
 
 

Synthesis and Characterization of Halogenated NHC-

Au(I) Complexes and Investigation for use in Atomic 

Layer Deposition 

 

Jeroen Ingolf Ketele Nyrud 

 

 

 

Thesis for the master’s 

Degree in Chemistry 

 

60 study points 

 

Department of Chemistry 

Faculty of Mathematics and Natural Sciences 

UNIVERSITY OF OSLO 

July 2020 

 

 

 



I 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



II 
 

Preface 

 

The work in this thesis was performed in the research group of Professor Mats Tilset, at the 

Department of Chemistry, University of Oslo. This project has been challenging, but more 

importantly, it has provided experience, self-confidence, and an even greater curiosity for 

chemistry. I would like to thank my supervisor Mats Tilset for the great opportunity to work on 

this project, but also for being accessible for questions and chemistry related discussions at all 

times during the week. I would also like to thank Professor Ola Nilsen for his enthusiasm and 

help with the deposition of gold thin-films, but also Per-Anders Stensby Hansen and Thomas 

Aarholt for their involved in this project. 

To be a member of the of the Tilset group has been a great experience and I am happy to have 

had the chance to know all the members. I would like to thank my co-supervisor Cristiano 

Glessi for patiently using much of his own time to help me with my project. I also want to thank 

the former group member Stefan Vanicek for his supervision regarding vacuum lines and 

Schlenk equipment. Furthermore, I would like to thank Knut Tormodssønn Hylland, 

Volodymyr Levchenko, Isabelle Gerz, and Inga Lena Schmidtke for always being willing to 

help at any time. You are all amazing people! 

I would like to thank Professor Frode Rise and senior engineer Dirk Petersen for their great 

effort to run the NMR lab, but also Osamu Sekiguchi for doing a great job with recording the 

mass spectra. 

I would like to thank my girlfriend Karolina for the support that she always provides, even when 

she had a bad day herself. It has been a privilege to study chemistry with you for six years! 

Last, but not least, I would like to thank my father for his support at the end of my project. 

  



III 
 

  



IV 
 

Abstract 

 

NHC-Au(I) complexes have been synthesized and investigated over the past years, in particular 

with respect to applications in homogeneous catalysis. Recently, NHC-Au(I) complexes have 

been considered as precursors for Focused Electron Beam Induced Deposition (FEBID) and 

Atomic Layer Deposition (ALD). These are methods for 3D-printing of gold nanostructures 

and deposition of metal oxides and noble metal thin films, respectively. In this project, novel 

backbone halogenated NHC-Au(I) complexes have been synthetized and characterized by 

NMR spectroscopy, mass spectrometry, and single crystal X-ray diffraction. Atomic Layer 

Deposition of gold thin-films has also been investigated by using an unsaturated NHC-Au(I) 

complex, showing promising results. 
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Aim of the project 

 

The past decade, the Tilset group focused on the synthesis, characterization, and catalytic 

properties of Pd(II)1, Pt(II)2, and Rh(I)3 complexes with iminocarbene ligands. However, during 

the last years, the focus has shifted towards the synthesis of cyclometalated gold(III) 

complexes4 and the investigation of their catalytic properties5. 

Recent activities of the Tilset Group involve the investigation of NHC-Au(I) complexes as 

precursors for Focused Electron Beam Induced Deposition (FEBID). For this application, a 

wide range of new NHC-Au(I) complexes have been developed, of which the backbone 

chlorinated NHC-Au(I) complex 1d is an example. Promising results were obtained, which 

have sparked the interest for new NHC-Au(I) complexes suitable as precursors for FEBID, but 

also for related applications such as Atomic Layer Deposition (ALD). The project assigned in 

the autumn of 2018 builds on the inspiring work from the Tilset group and focuses on the further 

development of backbone halogenated NHC-Au(I) complexes and testing for (ALD). 
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Chapter 1 

_____________________________________________ 

Introduction 

________________________________________________________ 

1.1 Carbenes 
 

Carbenes are neutral species with a divalent carbon atom that started out as chemical 

curiosities.6 Through the years, they have become an important intermediate,6 especially in 

organometallic chemistry as they undergo reactivity with a big variety of transition metals.7 

Carbenes have six valence electrons,7 of which four electrons participate in covalent bonds and 

two acting as a non-bonding electron pair.8 The two electrons can exist with an anti-parallel 

electron spin or a parallel electron spin, also called a singlet- and a triplet state, respectively 

(Figure 1.1).9 Carbenes in the singlet state are bent, and have three sp2 orbitals additional to an 

empty, perpendicularly situated 2p orbital.9 A triplet carbene is less bent, and has two sp-

orbitals, additional to two singly occupied and orthogonal 2p orbitals.9 In the singlet state, the 

2p orbital is high in energy, causing a pairing of the electrons in the sp2 orbital.8, 9 In the triplet 

state, the 2p orbitals are lower in energy, resulting in two 2p orbitals with one electron each.8, 9

  

 

Figure 1.1: (a) general representation of a free carbene, (b) singlet state carbene, (c) triplet 

state carbene. (Figure adapted from reference [9]) 
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1.2 N-heterocyclic carbenes 
 

N-heterocyclic carbenes, also called NHCs, are cyclic carbenes with at least one α-amino 

group.10 Early work on NHCs dates back to the 1969s,10 and has laid the foundation for the 

extensive knowledge about this substance class today. Pioneering work was carried out by 

Arduengo and co-workers in the 1990’s, which led to the isolation of the first stable NHC, (1,3-

di-1-adamantyl-imidazol-2-ylidene) as shown in Scheme 1.1.11 

 

Scheme 1.1: First free carbene. (Figure adapted from reference [11]) 

 

The stability of NHCs is largely due to electronic stabilization.11 However, steric stabilization 

also play an important role, as bulky ligands tend to limit undesired dimerization.9, 12 Electronic 

stabilization of the carbene happens through a push and pull of electron density between the 

carbene carbon and the nitrogen atoms.11, 13 The pull effect is caused by the higher 

electronegativity of nitrogen as compared to carbon, resulting in a σ-withdrawal of electron 

density from the carbene carbon (Figure 1.2, a).13 The push effect is caused by the donation of 

π-electron density from the nitrogen atoms to the 2p orbital on the carbene carbon (Figure 1.2, 

b)13 which is also possible to enhance with N-bonded electron donating substituents.9 

 

Figure 1.2: (a) σ-withdrawal, (b) π-donation. (Figure adapted from reference [12]) 
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1.3 N-heterocyclic carbenes as ligands 
 

Some of the first metal complexes baring NHC ligands were developed by Wanslick and Ofele 

in the 1960’s.14 The coordination chemistry of NHCs has evolved since then, resulting in a big 

variety of complexes with diverse chemical properties.15 

NHCs bind to metals through σ-donation of electron density from the carbene carbon, to empty 

d-orbitals at the metal center.9, 16 A smaller contribution of the bonding picture is π-

backdonation of electron density from the d-orbitals at the metal center to the 2p orbital at the 

carbene carbon.9, 16 π-donation from the 2p-orbital can also occur, but mostly in cases where 

the metal center is electron deficient.16 The different bonding situations for NHCs are depicted 

in Figure 1.3. 

 

Figure 1.3: (i) σ-donation, (ii) π-backdonation, (iii) π-donation. (Figure adapted from 

reference [15])  

 

Another aspect of NHCs is the steric bulk that the N-bonded substituents introduce around the 

metal center. Tolman’s cone angle is the steric parameter typically used for phosphines where 

the substituents point away from the metal center (Figure 1.4, b).9, 17, 18 In NHCs, the 

substituents point towards the metal center, presenting the need for a different steric parameter 

called Percent Buried Volume, (%Vbur).
9, 17, 18 This parameter describes the volume of the first 

coordination sphere around the metal which is occupied by the ligand (Figure 1.4, a).9, 18 

  

Figure 1.4: (a) %Vbur, (b) Tolman’s cone angle (Figure adapted from reference [9 and 17]) 
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1.4 Synthesis of N-heterocyclic carbene gold (I) complexes 
 

For a long time, gold had been considered inert19 and some of the first stable gold complexes 

started to appear in the early 1900’s.20 A big variety of gold complexes has through modern 

research been developed, taking NHC-Au(I) complexes for instance.  

Methods typically employed for the synthesis of NHC-Au(I) complexes involve either carbene 

transfer reactions or deprotonation of imidazolium salts with an external base.21 The carbene 

transfer reaction involves the pre-generation of silver carbene complexes which have proven to 

function as good carbene transfer reagents.21, 22 NHC-Ag(I) species are typically formed when 

treating an imidazolium salt with a basic silver salt, Ag2O.21, 22 Upon addition of a gold 

precursor, the NHC-Ag(I) complex undergoes a carbene transfer reaction, resulting in an NHC-

Au(I) complex (Scheme 1.2, a).23, 24 Deprotonation of imidazolium salts with an external base 

is operationally more demanding and is typically performed with strong bases such as KHMDS, 

NaH, or KOt-Bu.25 This allows  for the direct reaction of a free carbene with the gold precursor 

or isolation of the free carbene prior to further reactions (Scheme 1.2, b).23, 24 For this approach, 

water and oxygen free conditions are necessary to prevent unwanted side reactions as free 

carbenes can react with both oxygen and water if present.18 

The carbene transfer approach is a mild method to prepare NHC-Au(I) complexes with good 

yields.24 However, this approach does not have good atom economy as one equivalent of Ag2O 

is sacrificed as the carbene transfer agent.21 The free carbene approach is more efficient but 

utilizes strong bases which might be incompatible with certain N-bonded substituents on the 

NHC.24 The free carbene itself is also highly reactive which might limit the scope of the 

synthetic route.21 Alternatives to the mentioned methods have been investigated, leading to 

reactions performed under milder conditions. It has been demonstrated that many NHC-Au(I) 

complexes can be synthetized by using (DMS)AuCl, an appropriate imidazolium salt, and a 

weak base, without the need for an inert atmosphere or dry solvents (Scheme 1.2, c).26, 27 
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Scheme 1.2: (a) carbene transfer approach, (b) free carbene approach, (c) weak base and a 

gold precursor 

 

1.5 Applications of NHC-Au(I) complexes 
 

The big variety of NHC-Au(I) complexes developed through the years have laid the foundation 

for technological advances especially in catalysis.28 A big variation of reactions can be 

catalyzed by NHC-Au(I) complexes, taking alkane C-H activation,29 olefin hydrogenation,30 

and rearrangement reactions31 for instance. Also in biology have NHC-Au(I) complexes proven 

useful as some complexes possess antibacterial properties32 and others the ability to cause cell 

death with respect to cancer cells.33  

In material science, only a few reports about the successful use of NHCs in the design of ALD 

precursors exist.34 Complexes of both NHC-silver35 and NHC-copper36 has been employed as 

ALD precursors, in addition to an NHC-gold complex for Chemical Vapor Deposition (CVD) 

growth.37 A recent study of gold complexes with respect to volatility and heat stability has 

proven the potential of NHC-Au(I) complexes as ALD precursors,34 which is also investigated 

in this thesis.  
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1.6 Atomic Layer Deposition 
  

Atomic Layer Deposition (ALD) is a chemical vapor deposition (CVD) technique34 developed 

in the 1970’s as a method to deposit thin films of metals and metal oxides.38 Research has since 

the 1970’s come a long way, laying the foundation for new technology which is reflected in the 

large range of materials developed for microelectronics, fuel cells, and  photocatalysis to name 

a few.39, 40 

A large variety of materials can be made by using two-reactant ALD processes which typically 

consist of four steps in total.41 The process starts with introduction of a precursor through the 

gas phase, typically brought into the reaction chamber by an inert gas.41, 42 Surface reactions on 

the substrate lead to deposition of the precursor, where volatile byproducts are removed by the 

inert gas.41, 42 The reaction is performed at a low enough temperature that the precursor does 

not thermally decompose.41, 42 The surface reactions stop by itself when all available active sites 

are occupied.41, 42 The reaction continues with introduction of a co-reactant that reacts with the 

deposited precursor, where volatile byproducts again are removed by inert gas in order to 

prevent unwanted reactivity.41, 42 The synthesis of Al2O3 films follows the described process 

and is often referred to as a “model” system for ALD (Figure 1.5).41  

 

 

Figure 1.5: The synthesis of aluminum oxide films using AlMe3 and H2O 
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The ideal ALD process results in substrate surface saturation after each exposure step, ensuring 

an even film.43 This is possible through the self-limiting nature of the reaction mentioned 

above.41 This phenomenon is typically represented like a saturation curve where Growth Per 

Cycle (GPC) becomes constant as the substrate surface becomes saturated (Sat-level) (Figure 

1.6a).44 This is also called a temperature window because self-limiting growth occurs within a 

certain temperature interval (Figure 1.6b, 1).44, 45 Temperatures that deviate from the 

temperature window will result in processes which are not self-limiting, thus causing uneven 

films (Figure 1.6b, 2, 3, 4, and 5).45 

 

 

Figure 1.6: (a) Saturation curve depicting self-limiting growth, (b) ALD temperature 

dependencies (Figure adapted from reference [44]) 

 

The adsorption of the precursor onto the substrate surface can happen according to two 

generalized mechanisms: physisorption and chemisorption.46 Physisorption are weak 

interactions between the precursor and the substrate surface which happen through hydrogen 

bonds and Van der Waals attractions.46 Chemisorption involves the formation and breaking of 

chemical bonds, and consists of ligand exchange, dissociation, association, and oxidation 

reactions.46 Monolayers formed by chemisorption are often dominating at high deposition 

temperatures due to the strength of the chemical bonds which ultimately lead to self-limiting 

processes.45 Monolayers formed by physisorption tend to be unstable at high deposition 

temperatures and easily desorb from the substrate surface due to their weak interactions.45 
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1.7 Gold ALD processes 
 

