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which the anion plays an active role in all steps of the reaction mechanism: pre-equilibrium, nucleophilic attack, and 

protodeauration. Medium-coordinating anions (OMs–, OTs–) containing a highly symmetric anchoring group give the best 

catalytic performances. This is due to the following reasons: (a) the pre-equilibrium is shifted toward the outer sphere ion pair, 

(b) their characteristic basicity promotes the nucleophilic attack, and (c) the possible paths leading to the deactivation of the 

catalyst are inhibited. These highly symmetric tridentate anions destabilize the unreactive tricoordinated gold species, which 

instead may be formed by anions with a “planar” anchoring group, such as PFHp– and TFA–. A general trend between coordinating 

ability and catalytic performances in the alkoxylation of alkynes may be established only when the geometric features of the 

anion are taken into account. The role of the anion has been also investigated in connection with the nature of the nucleophile. 

In particular, when the alcohol is a poor nucleophile, a large difference in reactivity is observed, while the use of suitably 

functionalized alcohols, which may contribute to polarizing the −OH bond through intramolecular interactions, flattens the anion 

effect.  
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Abstract 

Since the last 20 years, homogeneous gold catalysis is receiving considerable attention and great efforts 

have been made to disclose the mechanism of the catalytic cycle and the role of many variables: nature 

of the ligand, structure of the catalyst, effect of the additives, etc. Although a wealth of empirical 

information on ligand effects is now available on homogeneous gold catalysis, the development of new L-

Au-X catalysts and reactions continues to rely upon trial and error, and the outcome of the reaction is 

often unpredictable. The mechanistic understanding of the gold(I)-catalysed nucleophilic addition to a 

carbon-carbon unsaturated bond has been pursued and appreciably extended in this thesis by 

experimental and theoretical investigations. We focused our study on weak interactions and counterion 

effects with the aim to better understand these often not considered variables. We explained that the 

anion is influencing each single step of the catalysis and that it is modulating its role depending on its 

nature (coordination power and basicity) and position. Of course, its effect is also depending on the type 

of reaction and on which is the rate determining step of the latter. This deep study on the ligands and 

counterions role in gold homogeneous catalysis, matching both experimental and theoretical studies, 

allow us to setup a green, room temperature, acid-free, solvent-free and sustainable methodology for the 

hydration of alkynes. This reaction is generally working only with acidic additives and at high temperature, 

thereby here is reported for the first time an innovative way to perform it. These preliminary studies open 

new avenues to consider and rationalize the homogeneous gold catalysis, spreading light into the weak 

interactions that were underestimated in this field for a long time. This study clearly demonstrates that 

the interplay between ligand nature and anion effect is crucial in different steps of the catalytic cycle. The 

multiple roles played by counterions and L-Au+ fragments in chemical transformations require more 

comprehensive computational and experimental studies of the ligand/anion correlation. 
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Summary  

The last few years countersigned the reincarnation of gold complexes as excellent catalysts in numerous 

homogeneous transformations involving the activation of carbon‐carbon multiple bonds towards the 

attack of a large variety of nucleophiles, shedding the demons of inertness and preciousness (chapter 1.2). 

Aurum owes much of its fame to his alkynophilicity and a great deal of research has been focussed on 

exploring the kinetic and mechanistic studies. Although a wealth of empirical information on ligand effects 

is now available on homogeneous gold catalysis, the development of new [L-Au-X] catalysts (see 

abreviations and catalysts numerations above) and reactions continues to rely upon trial and error, and 

the outcome of the reaction is often unpredictable. The mechanistic understanding of the gold(I)-

catalysed nucleophilic addition to a carbon-carbon unsaturated bond has been pursued and appreciably 

extended in this thesis.  

In chapter 2.1, we studied the role of the anion in the intermolecular alkoxylation of alkyne catalysed by 

gold(I) complexes ([(NHC)-Au-X], X¯= BArF¯, BF4¯, OTf¯, OTs¯, TFA¯ and OAc¯) through a combined 

experimental and theoretical approach. Coordination power or basicity of the anions are linked to the 

catalytic activities, as the key factor is the abstraction of the alcoholic proton. Too coordinating anions 

worsen the performances preventing the alkyne coordination or forming methoxide adduct poisoning the 

catalyst. Instead the intermediate features of OTs¯ provides the best compromise to achieve an efficient 

catalyst. 

In chapter 2.2, we have studied by solution NOE NMR spectroscopy and relativistic DFT the ion pair 

structures of NHC and NAC Au(η-3-hexyne) compounds. We observed three main ion pair orientations: 

one with the anion close to the carbene backbone (A), one with the anion close to the alkyne (B), and 

another one with the anion close to the ligand’s polar moieties (C). We related and rationalized these 

structural characterizations with the catalytic activity of the complexes. It has been found that when the 

anion is forced to be far from the catalytic site by ancillary ligand-anion hydrogen bonding interactions, 

the catalytic performances are deteriorated and vice versa.  

In chapter 2.3, we demonstrate that the metal-ligand π back-donation can be indirectly measured by 

Exchange Spectroscopy NMR technique and theoretically quantified by Charge Displacement analysis. A 

series of ten bi-coordinate [(NAC)-Au-L] complexes have been synthesized ad hoc and used either to 

validate the method and to study the trans influence on the π back-donation component of the bond. The 

proposed method promises to be of general applicability and useful to rationalize ligand effect in 

catalysis.In chapter 2.4, we investigated the relationship between the ligand (L) and counterion (X¯) 

effects as a rational understanding of their synergy/antagonism was still missing. We synthesized a set of 

sixteen gold complexes of the type [(L)-Au-X] with the deliberate purpose of varying the electron 
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withdrawing ability of the ligand and the coordinating ability, basicity and hydrogen-bond acceptor power 

of the anion. All these catalysts were tested in two different model reactions: the cycloisomerization of 

N-(prop-2-yn-yl)benzamide to 2-phenyl-5-vinylidene-2-oxazoline and the methoxylation of 3-hexyne. The 

main results are that the choice of the most efficient [L-Au-X] catalyst for a given process should not be 

done by evaluating the properties of L and X¯ alone, but rather based on their best combination.  

In chapter 2.5, we design a green and sustainable protocol (room temperature and solvent, silver, and 

acid-free conditions) for the hydration of alkyne, promoted by NHC Gold catalysts, on the basis of previous 

chapters’ information.  In optimized conditions it is possible to reduce the catalyst loading up to 0.01 

mol%, obtaining a very low E-factor (0.03) and high Effective Mass yield (96).i The solvent-free condition 

permit us to easily separate, by distillation, the liquid product from the catalyst and ionic additives used. 

This bring to high purity products and allow the recycle of the catalyst. All these factors are in the correct 

range for sustainable bulk chemicals production with homogeneous gold catalysts, a topic still considered 

a chimera in the literature. 

This deep study on the ligands and counterions role in gold homogeneous catalysis, matching both 

experimental and theoretical studies, allow us to setup a green and sustainable methodology for the 

hydration of alkyne. This preliminary study opens new avenues to see and rationalize the homogeneous 

gold catalysis, bringing to light the weak interactions that were underestimated in this field for a long 

time.  
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1.1 Transition metals in catalysis and sustainable process  

1.1.1 Catalysis 

A catalytic process is a chemical reaction where the addition of small amount of a substance, called 

catalyst, performs an increase of the reaction rate. Using a catalyst, the reaction occurs faster and with a 

smaller activation energy barrier (Figure 1). Moreover, as the catalyst is not consumed during the reaction 

it may continue to catalyse the conversion of further quantities of reagents.  

 

Figure 1. General reaction representation of the different activation energies with and without the use of a catalyst.  

The catalyst is generally added to the reactants in its precursor form, as it is more stable and can be easily 

handled and stored, which has to be brought into an active form (formerly activated). During the catalytic 

cycle, the catalyst may be present in several intermediate forms but the most important factor is that the 

active catalyst will pass a number of times through this different states of the cycle remaining unaltered. 

The number of times that a catalyst goes through all the cycle is called turnover number (TON) and it 

represents the total number of substrate molecules that have been converted into product by the 

catalyst. Sometimes it could be found referred to a specific time as turnover frequency (TOF), especially 

when a deactivation process of the catalyst is possible during the cycle. There are two main macro classes 

of catalysis: homogeneous and heterogeneous, depending on whether catalyst and substrate exists in the 

same phase or not. It is clear that a wide range of molecules can act as catalyst and that their chemical 

nature is some time not well defined. Notwithstanding this, some species have emerged, throughout 

history, as favoured over others. The easiest and most ancient used are probably the proton acids 

catalysts, especially for the many reactions involving water (hydrolysis and its reverse). Also zeolites, 

higher-order oxides, nanoparticles and other multifunctional solid are often catalytically active and widely 

used.  
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Finally, transition metals are largely used especially for what concerns oxidation and hydrogenation 

reactions. The most significant application of these metals and their organometallics species is as catalysts 

in several organic reactions of industrial interest (from pharmaceutical to bulk chemistry).  

 

1.1.2 Transition metals compounds 

Transition metals (TM) are those elements with a partially filled d shell or which can give rise to cations 

with an incomplete d shell.1 These elements need to complete their sub-shells with given or shared 

electrons, in order to generate stable compounds. Generally, the electrons provided by other atoms or 

molecules (that act as ligands) allow the metals to reach the electronic structure of the rare gas next to 

them in the periodic table. The transition metals consist of the 30 elements located in columns 3-12 on 

the periodic table and the 28 elements comprising the lanthanide and actinide series (inner transition 

metals). Unlike elements from the rest of the periodic table, transition metals are comfortable losing 

different numbers of electrons and generating compounds with high coordination numbers. The ability 

to have different types of cations is related to the organization of the d and f orbitals’ electrons.   

The first organometallic compound was discovered, as it often happens, studying other reactions. In 1757, 

Loius-Claude Cadet de Gassicourt2 was trying to obtain a cobalt-containing invisible inks starting from 

smaltite and cobaltite, two cobalt salts that contain also Arsenic and that can develop As2O3 by thermal 

treatment. Mixing arsenic trioxide and potassium acetate Cadet discovered a malodorous red-brown 

liquid that was fuming as phosphorous. The Cadet’s fuming liquid contained a mixture of cacodyl and 

cacodyl oxide which were the first organometallic substances prepared (Scheme 1, left). Since this 

discovery, the use of organometallic compounds has been important among chemists.  

 

Scheme 1. Cadet’s liquid (left) and Zeise’s salt (right). 

The discovery of Zeise’s salt3 in 1825 was another key event in organometallic field. Investigating the 

reaction of K2(PtCl4) in boiling ethanol W. C. Zeise observed a product containing ethylene. This was the 

first π-complex (Scheme 1, right) ever discovered and it received a great deal of attention because it was 

not so trivial to explain the molecular structure of this salt. Zeise's salt stimulated much scientific research 

in the field of organometallic chemistry, and would be essential in defining new concepts in chemistry 

such as hapticity.1 Only with the advent of x-ray diffraction chemists were able to characterize it and, 
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using Dewar-Chatt-Duncanson (DCD) model, explained how the metal is coordinated to the double 

bond.4,5 In transition metal (M) complexes, the DCD model describes how the olefin acts as an electron 

donor and acceptor at the same time. 

 

Figure 2. Interactions between a metal and its η2 ligand. 

According to the DCD model, the bond between an olefin and a transition metal is characterized by two 

factors: the σ-donation from the occupied π-bonding orbital of the olefin to the free d-orbital of the metal 

(Figure 2, left) and the π back-donation from the filled d-orbital of M to the empty π* orbital of the olefin 

(center). This electron-transfer strengthens the metal-ligand bond and weakens the C-C bonds within the 

ligand. In the case of metal-alkenes and alkynes, the strengthening is reflected in bending of the C-C-R 

angles which assume greater sp3 or sp2 character, respectively. Thus strong π-backbonding causes a metal-

alkene complex to assume the character of a metallacyclopropane (Figure 2, right).  

In 1912, the Nobel Prize was assigned to Victor Grignard and Paul Sabatier for their research in the 

organometallic field. To date, Grignard reagents are probably the most know organometallic specie. In 

the Grignard reaction, aryl-, vinyl- or alkyl- magnesium halides react with an aldehyde or a ketone to form 

alcohols.6 The reaction is generally used to form new C-C bonds. The Grignard reagents have also been 

proven to undergo transmetallation  in cross-coupling reactions, including palladium and other metals.7 

In the early years of 1950, two individual groups8 reported that reduced iron reacts with cyclopentadiene 

forming a yellow, highly stable, powder. The structure of that new compound was determined by G. 

Wilkinson and later confirmed by NMR and X-ray crystallography.9 What was discovered was ferrocene 

(Figure 3), a very stable organometallic compound with a sandwich structure consisting of an iron(II) 

cation and two anionic cyclopentadienyl (Cp) rings. The two Cp rings have one negative charge each, 

reaching the aromaticity as now both have six π-electrons, and form bond with the metal interacting with 

all the five carbons (η5).  

 

Figure 3. Ferrocene, nowadays representation (left) and as proposed by Wilkinson and Woodward in 1952(right). 

The complex is nonetheless neutral as Iron has oxidation state +2, and this bring the complex 

configuration to 18 electrons. Complexes like that, generally called metallocenes, are used in different 
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reactions such as Ziegler-Natta polymerization10 and as agents in cancer treatment.11 In 1961, L. Vaska 

reported a new organometallic iridium compound 12  with 16 valence electrons. Vaska’s complex is 

considered coordinatively unsaturated and thus it can bind to 1 two-electron or 2 one-electron ligands to 

become electronically saturated (18 valence electrons). Upon oxidative addition, the iridium oxidation 

state goes from Ir(I) to Ir(III) and the four-coordinated square planar complex converts to an octahedral, 

six-coordinate ones. This complex is known for the reversible addition of O2 and series of oxidative 

addition reactions due its coordinative unsaturation.  

 

Scheme 2. Vaska’s complex, square planar (left) and octahedral after oxidative addition (right). 

After these initial discoveries, the interest around organometallic chemistry has increased exponentially 

and with that also the numbers of awards. K. Ziegler and G. Natta won the Nobel Prize13 in 1963 for their  

This one was just the first of a long series, ten year after G. Wilkinson and E. O. Fischer won the Nobel 

Prize for sandwich compounds. In 2001 the Nobel Prize was awarded to W. S. Knowles, R. Noyori and K. 

B. Sharpless for their studies on the asymmetric hydrogenation catalysed by transition metals complexes. 

Just four years later another Nobel Prize was won for the metal-catalysed alkene metathesis by Y. Chauvin, 

R. Grubbs, and R. Schrock. Finally, in 2010 R. F. Heck, E. Negishi and A. Suzuki won the Nobel Prize for the 

palladium catalysed cross coupling reactions (Scheme 3.). Their observations revolutionized the way 

chemists conceptualized and constructed molecules, whilst simultaneously providing methods for 

previously impossible C-C bond forming processes.  

 

Scheme 3. General reaction scheme for Heck, Suzuki and Negishi reactions.  

excellent work on organometallic compounds [… that leads] to new polymerization reactions and 

thus paved the way for new and highly useful industrial processes 

” 
“ 
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Using more efficient catalytic systems (incorporating a plethora of ligands with different steric and 

electronic properties) it was possible to work under milder conditions and with lower Pd loadings. These 

powerful ligands ultimately led to the discovery of new cross-coupling reactions generating other bonds 

(e.g. C-N, C-O, C-S, and C-P) and widening the possible reactions. Nowadays these systems are still widely 

used by the industry in several applications (from fine chemical production to pharmaceutical and 

polymers chemistry) because by turning a reaction at lower temperature it is possible to save energy 

input. Furthermore, by improving the selectivity is possible to minimize the product distribution and 

therefore the separation problems and waste formation. The industrial interest around this subject has 

been a significant factor in the rapid development of this field. 

 

1.1.3 Green processes 

Starting from the end of 1900s USA and Europe, simultaneously, started to setup several laws to limit and 

regulate the industrial emissions. This led chemists to reconsider how they design chemical processes, 

not only focusing on hazardous products but also on the reduction of wastes and on the use of less noxious 

reagents. In 1998, Anastas and Warner set out 12 principles that are at the bases of the nowadays green 

chemistry philosophy.14 The green reactions should: maximize atom economy, minimize by-products and 

if they cannot be avoided they should have low toxicity, minimize the use of solvents (which make up the 

major mass in most chemical processes) or alternatively use safe and renewable one. Catalytic reactions 

are preferred, respect to stoichiometric, as are more selective (reducing the wastes) and generally works 

under mild conditions. 

Palladium catalysed cross-coupling reactions are a perfect example of what a green process could be. 

Besides for their intrinsic atom economy these reactions, in the last years, has been developed also in a 

greener perspective. One of the first approaches was the substitution of the more reactive, but also more 

toxic and expensive, bromide and iodide reagents with their chloride analogues. Also the use of nontoxic 

reagents has been considered. For example, Stille couplings that use organostannanes has been largely 

supplanted by Suzuki coupling, which uses organoboron compounds that are much less toxic. Anyhow, 

much of the effort to decrease the environmental impact of cross-coupling reactions has focused on using 

more benign solvents, such ionic liquids15 or supercritical carbon dioxide.16 But the most likely alternative 

among the various available choices is water.17 The main problem remains the solubility of the substrates, 

to get around this issue the leading candidate technology appears to be the micellar catalysis, in which 

the reactants can be solubilized within the surrounding aqueous phase by the addition of ad-hoc 

surfactants.17b, 18 
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Many other transition metals are used in green processes: Fe-TAMLs that are able to mimic both 

peroxidase and cytochrome P450 enzymes are used as green oxidation catalysts to clean the polluted 

water; Rh based catalysts have long been used in the hydrogenation of C-C bonds and so far have been 

optimized for by-product-free process that are extremely important in pharmaceutical and industrial 

sectors; palladacycles are used in many organic reactions as allylic rearrangements, allylic additions and 

aldol chemistry, since they may act as Lewis acid with no redox by-process that may occurs; a large series 

of transition metals are used with chiral ligands to perform enantioselective catalysis and have been 

optimized keeping in mind the green chemistry principles.19  
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1.2 Gold in catalysis and sustainable process 

1.2.1 Story and properties of gold complexes 

Metals have always played an important role in human history characterizing two of the three most 

important ages in the early civilization (Stone, Bronze and Iron Age). Nevertheless, even gold is following 

the mankind since the beginning of known history (being the first metal to be discovered, ca. 6000 BC) 

and it was always related to prosperity, authority, beauty and even magic. Over the past years, many 

wars, contentions and gold rushes were led for the desire to possess this extremely charming metal. 

Contemporary, also scientific discoveries came; alchemy, in particular, whose most known goal was the 

transmutation of metals into gold, is considered nowadays as the precursor of modern chemistry. The 

alchemists were not mistaken at all; they were just born in the wrong age. In 1941 gold was obtained by 

neutron bombardment of mercury but, unfortunately, all the gold isotopes produced were radioactive,20 

and in 1981 removing protons and neutrons from bismuth forming gold stable atoms.21  

The interest around gold probably comes from its appearance and inertness towards oxidation in air or 

water; it is estimated that the 80% of gold found on Earth is in its elemental state (in the form of nuggets, 

veins, or as grains in rocks) whit its characteristic shining yellow colour. However, it is also quite rare, 

which contributes as well to its power of attraction, it was estimated that just 174100 tonnes of gold have 

been mined in human history, in terms of volume about a cube 21 m on a side (Figure 4).22  

 

Figure 4. Representation of the amount of gold mined since now (center), compared with Michelangelo’s David (left) 

and Tower of Pisa (right). 

The main use of gold, nowadays, still remains in jewellery and decorative arts; due to its inertness and 

non-toxicity, gold is well suited either as base metal for various objects (for example fillings in dentistry), 

or as a protective coating on other more reactive materials (against radiation in the aeronautical/spatial 

industry and as heat shield in various high tech).  It can be beaten into very thin sheets (gold leafs for 
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gilding) or made into thread (and used in embroidery) as it is the most malleable and ductile of all metals. 

However, because of its softness in pure state, it is often mixed with other metals (such as silver, copper, 

aluminum, nickel, palladium etc.) in order to modify its physical properties. Throughout the centuries, 

gold was also used as a medium of monetary exchange, in the form of coins or bullions, and formed the 

basis for the gold standard. The first use of gold as money was around 700 BC in Lydia (western Turkey); 

the first coin was simply stamped lumps of a 63% gold and 27% silver mixture known as electrum. Even 

today, gold is one of the most popular investments in the financial markets and many states hold gold in 

storage as a hedge against inflation or other economic disruptions. For instance, Banca D’Italia has about 

2500 tons of gold lying in its vaults,23 and with 3 times more tons, the Federal Reserve Bank of New York 

is the largest gold reserve in the world.24  

By a chemical point of view, gold has lived in the shadow of other metals for a long time, the same 

properties that distinguish it made people sceptical about its chemical reactivity. As a far as 

organometallic chemistry is concerned, the role of gold has long been confined to its stoichiometric usage. 

This, combined to the preconception that it was an expensive metal, have detained its discovery as useful 

compound in chemical transformations. Gold is doubtless a rare metal, but also several other precious 

metals like rhodium, platinum, palladium, osmium, or iridium that are often used as catalysts and have 

comparable prices (Figure 5).25 

 

Figure 5. Chart of the prices (USD/Kg) of precious metals used in catalysis.  

Gold is not entirely chemically inert, it readily dissolves upon exposure to aqua regia, which converts 

gold(0)  into chloroauric acid, HAuCl4, or in basic aqueous cyanide solutions under aerobic conditions, 

which transforms gold(0) to [Au(CN)2]¯. The latter reaction is often used for gold extractions in gold mines. 

Interestingly, the properties of gold change drastically at higher oxidation states. It took as late as mid-

1900s to have reports on the authentic potential of gold catalysts.26 Since then, gold has found profound 
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application in heterogeneous catalysis and have a huge industrial importance nowadays,27 two of the 

most used industrial applications are the low temperature oxidation of carbon monoxide and the 

hydrochlorination of ethyne to vinyl chloride (Scheme 4). In the later gold has replaced mercury in the 

industrial process (see chapter 1.2.4). 

 

Scheme 4. Industrial applications of heterogeneous gold catalysis. 

Nanoparticles catalysis, which is closely related to heterogeneous one, also played an important role in 

the development of new gold catalysis. As a matter of fact, gold nanoparticles are the most frequently 

used after the silicon ones.28 Nevertheless, homogeneous gold catalysis, pretty much, remained in the 

cold until the last two decades when it started to blossom (see chapter 1.2.2).  

Compared to other metals, cationic gold complexes, both Au(I) and Au(III) compounds, are superior Lewis 

acids for many transformations. Despite the others transition metal catalysts, their unique alkynophilicity 

coupled with reluctance to switch between oxidation states 29  premised the development of novel 

catalytic cycles, breaking the classical oxidative addition/reductive elimination pathways scheme common 

to many TM catalysts. As already mentioned their characteristic tolerance towards air and moisture and 

the nontoxicity, render these catalysts much user friendly and a premier choice for green chemistry. These 

unique properties of gold catalysts arise from the special nature of the metal center.  

As depicted in chapter 1.1.2 the Dewar-Chatt-Duncanson model is typically used to describe the covalent 

bonding interaction between a transition metal complex and a ligand (alkene, alkyne, allene, etc…).30 The 

molecular orbital picture consists of four components of which only two make significant contribution 

towards the total bond energy. The σ-symmetric L→Au bonding interaction and π-symmetric Au→L back-

donation are the dominant bonding interactions for gold π complexes and result from overlap of the in-

plane π∥ orbitals with the gold d orbitals. L→Au π -donation can also occur through the orthogonal, out-

of-plane π⊥ orbitals, although this minor interaction is strongest for alkyne complexes in which the ligand 

serves as a four-electron donor. Overlap of an occupied d orbital on gold with the empty π⊥* orbital of 

the alkyne ligand can result in Au→L back-donation having δ symmetry, therefore representing only a 

weak interaction. 

The high level computations for the parent gold-acetylene [(Au(C2H2)] and gold-ethylene [(Au(C2H4)] 

complexes revealed that the σ interaction (L→Au) accounted for 65% of the total bonding situation and 
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the π interaction (Au→L) accounted for only 27% of the same.31 Meanwhile, analogous copper complexes 

were found to have a higher percentage of back bonding towards the total bonding energy.31 

Spectroscopic studies suggested that the back bonding Au→L is minimal, as the stretching frequency of 

the carbon-oxygen bond (υCO) is greater than that of the free CO.32  

 

Figure 6. Qualitative orbital diagram 

All these observations explain the higher activity of these systems. The lack of back bonding makes the 

unsaturated substrates electron deficient; thereby the possibility of an intramolecular or intermolecular 

nucleophilic attack is enhanced. However, computational studies observed a multiple bond character 

between the gold and the carbon atom suggesting the presence of a Au→L π back-donation, belying the 

previously accepted theory. The calculations carried out on the Au-CH2
+ fragment showed that the bond 

energy of these species is surprisingly higher when compared to other late transition metal analogues.33 

In confirmation of that, Barysz and Pyykkö proposed that the species AuC+ should have some triple-bond 

character34 and later the mass spectroscopic evidences confirmed it.35 Later, Tarantelli and his group 

employed computational methods and showed that both components could play comparable roles in 

bonding.36 The charge displacement studies on realistic neutral (bearing Cl as ancillary ligand) and cationic 

(NHC) gold-ethylene/acetylene complexes revealed a covalent bonding picture in which π back-donation 

accounts for 25-50% of the orbital interaction. These findings are contrasting the absence of backing 

bonding. Thus, gold cationic species is able to drag the multiple bonded ligand towards nucleophilic attack 

by making it electron deficient (pull effect) yet are capable of stabilizing the developing positive charge 

on the vicinal carbene carbon (when the nucleophile is a double bond) by back-donation (push effect) of 

electrons. The pull-push effect whereby the gold at the same time aviates and stabilizes the cationic center 

could be regarded as the key feature behind its unique success as carbophilic catalysts.  
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In addition, also the relativistic effects plays and important role in the chemistry of gold distinguish it 

from the other metals. Increasing the atomic nuclear charge (Z) throughout the periodic table, the 

electrons close to the nucleus, in s and to a smaller extent on p orbitals, are affected by a very high nuclear 

charge, and approaching the speed of light they need to be treated according to Einstein’s theories of 

relativity. The direct consequence is that the radius of the 6s orbital result more contracted, lowering the 

distance of the electron from the nucleus and this effect is most pronounced for gold (Figure 7).37 

 

Figure 7. Calculated relativistic contraction of the 6s orbital. 

Therefore, the d and f electrons are more shielded and occupy larger orbitals (Figure 8).37 Both the 

relativistic effect and the lanthanide contraction synergistically decrease the size of the gold atom to that 

of the silver atom, which strongly affects its physical and chemical properties. In fact, gold has the 

electronic configuration [Xe] 4f14 5d10 6s1, with a single 6s electron of the Au(0) it could be predicted that 

gold is a reactive metal for comparison with the very alkaline Cesium that has a similar electronic 

configuration ([Xe] 6s1). However, as for gold this orbital is contracted and the 6s electron is closer to the 

inner shells, it does not easily take part in any kind of chemical reaction. Relativistic effects can also explain 

the unique and captivating yellow color of gold. As the energy of the 5d electrons is raised and the energy 

of the 6s electrons is lowered the light absorption (primarily due to the 5d→6s transition) takes place in 

the blue visual range (resulting in a yellowish golden color).37 In contrast, silver absorbs in the ultraviolet 

region and has a metallic shine.  

