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Abstract 
 
 

Although known since the 1930s, organogold chemistry has been dormant until recently, 

primarily due to preconceptions about the inertness of gold in transformations. However, this 

last decade has witnessed the emergence of a Golden Age with the development of a wealth of 

reports on gold in a plethora of reactions.  

In recent years, the drive for more atom- and step-economical and environmentally friendly 

reactions has become a field of intense research.   

In our on-going research on well-defined transition metal complexes bearing NHC ligands, 

our group recently discovered a new gold(I) hydroxide complex [Au(OH)(IPr)] (1a) that can 

be easily synthesised from the chloride precursor [AuCl(IPr)] (1b). A preliminary survey of 

the reactivity of this gold synthon has demonstrated interesting reactivity that holds great 

potential in bond activation reactions and the development of useful synthetic methods. 

Simplistically, this gold hydroxide complex can be seen as a strong Brønsted base.  

This thesis is dedicated to an in-depth examination of the reactivity of this complex in base-

free bond activation reactions. Two themes predominate in the following chapters: the first 

part demonstrates the activity of gold(I) hydroxide as a bond activation agent to readily and 

efficiently access organogold complexes while the second part studies the reactivity of this 

compound in decarboxylation processes with carboxylic acids. 

 

Chapter 2 and 3 were dedicated to the development of new synthetic routes to access 

organogold complexes via base-free transmetalation reactions with organoborons and silanes 

using 1a. The combination of experimental and computational studies allowed identification 

and isolation of key intermediates in these reactions. 

Chapter 4 can be seen as a transition between the development of novel methodologies to 

synthesise aryl and heteroarylgold complexes and the first steps of gold hydroxide 1a as 

mediator in decarboxylation reaction. As a result, a novel mode of reactivity for gold was 

discovered and the synthetic route developed constitutes one of the greenest procedures to 

prepare organogold complexes with the generation of water and CO2 as only side products. 

Chapter 5 and 6 venture further into the exploration of 1a in decarboxylation reactions and 

detail the development of a catalytic process for the protodecarboxylation reaction and 

subsequent mechanistic investigations of this reaction through stoichiometric experiments and 

kinetic and computational studies.  



 

 xxiii 



 

 1 

 

 

 

 

1. Introduction 
 
 
 
 
 
 



1. Introduction 
 

 2 

1.1 Generation of Organogold Complexes 

 
For the past twenty years, gold catalysis has been one of the most active areas in 

organometallic chemistry leading to countless original publications. This is ironic as 50 years 

ago it was merely regarded as a “black sheep” in that field and lagged behind its neighbours 

in the periodic table. Yet, Teles’ discovery of the stunning efficacy and specificity of a 

cationic gold(I) catalyst for the alkoxylation of alkynes triggered a major change that invited 

extensive and meticulous scrutiny of these catalysts’ form and function.1 Still in the nascent 

surge, the “highly alkynophilic” and “exceptionally carbophilic” nature of gold(I) complexes 

were already touted as well as “the mildness of reaction conditions” and “their insensitivity to 

air and water”. This carbon π-bond activation paradigm has become a mainstay of modern 

gold chemistry. Curiosity and thirst for knowledge have always directed chemists towards 

seeking new challenges that would lead to the discovery of new reactivity patterns. In this 

regard, gold was no exception and recently, its reactivity has been extended by mimicking 

that of iconic Pd in the building of carbon-carbon bonds.2 

In the continuous quest to develop greener and milder as well as atom- and step-

economical processes, the design of more efficient catalyst systems is crucial. One way to 

reach that Promised Land relies on the identification of key intermediates along the reaction 

pathways. Gold(I)-catalysed reactions have been largely founded upon the intermediacy of 

organogold complexes. Besides, these species on their own are interesting targets that possess 

luminescent and biomedical applications.3 Developing synthetic methods to prove the 

existence of these intermediates in gold catalysis would ultimately result on one hand in 

refined mechanistic scenarios and on the other hand provide valuable information on the role 

and nature of the active catalyst species 

   

Historically, organogold(I) complexes have been known since 1960.4 Owing to the low 

polarity of the Au-C bond, these species represent the most stable transition metal compounds 

possessing a M-C σ-bond.5 As a consequence, they are very resistant to water and air, which 

make them easy to prepare and isolate, and the C-Au bond usually requires strong acids to be 

cleaved.  For a long time, the methods of choice to establish this Au-C bond were confined to 

metathesis between a gold(I) halide and a carbon-nucleophile such as organolithium 5-6and 

Grignard reagents.7 Due to the rapid expansion of gold in homogenous catalysis, the search 

for milder and more environmentally-friendly routes to these compounds has recently 

attracted attention and a variety of novel procedures has seen the light. The following section 

aims at giving a brief summary of the progress made since the early reports until the most 
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recent contributions on the synthesis and isolation of mononuclear aryl, alkyl and vinylgold 

complexes.  

 

1.1.1 Via Transmetalation of Lithium and Grignard Reagents 

 
Until the sixties, organogold chemistry was scarce. The foremost cause was the instability 

of the resulting gold(I) complexes that rapidly decomposed into colloidal gold(0). The use of 

two electron-donors such as N, S and P-ligands were shown to be crucial for achieving good 

stability while tertiary phosphines and isocyanide ligands were employed predominantly. 

Major contributions in that field came from the groups of Laguna, Kochi, Coates and 

Sheppard.8 

 

The pioneering work of Coates in 1959 demonstrated the facile transmetalation of 

organolithium reagents to gold(I) bearing tertiary phosphine ligands.4 A series of 

[Au(R’)(PR3)] complexes (R = Ph, Et; R’ = Me, Et, Ph) were synthesised and isolated from 

gold(I) chloride (Scheme 1.1). These complexes showed good stability under air and even at 

elevated temperatures.  

(R3P)Au Cl R' Li+ (R3P)Au R'
Et2O

R = Et, Ph
R' = Me, Et, Ph  

Scheme 1.1 Preparation of alkyl- and arylgold(I) compounds using organolithium reagents 

 

Sheppard disclosed that Grignard reagents also effectively displace the chloride ligand of 

phosphine and isocyanide gold(I) complexes (Scheme 1.2).8g A series of organogolds were 

obtained in good yields (80-95%) with [AuCl(CNAr)] and in modest 50% yield using 

[AuCl(PPh3)] as starting materials. Remarkably, no addition of the Grignard onto the 

isocyanide ligand was observed. All compounds are air and thermally stable in the solid state 

but decomposed rapidly in solution.  

NC-AuCl
F FC6H4MgBr

Au
F F

0 °C to rt
Et2O

80-95%

[AuCl(PPh3)]
FC6H4MgBr

THF, 60 °C

F
Au(PPh3)

ca. 50%

NC

 
Scheme 1.2 Preparation of fluoroarylgold(I) complexes using Grignard reagents 

 

Although better yields were obtained in the transmetalation reaction to isocyanide gold(I) 

complexes, the latter entailed multistep prior synthesis of the starting materials. To address 
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this issue, an alternative route consisting of the preparation of a [Au(Ar)(tht)] (tht = 

tetrahydrothiophene) complex was developed, which allowed the subsequent displacement of 

the tetrahydrothiophene ligand with arylisocyanide (vide infra). 

Interestingly, Perevalova showed that gold oxonium precursor ([{Au(PPh3)}3O][BF4]) (1c) 

could be used instead of classical gold(I) halide complexes to prepare a variety of alkylgold(I) 

complexes from Grignard and organolithium reagents (Scheme 1.3).9 In comparison, the 

reaction times were shorter and higher yields of organogolds are obtained. 

R M (R3P)Au R'
Et2O or THF

[{Au(PPh3)}3O][BF4]
(1c)

+

M = Li, MgBr
R = alkyl  

Scheme 1.3 Use of a gold oxonium precursor for the synthesis of alkylgold complexes 

 

At the same time, several studies of Laguna et al. revealed that the treatment of [AuCl(tht)] 

with pentafluorophenylithium displaces only the chloride ligand to form neutral 

[Au(C6F5)(tht)] at -78 °C (Scheme 1.4). 8e Under these conditions, ArF groups could be 

successfully isolated while simple aryl analogs were too unstable. However, even under these 

conditions, the organogold products rapidly decomposed after a couple of days at low 

temperature.  Of note, the same reaction using pentafluorophenylmagnesium bromide led to 

metallic gold. Nonetheless, this route was very popular due to the low cost of S-donor ligands 

and the high yield obtained (85%). Furthermore, the weakly coordinating tetrahydrothiophene 

ligand could be readily displaced with other neutral ligands and a routine strategy consisted of 

a step-wise or one-pot exchange of the tetrahydrothiophene ligand with tertiary phosphines or 

arylisocyanides to obtain more stable [Au(R)(L)] type complexes (L = PR3, NCAr).  

S AuCl
C6F5M

Et2O, -78 °C
S Au

F F

F

FF
M = Li
    = MgBr

85%
0%

(L)Au

F F

F

FF

L

L = 2 e--donor

 
Scheme 1.4 Use of a tetrahydrothiophene gold precursor in the synthesis of fluoroarylgold compounds 

 

In-depth studies on the reactivity of isocyanide gold(I) complexes with nucleophiles gave 

birth to a new subclass of ligands, namely carbenes. In separate studies, Laguna surveyed the 

reactivity of [Au(C6X5)(CNR)] (X = F, Cl, Br) with a variety of amines and alcohols.8c 

Ammonia, primary amines (aliphatic and aromatic), secondary amines and alcohols were 

found to react smoothly with isocyanide gold(I) complexes and produced the corresponding 

isolable gold(I) carbenes wherein the νCN vibration was clearly shifted toward lower energies 

(1580-1560 cm-1) in comparison to the initial isocyanide complex (2260 cm-1). The reaction 
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proceeded at room temperature with amines while the addition of alcohols required refluxing 

(Scheme 1.5).  

[AuCl(tht)]
C6F5Li

< -10 °C
[Au(C6F5)(tht)]

p-tolNC
[Au(C6F5)(p-tolNC)] R-XH

(C6F5)Au
NHtol

XR

X = O, N
R = Alkyl, Aryl  

Scheme 1.5 Synthesis of carbene gold complexes via addition of amines and alcohols to isocyanide 

gold complexes 

 

As expected, the reactivity increased with the nucleophilicity of the N- or O-donor and the 

following trend was observed: RNH2 > NH3 > R2NH > ArNH2 > ROH. The isolated carbenes 

were air and moisture stable.  

 

Of interest was the study of Kochi which unveiled that using an excess of organolithium 

reagent leads to the formation of an aurate complex of type [Au(R)2(L)][Li] (Scheme 1.6).10 

The authors believed that due to their higher nucleophilicity, they would undergo facile 

oxidation to give gold(III) complexes.  

+ 2  Me-Li [Au(Me)2(pyr)2][Li][Au(Me)2(PPh3)][Li]
-78 °C

Et2O

unstable isolated

[AuCl(PPh3)]
pyr

 
Scheme 1.6 Synthesis of aurate complexes using superstoichiometric amount of organolithiums 

 

The lithium route also allowed comparison of the π-accepting ability of various tertiary 

phosphines. In that context, Nichols prepared a series of meta- and para-fluorophenylgold(I) 

complexes and examined the difference between chemical shifts observed by 19F NMR 

spectroscopy which was believed to reflect the π-accepting ability of the phosphine ligand.11 

Good π-acceptance would result in small chemical shift differences. From these 

measurements Nichols proposed the following increase in π-accepting ability for PR3 ligands:   

PBu3 ~ PEt3 ~ PPhMe2 < P(para-MeC6H4)3 ~ PPh2Et ~ PPh3 < P(C6F5)Ph2 < P(PhO)3 

These results confirmed that phosphite ligands are stronger π-acceptors than phosphines and 

that the presence of electron-withdrawing groups on phosphines increases the back-donation. 

 

In 1974, in an attempt to gain access to more bulky and thus more stable arylgold(I) species, 

Van Koten and co-workers extended the scope to non fluorinated aryl groups. In this vein, 

they prepared a series of benzyl and ortho-substituted phenylgold(I) complexes by treatment 

of aryllithium compounds and triphenylphosphine gold bromide [AuBr(PPh3)] (Scheme 

1.7a).12 The gold(I) derivatives were obtained in good yields and were characterised by NMR 

and IR spectroscopy.  
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[AuBr(PPh3)] R-Li [Au(R)(PPh3)] R-Li

[Au(R)]

+ [Au(R)2(PPh3)][Li]

R = 2-Me2N-C6H5

= 2-Me2N-CH2-C6H5

= 2,6-(OMe)2-C6H5

= 2,4,6-(OMe)3-C6H5

= 2-Me2N-CH2-C6H5-CH2

80%
65%
90%
60%
65%

[Au(R)2(PPh3)][Li]
L

[Au(R)(L)]

Et2O

-20 °C to rt

>99%
65%

Me3SnBr

C6H6

R = 2-Me2N-C6H5
= 2-Me2N-CH2-C6H5

L = PPh3 (>99%), CyNC (not ment.)

a)

b)

 
Scheme 1.7 Diarylgold complexes as intermediates in the synthesis of benzyl- and arylgold compounds  

 

They all exhibited very good stability to air and moisture. Using 2 equivalents of lithium 

reagents led to the formation of lithium diarylaurate species. Quite unexpectedly, the 

synthesis of [Au(Ar)(L)] was found possible by the initial treatment of the aurate species with 

alkyltinbromide reagents to give simple [Au(R)] complexes. The reaction of this species with 

a  two-electron donor ligand such as cyclohexylisocyanide or triphenylphosphine furnished 

the corresponding [Au(Ar)(L)] complexes (L = PPh3, CNC6H11) (Scheme 1.7b).12b No 

reaction occurred with triphenylarsine. Shortly after Van Koten’s report, the 2,6-

dimethoxyphenylgold(I) complex was fully characterised by X-ray analysis by Riley and 

Davis.  

Recently, Croix et al. extended the scope of accessible arylgold complexes to those bearing 

vinyl substituents on the aryl group (Scheme 1.8).13 These species were prepared by 

transmetalation with either Grignard or lithium reagents, obtained in good to high yields and 

were fully characterised by NMR spectroscopy and X-ray diffraction analysis. 

R
M

R = F, OMe
      CH2=CH

M = Li, MgBr
+ R

Au(PPh3)

THF, -78°C to rt

88-96%

[AuCl(PPh3)]

 
Scheme 1.8 Preparation of arylgolds bearing vinyl substituents by transmetalation from lithium and 

Grignard reagents 

  

In comparison to aryl and alkyl gold(I) analogues, the vinylgold compounds have received 

little attention and only one early report, by Perevalova, mentioned the synthesis of 

[Au(CH=CH2)(PPh3)] using vinyl magnesium bromide as transmetalating agent.9c,14 The 

process required heating at 50 °C and the complex was obtained in 90% yield but was not 

structurally characterised (Scheme 1.9a). Almost 20 years later, Puddephatt reported the 

preparation of the isocyanide derivative [Au(CH=CH2)(CNMe)] in low yield (20%) which 

was found to be thermally unstable and could only be characterised at -20 °C (Scheme 

1.9b).15 Recently, Brisdon prepared and structurally characterised two halogenated 
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hydrocarbon gold complexes [Au(CR=CF2)(PPh3)] (R = Cl, F).16 These compounds were 

obtained in good yields (75% and 60%) by treatment of [AuCl(PPh3)] with the in situ 

prepared organolithium reagent CF2=CRLi (Scheme 1.9c).  

[AuCl(PPh3)] MgBr Au(PPh3)
THF,  50 °C

90%

+

[AuBr(CNMe)] MgBr Au(CNMe)

20%

+
-78 °C to -5 °C

Et2O

Perevalova

Puddephatt

[AuCl(PPh3)] F2C Li F2C Au(PPh3)

R = Cl (75%)
R = F  (60%)

+
-110 °C to rt

Et2O

Brisdon

R R

a)

b)

c)

in situ

 
Scheme 1.9 Alternative procedures to access vinylgold compounds 

 

To probe the formation of vinylgold intermediates in the gold(I)-catalysed alkyne hydration 

process, Mohr et al. tackled the preparation of a series of vinylgold(I) complexes (Scheme 

1.10).17 Interestingly, initial attempts to reproduce Perevalova’s work were unsuccessful as 

the vinylgold complexes decomposed to metallic gold upon heating. Nonetheless, at -78 °C, 

the vinyl moiety was readily transferred onto gold with complete retention of configuration 

and the vinylgold complexes were obtained in good to moderate yields (Scheme 1.10). The 

products are air- and thermally stable in the solid state but rapidly decompose in solution with 

the following trend of stability PPh3 < PPh2Me < PPhMe2.  

[AuCl(L)]
MgBr

+
R

R Et2O

-78 °C to rt
4 h

Au(L)R

R

R = H R = Me

L = PPh3
L = PPh2Me
L = PPhMe2

73%
64%
55%

63%
73%
40%  

Scheme 1.10 Influence of phosphine ligands in the synthesis of vinylgold complexes 

 

Although these aforementioned methodologies are very efficient, their poor functional 

group tolerance and instability to air and moisture prompted chemists to search for alternative 

strategies for the synthesis of organogold compounds. 

 

1.1.2 Via Transmetalation of Organobismuth and Organostannanes 
 

The continuous interest in developing more robust synthetic routes to access arylgold(I) 

complexes has been demonstrated by the ever-increasing number of reports during these last 

twenty years. Schmidbaur et al. demonstrated that arylbismuth compounds could be 

successfully used as transmetalating reagents to gold(I) (Scheme 1.11a).18 However, the acute 
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toxicity of organobismuths and the difficulties encountered in separating the final arylgold(I) 

complexes from the bismuth byproducts limit their practical use. Mohr et al. surveyed the 

potential of trimethyl- and tributylaryltin reagent to transfer aryl groups to gold (Scheme 

1.11b).19 While phenylgold(I) was obtained within 2 h with the trimethyltin reagent, the 

reaction did not proceed at all with its butyl homologue. The major drawback of the tin 

transmetalation methodology is the extreme toxicity of tin reagents and the costly disposal of 

the waste. Therefore, the development of comparably efficient and eco-friendly 

transmetalating agents was still needed. 

R2S AuCl R'
3 Bi R' Au(SR2)

R' = Ph, o-OMeC6H4

+ + R'2Bi-Cl

R = Me, tht

CD2Cl2

-78 °C
fast 

decomposition

R SnMe3

[AuCl(PPh3)]

R Au(PPh3)

2 h

70 °C or rt
+

a)

b)

R = H
R = I

88%
71%  

Scheme 1.11 Transmetalation from bismuth and tin reagents to gold(I) complexes 

 

1.1.3 Via Transmetalation of Boron Reagents 

 
In 1979, Suzuki and Miyaura reported the coupling of phenylboronic acid with aryl halides 

catalysed by [Pd(PPh3)4] in a basic medium to produce unsymmetrical biaryls.20 Since this 

seminal report, the study and application of organoborons in transmetalation chemistry has 

been widely explored and a variety of challenging structural motifs have been accessed using 

boron-derived nucleophiles.21 Until recently, studies concerning group transfer reactions from 

boron to gold had been scarce. Early reports of Schmidbaur22 and Fackler23 reported the 

transfer of a phenyl group from sodium tetraphenylborate to phosphine gold(I) complexes at 

room temperature to yield linear two-coordinate phenylgold(I) complexes that were 

crystallographically characterised (Scheme 1.12).  

[AuCl(TPA)3]
H2O
xs

NaBPh4

[Au(TPA)3(Ph)]

41%

[{Au(tBu3P}3O][BF4]
EtOH

xs
NaBPh4

[Au(tBu3P)3(Ph)]

100%
15 d

3

 
Scheme 1.12 First transmetalation to gold from sodium tetraphenylborate (TPA = 1,3,5-triaza-7-

phosphaadamantane)  
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Derived from the palladium-based transmetalation process of the Suzuki-Miyaura coupling, 

Gray and coworkers developed a facile base-assisted auration methodology using arylboronic 

acids.24 In the presence of mild base, cesium carbonate, at 50 °C in 2-propanol, aryl groups 

transferred efficiently from arylboronic acids to the gold centre (Scheme 1.13).  

B(OH)2
R

Au(PR3)
R[AuBr(PR3)]

Cs2CO3 (1.9 equiv.)
iPrOH, 55 °C

24-48 h(1.8-2.6 eq.)R = Ph, Cy3

Gray conditions

+

 
Scheme 1.13 Preparation of phosphine arylgold(I) complexes by transmetalation of arylboronic acids 

 

The method showed tolerance to functional groups but, intriguingly, required extended 

reaction times compared to the methylated phenylboronic acids. Inconveniences of this 

methodology include the necessity of an excess of base (2 equiv.) and arylboronic acids (up to 

2.6 equiv.), long reaction times (24-48 h) and the prior synthesis of the phosphine gold(I) 

bromide starting material. The base is central to the process and no reaction occurred in its 

absence. Changing triphenylphosphine to more donating tricyclohexylphosphine ligands led 

to increased yields (Scheme 1.14).24-25 The method also allows access to highly sterically 

constrained arylgold(I) complexes bearing bulky dialkylbiarylphosphine ligands.26 

[AuBr(L)] +
iPrOH, 24 h, 55 °C

[Au(PR3)(Ph)]

R = Ph
R = Cy

59%
89%

B(OH)2Ph
Cs2CO3 (1.9 equiv.)

iPr

(Cy2)P

iPr

iPr

Au

87%

 
Scheme 1.14 Influence of the phosphine ancillary ligand on the yields of the transmetallation from boron 

to gold(I) 

 

In a subsequent series of papers, the same group applied this new methodology for the 

synthesis of several arylgold(I) complexes such as pyrene and naphthalene derivatives which 

were further investigated for their photoluminescent properties.27 Interestingly, the full 

potential of using NHC ligands in this reaction was hinted to in the transmetalation of 

sterically hindered mesitylboronic acid to gold: while the rate of the reaction not only 

significantly slowed for the phosphine containing complexes in comparison to the IPr 

analogue, the latter is as effective with a reduced amount of the transmetalation agent to give 

the arylgold(I) in good yield” (Scheme 1.15).27 
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L Boronic acid 
(equiv.) t (h) Isolated 

Yield

L1
L2
L3

2.6
3.1
3.4

48
60
60

65
45
87

L4 2.0 48 87

Entry

1
2
3
4

+
iPrOHB(OH)2

55 °C

Au(L)
N N

L4

(Cy3)P

L1

(Cy2)P

iPr

(Cy2)P

iPr

iPr
L2 L3

[AuBr(L)]

 
Scheme 1.15 Effect of the ligand in the transmetalation from mesitylboronic acid to gold 

 

The transmetalation agent could be also changed to arylpinacol boronate esters and provided 

the arylgold products in good yields.27 In that same paper, a gold(I) acetate was successfully 

used as a gold carrier and furnished the transmetalated products, albeit in diminished yields 

compared to the bromide precursor. Of appeal for synthetic chemists, commercially available 

[AuCl(PPh3)] was found to be as efficient as its bromide analogue. In that context, Hashmi 

reported the synthesis of (hetero)aryl, vinyl and alkylgold(I) compounds which were 

subsequently coupled with different electrophiles.28 In parallel with palladium chemistry, 

these studies confirmed the necessity of an assisting base or a preformed borate complex to 

trigger the transfer of the organic moiety to the gold centre.29 In a recent report, our group 

demonstrated the efficiency of a newly synthesised Brønsted base [Au(OH)(IPr)] (1a) 

complex to directly activate the boron toward transmetalation without the need of any 

external base.30 The reaction was complete using only 1.1 equivalents of boronic acid after 6 

h in benzene at room temperature and yielded 91% of phenylgold(I) (3a) (Scheme 1.16). This 

fundamental reaction is of further interest as the transmetalation represents a key step in the 

possible role of gold in cross-coupling reactions. 

[Au(OH)(IPr)] + [Au(IPr)(Ph)]B(OH)2Ph
(1a)

rt, 6 h

C6H6

(3a, 91%)(2a)  
Scheme 1.16 Transmetalation from phenylboronic acid (2a) to [Au(OH)(NHC)] (1a) 

 

The robustness and air and moisture stability of boronic acids represent a crucial advantage 

in comparison to Grignard and organolithium reagents. In addition, they have an increased 

substrate scope and tolerate a large number of functional groups. Due to the versatility of 

cross-coupling reactions to readily construct carbon-carbon bonds, a wide variety of boron-

based nucleophiles with complex structures have been made commercially available which 

underlines the role of this methodology as a useful alternative to rapidly access new 

arylgold(I) complexes.  
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1.1.4 Via C-H Activation 

 
With the growing importance of developing greener methodologies, the use of simple 

arenes as carbon-based nucleophiles has emerged as an appealing replacement to costly and 

waste-intensive main-group reagents of the type Ar-M (M = Li, Mg, B, Sn) for the generation 

of organometallic complexes.  

The direct auration of arenes using Au(III) is now well established and dates back to 1931 

with the seminal report of Kharash and Isbell who disclosed the C-H activation of benzene 

with auric acid.31 The process was shown to be very facile and rapid at room temperature. 

Further studies of the reaction revealed that it proceeds via an electrophilic aromatic 

substitution and thus is particularly adapted to electron-rich aromatics as well as limited to the 

electrophilic Au(III) oxidation state.   

 

However, Au(I) has recently slowly risen to become a potent activator of C-H bonds. A few 

early reports mentioned the direct auration of C-H bonds using Au(I) sources, particularly 

basic gold(I) oxo and alkoxide complexes. In this field, Perevalova showed the rapid auration 

of a variety of organic synthons using gold oxide complex [{Au(PPh3)}3O][BF4] (1c) in the 

presence or absence of bases depending on the acidity of the substrate (Scheme 1.18).32 The 

reactions proceeded very rapidly (2-60 min) at room temperature or 0 °C and the 

corresponding alkylgolds were obtained in good to excellent yields.  Interestingly, in the case 

of malonitrile, the reaction only gave the diaurated species. 

[{Au(PPh3)}3O][BF4][Au(CCl3)(PPh3)]

R

O
[Au]

H H

H H

CO2Et
NC

H
H

CNNC

H H

CO2Et
NC

CNNC

[Au] [Au]

[Au]

CHCl3

BF4

R

O
H

[Au]

[Au]

66%

94%

97%

NaH

NaH

K2CO3

K2CO3

75%

unstable

[Au] = [Au(PPh3)]

(1c)

 
Scheme 1.18 Au(I)-mediated C-H activation of weak acids 

 

In 1992, Komiya reported the synthesis of air and thermally stable gold fluoroalkoxide 

complexes [Au(OR’)(PR3)] (R = Ph, Cy; R’ = OCH2CF3, OCH(CF3)2).33 These species 

smoothly reacted with phenol, methyl cyanoacetate, malononitrile and acetone in absence of 
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base to furnish the corresponding monoalkylgold complexes and fluoroalcohol (Scheme 

1.19). These results highlight the potential of gold alkoxides as strong internal Brønsted 

bases. However, no structural characterisation of these complexes was given to support their 

observations. Of note, in contrast to Perevalova’s group, only monoalkylgold complexes were 

obtained using gold alkoxide sources.  

These preliminary results clearly suggest a different mechanistic scenario, than the advanced 

SEAr using Au(III), based most likely on the deprotonation of the most acidic proton of the 

organic compound and its subsequent auration. The use of basic ligands evidently accounts 

for this observed reactivity.  

[AuCl(L)] KOR
THF, 2 h

-20 °C
[Au(OR)(L)]

R'-H
[Au(R')(L)]

48-72%

+

L = PPh3, PCy3

R = CH2CF3, CH(CF3)2

R' = CH(CN)CO2Et, CH(CN)2
       CH2COMe  

Scheme 1.19 Gold(I) alkoxide complexes as precursors in the preparation of alkylgold species  

 

In line with these results, the base-free reaction of gold acetylacetonate [Au(acac)(PPh3)] 

with geminal diphosphino disulfides resulted in the abstraction of the acidic proton of the 

methylene bridge and led to the formation of a mixture of mono- and digold species (Scheme 

1.20).34 Interestingly, a complete selectivity for the diaurated product was observed when 2 

equivalents of [Au(PPh3)(acac)] were used. 

Ph2(S)P

Ph2(S)P

H
H

[Au(acac)(PPh3)]
(1 equiv.) Ph2(S)P

Ph2(S)P
[Au]

Ph2(S)P

Ph2(S)P

[Au]

[Au]
+

[Au] = [Au(PPh3)]

DCM

Ph2(S)P

Ph2(S)P

[Au]

[Au]

[Au(acac)(PPh3)]
(1 equiv.)

 
Scheme 1.20 Mono- and diauration of geminal diphosphine disulfides with a gold acetylacetonate 

complex 

 

Larrosa et al. demonstrated in 2010 that arylgold(I) complexes could be accessed by C-H 

activation of arenes using Au(I) mediators. After screening various gold(I) precursors, 

additives and bases, the combination of [AuCl(PtBu3)]/Ag2O, pivalic acid (PivOH) and 

K2CO3 was selected as the most effective and used to aurate polyfluorinated arenes. The 

reaction proceeded rapidly (2 h) and regioselectively under mild conditions (50 °C) and good 

to excellent yields were obtained (Scheme 1.21).35 The rate of C-H activation increased with 

the electron-donating ability of the phosphine ligands. Interestingly, the reaction was found to 

proceed using [AuCl(IPr)] (1a) precursor, albeit more slowly. With regards to the large 

kinetic isotope effect observed for the C-H activation step and Fagnou and Echavarren’s 

recent mechanistic investigations36 on the pivotal role of pivalic acid in Pd-mediated C-H 

activations, the authors suggested a similar concerted metalation deprotonation pathway in the 
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Au(I)-mediated C-H activation of arenes (see section 1.3 for further discussion on the 

mechanism of the reaction).  

R R
H

R'

Ag2O (0.75 equiv.)
PivOH (2.5 equiv.), K2CO3 (1.75 equiv.)

DMF, 50 °C, 2 h

R R
Au(L)

R'

+

L = PPh3, PEt3,
      PtBu3, P(OPh)3,
      IPr

R = F, NO2
R' = F, Me, H 37-99%

[AuCl(L)]

 
Scheme 1.21 Direct Au(I)-mediated C-H activation of electron-deficient arenes 

 

In the following years, the same group achieved a silver-free C-H auration of electron-

deficient arenes and heteroarenes from gold chloride (Scheme 1.22).37 The active system was 

reduced to simply [AuCl(PR3)] and NaOtBu. Under these new conditions, the scope could be 

extended to polyfluoro- and chloroarenes as well as heteroarenes. Remarkably, even 1,3-

dichlorobenzene was found to react albeit a higher temperature, 75 °C, was necessary in this 

case. Noteworthily, the activation of 3-bromo-1,6-difluorobenzene proceeded at room 

temperature. Complete regioselectivity for the most acidic C-H bond was again observed. 

Stoichiometric experiments were undertaken to validate a gold tert-butoxide as active species 

but were not conclusive as this complex could not be isolated. 

R2 H
R1

NaOH or NaOtBu (4 equiv.)

DMF, 50 °C, 15 h

R1

R1

Au(L)

R1 = F, Cl, NO2
R2 = H, F, Cl
R3 = F, Br, I, H

73-98%

R3
R2

R1

[AuCl( PtBu3)] +
R2

R3
R2

NaOH (4 equiv.)

dioxane, 50 °C, 15 h

X1 = N, H
X2 = S, O

55-95%

+
X2

X1
H

X2

X1
Au(PtBu3)

(4 equiv.)

[AuCl(PtBu3)]

 
Scheme 1.22 Direct auration of electron-poor arenes and heteroarenes under silver-free conditions 

 
1.1.5 Other Methods 

 
Within the last decade, gold-catalysed reactions have risen and appeared as powerful tools 

for the construction of carbon-carbon bonds. These transformations are largely based on the 

paramount ability of gold to activate π-systems with a particular partiality for alkynes. Among 

the many intermediates surmised in mechanistic proposals, vinylgold(I) species prevail. As 

discussed before, synthetic methods for their synthesis had long been limited to the 

transmetalation of Grignard or organolithium reagents to gold(I) that have significant 
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restrictions such as functional group incompatibilities or lack of reactivity. To support 

advanced mechanisms, renewed efforts have been directed to develop greener and 

straightforward synthetic routes to prepare organogold complexes.  

 
1.1.5.1 Transmetalation with Other Late Transition Metals 

 

The ability of organogold species to undergo transmetalation to other late transition metals 

has been illustrated in various reports. Notably, the group of Blum brought a major 

contribution to this field demonstrating transmetalation reactions between organogold and 

rhodium, iron, nickel, palladium and zirconium.38 

 

In 2009, they reported the reaction of organogold complexes with alkynes in presence of a 

palladium catalyst to give gold(I) alkenyl compounds.39 The reaction proceeded rapidly (2 h) 

at room temperature and complete regioselectivity for the syn addition product was obtained 

(Scheme 1.23).  

R1 CO2Me R2 Au(PPh3)

[PdCl2(PPh3)]

[Pd2(dba)3]
(5 mol%)

CO2MeR1

R2 Au(PPh3)

DCM, 25 °C
2 h

or

R1 = H, CO2Me R2 = vinyl, Ph, Me
        p-OMe-C6H5

tBu

35-84%

+

 
Scheme 1.23 Palladium(II)-catalysed carboauration of alkynes 

 

This result is intriguing as the uncatalysed carboauration of alkynes proceeds with trans 

selectivity. Interestingly, the source of palladium was varied between Pd(0) and Pd(II) 

depending on the alkyne employed. Therefore, Blum proposed two mechanistic scenarios. 

The first one was based on Pd(II) reactivity with two sequential transmetalation steps while 

the second involved classical palladium-catalysed cross-coupling steps i.e oxidative addition, 

transmetalation and reductive elimination and involved both Pd(0)/Pd(II) oxidation states.  

 

The same group studied the transmetalation from organogold compounds to rhodium and 

reported, in that context, a single example of a rhodium-catalysed conjugate addition of a 

phenylgold complex to methyl propiolate.40 The corresponding vinylgold complex was 

isolated in high, 89%, yield (Scheme 1.24). In analogy to the palladium-catalysed 

carboauration of alkynes, the authors envisioned a sequential transmetalation pathway with 

(1) transfer of a phenyl group from arylgold to rhodium (2) and transmetalation from the 

addition product to gold to give the carboaurated product. Of note, phenylgold starting 

material was prepared by transmetalation with PhMgBr. 
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H CO2Me Au(PPh3)

[RhCl(Cp*)2]2
(5 mol%)

CO2Me

Ph Au(PPh3)

CD2Cl2, 23 °C
10 min 89%

+

 
Scheme 1.24 Rhodium(I)-catalysed carboauration of methyl propiolate 

 

Finally, a versatile and more general approach to the stereoselective synthesis of (E)-

alkenylgold(I) compounds was described by Blum et al. in a sequential 

hydrozirconation/transmetalation of terminal alkynes.41 Bulky IPr-ligated gold(I) chloride 

complex proved beneficial to obtain stable alkenylgolds in comparison to the PPh3 analogue. 

The methodology is applicable to a wide variety of acetylene derivatives and proceeds at 

room temperature within 4 h (Scheme 1.25). Noteworthily, this is the first report of zirconium 

to gold transmetalation. The process is strictly restricted to terminal alkynes but an 

encouraging result in the carboauration of oct-1-ene was obtained, although 3 days were 

needed to reach 50% conversion. 

H R

1. [ZrHCl(Cp2)]
2. [AuCl(IPr)]

H

H Au(IPr)

DCM, 25 °C
4 h

57-77%

R

R = alkyl, aryl

(IPr)Au ( )5

(3 d, ca. 50%)

 
Scheme 1.25 Synthesis of alkenylgold(I) compounds via sequential hydrozirconation and zirconium to 

gold transmetalation 

 

1.1.5.2 Via Intramolecular Cyclisation 
 

Recently, novel strategies have emerged to prepare alkenylgold complexes, most 

predominantly with the ambition to support mechanistic proposals. 

Hammond reported the direct access to alkenylgold species when reacting allenoates with 

the [AuCl(PR3)]/AgOTf system (R = tertiary phosphine).42 Under mild conditions, a variety 

of room temperature and air stable γ-lactenyl gold(I) compounds were obtained in good yields 

(Scheme 1.26). This unexpected stability of the vinylgold(I) compounds was attributed to the 

electron-deficiency of the lactones which slows down the subsequent protodeauration process. 

These results served as prime evidence for these complexes to be likely key intermediates in 

gold-catalysed additions of nucleophiles to C-C multiple bonds. 
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CO2Et O

(L)Au
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OR2
R1

[AuCl(L)]

(1.25 equiv.)
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PCy3

R1 = Cy, iPr, Me,
        Bn, Ph
R2 = H, Me
R3 = H, Me

46-85%

 
Scheme 1.26 Synthesis of vinylgold complexes via intramolecular cyclisation of allenoates 

 

  In a series of papers, Hashmi et al. described the intramolecular addition of the oxygen 

donor of various aryl- and alkyl amides to internal or terminal triple bonds using 

stoichiometric amounts of a well-defined (NHC)gold(I) complex to produce heterocyclic gold 

compounds.43 The addition of a base was found to be crucial to avoid cleavage of the 

generated Csp2-Au bond. Interestingly, the authors found that the reaction led to the 5-exo-dig 

vinylgold product with terminal alkyne substrates and to the 6-endo-dig organogold 

compound with internal alkynes (Scheme 1.27). The latter was obtained along with deaurated 

product (37%) while the former was isolated in excellent yield (97%).  

HN

O
R1

R2

N

O O

N
R1

R2

R1
Au(IPr)

Au(IPr)

H

+

R2 ≠ H R2 = H

Et3N (4.5 equiv.) 
THF, 16 h, rt

R1 = Ph, Ad,
        furyl
R2 = nBu, Me, H 95%58-71%

+ deaurated product

6-endo-dig 5-exo-dig

[Au(OTs)(IPr)]

 
Scheme 1.27 Intramolecular cyclisation of alkynyl carboxylamides to heterocyclic vinyl gold complexes 

 

In a subsequent paper, Hashmi extended this procedure to prepare vinylgolds using ortho-

alkynylphenol and aniline compounds.44 Under the same above conditions, two new vinylgold 

complexes were isolated and characterised by X-ray diffraction analysis. Surprisingly, the 

cyclisation of alkyl-substituted derivatives delivered solely the protodeaurated product 

(Scheme 1.28). Ultimately, this result hints a strong dependence of the stability of the 

vinylgold species on the terminal substituent on the alkynyl group.  
XH

R

X
Ph

Au(IPr)
Et3N (4.5 equiv.) 

THF, 16 h, rt

O
Pr

H

X = O, NH
R = Pr

X = O (42%)
X = NH (60%)

X = O (80%)

or

R = Ph, Pr

[Au(OTs)(IPr)]

 
Scheme 1.28 Isolation of vinylgold complexes from o-alkynyl phenols or anilines and a cationic gold 

complex 

 

During the same period Shi et al. developed a methodology to synthesise ionic vinylgold 

complexes from N2-substituted propargylic triazoles using in situ preformed cationic gold 
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reagents.45 The reaction was applicable to variously substituted N2-propargylic triazoles with 

no significant influence of the counteranion observed (Scheme 1.29). The organogolds 

exhibited remarkable stability to air and moisture and most impressively did not decompose 

even after 12 h in the presence of triflic acid (TfOH). This high stability of the C-Au bond 

may be attributable to the extreme electron-deficiency of the cationic heterocycle. 

N N
N

Au(PPh3)

R2

R1

Ph

X

N
N

N

R1Ph

R2

R1 = H, Ph
R2 = Me, Ph 61-90%

X = OTf, SbF6, BF4

DCM, rt, 1-4 h

[Au(PPh3)][X]

 
Scheme 1.29 Synthesis of cationic heteroarylgold complexes 

 

In contrast to alkynes and allenes, the activation of alkenes with gold(I) is less documented. 

A common reference of gold being “alkynophilic” especially sowed seeds of doubts about its 

capacity to activate alkenes. Alkylgold species have been pointed out as key intermediates in 

the intramolecular hydroamination of alkenes. To vouchsafe the existence of these species, 

Toste examined the aminoauration reaction of terminal pentenyl amides and carbamates with 

gold in the presence of a base. After optimisation, the combination of gold oxonium complex 

[{Au(PPh3)}3O][BF4] 1c and triethylamine (NEt3) was identified as the most effective 

system.46 A wide variety of ureas were successfully converted to the corresponding 

pyrrolylgold complexes in modest to good yields (Scheme 1.30). Noteworthily, the authors 

mentioned that the purification process of these species is difficult, as the products are 

somewhat delicate. Unsubstituted olefins reacted smoothly in 2 h while longer reaction times 

were necessary (14 h) with 1,1-disubstituted olefins.  

NH
R1

O

R2
R2

N R1

O

Au(L)

R2
R2

[Au] 1c
(0.4 equiv.)

Et3N (2 equiv.)
CDCl3, rt, 12 h

R1 = NHMe, NHEt, 
NHPh, OBn, OPh, 
OtBu, OAllyl
R2 = Ph, H

30-80%

R3 = Me, H
R4 = Ph, Me, H

R3

R4

R4
R3

 
Scheme 1.30 Synthesis of alkylgold complexes according to Toste et al. 

 

Interestingly, no reaction occured with 1,2-disubstituted alkenes and the formation of 

piperidinylgold complex requires a superstoichiometric amount of gold and yet was only 

obtained in 30% yield. Substrates bearing a carbamate protecting group were also found to be 

reactive which was unexpected as elevated temperatures are usually required due to their lack 

of nucleophilicity. Interestingly, carboxylate protected amine substrates led primarly to the 
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formation of a gold(I) amide complex. Electron-withdrawing phosphine ligands accelerated 

the aminoauration process. Deuteration experiments were conducted and confirmed an anti- 

aminoauration pathway. Finally, attempts to protodeaurate the alkylgold compounds reversed 

the reaction back to the starting olefins and thus prevented the drawing of firm conclusions 

about the validity of these alkylgold species as intermediates in the hydroamination reaction. 

 

1.1.5.3 Via Cycloaddition Reactions or “Click Chemistry” 
 

Triazoles are common motifs found in a number of biologically active products.47 The most 

step-economical and reliable method for their preparation relies on copper-catalysed [3 + 2] 

cycloaddition reactions of azides and alkynes. In this regard, a seminal report of Gray 

disclosed the synthesis of different gold(I) triazolate complexes in good yields, by 

cycloaddition of gold(I) azides and terminal alkynes.48 In order to gain access to substituted 

gold(I) alkenes, Gray employed gold(I) acetylide precursors and trimethylsilylazide. Of note, 

the addition of methanol as co-solvent was needed to activate silicon. No change of reactivity 

was observed under these modified conditions and the gold(I) cycloadducts were produced in 

similar yields. However, the procedure required lengthy reaction times of 48 h (Scheme 1.31).  

HN N
N

(Ph3P)Au

R

R [Au(N3)(PPh3)]R Au(PPh3)

TMSN3

MeOH
+(2 equiv.)

toluene, 48 h, rt (1.4 equiv.)

toluene
rt, 48 h

R = H (78%)
R = F (74%)

R = H (71%)
R = F (87%)

 
Scheme 1.31 Synthesis of aerated triazoles in the copper-free cycloaddition of azides and alkynes 

 

Subsequent to that work, the same group reported a copper-catalysed Huisgen [3 + 2] 

cycloaddition of sterically demanding and functionalised gold(I) alkynyl complexes with 

benzyl azides.49 Indeed, in comparison to silylazides, benzyl azides were unreactive in the 

cycloaddition reaction and the addition of a catalytic amount of tetrakis(acetonitrile)copper(I) 

(10 mol%) was found to efficiently promote the cycloaddition of gold(I) alkynes and benzyl 

azide at room temperature (Scheme 1.32). All reactions reached completion within 12 h and 

the methodology showed functional-group and bulk tolerance. NHC-ligated derivatives were 

particularly efficient in the process in comparison with phosphine ligands.  
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R Au(L)

[Cu(MeCN)4][PF6] 
(10 mol%)

BnN3 (3 equiv.)
MeCN, rt, 12 h

BnN N
N

RAu(L)

BnN N
N

Au(L)

L = SIPr (96%)
L = PCy3 (63%)

R = aryl, alkyl,
TMS, CO2Me,
thiophene, ferrocene

35-96%

 
Scheme 1.32 Copper-catalysed Huisgen reaction of gold(I) alkynyls with benzyl azide 

 

Interestingly, in this paper, the authors refered to their initial copper-free methodology in the 

following statement: “In a related process, gold(I) alkynyls react with hydrazoic acid 

equivalents to yield the same triazolate, although this reaction does not generate any net 

carbon-gold bonds”. They explain that in protic solvent, trimethylsilylazide is surmised to be 

hydrolysed to HN3 and as such directly cleaves the C-Au bond formed. This statement is 

particularly intriguing as crystal structures of the corresponding gold(I) triazolates were 

provided in that same report and it was evident from the experimental part that the reaction of 

gold(I) alkynyls with trimethylsilylazide in methanol afforded gold(I) triazolates.  

 

Overall, these recent methodologies represent a great improvement but still remained 

limited to particular substrate classes or just a single example and the substrates for 

intramolecular cyclisations require multi-step synthesis.  

 
1.2 Synthesis and Reactivity of Au(NHC) Complexes 

 
1.2.1 N-Heterocyclic Carbenes 

 
Long considered as a mere alternative or mimic of the most σ-donating phosphines, N-

heterocyclic carbenes (NHCs) have since gained momentum on their own and conquered 

minds demonstrating incommensurable capacities in a wide variety of domains such as 

transition metal chemistry,50 organocatalysis, materials51 or even medicine.3a,52 Although 

originally observed as early as 1968 by Wanzlick and Ofele,53 the first isolated NHC IAd 

(IAd = 1,3-di(adamantyl)imidazol-2-ylidene) was reported by Arduengo in 1991 (Figure 

1.1).54 Considered for long to be too reactive to be isolated, this first report shattered this 

preconception by demonstrating the stability and storability of these complexes and ignited 

recrudescent interest in that research field especially as ancillary ligands.51a,55  
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N N

IAd

Arduengo 
(1991)

 
Figure 1.1 The first isolated N-heterocyclic carbene 

 

Since that first report, the chemistry of NHCs has been blossoming and their versatility has 

been demonstrated in a staggering variety of applications.56 Currently, their most significant 

success is in transition metal chemistry, particularly in cross-coupling reactions, and olefin 

metathesis.57 

 

1.2.1.1 Structure and Diversity 
 

N-heterocyclic carbenes are very electron-rich, neutral two electron-donors (σ-donor) with a 

nitrogen-based ylidic structure.58 These singlet carbenes are comprised of a σ-sp2-hybridised 

orbital containing the lone pair of electrons and an unoccupied pπ-orbital (Figure 1.2).  

N

N
R

R

C σ

pπ

 
Figure 1.2 Electronic single state of N-heterocyclic carbenes 

 

Their popularity as ligands is based on their electron-richness and high stability in 

comparison with normal carbenes. These unique charaterisitics arise from the stabilisation of 

the singlet carbene by the two adjacent nitrogen atoms via inductive (σ-withdrawing) and 

mesomeric (π-donating) effects, so called push-pull stabilisation (Figure 1.3).56  

-electron-withrawding

π-electron-donating

R

R

N

N
C σ

pπ

σ
 

Figure 1.3 Push-pull stabilisation of nitrogen substitutents in NHCs 

 

Inductively, the σ-electron withdrawing nitrogen enables lowering the energy of the 

occupied orbital (HOMO) thus increasing the gap with the unoccupied pπorbital (LUMO) 

favouring the singlet state. Mesomerically, the low energy pπ-orbital of the carbene centre 

receives electron density from the filled π-orbitals of the nitrogen atoms and is thus stabilised.  
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When associated to a metal (M), three orbital contributions have to be considered (Figure 

1.4). The most fundamental is the σ-donation of the σ-sp2 orbital of the carbene carbon into a 

σ-accepting orbital of the metal. For some time, it was believed to be the sole orbital 

interaction responsible for the metal-ligand binding. After extensive debate and in light of 

recent studies, the contribution of both π-donation (π-d NHC to M) and π*-back donation (d-π 

M to NHC) has been recognised.59 An intrinsic consequence of these interactions and one of 

the attractive features of NHCs is the general formation of a strong M-Ccarbene bond. In 

contrast, the M-Pphosphine bond is much weaker. 
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Figure 1.4 Electronic contributions of the NHC-Metal bonding 

 

Consequently, the equilibrium for complex formation between the free carbene and the 

metal complex is predominatly displaced in favour of the complex formation in comparison 

with phosphine ligands (Figure 1.5).57 This is one of the salient differences between NHC and 

phosphine ligands which account for the longer lifetime generally observed with NHC-

bearing metal complexes as well as their higher tolerance to air, moisture and heat. 

Conversely, phophines usually represent the best ligand alternative in reactions with 

dissociation/association pathways such as olefin metathesis. This divergence is of interest 

when one or the other property is needed.   

N N RR

M

N N RR + M

R3P M + MPR3

very reactivevery stable

 
Scheme 1.5 Equilibrium of complexation 

 

Over the past 20 years, the advent of NHCs has sparked the development of a veritable 

library of NHC compounds with various architectures, due the facile tunability of their 

electronic and steric properties.51a Subtle modifications of either the imidazole backbone, the 
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nature of the substituents on the C4 and C5 carbon atoms of the NHC skeleton and the N-

substituents have led to the emergence of various classes of NHCs such as 

imidazol(in)ylidenes, pyrrolidylidenes (CAAC), triazolydenes, thiazolyidenes,  N,N-

diamidocarbenes or abnormal imidazolylidenes (Figure 1.6). Amidst all these new subclasses, 

the most versatile NHC ring employed remains the five-membered ring.  

N NR RN NR R

R = Ad, Me, tBu, Mes
       2,6-(iPr)2-C6H3 (IPr)
       2,6-(CH-(C6H5)2)2-4-Me (IPr*)

R = Mes (SIMes)
       2,6-(iPr)2-C6H3 (SIPr)

N SR

imidazolylidene imidazolinylidene

thiazolylidene

N N
N

R R

R'

R = R' = Ph
triazolylidene

N NR R

benzimidazolylidene

NR R
R

pyrrolidinylidene
(CAAC)

N
N

R R

R R

"Abnormal"
imidazolylidene

N N
R R

O O
R' R'

N,N-diaminocarbene

 
Figure 1.6 Different NHC classes 

 

1.2.1.2 Electronic and Steric Properties 
 

" Electronic Properties 

 

N-heterocyclic carbenes are sterically and electronically stabilised. For example, their 

electron-richness has been shown to be a major attribute in cross-coupling reactions in which 

the oxidative addition step is greatly facilitated with a NHC-bearing metal complex catalyst.60 

They often display superior activity and stability compared to their phosphine analogues. 

Therefore, the quantification of their electronic properties is of fundamental importance in 

order to rationalise the reactivity differences imparted by NHC and phosphines. The common 

metric employed to probe the electronic properties of NHC ligands is based on the infrared 

measurements of the carbonyl (CO) stretching frequencies (ṽCO) of the corresponding 

[Ni(CO)3L] complex (L = NHC or phosphine).61 Carbonyl ligands are very good π*-accepting 

ligands and their stretching frequency reflects the electron density at the metal.  Indeed, 

increasing the electron density at the metal strengthens the M-CO bond by π-donation of the 

metal into the empty π*CO antibonding orbitals but weakens the MC-O bond (Figure 1.7).  
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Figure 1.7 Electronic contribution of the ML-CO bonding 

 

The lower the stretching frequency of CO, the stronger the σ-donating ability of the ligand. 

This method was originally developed by Tolman to quantify the electron donor ability of 

phosphane ligands.62 Thus, the carbonyl stretching frequency of the CO ligand (A1) of 

[Ni(CO)3L] is now known as the Tolman Electronic Parameter (TEP).  

The carbonyl complexes [Ni(CO)3(L)] are typically prepared from [Ni(CO)4]. However, the 

high toxicity of the latter and the some time instability of the former have prompted chemists 

to look for alternative metals. Ir- and Rh-carbonyl complexes of type cis-[MCl(CO)2(L)] (M = 

Ir, Rh) have come to be routinely employed as substitutes.63 In addition, the obtained values 

with these systems can be directly correlated to the nickel-based TEP values using the 

following correlations (Figure 1.8).64 

Ir to Ni: TEP (cm-1) = 0.8475 υav(CO)[Ir] + 336.2 (cm-1)

Ir to Rh: TEP (cm-1) = 1.0356 υav(CO)[Ir] - 56.9 (cm-1)

Rh to Ir: TEP (cm-1) = 0.9441 υav(CO)[Rh] + 98.9 (cm-1)

Rh to Ni: TEP (cm-1) = 0.8001 υav(CO)[Rh] + 420.0 (cm-1)

L

Ni
OC

COOC

L
IrOC Cl
CO

L
RhOC Cl
CO

 
Figure 1.8 Linear correlation between the TEP values of each metal system 

 

Thus, these correlations allow determination of the TEP values with each metal and a direct 

comparison of these systems with each other. However, care has to be taken when comparing 

these systems to each other and one has to make sure that the IR measurements have been 

performed in the same manner i.e. using the same solvent as otherwise the ṽCO value varies 

significantly.65  

 

Overall, the determined values evidenced the superior electron-donating ability of NHCs 

over even the most basic trialkyl phosphines. Also in general, the TEP values of the NHCs 

cover a smaller range than those of the phosphines.66 
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" Steric Properties 

 

It is interesting that NHCs have been commonly referred to and compared as mimics of 

phosphine ligands though their shapes are completely different.  

