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Abstract 

Gold as an element, has been known for tens of thousands of years, though only recently has 

the chemistry of gold complexes emerged as an important field for synthetic organic 

chemistry research. One significant challenge when investigating the chemistry of gold 

complexes is the oxidation of gold(I) to gold(III), gold(I) having a very high oxidation potential. 

This thesis comprises an investigation of gold through a homogeneous oxidative arylation of 

arenes using arylsilanes. Chapter 2 examines the nature of ligands on gold through a gold 

catalysed arylation reaction and the application of this to synthesise chiral biaryls. The 

investigation realises that strongly coordinating L type ligands inhibit catalyst turnover and 

discovers that transient, enantiopure, chiral additives have no effect on the distribution of 

enantiomers of the chiral biaryl. Chapter 3 explores new, inorganic oxidants for the oxidation 

of gold(I) to gold(III) and investigates aryl iodide cocatalysts for gold catalysed arylation. It is 

discovered that periodic acid allows turnover of the gold catalyst and produces a biaryl 

product from an arylsilanes substrate. Through MALDI-MS, gold is also discovered to react 

with acetonitrile in the presence of periodic acid, in a novel oxidative reaction for gold, to 

form a gold(I) cyanide polymer. In Chapter 4, NMR kinetics and stoichiometric experiments 

are utilised in the investigation of mechanistic details of periodic acid as an oxidant for gold 

catalysed direct arylation. The six-electron reduction pathway for periodic acid to an 

iodonium species and the mechanism of formation of aryl iodide from the starting arylsilane 

is probed. Iodonium is proposed to be the intermediate that forms the aryl iodide byproduct. 

Further evidence for a reactive iodonium species is found using a chemospecific, nucleophilic 

trap that prevents the non-productive iodination of aryl silane. A substrate scope of the new 

arylation conditions using the trap is assessed and the reaction was found to tolerate 

substrates that generated 5 membered rings. This thesis aims to establish new conditions for 

gold catalysed arylation of arenes using arylsilanes and describes interactions of oxyiodine 

species with arylsilanes, nitrile solvents and gold. 
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Lay Summary 

Through carefully planned routes, desired compounds can be fabricated for use in 

materials, technological devices, pharmaceuticals, food and many other applications. 

Reactions that form bonds between two carbon atoms (carbon-carbon bond forming) 

lie at the heart of this science as they allow for the extension of molecular structures; 

the discovery of metal catalysed cross coupling at the end of the 20th century enabled 

chemists to assemble complex structures in a way analogous to a jig-saw puzzle. 

Following their discovery, dramatic improvements to cross coupling methodologies 

were made, such as reducing the amount of expensive metals required to catalyse 

the coupling, replacing previously used solvents with water, allowing more 

challenging reactions to proceed, or replacing the platinum group catalysts with 

cheaper, more environmentally benign catalysts. 

Previous work in the Lloyd-Jones group has identified gold as a catalyst for the 

coupling of arylsilanes, containing silicon, and arenes. The product, a biaryl, is a 

desirable molecular motif for many chemical industries. Arylsilanes, as a reagent in 

the formation of biaryls, provide significant benefits over many of the reagents used 

previously for this kind of reaction: they have low toxicity, can be stored under air 

and do not react with water, and can be stored at room temperature for long periods 

of time. 

The work in this thesis aims to improve the understanding of this biaryl forming 

reaction. The interaction of additives in the reaction with gold is poorly understood 

and some of the compounds required to progress the reaction can consume the aryl 

silane and arene starting materials as well as the biaryl product. Replacing these 

components and investigating the new additives activity in the reaction system may 

allow for further improvements to the methodology. 
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Abbreviations  

Å  ångström  

ρ  Hammett reaction constant  

σ  Hammett substituent constant  

σ  BM σ-bond metathesis  

μL  microlitre  

Ac  acetyl  

Ar  aryl substituent  

Bn  benzyl  

Bu  butyl  

CI  chemical ionisation  

CSA  camphorsulfonic acid  

Cy  cyclohexyl 

DCE  1,2-dichloroethane  

DMF  N,N-dimethylformamide  

DMSO  dimethyl sulfoxide  

E, E+  electrophile  

EI  electron impact ionisation  

eq  molar equivalents  

ESI-MS  electrospray ionisation mass spectrometry  

e.r.  enantiomeric ratio  

Et  ethyl  

g  gram  
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HCIB  [hydroxy(camphorsulfonyloxy)iodo]benzene  