 

Figure 8. Effects of relativity and lanthanide contraction on outer-shell orbitals of gold. 
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Complexes of gold(I) due to their electronic configuration (5d10 6s0) are quite stable, they are dominantly 

linear two-coordinate complexes of the form [L-Au-X].38 Being a soft metal, the most favored ligands for 

gold are the soft ones like thiolates, thioethers (S), selenates (Se), phosphines (P) and carbenes (C).39 Gold 

can arise also Au-Au interaction, which cannot be explained in terms of classical bonding, Schmidbaur40 

has called this effect aurophilicity. An interesting example of this effect was found by Puddephatt et al. 

when they observed an aurophilic bonding between Au(III) and Au(I).41 This interaction can modulate the 

properties of gold complexes both in solution and in solid state. 

 

1.2.2 Gold Catalysis 

In the last 20 years, gold catalysis is emerged as one of the most important innovations in organic 

synthesis, permitting to synthesize many common core structures of various natural products, 

pharmaceuticals and synthetic intermediates.42 The first breakthrough in gold catalysis occurred in 2000, 

when Hashmi and coworkers developed a new gold-catalyzed methodology for C-C bond formation.43 

Since then, cationic gold species started to be regarded as the most powerful catalysts for the electrophilic 

activation of unsaturated bonds (alkynes, allenes and alkenes) towards a variety of nucleophiles. Unlike 

many transition metal catalyzed reactions, gold catalysis does not require anhydrous and air free 

conditions. These distinctive characteristics are mostly due to the relativistic effect and to the unique 

properties of gold (see previous paragraph). Gold catalysis is widely used and great efforts have been 

made to optimize known reactions (hydroalkoxylation, hydroamination, hydration of alkynes, 

cycloisomerization of enynes and isomerization of allenyl esters) and to find new catalytic applications.  

 

Scheme 5. General accepted mechanism for gold(I) catalysis. 
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Although gold(I) can catalyze many types of different transformations, most of them proceed through 

some very similar mechanistic steps. In the literature, it has been proposed that gold(I)-catalyzed 

nucleophilic addition reactions proceed through innersphere and outersphere mechanisms. 44  The 

generally accepted catalytic cycle can be simplify in two steps mechanism (Scheme 5).  

First, a cationic gold complex, [(L)AuX], acts as Lewis acid to activate carbon-carbon multiple bonds and 

form a η2 complex (Scheme 5, intermediate I). Whereupon, the nucleophile (NuH) may attack the 

activated substrate leading to the formation of intermediate II (Scheme 5). Then, the next step is the 

regeneration of the active species giving the final product. This happens usually by protodemetallationii 

from the organogold intermediate II (Scheme 5), although alternatively other electrophiles can be used 

to trap these derivatives or direct eliminations can take place.45 

 

The first remarkable report on gold catalysis came in 1976 when Thomas et al. developed the addition of 

methoxy and hydroxyl nucleophiles on alkynes by using catalytic amounts of hydrogen 

tetrachloroaurate. 46  The authors were able to identify even the by-product, which later became 

important in gold catalysis. 

 

 

Scheme 6. First homogeneous gold catalyzed nucleophilic addition to alkynes. 

In 1986, Utimoto and his group made another key discovery on the Lewis acid catalysis of gold, 47 

describing the intramolecular hydroamination of alkynes catalyzed by sodium tetrachloroaurate. The new 

methodology was conducted in milder conditions and it showed a better selectivity with respect to the 

pre-existent palladium catalyzed reactions.  

 

Scheme 7. Gold catalyzed hydroamination of alkynes (n=1, 2). 

The early uses of gold to catalyze organic reactions were employing mostly inorganic gold salts as catalyst. 

An important key step for the synthesis of Au(I) complexes with binding organic ligands was the 

                                                           
ii the substitution of proton with gold to regenerate the cationic gold active species 
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preparation of the sulfides gold(I) precursors. These complexes are prepared by the addition of a sulfide, 

typically dimethyl sulfide (DMS) 48  or tetrahydrothiophene (THT), 49  to an aqueous solution of 

tetrachloroauric acid (HAuCl4). The coordinated sulfide in these gold(I) precursors can be readily replaced 

by any stronger coordinating ligand, such as phosphines, phosphites, or NHC’s. Depending on the ligand 

environment, such complexes have found use in organic synthesis as homogenous catalysts and, also, in 

medicine (Auranofin).50 The last fifteen year witnessed an exponential raise in activity in the area of gold 

catalysis and the substrate scope for these mild and selective catalytic systems has significantly been 

broadened. Several transformations are feasible for that system such as additions of carbon and 

heteroatom nucleophiles to unsaturated bonds, Friedel-Crafts reactions, cycloisomerization of enynes, 

carbonyl and imine activations and so on.42a The mere multitude of publications and reviews that came 

out in this period testimony these facts and as Stephen Hashmi wrote in his review:  

Even more groups are starting to focus their research on gold(I) catalysis because many information is still 

lacking. Recently, few in-depth kinetic and mechanistic studies on the gold(I)-catalyzed nucleophilic 

addition to a carbon-carbon unsaturated bond have been published. Although a wealth of empirical 

information on ligand effects is now available on homogeneous gold catalysis,51 the development of new 

catalysts and reactions continues to rely upon trial and error, and the outcome of the reaction is often 

unpredictable. Rational design of suitable ligands to achieve better efficiency is almost nonexistent in gold 

catalysis. For that reason, Xu and Hammond52 focus their study on the role of the ligand in gold(I) catalysis, 

concluding that it cannot be easily predicted but they were able to identify the most efficient class of 

ligands in each steps. They observe that electron-poor ligands are the best choice when the Rate 

Determining Step (RDS) is the preequilibrium or the attack. Those kind of ligands are able to activate more 

the substrate making more positive the gold fragment, as observed in the intermolecular hydroamination 

of allenes with hydrazide in the presence of [L-Au-NTf2] (Scheme 8).  Allenes are less reactive than alkynes 

toward nucleophilic attack and the electron-deficient hydrazide is a relatively weak nucleophile. These 

two characteristics make the activation of the substrate the RDS of the whole reaction. 

 

Scheme 8. Hydroamination of allenes with hydrazide. 

A change in paradigm has taken place. While the ancient alchemists investigated the question of 

how to make gold, now the question is what to make with gold. 

 ” 
“ 
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The same trend was recently confirmed also by Maier53 and co-workers for another reaction where the 

RDS was supposed to be the attack. In the methoxylation of 3-hexyne the electron-poor ligands, such as 

(RO)3P and PArF, were working better with respect to more electron-rich ligands, such as Ph3P or Buchwald 

type phosphine. Instead, electron-rich ligands result the best choice when the protodeauration is the RDS. 

Investigating the cycloisomerization of N-(prop-2-yn-yl)benzamide to 2-phenyl-5-vinylidene-2-oxazoline 

Hammond et al. found that Cy3P or Buchwald type phosphine (the more electron rich of the series) were 

improving the reaction rate, while PPh3 and fluorinated phosphines were the worse choice for this 

catalysis. Maier studied the protodeauration performing a stoichometrical experiment investigating the 

protonolisis of an already generated vinyl intermediate. Again, the more electron-rich ligands were the 

best choice to speed up the catalysis. These observations clearly demonstrated that a quantitative study 

of the ligand nature in L-Au-X complexes is fundamental to fully understand and rationalize their 

reactivity.  

As we saw before, all the three key species of the catalytic cycle are charged species (Scheme 5) and, in 

fact, many ion pair effect were observed by several groups.54 Trying to improve the hydroammination of 

1,3-dienes (Scheme 9) , He and his group observed that changing the counterion the activities of the 

catalyst were changing too.55 The most basic and coordinating anion, such as TFA¯, NO3¯ and OTs¯ are not 

working at all; meanwhile the less basic and coordinating anions were working well and were following 

the basicity scale SbF6¯ < NTf2¯ < PF6¯ <BF4¯ < OTf¯.  

 

Scheme 9. Hydroamination of 3-methyl-1,3-pentadiene. 

A very different trend was found by the group of Echavarren in 2014 studying the [2+2] cycloaddition of 

phenylacetylene and α-methylstyrene.56 In summary, most basic anions were able to deprotonate the 

terminal alkyne generating more η1-phenylacetylene complex that was slowing down the reaction rate. 

Instead, BArF¯ and SbF6¯ resulted to be the best choice (BArF¯ > SbF6¯ > BF4¯ > NTf2¯ > PF6¯ > OTf¯). 

An ion pair effect was observed by Li also in the cycloisomerization of bromoallenyl ketones (Scheme 10) 

concerning the regioselectivity of the reaction.57 They observed that SbF6¯ was producing selectively the  

4-bromo derivate meanwhile, OTf¯ was generating the 2-bromo derivate. Matching DFT and experimental 

data they concluded that the 1,2-Br migration (that allows to the formation of the 4-bromo derivate) is 

more favorable with three times lower activation barrier respect to 1,2-H shift. However, the 1,2-H shift, 

that brings to the production of the 2-bromo derivate, can be excellently assisted by the counterion, and 

using OTf¯ it requires an even lower activation barrier. 
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Scheme 10. Cycloisomerization of bromoallenyl ketones 

A similar trend was observed by Bandini and cooworkers studying the site-selective functionalization of 

2,3-disubstitued indoles with allenamides (Scheme 11).58 The overall regiochemistry of the condensation 

is regulated by the nature of the gold counterion, spanning from absolute N(1)-alkylation using OTf¯ to 

the corresponding regiospecific C(3)-functionalization when TFA¯ was employed. As a matter of fact, with 

TFA¯, they proposed the establishment of strong hydrogen bond interactions between the anion and the 

N(1)-H indole site, resulting in the nucleophilic activation of the hetereoaromatic nucleus (mainly at the 

C(3)-position) and concomitant protection of the nitrogen. 

 

Scheme 11. Regioselective functionalization of 2,3-disubstitued indoles. 

The nature of the anion not only modifies the products distribution but also the structure of the 

intermediates in the catalytic cycle. Gagné and coworkers concluded that less coordinating counterions 

(such as NTf2¯ and OTs¯), respect to more basic ones (such as TFA¯ and OAc¯), were generating more, 

catalytic inactive, di-aurate species.59   

One of the most important ion pair effects, in gold catalysis, was observed in 2007 by Toste studying 

some enantioselective reactions catalyzed by gold(I) and gold (III).60 This reaction exhibited a dramatic 

matched and mismatched pairing effect of the ligand and counterion, using both ligand and counteraion 

in their (R)-enantiopure form, the resulting product was nearly racemic. Instead, using only the 

enantiopure counterion it was possible to achieve up to 96-99% of e.e. and open previously inaccessible 

transformations to asymmetric catalysis ( 

Scheme 12). In fact, it is generally accepted that for Au(I) catalysts it is difficult to transfer the chiral 

information from a ligand disposed 180° from the substrate. However, as they shows, a smart 

modification of the counterion can be used to circumvent this problem by introducing an additional 

source of chirality near the metal center. 
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Scheme 12. Enantioselective hydroamination.  

Moreover, it has been observed that such anions can influence also the structure of the catalyst. 

Mikami’s group was able to demonstrate that the axial chirality of biphenylgold complexes can be 

imprinted using phosphate chiral anions and that it can be memorized at room temperature even after 

the dissociation of chiral anions ( 

Scheme 13).61  

 

Scheme 13. Anion imprinted chirality. 

At the beginning of 2015, Bandini pointed out that although the importance of the anion is well recognized 

and it may seriously affect the catalysis, its role in each single step of the reaction mechanism is still 

largely unknown.54 For all these reasons, the isolation an characterization of those charged intermediates, 

involved in the catalysis, became a fundamental step in order to better understand the full cycle,62, 63 and 

to shade more light on the role of the anion. It has become essential to characterize and study the 

structures of the ion pairs of the cationic gold species in solution. 

 

1.2.3 Study of the Ion Pairs 

Over the last few years, Macchioni and his collaborators have been developing investigative 

methodologies that mixing the complementary information from diffusion and Nuclear Overhauser Effect 

(NOE) NMR spectroscopy, disclose the structure of ion pairs in solution.64, 65 

The method has been successfully applied to investigate several classes of ionic transition metal 

complexes with different metals, ligands, and geometries. Remarkable results have been obtained for 

organometallic catalysts for alkene polymerization 66  and alkene/CO copolymerization 67  in terms of 
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explanation and, in some cases, correlation between the IP structure and the reactivity. NOE NMR 

spectroscopy, based on the detection of dipolar interactions, is ideal for measuring the spatial proximity 

of two (or more) NMR-active (I and S) nuclei, regardless of whether I and S are in the same molecular 

fragment (intramolecular) or belong to two different moieties (intermolecular). The relative anion-cation 

orientation(s) can be disclosed if: i) the NMR-active nuclei (especially with the high receptive H or F) are 

present in both ionic moieties; ii) they are not homogeneously distributed (non-equivalent) around the 

ionic moieties and iii) their maximum internuclear distance is no more than approximately 5 Å. The last is 

not a severe limitation, since ion-pairing effects are important almost exclusively when mainly contact ion 

pairs are present in solution. The NOE interionic contacts can be classified as strong, medium, or weak, 

according to the intensity of the crosspeaks (Figure 9). The potential of NOE NMR spectroscopic studies 

can be further exploited if they are paralleled with theoretical calculations. Recently, Tarantelli and 

Macchioni groups were focusing on [L–Au–S]⁺X¯ IP (L = ancillary ligand, S = unsaturated substrate, and X¯ 

= counterion), one of the key intermediates in the functionalization of double and triple C-C bonds and 

attempted to combine advanced NOE NMR spectroscopic measurements in solution and theoretical 

calculations made by DFT. 

 

Figure 9. Representation of the HOESY NMR techniques. 

In particular, they shown that analysis of the charge distribution on the cation is often sufficient to obtain 

a reliable indication of the most favored sites for anion-cation interactions. Their approach has therefore 

been to map the Coulomb potential, computed by relativistic Density Functional Theory (DFT) 

calculations, of [(L)Au(S)]⁺ complexes in a region accessible to the anion and match this with the results 

of the experimental NMR measurements. A reasonable choice is to map the Coulomb potential on the 

electronic isodensity surface that is approximately tangent to the equivalent density surface of the 

isolated anion placed at the optimized geometry of the ion pair (Figure 10). This can be considered to 

yield a map of the potential on a boundary roughly corresponding to the steric dimension of the cation. 

When more quantitative information is required or some specific interactions between the anion and 



21 

 

cation exist, one has to resort to the analysis of the actual cation–anion potential energy surface. Typically, 

several, often computationally expensive, geometry optimizations within an appropriate solvation model 

are necessary. 

    

Figure 10. Example of CP map for the complex represented on the left. iii 

Concerning the NMR studies, the BF4¯ anion is ideal for this kind of investigation because of its unique 

properties: it contains NMR-active nuclei; it is less coordinating than most of the alkenes/alkynes, avoiding 

the problems arising from the anion/substrate competition; it is small enough to effectively probe the 

whole cation surface, minimizing the complications arising from steric hindrance; it is commonly used in 

catalysis. On the other hand, the Density Functional Theory (DFT) study allow to obtain information about 

the relative anion-cation position even if the anion does not possess any NMR active nucleous.  Using this 

technique one can know the charge redistribution throughout all the complex, computed by relativistic 

Density Functional Theory (DFT) calculations, and obtain a map of the Coulomb potential around the 

cation that is useful to locate the most attractive regions. (Figure 10). Tarantelli and Macchioni groups 

demonstrated by 19F, 1H-HOESY NMR68 how the anion position can be finely tuned by the choice of the 

ligand69  and how the ion pair structure can be related with the electronic properties of the phosphorous-

based ligand (Figure 11).70a  

 

Figure 11. Previous studied systems, S = 2-hexyne, 4-methylstyrene, 4-methylpent-1-ene, tetramethylethylene; and 

R = H, Me. 

                                                           
iii Coulomb potential of the cation fragments are mapped on an electronic isodensity surface (ρ=0.007 e/Å3. Coulomb potential in a.u.). The 
isodensity value chosen is that approximately corresponding to tangent density surfaces for the isolated cation and anion placed at the 
optimized geometry of the ion pair. The most attractive regions on the surface are blue-colored 
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Up to now, all the qualitative and semi-quantitative comparisons between experimental NMR results 

and theoretical Coulomb maps have been successful.69, 70 

 

Figure 12. Different anion/cation orientation.  

Such results show that the anion is not particularly attracted by the metal atom, where the positive charge 

is formally located (Figure 12), but it is located on the ligand-side when carbene ligands are used69 and on 

the substrate-side in phosphine-gold complexes. Only the presence of a very acid proton, as the ortho-H 

of the P(3,5-(CF3)2-C6H3)3 ligand (PArF), can force the anion to be close to gold atom (Figure 11, center). 

Summarizing they were able to find three different limit structures: (A) when the anion is placed on the 

ligand side, (B) when the anion is closer to the substrate and (C) when the anion is interacting with 

neighbouring groups on the ligand. 

This technique represents, nowadays, the state of art for what concerns the study of Ion Pair in solution. 

However, this kind of study should be extended to other classes of ligands especially when particular 

functional group or charge, which may interact with the anion, are present.  From this point of view, there 

is still a lot of information that may be obtained applying these systems to new complexes especially if 

related to their activity in catalysis that is still a missing point.  
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1.2.4 Green gold applications 

The principles of green chemistry include waste prevention, renewable feedstocks, catalytic rather than 

stoichiometric reactions, safer solvents and reaction conditions, and increased energy efficiency. As we 

saw in chapter 1.2.2 gold catalysis could help in all these topics; contrarily to other metal catalyzed 

reactions that require high temperatures and long reaction times, gold compounds can work faster and 

at room temperature.71 Their room temperature activity has opened up new opportunities for pollution 

control applications.72 Due to their robustness, gold compounds can be also used in association with 

alternative solvents, which enable easy catalyst separation and recycle.73 In addition, also the metal itself 

can be easily recycled in the same reaction or recovered generating new catalysts. Moreover, metallic 

gold is biocompatible and nontoxic, both gold(I) and gold(III) compounds  have recently gained 

considerable attention due to their strong antiproliferative potency manifesting relevant anticancer 

properties against selected human tumor cell lines.74  

Indeed, it is recognized that gold catalysts could carry out processes for which no other catalyst has yet 

been identified and that they are now becoming interesting for commercial applications.75 Gold is mostly 

used in the hydration and alkoxylation of alkynes that may also represent a model of modern, sustainable 

transformation in chemistry were the atom economy is preserved. These reactions are waste-free, use 

water/alchol as reagent, and are catalytic.76 Curiously, although these reactions has been known since the 

19th century,77 their potentials in organic synthesis have not been conveniently exploited. The reason 

may be found looking at the more active catalysts known to date. HgO-H2SO4 (Kucherov catalyst)77 and 

HgO-BF3 (Hennion-Nieuwland catalyst), 78  are both highly toxic mercury salts that must be used in 

combination with either Bronstead or Lewis acids.79 Despite that, these catalysts were extensively used 

in high-scale industrial processes 80  until the discovery of the toxicity of mercury salts. Mercury 

intoxications may cause ataxia, general muscle weakness, narrowing of the field of vision, and damage to 

hearing and speech. In extreme cases, insanity, paralysis, coma, and death follow within weeks of the 

onset of symptoms.81 

One of the most discussed mercury poisoning case was the one called Minamata disease caused by the 

release of methylmercury in industrial wastewater from the Chisso Corporation's chemical factory from 

1951 to 1968. This highly toxic chemical was bioaccumulating in shellfish and fish in Minamata Bay area 

and then transferred to the local populace when eaten, resulting in mercury poisoning. The Chisso 

Minamata factory first started acetaldehyde production in 1932, producing 210 tons that year. By 1951, 

production had jumped to 6000 tons per year and reached a peak of 45245 tons in 1960.82 The company 

was having a great influence in Minamata city as over half of the city tax were paid from Chisso and its 
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employees.83 As of March 2001, 2265 victims had been officially recognized as having Minamata disease 

(79% of whom had died) and over 10000 had received financial compensation from Chisso (Figure 13).84 

 

Figure 13. Graphic representation of the Minamata disease. 

By 2004, Chisso Corporation had paid $86 million in compensation, and in the same year was ordered to 

clean up its contamination.85 A second outbreak of Minamata disease occurred in Niigata Prefecture in 

1965. The original Minamata disease and Niigata disease are considered two of the Four Big Pollution 

Diseases of Japan. After that disaster the dangerousness of mercury was proven and several international 

protocols were signed for reducing the use and release of Hg.86 Historically, Europe, followed by North 

America, has been the major region for anthropogenic Hg emissions. China is now the largest source of 

Hg emissions to the atmosphere (at least 700 tons per year) and the world’s largest consumer of Hg 

(>1000 t/year), which accounts for 50% of the global use.87  The largest amount of mercury used is 

employed for producing polyvinyl chloride (PVC).88  

 

Figure 14. Graphical representation of Hg used for PVC production. 
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By the end of 2010, global production of PVC was 49 Mt/year,88 China alone was producing the 42% of 

the global production and the 80% of that was made through the calcium carbide process (impregnated 

with HgCl2, used to ensure the reactivity and selectivity to form vinyl chloride monomer, VCM). It has been 

estimated that for the annual production of 16 Mt of PVC, through the calcium carbide process, >1600 

tons of Hg is required.89 Looking at these numbers it is clear that the interest for finding new catalytic 

systems for that kind of reactions is still high.  

Alternative catalysts for the hydration of alkynes have been searched for over the past 30 years, including 

Brønsted acids, bases, and metal salts and complexes.76b However, neither of them has been able to 

surpass the activity of those systems containing mercury salts. Among them, it is worth mentioning those 

systems where simple salts, such as PdCl290 or Zeise’s dimer [{PtCl2(C2H4)}2],91 were used, along with the 

recently reported anti-Markovnikov hydration of alkynes catalysed by ruthenium complexes.76c However, 

the use of acid promoters or heat the system, or both, are absolutely necessary in order to obtain good 

results. Only few examples can be found where simple alkynes are hydrated by using a transition metal 

species at room temperature without help of acidic additives.92  

Gold was firstly used in place of mercury for greening the chemistry process. The alkynephilicity of gold 

resembles that of mercury, and this behaviour has been attributed to the common electronic properties 

for these two elements in the valence shell, in part due to relativistic effects (see Chapter 1.2.1).37 Thus, 

Utimoto93 and Teles94 applied gold salts and gold complexes as catalysts for the hydration of alkynes and, 

more recently, Hayashi and Tanaka95, Laguna,96 and others.97  

Notwithstanding its intrinsic green abilities, the use of gold in green chemistry has not been deeply 

investigated and it remained mostly confined to heterogeneous catalysis.98 Friend and Min found that 

gold-based catalysts are promising for efficient oxidation of CO (Figure 15, top) and selective oxidation of 

propene (Figure 15, bottom). 

 

Figure 15. Heterogeneous use of gold in green chemistry. 
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The nanoscopic gold catalysts were active at much lower temperature compared to platinum-group 

catalysts for CO oxidation. Likewise, Au-based catalysts were effective for selective oxidation of propene, 

despite the very labile allylic hydrogen in this molecule.98a  

Concerning the homogeneous gold catalysis, only few examples are present in the literature. In 2009 

Winter and Krause99 proposed a new synthetic route for the cycloisomerization of functionalized allenes 

in water using HAuCl4 as catalyst, most importantly the catalyst could be reused after the full conversion 

of the reagent. Also gold(I) catalysts have been investigated for their use in water, in 2007 Laguna et al.100 

achieved an efficient hydration of phenylacetylene in aqueous media using gold catalyst bearing a 

triphenylphosphane based ligand with -SO3Na substituents to promote its water solubility (Figure 16 left).  

 

Figure 16. Water soluble gold complexes. 

Few years later, a collaboration between Conejero, Michelet and Cadierno groups has brought to light 

that also NHC ligand, functionalized with proper groups (Figure 16 right), can be effective in water media 

proposing the intramolecular cycloisomerization of γ-alkynoic acids in a 1:1 toluene/water mixture.101 

Earlier Tanaka et al. demonstrated how, adding acid promoters, triphenylphosphane gold complex can 

catalyse the intermolecular hydroamination of alkynes in solvent-free conditions.102 

Considering its doubtless green properties and these firsts results recently appeared in literature, one 

may conclude that gold can be a worthy, and probably under evaluated, choice to develop new green 

chemistry reactions. 
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2  
Results and Discussion 

 

 

Research is to see what everybody else has seen, 

and to think what nobody else has thought. 

Albert Szent-Gyorgyi 
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2.1 Role of the anion nature  

Homogeneous gold catalysis is now receiving a considerable attention and great efforts are being made 

to optimize known reactions and find new catalytic applications (chapter 1.2.2).42a Recently, in-depth 

kinetic and mechanistic studies on the gold(I)-catalysed nucleophilic addition to a carbon–carbon 

unsaturated bond have been published, with the aim to understand the ligand effect52 and to isolate and 

characterize the intermediates involved in the catalytic cycle.62,63 However, as we saw in chapter 1.2.2 

(Scheme 5), the main species of the cycle are all charged, and in fact many Ion Pair effects have already 

been observed. The anion can influence the catalytic activity,55 the regioselectivity,57 and even the 

stereoselectivity60 of the process (chapter 1.2.2). Although the importance of the anion is well recognized, 

its role in each single step of the reaction mechanism is still largely unknown.  

 

Scheme 14. Proposed mechanism for the methoxylation of 3-hexyne. 

To shade more light on the anion nature effect, we decided to study the intermolecular alkoxylation of 

alkynes, one of the oldest applications of gold(I) catalyst along with hydration and hydrophenoxylation.103 

From the seminal work of Teles,94 several other studies on these classes of reactions have been published, 

improving the activity104 and clarifying the reaction mechanism.62b, 105 
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Maier and Zhdanko have shown that when NHC is used as the ligand, the catalysed addition of methanol 

to 3-hexyne is of pseudo-zero order in 3-hexyne and pseudo-first order in methanol and catalyst.105a 

The gold metal fragment acts as a Lewis acid coordinating 3-hexyne (Scheme 14, intermediate I, Outer 

Sphere Ion Pair, OSIP), which subsequently undergoes a nucleophilic attack by MeOH, with the formation 

of an organogold intermediate (Scheme 14, intermediate II). The gold-carbon bond in the latter is typically 

cleaved by proton (protodeauration) to give the vinyl ether and regenerate the catalyst (Scheme 14, Inner 

Sphere Ion Pairs, ISIP). 

The key gold-catalysed step is the formation of vinyl ether, while the addition of the second molecule of 

methanol, leading to the final product (acetal), seems to be very fast105b and is generally considered a 

proton-catalysed process.105a As no systematic experimental data about the role of the anion were 

available, we set a method to analyse in detail the role of the anion in different steps of this catalytic cycle 

by combining experimental and theoretical approaches. Choosing [(NHC)AuX], the mechanistic 

framework is largely simplified as the stability of the species [(NHC)Au(S)]X is well known and gem-

diaurated species [(NHC-Au)2S]X were not observed.105a  

We have considered a series of anions with increasing coordination ability:64 BArF¯ [BArF=tetrakis(3,5-

bis(trifluoro-methyl)phenyl)-borate], tetrafluoroborate (BF4¯), trifluoromethanesulfonate (OTf¯), p-

toluensolfonate (OTs¯), trifluoroacetate (TFA¯) and acetate (OAc¯).  

All the catalysts [(NHC)AuX] (4X) have been synthesized from [(NHC)AuCl] through anion metathesis 

procedures, except for BArF¯ and BF4¯ as the ISIP complexes are not stable enough and [(NHC)Au(η2-3-

hexyne)]X complexes (4BArF and 4BF4,106 respectively) have been used as catalysts (see Experimental Part 

for details and characterization of new complexes). 