The steric demand of NHCs has also been considerably investigated as it plays a key role in 

the ability of the ligand to bind and form a stable bond with the metal center. Initial 

comparison of NHC and phosphine bulk using the Tolman cone angle was inadequate as 

NHC and phosphine ligands exhibit different symmetries (C2 vs C3) (Figure 1.9). NHCs are 

indeed anisotropic.51a  
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Figure 1.9 Model descriptor for NHC- and phosphine-metal complexes 

 

As seen on Figure 1.4, the phosphine substituents point away from the metal centre forming 

a cone, while in NHC complexes, the substituents on the nitrogens point toward the metal 

exhibiting an umbrella-shape. As a consequence, a novel method had to be designed. Nolan 

and Cavallo developed the concept of “buried volume” (%VBur) that calculates the percentage 

of a sphere occupied by the ligand upon coordination to a metal at the centre of the sphere.67 

This value can be either obtained directly from the crystal structure of the complex67 or from 

theoretical models using the SambVca software.68 The radius of the sphere is usually set at 3-

3.5 Å and the M-L bond distance is fixed at 2 Å for every complex.  The bulkier the ligand, 

the larger the amount of the sphere (%VBur) that will be occupied by the ligand.  

The method can be applied to any ligand and takes into account their symmetry. This 

provides a convenient system to compare the steric bulk of phosphines and NHC ligands.  

In line with the TEP, the same set of parameters must be used for further comparison of the 

%VBur between ligands and it is preferable to compare ligands bound to the same metal. In this 

context, our group has showed that [AuCl(NHC)] complexes represent the ideal candidates as 

their linear geometry infers minimal steric influence from additional spectator ligands on the 

metal centre.67 However, these values should be taken with caution as they are derived from 

solid-state crystal structures which ultimately do not represent the complex environment in 

solution and importance should be given to the trend between ligands rather than the absolute 

values. 
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N-heterocyclic carbene chemistry has considerably matured since the isolation of the first 

carbene. They have proven to be more than simple phosphine mimics but true workhorses of 

organometallic chemistry and catalysis.  

 

1.2.2 Synthesis of [AuX(NHC)] Complexes 

 
Since the start of the so-called “Gold Rush”, gold has become an indispensable tool to 

access complex architecture molecules in organic reactions and its efficient activity in 

homogeneous catalysis has been illustrated with the development of a myriad of new 

chemical transformations and the improvement of ancient reactions.69 2n,55b,70 

 

The first applications of gold in catalysis mainly involved ligandless systems such as simple 

AuCl and AuCl3.71 A major breakthrough in that field was introduced by Teles in 19981a who 

pinpointed, from his experiments, several fundamental points that now constitute the 

cornerstones of gold catalysis: (1) cationic gold complexes are most likely the active catalyst 

species in gold-catalysed reactions; (2) they have an exceptional affinity for triple bonds 

compared to other LTMs; (3) electron-rich phosphine ligands stabilise the gold centre and 

improve the catalyst turnover (up to 100,000 in that case). In view of this last finding, it was 

merely a question of time before gold and electron-rich NHC ligands would meet.  Indeed, 

considerable success stemmed from that association and has been the source of a palette of 

novel catalytic transformations of interest to the organic chemistry community.55b,72 In these 

reactions, [AuCl(NHC)] has appeared as the most versatile precursor to generate in situ active 

species of type [Au(X1)(NHC)] (X1 = weakly coordinating anion) and [Au(NHC)(S)][X2] (S = 

neutral 2e- donor; X2 = non coordinating anion).2n,73 Their ease of synthesis and high stability 

to air, moisture and heat are additional motives that account for their growing popularity. In 

this regard, it became indispensable to develop straightforward, reliable, efficient and scalable 

synthetic routes to access these pre-catalysts.   

 

1.2.2.1 Synthesis of [AuCl(NHC)] Complexes 
 

Until recently, two synthetic routes prevailed to prepare [AuCl(NHC)]:  

(1) Free carbene route: This approach involves a simple ligand substitutiton from the 

free carbene with a gold(I) precursor bearing a weakly coordinated ligand such as 

[AuCl(DMS)] or [AuCl(tht)] (Scheme 1.34).74 Modest to good yields are generally 

obtained. However, this procedure presents several inconveniences. First, the use of a 

free carbene requires to work under inert conditions. The free carbene must be 

synthesised first or can be generated in situ with strong bases such as NaH. 
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Furthermore, commonly employed IMes- and SIMes- derivatives (IMes =1,3-

bis(2,4,6-trimethylphenyl)imidazol-2-ylidene; SIMes = 1,3-bis(2,4,6-

trimethylphenyl)imidazolin-2-ylidene) cannot be obtained through this route, leading 

instead to a mixture of metallic gold and mono and bis-NHC gold complexes.74 The 

latter represent routine side-products from this route.  
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Scheme 1.34 Common routes to synthesise [AuCl(NHC)] 

 

(2) Transmetalation route: This procedure relies on the NHC transfer from [MCl(NHC)] 

(M = Cu, Ag) to gold (Scheme 1.34).74-75 The strong point of this route is firstly its 

applicability to commonly used NHCs ligands such as IPr (IPr = 1,3-bis(2,6-

diisopropylphenyl)imidazol-2-ylidene), IMes and their saturated congeners, that are 

obtained, but in modest yields. Secondly, recent improvements of the methodology 

led to the possibility of a one-pot synthesis starting with Ag2O and NHC.HCl with 

subsequent addition of [Au(DMS)Cl] without the need to isolate the Ag-NHC 

complex. The reaction can be performed in air without further precautions. However, 

the necessity to work with silver salts that are air, light and moisture sensitive is 

inconvenient. As mentioned above, copper salts can also promote the transmetalation 

reaction. The low price of copper makes this alternative method of interest. Yet, the 

multistep organocopper or organosilver synthesis and the formation of stoichiometric 

amount of salts (Cu or Ag) to access the final gold(I) chloride is burdensome.  

 

In our on-going research into developing milder routes for the synthesis of gold(I) 

complexes, our group reported last year a new straightforward improved protocol for the 

synthesis of [AuCl(NHC)]. The method is based on singular reports of [Au(NHC)Cl] 

involving the use of weak bases such as sodium acetate (NaOAc) and potassium carbonate 

(K2CO3).76 Still, these procedures require high temperatures of 80-120 °C, extended reaction 

times (9-48 h) and could not be applied to the most common NHCs.77 The optimal reaction 

conditions were found to use K2CO3 as a base in technical grade acetone at 60 °C under air. 

These conditions are really mild and economical. This new protocol is applicable to a broad 
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range of saturated and unsaturated imidazolium salts that are converted in good to high yields 

to the corresponding [AuCl(NHC)] complexes (Scheme 1.35).76  

N N RR

Cl N N R
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acetone, 60˚C
1 h - 24 h
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K2CO3

H

53-97%
R = 2,6-(iPr)2-C6H3
mesityl, tBu, Ad,
2,6-(CH(C6H5)2)-3-(CH3)2-C6H2  

Scheme 1.35 New procedure to synthesise [AuCl(NHC)] complexes 

 

Furthermore, stoichiometric studies have permitted insights into the mechanism of the 

reaction and led to the isolation of [IPrH][AuCl2]., which is a key intermediate (Scheme 

1.36).
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Scheme 1.36 Isolation of anionic gold intermediate  

 

With this clearer mechanistic picture, our group showed that the process can be extended to 

the preparation of [AuX(NHC)] (X = Cl, Br and I) starting from the corresponding NHC.HX 

salt. Finally the process is scalable and has been successfully carried out hitherto on a 0.34 

mole scale, yielding 222 g (96%) of [Au(IPr)Cl].   
 

1.2.2.2 [AuCl(NHC)] (1b) as Precursor 
 

As discussed, gold chloride 1b is a key vector for the synthesis of other (NHC)gold(I) 

complexes. Their growing popularity mostly imparts from the assumptions of a cationic gold 

[Au(L)]+ complex (L = PR3, NHC) as the active species in gold(I)-catalysed nucleophilic 

addition to unsaturated π-systems.71 The latter is usually generated in situ by combination of 

[AuCl(L)] and a silver additive AgX (X = non-coordinating anion) acting as a halide 

abstractor. However, the use of silver salts additives suffers limits. Indeed, silver salts are 

expensive and hygroscopic which makes it difficult to handle and properly weigh this reagent. 

In addition, the exact nature of the active species is merely putative. Finally, even if silver 

salts have been shown to be ineffective catalysts in homogenous gold catalysis, several recent 

reports have pointed to their non-innocent role in gold-catalysed reactions with a clear silver 

effect on the catalyst activity.78 Thus the development of straightforward routes to design 
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well-defined complexes that can be later used as pre-catalysts without extra addition of silver 

salts is highly desirable. 

 

" Synthesis of [Au(NTf2)(IPr)] 

 

In most gold(I)-catalysed reactions, a cationic gold species [Au(L)]+ has been surmised as 

the active catalytic species. However, despite major advances in the gold field, no structural 

proof of this so called “naked gold” species has yet been achieved. Alternative strategies have 

been investigated to prepare closely related species.  

 

Gagosz reported, in 2005, the synthesis of [Au(NTf2)(PPh3)] by displacement of the chloride 

precursor with the weakly-coordinating counterion of AgNTf2.79 The latter needs to be 

synthesised beforehand from HNTf2 and Ag2CO3. The reaction proceeds rapidly at room 

temperature and led to the formation of the gold-triflamide in quantitative yield (Scheme 

1.37). This complex was characterised by X-ray crystallography and exhibited high stability 

to air and moisture. The procedure was extended two years later to the synthesis of 

[Au(NTf2)(NHC)] complexes.80 The latter were obtained in good yields, similarly, after 5 min 

at room temperature. Both reports represent a milestone in the synthesis and isolation of well-

defined gold(I) complexes bearing a weakly coordinating ligand. Ultimately, in both cases, 

the gold-triflamides were examined in various gold(I)-catalysed reactions and showed similar 

activity to the [AuCl(L)]/AgX catalyst system. Their recent commercialisation emphasises the 

interest in these very convenient complexes for the development of numerous gold(I)-

catalysed transformations.  
AgNTf2

(1 equiv.)

DCM, rt, 
15 min

L-Au-Cl L-Au-NTf2 + AgCl

L = PPh3
L = IPr

>99%
>99%

Gagosz-type
complex  

Scheme 1.37 Preparation of Gagosz-type gold complexes  
 

" Synthesis of [Au(NHC)(S)][X] 

 

The further isolation of cationic gold species stabilised with a weakly coordinated solvent 

that was discovered in our group was very exciting. The reaction of [AuCl(IPr)] 1b in the 

presence of a stoichiometric amount of silver salt bearing a non-coordinating anion in MeCN 

led to the isolation of the first cationic gold complex of type [Au(IPr)(MeCN)][X] (X = BF4, 

PF6).81 The process was extended to other NHC analogues, weakly coordinating solvents and 

counteranions (Scheme 1.38).82 Echavarren reported the synthesis of cationic phosphine gold 
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congeners in the same year.83 Such complexes represent direct access to the catalytic gold 

active species. These species have shown high catalytic activity in a plethora of gold(I)-

catalysed transformations and some of them are also commercially available.82   

AgX
(1 equiv.)

MeCN, rt
<1 min

+ AgCl

X = BF4, PF6, SbF6,
B(C6F5)4

Au-Cl
N

N

R

R

Au
N

N

R

R

X

N

80-98%

 
Scheme 1.38 Synthesis and isolation of cationic (NHC)gold complexes 

  

1.2.2.3 From Gold(I) Chloride to Gold(I) Hydroxide 
 

While performing DFT calculations on the mechanistic aspects of gold(I)-catalysed 

formation of α,β-unsaturated ketones from propargylic acetates in aqueous media, a gold-

hydroxo [Au(OH)(IPr)] complex (1a) was suggested as a potential highly stable species 

(Scheme 1.39).84  

R2

OAc

R3

R1

R2 R3

OR1

[AuCl(ItBu)]/AgSbF6
(2 mol%)

THF/H2O (9:1)
60 °C, 8 h

N N

Au

OH2
+

N N

Au

O+

N N

Au

OH

58.9 
kcal/mol

53.3
kcal/mol

-81.7 
kcal/mol

highly stable
 

Scheme 1.39 Localisation of a highly stable gold hydroxide species by DFT calculations 

 

The analogy of such a complex to water becomes obvious as the [Au(NHC)]+ cation is 

isolobal with the proton. Much excited by this new feature, we started to explore synthetic 

routes to access this species. Gratifingly, the simple metathesis reaction of chloride precursor 

[AuCl(IPr)] 1b with different alkali metal hydroxides provided the corresponding 

[Au(OH)(IPr)] 1a in good yields.30 While the reaction was effected at room temperature using 

cesium hydroxide monohydrate (CsOH.H2O), an increase in temperature to 60 °C was 

necessary with sodium and potassium hydroxides. Further optimisation revealed KOH as a 

base and a mixture of THF/toluene (1:1) at 60 °C to be the optimal reaction conditions 

(Scheme 1.40). The new mononuclear gold hydroxide complex exhibits high stability to air 
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and moisture.  

N N

Au

Cl

1b

M-OH
N N

Au

OH

60 °C, 24 h

THF/toluene (1:1)
+

M = KOH   (92%)
    = NaOH (92%)
    = CsOH (88%) 1a  

Scheme 1.40 Synthesis of [Au(OH)(IPr)] (1a) 

 

From that point forward the full potential of reactivity that this new gold hydroxide synthon 

could exhibit in bond activation reactions was envisioned. However, questions arose of 

whether it would behave as Brønsted base with a labile M-OH bond or would react in a MO-

H bond type insertion pathway like some other LTMs.85 It is worth mentioning, from that 

point, that water would be the sole side product in acid-base type reactions.  

Before venturing further forward, a brief survey of the LTM hydroxide chemistry was 

carried out in order to understand the full potential of these metal hydroxide species in 

transformations. 

 

1.3 Late-transition Metal Hydroxides (LTM-OH) 
 

The chemistry of organometallic hydroxides is quite old.85 Metal hydroxide complexes were 

primarily considered as undesired by-products with traces of moisture or in aqueous media. 

As a result, studies of their synthesis and reactivity have been far much less explored in 

comparison to C-C and C-H bonds activation.70d,86 In addition, the Pearson theory on the 

interaction of hard/soft acid/base served, in early times, as a general guideline on metal-ligand 

interactions.87 Indeed, while hydroxide ligands are hard bases, late-transition metals in a low 

oxidation state function as soft acids. In concomitance with that theory, this would lead to 

weak M-OH bonding and as such raised doubts, in the early days, about the feasibility and 

stability of these complexes. However, the rapid evolution of the metal-catalysed reaction 

field and the increasing knowledge of organometallic chemistry have pinpointed these species 

as transient intermediates, notably in carbon-heteroatom forming processes.85 The presence of 

water or the often requirement of alkoxide or hydroxide bases has raised the question of the 

existence of these complexes as key synthons.88 To this end, several groups have directed 

efforts to develop synthetic strategies to isolate and study metal hydroxides in order to 

increase our understanding of the M-O linkages.88-89  
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The aim of this section is to give a brief overview of the synthetic routes developed to 

prepare late-transition metal hydroxides, with a particular emphasis for monomeric and 

dimeric metal complexes.  

1.3.1 Synthesis of Late Transition Metal Hydroxides 

 
The two common synthetic methods to prepare metal hydroxides are based on ligand 

metathesis and the oxidative addition of water. Depending on the reaction conditions and the 

nature of the metal, various metal hydroxo structures may form such as monomers, dimers 

(the most common), triply bridged hydroxo groups and so forth. Of note, similar routes 

prevail for the synthesis of metal alkoxides. 

 

1.3.1.1 Ligand Exchange 
 

By far the most exploited method to prepare late transition metal hydroxide is via the 

metathesis of metal chloride or cationic complexes with alkali metal hydroxides.  

 

Ruthenium hydroxides have remained relatively elusive and few examples have been 

hitherto reported. Wilkinson et al. used a metathetical route to prepare the first monomeric 

ruthenium hydrido hydroxide (4a) by chloride metathesis (Scheme 1.41).90 The nature of the 

solvent, the amount of water and base were found to substantially influence the outcome of 

the reaction. Two ruthenium precursors were surveyed for the reaction. The reaction of 

ruthenium hydride (5a) with either NaOH or KOH produced mononuclear and dinuclear 

hydrido-hydroxo ruthenium complexes (4a) and (6a) that could be isolated after 

recrystallisation. Surprisingly, the hydrido-hydroxo dimer 6a could also be obtained using 

ruthenium dichloride precursor (5b) upon heating for extended time. Initially, the reaction of 

5b gave rise to ruthenium hydroxide mono- and dimers (4b) and (6b).    

[Ru(PPh3)3(H)Cl]

[Ru(H)(OH)(PPh3)2(S)] (4a)

S = THF, H2O,
      acetone

(5a)

[Ru(Cl)(OH)(PPh3)2(H2O)] (4b)

[{Ru(H)(PPh3)(S)}(µ-OH)]2 (6a)

[Ru4(Me2CO)2(CO)2(PPh2)2(PPh3)6(H)4(OH)2]

[Ru(PPh3)2(Cl)2]
(5b)

(7)

[{RuCl(PPh3)(H2O)}(µ-OH)]2 (4b)

MOH, rt or rfx

Conditions

 
Scheme 1.41 Synthesis of hydroxo ruthenium derivatives 
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Ruthenium hydroxide 4b was surmised to be a key intermediate in the synthesis of dimer 6a 

and could also furnish monomer 5a in presence of KOH and H2. Interestingly, suppressing 

water from the medium and using dry acetone resulted in the isolation of a tetranuclear 

species (7) from ruthenium hydride 5a. 

 

An alternative route was introduced by Bercaw and coworker based on the in situ generation 

of a cationic ruthenium species.91 Due to their initial failure to prepare the ruthenium 

hydroxide via the classical chloride metathesis, they reacted ruthenium methylide (5c) with a 

solution of triflic acid (TfOH) in diethyl ether (Et2O) to initially generate a cationic ruthenium 

complex (8). The latter was subsequently treated with KOH and furnished the desired 

ruthenium hydroxide (4c) in 80% yield (Scheme 1.42). It is worth mentioning that the 

addition of significant amounts of water was crucial to drive the reaction to completion and 

avoid the formation of side-products such as bridged-oxo complex [{Ru(Cp*)(PMe3)2}2O] or 

[Ru(PMe3)3(η-C5(CH3)4(CH2)]. 

[Ru(Cp*)(Me)(PMe3)2] TfOH (1 equiv.)
[Ru(Cp*)(H)(Me)(PMe3)2][OTf]

KOH (1.5 equiv.)
H2O

-40 °C to rt, 3 h

[Ru(Cp*)(OH)(PMe3)2]
(4c, 80%)

in situ generation

Et2O
-40 °C to rt, 3 h(5c) (8)

 
Scheme 1.42 Synthesis of ruthenium hydroxide using a cationic ruthenium precursor 

 

An unusual five-coordinate osmium hydrido-hydroxo complex (4d) was reported by 

Esteruelas.92 The latter was isolated in 89% yield by reaction of the hydrido-chloro precursor 

(3d) with KOH at room temperature (Scheme 1.43). The process was extremely rapid and 

facile, being complete after 10 min at room temperature and the final complex exhibited high 

stability. 

KOH (0.2 M in MeOH)

THF. rt, 10 min

H

OsOC P(iPr3)

P OH(iPr3)

H

OsOC P(iPr3)

P Cl(iPr3)

(4d, 89%)(5d)  
Scheme 1.43 Synthesis and isolation of a hydrido-hydroxo osmium complex 

 

Very recently, the first monomeric osmium hydroxide complex bearing a NHC ligand was 

described. It was synthesised via ligand exchange from the chloride precursor (5e) with a 

large excess of sodium hydroxide in THF at room temperature and yielded (NHC)osmium 

hydroxide complex (4e) in 73% (Scheme 1.44).93 This complex paved the way to readily 

access a trihydride NHC species and was additionally found to be an active catalyst precursor 

in the base-free transfer of hydrogen from 2-propanol to aldehydes. 
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N
N

Os Cl
N

N

Os OH
NaOH (14 equiv.)

THF, rt, 1 h

(4e, 73%)(5e)  
Scheme 1.44 Synthesis of the first monomeric osmium hydroxide bearing a NHC ligand  

 

Several iridium and rhodium hydroxide complexes have also been prepared by ligand 

exchange. Simple [M(OH)(cod)]2 (M = Rh, Ir) complexes can be easily obtained by treatment 

of the commercially available chloride precursor [MCl(cod)]2 with KOH in water.94 Both 

serve as useful synthons that can be further derivatised by cod ligand exchange.95 Currently, a 

widespread strategy consists in associating the two previous procedures in a one-pot reaction 

(Scheme 1.45).  

Rh Rh
Cl

Cl

KOH
MeOH, H2O

Rh Rh

H
O

O
H

L
Rh

L

OH

Rh Rh

H
O

O
H

L

L L

LL = NHC, 
phosphine

MOH (M =Cs, K), L

+

 
Scheme 1.45 General procedure to access mono- and dinuclear rhodium hydroxides 

 

Vaska studied the π-acidity of anionic ligands in trans-[M(A)(CO)(PPh3)2] (M= Rh, Ir; X = 

CN, NO2, I, Br, F, OPh, OH etc..) by measuring their CO stretching frequencies. For this 

study, both iridium and rhodium hydroxide complexes (4f) and (4g) were prepared from the 

fluoride precursor (5f) and (5g) in water (Scheme 1.46).96 Both complexes showed similar 

characteristics and, as expected, the π-accepting character of the hydroxide was found to be 

negligible.  

MOC PPh3

Ph3P F

(5f,g)

M'OH+ MOC PPh3

Ph3P OH

(4f,g)

M = Rh, Ir
M' = Li, K, Na

1. boiling
MeOH, 5 min
2. H2O

 
Scheme 1.46 Vaska’s synthetic strategy to prepare M-OH (M = Rh, Ir) from their M-F precursors 

 

Salt metathesis has also been shown to be viable from cationic iridium complex (5h) which 

yielded the corresponding iridium hydroxide (4h) in 72% using cesium hydroxide (CsOH) 

(Scheme 1.47).97   
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Ir
Ph

Me3P OTf

(5h) (4h, 72%)

Ir
Ph

Me3P OH

CsOH

THF, rt

 
Scheme 1.47 Synthesis of monomeric iridium hydroxide from cationic iridium 

 

Recently, our group showed that monomeric iridium and rhodium hydroxides bearing NHC 

ligands could be easily synthesised and isolated in a sequential or one-pot procedure from 

[MCl(cod)]2 (M = Rh, Ir) as previously discussed (Figure 1.10).98 

NN

M

R R

OH

Rh (2011)
Ir    (2013)  

Figure 1.10 (NHC)Rh- and Ir-hydroxide complexes 

 

Conversely, palladium(II) hydroxide complexes have been isolated as dimers of the form 

[Pd(R)(L)(µ-OH)]2 (L = tertiary phosphine; R = alkyl, aryl). They can be readily prepared by 

metathetical route using alkali salts such as KOH. Grushin et al. showed that the presence of 

an excess of phosphine (iPr3P or Cy3P) induced an equilibrium between the dinuclear and 

monohydroxide species (Scheme 1.48).99 Further studies of the equilibrium constant Keq 

demonstrated that the formation of mononuclear palladium hydroxide was favoured with 

electron-rich phosphines in the following order Cy3P ~ iPr3P > PPh3. In line with those results, 

both [Pd(PR3)(Ph)(OH)] (R = Cy and iPr) were isolated for the first time in good yield.100 

Noteworthily, Grushin also established that hydroxide ions reduce [PdCl2(L)2] into Pd(0) 

along with triphenylphosphine oxide. This result is paramount in view of the tremendous use 

of this system combination in Pd(II)-catalysed reactions and provides a nice explanation for 

the onset of the catalytic cycle. 

[PdCl2(PR3)] Ph-X

KOH
benzene

rfx, 3-5 h
+ Pd Pd

H
O

O
H

R3P

Ph PR3

Ph
Pd

PR3

OHR3P

PhPR3

(4i, 72%)
(4j, 58%)
(4k, 0%)

R = Cy (6c, 80%)
       iPr (6d, 41%)
       Ph (6e, 80%)  

Scheme 1.48 Influence of the nature of phosphine ligand on the mono- and dimeric equilibrium of 

palladium hydroxide 

 

Once again, taking advantage of the recently developed procedure to access gold hydroxide 

1a, our group reported the synthesis, via ligand metathesis, of palladium hydroxide dimers 

bearing a NHC ligand (Scheme 1.49).101 The complexes were obtained in good yields and 
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showed high stability toward air and moisture. A rapid survey of reactivity demonstrated their 

versatility in traditional cross-coupling reactions compared to other phosphine palladium 

systems and their susceptibility to hydrogenolysis.  

Pd
O
O

N

N
R

R

Pd

N

N
R

R

H

H

CsOH (2 equiv.)

THF, rt, 72 h
Pd

N

N
R

R

Cl

ca. 80%

 
Scheme 1.49 Synthesis of palladium(II) hydroxide complexes bearing NHC ligands 

 

In contrast with other late-transition metals, the platinum hydroxide chemistry has been 

much more developed. Various routes exist to prepare mono- and dinuclear complexes with a 

prevalence of the oxidation of water route (vide infra). The success of the ligand metathesis 

methodology crucially depends on the nature of the platinum precursor. Alkali hydroxide salts 

effectively displace solvent-derived ligands from cationic platinum complexes such as 

[Pt(OC(CH3)2)(L)2(R)]+,102 [Pt(dppe)(CH3OH)(CH3)]+103 and [Pt(L)2(NCCH3)]+104 (Scheme 

1.50).  

[PtCl(R)(L)]
AgBF4

solvent
rt, 2 h

[Pt(R)(L)(S)]
MOH (1 equiv.)

rt, H2O, 30 min
[Pt(OH)(R)(L)]

L = tertiary
      phosphine
R = Ph, Me

(20-91%)
S = acetone,
      MeOH
      C3H6CN

M = K, Na

 
Scheme 1.50 Common synthetic methods to synthesise platinum hydroxides from cationic platinum 

complexes 

 

Interestingly, Osaka recently showed that treating platinum iodide (5i) with 

tetrabutylammonium hydroxide (NBu4OH) enables access to platinum diphenyl (9) and 

platinum hydroxide (4m) via an intermolecular phenyl transfer. 105 Stoichiometric 

experiments were conducted to shed light on the mechanism of the reaction and identified a 

bridged-hydroxide platinum complex (6f) as a key intermediate. This species was isolated in 

59% yield and fully characterised for the first time (Scheme 1.51).  
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Pt
Ph

I

Pt Pt
O
H

Pt
Ph

Ph

NBu4OH (0.5 equiv.)

THF, MeOH, rt, 1 h
42%

AgBF4, THF
rt, 10 min

(6f, 59%)

(5i) (9, 50%)

NBu4OH, MeOH,
THF, rtPh Ph

Pt
X

HO

(4m) (X = OH, I)

+

BF4

 
Scheme 1.51 Intermolecular phenyl transfer reaction: Evidence for a hydroxo-bridged palladium 

complex 

 

Finally, Pidcock demonstrated that platinum hydroxides can be directly formed from 

chloride precursors in the presence of crown ethers in the medium (Scheme 1.52).106 Similarly 

to palladium, in their absence, the alcoholic solvent, in combination with hydroxide ions, 

induces the reduction of platinum(II) to platinum(0), platinum(II) hydride or platinum 

metal.107 

[PtCl(R)(L)]2

KOH
18-crown-6

benzene or DCM 
rt, 12 h

[Pt(OH)(R)(L)]2

L =PEt3, dppe
     P(Me)2Ph, P(Et)2Ph
R = Ph, Cl,
      p-tolyl

27-88%

 
Scheme 1.52 Preparation of platinum hydroxide dimers from the chloride by the use of crown ethers 

 

A few nickel hydroxide complexes have very recently been reported by López and 

Carmona’s groups. These compounds were synthesised by the treatment of nickel chloride or 

cationic nickel complexes with NaOH or NBu4OH and offered a mixture of cis and trans 

dimers or multimetallic clusters (Scheme 1.53).83b,108  

[NiCl(R)(PMe3)]2
NaOH (1 equiv.) [Ni(R)(PMe3)(µ-OH) ]2

R = CH2SiMe, CH2Ph
      CH2CMe2Ph

(near quant. yield)THF, rt, 3-4 h

[Ni(Ph)(NCPh)]2
NaOH (1 equiv.) [Ni2(Ph)4(µ-OH)2][Na]2H2O, rt  

Scheme 1.53 Synthesis of mono- and dinuclear nickel hydroxide complexes 

 

The use of NHC ligands on nickel was key to access a stable monomeric species. The 

complex could be prepared in a one-pot procedure from nickel dichloride along with the 

imidazolium salt. The reaction was found to be more challenging than with other LTMs and 

required long reaction time of 24 h and a large excess of base. The final nickel hydroxides 

were isolated in modest yields (Scheme 1.54).109 These species were subsequently used as 

precatalysts in base-free Michael additions. 
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OH
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R2 = iPr       (47%)
        CH2Ph (43%)

[NiCl2(H2O)6] NHC.HCl

K2CO3
(14 equiv.)

MeCN, 80 °C
24 h

+

 
Scheme 1.54 Synthesis of monomeric nickel hydroxide complexes bearing a NHC ligand 

 

To our knowledge, there has been hitherto no report of an organometallic hydroxide of 

silver and only a single example of copper hydroxide complex. In 2010, Cazin et al. disclosed 

an analogous procedure to the gold hydroxide one, that allowed access to a [Cu(OH)(IPr)] 

complex in 85% yield.110 The latter was found, in line with other LTM-OH, to be very active 

in Y-H bond activation reactions (Y = C, O, N, P and S).  

 

Very few mononuclear gold hydroxide complexes had been reported before our report, with 

a predominance of Au(III) metal centers. Miles disclosed the synthesis, isolation and X-ray 

characterisation of a gold(III) hydroxide (4n) complex that presents a tetramer conformation 

in the solid state. This species was obtained in 90% yield from the in situ generation of a 

cationic gold [Au(Me)2]+ species that was subsequently quenched with aqueous NaOH 

(Scheme 1.55).111 Bridged-hydroxo gold dimer (4o) was also obtained by a metathetical route 

using sodium hydroxide, albeit in lower yield.111-112 

[AuI(Me)2]4
1. AgNO3

2. NaOH xs, rt

Au

OH

O
H

Au

Au
H
O Au

HO

[Au(2-NO2-C6H5)(OC6H5)]2[Na]2

NaOH

acetone
[Au(2-NO2-C6H5)2(µ-OH)]2

(4n, 90%)

(4o, 35%)
15 h, rt

(3 equiv.)

 
Scheme 1.55 Synthesis of Au(III) hydroxide complexes 

 

1.3.1.2 Oxidative Addition of H2O 
 

Historically, the first mononuclear platinum hydroxide was actually prepared via H-OH 

bond activation by Bennett in 1973.113 Muetterties described, two years earlier, the reversible 

formation of a hydrido hydroxoplatinum when treating triethylphosphine platinum [Pt(PEt3)3] 

with water but failed to isolate this unstable species.114 To address this issue, Bennet used a 

cyclohexyne ligand that stabilised the platinum centre and enabled the isolation of the first 
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hydrido-hydroxoplatinum compound. As expected, the oxidative addition of water requires 

more forcing conditions than the metathesis process (BDE(H2O) = 117.9 kcal/mol).115 With 

regards to the mechanism, the authors believed that the formation of a hydrido-hydroxo 

platinum intermediate was very likely (Scheme 1.56).  

P
Ph2

Ph2
P

Pt H2O+
P
Ph2

Ph2
P

Pt
HO

toluene
reflux

 
Scheme 1.56 Preparation of platinum(II) hydroxide by H-OH bond activation 

 

The use of electron-rich η2-coordinated complexes of osmium(II) and ruthenium(II) 

similarly activated water to give ruthenium hydroxide (4p) or hydrido hydroxometal 

complexes (4q) (Ru) and (4r) (Os). These compounds were prepared from the corresponding 

cyclometallated hydride precursors (Scheme 1.57a).116 In the case of ruthenium, changing the 

hydrogen for a methyl improved the yield of the reaction and furnished ruthenium hydroxide 

4p in 60% yield (Scheme 1.57b).117  

P

Ru

PMe3

Me3P CH2

Me3P Me

Me2

H2O
P

Ru

PMe3

Me3P OH

Me3P Me

Me3

P

M

PMe3

Me3P CH2

Me3P H

Me2

H2O
P

M

PMe3

Me3P OH

Me3P H

Me3

M = Ru, Os

(4p, 60%)

(4q, low yield)
(4r, 40%)

a)

b)

 
Scheme 1.57 Synthesis of ruthenium and osmium hydroxides derivatives 

 

Of note, an excess of water converted the cyclometallated hydride complex to a ruthenium 

hydroxide salt of form [Ru2(PMe3)6(µ-OH)3][OH]. The activation reaction is particularly 

facile with ruthenium and proceeded at room temperature while requiring heating at 70 °C 

with osmium.  

Interestingly, while the oxidative addition of water by ethylene complex (5j) gave 

ruthenium hydrido-hydroxide 4s in 80% yield, the hydrolysis of the chelated diphosphine 

relative (5k) produced an interesting binuclear hydrido-hydroxo water complex (6g) isolated 

in 28% yield and characterised by X-ray crystallography (Scheme 1.58). Elimination of the 

hydrogen-bound water by molecular sieves yielded the monomeric hydrido-hydroxo 

ruthenium complex (4t). 
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Scheme 1.58 Activation of water with ruthenium ethylene complexes 

 

The oxidative addition of water to cationic iridium complexes has also been demonstrated as 

a facile and straightforward process to access iridium hydroxide compounds.118 Milstein 

employed cationic [Ir(PMe3)4][PF6] complex (5m) that in presence of a large excess of water 

produced the monomer cis-[Ir(H)(OH)(PMe3)4][PF6] (4u) in 85% yield.118a The complex is air 

and thermally stable and does not undergo reductive elimination even at 100 °C (Scheme 

1.59). Its structure was confirmed by X-ray analysis.  

[Ir(PMe3)4][PF6]
H2O xs

H

Ir

PMe3

Me3P OH

Me3P PMe3(5m)

(4u, 85%)

THF, rt

100 °C

- H2O
no eliminationx

PF6

 
Scheme 1.59 Oxidative addition of water to cationic iridium complex 

 

 Noteworthy, the reaction of iridium hydroxide 4u with methanol gave the corresponding 

isolable hydrido methoxo complex [Ir(H)(OMe)(PMe3)4][PF6] in quantitative yield.  

 

Canty reported the synthesis and structural characterisation of palladium(IV) hydroxide 

[Pd{(pz)3BH}(C4H8)(OH)] (3v) ((pz)3BH- =  tris(pyrazol-1-yl)borate).119 The latter was 

obtained via oxidation of a pallada(II)cyclopentane [Pd{(pz)3BH}(C4H8)]- by water or 

hydrogen peroxide and was structurally isolated as [Pd{(pz)3BH}(C4H8)(OH)].2(3-

MeC6H4OH) (Scheme 1.60). Likewise, the platinum(IV) relative was identically synthesised, 

as [Pt{(pz)3BH}(R)2(OH)] (R = Me, p-tolyl), in modest yields.120 Of interest, these complexes 

have been shown to be useful precatalysts in the hydration of acetonitriles to acetamides. 

Pd
N
Me2

Me2
N

1. K[(pz)3-BH]
4 h, 0 °C

2. H2O (12 h) or
H2O2 (<1 min)

Pd

OH

N
N

N
N

N

N

B
H

(3v, 59%)  
Scheme 1.60 Oxidation of Pd(II) with H2O and H2O2 to give Pd(IV)-OH complex 
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Finally, it is worth mentioning that novel systematic synthetic routes have recently surfaced 

that either use oxygen as an activator or a dihydrogenation process to produce (hydrido-

)hydroxo metal complexes, but these routes will not be detailed in this section. 118b,121 

 

1.3.2 Reactivity 

 
Late-transition metal hydroxides have found a myriad of applications in organic and 

organometallic chemistry.85,88a,95 Predominantly, their reactivity exploits their strongly basic 

character that can be either used in acid/base type reactions or in base-free/assisting processes 

which both rely on a M-OH insertion type mechanism. Although less frequently encountered, 

an insertion into the MO-H bond has been also observed with some hydroxo metal 

complexes.  

 

The above studies have clearly demonstrated that LTM-OH complexes can be readily and 

easily prepared. The common perception of a weak M-OH bond must be revised, as it is 

actually quite robust. The presence of bulky and/or electron-rich ligands stabilises 

mononuclear hydroxide complexes and prevents further reaction or conglomeration. These 

studies have clearly emphasised that the high basicity of these species that consequently react 

readily with weak acids and electrophilic organic substrates. The different strategies that exist 

allow unique opportunities to undertake intense mechanistic studies that give unique 

opportunities to illuminate their role in catalytic reactions. 

 

1.4 [Au(OH)(IPr)] (1a) as Bond Activation Reagent 
 

The formation of M-O bonds is not trivial.85 Such interactions have been thought to be very 

unfavourable due to the mismatch of associating soft low valent late transition metals and 

hard oxygen ligands that would result in weak M-O interaction.88a,122 This often results in 

facile decomposition to metal hydride complexes by β-elimination pathways. Furthermore, 

the OH moiety can easily utilise its electron pairs to coordinate to different metals 

engendering bridging metal hydroxides or metal oxoniums as has been commonly observed, 

notably with phosphine gold complexes.123 Nevertheless, if the complexes are stable and 

isolable, this can grant access to a new set of reactivities with a very reactive M-OH 

bond.30,85,92-93,97-98,109,124 Withal, the generation of water as the only side-product as well as the 

forgoing of external bases, is environmentally particularly appealing. 
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1.4.1 Development of a Large-Scale Procedure 

 
With the increased number of applications of the gold hydroxide complex in various 

transformations (vide infra), a larger scale process to prepare these derivatives was highly 

desirable. However, reproducibility issues and incomplete conversions were encountered with 

our initial methodologies.30 The addition of tert-amyl alcohol (tAmOH) was found to be key 

to achieve reproducibility and scalability of the reaction. In that context, the reaction of 

[AuCl(IPr)] in presence of an excess of sodium hydroxide (NaOH) and 0.2 equivalents of 
tAmOH in THF led to [Au(OH)(IPr)] in 87% yield.125 In addition, the reaction proceeds at 

room temperature and various [Au(OH)(NHC)] can be accessed in good yields under these 

new conditions (Scheme 1.62).  

N NR R

Au

Cl

N NR R

Au

OH
THF, rt, 24 h

72-87%

NaOH (6 equiv.)

under air

tAmOH (0.2 equiv.)
IPr (1a)

1 g  (95%)
5 g  (97%)
20 g (99%)

 
Scheme 1.62 Large-scale procedure for the preparation of [Au(OH)(IPr)] 1a 

 

The catalytic use of tAmOH suggested a different mechanistic scheme. Stoichiometric 

experiments supported the existence of putative [Au(OtAm)(NHC)] intermediate and the 

following mechanism was delineated. At the onset, tAmOH would react with NaOH to 

generate sodium tert-amyloxide (tAmONa). Although the equilibrium position surely lies 

towards the hydroxide, the (small) amount of the alkoxide would react rapidly with 

[AuCl(NHC)] to give [Au(OtAm)(NHC)]. The subsequent cleavage of the Au-O bond in 

presence of water provides the corresponding [Au(OH)(NHC)] complex and regenerate the 

tert-amyl alcohol (Scheme 1.63).  
NaOH

tAmOH tAmONa
H2O

[Au(NHC)(OtAm)

NaClH2O

[Au(NHC)Cl][Au(NHC)(OH)]

 
Scheme 1.63 Proposed mechanism for the synthesis of [Au(OH)(IPr)] 1a 
 

The scalability of the process was assessed and [Au(OH)(IPr)] 1a was successfully 

synthesised on 1, 5 and 20 g scales with the yield increasing with the scale of the reaction 

(95%, 97% and 99%) (Scheme 1.62). 
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1.4.2 Activation of Y-H bonds (Y = O, N) 

 
A classical mechanistic feature of the metal hydroxides relies on their capacity to act as 

internal base and react with weakly acidic substrates. The chemical reactivity and lability of 

the Au-O bond of 1a was first examined in elementary bond activation processes with a wide 

variety of weakly acidic Y-H bonds (Scheme 1.64). 

 

Reaction of 1a with strong acids such as acetic acid derivatives, benzoic acid and sulfonic 

acid derivatives is extremely rapid (<5 min) in analogy with a simple acid-base reaction and 

produced the corresponding new gold complexes along with water in good to high yields.30 

The new complexes are air stable and still intact after months under air. In addition, a 

common feature of this reactivity is the ease of purification of the readily formed gold(I) 

complexes. Indeed, the simple addition of pentane at the end of the reaction, results often in 

the precipitation of the gold(I) complex that can be subsequently collected after filtration.  

 

A prime reaction was the test reaction of 1a with triflamidic acid (HNTf2) that gave access 

to the Gagosz-type complex [Au(NTf2)(IPr)] in 91% yield. This result is of importance as this 

synthetic route is devoid of silver salts at every stage of the process. Similarly to the silver 

route, it is readily prepared in a 3-step route from the imidazolium chloride but in contrast 

none of the intermediates require any special precaution like exclusion of air, moisture or 

light.  
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Scheme 1.64 [Au(OH)(IPr)] 1a as internal Brønsted base 

 

Gratifyingly, gold hydroxide 1a also activates the O-H bond of alcohols. However, the 

reaction with alkyl alcohols led quickly to decomposition and further attempts to isolate 

gold(I) methoxide and tert-butoxide were unsuccessful.126 

 

Changing alkyl alcohol for phenol derivatives restored the stability of the final complexes 

but required an increase in temperature to 50 °C to drive the reactions to completion within 2 

h (Scheme 1.65).127 Overall, several gold phenoxides underwent clean deprotonation and were 

obtained in good to high yields. It is worth mentioning that these complexes have been 

identified as catalytically active species in the hydration of alkynes.128 Interestingly, an 

environmentally-friendly alternative strategy was later developed. The gold phenoxides could 

be directly prepared by grinding the chloride precursor 1b with KOH and the phenol under 

neat conditions via a mechanochemical process.127 In that way, the reaction times are 

significantly decreased to 5 min and the removal of solvent utterly fulfills the concept of 

green chemistry.  



1. Introduction 

 44 

N N

Au

O

R

stable

64-82%

DCM, 2h

50 °C

N N

Au

OH

H-OH+

1a

O

R

H

+

 
Scheme 1.65 Synthesis of gold phenolates from 1a 

 

Conversely, a series of electron-poor anilines was successfully reacted with 1a and 

produced the corresponding gold(I) amides in good to excellent yields (Scheme 1.66).129 

Moreover, these species were found to be fluorescent. To date, only one other procedure by 

Toste and Bergman described the preparation of gold(I) amide complexes and utilised 

organolithium reagents as amide transfer precursors which ultimately limits the scope of 

application and generates stoichiometric amounts of lithium salts.130 The formation of solely 

water, the tolerance of various functional groups and the ease of procedure make this new 

methodology of particularly value from an economical and environmental point of view.   
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Scheme 1.66 Synthesis of gold amides from 1a 

 

Interestingly, the use of this synthon in the previously described cyclisation of N-propargyl 

carboxamide derivatives induced a switch of regioselectivity.131 Indeed, while cationic gold 

complex [Au(OTs)(IPr)] resulted in 6-endo-dig mode cyclisation (see 1.1.5.2) with internal 

alkynes, gold hydroxide 1a afforded preferentially 5-exo-dig cyclisation to give gold oxazoles 

(Scheme 1.67). This difference of reactivity was ascribed to the basic properties of the gold 

hydroxide that preferentially activates the N-H bond of the carboxamide whereas the in situ 

generated cationic gold [Au(IPr)]+ forms initially the classical gold π-acetylide complex.  

Furthermore, this nicely emphasises not only the ability of gold hydroxide to provide a new 

route to access vinylgold species but also the stability imparted by the NHC ligand to isolate 

these putative intermediates. 
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Scheme 1.67 Influence of 1a on the chemoselectivity in the cyclisation of N-propargyl carboxamides 

 

Last but not least, the synthesis of cationic bis(NHC)gold complexes was investigated. The 

latter are usually obtained by transmetalation from the corresponding silver(I) complexes or 

by substitution of [AuCl(DMS)] (DMS = dimethylsulfide) using two equivalents of the free 

carbenes. Evidently, this last route is strictly limited to the preparation of homolytic 

bis(NHC)gold synthons.132 Starting from [Au(OH)(IPr)] 1a allowed development of a 

straightforward and extremely fast methodology to access in high yields homo and heterolytic 

bis(NHC)gold complexes by deprotonation of various imidazolium salts (Scheme 1.68).133 

This procedure enables, from [AuCl(IPr)]  1b, complete avoidance of silver salts. 
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Scheme 1.68 Synthesis of bis(NHC)gold complexes from 1a 
 

1.4.3 C-H activation of Unsaturated Systems 

 
Among the many transition-metal catalysed transformations, the direct activation or 

functionalisation of C-H bonds has witnessed much interest in the last few years.70d   

As discussed previously, Larrosa et al. developed an elegant and direct auration of low pKa 

arenes mediated by Au(I) to generate gold arenes.35 The proposed mechanism relied on a 

cationic gold active species, formed in situ via halide abstraction with silver oxide, and 
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pivalic acid as a proton acceptor. We initially surmised that, under these conditions, the in situ 

formation of a phosphine gold hydroxide or pivalate could also be responsible for the C-H 

activation process. However, the scope of auration using gold hydroxide 1a seemed restricted 

to polyfluoroarenes with a pKa (vide infra) lower or similar to the one of 1a (Scheme 1.69).30  

N N
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OH

H

F
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N N
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F F F F
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pKa (DMSO) = 23.1 pKa (DMSO) = 29.0 pKa (DMSO) = 31.5

93% 86% 0%

-H-OH
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+

 
Scheme 1.69 Direct C-H auration mediated by 1a 
 

Very much intrigued by this difference of reactivity, our group ventured into clarifying the 

mechanism of that reaction and identifying the clear role of silver in the process.134 As 

reported, a full conversion to 1,3,5-fluorophenylgold was obtained using [AuCl(IPr)] 1b 

precursor under Larrosa’s conditions (eq. 1).  

H

F
Ag2O (0.75 equiv.)

PivOH (2.5 equiv.), K2CO3 (1.75 equiv.)

DMF, 50 °C, 2 h

[AuCl(IPr)] 1b (1 equiv.)

F F

F

F F

Au(IPr)

>99% conv.Larrosa

(1)

 
Interestingly, in opposition to our initial speculation, the reaction of gold pivalate 

[Au(OPiv)(IPr)] (1c) did not affect the C-H auration of 1,3,5-trifluorobenzene while the same 

reaction in presence of one equivalent of silver oxide restored full reactivity (eq. 2, A and B). 

Similarly, the use of a well-defined cationic gold species failed to promote the reaction and 

again adding silver oxide to this mixture led to the reaction reaching completion confirming a 

role other than abstracting halide for silver (eq. 2, C and D).  
F

F F

F

F F

Au(IPr)A, B, C, D

DMF, 50 °C, 2 h
(2)

(A) [Au(OPiv)(IPr)]
(B) [Au(OPiv)(IPr)] + Ag2O
(C) [Au(IPr)(MeCN)][BF4]
(D) [Au(IPr)(MeCN)][BF4] + Ag2O

   0%
100%
    0%
100%

H
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Arguably, in light of recent reports, the in situ formation of a heterobimetallic Au-O-Ag or 

chloride-bridged dinuclear gold that affects the process may be advanced.78c,135 In a 

subsequent paper, Larrosa reported the silver-free auration of electron-poor arenes using a 

combination of [AuCl(PPh3)] and KOtBu and a [Au(OtBu)(PPh3)] complex was surmised as 

transient intermediate.37 The high stability provided by NHC ligand enabled the isolation of 

IPr-based relative [Au(OtBu)(IPr)]. The latter was exposed to 1,3,5-fluorobenzene at different 

temperatures but still no conversion to the corresponding arylgold could be detected (Scheme 

1.70). However, when once again using Larrosa’s conditions and reacting a mixture of gold 

chloride 1b and KOtBu, full conversion for the 1,3,5-phenylgold complex was observed by 1H 

NMR.136  

F

F F

F

F F

Au(IPr)

DMF, 50 °C, 2 h
(3)

[Au(OtBu)(IPr)] (A)
or 

[AuCl(IPr)]/KOtBu (B)

A (0%)
B (100%)

H

 
Scheme 1.70 Auration of 1,3,5-trifluorobenzene using well-defined gold tert-butoxide or gold chloride in 

the presence of a tert-butoxide base 

 

These results are particularly puzzling and for now no convincing explanation can be 

furnished for this difference of reactivity. These results strangely resemble Schlosser’s 

“superbase” (LICKOR) involving a mixture of KOtBu and alkylithium and maybe such a 

similar association accounts for the deprotonation of the arenes.137  

 

In a separate study, gold hydroxide was found to activate dimethylmalonate yielding the 

corresponding alkylgold compound in 91% yield (Scheme 1.71).30  

CO2MeMeO2C

[Au]

CO2Me
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Scheme 1.71 Direct auration of dimethylmalonate by 1a 
 

Finally, the functionalisation of several terminal alkynes bearing aryl and alkyl fragments 

was successfully achieved.3b,30 The σ-gold acetylides were obtained in high yields (Scheme 

1.72). The methodology tolerates free alcohol and amines. Interestingly, these species were 

found to be photoluminescent and exhibit emission wavelengths in blue-green and blue-

regions of the visible spectrum.  
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Scheme 1.72 Synthesis of σ-gold acetylide complexes using 1a 

 

1.4.4 [Au(OH)(IPr)] (1a) as Silver-Free (Pre)Catalyst 

 
After this primary exploration of the reactivity of gold hydroxide in C-H bond activation, 

attention was shifted to gauge its catalytic activity. Due to its abundance, the use of CO2 as 

carbon source for the construction of carbon-carbon bonds is synthetically appealing 

especially in catalytic reactions. This methodology was successfully developed using low 

loading of basic [Au(OH)(IPr)] 1a (1.5 mol%) and 1.5 equivalents of KOH under CO2 

pressure (1.5 bar).124c Under these reaction conditions, low pKa arenes and heterocycles were 

carboxylated in good to high yields (Scheme 1.73). In addition, the proposed mechanism was 

supported with stoichiometric experiments that evidenced the protonolysis of 1a to give a Au-

oxazole intermediate with the subsequent incorporation of CO2 into the Au-C bond. Catalyst 

regeneration with KOH and acidic workup furnish the desired carboxylic acid. To date, this 

remains the only example of 1a as the active catalytic species.138 

1. [Au(OH)(IPr)] (1a) (1.5 mol%)

KOH (1.05 equiv.)
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R1

R3

or +

OH

O

O

OH

H2O
2. HCl

74-96%  
Scheme 1.73 Carboxylation of electron-deficient arenes and heteroarenes catalysed by 1a 
 

As previously discussed, gold-catalysed reactions of unsaturated systems predominantly rely 

on the intrinsic activity of cationic gold species.2n These entities, as seen before, are 

commonly generated in situ by coupling a [AuCl(L)] (L = 2 e- donor ligand) with a silver salt 

acting as a halide abstractor.71 With the increasing number of reports discussing the non-

innocent role of silver salts in gold-catalysed reactions, it becomes crucial to avoid the use of 

silver-based co-catalysts as much as possible.78,134-135,139 A considerable step forward has been 

achieved with the development of methodologies to prepare isolable well-defined cationic 

gold complexes using a weakly coordinated ligand such as [Au(NTf2)(L)]. Still, these 
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preparative procedures rely as well on the use of silver salts that may persist as impurities and 

can only be detected if elemental analyses are performed. This problem was encountered for 

example by Sheppard who observed side reactions when using [Au(NTf2)(PPh3)] that was 

contaminated with AgNTf2.139 

 

The use of gold hydroxide [Au(OH)(IPr)] 1a as a direct precursor to cationic gold species 

precludes the need of silver salt at any stage of the process.  