HFIP  hexafluoroisopropanol  

HTIB  [hydroxy(tosyloxy)iodo]benzene  

IBDA  iodobenzene diacetate  

KIE  kinetic isotope effect  

k  rate constant  

L  neutral ligand  

m-CPBA meta-chloroperbenzoic acid  

M  molar  

Me  methyl  

mg  milligram  

MHz  megahertz  

mL  millilitre  

mmol  millimole  

mol%  mole percent  

m.p.  melting point  

MS  molecular sieve   

m/z  mass-to-charge ratio  

NBS  N-bromosuccinimide  

NMR  nuclear magnetic resonance  

Nu, Nu-  nucleophile 

Ph  phenyl  

PIDA  Phenyl iodine(III) diacetate 

ppm  parts per million  
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Pin  Pinacol  

Pr  propyl  

Piv, pivalyl trimethylacetyl  

R  alkyl, aryl or heteroaromic substituent  

rt  room temperature  

SEAr  electrophilic aromatic substitution  

TBA  tetrabutylammonium  

TBHP  tert-butyl hydroperoxide  

Tf  trifluoromethanesulfonyl  

TFA  trifluoroacetic acid  

tfe  2,2,2-trifluoroethanol  

THF  tetrahydrofuran  

tht  tetrahydrothiophene   

TLC  thin-layer chromatography  

TM  transition metal  

WI  Wheland intermediate  

X  (halogen) substituent, or anionic ligand 
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Figure 1. Hammett plot for the gold-catalysed coupling of p-substituted (unless otherwise stated) aryl trimethyl 

silanes with mesitylene.46 

Turn-over limiting step 

Arylation was observed to exhibit first order dependence on the concentration of the gold 

precatalyst, arene and CSA; the rate was independent of silane concentration and showed 

an inverse half order dependence on methanol (Equation 1).46 The inverse half order 

dependence on methanol implies that methanol exists as a dimer in chloroform and that it is 

an inhibitor for turnover. 

𝑟𝑎𝑡𝑒 ≅ 𝑘𝑜𝑏𝑠
[𝐴𝑢][𝐴𝑟][𝐶𝑆𝐴]

[𝑀𝑒𝑂𝐻]1/2
 

Equation 1. Rate equation for gold-catalysed direct arylation of aryl silanes.46 

Activation parameters of ΔH = 15.2 ± 0.5 kcal mol−1 and ΔS = −26.5 ± 0.5 cal K−1 mol−1 were 

calculated over the range 25-55 °C. The large negative entropy value associated with a large 

increase in order during the turnover limiting step. 46 

The kinetic isotope effect for the C-H auration was calculated to be k(H/D) = 0.97. The 

closeness of the k(H/D) to 1 indicates that the C-H/D cleavage is not turnover limiting for this 

substrate. 46 

To gain further insight into the mechanism of C-H auration and its relation to the turnover 

limiting step, the arylation of methylated benzene substrates were investigated. The rates of 

auration of differently substituted methyl arenes provides insight into whether the formation 

of the π-complex or Wheland intermediate were the turnover limiting steps (Figure 2). 
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Figure 7. PIFA (left) and 2,4,6-triisopropyl(diacetoxy)iodobenzene (right). 

Sulfonic Acid 

Lloyd-Jones and co-workers originally reported the use of camphorsulfonic acid as an additive 

required to activate the hypervalent iodine oxidant (PIDA) in the coupling of aryl trimethyl 

silanes.45 When camphorsulfonic acid and phenyl iodine diacetate oxidant are combined in 

solution, they can form the more powerful oxidant, Koser’s reagent.50, 52-56 

As mentioned above, acidic conditions are important for the turnover of the catalyst as, for 

untethered substrates or substrates that form rings of 6 or more atoms, it is required to 

remove an X-type ligand and promote aurodeprotonation of the arene (Figure 3).46 

1.3 - Coupling of Other Aryl Substrates 

Since the seminal work by Lloyd-Jones and co-workers in 2012, other aryl substrates have 

been cross coupled using gold catalysis. 