 

Figure 17. Alkoxylation of 3-hexyne with NHC-AuX catalysts. 
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The results for the alkoxylation of 3-hexyne with MeOH are shown in Figure 17 and Table 1.iv The most 

active catalyst is the compound 4OTs, followed by 4OTf, 4BF4, 4BArF and 4TFA, which lead to complete 

conversion of 3-hexyne in 17, 33, 40, 48 and 266 minutes respectively (entries 1, 4, 5, 6 and 7 Table 1). 

The values of TOF are 5.6, 2.9, 2.4, 2.0 and 0.4 min-1 for 4OTs, 4OTf, 4BF4, 4BArF and 4TFA, respectively, 

4OAc does not show any catalytic activity. 

Very surprisingly, the trend of the TOF values does not reflect the coordinating power64 of the anions. 

Usually, when the first catalytic step involves the competition between the substrate and the anion on 

the metal coordination vacancy, strong coordinating anions reduce the catalytic activity.107 Indeed, from 

the mechanism depicted in Scheme 14, we may expect that non-coordinating anions should maximize the 

catalytic rate. On the other hand, the trend of TOF does not reflect the basicity of the anions108 towards 

the abstraction of the alcoholic proton of the methanol neither before or after the nucleophilic attack,. 

As a matter of fact, the best performing anion, OTs¯,109 possesses intermediate coordinating and basicity 

properties in the considered series of counterions. In order to get a deeper insight into these intriguing 

results, we analyzed the effect of the anion in the ISIP  OSIP pre-equilibrium step (Scheme 14).  

 

Table 1. Alkoxylation of 3-hexyne with [(NHC)AuX] 

 Entry Anion Conv. [%] t [min][e] TOF[f] [min-1] 

[a] 1 OTs¯ 99 17 5.6 

 2[c] OTs¯ 99 20 4.8 

 3[d] OTs¯ 99 22 4.3 

 4 OTf¯ 99 33 2.9 

 5 BF4¯ 99 40 2.4 

 6 BArF¯ 99 48 2.0 

 7 TFA¯ 99 266 0.4 

 8 OAc¯ 0 - - 

[b] 9 OTs¯ 99 18 5.3 

 10 OTf¯ 99 47 2.0 

 11 BF4¯ 99 64 1.5 

 12 BArF¯ 99 89 1.1 

Catalysis conditions: 30 °C, 3-hexyne (100 µL), 4X loading (1 mol %), [a] CH3OH 
(143 µL) or [b] CH3OD (143 µL) in CDCl3 (400 µL). [c] With 5% NBu4OTs as additive. 
[d] With 15% pTsOH as additive. Conversions were determined by 1H NMR 
spectroscopy, using TMS as internal standard, as average of three runs. [e] time 
for 95% conversion. [f] TOF= ([acetal] / [4X])/t at 95% of conversion.  

 

                                                           
iv Under our conditions, the formation of 3-hexanone, due to the presence of traces of water, is less than 2% with respect to the initial 
concentration of 3-hexyne. 
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The equilibrium is shifted to OSIP when weakly and non-coordinating OTf¯, BF4¯ and BArF¯ anions are 

considered.106 This means that the concentration of ISIP is constant during the reaction, leading to a linear 

profile of the conversion against time (Figure 17). 

Differently, for 4TFA (Figure 17) the reaction rate is not constant, but it lowers when the time is around 

90 minutes. Recording the 19F NMR spectrum at different reaction times, we observed the disappearance 

of the broad resonance at -74.8 ppm and simultaneously the formation of a sharp new resonance at -76.2 

ppm assigned to the trifluoroacetic acid TFAH (Figure 18). Dissolving 4TFA in CDCl3 with 400 eq. of 

methanol, the same phenomenon is observed, with the total disappearance of the NMR signal relative to 

4TFA within one hour (Figure 18). If 3-hexyne is added to the solution after three hours (at complete 

formation of TFAH), no catalytic activity was observed. These experimental results can be explained by 

assuming an acid-base reaction between TFA¯ and MeOH, giving TFAH and MeO¯, which, in turn, probably 

poisons the catalyst forming the catalytically inert [(NHC)Au-OMe] species.105  

 

Figure 18. 19F NMR spectra of 4TFA (CDCl3, 1mM) in presence of 400 eq of methanol, recorded at different times. 

For 4OAc, which does not show any catalytic activity (Figure 17), the reaction with MeOH is very slow 

(30% of acetic acid is formed within 48 hours, Figure 19). In this case, the ISIP is predominant in solution 

due to the strong coordinating ability of the anion. 
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Figure 19. 1H NMR spectra of 4OAc (CDCl3, 1 mM) in presence of an increasing concentration of methanol at different 

time. 

Finally, for 4OTs, in the 1H NMR spectra recorded during the catalysis, the resonances of the tosylate anion 

closely resemble those of NBu4OTs (compare Figure 20a and Figure 20c), which indicates that the anion 

is not coordinated to the metal. Since the pre-equilibrium is completely shifted toward the ISIP in absence 

of methanol (compare Figure 20b and Figure 20d), we can surmise that methanol may help the de-

coordination of the anion, probably through the formation of a hydrogen bond.110 Therefore, the anion 

can be considered always not-coordinated to the metal. The importance of the pre-equilibrium step is 

demonstrated by the fact that the addition of an external salt such as NBu4OTs (5%) reduces the TOF from 

5.6 to 4.8 min-1, likely because of the shift of the ISIP/OSIP equilibrium toward the ISIP.  

Figure 20. a) Aromatic region of 1H NMR spectra recorded at different reaction times (indicated at the side of the 

spectra, in minutes) during the alkoxylation of 3-hexyne catalysed by 4OTs; b) 1H NMR spectrum of NBu4OTs in 

CDCl3/CD3OD; c) 1H NMR spectrum of NBu4OTs in CDCl3; d) 1H NMR spectrum of 4OTs in CDCl3. 
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We have determined the order of reaction with respect to 4OTs, which resulted to be 1 (Table 2), the 

same order has been observed for non coordinating anions,105a confirming  that only one gold atom is 

involved in the RDS of the reaction. However, the latter can be either the nucleophilic attack or the 

protodeauration (Scheme 14).  

Table 2. Reaction order with respect to 4OTs 

 Entry Au [mol%] Conv. [%] t [min][a] TOF[b] [min-1] 

 1 0.5 97 33 5.8 

 2 1 99 17 5.6 

 3 1.5 98 11 5.8 

 4 2 99 7 6.8 

Catalysis conditions: 30 °C, 3-hexyne (100 µL), NHC-Au-OTs (mol%), methanol 
(143 µL) in CDCl3 (400 µL). Conversions were determined by 1H NMR 
spectroscopy, using TMS as internal standard, as average of three runs. [a] Time 
for 95% conversion. [b] TOF= (nacetal / n4OTs) / t [min] at 95% of conversion. 

 

To identify the RDS, different catalytic conditions have been tested. In presence of pTsOH (15%) and 4OTs, 

the reaction is decelerated and the TOF changes from 5.6 to 4.3 min-1 (entries 1 and 3, Table 1). In addition, 

using CH3OD instead of CH3OH, we observe a slight reduction of the TOF, which shifts from 5.6 to 5.3 min-

1 (compare entries 1 and 9, Table 1), giving a Kinetic Isotopic Effect (KIE)111 equal to 1.1. For 4OTf, 4BF4 

and 4BArF, the KIE resulted equal to 1.4, 1.6 and 1.8 respectively (entries 4/10, 5/11, 6/12, Table 1). These 

values of KIE point out that, under our conditions, the rate-limiting step is the nucleophilic attack of the 

methanol.112 However, the small increase of the KIE on going from more coordinating anion (OTs¯) to non-

coordinating one (BArF¯), may indicates that the importance of protodeauration step in the mechanism 

increases from OTs¯ to OTf¯, from OTf¯ to BF4¯  and from BF4¯ to BArF¯. In agreement with our findings, 

Zhdanko and Maier showed clearly that the reaction rate of the hydroalkoxylation of 3-hexyne by 

methanol (in methanol), is independent from the amount of acid, excluding the protodeauration as the 

RDS.105a We also note that the RDS strongly depends on the reaction conditions and on the reactants. In 

a recent paper by Straub and co-workers113 a KIE of 3 to 5 is observed for the hydration of terminal alkynes 

conducted in methanol, while the group of Gagné and Widenhoefer reported a KIE of 5.3 for the gold-

catalysed intramolecular hydroalkoxylation of 2,2-diphenyl-4,5-hexadien-1-ol to a 2-vinyltetrahydrofuran 

derivative.114 These authors suggest that protonolysis of the gold-carbon bond was the RDS in both cases.  

 

From the computational point of view, the role of the anion has been usually recognized only in the 

protodeauration step,115 acting as a proton shuttle, or forming weak interactions with the substrate, 

changing the enantioselectivity.116 However, since under our catalytic conditions the nucleophilic attack 

is the RDS, an active role of the anion is expected also within this step. We focused our study on the attack 
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of the first methanol molecule, as we mentioned the addition of the second molecule of methanol is 

shown to be fast.105b The complex [(NHC’)AuOTs], (NHC’ = 1,3-dimethylimidazol-2-ylidene) 2-butyne and 

methanol as models for the catalyst, substrate and nucleophile, respectively, have been selected (Scheme 

15). 

Scheme 15. Role of the anion (X) in the reaction mechanism between 2-Butyne and methanol catalysed by the 

[(NHC’)Au-X] complex. 

In particular, we decided to investigate the OTs¯ anion because, unexpectedly, it is the most efficient in 

spite of its stronger coordinating ability with respect to BF4¯ and BArF¯, moreover no DCOTs or TCOTs were 

observed during the catalysis because its intermediate coordinating and basicity ability (Figure 20). 

According to recent benchmark papers, we used density functional theory (DFT) in combination with the 

BP86 exchange-correlation functional to optimize the geometries and the double-hybrid functional 

B2PLYP to compute the corresponding energy.117, v 

For the pre-equilibrium, the electronic energy of the complex [(NHC’)AuOTs]∙(2-butyne) is 3.6 kcal/mol 

lower than that of [(NHC’)Au(η2-2-butyne)]OTs, which indicates that the alkyne substitution of the 

coordinated OTs¯ is somewhat unfavourable. Interestingly, when one molecule of methanol is introduced 

in the system, the difference between [(NHC’)AuOTs]∙(2-butyne)∙(MeOH) (ICOTs) and [(NHC’)Au(η2-2-

butyne)]OTs∙(MeOH) (RCOTs) lowers to 2.7 kcal/mol, thanks to the hydrogen bond formation between the 

methanol and the anion (OOTs-HMeOH = 1.780 Å) . In the RCOTs configuration, the anion weakly interacts with 

gold (Au-OOTs = 3.283 Å) and the methanol is positioned at the opposite side of the alkyne with respect to 

the gold. RCOTs is a particularly suitable reactant complex configuration for the anti-periplanar addition of 

the nucleophile, which is the most favoured mechanism according to previous studies.105a 

                                                           
v If other functionals, as M-06 or B2PLYP-D3, are used to compute the energies, only small differences can be found. Also the inclusion of the 
solvent (COSMO) does not alter the path significantly.  
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Figure 21. DFT-calculated profile for the reaction between 2-butyne and methanol, catalyzed by (NHC’)AuOTs (left). 

Geometrical structure of TSIOTs, with relevant distances in Å (right). The structures of the species are also shown. 

The protons of 2-butyne have been omitted for clarity. 

Starting from RCOTs, the methanol can approach the carbon atom coordinated to gold, passing through a 

transition state (TSIOTs), with an activation barrier of 15.6 kcal/mol (computed with respect to RCOTs). Note 

that removing the anion from the catalytic cycle, the σ-coordinated gold(I) vinyl ether (IOTs like structure 

of Figure 21) is not stable. In the transition state geometry, the distance between the methanol and the 

carbon atom is 2.084 Å (Figure 21, right), with the anion facilitating the attack in two ways: i) it acts as a 

template, keeping the reactive methanol molecule in the right position for the addition, and, 

simultaneously; ii) it “activates” the nucleophile through an hydrogen bond that is shorter than in RCOTs 

(OOTs-HMeOH = 1.538 Å).  

The product of the attack is a metal σ-coordinated vinyl ether (IOTs), with the hydrogen of the methanol 

completely transferred to the anion (OOTs-HMeOH = 1.035 Å), giving a neutral molecule of p-toluenesulfonic 

acid. The acid easily donates the hydrogen to the carbon coordinated to gold (TSIIOTs) acting as an efficient 

proton shuttle between the methanol and the substrate (activation barrier 4.7 kcal/mol with respect to 

IOTs). The product of the protodeauration step is a π-coordinated vinyl ether (PCOTs). In PCOTs the gold atom 

is not equidistant from the two carbons, but it is at a larger distance from the carbon that underwent the 

nucleophilic attack (Au-C2 = 2.209 Å, Au-C1 = 2.430 Å). The same asymmetry has been experimentally 

observed, too.118 Now the vinyl ether can de-coordinate and be substituted by another molecule of 

alkyne.vi  

From the structure of TSIOTs, the experimentally observed anion effect (Figure 17) can be rationalized on 

the basis of the coordinating and basicity properties of the different anions. The most important factor 

seems to be the ability to abstract the proton from the methanol, and this ability is proportional to the 

anion basicity. Coherently with this picture, the performances of 4BF4 and 4BArF are worse than those of 

                                                           
vi Noteworthy, all the complexes considered in Figure 21 have the same number of atoms, minimizing the entropy problem. An 
estimation of the entropic contribution can be found in the Experimental Part.  

ICOTs (0.0) 

   TSIOTs (18.3) 

   IOTs (1.2) 

   TSIIOTs (5.9)  

  PCOTs (-14.3) 

TSIOTs 

RCOTs (2.7) 
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4OTs, because such anions more difficultly form the corresponding acids HBF4 and HBArF. On the other 

hand, too high coordination or basicity power of the anion worsens the catalytic performances, 

preventing the alkyne coordination (as in the case of OAc¯) or forming too much free MeO¯ in solution, 

which poisons the catalyst (as in the case of TFA¯). 

 

2.1.1 Nucleophile effect 

The experimental data confirmed by DFT calculations (see previous paragraph) suggested that an extra 

molecule of nucleophile could help the attack to the coordinated alkyne bound to a gold cationic 

framework, or support the proton shuttle, when weakly coordinating anions are employed. A systematic 

experimental study of the role of the anion in connection with the nature of the nucleophile is not present 

in the literature. For this purpose, we analysed both 4OTs (where anion plays and active role) and 4BArF 

(where anion does not enter into the reaction mechanism) in the alkoxylation of 3-hexyne, in which 

different nucleophiles were screened. Among them, triethylene glycol monomethyl ether (Gly-OMe) is a 

better nucleophile than methanol for its capacity to polarize the attack (or the proton shuttle). On the 

contrary, 2,2,2-trifuoroethanol (TFE), benzyl alcohol (BnOH), and 2,6-dimethoxyphenol (2,6-(OCH3)PhOH), 

were chosen as nucleophiles poorer than methanol. 

Table 3. Alkoxylation of 3-hexyne 

Entry Nucleophile Catalyst 
Conv. 
[%]a 

t [min]b TOF [min-1]c 

1 TFEd 
4OTs, 
4BArF 

0 - - 

2 

Gly-OMee 
4OTs 98 345 0.28 

3 4BArF 98 476 0.20 

4 

BnOHf 
4OTs 99 78 1.2 

5 4BArF 99 1619 0.06 

6 
2,6-
(OCH3)PhOHg 

4OTs 18 5430 0.003 

7 4BArF 0 - - 

Catalysis conditions: 30 °C, 3-hexyne (0.88 mmol, 100 µL), 1 mol% catalyst in CDCl3 (400 
µL). [a] Determined by 1H NMR using TMS as internal standard; averaged values of three 
runs. [b] Time for 95% of conversion or at the highest conversion registered. [c] TOF = (n 

product / n catalyst) / t (min) at 95% of conversion. [d] 2,2,2-trifluoroethanol (3.52 mmol, 256 
µL). [e] Triethylene glycol monomethyl ether (1.16 mmol, 186 µL), 3-hexyne (0.29 mmol, 
33 µL). [f] Benzyl alcohol (1.16 mmol, 120 µL), 3-hexyne (0.29 mmol, 33 µL). [g] 2,6-
dimethoxyphenol (0.88 mmol, 136 mg), 3-hexyne (0.22 mmol, 25 µL), TOF calculated at 
18 min. 

 

Using TFE as nucleophile, both complexes 4OTs and 4BArF do not promote any reaction (Table 3, entry 1). 

When the alkoxylation of 3-hexyne is performed with a functionalized alcohol such as Gly-OMe, the 
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overall reaction is strongly slowed down, and complexes 4OTs and 4BArF promote full conversion in similar 

reaction time (Table 3, entries 2 and 3) while in the case of methoxylation the reaction times were 

different (17 and 48 min for 4OTs and 4BArF respectively, Table 1, entries 1 and 6). On the other hand, 

performing the reaction with BnOH proceeded efficiently using 4OTs, whereas in the case of 4BArF the 

almost complete formation of the final product was achieved after a much higher reaction time (Table 3, 

entries 4 and 5). Finally, using 4OTs an incomplete and slow conversion of substrate was observed upon 

addition of 2,6-(OCH3)PhOH (the poorest nucleophile here employed), while the reaction failed 

completely in the presence of 4BArF (Table 3, entries 6 and 7).Taken all together, these experimental 

evidences reveal that the character of the nucleophile significantly modifies the impact of the anion effect 

in the catalytic reaction.  

With functionalized nucleophiles (e.g., Gly-OMe) the O-H bond may be polarized via specific 

intramolecular interactions, suppressing the anion effect. The role of the anion is crucial in presence of 

soft nucleophiles (as compared to methanol, e.g., benzyl alcohol and 2,6-dimethoxyphenol) which are less 

able to attack the coordinated substrate and need to be activated. The use of TFE as nucleophile even 

inhibits the reaction, most probably due to the presence of the strongly electron withdrawing -CF3 group, 

that may in principle either decrease the nucleophilic character of the -OH group or favor the formation 

of CF3CH2O- in solution, leading to catalyst deactivation DCX. 

We studied the activation of the nucleophile in the RDS step for two different nucleophiles: TFE, in 

combination with the OTs¯, as it was no reacting with respect to MeOH, and Gly-OMe in the absence of 

the anion, because of its unchanging activity in combination with different anions (Table 3). First, we focus 

on the activation of TFE nucleophile by hydrogen-bond acceptor ability of OTs¯ anion, in spite of the 

structural similarity with MeOH, it is not able to react with 3-hexyne to give the product (see Table 3, 

entry 1). Here, the electron withdrawing -CF3 group may i) induce a stronger acidity to the -OH group so 

that the proton can be easily removed in the presence of an anion and the resulting methoxy leads to 

catalyst deactivation;  ii) reduce the nucleophilic ability of the –OH group in such a way that  is not able 

to attach the triple bond of the substrate. 

The calculated initial complex ICTFE, reactant complex RCTFE, intermediate ITFE, transition state TS_preeqTFE 

for the preequilibrium step and transition state TSTFE for the TFE nucleophile attack to butyne in the 

presence of the OTs¯ anion are shown in Figure 22. 

Similarly to MeOH, the most stable species has been calculated to be the anion-coordinated initial 

complex (ICTFE), which has been taken as the zero point energy, with the 2-butyne in the second 

coordination sphere weakly interacting with the NHC ligand. In the reactant complex (RCTFE) the anion 

acts as a template and holds the TFE nucleophile in the right position for an outer sphere attack. In RCTFE 

one of the basic atom of the anion weakly interacts with the metal center (Au···O = 3.284 Å), while forming 

an hydrogen bond with the nucleophile. The O(OTs-)···H(OTFE) distance is 1.679 Å, shorter than that in 
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RCMeOH
 (1.780 Å), due to the presence of the electron withdrawing CF3 group which leads to a stronger 

interaction between the alcoholic proton and the basic oxygen atom of the anion. The reaction of RCTFE 

formation from the initial complexes ICTFE is endothermic by +2.4 kcal/mol, with an activation barrier of 

9.1 kcal/mol. The formation of the catalytically inactive DCTFE complex from the ICTFE is calculated to be 

also endothermic by +6.9 kcal/mol, with an activation barrier of 13.2 kcal/mol. So this deactivation path 

(throughout the formation of alkoxyde) is even less accessible here than what was found above for MeOH 

(we recall that the DCMeOH energy of formation from ICMeOH is 2.4 kcal/mol and the activation energy is 9.6 

kcal/mol). In the TSTFE for the nucleophilic attack of TFE to the butyne-coordinated species RCTFE the bond 

between the gold center and the carbon atom on which the nucleophile attacks (C1) is elongated (2.719 

Å) while that between gold and C2 is 2.094 Å. The distance between oxygen of OTs¯ and the metal center 

is 3.916 Å, larger than that calculated for MeOH (3.693 Å), and the incipient abstraction of the TFE 

hydrogen by OTs¯ is more pronounced (CF3CH3O−H = 1.081 Å, CF3CH3OH···O(OTs−) = 1.398 Å) in this case 

due to the presence of the CF3 group leading to a more acidic proton. This larger “acid-like” character of 

OTs¯, apparently indicating a larger activation of the TFE by HB acceptor property of the anion, results 

however in a higher activation barrier (18.6 kcal/mol) with respect to MeOH (15.6 kcal/mol, from RCOTs to 

TSOTs) for the nucleophilic attack, showing an intrinsically poor nucleophilic character of TFE.  

 

Figure 22. Initial complex ICTFE, reactant complex RCTFE, intermediate ITFE, transition state TS_preeqTFE for the 

preequilibrium step and transition state TSTFE for the trifluoroethanol nucleophile attack to butyne in the presence 

of the OTs- anion. Energies values (kcal/mol) refer to ICTFE, taken as zero. Bond lengths are in Å. 
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The transition state TSTFE evolves with the formation of the intermediate complex ITFE where the hydrogen 

of trifluoroethanol has been completely abstracted by OTs¯ (CF3CH2O∙∙∙H = 1.627 Å and H−O(OTs) = 1.022 

Å). The overall activation barrier from ICTEF to ITEF is 21.0 kcal/mol.  

From these results we conclude that: i) in the pre-equilibrium step for TFE the RC formation is favored 

over the DC formation, thus precluding a catalyst poisoning through alkoxy deactivated species; ii) in the 

nucleophilic attack step the OTs¯ anion acts as a hydrogen-bond acceptor, enhancing the nucleophilicity 

of the attacking trifluoroethanol, nevertheless the latter is remaining scarcely nucleophilic. These findings 

suggest that a too low nucleophilic power rather than a catalyst poisoning is the reason why TFE is not 

experimentally active when both 4OTs and 4BArF are employed as catalyst. 

Finally, we studied the nucleophilic attack of Gly-OMe to 2-butyne via auto-activation through OH···O 

hydrogen bond in order to rationalize its observed similar reaction time in combination with different 

anions. Gly-OMe can be found in many different rotational conformers, and three possible stable 

conformations are conceivable with the alcoholic hydrogen forming an internal hydrogen bonds (HB) with 

the oxygen atom of one of the two ethylene glycol groups (1-O and 2-O) or with the oxygen of the ether 

group (3-O). Only these three conformations have been considered in the calculations and the one with 

the smaller activation barrier is reported here (see Experimental Section for the others). We start our 

study from the reactant complex RCGly-OMe since no anion is taken into account in order to verify that the 

addition to butyne may take place via an auto-activation. In the RCGly-OMe complex (Figure 23) the Gly-OMe 

is held in a suitable position for the outer sphere nucleophilic attack through formation of a HB between 

the oxygen atom of the ether group and one hydrogen of the butyne (Hbutyne···3-O(OMe) = 2.328 Å) while 

the distance between the Gly-OMe oxygen which performs the nucleophilic attack and the C1 carbon of 

the butyne is 3.420 Å. The alcoholic hydrogen in Gly-OMe forms in turn an internal HB with the ethylene 

glycol oxygen atom (2-O) that lies at 2.157 Å from it. This latter distance becomes shorter in TSGly_OMe 

(OH···2-O (ethylene glycol) = 1.940 Å) with O−H = 1.002 Å which is only slightly elongated with respect to 

that in the RCGly-OMe complex (0.984 Å). A peculiar feature of the TSGly_OMe structure is the almost co-planar 

approach of the oxygen atom of the nucleophile towards the substrate C1 carbon (dihedral angle Au-C2-

C1-O = 174.5º), at a variance with the substantial out-of-plane approach found in the TS structures for the 

MeOH and TFE nucleophilic attack to 2-butyne mediate by the OTs¯ anion (dihedral angle Au-C2-C1-O = 

155.1º and 153.8º, respectively), a constraint due to the anion template effect. The calculated activation 

barrier is 10.4 kcal/mol, indicating an efficient auto-activation of the nucleophile, which may be then 

ascribed not only to the possibility of forming internal hydrogen bond but also to the possibility of allowing 

a co-planar nucleophilic attack, which seems to stabilize the transition state.  
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Figure 23. Reactant complex RCGly-OMe, intermediate IGly-OMe and transition state TSGly-OMe for the triethylene glycol 

monomethyl ether nucleophile attack to 2-butyne without the anion. Energies values (kcal/mol) refer to RCGly-OMe, 

taken as zero. Bond lengths are in Å. 

TSGly-OMe evolves with the formation of the intermediate IGly-OMe which is less stable than RCGly-OMe by 1.5 

kcal/mol. The intermediate structure is very similar to that of the transition state, with much reduced 

C1···O (1.578 Å) and OH···2-O(ethylene glycol) (1.682 Å) distances, and an elongated O−H bond (1.034 Å). 

These results clearly show that Gly-OMe as nucleophile is auto-activating for the alkyne attack via both 

internal HB formation and structural flexibility that releases steric constraints and allows a co-planar 

substrate attack. Here the activation of OH  via the HB acceptor ability of the anions are not needed, in 

agreement with the Gly-OMe experimentally observed activity which remains almost constant 

independently of the used anion (Table 3, entries 2 and 3). 

 

In conclusion, we showed that the anion properties, both coordination ability and basicity, have a great 

and under evaluated impact on the catalytic performances of gold complexes, and the “classical” non-

coordinating anions (as BF4¯) may be not always the best choice. Intermediate coordinating and basicity 

power of the anion OTs¯ provides, under the specific experimental conditions employed, the best 

compromise to achieve an efficient catalyst: the preequilibrium with this anion is shifted toward the OSIP, 

deactivation of catalyst to a gold-methoxide is prevented and its characteristic basicity promotes the 

nucleophilic attack. This study clearly demonstrates that the anion can play an effective role in different 

steps of the catalytic cycle, including the overall important nucleophilic attack.119 Finally, the counterion 

effects can be modulated by the choice of the nucleophile. When the alcohol is a poor nucleophile as in 

the case of benzyl alcohol the reactivity increases (about 20 folds) on going from BArF¯ to OTs¯. Using 

methanol this difference was smaller and flatten due to the formation of hydrogen bonding with a second 

alcohol molecule that improves the nucleophilicity of the attacking methanol. On the other hand, the use 

of suitably functionalized alcohols that contribute to the polarization of the -OH bond through 

intramolecular interactions (this is the case of Gly-OMe) flatten the effect of the anion (BArF¯ and OTs¯ 

show analogous catalytic performances). Alcohols with too low nucleophilic power (as TFE) is not active 

when both 4OTs and 4BArF are employed as catalyst.  
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2.2 Functionalized carbene ligands to modify IP and catalytic 

activities.  