In this regard, a broad range of cationic gold-catalysed transformations were re-examined or 

developed in our group using either the Gagosz-type complex [Au(NTf2)(IPr)] or a 

combination of 1a and Brønsted acid HX to generate in situ [Au(IPr)]+ ion. This alternative 

activation mode methodology spanned a large palette of reactivities such as hydration of 

nitriles140 and alkynes141, hydroamination of alkenes,140 Meyer-Schuster rearrangement, 

formation of indenes,142 furans and pyrroles, hydrophosphoryloxidation of alkynes143 and so 

forth. 
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Abstract 
In gold chemistry, the hydroxide function on the metal centre was observed to act 

as a potent transmetalation group facilitator when reacted with boronic acids leading 

to the exceedingly rapid formation of gold-aryl bonds 
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2.1 Introduction 

 As discussed in Chapter 1, over the past ten years, organogold chemistry has been a hot 

topic. Although organogold complexes are ancient, it is their efficiency as catalysts that has 

served as launching pad in modern chemistry. As putative intermediates in gold-catalysed 

reactions, their synthesis and reactivity have been recently attracting attention in homogenous 

catalysis. For example, a key step in catalyst regeneration in these catalytic reactions is the 

protodeauration of an organogold intermediate. Therefore, to obtain insight into this 

mechanism, trapping of these species has recently been the goal of a number of research 

groups (see Chapter 1).  

As mentioned previously, until recently, common straightforward routes to access these 

species involved the reaction of sensitive lithium or Grignard reagents with a [Au(Cl)(L)] (L 

= 2-electron donor) complex. More recently, Gray and co-workers reported a versatile 

methodology to prepare a wide variety of Au-phosphine complexes by transmetalation from 

aryl and heteroarylboronic acids. A wide reaction scope, both on the ancillary phosphine 

ligand bound to gold and on the aryl moiety that is transferred, could be achieved with the 

use of Cs2CO3 as base in isopropyl alcohol, as demonstrated by Gray and Hashmi (see 

Chapter 1). This fundamental reaction is of further interest as the transmetalation reaction 

represents a key step in the possible role of gold in cross-coupling reactions. 

 

2.2 Mechanism of the Transmetalation Reaction 

2.2.1 The Role of the Base 

Although considered as a powerful tool to form metal-hydrocarbyl1 complexes, the basic 

mechanism of the transmetalation to late-transition metals remains obscure and very few 

studies have been reported.2 Since Suzuki’s seminal report, on the ability of boronic acids to 

act as carbon-based nucleophile precursors in cross-coupling reactions, they have become a 

staple for the building of carbon-carbon bonds. A key step in these reactions is the 

transmetalation from boronic acid to a metal halide. Importantly, the presence of a base is 

mandatory for the coupling to proceed. Despite the growing popularity gained, throughout 

the years, by the Suzuki-Miyaura coupling along with thorough investigations on its 

mechanism, the study of the transmetalation step itself has been very neglected compared to 

the two other steps of the catalytic cycle. Two mechanistic scenarios1a,3 typically prevail to 

account for the role of the base: (1) a four-coordinate boron species is preformed, or 

generated through an equilibrium that is established in situ, and associates with the 

intermediate of the oxidative addition (A, Scheme 2.1) to transfer its organic moiety, the so-

called “boronate” pathway, or (2) a ligand on the palladium catalyst acts as a Lewis base 
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toward a three-coordinate boron species, thus only generating the requisite four-coordinate 

species upon association with palladium. When this “tethering ligand” on the Pd is an alkoxy 

or hydroxy group, the pathway is referred to as the “oxo-palladium” pathway (B, Scheme 

2.1).  

R1 Pd
L
X

L

R1 Pd
L
OH

L

R1 Pd
L
R2

L

R2 B(OH)2

R2 B(OH)2
OH

OH-

R2 B(OH)2

OH-

path A

path B  
Scheme 2.1 Proposed pathways for the transmetalation of the Suzuki-Miyaura coupling 

 

Early investigations by Suzuki and Miyaura3a,4 designated the “boronate” pathway as the 

dominant pathway and these findings were corroborated by Maseras5 with the help of DFT 

studies. In 2011, Hartwig,6 Amatore and Jutand7 and Schmidt8 conducted separately detailed 

stoichiometric kinetic studies and concluded that the oxo-palladium pathway B was the most 

kinetically favoured under these precise conditions. Of particular note, the rate of the reaction 

was also found to be base-dependent.9 

2.2.2 O-Ligated Metal Boroxide Complexes as Pre-Transmetalation 
Intermediates 

Different mechanisms for the transmetalation of boronic acids have been envisaged and 

supported by computations.3c,3d,10 A common point to these scenarios is the formation of a 

metal boroxide complex (O-bonded deprotonated organoboronic acid), which is believed to 

be a transient pre-transmetalation precursor in the transfer of the aryl group to the metal 

centre.11 Until recently, the existence of such species remained elusive, as no structural 

evidence for their formation had been established (Scheme 2.2).  

M X O BM
OH

R

R-B(OH)2
M R

metal boroxide
intermediate  

Scheme 2.2 Proposed metal boroxide precursor in transmetalation reactions  

 

The first experimental evidence of such species is very recent and was originally reported 

with platinum. In their continued exploration of the intermolecular phenyl transfer reaction 

from boronic acids to platinum, Osakada et al. disclosed the isolation of a platinum boroxide 
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complex (10a) that was obtained as a side-product when treating methoxyphenylboronic 

acids and platinum iodide 5i in the presence of silver oxide and water (Scheme 2.3).11c This 

complex was obtained as a mixture along with the diarylplatinum 9. Interestingly, further 

studies of the reactivity of 10a with boronic acid and NBu4OH led to the formation of the 

previsoulsy described mononuclear platinum hydroxide 4m along with 9. Sequential addition 

of boronic acid to this mixture regenerated the platinum boroxide 10a evidencing platinum 

hydroxide 4m as a potent activator to the boron.11c,12 

Pt

PMe2Ph

IPh

PMe2Ph B(OH)2
R Pt

PhMe2P

Ph PMe2Ph

R

Pt
PhMe2P

Ph PMe2Ph

O B OH

R

Pt
PhMe2P

Ph PMe2Ph

OH
Ar-B(OH)2

NBu4OH
+ +

Ag2O
(1.6 equiv.)

THF/H2O
4-6 h, rt

R = 2-OMe
R = 4-OMe

58%
47%

42%
53%

(10a) (4m)(9)

 
Scheme 2.3 Isolation of a platinum boroxide in the transmetalation from arylboronic acids to platinum 

 

Two years later, Hartwig and coworkers provided experimental proof of the in situ 

formation of a rhodium boroxide species (10b) (Scheme 2.4).13 The latter was obtained by 

treatment of arylboronic acid with a rhodium silylamido (11) complex in THF at ambient 

temperature. Upon heating and without adding any additives, the complexes furnished the 

arylrhodium compounds via intramolecular transmetalation confirming its key intermediate 

role.  

Rh N
Et3P

Et3P SiMe3

SiMe3

PEt3

ArB(OH)2

THF, rt
O

Rh PEt3Et3P
PEt3

B
OH

Ar

70-80 °C
[Rh(PEt)3Ar]

(11) (10b)  
Scheme 2.4 Isolation of rhodium boroxide intermediate13 

 

Interestingly, they revealed that this rhodium boroxide species was also obtained from the 

dirhodium hydroxide [{Rh(Et3P)2}2(µ-OH)] (5h) complex. Following these premise, several 

groups reported the observation and/or isolation of this type of intermediate with other LTM 

in various boron-based reactions (Scheme 2.5).   

O BPt
OH

Ph
L

L

B
O
B
O
B

O

Zn
Et

Me

PhMe

Me
OMe

O BPd
OH

OH
Ar1

L

L

Ar2
O
Me

Cu
RB

(IPr)

HouCrocianiPericàsOsaka  
Scheme 2.5 Observed metal-O-ligated boroxide precursors in intermolecular aryl transfer reactions 

2.3 Hypotheses and Aims of the Chapter 
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In the present chapter, we envisioned to further explore the electronic and steric effects of 

(NHC)Au complexes for the transmetalation of boronic acids. Though [Au(OH)(IPr)] 1a was 

found efficient in preliminary experiments, we initially aimed to develop a novel, robust 

methodology of broad synthetic utility and generality for the preparation of substituted 

(NHC)-gold(I) aryls from readily available gold(I) sources such as chlorides. As far as we are 

aware, no mechanistic studies have been advanced for gold until now. Due to their steric 

demand, NHC ligands usually impart high stability to a metal complex that could be of 

further advantage to isolate key intermediates in the reaction. Recently, computational studies 

have gained popularity and become a prolific tool to support or validate mechanistic 

scenarios. Therefore, to probe the inner workings of this fundamental reaction step using gold 

and support our experiments, calculations probing the mechanism were also performed.  

2.4 Results and Discussion 

2.4.1 Optimisation 

Intial experiments were carried out using commercially available [AuCl(IPr)] 1b and 2 

equivalents of phenylboronic 2a as substrate under the conditions previously described by 

Gray.14 After 24 h, the reaction reached completion. The reaction conditions were next 

optimised and the results of this optimisation are summarised in Table 2.1. We were pleased 

to see that the reaction proceeded smoothly when replacing Cs2CO3 with less expensive KOH 

base (Table 2.1, entry 2). Further optimization showed that complete conversion could be 

obtained at ambient temperature (Table 2.1, entry 7). Also, the reaction time could be 

shortened from 24 h to 1 h. Likely, one equivalent of boronic acid was sufficient to lead the 

reaction to completion (Table 2.1, entry 8). As expected, no reaction occurred in the absence 

of base 

Table 2.1 Optimisation of the transmetalation of boronic acids to (NHC)-gold(I) complexes 

B(OH)2
[AuCl(IPr)]+

base

T, S

Au(IPr)

2a 3a1b  
Entry Solvent Base (equiv) t (h) T (°C) Conversion (%)[a] 

1 i-PrOH CsCO3 24 70 100 
2 i-PrOH KOH 24 70 100 
3 THF KOH 24 70 100 
4 Benzene KOH 24 70 100 
5 Toluene KOH 24 70 100 
6 Toluene KOH 1 50 100 
7 Toluene KOH 1 rt 100 (>99) 

8[b] Toluene KOH 1 rt 100 (>99) 
9 Toluene - 24 rt 0 

[a] Determined by 1H NMR spectroscopy (isolated yields are given in brackets) [b] Using 1 equiv. of 
phenylboronic acid 2a. 
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Toluene was chosen as reaction solvent for further studies as its use made the reaction 

completion easy to monitor with all organometallic species becoming soluble at this point.  

2.4.2 Substrate Scope 

With this new protocol in hand, the substrate scope and limitations of the reaction were 

explored. As illustrated in Table 2.2 a broad spectrum of boronic acids were tolerant to our 

(IPr)Au system and afforded the organogolds in good to excellent yields within 10 h. This is 

a great improvement in comparison to Gray’s methodology. In addition, in most reactions, 

one equivalent of boronic acid was sufficient for the reaction to reach completion in the 

reported time. The methodology was also successful using phenylboronic acid pinacol ester 

albeit more slowly. Interestingly, a general trend was observed depending on the electronic 

character of the boronic acid i.e. electron-withdrawing groups increased the reaction rate. For 

example, the transmetalation of 4-dichlorophenylboronic acid 3n was complete in 20 mins 

while the reaction required 10 h using 4-methoxyphenylboronic acid 3b. We were pleased to 

see that the process was not sensitive at all to halogenated substrates (3c, 3f, 3h and 3n) 

while they would have suffered from competing side reaction using organolithium or 

Grignard reagents. The reaction proceeded very well with o-biphenyl substituent affording 

the corresponding 2-biphenylgold(I) 3k in 97% yield. 

Table 2.2 Transmetalation of arylboronic acids to [AuCl(IPr)] (1b) 

toluene, rt
KOH (2.5 equiv.)

B(OH)2

2

[[AuCl(IPr)] (1b)
(1 equiv.) Au(IPr)

3

R R

 

Au(IPr)

R

Au(IPr)
R

Au(IPr)

R

R = H, 3a (>99%, 2 h)
H, 3a(>99%, 5 h)[a]

OMe, 3b (>99%, 10 h)
Cl, 3c (>99%, 1 h)
Me, 3d (92%, 2 h)
tBu(Me)2SiO, 3e (91%, 0.25 h)
F, 3f (90%, 4 h)
Me2N, 3g (78%, 2 h)[b]

R = Br, 3h (66%, 2 h)
NO2, 3i (77%, 1.5 h)[b],[c]

Me, 3j (86%, 1 h)

R = H, 3l (88%, 3 h)[b]

Me, 3m (88%, 10 h)[b]

Au(IPr)
Au(IPr)

Cl

Cl
Fe

Au(IPr)

3n (>99%, 0.3 h) 3p (62%, 5 h)[b]3o (84%, 6 h)

Ph, 3k (91%, 7 h)

 
[a] Using phenylboronic acid pinacol ester. [b] Using 2.5 equiv. of boronic acid. [c] 50 °C 
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For direct comparison, upon heating using bulky (dicyclohexyl)(2-biphenyl)phosphine 

ligand the reaction required 30 h to be complete and the corresponding biphenylgold was 

obtained in 90% yield.15 Very rapid reactivities (<30 min) were encountered in the case of 

3,4-dichlorobenzeneboronic acid 3n and 4-((t-butyldimethylsilyl)oxy)phenyl-boronic acid 3e. 

These led to quantitative yields of the expected products.  As previously reported the use of 

sterically demanding boronic acids such as mesitylene 2m or xylene 2l required an increase 

to 2.5 equivalents of the starting material. Still the arylgolds were obtained in good yields 

(88% yield) and rapidly compared to phoshine gold systems which demanded almost 3 

equivalents of substrates and 60 h at 50 °C to attain similar yields. 15 Similarly to Gray’s 

work, 2-nitroboronic acid 2i and ferrocenyl counterpart 2p were found particularly 

challenging and required to be added in excess to drive the reaction to completion.16 Overall, 

various functionalities are tolerated by this methodology including methoxy, amino, bromide, 

chloride, nitro and fluoride, which can permit further synthetic derivatization or 

functionalization. This NHC system shows close reactivity trends as the phosphine one 

developed by Gray.  

2.4.3 Product Characterisation 

 

Figure 2.1. ORTEP representation of [Au(C12H9)(IPr)] 3k. Hydrogen atoms have been omitted for 

clarity. Selected bond distances (Å) and angles (deg) for 3k: C31-Au1 2.052(17), Au1-C1 2.026(10), 

C1-Au1-C31 172.5(6).  

Representative crystal structure of biphenylgold(I) 3k, obtained by slow diffusion of 

pentane into a saturated dichloromethane solution containing the complex, is shown in Figure 

2.1.17 Complexes 3k exist as two-coordinated, gold(I) complexes, as expected. In 3k the 

Ccarbene-Au- Caryl bond angle presents a slight distorsion (172.5 °). Moreover, the Au-Ccarbene 

bond distance is similar to those previously encountered for gold-NHC complexes (ranging 
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from 1.942 to 2.018 Å).15-16,18 The Au-Caryl bond length is comparable to previously reported 

Au-C bonds in NHC complexes.15-16,18 The aryl group bound to the gold center is almost 

perpendicular to the imidazole core in order to minimize any steric hindrance between the 

ortho-substituent groups and the isopropyl groups of the NHC ligands.   

 

2.4.4 Limits of the System 

Attempts to transfer heterocycles such as 2-thiopheneboronic acid proved unsuccessful 

(Scheme 2.6). This lack of reactivity could derive from the tendency of sulfur to coordinate 

to gold. Due to their decreased nucleophilicty, alkylboronic acids are particularly reluctant to 

transfer their alkyl group and none of the Csp3-B(OH)2 reacted under our optimal conditions 

to transfer their alkyl group to gold. Increasing the temperature and the reaction time led 

quickly to decomposition. Varying the amount of boronic acids enhanced the reactivity but 

all attempts to isolate a clean product failed most likely due to the instability of the alkylgold 

complexes formed. The observed reluctancy to transmetalate with Csp3-based boron 

compounds suggests the involvement of the aryl π-system, which may stabilize the rate-

limiting transition state.  
B(OH)2

B(OH)2

B(OH)2NC

S
B(OH)2

BF3K B(MIDA)

 
Scheme 2.6 Unreactive substrates 

 

Furthermore, the methodology was incompatible with alkyne pendant on the boronic acid 

and a mixture of complexes was observed by 1H NMR spectroscopy. We believe that the 

presence of [AuCl(IPr)] 1b and KOH led to a competitive deprotonation of the terminal 

alkyne proton leading to the formation of a mixture of σ- and σ,π-complexes with the desired 

transmetalated product.19 Finally, increasing the steric bulk on the boron was also found to be 

detrimental to the process. Interestingly, pre-activated phenyltrifluoroborate was unsuited as 

transmetalating agent. The last observation would be consistent with the required formation 

of a gold boroxide intermediate.  

 

2.5 Mechanistic Investigations 

 

As discussed in the introduction, two mechanistic scenarios prevail to account for the role 

of the base in the transmetalation step. In line with Pd(II)/B transmetalation studies, we 
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rationalised that both boronate and hydroxo pathways could be featured with gold6-7,20 

(Scheme 2.1). Indeed, previous studies in our group validated the high reactivity of gold 

hydroxide [Au(OH)(IPr)] 1a with phenylboronic acid 2a. In comparison with our 

methodology, the reaction proceeded smoothly at room temperature.21 To quantify the 

velocity of the transfer of the arylgroup to gold, we conducted two separate studies involving 

the reactions of gold hydroxide complex 1a and its chloride homologue complex 1b with 

neutral phenylboronic acid 2a and phenyltrihydroxyborate 12. The progress of the reactions 

was monitored by 1H NMR spectroscopy.  
B(OH)3K

+
Au(IPr)toluene-d8

2 h, rt
3a (96%)

(1)

12

[AuCl(IPr)]

B(OH)2
+

Au(IPr)toluene-d8

<5 mins, rt
3a (94%)2a

[Au(OH)(IPr)] (2)

1b

1a  
The stoichiometric reaction of phenyltrihydroxoborate 12 with 1b in a 1:1 ratio in toluene-

d8 at room temperature formed phenylgold 3a after 2 h in high yield (96%) (eq. 1). In 

comparison, the reaction of gold hydroxide 1a with phenylboronic acid 2a in a 1:1 ratio at 

room temperature formed 3a within minutes (eq. 2). Such a significant difference in reactivity 

clearly illustrates that pathway B is more facile and suggests that, as with palladium in the 

Suzuki-Miyaura reaction, transmetalation of boronic acids to gold may very well proceed 

through the formation of a metal hydroxide complex.  

 

In presence of a base, the arylboronic acid 2 generates a boronate complex 12. The 

reaction is in equilibrium and displaced in favour of 12 with an excess of base. In their 

studies, Amatore and Jutand showed the inhibition of the transmetalation reaction with 

ArB(OH)3
-.  We reasoned that with the excess of KOH present in our medium, an alternative 

pathway involving the reaction of aryl trihydroxyborate and gold hydroxide seemed likely 

(eq. 3). In our hands, the transmetalation of 12 to 1a was experimentally determined to also 

be possible and proceeded rapidly at room temperature (eq. 3). This result should be 

compared with the seminal work of Schmidbaur in which the gold oxide [(tBu)3PAuO]BF4 

was successfully reacted with NaBPh4. In all the above experiments, no trace of a gold-

boroxide species was observed or detected by NMR spectroscopy. 

+
Au(IPr)toluene-d8

rt, 30 min
3a (86%)

(3)[Au(OH)(IPr)]
B(OH)3K

12 1a  
Calculations were performed, in collaboration with Prof. Michael Buehl of the university of 

St Andrews, to support these experimental studies and get a glimpse at intermediates shaping 
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the transmetalation reaction.22 Calculations were performed on the reaction between 

phenylboronic acid 2 and 1a. The results confirmed that no significant activation barrier 

exists when the reaction proceeds through pathway B (Figure 2.2). Several transition states 

were also located and have similar energies to the starting material. Similarly with other 

LTM, the proposed first transition state contains a “O-ligated Au-borate complex” formed via 

coordination of the O atom of 1a and the boron atom of the 2a. The second transition state 

corresponds to the formation of a cationic gold complex facing the phenyl group of the boron 

species in order to preserve the "hypercoordination" of the boron center.  

 
Figure 2.2 Energy profile for the transmetalation Path B (PBE0-D3 level) 

 

With our computational protocol the entry into pathway B, i.e. formation of gold 

hydroxide 1a from the chloride precursor 1b, is more difficult to model quantitatively, 

because of the large medium effects on the small ions OH- and Cl- and the possible need to 

include counterions as well. From the conditions necessary for this reaction, however, it is 

clear that substantial activation is needed. 

Likewise pathway A is difficult to model because one of the putative products, B(OH)3Cl-, 

is inherently unstable in the gas phase. We were able, however, to locate a transition state for 

substitution of the chloride ligand in 1b with the boronate 12, affording an alternative entry 

into pathway B. A low enthalpic barrier for this in situ formation of the hydroxide 1a is 

computed, ca. 7 kcal/mol, but because the interaction between the reactants is weak, the 

entropic penalty for this associative process imparts some kinetic hindrance. In contrast, 

complex formation between 2a and [Au(OH)(IPr)] 1a (to form INT1 in Figure 2.2) is quite 
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exothermic, which should be an important factor contributing to the enhanced reactivity of 1a 

compared to that of the chloride precursor 1b.23 

 

Although the compilation of experimental and computational studies corroborates a 

kinetically favored gold hydroxide pathway, these results cannot be interpreted as a general 

transmetalation mechanism with gold. Indeed, the distinguished pathways are very much 

dependent on the nature of the inorganic base and the heterogeneity in the reaction. For 

example, studies performed in our group on the formation of [Au(OH)(NHC)] indicated that 

the metathesis reaction can proceed at room temperature using polar solvents but requires 

heating in toluene. In addition, under similar conditions, the same reaction time was observed 

when reacting gold(I) chloride with either neutral boronic acid 2 or boronate species 12 

which suggest that under our reaction conditions, pathway A could be privileged. Of note, 

with regard to the energy barriers determined for both pathways, the rate-limiting step would 

be the metathesis reaction to form the gold hydroxide 1a in the case of pathway B and the 

transfer of the aryl group to gold in pathway A. 

 

The utility of alcoholic solvents such as methanol to facilitate the transmetalation process, 

via coordination to the boron atom, has been frequently surmised. As discussed in Chapter 

1, our group demonstrated, this year, the beneficial effect of tert-amyl alcohol as additive for 

the synthesis of [Au(OH)(IPr)] 1a. With this clearer picture of metathesis reaction and 

transmetalation reaction in mind, we looked back at Gray’s optimal conditions. We 

reasonned that, under his reaction conditions, the formation of a gold alkoxide or hydroxide 

is likely. Isopropanol would react with cesium carbonate24 to give the corresponding cesium 

isopropoxide. Although the equilibrium position surely lies towards the carbonate, the (small) 

amount of isopropoxide would exchanged with [AuCl(PR3)]. The intermediate thus formed, 

[Au(OiPr)(PR3)] (1c) or gold hydroxide [Au(OH)(PR3)] (1d) if traces of water are present, 

would finally rapidly react with either the arylboronic acid compound or boronate compound 

to give arylgold(I) complex 3 (Scheme 2.14).  

Cs2CO3
i-PrOH

H2O
R O-

R = iPr, H

[AuCl(IPr)]
[Au(OR)(IPr)]

Ar B(OH)2
[Au(Ar)(IPr)]

- B(OH)2(OR)
1c or 1d 3

 
Scheme 2.14 Plausible pathways with Gray’s system 
 

2.6 [Au(OH)(IPr)] 1a as Active Species 

 

Finally, the reactivity of [Au(OH)(IPr)] 1a was asserted with a series of arylboronic acids 

(Table 2.3). Remarkably, all reactions reached completion within 30 mins.  
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Table 2.3. Optimization of the transmetalation of boronic acids to (NHC)-gold(I) complexes 

B(OH)2
R

toluene

rt, 30 mins
+

Au(IPr)R
[Au(OH)(IPr)]

R = H 2a
R = 4-OMe 2b
R = 4-F 2f
R = 2-NO2 2i
R = 2,4,6-(Me)3 2m

(3a, 94%)
(3b, 88%)
(3f, 92%)
(3i, 91%)
(3m, 86%)

R = 2-CHO 2q
R = 4-CHO 2r

(3q, 65%)
(3r, 94%)

1b

 
In addition, initially unreactive substrates such as 2- and 4-formylbenzeneboronic acid 2q 

and 2r led to the corresponding arylgold(I) compound in good yields under these conditions. 

As expected, the less activated 2-formylbenzeneboronic acid reacted slower than its para-

substituted relative. Using this internal base allowed also the transmetallation of bulkier 

organoboron reagents such as phenyl MIDA boronates furnishing 3a in 88% albeit requiring 

heating at 50 °C.  However, the unreactivity of potassium phenyltrifluoroborate still persisted 

under these reaction conditions. This last result is of particular interest in comparison of late-

transition metal hydroxides reactivity as the same reaction conducted with a preformed 

rhodium hydroxide furnishes the transmetalated product.25 

 

2.7 Conclusion 

 

In summary, we have described the development of a new methodology for the 

transmetalation from boronic acids to NHC-gold(I) complexes. Mild conditions were used 

compared to previous reports for this reaction and our process is as efficient as other recently 

reported gold systems, even better for some substrates. This method is a practical alternative 

to the use of lithium or Grignard reagents for the synthesis of variously functionalised 

organogold compounds. Moreover, mechanistic studies enabled a clearer and more accurate 

idea of the active species in this reaction and may be extrapolated to other previously 

developed gold systems. These studies have shown that the reaction occurs preferentially 

through the “hydroxide pathway” rather than the expected “borate pathway”. Although 

pathway B is kinetically favoured, pathway A cannot be excluded under our experimental 

reaction conditions. The present results provide the first key fundamental insight into the 

mechanism of transfer of the organic fragment from boron to gold and establishes that the 

reactivity of gold is similar to that of palladium for this important fundamental reaction step. 

Unfortunately, the formation of a gold boroxide species remains elusive. The basic 

understanding of this transmetalation reaction of boron to gold could also allow for further 

synthetic functionalisation (or to rapidly gain molecular complexity) in one-pot reactions 

involving diverse electrophiles. 
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Abstract 

The versatile gold(I) complex [Au(OH)(IPr)] permits very straightforward access to a 

series of aryl-, vinyl- and alkylgold silanolates by reaction with the appropriate silane 

reagent. These silanolate compounds are key intermediates in a fluoride-free 

process that results in the net transmetalation of organosilanes to gold. 
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3.1 Introduction 
 

Transition metal-catalysed cross-couplings have become the staple of organometallic 

chemistry to readily and efficiently construct carbon-carbon bonds.1 Organoborons as well as 

lithium and Grignard reagents have long dominated that field as carbon-nucleophile 

precursors. However, certain drawbacks such as functional group incompatibilities and 

limited stability and efficiency cannot be ignored. Although presumed for some time to not be 

sufficiently active in comparison with these reagents, organosilanes have been recently 

demonstrated to promote as easily coupling reactions when suitably functionalised.2  

 

Pionnering work of Hiyama et al. reported in 1988 that, in combination with a Lewis base 

activator, organosilanes could also be efficiently employed as nucleophilic partner in 

traditional cross-couplings (Scheme 3.1).3 Throughout the years, their high chemical stability, 

lack of toxicity and appealing cost implemented them as competitive alternatives to the 

“golden standard” duo organoborons and organotins for the construction of carbon-carbon 

bonds.2,4  

Ar I

[Pd(C2H3)Cl]2

F-+ SiMe3

HMPA, 50 °C

Ar
(2.5 mol%)

 
Scheme 3.1 Seminal coupling of Hiyama 

 

In comparison with other organometallic reagents, organosilicon compounds are weak 

nucleophiles with a C-Si bond much less polarized.2 This lower reactivity intimates the use of 

a nucleophilic promoter to enhance the polarization at the C-Si bond. With their high affinity 

for silicon (BDESi-F = 135 kcal/mol),5 fluorides represent the standard activators to access the 

transmetalation precursor pentacoordinate fluorosiliconate intermediate. However, most 

organic-soluble fluoride sources are very expensive, corrosive and incompatible with silicon 

protecting groups, which are ubiquitously employed in organic synthesis.6 To address these 

limitations, diligent efforts have been directed to the development of fluoride-free coupling 

reactions.  

In that research field, Hiyama introduced stable silanols as silicon-based surrogates and 

reported the first fluoride-free cross-coupling using silver(I) oxide as a stoichiometric 

promoter in conjunction with [Pd(PPh3)4] to prepare biaryls from silanol precursors.7 

Although good yields were obtained, large amounts of a silver activator and long reactions 

times were needed (Scheme 3.2).  
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I
R1

Si(Me)2(OH)
R2

R1

R2

Pd(PPh3)4 (5 mol%)

Ag2O (1 eq.)

THF, 60 °C. 36 h
+

 
Scheme 3.2 Fluoride-free palladium-catalysed cross-coupling of organosilanols 

 

Following that seminal work, Denmark et al. significantly contributed to the rapid 

development of this methodology. This group particularly centred their research on 

developing milder reaction conditions. In that way, they initially reported that cesium 

carbonate base (Cs2CO3) could replace silver salts as promoter.8 This represented a first 

milestone as these inorganic bases are costless and can be easily handled without the need of 

extra precautions. To cope with the tendency of silanols to dimerise into thermodynamically 

stable disiloxanes, which ultimately rivalled with the coupling process, Denmark replaced 

them with preformed silanolate salts as precursors.9 Noteworthy, in these first studies, cesium 

hydroxide (CsOH) was also identified as a viable activator that significantly enhanced the 

transmetalation step.10 More recent work from Denmark et al. has described the efficient 

cross-coupling of arylsilanolate salts with a broad range of aryl bromides to afford in good to 

high yields biaryl moieties.9a 

 

Mechanistically, the in situ formation of a palladium silanolate was shown to be the 

reactive species of these couplings.11 In-depth experimental studies were carried out, by the 

same group, to gain further mechanistic understandings of the transmetalation reaction with 

silanol-based reagents.12 These studies pointed out a dual mechanistic pathway via thermal or 

anionic activation (Scheme 3.2). Both involved the initial formation of a palladium silanolate 

intermediate by halide displacement with an arylsilanolate species. From this point, this 

intermediate can process down two pathways. The first one involves a traditional thermal 

activation that leads directly to the (bis)aryl palladium complex. The second route relies on 

the activation of palladium silanlolate with an alkali-metal silanolate and generates the 

hypervalent (bis)silanolate palladium(II) complex as pretransmetalation intermediate.  
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Scheme 3.2 Evidence of a palladium siloxane and bis(siloxane) intermediates as pretransmetalation 

precursors 

 

To our knowledge, these are the only reports of isolation and characterisation of 

pretransmetalation precursors with silicon-based nucleophiles. Interestingly, these results 

parallel mechanistic studies with, inter alia, boronic acids and hint at a common 

pretransmetalation feature i.e. LTM-O-M (M = B, Si) intermediate for the transmetalation 

reaction in cross-couplings.13 

 

Aside from palladium-catalysed cross-coupling reactions, a few reports of rhodium and 

copper-promoted nucleophilic additions of organosilanes, via direct transmetalation, have 

recently appeared. For example, Shibasaki and coworkers reported a Sakurai-type reaction 

with allyltrimethoxysilane using 10 mol% of copper chloride along with tetrabutylammonium 

difluorotriphenylsilicate (TBAT) (Scheme 3.3a).14  

X

R'R
Si(OMe)3

aldehyde
ketone
imine

1. [CuCl(TBAT)]
    (1-10 mol%)

THF, rt

2. H+
+

XH

R
R'(1.5 equiv.)

OtBu

O
Ar

Si(Et)(OH)2 +

[Rh(OH)(cod)]2
(3 mol%)

THF, 70 °C, 24 h

OtBu

O

Ar

a)

b)

 
Scheme 3.3 Copper and rhodium-catalysed nucleophilic addition of organosilanes 
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In line with our studies, Mori showed that rhodium hydroxide [Rh(OH)(cod)]2 efficiently 

promoted the fluoride-free addition of arylsilanediols to α,β-unsaturated carbonyl compounds 

in aqueous medium (Scheme 3.3b).15 This finding emphasised the substantial potential of 

metal hydroxides as transmetalating partners.  

 

Ball and coworkers recently disclosed a facile and straightforward route to access 

arylcopper complexes using arylsiloxanes with a (NHC)copper fluoride species at room 

temperature in THF (Scheme 3.4).16 This method proved to be very efficient but required the 

prior synthesis of copper fluoride [CuF(IPr)] complex from unstable and air-sensitive NHC-

copper-tert-butoxide intermediate.17 This methodology was then successfully applied to the 

synthesis of allylalcohol from aryltrimethoxysilanes and vinylepoxides.18 

Si(OEt)3

R

(IPr)CuF
(1 equiv.)
rt, THF

Cu(IPr)
R

- F-Si(OEt)3  
Scheme 3.4 Synthesis of functionalized arylcopper by transmetalation of arylsiloxanes to copper 

fluoride 

 

 As far as we are aware, no reports of direct transmetalation of organosilanes to 

gold(I) exist. Nonetheless, few empirical studies by Schmidbaur et al. gave evidence for the 

reactivity of gold(I) and gold(III) with organosilanes to form siloxygold complexes. As early 

as 1966, they reported the synthesis of gold(III) siloxane [Au(OSiMe3)(Me3)2], obtained as a 

dimer, by reaction of a gold bromide precursor with the corresponding sodium silanolate 

compound (Scheme 3.5a).19 Subsequent preparation of the gold(I) analogue could be accessed 

from phosphine gold(I) complexes using similar reaction conditions (Scheme 3.5b).20 Of note, 

this protocol could be generalised to other coinage metals.20c  

[AuBr(Me)2] Me3SiONa [Au(Me)2(OSiMe3)]
Et2O, rt

[AuCl(PR3)] Me3SiONa [Au(PR3)(OSiMe3)]
Et2O, rt

R = Me (80%)
R = Ph (75%)

+

+

Au
O

Au
O(Me)3Si Si(Me)3

Me Me

Me Me

a)

b)

 
Scheme 3.5 Preparation of phosphane siloxygold complexes 

 

Aside, Ito and Pervalova took advantage of the α-hydrogen acidity of silyl enol ethers to 

prepare alkylgold complexes. Cesium fluoride was employed in all cases as nucleophilic 

promoter. Ito and coworkers described the synthesis of gold enolates and homoenolates from 
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[AuCl(PPh3)].21 Their procedure is completely regioselective for the formation of C-bound 

gold(I) enolates (Scheme 3.6a). In parallel, Perevalova et al. showed similar efficiency of 

their favourite gold oxonium synthon [{Au(PPh3)}3O] 1c in similar reactions (Scheme 3.6b).22 

Of note, the gold enolate complexes can also be obtained with this gold source by direct 

auration as discussed in Chapter 1 (1.1.4). 

OSiMe3

[Au(Cl)(PPh3)]+
CsF (0.5 equiv.)

DCM, rt

O

Au(PPh3)

82%

Ph OSiMe3

[Au(Cl)(PPh3)]
CsF (0.5 equiv.)

MeCN, rt
+

OSiMe3
+ [{Au(PPh3)}3O]

(1c)  rt

CsF O
Au(PPh3)

a)

b)

Ph

O

Au(PPh3)

 
Shcme 3.7 Reaction of silyl enol ethers with gold(I) complexes 

 

Preliminary surveys of the reactivity of 1a demonstrated that it readily activates silyl 

groups such as trimethylsilyl- (TMS) of protected phenylacetylene and cyanide to gain access 

to σ-gold acetylide on one hand and gold cyanide complexes on the other hand, with 

concomitant formation of trimethylsilanol (Scheme 3.7).23  

R TMS [Au(OH)(IPr)] R Au(IPr)+
toluene, rt

R =
R = CN

Ph (89%)
(94%)

(1a)

 
Scheme 3.7 Transfer of organic moiety from silanes to gold under base-free conditions 

 

Even more interesting was the application of this strategy to synthesise a gold(I) hydride 

species using gold hydroxide 1a with trimethoxysilane.23a This study was directly inspired by 

a recent report of Sadighi who employed a gold tert-butoxide synthon as activator (Scheme 

3.8).24 This complex has not yet been tested in catalysis but seems likely to lead to unique 

reactivity. 

(MeO)3Si-H
[Au]

C6H6, rt
1.5-5 h

[Au(H)(IPr)]

Sadighi  [Au(OtBu)(IPr)]
Nolan  [Au(OH)(IPr)]

(82%)
(97%)  

Scheme 3.8 Preparation of gold(I) hydride using silane 

 

With the successful transfer of alkynes and hydrogen to gold, we envisioned that a 

complete methodolgy could be developed to prepare aryl and alkenylgold complexes using 1a 

as nucleophilic activator to silanes. The ultimate goal was to develop a new mild synthetic 
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method to readily access organogold species using inexpensive silanes under fluoride and 

base-free conditions.  

3.2 Results and Discussion 

3.2.1 Optimisation 

In line with Ball’s study, phenyltrimethoxysilane 13a was initially selected as model 

substrate. Treatment of 13a with [Au(OH)(IPr)] 1a in benzene-d6 at room temperature for 30 

min led to complete disappearance of the gold material. Surprisingly, none of the 

characteristic chemical shifts of [Au(Ph)(IPr)] 3a were observed by 1H NMR spectroscopy. 

Instead, a singlet resonance at δ = 3.50 ppm integrating for 6H was detected along with a 

singlet δ = 3.07 ppm, integrating for 3H and assigned as methanol. These findings hinted the 

formation of a gold silanolate intermediate 14a as shown in eq. 1.  

[Au(OH)(IPr)] +

(OMe)2
Si

rt, <5 mins

(14a, >99%)ΔH = -10.5(0.5)
kcal/mol1a

(1)+ MeOH
C6H6

(OMe)2
Si

O Au(IPr)

13a

OMe

 
This new species was very stable and could be isolated in quantitative yield. Our 

hypothesis was confirmed by the presence of a peak at -54.3 ppm in the 29Si NMR spectrum. 

To unequivocally confirm atom connectivity in 14a, single crystals were grown by slow 

diffusion of pentane into a saturated solution of 14a in dichloromethane at room temperature 

(Figure 3.1).25  

 

As expected, the gold phenylsilanolate 14a shows a linear geometry around the metal 

centre, which is typical for gold(I) complexes, with a Ccarbene-Au-O angle of 178.9°.26. 

Similarly to other gold(I)-complexes described, the aryl groups, contained in the NHC 

ligands, are almost perpendicular with respect to the imidazole backbone plane, resulting in a 

favorable steric arrangement about the gold centre. Moreover, the Au-Ccarbene bond distances 

is similar to those previously observed in (NHC)Au complexes.27 Likewise the Au-O1 bond 

(2.023 Å) lies within the range of gold oxo complexes and is also close to the phosphine gold 

silanolate characterised by Schmidbauer.20a,23a,28 Furthermore, the Si-O bond lengths are 

almost identical with those in siloxanes.29 The Au-O-Si angle of 118.3° is significantly 

smaller than in the phosphine congener (128°) and larger than Au-O-H angle in the gold 

hydroxide 1a (111°). Interestingly, the nonbonded distance between the silicon-bearing ipso 

carbon and the gold centre (3.98 Å) hints to a weak interaction that anticipates the 

transmetalation event. 
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Figure 3.1 ORTEP representation of [Au(OSi(OMe)2(C6H5)(IPr)] 14a. Hydrogen atoms have been 

omitted for clarity. Selected bond distances (Å) and angles (deg) for 14a: Au1-C1 1.972 (9), Au1-O1 

2.023(7), C1-Au1-O1 178.9(3), O1-Si31 1.616(9), Si31-O39 1.629(8), Si31-C32 1.852(11). 

 Optimising the reaction time revealed the reaction to be complete in the time required for 

acquisition of an 1H NMR spectrum (<5 mins). Solution calorimetric studies evidenced the 

exothermicity of the reaction by 10.5(0.5) kcal/mol (eq.1). To our knowledge, this is the first 

report of an isolated and fully characterised (NHC)gold silanolate complex. 

 Different gold and silane sources were then examined (Table 3.1). Similar reactivity was 

encountered when using triethoxyphenylsilane and loss of a molecule of ethanol was 

observed by 1H NMR spectroscopy. 

   
Table 3.1 Reactivity of [Au(IPr)X] species with various organosilanes[a]  

[Au(X)](IPr)] +
toluene

rt
or

SiR3 Au(IPr)
R2
Si
O Au(IPr)

1 13a 3a 14a  
Entry [Au] Silane t (h) Conversion (3a/14a) (%)[a] 

1 [Au(OH)(IPr)] (1a) PhSi(OMe)3 (13a) 0.1 100 (0/100) (97) 
2 1a PhSi(OEt)3 4 100 (0/100) (88) 
3 1a PhSiMe3 15 0 
4 [AuCl(IPr)] 1b 13a 15 0 
5 1b PhSiMe3 15 0 
6 1b PhSi(OEt)3 15 0 

7[c] - 13a 24 0 
8[d] 1a 13a 24 0 

[a] Reaction conditions: 0.07 mmol of 1a, 2 equiv. of silane, 0.5 mL of solvent [b] Determined by 1H NMR (isolated 
yield in brackets) [c] 13a was reacted with 2.5 equivalents of KOH [d] Adding 2.5 equivalents of KOH to the mixture. 
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However, in this case, the process was rather slow and required 4 h to reach complete 

conversion at room temperature (Entry 2). Interestingly, [Au(OH)(IPr)] 1a did not react with 

trimethylphenylsilane suggesting that the hydroxide moiety is not nucleophilic enough to 

activate this substrate (Entry 3). Switching from gold hydroxide 1a to [AuCl(IPr)] 1b totally 

inhibited the reaction with 13a (Entry 4). This result undoubtedly outlines the crucial role of 

the –OH moiety to act as a nucleophilic promoter.  In general, no reactivity was observed 

with any silanes or siloxanes when using 1b (Entries 4,5 and 6). Of note, no reaction occurred 

in the sole presence of KOH or when using 1b and 2.5 eq. of KOH with 13a (Entries 7 and 8). 

 

3.2.2 Synthesis of Gold Silanolates Complexes 

 

With this new reactivity in hand, the generality and functional group tolerance of the 

reaction was explored (Table 3.2). Much to our satisfaction, this methodology was 

successfully applied to a wide range of siloxanes including those bearing aryls, vinyl, allyl 

and alkyl functionalities.  

Table 3.2 Synthesis of gold silanolates complexes[a],[b]  

[Au(OH)(IPr)] R
Si(OMe)3+

R

(OMe)2
Si
O

toluene

rt
1a 13a-n 14a-n

Au IPr

 

(OMe)2
Si

O

R

Au(IPr)

(OMe)2
Si

O Au(IPr)

(OMe)2
Si

O Au(IPr)

(OMe)2
Si

O Au(IPr)

R
(OMe)2
Si

O Au(IPr)

(OMe)2
Si

O Au(IPr)

R = H, 14a (97%, 0.1 h)
R = Me, 14b (>99%, 1 h)
R = CH2-Cl, 14c (92%, 1 h)
R = OMe, 14d (94%, 1 h)

14e (94%, 1 h) 14f (87%, 2 h)

14h (91%, 1 h)14g (97%, 2 h) R = (CH2)2-CN, 14i (92%, 1 h)
R = CH2-OAc, 14j (88%, 1 h)
R = (CH2)3-I, 14k (74%, 0.5 h)
R = (CH2)2-NEt2, 14l (78%, 1 h)
R = (CH2)2-CO2Me, 14m (80%, 1 h)
R = nBu, 14n (84%, 1 h)  

[a] Reaction conditions: 0.07 mmol of 1a, 1 equiv. of siloxane 13, 0.4 mL of toluene. [b] Isolated yields.  

 
 

 One equivalent of the organosilane was sufficient for the reactions to proceed smoothly. 

Moreover, all siloxanes reacted cleanly within 2 h to afford the corresponding gold silanolate 

compounds. The latter were obtained in good yields although yields with alkylsiloxanes were 

slightly lower. No general trend in reactivity could be detected when using electronically 

different substrates. Vinyl- and cyclohexylsiloxanes required longer reaction times to reach 
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completion. Finally, this methodology shows tolerance to a broad range of functional groups 

such as nitrile, halide, substituted amine, methoxy and acetoxy groups. To our delight, the 

final arylgold silanolates were all stable and easily isolated; those derived from arylsiloxanes 

were completely resistant to dimerization to the corresponding disiloxane unlike their silanol 

homologues, which is consistent with literature reports on arylsilanolate salts.10 However, the 

alkylsilanolate-derived complexes showed signs of decomposition with time under air and 

thus were further stored under nitrogen. This methodology represents a great improvement in 

the formation of LTM-OSi linkage complexes as it employs commercially available 

siloxanes, does not require the prior synthesis of alkali-potassium or soldium silanolate and 

lastly generated benign methanol in comparison to a stoichiometric amount of alkali salts in 

previous procedures. 

 

3.2.3 Synthesis of Gold Aryl Complexes 

 

3.2.3.1 Optimisation 
 

As discussed in the introduction, it has been observed that the transfer of aryl from silanes to 

palladium can proceed via thermal activation. Encouraged by the parallel encountered 

between gold and palladium in the transmetalation of boronic acids, we reason that this trend 

of reactivity may be once again observed in the case of silanes.  

 

In line with Denmark’s conditions, the reaction temperature was initially set at 90 °C. 

Gratifyingly, the formation of gold-phenyl species 3a was observed by 1H NMR spectroscopy 

when reacting 1a with 13a in benzene-d6 at this temperature, but the reaction was particularly 

slow and completion was reached after a lengthy 40 h (eq. 2).  

[Au(OH)(IPr)] +
Si(OMe)3

40 h, 90 °C
1a 13a (3a, >99%)

C6D6 Au(IPr)
(2)

 
Moreover, under these conditions, the reaction medium turned pink after 5 h, which is 

typically a sign of gold decomposition. Nonetheless, with this first encouraging result, we 

next optimised the reaction conditions by screening different solvents, temperatures and times 

(Table 3.3). The choice of solvent had a considerable effect on the reaction progress. Indeed, 

the use of more polar solvents such as 1,4-dioxane or DMF greatly reduced the reaction time. 

Likewise, the use of dry solvents allowed for shorter reaction times reaching completion after 

only 5 h in dry toluene while the same yield required 12 h in wet toluene. Optimal conditions 

were found using dry 1,4-dioxane at 110 °C which avoided the decomposition issues that 

occurred in non-polar solvents such as toluene and benzene.   
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Table 3.3 Optimization of the transmetalation reaction of PhSi(OMe)3 with [Au(IPr)(OH)][a] 

Entry Solvent T (°C) t (h) 3a (%)[b] 
1 benzene 90 40 100  
2 toluene 110 12 100 (65) 
3 toluene[c] 110 5 100 (72) 
4 dioxane[c] 110 5 100 (97) 
5 DMF 110 5 100 (84) 
6 1,2-DCE 90 10 traces 
7 dioxane[c] 110 1.5 100 (>99) 

[a] Reaction conditions: 0.07 mmol of 1a, 2 equiv. of silane, 0.5 mL of solvent [b] Conversion determined by 1H NMR 
(isolated yield in brackets) [c] Anhydrous solvents  

 
3.2.3.2 Scope Substrate 
 

Once the optimal conditions were identified, the scope and limitations of this methodology 

was applied to previously employed siloxanes (Table 3.4). Most arylsiloxanes were 

successfully converted to the arylgold species. The transmetalation of arylsilanes was clean 

and all reactions reached complete conversion within 2 h. The arylgold complexes were 

obtained in good to excellent yields. Pleasingly, efficient transmetalation also occurred with 

vinyl- and allylsilanes affording the vinyl- and allylgold complexes albeit in lower yields. 

Unexpectedly, under these conditions, the transmetalation from (4-

chloromethyl)phenyltrimethoxysilane (14c) to 1a did not exceed 75% conversion and traces 

of [AuCl(IPr)] 1b could be observed by 1H NMR. Reaction of the alkylsiloxanes using this 

protocol only led to decomposition. It is believed that the corresponding alkylgold complexes 

are most likely thermally unstable. 

Table 3.4 Synthesis of functionalized organogold compounds[a] 

[Au(OH)(IPr)] +
dioxane

110 °C R
Au(IPr)

1a 13 3
R

Si(OMe)3

 

Au(IPr) Au(IPr)

MeO

Au(IPr)

Au(IPr)

Au(IPr)

Au(IPr)

Au(IPr)

3a (1.5 h, >99%) 3b (1.5 h, >99%) 3d (1.5 h, >99%)

3o (1.5 h, 88%) 3s (3 h, 75%)[b] 3u (0.8 h, 92%)3t (3 h, 68%)

Cl

 
[a] Isolated yields. [b] Determined by 1H NMR using hexamethylbenzene as external standard 
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3.2.4 Investigations into the Mechanism 

 

As mentioned before, the transmetalation between two metallic species is a key step in 

metal-catalysed cross-coupling reactions. It is distinctive to the organometallic donor 

employed and few pre-transmetalation precursors have so far been isolated and fully 

characterised. In analogy to transient metal boronates for the transmetalation from boronic 

acids to Pd or Rh, we reasoned that the gold silanolate complexes were most likely precursors 

for the aryl transfer of organosiloxanes to gold. To probe the viability of this hypothesis, we 

monitored on one hand the reaction of phenyltrimethoxysiloxane 13a with gold hydroxide 1a 

(Eq. 3) by 1H NMR spectroscopy and, on the other hand, the sole reaction of gold siloxane 

14a at 110 °C (Eq. 4) in toluene-d8.  

[Au(OH)(IPr)] +
Si(OMe)3

5 h, 110 °C
1a 13a (3a ,66%)

toluene-d8
Au(IPr)

(3)

(OMe)2
Si

O Au(IPr)

30 h, 110 °C

toluene-d8

(3a ,50%)

Au(IPr)
(4)

14a  
As expected, intermediate 14a was observed by 1H NMR as the main species when using 

1a along with several other gold complexes. Interestingly, this reaction was found to proceed 

far more rapidly than starting solely from gold siloxane 14a, which stalled after 50% 

conversion. For both reactions, the formation of pink particles was observed with time 

implying gold decomposition. These findings strongly emphasised the non-innocent role of 

the molecule of methanol in situ generated when forming intermediate 3a in the subsequent 

transmetalation reaction. Certain of the benefits of methanol on reactivity, both reactions were 

repeated in methanol at 80 °C. Alas, no trace of 3a could be detected after 24 h. However, the 

addition of increased amounts of dry methanol, under these reaction conditions, proved to 

effectively enhance the overall rate of the transmetalation. Current studies in our laboratories 

have shown that the dissolution of [Au(OH)(IPr)] 1a in methanol readily forms 

[Au(OMe)(IPr)] .30 Notwithstanding, all attempts to synthesise this species were unsuccessful.   

Much more intriguing was the difference in reactivity observed when changing the solvent 

for dioxane. Under these conditions, both reactions reached completion after 1.5 h (Scheme 

3.8).  
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(OMe)2
Si

O Au IPr

(14a, 99%)

Au(IPr)

3a

[Au(OH)(IPr)] +

(OMe)2
Si

1a 13a

OMe

- MeOH

toluene, rt

toluene, 5 h, 110 °C
or

dioxane, 1.5 h, 110 °C

toluene, 30 h, 110 °C
or

dioxane, 1.5 h, 110 °C

 

Scheme 3.8 Influence of the solvent and MeOH on the transmetalation rate  

With regard to these preliminary experiments and similarly to Denmark’s work, two 

pathways were envisioned for the transmetalation from silicon to gold: (1) an anionic pathway 

whereby the molecule of methanol, generated in situ, would function as a nucleophilic 

activator, generating a pentacoordinated gold siliconate species 15 which is poised for 

transmetalation; (2) a thermal pathway that would proceed via a concerted mechanism. The 

latter would be most likely more challenging and thus may rationalize the difference of 

reactivity when using a non polar solvent such as toluene (Scheme 3.9).  