Thin films consisting of noble metals are becoming increasingly important as these have proven 

valuable, especially in microelectronics and nanotechnology.47 Gold is important in this context 

as it has great electrical conductivity and stability against oxidation.48 Mainly two methods are 

used to deposit noble metal thin-films; thermal and Plasma Enhanced ALD (PEALD).47 High 

temperatures and molecular oxygen, ozone, or hydrogen gas are used in thermal ALD processes 

to facilitate the desired substrate surface reactions.47 However, thermal energy is not always 

enough to activate the reactions, which is why PEALD is a useful option.42, 47 Co-reactants 

typically employed for various PEALD processes are plasma-O2, plasma-H2, and plasma-N2
49 

which contain free, charged particles.50 These are highly reactive and induce substrate surface 

reactions that under thermal conditions would not happen.43 

Research on deposition of gold films are scarce compared to deposition of films of other noble 

metals.47 This is mostly due to a lack of volatile and reactive, while thermally stable gold 

precursors.51 However, some gold precursors stands out as possible candidates for ALD 

purposes, being volatile and thermally stabile, taking (Au(N(SiMe3)2)(PEt3))
51, 

Me3Au(PMe3)
52, and Me2Au(S2CNEt2)

53 for instance. Both Me3Au(PMe3) and 

Me2Au(S2CNEt2) (Table 1.1, entry 1 and 2) produced pure gold films with self-limiting 

growth. However, the deposition methods were different as Me3Au(PMe3) was employed in a 

PEALD process with O2-plasma and H2O,52 while Me2Au(S2CNEt2) was employed as a thermal 

ALD process with O3 at elevated temperatures.53 In the case of Au(N(SiMe3)2)(PEt3) (Table 

1.1, entry 3), successive pulsing of the gold precursor and BH3(NHMe2) as reductant also 

resulted in pure gold films.51 However, no self-limiting growth was observed which is why this 

process cannot be regarded as a true ALD process.51 

 

Table 1.1: A selection of gold-ALD processes 

Entry Au precursor Source temp (oC) Reducing agent ALD growth (oC) 

1 Me3Au(PMe3) 85 O2 plasma and H2O 120 

2 Me2Au(S2CNEt2) 99 O3 180 

3 Au(N(SiMe3)2)(PEt3) 61 BH3(NHMe2) 80-160 
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1.8 Gold nano particles 
 

Gold nano particles have great use due to their electronic and plasmonic properties.53 They are 

important in biology as the plasmonic properties allow for biomedical imaging and 

photothermal therapy.54 The optical properties of gold can be described through two 

phenomenon; Surface Plasmon Resonance (SPR) and Localized Surface Plasmon Resonance 

(LSPR).55 SPR describes the interaction of light with the free electrons of gold-atoms causing 

the electrons to oscillate. This results in a charge density wave which propagates along 

continuous gold coatings (Figure 1.7).55 In the case of gold nanoparticles, the interaction with 

light depends on their size and shape.56 Nanoparticles that are smaller than the wavelength of 

light will experience a polarization of all the electrons in the electron cloud.55 Surface charges 

will accumulate alternately on opposite ends of the nano particle and resonate with the 

frequency of the incident light, also called Localized Surface Plasmon Resonance (LSPR) 

(Figure 1.7).55-57 

 

Figure 1.7: Surface plasmon processes with respect to SPR and LSPR (Figure adapted from 

reference [54]) 

 

The optical properties of gold nanoparticles can be tuned by varying their size and shape.54 

When incoming light waves interact with a gold nanoparticle, it is absorbed or scattered, leading 

to light extinction.55 Small gold-nanoparticles, (20 nm), mainly absorb light.54, 55 However, as 

the nanoparticle grows, (80 nm), the scattering and absorption becomes equal.54, 55 As the gold 

nanoparticles approaches sizes bigger than 80 nm, mainly scattering of light occurs.55 
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Chapter 2 

_____________________________________________ 

Synthesis and characterization of novel NHC-Au(I) 

complexes 

________________________________________________________ 

NHC-Au(I) complexes with chlorine on the backbone has already been reported in the 

literature.58 This chapter focuses on the synthesis and characterization of novel backbone 

halogenated NHC-Au(I) complexes with bromine and iodine, more specifically 2d and 3d. The 

first step of the synthesis is the halogenation of imidazole as this provides access to the 

backbone halogenated imidazolium salts 2c and 3c via alkylation. The final step of the synthesis 

is coordination of gold to 2c and 3c in order to obtain complex 2d and 3d. Each step of the 

synthetic pathway will be discussed separately in this chapter (Scheme 2.1). 

 

 

Scheme 2.1: Planned synthetic approach for NHC-Au(I) complexes 2d and 3d 
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2.1 Synthesis of novel imidazolium salts 

 

2.1.1 Synthesis of Imidazoles 2b and 3b 

 
The bromination of the backbone of imidazole was attempted by using 1,3-dibromo-5,5-

dimethylhydantoin (DBH).59 The reaction produced small amounts of 2a with hydantoin 

leftovers that were challenging to remove by flash chromatography and recrystallization. 2a 

was instead obtained through the reduction of 2,4,5-tribromoimidazole by using EtMgBr,60, 61 

which upon treatment with ethyl iodide and potassium carbonate resulted in 2b (Scheme 2.2). 

 

Scheme 2.2: Synthesis of 2b 

 

The iodination of the backbone of imidazole was attempted by using 1,3-diiodo-5,5-

dimethylhydantoin (DIH).59 The reaction produced 3a, but with iodine imbedded in the product. 

The concentration of iodine in the reaction mixture was suspected to be the problem as KI at 

first was used as an additional iodine source. In future reactions, KI was omitted, which made 

it possible to obtain 3a as a pure product. Starting from 3a, an alkylation reaction was performed 

by employing ethyl iodide and potassium carbonate, resulting in 3b (Scheme 2.3). 

 

Scheme 2.3: Synthesis of 3b 
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2.1.2 Synthesis of Imidazolium salts 2c and 3c 

 
In order to identify the appropriate reaction conditions, preliminary experiments were 

performed with 3b. A microwave approach developed in the Tilset Group for the synthesis of 

1c was also investigated as a part of the screening. 

By employing 3b and ethyl iodide, microwaves were used to facilitate the desired reaction in 

acetonitrile and DMF. No reactivity was observed in acetonitrile, however, a conversion of 34 

% was obtained for 3c with DMF at 82 ℃ (Table 2.1, entry 1-2). Due to time and temperature 

limitations of the microwave instrument, it was necessary to change the heating method. 

Conventional heating was further utilized and investigated by using two different reaction 

vessels. Proceeding with a round bottomed flask and reflux condenser allowed an increase in 

temperature, resulting in a 50 % conversion at 92 ℃. By increasing the equivalent of ethyl 

iodide, a 70 % conversion was obtained with a decrease in reaction time (Table 2.1, entry 3-4). 

A quantitative conversion was finally obtained for 3c at 72 ℃ when applying the same reaction 

conditions with a closed reaction vessel (Table 2.1, entry 5). The same conditions proved 

optimal also for the synthesis of 2c. 

Table 2.1: Reaction conditions investigated for the synthesis of 3c 

Entry Time Temperature Solvent Conversion Equiv. 

1 5 h 72 ℃ MeCN ≈ 0 % 5 

2 5 h 82 ℃ DMF 34 % 5 

3 48 h 92 ℃ DMF 50 % 5 

4 24 h 92 ℃ DMF 70 % 10 

5 24 h 72 ℃ DMF 100 % 10 
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2.1.3 One-pot synthesis of Imidazolium salt 2c and 3c 

 
In order to make the synthesis of the gold complexes as efficient as possible, attempts were 

made to develop a one-pot reaction for the imidazolium salts, (Scheme 2.4, Path B). This 

allowed for the synthesis of the imidazolium salts to be performed in one step, as opposed to 

the traditional two step approach, (Scheme 2.4, Path A). 

The one-pot reaction was performed with 12 equivalents of ethyl iodide, potassium carbonate 

as a weak base and DMF as solvent. Full conversion of the starting materials was observed after 

three days for both 2c and 3c at 72oC. The formation of an inorganic salt and its removal proved 

challenging as its properties in solution were comparable to 2c and 3c. Since a well-functioning 

method had already been developed, no further efforts were made to resolve the complications 

with the one-pot synthesis. 

 

 

Scheme 2.4: Path A (Two-step approach), Path B (one-pot approach) 
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2.1.4 Comparison of imidazolium salt 1c, 2c, and 3c 
 

Imidazolium salt 1c, 2c, and 3c are recognizable in 1H NMR by a quartet in the range of (δ 

4.43 – δ 4.18) and a triplet in the range of (δ 1.64 – δ 1.39). Singlets corresponding to hydrogen 

on the carbene carbon are also visible by 1H NMR and appear higher up in chemical shift (δ 

10.93 – δ 9.51). More pronounced differences are observed when taking into consideration the 

chemical shifts of the carbon atoms in 13C NMR. The backbone carbon atoms of the 

imidazolium salts follow a trend where the chemical shift decreases as the electron withdrawing 

property of the halogens decreases (Cl > Br > I) (Figure 2.1). The carbene carbon atoms clearly 

follow the opposite trend, and might be explained by taking into consideration the p-orbital 

overlap between carbon and the halogens.62 Chlorine has the smallest p-orbitals in the series of 

(Cl, Br, and I), thus, resulting in the biggest p-orbital overlap with carbon.62 This is favorable 

for electron donation, resulting in an increased electron density in the ring system.62 Higher 

electron density is in this case suspected to contribute to the shielding of the carbene carbon, 

thus, lowering its chemical shift according to the observed trend. 

 

 

Figure 2.1: 13C NMR (151 MHz, (CD3)2SO) Stack plot of 13C NMR spectra: 1c (top),  2c 

(middle), and 3c (bottom). Carbene carbon = * 
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2.2 Synthesis of halogenated NHC-Au(I) complexes 

 
The synthesis of backbone halogenated NHC-Au(I) complexes are in this sub chapter 

investigated by using three commonly applied methods for related systems (Scheme 1.2). 

Through carbene transfer, a free carbene approach, and a silver free approach, attempts were 

made to identify the best suited method for the synthesis of 2d and 3d. 

2.2.1 Synthesis of NHC-Au(I) complex 3d via carbene transfer 

 
The carbene transfer approach was performed by bringing 3c into a solution of dichloromethane 

and methanol prior to the addition of silver oxide. The mixture was stirred for 24 h, resulting in 

an off-white solution to which the gold precursor, (DMS)AuCl, was added. The mixture was 

stirred for 4 hours but did not result in full conversion of 3c, which is visible by 1H NMR of 

the crude product (Figure 2.2). Other species are also present, as two extra sets of quartets and 

triplets can be seen in the aliphatic region of the NMR spectrum. Small amounts of 3d and 

[(Au(NHC)2]
+ were detected by MS which is consistent with the splitting patterns observed by 

1H NMR for the extra species. 

 

 

Figure 2.2: 1H NMR (300 MHz, (CD3)2SO) Attempted synthesis of 3d 

3c 
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This approach is highly dependent on NHC-Ag(I) species which function as carbene transfer 

agents. It is suspected that a 24 h reaction time allowed the NHC-Ag(I) species to decompose, 

thus, resulting in substantial amounts of unreacted 3c. When monitoring the reaction on a 

second attempt, a pale solution was observed after only one hour, to which (DMS)AuCl was 

added. Two species were in this case observed, separated by column chromatography, and 

identified as 3d (33 – 60 %) and [(Au(NHC)2]
+ by 1H NMR and MS. 

In order to unambiguously determine the structure of 3d, single crystal X-ray Diffraction (XRD) 

was performed. The first crystal used for structure determination turned out to be compound 

4d. However, when using a crystal from a different batch, the structure of 3d was determined. 

Intrigued by this discrepancy, a halogen exchange reaction on 3d with an iodine salt (LiI) was 

performed in order to unambiguously generate 4d. The observed change in chemical shift from 

δ 174.6 to δ 185.2 by 13C NMR (Figure 2.3) confirms that 3d is the major specie from the 

carbene transfer reaction, and is in accordance with similar observations for related systems.63 

 

 

Figure 2.3: 13C NMR (151 MHz, CD2Cl2)
 Stack plot of 13C NMR spectra: 3d (top), 4d 

(bottom). Carbene carbon = * 
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2.2.2 Synthesis of NHC-Au(I) complex 3d via a free carbene approach 

 
The free carbene approach was performed according to a reported procedure23 by adding 

KHMDS into solution of 3c in DMF. Coordination to gold was attempted by adding the gold 

precursor, (DMS)AuCl, to the solution containing the free carbenes. The reaction was also 

performed with 3c as a suspension in THF  (Scheme 2.5). 

 

Scheme 2.5: Attempted synthesis of 3d via a free carbene approach 

 

Mainly two sets of signals were observed in the crude product by 1H NMR. Purification by 

flash chromatography was attempted, but failed as the extra set of signals persisted to appear 

by 1H NMR (Figure 2.4). The byproduct has the same peak pattern as 3d, but with slightly 

higher chemical shift. It is known from the carbene transfer reaction that a potential dimer has 

significantly higher retention on silica than 3d. Thus, the extra sets of signals must originate 

from another species that has not been identified. The same outcome of the reaction was 

obtained when using both DMF and THF as solvents. 