2.2.1 Nitrogen heterocyclic carbenes 

In the previous chapter, we have demonstrated that the anion can assists the nucleophilic attack of the 

nucleophile on the substrate (chapter 2.1). In order to extend our knowledge about the relationship 

between the anion/cation orientations and the catalytic performances of gold complexes, we explored a 

new series of organogold species bearing NHC carbene ligands with a modified ligand structure. The aim 

is to produce different charge distribution and, consequently, different ion pair structures pushing the 

anion closer to the reaction site. From previous work we observed that for the classical unsaturated 

[(NHC)-Au-(η-2-hexyne)]BF4, the anion is strongly attracted by the hydrogen atoms on the imidazole 

ring.69b The substitution of such hydrogen atoms with methyl groups only moderately reduces this 

interaction in [NHC-Au-(η-alkene)]BF4 related complexes.69b Here we study the influence of eliminating 

the unsaturation using the saturated heterocyclic carbene [(sNHC)-Au-(η-3-hexyne)]BF4 (Scheme 16, 

5BF4), in order to reduce the affinity of the hydrogen atoms of the imidazole ring toward the anion. We 

also explore the opposite direction, studying the effect of an extended aromatic π-system of the ligand120 

with [NHC(BIAN)-Au-(η-3-hexyne)]BF4 (Scheme 16, 6BF4). In fact, it is known that such polycyclic aromatic 

system in Pd(II) and Pt(II) complexes delocalizes the charge so effectively as to make the ion pair structure 

completely unspecific. 121  For a strict comparison between the complexes also [(NHC)-Au-(η-3-

hexyne)]BF4 (Scheme 16, 4BF4) was synthesized and studied. 

 

Scheme 16. Structure of the NHC gold precursors.  

During this study, we also setup an improved strategy to synthesize NHCs gold chloride complexes. 

Generally, such species are prepared by deprotonation of imidazolium salts [NHC(H)]Cl with a strong base, 

followed by the addiction of a gold source.122 , 123  Since this method requires moisture- and air-free 

conditions, due to the presence of a free carbine, different approaches have been developed in the last 
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years. One of them is the synthesis of [(NHC)AgCl] complexes124 as carbene transfer agents, which are 

able to transfer the carbene to a gold(I) precursor via trans-metallation reaction, with precipitation of 

silver chloride. Decomposition of silver adducts can reduce the yield and purity of the final gold 

complexes, and recrystallization is always necessary. Recently [NHC(H)]HCO3 salts have been used for the 

synthesis of gold complexes,125  even if the carbonate salt is highly hygroscopic and very dry conditions 

are required.  

We obtained the NHC carbene gold precursors 4-6Cl in high yield and purity and without successive 

crystallization with a simple one-pot methodology (meanwhile also Nolan and co-workers published a 

similar procedure).126 Stirring [NHC(H)]Cl salt, KHCO3 and THT-AuCl  together in CH2Cl2/CH3OH mixture in 

air without any distillation of solvents and without drying the KHCO3 (Scheme 17, see the Experimental 

Part for details), yields directly the desired gold precursors. 

 

Scheme 17. One-pot synthesis of [NHC-AuCl] precursor 4-6Cl. 

 

Figure 24. (Left) Coulomb potential map (in a.u.) of 4+, mapped on an electronic isodensity surface (0.007 e/Å3; 

(Right): 19F,1H-HOESY NMR spectrum (376.65 MHz, 297 K, CD2Cl2) of complex 4BF4.  
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Subsequently, cationic bis-coordinate gold(I) complexes 4-6BF4, were generated in a NMR tube by the 

reaction of the parent [(NHC)AuCl] complexes with AgBF4 in CD2Cl2, in the presence of 3-hexyne. From 1H, 

13C, 1H-COSY, 1H-NOESY, 1H,13C-HMQC NMR, and 1H,13C-HMBC NMR spectroscopies all proton and carbon 

resonances belonging to the different fragments were assigned (see the Experimental Part).  

The interionic structure has been studied combining the 19F, 1H HOESY NMR technique and relativistic DFT 

calculations. The latter were performed using the ADF (Amsterdam Density Functional) package, at the 

TZ2P/BLYP/ZORA127  level (see chapter 4.5 for further details), including explicitly the conductor like 

screening model (COSMO,128 with ε = 8.93) to include solvent effect. 

 

Figure 25. Left: Coulomb potential map (in a.u.) of 5+, mapped on an electronic isodensity surface (0.007 e/Å3; right: 
19F,1H-HOESY NMR spectrum (376.65 MHz, 297 K, CD2Cl2) of complex 5BF4. *denotes the resonances of free 3-hexyne 

(Apparently, the anion interacts also with the protons of free 3-hexyne but this contact can be reasonably explained 

by a fast exchange between the coordinated and free 3-hexyne: the anion interacts only with the coordinated alkyne, 

but because of the exchange, the NOE is indirectly transferred also to the free one; the total Overhauser effect is 

the sum of the cross peaks with free and coordinated alkyne).  

From previous studies129 on [(NHC)Au(S)]BF4 ion pairs we found that two important ion-pair relative 

orientations are possible, A and B, in which the anion is located near NHC and S, respectively (see chapter 

1.2.3 for further details). Other orientations seem to be disfavoured; the orientation in which the anion is 

located near gold is underprivileged because the aryl moieties with hindered ortho-substituents introduce 

steric hindrance above and below the metal center.67,130 Since the protons of the imidazole ring of the 

NHC ligand are slightly acidic, they carry some additional positive charge and may act as anchoring point 

for the anion, thus favouring orientation A.  
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This is confirmed by analysing131 the NOE contacts for 4BF4 (Figure 24), the most intense contact is with 

H8 (Table 4) and it is representative for orientation A, whereas the contact H2/F (representative for the 

orientation B) is weaker. The weakness of H6/F and H7/F contacts indicates that the ion pair structure can 

be well described by either orientation A or B. The ratio between H8/F and H2/F is 1.00:0.18, leading to a 

A:B ratio of 85:15 (Table 4). As expected, it is very similar to that measured for [(NHC)-Au(η-2-

hexyne)]BF4. 69b 

 

Table 4. Relative NOE intensities determined by arbitrarily fixing the largest 
intensity of the NOE(s) between the anion fluorines and the cation protons to 1. 

 4BF4 5BF4
 a 5BF4 6BF4 

H1 0.13 0.10 0.17 0.49 

H2 0.18 0.39 0.32 1.00 

H3 
0.50b 0.40b 0.37b 

0.34 

H5 0.50 

H4 0.23 0.32 0.27 0.89 

H6 0.17 0.10 0.10 0.46c 

H7 0.08 0.04 0.05 0.26 

H8 1.00 1.00 1.00 0.24 

H9 - - - 0.46c 

H10 - - - 0.37 

A:B 85:15 72:28 76:24 27:73d 

[a] Isolated ion pairs. [b] H3/F and H5/F contacts partially overlap. [c] H6/F and H9/F contacts 
partially overlap. [d] In this case the conformations A and B are not enough to fully describe the 
ion pair structure, see text. 

 

Figure 25 shows the 19F-1H HOESY spectrum for 5BF4. The most intense interaction is H8/F, and the general 

pattern is very similar to that for 4BF4. Performing 19F,1H-HOESY NMR experiment on the isolated ion pairs 

5BF4  gives essentially the same results, within the experimental error. The A:B ratio is around 76:24 (Table 

4). Mapping the Coulomb potential of the 5+ cation shows that H2 and H8 are indeed the most attractive 

regions of the cation, with a slight predominance of H8.vii This map is in qualitative agreement with the 

experimental A:B ratio and comparison of the potential maps of 5+ and 4+ shows that the partial saturation 

of the NHC ring only slightly reduces the accumulation of positive charge on the ligand backbone, thus 

giving a similar A:B ratio (Table 4). 

                                                           
vii A 76:24 ratio is consistent with a small difference in energy between the two conformations, around 0.7 kcal/mol. 
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Figure 26 shows the 19F-1H HOESY spectrum for 6BF4. In this case, all the interionic interactions are of 

comparable intensity. In fact, the weakest is H8/F (H8 is the most “internal” proton of the BIAN system), 

with relative intensity 0.24. This means that there is no single favored conformation and many 

anion/cation relative orientations are possible. The most intense contact is with H2, and, among the 

carbene ligands we have studied up to now, this is the first time that the conformation B is favored, even 

if slightly, over the A one. This aspecific ion pair structure is a direct consequence of the extended 

aromaticity on the backbone of the carbene, which makes the Coulomb potential quite flat throughout 

the cation. This is seen in the Coulomb map of 6+, where the regions around the 3-hexyne, the carbene 

ring and the aromatic fragment of NHC show essentially the same small potential value. 

 

Figure 26. Left: Coulomb potential map (in a.u.) of 6+, mapped on an electronic isodensity surface (0.007 e/Å3); right: 
19F,1H-HOESY NMR spectrum (376.65 MHz, 297 K, CD2Cl2) of complex 6BF4. *denotes the resonances of free 3-

hexyne. 

The NOE results on the saturated NHC show that the removal of the unsaturation is not enough to 

markedly influence the ion pair structure and the anion still prefers to stay on the carbene-side. On the 

other hand, the extended aromaticity of an acenaphtene-based NHC makes the ion pair structure 

aspecific, with only a small preference for the substrate side. These results underline that the structure in 

solution of [(NHC)Au(S)]BF4 ion pairs cannot be easily tuned and meaningful modifications can be 

achieved only through large alterations of the NHC backbone. Gold complexes containing phosphorous-

based ligands show a more marked ligand influence on the ion pair structure in solution70, 129  
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2.2.2 Nitrogen acyclic carbenes 

We just saw that the Ion Pair orientation was not drastically changing by removing the aromaticity on the 

NHC backbone and that using a BIAN functionalized ligand results in a nonspecific IP. Thereafter, with the 

deliberate purpose of influencing the ion pair structure of the complex, we chose another class of carbene 

ligands synthesizing four [(NAC)AuCl] (7-10Cl) precatalysts (also known as Acyclic Diamino Carbene, 

ACD)132,133 (Scheme 18), differing in the number and the position of the -OH and -NH moieties, and also in 

the steric hindrance around them. In particular, the structure of complex 7Cl (Scheme 18) having a [NHR-

(C=Au)-NHR]+ moiety recalls the urea and the guanidinium functional groups, two structures widely used 

for anion recognition.134,135 In complex 8Cl, one nitrogen bears two iso-propyl groups, which create a steric 

hindrance around the -NH group, likely weakening the interaction with the anion. Complex 9Cl is similar 

to 8Cl, but the steric hindrance around -NH is reduced. Finally, complex 10Cl bears an additional -OH 

moiety, another suitable anchoring point for the anion introducing a competition between the amine and 

the alcoholic groups (Scheme 18). The neutral compounds 7-10Cl were synthesized using procedures 

similar to those reported in the literature133f (see Experimental Part for details). 7-10BF4 complexes were 

generated in a NMR tube after the addition of AgBF4 to a solution of neutral precursors 7-10Cl in the 

presence of 3-hexyne (solvent = CD2Cl2). All attempts to isolate complexes 7-10BF4 failed and led to the 

formation of metallic gold. In the case of 3BF4, also the in situ characterization failed, due to the rapid 

decomposition of the complex to metallic gold, even at low temperature.  

Scheme 18. Structure of guanidinium, 7-10Cl, 7-10BF4 and 7(PPh3)BF4 complexes. 

All the proton and carbon resonances belonging to the different fragments were assigned through 1H, 13C, 

1H-COSY, 1H-NOESY, 1H,13C-HMQC NMR, and 1H,13C-HMBC NMR spectroscopies (see Experimental Part).  

 

A marked difference in the presence of different rotamers of the carbene moiety in 7Cl and 7BF4 can be 

evidenced. In 7Cl, as reported by Hashmi et al. for similar complexes, two different rotamers exist in 

solution (approximately 1:1 ratio), one of which is relative to the complex with the two tert-butyl groups 

pointing toward gold (syn-syn), and the other one with one tert-butyl group in anti position to the gold 

(syn-anti).133f In the former, the two sides of the carbene are magnetically equivalent and the two tert-
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butyl groups give only one NMR signal, whereas in the latter there is no symmetry and the two tert-butyl 

moieties give two different signals.  

 

Figure 27. 1H-NOESY NMR spectrum of complex 9Cl (400.13 MHz, CDCl3, T = 298 K).  

On the contrary, for 7BF4 only the syn-syn rotamer existing, as proved by the presence of only one signal 

for the tert-butyl groups. In the case of 9Cl, a 180° rotation around the C-N(pyrrolidine) bond does not 

originate any rotamer because the pyrrolidine moiety is symmetrical. Nonetheless, such a rotation can be 

easily proved by 1H EXSY (EXchange SpectroscopY) NMR, while 1H NMR NOESY experiments on 9Cl does 

not show any indication of the rotation around the C-N(H)(tBu) bond at room temperature (Figure 27). 

The singlet relative to the tert-butyl group has a NOE contact only with the NH. The absence of NOE with 

protons A, A’, B and B’ demonstrates that the NH(tBu) group does not rotate around the N-C bond. The 

broad signal due to NH interacts only with protons A, thus confirming the structure depicted in the left 

side of Figure 27. 

It is interesting to note that the 19F NMR chemical shift of BF4¯ strongly depends on the cation, being -

149.7, -153.3 and -152.2 ppm for 7BF4, 8BF4 and 10BF4, respectively. For comparison, the NMR resonances 

of the anion in [LAu(η2-3-hexyne)]BF4 complexes, falls between -154 and -155 ppm (L = phosphine or 

NHC,69b, 70 see Experimental Part). The relative anion/cation orientation in solution of 7BF4, 8BF4 and 10BF4 

complexes has been investigated by 19F, 1H-HOESY NMR spectroscopy (Figure 28) in CD2Cl2 at room 

temperature. NMR spectrum of 7BF4 exhibits a very strong contact between the fluorine nuclei of the BF4¯ 

and the protons directly bound to the nitrogen atoms (H4), a medium contact with the protons of the 

tert-butyl groups (H3), and very weak, almost undetectable, contacts with the 3-hexyne (H1 and H2) 

(Figure 28a). A quantitative analysis of interionic NOE intensities was carried out taking into account that 

the volumes of the crosspeaks are proportional to (nH * nF)/(nH + nF), where nH and nF are the number of 
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magnetically equivalent H and F nuclei, respectively.131 The results are reported in Table 5. The H4/F 

contacts results to be 10 and 30 times more intense than H3/F and H2/F, respectively. 

 

 

Figure 28. 19F, 1H-HOESY NMR spectrum (376.65 MHz, 298 K, CD2Cl2) of complexes 7BF4 (a), 8BF4 (b) and 10BF4 (c). 

H1f and H2f are relative to the free 3-hexyne, in dynamic equilibrium with the coordinated one.  

19F, 1H-HOESY NMR spectrum of 8BF4 show strong contacts between F atoms of the BF4‾ and the proton 

directly bound to the nitrogen atoms (H4), a medium contact with other protons of NAC ligand (H3, H6 

and H7). In this case, also medium contacts with the 3-hexyne (H1 and H2) are observed (Figure 28b), 

making the NOE pattern much less selective than in the case of 7BF4. From the quantitative point of view, 

the H2/F contact is 8-fold less intense than the H4/F one (Table 5). 10BF4 has an hydroxyl group (H8) on 

one “side arm” of the carbene and an amine proton (H4), both of which are able to establish a hydrogen 

bond with the anion. The 19F, 1H-HOESY NMR spectrum clearly shows that H8/F is the most intense contact 

(Figure 28c), almost 8-fold more intense than H4/F. As in the case of 7BF4, the contact between the hexyne 

and the anion is very low, with a relative intensity of 0.03. For comparison, it can be useful to remember 
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that in the case of 1BF4 the most intense NOE contact is between the anion and the CH2 on the backbone 

of the carbene, while the relative intensity of the NOE with the 3-hexyne is 0.4 (Table 4).  

 

Table 5. Relative NOE intensities determined by arbitrarily fixing the 
largest NOE contact to 1. 

Signal  Relative intensity 

 7BF4 8BF4 9BF4 10BF4 

H1 0.01 0.12 - 0.02 

H2 0.03 0.27 - 0.03 

H3 0.11 0.25 - 0.06 

H5 - 0.30 - 0.11 

H4 1.00 1.00 - 0.13 

H6 - 
0.18a 

- 0.08 

H7 - - 0.11 

H8 - 0.09 - 1.00 

H9 - - - 0.11 

H10 - - - 0.16 

A:B:C 97:3 79:21 85:15b 11:3:86c 

[a] H6/F and H7/F contacts partially overlap; [b] estimated; [c] in this case the 
conformations A and B are not enough to fully describe the ion pair structure, see text. 

 

In order to study the interaction between the anion and the carbene with two -NH moieties in methanol, 

the ion pair structure of 7(PPh3)BF4 has been studied in deuterated methanol by 19F, 1H- HOESY NMR (see 

Experimental Part). The spectrum of 7(PPh3)BF4 in methanol-d4 demonstrates that the anion-cation 

interaction is so strong to exist also in a polar solvent such as methanol. The -NH moiety is not visible in 

the spectrum, probably because a H/D exchange with the solvent occurs. Remarkably, the syn-anti 

rotamer is not present even in this case and NOE contact between BF4‾ and the two equivalent tert-butyl 

groups are consistent with the ion pair structure of 7BF4 in CD2Cl2. A weak NOE contact is visible between 

BF4¯ and the two tert-butyl groups of the carbene (Figure 29). A very small contact is visible at 4.70 ppm, 

but it does not correspond with any signal; this contact could be due to the -NH moiety, which is almost 

completely deuterated by H/D exchange with the solvent, but the remaining traces of -NH are expected 

to give an intense NOE contact (Figure 29). Consistently, it is known that in the case of the cationic 

guanidinium-like structures (HN-CR-NH)+, as the one present in 7BF4 and 7(PPh3)BF4, the two cooperative 

hydrogen bonds with an anion are so strong that the methanol is generally not enough to break the ion 

pair.135, 136  
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Figure 29. 19F,1H-HOESY NMR spectrum (376.65 MHz, 298 K, CD3OD) of complexes 7(PPh3)BF4. 

 

Figure 30. Left side: Color-coded representation of the Coulomb potential on an electronic isodensity surface (ρ = 

0.007 e/A3 ) of the cationic complexes 7+, 8+ and 10+. The regions corresponding to relevant part of the molecules 

are evidenced. Right side: DFT-optimized ion pair structures for the systems 7BF4, 8BF4 and 10BF4. The relative 

energies of the conformations are in parentheses and are expressed in kcal/mol. 



53 

 

The easiest way to rationalize the anion/cation relative orientation by DFT calculations is mapping the 

Coulomb potential of the sole cation,129 as explained in chapter 1.2.3. Calculations were performed 

including explicitly the conductor like screening model (COSMO, ε = 8.93) to include the solvent effect. 

Such maps for 7+-10+ cations (left side Figure 30) show clearly that H4 (the hydrogen bound to the nitrogen 

atom) is always one of the most attractive regions (blue colored) of the cation. In 8+, H4 is buried in the 

steric hindrance of the iso-propyl group. In 10+, also H8 (the hydrogen bound to the oxygen) has a 

comparable Coulomb potential. On the other side, for all the complexes the protons of the hexyne (H2) 

are poorly attractive for the anion (Figure 30). In order to quantify the energy difference between 

different ion pairs structures, the ion pairs 7BF4, 8BF4 and 10BF4, have been fully optimized starting from 

several different geometrical configurations that only differ for the BF4¯ position (right part Figure 30).  

In the case of 7BF4, the anion is strongly bound to the NAC due to the presence of two H-bonds (7BF4_a). 

The other accessible structure, that is the one with the anion in the alkyne position (7BF4_b), is +4.6 kcal 

higher in energy. In the case of 8BF4, in which the NAC has only one hydrogen capable of giving hydrogen 

bond, the difference in energy between the structures with anion in the NAC and in the alkyne position is 

roughly halved, with the first that is however still the most stable configuration. Finally, in the case of 

10BF4, we have found three possible optimized configurations, and in the most stable one the anion is 

close to the -OH moiety (10BF4_c). The latter is 3.9 kcal/mol more stable than the configuration having 

the anion interacting with the -NH group (10BF4_a) and 4.4 kcal/mol with respect to the configuration 

having the anion close to the alkyne (10BF4_b) (Figure 30). 

Coulomb potential maps and ion pair optimizations together with the different degree of selectivity in the 

HOESY spectra of 7BF4, 8BF4 and 10BF4 makes clear that the ion pair structures of the three compounds 

are markedly different. A convenient way to describe such structures for linear gold(I) salts is to quantify 

the two main structures, with the anion close to the ancillary ligand (structure A) or to 3-hexyne (structure 

B), as already reported for similar complexes.70 Specifically, 7BF4 shows an exceptional ion pair selectivity, 

with the anion interacting almost exclusively with the two -NH137 of the NAC (Figure 28a and Figure 30), 

and an A:B ratio of 97:3 can be calculated.viii The high stability of this ion pair structure can be easily 

explained by the presence of two cooperating hydrogen bonds, forming a cyclic structure similar to that 

formed by guanidinium-based anion receptors,134, 135 in which two fluorine atoms of the anion interact 

with the two coplanar -NH moieties. The presence of such a strong interaction is evidenced also by the 

NMR shift of the fluorine nuclei (-149.7 ppm) which is considerably lower than that with other ligands. 

Moreover, the supramolecular cycle given by the two hydrogen bonds stabilizes the syn-syn structure so 

much to make the C-N rotational barrier insurmountable at room temperature and inhibiting the 

                                                           
viii Assuming that the minimum distance between the anion and the cation is the same in both the orientations, the abundances have been 
estimated by the normalized NAC/anion and alkyne/anion NOE intensities. For the NAC-side orientation the protons showing the largest NOEs 
have been selected as the probes instead of the sum of the intensities in the assumption that a single anion orientation is present on the side of 
the ligand, while H2 have been chosen as the probes of the alkyne side orientation. 
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formation of the syn-anti rotamer, as experimentally evidenced. DFT studies fully confirm this structure, 

evidencing a very attractive potential on the -NH region (Figure 28) and a large energy difference between 

the DFT-optimized 7BF4_a and 7BF4_b (4.6 kcal/mol, Figure 30).  

In the case of 8BF4, which has only one -NH moiety, the 19F, 1H-HOESY NMR is much less selective (Figure 

28), and the H2/F contact is clearly visible and measurable. In this case, the A:B ratio can be estimated as 

79:21. The latter is very similar to those previously obtained for complexes bearing the NHC ligand. 

Looking at the DFT-optimized structure of the cation, the -NH still presents a very attractive potential 

(Figure 30), but it is partially buried in the steric hindrance of the isopropyl group bound to the other 

nitrogen. This is reflected on a smaller difference of energy between the DFT-optimized structures 8BF4_a 

and 8BF4_b (2.0 kcal/mol, Figure 30). 

For the last compound, 10BF4, having a hydroxyl group on one arm of the carbene, the most intense NOE 

contact is between the anion and the -OH (Figure 28). In this case the A:B ratio is not enough anymore to 

exhaustively describe the ion pair structure in solution, but adding the configuration with the anion close 

to the hydroxyl group (C), and using H8/F, H4/F and H2/F as probes for the ratio of the configurations, the 

A:B:C ratio is 11:3:86. This is in good agreement with DFT studies, according to which the -NH and -OH 

regions have similar attractive potentials, but the -OH is less sterically hindered than the -NH. 

Consequently, DFT-optimized conformation 10BF4_c is the most stable one, by 3.9 and 4.4 kcal/mol with 

respect to 10BF4_a and 10BF4_b, respectively. Interestingly, the 19F NMR shift nicely correlates with the 

anion/cation specific interactions present in solution: indeed, it is -149.7 for 7BF4 (two -NH…F-BF3 

interactions), -152.2 ppm for 10BF4 (one strong -OH…F-BF3 interaction), -153.3 ppm for 8BF4 (one weak -

NH…F-BF3 interaction) and between -154 and -155 in absence of hydrogen bonding interactions.70 

Unfortunately, the low stability of 9BF4 did not allow us to experimentally characterize its ion pair 

structure, but the corresponding Coulomb map (Figure 31) allows us to predict it: the -NH is again the 

most attractive region of the cation and a good -NH…F-BF3 interaction can be expected. The pyrrolidine 

cycle on the other nitrogen creates some steric hindrance around the -NH, but less than the isopropyl 

group in 8BF4. For this reason, we expect an A:B ratio intermediate between those of 7BF4 and 8BF4. 

 

Figure 31. Color-coded representation of the Coulomb potential on an electronic isodensity surface (ρ=0.007 e/A3) 

of the cationic complex 9+. The regions corresponding to relevant part of the molecule are evidenced. 
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2.2.3 Importance of the anion position in catalysis.  

In chapter 2.1 we proposed that, in the intermolecular methoxylation of alkynes (Scheme 19), the anion 

assists the nucleophilic attack of methanol (which is the rate determining step, RDS) through the 

formation of a hydrogen bond, and it is not only a proton shuttle, as proposed in previous works.115,138 

Clearly, in order to exploit its role, the anion has to be located close to the unsaturated substrate. This 

prompted us to search a relationship between the anion/cation relative orientation and the catalytic 

activity of gold complexes. Complexes 7-10Cl have been tested in such reaction, in the presence of 

different silver salts to generate the active catalyst in situ. For further details, see the Experimental part. 

 

Scheme 19. Methoxylation of 3-hexyne promoted by 7Cl-10Cl/silver salt. 

Table 6. Gold(I) catalysed alkoxylation of 3-hexyne 

   Conv. (Yield) [%][c]  TOF30 
[min-1] [d] Entry Cat. AgX 90 min 180 min 

1 7Cl BF4¯ 24 (21) 43 (34) 0.30 

2 8Cl BF4¯ 59 (55) 91 (87) 0.83 

3[a] 8Cl BF4¯ 33(26) 54(48) 0.35 

4 9Cl BF4¯ 28 (23) 44 (37) 0.43 

5 10Cl BF4¯ 30 (20) 52 (42) 0.36 

6 7Cl OTf¯ 50 (47) 77 (73) 0.73 

7 8Cl OTf¯ 83 (79) 99 (96)* 1.60 

8 9Cl OTf¯ 58 (44) 84 (69) 0.88 

9 10Cl OTf¯ 57 (54) 91 (88) 0.66 

10[b] 7Cl BF4¯ 20 (11) 37 (24) 0.26 

11[b] 8Cl BF4¯ 75 (68) 99 (94)* 1.06 

12[b] 9Cl BF4¯ 39 (34) 62 (56) 0.43 

13[b] 10Cl BF4¯ 77 (71) 97 (90)* 1.23 

Catalysis conditions: 30 °C, 3-hexyne (100 µL), Cat/AgX (1 mol%), CH3OH (143 
µL), CDCl3 (400 µL), [a] performed with 5 mol% of N,N′-Dicyclohexylurea as 
additive, [b] CD3OD (543 µL). [c] Conversions and TOF30 were determined by 1H 
NMR spectroscopy, using TMS as internal standard, as average of three runs. 
[d] TOF30= (n product /n catalyst)/(30 min). * the catalysis reached full 
conversion before 180 min. 
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A typical catalytic run was performed mixing 3-hexyne and methanol in the presence of the catalyst 

precursor (1 mol%) and a silver salt (1 mol%) at 30 °C in CDCl3 or CD3OD.  7Cl/AgBF4, 9Cl /AgBF4 and 10Cl 

/AgBF4 reaches similar conversions (24-30%) in 90 minutes (entry 1, 4 and 5, Table 6), whereas catalyst 

8Cl/AgBF4 reaches 59% in the same reaction time (entry 2, Table 6) using CDCl3 as solvent (Figure 32). It 

is interesting to note that the catalytic rate of 9Cl/AgBF4 decreases slowily after the first hour, when the 

conversion is just 20%. Comparing the value of the initial turnover frequency TOF30 (calculated after 30 

minutes), we can see that catalysts 7Cl/AgBF4, 9Cl/AgBF4 and 10Cl/AgBF4 are almost similar while catalyst 

8Cl/AgBF4 is two time faster (entries 1, 4, 5 and 2 respectively, Table 6).  