(OMe)2
Si
O
Au(IPr)

14a

Au(IPr)

O(MeO)2Si

TS-16

(OMe)2
Si
O OMe

Au(IPr)
15

Me
OH

H

Au(IPr)

3a

Δ

MeOH-assisted Path

Thermal Path
 

Scheme 3.9 Proposed mechanism pathways for the aryl transfer of siloxanes to gold(I) 

 

To shed light on the mechanism of the reaction, preliminary DFT calculations were 

performed in collaboration with the group of Prof. Luigi Cavallo from the Kaust Institute. 

These calculations were performed using BP86 GGA level of theory using the 

quasirelativistic SDD/ECP basis set for Au and the SVP basis set for main group atoms. The 

reported energies have been obtained through single point energy calculations on the 

optimised geometries using the larger TZVP basis set for main group atoms. To consider 

solvent effects, 1,4-Dioxane, was included with the continuum solvation model PCM. Figure 

3.2 displays the free energy profile of the steps shown in Scheme 3.10.  
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Si OMeMeO

OMe OH
Au(IPr)

TS1 Si
OMeMeO OMe

O
Au(IPr)

H

Si OMeMeO
O Au(IPr)

Au(IPr)
Si OMeMeO

MeO OH

TS2

TS3

TS4

+

- MeOH

13a 1a 17

14a

3a 18  
Scheme 3.10 Calculated pathways for the transmetalation of silanes to gold hydroxide 1a 

 
Figure 3.2 Free energy profile for the transmetalation of trimethylphenylsiloxane 13a to [Au(OH)(IPr)] 1a 

 
The calculations suggested that the reaction of trimethoxyphenylsilane 13a with gold 

hydroxide 1a leads first to the formation of the stable gold oxonium intermediate (17) with a 

barrier of only 6.1 kcal/mol (TS1 in Figure 3.2). This adduct is 3.8 kcal/mol less stable than 

the separated gold complex and siloxane. Proton transfer from the Au-OH moiety to one of 

the OMe groups of 17 results in the elimination of methanol with formation of product 14a 

with a barrier of 15.1 kcal/mol which is rather high in comparison with experimental findings 

(TS2 in Figure 3.2).  
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Figure 3.3 Localised transition states TS2, TS3 and TS4 in the transmetalation from 

phenyltrimethoxysilane to gold 

 

Gold siloxane 14a and MeOH are 5.6 kcal/mol more stable than the starting materials. From 

this point forward, several mechanisms were sought through which 14a could evolve into 

gold phenyl 3a and 18, which are placed 18.6 kcal/mol below the reactants. Attempts to 

locate the proposed intermediate 15 (Scheme 3.9) were unsuccessful. The most feasible 

pathway found was through transition state TS4, which releases a high energy Si(OMe)2O 

molecule that can react barrierless with a MeOH molecule leading to the final gold complex 

3a. TS4 lies 22.6 kcal/mol above 1a + 13a and and more importantly, 28.2 kcal/mol above 

6a, which is a rather high energy barrier. As a result, an alternative reaction pathway to 3a 

was explored which would involve a direct activation of the Si-Ph bond of 13a by the Au-OH 

bond of 1a in a single concerted step. In that context, transition state TS3 was located, 20.2 

kcal/mol above the starting species, which connects intermediate 17 to the final products 3 + 

18 in a single step (Figure 3.2). All transition states are represented in Figure 3.3. 

 

The overall mechanistic scenario emerging from Figure 3.2 is rather complicated. These 

computational results point out that formation of gold siloxane 14a through TS1 is favoured 

kinetically and this intermediate can be considered as the resting species of the reaction. Two 

alternative pathways were located for the transmetalation reaction to proceed. From gold 

silanolate 14a, the reaction would go through TS4 to give 3a and 18. The second possibility is 

the direct transmetalation process from 17 through TS3 leading to gold phenyl 3a. 
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Considering the difference of energy of 2.4 kcal/mol between the two pathways, the latter is 

likely to be favoured.  

 

Finally, the formation of a gold methoxide intermediate cannot be excluded and could 

rationalise the influence of methanol on the rate of the reaction. Moreover, decomposition of 

gold material was systematically observed in toluene during the reaction. As discussed above, 

several gold complexes were observed by 1H NMR during the transmetalation reaction to 3a 

and one or several of these in situ species may be most likely unstable upon heating.  We 

reasoned that in the presence of methanol, 14a could be converted into gold methoxide 

complex (1e) and (dimethoxy)phenylsilanol 20 (Scheme 3.11). The latter has been shown to 

form rapidly, upon heating, from organosiloxanes, so called “masked” silanols, in the 

presence of water. Previous studies have pointed out the high instability of gold alkoxide 

complexes.33 As such, if 1e would form in situ, it would most likely decompose at such high 

temperatures, which would support our experimental observations. Unfortunately, for now 

there is no conclusive evidence for this theory. 

(OMe)2
Si
O Au(IPr)

14a

MeOH
(OMe)2
Si
O Au(IPr)

H OMe

(OMe)2
Si
OH

MeO Au(IPr)

decompose upon
heating

+

18 19 1e

 
Scheme 3.11 Alternative reverse pathway from gold siloxane 14a 

 

3.3 Conclusion 

 

In conclusion, we have developed a new synthetic approach to NHC-aryl-, vinyl- and 

allylgold systems. To our knowledge this is the first report of a transmetalation of 

organosilanes to gold under fluoride-free conditions. The complex [Au(OH)(IPr)] 1a can be 

employed to obtain gold silanolates in a very efficient process and with high yields. The 

advantages of these species include their stability to storage, their resistance to disiloxane 

formation and their self-activating properties. The facile isolation and characterisation of this 

new gold silanolate compound allowed the discovery of a new pathway for transmetalation 

from silanes to gold. Moreover, the functional group compatibility and the extension to allyl 

and vinylsiloxanes bode well for the adoption of this method particularly in cases where 

boron or lithium-based reagents are problematic. This methodology has revealed a new and 

very different pathway in the activation of siloxanes with gold. The present results provide the 

first key fundamental insight into the mechanism of transfer of the organic fragment from 

silane to gold and establishes that the reactivity of gold is similar to that of palladium in the 
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Hiyama-type coupling. However, preliminary calculations have suggested that gold silanolate 

might not be the active species but a resting state during the transmetalation process. The 

basic understanding of this transmetalation reaction of silanes to gold could permit further 

synthetic functionalization (or to rapidly gain molecular complexity) in one-pot reactions 

involving diverse electrophiles.  
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Abstract 
A recently isolated gold(I) complex, [Au(IPr)(OH)], permits the transformation of 

carboxylic acidsto the corresponding decarboxylated gold(I)-aryl complex without the 

use of silver co-catalyst under mild reaction conditions 
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4.1 Introduction 
 

Within the last decade, tremendous efforts have been directed toward the development of 

environmentally-benign and atom-economical novel strategies to access organometallic 

complexes. As mentioned in Chapter 1, common routes to prepare organogold complexes 

usually proceed via transmetalation from organolithium or Grignard reagents. Recently, 

organoborons and organosiloxanes have also been successfully used as transmetalating agents 

to synthesise more functionalised organogold species (Chapter 1, 2 and 3). While the 

substrate scope is attractively wide with boron-based transmetalating partners, it appeared to 

be slightly more restricted with organosiloxanes. In addition, the limited commercial 

availability of siloxanes and the price of some boronic acids are inconvenient. Finally, from 

the environmental and economical point of view, both methodologies generate stoichiometric 

amounts of metallic salts that need to be recycled or treated after reaction.  

 

A growing interest to address these issues has arisen as these reagents are ubiquitous in 

iconic transition-metal catalysed reactions.1  

 

Indeed, transition-metal catalysed cross-coupling reactions are of fundamental importance in 

synthetic organic chemistry and constitute the most straightforward way to assemble C-C 

bonds.2 In the past few years, the use of greener coupling partners for the formation of C-C 

bonds has been a growing area of research.3 From this perspective, carboxylic acids have 

recently been involved in novel methods to generate carbon-based nucleophiles.4 Readily 

available, inexpensive, easy to store and to handle, these reagents represent a promising 

alternative to expensive and less stable organometallic reagents. Their low price makes them 

very attractive for industrial chemical processes: 

Ph-CO2H: 20£/kg 

Ph-Si(OMe)3: 120.60£/kg 

Ph-B(OH)2: 596£/kg 

 

The first reports of decarboxylation utilising stoichiometric amounts of copper dates back to 

1930 and subsequent in-depth studies of its mechanism, in 1970, allowed for the development 

of copper-based catalytic decarboxylation.5 Since Gooßen’s groundbreakingly reported the 

first biaryl synthesis via a palladium-cataysed decarboxylative cross-coupling reaction6 in 

2006, the use of carboxylic acids as carbon-based nucleophiles to build carbon-carbon or 

carbon-heteroatom bonds has been a rapidly blossoming research field, giving access to a 

plethora of valuable product classes along multifaceted reaction pathways.7 Various late-
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transition metals such as silver,8 palladium,9 rhodium10 and gold11 have been successfully 

employed as catalysts in the decarboxylation of aromatic carboxylic acids. 

 

Based on the state of the art and the encountered reactivity of our [Au(IPr)(OH)] 1a as an 

efficient base-promoting precursor in the transmetalation of organoborons and -silanes, we 

envisioned that a similar strategy could be employed in the development of a novel green 

methodology to access organogold complexes. 

 

4.2 Metal-Mediated Decarboxylation 
 

Decarboxylation is a long known thermal reaction. Chuchev and BelBruno recently 

investigated the non-catalysed thermal decarboxylation of simple benzoic acid and ortho-

substituted benzoic acids.12 Their results predicted impressive high activation barriers of at 

least 59 kcal/mol for benzoic acid and 40 kcal/mol for ortho-substituted benzoic acids. These 

values justified the need for temperatures of 300-400 °C for the non-catalysed 

decarboxylation processes.  

 

4.2.1 Use of Mercury Salts 

 
Until 1980s, mercury salts were very popular and ubiquitous in organometallic chemistry. 

They were one of the first transition metal, along with copper (vide infra), to be examined to 

promote the decarboxylation of aromatic carboxylic acids. In a seminal report, Whitmore 

disclosed the stoichiometric reaction of ortho-substituted sodium phtalates with mercury(II) 

acetate.13 Under those reaction conditions, only the carboxylate moiety in the ortho position 

of the carboxylic group was removed and led to the isolation of anhydro-2-hydromercuri-3-

nitrobenzoic acid in 90% yield (Scheme 4.1). This complex was highly stable and the newly 

formed C-Hg bond could only be cleaved by treatment with concentrated hydrogen chloride 

upon heating. Nevertheless, the process required high temperature of 170 °C and extremely 

long reaction time of 70 h.  
NO2

CO2H

CO2H

NO2Hg(OAc)2 (1.1 equiv.)

NaOH (2 equiv.)

AcOH (0.9 equiv.)

H2O, 170 °C

O
Hg

O

CO2+

 
Scheme 4.1 Monoprotodecarboxylation of 3-nitrophtalic acid mediated by mercury 

 

Later, Deacon and coworkers studied the decarboxylation of mercuric pentafluorobenzoate 

derivatives to access pentafluorophenylmercury complexes in an alternative to traditional 
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routes from Grignard and lithium reagents.14 These complexes were found to readily 

decarboxylate upon melting or in refluxing pyridine to furnish pentafluorophenylmercury 

compounds in modest to good yields (30-74%) (Scheme 4.2). The decarboxylation of 

bis(pentafluorobenzoate)-2,2’-pyridylmercury led to the highest yield of 74%, highlighting 

the beneficial effect of the pyridine ligand. In addition, initial attempts to decarboxylate some 

of the complexes in xylene or toluene at reflux only led to decomposition or recovering of the 

mercury pentafluorobenzoate complex. This methodology was a great improvement and the 

use of pyridine as solvent allowed to considerably lower the reaction temperature (65-100 

°C).  

[Hg(L)(O2CC6F5)2] [Hg(L)(C6F5)2] CO2+

neat, 150-210 °C

pyridine, 70-80 °C

or

39-74%

[Hg(R)(O2CC6F5)] [Hg(L)(C6F5)2] CO2+
pyridine

L = bipyr, dppe
1,10-phenanthroline

R = Me, C6H5, p-tolyl
p-MeO-C6H4

65-100 °C

30-67%
 

Scheme 4.2 Ligand effect on the decarboxylation of mercuric pentafluorobenzoate complexes 

 

In their on-going study of the reaction of benzoic acids with mercury(II) acetate, the same 

group reported 10 years later the decarboxylation of polymethoxybenzoic acids at room 

temperature and in very short reaction time of 15-90 mins.15 The methodology was only 

applicable to bis-ortho-substituted or trimethoxybenzoic acids but still represented a 

milestone in the transition-metal decarboxylation research field. Of note, the great tolerance 

of the C-Hg bond formed towards acids was again demonstrated as no hydrolysis product was 

observed even though 2 equivalents of benzoic acid were used. 

 

Although these results were of great importance and highlighted the robustness of these 

complexes, which were tolerant to oxygen, light and moisture, the toxicity of mercury 

compounds prevented further development of these methodologies.  

 

4.2.2 Use of Copper Salts 
 

Since the seminal report of Shepard, copper has been commonly associated with 

decarboxylation reactions.  

Pioneering work of his group in 1930 unveiled the protodecarboxylation of halogenated 

furancarboxylic acids in the presence of copper.5a He noted that extended time at 300 °C was 

insufficient to decarboxylate 3- and 5-chlorofuroic acid while the addition of a stoichiometric 
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amount of a copper/bronze alloy, at 260 °C, led to the corresponding arenes in 30 to 50% 

yield (Scheme 4.3). These studies indicated the instability of the Csp2-Cu bond formed that 

led directly to the hydrodecarboxylated product.  

O CO2H
Cl Copper / Bronze

Quinoline, 260 °C O H
Cl

30-50%  
Scheme 4.3 Protodecarboxylation of halofuroic acid mediated by copper 

 

Of note, quinoline was used as reaction solvent for its high boiling point and as a base to 

trap the hydrochloric acid formed in side reactions. 

 

More than 30 years later, Nilsson extended this methodology to aromatic carboxylic acids. 

Various benzoic acids were decarboxylated mediated by copper(I) oxide (Cu2O) in refluxing 

quinoline.16 Importantly, he observed that ortho-substituted benzoic acids decarboxylated 

much more rapidly. Particularly, the reaction of 2-nitrobenzoic acid reached completion 

within minutes to give nitrobenzene in 59% yield at 240 °C along with homocoupling product 

(Scheme 4.4a). Interestingly, Nilsson used 2-iodoanisole in an attempt to trap the transient 

species surmised to form after extrusion of CO2.17 This Ullman-type reaction18 gave access to 

the heterocoupling product in 50% yield and the term “decarboxylative coupling” was 

introduced for the first time (Scheme 4.4b).  

NO2
CO2H Cu2O (50 mol%)

Quinoline, 240 °C

NO2

H
NO2

O2N

+

59% 24%

< 5 min

CO2+

NO2

CO2H

MeO

I
Cu2O (50 mol%)

Quinoline, 240 °C
15 min

+

NO2

MeO
50%

CO2+

a)

b)

 
Scheme 4.4 Protodecarboxylation of 2-nitrobenzoic acid in presence of copper salts 

 

From these studies, Nilsson postulated the initial formation of a copper carboxylate 

complex, which leads to an organocopper intermediate after loss of CO2 (Scheme 4.5). The 

latter are known to be prone to dimerisation upon heating,19 which is consistent with the 

observation of 2,2’-dinitrobiphenyl homocoupling product.  

RCO2 Cu R CuRCO2H
CuI Δ

CO2  
Scheme 4.5 Proposed key intermediates in the decarboxylation process 
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At this time, Sheppard made a significant contribution to these mechanistic studies.5b 

Indeed, after preparing a series of copper arylcarboxylate complexes, he reacted them in 

variously basic solvents upon heating and drew several conclusions from these studies: 

(1) Basic solvents faclitate the decarboxylation with the following reactivity order 

tetraglyme < nitrobenzene < tri-n-butylamine << quinoline 

(2) Electron-withdrawing groups such as chloro, fluoro and nitro increase the 

decarboxylation rate especially if situated in the ortho position as observed by 

Nilsson 

(3) Polyfluoroacids such as pentafluorobenzoic acid readily decarboxylate even at 

temperatures as low as 60 °C 

 

 In addition, this low temperature allowed for the isolation of the pentafluorophenylcopper 

(I) intermediate in 72% yield for the first time by decarboxylation of a cuprous carboxylate 

(Scheme 4.6). Importantly, this finding confirmed on one hand Nilsson’s hypothesis of the 

formation of an arylcopper species and on the other hand the intrinsic role of quinoline as 

chelating ligands to stabilize the copper center. 
F

F

F
F

F

CO2Cu
Quinoline

60 °C

FF

F

F F

Cu N CO2+

72%  
Scheme 4.6 Isolation of pentafluorophenylcopper(I) compound by decarboxylation 

 

In parallel, Cohen led thorough investigations on the copper-mediated decarboxylation 

mechanistic scenario, which connected with Sheppard’s studies.5c To wit, the decarboxylation 

was facilitated with ortho-substituted benzoic acids and/or electron-deficient groups. 

Furthermore, they demonstrated, based on kinetic studies, that the decarboxylation is a first-

order process with respect to the copper carboxylate.20 Finally in regard to the role of basic 

solvents, they confirmed that chelating agents such as 1,10-phenanthroline and 2,2’-

bipyridine increased the decarboxylation rate. For example, adding 10 equivalents of 2,2’-

bipyridine increased the decarboxylation rate by 17 orders of magnitude.  

 

4.2.3 Use of Stoichiometric Amount of Silver and Palladium salts 
 

Nilsson also investigated the decarboxylation with other late-transition metals such as 

palladium and silver.17 However, in comparison with copper, both metals have been much 

less studied in that process.  
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Indeed, to the best of our knowledge, only one report by Nilsson demonstrated the utility of 

palladium and silver salts in mediating the decarboxylation of aromatic carboxylic acids. In 

1970, the same group reacted metallic silver and palladium, separately, with 2-nitrobenzoic 

acid in quinoline at 240 °C. While the silver-mediated process gave nitrobenzene in almost 

quantitative yield, the reaction with palladium yielded only 29% of nitrobenzene (Scheme 

4.7).  
NO2

CO2H [M] (0.7 equiv.)

Quinoline, 240 °C

NO2

H

M = Ag
= Pd

(0.5 h, 97%)
(3 h, 29%)  

Scheme 4.7 Protodecarboxylation of 2-nitrobenzoic acid using metallic Ag and Pd 

 

Heteroaromatic compounds such as 2-thiophenecarboxylic acid were also readily 

decarboxylated but required two equivalents of silver. Surprisingly, 2-fluorobenzoic acid was 

completely unreactive, using silver mediators, under these reaction conditions. In comparison, 

both metals were found to be much less reactive than copper, which may explain their being 

neglected in decarboxylation reactions until recently. 

 

4.2.4 Use of Rhodium(I) Complexes 
 

The contribution of rhodium in decarboxylation reactions is very recent and only three 

reports have been published hitherto using stoichiometric amount of rhodium complexes.  

 

This area was pioneered by Deacon, in 1980, who reported a novel methodology to access 

polyfluoroaryl rhodium complexes by decarboxylation (Scheme 4.8).21 The complexes were 

obtained either by decomposition of the rhodium carboxylate in pyridine or by reaction of 

trans-[RhCl(CO)(PPh3)2] with thallium carboxylate in pyridine.  

- CO2

RCO2H

[RhCl(CO)(PPh3)2] Tl(O2CR)

pyridine

pyridine

- CO2
+

[Rh(H)(CO)(PPh3)3] trans-[Rh(O2CR)(CO)(PPh3)2] trans-[Rh(PPh3)2(CO)(R)]

trans-[Rh(PPh3)2(CO)(R)]

25-100 °C

 
Scheme 4.8 Synthesis of polyfluorophenylrhodium(I) complexes by decarboxylation in presence of 

thallium salts 

 

They observed the following trend for the decarboxylation rate: 

C6F5 > p-MeOC6F4 > p-HC6F4 > m-HC6F4 > 4,5-H2C6H2F4 > 3,5-H2C6H2F3. 
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Attempts to decarboxylate 2,3,4,5-tetrafluoro- and 2,6-difluorobenzoic acid were 

unsuccessful.  

The same methodology was employed by Deacon to access polyfluorinated iridium 

complexes by decarboxylation.22 

The restriction to polyfluorinated substrates and the use of thallium salts diminished greatly 

the potential interest in these methodologies. 

 

Twenty years later, inspired by Myer’s novel decarboxylative Mizoroki-Heck reaction,23 

Sun and coworkers investigated the reactivity of rhodium in decarboxylative conjugate 

addition reactions.10a Relying on the recent efficacy demonstrated by rhodium complex 

[Rh(OH)(cod)]2 to undergo transmetalation with boronic acids in conjugate additions, the 

authors reasoned that, in a similar manner, this synthon could react with arylcarboxylic acids 

to initially form a rhodium carbonate that would undergo decarboxylation and generate an 

arylrhodium intermediate which could further be functionalised. To ascertain the validity of 

this mechanism, they first studied the Rh(I)-mediated  decarboxylation using 2,6-

difluorobenzoic acid as model substrate. Its stoichiometric reaction with rhodium hydroxide 

led to the isolation of a rhodium κ2-benzoate species in modest 42% yield at 60 °C (Scheme 

4.9). The need of heat is surprising since the carboxyl exchange with metal hydroxide is 

known to be a very fast reaction at room temperature. Bisphosphine ligand 1,3-

bis(diphenylphosphino)propane (dppp) was used to stabilize the RhI center. In line, with 

Deacon’s previous observation, the decarboxylation process was facilitated by the addition of 

a stoichiometric amount of pyridine to act as ligand and stabilise the arylrhodium 

intermediate. After 30 mins at 120 °C, the arylrhodium species was isolated in excellent yield 

(>95%).  

[Rh(OH)(cod)]2

1. biphep, THF
80 °C

2. C6H3F2-CO2H,
60 °C

F

F

O

O

P

P
Rh

Ph Ph

PhPh

42%- H2O

pyridine

30 min, 120 °C

P

P
Rh

Ph Ph

PhPh

N
F

F
> 95%

- CO2

 
Scheme 4.9 Rhodium(I)-mediated decarboxylation 

 

Thorough experimental studies revealed that pyridine converts the rhodium κ2-benzoate 

complex into a κ1-benzoate which readily decarboxylates.24 Interestingly, a completely 

different reactivity was observed, under those reaction conditions, with 2,6-dimethoxybenzoic 

acid and led to a 1,3-rhodium migration after decarboxylation most likely to release the steric 

tension. 
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4.2.5 Use of Nickel Salts 
 

Studies on the decarboxylation of aromatic carboxylic acids using nickel are scarce and date 

back to the 1970s. Inspired by the pioneering work of Nilsson with copper, Deacon et al. 

showed that nickel para-substituted benzoate and pentafluorobenzoate bearing bipyridine or 

1,10-phenanthroline type ligands underwent decarboxylation in the presence of benzoyl 

peroxide in boiling benzene (Scheme 4.10).25 The reactions proceeded rapidly (1.5-4 h) and 

provided the corresponding arylnickel complexes in 60-75% yield with para-substituted 

analogues while poor yields were obtained with pentafluorophenylnickel as well as ligandless 

arylnickel complexes (8-22% yield).  

[Ni(O2CR)(L)]

R = p-MeO-C6F4
      p-EtO-C6F4

boiling benzene

1-4 h
[Ni(R)(L)]

L = bipyr,
      1,10-phenanthroline

60-75%

[Ph(CO)]2O2+ CO2+

 
Scheme 4.10 Use of Nickel in decarboxylation reactions 

 

This last result confirms the beneficial effect of nitrogen-donor ligands on the 

decarboxylation rate in parallel with Cu, Hg and Rh systems.  Nevertheless, the need for 

benzoyl peroxide, in this case, for the decarboxylation to proceed, points to a radical 

mechanism pathway. 

  

4.2.6 Gold(I)-Mediated Decarboxylation 
 

Shortly after our study, Larrosa et al. reported a versatile methodology for the 

decarboxylation of benzoic acids mediated by a Au-phosphine complex.11b The system was 

comprised of [AuCl(tBu3P)] along with a stoichiometric amount of silver oxide (Ag2O), to 

generate an active cationic gold species in situ as these had been shown to efficiently promote 

decarboxylation. The methodology proceeded at relatively low temperatures (between 60 and 

110°C) in DMF. The reaction enabled the preparation of a variety of organogold complexes in 

good yields (Scheme 4.11). The scope featured ortho-substituted benzoic acids, 

heteroaromatic compounds and pyridine motif. In comparison with copper and silver, no 

protodemetalation side reaction was observed which demonstrated the high stability of the 

gold complexes obtained. Of note, in this study, Larrosa succeeded to decarboxylate 3-

methylthiophen-2-carboxylic acid at a temperature as low as 60 °C though the reaction 

required 40 h to reach completion but yet gave the corresponding heteroarylgold complex in 

75% yield. The reactivity of the Au-phosphine system exhibits very close reactivity to the 

silver system, being particularly facile with electron-deficient ortho-substitued benzoic acids. 
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Notably, 2-nitrobenzoate was successfully decarboxylated in 3 h at 110 °C and yielded [Au(2-

NO2C6H4)(tBu3P)] in 78% yield. Remarkably, the reaction even proceeded at only 80 °C in 60 

h and reached 95% conversion.  

[AuCl(tBu3P)] (1 equiv.)
Ag2O (1 equiv.)

DMF, 60-110 °C
2-60 h

CO2H
R

Au(tBu3P)
R

R = o-NO2, o-Br, o-Cl
o-F, o-OMe

CO2+

70-96%

 
Scheme 4.11 phosphine gold(I)-mediated decarboxylation 

 

In that context, the same group investigated the role of silver oxide in the reaction to 

ascertain whether gold was responsible for the decarboxylation process. They reasoned that 

silver oxide could either act as a typical halide abstractor or as an internal base by initially 

forming a silver carboxylate species. In that context, they first prepared silver 2,6-

difluorobenzoate to which the phosphine gold chloride was added. The formation of a new 

complex was observed by 1H NMR which was identified as gold 2,6-difluorobenzoate. This 

species was then heated at 100 °C for 3 h and a full conversion to the arylgold complex was 

observed after that time (Scheme 4.12).  
F

F

CO2Ag
F

F

CO2[Au]
F

F

[Au]
[AuCl(PPh3)]

(1 equiv.) DMF, 100 °C

3 h

> 99% by 1H NMR[Au] = Au(PPh3)  
Scheme 4.12 Evidence of a gold-mediation in the decarboxylation process  

 

These studies univocally demonstrated that phosphine gold complexes promote the 

decarboxylation of benzoic acids. Yet, care should be taken, as the non-innocent role of silver 

additives in gold transformations has been the centre of recent studies (see Chapter 1).  

 

4.3 Hypothesis and Aims of the Chapter 

 

Based on these studies, we reasoned that, with the same electronic configuration as that of 

copper(I), silver(I) and palladium(0), gold could itself represent an appealing mediator to 

extrude CO2 from aromatic carboxylic acids.  

In our on-going exploration of the reactivity of [Au(OH)(IPr)] 1a as bond activation reagent, 

we surmised that a novel methodology to access arylgold(I) species could be developed via 

deprotonation/decarboxylation of aromatic and heteroaromatic carboxylic acids, without the 

use of silver salts. Hitherto, common methods to prepare these organogold complexes 

involved the use of stoichiometric organometallic partners which, regardless of the nature of 

the main-group metal, generate stoichiometric amounts of metallic salts at the end of the 
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reaction. In contrast, the use of carboxylic acids as raw material led to the sole formation of 

carbon dioxide as by-product. Therefore, the development of this methodology would be in 

concomitance with the longstanding research interest of finding more environmentally-

friendly as well as atom and step-economic processes.  

As discussed in the introduction, various late-transition metals have been examined in the 

decarboxylation of carboxylic acids but most of these procedures suffer from several 

drawbacks:  

(1) High temperatures with copper salts (170-200 °C) and activation of mostly para- and 

meta-substituted benzoic acids 

(2) Ag salts allow lower temperatures but the scope is completely restricted to ortho-

substituted benzoic acids and their photosensitivity limits their use  

(3) Similarly rhodium decarboxylation reactions are significantly limited to 

polyfluorinated acids 

(4)  Palladium complexes allow the decarboxylation to proceed under very mild 

conditions (70 °C) but are solely effective with bis-ortho-methoxysubstituted benzoic 

acids.  

 

Importantlty, these studies have also pointed out that sterically-demanding electron-rich 

ligands on the metal centre greatly facilitated the decarboxylation process and that basic metal 

hydroxide or oxide systems appeared to be the more active.  

 

As far as we are aware, no report has appeared dealing with the decarboxylation of 

aromatic carboxylic acids using gold(I) complexes at the time of this work. We reasonned that 

the combination of electron-rich N-heterocyclic carbenes and basic gold hydroxide moeity 

(pKa(DMSO) = 30.3) would be key to efficiently and readily promoting the decrboxylation of 

aromatic and heteroaromatic carboxylic acids under mild conditions. In that context, we first 

examined the reactivity of [Au(OH)(IPr)] 1a complex with a series of carboxylic acids to 

prepare various aryl and heteroarylgold species. Next, the catalytic activity of (NHC)Au(I) 

complexes was explored in the protodecarboxylation reaction. 

4.4 Results and Discussion 

4.4.1 Study of the Reaction 

Our choice of model substrate settled on 2,6-dimethoxybenzoic acid (15a) as it was 

suspected that, in line with palladium systems, the decarboxylation of electron-rich substrates 

would be facilitated with gold. In the quest for developing a methodology that was at least as 

efficient and mild as the reported systems, the initial temperature was set at 110 °C, which is 
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particularly low for a decarboxylation process. To our delight, under these conditions, in 

boiling dioxane, 2,6-dimethoxybenzoic acid 22a decarboxylated smoothly to furnish, after 

only 2 h, 2,6-dimethoxyphenylgold(I) 23a in quantitaive yield (eq.1). In addition, the 

formation of carbon dioxide and water as the only reaction by-products allowed for a very 

simple and solvent-economical work-up consisting of concentrating under vacuum the crude 

mixture which afforded, the pure air-stable product, without further purification.  

[Au(OH)(IPr)]
Au(IPr)

H2O

OMe

OMe

CO2H
OMe

OMe

CO2

1,4-dioxane
110 °C1a 22a 23a

(1)

 

Subsequently to this promising result, different solvents, temperatures as well as gold 

sources were vied with (Table 4.1). 

 
Table 4.1 Optimisation of the decarboxylation of benzoic acid mediated by Au(NHC) complexes  

[Au(X)(IPr)]
Au(IPr)

H2O

OMe

OMe

CO2H
OMe

OMe

CO2

T, t
1 22a 23a

(1)

 
Entry [Au] Solvent T (°C) t (h) Conversion (%)[b] 

1 [Au(OH)(IPr)] (1a) dioxane 110 2 >99 (99) 
2 1a toluene 110 2 >99 (98) 
3 1a THF 45 20 0 
4 1a THF 70 20 35 
5 [AuCl(IPr)] (1b) toluene 110 24 0 

6[c] 1b toluene 110 2 0 
7 [Au(IPr)][NTf2] (1f) toluene 110 24 0 
8 [Au(OH)(SIPr)] (1g) toluene 110 2 >99 
9 [Au(OH)(IPr*)] (1h) toluene 110 2 30 

[a] Reaction conditions: 0.033 mmol 1a, 0.033 mmol carboxylic acid, 0.4 mL of solvent [b] Determined by 1H NMR 
(isolated yield in brackets) [c] addition of 2.5 equivalents of KOH to the mixture. 

 

Further investigation revealed that either 1,4-dioxane or toluene could be used as solvent for 

the reaction (entries 1 and 2). The reactivity was also examined at lower temperatures. While 

the decarboxylation was inhibited at 45 °C, it proceeded at 70 °C, albeit much slower 

compared to some recent reports on Pd-catalysed decarboxylation reactions (entries 3 and 

4).26  Changing gold hydroxide 1a for the chloride 1b or cationic Gagosz-type (1f) precursor 

(entries 5-7) inhibited the reactivity, thus pinpointing the crucial role of the hydroxide. 

Different NHC ligands were also tested. [Au(OH)(SIPr)] 1g was found to be as active as the 

IPr derivative and led to full conversion after 2 h (entry 8). In contrast, sterically congestioned 

IPr* ligand significantly slowed down the decarboxylation process and only 40% conversion 

to 2,6-dimethoxyphenylgold(I) complex 23a was obtained after 2 h (entry 9). This result 
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implies that an optimum balance between steric and electronic parameters is needed. Toluene 

was kept for further study and was the only change from the initial conditions. Of note, the 

reaction can be either carried out under nitrogen or conducted in air.  

 

4.4.2 Scope and Limitations of Gold(I)-Mediated Decarboxylation Reaction 
 

Once these optimal conditions were determined, the scope and limitations of this new 

methodology was explored using various aromatic and heteroaromatic carboxylic acids. The 

results are summarized in Table 4.2.  

Most reactions reached complete conversion within 24 h. Moreover, no trace of side 

products or impurities resulting from protodemetallation (observed with the copper and silver 

systems)5a,17 could be detected.  

 

Table 4.2 Gold(I)-decarboxylative auration of aromatic carboxylic acids[a] 

[Au(OH)(IPr)]
Au(IPr)

H2O
CO2H

CO2
110 °C

1a 22 23

tolueneR R

 

OMe
Au(IPr)

NO2
Au(IPr)

F
Au(IPr)

Au(IPr)

O

F
F

F
F

F

Au(IPr) CN
Au(IPr)

NMe2
Au(IPr)Au(IPr)

OMe

OMe

F
Au(IPr)

F

CHO
Au(IPr) Au(IPr)

MeO

Au(IPr)

23a (2 h, 99%) 23b (2 h, 98%) 23c (6 h, 96%) 23d (1 h, 99%)

23e (20 h, >99%)

23i (24 h, 55%)[c]

23f (20 h, 97%)

23j (20 h, 95%)[b],[c] 23k (20 h, >99%)[b]

23g (6 h, 96%) 23h (24 h, 99%)[b]

23l (70 h, 95%)[b],[c]

Me
Au(IPr)

Cl

Cl

Au(IPr) OPh
Au(IPr)Au(IPr)

23p (10 h, 63%)[b],[d] 23q (5 h, 10%)[b],[d] 23r (9 h, 37%)[b],[d]

Br

o-23m (10 h, 10%)[d]

m-23m (36 h, 24%)[d]

p-23m  (24 h, 0%)  
Reaction conditions: 0.033 mmol 1a, 0.033 mmol carboxylic acid 22, 0.4 mL toluene, 110 °C. [a] Isolated 

yields. [b] 120 °C. [c] NMR yield using mesitylene as internal standard [d] 1H NMR conversion compared to 22 
 

Under these conditions, both electron-rich and electron-poor derivatives were successfully 

converted. In similarity with other late-transition metal systems, a remarkable increase in 
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reactivity was observed for electron-rich o-substituted benzoic acids, presenting a lone pair of 

electrons. Indeed, as seen before, the reaction of 2,6-dimethoxybenzoic 22a reached 

completion in 2 h yielding gold(I) aryl 23a in 88% yield. Conversely, 2-

(dimethyl)aminobenzoic acid 22d only required 1 h to be decarboxylated and give 23d in 

quantitative yield. Aliphatic amines are indeed known to be better σ-donor groups. 

Interestingly, the decarboxylation of 2-methoxybenzoic 22c was found slower that its 

disubstituted homologue 23a. This result accounts for the asssistance of rich directing groups 

in the ortho position that appears to transcend the steric encumbrance. Intriguily, 

decarboxylation of 2-phenoxybenzoic acid 22r proved challenging and led to a very modest 

37% yield after 9 h at 120 °C. This lack of reactivity can be either attributated to a steric 

hindrance or to the fact that the lone pair of electrons of the oxygen are conjugated with the π 

orbitals of the phenyl ring, thus making it less σ-donating. Noteworthy, this substrate was 

absent from previous reported scopes. As mentioned above, a decreased reactivity was 

observed with 2-methylbenzoic acid 22p and ortho-electron withdrawing substituted benzoic 

acids. For the latter, an increase in temperature to 120 °C was required to improve the 

reactivity. 

Still, the reaction of unactivated 2-methylbenzoic acid only led to 63% conversion after 10 h 

at 120 °C. Yet, to the best of our knowledge this is the first time that this substrate has 

undergone decarboxylation in presence of a late-transition metal.  

 

Similarly to other metal systems, aside from polyfluorobenzoic acids, the decarboxylation of 

other halobenzoic acids gave very poor reactivities with (NHC)gold complex. The good 

reactivity of 2-acylbenzoic acid 22b, though withdrawing electrons from the ring, reinforces 

the hypothesis of the σ-donation of the ortho substituents as a driving force for the 

decarboxylation process. The corresponding 2-acylphenylgold(I) 23b was indeed obtained in 

only 2 h in high yield (98%). In contrast, the decarboxylation of 2-cyanobenzoic acid 22h 

required extended reaction time of 24 h to reach completion but still provided 22h in excellent 

yield. This decrease of reactivity most likely arises from a competitive binding of gold to the 

triple bond of the nitrile group. Quite surprisingly, the ortho-nitrobenzoic acid 22i which 

stands among the most facile substrate in copper and silver systems,17 stalled at 50% 

conversion at 120 °C, regardless of the reaction time. This represents a striking difference of 

reactivity between (NHC)gold complexes and Larrosa’s phosphine gold system.11b The 

decarboxylation also could not reach completion with a formyl group in the ortho-position 

(23p) even when the reaction time was extended. A Cannizzaro type side reaction may occur 

and thus delay the main process. Nonetheless, the methodology could also be applied 

successfully to olefinic systems such as cinnamic acid which furnished 23k in quantitative 
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yield. More exciting was the encouraging reactivity encountered with unactivated benzoic 

acid such as para-methoxybenzoic acid 23l that could be decarboxylated under these 

conditions, though requiring longer reaction times at 120 °C. As expected, 4-bromobenzoic 

acid p-23m and benzoic acid were completely inert under our conditions as well as 2,6-

dimethylbenzoic acid. For the latter, the combination of sterics and electronics most likely 

disfavour the decarboxylation process. Overall, this reactivity trend highlights the beneficial 

presence of coordinating groups ortho to the gold’s binding site, that facilitates the 

decarboxylation process.  

 
As a prevalent motif in bioactive natural products and pharmaceuticals,27 several 

heterocycles were then subjected to this methodology (Table 4.3). To our delight, oxygen and 

sulfur-based heterocycles containing a carboxylic acid at C-2 reacted remarkably fast under 

these reaction conditions and afforded organogold complexes in excellent yields. For 

example, both 2-furoic acid 24a and oxazole-2-carboxylic acid 24c decarboxylated in reaction 

times as short as 30 mins and gave the corresponding hetaroarylgold(I) 25a and 25c in 

quantitative yield. Though highly activated, all attempts to decarboxylate oxocarboxylic acids 

such as 2-thiopheneglyoxylic acid  24f were completely unsuccessful. These studies 

underlined our previous observation on the requirements for Au(I)-mediated decarboxylation: 

namely, the presence of an ortho-electron-donating substituent or an α-heteroatom. 

Table 4.3 Gold-decarboxylative auration of heteroaromatic carboxylic acids[a]  

[Au(OH)(IPr)]
Au(IPr)

H2O
CO2H

CO2
110 °C

1a 24 25

tolueneX X

 

N

O
Au(IPr)

O
Au(IPr)

S
Au(IPr)

O
Au(IPr)

S
Au(IPr)

25a (0.5 h, >99%) 25b (2 h, 96%) 25c (0.5 h, >99%)

25e (2 h, 98%)25d (2 h, >99%)

S

25f (16 h, 0%)

O

Au(IPr)

 
Reaction conditions: 0.033 mmol 1a, 0.033 mmol carboxylic acid 24, 0.4 mL toluene, 110 °C. [a] Isolated yields 
 

Overall, the decarboxylation reactions with gold proceeded efficiently at temperatures as 

low as those used with the silver system, and gave the arylgold(I) species in good to excellent 

yields. Most importantly, the scope of the gold(I)-mediated decarboxylation of aromatic and 

heteroaromatic compounds showed reactivity trends close to the silver mediated 

transformations. The (NHC)gold system is particularly efficient with electron-rich ortho-

substituted benzoic acids. Especially, heteroaromatic carboxylic acids and methoxysubstituted 

benzoic acids showed the most favorable reactivity profile. In contrast with silver and copper-
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based systems, 2-nitrobenzoic acid 22i seems to be the least reactive substrate. This substrate 

was also rapidly decarboxylated using Larrosa’s Au-phosphine system. Comparison of 

reactivity between NHC and phosphine gold systems for the decarboxylation reaction 

demonstrated a substantial ligand effect at the gold center on the chemoselectivity of the 

reaction. Indeed, both systems rely on the presence of an ortho substituent but the phosphine 

gold system displays a particular good reactivity with electron-deficient ortho-substituted 

acids while (NHC)gold gives better results with σ-donor substitutents in ortho position.  

 

4.4.3 Mechanistic Investigations 
 

A possible mechanism for the decarboxylation mediated by 1a is illustrated in Scheme 4.12. 

As mentionned above, early investigation by Cohen5c,5d depicted the elementary steps of the 

Cu-mediated decarboxylation as follows: (1) formation of  a metal carboxylate complex and 

(2) extrusion of CO2 from the latter to give an aryl metal complex. In line with Cohen5c,5d and 

Sun10a and considering the reactivity of our gold hydroxide complex, we surmised the 

following mechanism in the case of gold-mediated decarboxylation. First, a deprotonation of 

the carboxylic acid 22a by [Au(OH)(IPr)] 1a would lead to the formation of a gold(I)-

carboxylate intermediate 26a. The extrusion of CO2 could proceed through the formation of a 

four-membered transition state that provides an avenue for gold insertion onto the aryl ring to 

yield the final aryl gold species 23a.10c,28 
OMe

OMe

CO2H
+ [Au(OH)(IPr)]

OMe

OMe

CO2Au(IPr)

Δ

CO2 OMe

OMe

Au(IPr)

protonolysis decarboxylation26a 23a22a

OMe

OMe
Au O

O

NN
iPr

iPr

iPr

iPr

- H2O

 

Scheme 4.12 Proposed mechanism for the gold(I)-mediated decarboxylation. 

To confirm the formation of the gold-carboxylate intermediate 26, the reaction of benzoic 

acid 22a with 1a was monitored by 1H NMR spectroscopy in toluene-d8  (Figure 4.1).  After 

stirring for 45 min at 110 °C, the 1H NMR spectrum showed the formation of two new gold(I) 

species assigned as 2,6-dimethoxybenzoate gold(I) complex 26a and 2,6-

dimethoxyphenylgold(I) 23a. After 1.5 h of heating, the ratio of 23a (triplet at 6.91 ppm and 
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doublet at 6.53 ppm) to 26a (triplet at 6.82 ppm and doublet at 6.16 ppm) increased. No other 

intermediates could be observed during the course of reaction and after 2 h, only arylgold 

species 23a was observed as the final product. These observations support the proposed 

mechanism shown in Figure 4.1. 
OMe

OMe

CO2H
OMe

OMe

CO2Au(IPr)
OMe

OMe

Au(IPr)

H
H

H
H

H
H

22a 26a 23a

1a
(1 equiv.) Δ

 

 
Figure 4.1 1H NMR experiments following the evolution of 22a to 26a to 23a. 

 

Moreover, complexes 26a and 23a were characterised by spectroscopic methods, and both 

structures were determined by single-crystal X-ray diffraction.14 Postulated gold-carboxylato 

intermediate 26a was thus obtained by reaction of the corresponding carboxylic acid with 1a 

at room temperature after 5 min in toluene.15 Crystals were grown by slow diffusion of 

pentane into a saturated dichloromethane solution containing the complex. Graphical 

representations of molecular structures of  26a and 23a are presented in Figure 4.2. 
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      18a                                                            16a 
Figure 4.2 ORTEP representations of [Au)(OC(O)Ar)(IPr)] 26a and [Au(Ar)(IPr)] 23a. Hydrogen atoms 
have been omitted for clarity. Selected bond distances (Å) and angles (deg) for 26a: C41-Au41 
2.006(17), Au41-O41 2.043(10), C1-Au41-O41 171.2(6). For 23a: C1-Au1 2.013(6), Au1-C31 2.026(7), 
Au1-O32 3.126(5), Au1-O36 3.085(5), C1-Au1-C31 178.5(2). 
 

As expected, 23a and 26a exist as two-coordinated, gold(I) complexes. In 23a, a nearly 

linear environment for the Ccarbene-Au-Cσ-aryl bond angle is present, very close or equal to 180°, 

as expected for NHC-gold(I) complexes. Unexpectedly, in 26a the Ccarbene-Au-O1 bond angle 

was slightly distorted compared to the same angle in 1a (177.1(3)°) and [Au(OAc)(IPr)] (1i) 

(179.3(4)°). Similarly to other gold(I)-complexes described, the aryl groups, of the NHC 

ligands, are almost perpendicular with respect to the imidazole backbone plane, resulting in a 

favorable steric arrangement about the metal center. Moreover, both Au-Ccarbene bond lengths 

are comparable, ranging from 2.006(17) Å for 26a to 2.013(6) Å for 23a and similar to the 

ones previously encountered for gold-NHC complexes (ranging from 1.942 to 2.018 Å). The 

Au-Caryl bond length of 2.026(7) Å in 23a is also comparable to previously reported Au-C 

bonds in NHC complexes9. In 26a, the Au-O bond distance was found to be 2.043(10) Å, 

similar to the one encountered in [Au(OAc)(IPr)] 1i.10 These Au-O bonds are thus longer than 

the Au-O bond distance (2.078(6) Å) in 1a. Of note, in 23a, the Au-O bond lengths were 

found to be 3.085 Å and 3.126 Å. This arrangement is very closely related to the proposed 

reaction intermediate illustrated in Scheme 4.12. Unlike the situation found in 26a, the aryl 

group bound to the gold center in 23a is almost perpendicular to the imidazole core in order to 

minimize any steric hinderance between the aryl methoxy groups and the isopropyl groups of 

the NHC ligands.  

 

 



4. Gold(I)-Mediated Decarboxylation of (Hetero)Aromatic Carboxylic Acids 

 107 

4.4.4 Influence of the Nature of the Aryl Substituent on the Carboxyl Exchange 

As stated before, monitoring the carboxyl exchange between 22a and 1a at room 

temperature revealed the reaction to be remarkably fast, being complete in the time required 

for acquisition of the 1H NMR spectrum (<5 mins). Solution calorimetric studies evidenced 

the exothermicity of the reaction by 9.4 (±0.5) kcal/mol.  To elucidate the electronic influence 

of the aryl substituents R upon the formation of the carboxylato-gold(I) intermediate, the 

enthalpy of the reaction (ΔHrxn) of several carboxylic acids with 1a was measured by 

calorimetry solution.14 Enthalpy data are presented in Table 4.4. This study includes a range 

of acids which all proceeded successfully to decarboxylation. Standard reactions were carried 

out at 30 °C with an excess of the carboxylic acid. Quantitative product formation was 

confirmed by 1H NMR run after each experiment.  

 
Table 4.4 Enthalpies (ΔHrxn) for the reaction of 1 with carboxylic acids  

 

Entry Ar-CO2H ΔHrxn (kcal/mol)[a] 

1 2,6-MeO-C6H3-CO2H (22a) -9.4 
2 2,6-F- C6H3-CO2H (22e) -10.2 
3 cinnamic acid (22k) -10.3 
4 C6H5-CO2H (22s) -9.3 
5 2,6-Me-C6H3-CO2H (22t) -9.5 
6 Oxazole-5-CO2H (24c) -12.3 

7[b] 2,6-MeO-C6H3-CO2H (22a) -5.6 

[a] Uncertainties for all enthalpies of reaction are  ±0.5 [b] Using [Au(IPr)(OtBu)] (1j) as reagent 
 

We first investigated aromatic carboxylic acids. Therefore, comparison of enthalpies of 2,6-

dimethoxy-, 2,6-difluorobenzoic acid and cinnamic acid (entries 1,2 and 3) suggest that 

electronic parameters do not significantly interfere in the metallation step and thus play a 

fleeting role in the nature of the C(O)O-Au bond. The same observation was reported in 

previous estimations of R-C(O)O-H bond dissociation enthalpy (BDE) which are thus very 

close to one another as for gold complexes.15 In an attempt to gain perspective on these 

values, we then measured the enthalpy of the reaction of benzoic acid (entry 4), while the 

reaction was carried out with 2,6-dimethylbenzoic acid to probe the influence of steric 

hindrance (entry 5). Again sterics may play a small but relatively insignificant part in 

determining the nature of the Au-O(CO)Ar.  
 

Unexpectedly, auration of heteroaromatics such as oxazole-5-carboxylic acid led to 

enthalpies 2-3 kcal/mol more exothermic than for the aromatic ones. A plausible explanation 

could involve the electronic richness, which is far more important in the heterocycle than in 

the arene and would thus result in a more exothermic ΔHrxn. A valuable and final experiment 
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was performed in order to compare the reactivity of 1a and [Au(OtBu)(IPr)] (1j)16 with 2,6-

dimethoxybenzoic acid (entry 7). Surprisingly, the reaction enthalpy of the carboxyl exchange 

with 1j was found to be less exothermic with a value of ΔHrxn = -5.6 kcal/mol (Eq. 2 and 3). 

This result was unexpected as previous studies showed Au-OtBu complex 1j to be more basic 

than its hydroxide counterpart. This was expected to lead to faster reactivity in the presence of 

acids.  

[Au(OH)(IPr)]
CO2Au(IPr)

H2O

OMe

OMe

CO2H
OMe

OMe
1a 22a 23a

(2)
ΔHrxn = -9.4 (±0.5) kcal/mol

THF, 30 °C

[Au(OtBu)(IPr)]
CO2Au(IPr)

tBuOH

OMe

OMe

CO2H
OMe

OMe
1j 22a 23a

(3)
ΔHrxn = -5.6 (±0.5) kcal/mol

THF, 30 °C

[Au(OH)(IPr)] H2O

1a 1j

(4)
ΔHrxn = -3.8 (±0.5) kcal/mol

THF, 30 °C
tBuOH [Au(OtBu)(IPr)]

ΔHf(tBuOH) = 106.3 kcal/mol ΔHf(H2O) = 118.8 kcal/mol
 

 

There was a difference of enthalpy of reaction of 3.8 kcal/mol between the two gold 

complexes (eq. 4). Finally, using previously reported thermodynamic data for the HO-H and 

tBuO-H bond dissociation enthalpies (BDE) allowed for the estimation of the absolute 

difference of BDE between the two gold complexes (Eq. 4, 5 and 6).  These calculations 

further revealed that the Au-OH bond in 1a is 8.7 kcal/mol stronger than the Au-OtBu bond in 

1j. As such, [Au(OtBu)(IPr)] (1j) is thermodynamically less reactive than its hydroxide 

analogue 1a. Noteworthy, these findings may give an explanation for the higher observed 

stability of 1a towards air and moisture relative to 1j.  

To the best of our knowledge, no other report of thermodynamic data for reactions of 

benzoic acids with Au complexes of relevance exists. 

ΔHf ([Au(IPr)(OH)]) - ΔHf ([Au(IPr)(OtBu)]) = -8.7 kcal/mol (6)

ΔHrxn  =  ΔHf ([Au(IPr)(OH)])  +   ΔHf (tBuOH)   -  ΔHf (H2O)   -   ΔHf ([Au(IPr)(OtBu)]) (5)

 
 

4.5 Conclusion 

 

These preliminary studies provides a new route for the synthesis of aromatic and 

heteroaromatic gold complexes via decarboxlation. This gold(I)-mediated decarboxylation of 

various aromatic and heteroaromatic carboxylic acids allows access to a variety of ortho-

substituted aryl- and heteroarylgold complexes in high yields with water as the only side-
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product. In line with the transmetalation reactions of organoborons and silanes, access to the 

key intermediate gold benzoate relies on a base-promoted reaction of our gold hydroxide with 

benzoic acid. This intermediate was characterised by spectroscopy and single cristal x-ray 

diffraction. Its straightforward synthesis using [Au(OH)(IPr)] 1a represents a good alternative 

to circumvent the use of silver additives that are typically required.  

In comparisons with reported systems, the reaction proceeds at a comparable temperature to 

that of silver and at a lower temperature compared to copper systems. Moreover, no 

protodemetalation was encountered due to the high stability of the gold(I)-aryl species. 