 

Figure 2.4: 1H NMR (300 MHz, (CD3)2SO) Stack plot of 1H NMR spectra: free carbene 

approach (top), carbene transfer approach (bottom). Byproduct = blue marker 

Free carbene approach 

Et2O Et2O 
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3d 
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2.2.3 Synthesis of NHC-Au(I) complex 3d via a silver-free approach 

 
The silver-free approach typically proceeds through the formation of imidazolium 

dichloroaurate(I) salts in acetone.27 The coordination to gold is subsequently facilitated by the 

use of potassium carbonate as a weak base.27 Because the counter anion in 3c is iodine, a gold 

salt containing both chlorine and iodine was expected.27 DMF was chosen as solvent in this 

case due to the low solubility of 3c in acetone (Scheme 2.6). 

 

Scheme 2.6: Attempted synthesis of 3d via a silver-free approach 

 

The crude product was purified with flash chromatography, revealing NMR signals consistent 

with 3d. However, extra sets of signals were also present, and  upon comparison with the results 

from the free carbene approach, it is evident that the same byproducts appear in both cases 

(Figure 2.5). 

 

Figure 2.5: 1H NMR (300 MHz, (CD3)2SO) Stack plot of 1H NMR spectra: silver-free 

approach (top), free carbene approach (bottom). Byproduct = blue marker 

Silver-free approach 

Free carbene approach 
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2.2.4 Synthesis of NHC-Au(I) complex 2d via carbene transfer 

 
The reaction conditions that was found for 3d in the carbene transfer reaction were employed 

also in this case (Scheme 2.7). By using the same solvent system, it was apparent that smaller 

amounts was needed in order to completely solubilize 2c. Two species were also observed in 

this case, and identified as 2d and [(Au(NHC)2]
+I3

- by 1H NMR, HRMS, and XRD. 

 

Scheme 2.7: Synthesis of 2d via carbene transfer  
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2.2.5 Comparison of gold(I) complex 1d, 2d, and 3d 

 

Gold complex 1d, 2d, and 3d are recognizable in 1H NMR by a quartet in the range of (δ 4.39 

– δ 4.29) and a triplet in the range of (δ 1.44 – δ 1.42), which is consistent with two N-bonded 

ethyl groups. The signals observed by 1H NMR have little variation in chemical shift as 

compared to the signals observed by 13C NMR. The difference in electronegativity between 

the halogens (Cl > Br > I) clearly have a big effect on the backbone carbon atoms. When 

comparing the 13C NMR signals, it is apparent that the carbon atoms follow a logical trend 

where the inductive effect of the halogens causes a decrease in chemical shift from δ 116.10 

for C-Cl to δ 89.79 for C-I (Figure 2.6). The carbene carbon signals follow the opposite trend, 

exactly like observed for the imidazolium salts. P-orbital overlap is also in this case suspected 

to cause the observed trend for the carbene carbon atoms. 

 

 

Figure 2.6: 13C NMR (151 MHz, (CD3)2SO) Stack plot of 13C NMR spectra: 1d (top),  2d 

(middle), and 3d (bottom). Carbene carbon = * 
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Chapter 3 

_____________________________________________ 

Synthesis and characterization of DAC-Au(I) 

complexes 

________________________________________________________ 

The development of the backbone halogenated NHC-Au(I) complexes sparked the interest for 

more exotic heterocycles such as DAC’s. Organometallic complexes with DAC ligands have 

previously been reported, taking rhodium and iridium complexes as examples.64 However, no 

gold complexes with DAC ligands have ever been synthesized. This chapter discusses the 

synthetic methods employed to arrive at novel gold (I) complexes with DAC ligands. 

3.1 Attempted synthesis of DAC-Au(I) via 7 

 
The planned synthesis of 11 follows a reported procedure.64 In this case, a di-substituted 

formamidine 5  and oxalylchloride are employed in order to form the respective DAC 7. By the 

use of a strong base to form a DAC free carbene, the coordination to gold will be attempted by 

addition of a metal salt to form the respective DAC-Au(I) complex 11 (Scheme 3.1). 

 

 

Scheme 3.1: Planned approach for the synthesis of 11 
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Formamidine 5 was synthetized by following a reported procedure.65 By using isopropyl amine, 

triethyl orthoformate, and acetic acid, the formamidine salt was obtained and further reduced 

to formamidine 5 upon treatment with a base. Flash chromatography and recrystallization were 

attempted as purification methods but proved unsuccessful. Vacuum sublimation was also 

attempted, which slightly improved the purity of 5. Addition of oxalylchloride to a solution of 

5 in chloroform was performed under Schlenk conditions, affording a white solid upon removal 

of the solvents. 

When comparing the crude product and the starting material 5, all the signals appear to be 

shifted as compared to each other (Figure 3.1). Especially the singlet in the crude product (a) 

and 5 (a’) are shifted, indicating that 5 has reacted. 

 

 

 

Figure 3.1: 1H NMR (600 MHz, CDCl3)
 Stack plot of 1H NMR spectra: Expected product 7 

(top), starting material 5 (bottom) 
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Five distinct doublets are present in the aliphatic region (Figure 3.2). Diastereotopicity is 

suspected for the iPr groups, meaning that two of the doublets in the aliphatic region are 

expected to originate from 7. The doublet between (δ 1.45 and δ 1.40) in the aliphatic region 

(c) integrates for six, while the doublet between (δ 1.40 and δ 1.35) integrates for nine. The 

doublet with the highest intensity (c’) is suspected to integrate for six, while the smaller 

overlapping doublet is suspected to integrate for three. 

 

Figure 3.2: 1H NMR (600 MHz, CDCl3) of 7 with zoom of the doublets in the aliphatic 

region 

 

From COSY, it is apparent that the septet observed by 1H NMR couples to the two doublets (c 

and c’) in the aliphatic region (Figure 3.3). HMBC correlations are also observed between the 

septet, the two doublets, and a quaternary carbon atom (q) (Figure 3.4). 

a 

b 

c c’ 
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Figure 3.3: COSY (600 MHz, CDCl3) of 7 

 

 

Figure 3.4: HMBC (600 MHz, CDCl3) of 7 
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The COSY and HMBC data combined indicates the formation of a DAC ring system with N-

bonded iPr groups. Correlations between the doublets are also visible by HMBC (Figure 3.5). 

The possibility that the methyl groups from two different iPr groups correlates with each other 

is inconceivable due to the distance between them. The only option is for the methyl groups 

within each iPr group to correlate with each other, meaning that they are diastereotopic due to 

chemically different environments. 

 

 

Figure 3.5: HMBC (600 MHz, CDCl3) of 7 

 

All the spectroscopic data points towards the formation of DAC 7, however, significant 

amounts of byproducts were also visible by 1H NMR. In order to remedy this, the synthesis of 

7 was also performed in ambient temperature and with different reaction times. This did not 

have any effect on the outcome of the reaction, thus, leading to the investigation of alternative 

synthetic approaches. 
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3.2 Attempted synthesis of DAC-Au(I) via 8 

 
The planned approach is inspired by the synthesis of imidazolium salts by using disubstituted 

ethanediamine, triethyl orthoformate, and ammonium salts.66 However, in this case, di-

substituted ethanediamide 6 was employed instead in order to attempt the synthesis of DAC 

salt 8. From this, coordination to gold was planned through a carbene transfer reaction by using 

Ag2O as a weak base and (DMS)AuCl as a gold precursor to obtain DAC-Au(I) complex 11 

(Scheme 3.2). 

 

 

Scheme 3.2: Planned approach for the synthesis of 11 

 

The synthesis of 6 was performed according to reported procedures of related compounds.67 

Isopropyl amine, oxalylchloride, and triethylamine was combined in dichloromethane, leading 

to the formation 6. Further purification was necessary, thus, hot recrystallisation was performed 

from toluene. 

The synthesis of 8 was further attempted by combining 6, triethyl orthoformate, and ammonium 

chloride under different reaction conditions. Attempts to perform the reaction in acetonitrile, 

N,N-dimethylformamide, neat, and with both conventional and microwave heating failed as all 

the stating material was recovered from the reaction. The counter anion, PF6
-, was also 

employed, as this had proven successful for the synthesis of 1,3-dimesitylimidazolium salts.66 

A derivative of 6, di-tolylethanediamide, was also used in an attempt to utilize the electron-

donating abilities of the tolyl-groups to drive the reaction. Both attempts failed as all the starting 
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material also in this case was recovered, and only the starting material was visible by 1H NMR. 

The experiments performed in this sub chapter are yet another example of the stability of amides 

which is caused by resonance within the structure.8 

3.3 Attempted synthesis of DAC-Au(I) via 10b 

 
Another approach was attempted, which is based on the previously reported synthesis of 

rhodium and iridium DAC complexes.68 In this approach, a DAC dichloride 10a is reduced by 

using elemental potassium to obtain the free carbene 10b. The isolation of 10b and further 

coordination to gold was attempted in order to obtain the final product 10c (Scheme 3.3). 

 

 

Scheme 3.3: Planned approach for the synthesis of 10c 

 

The synthesis of 10a was performed under Schlenk conditions by combining N,N’-Di-tert-

butylcarbodiimide and oxalylchloride in dichloromethane. The obtained product was pure by 

1H NMR without further purification and used directly for the synthesis of 10b. The first 

attempt was unsuccessful under Schlenk conditions, however, when performed in a glovebox, 

the product was obtained as a bright red solid with the expected 13C NMR signals (Figure 3.6). 

A good match was found with the reported NMR data,69 however, small variations in the first 

decimal place were observed. 



30 
 

 

Figure 3.6: 13C NMR (600 MHz, C6D6) of 10b 

 

The synthesis of 10c was attempted in a glovebox by slowly adding 10b as a solution to a 

suspension of (DMS)AuCl in THF. An intense singlet (s) was observed by 1H NMR (Figure 

3.7) and the carbon signals observed by DEPT135Q (Figure 3.8) all correlate to the singlet 

which is indicated by HMBC (Figure 3.9, Figure 3.10). The spectroscopic data suggests the 

presence of an oxalamide ring-structure with N-bonded tBu groups, which is also supported by 

the indication of a carbonyl stretch measured by using IR. 
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Figure 3.7: 1H NMR (600 MHz, C6D6) of 10c 

 

Figure 3.8: DEPT135Q (151 MHz, C6D6) of 10c: C, CH (negative), CH2, CH3 (positive) 
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Figure 3.9: HMBC (600 MHz, C6D6) of 10c 

 

 

Figure 3.10: HMBC (600 MHz, C6D6) of 10c 
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The main indication of reactivity is a shift of the carbene carbon of 10b. When comparing 10b 

with the crude product, it is apparent that mainly two signal are significantly different, δ 287.71 

and δ 217.58, respectively (Figure 3.11). Such a shift can indicate either the successful 

coordination to gold or the dimerization of DAC. Characterization data provided by MS show 

two signals (m/z 443.080 and m/z 445.080) which is consistent with the structure of 10c and 

the isotopic distribution of chlorine. Analysis by single crystal X-ray Diffraction was also 

performed, unambiguously revealing the structure of DAC-AuCl 10c. This species is also 

suspected to be the major product from the reaction as only one set of signals is observed by 

DEPT135Q (Figure 3.8). 

 

 

Figure 3.11: 13C NMR (151 MHz, C6D6) Stack plot of spectra of 10b (top) and 10c (bottom) 
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Chapter 4 

_____________________________________________ 

Single crystal X-ray diffraction analysis of new 

gold(I) complexes 

________________________________________________________ 

Five new compounds have been characterized by using XRD. The crystal structure of 1d were 

obtained from PhD. Cristiano Glessi, while the crystal structures of 2d, 3d, 4d, 10c, and the 

dimer of 2d (2d-dim) were obtained during this project. The crystals of 2d, 3d, and 4d were 

grown at ambient temperature by slow diffusion of pentane into a saturated solution of 

dichloromethane. The crystals of 10c were grown at ambient temperature by slow diffusion of 

pentane into a saturated solution of THF inside of a glovebox. Data collection and refinement 

was performed by senior engineer David Wragg on a Bruker D8 Venture instrument. The quality 

of the data sets obtained for 1d, 2d, 3d, 4d, and 2d-dim  are satisfactory, however, the data set 

obtained for 10c has poor precision for bond lengths and bond angles. The following ORTEP-

representations are obtained in Mercury with ellipsoids at 50 % level of probability. 