Larrosa and co-workers reported the cross coupling of electron rich arenes and heteroarenes 

with polyfluorinated arenes and pyridines (Scheme 26).57 Gold(I) is known to aurate carbon-

hydrogen bonds in polyfluoroarenes58-60 and fluorinated pyridines59 to form (hetero)aryl gold 

complexes. The reactive site on the fluorinated coupling partner is the most acidic C-H bond. 

The position of substitution of the electron rich arene is in the most nucleophilic position and 

follows SEAr substitution rules. 
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Very few oxidants have been utilised for the oxidation of gold(I) to gold(III) in catalytic 

reactions. With more understanding of the tolerances of gold-catalysed direct arylation 

should come improvements to the methodology and more applications.  

One aim of this work is to investigate the impact of ligands on key steps of the biaryl forming 

process of the gold-catalysed direct arylation with the aim to prepare enantioenriched chiral 

biaryls. There may be potential to improve other features of the coupling such as the 

Au(I)/Au(III) oxidation potential, substrate scope, replace or remove additives and  

Through screening, the discovery and mechanistic analysis of new oxidising agents for gold-

catalysed oxidative coupling may be investigated. This has the potential to improve the gold 

catalysed direct arylation methodology’s general applicability if inorganic oxidants could 

replace the organic hypervalent aryl iodine oxidants currently used. Other advantages could 

be the widening of the substrate scope, the replacement of solvents or the discovery of other 

reactions utilising a homogeneous gold catalyst under oxidative conditions.  
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additives, it is hoped that a general methodology could be discovered that allows 

enantioenriched chiral biaryls to be constructed using gold catalysed direct arylation. 
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The slow unproductive consumption of oxidant is a symptom of coupling partners (50 and 

naphthalene) that have a slow productive coupling reaction, likely due to sterics on the aryl 

silane. 

2.7 - Conclusions and Future Work 

The formation of enantioenriched biaryls through the methods attempted failed. However, 

the coupling of tethered substrates was successful in creating atropisomeric biaryls, some 

conclusions can be drawn: 

1) Multiple ortho groups around the trimethyl silyl group on the aryl silane increase the rate 

of non-productive side reactions that consume the aryl silane. 

2) Bulky substituents on the arene coupling partners significantly reduce the rate of coupling. 

3) The NHC ligands tested strongly inhibit the reaction turnover. 

4) Ferrocene and ferrocenium substrates are not tolerated by the conditions utilised in these 

coupling reactions. 

5) Enantiopure CSA and chiral alcohols have no effect on the enantiodetermining step. 

Although the formation of enantioenriched biaryls using gold catalysed direct arylation has 

been unsuccessful to date, there is the possibility that strongly coordinating, bidentate, L L 

type ligands could allow for enantioinduction. Toste has shown that cationic, tetracoordinate 

gold complexes undergo rapid reductive elimination.21 Where monodentate L type ligands 

suppress reactivity, bidentate L L ligands could force the gold centre to be cationic through 

most of the cycle, potentially making it more electrophilic. This may then accelerate the 

reductive elimination, and, if the bidentate ligand has the correct bite angle, more rapid 

oxidation.22 
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Other Oxidants for Gold(I) to Gold(III) 

Although hypervalent aryliodine(III) oxidants have limitations in gold catalysed direct 

arylation, very few practical useful oxidants are known to oxidise gold(I) complexes to 

gold(III), with even fewer being suitable for a wide variety of organic functional groups: 

1) Aqua regia can be used for robust gold complex oxidation.14 

2) Toste has utilised XeF2 to synthesise gold(III) fluorides from gold(I) complexes.15
 

3) Some methodologies have relied on aryl radicals to oxidise gold(I) via diazonium salts and 

photoinitiation.16 

4) Iodine, bromine and chlorine as elements17-19 as well as the iodonium source, NIS,20, 21 can 

oxidise gold complexes to the corresponding halide salt.  

5) Recently, fluoronium sources such as selectfluor have been discovered to be potent 

oxidising agents for gold(I) to gold(III).22 

XeF2 and aqua regia as oxidants are no improvement over the hypervalent aryliodine based 

system using PIDA and CSA due to toxicity and explosion risk in organic solvents and 

photoredox initiate radical oxidation falls outside the remit of the gold catalysed direct 

arylation as shown in Figure 33. 