Gratifyingly, a wide range of functional groups such as nitro, cyano, aldehyde, amines and 

alkoxides were compatible with this methodology. Finally, with the initial promising result 

encountered with 4-methoxybenzoic acid, it is our belief that this methodology could also be 

extended to other non-activated benzoic acids under harsher conditions.  
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Abstract 
A gold(I)–NHC complex catalyses the protodecarboxylation of various 

(hetero)aromatic acids. This methodology is simple, highly efficient and combines 

both the advantages of copper and silver methods with applications to completely 

deactivated substrates. Moreover, intermediates in this reaction have been isolated 

and fully characterised and provide fundamental insights into the mechanism of 

protodecarboxylation with gold. 
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5.1 Introduction 
 

Aside from the high temperatures needed, decarboxylative cross-coupling reactions 

represent one of the most promising and appealing successors to traditional cross-couplings 

from a sustainable, environmental and atom and step-economic point of view.1 Out of this 

success, a variety of transformations has been successfully revisited using carboxylic acids as 

carbon-nucleophilic precursors.2 Among them stood the protodecarboxylation reaction. This 

simple reaction is of valuable importance. Indeed, carboxylate moieties are also veritable 

anchors to direct regioselectivity in reactions.3 This strategy is commonly used in the 

synthesis of many natural products.4 However, these carboxylic acids are scarcely desired in 

the final target and need to be removed after synthesis.  

In addition, the protodecarboxylation represents an ideal model reaction for the 

development of more effective catalyst systems for the decarboxylative coupling reactions 

where the decarboxylation is usually the turnover-limited step. Indeed, high temperatures are 

still required for these couplings, and developing more active catalysts for the aforementioned 

reaction has appeared to be crucial in accessing lower temperatures and a broader range of 

substrates.5 

 

5.1.1 Copper-Catalysed Protodecarboxylation of Carboxylic Acids 
 

Curiously, while the mechanism of the decarboxylation has been extensively investigated 

in early years and revealed the synthetic potential of copper-mediated decarboxylation, very 

few studies had aimed towards the development of milder reaction conditions using catalytic 

amounts of copper .   

In 2006, Gooßen et al. reported the decarboxylation of aromatic carboxylic acid in the 

presence of a catalytic amount of copper.6 In order to perform effective Pd/Cu-catalysed 

decarboxylative couplings of carboxylic acids with aryl halides (vide infra), the first step of 

the reaction i.e. the decarboxylation step was studied in isolation. Inspired by Nilsson,7 

Shepard8 and Cohen’s work,9 Gooßen employed a combination of copper oxide and 1,10-

phenanthroline as the catalyst system in a 3:1 mixture of NMP and quinoline at 170 °C. Very 

good reactivity was observed, notably with electron-withdrawing ortho-substituted acids and 

heteroaromatic acids, which led to the formation of the protodecarboxylated products in 24 to 

87% yields after 12 h (Scheme 5.1a).  
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R R
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(bathophenanthroline)
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Scheme 5.1 Tuning of nitrogen-donor ligands in the copper-catalysed protodecarboxylation  

 

Challenging substrates (meta and para-substituted) were also converted to the 

corresponding arenes in modest to good yields by changing the ligand to bulkier 4,7-

diphenyl-1,10-phenanthroline (bathophenanthroline) (Scheme 5.1b) 

However, methoxy-substituted acids and halogenated benzoic acids (except fluoroacids) 

remained completely unreactive under these conditions (Scheme 5.2).  

CO2H

R = 2,6-(OMe)2,
2,4-Cl2
2-CN,Br

Cu2O (5 mol%)
1,10-phenanthroline (10 mol%)

NMP/Quinoline, 170 °C
12-24 h

H
CO2+

0%

R x

 
Scheme 5.2 Limits of the copper system for the protodecarboxylation reaction 

 

Of note, the addition of ancillary ligands like triphenylphosphine or inorganic bases such as 

potassium carbonate, were detrimental to the process.  

From theoretical and kinetic studies, Gooßen revealed that the bathophenanthroline ligand 

generated an active copper species with higher thermal stability (see Chapter 6). 

 

The same group reported that the use of microwave technology led to a very rapid and 

facile protodecarboxylations.10 The reactions reached completion within minutes and 

commonly unreactive benzoic acids (p-NO2, p-OMe, etc…) decarboxylated smoothly under 

these reaction conditions. The corresponding arenes were obtained in good yields using 

simple copper/1,10-phenanthroline catalyst system. However, the process was performed at 

even higher temperatures than before (190 to 200 °C).  
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The development of these methodologies became very popular at removing the surplus of 

carboxylate groups and found numerous applications in natural product synthesis.11 For 

example, Rajulu reported the decarboxylation of indole-2-carboxylic acid using 10 mol% of 

metallic copper at 220 °C in quinoline to prepare intermediate A in 88% yield.12 This 

compound is a key intermediate in the synthesis of two alkaloids: Paliculidines B and C 

(Scheme 5.3).  

N
CO2H

OMe

CN
Cu (10 mol%)

Quinoline, 220 °C
20 min

N
H

OMe

CN

A (88%)

N
H

R

OH

Me

R = OMe, Paniculidine B
R = H, Paniculidine C  

Scheme 5.3 Synthesis of Paniculidine B and C via copper-catalysed protodecarboxylation  

 

However, the use of such high temperatures >200 °C limits the scope to thermally robust 

structures.   

 

5.1.2 Silver-based Catalytic Systems 
 

Almost 40 years after Nilsson’s seminal report, Gooßen and Larrosa reported 

simultaneously two closely related protocols for the protodecarboxylation of aromatic 

carboxylic acids using silver-based catalysts.13 

Gooßen employed 10 mol% of silver acetate in a combination with 15 mol% of potassium 

carbonate in NMP (Scheme 5.4).13aThe methodology gave access to a variety of 

protodecarboxylated arenes in modest to good yields at temperatures more than 50 °C lower 

than the most efficient copper catalyst system. Notably, 2-nitrobenzoic acid was successfully 

decarboxylated at low temperature (80 °C) in 60% yield. Particularly, challenging substrates 

for the copper system like ortho-halogenated and methoxybenzoic acid were readily 

decarboxylated and provided the corresponding arenes in good yields. 

CO2H

R = NO2, Cl, OMe
CF3, F, Br,iPrOC(O)

AgOAc (10 mol%)
K2CO3 (15 mol%)

NMP, 120 °C, 16 h

H
CO2+

58-92%

R R

 
Scheme 5.4 Silver-catalysed protodecarboxylation reaction developed by Gooßen 

 

At the same time, Larrosa disclosed a very similar protocol to Gooßen’s and used 10 mol% 

of silver carbonate in DMSO at 120 °C (Scheme 5.5).13b The scope of the reaction was 

slightly more restricted. Yet, the arenes were obtained in good yields.  
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Scheme 5.5 Silver-catalysed protodecarboxylation reaction developed by Larrosa 

 

Ultimately, both methodologies were poorly applicable to meta and para derivatives. For 

example, 3-nitrobenzoic acid remained unreactive under Larrosa’s conditions, and only 14% 

conversion was observed with 4-methoxybenzoic acid at 160 °C after 16 h (Scheme 5.6a,b). 

Modest reactivity was also encountered in the protodecarboxylation of 2-acetylbenzoic acid 

leading to 58% conversion after 16 h using Gooßen’s methodology (Scheme 5.6c)  

CO2H
AgOAc (10 mol%)
K2CO3 (15 mol%)

NMP, 120 °C, 16 h

H
CO2+

58%

O O

CO2H
AgOAc (10 mol%)
K2CO3 (15 mol%)

NMP, 140 °C, 16 h

H
CO2+

14%
MeO MeO

CO2H Ag2CO3 (10 mol%)

DMSO, 120 °C
16 h

H
CO2+

O2NO2N

0%

a)

b)

c)

 
Scheme 5.6 Limitations of both silver-based methodologies for the protodecarboxylationreaction 

 

In general, the use of 20 mol% of silver in Larrosa’s methodologies compared to Gooßen’s 

10 mol% made the former procedure less attractive. 

 

In line with these researches, Larrosa et al. developed next an effective methodology for 

the protodecarboxylation of heteroaromatic acids.14 A wide variety of acids such as quinoline, 

pyridine, benzofuran and benzothiophene derivatives were decarboxylated in good to high 

yields using 10 mol% of silver carbonate and 5 mol% of acetic acid in DMSO at 120 °C. In 

addition, selective monoprotodecarbxoylation of electron-deficient aromatic dicarboxylic 

acids could be performed with good to excellent yields (Scheme 5.7).  

HetAr-CO2H HetAr-H

Ag2CO3 (10 mol%)
AcOH (5 mol%)

DMSO, 120 °C, 16 h
82-100%

CO2+

 
Scheme 5.7 Silver-catalysed (mono)protodecarboxylation of heteroaromatic (di)carboxylic acids  
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Subsequently, Jafarpour et al. exploited this methodology to develop an elegant and 

straightforward route to access coumarin derivatives via decarboxylation using Larrosa’s 

catalyst system at 100 °C in DMA.15 Under these conditions, deactivated coumarin-3-

carboxylic acids were decarboxylated in good to excellent yields (Scheme 5.8). 

R
O O

CO2H
Ag2CO3 (10 mol%)
AcOH (5 mol%)

DMA, 100 °C, 16 h
R

O O

H

47-90%

CO2+

 
Scheme 5.8 Silver-catalysed protodecarboxylation of coumarin-3-carboxylic acids 

 

In 2012, Larrosa reported a versatile procedure to deuterate aromatic carboxylic acids via a 

deutero-decarboxylation process.16 Therefore, the reaction of benzoic acids in presence of 50 

equivalents of deuterated water allowed, after decarboxylation, for the selective deuteration at 

the carbon bearing the carboxylic acid in high yields (95-98% yields). 

 

The silver-based system represents a good alternative to the copper ones. Especially the 

reaction temperature is significantly lower and the process does not require costly and toxic 

ligands (e.g., phenanthroline derivatives) and solvent (quinoline). However, the 

photosensitivity of silver salts is restrictive and impairs the synthetic applications of the above 

strategies.   

 

5.1.3 Palladium-based Catalytic Systems 
 

Alternatively, Kozlowski et al. reported that palladium(II) trifluoroacetate [Pd(TFA)2] 

promoted the protodecarboxylation of electron-rich aromatic carboxylic acids in 5% DMSO 

in DMF at temperatures as low as 70 °C (Scheme 5.9).17 This methodology represents the 

mildest conditions developed so far for the decarboxylation of aromatic carboxylic acids. 

However, this methodology was completely restricted to (bis)ortho-substituted 

methoxybenzoic acids and required 20 mol% of catalyst and 10 equivalents of trifluoroactic 

acid (TFA). Kozlowski showed that this excess was necessary to increase the rate of the 

protodepalladation (see Chapter 6), which was otherwise too slow. This feature highlighted 

the higher stability of the arylpalladium intermediate toward protonolysis compared to the 

organocopper and organosilver species. 

CO2H
OMe

OMe
MeO

[Pd(TFA)2] (20 mol%)
CF3CO2H (10 equiv.)

5% DMSO/DMF
70 °C, 24 h

H
OMe

OMe
MeO

71-75%

CO2+

 
Scheme 5.9 Pd-catalysed protodecarboxylation of (bis)ortho-substituted benzoic acids 
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The efficacy of this methodology was successfully illustrated in an elegant total synthesis of 

biologically active Hypocrellin A in 19 steps (1.6% overall yield).4a The low temperature 

palladium-catalysed protodecarboxylation allowed for the retention of configuration of the 

enantioenriched biaryl (Scheme 5.10), which would have been otherwise racemised under 

Cu-catalysed decarboxylation conditions. The corresponding protodecarboxylated biaryl was 

obtained in 60% yield. 

HO2C

MeO

OMe OBn
OMe

R

R
MeO

HO2C
OMe OBn

OMe

R = C(C2H4O2)-CH3

1. Pd(TFA)2 (2.5 equiv)

5% DMSO/DMF
75 °C, 1 h

Ag2CO3 (5.8 equiv.) H

MeO

OMe OBn
OMe

R

R
MeO

H
OMe OBn

OMe

2. NaBH4 (3.9 equiv.)

60%

MeO

OH O
OMe

MeO

OH O
OMe

CH3

O

OH
CH3

P

Hypocrellin A

R
S

 
Scheme 5.10 Synthesis of Hypocrellin A by Pd(II)-catalysed protodecarboxylation 

 

Later, Cole-Hamilton disclosed an alternative approach for the synthesis of phenol via 

decarboxylation of 4-hydrobenzoic acid using an in situ generated palladium catalyst system 

bearing sterically-demanding and electron-rich phosphine ligands at high temperature of 140 

°C.18 Under these conditions the phenol was obtained in 85% yield (Scheme 5.11). 

Interestingly, platinum and ruthenium catalysts also showed some reactivity in the reaction.  

HO

CO2H
[Pd(MeCN)2][BF4]2 (2 mol%)

1,2-bis(di-t-butylphosphino)
methylbenzene

[(tBu)2CH2P]2C6H4 (4 mol%)

toluene, 140 °C, 5 h HO

H
CO2+

85%

P(tBu)2

P(tBu)2

 
Scheme 5.11 Synthesis of phenol via Pd-catalysed protodecarboxylation 

 

5.1.4 Rhodium-based Catalyst Systems 
 

After investigating the stoichiometric reactivity of rhodium(I) towards decarboxylation 

reactions, Zhang pursued its exploration in the development of a catalytic process.19 A 

valuable hydrodecarboxylation was found to proceed smoothly using low catalyst loadings of 

[Rh(OH)(cod)]2 (1 mol%) and 1,3-bis(diphenylphosphino)propane (dppp) ligand under very 

mild conditions. Similarly to palladium, this rhodium-based system suffered from the same 

substrates limitations and was also confined to bis(ortho)-substituted benzoic acids bearing 

fluorides (Scheme 5.12).  
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CO2H
R5

R5 = F, OMe

[Rh(cod)(OH)] (1-3 mol%)
dppp (2.2-3.3 mol%)

NaOH (1 equiv.)
toluene/water, 90-120 °C

5-30 h

H
CO2+

8-98%

R5

 
Scheme 5.12 Rhodium-catalysed protodecarboxylation of bis(ortho)-substituted benzoic acids 

 

Nonetheless, the process could be further extended to bis-ortho-dimethoxybenzoic acids 

with an increase of temperature to 120 °C but required lengthy reaction times (>24 h) in a 

mixture of toluene and aqueous NaOH. Interestingly, while 2-fluoro and 2-methoxybenzoic 

acids remained mostly unreactive under these reaction conditions, 2- and 4-nitrophenylacetic 

acid were readily decarboxylated at low temperatures (Scheme 5.13). This represented the 

first example of a metal hydroxide used as catalyst in the decarboxylation reaction.   

F
CO2H

[Rh(cod)(OH)] (1.5 mol%)
dppp (3.3 mol%)

NaOH (1 equiv.)
toluene/water,150 °C

24 h

H
CO2+

8%

F

[Rh(cod)(OH)] (0.5 mol%)
dppp (1.1 mol%)

NaOH (1 equiv.)
THF/water,90 °C

16-24 h

CO2+

81%,87%

R RCO2H H

R = 2-,4-NO2  
Scheme 5.13 Protodecarboxylation of 2-fluorobenzoic acid and nitrophenylacetic acid with Rh-based 

system 

 

These recent contributions are very appealing due to the low temperatures at which the 

decarboxylation proceeds, however their restricted scope considerably limits any further 

interest in these methodologies. 

 

5.1.5 Tandem Decarboxylative Reactions with Other Electrophiles 
 

In the absence of proton sources, the arylmetal intermediate can be selectively coupled with 

a variety of carbon electrophiles. Predominantly, it can be used to mimic traditional 

transition-metal cross-couplings to build carbon-carbon bonds which are ubiquitous in 

organic molecules.1b,20 These decarboxylative couplings represent a milestone in the 

development of more environmentally-friendly as well as atom and step-economical cross-

coupling reactions. The traditional methods involved the use of costly and sometimes difficult 

to handle main-group organometallic partners that required being prepared beforehand and 

that generated stoichiometric amounts of metallic salts at the end of the reaction.21 In 

comparison, carboxylic acids are cheap, easy to handle, accessible in a great structural 

diversity and ensured a complete chemoselectivity and regioselectivity in the coupling 
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reactions. This decarboxylative methodology is directly inspired by living organisms that can 

generate carbanions by enzymatic decarboxylation of carboxylic acids.22 In that context, a 

myriad of decarboxylating coupling reactions have come to light, with major contributions by 

Gooßen and coworkers, largely inspired by Nilsson precedents, using bimetallic systems of 

Cu/Pd and Ag/Pd systems or solely Pd, Cu and Rh catalysts (Scheme 5.14).2c,5,7c,23 Most of 

these methodologies were inspired from previous stoichiometric decarboxylation reactions 

and similar disadvantages were encountered i.e. high temperatures with copper and a 

restriction to specific substitution patterns with Pd, Ag and Rh. Nonetheless, their potential 

for industrial applications has been illustrated in the synthesis of several biologically active 

compounds. 

NO2

OMe

O

O

O

NO2

OMe

OMe

N S

OMe
NO2

O

F

R
MeO

Cl

NO2CO2tBu
F

F

R
CO2H

X
CO2H

CO2H
R

Pd

CuAg

Rh

Liu (2009) 

You (2010) 

Liu (2009) 

Bilodeau (2006) 

Gooßen (2012) 

Zhang (2009) 
Nilsson (1966) 

Gooßen (2010), [Pd]/[Ag] 

Glorius (2010) 

Larrosa (2010) 

Gooßen (2006), [Pd]/[Cu] 

Myers (2002) 

Becht (2007) 

 
Scheme 5.14 Decarboxylative coupling reactions 
 

5.2 Development of a Catalytic Process in the Protodecarboxylation Reaction 

with (NHC)Au Complexes 

 

5.2.1 The Question of Turnover 

 
Previous stoichiometric studies, which investigated the reactiivty of [Au(OH)(IPr)] 1a and 

demonstrated the important efficiency of this synthon in a variety of bond activation 
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reactions, guided our efforts to develop a catalytic process.  However, a common hurdle that 

we have been facing under catalytic conditions was the regeneration of the gold hydroxide 

active species. Essentially, (NHC)Au complexes were much affected by metal salts, basic 

nitrogens, Lewis acids (such as boron), halide ions and any other charged species that often 

shut down the catalytic cycle by coordinating to the gold center.   

 

Also, our previous study demonstrated the high stability of the (NHC)gold(I) aryl 

compounds. As discussed, no protodeauration was observed with the generation of water as 

side-product. In analogy with organomercurial complexes, the Csp2-Au bond is very strong.24  

On one hand this stability was of great benefit for facile isolation of these complexes but, on 

the other hand, it can be a considerable hurdle for the further functionalisation of these 

intermediates which has been repeatedly experienced throughout our exploration of the 

reactivity of (NHC)gold complexes. So far, the catalytic reactivity of gold(I) is predominantly 

based on its exceptional capacity to activate unsaturated C-C25 bonds but very few studies 

have succeeded in the development of Au(I)-catalysed organic reactions via bond activation; 

the majority feature Au(III).26  

 

In our continous quest to develop gold(I)-catalysed decarboxylative couplings and 

considering the complexity of the mechanistic scheme of these reaction, we reasonned that 

similarly to Gooßen, one of the limitating factors would be the modest reactivity of the 

gold(I) catalyst in the decarboxylation step. The study of their activity in the 

protodecarboxylation as a test reaction would be key to gain further understanding of the 

decarboxylation reaction and design more efficient catalyst systems. 

 

Besides the typical issue encountered in decarboxylative reactions, i.e. slow decarboxylation 

step, several challenges are to be considered. First, if once again gold(I) is considered as a 

surrogate of palladium and the Csp2-Au is as stable as Csp2-Pd, its cleavage could be 

particurlary difficult and may require extra additives to drive the reaction. In this case, the 

final gold catalyst would need to be as active as gold hydroxide 1a in the decarboxylation 

reaction which could limit the process. Finally, in the absence of additives, the proton source 

would be the carboxylic acid and the turnover could be limited after a few cycles with the 

decreased concentration of starting material thus hampering the reaction to reach completion. 

With these obstacles in mind, we embarked on investigating this catalytic process. 
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5.2.2 Design of a Catalyst System 
 

Initial attempts to use [Au(OH)(IPr)] 1a as catalyst led to reproducibility issues when less 

than 10 mol% of catalyst loading were used in either toluene or 1,4-dioxane. From that point, 

we questioned the design of a robust and efficient alternative to this catalyst. Basic gold(I) 

alkoxide complexes of type [Au(OR)(IPr)] (R = Me, iPr, tBu) have proved to be good bond 

activators but their high instability to air and tendency to decompose upon heating is 

burdensome and limits the practical use for the decarboxylation reaction. In contrast, gold(I) 

carboxylate intermediates of the type [Au(O2CR)(IPr)] (R = Me, tBu, Ar) are stable and easy 

to handle. Their preparation relies on a simple acid-base reaction between 1a and the 

corresponding acid R-CO2H and reaches completion within minutes at room temperature (see 

Chapter 1). However, their diminished basicity compared to the hydroxide could be 

troublesome in their reaction with carboxylic acids. Indeed, as discussed in our initial 

stoichiometric studies (4.2.1) [Au(NTf2)(IPr)] 1d does not effect at all the decarboxylation. A 

separate study was conducted utilising [Au(OAc)(IPr)] 1i that displayed good stability under 

air and in solution. Moreover, this complex was successfully employed as catalyst in 

hydroamination reactions via N-H bond activation.27  

 

5.2.3 Study of the reaction 

 
5.2.3.1 Optimisation of the Gold Catalyst System 

 

We first tested the reactivity of complex in a stoichiometric decarboxylation reaction. The 

model carboxylic acid, 2,6-dimethoxybenzoic acid 22a was selected on the basis of its 

favourable reactivity profile observed in our previous study (Chapter 4). We were pleased to 

see that, after 2 h, the reaction of one equivalent of [Au(OAc)(IPr)] 1i  with 1 equivalent of 

2,6-dimethoxybenzoic acid 22a at 110 °C in toluene afforded full conversion to 1,3-

dimethoxybenzene 27a  without any trace of 2,6-dimethoxyphenylgold(I) complex 23a. 

Moreover, to our pleasure, the in situ formation of one equivalent of weak acetic acid (AcOH) 

successfully promoted the cleavage of the Csp2-Au bond. Thrilled that, from that point 

forward, a general one-step protodecarboxlation reaction could be developed using a catalytic 

amount of [Au(OR)(NHC)] complexes, we began our journey by surveying different gold 

catalyst systems under our previous stoichiometric conditions (Table 5.1). 

An initial decrease in catalyst loading to 5 mol% led to a significant drop in the yield 

furnishing 1,3-dimethoxybenzene 27a in modest 20% yield (entry 2). In comparison, the 

related complex bearing a triphenylphosphine ligand was slightly more efficient (entry 3).  
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Table 5.1 Optimisation of the protodecarboxylation of 2,6-dimethoxybenzoic acid 22a[a]
 

[Au]

T, 16 h

AcOH (1 eq.)
+ CO2

OMe

OMe

CO2H

22a

OMe

OMe

H

27a  
Entry [Au] AcOH T (°C) GC yield (%)[b] 

1[c] [Au(OAc)(IPr)] (1i) (100)  110 100 (95) 
2[c] 1i (5) AcOH 110 20 
3[c] [Au(OAc)(PPh3)] (5) AcOH 110 25 
4[c] [Au(OH)(IPr)] (1a) (5) AcOH 110 40 
5[c] [Au(OH)(SIPr)]  (1g) (5) AcOH 110 35 
6 1a (5) AcOH 110 50 
7 1g (5) AcOH 110 100 
8 [Au(OAc)(PPh3)] (5) AcOH 110 50 
9 1g (3) AcOH 110 55 

10 1g (2) AcOH 110 25 
11 1g (1) AcOH 110 12 
12 1g (3) AcOH 120 85 

13[d] 1g (3) AcOH 120 83 
[a] Reaction conditions: [Au], AcOH (1 equiv.), benzoic acid (0.5 mmol), anhydrous toluene (1.5 mL), 16 h. [b] GC 

yield using n-tetradecane as internal standard (Isolated yield between brackets). [c] Technical grade toluene [d] 

anhydrous dioxane  

 

Changing the gold acetate precursor to gold hydroxide 1a increased the reactivity to 40% 

yield (entry 4). As mentioned before, although the reaction could be conducted in the absence 

of additives, the results obtained were variable and reproducibility issues were encountered. 

At this point, using a more electron-donating NHC ligand such as SIPr did not greatly affect 

the reactivity (entry 5). The use of dry toluene had a slight effect on the process using 1a, 

yielding 50% of 27a (entry 6). However, it significantly enhanced the rate of the 

decarboxylation when SIPr was used instead (entry 7). Still, these results indicated the 

detrimental impact of water on the reaction. Indeed, changing the ligand from IPr to SIPr 

resulted in a quantitative yield suggesting that, as previously reported,28 more electron-rich 

(and thus more basic) complexes favour the decarboxylation step.29 Interestingly,  

[Au(OAc)(PPh3)] performed as well as the 1a/AcOH system under these conditions (entry 6 

and 8). The results obtained with Au-phosphine complexes are of great interest and point to 

the fact that gold phosphine systems could be efficiently employed for this reaction without 

the need for extra silver additives.  

An increase of the temperature to 120 °C was necessary to maintain good yields as the 

catalyst loading of [Au(OH)(SIPr)] 1g was decreased (entry 12). Further investigations 

revealed that either anhydrous 1,4-dioxane or toluene could be used as solvent for the reaction 

(entries 12 and 13). Toluene was selected for further study. 
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5.2.3.2 Influence of the Acid 

 

Under these conditions, 1,3-dimethoxybenzene 27a was successfully obtained in 85% yield. 

However, the use of a stoichiometric amount of acetic acid is not ideal from an environmental 

point of view. To address this issue, the influence of mild to strong acid additives and their 

relative amount was next examined. The results are shown in Table 5.2.   

Table 5.2 Screening of acids in the protodecarboxylation of 2,6-dimethoxybenzoic acid[a]
 

[Au]

120 °C, 16 h

+ CO2

OMe

OMe

CO2H

22a

OMe

OMe

H

27a

dry toluene

 
Entry [Au] (mol%) Additive Yield (%)[b] 

1 1g (3) AcOH 85 
2 1g (3) AcOH[c] 65 
3 1g (3) PivOH 100 
4 1g (3) TFA 70 
5 1g (3) PhCO2H 63 
6 1g (3) TfOH 35 
7 1g (3) Piv2O 90 
8 1g (3) C3H7CO2H 90 
9 1g (3) AdCO2H 100 

10 [Au(O2CnBu)(SIPr)] (1k)  (2) - 95 
11 [Au(O2CAd)(SIPr)] (1l) (2)  - 100 
12 1l (1)  - 65 

13[d] 1l (1)  - 100 
[a] Reaction conditions: [Au], additive (1 equiv.), benzoic acid (0.5 mmol), anhydrous toluene (1.5 mL), 110 °C, 16 h. 

[b] GC yield using n-tetradecane as internal standard. [c] 0.3 equiv. of AcOH. [d] 140 °C  

 

Reducing the amount of AcOH to 30 mol% substantially affected the yield of 

decarboxylation, which dropped to 65% (entry 2). Gratifyingly, its replacement with one 

equivalent of pivalic acid (PivOH) allowed the recovery of 1,3-dimethoxybenzene 27a in 

quantitative yield (GC yield) (entry 3). Various acids were next screened and showed the trio, 

PivOH, butyric acid and adamantane-1-carboxylic acid, as the optimal additives to give 27a 

in quantitative yield (entries 3-9). Under these conditions, a [Au)(O2CR)(SIPr)] intermediate 

was most likely believed to form. To verify that premise and suppress the stoichiometric use 

of acid, the corresponding well-defined complexes were prepared from the reaction of 

[Au(OH)(IPr)] 1a and the additive and tested in catalysis. Initial reactions using 

[Au(OPiv)(IPr)] led to reproducibility issues with noticeable decomposition of the catalyst 

under the reaction conditions. Nonetheless, we were pleased to see that the 

protodecarboxylation proceeded effectively using as little as 2 mol% of either 

[Au(O2CnBu)(SIPr)] (1k) and [Au(O2CAd)(SIPr)] (1l) which furnished 27a in 90% and 

quantitative yields, respectively, without the need of extra acid (entries 10 and 11). A 
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decrease in catalyst loading was mandatory, considering the cost of our catalyst, to be 

competitive with previously developed systems. 

To circumvent handling of hazardous, corrosive and unpleasantly odorous acid, 

[Au(SIPr)(O2CAd)](1l) was finally selected as the optimal catalyst system. Under these 

optimised conditions, 86% of the product was formed after 16 h. Of note, a further decrease 

to 1 mol% of catalyst loading led under these reaction conditions to a diminished yield of 

65% but an increase to 140 °C completely restored the reactivity (entries 12 and 13).   

 

5.2.4 Scope and Limitations of the Gold(I)-Catalysed Decarboxylation 
 

5.2.4.1 Protodecarboxylation of Electron-rich Aromatic and Heteroaromatic 

Carboxylic Acids 

With these optimised conditions in hand, the substrate scope and substituent effects were 

then explored. The viability of our methodology was initially tested with previously studied 

aromatic and heteroaromatic carboxylic acids. Selected results are summarised in Table 5.3.  

Table 5.3 Gold-catalysed protodecarboxylation of (hetero)aromatic carboxylic acids[a] 

CO2H H
[Au(O2CAd)(SIPr)] (1l)

(2 mol%)

anh. toluene, 120 °C
+ CO2R R

22 27  

O

F
F

F
F

F

H

OMe

OMe

H
OMe

H
NMe2

H

O
H

S
H

N

O
H H

S H H

COMe
H

N

H

OPh
H

(27a, 86%) (27b, >99%)[b] (27c, 85%) (27d, >99%) (27e, 72%)

(27f, 76%)[b] (27g, 79%)[b] (27h, 94%)[b] (27i, 67%)

(27j, 89%) (27k, 92%)[b],[c] (27l, 97%)[b] (27m, 90%)[b],[c]  
 

Reaction conditions: 1l (2 mol%), substrate 22 (0.5 mmol), anhydrous toluene (1.5 mL), 120 °C, 16 h. [a] Isolated 

yield. [b] NMR yield using either hexamethylbenzene or 1,3,5-trimethoxybenzene as internal standard. [c] 3 mol% 

catalyst 

 

As previously noted, electron-rich ortho-substituted benzoic acids and heteroaromatic 

carboxylic acids (heteroatom in the α-position) exhibited good reactivity in the 
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protodecarboxylation reaction and furnished the corresponding arenes in good to excellent 

yields. Gratifyingly, all reactions reached completion within 16 h. As previously observed, 

this reactivity trend highlights the beneficial presence of potential coordinating groups in the 

o-position to the gold binding site, to possibly facilitate the decarboxylation step.30 
 

 

In comparison with our previous stoichiometric studies, marked differences were identified. 

with some of the substrates. Indeed, in the catalytic process, a better reactivity was 

encountered with 2-methoxybenzoic acid 22b compared to the disubstituted derivative acid 

22a (99% vs 86% yield). While the stoichiometric decarboxylation of 2-phenoxybenzoic acid 

22d was difficult, it was readily decarboxylated under these catalytic conditions and was 

found to be as reactive as methoxy-substituted benzoic acids yielding diphenylether 27d in 

quantitative yield after 16 h. On the contrary, slightly lower yields were obtained for the 

decarboxylation of heteroaromatic carboxylic acids, which can be justified by the volatility of 

the heterocycles.  

 

Gratifyingly, higher yields, compared to silver and copper systems, could be obtained with 

cinnamic acid 22m (76% with Ag and 0% with Cu) and electron-deficient isoquinoline-1-

carboxylic acid (92% with Ag and 85% with Cu)31 using our catalyst system, although 3 

mol% was necessary for the latter to drive the reaction to go to completion. 

Surprisingly, the extrusion of CO2 from pentafluorobenzoic acid 22k to give 

pentafluorobenzene 27k necessitated a gentle increase in catalyst loading up to 3 mol% in 

order to reach completion. This modest reactivity of polyfluorinated benzoic acid derivatives, 

encountered since the beginning of our studies, is puzzling as this class of compounds is 

known to readily decarboxylate upon heating.   

 

5.2.4.2 Protodecarboxylation of Electron-Deficient Substrates 

 

As previously reported in our original study, ortho-substituted benzoic acids bearing 

electron-withdrawing groups were a particular challenging class of substrates to 

decarboxylate with gold in comparison to copper and silver or even phosphine gold systems.32 

Additional reaction time and increased temperatures were necessary to produce the gold aryl 

products in satisfactory yields. Yet, some substrates such as 2-nitrobenzoic acids 22i were 

poorly reactive, and the decarboxylated product could only be obtained in 50% yield. 

Likewise, beside polyfluorinated acid derivatives, other halobenzoic acids were unreactive. 

  

A first series of experiments were conducted with various electron-deficient ortho-

substituted benzoic acids using our optimised conditions and as expected, led to very slow 
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reactivity and modest yields (ca. <50% yield). An increase in temperature and catalyst 

loading proved a good remedy. A rapid solvent optimisation indicated polar N,N-

dimethylacetamide (DMAc) to be optimum for the protodecarboxylation reaction. Under 

these adjusted reaction conditions, electron-deficient benzoic acids were decarboxylated in 

good yields and a wider range of substrates could be successfully converted compared to our 

initial studies (Table 5.4).  

Table 5.4 Gold-catalysed protodecarboxylation of substituted-benzoic acids[a] 

1l (5 mol%)

DMAc, 140 °C

H
+ CO2R

CO2H
R

22 27  

NO2F

F

NN N

OMe

NCl

Br Cl

Cl

CN

O2N

H H

H H H H

H H

H HH

Cl H

(27n, 88%) (27o, 86%) (27p, 70%)[b] (27q, 0%)

(27r, >99%)[c] (27s, 62%) (27t, 78%) (27u, 93%)

(27v, 0%) (27w, 74%) (27x, 71%) (27y, 90%)  
 

Reaction conditions: 1l (0.025 mmol), benzoic acid 22 (0.5 mmol), anhydrous DMAc (1.5 mL), 140 °C, 20 h. [a] 

Isolated yield. [b] NMR yield using either hexa-methylbenzene or 1,3,5-trimethoxybenzene as internal standard. [c] 

using 3 mol% catalyst. 

 

All reactions were analysed after 20 h and lower yields were only due to incomplete 

reactions. In this regard, electron-poor quinaldic acid derivatives were smoothly 

decarboxylated and gave the corresponding quinolines, 27n and 27o, in respectively 88% and 

86% yields.  Pyridine-2-carboxylic acid 22p was reluctantly decarboxylated and could not be 

pushed over 70% conversion despite extended reaction time. Only traces of product were 

detected for very electron-deficient 2-chloropyridine-6-carboxylic acid 22q. The presence of 

nitrogen donors often inhibited the reactivity of (NHC)Au complexes. It is argued that the 

increased Lewis basicity of the nitrogen in pyridine rings produces a competitive coordination 

to gold which thus dooms the decarboxylation process. A great improvement lay in the 

successful decarboxylation of halobenzoic acids. Indeed, the reaction of 2,4-dichloro-(22u) 

and 2-bromobenzoic acid (22t) led to the protodecarboxylated products in respectively 93% 

and 78% yield. As expected, lower reactivity was observed with 2-nitrobenzoic acid 22i, with 
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the product being isolated in only 62% yield, which is in striking contrast to copper and silver 

systems..28,30a,30b,33 This suggests that the mechanism may be different between the three metal 

systems. Intriguingly, the reaction of 2-cyanobenzoic acid 22v only led to the recovery of 

unreacted starting material. This result strikingly contrasts with our stoichiometric studies. To 

our satisfaction, even deactivated ortho-toluic acid derivatives 22w and 22x were also 

amenable to the method, smoothly giving the corresponding arenes in good yields.  

 

5.2.4.3 Protodecarboxylation with Deactivated Benzoic acids 

 

At last, to widen even more the scope of the gold(I)-catalysed protodecarboxylation and 

investigate a possible similar reactivity trend between gold and copper metals, we tackled the 

decarboxylation of particularly difficult aromatic carboxylic acids (Table 5.5).  

Table 5.5 Gold-catalysed protodecarboxylation of meta- and para-substituted benzoic acids[a] 

1l (5 mol%)

DMAc
140-165 °C

H
+ CO2R

CO2H
R

22 27  

O2N

Cl
NO2

O2N

Br O2N

HH

H

H

MeO

H

Me2N

H HBr

(27a', 66%)[b] (27b', 92%) (27c', 66%)[c] (27d', 46%)[c]

(26e', 42%)[c],[d] (27f', 80%)[c] (27g', 33%)[c]  
 

Reaction conditions: 1l (0.025 mmol), substrate 22 (0.5 mmol), anhydrous DMAc (1.5 mL), 140 °C, 20 h. [a] Isolated 

yield. [b] GC yields are in parentheses. [c] 165 °C. [d] 10 mol % catalyst for 48 h. 

 

To our delight, under previous reaction conditions electron-rich para-substituted benzoic 

acids such as para-methoxy- and para-(dimethyl)aminobenzoic acids underwent smooth 

decarboxylation yielding anisole 27a’ and N,N-(dimethyl)aniline 27b’ in 66% and 92% yield. 

Once again, in agreement with our initial studies, 4-(dimethyl)aminobenzoic acid was 

particularly reactive compared to the methoxy analogue. The modest yield obtained with the 

latter arose from decomposition observed during the reaction. At a more elevated temperature 

of 165 °C, an even broader range of deactivated carboxylic acids could be targeted such as m- 

and p-bromobenzoic acid, 22c’ and 22f’, and m- and p-nitrobenzoic acid, 22d’ and 22g’, 

which respectively led to the corresponding arenes in 66% and 80% and 46% and 33% yield 

by GC.31 However for the latter, the reactions could not be pushed to the same degree of 

completion as 2-nitrobenzoic acid 22i. Even very electron-deficient 2-chloro-3,5-
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dinitrobenzoic acids could be converted in 42% yield in 48 h using 10 mol% catalyst. These 

results highlighted the remarkable reactivity enhancement induced by the (NHC)-gold(I) 

system. 

 

5.2.4.4 Selective Monoprotodecarboxylation 

 

As mentioned in the introduction of this chapter, Larrosa reported, in 2009, the selective 

monoprotodecarboxylation of aromatic dicarboxylic acids exploiting the activating effect of 

the α-heteroatom of pyridines and ortho-substituents such as nitro or fluorine groups.30c It is 

of importance to remember that these substitution patterns presented the best reactivity profile 

in the Ag(I)-catalysed protodecarboxylation reactions.  

 

Hence, to further explore the reactivity of our system, we subjected (hetero)aromatic 

dicarboxylic acids, which were previously used in the Larrosa study, to our methodology 

(Table 5.6).  

Table 5.6 Gold-catalysed monoprotodecarboxylation of aromatic dicarboxylic acids.[a] 

X

CO2H

X

CO2H

CO2H
R

H

1l (5 mol%)

dry toluene, 120 °C
R + CO2

28 29  

F

CO2H

F

F
F

F

H
NO2

H

CO2H

N HHO2CH

CO2H

(29a, 77%)[b] (29b, 65%)[c] (29c, 0%) (29d, 0%)

OMe
H

CO2H

(29e, 0%)  
 

Reaction conditions: 1l (0.025 mmol), substrate 22 (0.5 mmol), anhydrous toluene (1.5 mL), 120 °C, 20 h. [a] Isolated 
yield. [b] using 2 mol% of catalyst. [c] NMR conversion. 
 

Complete regioselectivity was observed using fluorophtalic acids at 120 °C to afford the 

resulting benzoic acid 29a in good yield. It should be noted that the reaction could not be 

driven to completion with 2-fluorophtalic acid 28b. No reactivity was observed when using 2-

nitrophtalic acid 28c and 2,6-pyridinedicarboxylic acid 28d. These results were not surprising 

as these substrates have been shown to be very reluctant to decarboxylate with our system. 

We surmised that, by analogy with highly reactive 2-methoxybenzoic acid 22b, its 

dicarboxylic acid analogue 28e would be a good candidate to monoprotedecarboxylate. 

Unfortunately, no reaction occurred with that substrate as well which might be directly related 

to its electronic nature. The selected examples demonstrate that, a subtle adjustment of the 

reaction temperature allows for the scope of the new Au-system to eclipse the reactivity of 

Pd-systems and be complementary and even competitive to both Ag- and Cu-systems. This 
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new procedure is not only limited to ortho-substituted benzoic acids but also perform well 

with meta- and para-substituted acids. However, the chemoselectivity in the 

monoprotodecarboxylation of dicarboxylic acids and the reactivity seem to be restricted to 

polyfluorinated acids.  

A further advantage of our protocol is its simplicity. In toluene, the pure product could be 

obtained after simple filtration to remove the catalyst and acid. In DMAc, aqueous work-up 

allowed for the removal of acids, and after removing the solvent, the crude product was 

triturated with pentane and filtered off to eliminate the catalyst and afford the pure product. 

 

5.2.4.5 Evaluation of the Turnover  

 

Most of the late-transition metal-catalysed decarboxylation procedures presented poor 

turnovers which derived from insufficient activity of the catalyst system. So far, in the 

protodecarboxylation reactions, the best turnover was achieved with [Rh(OH)(cod)] catalyst 

(TON = 100), yet this system is restricted to polyfluoroaryls. To assess the efficiency of our 

catalyst, once the protodecarboxylation of 2,6-dimethoxybenzoic acid 22a was complete, 

iterative additions of 22a were carried out. After 28 h, 0.65 mmol of 1,3-dimethoxybenzene 

27a were obtained affording a turnover number of 65 (Scheme 5.15). This TON remains low 

for a catalytic reaction but is still a good improvement compared to the previous state-of-the-

art. 

[Au(O2CAd)(SIPr)]

(0.5 mmol) (2 mol% = 10 µmol)
1l

TON = 65

OMe

OMe

H

27aOMe

OMe

CO2H

22a

22a

[Au(O2CR)(SIPr)]

1l/27a

(28 h, 0.65 mmol)Rh (100)  
Cu (18,4)

Ag (10)
Pd (5)

TON

 
Scheme 5.15 Determination of the turnover number (TON) 

 

5.2.5 Mechanistic Investigations of the Gold Protodecarboxylation 
  

To corroborate the validity of our initial proposed mechanism and the formation of gold(I) 

carboxylate and gold(I) aryl key intermediates, we re-examined stoichiometric experiments 

with current [Au(O2CAd)(SIPr)] 1l gold catalyst  (Scheme 5.16). The reaction of 1l with one 

equivalent of 22a at 25 °C in toluene afforded a mixture of gold carboxylate species 30a in 

equilibrium with 22a in a 1/1 ratio (86% combined isolated yield). It is believed that the 

formation of one equivalent of adamantane-1-carboxylic acid during the reaction allows for 
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the cleavage of the newly formed Au-O bond and makes the process reversible. Gold(I) 

benzoate intermediate 30a could nonetheless be obtained cleanly by reaction of 

[Au(OH)(SIPr)] 1g with 2,6-dimethoxybenzoic acid 22a, as previously stated, due to the 

thermodynamic driving force found in the formation of water as the byproduct.32 

Subsequently, a solution of gold benzoate complex 30a in anhydrous toluene was heated at 

120 °C for 2 h to afford 2,6-dimethoxyphenylgold(I) complex 31a in quantitative yield.  

OMe

OMe

CO2H

OMe

OMe

CO2Au(SIPr)
OMe

OMe

Au(SIPr)

OMe

OMe

H

AdCO2H

toluene, RT

CO2

toluene, 120 °C

toluene, RT

30a (86%)31a (>99%)

AdCO2H

22a
27a (82%)

[Au(O2CAd)(SIPr)]

22a
[Au(OH)(SIPr)] 1g

1l

 

Scheme 5.16 Isolation of intermediates in the protodecarboxylation reaction mediated by gold(I)  

Finally, the reaction of gold(I) aryl 31a with adamantane-1-carboxylic acid in toluene at room 

temperature gave the corresponding 1,3-dimethoxybenzene in 82% yield and 1l.[14]  

 

Interestingly, both gold(I) benzoate 30a and gold(I) aryl 31a showed also good (albeit 

lower) activity, in the protodecarboxylation of 22a and afforded 1,3-dimethoxybenzene 27a 

in 76 and 72% yield respectively (eq. 1). 

[Au] (2 mol%)

120 °C, 16 h

+ CO2

OMe

OMe

CO2H

22a

OMe

OMe

H

26a
dry. toluene

[Au] = 31a (72%)
30a (76%)

(1)

 
On the basis of experimental observations, the following mechanism for the gold-catalysed 

protodecarboxylation of (hetero)aromatic carboxylic acids can be proposed (Scheme 5.17). 

The acid/base reaction between the carboxylic acid 22 and 1l furnishes gold carboxylate 

species 30. After extrusion of CO2, this species generates the gold aryl intermediate 31. We 

believe that under catalytic conditions, both 22 and adamantane-1-carboxylic acid could be 

used as proton sources to cleave the Au-C bond of 31. This would most likely be dependent 

on the pKa of the benzoic acid (see Chapter 4). While, the reaction of 31 with adamantane-1-
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carboxylic would regenerate catalyst 1l, its reaction with starting material 22 would directly 

form the gold carboxylate species 30.  

R
CO2H

R
CO2AuR

Au

R

AdCO2HAdCO2H

SIPr
SIPr

- CO2

3031

2229

22

H

[Au]

[Au] = [Au(O2CAd)(SIPr)]

 

Scheme 5.17 Proposed mechanism for the gold(I)-catalysed protodecarboxylation of (hetero)aromatic 
carboxylic acids 

5.3 Conclusion 

 

In summary, a general protocol for the Au-catalysed protodecarboxylation of aromatic and 

heteroaromatic carboxylic acids has been developed. This methodology is robust and can be 

successfully applied to activated and de-activated benzoic acids and is compatible with a 

wide range of functionalities such as nitro, methoxy, acyl, halogens which makes it 

complementary to silver and copper systems. This represents a major advance in the reactivity 

of gold in bond activation reactions which is scarce. Notably, the reaction requires relatively 

low catalyst loadings, and the isolation and purification of the reaction products is 

straightforward; this protocol is therefore both practical, and suitable for use in telescoped 

reaction sequences where column chromatography purification is undesirable (e.g. in directed 

C-H activation /protodecaroboxylation/further functionalisation routes). Moreover, the 

isolation and full characterisation of key reaction intermediates have provided important 

insights into the mechanistic details. Finally, carboxylato complex 30 and σ-bonded gold aryl 

complex 31 have been shown themselves to be active in the protodecarboxylation reaction 

and possibly involved in the overall catalytic transformation.  
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Abstract 
A full mechanistic study of the gold-catalysed protodecarboxylation is described. 

Each step has been investigated. In particular, the activation parameters for the 

decarboxylation step have been determined through kinetic studies. Further 

experimental studies for the hydrolysis of the arylgold intermediate have revealed 

that the protodeauration can become competitive to the decarboxylation process at 

some stage of the reaction. This switch in limiting step has been shown to be pKa-

dependant. These studies have been supported by DFT calculations and helped to 

get a better undertanding of which prevalent features account for the 

decarboyxylation processes 
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6.1 Introduction 
 

Since pioneering work by Gooßen, the use of simple carboxylic acids as carbon-based 

nucleophiles in metal-catalysed transformations has blossomed and opened a door toward 

new opportunities to construct carbon-carbon and carbon-heteroatom bonds, as well as new 

perspectives for novel reactivity in cross-coupling chemistry.1 

 

As discussed in the previous chapter, a general mechanism prevails in decarboxylation 

reactions catalysed by Late Transition Metals and comprises three main steps (Scheme 6.1). 

The first step leads to the formation of a metal carboxylate intermediate. After the extrusion 

of CO2 from this species, an arylmetal complex is formed which can finally be trapped with 

an electrophile. 

R
HE R

CO2H

- CO2

R
CO2 [M]

R
[M]

carboxylate 
formation

decarboxylation

E

[M]

functionalization

metal carboxylate
arylmetal

 
Scheme 6.1 General decarboxylation reaction mechanism 

 

Since the very beginning, key intermediates metal carboxylates and arylmetal complexes 

have been presumed and isolated with a variety of metals via stoichiometric experiments.2 

 

However, the intrinsic mechanism of the formation of the arylmetal intermediate from metal 

benzoate remains unclear. Importantly, this insertion of the metal into the Csp2-CCOOH bond is 

distinctive to the metal utilised and undoubtedly accounts for the observed differences of 

chemoselectivity.3 2e,2f,4 

 

Nilsson, Sheppard and Cohen extensively studied the mechanism of the decarboxylation 

with copper.2a,2b,2d,5 With regard to the observed reactivity, Nilsson evoked, in his first report, 

three evolution pathways of the copper carboxylate to form organo.copper R-Cu: a homolytic 

or heterolytic scission or a concerted elimination (Scheme 6.2).  
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R
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O
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R + Cu

R Cu0+

R CuR COOCu

homolytic
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RCOO

- CO2

- CO2

- CO2

 
Scheme 6.2 Possible pathways for the formation of the arylcopper from the copper carboxylate  

 

At the same time Cohen’s experimental investigations revealed that two primary factors 

benefit the decarboxylation process: a substituted pattern especially in the ortho position and 

nitrogen-donor ligands such as quinoline and pyridine derivatives.6 In addition, kinetic studies 

demonstrated a first-order process for the decarboxylation that was only dependant on the 

concentration of the copper carboxylate species. In this same report, Cohen studied the effect 

of the decarboxylation on the stereoselectivity with vinylcarboxylic acids. The 

decarboxylation of copper cis- and trans-2,3-diphenylpropenoate proceeded with retention of 

configuration in respectively 94 and 99% (eq. 1 and 2). These results ruled out the homolytic 

route as postulated by Nilsson. Of point, vinylcopper complexes are known to be 

stereochemically very stable,7 which rationalised the absence of isomerisation observed by 

Cohen. 

Ph

Ph

CO2Cu

Ph

CO2Cu

Ph

cis

trans

quinoline

quinoline

Ph

Ph

H

Ph

H

Ph

94%-trans

99%-cis

- CO2

(1)

(2)

 
From this point forward, Cohen proposed the following mechanism (Scheme 6.3). First, a 

copper π-vinyl complex (A) would be formed. Copper would stabilise, by inductive effect, the 

developing negative charge on the carbon of the carboxylate moiety when carbon dioxide is 

extruded. The loss of CO2 would lead to the formation of copper π-vinyl complex (B). 

According to Cohen, the presence of chelating agents would be crucial at this stage to 

stabilise the copper(I) centre of the newly formed complex and favour its formation. Finally, 

B would collapse to a copper σ-vinyl (C) complex. 

O
O

[Cu]

[Cu] = LnCu

[Cu]

[Cu]

- CO2

A CB

 
Scheme 6.3 Cohen’s proposed mechanism  
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Eight years later, the same group brought several other pieces to the jigsaw. They confirmed 

the non radical nature of the pathway by reacting N,N-dimethylphtalamate in quinoline at 190 

°C (Scheme 6.4).2d Indeed it is known that if a radical is formed ortho to an amide group this 

should give rise to a 1,5-hydrogen transfer.  

NMe2

O

NMe2

O

CO2Cu

N(Me)CH2

O

NMe2

O

+ CO2

1,5-transfer

quinoline

190 °C
 

Scheme 6.4 Experimentation for a radical pathway 

 

Deuteration experiments indicated that the final proton comes almost exclusively from the 

quinoline solvent. In view of similarities with the Ullman coupling reaction, while conducting 

kinetic studies, Cohen proposed a new mechanistic scenario for the decarboxylation reaction 

(Scheme 6.5). In this, the copper oxidatively inserted into the Csp2-CCOOCu bond of the 

carboxylic acid to form an organocuprate(III) which rapidly generated an arylcopper by 

reductive extrusion of CO2.  

CO2[Cu]

[Cu] = LnCu

[Cu][Cu]III CO2

Oxidative
Addition - CO2

 
Scheme 6.5 Decarboxylation mechanism in analogy with Ullman coupling 

 

Finally Cohen stipulated that the increase in decarboxylation rate with electron-deficient 

substituents was due to the stabilisation of the copper(III) intermediate as the electronic 

density on the ipso carbon increased in the oxidative addition. The steric encumbrance 

released in the transition state by the loss of CO2 was believed to be responsible for the 

enhanced reactivity observed with ortho-substituted benzoic acids.  

