (inductively coupled plasma mass spectrometry) studies 

were performed to determine the mass of 197Au in each catalyst. AuNP-1 contained 

0.0126 mg of Au per 0.1 mg of catalyst, making 12.6% of the sample Au, whereas AuNP-
2 contained 0.029 mg of Au per 0.1 mg of catalyst, thus 29% of the sample was Au. 

An explanation for AuNP-1 being more active despite the lower overall Au 

percentage could be supported by the XPS results, which showed that in AuNP-1 72% 

of Au was present in the Au(0) oxidation state, whereas only 38% of Au in AuNP-2 was 

Au(0). Therefore, despite 0.1 mg of AuNP-2 containing ca. 2.3 times more Au than 0.1 

mg AuNP-1, the mass of Au(0) remains fairly similar: ca. 0.011 mg of Au(0) for 0.1 mg 

of AuNP-2 and ca. 0.0091 mg of Au(0) for 0.1 mg of AuNP-1. This can also be evidenced 

by the TG data (Figure 102 and Figure 103) showing that AuNP-1 have less ligand 

functionalisation compared to AuNP-2. The high surface functionalisation of AuNP-2 

could also mask a potential induction period since the overall rate of reaction is lower. 

However, more experiments are needed to confirm this hypothesis.  

Repeats of the experiments were also performed, however in these cases the 

mass of catalyst was not the same, therefore further studies are required to obtain an 

average rate constant. A summary of the results for the 4-nitrophenol reduction 

reactions, including the rate constants, is reported in Table 16. The moles of 197Au per 

catalyst were obtained by ICP-MS, allowing the mmol ratio of 4-nitrophenol (4-NP) to Au 

and NaBH4 to Au to be calculated. Thus, it can be concluded that for both AuNPs a lower 
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mass of catalyst resulted in a higher rate constant. This is to be expected as the moles 

of the 4-nitrophenol and NaBH4 remained the same in all experiments, therefore the 

mmol ratio of reagents and Au increased when the mass of catalyst was lower. 
 

Table 16 – Summary of 4-nitrophenol reduction reactions using AuNP-1 and AuNP-2 with 

corresponding rate constants. Mass of Au obtained by ICP experiments to calculate the mmol 

ratio of 4-nitrophenol (NP) to Au, and NaBH4 to Au. Moles of 4-nitrophenol in cuvette = 0.003 

mmol, moles of NaBH4 in cuvette = 0.03 mmol. 

Catalyst Repeat 

Mass of 

catalyst 

(mg) 

Mass 

of Au 

(mg) 

Moles 

of Au 

(mmol) 

4-NP:Au 

mmol 

ratio 

NaBH4:Au 

mmol ratio 

Rate 

constant 

(min-1) 

AuNP-1 
1 0.2 0.0253 1.3E-4 23.08 230.8 1.42422 

2 0.8 0.1011 5.1E-4 5.88 58.8 0.90134 

AuNP-2 

1 0.275 0.080 4.1E-4 7.32 73.2 0.20733 

2 0.5 0.145 7.4E-4 4.05 40.5 0.16617 

3 0.6 0.174 8.8E-4 3.41 34.1 0.13916 

 

Preliminary studies were also performed to access the recyclability of the water-soluble 

AuNPs. Ideally the NPs would be washed with water after each cycle to remove excess 

reagents and products from the previous cycle, however due to their water-solubility this 

could not be achieved. The 4-nitrophenol reduction reactions were performed with the 

same conditions as previously with AuNP-1 and AuNP-2, before the removal of the 

solvent by reduced pressure. A 1H NMR spectrum was then recorded using D2O as the 

solvent to observe any changes in the ligand structure. The D2O was then removed 

before re-suspension in MilliQ water and the second nitrophenol reduction reaction was 

performed. Another 1H NMR spectrum was then recorded after replacement of MilliQ 

water with D2O. 

The stacked 1H NMR of AuNHC-1, AuNP-1, AuNP-1 after the 1st and 2nd 4-

nitrophenol reduction reactions and 4-nitrophenol can be seen in Figure 108. The most 

downfield proton in the AuNP-1 and AuNHC-1 spectra (ca. 7.2 ppm) disappeared after 

the 4-nitrophenol reduction reaction, with only a very small aromatic peak present around 

that ppm due to an impurity from the 4-nitrophenol (as can be seen in Figure 108). This 

can be explained by the formation of a black solid after removal of the solvent following 

the 1st nitrophenol reduction reaction, which could not be re-solubilised in D2O. 

Nevertheless, the 1H NMR was still performed to observe if any free NHC ligand could 

be seen indicating loss from the NP itself, however only the peaks from the nitrophenol 

and NaBH4 were observed. This points towards aggregation of the NPs once the water 

was removed due to destabilisation, which must have been caused by the 4-nitrophenol 
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or NaBH4 as this insolubility was not observed when aqueous solutions of the NPs were 

dried prior to the reaction. 

 

 
Figure 108 - Stacked 1H NMR in D2O of AuNHC-1 (complex, red), AuNP-1 (NPs, light green), 

AuNP-1 after 1st 4-nitrophenol reduction (green), AuNP-1 after 2nd 4-nitrophenol reduction 

(blue) and 4-nitrophenol (reagent, purple). 

 

Nevertheless, the 2nd cycle could still be carried out with the black precipitate and the 

rate constant was compared to cycle 1 showing a significant decrease in catalytic 

performance as expected, with the presence of an induction period for 11 min before any 

conversion was observed (Figure 109a). The ln of concentration vs. time is shown in 

Figure 109b. As previously described, the rate constant does not consider the induction 

period. Nevertheless, the rate constant is still significantly reduced compared to that of 

cycle 1 (Figure 109c). 
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Figure 109 – Plots for the 2nd cycle of the 4-nitrophenol reduction reaction using AuNP-1: a) 

conversion against time and b) Ln([C]/[Co]) vs. time, c) Comparison of the conversion of 4-

nitrophenol over time catalysed by AuNP-1 for the 1st cycle (black dots) and the 2nd cycle (red 

circles). 

 

The stacked 1H NMR of the AuNHC-2, AuNP-2, AuNP-2 after the 1st and 2nd 4-

nitrophenol reduction reactions and 4-aminophenol (reduction product) can be seen in 

Figure 110. There is also an additional spectrum of the AuNP-2 with NaBH4. This was 

simply ca. 2 mg of AuNP-2 with 0.9 mL of MilliQ water and 1 mL of NaBH4 aqueous 

solution (0.03 M) mixed and then left to sit for 1 hour allowing time for the excess NaBH4 

to be hydrolysed. It appears that after the pre-treatment with NaBH4 or reaction with 4-

nitrophenol and NaBH4, the AuNP-2 were more similar to the NHC in the AuNHC-2 1H 

NMR (red dashed line to show this, Figure 110). NaBH4 could be responsible for this as 

even when 4-nitrophenol is not involved (AuNP-2 with NaBH4) this is still observed. 

Further investigations into the surface structure after exposure to NaBH4 are needed. 
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Figure 110 – Stacked 1H NMR in D2O of AuNHC-2 (complex, red), AuNP-2 (NPs, light green), 

AuNP-2 after pre-treatment with NaBH4 (green), AuNP-2 after 1st 4-nitrophenol reduction 

(green/blue), AuNP-2 after 2nd 4-nitrophenol reduction (blue) and aminophenol (reaction 

product, purple). 

 

The plot of ln concentration vs. time (Figure 111a) to determine the rate constant, k, for 

the second cycle revealed a three-fold increase in reaction rate compared to the first 

cycle (0.21 min-1 vs. 0.58 min-1, cycle 1 vs. cycle 2, respectively) (Figure 111b). The 

increased rate could be linked to the removal of some of the ligands/Au(I) complexes 

from the surface of AuNP-2 with NaBH4. The TGA showed a high ligand functionalisation 

for AuNP-2, very similar to the corresponding Au(I) NHC complex, which could 

potentially slow down the reaction rate as seen in the 1st cycle. 

The only consideration to be made for the second cycle is that the conversion of 

4-nitrophenol does appear to be lower, which could be due to other experimental factors 

such as presence of reagents from the previous cycle remaining and consuming some 

of the NaBH4, meaning that full conversion cannot be achieved. Comparing the 1H NMR 

of the AuNP-2 after the first and second 4-nitrophenol reduction (Figure 110), an 

increase in intensity of the NHC peaks does seem to be more evident after the 2nd cycle. 

This could be due to the addition of more NaBH4, resulting in further alterations to the 

NP surface which also positively increase the catalytic performance of the NPs. These 

reactions should be completed with more cycles to understand the capability of these 

NPs.  
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Figure 111 - a) Plot of Ln([C]/[Co]) vs. time for the 2nd cycle of the 4-nitrophenol reduction to 

calculate the rate constant and the reusability of AuNP-2, b) Plot to compare conversion of 4-

nitrophenol over time catalysed by AuNP-2 for the 1st cycle (black dots) and the 2nd cycle (red 

circles), respectively. 

 

8.2.3.2. Reduction of 2-nitrophenol and 3-nitrophenol 
In order to explore the versatility of the catalysts, preliminary reactions for the reduction 

of 2-nitrophenol and 3-nitrophenol were completed. It was clear to see that despite the 

same conditions as the 4-nitrophenol reduction, the conversions to their respective 

aminophenol species were a lot lower. Only 17% and 16% of 3-nitrophenol was 

converted by AuNP-1 and AuNP-2, respectively, whereas for the reduction of 2-

nitrophenol, AuNP-1 converted 40% and AuNP-2 converted 33%. Therefore, due to the 

poor conversion, the rate constants will not be discussed in detail here. However, it is 

important to note that despite this, both catalysts showed relatively similar rate constants. 

It should also be mentioned that the induction period observed for the reduction of 4-

nitrophenol with AuNP-1 was also present in the reduction of 2- and 3-nitrophenol. 

 

8.2.3.3. Pre-treatment of AuNP-1 with NaBH4 
As discussed, an induction period in the catalytic performance was only observed for 

AuNP-1. However, it is a phenomenon commonly observed for ligand stabilised NPs in 

catalytic reactions that take place on the NP surface, such as the 4-nitrophenol reduction 

reaction.268 The presence of an induction period has been previously described in the 

literature, and a number of factors contribute to it: i) the diffusion time needed for the 4-

nitrophenol to reach the NP surface, ii) the time required to reconstruct the NP surface 

by the adsorption of reactants to make it active, or iii) the time required to remove surface 

oxides before the reaction can begin.268 The reconstruction of the NP surface has been 

described as the creation of catalytically active sites, such as corner or edges, by the 

reorganisation of surface atoms.398  
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Due to this induction period only being present in AuNP-1, we began by 

investigating if the reconstruction of the NP surface was involved. Wunder et al.399 

previously reported that the induction period they observed for the 4-nitrophenol 

reduction reaction was in response to the surface restructuring of the AuNPs, due to 

adsorption of the 4-nitrophenol on the NP surface.399 Monti et al.268 also concluded that 

surface reconstruction was responsible for the induction period observed for the AuNP 

catalysed 1,4-dinitrobenzene reduction, due to activation energies within the range of 10 

to 60 kJ/mol, which correlated with those previously reported.400 However, the activation 

energies for this surface reconstruction can depend on the size and type of NPs 

investigated.399,401 Interestingly in this work imidazolium salts were used as stabilisers, 

however the authors did not explore the induction period in any more detail.268 

The literature is rife with contrasting opinions on what causes the induction 

period, with the ligands themselves also being deemed responsible. Ansar et al.402 

reported the ability of NaBH4 to act as a ‘detergent’ by removing the stabilising ligands 

on AuNPs, including organothiols and polymers such as PVP to yield active NPs.402 

Whereas, more recently, it has been reported that dissolved oxygen could also play a 

role in the induction period, with the oxygen concentration showing a sharp decrease 

with the simultaneous ending of the induction period.403 The length of the induction period 

was correlated to the binding strength of the stabilising ligands, thus, the stronger the 

ligand, the longer the induction period.403 Therefore, they concluded that both the 

stabilising ligand and dissolved oxygen should be considered responsible for the 

induction period.403 

However, it should also be mentioned that in the literature described above, NHC 

ligands have not been used as stabilising ligands. Therefore, in the case of AuNP-1 the 

short induction period could be because of the low ligand functionalisation on the surface 

of AuNP-1 observed by TGA. In order to investigate this for AuNP-1, 0.4 mg of catalyst 

was added to a cuvette along with 0.9 mL of MilliQ water and 1 mL of NaBH4 aqueous 

solution (0.03 M). A UV-Vis kinetic study was then performed to measure any changes 

in the SPR band of the AuNP-1 over 16 mins (Figure 112a). The pre-treatment of AuNP-
1 appears to show a broadening of the SPR band after 16 mins (Figure 112a), which 

could be related to aggregation of the NPs due to the loss of the stabilising ligands. 
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Figure 112 – Pre-treatment of AuNP-1 with NaBH4, a) UV-Vis study of AuNP-1 SPR band from 

0 to 16 min in the presence of NaBH4, b) UV-Vis kinetic study for the reduction of 4-nitrophenol 

into 4-aminophenol catalysed by pre-treated AuNP-1. 