Iodonium, bromonium and chloronium-based additives, including the halogens themselves 

are often used in conjunction with gold catalysis. However, they preferably form halogenated 

arenes instead of the desired biaryl product.23, 24 

Selectfluor has been tested for oxidation activity in the gold catalysed direct arylation 

reaction, and showed no activity towards biaryl formation, although, selectfluor did not form 

fluorinated arenes.3 

Requirements of the Oxidant 

Based on all the information found in the literature, requirements of ideal oxidising agents 

can be concluded: 

1) The oxidation step is required to be fast and produce a gold species that does not contain 

a chloride, bromide or iodide as this will likely produce undesired aryl halide side products. 
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2) For practical purposes, low toxicity oxidants that do not pose explosion hazards in organic 

solutions are easier to handle and use. 

3) Improvements can be made with respect to isolation of biaryl products from the oxidant’s 

reduction products. 

3.2 - Project Aims and Initial Hypothesis 

The aim of this project is to discover an alternative oxidant to PIDA, and by extension all 

organic hypervalent aryliodine oxidants, to improve the applicability of gold catalysed direct 

arylation reactions. Ideally an easily handled, inorganic oxidant or air could be utilised as the 

terminal oxidant. 

The initial hypothesis for this project is that strong inorganic oxidants will be able to oxidise 

gold(I) to gold(III) in solution, allowing for the turnover of the gold catalytic cycle.  
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Halogens and aqua regia (3:1 conc. HCl/conc. HNO3) are commonly used to oxidise gold metal 

to gold(III), and can be used to oxidise gold(I) complexes to gold(III) complexes.5-10 Halonium 

and halogen oxidants inspired the use of oxyhalogenate salts; aqua regia inspired the use of 

nitrite and nitrate anions. 

The oxidation of aryl iodides to aryl iodine(III) oxidants is often performed in a very polar 

solvent such as acetic acid or acetonitrile with inorganic oxidants, including NaBO3∙4H2O,11 

Oxone®,12 NaIO4,13 and K2S2O8
14. As NaBO3∙4H2O, Oxone®, NaIO4, and K2S2O8 are strong 

enough to form hypervalent aryliodine oxidants from aryl iodides, and hypervalent aryliodine 

oxidants usually perform the oxidation of gold(I) to gold(III), they were included in the screen. 

Table 8 

Oxidant 
2 NMR Yield (%)/ 

CDCl3/CD3OD (50:1) 

2 NMR Yield (%)/ 

CD3CN 

NaClO3 - - 

NaClO4 - - 

NaBrO3 - - 

NaIO3 22 5 

NaIO4 2 2 

NaNO2 - - 

NaNO3 - - 

NaBO3∙4H2O - - 

Oxone® - - 

TBA Oxone® < 1 - 

K2S2O8 - - 

Na2S2O8 - - 

 

Both NaIO3 and NaIO4 show some conversion of substrate 1 to fluorene 2. The lack of product 

2 formed with the use of other oxidants highlights the challenges associated with the 

oxidation of gold(I) to gold(III) under catalytic direct arylation conditions. The lack of product 

formation with most oxidants in Table 8 may be due to: 

1) Solubility issues associated with the inorganic oxidants. 

2) That the oxidants do not interact with the gold(I) in a productive manner. 
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Oxone® showed no conversion without aryl iodide (Table 8) and thus would not exhibit any 

background reaction when used as the terminal oxidant with aryl iodide co-catalysts, it was 

thus tested with three electronically distinct aryl iodides. If one was successful, it may 

highlight a challenging step in the oxidation catalysis. For example, if the most electron rich 

aryl iodide, 4-iodoanisole, performed the best, then it may indicate that the most challenging 

step in the catalytic oxidation (Figure 39) is the oxidation of the aryl halide, rather than that 

of the gold(I). The oxidation of the 4-iodoanisole should be the easiest of the aryl halides 

selected, however it would be expected to form the weakest oxidant. 