 

The mechanism of the decarboxylation process was recently investigated by Gooßen with 

copper and silver using DFT calculations.8 The results predicted that the copper-mediated 

decarboxylation reaction is endergonic at room temperature and exergonic at 170 °C. In 

addition, the free enthalpies of activation of ortho-substituted benzoic acids are significantly 

reduced with electron-withdrawing groups (NO2 > F > OMe > Me) which is consistent with 

experimental findings. In comparison, the effect of para-substituents was fleeting. Much 

importantly, the results substantiated that the Cu- and Ag-mediated decarboxylation is 
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governed by short-range inductive effects and that long-range mesomeric effects play a minor 

role on the reactivity. This corroborates the experimental findings.  

Modelling the decarboxylation of copper and silver 2-fluorobenzoate betokened that the 

nature of the metal center is crucial and significantly affects the calculated energy barriers.9 

Indeed, a 1.8 kcal/mol difference in activation energy was found between the decarboxylation 

of silver and copper 2-fluorobenzoate at 120 °C (Scheme 6.6). This would have a 10-fold rate 

acceleration impact on the decarboxylation process. Interestingly, the decarboxylation 

mediated by silver was predicted to be exergonic even at room temperature (ΔGR = -0.5 

kcal/mol). Furthermore, the calculations also predicted that electron-rich ligands, such as 

nitrogen donors, at the metal center greatly enhanced the rate of the decarboxylation process. 

This nicely rationalised the observed improved catalytic activity with both catalyst sytems 

when using NMP/quinoline solvent. Of note, they predicted that adding electron-rich 

substituents on the ligand such as 1,10-phenanthroline would diminish the reaction barrier. 

Also for more challenging substrate such as para-substituted benzoic acids, it was found that 

more sterically demanding ligands would be beneficial due to their higher thermal stability. 

This corroborated the higher activity acquired when changing copper-phenanthroline complex 

for copper-bathophenthroline catalyst system in the protodecarboxylation reaction (see 5.1.1) 
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Scheme 6.6 Calculated free energies barrier for the decarboxylation of 2-fluorobenzoic acid with silver 

and copper metals 

 

Based on DFT calculations, Sue, Lin et al. revealed that the ortho-substituent on the aryl 

ring produces an intrinsically steric effect which destabilises the starting carboxylate complex 

and reduces the overall barrier of the decarboxylation process.10 This implies that an ortho 

NO2 group will coordinate to the metal center and thus stabilise the decarboxylation transition 

state which will lower the activation barrier 

Both computational studies postulated that the decarboxylation step mediated by silver and 

copper proceeds via a concerted mechanism with only one transition state (Scheme 6.6).  

 

In contrast with copper and silver, the palladium-mediated decarboxylation is mostly 

favoured with very electron-rich ortho-substituted benzoic acids. The optimal system is 

comprised of a palladium(II) trifluoroacetate [Pd(TFA)2] and DMSO as solvent. Detailed 

NMR studies, performed by Myers et al., showed that, remarkably, the extrusion of CO2 from 



6. Investigations into the Gold(I)-Catalysed Protodecarboxylation Mechanism: Switch 
in the Rate-Determining Step 

 140 

palladium 2,4,5-trimethoxybenzoate, in DMSO-d6, proceeds very rapidly, being complete in 

15 mins at 80 °C (Scheme 6.7).11 The arylpalladium(II) intermediate trans-

[Pd(DMSO)2(O2CCF3)((OMe)3C6H2))] was isolated and characterised by X-ray 

crystallography. Both TFA and DMSO are believed to play a twofold role in the 

decarboxylation process. Myers drew several conclusions from these studies: 

(1) An electron-deficient palladium center is crucial for the decarboxylation process. 

This would justify the favoured reactivity of electron-rich substrates 

(2) Electron-donating ligands such as phosphines, trialkylamine or N-heterocyclic 

carbenes retard the decarboxylation (this is again in line with an electrophilic 

palladium center) 

(3) The decarboxylation is believed to proceed via a four-membered palladacycle 

intermediate where electron-deficient palladium is coordinated to the ipso carbon of 

the phenyl ring (Scheme 5.7) 

(4) A dissociation of DMSO ligands seems favoured rather than association, which 

would lead to the formation of a cationic palladium species, as supported by a 

reduced decarboxylation rate with increased amounts of DMSO.  
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Scheme 6.7 Proposed mechanism pathway for the decarboxylative palladation (Myers, 2005) 

 

Subsequent DFT calculations supported Myers hypothesis and confirmed that DMSO 

greatly facilitates the carboxyl exchange and decarboxylation process while phosphines and 

NHCs ligands disfavour the decarboxylation process due to their electron-richness.12 

Interestingly, the carboxyl exchange was found to be thermodynamically disfavoured when 

changing from [Pd(TFA)2] to PdX2 precursors (X = Br, Cl). 

 

Separately, Su and Lin examined with the aid of DFT calculations the effect of ortho-, para- 

and meta-substituents in the decarboxylation of palladium benzoates.12 The results confirmed 

the requirement of an ortho-substitutent for the decarboxylation to proceed. In this regard, 

electron-donating substituents facilitate the process more than electron-withdrawing groups. 
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Finally as suspected by Myers, the trifluoroacetate ligand was found to have a clear role and 

is not just a spectator ligand but assists the decarboxylation process. 

 

Subsequent to their first report on a palladium-catalysed protodecarboxylation reaction at 

low temperature, Kozlowski disclosed, last year, a full experimental and theoretical study on 

the Pd-mediated protodecarboxylation.13 They conducted stoichiometric kinetic studies and 

Hammett studies along with DFT calculations using [Pd(TFA)2] as catalyst and 2,6-

dimethoxybenzoic acid (15a) as model substrate. These measurements have evidenced an 

electrophilic intramolecular palladation pathway to be preferred for the decarboxylation step. 

Similarly, the protodecarboxylation step has been shown to proceed via an electrophilic 

aromatic substitution mechanism through a stepwise intramolecular protonation sequence 

(Scheme 6.8). These findings rationalised that the decarboxylation reactions with palladium 

catalyst only proceeded with substrates bearing an OMe group in the ortho postion and 

required a very electron-rich aryl ring. Interestingly, the determination of thermodynamic 

activation parameters revealed that the protodepalladation is the rate-determining step under 

those conditions. However, due to the small free energy difference between the 

protodepalladation and decarboxylation step, this could shift when changing the substrate.  
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Scheme 6.8 Protodepalladation pathway in the protodecarboxylation reaction (Kozlowski, 2013) 
 

6.2 Hypotheses and Aims of the Chapter 
 

In the previous chapter, we successfully devised a new Au-catalysed protodecarboxylation 

reaction.2f Our system is efficient and the fine-tuning of the reaction conditions allowed for 

the decarboxylation of not only ortho- but also meta- and para-substituted benzoic acids 

which represented a significant expansion of our initial reaction scope (Chapter 4). In 

addition, our system used low catalyst loadings and low temperatures depending on the 

substitution pattern. As such, it can be considered as competitive as prevalent copper and 

silver-based systems. A catalytic cycle, very similar than with the latter systems, was 

proposed and supported with experimental studies leading to the isolation of the suggested in 

situ formed intermediates i.e. gold benzoate 30 and aryl gold 31 complexes (see Scheme 6.1).  

Yet modest reaction turnovers are achieved under those conditions and stemmed from the 

insufficient activity of gold catalysts in the decarboxylation step. 



6. Investigations into the Gold(I)-Catalysed Protodecarboxylation Mechanism: Switch 
in the Rate-Determining Step 

 142 

With the growing number of mechanistic studies reported on decarboxylation reactions, the 

unique feature that each metal possessed began to take shape. A great curiosity seized us, in 

view of these startling results, prompting us to examine and try to elucidate the mechanistic 

scenario in the case of gold.  

 

The following studies were aimed at addressing several points: 

(1) How does the nature of the substituent affect the decarboxylation and protodeauration 

processes? 

(2) What is the rate-determining step in the case of gold? 

(3) Is the mechanistic pathway of the decarboxylative auration closer to Cu and Ag (i.e. 

concerted) or to Pd (i.e. stepwise)? 

(4) How different is the energy barrier with gold in the protodecarboxylation reaction in 

comparison with other metals? 

 

To our knowledge, no in-depth mechanistic investigation has been reported yet for the gold 

protodecarboxylation reaction.  

 

In this respect, with the aid of advanced experimental and computational studies, each stage 

of the mechanism was investigated as a further step toward understanding the mechanism of 

the (NHC)gold(I)-catalysed protodecarboxylation. The selectivity and rate of the different 

steps of the reaction enable the quantification of both the reaction enthalpies and kinetics.  

As reported in the previous chapter, a considerable difference in reactivity was observed 

between benzoic acids bearing electron-donating and electron-deficient substitutents. To 

elucidate the origin of these anomalously slower reactions, kinetic studies and density 

functional theory calculations were performed on two disparate benzoic acids on the basis of 

their reactivity profile in the gold(I)-catalysed protodecarboxylation. 

 

The survey of measurement of the thermodynamic activation parameters as well as 

transition state shape would allow access to a more detailed mechanistic picture which would 

illustrate how the electronic properties of the substituents on the benzoic acid affect the rate 

of each step of the process and provide insights into the role of gold in the overall reaction. 

 

6.3 Results and Discussion 
In order to gain insights into each individual step, our attention shifted to investigate them 

stoichiometrically. Our initial target substrate was 2,6-dimethoxybenzoic acid 22a selected 

firstly on the basis of its favourable reactivity profile and secondly due to its recent use in 
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Kozlowski’s mechanistic studies on the palladium promoted protodecarboxylation, which 

would facilitate comparison with his system. 

6.3.1 Evidence of an Equilibrium for the Carboxyl Exchange: Step 1 

We started by investigating the carboxyl exchange that has been shown to be the initial step 

of general decarboxylation reactions. The stoichiometric reaction of Brønsted base 

[Au(OH)(IPr)] (1a) with 2,6-dimethoxybenzoic acid (22a) (see Chapter 4) demonstrated that 

the displacement occurs very rapidly at room temperature reaching completion within 5 mins. 

Calorimetry solution experiments confirmed the exothermicity of the reaction (ΔHr = -9.4 ± 

0.5 kcal/mol). The newly-formed gold carboxylate 30a is highly stable toward air and water 

(eq. 3).2f During the optimisation process of the protodecarboxylation reaction, 

[Au)(O2CAd)(SIPr)] 1l was found to be the more active catalyst. This complex is readily 

prepared in one step from [Au(OH)(SIPr)] 1g and adamantane-1-carboxylic 32 acid as 

described in Chapter 5. Thus, to confirm the reactivity of this new gold complex 1l, the 

stoichiometric exchange of AdCO2
- by the carboxylate from gold was similarly examined. 

The reactions were conducted in THF-d8 at room temperature and analysed by 1H NMR after 

mixing both reagents in an NMR tube (<5 min). The conversion was determined by 

comparison between gold benzoate 30 and gold carboxylate 1l.  
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A striking contrast was observed when reacting 1l with 2,6-dimethoxybenzoic acid 22a. 

Within minutes of mixing, an equilibrium distribution of the two complexes 1l and 30a was 

observed by 1H NMR and existed in a 1/1 ratio (eq. 4). Prolonged reaction time did not 

displace the equilibrium further. We reasoned that the molecule of adamantane-1-carboxylic 

acid 32 (pKa = 4.86)14 generated during the course of reaction was most likely to be 

responsible for the cleavage of the newly formed C(=O)O-Au bond and made the process 

reversible. Similar equilibrium had been observed by Sheppard when studying the carboxyl 
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displacement from [Cu(OAc)] to [Cu(O2CR)] (R = C6F5, o-NO2-C6H4, CClF2 and CCF3) in 

dioxane. In contrast, the Csp2-Hg was found to be resistant to AcOH.15 Interestingly, 

conducting the same experiment with, this time, 2-nitrobenzoic acid (22i) displaced the 

equilibrium toward the formation of gold(I) 2-nitrobenzoate complex (30i) with 1l/30a = 1/9 

product distribution (eq. 5). Ultimately, these data suggested that the displacement of the 

equilibrium is most certainly influenced by the pKa of the benzoic acids. To probe the 

existence of such a correlation, we selected a series of variously acidic ortho-substituted 

benzoic acids (Scheme 6.9).  

F
CO2H

CO2H
OPh

CO2H

OMe
CO2H

COMe
CO2H

CN
CO2H

Br
CO2H

NO2
CO2H

22m 2.85 (0.10) 22b (4.13 (0.10)) 

22i (2.19 (0.25))* 

22c (3.95 (0.10)) 

22h (3.14 (0.10)) 

22f (3.27 (0.10)) 

22r (3.53 (0.10)) 22p (4.09 (0.10)) 

pKa 

 
Scheme 5.9 pKa values of various ortho-substituted benzoic acids14 

 

The reactions were monitored by 1H NMR in THF-d8 and the complex distribution was 

analysed after a few minutes of reaction. The reactions were repeated in duplicate or triplicate 

to insure accuracy. For all reactions, the equilibration was complete in the time required for 

acquisition of the 1H NMR spectrum (<10 min). Results obtained for different ortho-

substituted benzoic acids are shown in Table 6.1.  

 
Table 6.1 Evaluation of the influence of the pKa of a series of ortho-substituted benzoic acids in the 

ligand exchange step[a]
 

 
Entry R (pKa) 30/1l ratio (%)[b] 

1 NO2 (2.17) 22i 89 
2 Br (2.85) 22m 78 
3 CN (3.14) 22h 70 
3 F (3.27) 22f 69 
4 OPh (3.53) 22r 64 
5 Me (3.95) 22p 57 
6 OMe (4.09) 22c 54 
7 C(O)Me (4.13) 22b 78 

[a] Reaction conditions: [Au] 1h (0.03 mmol) and 1 eq. of R-CO2H 15, THF-d8 (0.4 mL) [b] Determined by 1H NMR  
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A general trend could be extracted from these data. However, the reaction of 2-

acetylbenzoic acid 22b was repeated several times but still afforded gold 2-acetylbenzoate 

30b in a 1/8 ratio. This represented the single exception to our observed trend. Plotting this 

series of data versus the pKa of the corresponfing benzoic acid led to a fine linear correlation 

between the concentration of 30 to the pKa of 22 (Figure 6.1). These results underline that the 

more acidic the benzoic acid is, the stronger the newly formed O-Au bond is toward 

protodeauration in presence of acids.  The same reactivity trend was observed by Blum when 

assessing the basicity of electronically and sterically different aryl gold(I) complexes (vide 

infra).16 
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Figure 6.1 pKa effect of 22 on the reversibility of the carboxyl exchange reaction. Equation of the line: y 

= -0.0055x + 0.0388, R2 = 0.9956.  

 

Unsurprisingly, adding larger quantity of 2,6-dimethoxybenzoic acid 22a displaced the 

equilibrium toward the formation of the gold benzoate 30a. In this regard, the constant Keq for 

the equilibrium depicted in eq. 4 was determined. 22a and 1l were mixed in THF-d8 at room 

temperature and the composition of the gold complex was analysed by 1H NMR 

spectroscopy. The equilibrium constant was determined to be 1.16 ± 0.3 (Figure 6.2). This 

value indicates that, during the catalytic reaction, where 22a is present in a 50 fold excess 

over gold, the gold carboxylate intermediate 30a will be proportionally present in ca. 60 fold 

excess over 1l. Therefore, any change in the concentration of 30a should have a negligible 

effect on the overall catalytic process. 
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Figure 6.2 Determination of the equilibrium constant Keq of 22a to 30a. a) Reaction ran with 8 different 

concentrations of acid 22a. b) Linear plot representing 1/[30a] vs 1/[22a]. Equation of the line: y = 

1.1628x - 0.2294, R2 = 0.98371 

 

6.3.2 Gold-Induced Decarboxylation: Step 2 

 
Having established the electronic influence of the benzoic acids on the carboxyl exchange, 

attention shifted to investigate this influence in the decarboxylation process.  

With the final goal to rationalise the reactivity difference obtained using gold compared to 

other metals as well as allow a better understanding of the results of our scope, we performed 

a series of kinetic experiments in combination with DFT calculations for the decarboxylation 

step.  

As previously discussed in Chapter 5, benzoic acids bearing electron-withdrawing 

substituents performed poorly in comparison with electron-rich substrates. On this account, 

this exploration was, at the outset, continued with model substrates gold 2,6-

dimethoxybenzoate 30a and gold 2-nitrobenzoate 30i ranging from the most to the least 

active for decarboxylation. Indeed, since our first study on the synthesis of aryl gold(I) 

complexes via decarboxylation, we had noticed that, while being the most facile substrate in 

copper/silver17 and even phosphine Au-mediated decarboxylation reactions, 2-nitrobenzoic 

acid 22i represented the most challenging substrate to extrude CO2 from using our (NHC)-

gold systems. This particularly difficult reactivity was an additional motivation for the current 

study and the reason that 2-nitrobenzoic acid 22i was initially selected as a comparison 

substrate to 2,6-dimethoxybenzoic acid 22a in our kinetic studies. Yet, before launching a 

meticulous kinetic analysis and to quantify the effect of electronics on the reaction time, we 

first examined the reaction profile of the protodecarboxylation of 22a and 22i. As described 

in Chapter 4, to proceed effectively and within reasonable time, 5 mol% of 

[Au(O2CAd)(SIPr)] 1l and a temperature of 140 °C were employed for the 
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protodecarboxylation of 22i while the process operates using 2 mol% of catalyst at 120 °C for 

22a. Each reaction was monitored by gas chromatography analysis (GC). Also to enable 

rigorous comparison between the two systems, dry DMAc was selected as solvent for both 

reactions. Small aliquots were taken every 0.5-1 h and the reactions were at least duplicated. 

The kinetic runs derived from this data collection are illustrated in Figure 6.3.  

Under these reaction conditions, the protodecarboxylation of 22a proceeded smoothly, 

following a zero-order decay, and formed 1,3-dimethoxybenzene 27a in quantitative yield 

after 9 h. As suspected, the reaction of 22i exhibited, in comparison, a very slow 

decarboxylation rate and stalled after ca 20 h with a product yield of 55%. This study allowed 

us to confirm the previous experimental findings and yields that remain inferior to 60% in the 

decarboxylation of 2-nitrobenzoic acid 22i with our gold system.   

 

Time (h) 

Yi
el

d 
(%

) 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 

Cl
H

Cl

OMe
H

OMe

27u

27a

NO2
H

27b

 
Figure 6.3 Reaction profile for the protodecarboxylation of 22 to 27 using 1l. (in green) Using 22a (0.5 

mmol) and 1l (2 mol%) in dry DMAc (1.5 mL) at 120 °C. (in blue) Using 2,4-dichlorobenzoic acid 22u 

and 1l (5 mol%) at 140 °C in dry DMAc (1.5 mL). (in red) Using 22i and 1l (5 mol%) at 140 °C in dry 

DMAc (1.5 mL). 

 

A series of experiments was conducted to elucidate the origin of this lack of reactivity 

(Table 6.1). Upon further heating, no additional product formed. Increasing the catalyst 

loading did not facilitate the decarboxylation process, even at stoichiometric amount and gave 

comparable yields to the initial reaction (Table 6.1, entries 1-3). This is not surprising as 

modest yield (ca 50%) were already obtained in our previous stoichiometric study of the 

reaction. These results suggested that the catalyst was somehow deactivated after 10 cycles. 
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However, adding some fresh catalyst to the reaction mixture did not convert more substrate 

(Table 6.1, entry 4). Suspecting that finally the product itself, and in particular its nitro 

moiety, was poisoning our catalyst, we introduced various amounts of nitrobenzene 27i at the 

outset of the reaction (Table 6.1, entries 5-6). Adding 0.5 equivalent of nitrobenzene 27i at 

the start of the reaction led to a dramatic drop in yield to 26% (Table 6.1, entry 5). In 

addition, the reactivity was almost fully inhibited with the addition of a stoichiometric amount 

of product (8% yield after 20 h) (Table 6.1, entry 6).  

 
Table 6.1 Investigation of the protodecarboxylation of 2-nitrobenzoic acid with [Au(SIPr)(O2Cad)] 

1l[a] 

NO2
CO2H

NO2
H

22i 27i

1l
(x mol%)

DMAc, 140 °C
+ CO2 + AdCO2H

NO2

27i

+

(0-1 equiv.)
32

 
Entry 1l (mol%) Nitrobenzene Yield (%)[b] 

1 5 - 53 
2 10 - 61 
3 100 - 55 
4 5 + 5 - 54 
5 5 0.5 26 
6 5 1 8 

[a] Reaction were conducted on a 0.5 mmol scale. [b] GC yields using tetradecane as internal standard. 
 

Finally the apparent “death” of the catalyst was investigated. The reaction of 2-nitrobenzoic 

acid 22i with 5 mol% of gold catalyst 1l was conducted at 140 °C for 16 h. An aliquot of the 

crude mixture was analysed by GC and indicated that, as expected, the reaction was paused at 

55% yield. To this crude mixture was added 0.5 mmol of 2,6-dimethoxybenzoic acid and the 

reaction was heated at 120 °C for 20 h. Remarkably, after this time, 1,3-dimethoxybenzene 

27a was observed in quantitative GC yield (eq. 6). This result suggested undoubtedly that the 

gold catalyst was still active.  

DMAc, 140 °C
16 h

22a (1 equiv.)

120 °C, 20 h
27a

(100% GC yield)

(6)

NO2
CO2H

22i

1l (5 mol%)
NO2

H
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OMe

CO2H

OMe

OMe

H

 
From this series of experiments, two possible explanations can be proposed to account for 

the observed stagnation in the decarboxylation of the 2-nitrobenzoic acid: (1) a coordination 

of the gold centre to the nitro moiety to form a stable complex, appears reasonable and may 

become competitive to the carboxyl exchange process with the increased amount of 
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nitrobenzene in solution. To rely on Su and Lin’s studies (see introduction of this Chapter), 

the formation of a stable gold nitro complex would most likely increase the activation barrier 

for the decarboxylation process (2) The overall process may be reversible i.e C-H activation 

of the nitrobenzene by gold followed by a CO2 insertion into the Csp2-Au bond. With an 

experimentally determined pKa(DMSO) value of 36.2,18 the C-H auration of nitrobenzene 

seems unlikely but cannot be ruled out if the nitro group acts as an ortho-directing group.  

 

 Back to our starting point, our attention shifted to finding a suitable replacement to 2-

nitrobenzoic acid 22i. As mentioned before, we were searching for a challenging substrate 

that could be compared with model substrate 2,6-dimethoxybenzoic acid 22a. However, the 

reactivity of this substrate, though poorer than 22a, would also need to reach completion and 

enable its stoichiometric reaction to be monitored in reasonable time and temperature range. 

Perusing our electron-deficient benzoic acid list brought 2,4-dichlorobenzoic acid (22u) 

forward as a viable alternative to 22i. The initial rate of the formation of the 1,3-

dichlorobenzene product 6c exhibited a zero order decay with an identical reaction profile as 

22a until reaching 80% yield of product and followed a first-order behaviour until the end of 

the protodecarboxylation reaction (Figure 6.3). 

 

Out of curiosity, the reactivity of 2,4-dichlorobenzoic acid 22u was examined in the 

carboxyl exchange step. The formation of gold 2,4-dichlorobenzoate (30u) was found to be 

irreversible in that case. This result highlights the importance of making correlations between 

acidic hydrogen bonds of structurally related benzoic acids (pKa(15u) = 2.44).14  

 

From that point forward, gold 2,6-dimethoxybenzoate 30a and gold 2,4-dichlorobenzoate 

30u were prepared using the classical acid-base reaction between [Au(OH)(SIPr)] 1g and the 

appropriate benzoic acid, as described in Chapter 3.  

With these two gold complexes in hand, their decarboxylation at various temperatures was 

surveyed in order to determine their rate constants and related activation parameters (Figure 

6.4 and 6.5). 

 

  



6. Investigations into the Gold(I)-Catalysed Protodecarboxylation Mechanism: Switch 
in the Rate-Determining Step 

 150 

 
Figure 6.4 Rate laws of the decarboxylation from gold benzoate complexes 30a and 30u at 120 °C. 

Equation of the line for 30a to 31a: y = 0.0756 + 0.0847, R2 = 0.99686. Equation of the line for 30u to 

31u: y = 0.0034x + 0.0065,R2 = 0.9996  

 

The progress of the decarboxylation reaction, from gold benzoate 30 to give arylgold 31, 

can be monitored by 1H NMR spectroscopy in toluene-d8 with some characteristic chemical 

shifts of the aryl moieties of each of the gold benzoate 30. The latter were dissolved in 

toluene-d8 and heated first at 120 °C in a J-Young NMR tube.19 The use of a J-Young tube or 

any pressure holder apparatus was essential as initial measurements of the decarboxylation 

process in a scientillation vial or in a normal NMR tube led to inconsistencies and 

reproducibility issues. These reactivity issues were believed to arise from a CO2 pressure 

dependency of the system which needs to be maintained.  

 

Decarboxylation of dimethoxy surrogate 30a was extremely rapid at 120 °C and 2,6-

dimethoxyphenylgold 31a was formed in 90% yield after only 30 mins (Figure 6.4). In 

comparison, at the same temperature, the process was much slower for gold 2,4-

dichlorobenzoate 30u and required 11 h to reach the same yield. The rate of decarboxylation 

for 30a is almost 25 times higher compared to 30u (k18a’-16a = 1.3x10-3 s-1, t1/2 = 8 min vs k18u-

16u = 5.7x10-5 s-1, t1/2 = 203.9 min) (Figure 6.4). Furthermore, both reactions proceeded cleanly 

and no intermediates or side products were observed. The corresponding kinetic plots confirm 

that, in line with copper and palladium, the decarboxylation with gold is a first-order process.  

 

The first-order rate constants were determined for each substrate at different temperatures 

and are presented in Table 6.3. The kinetic data were collected in duplicate or triplicate within 

20 °C temperature range. Indeed, the decarboxylation of 30a was too rapid beyond 120 °C but 
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did not go to completion below 100 °C. Whereas conversion of 30u to 31u was too slow 

below 120 °C, and the temperature range was limited beyond using toluene-d8 as solvent.  

 

Table 6.3 Rate constants for the decarboxylation of gold benzoate complex 30 to aryl gold complex 31 

R
CO2Au(SIPr)

R
Au(SIPr)

+ CO2
Δ

30 31

toluene-d8

 
Entry R T (°C) Rate (s-1) (x 10-4) 

1 2,6-(OMe)2 30a 100 2.6 
2 30a 105 4.3 
3 30a 110 6.6  ([Pd] 220)13 
4 30a 115 9.0 

5 30a 120 13 

6 2,4-(Cl)2 30u 120 0.45 
7 30u 125 0.6 
8 30u 130 1.1 
9 30u 135 1.4 

10 30u 140 2.1 
 

The increase in temperature significantly accelerated the extrusion of CO2 though this 

acceleration was much more important, within 20 °C range, for the decarboxylation of 30a 

compared to 30u (5.5 vs 3.8 orders of magnitude faster) (entries 5 and 6). These preliminary 

data confirm that the rate of decarboxlation is not only dependant of the temperature but that 

other parameters, such as electronic factors, have a crucial role, and notably the presence of a 

σ-donor substituent in the ortho position promotes the release of CO2 more efficiently than an 

electron-withdrawing substitutent. It is worth mentioning that the rate constant for the 

decarboxylation of palladium 2,6-dimethoxybenzoate was found to be almost 35 times higher 

at 110 °C (entry 6).  
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Figure 6.5 Rate Laws at different temperature for the decarboxylation step a) Decarboxylation of 30a to 

31a between 100-120 °C b) Decarboxylation of 30u to 31u between 120-140 °C. Equations of the line 

(see experimental section – Chapter 7) 

 

At all temperature, the disappearance of gold benzoate 30 was found to occur via a first-

order process (Figure 6.5). Further data on the composition of the highest energy transition 

state was obtained by conducting an Eyring-plot analysis of the observed rate constants at 

different temperatures (Figure 6.6). As expected, the energy barrier for the decarboxylation 

reaction of gold 2,6-dimethoxybenzoate 30a is lower than for its dichloro congener 30u by 

2.4 kcal/mol. In both cases, the variation of entropy was determined to be small (ΔS≠31a = -6.6 

(7.8) cal/mol); ΔS≠31u = -9.8 (10.6) cal/mol)). The extrusion of CO2 from 30a gave activation 

parameter values that are very similar to the structurally related palladium complex (ΔHPd
≠ = 

23 kcal/mol and ΔGPd
≠ = 25 kcal/mol). This is very surprising as the reaction of [Pd(TFA)2] 

with 22a was shown to proceed rapidly at 70 °C while the same process is very slow with 

gold. The activation barrier for gold decarboxylation process still remains low in comparison 

with copper and silver systems (ΔGAg/Cu
≠ = 27-36 kcal/mol for copper and silver). 
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Figure 6.6 Eyring-plot analysis of the measured rate constants of 31a and 31u. Eyring equation of 31a: 

y = -11380x + 20.438, R2 = 0.99062. Eyring equation of 31u: y = -12108x + 18.914, R2 = 0.99365. 

 

Based on literature precedents, two possible pathways were envisioned and are illustrated in 

Scheme 6.11.3d,11,13 In analogy with copper and silver, the first pathway (A) would proceed 

via a single transition state involving a four-centered transition state such as 33 where the 

gold centre is bound to the carboxylate moiety and positioned perpendicularly to the aryl ring 

and start interacting with the ipso carbon. At this point, the presence of a donating substituent 

would stabilise the negative charge developing on the ipso carbon. Next, the concerted 

cleavage of the CO2 bond and formation of the Csp2-Au bond would give 31.  

if R1 = EDG or has 
       a lone pair of e
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Scheme 6.11 Stepwise vs concerted decarboxlative auration 

 

In line with palladium, the second pathway (B) would involve an intramolecular 

electrophilic aromatic substitution to generate a Wheland-type intermediate 34 which would 

rearomatise with consecutive loss of CO2 and formation of 31. The latter seems less likely in 
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view of the usual reactivity of (NHC)Au catalysts.20 Indeed, this preferred pathway with 

palladium justifies the necessity of employing an electron-deficient palladium center for the 

decarboxylation and is also in agreement with a scope limited to methoxy-substituted benzoic 

acids. In the case of gold, electron-deficient benzoic acids react and from the optimisation 

studies of the gold-catalysed protodecarboxylation reaction (see section 5.3.1) it was observed 

that electron-rich ligands such as NHCs enhance the decarboxylation rate. Finally reports on 

the formation of Wheland intermediates in gold-catalysed reactions are scarce.  

 

To assess the viability of these pathways, DFT calculations were carried out in collaboration 

with Prof. Michael Buhl’s group in St Andrews (Figure 6.7).  

 
Figure 6.7 DFT (PBE0-D3/ECP2/SDD PCM) computed pathway for the full decarboxylation and 

protodeauration using ArCO2H 22 as hydrogen source. Energies (rel. ∆G kcal/mol) given in red for 30a 

and green for 30u. Bracketed entries denote encounter complexes 

 

 A methodology similar to that which we have validated in prior studies on related 

(NHC)gold systems was employed.  

The calculations predicted that, as illustrated in Figure 6.7, the mechanism of the gold 

decarboxylation proceeds through a concerted mechanism involving one early transition state 

TS30-31 similarly to copper and silver (figure 6.8, left). Interestingly, the calculated transition 

state shows both gold and the carboxylate group bound to the ipso carbon of the phenyl ring 

(Figure 6.8, left). The Au-O bond from gold benzoate 30 is now cleaved and no interaction 

between gold and the CO2 molecule was found unlike in copper and silver systems. An 
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electrophilic aromatic substitution type mechanism, in analogy with palladium, seems 

reasonable to access this transition state. Moreoever, this would explain the requirement of 

ortho-substituents and the important acceleration of the decarboxylation process with σ-

donating ortho-substituents such as MeO and NMe2.  

 
Figure 6.8 Left: PBE0/ECP1 Decarboxylation TS30a-31a with key bond distances. Right: 

Protodeauration TS(31+22)-27 with key distances highlighted (Å). 

 

To ascertain the effect of the reaction solvent, the calculations were performed in both 

toluene and DMAc. In addition, several methoxy and chloro-substituted benzoic acids were 

examined for the decarboxylation in order to rationalise the steric and electronic influence on 

the free energy (ΔG≠) (Table 6.4).  

 
Table 6.4 DFT computed energies (kcal/mol) and geometric parameters relevant to decarboxylation.  

Entry R ∆G‡ (TS30-31) 
(toluene) 

∆G‡ (TS30-31) 
(DMAc) 

Distance (Å) 
C(R) – C(COO) 

1 2,6-(OMe) (22a) 21.8 22.5 1.77 
2 2,5-(OMe) (22v) 23.3 23.5 1.77 
3 2-(OMe) (22c) 20.9 20.8 1.77 
4 2,6-(Cl) (22q) 26.8 27.8 1.82 
5 2,5-(Cl) (22w) 24.8 24.5 1.78 
6 2,4-(Cl) (22u) 23.6 23.2 1.73 

[a] PBE0-D3/ECP2 – PCM // PBE0/ECP1  

The calculated values of the thermodynamic activation parameters are in concordance with 

our experimental findings. The activation energies for the decarboxylation of gold 2,6-

dimethoxybenzoate 30a and 2,4-dichlorbenzoate 30u were found to differ by 1.8 kcal/mol at 

120 °C (this is much more noticeable on the enthalpy of activation which differ by 2.1 

kcal/mol) (entries 1 and 6).  



6. Investigations into the Gold(I)-Catalysed Protodecarboxylation Mechanism: Switch 
in the Rate-Determining Step 

 156 

An intriguing fact is the reduced energy barrier calculated for the decarboxylation of gold 2-

methoxybenzoate 30c compared to dimethoxy analogue 30a (entries 1 and 3). This result is 

surprising as an opposite trend was observed in our initial experimental studies (see Table 

3.2). The change of ligand (SIPr vs IPr) or the in situ formation of water could account for 

these differences. By changing substitution to a 2,5 pattern, decoordinating CO2 may rotate by 

a greater degree earlier in the reaction coordinate. However, the outcome diverges between 

methoxy and chlorosubstitutents. To wit, when changing from 2,6- to 2,5-substitution pattern, 

the energy barrier is predicted to increase with methoxy substituents (entries 1 and 2) and 

decrease with chlorides (entries 4 and 5). This can be justified again by a greater stabilisation 

of the transition state with methoxides than with chlorides that transcends the steric 

encumbrance. Notably, gold 2,4-dichlorobenzoate complex 30u is predicted to be 

considerably more active than the 2,6 substituted congener 30q due to a decreased steric 

clash, but with retention of the activating electronic effects via the para moiety (entries 4 and 

6). This is in accordance with our experimental observations as our attempts to 

stoichiometrically decarboxylate 2,6-dichlorobenzoic acid 22q with [Au(OH)(IPr)] 1a (see 

Table 3.2) in reasonable time were unsuccessful (10% conversion after 5 h at 120 °C). 

Importantly, the nature of the ortho substituent affects the decarboxylation process 

significantly more than in meta or para position. Indeed, a 5 kcal/mol energy difference was 

found between 2,6-dichloro and 2,6-dimethoxy derivatives (entries 1 and 4) which is reduced 

to 1.5 kcal/mol with the 2,5- derivatives (entries 2 and 5). Finally, the solvent effects are 

negligible for the decarboxylation and similar energy barriers were found using toluene and 

DMAc. 

 

Finally, in the calculated transition state TS30a-31a, both (Ar)Au and CO2 are bound 

through the lone pair of the aryl anion (Figure 6.8, left). Of note, the O-Au bond of 30 no 

longer exists. All Csp2-CCOOH bonds are comprised within the same distance range and are 

shorter than the reported distances with copper (1.89A in the decarboxylation of copper 2-

fluorobenzoate). This may rationalise the reactivity difference between copper and gold 

decarboxylative processes. 

 

6.3.3 Protodeauration: Step 3 
 

The protodeauration is one of the basic steps in gold homogenous catalysis. On one hand, it 

releases the desired final product and, on the other hand, it regenerates the active gold 

catalyst. Being considered a fast process, it has been often neglected in gold-catalysed 

reactions mechanistic studies, as it is unlikely to be the rate-determing step. As evoked 

before, Blum studied the relative kinetic basicity of organogold complexes toward protons 
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and found that higher reactivity was observed for the more electron-rich aryl groups and that 

electron-rich ligands such as NHCs enhanced the rate of protodemetalation as well.16 In our 

first report, we showed that the aryl gold complexes 31, obtained after decarboxylation, are 

completely stable to water. It is thus reasonable to believe that the proton source arises from 

either the carboxylic acid proton of the benzoic acid substrate 22 or from the molecule of 

adamantane-1-carboxylic acid 32 generated in situ.  

 

In this regard, we next examined the protodeauration of both 2,6-dimethoxyphenylgold 31a 

and 2,4-dichlorophenylgold 31u with one equivalent of either acid at room temperature in 

toluene-d8. Initial attempts to follow the progress of these protodeauration reactions were 

thwarted by solubility issues that led to inconsistencies and irreproducibility under these 

conditions. Subtle changes from the original conditions were warranted to address these 

concerns. In this regard, adamantane-1-carboxylic 32 (pKa = 4.8) was replaced with AcOH 

(pKa = 4.9) and the experiments were conducted in chloroform-d as reaction solvent. The 

results of the protodeauration of 31a and 31u under these conditions are shown in Table 6.5. 

The following set of experiments gave directly evidence for the dependence of the 

protodeauration rate on the basicity of phenylgold species 31 and its important effect on the 

overall protodecarboxylation reaction (Table 6.5).  

 

Table 6.5 Protodeauration of organogolds 31a and 31u with stoichiometric amount of acetic acid or 

benzoic acid 

Au(SIPr)
R

R = 2,6-(OMe)2C6H3 31a
R = 2,4-(Cl)2C6H3     31u

H
R

Acid, T

27a
27u  

Entry 31 Acid (pKa) t (h) Solvent 19 (%)[a] 
1 31a 2,6-(OMe)2-C6H3 (3.44) 22a  2 CDCl3 >99 
2 31a AcOH (4.8) 0.6, 5 CDCl3 46, 67  
3 31a AcOH 0.6 toluene-d8 40 
4 31u AcOH 5 toluene-d8 - 
5 31u 2,4-(Cl)2-C6H3 (2.44) 22u  5 CDCl3 <10 

6[b] 31u AcOH 3.5 CDCl3 - 
7[b] 31u 22u 3.5 CDCl3 41 
8[c] 31u AdOH 10 toluene-d8 60 

[a]  1H NMR conversion relative to consumption of 31. [b] At 50 °C. [c] At 120 °C 

 

The addition of one equivalent of 2,6-dimethoxybenzoic acid 22a to 2,6-

dimethoxyphenylgold intermediate 31a achieved the cleavage of the Csp2-Au bond in 2 h at 

room temperature (entry 1). In contrast, the treatment of 31a with one equivalent of AcOH, 

resulted in the rapid formation of 1,3-dimethoxyebenzene 27a in 50% conversation within 1 h 
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but stalled from that point forward (entry 2). The polarity of the solvent was found to slightly 

affect the rate of the hydrolysis reaction. Yet the lack of reactivity persisted when using 

AcOH as the proton source (entries 2-3).  

In light of the recent reports about the existence of on- and off-cycles dinuclear gold species 

in gold-catalysed transformations, we reasoned that the intrinsic formation of a digold aryl 

complex could explain this rate difference.21 However, no traces of such complexes could be 

detected by 1H NMR.  

The protodeauration of 2,4-dichlorophenylgold complex 31u proved much more 

challenging, regardless of the acid source, with only traces of 1,3-dichlorobenzene 27u 

detected by 1H NMR after 5 hours (entries 4-5). Increasing the temperature to 50 °C greatly 

accelerated the protodeauration of the latter with 2,4-dichlorobenzoic acid 22u but was 

completely ineffective with acetic acid as proton source (entries 6-7). This last result was 

particularly baffling considering that, in catalytic reactions, the major acid source left, as the 

benzoic acid 22 is being consumed, is the acid 32. Intrigued by these findings, we evaluated 

the reaction of 31u with one equivalent of adamantane-1-carboxylic acid at 120 °C (entry 8). 

To our dismay, the protodeauration was found to be slower than the decarboxylation step! 

Only 60% conversion, to 1,3-dichlorbenzene 27u, was achieved after 10 h. This plot twist 

points out a facet of the mechanism that was not envisaged at all. Since the beginning of our 

decarboxylation studies, the decarboxylation step was believed to be the rate-determining step 

and the culprit for the modest turnover observed during the catalytic process. 

 

A clearer mechanistic picture took shape that would most likely feature, in regard of the 

benzoic acid employed, a shift of turnover-limiting step from the decarboxylation to the 

protodeauration process at the end of the catalytic cycle.  

Ultimately, this would transpire by a sudden significant drop, stagnation or even inhibition 

in reactivity. This decrease in rate would be predominantly correlated to the basicity of the 

arylgold intermediate. The involvement of digold off-cycle species that would retard the 

protodeauration seems unlikely as the protodeauration is accelerated with electron-rich 

substituents but cannot be ruled as benzoate have been shown to promote, albeit reluctantly, 

the conversion of monogold to dinuclear species, especially with increased amount of acids.21 

Ultimately, the latter side reaction is also greatly influenced by the pKa of the acid employed. 

In view of the reactivity trend obtained in the carboxyl displacement, a similar correlation 

could be surmised for the hydrolysis final step with the following order of reactivity for the 

cleavage of the Csp2-Au bond: 

o-NO2 < o-Br < o-CN < o-F < o-OPh < o-Me < o-OMe 
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In particular, the reactivity profile of the protodecarboxylation of the 2,4-dichlorobenzoic 

acid (Figure 6.1) clearly supports this hypothesis warranted by the drop of reactivity observed 

after 80% yield reached in 8 h and accounts for the additional 14 h required to 

hydrodecarboxylate the 20% left of acid 22u.  

Ultimately, two master cards predominate for the overall protodecarboxylation process. To 

wit the decarboxylation process and the hydrolysis of the Csp2-Au bond.  

Finally, this gives us an answer answer to the question of why electron-donating substituted 

benzoic acids prevail in the gold protodecarboxylation reaction. Indeed, the reaction rate of 

benzoic acids possessing a pKa ≥ 4.8 is only limited by the decarboxylation step and the final 

protonolysis step kinetically and thermodynamically drives the overall process. In contrast, 

electron-deficient substituted benzoic acids face two significant hurdles i.e. the rate 

determining decarboxylation step is particularly difficult with electron-poor substrates, until 

75-80% conversion. Subsequently, the limiting-step can shift to becoming the protodeauration 

step depending on the basicity of the organogold. In all cases, the overall 

protodecarboxylation is much more energy-demanding with electron poor benzoic acids.   

 

To further support these observations, DFT calculations were performed. In particular, this 

would also allow us to determine the shape of the transition state for the protodeauration and 

validate once again the preferred reaction pathway between a concerted addition of acid to the 

Csp2-Au bond or stepwise with an intramolecular electrophilic aromatic substitution to the 

acid 32 or the benzoic acid 22 to form a Wheland intermediate followed by its subsequent 

rearomatisation and elimination of [Au(O2CR)(SIPr)] 1l. Both pathways are exemplified in 

Scheme 6.12 
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Scheme 6.12 Stepwise vs concerted protodeauration pathways 

 

Computations show that, similar to the decarboxylation step, the protodeauration proceeds 

through a concerted mechanism with one transition state (TS), as shown in Figures 6.9 and 

6.8 (right). This TS, being preferentially six-membered over the four-membered route of 
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Scheme 6.12, can formally be characterised as a concerted proton transfer from the carboxylic 

acid moiety with O-Au bond formation. Concomitant cleavage of the Csp2-Au bond occurs 

shortly afterwards, regenerating species 30 if the cleaving acid is 22.  

 

Compared to the decarboxylation, the difference in reactivity between electronically and 

sterically distinct arylgold complexes is much more severe for the protodeauration. This step 

is highly favoured with electron-rich aromatics which can activate the aurated carbon while 

being disfavoured by meta electron donating groups or large substituents at the ortho position 

Table 6.6 shows the results obtained using benzoic acid 22 as proton source.  

 
Table 6.6 DFT computed energy (kcal/mol) parameters relevant to protodeauration with benzoic acid 

22. PCM = Toluene. 

Entry R ∆G298
‡ (TS31-27) 

(toluene) 
∆G298

‡ (TS31+22-27) 
(DMAc) 

∆G393
‡ (TS31+22-27) 
(toluene) 

1 2,6-(OMe) (22a) 13.9 10.6 17.9 
2 2,5-(OMe) (22v) 18.1 17.7 22.5 
3 2,6-(Cl) (22q) 22.5 21.9 27.1 
4 2,5-(Cl) (22w) 22.5 23.1 26.8 
5 2,4-(Cl) (22u) 19.7 20.8 23.9 

[a] PBE0-D3/ECP2 – PCM // PBE0/ECP1  

 

The former effect is exemplified by the activation energy required to overcome TS(31+22)-

27 for respectively 2,6-dimethoxy and 2,4-dichlorophenylgold complexes 31a and 31u. 31a 

has a computed barrier of only 13.9 kcal/mol (∆G) which should be readily overcome at room 

temperature, in line with experimental findings. Comparatively, 31u has a more challenging 

kinetic barrier of 19.7 kcal/mol, accounting for the heat needed for the reaction to proceed. 

TS(31+22)-27 for the 2,5-dimethoxy derivative 31s illustrates the sensitivity of 

protodeauration to electronic effects from the ligand as this step is computed to require 18.1 

kcal/mol of activation that is more than 4 kcal/mol greater than the same process for 31a. 2,6- 

and 2,5-dichlorophenylgold species. Both are computed to be particularly difficult to 

protodeaurate with barriers of 22.5 kcal/mol, the former due to steric and the latter due to 

electronic effects. Whilst these values suggest that the rate-limiting step should remain 

decarboxylation, an activated acid is indeed needed for a facile and rapid protodeauration.  

 

With these first results in hand, the activation energies for the protodeauration of 31, using 

AcOH as a surrogate to AdCO2H, were calculated (Figure 6.9). The energy barriers are 

presented in Table 6.7.  
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Figure 6.9 DFT (PBE0-D3/ECP2/SDD PCM) computed pathway for the full decarboxylation and 

protodeauration using AcOH as hydrogen source. Energies (rel. ∆G kcal/mol) given in red for 31a and 

green for 31u. Bracketed entries denote encounter complexes 

 

Table 6.7 DFT computed energy (kcal/mol) parameters relevant to protodeauration with AcOH. PCM 

= Toluene. 

Entry R ∆G298
‡ (TS31-27) 

(toluene) 

∆G298
‡ 

(TS31+AcOH-27) 
(DMAc) 

∆G393
‡ (TS31+AcOH-

27) 
(toluene) 

1 2,6-(OMe) (22a) 19.9 19.7 24.1 
2 2,4-(Cl) (22u) 25.9 26.4 30.6 

 

In accordance with the experimental findings, the calculations show that, indeed, this step 

becomes rate limiting, in the case of 2,4-dichlorophenylgold 22u, with a computed barrier of 

25.9 kcal/mol (∆G‡, toluene). This is 2.3 kcal/mol more challenging than the decarboxylation 

of gold benzoate relative 30u and thus in the absence of suitable activated proton donors, 

protodeauration becomes rate limiting. The protodeauration of 2,6-dimethoxyphenylgold 31a 

by AcOH is less challenging at 19.9 kcal/mol and therefore decarboxylation still determines 

the rate. From these computations we can conclude that protodeauration is sensitive both to 

the aryl-gold substitution pattern and the pKa of the acid used to cleave the Csp2-Au bond. 
 

The results extrapolated from this combination of kinetic and theoretical studies allow us to 

formulate a refined mechanistic scenario illustrated in Scheme 6.13.  
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Initially, rapid carboxyl displacement occurs to form active species gold benzoate 30 with 

loss of AdCO2H. Upon heating, CO2 is extruded from gold benzoate 30 and aryl gold 

intermediate 31 is generated. 
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Scheme 6.13 Refined mechanistic scenario for the Au(I)-catalysed protodecarboxylation reaction 

 

 At this stage, the arylgold complex is poised for protodeauration that can proceed down two 

different pathways which involve either a cleavage of the Csp2-Au bond with AdCO2H or 

ArCO2H 22. In the first case, the pre-catalyst would be regenerate with concomitant release of 

arene 27 (green box). In the second case, the cleavage of the Csp2-Au would lead to the 

formation of arene 27 and would provide direct access to active species gold benzoate 30 (red 

box). The outcome would be connected to the pKa of the benzoic acid employed and the 

concentration left of benzoic acid material. The kinetic and calculation studies have clearly 

established that the decarboxylation is predominantly the turnover-limiting step in the 

reaction but that toward the end of the reaction (≥75-85% conversion), the protodeauration 

can become competitive and rate limiting, notably with electron-deficient systems. This 

divergence hinges on the basicity of the arylgold intermediate and may account for the 

reaction not going to completion. Finally, the off-cycle formation of a gem-diaurated species 

37 in equilibrium with arylgold 31 species can be surmised. Under our reaction conditions it 

is unlikely that this side reaction would be competitive but it would evidently slow down the 

final protodeauration.   

 

6.4 Conclusion 

 

This full study of the mechanisms of the gold(I) protodecarboxylation reaction enabled a 

deeper understanding of the fundamental factors that control the overall reactivity. To our 

knowledge, this is the first in-depth investigation of the protodecarboxylation with gold. The 
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combination of kinetic studies, stoichiometric experiments and computations answered 

several of our initial questions. In the case of gold, the carboxylate exchange step is an 

equilibrium that is pKa-dependant. However, under catalytic conditions the exchange is 

degenerate and should not impact the reactivity. The formation of nitrobenzene is detrimental 

in (NHC)Au-mediated decarboxylation reactions as the nitro moiety likely coordinates to the 

gold in a side reaction to form a stable complex. Kinetic studies allowed determination of 

thermodynamic activation parameters for both decarboxylation and protodeauration steps. 

These values are within the range of previously reported late-transition metal decarboxylation 

reactions. The calculated barriers for the decarboxylation are in good quantitative agreement 

with the observed experimental values and confirmed that ortho-substituents that enrich the 

aromatic ring reduce significantly the activation energy barrier for the decarboxylation step. 

These results suggest that, as against silver and copper systems, the decarboxylation is 

governed by short-range mesomeric effects transmitted via the π-system. In addition, the 

calculated transition state gives both carboxylate and [(IPr)Au]+ bound to the lone pair of the 

ipso carbon of the aryl and may result of an electrophilic aromatic substitution to gold type 

mechanism. Evidently, this outcome gives reasons for the more facile reactivity of electron-

donating ortho-substitued benzoic acid with σ-donating effects. Unexpectedly, the 

protodeauration step, in itself, is not trivial. It proceeds through a carboxylate-assisted proton 

transfer and is significantly influenced by the electronic properties (pKa) of the substrates: 

electron-withdrawing groups dramatically slow down the process whereas electron-donating 

groups like OMe increased the reaction rate substantially. Experimental and computational 

studies revealed that it can become, under same conditions, a competitive limiting step to the 

decarboxylation process especially at low concentration of benzoic acid.  

 

This result is of great interest and could be used as a launching pad for the development of 

gold(I)-catalysed decarboxylative coupling reactions where the main difficulty is the intrinsic 

instability of the generated arylgold complexes toward the protodeauration. Therefore, the 

selection of the appropriate substrate could promote one or the other reactivity.  
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Summary and Conclusion 
 

This PhD thesis revolved around the evaluation of the reactivity potential of [Au(IPr)(OH)] 

as a synthon in bond activating processes. In this vein, novel modes of reactivity of gold(I) 

could be accessed that relied on/featured a general base-promoting and led to the discovery of 

various transformations. Furthermore, its unique properties alleviate the need of external 

activation, in contrast with previous reports, to promote these transformations. 

The recent boom in activity witnessed in the gold area chemistry has conduced to a rapid 

blossom of gold-catalysed transformations. However, the intrinsic mechanism of those 

reactions has remained obscure for some time. Recently, the desire for knowledge has 

compelled chemists to dwell on experimental and computational studies to answer questions. 

These investigations have pointed out transcient organogold complexes as key intermediates. 

The synthesis and isolation of these potential intermediates open an avenue to substantiate 

these mechanistic proposals.  In this regard, the development of greener, broader and milder 

functional group-tolerant methodologies, to traditional routes, for the preparation of 

organogold complexes has been achieved. With the high potency of NHCs to stabilise metal 

centres, the obtained gold complexes display high stability to air and water and their isolation 

is facile. 

 

As such, we firstly demonstrated the high efficiency of (NHC)Au complexes in the 

transmetalation of arylboronic acids. In comparison with previous reports, our methodology 

proceeds at room temperature, in shorter reaction times using stoichiometric equivalents of 

boronic acids and presents a broad functional group tolerance scope. In addition, in line with 

recent mechanistic studies on the transmetalation step of the Suzuki-Miyaura coupling, gold 

hydroxide has been revealed as an active species to promote within minutes transfer of the 

organic moiety from boron to gold. Computational studies suggested, similarly to palladium 

and rhodium-based systems, the formation of a gold boronate complex as pretransmetalation 

intermediate. Unfortunately, the existence of this species could not be experimentally 

confirmed.  