 

However, more importantly, we wanted to observe if there had been any change in the 

catalytic performance and if the induction period was still present. Therefore, to ensure 

any excess NaBH4 had been hydrolysed before addition of 4-nitrophenol, the cuvette 

was left for 1 h with the lid removed to allow the hydrogen to be released. After this time, 

100 μL of the 4-nitrophenol aqueous solution (3 mM) was added before the fast addition 

of 1 mL of a freshly prepared NaBH4 solution (0.03 M). A UV-Vis kinetic study was 

performed as before (Figure 112b), showing a 4-nitrophenol conversion of 87% over 4 

mins, with the first 2.5 mins showing the largest conversion.  

The rate constant, k, could also be calculated assuming a first order reaction by 

plotting the ln of the 4-nitrophenol concentration vs. time (Figure 113a). The rate constant 

determined per 0.4 mg of catalyst was 0.776 min-1. Although a direct comparison of the 

rate constant for the 4-nitrophenol reduction reaction with the untreated AuNP-1 cannot 

be made as a different starting mass of catalyst was used (0.2 mg for untreated vs. 0.4 

mg for pre-treated) the pre-treatment does appear to reduce the rate constant over three-

fold per 0.1 mg of catalyst. However, the overall conversion is greater and the induction 

period is no longer present (Figure 113b). 
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Figure 113 – a) Plot of Ln([C]/[Co]) vs. time for the reduction of 4-nitrophenol to calculate the 

rate constant for the AuNP-1 catalyst pre-treated with NaBH4 from 0 to 2.5 min, b) Plot to 

compare conversion of 4-nitrophenol over time for the pre-treated AuNP-1 (black dots) and non-

treated AuNP-1 (red circles), respectively. 

 

In order to observe if any changes had occurred in the overall NP structure after the pre-

treatment and subsequent 4-nitrophenol reduction reaction, the solvent was removed 

under reduced pressure and the solid was resuspended in D2O. The previously water-

soluble NPs had now formed a black solid that appeared insoluble in D2O, as seen in 

the recyclability studies in section 8.2.3.1., indicating that destabilisation had occurred. 

 

8.2.4. Synthesis of supported NHC-stabilised AuNPs 
Supports are often utilised in AuNP synthesis due to their ability to reduce aggregation 

of the AuNPs and provide stabilisation, as well as potentially improving their catalytic 

performance, indirectly or directly.404 To the best of my knowledge there is only one 

example in the literature of supported NHC-stabilised AuNPs, which reported the 

spontaneous decomposition of Au(I) NHC complexes by reduced graphene oxide, 

forming AuNPs functionalised with NHC ligands deposited on graphene.405 The 

supported NPs were tested for the hydrogenation reaction of internal and terminal 

alkynes and showed no loss in activity over five consecutive runs.405 However, after 

these five runs a decrease in activity was observed which was attributed to leaching of 

the NHC@AuNP from the support.405 The group also followed this up in a more recent 

paper, describing the role that the aryl group attached to the imidazole plays in π-

stacking towards the graphene support.406 They concluded that the smaller the aryl 

group, the less π-stacking would be observed and therefore the NHC@AuNP would 

have a higher propensity for leaching during the recyclability studies.406 

 Instead, in our work we opted for an adapted colloidal method407 using the AuNPs 

already formed. Therefore, instead of forming the colloids and then directly adding the 

support, as reported by Rogers et al.,407 the water-soluble AuNPs were synthesised as 

before and then redissolved in MilliQ water before addition of the support. The two 
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supports chosen were activated carbon and titania, both of which are commonly used in 

the literature with different advantages.404  

Often when supporting colloid solutions the initial Au precursor will be the 

commercial salt, therefore the Au concentration can easily be determined. However, in 

this work the NPs had already been formed and so preliminary experiments to synthesise 

supported NPs were performed with 10 wt.% of the AuNPs compared to the support. As 

previously mentioned, firstly the water-soluble AuNPs were dissolved in MilliQ water with 

stirring before addition of the support. This was then left to stir vigorously overnight. In 

the case of titania, the white support became lilac after a couple of minutes, which is 

indicative of NP immobilisation. Conversely, the carbon support did not immobilise the 

AuNPs overnight, which was determined due to a brown coloured filtrate when the AuNP 

and support mixture was filtered. Thus, in a second attempt, a few drops of concentrated 

sulfuric acid were added after the addition of support and this was left to stir overnight. It 

should be noted that the addition of acid may protonate the sulfonate groups of the 

stabilising ligands, and therefore, could affect the AuNPs. However, the acid facilitated 

the immobilisation of the NPs and so further investigations were carried out. Once the 

NPs were supported, they were filtered and washed with water, before being left to dry 

on the filter paper in air, overnight. In the case of the carbon supported NPs, washing 

proceeded until the filtrate reached a neutral pH.  

 The rate of adsorption depends on the isoelectric point (IEP) of the support and 

the charge of the stabilising ligands, therefore the interaction can be varied depending 

on the pH of the solution.408 For example, activated carbon (X40S) favours electrostatic 

interaction below a pH of 3, as it is positively charged at this pH and so can favourably 

interact with AuNPs with a PVA stabiliser as they are negatively charged.408 Titania (P25) 

on the other hand becomes positively charged below pH 6,409 therefore in the case of 

AuNP-1 and AuNP-2, this pH could be sufficient for immobilisation. Future studies 

should involve determination of the zeta potential of the AuNPs to ensure maximum 

immobilisation with the supports at the appropriate pH due to opposite charges. 

However, it should be mentioned that ICP-MS experiments were also performed on the 

filtrates from the titania supported NPs to elucidate the amount of Au supported; the 

filtrate from AuNP-1/TiO2 contained 0.5 mg of Au and the filtrate from AuNP-2/TiO2 

contained 1.8 mg. In these experiments 7.5 mg and 7.6 mg of AuNP-1 and AuNP-2 were 

used respectively; therefore, ca. 7% of AuNP-1 was lost in the filtrate, and ca. 24% of 

AuNP-2 was lost. This highlights that the immobilisation of the AuNPs could be improved 

by further optimisation, including the use of acid when using the titania support as maybe 

a lower pH is required for better interaction with the AuNPs. 
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8.2.5. Characterisation of supported NHC-stabilised AuNPs 
The characterisation of the supported NPs was carried out to ensure the AuNPs had 

been immobilised and to observe whether this had altered the composition or 

morphology of the NPs. The two techniques used for this were: XPS and TEM. TGA was 

performed for AuNP-2/TiO2 and AuNP-2/C; however, the data was noisy with very little 

drop in mass which could be due to the lack of sensitivity of the instrument due to the 

large amount of support used to immobilise the nanoparticles. 

 

8.2.5.1. XPS 
The XPS data confirms the presence of the AuNPs on the support, as can be seen in 

Table 17 and Table 18. Interesting results were observed for AuNP-1 on both supports 

due to the absence of peaks corresponding to the Au(I) oxidation state, as can be seen 

in Figure 114.  

 
Table 17 - XPS data (BE and composition) for AuNP-1 and AuNP-2 supported on activated 

carbon. 

 AuNP-1/C AuNP-2/C 

Peak BE (eV) %At Conc. BE (eV) %At Conc. 

Au 4f (Au(I))   84.57 0.15 

Au 4f (Au(I))   88.25 0.11 

Au 4f (Au(0)) 83.58 
3.41 

83.72 0.78 

Au 4f (Au(0)) 87.28 87.4 0.58 

C 1s 283.98 87.63 283.98 88.02 

N 1s 400.88 0.8 400.28 1.92 

O 1s 532.38 8.21 532.38 7.37 

S 2p (SOx) 168.18 0.23 167.78 1.08 
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Table 18 - XPS data (BE and composition) for AuNP-1 and AuNP-2 supported on titania. 

 AuNP-1/TiO2 AuNP-2/TiO2 

Peak BE (eV) %At Conc. BE (eV) %At Conc. 

Au 4f (Au(I))   84.96 0.03 

Au 4f (Au(I))   88.63 0.02 

Au 4f (Au(0)) 82.93 0.06 83.44 0.44 

Au 4f (Au(0)) 86.63 0.05 87.12 0.33 

C 1s 284.58 41.08 284.8 25.53 

C 1s   286.24 5.57 

C 1s   288.65 3.72 

N 1s   400.2 0.88 

O 1s (Ti-O) 529.51 31.65 529.68 36.33 

O 1s 531.7 10.9 531.69 8.69 

O 1s 533.24 1.64 533.47 0.99 

S 2p (SOx)   167.78 0.55 

Ti 2p 458.28 14.63 458.5 16.92 

 

In the case of AuNP-1/TiO2, the absence of Au(I) could be explained by the relatively 

low concentration of the sample measured, with the Au(0) peaks being very low in 

concentration, as can be seen in Figure 114b, as well as the absence of the N 1s and S 

2p peaks. This suggests that the low immobilisation of the AuNPs on TiO2 could be 

responsible and therefore the immobilisation method requires more optimisation. 

However the same conclusion does not seem likely for AuNP-1/C as the Au(0) peak 

present is at a relatively high concentration (Figure 114a) and the immobilisation was 

more successful due to the addition of acid. Therefore, optimisation and repeats of this 

synthesis are required to draw further conclusions on whether the Au(I) has been 

removed. 
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Figure 114 - XPS spectra of the Au 4f region for a) AuNP-1/C, b) AuNP-1/TiO2, c) AuNP-2/C 

and d) AuNP-2/TiO2. 

 

8.2.5.2. TEM 
TEM analysis was performed on all four catalysts, providing information on the 

differences of the two supports. On both supports, AuNP-1 appeared larger than 

expected, especially with the activated carbon (Figure 115, top) and poor dispersion of 

the AuNPs was observed. Activated carbon is known to form large aggregates of AuNPs 

when supported by the deposition-precipitation method;410 therefore, if a carbon support 

is required for future studies, a different procedure for immobilisation should be 

considered which does not result in such aggregation, such as magnetron sputtering.410 

AuNP-1/TiO2 do not appear to aggregate as much as on carbon; however, they are not 

very well dispersed (Figure 115, bottom). 
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Figure 115 - TEM Images of AuNP-1/C (top) and AuNP-1/TiO2 (bottom). Scale bars are 

included in each image. 

 

Concerning the supported AuNP-2 (Figure 116), the key difference observed between 

the supports was the large aggregation observed on carbon, which was also seen with 

AuNP-1/C. However, at variance to AuNP-1/TiO2, AuNP-2/TiO2 appeared to be well 

distributed retaining their small size and narrow particle size distribution, evidenced by 

the small value of deviation (± 0.36 nm) observed in Figure 117. 

 

 
Figure 116 – TEM Images of AuNP-2/C (top) and AuNP-2/TiO2 (bottom). Scale bars are 

included in each image. 
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Although these images allow us to observe the overall distribution and size of NPs, it is 

difficult to obtain accurately the average size and count of the NPs due to poor contrast, 

especially for the activated carbon. Activated carbon and titania supports both have a 

relatively low atomic number (Z), as well as the AuNPs themselves, meaning that there 

is not a significant difference in the diffraction of the electron beam, providing poor 

contrast.411 Nevertheless, an average size count of the NPs supported on titania could 

be achieved. AuNP-1/TiO2 had an average size of 6.7 ± 2.03 nm across 27 images and 

116 NPs (Figure 117), which is considerably higher compared to the unsupported AuNP-
1 (2.29 ± 1.1 nm). This could be due to the effect of Ostwald ripening, which has been 

observed with other AuNPs on oxide supports.412 It involves the growth of larger NPs, 

which take material from the smaller NPs, causing them to shrink to an even smaller 

size.412 This could also explain the large size distribution observed for AuNP-1/TiO2.  

 

 
Figure 117 – Particle size histogram of NHC@AuNPs/TiO2 with representative TEM images: 

AuNP-1/TiO2 displayed an average size of 6.7 ± 2.03 nm and AuNP-2/TiO2 displayed an 

average size of 1.68 ± 0.36 nm. Scale bar: 20 nm. 

 

On the other hand, AuNP-2/TiO2 had an average size of 1.68 ± 0.36 nm across 9 images 

and 226 NPs (Figure 117), which corresponds to a decrease in size compared to the 

unsupported AuNP-2 (2.55 ± 1.18 nm). However, the large standard deviation observed 

with the unsupported NPs means that there is still uncertainty on the average AuNPs 

size. In conclusion, the addition of a support seems to have improved the overall particle 

size distribution of the NPs. 

 

8.2.6. Catalytic studies of TiO2 supported NHC@AuNPs 
The catalytic performance of the supported NPs was also assessed using the 4-

nitrophenol reduction, in this case only the AuNPs/TiO2 were evaluated due to the high 

aggregation of the AuNPs/C. The same concentrations of 4-nitrophenol and NaBH4 were 

used as seen in section 8.2.3, with 2.4 mg of supported catalyst. Interestingly, supporting 
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the AuNPs fostered a decrease in their reactivity, which was unexpected as often 

supporting AuNPs improves performance due to reduced aggregation.413 However, it 

has also been reported that when attributing the performance of the catalysts to the mass 

of the gold in each sample, colloidal AuNPs are more active.414 

Remarkably, AuNP-1/TiO2 showed a significant induction period of ca. 15.5 min 

before any product formation was observed (Figure 118), which is a lot larger than the 

induction period observed for AuNP-1. A total conversion of 73% was reached over 28.5 

min (Figure 118a). However, even when excluding the induction period, the rate constant 

was still relatively low at 0.12567 min-1 per 2.4 mg of catalyst (Figure 118b). This 

decrease in reaction rate for AuNP-1/TiO2 compared to AuNP-1 can be clearly reflected 

in the increase in average size of the NPs; as generally the greater the size, the lower 

the reactivity.415 

 

 
Figure 118 - Plots for the 4-nitrophenol reduction reaction using AuNP-1/TiO2: a) conversion 

against time and b) Ln([C]/[Co]) vs. time. 