Table 9 

Oxidant 
2 NMR Yield (%)/ 

CDCl3/CD3OD (50:1) 

2 NMR Yield (%)/ 

CD3CN 

Oxone® + 4-iodoanisole - - 

Oxone® + phenyl iodide - - 

Oxone® + 4-iodotrifluorotoluene - - 

NaIO4 + phenyl iodide 3 1 

K2S2O8 + phenyl iodide - - 

NaBO3∙4H2O + phenyl iodide - - 

 

No product 2 was seen for the Oxone®, K2S2O8 and NaBO3∙4H2O based oxidations and no 

improvement was observed over the background reaction for NaIO4. These oxidants are 

known to react quickly with aryl iodides, under similar conditions, to form aryl iodine 

oxidants11-14
 and the aryl iodine oxidants are known to turn over the gold catalyst.1-4, 16, 17 The 

lack of coupling may be attributed to some sort of inhibition in at least one of the processes 

key to this reaction. Inhibition may be coming from the anionic oxidant ions. 

Oxygen 

To avoid the use of stoichiometric salt-based oxidants and because the gold catalysed direct 

arylation is known to proceed in the presence of air, oxygen was considered as the terminal 

oxidant. 

Oxygen, or air, are the ideal terminal oxidants from a ‘green’ perspective. Oxygen produces 

minimal waste and is enormously abundant, however, conducting oxidations in flammable 

solvents under an atmosphere of pure oxygen can lead to explosions. 
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Table 14a 

Entry Solvent 2 NMR Yield (%) 

1 MeCN 55 

2 MeCN repeat 57 

3 CHCl3/MeOH (50:1) - 

4 CHCl3/MeOH (25:1) - 

5 CHCl3/MeOH (10:1) - 

6 THF - 

7 dioxane 1 

8 DME 2 

9 anisole - 

10 toluene - 

11 propylene carbonate 9 

12 EtOAc - 

13 pyridine - 

14 NMP - 

15 DMF - 

16 MeOH - 

17 EtOH - 

18 i-PrOH 6 

19 t-BuOH - 

20 n-PrOH - 

21 TFE - 

22 THF/EtOH (9:1) 2 

23 THF/EtOH (8:2) 2 

 

a Although a reference mixture containing the starting material, and all observed byproducts was added to the 

reaction mixtures, for the vast majority, the starting material 19F or 1H NMR peak could not be observed as an 

isolated signal. This prevents the conversion from being quoted. 

Even though some solvents provided a small amount of conversion in 16 hours, acetonitrile 

was the most competent solvent for the coupling reaction in Scheme 66 ( 

 



11 
 

Table 14). Chloroform/methanol, in all the ratios tested, provided no reaction. To explore 

why acetonitrile provided the fastest reaction rate, other nitrile-based solvents such as 

propionitrile and benzonitrile were tested. 

One theory was that an impurity in acetonitrile, or acetonitrile itself was initiating the 

catalysis. In order to test for an impurity in acetonitrile or if acetonitrile was acting as an 

activator, mixtures of THF or dioxane with acetonitrile were used as solvent systems with the 

same conditions as in Scheme 66. THF and dioxane were chosen because they dissolved the 

periodic acid without providing much conversion when used as solvents on their own. It is 

key that 1% conversion was seen in dioxane ( 

 

Table 14), as this indicated that the reaction could turn over in an ether solvent. 

Table 15 

Solvent 2 NMR Yield (%) 

MeCN 55 

EtCN 18 

trimethyl acetonitrile - 

benzonitrile - 

THF/MeCN (9:1) - 

THF/MeCN (8:2) - 

THF/MeCN (1:9) 38 

THF/MeCN (1:19) 44 

dioxane/MeCN (9:1) 2 

dioxane/MeCN (8:2) 3 

 

The large decrease in yield of 2 when going from acetonitrile to propionitrile, and with 

trimethyl acetonitrile and benzonitrile not providing any conversion could have at least two 

explanations: 

1) There is an interaction between the nitrile solvent and gold that is very sterically sensitive. 

2) The nitrile solvent requires a reactive C-H bond at the α-position, which is key for reaction 

turnover. 
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Scheme 76. Aryl iodide additive as potential oxidation cocatalyst. 