A novel methodology was then developed to gain access to organogold complexes using 

organosilanes. Advantages of this procedure are the mild reaction conditions and the 

widening to the preparation of alkenyl and allylgold complexes where boron-derived 

nucleophiles are problematic. The particular low price of organosilanes makes this 

methodology of great appeal. The initial reaction of gold hydroxide with organosiloxanes led 

to the extremely rapid formation and isolation of a wide diversity of gold aryl-, vinyl-, allyl- 

and alkylsilanolates in good to high yields. Stoichiometric experiments have provided 

evidence for these silanolate compounds as key intermediates in a fluoride-free process that 
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results in the net transmetalation of organosilanes to gold. Interestingly, preliminary DFT 

calculations suggest that these complexes are kinetically favoured and can be assigned as 

resting species. However, the overall transmetalation process would need to reverse back for 

the aryl transfer from silicon to gold to proceed in order to obtain thermodynamic arylgold 

products. 

 

In a second part, this concept of bond activation was further expanded to the first 

decarboxylation of aromatic and heteroaromatic carboxylic acids by gold. Decarboxylation-

based reactions have shown great potential as alternatives to costly and waste-intensive 

traditional cross-couplings. We initially studied the reaction stoichiometrically to determine 

the feasibility of the reaction and determine optimal reaction conditions. These preliminary 

studies identified a favoured reactivity of ortho-substituted benzoic acids bearing σ-donating 

substituents. Subsequently, a catalytic process was developed and demonstrated (NHC)gold 

complexes as very active catalysts for protodecarboxylation reactions. With catalyst loadings 

as low as 2 mol% and a broad applicability to ortho-, meta- and para-substituted benzoic 

acids as well as heteroaromatic carboxylic acids, the gold systems proved superior in 

comparison to other late-transition metal catalyst systems. These results attest to the gold 

system being as competitive as copper and silver-based systems. Stoichiometric experiments 

have identified three fundamental steps of the protodecarboxylation mechanism: carboxyl 

exchange, decarboxylation and hydrolysis cleavage. Each step was investigated by the means 

of stoichiometric experiments and kinetic and computational studies in order to determine the 

critical features of the decarboxylation reaction. These instigations led to an increased 

understanding of the structure-reactivity relationship featured in the catalytic 

protodecarboxylation reaction. The decarboxylation was found to be the rate-limiting step. 

However, the measure of experimental and calculated energy barriers have also identified the 

protodeauration as a possible competitive turnover-limiting step at low concentration of 

carboxylic acid. Kinetic and computational studies revealed the difficulty of both 

decarboxylation and protodeauration steps with benzoic acids bearing electron-withdrawing 

substituents. Both reactions have been found to proceed through a concerted mechanism 

involving one transition state. In contrast with copper and silver systems, the decarboxylation 

is likely to be governed by short-range mesomer effects. 

The possibility of switching off the protodeauration process in relation to the substrate pattern 

is likely to open a new set of opportunities for the application of (NHC)gold complexes in 

decarboxylative coupling reactions.
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Chapter 2 
 

General remarks 

All reactions were carried out in air. All reagents and solvents were used as purchased. NMR 

spectra were recorded on a Bruker Avance 300 or a Bruker Avance II 400 NMR spectrometer 

and reported in ppm: 1H NMR spectra were recorded at 400 MHz and are referenced to TMS, 
13C NMR spectra were recorded at 100 MHz, 19F NMR spectra were recorded at 376.5 MHz. 

Elemental analysis were performed at London Metropolitan University Service. 

 

Synthesis of [Au(OH)(IPr)] (1a): A 4 mL vial was charged with [AuCl(IPr)] (1 equiv.), finely 

ground sodium hydroxide (7 equiv.), and THF (0.32 M). It was stirred for 2 mins and then 

tert-amyl alcohol (0.2 equiv.) was added. After stirring at room temperature for 24 h, the 

crude mixture was then filtered through Celite using additional THF. Water was added to the 

solution and the THF was removed using a rotary evaporator. To the white, cloudy 

suspension was added more water and the product was triturated. It was left to settle for 10 

mins, collected using a Büchner funnel and washed with hexane. It was then dried under 

vacuum for several days to produce a white microcrystalline solid. 

 
General procedure for the synthesis of arylgold complexes (GP1) using (1b): A 4 mL vial 

was charged with [AuCl(IPr)] (1b) (50 mg, 0.08 mmol), KOH (9 mg, 0.16 mmol) and the 

corresponding aryl boronic acid (2) (0.08 mmol) in toluene (0.8 mL). The reaction mixture 

was stirred at room temperature and monitored by 1H NMR spectroscopy. Upon reaction 

completion, the solvent was removed in vacuo, the residue extracted into benzene, and 

filtered through Celite. The filtrate was taken to near dryness and pentane was added to 

precipitate the product. The resulting white suspension was filtered, and the collected solids 

were washed with pentane (3x3 mL) to afford the title compound as a microcrystalline solid. 

 

General procedure for the synthesis of organogold complexes using (1a) (GP2): A 4 mL vial 

was charged with [Au(OH)(IPr)] (1a) (30 mg, 0.05 mmol) and the corresponding aryl boronic 

acid (2) (0.05 mmol) in toluene (0.6 mL). The reaction mixture was magnetically stirred at 

room temperature and progress of the reaction was monitored by 1H NMR spectroscopy. 

Upon completion, the mixture was stripped of solvent in vacuo, extracted into benzene, and 

filtered through Celite. The filtrate was taken to dryness and pentane was added. The resulting 

white suspension was filtered, and washed with pentane (3 mL) to afford the title compound 

as a solid. 
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[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](phenyl)gold(I) [Au(IPr)C6H5] (3a).1 Prepared 

following (GP1), 3 was obtained as a white solid. Yield (48.7 mg, >99%). 1H NMR (CDCl3, 

400 MHz) 7.45 (t, 2H, J= 7.6 Hz), 7.27 (d, 4H, J= 7.2 Hz), 7.14 (s, 2H), 7.06 (d, 2H, J= 8 

Hz), 6.99 (t, 2H, J= 7.6 Hz), 6.82 (tdt, 1H, J= 7.2 Hz, J= 1.6 Hz), 2.67 (sept, 4H, J= 3 Hz), 

1.40 (d, 12H, J= 6.8 Hz), 1.23 (d, 12H, J= 6.8 Hz). 13C NMR (CDCl3, 125 MHz) 197.2, 

145.9, 140.6, 134.7, 130.3, 126.7, 124.3, 124.1, 122.9, 28.9, 24.7, 24.1. Anal. Calcd for 

C33H41AuN2: C, 59.81; H, 6.24; N, 4.23. Found: C, 59.85; H, 6.18; N, 4.21. 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl)](1,1’-napthalenyl)gold(I) 

[Au(C12H7)(IPr)](3o).  

Prepared following (GP1), 3o was obtained as a white solid. Yield (48.1 mg, 84%). 1H NMR 

(CDCl3, 400 MHz) 7.59 (d, 2H, J= 8.4 Hz), 7.54 (m, 3H), 7.38 (t, 1H, J= 4.8 Hz), 7.34 (d, 

4H, J= 6 Hz), 7.21 (s, 2H), 7.19 (m, 1H), 7.01 (t, 1H, J= 8.4 Hz), 2.73 (sept, 4H, J= 3 Hz), 

1.39 (d, 12H, J= 6.8 Hz), 1.25 (d, 12H, J= 6.8 Hz). 13C NMR (CDCl3, 125 MHz) 197.9, 

173.1, 146.1, 143.8, 136.7, 134.8, 133.9, 130.3, 127.7, 125.1, 124.1, 123.9, 123.7, 122.9, 

29.0, 24.6, 24.2. Anal. Calcd for C37H43AuN2: C, 62.35; H, 6.08; N, 3.93. Found: C, 62.47; H, 

5.96; N, 3.97. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](1,1’-biphenyl)gold(I) [Au(C12H9)(IPr)9] (3k). 

Prepared following (GP1), 3k was obtained as a white solid. Yield (57.6 mg, 97%). 1 NMR 

(CDCl3, 400 MHz) 7.49 (t, 2H, J= 7.6 Hz), 7.26 (d, 2H, J= 8 Hz), 7.08 (s, 2H), 7.08-6.88 (m, 

6H), 2.60 (sept, 4H, J= 3 Hz), 1.21 (d, 12H, J= 6.8 Hz), 1.19 (d, 12H, J= 6.8 Hz). 13C NMR 

(CDCl3, 125 MHz) 196.6, 169.6, 151.2, 148.6, 145.8, 140.9, 134.9, 130.2, 129.0, 128.5, 

127.9, 127.2, 125.1, 124.7, 124.4, 124.1, 124.0, 122.9, 28.9, 24.4, 24.1. Anal. Calcd for 

C39H45AuN2: C, 63.41; H, 6.14; N, 3.79. Found: C, 63.56; H, 6.07; N, 3.79. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](4-chlorophenyl)gold(I) [Au)(C6H4Cl)(IPr)] 

(3c).  

Prepared following (GP1), 3c was obtained as a white solid. Yield (57.9 mg, >99%). 1H 

NMR (CDCl3, 400 MHz) 7.47 (t, 2H, J= 7.6 Hz), 7.28 (d, 4H, J= 7.2 Hz), 7.15 (s, 2H), 7.0-

6.95 (m, 4H), 2.65 (sept, 4H, J= 3 Hz), 1.38 (d, 12H, J= 6.8 Hz), 1.24 (d, 12H, J= 6.8 Hz). 
13C NMR (CDCl3, 125 MHz) 196.4, 167.5, 145.9, 141.3, 134.6, 130.3, 130.0, 126.6, 124.1, 

122.9, 28.9, 24.7, 24.1. Anal. Calcd for C33H40AuClN2: C, 56.86; H, 5.78; N, 4.02. Found: C, 

56.94; H, 5.75; N, 3.98. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](2-bromophenyl)gold(I) [Au(C6H4Br)(IPr)] 

(3h).  
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Prepared following (GP1), 3h was obtained as a white solid. Yield (39.4 mg, 66%). 1H NMR 

(CDCl3, 400 MHz) 7.47 (t, 2H, J= 7.6 Hz), 7.28 (d, 4H, J= 7.2 Hz), 7.23 (dd, 1H, J= 11 Hz, 

J= 1.4 Hz), 7.16 (s, 2H), 6.91 (td, 1H, J= 9.6 Hz, J= 1.6 Hz), 6.83 (dd, 1H, J= 9.6 Hz, J= 2.4 

Hz), 6.68 (ddd, 1H, J= 10 Hz, J= 2.8 Hz, J= 1.2 Hz), 2.66 (sept, 4H, J= 3 Hz), 1.39 (d, 12H, 

J= 6.8 Hz), 1.23 (d, 12H, J= 6.8 Hz). 13C NMR (CDCl3, 125 MHz) 194.7, 173.5, 146.0, 

141.8, 137.0, 134.9, 130.3, 130.2, 125.8, 124.9, 124.1, 122.9, 29.0, 26.5, 24.7, 24.2. Anal. 

Calcd for C33H40AuBrN2: C, 53.45; H, 5.44; N, 3.78. Found: C, 53.55; H, 5.39; N, 3.79. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](3,4-dichlorophenyl)gold(I) 

[Au(C6H3Cl2)(IPr)] (3n)  

Prepared following (GP1), 3n was obtained as a white solid. Yield (62.8 mg, >99%). 1H 

NMR (CDCl3, 400 MHz) 7.49 (t, 2H, J= 7.6 Hz), 7.29 (d, 4H, J= 7.2 Hz), 7.16 (s, 2H), 7.11 

(sd, 1H, J= 1.2 Hz), 7.05 (d, 1H, J= 10.4 Hz), 6.83 (dd, 1H, J= 10.4 Hz, J= 1.6 Hz), 2.63 

(sept, 4H, J= 3 Hz), 1.37 (d, 12H, J= 6.8 Hz), 1.24 (d, 12H, J= 6.8 Hz). 13C NMR (CDCl3, 

125 MHz) 195.4, 170.0, 145.8, 141.2, 139.3, 134.5, 130.8, 130.5, 128.2, 127.5, 124.1, 123.0, 

28.9, 26.5, 24.7, 24.1. Anal. Calcd for C33H39AuCl2N2: C, 54.18; H, 5.37; N, 3.83. Found: C, 

54.27; H, 5.29; N, 3.81. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](2-nitrophenyl)gold(I) [Au(C6H4NO2)(IPr)] 

(3i).  

Prepared following (GP1), 3i was obtained as a bright yellow solid. Yield (44 mg, 77%). 1H 

NMR (CDCl3, 400 MHz) 7.72 (d, 1H, J= 11.2 HZ), 7.49 (t, 2H, J= 7.6 Hz), 7.29 (d, 4H, J= 

7.2 Hz), 7.18-7.15 (m, 4H), 6.93 (m, 1H), 2.67 (sept, 4H, J= 3 Hz), 1.38 (d, 12H, J= 6.8 Hz), 

1.24 (d, 12H, J= 6.8 Hz). 13C NMR (CDCl3, 125 MHz) 193.2, 164.6, 158.8, 145.9, 141.7, 

134.6, 130.9, 130.4, 124.4, 124.1, 123.0, 122.9, 29.0, 26.5, 24.5, 24.2. Anal. Calcd for 

C33H40AuN3O2: C, 56.01; H, 5.70; N, 4.52. Found: C, 56.09; H, 5.64; N, 4.56. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](4-methoxyphenyl)gold(I) [Au(C7H7O)(IPr)] 

(3b)  

Prepared following (GP1), 3b was obtained as a white solid. Yield (59.8 mg, >99%). 1H 

NMR (CDCl3, 400 MHz) 7.45 (t, 2H, J= 7.6 Hz), 7.26 (d, 4H, J= 7.2 Hz), 7.13 (s, 2H), 7.0 (d, 

2H, J= 8 Hz), 6.63 (d, 2H, J= 8 Hz), 3.65 (s, 3H), 2.66 (sept, 4H, J= 3 Hz), 1.39 (d, 12H, J= 

6.8 Hz), 1.23 (d, 12H, J= 6.8 Hz). 13C NMR (CDCl3, 125 MHz) 197.3, 156.9, 145.9, 140.8, 

134.8, 130.2, 124.0, 122.9, 122.8, 112.8, 55.1, 28.9, 24.7, 24.1. Anal. Calcd for 

C34H43AuN2O: C, 58.95; H, 6.26; N, 4.04. Found: C, 59.03; H, 6.19; N, 3.95. 
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[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](4-(dimethylamino)phenyl)gold(I) 

[Au(C8H10N)(IPr)] (3g)  

Prepared following (GP1), 3g was obtainedas a white solid. Yield (44.3 mg, 78%). 1H NMR 

(CDCl3, 400 MHz) 7.49 (t, 2H, J = 7.8 Hz), 7.30 (d, 4H, J = 8 Hz), 7.17 (s, 2H), 7.00 (dd, 1H, 

J = 6.8, 1.6 Hz), 6.82 (m, 1H), 6.71 (dd, 1H, J = 8, 1.2 Hz), 6.59 (td, 1H, J = 7.2, 1.2 Hz), 

2.70 (sept, 1H, J = 6.8 Hz), 2.49 (s, 6H), 1.38 (d, 12H, J = 6.8 Hz), 1.23 (d, 12H, J = 6.8 Hz). 
13C NMR (CDCl3, 125 MHz) 196.8, 162.3, 161.5, 145.9, 141.0, 135.0, 130.2, 124.9, 124.0, 

122.8, 119.7, 117.0, 45.2, 28.9, 24.4, 24.3. Anal. Calcd for C35H46AuN3: C, 59.57; H, 6.57; N, 

5.95. Found: C, 59.70; H, 6.20; N, 5.88. 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](4-fluorophenyl)gold(I) [Au(C6H4F)(IPr)] (3f)  

Prepared following (GP1), 3f was obtained as a white solid. Yield (47.2 mg, 90%). 1H NMR 

(CDCl3, 400 MHz) 7.47 (t, 2H, J= 7.6 Hz), 7.28 (d, 4H, J= 7.2 Hz), 7.15 (s, 2H), 7.01 (t, 2H, 

J= 7.4 Hz), 6.72 (d, 2H, J= 8.4 Hz), 2.66 (sept, 4H, J= 3 Hz), 1.39 (d, 12H, J= 6.8 Hz), 1.24 

(d, 12H, J= 6.8 Hz). 13C NMR (CDCl3, 125 MHz) 196.6, 145.9, 140.9, 140.8, 134.7, 130.3, 

124.1, 122.9, 113.5, 113.2, 28.9, 24.7, 24.1. 19F NMR (CDCl3, 376 MHz) -119.6 (m, 1F). 

Anal. Calcd for C33H40AuN2F: C, 58.23; H, 5.92; N, 4.12. Found: C, 58.35; H, 6.03; N, 3.99. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](4-(tert-butyldimethylsilyl)oxy)- phenyl)gold(I) 

[Au(C12H19OSi)(IPr)] (3e)  

Prepared following (GP1), 3e was obtained as a white solid. Yield (39.7 mg, 89%). 1H NMR 

(CDCl3, 400 MHz) 7.46 (t, 2H, J= 7.6 Hz), 7.27 (d, 1H, J= 6 Hz), 7.13 (s, 2H), 6.92 (d, 2H, 

J= 8.4 Hz), 6.53 (d, 2H, J= 8.4 Hz), 2.67 (sept, 4H, J= 3 Hz), 1.39 (d, 12H, J= 6.8 Hz), 1.23 

(d, 12H, J= 6.8 Hz), 0.90 (s, 9H), 0.08 (s, 6H). 13C NMR (CDCl3, 125 MHz) 197.4, 161.0, 

152.6, 145.9, 140.6, 134.9, 130.2, 124.0, 122.8, 118.5, 28.9, 25.9, 24.6, 24.1, 18.3, -4.25. 

Anal. Calcd for C39H55AuN2OSi: C, 59.08; H, 6.99; N, 3.53. Found: C, 59.14; H, 6.92; N, 

3.51. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](2-tolyl)gold(I) [Au(C7H7)(IPr)] (3j)  

Prepared following (GP1), 3j was obtained as a white solid. Yield (47 mg, 86%). 1H NMR 

(CDCl3, 400 MHz) 7.47 (t, 2H, J= 7.6 Hz), 7.28 (d, 4H, J= 7.2 Hz), 7.16 (s, 2H), 6.98 (dd, 

1H, J= 8 Hz, J= 1.2 Hz), 6.93 (d, 1H, J= 8,8 Hz), 6.84 (t, 1H, J= 8 Hz), 6.76 (td, 1H, J= 7.2 

Hz, J= 1.6 Hz), 2.68 (sept, 4H, J= 3 Hz), 1.96 (s, 3H), 1.39 (d, 12H, J= 6.8 Hz), 1.23 (d, 12H, 

J= 6.8 Hz). 13C NMR (CDCl3, 125 MHz) 198.1, 170.6, 147.1, 146.0, 140.1, 134.9, 130.2, 

127.3, 124.4, 124.0, 123.3, 122.8, 29.0, 26.5, 24.6, 24.1. Anal. Calcd for C33H41AuN2: C, 

60.35; H, 6.40; N, 4.14. Found: C, 60.43; H, 6.29; N, 4.11 
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[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](4-tolyl)gold(I) [Au(IPr)(C7H7)] (3d). Prepared 

following (GP1), 3d was obtained as a white solid. Yield (50.1 mg, 92%). 1H NMR (CDCl3, 

400 MHz) 7.45 (t, 2H, J= 7.6 Hz), 7.26 (d, 4H, J= 7.2 Hz), 7.13 (s, 2H), 6.96 (d, 2H, J= 7.6 

Hz), 6.83 (d, 2H, J= 8 Hz), 2.66 (sept, 4H, J= 3 Hz), 2.15 (s, 3H), 1.39 (d, 12H, J= 6.8 Hz), 

1.23 (d, 12H, J= 6.8 Hz). 13C NMR (CDCl3, 125 MHz) 198.1, 170.6, 147.1, 146.0, 140.1, 

134.9, 130.2, 127.3, 124.4, 124.0, 123.3, 122.8, 29.0, 26.5, 24.6, 24.1. Anal. Calcd for 

C33H41AuN2: C, 60.35; H, 6.40; N, 4.14. Found: C, 60.47; H, 6.31; N, 4.08. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](2,6-dimethylphenyl)gold(I) [Au(IPr)(C8H10)] 

(3l)  

Prepared following (GP1), 3l was obtained as a white solid. Yield (50.3 mg, 91%). 1H NMR 

(CDCl3, 400 MHz) 7.49 (t, 2H, J= 7.6 Hz), 7.30 (d, 4H, J= 7.2 Hz), 7.19 (s, 2H), 6.78 (d, 2H, 

J= 6.8 Hz), 6.70 (dd, 1H, J= 8 Hz, J= 6.4 Hz), 2.68 (sept, 4H, J= 3 Hz), 1.83 (s, 6H), 1.36 (d, 

12H, J= 6.8 Hz), 1.24 (d, 12H, J= 6.8 Hz). 13C NMR (CDCl3, 125 MHz) 199.4, 170.8, 147.0, 

146.1, 135.0, 130.1, 124.4, 124.2, 123.9, 122.7, 29.0, 25.9, 24.6, 24.2. Anal. Calcd for 

C35H45AuN2: C, 60.86; H, 6.57; N, 4.06. Found: C, 60.96; H, 6.50; N, 3.98. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](2,4,6-trimethylphenyl)gold(I) 

[Au(IPr)(C9H13)] (3m)  

Prepared following (GP1), 3m was obtained as a white solid. Yield (49.9 mg, 88%). 1H NMR 

(CDCl3, 400 MHz) 7.47 (t, 2H, J= 7.6 Hz), 7.30 (d, 4H, J= 7.2 Hz), 7.15 (s, 2H), 6.11 (br, 

2H), 2.66 (sept, 4H, J= 3 Hz), 2.10 (s, 3H), 1.78 (s, 6H), 1.35 (d, 12H, J= 6.8 Hz), 1.23 (d, 

12H, J= 6.8 Hz). 13C NMR (CDCl3, 125 MHz) 199.7, 166.7, 147.1, 146.1, 140.1, 135.0, 

133.7, 130.1, 125.4, 123.9, 122.7, 30.0, 29.0, 25.7, 24.6, 24.2, 21.1. Anal. Calcd for 

C36H47AuN2: C, 61.35; H, 6.72; N, 3.98. Found: C, 61.39; H, 6.76; N, 3.91. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](ferrocenyl)gold(I) [Au(IPr)(C10H9Fe)] (3p). 

Prepared following (GP1), x was obtained as a bright orange solid. Yield (40.6 mg, 62%). 1H 

NMR (CDCl3, 400 MHz) 7.45 (t, 2H, J= 7.6 Hz), 7.29 (d, 4H, J= 7.2 Hz), 7.14 (s, 2H), 4.02 

(br, 2H), 3.63 (m, 7H), 2.69 (sept, 4H, J= 3 Hz), 1.45 (d, 12H, J= 6.8 Hz), 1.26 (d, 12H, J= 

6.8 Hz). 13C NMR (CDCl3, 125 MHz) 198.6, 145.9, 134.9, 130.9, 130.4, 128.5, 124.4, 124.1, 

123.2, 122.7, 96.4, 68.4, 68.1, 66.9, 29.0, 26.5, 24.6, 24.0. Anal. Calcd for C40H52AuFeN2: C, 

59.04; H, 6.44; N, 3.44. Found: C, 58.96; H, 6.39; N, 3.42. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](2-formyl)gold(I) [Au(IPr)(C7H5O)] (3q).[2] 

Prepared following (GP2), 3q was obtained as a white solid. Yield (23.3 mg, 65%). 1H NMR 

(CDCl3, 400 MHz) 9.62 (sd, 1H, J= 1.2 Hz), 7.74 (d, 1H, J= 8 Hz), 7.53 (t, 2H, J= 7.6 Hz), 
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7.31 (d, 4H, J= 7.2 Hz), 7.24 (d, 1H, J= 6 Hz), 7.20 (s, 2H), 7.17 (td, 1H, J= 7.4 Hz, J= 1.4 

Hz), 6.98 (t, 1H, J= 7.4 Hz), 2.66 (sept, 4H, J= 3 Hz), 1.36 (d, 12H, J= 6.8 Hz), 1.24 (d, 12H, 

J= 6.8 Hz). 13C NMR (CDCl3, 125 MHz) 199.6, 198.6, 180.0, 145.9, 141.2, 134.5, 131.3, 

130.6, 128.5, 126.1, 124.4, 124.2, 123.1, 29.0, 26.5, 24.5, 24.2.  

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](4-formyl)gold(I) [Au(IPr)(C7H5O)] (3r). 

Prepared following (GP2), 3r was obtained as a white solid. Yield (32.4 mg, 94%). 1H NMR 

(CDCl3, 400 MHz) 9.75 (s, 1H), 7.48 (t, 2H, J= 7.6 Hz), 7.46 (d, 2H, J= 8 Hz), 7.24 (d, 1H, 

J= 6 Hz), 7.21 (d, 2H, J= 8 Hz), 7.17 (s, 2H), 2.65 (sept, 4H, J= 3 Hz), 1.39 (d, 12H, J= 6.8 

Hz), 1.24 (d, 12H, J= 6.8 Hz). 13C NMR (CDCl3, 125 MHz) 195.8, 193.6, 181.9, 145.9, 

140.8, 134.5, 133.1, 130.4, 127.5, 124.1, 123.1, 124.2, 123.1, 29.0, 26.5, 24.7, 24.1. Anal. 

Calcd for C34H41AuN2O: C, 59.13; H, 5.98; N, 4.06. Found: C, 59.19; H, 5.96; N, 3.97. 

 

Computational Details 

Geometries were fully optimized at the PBE0/ECP1 level of theory, i.e. using the PBE hybrid 

functional,1 a fine integration grid (75 radial shells with 302 angular points per shell), the 

Stuttgart-Dresden effective core potential (together with its [6s5p3d] valence basis) on Au,2 

and 6-31G*(*) basis on the ligands (6-31G* on the Me and Ph groups, 6-31G** elsewhere).3 

Minima and transition states where characterised by the harmonic vibrational frequencies 

computed at that level, which were also used to evaluate standard thermodynamic corrections 

at ambient temperature and pressure. 

Transition states were further characterised by following the intrinsic reaction coordinate4 to 

ensure they connect to the desired minima. Refined energies were obtained through single-

point calculations at the PBE0-D3/ECP2 level, i.e. including Grimme's recent dispersion 

correction,5 the same SDD core potential and valence basis as above on Au, 6-31G* basis on 

the C6H3(iPr)2 groups, and 6-311+G** basis elsewhere. Association energies from the 

reactants to the initial intermediates were corrected for basis-set-superposition error via the 

Counterpoise method.6 These and similar levels have performed well in the computation of 

structures and reaction profiles of 5d and late transition metal complexes.7 Enthalpies and free 

energies are reported in the gas phase at that level, in addition enthalpies have been evaluated 

using PBE0-D3/ECP2 single points in conjunction with the polarizable continuum model 

(PCM) by Tomasi and coworkers employing the parameters of toluene (and the default 

settings in Gaussian09),8 denoted ΔH0(tol). The PBE0/ECP2/PCM wavefunctions were 

analysed for their dipole moments and atomic charges in a natural bond orbital analysis.9 All 

computations employed the Gaussian suite of programs.10 
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Figure S2.1 DFT-computed energy profile for the coupling reaction involving the gold chloride and 
boronate (pathway A), including enthalpies and free energies at the PBE0-D3 level [in kcal/mol] relative 
to the initial adduct, INTA1. Note that after Cl- dissociation and rotations about B-O single bonds, INTA2 
becomes equivalent to INT1 in Figure S1 
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Chapter 3 

 

General remarks 
Gold silanolates reactions were conducted under air and transmetalation from silanes to gold 

were carried out under an atmosphere of dry nitrogen. All silanes were used as received. 

Anhydrou solvents were used as received NMR spectra were recorded on a Bruker Avance 

300 or a Bruker Avance II 400 NMR spectrometer and reported in ppm: 1H NMR spectra 

were recorded on a Bruker-300 MHz spectrometer at ambient temperature in C6D6 (7.16 ppm) 

or CDCl3 (7.26 ppm), 13C NMR spectra were recorded at 100 MHz in CDCl3 (77.16 ppm), 19F 

NMR spectra were recorded at 376.5 MHz. Elemental analysis were performed at London 

Metropolitan University Service. 

Complex [Au(IPr)(OH)] was prepared accordingly to the procedure described in Chapter 1. 

Characterisation data for 3a, 3b, 3d and 3o can be found in the experimental section of 

Chapter 1 

 

Solution Calorimetry measurements for reaction between [Au(OH)(IPr)] 1a and 

(trimethoxy)phenylsilane 13a: Two solutions containing separately the complex and the silane 

were prepared: stock solution A containing 30 mg (0.048 mmol) of 1a in THF (0.75 mL) and 

stock solution B containing silane 13a (0.293 mmol, 6 eq) in THF (2 mL). The first container 

of the cell was charged with stock solution B (0.75 mL) and the second container with stock 

solution A (0.3 mL). The cell was placed in the Setaram C-80 Calvet calorimeter and the 

temperature stabilised to 30°C. The solutions were mixed by inverting the calorimeter and the 

thermogram recorded. The reported enthalpy of reaction (-10.5 ± 0.5 kcal/mol) is the average 

of at least three measurements and is reported with 95% confidence limits. 

 

General procedure for the preparation of gold silanolate compounds (GP1) 

A 4 mL vial was charged with [Au(OH)(IPr)] 1a (40 mg, 0.07 mmol) and the corresponding 

siloxanes 13 (0.07 mmol) in toluene (0.5 mL). The reaction mixture was stirred at room 

temperature until completion. Solvent was removed in vacuo. The crude mixture was 

scratched in pentane and put in freezer for 30 mins. The resulting precipitate was filtered and 

the collected solids were washed with cold pentane (3x3 mL) to afford the gold siloxane 

compound 14 as a white solid. 

 

General procedure for the transmetalation from siloxanes to gold (GP2) 

A 4 mL vial, equipped with a magnetic bar, was charged with [Au(OH)(IPr)] 1a (40mg, 0.07 

mmol) and the corresponding siloxane 13 (0.07 mmol) and flushed with dry nitrogen for 5 
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mins. Anhydrous 1,4-dioxane (0.5 mL) was then added to the mixture. The reaction mixture 

was stirred at 110 °C. Upon completion, the solvent volume was reduced to 0.1 mL. The 

reaction mixure was allowed to cool at room temperature for 30 mins allowing the product to 

precipitate. White suspension was filtered and washed with pentane to afford the title 

compound as a microcrystalline solid. 

 

 

 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](phenyldimethoxysilanolate)gold(I) 

[Au(C8H11O3Si)(IPr)] (14a) 

Prepare accordingly to GP1. Yield (51.7 mg, >99%). 1H NMR (CDCl3, 400 MHz) 7.47 (m, 

4H), 7.27 (d, 4H, J= 7.2 Hz), 7.21 (m, 1H), 7.15 (m, 4H), 3.16 (bs, 6H), 2.57 (sept, 4H, J= 3 

Hz), 1.31 (d, 12H, J= 6.8 Hz), 1.20 (d, 12H, J= 6.8 Hz). 13C NMR (CDCl3, 125 MHz) 174.3, 

166.3, 145.8, 134.9, 134.6, 130.7, 128.7, 127.2, 124.3, 123.1, 49.9, 28.9, 24.3. 29Si NMR 

(CDCl3, 79 MHz) -54.3 (s, 1Si). Anal. Calcd for C35H47AuN2O3Si : C, 54.68; H, 6.16; N, 3.64. 

Found: C, 54.56; H, 6.07; N, 3.59. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](4-tolyldimethoxysilanolate)gold(I) (14b) 

Prepare accordingly to GP1. Yield (53.4 mg, >99%). 1H NMR (CDCl3, 400 MHz) 7.47 (t, 

2H), 7.36 (d, 2H, J= 8 Hz), 7.26 (d, 4H, J= 7.6 Hz), 7.13 (s, 2H), 6.96 (d, 2H, J= 7.6 Hz), 

3.14 (bs, 6H), 2.57 (sept, 4H, J= 7 Hz), 1.31 (d, 12H, J= 6.8 Hz), 1.19 (d, 12H, J= 6.8 Hz). 
13C NMR (CDCl3, 125 MHz) 169.6, 145.7, 138.1, 134.8, 134.4, 131.7, 130.5, 127.9, 124.2, 

123.0, 49.7, 28.8, 24.2, 21.6. Anal. Calcd for C36H49AuN2O3Si: C, 55.23; H, 6.31; N, 3.58. 

Found: C, 55.33; H, 6.43; N, 3.62. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](4-(chloromethyl)phenyldimethoxysilano-l 

ate)gold(I) (14c) 

Prepare accordingly to GP1. Yield (49.3 mg, 92%). 1H NMR (CDCl3, 400 MHz) 7.48 (t, 2H), 

7.46 (d, 2H, J= 8 Hz), 7.27 (d, 4H, J= 7.6 Hz), 7.16 (d, 2H, J= 8 Hz), 7.13 (s, 2H), 4.53(s, 

2H), 3.17 (bs, 6H), 2.56 (sept, 4H, J= 7 Hz), 1.29 (d, 12H, J= 6.8 Hz), 1.19 (d, 12H, J= 6.8 

Hz). 13C NMR (CDCl3, 125 MHz) 169.4, 145.8, 137.5, 136.1, 135.3, 134.5, 130.7, 127.5, 

124.3, 123.1, 49.9, 46.9, 29.0, 24.3. Anal. Calcd for C36H48AuClN2O3Si: C, 52.91; H, 5.92; N, 

3.43. Found: C, 52.81; H, 5.96; N, 3.50. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](4-methoxyphenyldi-methoxysilanolate)gold(I) 

(14d) 
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Prepare accordingly to GP1. Yield (47.7 mg, 90%). 1H NMR (CDCl3, 400 MHz) 7.47 (t, 2H), 

7.40 (d, 2H, J= 8.7 Hz), 7.16 (d, 4H, J= 7.6 Hz), 7.13 (s, 2H), 6.70 (d, 4H, J= 8.8 Hz), 3.76 (s, 

2H), 3.15 (bs, 6H), 2.57 (sept, 4H, J= 7 Hz), 1.31 (d, 12H, J= 6.8 Hz), 1.19 (d, 12H, J= 6.8 

Hz). 13C NMR (CDCl3, 125 MHz) 169.6, 160.2, 145.8, 136.4, 134.5, 130.6, 126.8, 124.3, 

123.1, 113.0, 55.0, 49.9, 29.0, 24.3. Anal. Calcd for C36H49AuN2O3Si: C, 54.13; H, 6.18; N, 

3.51. Found: C, 54.02; H, 6.15; N, 3.57. 

 

 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](1-naphtyldimethoxysilanolate) gold(I) (14e) 

Prepare accordingly to GP1. Yield (51.0 mg, 94%). 1H NMR (CDCl3, 400 MHz) 8.36 (m, 

1H), 7.79 (dd, 1H, J = 8.0 Hz, J = 1.8 Hz), 7.71 (m, 2H), 7.44 (t, 2H), 7.33 (m, 2H), 7.26 (m, 

1H), 7.22 (d, 4H, J= 8 Hz), 7.12 (s, 2H), 3.17 (bs, 6H), 2.54 (sept, 4H, J= 7 Hz), 1.26 (d, 12H, 

J= 6.8 Hz), 1.18 (d, 12H, J= 6.8 Hz). 13C NMR (CDCl3, 125 MHz) 169.0, 145.8, 139.9, 

137.6, 135.6, 134.5, 133.3, 130.6, 130.0, 129.4, 128.0, 125.5, 124.9, 124.3, 123.1, 121.9, 

49.8, 28.9, 24.2. Anal. Calcd for C39H49AuN2O3Si: C, 57.20; H, 6.03; N, 3.42. Found: C, 

57.19; H, 5.97; N, 3.47. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](allyldimethoxysilanolate)gold(I) (14h) 

Prepare accordingly to GP1. Yield (44.1 mg, 91%). 1H NMR (CDCl3, 400 MHz) 7.48 (t, 2H), 

7.28 (d, 4H, J= 7.6 Hz), 7.15 (s, 2H), 5.67 (m, 1H), 4.74 (dd, 1H, Jtrans= 16.8 Hz, Jgem= 2.4 

Hz), 4.65 (dd, 1H, Jcis= 10 Hz. Jgem= 2.4), 3.15 (bs, 6H), 2.58 (sept, 4H, J= 7 Hz), 1.37 (d, 

12H, J= 6.8 Hz), 1.30(dtd, 2H, J= 8 Hz, J= 1.2 Hz), 1.21 (d, 12H, J= 6.8 Hz). 13C NMR 

(CDCl3, 125 MHz) 169.8, 145.8, 135.7, 134.6, 130.7, 124.4, 123.1, 112.5, 49.8, 29.0, 24.3, 

20.3. Anal. Calcd for C32H47AuN2O3Si: C, 52.45; H, 6.46; N, 3.82. Found: C, 52.43; H, 6.39; 

N, 3.92. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](vinyldimethoxysilanolate)gold(I) (14g) 

Prepare accordingly to GP1. Yield (46.4 mg, 97%). 1H NMR (CDCl3, 400 MHz) 7.48 (t, 2H), 

7.16 (d, 4H, J= 7.6 Hz), 7.15 (s, 2H), 5.66 (m, 3H), 3.76 (s, 2H), 3.15 (bs, 6H), 2.58 (sept, 4H, 

J= 7 Hz), 1.36 (d, 12H, J= 6.8 Hz), 1.21 (d, 12H, J= 6.8 Hz). 13C NMR (CDCl3, 125 MHz) 

169.8, 145.8, 134.6, 133.6, 133.3, 130.6, 124.3, 123.1, 49.7, 29.0, 24.3(sd). Anal. Calcd for 

C31H45AuN2O3Si: C, 51.80; H, 6.31; N, 3.90. Found: C, 51.75; H, 6.29; N, 3.93. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](cyclohexyldimethoxysilanolate) gold(I) (14f) 

Prepare accordingly to GP1. Yield (44.7 mg, 87%). 1H NMR (CDCl3, 400 MHz) 7.48 (t, 2H), 

7.28 (d, 4H, J= 7.6 Hz), 7.13 (s, 2H), 3.15 (bs, 6H), 2.60 (sept, 4H, J= 7 Hz), 1.53(b, 2H), 
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1.36 (d, 12H, J= 6.8 Hz), 1.21 (m, 14H), 1.03 (m, 4H). 13C NMR (CDCl3, 125 MHz) 169.9, 

145.8, 134.6, 130.7, 124.3, 123.1, 49.8, 30.0, 29.0, 28.2, 27.6, 27.0, 24.3. Anal. Calcd for 

C35H53AuN2O3Si: C, 54.25; H, 6.89; N, 3.62. Found: C, 54.17; H, 6.83; N, 3.60. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](2-cyanoethyldimethoxysilanolate) gold(I) 

(14i) 

Prepare accordingly to GP1. Yield (45.5 mg, 92%). 1H NMR (CDCl3, 400 MHz) 7.53 (t, 2H), 

7.31 (d, 4H, J= 7.6 Hz), 7.17 (s, 2H), 3.19 (bs, 6H), 2.56 (sept, 4H, J= 7 Hz), 2.0 (m, 2H), 

1.36 (d, 12H, J= 6.8 Hz), 1.22 (d, 12H, J= 6.8 Hz), 0.55 (m, 2H). 13C NMR (CDCl3, 125 

MHz) 169.2, 145.8, 134.4, 131.0, 124.4, 123.2, 49.7, 29.0, 24.3(sd), 11.8, 8.7. Anal. Calcd for 

C32H46AuN3O3Si: C, 51.54; H, 6.22; N, 5.63. Found: C, 49.85; H, 6.21; N, 6.64. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](1-acetoxymethyldimethoxy-silanolate)gold(I) 

(14j) 

Prepare accordingly to GP1. Yield (44.6 mg, 88%). 1H NMR (CDCl3, 400 MHz) 7.48 (t, 2H), 

7.28 (d, 4H, J= 7.6 Hz), 7.16 (s, 2H), 3.43 (s, 2H), 3.16 (bs, 6H), 2.58 (sept, 4H, J= 7 Hz), 

1.96(s, 3H), 1.36 (d, 12H, J= 6.8 Hz), 1.21 (d, 12H, J= 6.8 Hz). 13C NMR (CDCl3, 125 MHz) 

172.2, 169.2, 145.8, 134.5, 130.8, 124.4, 123.2, 53.1, 49.8, 29.0, 24.3(sd), 21.2. Anal. Calcd 

for C34H51AuN2O5Si: C, 50.26; H, 6.19; N, 3.53. Found: C, 50.20; H, 6.10; N, 3.76. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](3-iodopropyldimethoxysilanolate) gold(I) 

(14k) 

Prepare accordingly to GP1. Yield (42.2 mg, 74%). 1H NMR (CDCl3, 400 MHz) 7.49 (t, 2H), 

7.29 (d, 4H, J= 7.6 Hz), 7.15 (s, 2H), 3.15 (bs, 6H), 3.02 (t, 2H, J= 10 Hz), 2.58 (sept, 4H, J= 

7 Hz), 1.70 (m, 2H), 1.36 (d, 12H, J= 6.8 Hz), 1.21 (d, 12H, J= 6.8 Hz). 13C NMR (CDCl3, 

125 MHz) 169.7, 145.8, 134.5, 133.6, 133.3, 130.7, 124.4, 123.1, 49.6, 30.0, 29.0, 24.3(sd), 

14.2, 12.0. Anal. Calcd for C32H48AuIN2O3Si: C, 44.66; H, 5.62; N, 3.25. Found: C, 44.71; H, 

5.54; N, 3.19. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](n-butyldimethoxysilanolate) gold(I) (14n) 

Prepare accordingly to GP1. Yield (40.2 mg, 81%). 1H NMR (CDCl3, 400 MHz) 7.47 (t, 2H), 

7.28 (d, 4H, J= 7.6 Hz), 7.14 (s, 2H), 3.13 (bs, 6H), 2.59 (sept, 4H, J= 7 Hz), 1.70 (m, 2H), 

1.36 (d, 12H, J= 6.8 Hz), 1.21 (d, 12H, J= 6.8 Hz), 1.16 (m, 4H), 0.76 (m, 3H), 0.27 (m, 2H). 
13C NMR (CDCl3, 125 MHz) 169.8, 145.8, 134.6, 130.7, 124.3, 123.1, 49.5, 29.0, 26.6, 26.0, 

24.3(sd), 13.9, 12.0. Anal. Calcd for C33H51AuN2O3Si: C, 52.93; H, 6.86; N, 3.74. Found: C, 

52.87; H, 6.73; N, 3.62. 
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[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](2-(diethylamino)ethyldimethoxysilanolate) 

gold(I) (14l) 

Prepare accordingly to GP1. Yield (40.9 mg, 78%). 1H NMR (CDCl3, 400 MHz) 7.47 (t, 2H), 

7.28 (d, 4H, J= 7.6 Hz), 7.14 (s, 2H), 3.14 (bs, 6H), 2.58 (sept, 4H, J= 7 Hz), 2.39 (q, 4H), 

1.36 (d, 12H, J= 6.8 Hz), 1.21 (d, 16H, J= 6.8 Hz), 0.87 (t, 6H). 13C NMR (CDCl3, 125 MHz) 

175.6, 145.7, 134.1, 130.9, 124.4, 123.2, 77.3, 50.9, 30.0, 29.0, 24.6, 24.2. Anal. Calcd for 

C35H56AuN3O3Si: C, 53.08; H, 7.13; N, 5.31. Found: C, 52.99; H, 7.02; N, 5.46. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](2-(carbomethoxy)ethyldimethoxysilanolate) 

gold(I) (14m) 

Prepare accordingly to GP1. Yield (41.3 mg, 80%). 1H NMR (CDCl3, 400 MHz) 7.47 (t, 2H), 

7.28 (d, 4H, J= 7.6 Hz), 7.15 (s, 2H), 3.60 (s, 3H), 3.13 (bs, 6H), 2.57 (sept, 4H, J= 7 Hz), 

2.12 (m, 2H), 1.36 (d, 12H, J= 6.8 Hz), 1.21 (d, 12H, J= 6.8 Hz), 0.57 (m, 2H). 13C NMR 

(CDCl3, 125 MHz) 176.1, 169.7, 145.8, 134.5, 130.7, 124.4, 123.1, 51.3, 49.6, 29.0, 28.6, 

24.3(sd), 7.3. Anal. Calcd for C33H49AuN2O5Si: C, 50.89; H, 6.34; N, 3.60. Found: C, 50.84; 

H, 6.28; N, 3.69 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](vinyl)gold(I) [Au(IPr)C2H3] (3u)  

Prepare accordingly to GP2. Yield (37.4 mg, 92%). 1H NMR (CDCl3, 400 MHz) 7.47 (t, 2H, 

J= 7.6 Hz), 7.27 (d, 4H, J= 7.2 Hz), 7.10 (s, 2H), 6.75 (dd, 1H, Jtrans= 18 Hz, Jcis= 8.8 Hz), 

5.57 (dd, 1H, Jtrans= 18 Hz, Jgem= 8 Hz), 4.90 (dd, 1H, Jcis= 28 Hz, Jgem= 8 Hz), 2.62 (sept, 4H, 

J= 3 Hz), 1.36 (d, 12H, J= 6.8 Hz), 1.21 (d, 12H, J= 6.8 Hz). 13C NMR (CDCl3, 125 MHz) 

198.2, 194.9, 165.6, 145.9, 134.8, 130.2, 129.7, 124.1, 122.8, 30.0, 29.0, 24.6, 24.1. Anal. 

Calcd for C29H39AuN2: C, 56.86; H, 6.42; N, 4.57. Found: C, 56.91; H, 6.35; N, 4.44 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](allyl)gold(I) [Au(IPr)C3H5] (3t) 

Prepare accordingly to GP2.  Yield (28.2 mg, 68%). 1H NMR (CDCl3, 400 MHz) 7.47 (t, 2H, 

J= 7.6 Hz), 7.27 (d, 4H, J= 7.2 Hz), 7.10 (s, 2H), 6.75 (dd, 1H, Jtrans= 18 Hz, Jcis= 8.8 Hz), 

5.57 (dd, 1H, Jtrans= 18 Hz, Jgem= 8 Hz), 4.90 (dd, 1H, Jcis= 28 Hz, Jgem= 8 Hz), 2.62 (sept, 4H, 

J= 3 Hz), 1.36 (d, 12H, J= 6.8 Hz), 1.21 (d, 12H, J= 6.8 Hz). 13C NMR (CDCl3, 125 MHz) 

197.3, 145.9, 135.7, 140.8, 134.8, 130.2, 124.0, 122.9, 112.5, 67.2, , 28.9, 24.7, 24.1. Anal. 

Calcd for C29H39AuN2: C, 57.50; H, 6.59; N, 4.47. Found: C, 57.56; H, 6.47; N, 4.54. 

 
DFT calculations. 

All the DFT geometry optimizations were performed at the GGA BP86[1] level with the 

Gaussian09 package.[2] The electronic configuration of the systems was described with the SVP 

basis set  for H, C, N, Si, and O while for Au we adopted the quasi-relativistic SDD/ECP effective 
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core potential.[3] All geometries were characterised as minimum or transition state through 

frequency calculations. The reported internal energies were built through single point energy 

calculations on the BP86/SVP geometries using the BP86 functional and the triple-z TZVP[4] basis 

set on main group atoms. Solvent effects were included with the PCM model using 1,4-Dioxane 

as the solvent.[5]. 
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Chapter 4 
 

General remarks 

All reactions were carried out in air. All reagents and solvents were used as purchased. NMR 

spectra were recorded on a Bruker Avance 300 or a Bruker Avance II 400 NMR spectrometer 

and reported in ppm: 1H NMR spectra were recorded at 400 MHz and are referenced to TMS, 
13C NMR spectra were recorded at 100 MHz, 19F NMR spectra were recorded at 376.5 MHz. 

Elemental ananlysis were performed at London Metropolitan University Service. Complex 

[Au(OH)(IPr)] 1a was prepared accordingly to the procedure described in Chapter 1.  

 

General procedure for stoichiometric decarboxylation 

A 4 mL vial was charged with [Au(OH)(IPr)] 1a (20 mg, 0.033 mmol) and the carboxylic 

acid 22/24 (0.033 mmol) in toluene (0.4 mL). The reaction mixture was stirred at 110°C and 

monitored by 1H NMR. Upon completion, the product mixture was concentrated under 

reduced pressure to afford the clean desired product without further purification. When traces 

of impurities were observed (yellowish colour), the crude was dissolved in a minimum 

amount of DCM (ca. 50-100 µL) and pentane was added. The solution was triturated until a 

precipitation of a solid and filtered off the afford the pure product. 

 

Kinetic studies of the gold-mediated decarboxylation  

 A NMR tube was charged with [Au(OH)(IPr)] 1a (20 mg, 0.033 mmol) and the carboxylic 

acid 22 (0.033 mmol) in toluene (0.4 mL). This reaction mixture was directly analysed by 1H 

NMR  and then placed in an oil bath at 110 °C. The tube was removed after 0.75, 1.5 and 2 h 

and each time cooled in a water bath. The reaction mixture was next analysed by 1H NMR 

and returned to the oil bath. Reaction rates were determining by measuring the formation of 

the arylgold product.  

 

Synthesis of gold 2,6-dimethoxybenzoate complex 26a  

A 4 mL vial was charged with [Au(OH)(IPr)] 1a (20 mg, 0.033 mmol) and the carboxylic 

acid 22a (6.0 mg, 0.033 mmol) in toluene (0.4 mL). The reaction mixture was stirred at room 

temperature for 5 mins. Then, the product mixture was concentrated under reduced pressure 

to afford the clean desired gold 2,6-dimethoxybenzoate 26a as a white solid (28 mg, >99%). 