 

AuNP-2/TiO2 reached a conversion of 78% after 17 min, with a rate constant of 0.08805 

min-1 per 2.4 mg of catalyst. Figure 119a shows that the conversion of 4-nitrophenol 

follows a near linear trend over time with a similar performance to AuNP-2 as no 

induction period was observed in Figure 119b. 

 



 

 192 

 
Figure 119 – Plots for the 4-nitrophenol reduction reaction using AuNP-2/TiO2: a) conversion 

against time and b) Ln([C]/[Co]) vs. time. 

 

The ICP-MS results, (along with the data of the filtrate from the immobilisation step) allow 

the actual percentage of Au loaded onto titania to be calculated. Therefore, considering 

that AuNP-1/TiO2 used in the 4-nitrophenol reduction reaction contained 0.14088 mg of 

Au per 2.4 mg of supported catalyst, the amount of Au in 7.5 mg of AuNHC-1 that was 

supported would be 0.44 mg. However, the filtrate from the support reaction contained 

0.5 mg of Au. Therefore, while the 100% theoretical loading of Au should be 0.94 mg, 

we can conclude that only 46.8% of Au catalyst was immobilised onto AuNP-1/TiO2. 

Through similar calculations, it was possible to assess that AuNP-2/TiO2 catalysts used 

in the 4-nitrophenol reduction only contained 0.044 mg of Au per 2.4 mg of catalyst, 

corresponding to only 7% of the theoretical loading (1.94 mg). To conclude, regardless 

of the lower loading of gold in AuNP-2/TiO2 the rate constant was higher compared to 

AuNP-1/TiO2. 

 

8.2.6.1. Pre-treatment of AuNP-1/TiO2 with NaBH4 
Interestingly, pre-treatment of AuNP-1/TiO2 with NaBH4 resulted in a longer induction 

and reaction time compared to the untreated AuNPs (Figure 120). The longer induction 

time was not observed when the unsupported AuNP-1 were pre-treated, as shown in 

section 8.2.3.3. 
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Figure 120 – Conversion of 4-nitrophenol over time for the pre-treated AuNP-1/TiO2 (black 

dots) and non-treated AuNP-1/TiO2 (red circles). 

 

8.2.6.2. Recyclability of AuNP-1/TiO2 and AuNP-2/TiO2 
The recyclability of the TiO2 supported AuNPs was assessed using the same conditions 

as before (2.4 mg of catalyst). However, after each cycle the filtrate in the cuvette was 

removed and the NPs at the bottom of the cuvette were washed with MilliQ water before 

leaving to dry overnight. The reaction was then performed again with addition of fresh 4-

nitrophenol and NaBH4 solutions. A total of three cycles were performed for the 

supported NPs. 

The recyclability of AuNP-1/TiO2 was determined considering both its induction 

period as well as the reaction rates for each cycle. Surprisingly, the induction period 

decreased over the cycles and the reaction rate constant (k), excluding the induction 

times, decreased from cycle 1 to 2, but then increased from cycle 2 to 3, as can be seen 

in Figure 121a-d. Although, it should be noted that the k value of cycle 3 was still ca. 4-

fold less than cycle 1; therefore, more repeats are needed to conclude whether the 

increase from cycle 2 to cycle 3 is significant.  
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Figure 121 - Plots of Ln([C]/[Co]) vs. time for the 4-nitrophenol reduction reaction using AuNP-
1/TiO2 across 3 cycles: a) cycle 1, b) cycle 2, c) cycle 3 and d) comparison of all three cycles. 

 

After each cycle the NPs were washed, as mentioned above, and the filtrate of the 

reaction and wash were submitted for ICP-MS experiments. This is to elucidate if any 

unsupported Au(0) or Au(I) had leached from the NPs. The results showed only a small 

loss of Au after the 1st cycle (0.19 mg/l), suggesting that leaching does not appear to play 

a role for the decrease in rate. This can also be further evidenced from the XPS of the 

NPs after the third reaction cycle (Table 19), with Au 4f still present around the same 

concentration. 

 
Table 19 - XPS data (BE and composition) for AuNP-1/TiO2 before and after three 4-

nitrophenol reduction reactions. 

 Before Reaction After Reactions 

Peak BE (eV) %At Conc. BE (eV) %At Conc. 

Au 4f (Au(0)) 82.93 0.06 82.71 0.08 

Au 4f (Au(0)) 86.63 0.05 86.41 0.06 

C 1s 284.58 41.08 284.58 27.59 

O 1s (Ti-O) 529.51 31.65 529.19 32.42 

O 1s 531.7 10.9 531.27 15.6 

O 1s 533.24 1.64 533.67 0.7 

Ti 2p 458.28 14.63 457.98 15.12 
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The decrease in induction time over the cycles could be due to the pre-treatment-like 

nature of the previous cycle(s) due to a reconstruction caused by the NaBH4, however 

unlike the unsupported AuNP-1, aggregation does not appear to affect the catalysis due 

to immobilisation.  

However, if only the overall conversion is considered as described by Monti et 

al.268 and Rogers et al.407 the conversion percentage of AuNP-1/TiO2 over the three 

cycles (Figure 122, orange bars) does not vary greatly, independent of the reaction time. 

 

 
Figure 122 – Conversion percentage for the reduction of 4-nitrophenol using AuNP-1/TiO2 

(orange bars) and AuNP-2/TiO2 (green bars) as catalysts across three cycles. 

 

Interestingly, AuNP-2/TiO2 showed an induction period, at variance to its unsupported 

counterpart, with a significant increase from cycle 2 to cycle 3, as can be seen in Figure 

123. The presence of the induction period could be more reflective of what is happening 

in section 8.2.3.1 due to the unmasking of the induction period; however, repeats are 

needed to clarify whether this is true.  
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Figure 123 – Plots of Ln([C]/[Co]) vs. time for the 4-nitrophenol reduction reaction using AuNP-
2/TiO2 across 3 cycles: a) cycle 1, b) cycle 2, c) cycle 3 and d) comparison of all three cycles. 

 

The ICP-MS results for the filtrate and wash after the first cycle with AuNP-2/TiO2 

contained 14.43 mg/l of Au, meaning that there is significant leaching of the AuNPs from 

the support. Interestingly this improved the reaction rate for cycle 2 compared to cycle 1 

(excluding the induction time in both cases) with the rate constant (k) increasing from 

0.10183 min-1 to 0.28234 min-1. It could be speculated that the Au leaching from the first 

cycle could have been Au(I) covering the NP surface, which once removed resulted in 

an increased reaction rate. Another explanation could be that the Au(I) species leached 

from the surface could subsequently be reduced in the reducing environment, meaning 

they could still act as catalysts increasing the reaction rate. The induction period for cycle 

3 had significantly increased compared to the first two cycles and the overall reaction 

rate was slower (0.0845 min-1). The overall instability of the catalyst combined with Au 

leaching could be responsible for the slow reaction rate and long induction time observed 

for the third cycle, since after this last reaction, XPS analysis showed no Au 4f species 

on the catalyst surface (Table 20). 
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Table 20 - XPS data (BE and composition) for AuNP-2/TiO2 before and after three cycles of 4-

nitrophenol reduction reactions. 

 Before Reactions After Reactions 

Peak BE (eV) %At Conc. BE (eV) %At Conc. 

Au 4f (Au(I)) 84.96 0.03   

Au 4f (Au(I)) 88.63 0.02   

Au 4f (Au(0)) 83.44 0.44   

Au 4f (Au(0)) 87.12 0.33   

C 1s 284.8 25.53 284.78 35.74 

C 1s 286.24 5.57   

C 1s 288.65 3.72   

Na 1s   1071.38 3.37 

N 1s 400.2 0.88   

O 1s (Ti-O) 529.68 36.33 529.57 33.46 

O 1s 531.69 8.69 531.75 11.51 

O 1s 533.47 0.99 533.47 0.83 

S 2p (SOx) 167.78 0.55   

Ti 2p 458.5 16.92 458.28 15.09 

 

The conversion of AuNP-2/TiO2 across the three cycles can be seen in Figure 122, 

(green bars). Overall, the conversion increases from cycle 1 to 2 (73% to 96%) which 

could be reflected in the loss of Au from the NP surface, then, from cycle 2 to 3, there is 

only a small loss in conversion which could be within the experimental error (96% to 

93%). This indicates that the NPs are not deactivated, albeit take longer to react due to 

concurrent Au leaching. 

 

8.3. Summary and Future Outlook 
In conclusion, this work has described the synthesis and characterisation of two water-

soluble NHC@AuNPs formed by the ‘bottom-up’ approach from the bis-NHC Au(I) 

precursors, one of which is a di-gold complex. The thorough characterisation of these 

AuNPs has demonstrated their stability in water and biologically relevant media (PBS 1x 

and GSH), as well as their small size (ca. 2 nm). Additionally, the catalytic performance 

of the NHC@AuNPs was demonstrated for the reduction of 4-nitrophenol, with 

exceptional performance seen with AuNP-1. However, as mentioned, repeats of the 4-

nitrophenol reduction reaction are necessary using the same mass of catalyst throughout 

to obtain an average rate constant. 

Furthermore, attempts to immobilise the NHC@AuNPs on two types of support 

(activated carbon and titania) were performed. The titania support was able to immobilise 
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some of the AuNPs by stirring in MilliQ water, however the loading was quite low. 

Whereas the AuNPs supported on carbon required the addition of acid; nevertheless, 

this did result in good immobilisation.  

 

To summarise: 

• The synthesis of NHC@AuNPs via the ‘bottom-up’ approach was achieved, 

leading to small NPs, similarly to other colloidal methods (e.g. 2 nm). 

• The NHC@AuNPs showed high stability in biologically relevant media. 

• Some differences between the two NHC@AuNPs were identified, such as the 

amount of Au(I) species remaining absorbed on the surface, and their catalytic 

performance, with AuNP-1 showing superior results. 

• Differences between the AuNPs/TiO2 were also identified, such as the smaller 

particle size of AuNP-2/TiO2 which improved the particle size distribution, 

resulting in a greater catalytic performance compared to AuNP-1/TiO2.   

 

Challenges to overcome in future work: 

• Au(I) species could still be identified by XPS for the AuNPs despite dialysis. This 

could be improved by varying the amount of ligand present, the amount of 

reducing agent, the type of reducing agent (e.g. milder reagents such as formic 

acid, citrate) or the method of synthesis. In situ 1H NMR for the reduction of the 

Au(I) NHCs could also be useful to identify any possible intermediates.  

• The induction time present in AuNP-1 could also be removed by varying the 

addition sequence of the reagents. This has been reported by Chakraborty et 

al.414 who found that by adding 4-nitrophenol and NaBH4 to the aqueous solution 

before the AuNPs, both reagents could adsorb together onto the NP surface 

avoiding the induction time. 

• Future work should optimise the immobilisation of the titania catalysts by different 

methods such as addition of acid. However, it should be noted that immobilisation 

of the NHC@AuNPs did not increase the catalytic performance compared to the 

unsupported NPs as expected, especially for AuNP-1/TiO2. Nevertheless, 

AuNP-2/TiO2 did show NPs of smaller size and greater particle size distribution 

compared to AuNP-1/TiO2.  

• AuNP-2/TiO2 also suffered with Au leaching during the recycling of the AuNPs 

for the reduction of 4-nitrophenol. Therefore, to improve the stability of the AuNPs 

on titania, metal-support interactions can be enhanced by heating the sample,416 

although the temperature used must be carefully balanced to avoid removal of all 

surface ligands.  
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Future perspectives for these NHC@AuNPs include improving the catalyst stability and 

gaining a greater understanding of the role that the NHC ligand plays. This can be 

explored by characterising the AuNPs under their operating conditions, including in 

situ/operando studies to help understand the reaction mechanism, immobilisation 

process and leaching of the AuNPs.389  

Another area that we are keen to explore involves investigating the catalytic 

performance of the NHC@AuNPs in more biologically relevant reactions, such as 

bioorthogonal uncaging reactions, and also investigating the effect of altering the NP 

shape e.g. nanorod for bioimaging applications. Studies into the biological activity of 

AuNP-2 as PTT agents is currently underway with collaborators.  
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8.4. Materials and Methods 
8.4.1. General 

Solvents and reagents (reagent grade) were all commercially available and used without 

further purification. 1H and 13C{1H} NMR spectra were recorded in D2O solution on Bruker 

Avance (400-500 MHz) NMR spectrometers. ESI-MS spectra were recorded on Synapt 

G2 Si time-of-flight (TOF) mass spectrometer (Waters). UV-Vis spectra were recorded 

on a Cary 60 UV-Vis spectrometer from Agilent Technologies. Fourier-transform infrared 

attenuated total reflectance (FTIR-ATR) spectroscopy was carried out on a Shimadzu 

IRAffinity-1S FT-IR spectrophotometer equipped with an ATR unit. TG measurements 

were performed on a PerkinElmer Pyris TGA by Dr. Greg Shaw. XPS was performed on 

a Thermo K-alpha+ X-ray photoelectron spectrometer by Dr. David Morgan and analysis 

was performed using CasaXPS software Version 2.3.21 (rev1.0W). TEM images were 

obtained on a JEOL 2100 Transmission Electron Microscope by Dr. Thomas Davies, and 

the images were then analysed using ImageJ software.417 ICP-MS was performed on a 

Agilent 7900 by Mr. Simon Waller. 