Table 18 

Additive 
NMR Yield 2 

(%) 

NMR Yield 

3 (%) 

None 57 26 

7 (1 eq) 55 24 

 

The yield of fluorene 2 and newly formed aryl iodide 3 is similar for the reaction without and 

with added aryl iodide 7 (Table 18). This indicates that the mechanism has not changed. 

However, the kinetics of the reaction (Figure 47) provide more detail. 

 

Figure 47. Kinetics of gold catalysed direct arylation with and without aryl iodide oxidation cocatalyst. 

Both the coupling reaction without and with aryl iodide additive 7 show near-identical kinetic 

profiles, indicating that the aryl iodide 7 has no effect on the mechanism of the reaction. 

Pathway C 

To investigate pathway C, the feasibility of iododesilylation required testing. Iodonium (I+) 

can be formed through the oxidation of iodine (I2). The most appropriate oxidant in this case 

was decided to be periodic acid itself as it would form only water as a byproduct (Scheme 

77). 
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None 2.2:1 

Anisole (20 eq) 2.0:1 

 

Table 23 shows no significant deviation from the 2.2:1 product to total aryl iodide ratio that 

is seen for no trap when 20 equivalents of anisole are used as a nucleophilic trap, indicating 

that anisole is not affecting the oxidation pathway and isn’t being oxidised by a reactive 

oxidant species. 

To produce the quantity of aryl iodide that is observed, it is required that periodic acid is the 

least reactive of the iodine oxidant species in the reduction pathway, the stoichiometric ratio 

of product to aryl iodide is 3:1 if no side reactions were occurring. There are three 2-electron 

oxidations that can be performed by periodic acid (iodine (VII)), for the gold catalytic cycle, 

before it is reduced to iodonium (iodine (I)). 

A small amount of oxidant is required for the activation of the catalyst. The 

tetrahydrothiphene ligand is oxidised to the tetrahydrothiophene-1-oxide (as seen by GC-MS 

and 1H NMR), and three bromide to bromonium oxidations occur (which performs 

bromodesilylayion on the aryl trimethylsilane substrate).  

Four, two electron oxidations per molecule of gold catalyst are performed. The gold catalyst 

is present at 2 mol% so 8 mol% of a two electron reductant (8 mol% [O])is required for 

activation. The periodic acid an perform six electron oxidations (3[O]). This gives 2.66 mol% 

iodonium (assuming complete reduction from I(VII) to I(I)). 

This accounts for 2.66% of the total aryl iodide formed, the remaining excess of aryl iodide 

over the 3:1 ratio is a result of side-reaction based oxidations. 

Substrate Scope 

Following the promising addition of anisole to reduce the quantity of unwanted aryl iodide 

byproduct, reaction conditions utilising periodic acid as the oxidant and anisole as an 

iodonium trap were tested on multiple substrates (Scheme 85). 
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soluble periodic acid, it is either supersaturated in acetonitrile, allowing it to react, or of a 

small enough particle size to remain somewhat reactive. 

5) Periodic acid undergoes esterification or some other form of ligand exchange to form a 

much more reactive oxidising species. This could form a similarly reactive iodine(V) species 

in place of unreactive iodic acid. 

The real answer to why periodic acid is reduced to iodonium, but iodic acid remains 

unreactive may be a combination of two or more of these processes. 

The kinetics of the gold catalysed coupling of substrate 1, both without and with anisole, had 

been analysed by 1H and 19F NMR for potential reactive iodine species, however no reactive 

intermediate was observed. This could be the result of a fast reacting intermediate that 

obtains a low steady state concentration, or reaction via an intermediate species does not 

contain easily-identifiable protons or fluorine atoms. 

127I NMR was found to be too insensitive to detect any iodine species in solution. 

ESI-MS 

ESI-MS was chosen as a method to investigate the active catalytic reaction. One significant 

drawback with MS compared to NMR is that MS is an invasive technique and the act of 

recording the spectrum may create species that are not present in the solution.  

Initial results from coupling reactions followed by ESI-MS have indicated that trimethyl silyl 

periodate and iodate may be present in solution.  

 

Figure 51. Potential active oxidant species. 