Crystallographic data can be found in table (8.3.1 – 8.3.5) in the appendix. 
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4.1 Crystallographically determined structure of gold(I) complex 1d 
 

 

Figure 4.1: ORTEP-representation of complex 1d 

 

 

Figure 4.2: Packing structure of complex 1d with short contacts 
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Table 4.1: Selected bond distances for complex 1d 

# Atoms Distances (Å) 

1 Au1-Cl1 2.2855 (7) 

2 Au1-C1 1.982 (2) 

3 Cl3-C3 1.696 (2) 

4 Cl2-C2 1.695 (2) 

5 N2-C1 1.356 (3) 

6 N2-C3 1.377 (3) 

7 C1-N1 1.356 (3) 

8 N1-C2 1.378 (3) 

9 C3-C2 1.354 (3) 

 

Table 4.2: Selected bond angles for complex 1d 

# Atoms Angle (o) 

1 Cl1-Au-C1 179.09 (7) 

2 C1-N2-C3 110.0 (2) 

3 Au-C1-N2 127.1 (2) 

4 Au-C1-N1 127.0 (2) 

5 N2-C1-N1 105.9 (2) 

6 C1-N1-C2 109.9 (2) 

7 Cl3-C3-N2 124.0 (2) 

8 Cl3-C3-C2 128.8(2) 

9 N2-C3-C2 107.1 (2) 

10 Cl2-C2-N1 123.8 (2) 

11 Cl2-C2-C3 129.0 (2) 

12 N1-C2-C3 107.1 (2) 
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4.2 Crystallographically determined structure of gold(I) complex 2d 
 

 

 

 

 

 

 

 

Figure 4.3: ORTEP-representation of complex 2d 

 

  



38 
 

Table 4.3: Selected bond distances for complex 2d 

# Atoms Distances (Å) 

1 Au1-Cl1 2.2867 (12) 

2 Au1-C1 1.995 (5) 

3 Br1-C2 1.852 (3) 

4 N1-C1 1.350 (4) 

5 N1-C2 1.390 (4) 

6 C2-C2 1.361 (6) 
 

Table 4.4: Selected bond angles for complex 2d 

# Atoms Angle (o) 

1 Cl1-Au-C1 180.0 

2 Au-C1-N1 127.0 (2) 

3 N1-C1-N1 106.0 (4) 

4 C1-N1-C2 110.4 (3) 

5 Br1-C2-C2 130.17 (10) 

6 Br1-C2-N1 123.2 (2) 

 

 

 

  



39 
 

4.3 Crystallographically determined structure of 2d-dim 
 

 

 

 

Figure 4.4: ORTEP-representation of complex 2d-dim 

 

In the structure obtained from the X-ray analysis of 2d-dim, I3
- was found to be the counter 

anion. The C-Au-C angle is 180o and the Au-Ccarbene distances are 2.035 Å and 2.036 Å. This is 

as expected due to similar NHC ligands coordinated to the same gold center. The Au-Ccarbene 

distance is in this case also bigger than in 2d with an Au-Ccarbene distance of 1.995 Å. 
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Table 4.5: Selected bond distances for 2d-dimer 

# Atoms Distances (Å) 

1 Au1-C1 2.035 (6) 

2 Au1-C1 2.036 (6) 

3 Br1-C2 1.870 (5) 

4 Br2-C3 1.867 (5) 

5 N2-C1 1.367 (6) 

6 N2-C3 1.396 (6) 

7 C1-N1 1.359 (5) 

8 N1-C2 1.391 (6) 

9 C3-C2 1.364 (6) 
 

Table 4.6: Selected bond angles for 2d-dimer 

# Atoms Angle (o) 

1 Cl-Au-C1 180.0 

2 C1-N2-C3 109.6 (4) 

3 Au-C1-N2 127.7 (3) 

4 Au-C1-N1 125.8 (3) 

5 N2-C1-N1 106.2 (4) 

6 C1-N1-C2 110.1 (4) 

7 Br2-C3-N2 124.3 (3) 

8 Br2-C3-C2 128.7 (3) 

9 N2-C3-C2 106.9 (3) 

10 Br1-C2-N1 124.1 (3) 

11 Br1-C2-C3 128.7 (3) 

12 N1-C2-C3 107.1 (3) 
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4.4 Crystallographically determined structure of gold(I) complex 3d 
 

 

 

 

 

 

 

Figure 4.5: ORTEP-representation of complex 3d 
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Table 4.7: Selected bond distances for complex 3d 

# Atoms Distances (Å) 

1 Au1-Cl1 2.2853 (13) 

2 Au1-C1 1.984 (6) 

3 I1-C2 2.011 (3) 

4 N1-C1 1.298 (5) 

5 N1-C2 1.375 (5) 

6 C2-C2 1.281 (6) 

 

Table 4.8: Selected bond angles for complex 3d 

# Atoms Angle (o) 

1 Cl1-Au-C1 180.0 

2 Au-C1-N1 129.2 (2) 

3 N1-C1-N1 101.7 (5) 

4 C1-N1-C2 113.7 (3) 

5 I1-C2-C2 127.42 (10) 

6 I1-C2-N1 127.1 (2) 

7 N1-C2-C2 105.42 (18) 
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4.5 Crystallographically determined structure of gold(I) complex 4d 
 

 

 

 

 

 

 

Figure 4.6: ORTEP-representation of complex 4d 
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Table 4.9: Selected bond distances for complex 4d 

# Atoms Distances (Å) 

1 Au1-I3 2.5681 (4) 

2 Au1-C1 2.000 (5) 

3 I1-C2 2.074 (5) 

4 I2-C3 2.066 (5) 

5 N2-C1 1.350 (6) 

6 N2-C3 1.386 (6) 

7 C1-N1 1.362 (6) 

8 N1-C2 1.379 (6) 

9 C3-C2 1.359 (7) 

 

Table 4.10: Selected bond angles for complex 4d 

# Atoms Angle (o) 

1 I3-Au-C1 176.48 (14) 

2 C1-N2-C3 110.9 (4) 

3 Au-C1-N2 127.2 (3) 

4 Au-C1-N1 127.5 (3) 

5 N2-C1-N1 105.2 (4) 

6 C1-N1-C2 110.4 (4) 

7 I2-C3-N2 124.9 (3) 

8 I2-C3-C2 128.6 (4) 

9 N2-C3-C2 106.4 (4) 

10 I1-C2-N1 123.7 (3) 

11 I1-C2-C3 129.1 (4) 

12 N1-C2-C3 107.1 (4) 
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4.6 Crystallographically determined structure of gold(I) complex 10c 
 

 

 

 

 

 

Figure 4.7: ORTEP-representation of complex 10c 
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Table 4.11: Selected bond distances for complex 10c 

# Atoms Distances (Å) 

1 Au1-Cl1 2.274 (5) 

2 Au1-C1 1.941 (18) 

3 O1-C2 1.21 (2) 

4 O2-C3 1.23 (3) 

5 N2-C1 1.35 (3) 

6 N2-C3 1.39 (3) 

7 C1-N1 1.42 (3) 

8 N1-C2 1.38 (3) 

9 C3-C2 1.49 (3) 
 

Table 4.12: Selected bond angles for complex 10c 

# Atoms Angle (o) 

1 Cl1-Au-C1 176.7 (6) 

2 C1-N2-C3 110.3 (16) 

3 Au-C1-N2 128.1 (16) 

4 Au-C1-N1 124.1 (15) 

5 N2-C1-N1 107.9 (16) 

6 C1-N1-C2 110.2 (16) 

7 O2-C3-N2 128 (2) 

8 O2-C3-C2 125 (2) 

9 N2-C3-C2 107.0 (18) 

10 O1-C2-N1 130.2 (18) 

11 O1-C2-C3 125.4 (19) 

12 N1-C2-C3 104.4 (17) 
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Complex 1d-10d are two coordinate, 14 electron species. The N-bonded ethyl groups are found 

to be ordered in an anti-fashion for 1d, and in a syn-fashion for 2d-4d. This difference might 

be attributed to the small atomic radii of chlorine, allowing the ethyl groups to point in the same 

direction. The measured Carbene-Au-X bond angles are 180o, except for in 4d which has a bond 

angle of 176.48o. This might be attributed to the atomic radii of iodine which also explains the 

fact that 4d has the biggest Au-X distance in the series of complexes investigated. 

For 1d-3d, the C-X distance is observed to increase in the series of (1d < 2d < 3d) which is as 

expected when taking into consideration the increasing atomic radii of the halogens (Cl < Br < 

I). The Au-Cl distance of 1d-3d are in the range of (2.2850-2.2870 Å) and the Au-Ccarben 

distance in the range of (1.980-1.985 Å), which is in accordance with commonly observed 

values for gold(I) complexes.23, 70 

When comparing 3d and 4d, a significant difference in Au-Ccarbene distance is observed. The 

bigger Au-Ccarbene distance of 4d is consistent with the greater trans influence of iodine. When 

comparing 10c with the series of complexes investigated, it is apparent that the Au-Ccarbene 

distance is smaller than for any of the complexes. The carbonyl groups on the backbone of 10c 

are good π-acceptors, most likely resulting in a decrease in electron density at the carbene 

carbon. The increased π-accepting properties of the DAC ligand might result in an increased π-

backdonation of electron density from gold, thus shortening the Au-Ccarbene bond. This is a 

feature also observed for Ir-DAC complexes.68  

Intermolecular interactions were also investigated briefly. No clear Au··Au interactions were 

observed, except from in 1d. In this case, an Au··Au distance of 3.589 Å was observed, which 

is close to the range of (2.50-3.50 Å) where Au··Au interactions typically appear.71 Contacts 

with distances shorter than the sum of the van der Waal radii were also observed, however, this 

was mostly between the halogens in the series of complexes investigated. 1d stands out also in 

this respect as short contacts were observed between chlorine and C1, C2, and N1 in the ring 

structure of other complexes in the packing-structure (Figure 4.2). 

 

  



48 
 

Chapter 5 

_____________________________________________ 

Atomic Layer Deposition of NHC-Au(I) complexes 

________________________________________________________ 

A series of NHC-Au(I) complexes are currently investigated as precursors for FEBID, including 

1 (Figure 5.1). This complex is already reported in literature, but it has not been studied as an 

ALD precursor. Due to the simple backbone of this complex, it is suitable as a benchmark to 

investigate the backbone halogenated complexes developed in this thesis. 

 

Figure 5.1: NHC-Au(I), 1, investigated as precursor for ALD in this thesis 

 

5.1 Experimental details 
 

The ALD experiments were performed on a flow type ALD reactor with a flow rate of 500 

sccm, giving a background pressure of 3 mBar. Nitrogen gas (N2 > 99.999%) was provided by 

an N2 generator of the type Schmidlin Sirocco5. Ozone (15 Wt% O3 in O2) was provided from 

an O3 generator, using O2 from gas cylinders (99.5 %) provided by Praxair. The glass substrates 

were provided from TedPella in sizes of 5 x 7,5 cm2. The glass substrates were also washed 

with soap and water prior to drying with pressurized air. The optical measurements were 

performed on a UV-3600 Shimadzu spectrometer. Sublimations were performed with a cold 

finger under a vacuum of 1.0*10-3 mBar applied by using a Schlenk line. 
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5.2 Precursor testing 
 

Sublimation experiments were performed for the gold complex to obtain valuable information 

about its volatility and thus suitability for ALD.72 At a pressure of 3.0*10-3 mBar, a sublimation 

temperature of 85oC was found, indicating a potential for use as a gold precursor for ALD. 

Further tests were performed to determine the approximate temperature of thermal 

decomposition of the complex to form gold nanoparticles. The solid precursor was loaded into 

a small glass boat in a glass cylinder and then inserted into an oven with a static heat gradient. 

By starting with a temperature of 65 oC, migration of the precursor throughout the glass cylinder 

finally indicated formation of gold nanoparticles at a temperature of approximately 265 oC. 

These temperatures were further used to set the correct heating gradient for the ALD 

experiments. 

5.3 Film deposition 
 

The temperature gradient employed for the ALD experiments in this thesis were 165 – 200oC, 

determined from the precursor testing. Co-reactants chosen for the ALD experiments were O3 

and H2O due to the extensive and successful use in previously reported gold-ALD systems53. 

The first ALD experiment was performed with O3 as co-reactant and 4s pulses of the gold 

precursor, resulting in deposited material at the inlet region of the glass substrate. When 

changing to a mixture of O3 and H2O, less material was deposited, and when using H2O alone, 

no material was observed. An experiment was also attempted without co-reactants, leaving an 

unchanged substrate surface, indicating the absence of thermal decomposition at the deposition 

temperature. From this observation, it is also apparent that O3 is the best suited co-reactant.      

By increasing the pulsing time of the gold precursor to 8s, a more defined deposition was 

obtained. However, the deposited material was not distributed evenly across the glass substrate, 

but rather concentrated at the inlet region. Analysis of the deposited material by using a 

Scanning Electron Microscope (SEM) revealed that the deposited material was not a continuous 

film but rather non-connecting gold nanoparticles (Figure 5.2). Gold nanoparticle statistics also 

revealed an increase in nanoparticle diameter when moving from the exhaust to the inlet region 

of the substrate. 
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Figure 5.2: SEM pictures of the nanoparticles deposited onto a TEM grid. (SEM Pictures 

obtained from Thomas Aarholt) 

 

Further investigations were performed with respect to gold nanoparticle growth. Four 

depositions were performed on methyl terminated substrate surfaces, with pulsing times of 2, 

4, 8, and 16s (Figure 5.3). The deposition of gold nano particles was also in this case performed 

on glass substrates, allowing for transmittance measurements. 

 

 

Figure 5.3: The measurement data originates from the exhaust region of the substrate, point 

A, and four different zones, from exhaust to inlet (point 1B - 4B). 
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The transmittance measured in point A and 4B were converted to absorbance and plotted as a 

function of the pulsing time. It is apparent that the absorbance of light increases with the pulsing 

time, which is due to an increase in gold nanoparticle concentration on the substrate (Figure 

5.4). As the pulsing time is increased from 2s to 16s, the slope of the curve also tends to 

decrease, possibly indicating substrate surface saturation. 

 

 

Figure 5.4: Absorbance as a function of pulsing time 
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The crystallite size of the gold nanoparticles in the four substrates were estimated by using 

previously reported data73 and XRD. A clear trend is visible where the gold nanoparticle size 

increases as longer pulsing times are used. However, significantly smaller gold nanoparticles 

were observed by XRD when compared to estimated gold nanoparticle diameters (Figure 5.5). 

This is not surprising due to the uncertainty in the Scherrer equation but also because XRD only 

focuses on well-defined crystalline parts of the particle. Thus, all amorphous fractions are 

excluded, however, the difference in gold nanoparticle size observed when using the two 

methods are still larger than expected. 