 

8.4.2. NHC-L and Au(I) NHC synthesis 
NHC-L1 was formed according to a literature procedure.386 

1-butylimidazole (1.28 mL, 0.97 mmol, 1 eq.) and 1,3-propane sultone (5.92 g, 4.85 

mmol, 5 eq.) were added to a flask under nitrogen, before the addition of dry acetone 

(25 mL). This was then left to stir under nitrogen at room temperature for 24 h, producing 

an off-white precipitate. The precipitate was then separated by filtration and washed with 

acetone (~50 mL). The clean product was obtained in a 95% yield (2.2819 g). 
1H NMR (400 MHz, D2O) δ 8.83 (s, 1H), 7.57 – 7.50 (m, 2H), 4.41 – 4.33 (m, 2H), 4.25 

– 4.17 (m, 2H), 2.96 – 2.88 (m, 2H), 2.39 – 2.27 (m, 2H), 1.92 – 1.80 (m, 2H), 1.38 – 

1.25 (m, 2H), 0.92 (t, J = 7.4 Hz, 3H). 
13C{1H} NMR (101 MHz, D2O) δ 135.40, 122.56, 122.26, 49.38, 47.71, 47.17, 31.14, 

25.05, 18.73, 12.58. 

HR-ESI-MS (H2O, pos. mode) for C10H19N2O3S+: exp. 247.1437 (calc. 247.1116). 

 
NHC-L2 was formed by slight modification of a literature procedure.387  

Bis(imidazol-1-yl)methane (296 mg, 2 mmol, 1 eq.) was added to a flask along with 

acetone (30 mL). This was left to stir at 0 °C, whilst in another flask 1,3-propane sultone 

(546 mg, 4.4 mmol, 2 eq.) and acetone (30 mL) were added. The propane sultone 

solution was then slowly added to the cold bis(imidazol-1-yl)methane solution. Upon 

completion, the reaction mixture was allowed to warm to room temperature before 

increasing the temperature to 50 °C. This was then left to stir for 5 d. The solvent was 

then removed under reduced pressure to afford a white solid which was then re-
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suspended in methanol (~20 mL) before filtering. The resulting solid was subsequently 

washed with acetone to yield the product in 66% yield (517 mg). 
1H NMR (500 MHz, D2O) δ 9.35 (s, 2H), 7.82 (d, J = 1.4 Hz, 2H), 7.73 (d, J = 1.5 Hz, 

2H), 6.73 (s, 2H), 4.47 (t, J = 7.2 Hz, 4H), 2.97 (t, J = 7.3 Hz, 4H), 2.41 – 2.34 (m, 4H). 
13C{1H} NMR (101 MHz, D2O) δ 137.19, 123.80, 122.26, 58.90, 48.48, 47.14, 24.75. 

HR-ESI-MS (H2O, pos. mode) for C13H21N4O6S2
+: exp. 393.1096 (calc. 393.0902). 

 

AuNHC-1 was formed by modification of a literature procedure.388 

A mixture of NHC-L1 (240 mg, 1 mmol, 1 eq.) and Ag2O (230 mg, 1 mmol, 1 eq.) were 

added to a flask under nitrogen, before the addition of dry MeOH (6 mL). This was stirred 

at 50 °C in darkness, overnight and under nitrogen. NaCl (58 mg, 1 mmol, 1 eq.) was 

then added, and the mixture was left to stir at room temperature for 30 min. This was 

then passed through a short Celite® pad until a clear, yellow solution was obtained. The 

solution was then added to a flask along with Au(SMe2)Cl (145 mg, 0.5 mmol, 0.5 eq.) 

and this was left to stir overnight at room temperature in darkness. The mixture was then 

passed through another Celite® pad, followed by vacuum evaporation of the solvent. 

The crude product was purified by precipitation of impurities from a concentrated 

aqueous solution with addition of methanol. The pure product was obtained as an off-

white solid with a yield of 34% (119 mg). 
1H NMR (500 MHz, D2O) δ 7.21 (d, J = 9.0 Hz, 4H), 4.22 (t, J = 6.9 Hz, 4H), 4.09 (t, J = 

7.0 Hz, 4H), 2.79 (t, J = 7.8 Hz, 4H), 2.31 – 2.17 (m, 4H), 1.75 (t, J = 7.1 Hz, 4H), 1.28 – 

1.12 (m, 4H), 0.79 (t, J = 7.4 Hz, 6H). 
13C{1H} NMR (126 MHz, D2O) δ 182.72, 121.88, 121.54, 50.69, 49.17, 47.81, 32.90, 

26.43, 19.17, 12.96. 

HR-ESI-MS (H2O, pos. mode) for C20H35AuN4NaO6S2
+: exp. 711.1613 (calc. 711.1561). 

 

AuNHC-2 was formed by modification of a literature procedure.385 

NHC-L2 (209 mg, 0.53 mmol, 1 eq.) was dissolved in deionised water (10 mL), and Ag2O 

(123 mg, 0.53 mmol, 1 eq.) was added. After the suspension was stirred at 50 °C for 2 

h, NaCl (34 mg, 0.58 mmol, 1.1 eq.) was added and the mixture was stirred for a further 

30 min at room temperature. After filtration over Celite®, Au(SMe2)Cl (157 mg, 0.53 

mmol, 1 eq.) was added to the clear solution and this was stirred at room temperature 

overnight. The solvent was then removed and this procedure was repeated once more 

assuming only one Au-NHC complex had been formed. The solvent was then removed 

at 45 °C under reduced pressure, before the addition of DI H2O (~5 mL) and a large 

excess of methanol (~20-30 mL). This was then left in the fridge for 2 days before 
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filtering. The filtrate was then evaporated to yield the product as an off-white solid (146 

mg, 45%). 
1H NMR (400 MHz, D2O) δ 7.55 (s, 2H), 7.40 (d, J = 2.1 Hz, 4H), 7.01 (d, J = 14.0 Hz, 

2H), 6.19 (d, J = 13.4 Hz, 2H), 4.39 – 4.30 (m, 8H), 2.92 – 2.82 (m, 8H), 2.35 – 2.24 (m, 

8H). 
13C{1H} NMR (126 MHz, D2O) δ 183.21, 122.83, 121.35, 62.98, 49.88, 47.57, 26.20. 

HR-ESI-MS (H2O, pos. mode) for C26H39Au2N8O12S4
+: exp. 1177.0804 (calc. 1177.0901). 

 

8.4.3. NHC@AuNP synthesis 
The same ‘bottom-up’ method was employed to form both the gold nanoparticles: AuNP-
1 and AuNP-2. 

The starting Au(I) NHC complex (50 mg, 1 eq.) was dissolved in deionised H2O (5 mL) 

at room temperature with medium stirring. A freshly prepared aqueous NaBH4 solution 

(10 eq., 1 mL) was added quickly resulting in a darkening of the reaction solution. This 

was then left to stir for 24 h at room temperature. The resulting aqueous solution of 

AuNPs were then purified by dialysis using treated cellulose dialysis membrane (Sigma-

Aldrich, D9652) (see 8.4.4.) with a molecular weight cut off of 14,000 Da.  

 
AuNP-1 
1H NMR (500 MHz, D2O) δ 7.21 (d, J = 1.9 Hz, 2H), 7.19 (d, J = 1.9 Hz, 2H), 4.28 (t, J = 

6.7 Hz, 4H), 4.16 (t, J = 6.8 Hz, 4H), 2.84 – 2.79 (m, 4H), 2.31 – 2.22 (m, 4H), 1.85 – 

1.76 (m, 4H), 1.29 – 1.18 (m, 4H), 0.83 (t, J = 7.4 Hz, 6H). 
13C{1H} NMR (126 MHz, D2O) δ 182.90, 121.72, 121.35, 50.62, 49.09, 47.78, 32.78, 

26.32, 19.06, 12.88. 

 
AuNP-2  
1H NMR (500 MHz, D2O) δ 7.72 (d, J = 2.2 Hz, 1H), 7.66 (d, J = 2.1 Hz, 1H), 7.63 (d, J 

= 2.2 Hz, 1H), 7.60 (d, J = 2.2 Hz, 1H), 7.56 (d, J = 1.3 Hz, 1H), 7.48 (d, J = 2.1 Hz, 1H), 

7.46 (d, J = 2.1 Hz, 7H), 7.41 (d, J = 2.1 Hz, 1H), 7.31 (d, J = 2.0 Hz, 13H), 6.92 (d, J = 

14.0 Hz, 6H), 6.65 – 6.53 (m, 10H), 6.10 (d, J = 14.1 Hz, 6H), 4.42 – 4.20 (m, 10H), 2.90 

– 2.73 (m, 11H), 2.32 – 2.16 (m, 8H). 
13C{1H} NMR (126 MHz, D2O) δ 183.20, 122.81, 121.33, 62.98, 49.88, 47.56, 26.18. 

 

8.4.4. Dialysis procedure 
The procedure for dialysis was adapted from a visual tutorial reported by Low and 

Bansal.418 The dialysis membranes (Sigma-Aldrich) chosen had a typical molecular 

weight cut off of 14,000 Da, however they required treating prior to their use. The dialysis 

membrane was first cut to its desired length depending on the amount of NP solution (~ 
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10 cm for 5 mL solution). The membrane was then placed in a 1 L beaker ¾ filled with 

MilliQ H2O which was vigorously stirred to remove glycerol. The water was changed 

every hour, four times. In order to remove sulfur compounds, the membranes were 

treated with a 0.3% (w/v) solution of sodium sulfide at 80 °C for 1 min, before transfer 

into a beaker of MilliQ H2O at 60 °C for 2 min. The membranes were next acidified with 

0.2% (v/v) solution of sulfuric acid at room temperature, before transferring into another 

beaker of MilliQ H2O at 60 °C to remove the acid. All steps required stirring of the 

membranes in the solutions. 

 The aqueous NP solution could then be transferred to the treated membranes, 

by firstly adding a dialysis clip to one end and then filling with the solution. The second 

dialysis clip was then added to the other end to create a dialysis bag. This was then 

placed in a 1L beaker ¾ filled with MilliQ H2O and left to stir for 6 h or overnight (Figure 

124). After this time the MilliQ H2O was replenished and this was repeated three times. 

The AuNP solution was then removed from the dialysis bag, filtered and then lyophilised. 

 

 
Figure 124 – Dialysis procedure to remove Au(I)NHC complexes from the NHC@AuNPs. 

 

8.4.5. UV-Vis Stability Studies 
Stability studies were recorded from 1000-330 nm with an average time of 0.1 sec, 

interval of 0.5 nm and scan rate of 300 nm/min. The studies were performed using 0.43 

– 0.6 mg of AuNP-1 and 0.29 – 0.34 mg of AuNP-2 to achieve an absorbance ca. 0.8 

for the SPR band. The stability studies were completed in MilliQ water (500 μL), PBS 1x 

(500 μL, pH 7.4) and PBS 1x (500 μL) with 2 mM GSH. A background of the solutions 

without the AuNPs were performed prior to the study. The stability studies were obtained 

using the advanced collect function on the Cary scanning kinetics software. Studies in 

MilliQ water and PBS 1x were performed with 2 stages and 33 cycles. Stage 1 had a 

cycle of 15 min and stopped at 60 min; stage 2 had a cycle of 30 min and stopped after 

900 min. Studies in PBS 1x with 2 mM GSH were monitored for longer with 2 stages and 

51 cycles. Stage 1 had a cycle of 10 min for 60 min; stage 2 had a cycle of 30 min and 
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stopped after 1380 min. After the stability study was performed the cuvette was shaken 

to redissolve any precipitate formed over time. A single scan was then performed using 

the same set-up to observe the effects of this.   

 

8.4.6. UV-Vis Kinetic study for 4-nitrophenol reduction reaction 
Nitrophenol reduction reactions were monitored by UV-Vis spectroscopy from 820-

370/300 nm with an average time of 0.1 s, interval of 1 nm and scan rate of 600 nm/min. 

The experiments were performed using 0.2 mg of AuNP-1 and 0.275 mg of AuNP-2, 
respectively. A background scan of MilliQ water was performed and the UV-Vis kinetic 

study was set up to measure every 30 sec over 360 min, however this was stopped once 

the 400 nm peak was no longer decreasing in absorbance. A 4-nitrophenol aqueous 

solution of 3 mM (4 mg in 10 mL) was then prepared and 100 μL of this was added to a 

cuvette containing the NPs and 1.9 mL of MilliQ water. An aqueous 30 mM (11.3 mg in 

10 mL) solution of NaBH4 was then freshly prepared and 1 mL was quickly added to the 

cuvette whilst starting the analysis. The overall concentration of nitrophenol and NaBH4 

in the cuvette was 0.1 mM and 10 mM, respectively. The reduction reactions of 2- and 

3-nitrophenol were performed using the same method and using ~0.5 mg of NPs. The 

TiO2 supported AuNPs were also monitored using this method with 2.4 mg of catalyst.  

 Calibration plots of 3- and 2-nitrophenol were also obtained by plotting the 

absorbance at 385 cm-1 and 415 cm-1, respectively, at different concentrations (0.01 mM, 

0.02 mM, 0.05 mM and 0.1 mM). The same equations were then used as seen in 8.2.3.1. 

to determine the rate constant. 