Trimethyl silyl periodate or iodate could be a powerful oxidant. This may be the species that 

allows iodine(V) to continue to oxidise gold(I). The trimethyl silyl group may have a twofold 

effect, increasing the inherent reactivity of the iodine(V) and simultaneously keeping it in 

solution. 
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4.5 - Conclusions and Future Work 

A likely mechanism for the formation of aryl iodide has been proposed (Scheme 79): the 

reduction of periodate to iodonium is concluded to occur before the substitution of the 

iodine onto the arene. The iodination of the arene is likely gold catalysed (Table 19) and the 

iodine source could be iodonium, however reactive species that are formed in low 

concentrations are not ruled out. 

Although trimethyl silyl iodine oxidants have been found by ESI-MS, they may not be present 

in the reaction solution. To find evidence for or against the presence of trimethyl silyl iodine 

oxidants may be particularly challenging as the synthesis and isolation of organic periodate 

esters would likely be extremely dangerous and even the in-situ synthesis could pose a 

significant risk of explosion. 

The formation of aryl iodide byproducts has been significantly reduced using the sacrificial 

nucleophile - anisole. Anisole improved the yield of coupled product 2 from 57% to 70%, 

whilst reducing the amount of aryl iodide 3 from 26% to 4%. 

The periodic acid mediated direct arylation was found to have a limited substrate scope, 

partly due to the strongly coordinating solvent that prevents intermolecular coupling, and 

partly due to the fact that the conditions are very acidic that promote fast protodesilylation 

of electron rich aryl trimethyl silanes. 

Further investigation into arylation using periodic acid as an oxidant by ESI-MS kinetics may 

provide more information about the mechanism of oxidation and potential reactive 

intermediates. 

A key process may involve the oxidation of acetonitrile. Based on the ratios of product to aryl 

iodide formed during the coupling reactions (Table 23), the oxidant induces significant side 

oxidations. The formation of gold(I) cyanide when thtAuBr3 reacts with acetonitrile in the 

presence of periodic acid (Chapter 2) may indicate why acetonitrile is the most effective 

solvent tested (Chapter 2). 
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5 - Experimental 

5.1 - General Information 

Procedures employing air or moisture-sensitive materials were performed with anhydrous 

solvents (vide infra) using standard Schlenk techniques, under an atmosphere of anhydrous 

nitrogen. Glassware necessary for these manipulations were previously oven dried (220 °C) 

and allowed to cool to room temperature under vacuum. 

Analytical thin-layer chromatography was performed on precoated aluminium-backed plates 

(Silica Gel 60 F254; Merck), and visualised using a combination of UV light (254 nm) and 

aqueous basic potassium permanganate stain. Preparative thin-layer chromatography (for 

less than ca 15 mg of sample) was performed on precoated, analytical aluminium-backed 

plates (Silica Gel 60 F254; Merck). Column chromatography was performed using Davisil® 

60A silica gel (35-70 μm; Fisher Scientific) or Geduran® Silica Gel 60 (40-63 μm; Merck). Chiral 

HPLC was performed using a Dionex U3000 fitted with a CHIRALPAK® OD-H column.  

NMR spectra were recorded at 27 °C; 1H, 19F and 13C{1H} NMR spectra were recorded at 400 

MHz, 375 MHz and 100 MHz respectively, using a Bruker Avance 400 spectrometer. 1H NMR 

spectra were referenced to residual solvent peaks (CHCl3, δH 7.26 ppm). 13C{1H} NMR spectra 

were referenced to deuterated solvent peak (CDCl3, δC 77.16 ppm); chemical shifts are 

reported in ppm relative to tetramethylsilane standard. 19F NMR chemical shifts are reported 

in ppm relative to 1,3,5-trifluorobenzene standard (δF –107.700).  Coupling constants, J, were 

calculated using MestReNova Version 11, and are reported to the nearest 0.1 Hz. Coupling 

constants that did not match as a result of digitization are reported as rounded averages. The 

following abbreviations (and their combinations) are used to label the multiplicities: s 

(singlet), d (doublet), t (triplet), q (quartet), m (multiplet) and br (broad). 