 

 

Figure 5.5: Particle diameter as a function of pulsing time 
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By using an integrating sphere, the reflectance of light was measured in each substrate, 

indicating an increase as longer pulsing times were used (Figure 5.6). Thus, the decreasing 

slope of Figure 5.4 might also be attributed to light scattering caused by particle growth. 

However, based on the presented data, it is not possible to conclude whether substrate saturation 

or light scattering contributes as the most significant factor for the decrease of the slope. 

 

 

Figure 5.6: Reflectance of light as a function of gold precursor pulsing time 

 

The gold nanoparticles deposited so far could easily be wiped off the substrate surface. 

Attempts were made to protect the gold nanoparticles by trapping them between two layers of 

aluminum oxide. Starting and ending the deposition cycle with pulses of TMA resulted in an 

Al2O3 – Au – Al2O3 layer with a blue color (Figure 5.7). The absorption and reflectance of light 

was also in this case measured and found to be higher than for any of the other films. A series 

of different substrates was also inserted into the reactor, consisting of Si(100), steel, temgrid, 

and two silica substrates at the inlet region. 
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Figure 5.7: Al2O3 – Au – Al2O3 film 

 

Deposition performed with 500 cycles and precursor pulsing times of 8s or 16s resulted in close 

to even layers of gold nanoparticles. The same pulsing times were used with 2000 cycles, 

attempting to make an even and thick gold film. Solid gold on the substrate surface was 

observed closest to the reactant inlet but slowly transitioned into gold nanoparticles closer to 

the exhaust (Figure 5.8). The ALD experiment was repeated, this time with an electrode present 

such that current through the film could be measured. However, due to issues related to the 

heating gradient, the film produced in this case was not of good enough quality to conduct 

electricity. 

 

 

Figure 5.8: Gold film after 2000 cycles and 8s NHC-Au(I) pulsing 
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Chapter 6 

_____________________________________________ 

Conclusion and future work 

________________________________________________________ 

Three new complexes were synthesized, 2d, 3d, and 10c, respectively. The carbene transfer 

approach was the most successful synthetic strategy for 2d and 3d, and a free carbene approach 

was employed in the case of 10c. The complexes were unambiguously characterized by 1H 

NMR and MS, and satisfactory XRD data were obtained. 

Complex 1 was employed for ALD, resulting in gold nanoparticle formation. However, with 

the obtained data, it is not possible to establish whether the deposition process is self-limiting 

or not. Nonetheless, a benchmark has been set with respect to the use NHC-Au(I) complexes 

for ALD. 

In the future, investigation of 1 with respect to the deposition conditions would be necessary in 

order to optimize the deposition process. It is also desirable to perform sublimation experiments 

on the novel NHC-Au(I) complex 2d and 3d such that data on their suitability as ALD and 

FEBID precursors can be determined. This is also the case for DAC-Au(I) complex 10c. 

However, an optimization of the reaction conditions and work-up method is still necessary in 

order to obtain the compound with higher purity. 
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Chapter 7 

_____________________________________________ 

Experimental 

________________________________________________________ 

Chemicals purchased from commercial suppliers were used without further purification. Dry 

CH2Cl2 and THF were obtained from an MBraun SPS-800 Solvent Purification system. Dry 

CHCl3 and were obtained by reflux over CaH2 for 24 h followed by distillation by using oven 

dried equipment. Oxygen free CH2Cl2, THF, and CHCl3 were obtained by the freeze, dry, thaw 

method on a Schlenk line. Only distilled water was used, and aqueous solutions were prepared 

on site. Handling of air sensitive reactions were performed under an inert atmosphere of argon 

gas, according to standard Schlenk technique or by using a glovebox. Reactions were performed 

in air unless otherwise noted. Reactions involving gold and silver species were shielded from 

light using aluminum foil. 

1H, 13C, COSY, HSQC, HMBC, and DEPT135Q experiments were recorded on Bruker Avance 

DPX300, AVII400, AV600 or AVII600 instruments. The NMR solvents and residual solvent 

peak references that were used are CDCl3 (δH = 7.24 ppm, δC = 77.2 ppm), CD2Cl2 (δH = 5.32 

ppm, δC = 54.0 ppm), (CD3)2SO (δH = 2.50 ppm, δC = 39.5 ppm), and C6D6 (δH = 7.16 ppm, 

and δC = 128.3). The chemical shift (δ) is given in parts per million (ppm) and coupling 

constants (J) are given in Hertz (Hz). Multiplicities are abbreviated as: s – singlet; br. s – broad 

singlet; d – doublet; t – triplet; m – multiplet. 

Mass spectra (ESI and APCI) were obtained from a Bruker Daltonics maXis II ETD instrument 

IR spectra were obtained from a Shimadzu IRAffinity-1 instrument 

Melting points were measured by using a Stuart SMP10 melting point apparatus 

Elemental analysis was performed by Mikroanalytisches Laboratorium Kolbe, Germany 
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7.1 Synthesis of (DMS)AuCl 
 

A round bottomed flask was charged with AuCl3 (8.00 g, 26.3 mmol, 1.0 equiv.) and HCl (18 

mL). The round bottomed flask was immersed in an ice bath and stirred upon addition of MeOH 

(80 mL). The reaction mixture was shielded from light with aluminum foil prior to the dropwise 

addition of DMS (5.00 mL, 68.5 mmol, 2.6 equiv.) with a dripping funnel. The mixture was 

stirred for 1 h prior to filtration in a frit. The solids were washed with MeOH (3 x 5 mL), diethyl 

ether (3 x 5 mL), and pentane (3 x 5 mL). The solids were subsequently transferred to a Schlenk 

flask and dried under static vacuum for 1 h, resulting in (DMS)AuCl (5.55 g, 18.8 mmol, 71 %) 

as a white solid. 

1H NMR (300 MHz, (CD3)2SO): δ 3.42 (s, 6H, H1, H1’) 

MS (ESI, MeOH) m/z (rel%): 318.941 ([M(37Cl)+Na]+, 36.5), 316.944 ([M(35Cl)+Na]+, 100) 

 

Figure 7.1: 1H NMR (400 MHz, (CD3)2SO) of compound (DMS)AuCl 
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7.2 Synthesis of 1 
 

A round bottomed flask was charged with 1,3-diethyl-1H-imidazolium bromide (500 mg, 2.43 

mmol, 1.0 equiv.) and dichloromethane (150 mL). Ag2O (282 mg, 1.21 mmol, 0.5 equiv.) was 

added and the reaction mixture was stirred over-night. (DMS)AuCl (718 mg, 2.43 mmol, 1.0 

equiv.) was added and the reaction mixture was stirred for 4 h followed by filtration in a filter 

paper. Solvents were removed under reduced pressure and the crude product was passed 

through a column of silica with dichloromethane as eluent. The product fractions were 

collected, dried with sodium sulphate, and filtered in a filter paper. Solvents were removed 

under reduced pressure resulting in 1 (565 mg, 1.58 mmol, 65 %) as a white solid. 

1H NMR (300 MHz, CDCl3): δ 6.93 (s, 2H, H6, H7), 4.19 (q, 4H, H4, H4’), 1.44 (t, 6H, H5, 

H5’) 

MS (ESI, MeOH) m/z (rel%): 381.022 ([M(37Cl)+Na]+, 23.6), 379.025 ([M(35Cl)+Na]+, 75.3) 

 

Figure 7.2: 1H NMR (400 MHz, CDCl3) of compound 1 
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7.3 Synthesis of 2a 
 

A Schlenk flask was charged with 2,4,5-tribromoimidazole (1.00 g, 3.28 mmol, 1.0 equiv.). 

Dry and degassed THF (10 mL) was added under argon-gas flow, followed by the addition of 

EtMgBr (6.56 mL, 6.56 mmol, 2.0 equiv.) as a (1M) solution in THF. A second portion of THF 

(10 mL) was added before the Schlenk setup was flushed with argon-gas and the reaction 

mixture refluxed for 3 h. Upon completion, the reaction mixture was cooled in an ice bath for 

15 min followed by acidification with a HCl solution (10 % HCl). The aqueous and the organic 

layers were separated, and the aqueous phase was extracted with ethyl acetate (3 x 50 mL). All 

the organic extracts were collected, dried with sodium sulphate, and filtered in a filter paper, 

followed by the removal of solvents under reduced pressure. Chloroform was added to the dry 

crude product and filtered in a Büchner funnel, resulting in 2a (501 mg, 2.21 mmol, 68 %) as a 

white solid. 

1H NMR (300 MHz, (CD3)2SO): δ 13.27 (br. s, 1H, H3), 7.79 (s, 1H, H2) 

MS (ESI, MeOH) m/z (rel%): 250.844 ([M(81Br81Br)+Na]+, 17.4), 248.846 ([M(79Br81Br)+Na]+, 

35.5), 246.848 ([M(79Br79Br)+Na]+, 17.8), 228.862 ([M(81Br81Br)+H]+, 51.3), 226.864 

([M(79Br81Br)+H]+, 100), 224.866 ([M(79Br79Br)+H]+, 52.7) 

 

 

Figure 7.3: 1H NMR (300 MHz, (CD3)2SO) of compound 2a 
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7.4 Synthesis of 3a 
 

A round bottomed flask was charged with imidazole (1.12 g, 16.5 mmol, 1.0 equiv.) and DIH 

(5.18 g, 13.6 mmol, 0.8 equiv.). Water (30 mL) was added and the mixture was stirred for 10 

min with the round bottomed flask submerged in an ice bath. Sulphuric acid (15 mL) was added 

dropwise under powerful stirring, and the resulting solution was subsequently quenched with 

NaOH (3.9 M, 60 mL). Adjustment to pH-6 with acetic acid resulted in heavy precipitation of 

the product which was filtered in a Büchner funnel and washed with cold water (4 x 25 mL). 

The solids were also washed with saturated sodium sulfite solution (3 x 12 mL), and a second 

portion of cold water (4 x 25 mL), resulting in 3a (3.26 g, 10.1 mmol, 75 %) as a white solid. 

1H NMR (300 MHz, (CD3)2SO): δ 12.91 (br. s, 1H, H3), 7.78 (s, 1H, H2) 

MS (ESI, MeOH) m/z (rel%): 342.820 ([M+Na]+, 38.6), 320.838 ([M+H]+, 100)  

 

Figure 7.4: 1H NMR (300 MHz, (CD3)2SO) of compound 3a 
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7.5 Synthesis of 1b 
 

A round bottomed flask was charged with 1a (1.00 g, 7.30 mmol, 1.0 equiv.) and dissolved in 

acetonitrile (50 mL). Potassium carbonate (2.01 g, 14.6 mmol, 2.0 equiv.) was added to the 

mixture followed by the addition of ethyl iodide (645 μL, 8.03 mmol, 1.1 equiv.) under stirring. 

After three days of stirring at ambient temperature, solvents were removed under reduced 

pressure, leaving a pink solid that was dissolved in dichloromethane and filtered in a filter 

paper. The filtrate was transferred to a separatory funnel and extracted with water (3 x 150 mL). 

The organic extracts were collected, dried with sodium sulphate, and filtered in a filter paper. 

Solvents were removed under reduced pressure, resulting in 1b (855 mg, 5.18 mmol, 71 %) as 

a pink oil. 

1H NMR (300 MHz, CD2Cl2): δ 7.37 (s, 1H, H2), 3.94 (q, J = 7.3 Hz, 2H, H4), 1.40 (t, J = 7.3 

Hz, 3H, H5) 

MS (ESI, MeOH) m/z (rel%): 188.977 ([M(37Cl)+Na]+, 63.9), 186.980 ([M(35Cl)+Na]+, 100) 

 

Figure 7.5: 1H NMR (300 MHz, CD2Cl2) of compound 1b 
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7.6 Synthesis of 2b 
 

A round bottomed flask was charged with 2a (1.00 g, 4.43 mmol, 1.0 equiv.) and dissolved in 

acetonitrile (150 mL). Potassium carbonate (1.22 g, 8.85 mmol, 2.0 equiv.) was added to the 

mixture, followed by the addition of ethyl iodide (711 µL, 8.85 mmol, 2.0 equiv.) under stirring. 

After 3 days with stirring at ambient temperature, solvents were removed under reduced 

pressure, leaving a white solid that was dissolved in dichloromethane and filtered in a filter 

paper. The filtrate was transferred to a separatory funnel and extracted with water (3 x 100 mL). 

The organic extracts were collected, dried with sodium sulphate, and filtered in a filter paper. 

Solvents were removed under reduced pressure, resulting in 2b (930 mg, 3.66 mmol, 82 %) as 

an orange oil. 