 

8.4.7. Pre-treatment of AuNP-1 and AuNP-1/TiO2 
AuNP-1 (0.4 mg) was added to the cuvette along with 0.9 mL of MilliQ water and 1 mL 

of a 30 mM aqueous NaBH4 solution. A UV-Vis kinetic study was then set up to measure 

every 30 sec over 16 min. After this time the cuvette was left uncovered for 1 h. The 4-

nitrophenol reduction reaction was then performed directly on this solution by the 

addition of 100 μL of 4-nitrophenol aqueous solution (3 mM) and the fast addition of 1 

mL of a freshly prepared NaBH4 solution (30 mM). Again, the UV-Vis kinetic study was 

set up to measure every 30 sec over 360 min, however was stopped once the 400 nm 

peak had flattened. The same procedure was followed for the pre-treatment of AuNP-
1/TiO2 except 2.4 mg of catalyst was used. 

 

8.4.8. Synthesis of supported NHC@AuNPs 
The supported NHC@AuNPs were formed by dissolving in MilliQ water with stirring 

before addition of the support, the quantities of which can be found in Table 21.  
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Table 21 – Quantities of NHC@AuNP and support (TiO2 or activated C) required to form 

supported NPs, along with volume of MilliQ water used as the solvent. 

NHC@AuNP Support MilliQ H2O 

Volume (mL) Type Mass (mg) Type Mass (mg) 

AuNP-1 7.5 TiO2 75 30 

AuNP-1 2 Act. C 20 10 

AuNP-2 7.6 TiO2 76 30 

AuNP-2 4.1 Act. C 41 20 

 

The NPs supported on carbon also required the addition of a few drops of sulfuric acid 

to facilitate the immobilisation. The mixtures were then left to stir overnight at room 

temperature before filtering. The NPs were then washed with water and left to dry in air 

overnight. Due to the addition of acid for the carbon supported NPs, the washing 

proceeded until a neutral pH of the filtrate was achieved.
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9. Overall Conclusions 
The overall aim of this research was to explore the topic of metal-templated reactions in 

aqueous environment by gold-based catalysts for future applications in chemical biology, 

therapy and/or imaging. Part A of this thesis focused on a series of organometallic Au(III) 

cyclometalated complexes to template cross-coupling reactions in mild/biological 

conditions. In part B, a heterogenous catalysis approach has been selected, whereby 

water-soluble gold nanoparticles stabilised by N-heterocyclic carbene (NHC) ligands 

have been investigated for potential use in both biomedicine and catalysis. 

 

Part A 
Chapter 5 is based on two publications305,308 and included the exploration of Au(III) 

cyclometalated complexes to mediate the C-S cross-coupling reaction via reductive 

elimination, resulting in cysteine (cys) arylation with peptide substrates. The first series 

of complexes of general formula [Au(C^N)Cl2] (C^N = CCON (2-benzoylpyridine), CCH2N 

(2-benzylpyridine), CNHN (N-phenylpyridin-2-amine) and C^N (2-phenylpyridine)), were 

studied for their interactions with different peptidic domains, including zinc finger 

peptides, using high-resolution liquid chromatography electrospray ionisation mass 

spectrometry (HR-LC-ESI-MS). The reactivity of the complexes towards cysteine 

arylation increased in the order C^N < CNHN < CCH2N < CCON. To understand the 

mechanism of this reaction, density functional theory (DFT) and quantum 

mechanics/molecular mechanics (QM/MM) calculations were also used, whose 

suggestions aligned well with the experimental results. The mechanism proposed by 

DFT calculations revealed that the decoordination of the pyridyl nitrogen from the Au(III) 

centre, producing the intermediate (I) [Au(III)(C^N)(Cys)2Cl]-, was essential to template 

the formation of the C-S bond via reductive elimination.  

The second study included in Chapter 5 enlarged the library of cyclometalated 

Au(III) complexes to include bidentate [Au(CSN)Cl2] (CSN = 2-(phenylthiol)pyridine), 

[Au(CON)Cl2] (2-phenoxypyridine), but also tetradentate [Au(C^N^N)Cl][PF6] (C^N^N = 

6-(1,1-dimethylbenzyl)-2,2’-bipyridine) compounds. Different peptides were also 

investigated to determine whether the complexes displayed any chemoselectivity 

towards cysteine residues, including their positioning within the peptide chain. This was 

proven to be the case, with the [Au(C^N)Cl2] complexes exhibiting cysteine arylation with 

the ANGELACASINI peptide, but not with the CASINI peptide featuring an N-terminal 

cysteine residue. Of note, the [Au(C^N^N)Cl][PF6] complex only formed coordination 

adducts of the type [peptide+Au(C^N^N)]. The chemoselectivity of the Au(III) compounds 

was investigated further using the peptides LFRANKALK and [Leu5]Enkephalin, lacking 

cysteine residues. The obtained results showed that, whilst Au(III) coordination adducts 
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of the type [peptide+(AuC^N)] could be formed, none of the compounds could lead to C-

X (X = N, O) cross-coupling reactions with other amino acidic residues.  

Inspired by the success of the Au(III) cyclometalated C^N complexes to template 

C-S reductive elimination, we set our sights on another cross-coupling reaction, namely 

C-P bond formation described in Chapter 6. The obtained results were also recently 

published.341 The reaction was first optimised with the most reactive complex from the 

C-S studies, [Au(CCON)Cl2]. The latter was added to 1,3,5-triaza-7-phosphaadamantane 

(PTA) in acetone at room temperature, yielding the expected phosphonium product in a 

high yield. Remarkably, the reaction could also efficiently proceed in water at room 

temperature. The mechanism of the reaction, including the identification of key 

intermediates, was then explored using 31P{1H} NMR (nuclear magnetic resonance) 

monitoring studies, HR-ESI-MS and DFT calculations. The results were in line with the 

hypothesis made in the case of the C-S cross-coupling, with the initial coordination of 

the PTA trans to the pyridyl N, before the approach of a second PTA ligand to induce N 

decoordination from the Au(III) centre prior to reductive elimination. The reaction was 

also studied with other Au(III) cyclometalated complexes, [Au(C^N)Cl2] (C^N = CCH2N, 

CNHN), and followed the same trend in reactivity as seen for the C-S cross-coupling work, 

with [Au(CCON)Cl2] showing the highest propensity to undergo reductive elimination, 

followed by [Au(CCH2N)Cl2] and [Au(CNHN)Cl2]. 

 Finally, the Au(III) cyclometalated complex [Au(CCH2N)Cl2] was challenged to 

mediate the C(sp2)-C(sp) cross-coupling reaction with silver phenylacetylide (AgPhCC) 

in mild conditions. The obtained results are included in Chapter 7 and also recently 

published.373 Using the knowledge we had gained from the C-S and C-P cross-coupling 

work, the mechanism and intermediates of reaction were also investigated using 1H NMR 

monitoring studies. After identification of three unknown intermediates from the 1H NMR, 

isolation of the key species was attempted by adapting the C-C cross-coupling 

procedure. This led to the identification of two of the intermediates, confirmed by 1H, 13C, 

2D NMR, HR-ESI-MS and X-ray diffraction (XRD) analysis. Of note, the mechanism of 

C-C cross-coupling featured a substantial difference with respect to the C-S and C-P 

reactions. This is due to the formation of an additional π-complex intermediate in the C-

C cross-coupling reaction after the reductive elimination step, whereby the C≡C is π-

coordinated to the Au(I) co-product. The product is then released by dissociation of the 

alkyne, which is thermodynamically favoured, featuring a relatively low activation energy 

barrier. The experimental data was also supported by DFT calculations, further 

contributing to the understanding of the reductive elimination process and possible 

reaction coordinates. Additionally, the [Au(CCH2N)Cl2] was able to successfully perform a 

C(sp2)-C(sp2) reaction with a vinyl tin and heteroaryl zinc complex. 
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 Overall, part A has demonstrated the great versatility of organometallic Au(III) 

cyclometalated complexes to template different cross-coupling reactions in mild reaction 

conditions. Presently, our group is also working on the applicability of the same Au(III) 

complexes for C-Se cross-coupling reactions. These would be relevant to selectively 

target seleno-enzymes involved in cancer cells redox metabolism. It should also be 

highlighted that the Au(III) templated reactions addressed in this work are not catalytic 

in nature. In fact, only the reductive elimination process is taken into account and 

stoichiometric amounts of Au(III) complexes are necessary. A typical cross-coupling 

reaction relies on the principle that the metal involved can cycle between at least two 

oxidation states, e.g. Au(I/III) or Pd(0/II), and involves several elemental steps including: 

oxidative addition, transmetalation and reductive elimination, as shown in Scheme 33.419  

 

 
Scheme 33 - Typical transition-metal-catalysed cross-coupling reaction, adapted from ref. 419 

 

Although Au(I/III) and Pd(0/II) are isoelectronic and share the same number of d 

electrons, the redox potential of the Au(III/I) couple is much higher compared to the 

Pd(II/0) couple (E0(AuIII/I) = 1.41 V vs. E0(PdII/0) = 0.92 V).419 This results in the higher 

propensity for Au(III) to be reduced to Au(I) or metallic Au, favouring reductive 

elimination, whilst oxidative addition from Au(I) to Au(III) is more thermodynamically 

challenging.420  

Although examples of oxidative addition with Au(I) are rare, in recent years there 

have been more reports on the controlled oxidation by halogens or sacrificial oxidants, 

such as As(V) salts or I(III) reagents, of oxidative addition at Au(I) centers.420 More 

recently, the use of bidentate ligands to coordinate Au(I) with a tight bite angle of ca.     

90 ° has proven to be efficient to allow Ar-X oxidative addition to occur, as reported by 

the groups of Bourissou421–423 and Russell.424–426 See Scheme 34 for an example of this 
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Au(III)/Au(I) catalysis. An alternative method has also been described by Toste and co-

workers whereby oxidative addition of CF3I to Au(I) can be photoinitiated by near-

ultraviolet (UV) light (λmax = 313 nm).427 These successful examples hold promise for 

future applications of Au homogenous catalysts in cross-coupling reactions to not only 

replicate the well-known Pd catalysts, but to offer a difference in reactivity and 

chemoselectivity. In general, Au has greater tolerance to different functional groups and 

performs catalysis under milder conditions than Pd; therefore, this can result in a greater 

versatility of substrates, as well as variations in selectivity of the products formed.424 

   

 

 
Scheme 34 – Example of an oxidative addition reaction using [bipyAu(C2H4)][NTf2] and Ar-X, as 

reported by Russell and co-workers.424 

 

Part B 
Chapter 8 involved the ‘bottom-up’ synthesis of water-soluble gold nanoparticles 

stabilised by NHC ligands (NHC@AuNPs). To this aim, first the synthesis of two water-

soluble Au(I) NHC complexes featuring imidazolium scaffolds with sulfonate groups was 

achieved. The two formed nanoparticles, AuNP-1 and AuNP-2, were purified by dialysis 

before extensive characterisation. The latter included techniques to assess the size, 

shape and composition of the NPs, as well as their stability in biologically relevant media. 

The catalytic performance of the AuNPs was also evaluated for the reduction of 4-

nitrophenol. Attempts to immobilise the water-soluble NHC@AuNPs on two types of 

support (activated carbon and titania) were also performed; however, this did not result 

in an increase in catalytic performance. Preliminary ongoing studies in our group are also 

evaluating the potential of NHC@AuNPs to perform more biocompatible catalysis. For 

example, we have recently explored the reactivity of AuNP-2 to activate the non-

fluorescent proc-rhodamine 110 (bis-N,N’-propargyloxycarbonyl-rhodamine 110) to form 

rhodamine 110, a fluorescent dye, by O-depropargylation (Scheme 35). This was 

inspired by the work of Unciti-Broceta and co-workers, who successfully performed the 

reaction with their solid-supported AuNPs in physiologically relevant conditions.202 

Unfortunately, preliminary studies using AuNP-2 and supported AuNP-2/TiO2 have been 
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unsuccessful. Thus, further work is needed to assess whether this is an issue of 

optimisation or catalytic performance. 

 

 
Scheme 35 – O-depropargylation reaction of bis-N,N’-propargyloxycarbonyl-rhodamine 110 to 

form rhodamine 110, mediated by AuNPs as reported by Unciti-Broceta and co-workers.202 
 

Overall, this work has demonstrated the great potential of these water-soluble 

NHC@AuNPs for catalytic reactions, in particular bioorthogonal reactions, due to their 

high stability in biologically relevant media. However, future work should focus on 

improving the stability of the AuNPs against leaching during catalysis, which could be 

due to the formation of a Au(I) layer on the surface, particularly evident for AuNP-2. 

Instability of AuNPs formed by the ‘bottom-up’ approach due to the formation of a Au(I) 

layer has already been reported,260,263,394 including by Crudden and co-workers258.  

During our study, we also speculated that a change in composition of the AuNPs 

was occurring during the catalytic reaction; therefore, in situ characterisation methods 

should be applied in future studies, such as environmental transmission electron 

microscopy (TEM) or in situ Fourier-transform infrared (FT-IR) spectroscopy.389 

Furthermore, other characterisation techniques can be utilised to investigate the binding 

of the NHC to the AuNP surface, such as surface-enhanced Raman spectroscopy 

(SERS), which has been pioneered by Camden, Jenkins and co-workers.428,429  

Another area to be considered in the future is the formation of NHC@AuNP with 

different shapes, such as Au nanorods (AuNRs). To the best of my knowledge, Johnson 

and co-workers297 published the first and only example of AuNRs stabilised by NHC 

ligands, which have great potential in biomedicine. This is particularly true in areas such 

as photothermal therapy (PTT) due to the ability of AuNRs to absorb light in the near-

infrared range (NIR), which is less damaging than UV light, yet can still penetrate tissues 

in vivo.287 Ongoing collaborative studies are in progress to assess the suitability of our 

NHC@AuNPs for PTT applications.  
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Appendix 
 

Supplementary Material: Chapter 5 

 

 

Figure S1 - 1H NMR of [Au(CCON)Cl2] in DMSO-d6. 