When the catalysis is carried out using 8Cl/AgBF4 as catalyst and N,N′-Dicyclohexylurea (DCU) as additive, 

the reaction rate decreases reaching a value similar to that shows using catalysts 7Cl/AgBF4, 9Cl/AgBF4 

and 10Cl/AgBF4 (compare entry 3 with entries 1, 4 and 5, Table 6). 

 

Figure 32. Alkoxylation of 3-hexyne with methanol catalyzed by 7Cl-10Cl complexes activated with AgBF4 in CDCl3 

(left) and CD3OD (right).  

As we previously saw in chapter 2.2.2, the ion pair structure and the alkyne-gold bond in 7Cl-10Cl/AgX 

catalysts are expected to be of key importance in the RDS of the alkoxylation, namely the nucleophilic 

attack of the first molecule of methanol on the triple bond. It has been already reported on the role of 

the anion during such step,137 demonstrating that it establishes a hydrogen bond with the alcoholic proton 

of the methanol, which results activated, as we have seen in chapter 2.1. Obviously, in order to do that, 

the anion must be located close to the 3-hexyne. On the other hand, the acidity of the [LAu]+ fragment is 

important to activate the triple bond: the more acidic the metal fragment is, the more electronic density 

is transferred from the alkyne to the gold, likely with a proportional C≡C activation (chapter 1.2.1).52 

Our detailed DFT studies (chapter 2.2.2) demonstrate that all the considered cations behave similarly in 

the interaction with 3-hexyne. In particular they present the same electron withdrawing ability towards 

8Cl/AgBF4 + 5% 

DCU 

10Cl/AgBF4 
9Cl/AgBF4 
8Cl/AgBF4 
7Cl/AgBF4 

10Cl/AgBF

4 

9Cl/AgBF4 
8Cl/AgBF4 
7Cl/AgBF4 
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3-hexyne with an almost identical alkyne → gold net donation. Remarkably, also the amount of gold → 

alkyne π back-donation, which can be qualitatively estimated by the alkyne bending,139 seems to be the 

same for all the systems (Table 7).   

Table 7. Interaction energies and important geometrical parameters 

Complex Eint (kcal/mol) C-N  (Å) N-Ĉ-N  (°) C-Ĉ≡C  (°) 

7+ -43.6 1.341 115.9 13.1 

8+ -40.8 1.349 118.9 13.0 

9+ -41.0 1.347 117.6 13.0 

10+ -42.1 1.341 117.6 13.0 

In the case when the system shows slight asymmetries, we reported the average of 
the values. 

 

If we also consider that the geometry of the attack is anti-periplanar and, consequently, there is no direct 

interaction between the methanol and the steric hindrance of the ligand, this electronic similarity of 7+-

10+ cations suggests that they would activate the 3-hexyne with the same efficiency and should catalyse 

the alkoxylation of hexyne with the same performances. Assuming this hypothesis, we can ascribe any 

difference in the catalytic performances to the anion. 

Comparing catalytic and HOESY results, a trend appears evident: the complexes for which a strong anion-

ligand hydrogen bond is possible (i.e. 7BF4, 9BF4 and 10BF4) have similar and low catalytic rates. On the 

contrary, the complex in which the hydrogen bond donor is sterically hindered and shows the lowest A:B 

ratio (8BF4) exhibits the highest catalytic performances. This is consistent with the scenario previously 

depicted, according to which the anion has a beneficial role in activating the methanol lowering the 

activation barrier of the attack: if a specific interaction, stronger than the anion/methanol one, keeps the 

anion far from the catalytic center, it cannot play its role of activator and the reaction slows down.  

 

Scheme 20. Representation of the anion interactions with 7BF4 and DCU. 

Using N,N′-Dicyclohexylurea (DCU), which possesses a functional group able to interact with the 

counterion such as 7BF4 (Scheme 20), as additive with the catalyst 8Cl/AgBF4, it likely keeps the anion far 
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from the catalytic center, slowing down the catalysis and giving performances similar to those of 

7Cl/AgBF4 and 10Cl/AgBF4. 

An additional proof of the anion role comes from the presence of OTf¯ instead of BF4¯ when the pre-

catalysts is activated with AgOTf there is a systematic increase of the performances of two/three times 

(compare entries 1, 2, 4 and 5 with 6, 7, 8 and 9 in Table 6) in chloroform. The increase of the TOF30 values 

are due to the fact that more basic anions can activate the methanol to a higher degree (as we have seen 

in the chapter 2.1 for NHC ligand) but the trend among the considered catalysts is the same.  

Using methanol as the solvent instead of chloroform usually produces the separation of organometallic 

ion pairs in free ions.140 Analysing the catalytic results in methanol, it is evident that 8Cl/AgBF4 and 

10Cl/AgBF4, whose TOF30 values were very different in CDCl3, have now the same activity. Since the 

corresponding active species, 8BF4 and 10BF4, are likely present in methanol as free ions,ix and since DFT 

studies revealed that 8+ and 10+ have the same acidity (Figure 60 left), their similarity in catalysing the 

reaction is reasonable and confirms that the differences in CDCl3 are due to the nature of the anion. 

On the other hand, 7Cl/AgBF4, bearing a guanidinium-like moiety, shows lower TOF30 values in CD3OD with 

respect to those of 8Cl/AgBF4 and 10Cl/AgBF4. NMR studies confirm that, differently from 8BF4 and 10BF4, 

7BF4 is likely present as an ion pair having the anion close to the -NH moieties. The acidity of gold in the 

ion pair is smaller than in the cation (Figure 60 right) due to the neutral character of the complex, 

therefore the alkyne will be less activated and less prone to the nucleophilic attack of the methanol. 

9Cl/AgBF4 shows a catalytic activity that is intermediate between those of 7Cl/AgBF4 and 8Cl/AgBF4. Since 

the corresponding Coulomb potential map of 9BF4 (Figure 31) indicates that the -NH moiety is more 

exposed and more prone to the interaction with the anion than in the case of 8BF4 and 10BF4, we can 

expect that 9BF4 is present in solution as a mixture of free ions and ion pairs, giving an intermediate 

activity. 

 

  

                                                           
ix This assumption cannot be verified because the [LAu(3-hexyne)]+ cannot be studied in methanol since it undergoes nucleophilic attack from 
the solvent. 
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2.3 Bonding characterization: Theory and Experimental Studies  

In chapter 1.2.2 we introduced how the ligands can influence the catalyst reactivity depending on their 

donation and back-donation properties. Concerning gold(I) catalysis (Scheme 5) is generally accepted that 

electron poor ligands work better when the RDS is the attack and that electron rich ones work better 

when the RDS is the protodeauration.52,105a It is logical that a fully comprehension and characterization of 

the bond nature is nowadays becoming essential for organometallic chemists, and as a matter of fact, the 

Dewar-Chatt-Duncanson (DCD)141, 142  model has been high in chemists’ favour.143  As we described in 

chapter 1.1.2, it gives a simple picture of the bond between an unsaturated substrate and a transition 

metal in terms of σ donation and π back-donation. Despite its popularity, the evaluation of the relative 

contribution of its two components still remains a challenge. Indeed, available experimental techniques, 

including the popular Tolman144 and Lever145,146 Electronic Parameters, do provide an estimate of the net 

donor power of a ligand, but cannot disentangle the DCD components. More recent efforts aimed at 

extracting the electronic properties of N-heterocyclic carbene (NHC) ligands from experimental 

observables147,148,149,150 are very relevant here, but if and how an experimental observable depends on the 

DCD bonding components remains very difficult to ascertain.150,151 Tarantelli and Belpassi, building upon 

an unambiguous definition of the donation and back-donation charges based on the Charge Displacement 

Function (CDF), 152  have recently demonstrated that the DCD components can be disentangled and 

effectively extracted by looking at simple experimental observables.139,153 It was then argued that the 

approach can in principle be used to identify experimental observables that selectively depend on a 

specific DCD component and we build here on that principle. 

 

Scheme 21. Comparison between previous experimental works (panels a-c) and this thesis (panel d).  
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A seminal work, more than 50 years ago,154,155 by Fischer and Maasböl related qualitatively the rotation 

of the heteroatom-carbenic carbon bond to the extent of back-donation in Fischer’s carbenes (Scheme 

21a). On similar grounds, the groups of Fürstner 156  and Hashmi 157  have recently synthesized and 

characterized catalytic intermediates of Au(I) bearing  σ-bonded organic substrates (Scheme 21b,c), with 

the aim of analyzing the nature of the Au(I)-C bond. These gold-carbenoids intermediates are receiving 

increasing attention63b,158,159,160,161,162,163 because the gold-carbene vs gold-stabilized carbocation character 

may be selectively tuned by the proper choice of the ancillary ligand (L)164,165,166,167 opening the way to a 

new rational ligand-controlled gold catalysis. The Au-C bonds in Scheme 21b,c can be described with two 

limit resonance structures: one implying a pure C Au σ donation with the formal positive charge located 

on the heteroatom of the substratex (cationic structure), the other implying also a complete Au C π 

back-donation and having the formal positive charge on the metal (carbenic structure). One may expect 

that the relative importance of these two limit structures is related to the proper rotational barrier of a 

C-C bond for b/B or C-N bond for c/C Scheme 21b,c). A systematic analysis based on this approach appears 

very promising to reveal the metal-carbon bond order but, to the best of our knowledge, it was applied 

only to the two systems of Scheme 21b,c. This prompted us to look for a class of Au-carbene compounds 

suitable to be investigated and our choice fell on [LAu(NAC)]+/0 (NAC = Nitrogen Acyclic Carbene)133f, 168 

since: i) such complexes are stable;  ii)  being acyclic, they undergo rotation of the C-N bond; iii) they can 

be easily synthesized; finally, iv) the complexes present two limit structures, with the double bond 

localized between the gold and the NAC (D, Scheme 21d) or between the carbon and the nitrogen bearing 

the pyrrolidine (d, Scheme 21d).xi  

We synthetized ten [(NAC)Au-L]+/0 complexes (Scheme 22 and Experimental Part for further details), with 

L varying among different classes of ligands, to study and evaluate the rotational barrier of the C-

N(pyrrolidine) (Scheme 21d) bond trough a Variable Temperature EXchange Spectroscopy (VT-EXSY) 

NMR169 and a detailed theoretical analysis of the CDF and its DCD components. Our selection of the 

ancillary ligands covers many classes of ligands commonly used in coordination and organometallic 

chemistry. Some of the these ligands give rise to effective catalysts and find a wide range of applications 

in gold(I) catalysis. All complexes have been fully characterized by NMR (Experimental Part) and are 

                                                           
x The X-ray crystal structure of the related complex [(Ph)(NMe2)C]AuCl shows that the C-N distance is 1.262 Å, which is particularly short and 

essentially double. This is an indication that in such case the resonance structure with the formal charge on the nitrogen is particularly stable. 

Please, see Schubert, U., Ackermann, K. & Aumann, R. Chloro-[dimethylamino (phenyl) carbene] gold(I), ClAuC(C6H5)N(CH3)2. Cryst. Struct. 

Comm. 1982, 11, 591 – 594. 

xi A third resonance structure exists, which is similar to d but the double bond is localized between the carbon and the nitrogen atom bearing 
the tert-butyl group. Likely, the ligand effect will be the same, or proportional, for the two different C-N bonds. 
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present in solution as a single isomer, since rotation of the -NH(tBu) moiety is prevented by the severe 

steric hindrance between the pyrrolidine and its tert-butyl group. 

 

Scheme 22. Synthetic routes for the complexes 9L. PArF indicates tris[(3,5-(trifluoromethyl)phenyl]phosphine, NHC 

indicates 1,3-Bis(2,6-diisopropylphenyl)imidazol-2-yliden). 

Moreover, the 180° rotation of the pyrrolidine moiety around the C-N bond, accessible at room 

temperature, does not alter the molecule at all. The rotation rate constant (kr) of the pyrrolidine, which 

is related to the C-N bond order,170 has been obtained using the VT-1H-EXSY NMR technique, which 

already proved to be effective in the measurement of activation parameters.66e,171, 172 The measurement 

of kr is based on the exchange of the non-equivalent protons A and B of the pyrrolidine ring, due to the 

rotation around the C-N bond. This gives two off-diagonal peaks in the 2D spectra (Figure 33), whose 

volume is related to the rotation rate (Experimental Part). Measuring kr at different temperatures, ΔH≠r 

can be evaluated through a simple Eyring plot (Experimental Part). 

 

Figure 33. VT-1H-EXSY NMR spectrum of 9(NHC)BF4 (left) and stacked traces extracted at δH = 3.05 ppm from EXSY 

NMR spectra recorded at different temperature (right), for further info see Experimental Part. 
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The activation enthalpy (ΔH≠
r) presents a significant ligand effect, going from 17.6 (for 9Cl) to 20.0 (for 

9(PArF)BF4) kcal/mol (Table 8), while the entropic contribution is small with all the ligands (below 4 

cal/Kmol, Table 1), consistently with an intramolecular process. Experimental results show an evident 

differentiation between anionic L (ΔH≠
r< 18.5 kcal/mol) and neutral ones (ΔH≠

r> 19.5 kcal/mol). Such a 

difference can be explained considering that anionic ligands make the metal more electron-rich, favoring 

structure D. Notably, the trend among anionic ligands well correlates with the kinetic trans effect (Cl- < 

Br- < I- < Ph-).154 

On the contrary, ΔH≠
r  does not correlate (correlation coefficient of linear regression, R2, is of 0.753, Figure 

34) with the Tolman Electronic Parameter, TEP,144 that measure the electron donor ability of the 

ligands.xii,173 For example, the experimental results reveal that complexes 9(PPh3)BF4 and 9(PCy3)BF4 have 

very similar values of ΔH≠
r but the difference in the TEP values is significant (2068 cm-1 and 2056.4 cm-1, 

respectively). Similarly, the compound with pyridine, 9(Py)BF4, presents a ΔH≠
r close to that bearing the 

NHC, 9(NHC)BF4, but a TEP value considerably higher (by about  21.5 cm-1).174 A detailed theoretical 

analysis of these contrasting considerations appears highly desirable. 

 

Figure 34. Correlation between C-N rotational barrier (ΔH≠r) and Tolman Electronic Parameter (TEP).  

Our aim here is to provide a quantitative picture of the relation between the nature of the Au-C bond, its 

bond order and the barrier to rotation, ΔH≠
r. It is well known that the analysis of simple structural data, 

such as the Au-C distance, is of little help152,165,175 and a more stringent analysis is thus required. We base 

this on the well-established definition of the donation and back-donation charges provided by the analysis 

of the symmetry components of the CDF153a,36,129 (see Experimental Part). 

In order to apply this approach, we need to refer to more symmetric model systems [LAu(NACsym)]+/0 (9’L) 

in which we substitute the NAC moiety with a simplified symmetric version (NHMe)2C, having two -NHMe 

moieties bound to the carbenic carbon atom (indicated hereafter as NACsym, Figure 35).  

                                                           
xii The TEP is 2034.0 for Cl-, 2033.5 for Br-, 2033.6 for I-, 2051.5 for IPr, 2056.4 for PCy3, 2068.9 for PPh3, 2073 for Py, and 2071 cm-1 for (C6H4F)3P. 
Please, see Ref. 144 and Ref.174. 

NHC 

R2 = 0.753 
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Table 8. Experimental activation parameters (ΔH≠
r and ΔS≠

r) of the rotation 

around the C-N bond for [LAu(NAC)]+/0 complexes 9X. CTtot ,CTdon and CTback 

values (in electrons) for model complexes 9X‘, [LAu(NACsym)]+/0. 

 Complex 9Y  Complex 9’Y 

L ΔH≠
r (kcal/mol) ΔS≠r (cal/K×mol)  CTtot CTdon CTback 

Cl 17.6 1.2  0.102 0.210 -0.108 

Br 17.9 2.3  0.114 0.219 -0.105 

I 18.1 2.2  0.132 0.230 -0.098 

PPh3 19.7 3.6  0.247 - - 

PCy3 19.6 3.3  0.220 - - 

PArF 20.0 3.9  0.269 - - 

CNBut 19.6 3.1  0.202 0.247 -0.045 

Py 19.1 3.8  0.229 0.286 -0.057 

NHC 19.1 3.2  0.174 0.226 -0.052 

Ph 18.3 1.2  0.106 0.198 -0.092 

 

 

Figure 35.  Three dimensional plots of the electron density difference for A’ (a) and A’’ (b) symmetry for complex 

9’Cl (left, red isosurfaces identify charge depletion area, blue isosurfaces charge accumulation, density value at the 

isosurface: ±0.002 e/(a.u.)3) and charge displacement curves for complex 9’Cl (right, the vertical yellow band 

identifies a suitable boundary between AuCl and NACsym fragments). 

In this way, most of the complexes present a symmetry plane passing through the metal center and the 

N-C-N atoms of NACsym and this allows us to use Cs symmetry (with A’ and A’’ irreducible symmetry 

representations) to separate the DCD components of the CDF. In all the cases, the fragments used are 

[LAu]+/0 and [NACsym], with the aim to analyze the charge displacement between the metal fragment and 

the carbene. It should be stressed that the introduction of NACsym does not alter significantly the 
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properties of the Au-C bond: both Au-C distances and interaction energies for the two series of complexes, 

[LAu(NAC)]+/0 and [LAu(NACsym)]+/0, show a stringent linear correlation (Figure 36).  

   

Figure 36. Correlation between: the Au-CNAC bond distances real vs model (left) and the [(L)Au]+-NAC interaction 

energies, Eint (right). 

Complexes 9’(PPh3)BF4, 9’(PCy3)BF4, 9’(PArF)BF4, bearing phosphine ligands, do not possess the symmetry 

plane, due to the helicoidal orientation of substituents at the phosphorous. In these cases only the net 

NAC Au charge transfer (CT) can be reported (Table 8).  

The 3D contour plot of the electron density difference, related to the A’ symmetry (Figure 35a), shows a 

depletion of electron density at the carbenic carbon (red isosurface) exactly in the region of the donating 

lone-pair and an accumulation (blue isosurface) in the Au-C region toward the gold site (this symmetry 

correlates with the donation component involving the occupied σ orbital of the NACsym described by the 

lone pair of the carbenic carbon and the partially empty  orbitals of AuCl). In case of A’’ symmetry (Figure 

35b) a clear charge depletion is present only at the site of AuCl accompanied by a corresponding 

significant accumulation at the carbenic site (back-donation component). 

The two symmetry CDFs give the desired quantitative picture of the nature of the Au-C bond. They clearly 

show two charge fluxes moving in opposite directions across the whole molecular space, in the expected 

correspondence with their respective symmetries. By fixing a boundary plane to separate the fragments 

within the complex (Figure 35c and Experimental Part) one can extract suitable numerical values of CT 

between the metal fragment and NACsym. In this case (complex 9’Cl) the net CT (CTtot) from NACsym to AuCl 

is 0.102 electrons, resulting from a donation of 0.210 e and a back-donation of 0.108 e. The results for all 

complexes (9’L) are summarized in Table 8 (the corresponding CDFs are reported in the Experimental 

Part). The range of variation of the DCD components of the bond is significant. The ligand of complexes 

9’(Py)BF4 and 9’Ph induce the largest and smallest σ-acidity to the metal fragment ([LAu]+/0), respectively. 

NHC 

R2 = 0.988 

NHC 

R2 = 0.996 
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The back-donation, CTback, varies from -0.045 to -0.108 e for complexes 9’(CNtBu)BF4  and 9’Cl, 

respectively. 

Our most important question now is whether a demonstrable relationship exists between CTback and ΔH≠
r  

and Figure 37 (left) shows that a linear correlation indeed exists for all complexes (9’Y) with a correlation 

coefficient of 0.971. Compounds with a smaller C-N rotational barrier show a larger back-donation 

component of the Au-C bond (larger magnitude of CTback) and vice-versa. This finding is nicely confirmed 

by theoretical calculations. The computed rotational barrier vs CTback presents the same linear trend 

(Figure S17, SI Plot 43 pag 183?). Note that, extending the range of ligands, including for instance the 

carbonyl complex [COAu(NAC)]+ (where the back-donation ability of the metal fragment is almost 

vanishing, CTback is just of 0.02 e), the linear correlation is preserved (R2 is 0.991, Experimental Part).xiii It 

is important to note that the rotational barrier does not show any correlation with the donation 

component CTdon (R2= 0.397, see Figure S18? in Experimental Part) and, therefore, only a poor correlation 

with the overall net donation (R2=0.889, see Figure S19? in Experimental Part).  

 

Figure 37. Linear correlations of the C-N rotational barrier (ΔH≠
r for 9L) vs the absolute value of: the CTback for 9’L 

(left) or CTback
eth in C2H2L (right) model systems. 

It is somewhat unsatisfactory that the three phosphorus ligands in 9(PPh3)BF4, 9(PCy3)BF4 and 9(PArF)BF4 

which induce strong net acidity at the metal fragment, escape the previous analysis. We can however, 

adopt a different, indirect approach, which includes all the ligands and, at the same time, provides a 

powerful, independent, verification and generalization of the correlation between rotational barrier and 

ability of the metal fragment [LAu]+/0 to give back-donation. We analyzed theoretically a different series 

of complexes, C2H2Y, of structure [LAu(C2H2)]+/0,  where the ligands L are the same as in the corresponding 

9’Y series, while ethyne replaces NACsym. As we pointed out previously, Tarantelli and Belpassi have 

demonstrated153 that the distortion of ethyne from linearity upon coordination to a metal center depends 

very precisely on the metal (C2H2) π back-donation (CTback
eth), with a small contribution of the (C2H2) 

                                                           
xiii Our attempts to synthesize [(CO)Au(NAC)]+ failed, leading to the decomposition of the product. 

NHC 

R2 = 0.971 

NHC 

R2 = 0.976 
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M σ donation (CTdon
eth), and an even smaller contribution of an electrostatic term [see Eq. (5), Eq. (6) in 

Experimental Part]. We have computed ethyne distortion and total CT and, from these, extracted the two 

DCD components of the gold-ethyne bond for the entire L series (C2H2Y) (see Table 9).  

As Figure 37 (right) shows, the correlation between the π back-donation and the experimental ΔH≠
r of 

complexes 9Y is indeed very good and the data for phosphine ligands fit the model nicely. The implications 

of this finding are remarkable. It clearly suggests that the ligand effect on the π basicity of the metal is 

very similar across different substrates, even having very different π accepting properties. It is indeed 

noteworthy that the magnitude of back-donation to ethyne almost doubles compared to NAC, but the 

various ligands induce the same ordering of back-donation amount in both series (Figures 4a and 4b). 

There are a number of other interesting observations that are worth pointing out. We can see again, for 

example, that complexes bearing Py and NAC have very different CTtot
eth but similar CTback

eth values (and 

so similar ΔH≠
r). The fluorinated phosphine PArF induces the smallest back-donation from the trans ligand, 

in accord with its highest ΔH≠
r. Comparison of PPh3 and PCy3 leads to the firm conclusion that the fragment 

[(PR3)Au]+, has the same back-donation-inducing ability with either an alkylic or aliphatic substituent R. 

 

Table 9. CTtot
eth, Δθ, Δθelect and CTback

eth values for [LAu(C2H2)]+/0 model systems. 

L CTtot
eth (e) Δθ  (°) Δθ elect (°) CTback

eth (e) 

Cl 0.007 18.35 0.41 -0.273 

Br 0.015 18.25 0.39 -0.271 

I 0.030 17.44 0.33 -0.258 

PPh3 0.144 11.95 2.71 -0.124 

PCy3 0.128 11.75 2.82 -0.121 

PArF 0.163 11.58 2.85 -0.114 

CNtBu 0.125 12.61 2.86 -0.134 

Py 0.112 14.99 3.22 -0.166 

NHC 0.071 14.03 2.66 -0.165 

Ph 0.026 14.59 0.33 -0.215 

 

This result is somewhat surprising, considering the different net donor ability of PPh3 and PCy3 and the 

net acidity of the corresponding fragments (CTtot is 0.128 and 0.144 electrons, respectively), and indicates 

clearly that the gold atom “mediates” the electronic interplay between the two ligands, making intuitive 

predictions on the ability of a ligand to stabilize the carbenic structure unreliable. Consistently with our 

results, recent experimental data do indeed indicate that aromatic and alkyl phosphines behave similarly 
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when employed for tuning the carbocation vs carbenoid character of catalytic intermediates of 

Au(I).156,165,166,176  

In summary, we have discovered that an experimental observable determined by NMR techniques, the 

proper rotational barrier of the C-N bond of a NAC ligand bound to a metal (gold in our case), provides a 

selective measurement of one DCD bonding component, the metal-to-substrate π back-donation. This 

opens the possibility to characterize the electronic structure of the gold metal fragment by actually 

measuring how its π basicity is affected by the nature of the coordinated ligands. We hope that this 

method shall contribute to a more rational control of ligand electronic effects in the design of new 

catalysts. Furthermore, in view of the recent advances in the synthesis of different metal complexes of 

acyclic carbenes,168 one can easily envisage a broader applicability of the method to other metal systems. 
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2.4 Appropriate matching of Ligand (L) and Counterion (X–) 

2.4.1 Effect in methoxylation reaction 

In chapters 2.1 and 2.2 we proposed for the first time that, in the alkoxylation of 3-hexyne, the anion was 

not only acting as proton shuttle effecting only the protodeauration step bat that it had an active role 

even during the attack. We observed that OTs¯ was the most suitable anion for NHC-containing catalysts 

(complexes 4+, Scheme 28, chapter 4.2). In the same period Maier and Zhdanko, instead, observed that 

OTf¯ was the best compromise for PPh3
 based catalysts.53

 To complete and rationalize these findings, 

complexes 1-3X (Scheme 28, chapter 4.2) have been tested as catalysts in the methoxylation of 3-hexyne 

(Scheme 14 and Table 10) in the same experimental conditions of our previous work. A typical catalytic 

run was performed by mixing 3-hexyne and methanol in the presence of the active catalyst (X¯ = OTs¯, 

TFA¯) or the catalyst precursor 1-3Cl and the appropriate silver salt (X¯ = BF4¯, OTf¯), at 30 °C in CDCl3. In 

Table 2, the already mentioned results concerning complexes 4X have been added for useful comparison.  

 

Scheme 23. Preequilibrium and nuclephilic attack for methoxylation of 3-hexyne, the complete cycle can be found 

in chapter 2.1. 

Complexes 2BF4 and 3BF4 promoted full conversion of the precursors within 120 minutes (Table 10, 

entries 2 and 3), whereas catalyst 1BF4 in the same reaction time promoted only 36% conversion (Table 

10, entry 1).  