1H NMR (600 MHz, CDCl3): δ 7.47 (s, 1H, H2), 3.95 (q, J = 7.3 Hz, 2H, H4), 1.39 (t, J = 7.3 

Hz, 3H, H5) 

13C NMR (151 MHz, CDCl3): δ 136.40 (C2), 117.06 (C7), 103.37 (C6), 42.62 (C4), 15.73 

(C5) 

MS (ESI, MeCN) m/z (rel%): 278.875 ([M(81Br81Br)+Na]+, 49.1), 276.877 

([M(79Br81Br)+Na]+, 100), 274.879 ([M(79Br79Br)+Na]+, 52.2) 

HRMS (ESI, MeCN): 274.8795, calculated for C5H6Br2N2Na, found: 274.8789 (0.2 ppm) 

 

Figure 7.6: 1H NMR (600 MHz, CDCl3) of compound 2b 
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7.7 Synthesis of 3b 
 

A round bottomed flask was charged with 3a (2.44 g, 7.65 mmol, 1.0 equiv.) and dissolved in 

acetonitrile (700 mL). Potassium carbonate (2.11 g, 15.3 mmol, 2.0 equiv.) was added to the 

mixture followed by the addition of ethyl iodide (1.23 mL, 15.3 mmol, 2.0 equiv.) under 

stirring. After three days with stirring at ambient temperature, solvents were removed under 

reduced pressure, leaving a weakly pink solid that was dissolved in dichloromethane and 

filtered in a filter paper. The filtrate was transferred to a separatory funnel and extracted with 

water (3 x 200 mL). The organic extracts were collected, dried with sodium sulphate, and 

filtered in a filter paper. Solvents were removed under reduced pressure, resulting in 3b (2.21 

g, 6.37 mmol, 83 %) as a white solid. 

1H NMR (300 MHz, (CD3)2SO): δ 7.91 (s, 1H, H2), 4.00 (q, J = 7.2 Hz, 2H, H4), 1.27 (t, J = 

7.2 Hz, 3H, H5) 

MS (ESI, MeOH) m/z (rel%): 370.851 ([M+Na]+, 100), 348.869 ([M+H]+, 9.5) 

 

Figure 7.7: 1H NMR (300 MHz, (CD3)2SO) of compound 3b 
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7.8 Synthesis of 1c 
 

A microwave container was charged with 1b (400 mg, 2.40 mmol, 1.0 equiv.) and dissolved in 

acetonitrile (1 mL). Ethyl iodide (1.00 mL, 12.0 mmol, 5.0 equiv.) was added and the reaction 

mixture was heated to 72 ℃ for 5 h in a microwave. Upon completion of the reaction, the 

microwave container was submerged in an ice bath which resulted in the precipitation of the 

product. The solids were filtered in a frit and diethyl ether was added to the filtrate, resulting in 

precipitation of additional product. The solids were added to the frit and washed with cold 

diethyl ether (3 x 5 mL), resulting in 1c (480 mg, 1.50 mmol, 63 %) as a white solid. 

1H NMR (300 MHz, CDCl3): δ 10.93 (s, 1H, H2), 4.43 (q, J = 7.3 Hz, 4H, H4; H4’), 1.64 (t, J 

= 7.3 Hz, 6H, H5; H5’) 

MS (ESI, MeOH) m/z (rel %): 195.026 ([M(37Cl)]+, 65.5), 193.029 ([M(35C)]+, 100) 

Tm: 189-190oC 

 

Figure 7.8: 1H NMR (300 MHz, CDCl3) of compound 1c 
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7.9 Synthesis of 2c 
 

A Schlenk bomb was charged with 2b (930 mg, 3.66 mmol, 1.0 equiv.) and dissolved in N,N-

dimethylformamide (5 mL). Ethyl iodide (2.94 mL, 36.6 mmol, 10 equiv.) was added and the 

reaction mixture was heated to 72 ℃ for 24 h. Cold diethyl ether was added to the reaction 

mixture upon completion, resulting in heavy precipitation of the product. The product was 

filtered in a frit and washed with cold diethyl ether (3 x 10 mL), resulting in 2c (1.18 g, 2.90 

mmol, 80 %) as a white solid. 

1H NMR (600 MHz, (CD3)2SO): δ 9.55 (s, 1H, H2), 4.20 (q, J = 7.25 Hz, 4H, H4; H4’), 1.42 

(t, J = 7.24 Hz, 6H, H5; H5’) 

13C NMR (151 MHz, (CD3)2SO) : δ 137.64 (C2), 110.22 (C6, C7), 45.25 (C4, C4’), 14.08 (C5, 

C5’) 

MS (ESI, MeOH) m/z (rel%): 284.924 ([M(81Br81Br)]+, 51.3), 282.926 ([M(79Br81Br)]+, 100), 

280.928 ([M(79Br79Br)]+, 52.0)  

HRMS (ESI, MeOH): 280.9289, calculated for C7H11Br2N2, found: 280.9284 (-0.1 ppm) 

Tm: 226-227oC 

 

Figure 7.9: 1H NMR (600 MHz, (CD3)2SO) of compound 2c 
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7.10 Synthesis of 3c 
 

A Schlenk bomb was charged with 3b (1.00 g, 2.87 mmol, 1.0 equiv.) and dissolved in N,N-

dimethylformamide (10 mL). Ethyl iodide (2.30 mL, 28.7 mmol, 10.0 equiv.) was added and 

the reaction mixture was heated to 72 ℃ for 24 h. Precipitation of the product upon completion 

of the reaction was dissolved in an excess of N,N-dimethylformamide and subsequently crashed 

out with cold diethyl ether. The product was filtered in a frit and washed with cold diethyl ether 

(3 x 10 mL), resulting in 3c (1.26 g, 2.51 mmol, 88 %) as an off-white solid. 

1H NMR (600 MHz, (CD3)2SO): δ 9.51 (s, 1H, H2), 4.18 (q, J = 7.26 Hz, 4H, H4; H4’), 1.39 

(t, J = 7.26 Hz, 6H, H5; H5’) 

13C NMR (151 MHz, (CD3)2SO): δ 139.57 (C2), 93.32 (C6, C7), 47.41 (C4, C4’), 14.69 (C5, 

C5’) 

MS (ESI, MeOH) m/z (rel%): 376.901 ([M(127I)]+, 100) 

HRMS (ESI, MeOH): 376.9011, calculated for C7H11I2N2, found: 376.9007 (-0.1 ppm) 

Tm: 254oC 

 

Figure 7.10: 1H NMR (600 MHz, (CD3)2SO) of compound 3c 
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7.11 Synthesis of 1d 
 

A round bottomed flask was charged with 1c (405 mg, 1.26 mmol, 1.0 equiv.) and dissolved in 

dichloromethane (100 mL). Silver oxide (146 mg, 0.630 mmol, 0.5 equiv.) was added and the 

reaction mixture was stirred over-night prior to the addition of (DMS)AuCl (372 mg, 1.26 

mmol, 1.0 equiv.). The reaction mixture was stirred for additional 4 h prior to filtration in a 

filter paper and subsequently the removal of solvents under reduced pressure. The crude was 

passed through a column of silica with dichloromethane as eluent. The product fractions were 

collected, dried with sodium sulphate, and filtered in a filter paper. Removal of solvents under 

reduced pressure resulted in 1d (517 mg, 1.21 mmol, 96 %) as a white solid. 

1H NMR (400 MHz, CD2Cl2): δ 4.29 (q, J = 7.25 Hz, 4H, H4, H4’), 1.44 (t, J = 7.25 Hz, 6H, 

H5, H5’) 

13C NMR (101 MHz, CD2Cl2): δ 169.77 (C2), 116.00 (C6, C7), 45.53 (C4, C4’), 15.16 (C5, 

C5’) 

MS (ESI, MeOH) m/z (rel%): 450.941 ([M(35Cl37Cl37Cl)+Na]+, 31.4), 448.944 

([M(35Cl35Cl37Cl)+Na]+, 94.0), 446.947 ([M(35Cl35Cl35Cl)+Na]+, 100) 

HRMS (ESI, MeOH): 446.9472, calculated for C7H10Cl3N2AuNa, found: 446.9468 (-0.0 ppm) 

Tm: 185-186oC 

  

Figure 7.11: 1H NMR (400 MHz, CD2Cl2) of compound 1d 
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7.12 Synthesis of 2d 
 

A round bottomed flask was charged with 2c (500 mg, 1.21 mmol, 1.0 equiv.) and dissolved in 

dichloromethane and methanol (1:1, 200 mL). Silver oxide (141 mg, 0.60 mmol, 0.5 equiv.) 

was added and the reaction mixture was stirred for 1 h prior to the addition of (DMS)AuCl (359 

mg, 1.21 mmol, 1.0 equiv.). After 4 h, solvents were removed under reduced pressure followed 

by the addition of dichloromethane (50 mL) to the crude product and filtration in a filter paper. 

Solvents were removed under reduced pressure and the crude product passed through a column 

of silica with dichloromethane and methanol (90 % : 10 %) as eluent. The product fractions 

were collected, dried with sodium sulphate, and filtered in a filter paper. Removal of solvents 

under reduced pressure resulted in 2d (386 mg, 0.751 mmol, 62 %) as an orange solid. 

1H NMR (400 MHz, CD2Cl2): δ 4.33 (q, J = 7.26 Hz, 4H, H4, H4’), 1.43 (t, J = 7.25 Hz, 6H, 

H5, H5’)  

13C NMR (101 MHz, CD2Cl2): δ 173.01 (C2), 107.42 (C6, C7), 47.93 (C4, C4’), 16.31 (C5, 

C5’) 

MS (ESI, MeCN) m/z (rel%): 538.841 ([M(81Br81Br)+Na]+, 67.4), 536.844 ([M(81Br79Br)+Na]+, 

100), 534.846 ([M(79Br79Br)+Na]+, 43.5)  

HRMS (ESI, MeOH): 534.8462, calculated for C7H10Br2N2AuClNa, found: 534.8457 (-0.0 

ppm)  

EA: C 16.34, H 1.96, N 5.45, calculated for C7H10Br2N2AuCl (%);  

Found: C 16.39, H 2.05, N 5.43  

Tm: 195-196oC 

 

Figure 7.12: 1H NMR (600 MHz, CD2Cl2) of compound 2d 
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7.13 Synthesis of 3d 
 

A round bottomed flask was charged with 3c (500 mg, 0.99 mmol, 1.0 equiv.) and dissolved in 

dichloromethane and methanol (1:1, 450 mL). Silver oxide (115 mg, 0.49 mmol, 0.5 equiv.) 

was added and the reaction mixture was stirred for 1 h prior to the addition of (DMS)AuCl (292 

mg, 0.99 mmol, 1.0 equiv.). After 4 h, solvents were removed under reduced pressure, followed 

by the addition of dichloromethane (50 ml) to the crude product and filtration in a filter paper. 

Solvents were removed under reduced pressure and the crude product passed through a column 

of silica with dichloromethane and methanol (90 % : 10 %) as eluent. The product fractions 

were collected, dried with sodium sulphate, and filtered in a filter paper. Removal of solvents 

under reduced pressure resulted in 3d (362 mg, 0.595 mmol, 60 %) as an orange solid. 

1H NMR (400 MHz, CD2Cl2): δ 4.39 (q, J = 7.24 Hz, 4H, H4, H4’), 1.42 (t, J = 7.24 Hz, 6H, 

H5, H5’) 

13C NMR (101 MHz, CD2Cl2): δ 175.45 (C2), 86.07 (C6, C7), 50.45 (C4, C4’), 16.67 (C5, 

C5’) 

MS (ESI, MeOH) m/z (rel%): 632.815 ([M(127I37Cl )+Na]+, 31.9), 630.818 

([M(127I35Cl)+Na]+, 100) 

HRMS (ESI, MeOH): 630.8185, calculated for C7H10I2N2AuClNa, found: 630.8181 (-0.2 

ppm) 

EA: C 13.82, H 1.66, N 4.60, calculated for C7H10I2N2AuCl (%);  

Found: C 14.04, H 1.79, N 4.68 

Tm: 216-217oC 

 

Figure 7.13: 1H NMR (600 MHz, CD2Cl2) of compound 3d 
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7.14 Attempted synthesis of 3d via a free carbene approach 
 

A Schlenk flask was charged with 3c (100 mg, 0.190 mmol, 1.0 equiv.) followed by the addition 

of THF (50 mL). KHMDS (200 μL, 0.200 mmol, 1.0 equiv.) was added to the suspension under 

argon-gas flow and stirred for 1 h, where a color change from milky white to transparent yellow 

occurred. The reaction mixture was further cooled to -50 oC with an (ethanol/liquid N2) cooling 

bath prior to the addition of (DMS)AuCl (58.4 mg, 0.190 mmol, 1.0 equiv.). Removal of the 

cooling bath and stirring at ambient temperature for 4 h resulted in a gradual color change from 

yellow to purple/black. Removal of solvents under reduced pressure left a purple/black solid 

which was dissolved in dichloromethane (50 mL) and filtered in a frit. The light brown filtrate 

was collected and passed through a column of silica with dichloromethane as eluent. The 

fractions were collected, followed by removal of solvents under reduce pressure, resulting in 

3d as a weakly yellow solid. The yield was not calculated due to the presence of byproducts in 

the final product. (Repeated with DMF as solvent) 

MS (ESI, MeCN) m/z (rel%): 948.753 ([(NHC)2Au]+, 77.6), 822.856 (30.0), 632.815 

([M(127I37Cl)+Na]+, 4.0), 630.818 ([M(127I35Cl)+Na]+, 12.7), 368.425 (23.1), 107.041 (100) 

 

 

Figure 7.14: 1H NMR (300 MHz, (CD3)2SO) of compound 3d 

  



71 
 

7.15 Attempted synthesis of 3d via a silver-free approach 
 

A round bottomed flask was charged with 3c (50.0 mg, 0.099 mmol, 1.0 equiv.), potassium 

carbonate (16.4 mg, 0.110 mmol, 1.2 equiv.), and (DMS)AuCl (29.2 mg, 0.099 mmol, 1.0 

equiv.). DMF (10 mL) was added and the reaction mixture was heated to 72 oC for 24 h. 