 

Figure S2 - 1H NMR of [Au(CCH2N)Cl2] in acetone-d6. 
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Figure S3 - 1H NMR of [Au(CNHN)Cl2] in DMSO-d6. 

 

 

 

Figure S4 - 1H NMR of [Au(C^N)Cl2] in DMSO-d6. 
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Figure S5 - 1H NMR of [Au(CSN)Cl2] in DMSO-d6. 

 

 

 

Figure S6 - 1H NMR of [Au(CON)Cl2] in DMSO-d6. 
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Figure S7 - HPLC-ESI-MS spectra of the reaction of [Au(CCH2N)Cl2] with the Zn-ZF domain (3:1 
ratio) after 10 min or 24 h incubation at 37°C in (NH4)2CO3 buffer (25 mM, pH 7.4). Figure from 
ref 305. Copyright 2019, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.305 

 

 

Figure S8 - HPLC-ESI-MS spectra of the reaction of [Au(CNHN)Cl2] with the Zn-ZF domain (3:1 
ratio) after 10 min or 24 h incubation at 37°C in (NH4)2CO3 buffer (25 mM, pH 7.4). Figure from 
ref 305. Copyright 2019, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.305 
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Figure S9 – HPLC-ESI-MS spectra of the reaction of [Au(C^N)Cl2] with the Zn-ZF domain (3:1 
ratio) after 10 min or 24 h incubation at 37°C in (NH4)2CO3 buffer (25 mM, pH 7.4). Figure 

modified from ref 305. Copyright 2019, John Wiley and Sons 
https://creativecommons.org/licenses/by/4.0/.305 
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Figure S10 - Representative chromatograms of the individual HPLC-ESI-MS experiments of 
Cys2His2 with each Au(III) complex in a 1:3 ratio for either 30 min (left) or 24 h (right) incubation 

at 37 °C. The ‘star’ labelled peaks correspond to the free peptide, while the ‘square’ labelled 
peaks correspond to the analysed Au complex/peptide adducts. Figure modified from ref 308. 

Copyright 2020, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.308 
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Figure S11 - HPLC-ESI-MS analysis of the reaction of [Au(CCON)Cl2] with the ZF Cys2His2 
model peptide (3 : 1 ratio) after 30 min incubation at 37 °C recorded at retention times (RTs) 

3.96 min and 4.25 min. Comparison between the experimental isotopic patterns of 
representative adducts with the theoretical values.308 
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Figure S12 - HPLC-ESI-MS analysis of the reaction of [Au(CSN)Cl2] with the ZF Cys2His2 model 
peptide (3 : 1 ratio) after 30 min incubation at 37 °C recorded at retention times (RTs) 4.03 min 

and 4.39 min. Comparison between the experimental isotopic patterns of representative 
adducts with the theoretical values. Figure modified from ref 308. Copyright 2020, John Wiley 

and Sons https://creativecommons.org/licenses/by/4.0/.308 
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Figure S13 - HPLC-ESI-MS analysis of the reaction of [Au(CON)Cl2] with the ZF Cys2His2 model 
peptide (3 : 1 ratio) after 30 min incubation at 37 °C recorded at retention times (RTs) 3.74 min 

and 3.91 min. Comparison between the experimental isotopic patterns of representative 
adducts with the theoretical values. Figure modified from ref 308. Copyright 2020, John Wiley 

and Sons https://creativecommons.org/licenses/by/4.0/.308 

 



 

 220 

 

Figure S14 - HPLC-ESI-MS analysis of the reaction of [Au(C^N^N)Cl] with the ZF Cys2His2 
model peptide (3 : 1 ratio) after 30 min incubation at 37 °C recorded at retention time 3.86 min. 

Comparison between the experimental isotopic patterns of representative adducts with the 
theoretical values. Figure from ref 308. Copyright 2020, John Wiley and Sons 

https://creativecommons.org/licenses/by/4.0/.308 
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Figure S15 -  HPLC-ESI-MS analysis of the reaction of [Au(CCON)Cl2] with AC model peptide (1 
: 1 ratio) after 30 min incubation at 37 °C recorded at retention times (RTs) 5.15 min and 5.60 

min. Comparison between the experimental isotopic patterns of representative adducts with the 
theoretical values.308 
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Figure S16 - HPLC-ESI-MS analysis of the reaction of [Au(CSN)Cl2] with AC model peptide (1 : 
1 ratio) after 30 min incubation at 37 °C recorded at retention times (RTs) 5.25 min and 5.44 

min. Comparison between the experimental isotopic patterns of representative adducts with the 
theoretical values. Figure modified from ref 308. Copyright 2020, John Wiley and Sons 

https://creativecommons.org/licenses/by/4.0/.308 

 



 

 
 223 

 

Figure S17 - HPLC-ESI-MS analysis of the reaction of [Au(C^N^N)Cl] with AC model peptide (1 : 
1 ratio) after 30 min incubation at 37 °C recorded at retention time 4.78 min. Comparison 
between the experimental isotopic patterns of representative adducts with the theoretical 

values. Figure from ref 308. Copyright 2020, John Wiley and Sons 
https://creativecommons.org/licenses/by/4.0/.308 

 

 

 

 

 

 

Figure S18 - HPLC-ESI-MS analysis of the reaction of [Au(CCON)Cl2] with C model peptide (1 : 1 
ratio) after 30 min incubation at 37 °C recorded at retention time 5.20 min. Comparison between 
the experimental isotopic patterns of representative adducts with the theoretical values. Figure 

from ref 308. Copyright 2020, John Wiley and Sons 
https://creativecommons.org/licenses/by/4.0/.308 
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Figure S19 - HPLC-ESI-MS analysis of the reaction of [Au(CSN)Cl2] with C model peptide (1 : 1 
ratio) after 30 min incubation at 37 °C recorded at retention time 5.29 min. Comparison between 
the experimental isotopic patterns of representative adducts with the theoretical values. Figure 

from ref 308. Copyright 2020, John Wiley and Sons 
https://creativecommons.org/licenses/by/4.0/.308 
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Figure S20 - HPLC-ESI-MS analysis of the reaction of [Au(CON)Cl2] with C model peptide (1 : 1 
ratio) after 30 min incubation at 37 °C recorded at retention times (RTs) 5.19 min and 6.90 min. 

Comparison between the experimental isotopic patterns of representative adducts with the 
theoretical values. Figure from ref 308. Copyright 2020, John Wiley and Sons 

https://creativecommons.org/licenses/by/4.0/.308 
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Figure S21 - HPLC-ESI-MS analysis of the reaction of [Au(C^N^N)Cl] with C model peptide (1 : 1 
ratio) after 30 min incubation at 37 °C recorded at retention time 4.78 min. Comparison between 
the experimental isotopic patterns of representative adducts with the theoretical values. Figure 

from ref 308. Copyright 2020, John Wiley and Sons 
https://creativecommons.org/licenses/by/4.0/.308 

 

 

 

 

 

 

Figure S22 - HPLC-ESI-MS analysis of the reaction of [Au(CCON)Cl2] with GSH (3 : 1 ratio) after 
24 h incubation at 37 °C. Comparison between the experimental isotopic patterns of 

representative adducts with the theoretical values. Figure from ref 308. Copyright 2020, John 
Wiley and Sons https://creativecommons.org/licenses/by/4.0/.308 
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Figure S23 - HPLC-ESI-MS analysis of the reaction of [Au(CCON)Cl2] with L model peptide (3 : 1 
ratio) after 30 min incubation at 37 °C recorded at retention time 4.37 min. Comparison between 
the experimental isotopic patterns of representative adducts with the theoretical values. Figure 

from ref 308. Copyright 2020, John Wiley and Sons 
https://creativecommons.org/licenses/by/4.0/.308 

 

 

 

 

 

Figure S24 - HPLC-ESI-MS analysis of the reaction of [Au(CSN)Cl2] with L model peptide (3 : 1 
ratio) after 30 min incubation at 37 °C recorded at retention time 4.51 min. Comparison between 
the experimental isotopic patterns of representative adducts with the theoretical values. Figure 

from ref 308. Copyright 2020, John Wiley and Sons 
https://creativecommons.org/licenses/by/4.0/.308 
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Figure S25 - HPLC-ESI-MS analysis of the reaction of [Au(CON)Cl2] with L model peptide (3 : 1 
ratio) after 30 min incubation at 37 °C recorded at retention time 4.39 min. Comparison between 
the experimental isotopic patterns of representative adducts with the theoretical values. Figure 

from ref 308. Copyright 2020, John Wiley and Sons 
https://creativecommons.org/licenses/by/4.0/.308 

 

 

 

 

 

 

Figure S26 - HPLC-ESI-MS analysis of the reaction of [Au(CCON)Cl2] with LE model peptide (3 : 
1 ratio) after 30 min incubation at 37 °C recorded at retention time 6.62 min. Comparison 
between the experimental isotopic patterns of representative adducts with the theoretical 

values. Figure from ref 308. Copyright 2020, John Wiley and Sons 
https://creativecommons.org/licenses/by/4.0/.308 
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Figure S27 - HPLC-ESI-MS analysis of the reaction of [Au(CSN)Cl2] with LE model peptide (3 : 1 
ratio) after 30 min incubation at 37 °C recorded at retention time 5.44 min. Comparison between 
the experimental isotopic patterns of representative adducts with the theoretical values. Figure 

from ref 308. Copyright 2020, John Wiley and Sons 
https://creativecommons.org/licenses/by/4.0/.308 

 

 

 

 

Figure S28 - HPLC-ESI-MS analysis of the reaction of [Au(CON)Cl2] with LE model peptide (3 : 
1 ratio) after 30 min incubation at 37 °C recorded at retention time 6.84 min. Comparison 
between the experimental isotopic patterns of representative adducts with the theoretical 

values. Figure from ref 308. Copyright 2020, John Wiley and Sons 
https://creativecommons.org/licenses/by/4.0/.308
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Table S1 – List of the different adducts detected by HPLC-ESI-MS after 10 min and 24 h incubation of the ZF and the Au(III) cyclometalated complexes. The 
oxidation state of Au is +3 unless specified.305 

Complex Time Adduct Molecular Formula m/z 
experimental 

m/z 
theoretical 

Charge 
State 

[Au(CCH2N)Cl2] 10 min Apo-ZF+2AuCCH2N C151H218N41O39S2Au2 528.1343 528.0781 7+ 
Apo-ZF+3AuCCH2N C163H226N42O39S2Au3 579.9992 579.9453 7+ 

24 h Apo-ZF+AuCCH2N+CCH2N C151H219N41O39S2Au 499.9905 499.9453 7+ 
583.3246 583.2656 6+ 

Apo-ZF+2AuC CH2N C151H218N41O39S2Au2 528.1343 528.0781 7+ 
[Au(CNHN)Cl2] 10 min Apo-ZF+2AuCNHN C149H216N43O39S2Au2 528.2747 528.2266 7+ 

Apo-ZF+AuCNHN C138H209N41O39S2Au 555.4741 555.4219 6+ 
Apo-ZF+3AuCNHN C160H226N45O39S2Au3 580.2830 580.2266 7+ 

24 h Apo-ZF+AuCNHN+CNHN C149H217N43O39S2Au 500.2735 500.2266 7+ 
583.6514 583.6016 6+ 

Apo-ZF+2AuCNHN C149H216N43O39S2Au2 528.2747 528.2266 7+ 
Apo-ZF+AuCNHN C138H209N41O39S2Au 555.4741 555.4219 6+ 

[Au(CCON)Cl2] 10 min Apo-ZF+AuCCON+CCON C151H214N41O41S2Au 503.9332 503.9375 7+ 
587.7606 587.7578 6+ 

Apo-ZF+2AuCCON C151H212N41O41S2Au2 531.7865 531.7891 7+ 
Apo-ZF+AuCCON C139H207N40O40S2Au 557.4177 557.4141 6+ 

24 h Apo-ZF+AuCCON+CCON C151H215N41O41S2Au 503.9332 503.9375 7+ 
587.7606 587.7578 6+ 

Apo-ZF+2CCON C151H216N41O41S2 555.2665 555.2656 6+ 
Apo-ZF+3CCON C163H220N42O42S2 584.9181 584.9375 6+ 

[Au(C^N)Cl2] 10 min Apo-ZF C127H202N39O39S2 494.7648 494.7500 6+ 
593.5070 593.5000 5+ 

Apo-ZF+Au C127H201N39O39S2Au 527.4226 527.4063 6+ 
Apo-ZF+AuC^N C138H211N40O39S2Au 552.9266 552.9219 6+ 

24 h Apo-ZF C127H202N39O39S2 494.7648 494.7500 6+ 
593.5071 593.5000 5+ 

Apo-ZF+Au C127H201N39O39S2Au 527.4226 527.4063 6+ 
Apo-ZF+AuC^N C138H211N40O39S2Au 552.9369 552.9219 6+ 
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Table S2 - Experimental (Mexp) and theoretical (Mtheor) masses of the detected species during 
the individual HPLC-ESI-MS experiment of Cys2His2 model peptide after 24 h incubation. The 

oxidation state of Au is +3 unless specified.308 

Compound RT (mins) Species Mexp Mtheor Δppm 
[Au(CCON)Cl2] 3.64 [Apo-ZF+CCON+5H]6+ 524.9178 524.9248 13.33 