Dry solvents were obtained by passing solvent through a column of anhydrous alumina using 

an Anhydrous Engineering Grubbs-type system and stored under anhydrous nitrogen or by 

storing the solvent over 4 Å molecular sieves overnight.  
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1H NMR (400 MHz, CDCl3) δ 7.49 (dd, J = 7.4, 1.6 Hz, 1H), 7.32 – 7.25 (m, 1H), 7.22 – 7.12 (m, 

2H), 4.19 (s, 5H), 4.13 (s, 4H), 3.92 (s, 2H), 0.41 (s, 9H). 

13C NMR (400 MHz, CDCl3) δ 147.5, 137.8, 134.3, 129.3, 128.5, 125.3, 87.9, 69.5, 68.8, 67.7, 

36.3, 0.7. 

HRMS calcd. for [M+Na]+ 371.0889; found (ESI) 371.0878. 

MP 87 – 90 °C. 

 

 

ICyAuCl8 

Following literature procedure.8 Under nitrogen, 1,3-dicyclohexylimidazolium chloride (134 

mg, 0.50 mmol), chloro(dimethylsulfide)gold(I) (147 mg, 0.50 mmol) and K2CO3 (138 mg, 1.00 

mmol) were suspended in dry acetone (1.5 mL) and stirred at 60 °C for 4 h. Solvent removed 

in vacuo, the residue was washed through a silica plug with CH2Cl2. Solvent was removed in 

vacuo, and the residue was triturated with pentane (3 mL) and the crystalline powder was 

washed with pentane (3 × 2 mL) to afford ICyAuCl as a crystalline white powder (208 mg, 0.46 

mmol, 89%). 

1H NMR (400 MHz, CDCl3) δ 6.98 (s, 2H), 4.67 – 4.57 (m, 2H), 2.17 – 2.08 (m, 4H), 1.96 – 1.86 

(m, 4H), 1.84 – 1.75 (m, 2H), 1.67 – 1.42 (m, 8H), 1.30 – 1.15 (m, 2H). 

 

 

ICyAuBr9 

Following literature procedure.9 Under nitrogen, ICyAuCl (116 mg, 0.25 mmol) was dissolved 

in dry acetone (1 mL). LiBr (215 mg, 2.50 mmol) was added. The reaction mixture was stirred 

at room temperature for 24 h. The solvent was removed in vacuo. The residue was washed 
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Separation of Atropisomers 

1,3,11-Trimethyl-5,7-dihydro-dibenzooxepine (rac) 

 

Area percentage: 1) 50.09, 2) 49.91. 

 

5,7-dihydro-dinaphthooxepine (rac) 
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H5IO6 Oxidant in CD3CN Kinetics 

Under air, CD3CN (500 µL) and aryl silane (26 mg, 0.10 mmol) were added to an NMR tube, 

followed by H5IO6 solution in CD3CN (300 µL) then thtAuBr3 solution in CD3CN (200 µL). The 

reaction was followed by 1H NMR spectroscopy. 

0.11 M H5IO6 and 0.002 M thtAuBr3 

 

 

0.05 M H5IO6 and 0.002 M thtAuBr3 
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0.01 M H5IO6 and 0.002 M thtAuBr3 

 

 

 

0.11 M H5IO6 and 0.001 M thtAuBr3 

 

 

 

0.11 M H5IO6 and 0.004 M thtAuBr3 
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Iodonium Control Experiments 

Under air, I2 (25 mg, 0.10 mmol), internal standard (1,3,5-trifluorobenzene, 3.4 µL, 0.33 

mmol) then aryl silane (0.10 mmol) were dissolved in CD3CN (1000 µL − the volume of 

subsequent stock solutions to be added) in an NMR tube. H5IO6 solution in CD3CN (2.3 mg in 

300 µL, 0.01 mmol) was added if required, then thtAuBr3 solution in CD3CN (200 µL, 0.01 M, 

0.002 mmol) if required. The reaction was followed 1H and/or 19F NMR spectroscopy.  

Iodonium Trapping 

Under air, trap in solvent (500 µL) and aryl silane (26 mg, 0.10 mmol) were added to a screw 

cap vial, followed by H5IO6 solution in CD3CN (25 mg in 300 µL, 0.11 mmol) then thtAuBr3 

solution in CD3CN (200 µL, 0.01 M, 0.002 mmol). The reaction was stirred in a vial at rt for 4 

h before filtering through cotton wool and acquiring 1H and 19F NMR spectra. 
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