Removal of DMF on a Schlenk line left a brown solid which was dissolved in dichloromethane 

(20 mL) and filtered in a filter paper. The filtrate was collected and passed through a column of 

silica with dichloromethane as eluent. The fractions were collected, followed by removal of 

solvents under reduced pressure, resulting in 3d as a weakly yellow solid. The yield was not 

calculated due to the presence of byproducts in the final product. 

MS (ESI, MeCN) m/z (rel%): 948.753 ([(NHC)2Au]+, 28.6), 822.856 (30.0), 630.818 

([M+Na]+, 55.3), 309.131 (100) 

 

 

Figure 7.15: 1H NMR (300 MHz, (CD3)2SO) of compound 3d 
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7.16 Synthesis of 5 
 

A Schlenk flask was charged with isopropyl amine (5.15 mL, 60.0 mmol, 2.0 equiv.) and 

triethyl orthoformate (4.98 mL, 30.0 mmol, 1.0 equiv.) under a flow of argon-gas. Acetic acid 

(1.71 mL, 30.0 mmol, 1.0 equiv.) was added slowly and the reaction mixture was refluxed over 

night at 140 oC under a static atmosphere of argon-gas. Removal of solvents under reduced 

pressure left a yellow solid which was dissolved in a minimum amount of diethyl ether. A (1M) 

solution of NaOH (33 mL) was added to the mixture and stirred for 2 h at ambient temperature. 

The organic layer was removed upon completion of the reaction, and the aqueous phase 

extracted with diethyl ether (3 x 30 mL). All organic extracts were collected and dried with 

magnesium sulphate, followed by filtration in a filter paper prior to the removal of solvents 

under reduced pressure. The resulting off-white solid was further purified by sublimation, 

resulting in 5 (1.37 g, 10.6 mmol, 35 %) as a white solid. 

1H NMR (300 MHz, CDCl3): δ 7.34 (s, 1H, H1), 3.49-3.36 (sep, 2H, H3, H3’), 2.97 (br. s, 1H, 

H2’), 1.13 (d, J = 6.42 Hz, 12H, H4, H4’, H5, H5’) 

MS (ESI, MeCN) m/z (rel%): 129.139 ([M+H]+, 100) 

 

Figure 7.16: 1H NMR (300 MHz, CDCl3) of compound 5 
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7.17 Synthesis of 6 
 

A round bottomed flask was charged with trimethylamine (1.15 mL, 8.27 mmol, 2.1 equiv.), 

dichloromethane (10 mL), and isopropyl amine (676 µL, 7.87 mmol, 2.0 equiv.). The round 

bottomed flask was emerged in an ice bath prior to the addition of a solution consisting of 

oxalylchloride (337 µL, 3.93 mmol, 1.0 equiv.) and dichloromethane (10 mL). The ice bath was 

removed, and the reaction mixture was stirred for 1 h at ambient temperature prior to extraction 

with water (3 x 50 mL). The organic extracts were collected, dried with sodium sulphate, and 

filtered in a filter paper. Solvents were removed under reduced pressure and the crude product 

recrystallized from hot toluene (6 mL). The product was subsequently filtered in a frit and 

washed with cold toluene (3 x 5 mL) and pentane (3 x 5 mL), resulting in 6 (436 mg, 2.53 

mmol, 65 %) as a white solid. 

1H NMR (300 MHz, CD2Cl2): δ 7.30 (br. s, 2H, H2, H2’), 4.04-3.93 (sep, 2H, H3, H3’), 1.18 

(d, J = 6.5 Hz, 12H, H4, H4’, H5, H5’) 

MS (ESI, MeCN) m/z (rel%): 195.110 ([M+Na]+, 100) 

 

Figure 7.17: 1H NMR (300 MHz, CD2Cl2) of compound 6 
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7.18 Synthesis of 7 
 

A Schlenk flask was charged with 5 (50.0 mg, 0.390 mmol, 1.0 equiv.) and dissolved in dry 

and degassed chloroform (10 mL). The Schlenk flask was submerged in an ice bath prior to the 

dropwise addition of oxalylchloride (35.1 μL, 0.410 mmol, 1.0 equiv.). The colorless solution 

was refluxed for 2 hours prior to the removal of solvents under reduced pressure which resulted 

in a white solid. Due to the observation of byproducts, the yield was not calculated. 

1H NMR (300 MHz, CDCl3): δ 6.12 (s, 1H, H2), 4.16-4.09 (sep, J = 6.88, 2H, H4, H4’), 1.41 

(d, J = 6.90, 6H, H5, H5’/H6, H6’), 1.37 (d, J = 6.84, 6H, H6, H6’/H5, H5’) 

13C NMR (101 MHz, CDCl3): δ 158.17 (C7, C8), 85.82 (C2), 45.53 (C4, C4’), 20.85 (C5, C5’), 

19.61 (C6, C6’) 

MS (ESI, MeCN/MeOH) m/z (rel%): 223.105 (100), 129.139 (C6H17N2
+, 31.0) 

IR (KBr): 1605.81, 1696.47, 1707.08, 1739.87 cm-1 

 

Figure 7.18: 1H NMR (600 MHz, CDCl3) of compound 7 
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7.19 General procedure for the attempted synthesis of 8 
 

A Schlenk bomb was charged with SM, NH4X, and HC(OEt)3. The reaction mixture was heated 

(Table 7. 1) and cooled down in ambient temperature. The resulting precipitate of white solids 

in the reaction mixture was filtered and washed with pentane, resulting in a white solid. 

 

 

Table 7. 1: Attempted reaction conditions for the synthesis of 8 

Entry R1/R2 X- Time Δ Solvent 

1 iPr Cl- 24 h 82 ℃ MeCN 

2 tolyl Cl- 24 h 82 oC MeCN 

3 iPr Cl- 24 h 153 oC DMF 

4 iPr Cl- 24 h 145 ℃ Neat 

5 iPr Cl- 3 h 145℃, mw Neat 

6 iPr PF6
- 24 h 145 ℃ Neat 

 

Table 7.2: Attempted amounts, mmol, and equivalents of reagents for the synthesis of 8 

Entry SM 

(mg, mmol, equiv.) 

NH4X 

(mg, mmol, equiv.) 

HC(EtO)3 

(ml, mmol, equiv.) 

1 50.0, 0.290, 1.00 15.5, 0.290, 1.00 0.289, 1.74, 6.00 

2 50.0, 0.180, 1.00 9.96, 0.180, 1.00 0.185, 1.11, 6.00 

3 50.0, 0.290, 1.00 15.5, 0.290, 1.00 0.289, 1.74, 6.00 

4 50.0, 0.290, 1.00 15.5, 0.290, 1.00 2.00, 11.6, 40.0 

5 50.0, 0.290, 1.00 15.5, 0.290, 1.00 2.00, 11.6, 40.0 

6 50.0, 0.290, 1.00 47.3, 0.290, 1.00 2.00, 11.6, 40.0 
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7.20 Synthesis of 9 
 

A Schlenk flask was charged with di-iPr-carbodiimide (125 μL, 0.790 mmol, 1.0 equiv.) 

additional to dry and degassed dichloromethane (10 mL). The solution was cooled to 0 oC with 

an ice bath prior to the dropwise addition of oxalylchloride (72.0 μL, 0.830 mmol, 1.0 equiv.). 

The ice bath was removed, and the reaction mixture was stirred for 1 h in ambient temperature. 

Solvents were removed under reduced pressure upon completion of the reaction, resulting in 9 

(175 mg, 0.693 mmol, 87 %) as a white solid. 

1H NMR (300 MHz, CD2Cl2): δ 3.58-3.45 (sep, J = 6.42, 2H, H4; H4’), 1.19 (d, J = 6.42, 12H, 

H5, H5’, H6, H6’) 

MS (ESI, MeCN) m/z (rel%): 237.064 (15.3), 221.090 (100) 

IR (KBr): 1612.49, 1737.86, 1766.80, 1816.94 cm-1 

 

 

Figure 7.19: 1H NMR (300 MHz, CD2Cl2) of compound 9 
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7.21 Synthesis of 10a 
 

A Schlenk flask was charged with di-tBu-carbodiimide (1.25 mL, 6.48 mmol, 1.0 equiv.) 

additional to dry and degassed THF (30 ml). The solution was cooled to 0 oC with an ice bath 

prior to the dropwise addition of oxalylchloride (1.11 mL, 12.9 mmol, 2.0 equiv.). The ice bath 

was removed, and the reaction mixture was stirred for 1 h in ambient temperature. Solvents 

were removed under reduced pressure upon completion of the reaction, resulting in 10a (1.46 

g, 5.21 mmol, 80 %) as a white solid. 

1H NMR (300 MHz, CDCl3): δ 1.81 (s, 18H, H5, H5’, H6, H6’, H7, H7’) 

MS (ESI, MeCN) m/z (rel%): 567.336 (40.7), 295.163 (100) 

IR (KBr): 1604.77, 1739.79, 1759.08, 1780.30, 1816.94 cm-1 

 

Figure 7.20: 1H NMR (300 MHz, CDCl3) of compound 10a 
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7.22 Synthesis of 10b 
 

A 20 mL vial inside a glovebox was charged with 10a (500 mg, 1.77 mmol, 1.0 equiv.) and 

dissolved in dry and degassed THF (5 mL). Elemental potassium (139 mg, 3.55 mmol, 2.0 

equiv.) was added, which resulted in the formation of a red solution over a reaction time of 3 h 

in ambient temperature. Solvents were removed under reduced pressure and the resulting solids 

washed with pentane (5 ml) in a frit. The bright red filtrate was collected, and solvents were 

removed under reduced pressure, leaving a bright red solid. The yield was not calculated due 

to the observation of impurities and big amounts of grease. 

1H NMR (600 MHz, C6D6): δ 1.37 (s, 18H, H5, H5’, H6, H6’, H7, H7’) 

13C NMR (600 MHz, C6D6): δ 287. 71 (C2), 154.71 (C8, C9), 58.94 (C4, C4’), 28.88 (C5, C5’, 

C6, C6’, C7, C7’) 

 

Figure 7.21: 1H NMR (600 MHz, C6D6) of compound 10b 
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7.23 Synthesis of 10c 
 

A 20 mL vial inside a glovebox was charged with (DMS)AuCl (70.0 mg, 0.230 mmol, 1.0 

equiv.) followed by the addition of dry and degassed THF (5 mL). 10b (50 mg, 0.230 mmol, 

1.0 equiv.) was dissolved in dry and degassed THF (2 mL) and added dropwise to the 

suspension of (DMS)AuCl. The reaction mixture was stirred for 4 hours whereupon the color 

changed from white to green. Solvents were removed under reduced pressure, resulting in a 

yellow solid which was filtered in a frit and washed with dry and degassed pentane (3 x 2 mL). 

The yield was not calculated due to impurities still present in the product. 

1H NMR (600 MHz, C6D6): δ 1.48 (s, 18H, H5, H5’, H6, H6’, H7, H7’) 

13C NMR (600 MHz, C6D6): δ 217.58 (C2), 153.99 (C8, C9), 62.80 (C4, C4’), 29.97 (C5, C5’, 

C6, C6’, C7, C7’) 

MS (APCI, MeOH) m/z (rel%): 445.080 ([M(37Cl)+H]+, < 10 %), 443.080 ([M(35Cl)+H]+, < 10 

%) 

IR (KBr): 1726.29, 1793.80 cm-1 

 

Figure 7.22: 1H NMR (600 MHz, C6D6) of compound 10c 
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Chapter 8 

_____________________________________________ 

Appendix 

________________________________________________________ 

 

8.1.1 Compound 2a 

 

 

 

Figure 8.1.1: 1H NMR (300 MHz, (CD3)2SO) of compound 2a 
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8.1.2 Compound 3a 

 

 

 

Figure 8.1.2: 1H NMR (300 MHz, (CD3)2SO) of compound 3a 
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8.1.3 Compound 1b 

 

 

 

Figure 8.1.3: 
1H NMR (400 MHz, CD2Cl2) of compound 1b 
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8.1.4 Compound 2b 

 

 

 

Figure 8.1.4: 
1H NMR (600 MHz, CDCl3) of compound 2b 
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Figure 8.1.5: 13C NMR (151 MHz, CDCl3) of compound 2b 

 

Figure 8.1.6: COSY (600 MHz, CDCl3) of compound 2b 
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Figure 8.1.7: HSQC (600 MHz, CDCl3) of compound 2b 

 

Figure 8.1.8: HMBC (600 MHz, CDCl3) of compound 2b 
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8.1.5 Compound 3b 

 

 

 

Figure 8.1.9: 1H NMR (300 MHz, (CD3)2SO) of compound 3b 
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8.1.6 Compound 1c 

 

 

 

Figure 8.1.10: 1H NMR (300 MHz, CDCl3) of compound 1c 
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8.1.7 Compound 2c 

 

 

 

Figure 8.1.11: 1H NMR (600 MHz, (CD3)2SO) of compound 2c 
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Figure 8.1.12: 13C NMR (151 MHz, (CD3)2SO) of compound 2c 

 

Figure 8.1.13: COSY (600 MHz, (CD3)2SO) of compound 2c 
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Figure 8.1.14: HSQC (600 MHz, (CD3)2SO) of compound 2c 

 

Figure 8.1.15: HMBC (600 MHz, (CD3)2SO) of compound 2c 
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8.1.8 Compound 3c 

 

 

 

Figure 8.1.16: 1H NMR (600 MHz, (CD3)2SO) of compound 3c 
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Figure 8.1.17: 13C NMR (151 MHz, (CD3)2SO) of compound 3c 

 

Figure 8.1.18: COSY (600 MHz, (CD3)2SO) of compound 3c 
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Figure 8.1.19: HSQC (600 MHz, (CD3)2SO) of compound 3c 