3.89 [Apo-ZF+2CCON+4H]6+ 555.0999 555.1003 0.72 

[Au(CSN)Cl2] 4.03 [Apo-ZF+CSN+5H]6+ 525.7515 525.7546 5.90 
[Apo-ZF+AuCSN+4H]6+ 558.4117 558.4144 4.83 

4.39 [Apo-ZF+2CSN+4H]6+ 556.5881 556.5930 8.80 

[Au(CON)Cl2] 3.66 [Apo-ZF+CON+5H]6+ 522.9238 522.9248 1.91 
[Apo-ZF+AuCON+4H]6+ 555.5796 555.5846 9.00 

4.00 [Apo-ZF+2CON+4H]6+ 551.2681 551.2673 1.45 
[Au(C^N^N)Cl]

+ 3.86 [Apo-
ZF+2AuCNN+2H]6+ 

650.9475 650.9465 1.54 

 

 

 

 

Table S3 - Experimental (Mexp) and theoretical (Mtheor) masses of the detected species during 
the individual HPLC-ESI-MS experiment of AC model peptide after 30 min incubation. The 

oxidation state of Au is +3 unless specified.308 

Compound RT 
(mins) 

Species Mexp Mtheor Δppm 

[Au(CCON)Cl2] 
 

5.15 [AC+AuCCON]2+ 776.3030 776.3042 1.55 
[AC+AuCCONCl+3H]2+ 795.2873 795.3004 16.47 

5.32 [AC+CCON+1H]2+ 678.3282 678.3248 5.01 

[Au(CSN)Cl2] 
5.25 [AC+AuCSN]2+ 778.2983 778.2927 7.19 

5.44 [AC+CSN+1H]2+ 680.3186 680.3134 7.64 
[AC+2AuCSN-2H]2+ 968.7899 968.7870 2.99 

[Au(CON)Cl2] 6.28 [AC+2AuCON-2H]2+ 952.8157 952.8099 6.09 
6.60 [AC+AuCON+CON-1H]2+ 854.8404 854.8306 11.46 

[Au(C^N^N)Cl]+ 4.78 [AC+AuCNN]2+ 821.8527 821.8434 11.32 
 

 

 

 

Table S4 - Experimental (Mexp) and theoretical (Mtheor) masses of the detected species during 
the individual HPLC-ESI-MS experiment of C model peptide after 24 h incubation. The oxidation 

state of Au is +3 unless specified.308 

Compound RT (mins) Species Mexp Mtheor Δppm 
[Au(CCON)Cl2] 4.98 [C+AuCCON-1H]+ 996.3513 996.3353 16.06 
[Au(CSN)Cl2] 5.09 [C+AuCSN-1H]+ 1000.3221 1000.3124 9.70 
[Au(CON)Cl2] 5.02 [C+AuCON-1H]+ 984.3491 984.3353 14.02 

[Au(C^N^N)Cl]+ 4.95 [C+AuCNN-1H]+ 1087.4332 1087.4138 17.84 
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Table S5 - Experimental (Mexp) and theoretical (Mtheor) masses of the detected species during 
the individual HPLC-ESI-MS experiment of L model peptide after 30 min incubation. The 

oxidation state of Au is +3 unless specified.308 

Compound RT (mins) Species Mexp Mtheor Δppm 

[Au(CCON)Cl2] 
4.37+4.83 [L+AuCCON]2+ 654.8054 654.8018 5.50 

4.51 [L-NH4+OH+AuCCON-
H]2+ 

654.3141 654.2859 43.10 

5.1 [L-NH4+AuCCON]2+ 645.8030 645.7845 28.65 
[Au(CSN)Cl2] 4.51+4.98 [L+AuCSN]2+ 656.7945 656.7903 6.40 

[Au(CON)Cl2] 
4.39 [L+AuCON]2+ 648.8005 648.8018 2.00 
4.90 [L+AuCON]2+ 648.8116 648.8018 15.10 
5.10 [L+AuI+1H]2+ 564.2738 564.2753 2.66 

 

 

 

Table S6 - Experimental (Mexp) and theoretical (Mtheor) masses of the detected species during 
the individual HPLC-ESI-MS experiment of LE model peptide after 30 min incubation. The 

oxidation state of Au is +3 unless specified.308 

Compound RT (mins) Species Mexp Mtheor Δppm 

[Au(CCON)Cl2] 
5.44-5.63 [LE-NH4+OH+AuCCON-

2H]+ 
932.3051 932.2808 26.06 

6.62 [LE+AuCCON-1H]+ 933.2914 933.3124 22.50 
6.97 [LE-NH4+AuCCON-1H]+ 915.2888 915.2781 11.69 

[Au(CSN)Cl2] 5.44 [LE+AuCSN-1H]+ 937.2682 937.2896 22.83 
[Au(CON)Cl2] 5.37+6.84 [LE+AuCON-1H]+ 921.2922 921.3124 21.92 

 

 

 

Table S7 - List of identified metalated peptide fragments from online MS/MS experiments of the 
[LE+Au(CCON)-2H]+ adduct (m/z 933). The similarity score takes into account the convergence 
of the experimental and the theoretical isotopic distribution and mass accuracy. The oxidation 

state of Au is +3 unless specified.308 

Modification Type Mexp Mtheor Similarity Charge Intensity [%] Δppm 

AuCCON parent 
mass 933.2886 933.2881 95 1 30 4.0 

AuCCON b4 802.1958 802.1935 94 1 26 3.0 
AuCCON a4 774.2025 774.1985 95 1 1 5.2 
AuCCON b3 655.1257 655.1250 96 1 11 0.9 
AuCCON a3 627.1311 627.1301 95 1 4 1.5 
AuCCON b2 598.102 598.1036 94 1 20 1.0 
AuCCON a2 570.1099 570.1087 87 1 6 2.2 
AuCCON a4y3 554.1143 554.1137 80 1 4 0.9 
AuCCON b1 541.0807 541.0821 66 1 1 2.6 
AuCCON a1 513.0863 513.0872 96 1 15 1.8 
AuCCON a3y3 407.0453 407.0453 84 1 1 0.1 

Au(I) b4 619.1262 619.1256 n.a. 1 100 0.6 
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Supplementary Material: Chapter 6 

 

Figure S29 - 1H NMR spectrum of 1 in acetone-d6. Figure modified from ref 341. Copyright 
2020, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.341 

 

 

Figure S30 - 13C{1H} NMR spectrum of 1 in acetone-d6. Figure modified from ref 341. Copyright 
2020, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.341 
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Figure S31 - 31P{1H} NMR spectrum of 1 in acetone-d6. Figure modified from ref 341. Copyright 
2020, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.341 

 

 

 

Figure S32 - HR-ESI-MS theoretical (top) and experimental (below) spectra of 1.341 
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Figure S33 - 1H NMR spectrum of 2 in acetone-d6. Figure modified from ref 341. Copyright 
2020, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.341 

 

 

Figure S34 - 13C{1H} NMR spectrum of 2 in acetone-d6. Figure modified from ref 341. Copyright 
2020, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.341 
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Figure S35 - 31P{1H} NMR spectrum of 2 in acetone-d6. Figure modified from ref 341. Copyright 
2020, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.341 

 

 

 

Figure S36 - HR-ESI-MS theoretical (top) and experimental (below) spectra of 2.341 
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Figure S37 - 1H NMR spectrum of 3 in acetone-d6. Figure modified from ref 341. Copyright 
2020, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.341 

 

 

Figure S38 - 13C{1H} NMR spectrum of 3 in acetone-d6. Figure modified from ref 341. Copyright 
2020, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.341 
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Figure S39 - 31P{1H} NMR spectrum of 3 in acetone-d6. Figure modified from ref 341. Copyright 
2020, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.341 

 

 

 

Figure S40 - HR-ESI-MS theoretical (top) and experimental (below) spectra of 3.341 
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Figure S41 - 1H NMR spectrum of 4 in acetone-d6. Figure modified from ref 341. Copyright 
2020, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.341 

 

 

Figure S42 - 13C{1H} NMR spectrum of 4 in acetone-d6. Figure modified from ref 341. Copyright 
2020, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.341 
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Figure S43 - 31P{1H} NMR spectrum of 4 in acetone-d6. Figure modified from ref 341. Copyright 
2020, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.341 

 

 

 

 

Figure S44 - HR-ESI-MS theoretical (top) and experimental (below) spectra of 4.341 
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Figure S45 - 1H NMR spectrum of [Au(CCH2N)Cl(PTA)][PF6] in acetone-d6.341 

 

 

 

Figure S46 - 31P{1H} NMR spectrum of [Au(CCH2N)Cl(PTA)][PF6] in acetone-d6.341 
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Figure S47 - 1H NMR spectrum of 2 formed from [Au(CCH2N)Cl(PTA)][PF6] in acetone-d6.341 

 

 

 

Figure S48 - 31P{1H} NMR spectrum of 2 formed from [Au(CCH2N)Cl(PTA)][PF6] in acetone-
d6.341 
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Figure S49 - 1H NMR spectrum of 5 in acetone-d6.341 

 

 

 

Figure S50 - 13C{1H} NMR spectrum of 5 in acetone-d6.341 
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Figure S51 - 31P{1H} NMR spectrum of 5 in acetone-d6.341 

 

 

 

 

Figure S52 - HR-ESI-MS theoretical (top) and experimental (below) spectra of 5.341
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Figure S53 - HR-ESI-MS spectrum of 5 and other species (5a-d) formed during the reaction of [Au(CCON)Cl2] with triphenylphosphine. Inserts show simulated (top) 
and experimental (bottom) spectra of 5 and 5a-d. Figure modified from ref 341. Copyright 2020, John Wiley and Sons 

https://creativecommons.org/licenses/by/4.0/.341
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Figure S54 - 31P{1H} NMR spectrum of 6 in acetone-d6.341 

 

 

 

Figure S55 - 31P{1H} NMR spectrum of 7 in acetone-d6.341
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Figure S56 - HR-ESI-MS spectrum of 6 and other species (6a-d) formed during the reaction of [Au(CCON)Cl2] with tri-n-butylphosphine. Inserts show simulated (top) 
and experimental (bottom) spectra of 6 and 6a-d. Figure modified from ref 341. Copyright 2020, John Wiley and Sons 

https://creativecommons.org/licenses/by/4.0/.341 
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Figure S57 - HR-ESI-MS spectrum of 7 and other species (7a-d) formed during the reaction of [Au(CCON)Cl2] with tri(hydroxypropyl)phosphine. Inserts show 
simulated (top) and experimental (bottom) spectra of 7 and 7a-d. Figure modified from ref 341. Copyright 2020, John Wiley and Sons 

https://creativecommons.org/licenses/by/4.0/.341 
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Supplementary Material: Chapter 7 

 

 

Figure S58 - 1H NMR of P in acetone-d6. Figure from ref 373. Copyright 2021, John Wiley and 
Sons https://creativecommons.org/licenses/by/4.0/.373 

 

 

Figure S59 - 13C{1H} NMR of P in acetone-d6. Figure from ref 373. Copyright 2021, John Wiley 
and Sons https://creativecommons.org/licenses/by/4.0/.373 



 

 250 

 

Figure S60 - 13C DEPT NMR of P in acetone-d6. Figure from ref 373. Copyright 2021, John 
Wiley and Sons https://creativecommons.org/licenses/by/4.0/.373 

 

 

 

Figure S61 - 1H-1H COSY NMR of P in acetone-d6. Figure from ref 373. Copyright 2021, John 
Wiley and Sons https://creativecommons.org/licenses/by/4.0/.373 
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Figure S62 - 1H-13C HSQC NMR of P in acetone-d6. Figure from ref 373. Copyright 2021, John 
Wiley and Sons https://creativecommons.org/licenses/by/4.0/.373 

 

 

 

Figure S63 - 1H-13C HMBC NMR of P in acetone-d6. Figure from ref 373. Copyright 2021, John 
Wiley and Sons https://creativecommons.org/licenses/by/4.0/.373 
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Figure S64 - HR-ESI-MS simulated (top) and experimental (below) spectra of P. Figure from ref 
373. Copyright 2021, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.373 

 

 

Figure S65 - A) 1H NMR spectra (between 8.2 and 10 ppm) of the reaction 
between [Au(CCH2N)Cl2] (1 eq.) and AgPhCC (2 eq.) in DMSO-d6 followed over 24 h at r.t.. The 
spectrum of the starting material [Au(CCH2N)Cl2] and of the final purified product P are reported 
as reference. B) Structure of [Au(CCH2N)Cl2] highlighting the proton ortho to the pyridyl N (Ha), 
and evolution of the intensities of the integrals of Ha chemical shifts over 24 h. Fitting lines have 
been included as a visual aid to follow the trend over the selected time window. Figure modified 

from ref 373. Copyright 2021, John Wiley and Sons 
https://creativecommons.org/licenses/by/4.0/.373 
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Figure S66 - A) 1H NMR spectra (between 8.2 and 10 ppm) of the reaction between 
[Au(CCH2N)Cl2] (1 eq.) and AgPhCC (2 eq.) in MeOH-d4 followed over 24 h at r.t.. The spectrum 

of the final purified product P is reported as reference. The reference spectrum for 
[Au(CCH2N)Cl2] cannot be reported due to poor solubility in this solvent. B) Structure of 