 

Product Characterisation data  

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](2,6-dimethoxyphenyl)gold(I) (23a) 
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1H NMR (CDCl3, 400 MHz): δ 7.48 (t, 2H, J = 8 Hz), 7.29 (d, 4H, J = 7.6 Hz), 7.17 (s, 2H), 

6.81 (t, 1H, J = 7.8 Hz), 6.42 (d, 2H, J = 8 Hz), 3.30 (s, 6H), 2.69 (sept, 1H, J = 6.8 Hz), 1.39 

(d, 12H, J = 6.8 Hz), 1.24 (d, 12H, J = 6.8 Hz). 13C NMR (CDCl3, 100 MHz): δ 196.5, 168.1, 

146.1, 143.9, 135, 130.1, 126.1, 124, 122.7, 107.6, 56.9, 29, 24.4, 24.2. Anal. Calcd for 

C35H45AuN2O2: C, 58.17; H, 6.27; N, 3.88. Found: C, 58.17; H, 6.35; N, 3.72. 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](2-acetylphenyl)gold(I) (23b) 
1H NMR (CDCl3, 400 MHz): δ 7.70-7.68 (m, 1H), 7.50 (t, 2H, J = 8 Hz), 7.30 (d, 4H, J = 7.6 

Hz), 7.28-7.25 (m, 2H), 7.21 (s, 2H), 6.81 (t, 1H, J = 7.8 Hz), 7.17-7.14 (m, 1H), 2.57 (sept, 

1H, J = 6.8 Hz), 2.13 (s, 3H), 1.39 (d, 12H, J = 6.8 Hz), 1.23 (d, 12H, J = 6.8 Hz). 13C NMR 

(CDCl3, 100 MHz): δ 205.1, 171.2, 168.2, 145.8, 142.8, 135.7, 134.1, 130.8, 129.8, 129.4, 

125.9, 124.4, 123.3, 30.3, 29.0, 24.5, 24.2. Anal. Calcd for C35H43AuN2O: C, 59.65; H, 6.15; 

N, 3.98. Found: C, 59.54; H, 6.20; N, 3.89. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](2-methoxyphenyl)gold(I) (23c) 
1H NMR (CDCl3, 400 MHz): δ 7.47 (t, 2H, J = 8 Hz), 7.28 (d, 4H, J = 7.6 Hz), 7.16 (s, 2H), 

6.85 (td, 1H, J = 7.6, 1.6 Hz), 7.02 (dd, 1H, J = 7, 1.8 Hz), 6.66-6.72 (m, 2H), 3.38 (s, 3H), 

2.68 (sept, 1H, J = 6.8 Hz), 1.40 (d, 12H, J = 6.8 Hz), 1.24 (d, 12H, J = 6.8 Hz). 13C NMR 

(CDCl3, 100 MHz): δ 196.7, 166.7, 157.0, 145.9, 141.1, 134.8, 130.2, 125.3, 124.0, 122.8, 

120.6, 113.2, 56.9, 28.9, 24.5, 24.1. Anal. Calcd for C34H43AuN2O: C, 58.95; H, 6.26; N, 

4.04. Found: C, 59.02; H, 6.17; N, 3.92. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](2-dimethylaminophenyl)gold(I) (23d) 
1H NMR (CDCl3, 400 MHz): δ 7.49 (t, 2H, J = 7.8 Hz), 7.30 (d, 4H, J = 8 Hz), 7.17 (s, 2H), 

7.00 (dd, 1H, J = 6.8, 1.6 Hz), 6.82 (m, 1H), 6.71 (dd, 1H, J = 8, 1.2 Hz), 6.59 (td, 1H, J = 

7.2, 1.2 Hz), 2.70 (sept, 1H, J = 6.8 Hz), 2.49 (s, 6H), 1.38 (d, 12H, J = 6.8 Hz), 1.23 (d, 12H, 

J = 6.8 Hz). 13C NMR (CDCl3, 100 MHz): δ 196.8, 162.3, 161.5, 145.9, 141.0, 135.0, 130.2, 

124.9, 124.0, 122.8, 119.7, 117.0, 45.2, 28.9, 24.4, 24.3. Anal. Calcd for C35H46AuN3: C, 

59.57; H, 6.57; N, 5.95. Found: C, 59.70; H, 6.20; N, 5.88. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](2,6-difluorophenyl)gold(I) (23e) 

1H NMR (CDCl3, 400 MHz): δ 7.48 (t, 2H, J = 8 Hz), 7.29 (d, 4H, J = 7.6 Hz), 7.18 (s, 2H), 

6.80 (qt, 1H, J = 8 Hz), 6.59 (d, 1H, J = 5.6 Hz), 6.57 (d, 1H, J = 5.6 Hz), 2.66 (sept, 1H, J = 

6.8 Hz), 1.40 (d, 12H, J = 6.8 Hz), 1.23 (d, 12H, J = 6.8 Hz). 13C NMR (CDCl3, 100 MHz): δ 

194.3, 170.4 (d, J = 24.8 Hz), 168.2 (d, J = 24.5 Hz), 145.9, 143.9, 134.5, 130.4, 126.3 (t, J = 

8.3 Hz), 124.1, 122.9, 109.0 (dd, J = 30.7 Hz, J = 3 Hz ), 29, 24.5, 24.2. 19F NMR (CDCl3, 
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376 MHz): δ -87.66 (t, 2F, J = 6.2 Hz). Anal. Calcd for C33H39AuF2N2: C, 56.73; H, 5.63; N, 

4.01. Found: C, 59.68; H, 5.51; N, 3.99. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](2-fluorophenyl)gold(I) (23f) 
1H NMR (CDCl3, 400 MHz): δ 7.47 (t, 2H, J = 8 Hz), 7.28 (d, 4H, J = 7.6 Hz), 7.16 (s, 2H), 

7.08-7.05 (m, 1H), 6.89-6.81 (m, 2H), 6.76-6.73 (m, 1H), 2.67 (sept, 1H, J = 6.8 Hz), 1.41 (d, 

12H, J = 6.8 Hz), 1.25 (d, 12H, J = 6.8 Hz). 13C NMR (CDCl3, 100 MHz): δ 195.7, 170.4, 

167.3, 152.8, 152.1, 145.9, 141.3, 141.1, 134.6, 130.3, 125.5 (d, J = 38 Hz), 124.1, 122.9, 

122.7, 113.3, 112.9, 29.0, 24.6, 24.1. 19F NMR (CDCl3, 376 MHz): δ -89.75 (s, 1F). Anal. 

Calcd for C33H40AuN2F: C, 58.23; H, 5.92; N, 4.12. Found: C, 58.35; H, 6.03; N, 3.99. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](2,3,4,5,6-pentafluorophenyl)gold(I) (23g) 
1H NMR (CDCl3, 400 MHz): δ 7.49 (t, 2H, J = 7.8 Hz), 7.29 (d, 4H, J = 8 Hz), 7.20 (s, 2H), 

2.62 (sept, 1H, J = 6.8 Hz), 1.36 (d, 12H, J = 6.8 Hz), 1.24 (d, 12H, J = 6.8 Hz). 13C NMR 

(CDCl3, 100 MHz): δ 192.1, 145.9, 134.2, 130.6, 129.2, 128.7, 128.4, 124.2, 123.1, 122.8, 

119.7, 117.0, 45.2, 29.0, 24.5, 24.2. 19F NMR (CDCl3, 376 MHz): δ -164.4 (t, 2F, J = 27.1 

Hz), -161.7 (t, 1F, J = 26.3 Hz), -116.6 (d, 2F, J = 27.1 Hz). Anal. Calcd for C33H36AuF5N2: 

C, 52.66; H, 4.82; N, 3.72. Found: C, 52.71; H, 4.81; N, 3.56. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](2-cyanophenyl)gold(I) (23h) 
1H NMR (CDCl3, 400 MHz): δ 7.53-7.47 (m, 4H), 7.42-7.39 (m, 4H), 7.30 (d, 4H, J = 7.6 

Hz), 7.22 (s, 2H), 2.61 (sept, 1H, J = 6.8 Hz), 1.44 (d, 12H, J = 6.8 Hz), 1.25 (d, 12H, J = 6.8 

Hz). 13C NMR (CDCl3, 100 MHz): δ 178.3, 177.4, 145.9, 136.4, 134.1, 131.9, 130.8, 129.2, 

124.3, 123.2, 121.5, 29.1, 24.6, 24.2. Anal. Calcd for C34H40AuN3: C, 59.38; H, 5.86; N, 6.11. 

Found: C, 59.39; H, 5.72; N, 6.00. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](2-nitrophenyl)gold(I) (23i) 

 

Synthesis from boronic acid: [Au(OH)(IPr)] 1a (20 mg, 0.033 mmol) and 2-

nitrophenylboronic acid (5.8 mg, 0.035 mmol) were charged in a vial containing benzene (0.5 

mL). The reaction was stirred at room temperature overnight. The solution was filtered 

through Celite®, the solvent was removed from the filtrate under vacuum and pentane (6 mL) 

was added. The resulting precipitate was collected on a frit, washed with pentane (3 x 3 mL) 

and dried under vacuum to afford 2i as a microcrystalline white solid (16.9 mg, 74%). 
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1H NMR (CDCl3, 400 MHz): δ 7.73 (d, 1H, J = 8 Hz), 7.49 (t, 2H, J = 8 Hz), 7.30 (d, 1H, J = 

8 Hz), 7.18-7.16 (m, 4H), 6.96-6.91 (m, 1H), 2.67 (sept, 1H, J = 6.8 Hz), 1.39 (d, 12H, J = 

6.8 Hz), 1.24 (d, 12H, J = 6.8 Hz). 13C NMR (CDCl3, 100 MHz): δ 193.2, 164.6, 158.8, 

145.9, 141.7, 134.6, 130.9, 130.4, 129.2, 128.4, 125.4, 124.3, 124.1, 123.0, 122.9, 29.0, 24.5, 

24.2. Anal. Calcd for C33H40AuN3O2: C, 56.01; H, 5.70; N, 5.94. Found: C, 56.12; H, 5.63; N, 

5.83. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](2-formylphenyl)gold(I) (23j) 

 

Synthesis from boronic acid: [Au(OH)(IPr)] 1a (20 mg, 0.033 mmol) and (2-

formylphenyl)boronic acid (5.2 mg, 0.035 mmol) were charged in a vial containing benzene 

(0.5 mL). The reaction was stirred at room temperature overnight. The solution was filtered 

through Celite®, the solvent was removed from the filtrate under vacuum and pentane (6 mL) 

was added. The resulting precipitate was collected on a frit, washed with pentane (3 x 3 mL) 

and dried under vacuum to afford 2j as a microcrystalline white solid (16.2 mg, 71%). 
 

1H NMR (CDCl3, 400 MHz): δ 9.63 (sd, 1H, J = 0.8 Hz), 7.75 (d, 1H, J = 7.6 Hz), 7.53 (t, 

2H, J = 7.8 Hz), 7.32 (d, 4H, J = 8 Hz), 7.25 (d, 1H, J = 7.2 Hz), 7.21 (s, 2H), 7.18 (td, 1H, J 

= 7.2, 1.6 Hz), 6.98 (t, 1H, J = 7.8 Hz), 2.67 (sept, 1H, J = 6.8 Hz), 1.36 (d, 12H, J = 6.8 Hz), 

1.25 (d, 12H, J = 6.8 Hz). 13C NMR (CDCl3, 100 MHz): δ 199.5, 196.5, 180.0, 146.0, 145.9, 

141.2, 134.5, 131.1, 130.6, 126.1, 124.4, 124.2, 123.1, 29.0, 24.5, 24.2. Anal. Calcd for 

C34H41AuN2O: C, 59.13; H, 5.98; N, 4.06. Found: C, 59.22; H, 5.93; N, 3.93. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl]((E)-styryl)gold(I) (23k) 
1H NMR (CDCl3, 400 MHz): δ 7.49 (t, 2H, J = 8 Hz), 7.40 (d, 1H, J = 19.6 Hz), 7.30 (d, 4H, 

J = 7.6 Hz), 7.20-7.18 (d, 2H, J = 8.4 Hz), 7.13-7.09 (m, 4H), 6.95 (tdt, 1H, J = 7.2 Hz), 6.32 

(d, 1H, J = 19.2 Hz), 2.66 (sept, 1H, J = 6.8 Hz), 1.40 (d, 12H, J = 6.8 Hz), 1.23 (d, 12H, J = 

6.8 Hz). 13C NMR (CDCl3, 100 MHz): δ 197.9, 158.6, 145.9, 143.1, 141.2, 134.8, 130.3, 

128.0, 125.3, 125.1, 124.1, 122.9, 28.9, 24.6, 24.1. Anal. Calcd for C35H43AuN2: C, 61.04; H, 

6.29; N, 4.07. Found: C, 61.15; H, 6.39; N, 3.88. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](4-methoxyphenyl)gold(I) (23l) 

 

Synthesis from boronic acid: [Au(OH)(IPr)] 1a (20 mg, 0.033 mmol) and (4-

methoxybenzene)boronic acid (5.3 mg, 0.035 mmol) were charged in a vial containing 

benzene (0.5 mL). The reaction was stirred at room temperature overnight. The solution was 
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filtered through Celite®, the solvent was removed from the filtrate under vacuum and pentane 

(6 mL) was added. The resulting precipitate was collected on a frit, washed with pentane (3 x 

3 mL) and dried under vacuum to afford 2j as a microcrystalline white solid (19.6 mg, 86%). 
 

1H NMR (CDCl3, 400 MHz): δ 7.95 (d, 2H, J = 9 Hz), 7.61 (t, 2H, J = 8 Hz), 7.41 (d, 1H, J = 

8 Hz), 7.29 (s, 2H), 6.83 (d, 2H, J = 8.8 Hz), 3.86 (s, 3H), 2.71 (sept, 1H, J = 6.8 Hz), 1.52 (d, 

12H, J = 6.8 Hz), 1.34 (d, 12H, J = 6.8 Hz). 13C NMR (CDCl3, 100 MHz): δ 197.1, 160.6, 

145.9, 140.8, 134.8, 130.2, 122.8, 117.3, 112.8, 55.1, 28.9, 24.7, 24.1. Anal. Calcd for 

C34H43AuN2O: C, 58.95; H, 6.26; N, 4.04. Found: C, 58.99; H, 6.15; N, 3.87. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](furan-2-yl)gold(I) (25a) 
1H NMR (CDCl3, 400 MHz): δ 7.50 (dd, 1H, J = 1.8, 0.6 Hz), 7.47 (t, 2H, J = 8 Hz), 7.28 (d, 

1H, J = 7.6 Hz), 7.15 (s, 2H), 6.24 (dd, 1H, J = 3.0, 1.8 Hz), 5.81 (dd, 1H, J = 3.0, 0.6 Hz), 

2.65 (sept, 1H, J = 6.8 Hz), 1.39 (d, 12H, J = 6.8 Hz), 1.23 (d, 12H, J = 6.8 Hz). 13C NMR 

(CDCl3, 100 MHz): δ 194.6, 192.3, 145.8, 143.9, 141.2, 134.5, 130.4, 124.1, 123.1, 117.9, 

107.7, 28.9, 24.7, 24.1. Anal. Calcd for C31H39AuN2O: C, 57.05; H, 6.02; N, 4.29. Found: C, 

57.13; H, 5.95; N, 4.20. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](thiophen-2-yl)gold(I) (25b) 
1H NMR (CDCl3, 400 MHz): δ 7.47 (t, 2H, J = 8 Hz), 7.37 (dd, 1H, J = 4.6, 0.6 Hz), 7.28 (d, 

1H, J = 7.6 Hz), 7.18-7.15 (m, 4H), 6.66 (dd, 1H, J = 3.2, 0.8 Hz), 2.66 (sept, 1H, J = 6.8 Hz), 

1.40 (d, 12H, J = 6.8 Hz), 1.24 (d, 12H, J = 6.8 Hz). 13C NMR (CDCl3, 100 MHz): δ 194.3, 

165.8, 145.8, 134.5, 132.3, 130.4, 126.7, 126.1, 124.1, 123.0, 28.9, 24.6, 24.1. Anal. Calcd for 

C31H39AuN2S: C, 55.68; H, 5.88; N, 4.19. Found: C, 55.76; H, 5.80; N, 4.13. 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](oxazol-2-yl)gold(I) (25c) 
1H NMR (CDCl3, 400 MHz): δ 7.88 (s, 1H), 7.49 (t, 2H, J = 8 Hz), 7.29 (d, 1H, J = 7.6 Hz), 

7.17 (s, 2H), 6.41 (s, 1H), 2.62 (sept, 1H, J = 6.8 Hz), 1.36 (d, 12H, J = 6.8 Hz), 1.23 (d, 12H, 

J = 6.8 Hz). 13C NMR (CDCl3, 100 MHz): δ 152.9, 145.8, 145.8, 134.3, 133.5, 129.2, 128.4, 

124.2, 123.3, 28.9, 24.6, 24.1. Anal. Calcd for C30H38AuN3O: C, 55.13; H, 5.86; N, 6.43. 

Found: C, 55.19; H, 5.59; N, 6.38 

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](benzofuran-2-yl)gold(I) (25d) 
1H NMR (CDCl3, 400 MHz): δ 7.50 (dd, 1H, J = 1.8, 0.6 Hz), 7.47 (t, 2H, J = 8 Hz), 7.28 (d, 

1H, J = 7.6 Hz), 7.15 (s, 2H), 6.24 (dd, 1H, J = 3.0, 1.8 Hz), 5.81 (dd, 1H, J = 3.0, 0.6 Hz), 

2.65 (sept, 1H, J = 6.8 Hz), 1.39 (d, 12H, J = 6.8 Hz), 1.23 (d, 12H, J = 6.8 Hz). 13C NMR 
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(CDCl3, 100 MHz): δ 194.6, 192.3, 145.8, 143.9, 141.2, 134.5, 130.4, 124.1, 123.1, 117.9, 

107.7, 28.9, 24.7, 24.1. Anal. Calcd for C35H41AuN2O: C, 59.82; H, 5.88; N, 3.99. Found: C, 

59.93; H, 5.75; N, 3.97.  

 

[N,N-Bis(2,6-diisopropylphenyl)imidazol-2-yl](benzothiophen-2-yl)gold(I) (25e) 
1H NMR (CDCl3, 400 MHz): δ 7.50 (dd, 1H, J = 1.8, 0.6 Hz), 7.47 (t, 2H, J = 8 Hz), 7.28 (d, 

1H, J = 7.6 Hz), 7.15 (s, 2H), 6.24 (dd, 1H, J = 3.0, 1.8 Hz), 5.81 (dd, 1H, J = 3.0, 0.6 Hz), 

2.65 (sept, 1H, J = 6.8 Hz), 1.39 (d, 12H, J = 6.8 Hz), 1.23 (d, 12H, J = 6.8 Hz). 13C NMR 

(CDCl3, 100 MHz): δ 194.1, 168.8, 145.9, 143.4, 141.7, 134.4, 130.5, 128.9, 124.2 123.1, 

122.5, 121.7, 121.5, 121.1, 29.0, 24.7, 24.1. Anal. Calcd for C35H41AuN2S: C, 58.49; H, 5.75; 

N, 3.90. Found: C, 58.59; H, 5.64; N, 3.94. 

 

Solution Calorimetric Measurement of the Enthalpy of Reaction (ΔHrxn) of 

[Au(OH)(IPr)] 1a with carboxylic acids 22 or 24.  

 

All measurements were performed in a similar manner and were based on highly pure 

[Au(OH)(IPr)] 1a in the presence of an excess carboxylic acid. A typical measurement was 

made as follows: in the glovebox 18.0 mg of carboxylic acid and 30.0 mg of [Au(OH)(IPr)] 

were respectively dissolved in 2 mL and 0.75 mL of THF. Then 0.75 mL of the solution (9.9 

x 10-2 mmol of carboxylic acid]) was transferred to the bottom compartment of a Setaram C-

80 reverse mixing cell via a Hamilton gastight syringe. Next 300 µL of the solution (5.0 x 10-2 

mmol of [Au(OH)(IPr)] 1a was loaded into the top sample compartment of the same 

calorimeter cell. The cell was sealed, removed from the glovebox, and loaded into the 

calorimeter. After thermal equilibration, the reaction was initiated by inverting the 

calorimeter and monitored to completion at 30 °C. Following return to the baseline, contents 

of the cell were examined by 1H to confirm quantitative conversion to the desired product. 

The enthalpy of reaction (ΔHrxn) with all species in solution was measured as -9.4 ± 1.0 

kcal/mol and is based on the average of three independent determinations. Standard 

deviations for repetitive measurements were typically less than 1.0 kcal/mol. As such, all 

uncertainties for the measurements of ΔHrxn were assigned as ±1.0 kcal/mol. 
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Chapter 5 

 
General remarks. Unless otherwise stated all carboxylic acids were used as purchased and 

all reactions were carried out in air. 1H and 13C Nuclear Magnetic Resonance (NMR) spectra 

were recorded on a Bruker- 300 MHz or 400 MHz spectrometer at ambient temperature in 

CD2Cl2 or CDCl3. Chemical shifts (d) are reported in ppm, relative to the solvent residual 

peak CD2Cl2 (5.31 ppm and 53.80 ppm) and CDCl3 (7.26 ppm and 77.16 ppm). Data for 1H 

NMR are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, 

br = broad signal, m = multiplet), coupling constants (J) in hertz and integration. Elemental 

analysis were carried out by the analytical services of London Metropolitan University. 

Anhydrous toluene was taken from the solvent purification system machine. Anhydrous N,N-

dimethylacetamide was distilled from sodium (Na) under argon (Ar) atmosphere. All other 

solvents were used without further purification. 

Gas chromatography analyses (GC) were performed on an Agilent 7890A apparatus equipped 

with a flame ionization detector and a (5%-phenyl)methylpolysiloxane column (30 m, 320 

µm, film: 0.25 µm). Flow rate 1 mL/min constant flow, inlet temperature 260 °C, column 

temperature 50 °C, 20 °C/min increase to 300 °C (held for 1 min), total time 7.6 min. 

 

Complex 1a was prepared accordingly to the procedure described in Chapter 1. 

Complexes 1g (SIPr) [Au(OPiv)(SIPr)] were prepared according to the procedure reported in 

our group1  

 

General procedure for the synthesis of the well-defined catalyst (GP1) 

Carboxylic acid (0.5 mmol) 22 and [Au(OH)(SIPr)] 1g (0.5 mmol) were stirred in toluene at 

room temperature overnight. The solvent was then removed in vacuo and the crude mixture 

was triturated with pentane and filtered, washed with pentane to afford a white solid.  

 

[N,N-Bis(2,6-diisopropylphenyl)4,5-dihydroimidazolyl-2-yl](butan-1-carboxyl)gold(I) 

[Au(O2CnBu)(SIPr)] (1k) 
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Prepared according to GP1 and isolated in 78% yield as a white solid. 1H-NMR (400 MHz; 

CD2Cl2): δ 7.46 (t, J = 7.7 Hz, 2H), 7.28 (d, J = 7.8 Hz, 4H), 4.04 (s, 4H), 3.05 (sept, J = 6.8 

Hz, 4H), 1.84 (t, J = 7.5 Hz, 2H), 1.62 (q, J = 6.3 Hz, 2H), 1.41 (d, J = 6.8 Hz, 12H), 1.33 (d, 

J = 6.9 Hz, 12H), 0.72 (t, J = 7.4 Hz, 3H). 13C NMR (CD2Cl2, 101 MHz): 190.29, 178.62, 

147.15, 134.54, 130.21, 124.90, 53.8, 39.50, 29.31, 25.06, 24.23, 19.64, 14.08. Anal. Calc. for 

C32H47AuN2O2 (688.69): C, 55.81; H, 6.88; N, 4.07. Found C, 55.88, H, 6.8, N, 4.12 

 

[N,N-Bis(2,6-diisopropylphenyl)4,5-dihydroimidazolyl-2-yl](adamantane-1-carboxyl)gold(I) 

[Au(O2CAd)(SIPr)] (1l) 

 
Prepared according to GP1 and isolated in 72% yield as a white solid. 1H NMR (CD2Cl2, 500 

MHz): 7.48 (t, 2H,  J= 7.5 Hz), 7.29 (d, 4H, J= 8 Hz), 4.02 (s, 4H), 3.05 (sept, 4H, J= 7 Hz), 

1.81 (br, 3H), 1.63 (br, 6H), 1.57 (br, 6H), 1.41 (d, 12H, J= 7 Hz), 1.33 (d, 12H, J= 7 Hz). 13C 

NMR (CD2Cl2, 125 MHz): 190.70, 182.09, 147.15, 134.67, 130.14, 124.93, 53.88, 42.36, 

40.18, 37.19. 29.31, 29.27, 29.01, 25.15, 25.05, 24.23, 24.18. Anal. Calc. for C38H53AuN2O4 

(766.38): C, 59.52; H, 6.97; N, 3.65. Found C, 59.38, H, 7.06, N, 3.76 

 

General procedure  for the protodecarboxylation of (hetero)aromatic carboxylic acids (GP2) 

First protocol: A mixture of carboxylic acid 22 (0.5 mmol) and [Au(O2CAd)(SIPr)] 1g (0.01 

mmol) in anhydrous toluene (1.5 mL) was stirred at 120 °C. After 16 h, the reaction was 

cooled down to room temperature and solvent was removed in vacuo. The crude mixture was 

then triturated with pentane, filtered and washed with pentane (3 x 5 mL). The filtrate was 

concentrated in vacuo to afford the pure arene.  

 

Second protocol: A mixture of carboxylic acid (0.5 mmol) and [Au(O2CAd)(SIPr)] (g (0.025 

mmol) in anhydrous DMAc (1.5 mL) was stirred at 140 °C. After 20 h, the crude mixture was 

quenched with 2 M HCl (2 mL) and the aqueous phase extracted with Et2O (5 mL). The latter 

was washed then with 1M NaOH (10 mL). The combined organic layers were washed with 

brine (25 mL) and dried (MgSO4). The crude mixture was concentrated and then triturated 

with pentane, filtered and washed with pentane (3 x 2 mL). Concentration under reduced 

pressure gave the desired pure product. 
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General procedure 2 for the monoprotodecarboxylation of (hetero)aromatic carboxylic acids 

(GP3) 

 

A mixture of dicarboxylic acid 22 (0.5 mmol) and 1g (0.025 mmol) in anhydrous toluene (2 

mL) was stirred at 120 °C. After 16 h, the crude mixture was quenched with 1 M NaOH (10 

mL) and the aqueous phase extracted with dichloromethane (10 mL). The aqueous phase was 

collected and sulfuric acid was added until acidic pH. It was then extracted with EtO2 (3 x 5 

mL). Concentration underreduced pressure furnished the clean carboxylic acid as a solid.  

 

The following protodecarboxylated products were commercially available (CAS numbers 

given) or previously described. Their analytical data are identical with those reported in the 

literature. 

 

1,3-dimethoxybenzene (27a) 

Prepared according to GP2 from 2,6-dimethoxybenzoic acid (0.5 mmol, 91 mg) and obtained 

as a colourless liquid (59 mg, 86%) [CAS: 151-10-0] 
1H NMR (CDCl3, 400 MHz): δ 7.20 (t, 2H,  J= 8 Hz), 6.53 (dd, 2H, J= 8.4 Hz, J= 2.4 Hz), 

6.49 (t, 2H, J= 2.4 Hz), 3.8 (s, 6H). 13C NMR (CDCl3, 101 MHz): δ 160.9, 130, 106.3, 100.6, 

55.4. 

 

Anisole (27b) 

Prepared according to GP2 from 2-methoxybenzoic acid (0.5 mmol, 76.1 mg) in d8-toluene to 

give 2b (>99%) determined by 1H NMR using 1,3,5-trimethoxybenzene as the internal 

standard [CAS: 100-66-3]. 
1H NMR (C7H8, 400 MHz): δ 7.09 (t, 2H, J= 8 Hz), 6.79 (t, 1H, J= 7.4 Hz), 6.74 (d, 2H, J= 8 

Hz), 3.31 (s, 3H).  

 

N,N-dimethylaniline (27c) 

Prepared according to GP2 from 2-(dimethylamino)benzoic acid (0.5 mmol, 82.6 mg) and 

obtained as a yellow liquid (51 mg, 85%) [CAS: 121-69-7] 
1H NMR (CDCl3, 400 MHz): δ 7.24 (t, 2H,  J= 7.2 Hz), 6.72 (m, 3H), 2.93 (s, 6H). 13C NMR 

(CDCl3, 101 MHz): δ 150.8, 129.2, 116.7, 112.8, 40.7. 

 

Furan (27f) 

Prepared according to the GP2 from 2-furoic acid (0.5 mmol, 56 mg) in d8-toluene to give 2d 

(76%) calculated by 1H NMR using hexamethylbenzene as the internal standard [CAS: 100-

66-3]. 
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1H NMR (C7H8, 400 MHz): δ 7.10 (br, 2H), 6.06 (br, 2H). 

 

Thiophene (27g) 

Prepared according to GP2 from 2-thiophenecarboxylic acid (0.5 mmol, 64.1 mg) in d8-

toluene to give 2e (79%) calculated by 1H NMR using hexamethylbenzene as the internal 

standard [CAS: 110-02-1]. 
1H NMR (C7H8, 400 MHz): δ 6.89 (d, 2H, J= 6 Hz), 6.80 (d, 2H, J= 6 Hz). 

 

Oxazole (27h) 

Prepared according to the GP2 from oxazole-2-carboxylic acid (0.5 mmol, 56.5 mg) in d8-

toluene to give 2f (94%) calculated by 1H NMR using 1,3,5-trimethoxybenzene as the internal 

standard [CAS: 288-42-6]. 
1H NMR (C7H8, 400 MHz): δ 7.22 (s, 1H), 6.93 (s, 1H), 6.77 (s, 1H). 

 

Benzofuran (27i) 

Prepared according to the GP2 from benzofuran-2-carboxylic acid (0.5 mmol, 81.1 mg) and 

obtained as a yellow oil (39.5 mg, 67%) [CAS: 271-89-6] 
1H-NMR (500 MHz; CDCl3): δ 7.64 (d, J = 2.2 Hz, 1H), 7.62 (d, J = 7.6 Hz, 1H), 7.53 (d, J = 

8.1 Hz, 1H), 7.31 (td, J = 7.7, 1.2 Hz, 1H), 7.27-7.24 (m, 1H), 6.79 (dd, J = 2.2, 0.9 Hz, 1H). 
13C NMR (CDCl3, 101 MHz): δ 155.05, 145.03, 127.52, 124.34, 122.83, 121.30, 111.53, 

106.69. 

 

Benzothiophene (27j) 

Prepared according to the GP2 from benzothiophene-2-carboxylic acid (0.5 mmol, 89.1 mg) 

and obtained as a white solid (67.1 mg, 89%) [CAS: 95-15-8] 
1H-NMR (400 MHz; CDCl3): δ 7.90 (d, J = 6.9 Hz, 1H), 7.84 (dd, J = 6.4, 2.1 Hz, 1H), 7.45 

(d, J = 5.5 Hz, 1H), 7.37 (m, 3H). 13C NMR (CDCl3, 101 MHz): δ 139.82, 139.70, 126.43, 

124.33, 124.27, 123.97, 123.74, 122.62.  

 

Styrene (27m) 

Prepared according to the GP2 from trans-cinnamic acid (0.5 mmol, 74.1 mg) in d8-toluene to 

give 2i (90%) determined by 1H NMR using 1,3,5-trimethoxybenzene as the internal standard 

[CAS: 100-42-5]. 
1H NMR (C7H8, 400 MHz): δ 7.18 (d, 2H, J= 7 Hz), 7.07 (t, 2H, J= 7.4 Hz), 7.01 (m, 1H), 

6.52 (dd, 1H, Jtrans= 17.6 Hz, Jcis= 10.8 Hz), 5.56 (dd, 1H, Jtrans= 17.6 Hz, Jgem= 0.8 Hz), 5.05 

(dd, 1H, Jcis= 10.6 Hz, Jgem= 0.8 Hz) 
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1,2,3,4,5-Pentafluorobenzene (27k) 

Prepared according to the GP2 from 2,3,4,5,6-pentafluorobenzoic acid (0.5 mmol, 106 mg) in 

d8-toluene to give 2j (92%) determined by 1H NMR using 1,3,5-trimethoxybenzene as the 

internal standard [CAS: 363-72-4]. 
1H NMR (C7H8, 500 MHz): δ 5.82 (m, 1H). 19F (C7H8, 470 MHz): δ -139.2, -154.2, -162.5. 

 

1,3-difluorobenzene (27r) 

Prepared according to the GP2 from 2,6-difluorobenzoic acid (0.5 mmol, 106 mg) in d8-

toluene to give 2j (92%) calculated by 1H NMR [CAS: 363-72-4]. 
1H NMR (C7H8, 500 MHz): δ 6.91 (m, 1H), 6.42 (m, 2H), 6.37 (t, J= 8.7 Hz ,1H). 19F (C7H8, 

470 MHz): δ -109.9 

 

Nitrobenzene (27s) 

Prepared according to the GP2 from 2-nitrobenzoic acid (0.5 mmol, 83.6 mg) and obtained as 

a pale yellow liquid (51 mg, 85%) [CAS: 98-95-3] 
1H NMR (CDCl3, 400 MHz): δ 8.23 (d, 2H, J= 8.4 Hz), 7.70 (t, 1H, J= 7.4), 7.54 (t, 2H, J= 8 

Hz). 13C NMR (CDCl3, 101 MHz): δ 148.2, 134.7, 129.4, 123.6. 

 

Quinoline (27l) 

Prepared according to the GP2 from quinaldic acid (0.5 mmol, 86.6 mg) and obtained as a 

colourless liquid (56 mg, 88%) [CAS: 91-22-5] 
1H NMR (CDCl3, 300 MHz): 8.92 (dd, 1H,  J= 4.2 Hz, J= 1.8 Hz), 8.15 (d, 1H, J= 8.4 Hz), 

8.11 (d, 1H, J= 8.4 Hz), 7.82 (dd, 1H, J= 8.1 Hz, J= 1.5 Hz), 7.72 (td, 1H, J= 8 Hz, J= 1.5 

Hz), 7.55 (td, 1H, J= 8 Hz, J= 1.2 Hz), 7.39 (dd, 1H, J= 8.4 Hz, J= 4.2 Hz). 13C NMR 

(CDCl3, 101 MHz): 150.5, 148.4, 136.2, 129.6, 128.4, 127.9, 126.7, 121.2. 

 

Isoquinoline (27n) 

Prepared according to the GP2 from isoquinoline-1-carboxylic acid (0.5 mmol, 86.6 mg) and 

obtained as a solid (63 mg, 97%) [CAS: 119-65-3] 
1H NMR (CDCl3, 500 MHz): 9.24 (s, 1H), 8.51 (d, 1H, J= 5.5 Hz), 7.93 (d, 1H, J= 8 Hz), 

7.79 (d, 1H, J= 8.5 Hz), 7.66 (td, 1H, J= 8.2 Hz, J= 1.2 Hz), 7.61 (d, 1H, J= 6 Hz), 7.57 (td, 

1H, J= 7 Hz, J= 1 Hz). 13C NMR (CDCl3, 101 MHz): 152.3, 143.1, 135.8, 130.4, 128.7, 

127.6, 127.3.7, 126.5, 120.5. 

 

4-methoxyquinoline (27o) 

Prepared according to the GP2 from 4-methoxy-2-quinolinecarboxylic acid (0.5 mmol, 101.6 

mg) and obtained as a white solid (68 mg, 86%) [CAS: 607-31-8] 
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1H NMR (300 MHz; CDCl3): δ  8.75 (d, J = 5.2 Hz, 1H), 8.19 (ddd, J = 8.3, 1.5, 0.6 Hz, 1H), 

8.03 (dt, J = 8.5, 0.9 Hz, 1H), 7.69 (ddd, J = 8.5, 6.9, 1.5 Hz, 1H), 7.49 (ddd, J = 8.3, 6.9, 1.3 

Hz, 1H), 6.72 (d, J = 5.2 Hz, 1H), 4.03 (s, 3H). 13C NMR (75 MHz; CDCl3): δ 162.43, 

151.45, 149.21, 129.87, 128.96, 125.73, 121.90, 121.50, 100.16, 55.80. 

 

Bromobenzene (27t) 

Prepared according to the GP2 from 2-bromobenzoic acid (0.5 mmol, 100.5 mg) and obtained 

as a pale yellow liquid (61 mg, 78%) [CAS: 108-86-1] 
1H NMR (300 MHz; CDCl3): δ 7.50 (dd, J = 8.2, 1.4 Hz, 2H), 7.30-7.23 (m, 3H). 13C NMR 

(75 MHz; CDCl3): δ 131.68, 130.18, 127.02, 122.65. 

 

1,3-dichlorobenzene (27u) 

Prepared according to the GP2 from 2,4-dichlorobenzoic acid (0.5 mmol, 95.5 mg) and 

obtained as a colourless liquid (68 mg, 93%) [CAS: 541-73-1] 
1H NMR (CDCl3, 300 MHz): δ 7.36 (m, 1H), 7.23 (t+d, 3H). 13C NMR (75 MHz; CDCl3): δ 

135.16, 130.61, 128.88, 127.04. 

 

Mesitylene (27y) 

Prepared according to the GP2 from 2,4,6-trimethylbenzoic acid (0.5 mmol, 82.1 mg) and 

obtained as a colourless liquid (54 mg, 90%) [CAS: 108-67-8] 
1H NMR (CDCl3, 400 MHz): δ 7.01 (s, 3H), 2.49 (s, 9H). 13C NMR (100 MHz; CDCl3): δ 

137.87, 127.04, 21.35.  

 

Acetophenone (27e) 

Prepared according to the GP2 from 2-acetylbenzoic acid (0.5 mmol, 82.1 mg) and obtained 

as a colourless liquid (43 mg, 72%) [CAS: 98-86-2] 
1H NMR (CDCl3, 400 MHz): δ 7.96 (dd, J = 8.3, 1.3 Hz, 2H), 7.57 (tt, J = 7.4, 1.6 Hz, 1H), 

7.47 (t, J = 7.6 Hz, 2H), 2.61 (s, 3H). 13C NMR (100 MHz; CDCl3): δ 198.31, 137.24, 133.24, 

128.70, 128.44, 26.77. 

 

3-nitrotoluene (27x) 

Prepared according to the GP2 from 4-nitro-2-methylbenzoic acid (0.5 mmol, 90.6 mg) and 

obtained as a colourless liquid (49 mg, 71%) [CAS: 99-08-1] 
1H NMR (CDCl3, 400 MHz): δ 8.02 (d, J = 8.6 Hz, 2H), 7.50 (d, J = 7.6 Hz, 1H), 7.41 (t, J = 

7.8 Hz, 1H), 2.46 (s, 3H). 13C NMR (100 MHz; CDCl3): δ 139.89, 135.45, 129.16, 123.96, 

120.77, 21.37. 
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4-chlorotoluene (27w) 

Prepared according to the GP2 from 2-methyl-5-chlorobenzoic acid (0.5 mmol, 85.3 mg) and 

obtained as a colourless liquid (47 mg, 74%) [CAS: 106-43-4] 
1H NMR (CD2Cl2, 500 MHz): δ 7.25 (d, J = 8.4 Hz, 2H), 7.13 (d, J = 8.0 Hz, 2H), 2.34 (s, 

3H). 13C NMR (125 MHz; CDCl3): δ 136.37, 131.19, 130.50, 128.40, 20.99. 

 

2,3,4,5-tetrafluorobenzoic acid (29a) 

Prepared according to the GP3 from tetrafluorophtalic acid (0.5 mmol, 119 mg) and obtained 

as a yellow solid (75 mg, 77%) [CAS: 1201-31-6] 
1H NMR (500 MHz; CD2Cl2): δ 11.10 (s, 1H), 7.71 (q, J = 8.7 Hz, 1H). 13C NMR (126 MHz; 

CDCl3): δ 185.34, 167.25, 150.12-148.0 (dd, 1C-F, J = 258.8, 13.5 Hz,), 148.0-146.05 (dd, J 

= 243.3, 16.1), 145.80-143.46 (dt, J = 250.9, 15.9), 141.78 (dt, J = 254.4, 16.2 Hz, 1C), 

114.13 (dd, J = 20.8, 3.5 Hz, 2C). 19F NMR (471 MHz; CD2Cl2): δ  -133.70 (dd, J = 28.4, 

15.5 Hz, 1F), -138.21 (dd, J = 20.7, 13.3 Hz, 1F), -146.24 (td, J = 20.2, 10.2 Hz, 1F), -154.01 

(t, J = 18.5 Hz, 1F).  

 

Mechanistic studies: stoichiometric reactions of Au(SIPr) complexes 

 

Synthesis of gold 2,6-dimethoxybenzoate intermediate (30a)  

A vial was charged with [Au(OH)(SIPr)] 1g (100 mg, 0.033 mmol) and 2,6-

dimethoxybenzoic acid 22a (0.033 mmol) in toluene (1.5 mL). The reaction mixture was 

stirred at room temperature for 4 h then concentrated to ca. 0.3 mL under reduced pressure 

and crystallised from pentane (10 mL). The resulting precipitate was collected on a frit and 

dried in vacuo to give 30a as a white powdery solid (130 mg, >99%).  
1H NMR (300 MHz; CDCl3): δ 7.42 (t, J = 7.8 Hz, 2H), 7.24 (d, J = 7.6 Hz, 4H), 6.97 (t, J = 

8.3 Hz, 1H), 6.33 (d, J = 8.4 Hz, 2H), 4.06 (s, 4H), 3.60 (s, 6H), 3.07 (sept, 4H), 1.47 (d, J = 

6.8 Hz, 12H), 1.34 (d, J = 6.9 Hz, 12H). 13C NMR (125 MHz; CDCl3): δ 190.13, 155.88, 

147.10, 134.52, 130.23, 129.30, 128.49, 128.04, 124.92, 104.12, 55.92, 29.32, 25.03, 24.3. 

Anal. Calc. for C36H47AuN2O4 (768.74): C, 56.25; H, 6.16; N, 3.64. Found C, 56.11, H, 6.20, 

N, 3.71. 

 

Synthesis of 2,6-dimethoxyphenylgold intermediate (31a) 

A vial was charged with 5  (70 mg, 0.039 mmol) in anhydrous toluene (0.5 mL). The reaction 

mixture was stirred at 110 °C for 2 h then concentrated to ca. 0.2 mL under reduced pressure 

and crystallised from pentane (5 mL). The resulting precipitate was collected on a frit and 

dried in vacuo to give 6 as a white powdery solid (58 mg, 88%).  
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1H NMR (300 MHz; CDCl3): δ 7.39 (t, J = 7.7 Hz, 2H), 7.24 (d, J = 7.5 Hz, 4H), 6.78 (t, J = 

7.9 Hz, 1H), 6.37 (d, J = 7.9 Hz, 2H), 4.02 (s, 4H), 3.21-3.11 (s+sept, 10H), 1.46 (d, J = 6.8 

Hz, 11H), 1.35 (d, J = 7.0 Hz, 12H). 13C NMR (75 MHz; CDCl3): δ 215.74, 168.09, 147.11, 

144.27, 135.12, 129.39, 126.19, 124.37, 107.32, 56.71, 53.74, 29.17, 25.03, 24.33.Anal. Calc. 

for C36H47AuN2O2 (724.73): C, 58.00; H, 6.54; N, 3.87. Found C, 57.38, H, 6.27, N, 4.03. 

 

Synthesis of 1,3-dimethoxybenzene 27a from 31a  

A 4 mL vial was charged with 31a  (50 mg, 0.034 mmol) and adamantane-1-carboxylic acid 

(0.034 mmol) in toluene (0.4 mL). The reaction mixture was stirred at room temperature for 2 

h then concentrated under reduced pressure and triturated with pentane (5 mL). The white 

suspension was filtered and the resulting filtrate was collected in a flask, concentrated in 

vacuo and dried to give 27a as colourless liquid (7 mg, 73%).  

 

 (1)  (a) Patrick, S. R.; Boogaerts, I. I. F.; Gaillard, S.; Slawin, A. M. Z.; 
Nolan, S. P. Beilstein J. Org. Chem. 2011, 7, 892;   (b) Gomez-Suarez, A.; Ramon, 
R. S.; Slawin, A. M. Z.; Nolan, S. P. Dalton Trans. 2012, 41, 5461. 
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Chapter 6 
 

General remarks 
All manipulations were performed under air. Kinetic analyses were performed in an argon-

filled MBraun glovebox containing less than 1 ppm of oxygen. Benzoic acids were purchased 

from Sigma-Aldrich and used as received. Anhydrous toluene was dispensed from a solvent 

purification system from Innovative Technology. Toluene-d8 was distilled on calcium hydride 

under reduced pressure, degassed and stored under argon with 4A M.S in a glovebox. When 

vials were used as the reaction vessel, they were sealed with Teflon-lined caps. Gas 

chromatography (GC) was performed on an Agilent 6890 N gas chromatograph. NMR 

spectra were recorded using a Bruker AVANCE 400 or 500 NMR spectrometer and reported 

in ppm: 1H NMR spectra were recorded at 400 MHz and are referenced to TMS, 13C NMR 

spectra were recorded at 100 MHz. Elemental ananlysis were performed at London 

Metropolitan University Service. 

Complex 1a, 1g and 30a were prepared according to Chapter 1,4 and 5. 

 

General Procedure for the carboxyl exchange (GP1)  

A NMR tube was charged with 1l (10 mg, 0.031 mmol) and one equivalent of the 

corresponding benzoic acid (0.031 mmol) in THF-d8 (0.5 mL). Then, the tube was stirred 

until complete dissolution of species (<5 min) and the mixture was analysed by 1H NMR.  

 

Reaction profile of gold(I)-catalysed protodecarboxylation of 22 to 27 (GP2) = 

A 4 mL vial with a stirring bar was charged with [Au(O2CAd)(SIPr)]  1l (0.025 or 0.05 

mmol) and the carboxylic acid (0.5 mmol) (22) in anhydrous DMAc (1.5 mL). To this 

mixture was added n-tetradecane (0.5 mmol) and the vial was stirred at 120 °C or 140 °C in 

an aluminum heating block. Sample aliquots were taken every 0.5-1 h and analysed by GC. 

 

General Procedure for determination of Keq between [Au(O2CAd)(SIPr)] 1l and 2,6-

dimethoxybenzoate 30a (GP3)  

A NMR tube was charged with 1l (10 mg, 0.031 mmol) and the appropriate amount of 22a 

(0.2-10 equiv.) in THF-d8 (0.5 mL). The tube was stirred until complete dissolution of species 

(<5 min) and subsequently analysed by 1H NMR. The conversion was determined by 

measuring the formation of gold benzoate 30a. 
 
Conversion to gold 2,6-dimethoxybenzoate xx with time 
 

Equivalent in 22a Conversion [30a] (M) 1/([30a] 1/[1l]0 
0.2 14 0.0065 153.4 219.1 
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0.5 30 0.0163 61.3 102.2 
0.75 45 0.0244 40.9 68.2 

1 53 0.0326 30.7 57.9 
1.5 61 0.0489 20.4 50.3 
2 69 0.0652 15.3 44.5 
5 84 0.163 6.1 36.5 

10 92 0.126 3.1 33.3 
 

 
Figure S6.1 Addition of various amounts of benzoic acid 22a to gold 1l 
 

 
Figure S6.2 Inverse of the concentration of 30a and 22a. 
 
 
General procedure for the gold(I)-catalysed protodecarboxylation of 22i to 27i with 

nitrobenzene (GP4)  

A 4 mL vial with a stirring bar was charged with [Au(O2CAd)(SIPr)]  1l (0.05-0.1 mmol) and 

the carboxylic acid (0.5 mmol) 22i in anhydrous DMAc (1.5 mL). To this mixture was added 

n-tetradecane (0.5 mmol) as internal standard and nitrobenzene (0-0.5 mmol), and the vial 

was stirred at 140 °C in an aluminum heating block. After 20 h, the crude mixture was 

analysed by GC. 
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General procedure for the gold(I)-catalysed protodecarboxylation of 22i to 27i with 

subsequent additions of catalyst 1l (GP5)  

A 4 mL vial with a stirring bar was charged with 1l (0.05 mmol) and the carboxylic acid (0.5 

mmol) 22i in anhydrous DMAc (1.5 mL). To this mixture was added n-tetradecane (0.5 

mmol) as internal standard and the vial was stirred at 140 °C in an aluminum heating block 

for 16 h. After that time, a sample aliquot was taken and analysed by GC. Fresh catalyst (0.05 

mmol) was added to the reaction mixture that was returned to stir at 140 °C for another 16 h 

and analysed by GC after that time. 

 

Eyring analyses on the decarboxylation of  gold benzoate 30 to phenylgold 31 

  

In an argon-filled box, a J-Young NMR tube was charged with 30 (0.02 mmol) and 

anhydrous toluene-d8 (0.5 mL). The tube was then sealed with the J-Young cap and removed 

from the dry-box. The reaction mixture was placed in an oil bath at the temperature of the 

study. The tube was removed every 0.5-1 h and cooled in a water bath. The reaction mixture 

was analysed by 1H NMR and then returned to the oil bath. Reaction rates were determining 

by measuring the formation of the arylgold product 31.  
 
Plots for the decarboxylation of 2,6-dimethoxybenzoate 30a versus time (min) at different 

temperatures 
 

 
Figure S6.3 Reaction profile for the decarboxylation of 30a to 31a 
 
 
Plots for the decarboxylation of 2,4-dichlorobenzoate 30u versus time at different 

temperatures 
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Figure S6.4 Reaction profile for the decarboxylation of 30u to 27u 
 
Decarboxylation of gold 2,6-dimethoxybenzoate 30a to 2,6-dimethoxyphenylgold 31a 
 

 
Figure S6.5 Rate laws for the decarboxylation of xx to xx at various temperatures 
 

T (°C) Equation of the line (min-1) (R2) 
120 0.0781 + 0.0693 (0.99447) 
115 0.0539 – 0.0899 (0.99677) 
110 0.0398 – 0.0557 (0.99748) 
105 0.0257 – 0.0067 (0.99858) 
100 0.015 – 0.0348 (0.99751) 

 
Decarboxylation of gold 2,4-dichlorobenzoate 30u to 2,4-dichlorophenylgold 31u 
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Figure S6. Rate laws for the decarboxylation of 30u to 31u at various temperatures 
 

T (°C) Equation of the line 
140 0.0124x + 0.0277 (0.99996) 
135 0.0086x + 0.0217 (0.998) 
130 0.0065x + 0.0378 (0.99945) 
125 0.0036x + 0.046 (0.99979) 
120 0.0027x + 0.0331 (0.99894) 

 
Eyring equation: 

 
 
Decarboxylation of 2,6-dimethoxybenzoate 30a to 2,6-dimethoxyphenylgold 31a 
 

k (min-1) T (°C) ln (k)/T 1/T (10-3) 
0.0781 120 -8.524 2.543 
0.0539 115 -8.882 2.576 
0.0398 110 -9.172 2.610 
0.0257 105 -9.597 2.644 
0.015 100 -10.101 2.680 

 
Decarboxylation of 2,4-dichloroxybenzoate 30u to 2,4-dichloroxyphenylgold 31u 
 

k (min-1) T (°C) ln (k)/T 1/T (10-3) 
0.0124 140 -10.414 2.420 
0.0086 135 -10.767 2.450 
0.0065 130 -11.035 2.480 
0.0036 125 -11.611 2.518 
0.0027 120 -11.889 2.543 
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Figure S6.7 Eyring plot for the decarboxylation of xx to xx  and xx to xx  
 

Substrate ΔH≠ (kcal/mol) ΔS≠ (kcal/mol) ΔG≠ (kcal/mol) 
30a to 31a 22.6 (4)* -6.6 (10.6) 24.4 (5.1) 
30u to 31u 24.0 (2.5) -9.6 (7.8) 26.9 (3.4) 

*The error was calculated using the least square fitting method. 
 
General Procedure for the protodeauration of phenylgold 31 to 27 (GP6)  

To a NMR tube was added 31 (10 mg, 0.031 mmol) and one equivalent of the corresponding 

benzoic acid 22 (0.031 mmol) or AcOH. The deuterated solvent (0.5 mL) was then added and 

the tube was stirred at room temperature in an aluminum block. The mixture was then 

analysed by 1H NMR. 

 

Protodeauration of arylgold 31 using AcOH (GP7)  

To a NMR tube was added 31 (0.019 mmol) and one equivalent of AcOH (0.019 mmol). 

CDCl3  or toluene-d8 (0.5 mL) was then added and the tube was placed in an oil bath at 50 °C 

or 120 °C. The mixture was then analysed by 1H NMR after respectively 3.5 h and 10 h.  
 

Decarboxylation and Protodeauration of SIPr-Au-CO2 systems: DFT Calculations 

 

Computational Methodology 

For supporting Density Functional Theory (DFT) calculations we have used the PBE01 

hybrid functional throughout which we have employed in previous studies2. Additionally, this 

method benchmarks quite well against explicitly correlated CCSD(T)3 when coupled with the 

latest implementation of Grimme’s DFT-D3 method4–6 which includes Becke-Johnson 

damping7,8. This empirical correction addresses dispersive interactions which are typically 

missing from a wide range of functionals. 

Geometries were minimized at the level of PBE0/ECP1 level where ECP1 corresponds with 

the 6-31G* Pople-type basis set on all non-metal atoms in addition to extra polarisation on 

substrate atoms and the imidazole ring of the NHC. The 2,6-diisopropylphenyl moieties were 
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treated with 6-31G*. The relativistic SDD pseudopotential and corresponding valence 

electron basis set was applied to Au, in line with our previous methodology. Transition states 

were located at the same level of theory either through coordinate driving. Minima and 

transition states were confirmed by the presence of the correct number of imaginary 

frequencies using the harmonic approximation. These frequencies allowed for corrections to 

enthalpies and free energies to be evaluated from standard thermodynamic expressions at 

298.15 K (25 °C). Additionally, we scaled temperatures to 120 °C and 140 °C to account for 

elevated reaction temperatures. Transition states were confirmed to link to the respective 

reactants and products using intrinsic reaction coordinate (IRC) calculations9,10. 

Energies were refined through single point calculations employing the same functional and 

an ECP2 basis i.e. the same SDD pseudopotential and valence electron basis set for Au but 

the larger triple zeta 6-311+G** basis set on all non-metal atoms. Bulk solvent effects were 

included through a polarisable continuum (PCM)11–14 with toluene, DMAC or chloroform as 

the solvent as appropriate. To these PCM and ECP2 corrected energies we added DFT-D3BJ 

corrections to accurately account for the missing dispersion. All calculations were performed 

using Gaussian 0915.  

 

Computational Results 
The thermodynamics and kinetics of the decarboxylation reaction for a range of substrates, 

including the 2,6-dimethoxybenzoic acid and 2,4-dichlorobenzoic acid based systems studied 

experimentally, was assed followed by an exploration into a protodeauration mechanism, 

yielding the CO2 bereft aromatic and regenerating the starting complex. The reaction 

coordinate followed is given in Scheme DFT1 and is shown for the NHC-Au complex 

involving 2,6-dimethoxybenzoic acid. 
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