 

 

Figure 8.1.20: HMBC (600 MHz, (CD3)2SO) of compound 3c 
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8.1.9 Compound 1d 

 

 

 

Figure 8.1.21: 1H NMR (400 MHz, CD2Cl2) of compound 1d 
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Figure 8.1.22: 13C NMR (101 MHz, CD2Cl2) of compound 1d 

 

Figure 8.1.23: COSY (400 MHz, CD2Cl2) of compound 1d 
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Figure 8.1.24: HSQC (400 MHz, CD2Cl2) of compound 1d 

 

Figure 8.1.25: HMBC (400 MHz, CD2Cl2) of compound 1d 
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8.1.10  Compound 2d 

 

 

 

Figure 8.1.26: 1H NMR (600 MHz, CD2Cl2) of compound 2d 

 

Dimer-byproduct isolated in the carbene transfer reaction: 

 

MS (ESI, MeOH) m/z (rel%): 756.808 ([(NHC)Au]+, 16.9) 

HRMS (ESI, MeOH): 756.8087, calculated for C14H20AuBr4N4, found: 756.8082 (0.0 ppm) 
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Figure 8.1.27: 13C NMR (151 MHz, CD2Cl2) of compound 2d 

 

Figure 8.1.28: COSY (600 MHz, CD2Cl2) of compound 2d 



99 
 

 

Figure 8.1.29: HSQC (600 MHz, CD2Cl2) of compound 2d 

 

Figure 8.1.30: HMBC (600 MHz, CD2Cl2) of compound 2d 
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8.1.11 Compound 3d 

 

 

 

Figure 8.1.31: 1H NMR (600 MHz, CD2Cl2) of compound 3d 

 

Dimer-byproduct isolated in the carbene transfer reaction: 

 

MS (ESI, MeOH) m/z (rel%): 948.753 ([(NHC)Au]+, 100) 

HRMS (ESI, MeOH): 948.7532, calculated for C14H20AuI4N4, found: 948.7526 (0.1 ppm) 
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Figure 8.1.32: 13C NMR (151 MHz, CD2Cl2) of compound 3d 

 

Figure 8.1.33: COSY (600 MHz, CD2Cl2) of compound 3d 
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Figure 8.1.34: HSQC (600 MHz, CD2Cl2) of compound 3d 

 

Figure 8.1.35: HMBC (600 MHz, CD2Cl2) of compound 3d 
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8.1.12 Attempted synthesis of compound 3d via a free carbene approach 

 

 

 

Figure 8.1.36: 1H NMR (300 MHz, (CD3)2SO) of compound 3d 
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8.1.13 Attempted synthesis of compound 3d via a silver-free approach 

 

 

 

Figure 8.1.37: 1H NMR (300 MHz, (CD3)2SO) of compound 3d 

  



105 
 

8.1.14 Compound 5 

 

 

 

Figure 8.1.38: 1H NMR (300 MHz, CDCl3) of compound 5 
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8.1.15 Compound 6 

 

 

 

Figure 8.1.39: 1H NMR (300 MHz, CD2Cl2) of compound 6 
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8.1.16 Compound 7 

 

 

 

Figure 8.1.40: 1H NMR (600 MHz, CDCl3) of compound 7 
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Figure 8.1.41: 13C NMR (151 MHz, CDCl3) of compound 7 

 

Figure 8.1.42: COSY (600 MHz, CDCl3) of compound 7 
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Figure 8.1.43: COSY (600 MHz, CDCl3) zoom of aliphatic region of compound 7 

 

Figure 8.1.44: HSQC (600 MHz, CDCl3) of compound 7 
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Figure 8.1.45: HSQC (600 MHz, CDCl3) zoom of aliphatic region of compound 7 

 

Figure 8.1.46: HSQC (600 MHz, CDCl3) zoom of aliphatic region of compound 7 
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Figure 8.1.47: HSQC (600 MHz, CDCl3) zoom of aromatic region of compound 7 

 

Figure 8.1.48: HMBC (600 MHz, CDCl3) of compound 7 
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Figure 8.1.49: HMBC (600 MHz, CDCl3) zoom of aliphatic region of compound 7 
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Figure 8.1.50: IR spectrum of compound 7 

 

Table 8.1.1: Selected IR frequencies 

Entry cm-1 %T 

1 1535.40 71.627 

2 1558.55 70.834 

3 1605.81 68.932 

4 1696.47 4.772 

5 1707.08 6.090 

6 1739.87 15.393 
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8.1.17 Compound 9 

 

 

 

Figure 8.1.51: 1H NMR (300 MHz, CD2Cl2) of compound 9 
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Figure 8.1.52: IR spectrum of compound 9 

 

Table 8.1.2: Selected IR frequencies 

Entry cm-1 %T 

1 1612.49 72.567 

2 1737.86 18.197 

3 1766.80 42.461 

4 1816.94 62.560 
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8.1.18 Compound 10a 

 

 

 

Figure 8.1.53: 1H NMR (300 MHz, CDCl3) of compound 10a 
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Figure 8.1.54: IR spectrum of compound 10a 

 

 

Table 8.1.3: Selected IR frequencies 

Entry cm-1 %T 

1 1604.77 46.473 

2 1739.79 0.2670 

3 1759.08 5.040 

4 1780.30 23.910 

5 1816.94 26.597 
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8.1.19 Compound 10b 

 

 

 

Figure 8.1.55: 1H NMR (600 MHz, C6D6) of compound 10b 
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Figure 8.1.56: 13C NMR (151 MHz, C6D6) of compound 10b 
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8.1.20 Compound 10c 

 

 

 

Figure 8.1.57: 1H NMR (600 MHz, C6D6) of compound 10c 
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Figure 8.1.58: 13C NMR (151 MHz, C6D6) of compound 10c 

 

 

Figure 8.1.59: DEPT135Q (151 MHz, C6D6) of compound 10c 
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Figure 8.1.60: HMBC (600 MHz, C6D6) of compound 10c 

 

 

 

Figure 8.1.61: HMBC (600 MHz, C6D6) of compound 10c 
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Figure 8.1.62: HMBC (600 MHz, C6D6) of compound 10c 
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Figure 8.1.63: IR spectrum of compound 10c 

 

Table 8.1.4: Selected IR frequencies 

Entry cm-1 %T 

1 1184.29 25.474 

2 1211.30 34.168 

3 1355.96 0.335 

4 1402.25 34.125 

5 1411.89 40.587 

6 1473.62 49.443 

7 1726.29 23.928 

8 1793.80 1.328 

9 2970.38 28.683 
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8.2 ALD 

 

 

Figure 8.2.1: Deposition performed with a co-reactant mix of (O3 + H2O) 

 

 

 

Figure 8.2.2: (a) Deposition of gold nanoparticles with O3, (b) Same experiment without co-

reactant 
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T1 
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Figure 8.2.3: 8s pulse of NHC-Au(I) with nanoparticle statistics from point T1, T2, and T3 on 

a glass substrate. 

T2 

T3 
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Figure 8.2.4: Transmittance of the gold films in point A 

 

 

Figure 8.2.5: Transmittance of the gold films in point B4 
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Figure 8.2.6: Reflectance of the gold films in point B4 

 

 

Figure 8.2.7: XRD of the gold films on Si(100) 
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8.3 XRD structures 

 

Table 8.3.1: Crystallographic data for 2d 

Crystal data  

Identification code JN74_0m 

Empirical formula C7H10AuBr2ClN2 

Formula weight 514.41 

Temperature/K 100(2) 

Crystal system monoclinic 

Space group C2/c 

a/Å 8.512(2) 

b/Å 20.247(3) 

c/Å 7.6328(14) 

α/° 90 

β/° 118.042(7) 

γ/° 90 

Volume/Å3 1160.9(4) 

Z 4 

ρcalcg/cm3 2.943 

μ/mm-1 19.744 

F(000) 928.0 

Crystal size/mm3 0.550 × 0.300 × 0.200 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 5.784 to 60.996 

Index ranges -12 ≤ h ≤ 12, -28 ≤ k ≤ 28, -10 ≤ l ≤ 10 

Reflections collected 11477 

Independent reflections 1772 [Rint = 0.0498, Rsigma = 0.0294] 

Data/restraints/parameters 1772/0/63 

Goodness-of-fit on F2 0.995 

Final R indexes [I>=2σ (I)] R1 = 0.0227, wR2 = 0.0621 

Final R indexes [all data] R1 = 0.0233, wR2 = 0.0624 

Largest diff. peak/hole / e Å-3 3.36/-2.17 
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Table 8.3.2: Crystallographic data for 3d 

Crystal data  

Identification code JIKN_3_0m_5 

Empirical formula C7H10AuClI2N2 

Formula weight 608.39 

Temperature/K 104.96 

Crystal system monoclinic 

Space group C2/c 

a/Å 8.0126(6) 

b/Å 20.7777(16) 

c/Å 8.4202(9) 

α/° 90 

β/° 117.012(2) 

γ/° 90 

Volume/Å3 1248.90(19) 

Z 4 

ρcalcg/cm3 3.236 

μ/mm-1 16.899 

F(000) 1072.0 

Crystal size/mm3 0.2 × 0.2 × 0.12 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 6.034 to 59.222 

Index ranges -11 ≤ h ≤ 9, 0 ≤ k ≤ 26, 0 ≤ l ≤ 10 

Reflections collected 1449 

Independent reflections 1449 [Rint = ?, Rsigma = 0.0198] 

Data/restraints/parameters 1449/0/63 

Goodness-of-fit on F2 1.305 

Final R indexes [I>=2σ (I)] R1 = 0.0174, wR2 = 0.0449 

Final R indexes [all data] R1 = 0.0189, wR2 = 0.0452 

Largest diff. peak/hole / e Å-3 0.77/-2.12 
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Table 8.3.3: Crystallographic data for 4d 

Crystal data  

Identification code CG_Jeroen1_0m_a 

Empirical formula C7H10AuI3N2 

Formula weight 699.84 

Temperature/K 100(2) 

Crystal system monoclinic 

Space group P21/n 

a/Å 8.5078(9) 

b/Å 12.6838(14) 

c/Å 12.3571(14) 

α/° 90 

β/° 92.791(6) 

γ/° 90 

Volume/Å3 1331.9(3) 

Z 4 

ρcalcg/cm3 3.490 

μ/mm-1 17.964 

F(000) 1216.0 

Crystal size/mm3 0.100 × 0.100 × 0.010 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.604 to 61.134 

Index ranges -12 ≤ h ≤ 12, -18 ≤ k ≤ 18, -17 ≤ l ≤ 17 

Reflections collected 26877 

Independent reflections 4072 [Rint = 0.0455, Rsigma = 0.0284] 

Data/restraints/parameters 4072/0/121 

Goodness-of-fit on F2 1.094 

Final R indexes [I>=2σ (I)] R1 = 0.0268, wR2 = 0.0516 

Final R indexes [all data] R1 = 0.0329, wR2 = 0.0532 

Largest diff. peak/hole / e Å-3 2.94/-1.07 
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Table 8.3.4: Crystallographic data for 2d-dim 

Crystal data  

Identification code JKIN4_100K_0m_a 

Empirical formula C7H10Au0.5Br2I1.5N2 

Formula weight 570.82 

Temperature/K 100.0 

Crystal system triclinic 

Space group P-1 

a/Å 7.938(14) 

b/Å 9.583(18) 

c/Å 9.96(2) 

α/° 105.77(4) 

β/° 112.31(8) 

γ/° 95.49(6) 

Volume/Å3 657(2) 

Z 2 

ρcalcg/cm3 2.884 

μ/mm-1 15.207 

F(000) 510.0 

Crystal size/mm3 0.62 × 0.09 × 0.02 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.694 to 61.15 

Index ranges -11 ≤ h ≤ 11, -13 ≤ k ≤ 13, -14 ≤ l ≤ 14 

Reflections collected 13413 

Independent reflections 4028 [Rint = 0.0308, Rsigma = 0.0325] 

Data/restraints/parameters 4028/0/123 

Goodness-of-fit on F2 1.094 

Final R indexes [I>=2σ (I)] R1 = 0.0237, wR2 = 0.0620 

Final R indexes [all data] R1 = 0.0301, wR2 = 0.0646 

Largest diff. peak/hole / e Å-3 1.73/-2.09 
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Table 8.3.5: Crystallographic data for 10c 

Crystal data  

Identification code twin4_a 

Empirical formula C15H26AuClN2O3 

Formula weight 514.79 

Temperature/K 100.1 

Crystal system triclinic 

Space group P-1 

a/Å 6.635(2) 

b/Å 9.509(3) 

c/Å 13.901(5) 

α/° 85.108(10) 

β/° 88.504(10) 

γ/° 88.870(10) 

Volume/Å3 873.4(5) 

Z 2 

ρcalcg/cm3 1.958 

μ/mm-1 8.588 

F(000) 500.0 

Crystal size/mm3 0.08 × 0.08 × 0.04 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 5 to 56.48 

Index ranges -8 ≤ h ≤ 8, -12 ≤ k ≤ 12, 0 ≤ l ≤ 18 

Reflections collected 3677 

Independent reflections 3677 [Rint = ?, Rsigma = 0.1148] 

Data/restraints/parameters 3677/0/146 

Goodness-of-fit on F2 1.463 

Final R indexes [I>=2σ (I)] R1 = 0.0790, wR2 = 0.1819 

Final R indexes [all data] R1 = 0.1210, wR2 = 0.2069 

Largest diff. peak/hole / e Å-3 5.00/-4.19 
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