When the catalytic process was carried out using 1-3OTf as the catalysts, an overall neat increase of the 

reaction rate was observed. Again, the complex bearing PPh3 (1OTf) gave the poorest result, as only 84% 

conversion was recorded within 120 min. By contrast, the reaction catalyzed by 2OTf and 3OTf reached 

full conversion in 61 and 52 minutes, respectively (Table 10, entries 5, 6, and 7).  
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Replacing OTf¯ with a more coordinating and basic anion such as OTs¯, lower activity was exhibited by all 

catalysts (1-3OTs). Thus, 70, 82 and 94% conversion was recorded for 1OTs, 2OTs and 3OTs, respectively, 

after 120 min of reaction time (Table 10, entries 9, 10 and 11).  

Table 10 - Gold(I) catalyzed methoxylation of 3-hexyne in 
chloroform 

Entry Catalyst Time (min)  Conv.[a] (%) TOFi
[a,b] [min-1] 

1 1BF4 120 36 0.31  

2 2BF4 118 >98 2.72 

3 3BF4 120 >98 1.43 

4 4BF4 42 >98 2.86 

5 1OTf 120 84 0.97 

6 2OTf 61 >98 5.84 

7 3OTf 52 >98 3.45 

8 4OTf 33 >98 3.46 

9 1OTs 120 70 0.69 

10 2OTs 120 82 2.43 

11 3OTs 120 94 2.37 

12 4OTs 18 >98 5.06 

13 1TFA 120 5 0.05[c] 

14 2TFA 120 4 0.04[c] 

15 3TFA 120 1 0.03[c] 

16 4TFA 120 72 0.60 

Catalysis conditions: 30 °C, 3-hexyne (100 µL, 0.88 mmol),  catalyst 1 mol% (or 1:1 
L-Au-Cl/AgX), CH3OH  (143 µL, 4 eq), in CDCl3 (400 µL). [a] Conversions and TOFi 
were determined by 1H NMR spectroscopy as average of three runs. [b] TOFi = 
(nproduct/ncatalyst)/time (at 30% conversion). [c] In order to calculate the TOFi value, 
the catalytic process was followed until 30% conversion was reached. 

 

Finally, using TFA¯ as counterion, the reaction rate for all catalysts 1-3TFA slowed down further, and only 

small amounts of product (≤ 5%) were detected after 120 minutes (Table 10, entries 13, 14, and 15).  

Comparing the values of the initial turnover frequency TOFi (Table 10 and Figure 38), one can observe that 

all complexes bearing phosphines (1-3X) follow the same trend, although with different magnitudes. 

While only a slight difference has been observed by replacing BF4¯ with OTs¯, OTf¯ derivatives showed a 

2-3 times increase of the catalytic activity. 1-3TFA are the worst catalysts, as judged by their extremely 

low TOFi values. Contrarily, complexes 4X follow a different trend, as the performance increases on going 

from BF4¯ to OTf¯ and then to OTs¯, but it finally collapses in the case of TFA¯(entries 4, 8, 12 and 16 in 

Table 10, Figure 38).   
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Figure 38. TOFi values for methoxylation of 3-hexyne  promoted by 1-4X (X¯ = BF4¯, OTf¯, OTs¯, TFA¯).  

The alkoxylation of alkynes has been deeply studied by several groups,105 and the accepted mechanism 

was shown and fully described in chapter 2.1 (Scheme 5). In the presence of certain phosphines the 

formation of the gem-diaurated species177 was observed, that causes a different kinetic profile of the 

reaction for different L ligands. The detailed study of the kinetic profile has led to the conclusion that, in 

the catalytic cycle, only one gold atom is involved and that the RDS of the reaction is the attack of 

methanol on the ISIP (Scheme 5) both for phosphine53 and NHC ligands (chapter 2.1). A notable anion 

effect was observed, particularly in the initial steps of the reaction: pre-equilibrium ISIP  OSIP and 

activation of methanol during the nucleophile attack (Scheme 14).  

In the nucleophilic attack step, the anion acts as a template, holding the methanol in the right position for 

the outer-sphere attack and as a hydrogen-bond acceptor, improving the nucleophilicity of the attacking 

methanol. 

In particular for NHC complexes, the intermediate coordinating ability and basicity of OTs¯ affords the 

best compromise to achieve an efficient catalyst. Thus, in the presence of this anion the pre-equilibrium 

is shifted towards the OSIP and its characteristic basicity promotes the nucleophilic attack (much better 

than less basic BArF¯ [tetrakis[3,5-bis(trifluoromethyl)phenyl)borate], BF4¯, and OTf¯ anions). Concerning 

1X, it has been found that OTf¯ is the best anion and it has been suggested that OTs¯ is too coordinating 

to 1+, reducing the amount of OSIP in solution. 53  

Analyzing our results, it should be noted that for all 1-4X complexes the catalytic performances improve 

replacing BF4¯ with OTf¯, as expected, due to the higher basicity and hydrogen-bond acceptor powers of 

the latter. However, if the basicity of the anion is further increased (OTs¯), opposite trends can be 

observed in function of the ligand L. Thus, while a decrease of catalytic efficiency was measured for all 

species bearing phosphines (1-3), a significant increase was obtained for NHC. 
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In order to understand these differences, at first we deeply investigate the ISIP  OSIP equilibrium 

(Scheme 14) during the reaction, recording 31P NMR spectra at different reaction times. We found that 

OTs¯ tends to re-enter gradually in the first coordination sphere of gold (ISIP) whilst the reaction proceeds 

and the amount of alkyne and methanol is decreasing (Figure 39 and Experimental Part). We can ascribe 

the different catalytic behavior observed for 1-3OTs, with respect to 4OTs, to the higher coordination 

power of OTs¯ when phosphines rather than NHC is bound to gold. However, it is also possible that OTs¯ 

shows different ability to acts as a template (holding the methanol for the outer-sphere attack and as 

hydrogen-bond acceptor) when NHC is replaced with phosphines. 

Finally, the very high tendency of TFA¯ to coordinate to gold and its high basicity deeply undermine 

catalyst efficiency for all species bearing phosphines (1-3), preventing alkyne coordination and forming 

free MeO¯ in solution, which poisons the catalyst (Chapter 2.1 and Experimental Part) as observed for 

4X.178  

 

Figure 39. 31P-NMR spectra recorded at different reaction times for methoxylation of 3-hexyne conducted with 2OTs. 

[a] and/or gem-diaurated105a (see Experimental Part)  

 

2.4.2 Effect in the cyclization of propargylamides 

In the previous paragraph we shed some light on the ligand effect over the counterion effect studying the 

methoxylation of 3-hexyne, where the attack is the rate determining step. The natural consequence is to 

find and investigate also a catalysis where the RDS is, instead, the nucleophilic attack. The 

cycloisomerization of N-propargylcarboxamides is a well-studied gold-catalyzed reaction in which 

protodeauration is considered the slow step (Scheme 24).179a-d A pseudo-first order kinetic with respect 

to the catalyst concentration is observed, 180  and the key vinyl gold intermediate (Scheme 24), 

intermediate II/II’) has been identified in the case of NHC-Au(I)181c,d and PPh3-Au(I)180,52 by Hashmi and 
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Hammond groups, respectively, and by Ahn182 and coworkers in the case of gold(III). These observations 

induce to believe that the passage from intermediate I to intermediate II, with the formation of the vinyl 

gold complex, is fast and thus it is not the rate-determining step. 

 

Scheme 24. Proposed mechanism for cyclization of N-(prop-2-yn-yl)benzamide to 2-phenyl-5-vinylidene-2-

oxazoline. 

In the intermediate II, the gold-carbon bond is cleaved by a proton (protodeauration, RDS) to give the 

final product and regenerate the catalyst (Scheme 24, ISIP = Inner Sphere Ion Pair). Accordingly, it was 

found that the additives that are good hydrogen-bond acceptors increase the efficiency of this reaction, 

because they can act as proton shuttle.183 

All complexes 1-4X (Scheme XX, X¯ = BF4¯, OTf¯, OTs¯, TFA¯) have been tested as catalysts in the cylization 

of propargylamide (Scheme 25 and Table 11). The isolated species were employed in the case of all 

trifluoroacetates, p-toluenesulfonates and 3-4OTf, whereas in all other cases the catalyst was prepared 

in situ in a NMR tube by mixing equimolar amounts of the precursor 1-4Cl and the appropriate silver salt 

in CDCl3. 
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Scheme 25. Cyclization of N-(prop-2-yn-yl)benzamide to 2-phenyl-5-vinylidene-2-oxazoline. 

Table 11 - Gold(I) catalysed cyclization of N-(prop-2-yn-
yl)benzamide 

Entry Catalyst Time (min)  Conv.[a] (%) TOFi
[a,b] [min-1] 

1 1BF4 114 >98 1.88 

2 2BF4 84 >98 1.94 

3 3BF4 120 55 1.25 

4 4BF4 99 >98 1.86 

5 1OTf 120 78 1.40 

6* 1OTf 120 85 1.31 

7 2OTf 120 83 0.92 

8 3OTf 120 50 0.74 

9 4OTf 120 89 1.29 

10 1OTs 63 >98 4.16 

11 2OTs 40 >98 3.67 

12 3OTs 120 53 0.76 

13 4OTs 120 65 0.84 

14 1TFA 120 63 1.07 

15 2TFA 73 >98 3.89 

16 3TFA 120 22 0.13[c] 

17 4TFA 120 56 0.54 

Catalysis conditions: 30 °C, N-(prop-2-yn-yl)benzamide (80 mg, 0.5 mmol), 
catalyst 1 mol% (or 1:1 L-Au-Cl/AgX) in CDCl3 (500 µL). [a] Conversions and TOFi 

were determined by 1H NMR spectroscopy as average of three runs. [b] TOFi = 
(nproduct/ncatalyst)/time (at 30% conversion). [c] In order to calculate the TOFi value, 
the catalytic process was followed until 30% conversion was reached. *using 
isolated L1-Au-OTf as catalyst.  

 

A typical catalytic run was performed by mixing N-(prop-2-yn-yl)benzamide in the presence of 1 mol% 

catalyst (or 1:1 L-Au-Cl/AgX)  at 30 °C in CDCl3. The progress of the reaction was monitored by NMR 

spectroscopy (see Experimental Part for details). Quantitative (>98%) conversion of the substrate into 2-

phenyl-5-vinylidene-2-oxazoline was reached in 114, 84 and 99 min by using 1BF4, 2BF4 and 4BF4, 

respectively (Table 11, entries 1, 2, and 4). Much less efficiently, 3BF4 promoted the formation of the 

reaction product in only 55% yield after 120 min (Table 11, entry 3). 

By changing the anion from BF4¯ to OTf¯, a slight decrease of the catalytic efficiency for all the catalysts 

was observed (Table 1, entries 5-8 vs. 1-4). Again the complex bearing PArF (3OTf) showed to be the less 

active catalyst within the series 1-4OTf (Table 11, entry 7). 
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In order to verify that silver effects184 are negligible in our catalytic conditions also isolated 1OTf was 

employed as catalyst giving similar conversion of 1Cl/AgOTf (Table 11). 

Turning into a more basic and coordinating anion such as OTs¯, very different catalytic performances were 

observed within the series 1-4OTs. Thus, a complete conversion was obtained in the case of 1OTs and 

2OTs after 63 and 40 min, respectively (Table 11, entries 9 and 10). On the other hand, 3OTs and 4OTs 

gave performances comparable with that of 3OTf (Table 11, entries 7, 11, and 12). It is worth noting that 

the catalytic activity of 4OTs is very similar to that of 3OTs, while when the anion is BF4¯, 4BF4 shows the 

same high efficiency of 1BF4 and 2BF4, differently from 3BF4 (Figure 40). 

 

    

Figure 40. Propargylamide cyclization performed by 1-4BF4 (left) and 1-4OTs (right) complexes. 

Finally, in the case of TFA¯, the most coordinating and basic anion of the four screened in this work, 

generally low catalytic performances were observed, with the exception of 2TFA which allows complete 

formation of 2-phenyl-5-vinylidene-2-oxazoline in a short reaction time.  

Comparing the value of the initial turnover frequency, TOFi (Table 11 and Figure 41), one can see that for 

catalysts bearing triphenylphosphine (Table 11, entries 1, 5, 9 and 13) the best anion is OTs¯ followed, in 

the order, by BF4¯, OTf¯ and TFA¯. The range of TOFi values varies from 1.07 to 4.16 min-1. With the 

exception of 2TFA, an analogous trend can be observed for catalysts 2X (Table 11, entries 2, 6, and 10). At 

difference with 1TFA, complex 2TFA exhibits about the same high performance of 2OTs, the TOFi values 

being 3.67 and 3.89 min-1, respectively. By contrast, for 3X and 4X series, the catalytic activity decreases 

following exactly the increasing basicity of the anion. In fact, the TOFi values are 1.25, 0.74, 0.76 and 0.13 

min-1 for 3BF4, 3OTf, 3OTs, and 3TFA, respectively and 1.86, 1.29, 0.84 and 0.54 min-1 for 4BF4, 4OTf, 4OTs, 

and 4TFA, respectively. 

To confirm that the organogold intermediate is actually present in our catalytic mixture, 31P NMR spectra 

have been recorded during the catalysis for complexes 1-3X (X¯ = BF4¯, OTf¯, OTs¯, TFA¯). 31P NMR 
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monitoring indicated that the resting state for the gold catalyst is a vinyl gold complex, intermediate II/II’. 

At high conversions, also the coordination of the product is observed (see Experimental Part for details). 

Therefore, it is reasonable to assume that the protodeauration step is slow and consequently it is the RDS 

for all 1-4X catalysts in our reaction conditions (Table 11).  

In literature it is suggested that two important factors should be taken into account in order to rationalize 

the activity of L-Au-X compounds: i) the breaking of the Au-C bond, that is related to the nature of the 

ligand L52, 185  and ii) the ability of the counterion to promote the proton-shuttle115 that is related to acid-

base nature108 and hydrogen-bond acceptor powers of X¯.183 

 

Figure 41. TOFi values for propargylamide cyclization promoted by 1-4X (X¯ = BF4¯, OTf¯, OTs¯, TFA¯).  

Concerning the first point if we compare the results obtained using 1-4BF4 catalysts (BF4¯ is a poor basic 

and non-coordinating anion186) we observed that compound 3BF4, bearing the most electron withdrawing 

ligand (PArF), is by far the worst catalyst within the series (Table 11, entry 3 vs. entries 1, 2 and 4), 

presumably because it renders more stable the Au-C bond.179 On the contrary, 1BF4, 2BF4 and 4BF4 showed 

higher activity, but with almost negligible differences in their performances.144, xiv 

In order to verify the importance of the acid-base nature and hydrogen-bond acceptor powers of the 

counterion (second point) we can consider the series of complexes 4X (X¯ = BF4¯, OTf¯, OTs¯, TFA¯). It can 

be seen that the catalyst activity is related to the basic strength of the anion (Table 11, entries 4, 8, 12, 

and 16). Performances of the catalysts decrease gradually with increasing basicity and hydrogen-bond 

acceptor power of X¯ (basic strength: BF4¯ < OTf¯ < OTs¯ < TFA¯). The plausible scenario for 4X is that too 

basic anions with higher hydrogen-bond acceptor power (OTs¯ and TFA¯) do not easily release the proton 

to gold thus slowing the reaction rate. 

                                                           
xiv This finding contrasts with the fact that PPh3 is less electron donating then P(tBu)3 and NHC: see Ref. 173. 
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In the case of phosphine complexes 1-2X (X¯ = OTf¯, OTs¯, TFA¯), the catalytic activity of each compound 

quite follows the basicity scale of X¯ and medium-high basic and hydrogen-bond acceptor OTs¯ and TFA¯ 

anions give better results (Table 11, entries 9, 10, 13 and 14). 

A possible explanation can be found in the coordination properties (affinity) of medium-high coordinative 

OTs¯ and TFA¯ anions towards Au.187  

In the case of 1X and 2X complexes, the best anion is by far OTs¯ and TFA¯ respectively, probably because 

during the proton shuttle the anion can interact with the Au atom. This interaction weakens both Au-C 

and H-X bonds simultaneously, accelerating the reaction (Scheme 24, protodeauration). A similar trend 

was recently observed by Xu and Hammond.183 They observed that the addition of NaOTs or HCOONa to 

a catalytic chloroform solution of 1OTf/N-propargylcarboxamides increases the catalytic performances by 

3.9 and 1.4 times, respectively. Unlike OTs¯, there are not many examples in gold catalysis in which TFA¯ 

results to be the best choice.58  

Finally, the behaviour of 3X is similar to the related NHC ones (4X). In this case, the interionic structure of 

OSIP [PArF-Au-(2-hexyne)BF4] shows that the anion has a strong tendency to interact with the highly 

positively charged ortho-proton of the aryl fragment (3,5-CF3-C6H3) rather than with the gold atom.70b This 

evidence suggests that Au···X interaction is less probable during the protodeauration.  

On the basis of all these observations, a general trend can be drawn as follows. When the coordination of 

the anion to gold during the protodeauration step (Scheme 24) is not favored, the catalytic performances 

follow the basicity of the anion. This is the case of complexes 3X and 4X (Figure 41). As a confirmation, 

the interionic structure of NHC-Au(3-hexyne)BF4 OSIP, determined by 19F-1H HOESY experiment and 

explained by DFT calculation of Coulomb Potential, suggests that the counterion does not easily interact 

with the gold fragment.106 On the other hand, when X¯coordination to gold is possible, a balance between 

basicity and hydrogen bond acceptor power versus coordination ability of the anion is observed. This is 

the case of complexes 1X and 2X, where the ion pair structures of strictly related compounds L1-Au-(η2-

Me-styrene)BF4 and L2-Au-(η2-3-hexyne)BF4 suggest that the counterion can interact with the gold 

atom.69, 70a,188 The results here presented show that the anion properties, both coordination ability and 

basicity (hydrogen-bond acceptor power), have a great impact on the “proton shuttle ability”115 of the 

counterion, and, more importantly, this ability depends on the ligand L present in the cationic gold 

fragment.  

In summary, the catalytic results obtained studying the gold-catalysed cycloisomerization of N-(prop-2-

yn-yl)benzamide show that ligands with lower electron withdrawing ability generally accelerate the 

reaction, but the exact order cannot be trivially anticipated because match/mismatch of ligand and anion 

properties is present. Taking into account the most used catalysts 1X and 4X, it can be concluded that the 

intermediate coordinating ability and hydrogen bond power of OTs¯ provides the best results within the 

1X series (PPh3 ligand), while BF4¯ or OTf¯ is the best choice for the 4X series (NHC ligand). 



77 

 

 

From the results here reported, it is evident that the correct choice of the ligand L, in order to increase 

the performances of gold(I) complexes L-Au-X in catalysis, strongly depends on the nature of the anion X¯ 

and vice versa. 

For NHC compounds, non-coordinating and weakly basic anions (such as BF4¯) may be the best choice for 

a reaction in which the RDS is the protodeauration, as in the case of the cycloisomerization of N-

propargylcarboxamides. On the other side, the intermediate coordinating ability, basicity and hydrogen-

bond acceptor property of OTs¯ provides the best compromise to achieve an efficient catalyst in the 

methoxylation of 3-hexyne, where the RDS is the nucleophile attack helped by the counterion. In the case 

of complexes bearing phosphines, a complete different behaviour has been outlined. Thus, an 

intermediate-high coordination ability of the anion combined with its relatively high basicity and 

hydrogen-bond acceptor property (OTs¯ and TFA¯) has been found to accelerate the cycloisomerization 

of N-(prop-2-yn-yl)benzamide.  Instead, a medium-low coordination power and a weak basicity of the 

anion (BF4¯ and OTf¯) is suitable for the methoxylation of 3-hexyne. A possible explanation can be found 

in the higher affinity of the counterion (especially OTs¯) towards the gold fragment when the ancillary 

ligand L is a phosphine with respect to NHC: higher gold affinity accelerates the reaction in which the RDS 

is the protodeauration but inhibits it when the RDS is the nucleophilic attack, due to the shift of the ISIP-

OSIP equilibrium (Scheme 24) in favour of ISIP. 

This study clearly demonstrates that the interplay between ligand nature and anion effect is crucial in 

different steps of the catalytic cycle. The multiple roles played by counterions and L-Au+ fragments in 

chemical transformations require a more comprehensive computational and experimental studies of the 

ligand/anion correlation.  
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2.5 Hydration of alkynes 

Since the 12 principles of Green Chemistry14 were established, 15 years ago, chemists have been 

interested in developing more efficient and environmentally friendly synthetic protocols.19 Several 

metrics to assess the greenness of any given chemical process (e.g., atom economy, Effective mass yield 

[EMY], E-factor, etc) have been developed.189 

The use of catalyst is, also, highly desirable in a Green Chemistry context; thus, terms such as turnover 

number (TON) and turnover frequency (TOF) have shown to be useful to describe the efficiency and 

sustainability of catalytic reactions. An additional target of Green Chemistry has been to minimize the use 

of auxiliary substances and to perform the process in mild conditions, if possible at room temperature 

without any need of protecting atmosphere. In this context, the development of solvent-free reactions 

has greatly contributed to reduce the environmental impact of chemical processes. In addition, the 

possibility to use recyclable catalysts can greatly improve the sustainability of the whole process. 

During the last 10 years, gold has become a powerful tool in organic chemistry;190 however, most of the 

gold-catalysed transformations proceed under unsustainable, from a green chemistry point of view, 

conditions requiring relatively high catalyst loadings (1−10 mol%) and affording low TON values (in the 

range 10−100).  Moreover, the use of organic solvents and/or silver salt as halide scavenger, also 

represent a drawback. Protocols describing the use of lower catalyst loadings, room/lower temperature, 

solvent/silver free conditions and recyclable catalysts are limited.104d aggiornare,191 Therefore, designing new 

efficient and sustainable processes represents a fundamental challenge in the future of gold-based 

catalysis. 

The hydration of alkynes is an important reaction in organic chemistry, and one of the most 

straightforward and environmentally friendly methods to form the carbon-oxygen bond. This reaction is 

noticeable in terms of sustainability as it satisfies both carbon efficiency and atom economy rules. The 

hydration of alkynes is a well known reaction192 for which toxic mercury salts were initially used as 

catalysts. Many other metals were then tested, in order to avoid the use of mercury(II) salts, but 

gold(III)193, Pt(II),194 Ag(I),195 Ru(II)196 showed to be less efficient. Nevertheless, few years later, studying 

the gold(I) catalysed methoxylation of alkynes in acidic media, Teles94a found out that, in presence of 

water, the reaction was leading to ketones (Scheme 26).  
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Scheme 26. Methoxylation and hydration of alkynes catalysed by Au(I).  

Tanaka extended this preliminary work by testing several alkynes, both terminal and internal, and 

different acids.104a TON and TOF values of 1000 and 1000 h-1, respectively, were obtained under optimized 

conditions (methanol as the solvent, 70°C, 50 mol% of strong Brönsted acid as the co-catalysts) using 

PPh3-Au+ as the catalyst (Table 12). xv  Concerning the E-factor and Effective mass yield (EMY), the 

calculated values were around 22 and 5, respectively.  Afterwards, Nolan was able to further optimize the 

reaction conditions reducing the catalyst loading up to 10 ppm, for the internal alkynes, using dioxane, 

high temperature and NHC ligands (instead of phosphines).104b  

Table 12. Principal parameters for hydration of alkynes 

 Tanaka104a Nolan104b Wu198  Li199  This work 

Solvent MeOH Dioxane MeOH neat MeOH MeOHa neat neatb 

TON 1000 84000 20 11 200  1200 1000 5000 

TOF (h-1) 1000 4500 1 0.5 10 10 500 500 

T (C°) 70 120 RT RT 120 120 RT RT 

Silver additives NO YES NO NO YES YES NO NO 

Acid additives  YES NO NO NO NO NO NO NO 

Other add. NO NO YES YES NO NO YES YES 

Reusable NO NO NO NO YES YES YES YES 

E-factor 22 8 17 5 2 2 0.1 0.03 

EMY 5 15 10 67 34 35 90 97 

a= 6 recycle b= 5 recycle  

 

The decrease of catalyst loading and the use of acid-free conditions were of great impact, concerning 

environmental friendly reactions, but unfortunately, the use of 1,4-dioxane and silver salt matched with 

the high temperature, up to 120 °C, made this effort partly fruitless with an E-factor and EMY of 8 and 15, 

respectively. Several other papers have been appeared dealing with the use of Au(I) and Au(III) catalysts 

but, to the best of our knowledge, a complete rationalization and optimization of the hydration of alkynes 

                                                           
xv Hayashi and Tanaka (see ref 104a) reported low catalyst loadings (100 ppm) and low amounts of acid promoter (4 mol %) only for the 
hydration of 1-octyne. For all other alkynes, catalyst loadings typically range from 0.2 to 1 mol % and acid loadings from 25 to 50 mol %. 
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using greener conditions is still absent in the literature.197  Hu and Wu198 put a first brick along that 

direction performing the hydration of several terminal alkynes, at room temperature in acid-free and 

silver free condition (E-factor and EMY were around 17 and 10, respectively). Even if most of their trials 

were run using methanol as the solvent, they succeeded to obtain 57% of conversion in neat condition 

after 24h using a ionic additive (KB(C6F5)4). Unfortunately, both TON and TOF were very low, even if the 

high EMY value of 67 was achieved (Table 12).  

In the gold catalysed hydration of alkynes, the recycling of the catalyst has been poorly investigated in the 

literature. Nevertheless, in a recent work,199 AuNHC@porous organic polymers have been synthesized 

and employed in the hydration of alkynes with the aim of recycling the catalysts. Although the system is 

moderately active (TON on the order of 102-103, E-factor around 2 and EMY around 35) the use of high 

temperatures (120°) and the large volume of diethyl ether (around 30 times the volume of the product) 

necessary to separate the product from the catalyst made the process only partially sustainable. 

Concerning the mechanistic aspects, some theoretical papers have appeared in the literature in order to 

rationalize the behaviour of the gold catalyst in the hydration of alkynes conducted in protic solvents and  

acidic conditions. Summarizing, it has be found that: i) the water attack can proceed via inner sphere (syn-

attack) but the presence of other water (or alcohol) molecules200 favour the outer sphere mechanism 

(anti-attack); ii) the first proton transfer can be done by the gold atom200 or other water201 or alcohol202 

molecules (the energy barrier is lower when the attack is assisted by water even when compared with the 

anion-assisted one); iii) the second proton transfer needs the attendance of an another water molecule 

and/or the coordination of the vinyl-alcohol through the oxygen atom.198 It is generally accepted that the 

RDS is the proton transfer, but the presence of proper solvent and/or acidic media may promote the 

proton shuttle leading to a switch of the RDS. In this context, in the strictly related methoxylation of 

alkynes, we found that the role of the counterion (see chapter 2.2.3 and rif 54) is crucial during both 

nucleophilic attack (see chapter 2.1) and protodeauration steps (see chapter 2.4) The intermediate 

coordination ability and basicity of sulfonated counterions gave the best results under our conditions.178 

It has also been observed that the addiction of ionic additives can increase the rate of the catalytic 

reaction.105a, 183  

Starting from these considerations, we set up the silver-free synthesis of NHC-Au-X [NHC =(1,3-bis(2,6-di-

isopropylphenyl)-imidazol-2-ylidene, X‒ = BF4
‒, OTf‒, ClO4

- and OTs‒) pre-activated complexes (see the 

Experimental Section), and investigated their catalytic activity in the solvent free hydration of 3-hexyne 

at room temperature, and with suitable additives (in particular NBu4OTf). Kinetic experiments coupled 

with DFT calculations allowed us to shed some light on the mechanism of alkyne hydration in apolar, 

aprotic, and neutral conditions. This study highlighted again the crucial role of the counterion in all the 

different steps of the catalytic cycle. 
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Optimizing the conditions, it was possible to avoid the use of acids and solvents, to work at room or mild 

temperature (50°C), and to reduce the catalyst loading up to 0.05 mol%, leading to high TON (103) and 

TOF (102 h-1) values. The silver and solvent free conditions gave us the possibility to reach very low E-factor 

(0.03-010) and high EMY (90-96) values (Table 12). Finally, the absence of the solvent allowed us to simply 

separate the liquid product from both solid catalyst and ionic additives by distillation. This opened the 

way to: a) obtain the product with high purity and b) recycle the catalyst (up to five times) without loss of 

activity. All these factors (low E-factor, high EMY and catalyst recyclability) are in the correct range for a 

sustainable production of bulk chemicals with homogeneous gold catalysts, a topic that is still considered 

a chimera in the literature.203 

    

 

Scheme 27. Proposed mechanism for the hydratation of alkynes. 
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The compounds NHC-Au-X ([NHC =(1,3-bis(2,6-di-isopropylphenyl)-imidazol-2-ylidene, X‒ = ClO4
‒, BF4

‒, 

OTf‒ and  OTs‒) were synthesized according to the procedure developed by Nolan and co-workers204 that 

avoids  the use of a silver salt, by addiction of HX to NHC-Au-CH2-(C=O)CH3 acetonyl complex.  