[Au(CCH2N)Cl2] highlighting the proton ortho to the pyridyl N (Ha), and evolution of the intensities 
of the integrals of Ha chemical shifts over 24 h. Fitting lines have been included as a visual aid 

to follow the trend over the selected time window. Figure modified from ref 373. Copyright 2021, 
John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.373 

 

 

 

 

Figure S67 - A) 1H NMR spectra (between 8.2 and 10 ppm) of the reaction between 
[Au(CCH2N)Cl2] (1 eq.) and AgPhCC (2 eq.) in DMF-d7 followed over 24 h at r.t.. The spectrum 

of the starting material [Au(CCH2N)Cl2] and of the final purified product P are reported as 
reference. B) Structure of [Au(CCH2N)Cl2] highlighting the proton ortho to the pyridyl N (Ha), and 

evolution of the intensities of the integrals of Ha chemical shifts over 24 h. Fitting lines have 
been included as a visual aid to follow the trend over the selected time window. Figure modified 

from ref 373. Copyright 2021, John Wiley and Sons 
https://creativecommons.org/licenses/by/4.0/.373 
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Figure S68 - A) 1H NMR spectra (between 8.2 and 10 ppm) of the reaction between 
[Au(CCH2N)Cl2] (1 eq.) and AgPhCC (2 eq.) in MeCN-d3 followed over 24 h at r.t.. The spectrum 

of the starting material [Au(CCH2N)Cl2] and of the final purified product P are reported as 
reference. B) Structure of [Au(CCH2N)Cl2] highlighting the proton ortho to the pyridyl N (Ha), and 

evolution of the intensities of the integrals of Ha chemical shifts over 24 h. Fitting lines have 
been included as a visual aid to follow the trend over the selected time window. Figure modified 

from ref 373. Copyright 2021, John Wiley and Sons 
https://creativecommons.org/licenses/by/4.0/.373 

 

 

 

Figure S69 - 1H NMR of R2 in acetone-d6. Figure from ref 373. Copyright 2021, John Wiley and 
Sons https://creativecommons.org/licenses/by/4.0/.373 
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Figure S70 - 13C{1H} NMR of R2 in acetone-d6. Figure from ref 373. Copyright 2021, John Wiley 
and Sons https://creativecommons.org/licenses/by/4.0/.373 

 

 

 

Figure S71 - 13C DEPT NMR of R2 in acetone-d6. Figure from ref 373. Copyright 2021, John 
Wiley and Sons https://creativecommons.org/licenses/by/4.0/.373 
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Figure S72 - 1H-1H COSY NMR of R2 in acetone-d6. Figure from ref 373. Copyright 2021, John 
Wiley and Sons https://creativecommons.org/licenses/by/4.0/.373 

 

 

 

 

Figure S73 - 1H-13C HSQC NMR of R2 in acetone-d6. Figure from ref 373. Copyright 2021, John 
Wiley and Sons https://creativecommons.org/licenses/by/4.0/.373 
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Figure S74 - 1H-13C HMBC NMR spectrum of R2 in acetone-d6.373 

 

 

 

Figure S75 - HR-ESI-MS simulated (top) and experimental (below) spectra of R2. Figure from 
ref 373. Copyright 2021, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.373 
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Figure S76 - HR-ESI-MS of crude obtained by reacting [Au(CCH2N)Cl2] with AgPhCC in a 1:3 
ratio in acetone (25 mL). Figure from ref 373. Copyright 2021, John Wiley and Sons 

https://creativecommons.org/licenses/by/4.0/.373 
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Figure S77 - 1H NMR spectrum of R1 in acetone-d6. Figure from ref 373. Copyright 2021, John 
Wiley and Sons https://creativecommons.org/licenses/by/4.0/.373 

 

 

 

Figure S78 - 13C{1H} NMR spectrum of R1 in acetone-d6. Figure from ref 373. Copyright 2021, 
John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.373 
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Figure S79 - 13C DEPT NMR spectrum of R1 in acetone-d6. Figure from ref 373. Copyright 
2021, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.373 

 

 

 

 

Figure S80 - 1H-1H COSY NMR spectrum of R1 in acetone-d6. Figure from ref 373. Copyright 
2021, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.373 



 

 
 261 

 

Figure S81 - 1H-13C HSQC NMR spectrum of R1 in acetone-d6. Figure from ref 373. Copyright 
2021, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.373 

 

 

 

 

Figure S82 - 1H-13C HMBC NMR spectrum of R1 in acetone-d6. Figure from ref 373. Copyright 
2021, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.373 
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Figure S83 - HR-ESI-MS simulated (top) and experimental (below) spectra of R1. Figure from 
ref 373. Copyright 2021, John Wiley and Sons https://creativecommons.org/licenses/by/4.0/.373 
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Figure S84 - 1H NMR of NHC-1 in D2O. 

 

 

Figure S85 - 13C{1H} NMR of NHC-1 in D2O. 
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Figure S86 - HR-ESI-MS simulated (top) and experimental (below) spectra of NHC-1. 

 



 

 
 265 

 

Figure S87 - 1H NMR of AuNHC-1 in D2O. 

 

 

 

 

Figure S88 - 13C{1H} NMR of AuNHC-1 in D2O. 
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Figure S89 - HR-ESI-MS simulated (top) and experimental (below) spectra of AuNHC-1. 
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Figure S90 - 1H NMR of AuNP-1 in D2O. 

 

 

 

 

Figure S91 - 13C{1H} NMR of AuNP-1 in D2O. 
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Figure S92 - 1H NMR of NHC-2 in D2O. 

 

 

 

 

Figure S93 - 13C{1H} NMR of NHC-2 in D2O. 
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Figure S94 - HR-ESI-MS simulated (top) and experimental (below) spectra of NHC-2. 
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Figure S95 - 1H NMR of AuNHC-2 in D2O. 

 

 

 

 

 

Figure S96 - 13C{1H} NMR of AuNHC-2 in D2O. 
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Figure S97 - HR-ESI-MS simulated (top) and experimental (below) spectra of AuNHC-2. 
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Figure S98 - 1H NMR of AuNP-2 in D2O. 

 

 

 

 

 

Figure S99 - 13C{1H} NMR of AuNP-2 in D2O. 
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Figure S100 - UV-Vis Spectra of AuNP-1 in MilliQ water at 0 h, 15 h and at 15 h after the shake. 

 

 

 

Figure S101 - UV-Vis Spectra of AuNP-1 in PBS 1x at 0 h, 15 h and at 15 h after the shake. 
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Figure S102 - UV-Vis Spectra of AuNP-1 in PBS 1x with GSH (2 mM) at 0 h, 23 h and at 23 h 
after the shake. 

 

 

Figure S103 - UV-Vis Spectra of AuNP-2 in MilliQ water at 0 h, 15 h and at 15 h after the shake. 
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Figure S104 - UV-Vis Spectra of AuNP-2 in PBS 1x at 0 h, 15 h and at 15 h after the shake. 

 

 

 

Figure S105 - UV-Vis Spectra of AuNP-2 in PBS 1x with GSH (2 mM) at 0 h, 23 h and at 23 h 
after the shake. 
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Figure S106 - XPS Spectra for AuNP-1: a) survey spectrum, b) experimental spectra and fitting 
of C 1s with deconvolution of the peaks, c) experimental spectrum of N 1s and d) experimental 

spectra and fitting of Au 4f with deconvolution of the peaks. 
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Figure S107 - XPS Spectra for AuNP-2: a) survey spectrum, b) experimental spectra and fitting 
of C 1s with deconvolution of the peaks, c) experimental spectrum of N 1s and d) experimental 

spectra and fitting of Au 4f with deconvolution of the peaks. 

 

 

 

Figure S108 - TEM Images of AuNP-1 at different magnifications which were used to obtain the 
particle size distribution histogram. 
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Figure S109 - TEM Images of AuNP-2 at different magnifications which were used to obtain the 
particle size distribution histogram. 

 

 

Figure S110 - Calibration plot for 3-nitrophenol. 
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Figure S111 - Calibration plot for 2-nitrophenol. 
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Figure S112 - a) UV-Vis kinetic study for the reduction of 4-nitrophenol into 4-aminophenol 
catalysed by AuNP-1 (0.8 mg), b) plots of concentration; c) conversion vs. time at 400 cm-1for 

the nitrophenol reduction, d) Ln([C]/[Co]) vs. time to calculate the rate constant. 
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Figure S113 - a) UV-Vis kinetic study for the reduction of 3-nitrophenol into 3-aminophenol 
catalysed by AuNP-1 (0.6 mg), b) plots of concentration; c) conversion vs. time at 384 cm-1 for 

the nitrophenol reduction, d) Ln([C]/[Co]) vs. time to calculate the rate constant. 

 

 

 



 

 282 

 

Figure S114 - a) UV-Vis kinetic study for the reduction of 2-nitrophenol into 2-aminophenol 
catalysed by AuNP-1 (0.5 mg), b) plots of concentration; c) conversion vs. time at 415 cm-1 for 

the nitrophenol reduction, d) Ln([C]/[Co]) vs. time to calculate the rate constant. 
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Figure S115 - a) UV-Vis kinetic study for the reduction of 4-nitrophenol into 4-aminophenol 
catalysed by AuNP-2 (0.5 mg), b) plots of concentration; c) conversion vs. time at 400 cm-1 for 

the nitrophenol reduction, d) Ln([C]/[Co]) vs. time to calculate the rate constant. 
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Figure S116 - a) UV-Vis kinetic study for the reduction of 4-nitrophenol into 4-aminophenol 
catalysed by AuNP-2 (0.6 mg), b) plots of concentration; c) conversion vs. time at 400 cm-1 for 

the nitrophenol reduction, d) Ln([C]/[Co]) vs. time to calculate the rate constant. 
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Figure S117 - a) UV-Vis kinetic study for the reduction of 3-nitrophenol into 3-aminophenol 
catalysed by AuNP-2 (0.5 mg), b) plots of concentration; c) conversion vs. time at 384 cm-1 for 

the nitrophenol reduction, d) Ln([C]/[Co]) vs. time to calculate the rate constant. 
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Figure S118 - a) UV-Vis kinetic study for the reduction of 2-nitrophenol into 2-aminophenol 
catalysed by AuNP-2 (0.5 mg), b) plots of concentration; c) conversion vs. time at 415 cm-1 for 

the nitrophenol reduction, d) Ln([C]/[Co]) vs. time to calculate the rate constant. 

 

 

 

 

 

Figure S119 - Plots of concentration (left) and conversion (right) vs. time for the reduction of 4-
nitrophenol reduction catalysed by AuNP-1 after pre-treatment with NaBH4. 
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Figure S120 - a) UV-Vis kinetic study for the reduction of 4-nitrophenol with used AuNP-1, b) 
plot of concentration vs. time. 

 

 

 

 

 

Figure S121 - a) UV-Vis kinetic study for the reduction of 4-nitrophenol with used AuNP-2, b) 
plots of concentration and c) conversion vs. time. 
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Figure S122 - XPS Spectra for AuNP-1/C: a) survey spectrum; experimental spectra and 
background of b) S 2p, c) O 1s, d) N 1s, e) Au 4f and f) C 1s. 

 

 

 

 

 

Figure S123 - XPS Spectra for AuNP-1/TiO2: a) survey spectrum, b) experimental spectra and 
background of Ti 2p, c) experimental spectra and fitting of O 1s with deconvolution of the peaks, 
d) experimental spectra and background of C 1s and e) experimental spectra and fitting of Au 4f 

with deconvolution of the peaks. 
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Figure S124 - XPS Spectra for AuNP-2/C: a) survey spectrum, b) experimental spectra and 
background of C 1s, c) experimental spectra and background of S 2p, d) experimental spectra 
and background of N 1s, e) experimental spectra and fitting of Au 4f with deconvolution of the 

peaks and f) experimental spectra and background of O 1s. 

 

 

 

 

 

Figure S125 - XPS Spectra for AuNP-2/TiO2: a) survey spectrum, b) experimental spectra and 
fitting of C 1s with deconvolution of the peaks, c) experimental spectra and background of Ti 2p, 

d) experimental spectra and background of N 1s, e) experimental spectra and fitting of Au 4f 
with deconvolution of the peaks, f) experimental spectra and background of S 2p and g) 

experimental spectra and fitting of O 1s with deconvolution of the peaks. 
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Figure S126 - TG curve of AuNP-2/TiO2. 

 

 

 

Figure S127 - TG curve of AuNP-2/C. 
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Figure S128 - a) UV-Vis kinetic study for the reduction of 4-nitrophenol with AuNP-1/TiO2, b) 
plot of concentration vs. time. 

 

 

 

 

 

 

Figure S129 - a) UV-Vis kinetic study for the reduction of 4-nitrophenol with AuNP-2/TiO2, b) 
plot of concentration vs. time. 
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Figure S130 - UV-Vis kinetic study for the reduction of 4-nitrophenol with AuNP-1/TiO2 over 
three cycles. 
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Figure S131 - UV-Vis kinetic study for the reduction of 4-nitrophenol with AuNP-2/TiO2 over 
three cycles. 
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Figure S132 - a) UV-Vis kinetic study for the reduction of 4-nitrophenol with AuNP-1/TiO2 after 
NaBH4 pre-treatment, b) Plots of concentration vs. time, c) conversion vs. time and d) 

Ln([C]/[Co]) vs. time to calculate the rate constant. 
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