Complexes NHC-Au-X have been tested as catalysts in the hydration of internal and terminal alkynes. A 

typical catalytic run was performed by mixing the alkyne and 1.1 equivalent of H2O in the presence of the 

catalyst (0.2, 0.1 or 0.05 mol%) and a proper additive (up to 5%) at 30, 40 or 50 °C. At the beginning of the 

reaction, two phases are present due to the low miscibility of water and alkynes, while during the 

proceeding of the reaction the formation of a single phase is observed due to the miscibility of the residual 

water in the formed ketone. 

 

Table 13. Gold(I) catalysed hydration of 3-hexynea. Exploiting the role of the 
counterion 

entry Catalyst loading  NHC-Au-X conversionb (%) timec (h) (TOFd) 

1 0.1 BF4 <1 24 

2e 0.1 BF4 <1 24 

3 0.1 ClO4 <1 24 

4 0.1 OTf >99 16 (63) 

5 0.1 OTs <1 24 

6 e 0.1 OTs <1 24 

a Catalytic conditions: 30 °C, 3-hexyne (1.75 mmol, 200 µL), H2O (1.92 mmol, 35 µL). b Determined by 1H 
NMR, averaged value of three measurements. c Time necessary to reach the reported conversion. d TOF = 
(n product / n catalyst)/t(h) at the reported conversion. e 50 °C. 

 

The progress of the reaction was monitored by NMR spectroscopy. Complexes bearing BF4¯, ClO4¯ or OTs¯ 

as counterion were inefficient at 30 °C showing no conversion after 24h. Instead, quantitative (>99%) 

conversion of the 3-hexyne into 3-hexanone was reached within 16h by using NHC-Au-OTf (Table 13). In 

order to better compare the catalytic activity in different conditions, the TOF value [TOF (h-1)=(number of 

mole of product)/mole of catalyst)/time] was taken into account (Table 13).  

 

The TOF obtained by using NHC-Au-OTf was 63 h-1, a value higher with respect to those reported in the 

literature in neat conditions and room temperature.198 Even by increasing the temperature up to 50° C, 

the catalysts bearing BF4¯ and OTs¯ ions failed to promote the reaction. This surprising and important 

finding suggests a specific role of the anion during the reaction. In fact, OTs¯ is the best counterion when 

NHC is used as ligand in the related methoxylation of alkynes (see chapter 2.1). It is likely that the slightly 

basic BF4¯ is not able to promote both nucleophilic attack and proton shuttle, despite in the 

preequilibrium step the catalyst is in the active form (OSIP, Scheme 27). This result confirms previously 

experimental and theoretical observations in the methoxylation of alkynes. When poor-coordinating and 
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poor basic anions are employed, it is supposed that a second methanol molecule is involved in the 

mechanism. 

 

In the apolar and biphasic conditions of the catalysis, it is unlikely that a second molecule of water is 

involved in the mechanism. On the other hand, we have previously observed from NMR experiment, 

corroborate by DFT calculations, that OTs¯ is too coordinating for the NHC-Au+ cation in the absence of a 

proton donor like methanol (see chapter 2.1). It is possible that in the neat hydration of alkynes the 

catalyst in the preequilibrium step is shifted towards the non active form (ISIP, Scheme 27) when OTs¯ is 

employed. Thus, the intermediate coordinating and basic nature of OTf¯ provides the best compromise 

in our reaction conditions. 

 

Table 14. Gold(I) catalyzed hydration of 3-hexynea. The role of additives 

Entry Catalyst  Additive Conversionb (%) Timec (h) (TOFd) 

1 0.1 5% BMIMOTf  <1 24 

2 0.1 5% NH4OTf  >99 16 (63) 

3 0.1 5% NBu4OTf  >99 2 (495) 

4 0.1 
5% NBu4OTf + 15% of 3-
hexanone 

97 2 (493) 

4 0.1 2.5% NBu4OTf  97 2.5 (388) 

5 0.1 1% NBu4OTf  97 3 (323) 

6 0.1 0.5% NBu4OTf  97 6 (162) 

a Catalytic conditions: 30 °C, 3-hexyne (1.75 mmol, 200 µL), H2O (1.92 mmol, 35 µL). b Determined by 1H NMR, averaged 
value of three measurements. c Time necessary to reach the reported conversion. d TOF = (n product / n catalyst)/t(h) at the 
reported conversion.  

 

It is know that ionic additives (in particular NBu4OTf) can improve some catalytic processes promoted by 

gold, such as the cycloisomerization of N-(prop-2-ynyl)benzamide to 2-phenyl-5-vinylidene-2-oxazoline, 

the methoxylation of 3-hexyne, the intermolecular hydroamination of alkynes, the cycloisomerization of 

allenone, the cyclization of 4-pentynoic acid, and the synthesis of α-pyrone. On the other hand, only acidic 

additives are used to increase the catalytic performances of gold in the hydration of alkynes104a, and no 

information is available for other ionic additives.  

In Table 14, the results obtained using NHC-Au-OTf as the catalyst and triflate salts as additives are 

reported. As can be seen by comparing the results obtained without additives (Table 13, entry 4), 

BMIMOTf (1-Butyl-3-methylimidazolium trifluoromethansulfonate) stops the reaction. The use of NH4OTf 

does not correspond to a substantial effect on catalysis, and complete conversion is achieved within 16 h 

(compare entry 2 in Table 14 with entry 4 in Table 13). On the other hand, NBu4OTf increases the catalytic 

performances and full conversion was obtained in only 2h (compare entry 3 in Table 14 with entry 4 in 
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Table 13). It can be stressed that the addition of 5% of NBu4OTf causes an increase of TOF of about an 

order of magnitude (from 63 to 495 h-1). 

Reasonably, the cationic fragment NBu4
+ increases the solubility of the salt in 3-hexyne, while the water-

soluble NH4
+ ion is not present in the organic phase where the reaction takes place. On the other hand, 

the ionic liquid BMIMOTf, which is immiscible with 3-hexyne, most presumably prevents the distribution 

of water in the organic phase (water is completely distributed in the ionic liquid). A clear trend was 

observed by changing the amount of NBu4OTf from 0 to 5%: between 5 and 2.5% there is only a slight 

decrease of TOF (from 495 to 408 h-1), while a substantial decrease was detected on going from 2.5% to 

lower values. As a matter of fact, 5% of NBu4OTf turns out to be the best choice. 

In order to evaluate the potentially benefit effect of the product (3-hexanone) during the catalysis, we 

added 15% of 3-hexanone directly from the beginning (entry 4, Table 14), but no substantial differences 

on the retention time were observed, thus indicating that the effect of ionic additives is more marked.183 

 

Table 15. Gold(I) catalyzed hydration of alkynesa. Catalyst loading, temperature and Kinetic 
Isotopic effects. 

entry catalyst Alkyne 
T 

(°C) 
Additive conversionb (%) timec (h) (TOFd) 

1 0.2 3-hexyne 30 5% NBu4OTf  >99 1 (495) 

2 0.05 3-hexyne 30 5% NBu4OTf  >99 4 (495) 

3 0.1e 3-hexyne 30 0% NBu4OTf  42 24 (17) 

4 0.1e 3-hexyne 30 5% NBu4OTf  >99 5 (194) 

5 0.05 3-hexyne 40 5% NBu4OTf  93 3 (620) 

6 0.05 3-hexyne 50 5% NBu4OTf  95 1.5 (1267) 

7  0.05 4-octyne 40 5% NBu4OTf  89 5 (356) 

8  0.05 4-octyne 50 5% NBu4OTf  82 3.5 (469) 

9 0.1 1-hexyne 40 5% NBu4OTf  25 8 (32) 

10 0.1 Ethynylbenzene 40 5% NBu4OTf  27 30 (10) 

11 0.25 Ethynylbenzene 50 5% NBu4OTf  >99 24 (17) 

a Catalytic conditions: alkyne (1.75 mmol, 200 µL), H2O (1.92 mmol, 35 µL). b Determined by 1H NMR, averaged value of 
three measurements. c Time necessary to reach the reported conversion. d TOF = (n product / n catalyst)/t(h) at the reported 
conversion. e Reaction performed with D2O instead of H2O. 

 

We have determined the order of reaction with respect to the catalyst. In the presence of NHC-Au-OTf 

and 5% NBu4OTf the catalysis was carried out by changing the catalyst loading (entries 1-2, Table 15 and 

entry 3, Table 15) from 0.05 to 0.2 mol% observing a pseudo-linear correlation between the average rate 

[3-hexyne]0/t versus [NHC-Au-OTf]. This trend suggests a 1st order dependence on catalyst as recently 

reported in the literature in the case of the methoxylation of alkynes promoted by NHC gold 
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complexes.105a Thus, it can be argued that only one gold atom is involved in the rate determining step of 

the reaction. 

However, the RDS can be either the nucleophilic attack or the protodeauration (Scheme 27). The Kinetic 

Isotopic Effect (KIE)111 has been measured in different catalytic conditions. Using D2O instead of H2O, we 

observed a reduction of the TOF, which shifted from 62 to 17 h-1 (compare entry 3 in Table 3 and entry 4 

in Table 1), giving a Kinetic Isotopic Effect (KIE) equal to 3.7. In presence of NBu4OTf (5%), the reaction is 

decelerated and the TOF decreases from 495 to 194 h-1 (entries 1 and 3, Table 15) when D2O is employed 

instead of H2O, giving a KIE of 2.6. These KIE values suggest that, under our conditions, the turnover-

limiting step is the proton shuttle (Scheme 27) in both conditions. However, the small decrease of the KIE 

when ionic additives are used may indicate a specific role of NBu4OTf during the protodeauration step. In 

a recent paper by Straub,113 a KIE of 3-5 is observed for the hydration of terminal alkynes conducted in 

methanol, while Gagné and Widenhoefer reported a KIE of 5.3 for the gold-catalyzed intramolecular 

hydroalkoxylation of 2,2-diphenyl-4,5-hexadien-1-ol to a 2-vinyltetrahydrofuran derivative.114 These 

authors suggested that protonolysis of the gold-carbon bond was the turnover-limiting step in both cases.  

Preliminary DFT calculations seem to confirm the experimental findings. Complex [NHCAuOTf] (NHC = 1,3-

dimethylimidazol-2-ylidene) has been chosen as a model for the catalytically active species, 2-butyne and 

H2O have been selected as substrate and nucleophile, respectively, for the calculations. The influence of 

the OTf¯ ion on the catalytic efficiency of [NHCAuOTf] in the water addition to 2-butyne process under 

examination has been thoroughly analysed. The role of the anion is emphasized in all the steps of the 

pathway, which are the pre-equilibrium, the nucleophilic attack of water to the Au−butyne complex and 

both proton transfers to the unsaturated carbon atom (protodeauration and protodeauration’, Scheme 

2). As previously observed for related alkoxylation of alkynes, in the nucleophilic attack two beneficial 

roles of the anion can be envisaged: (i) it holds the reactive water molecule in the right position for an 

anti-periplanar addition, acting as a template (Scheme 27); (ii) it enhances the nucleophilicity of the 

attacking water through the HOH···OTf¯, which induces a polarization on the oxygen. For the 

protodeauration, the fact that anions can assist and facilitate proton transfers by lowering the energy 

barriers is well-known in the literature.115 In our calculation the proton is found between the OTf¯ ion, 

oxygen and C2 (carbon not bonded to oxygen), therefore the first proton transfer takes place in one step. 

On the other hand, the second proton shuttle (Scheme 27) is much more difficult and the hydrogen bond 

ability and basicity of OTf¯ is not sufficient to abstract the second proton from enol substrate 

(intermediate OSIP’). Preliminary calculations indicate that also the gold atom can participates in this step: 

a formal oxidative addition of HOTf to the gold (I) fragment followed by an easily insertion of the hydride 

into gold-C2 can take place, with an activation barrier for this protodeauration step larger than that of the 

nucleophilic attack, thus indicating the latter as the rate determining step of the overall mechanism. 
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We then studied the effect of the temperature and also screened different alkynes to verify the scope of 

this methodology. The increase of temperature has, as expected, a beneficial effect. When 3-hexyne is 

employed as the substrate and NBu4OTf (5%) as the additive, an increase of the temperature by 10 °C 

resulted in a decrease of the reaction time of about 1h (from 30 to 40 °C) and about 1.5h (from 40 to 50 

°C), while the TOF increased from 495 to 620 to 1267 h-1 (entries 2, 5 and 6, Table 15). Both internal alkynes 

with a higher molecular weight and terminal alkynes are less active that 3-hexyne (entries 7-11, Table 15). 

For 4-octyne, this could be due to the lower solubility of water in the organic phase, while for terminal 

alkynes it is known that they are less active in the nucleophilic attack reactions. It should be emphasised, 

however, that the TOF values here obtained are in line with those reported in the literature when protic 

solvents and Bronsted acids are employed.104a 

The use of neat conditions and solid additives has allowed us to easily recover the product at the end of 

the reaction by simple vacuum distillation. The product 3-hexanone was separated and obtained with an 

excellent degree of purity, without the need for chromatography or other similar dispendious techniques. 

Contemporarily, the catalyst/additive solid mixture can be easily separated from the product and can be 

reused by simple re-addiction of 3-hexyne and water. We reused the catalyst up to 5 times, without loss 

of activity, reaching a final TON of 5000 at RT. This procedure give us the possibility to obtain outstanding  

EMY and E-factor values (97 and 0.03, respectively). All these factors combined (low E-factor, high EMY, 

and recyclability) are in the correct range for sustainable production of bulk chemicals with homogeneous 

gold catalysts. 
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3  
Conclusions and Perspectives 

 

 

The reader's challenge is to replicate the experiment by 

reading the poem and to draw their own conclusions. 

John Barton 
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In this thesis work we extended the mechanistic investigation of gold(I)-catalysed nucleophiles addition 

to unsaturated carbon-carbon bonds. As introduced in chapter 1.2.2, the generally accepted catalytic 

cycle consists of a three steps mechanism (preequilibrium, nucleophilic attack and protodeauration, 

Scheme 5), where all the three main gold containing species are charged. We succeeded in adding more 

information about the weak interactions and counterion effects that were no available before.  

In chapter 2.1, we clearly demonstrated that the anion can play an effective role acting in different steps 

of the catalytic cycle. Both coordination ability and basicity have a great and under evaluated impact on 

the catalytic performances of gold complexes. Moreover, also the nature of the nucleophile is related to 

the anion effect. Considering the alkoxylation of alkynes our findings can be summarized with three limit 

cases (Figure 45). When the nucleophile cannot help itself (case 1), we observed a pure anion effect. The 

classical non-coordinating anions were the worst choice slowing down the reaction rate (for BArF¯ no 

reaction at all was observed). Intermediate coordinating and basicity power of the anion OTs¯ provides 

the best compromise to achieve an efficient catalyst: the preequilibrium with this anion is shifted toward 

the OSIP, deactivation of catalyst to a gold-methoxide is prevented and its characteristic basicity promotes 

the nucleophilic attack furthering a template between the complex and the nucleophile. When MeOH is 

used, the anion effect is mediated by the nucleophile itself that is more assisting the nucleophilic attack 

then less basic/coordinating anions (case 2). Finally, when a suitably functionalized alcohols is used (case 

3) the anion effect is flattened as the nucleophile is much more able to help the nucleophilic attack.  

 

Figure 42.  Role of the anion and the nucleophile in the methoxylation of 3-hexyne.  

From our knowledge, not only the anion basicity and the coordination ability are important factors, but 

also the position seems to be crucial.  Altering the backbone of NHC ligands could be a way to modify the 

Ion Pair (IP) structure of the complexes thus moving the anion closer or farther from the reaction site. In 

chapter 2.2, we have described the IP structure for different [(NHC)-Au(3-hexyne)]BF4 complexes. 

Removing the aromaticity is not enough to markedly influence the ion pair structure and the anion still 

prefers to stay on the carbene-side. On the other hand, the extended aromaticity of an acenaphtene-

based NHC makes the ion pair structure aspecific, with only a small preference for substrate side. The 

results underlined that ion pairs cannot be easily modified without large alterations of the NHC backbone. 
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For these reason we tried another carbene class, synthesizing four NAC based complexes baring different 

-NH and -OH polar moieties. We demonstrated that the ion pair structure of the gold complexes can be 

tuned by modifying the functional groups of the NAC ligand (Figure 43), and, more importantly, that the 

differences dramatically influence the catalytic performances of the NAC-gold catalysts. When the anion 

is forced to be far from the catalytic site by ancillary ligand-anion HB interactions, the catalytic 

performances are deteriorated and vice versa. The use of a polar solvent, that may break the IP, or specific 

additives, that may trap the anion, can flatten the differences between this set of catalysts (7+-10+).   

 

Figure 43. Rationalization of the catalysis performance depending on the anion position for NAC complexes.  

The comparison between those complexes was possible because DFT calculations allowed us to give 

insights on the ion pair structures and to make sure, by the CDF approach, that the 7-10+ cations had the 

same acidity. Any catalytic activity variation was ascribed to the different ion pair structure.  

Characterizing complex 9+ we have discovered that the rotational barrier of the C-N bond of the NAC 

ligand bound to gold (a NMR experimental observable) provides a selective measurement of one DCD 

bonding component, the metal-to-substrate π back-donation (Figure 44 and chapter 2.3). This opens the 

possibility to characterize the electronic structure of the gold metal fragment by actually measuring how 

its π basicity is affected by the nature of the coordinated ligands. Thus it is possible to achieve a more 

rational control of ligand electronic effects when design new catalysts. 

 

Figure 44. Resonance structures for complex 9+ and relationship of C-N rotational barrier with π back-donation on 

ligand. 

In chapter 2.4 we demonstrated that the correct choice of the ligand L, in order to increase the 

performances of gold(I) complexes in catalysis, strongly depends on the nature of the anion X¯ and vice 
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versa. When the Rate Determining Step (RDS) is the nucleophilic attack (as in the methoxylation of 3-

hexyne) and NHC ligands are used, intermediate coordinating ability, basicity and hydrogen-bond 

acceptor property of OTs¯ provides the best activities. Differently when phosphine ligands are used, we 

demonstrated by NMR experiments that OTs¯ is interacting more with the gold cation and consequently 

the best results are achieved with OTf¯ anion.(Figure 45). 

 

Figure 45. Intuitive representation of ligand/anion effects in the methoxylation of 3-hexyne.  

On the contrary, when the RDS is the protodeauration (as in the cyclization of propargylamides), the NHC 

carbene based complexes are following the basicity scale and non-coordinating and weakly basic anions 

(such as BF4
‒) are the best choice; the more basic ones are strongly interacting with the proton removing 

it from the cycle and stabilizing the organogold species (INTERMEDIATE II, Scheme…..). In the case of 

complexes bearing phosphanes, a complete different behaviour has been outlined. Thus, an intermediate-

high coordination ability of the anion combined with its relatively high basicity and hydrogen-bond 

acceptor property (OTs‒ and TFA‒) has been found to accelerate the cycloisomerization of N-(prop-2-yn-

yl)benzamide (Figure 46).   

 

Figure 46. Intuitive representation of ligand/anion effects in the cyclisation of propagylamide. 

A possible explanation can be found in the higher affinity of the counterion (especially OTs‒) towards the 

gold fragment when the ancillary ligand L is a phosphane with respect to NHC: higher gold affinity 

accelerates the reaction in which the RDS is the protodeauration but inhibits it when the RDS is the 

nucleophilic attack, due to the shift of the ISIP-OSIP equilibrium (Scheme 1) in favour of ISIP. 

This study clearly demonstrates that the interplay between ligand nature and anion effect is crucial in 

different steps of the catalytic cycle. However, the multiple roles played by counterions and L-Au+ 

fragments in chemical transformations require a more comprehensive computational and experimental 

studies of the ligand/anion correlation.  
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New and important information regarding the role of the anion, the effect of the ligand and the interplay 

between them have been obtained. Possible future developments, concerning homogeneous gold(I) 

catalysis, should include: the extension of the anion and ligand classes, pointing to different electronic 

and steric properties;  and the study of more attractive reactions, from both the academic and industrial 

point of view. The same experimental and theoretical approach, set up for gold(I), may be used to explain 

the chemical reactivity of gold(III) complexes that more and more often are used as catalysts to find new 

frontiers in modern chemistry. Finally, the information obtained by our synergic approach may be the key 

to develop more green and sustainable conditions, for homogeneous gold catalysis. 

A first steps in this direction are depicted in chapter 2.5. Taking advantage of counterion optimization we 

design a green and sustainable protocol (room temperature and solvent, silver, and acid-free conditions) 

for the hydration of alkyne, promoted by NHC Gold catalysts.  It is possible to reduce the catalyst loading, 

obtaining a very low E-factor and EMY. The solvent-free condition permit us to easily separate, by 

distillation, the liquid product from the catalyst. This leads to high purity products and allow the recycle 

of the catalyst. All these factors are in the correct range for sustainable bulk chemicals production with 

homogeneous gold catalysts, a topic still considered a chimera in the literature.  
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4  
Experimental Part 

 

 

A man of genius makes no mistakes; his errors 

are volitional and are the portals of discovery. 

James Joyce 
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4.1 General Procedures and Materials 

HAuCl4, tetrahydrothiophene (THT), 1,3-Bis(2,6-di-i-propyl-phenyl)imidazolium chloride [NHC(H)]Cl, 1,3-

Bis(2,6-di-i-propylphenyl)-dihydroimidazolium chloride [sNHC(H)]Cl, tert-Butylisocianide, tert-

Buthylamine, diisopropylamine, pyrrolidine, (1R,2S)-(−)-Ephedrine, AgBF4, AgOTf, N,N'-dicyclohexylurea 

(DCU), triphenylphosphine and 3-hexyne were purchased from Ricci Chimica, Strem Chemicals and Sigma 

Aldrich and used without further purification. AgBF4 was charged in Schlenk flask and stored under 

nitrogen atmosphere at -20°C. [NHC(H)]Cl 205  and [NHC(BIAN)H]Cl,120 [(THT)AuCl],49 [(Ph3P)AuCl], 206  

[(tBu3P)AuCl], 207  [(PArF)AuCl],70b [(NHC)AuCl],126 and N-(prop-2-yn-1-yl)benzamide 208  were synthesized 

according to the literature methods. All manipulations of moisture-sensitive materials were performed in 

flamed Schlenk glassware on a Schlenk line, interfaced to a high vacuum pump, or within a nitrogen filled 

glove box. All the new compound were characterized in solution by 1H, 13C, 19F, 31P NMR spectroscopies. 

One- and two dimensional 1H, 13C, 19F NMR spectra were measured on Bruker AC-200 and Bruker DRX 400 

spectrometers. Typical mixing times were 600 ms for the Overhauser experiments and within the range 

20-400 ms for EXSY experiments. Referencing is relative to TMS (1H and 13C), CCl3F(19F) and 85% H3PO4 

(31P). The elemental analyses were carried out with a Carlo Erba 1106 elemental analyser. 

 

4.2 Synthesis 

All the complexes used in this work are here reported (Scheme 28), 1OTf,209 1OTs,97a 1TFA,210 4OTf,211 

4OAc,212 4BF4,106 and 4OTf211 were prepared as previously reported.  

 

Scheme 28. Representation of all the complexes use in this work.  
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Some of the catalysts, when not otherwise specified, were generated in situ starting from their chloride 

precursor by addition of the proper silver salt. 

 

Synthesis of [(tri-tert-butylphosphine)gold(I)] p-toluenesulfonate (2OTs). [(tBu3P)AuCl] (48 mg, 0.11 mmol) 

was dissolved in 5mL of CH2Cl2/acetone (5:1). Subsequently, 1.1 eq (0.12 mmol) of AgOTs was added, 

leading to the precipitation of AgCl. The reaction mixture was stirred in the dark overnight, and then dried. 

After the addition of 2 mL of fresh dichloromethane, the mixture was filtered on Celite® pad, washed with 

3x1 mL of CH2Cl2, concentered under vacuum and then n-pentane (4mL) was added, resulting in the 

formation of precipitate. The resulting solid was filtered off and washed with 3x2 mL of n-pentane. Then 

dried under vacuum to afford the product as a white powder (yield 86%).  

1H NMR (200 MHz, CDCl3, 298 K): δ (ppm) 7.88 (d, 2H, 3JHH = 8.2 Hz, H4), 7.21 

(d, 2H, 3JHH = 8.0 Hz, H5), 2.37 (s, 3H, H7), 1.49 (d, 27H 3JHP = 14.2 Hz, H1). 13C 

{1H}-NMR (50 MHz, CDCl3, 298K): δ (ppm) 141.71 (s, C3), 139.01(s, C6), 128.91 

(s, C5), 126.43 (s, C4), 39.60 (d, 1JCP = 22.7 Hz, C2), 32.12 (d, 2JCP = 3.8 Hz, C1), 

21.37 (s, C7). 31P {1H}-NMR (81 MHz, CDCl3, 298K): δ (ppm) 89.13 (s, P). Anal. 

Calcd. for C19H34AuO3PS (570.48): C, 40.00; H, 6.01; Au, 34.53; O, 8.41; P, 

5.43; S, 5.62. Found: C, 40.02; H, 6.03. 

 

Synthesis of [(tri-tert-butylphosphine)gold(I)] trifluoroacetate (2TFA). [(tBu3P)AuCl] (35 mg, 0.08 mmol) 

was dissolved in 4mL of CH2Cl2/acetone (5:1). Subsequently, 1.2 eq (0.10 mmol) of AgTFA was added, 

leading to the precipitation of AgCl. The reaction mixture was stirred in the dark overnight, and then dried. 

After the addition of 2 mL of fresh dichloromethane, the mixture was filtered on Celite® pad, washed with 

3x1 mL of CH2Cl2, concentered under vacuum and then n-pentane (4mL) was added, resulting in the 

formation of precipitate. The resulting solid was filtered off and washed with 3x2 mL of n-pentane. Then 

dried under vacuum to afford the product as a white powder (yield 60.7%).  

1H NMR (200 MHz, CD3Cl, 298 K): δ (ppm) 1.54 (d, 27H, 3JHP = 14.1 Hz, H1). 

13C {1H}-NMR (50 MHz, CDCl3, 298K): δ (ppm) 161.43 (m, C3), 115.44 (m, 

C4), 39.61 (d, 1JCP = 22.5 Hz, C2), 32.17 (d, 2JCP = 3.8 Hz, C1). 19F NMR (188 

MHz, CDCl3, 298K): δ (ppm) -74.08 (s, CF3
 anion). 31P {1H}-NMR (81 MHz, 

CDCl3, 298K): δ (ppm) 87.41 (s, P). Anal. Calcd. for C14H27AuF3O2P (512.30): 

C, 32.82; H, 5.31; Au, 38.45; F, 11.13; O, 6.25; P, 6.05. Found: C, 32.81; H, 

5.28.  
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Synthesis of [tris(3,5-bis(trifluoromethyl)phenyl)phosphine gold(I)] trifluoromethanesulfonate (3OTf). 

[(PArF)AuCl] (100 mg, 0.11 mmol) was dissolved in 4mL of CH2Cl2. Subsequently, 1.1 eq (0.12 mmol) of 

AgOTf was added, leading to the precipitation of AgCl. After 1 h at room temperature, the reaction 

mixture was filtered on Celite® pad, washed with 3x1 mL of CH2Cl2, concentered under vacuum and then 

n-pentane (4mL) was added, resulting in the formation of precipitate. The resulting solid was filtered off 

and washed with 3x2 mL of n-pentane. Then dried under vacuum to afford the product as a white powder 

(yield 91%).  

1H NMR (200 MHz, CD2Cl2, 298 K): δ (ppm) 8.27 (s, 3H, H1), 8.04 (d, 6H, 

3JHP = 13.5 Hz, H4). 13C{1H}-NMR (50 MHz, CD2Cl2, 298K): δ(ppm) 133.34 

(dq, 2JCF = 34.7 Hz, 3JCP = 12.8 Hz, C2), 134.29 (dq, 2JCP = 15.3 Hz, 3JCF = 3.3 

Hz, C4), 128.62 (m, C1), 128.41 (d, 1JCP = 67.6 Hz, C5), 125.27 (q, 1JCF = 273 

Hz, C3). 120.40 (q, 1JCF = 318 Hz, C6). 19F NMR (188 MHz, CD2Cl2, 298K): δ 

(ppm) -63.38 (s, CF3), -77.04 (s, CF3 anion). 31P {1H}-NMR (81 MHz, CD2Cl2, 

298K): δ (ppm) 30.53 (s, P). Anal. Calcd. for C25H9AuF21O3PS (1016.31): C, 

29.54; H, 0.89; Au, 19.38; F, 39.26; O, 4.72; P, 3.05; S, 3.16. Found: C, 29.59; H, 0.88. 

  

Synthesis of [tris(3,5-bis(trifluoromethyl)phenyl)phosphine gold(I)] p-toluenesulfonate (3OTs). 

[(PArF)AuCl] (100 mg, 0.11 mmol) was dissolved in 5mL of CH2Cl2/acetone (5:1). Subsequently, 1.1 eq 

(0.12 mmol) of AgOTs was added, leading to the precipitation of AgCl. The reaction mixture was stirred 

overnight, and then dried. After the addition of 2 mL of fresh dichloromethane, the mixture was filtered 

on Celite® pad, washed with 3x1 mL of CH2Cl2, concentered under vacuum and then n-pentane (4mL) was 

added, resulting in the formation of precipitate. The resulting solid was filtered off and washed with 3x2 

mL of n-pentane. Then dried under vacuum to afford the product as a white powder (yield 93%).  

1H NMR (200 MHz, CDCl3, 298 K): δ (ppm) 8.22 (s, 3H, H1), 7.97 (d, 6H, 

3JHP = 13.5 Hz, H4), 7.85 (d, 2H, 3JHH = 7.3 Hz, H7), 7.26 (d, 2H, 3JHH = 7.4 

Hz, H8), 2.40 (s, 3H, H10). 13C {1H}-NMR (50 MHz, CDCl3, 298K): δ (ppm) 

142.02 (s, C6), 139.26 (s, C9), 134.53 (dq, 2JCF = 34.8 Hz, 3JCP = 12.5 Hz, 

C2), 133.61 (dd, 3JCF = 3.2 Hz, 2JCP = 15.4 Hz, C4), 129.21 (s, C8), 128.86 

(d, 1JCP = 64.8 Hz, C5), 127.79 (m br, C1), 126.38 (s, C7),122.03 (q, 1JCF = 

273.7 Hz, C3), 21.40 (s, C10). 19F NMR (188 MHz, CDCl3, 298K): δ (ppm) 

-63.88 (s, CF3). 31P {1H}-NMR (81 MHz, CDCl3, 298K): δ (ppm) 32.45 (s, 
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P). Anal. Calcd. for C31H16AuF18O3PS (1038.43): C, 35.86; H, 1.55; Au, 18.97; F, 32.93; O, 4.62; P, 2.98; S, 

3.09. Found: C, 35.90; H, 1.58. 

 

Synthesis of [tris(3,5-bis(trifluoromethyl)phenyl)phosphine gold(I)] trifluoroacetate (3TFA). [(PArF)AuCl] 

(71.7 mg, 0.08 mmol) was dissolved in 4mL of CH2Cl2/acetone (5:1). Subsequently, 1.2 eq (0.10 mmol) of 

AgTFA was added, leading to the precipitation of AgCl. The reaction mixture was stirred overnight, and 

then dried. After the addition of 2 mL of fresh dichloromethane, the mixture was filtered on Celite® pad, 

washed with 3x1 mL of CH2Cl2, concentered under vacuum and then n-pentane (4mL) was added, resulting 

in the formation of precipitate. The resulting solid was filtered off and washed with 3x2 mL of n-pentane. 

Then dried under vacuum to afford the product as a white powder (yield 60.7%).  

1H NMR (200 MHz, CD2Cl2, 298 K): δ (ppm) 8.25 (s, 3H, H1), 8.06 (d, 6H, 

3JHP = 13.2 Hz, H4). 13C {1H}-NMR (50 MHz, CD2Cl2, 298K): δ (ppm) 161.60 

(m, C6), 134.01 (m br, C4), 133.93 (dq, 2JCF = 34.7 Hz, 3JCP = 12.5 Hz, C2), 

128.96 (d, 1JCP = 65.1 Hz, C5), 128.05 (m br, C1), 122.36 (q, 1JCF = 272.9 Hz, 

C3), 115.19 (m br, C7). 19F NMR (188 MHz, CD2Cl2, 298K): δ (ppm) -63.35 

(s, CF3), -74.01 (s, CF3 anion). 31P {1H}-NMR (81 MHz, CD2Cl2, 298K): δ 30.97 (s, P). Anal. Calcd. for 

C26H9AuF21O2P (980.26): C, 31.86; H, 0.93; Au, 20.09; F, 40.70; O, 3.26; P, 3.16. Found: C, 31.84; H, 0.92. 

 

Synthesis of [(NHC)AuCl] (4Cl). A Schlenk flask was charged, under air, with 276 mg of [NHC(H)Cl] (0.65 

mmol), 208 mg of  [(THT)AuCl] (0.67 mmol) and 90 mg of finely ground K2CO3 (0.65 mmol). were added in 

a Schlenk tube with a 5:1 solution of CH2Cl2/MeOH. The reaction mixture was stirred at room temperature 

for 3 days. The reaction mixture was filtered on Celite® pad, dried under vacuum and then 2 mL of pure 

CH2Cl2 was added. Subsequently the addition of 8 mL of n-pentane resulted in the formation of a 

precipitate. The resulting solid was filtered off and washed with 3x3 mL of n-pentane. Then dried under 

vacuum to afford the product as a white powder, 143 mg (97%).  

1H NMR (200 MHz, CD2Cl2, 293 K): δ (ppm) 7.57 (t, 2H, 3JHH = 7.8 Hz, CHAr), 7.35 

(d, 4H, 3JHH = 7.8 Hz, CHAr), 7.24 (s, 2H, CHimid), 2.56 (sept, 4H, 3JHH = 6.9 Hz, 

CH(CH3)2), 1.34 (d, 12H, 3JHH = 6.9 Hz, CH(CH3)2), 1.23 (d, 12H, 3JHH = 6.9 Hz, 

CH(CH3)2). 13C-{1H} NMR(50 MHz, CD2Cl2,293 K): δ (ppm) 175.7 (s, C-Au), 146.4 (s, 

CAr), 134.6 (s,CAr), 131.2 (s, CAr), 124.8 (s, CAr), 123.9 (s, Cimid), 29.4 (s, CH(CH3)2), 
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24.7 (s, CH(CH3)2), 24.3 (s, CH(CH3)2). Anal. Calcd. for C27H36AuClN2 (621.01): C, 52.22; H, 5.84; Au, 31.72; 

Cl, 5.71; N, 4.51 Found: C 52.33; N 4.60; H 5.91.  

 

Synthesis of [(NHC)Au]BF4 (4BF4). In a Schlenk tube with a 2 mL of CH2Cl2 were added 111 mg of 4Cl (0.18 

mmol), 40 µL of 3-esyne (0.36 mmol) and finally 60 mg  of AgBF4 (0.31 mmol). The reaction mixture was 

stirred at room temperature for 1 h. The later was filtered on Celite® pad and then the volume was 

reduced to minimum. The subsequent addition of n-pentane, 5 mL, resulted in the formation of a 

precipitate. The resulting solid was filtered off and washed with 3x3 mL of n-pentane, dried under vacuum 

to afford the product as a white powder, 129 mg (95%).  

1H NMR (400 MHz, CD2Cl2, 298 K): δ (ppm) 7.62 (t, 2H, 3JHH = 7.9 Hz, H7), 7.55 (s, 2H, 

H8), 7.41 (d, 4H, 3JHH = 7.8 Hz, H6), 2.56 (sept, 4H, 3JHH = 7.0 Hz, H4), 2.26 (m, 4H, H2), 

1.34 (d, 12H, 3JHH = 7.0 Hz, H3), 1.31 (d, 12H, 3JHH = 7.5 Hz, H5), 0.64 (t, 6H, 3JHH = 7.5 

Hz, H1). 19F NMR (376.42 MHz, CD2Cl2, 297 K): δ (ppm) -153.56 (br, 11BF4), -153.51 

(br, 10BF4). 13C-{1H} NMR (100.5 MHz, CD2Cl2, 297 K): δ (ppm) 178.03 (s, Ccarb), 146.22 

(s, C9), 133.41 (s, C10), 131.84 (s, C7), 125.37 (s, C6), 125.00 (s, C8), 87.68 (s, Calk), 

29.27 (s, C4), 24.82 (s, C3), 24.20 (s, C5), 15.16 (s, C2), 13.50 (s, C1). Anal. Calcd for 

C33H46AuBF4N2 (754.50) C, 52.53; H, 6.15; Au, 26.11; B, 1.43; F, 10.07; N, 3.71. Found: 

C, 52.50; H, 6.18; N, 3.74.  

 

Synthesis of [(NHC)Au]OTs (4OTs). [(NHC)AuCl] (100 mg, 0.161 mmol) was dissolved in the minimal 

amount of CH2Cl2. Subsequently, 1.1 eq (0.177 mmol) of AgOTs was added, leading to the precipitation of 

AgCl. After 1 h at room temperature, the reaction mixture was filtered on Celite® pad, washed with 3x1 

mL of CH2Cl2, concentered under vacuum and then n-hexane (4mL) was added, resulting in the formation 

of precipitate. The resulting solid was filtered off and washed with 3x2 mL of n-hexane. Then dried under 

vacuum to afford the product as a white powder (yield 93%).  

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.55 (t, 2H, J3
HH = 7.8, H9), 7.39 

(d, 2H, J3
HH = 7.3, H10), 7.31 (d, 4H, d, 2H, J3

HH = 7.9, H8), 7.21 (s, 2H, H1), 

6.98 (d, 2H, J3
HH = 7.4, H11), 2.47 (sept, 4H, J3

HH = 6.8, H5), 2.32 (s, 3H, 

H13), 1.29 (d, 12H, J3
HH = 6.8, H6), 1.21 (d, 12H, J3

HH = 6.8, H7). 13C1H-

NMR (400 MHz, CDCl3, 298 K): δ (ppm) 164.56 (s, C2), 145.69 (s, C4), 

133.86 (s, C9), 131.12 (s, C3), 128.87 (s, CAr -OTs), 126.42 (s, CAr -OTs), 

124.57 (s, C1), 123.59 (s, C8), 123.20 (s, CAr -OTs) 29.05 (s, C5), 24.32 (d, 
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C6-7), 21.58 (s, CH3-OTs). Anal. Calcd. for C34H44AuN2O3S (757.76): C, 53.89; H, 5.85; Au, 25.99; N, 3.70; O, 

6.33; S, 4.23. Found: C, 53.91; H, 5.84; N, 3.6.  

 

Synthesis of [(NHC)Au]TFA (4TFA). [(NHC)AuCl] (100 mg, 0.161 mmol) was dissolved in the minimal 

amount of CH2Cl2. Subsequently, 1.1 eq (0.177 mmol) of AgTFA was added, leading to the precipitation of 

AgCl. After 1 h at room temperature, the reaction mixture was filtered on Celite® pad, washed with 3x1 

mL of CH2Cl2, concentered under vacuum and then n-hexane (4mL) was added, resulting in the formation 

of precipitate. The resulting solid was filtered off and washed with 3x2 mL of n-hexane. Then dried under 

vacuum to afford the product as a white powder (yield 87%).  

1H NMR (400 MHz, CD2Cl2, 298 K): δ (ppm) 7.58 (t, 2H, J3
HH = 7.8, H9), 7.37 

(d, 4H, J3
HH = 7.7, H8), 7.28 (s, 2H, H1), 2.56 (sept, 4H, J3

HH = 6.9, H5), 1.35 

(d, 12H, J3
HH = 6.8, H6), 1.24 (d, 12H, J3

HH = 6.8, H7). 19F NMR (400 MHz, 

CD2Cl2, 298 K): δ (ppm) -73.89 (s, CF3). 13C1H-NMR (400 MHz, CD2Cl2, 298 

K): δ (ppm) 166.01 (s, C2), 162.11 (bs, C15), 146.46 (s, C4), 134.44 (s, C9), 

131.27 (s, C3), 124.85 (s, C1), 124.37 (s, C8), 116.50 (s, C14), 29.49 (s, C5), 

24.52 (d, C6-7). Anal. Calcd. for C29H37AuF3N2O2 (699.58) C, 49.79; H, 5.33; Au, 28.16; F, 8.15; N, 4.00; O, 

4.57. Found: C, 49.82; H, 5.84; N, 3.86. 

 

Synthesis of [(NHC)Au]BArF (4BArF). [(NHC)AuCl] (49.7 mg, 0.08 mmol) and 3-hexyne (14 µL, 0.12 mmol) 

were added in a Schlenk tube in 1 mL of CH2Cl2. Subsequently AgBF4 (23 mg, 0.12 mmol) was added. The 

reaction mixture was stirred at room temperature for 15 min observing the precipitation of AgCl. The 

reaction mixture was filtered on Celite® pad, washed with 3x1 mL of CH2Cl2, concentered under vacuum 

and then NaBArF (77.8 mg, 0.09 mmol) was added, resulting in the formation of a thin new precipitate. 

The reaction mixture was filtered again on Celite® pad, washed with 3x1 mL of CH2Cl2, concentered under 

vacuum and then n-pentane (4mL) was added, resulting in the formation of precipitate. The resulting solid 

was filtered off and washed with 3x2 mL of n-pentane. Then dried under vacuum to afford the product as 

a mild-yellow powder (yield 85%).  
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1H NMR (CD2Cl2, 400 MHz, 298 K): δ (ppm) 7.72 

(bs, 8H, H14), 7.57 (t, J3
HH = 7.8 Hz, 2H, H9), 

7.56 (bs, 4H, H16), 7.43 (s, 2H, H1), 7.37 (d, J3
HH 

= 7.6 Hz, 4H, H8), 2.51 (sept, J3
HH = 6.8 Hz, 4H, 

H5), 2.30 – 2.07 (m, J3
HH = 7.3 Hz, 4H, H11), 1.29 

(d, J3
HH = 6.8 Hz, 12H, H6 or H7), 1.26 (d, J3

HH = 

6.8 Hz, 12H, H6 or H7), 0.61 (t, J3
HH = 7.4 Hz, 6H, 

H10). 19F NMR (400 MHz, CD2Cl2, 298 K): δ (ppm) -62.84 (s, CF3). 13C1H-NMR (400 MHz, CD2Cl2, 298 K): δ  

(ppm) 178.60 (s, C2), 162.5 (m, C13), 146.49 (s, C4), 135.50 (s, C14), 133.61 (s, C3), 132.22 (s, C9), 129.44 

(m, C15), 126.65 (s, C17), 125.33 (bs, C1 and C8), 118.15 (s, C16), 87.92 (s, C12), 29.58 (s, C5), 24.98 (d, 

C6-7), 24.36 (d, C6-7), 15.34 (s, C11), 13.65 (s, C10). Anal. Calcd. for C65H58AuBF24N22 (1530.91): C, 51.00; 

H, 3.82; Au, 12.87; B, 0.71; F, 29.78; N, 1.83. Found: C, 51.02; H, 3.84; N, 1.82.  

 

Synthesis of sNHC imidazolium chloride (5Cl). sNHC imidazolium chloride 227.2 mg (0.41 mmol), 168.9 mg 

of KHCO3 (1.69 mmol) and 131.3 mg of [(THT)AuCl] (0.41 mmol) were added in a Schlenk tube with a 5:1 

solution of CH2Cl2/MeOH. The reaction mixture was stirred at room temperature for 3 days. The reaction 

mixture was filtered on celite pad, dryed under vacuum and then 2 mL of pure CH2Cl2 was added. 

Subsequently the addition of 8 mL of penetene resulted in the formation of a precipitate. The resulting 

solid was filtered off and washed with 3x3 mL of pentane. Then dried under vacuum to afford the product 

as a yellow-green powder 305 mg (99%).  

1H NMR (400 MHz, CD2Cl2, 298 K): δ (ppm) 7.43 (t, 2H, 3JHH = 7.8 Hz, CHarom), 7.25 

(d, 4H, 3JHH = 7.8 Hz, CHarom), 4.06 (s, 4H, CH2 imid), 3.07 (sept, 4H, 3JHH = 6.8 Hz, -

CH(CH3)2), 1.43 (d, 12H, 3JHH = 6.8 Hz, -CH(CH3)2), 1.36 (d, 12H, 3JHH = 6.8 Hz, -

CH(CH3)2). 13C-{1H} NMR (100.5 MHz, CD2Cl2, 297 K): δ (ppm) 196.07 (s), 146.55 (s), 

134.06 (s), 130.06 (s), 124.65 (s), 53.47 (s) , 28.97 (s), 25.14 (s), 24.13 (s). Anal. 

Calcd for C27H38AuClN2 (623.02) C, 52.05; H, 6.15; Au, 31.61; Cl, 5.69; N, 4.50. Found: C, 52.06; H, 6.11; N, 

4.51. 

 

Synthesis of sNHC imidazolium tetrafluoroborate (5BF4). 5Cl 100 mg (0.16 mmol) and AgBF4 39 mg (0.20 

mmol) were charged in a Schlenk flask. The Schlenk flask was interfaced to the high-vacuum line and 

about 5 mL of CH2Cl2 and 2.0 equivalent of 3-hexyne (36.2 µL) were added by micrometric syringes at RT. 

The mixture was stirred and a light grey solid (AgCl) formed in a few minutes. The suspension was filtered 



102 

 

through a Celite® pad. The solution was concentrated to minimum volume and 3 mL of n-pentane were 

added. The formed solid was filtered, washed with n-pentane and dried under vacuum obtaining 97 mg 

of the product (80%). 

 

 1H NMR (400 MHz, CD2Cl2, 298 K): δ (ppm) 7.46 (t, 2H, 3JHH = 7.8 Hz, H7), 7.29 (d, 4H, 

3JHH = 7.6 Hz, H6), 4.28 (s, 4H, H8), 3.07 (sept, 4H, 3JHH = 6.9 Hz, H4), 2.04 (m, 4H, H2), 

1.33 (d, 12H, 3JHH = 7.0 Hz, H3), 1.28 (d, 12H, 3JHH = 7.1 Hz, H5), 0.47 (t, 6H, 3JHH = 7.5 

Hz, H1). 13C-{1H} NMR (100.5 MHz, CD2Cl2, 297 K): δ (ppm) 199.2 (s, Ccarb), 147.50 (s, 

C9), 133.45 (s, C10), 131.28 (s, C7), 125.37 (s, C6), 125.00 (s, C8), 87.68 (s, Calk), 29.54 

(s, C4), 25.61 (s, C3), 24.44 (s, C5), 15.14 (s, C2), 13.42 (s, C1). Anal. Calcd for 

C33H48AuBF4N2 (756.52) C, 52.39; H, 6.40; Au, 26.04; B, 1.43; F, 10.05; N, 3.70. Found: 

52.31; H, 6.48; N, 3.64.  

 

Synthesis of NHC(BIAN) imidazolium chloride (P6). NHC(BIAN) imidazolium chloride was prepared 

according to a literature procedure. 120 NHC(BIAN) 484 mg (0.97 mmol) and 1.5 mL of 

methoxy(methyl)chloride (19.4 mmol) were added in a argon flushed Schlenk tube; the reaction mixture 

was stirred at reflux (70 °C) overnight. Cooling the reaction mixture to ambient temperature and the 

subsequent addition of 10 mL of diethyl ether resulted in the formation of a yellow precipitate. The 

resulting solid was filtered off and washed with 3x3 mL of Et2O and with 2x2 mL of n-pentane. Then dried 

under vacuum to afford the product as a yellow powder 493 mg (92.5%).  

1H NMR (200 MHz, CDCl3, 298 K): δ (ppm) 12.11 (bs, 1H), 8.02 (d, 3JHH = 8.3 Hz, 2H), 

7.68 (t, 3JHH = 8.3 Hz, 2H), 7.62 (t, 3JHH = 8.3 Hz, 2H), 7.58 (d, 3JHH = 7.7 Hz, 2H), 7.21 

(d, 3JHH = 7.1 Hz, 2H), 2.27 (sept, 3JHH = 6.9 Hz, 4H), 1.40 (d, 3JHH = 6.8 Hz, 12H), 1.16 

(d, 3JHH = 6.8 Hz, 12H). 13C-{1H} NMR (50 MHz, CDCl3, 298 K): δ (ppm) 145.44 (s), 

142.55(s), 138.08(s), 132.68(s), 130.87(s), 130.40(s), 129.43(s), 128.74(s), 

125.46(s), 123.46(s), 123.37(s), 29.75(s), 24.84(s), 23.51(d). Anal. Calcd for 

C37H42ClN2 (550.20) C, 80.77; H, 7.69; Cl, 6.44; N, 5.09. Found: C, 80.75; H, 7.75; N, 5.15. 

 

Synthesis of NHC(BIAN)[AuCl] (6Cl). NHC(BIAN) imidazolium chloride 227.2 mg (0.41 mmol), 168.9 mg of 

KHCO3 (1.69 mmol) and 131.3 mg of [(THT)AuCl] (0.41 mmol) were added in a Schlenk tube with a 5:1 

solution of CH2Cl2/MeOH. The reaction mixture was stirred at room temperature for 3 days. The reaction 
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mixture was filtered on celite pad, dryed under vacuum and then 2 mL of pure CH2Cl2 was added. 

Subsequently the addition of 8 mL of penetene resulted in the formation of a precipitate. The resulting 

solid was filtered off and washed with 3x3 mL of n-pentane. Then dried under vacuum to afford the 

product as a yellow-green powder 305 mg (99%).  

1H NMR (400.3 MHz, CD2Cl2, 298 K): δ (ppm)  7.84 (d, 2H, 3JHH = 8.4 Hz, H10), 7.68 

(t, 2H, 3JHH = 7.8 Hz, H7), 7.46 (dd, 2H, 3JHH = 8.4 Hz, 3JHH = 7.0 Hz, H9), 7.45 (d, 4H, 

3JHH = 7.9 Hz, H6), 7.03 (d, 2H, 3JHH = 7.1 Hz, H8), 2.83 (sept, 4H, 3JHH = 7.2 Hz, H4), 

1.38 (d, 12H, 3JHH = 6.9 Hz, H3), 1.21 (d, 12H, 3JHH = 6.9 Hz, H5). 13C-{1H} NMR 

(100.5 MHz, CD2Cl2, 297 K): δ (ppm) 175.6 (s), 146.11 (s), 138.41 (s), 133.12 (s), 

131.33 (s), 130.56 (s), 128.96 (s), 128.26 (s), 125.62 (s), 125.00 (s), 121.70 (s), 

29.35 (s), 24.59 (s), 23.91 (s). Anal. Calcd for C37H40AuClN2 (745.15) C, 59.64; H, 

5.41; Au, 26.43; Cl, 4.76; N, 3.76. Found: C, 59.68; H, 5.47; N, 3.72. 

 

Synthesis of NHC(BIAN)[AuCl](3-hexyne) BF4 (6BF4). In a Schlenk tube with a 3 mL of CH2Cl2 were added 

128.6 mg (0.17 mmol) of NHC(BIAN)[AuCl], 40 µL (0.35 mmol) of 3-hexyne and finally 52.6 mg (0.27 mmol) 

of AgBF4. The reaction mixture was stirred at room temperature for 1-2 h. The reaction mixture was 

filtered on celite pad then the volume was reduced to minimum. Subsequently the addition of 8 mL of 

penetene resulted in the formation of a precipitate. The resulting solid was filtered off and washed with 

3x3 mL of pentane. Then dried under vacuum to afford the product as an yellow powder 130 mg (85.7%).  

1H NMR (400.13 MHz, CD2Cl2, 297 K): δ (ppm)  8.01 (d, 2H, 3JHH = 8.4 Hz, 

H10), 7.75 (t, 2H, 3JHH = 7.8 Hz, H7), 7.59 (dd, 2H, 3JHH = 8.4 Hz, 3JHH = 7.0 Hz, 

H9), 7.54 (d, 4H, 3JHH = 7.9 Hz, H6), 7.26 (d, 2H, 3JHH = 7.1 Hz, H8), 2.83 (sept, 

4H, 3JHH = 7.2 Hz, H4), 2.34 (mult, 4H, H2), 1.38 (d, 12H, 3JHH = 6.9 Hz, H3), 

1.21 (d, 12H, 3JHH = 6.9 Hz, H5), 0.73 (t, 6H, 3JHH = 7.5 Hz, H1). 19F NMR 

(376.42 MHz, CD2Cl2, 297 K): δ (ppm) -153.97 (br, 11BF4), -153.92 (br, 10BF4). 

13C-{1H} NMR (100.5 MHz, CD2Cl2, 297 K): δ (ppm) 181.54 (s, Ccarb), 146.22 

(s, C11), 139.36 (s), 132.25 (s, C7), 132.16 (s), 131.09 (s), 130.42 (s), 130.01 

(s, C10), 128.58 (s, C9), 125.46 (s, C6), 124.55 (s), 122.56 (s, C8), 87.92 (s, Calk), 29.49 (s, C4), 24.87 (s, C3), 

24.10 (s, C5), 15.28 (s, C2), 13.59 (s, C1). Anal. Calcd for C43H50AuBF4N2 (787.64) C, 58.78; H, 5.74; Au, 

22.42; B, 1.23; F, 8.65; N, 3.19. Found: C, 58.79; H, 5.69; N, 3.17. 
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Synthesis of [(tert-Buthylamino)2methylidine]gold(I) Chloride (7Cl). 7Cl was prepared according to a 

literature procedure.133f First 1.2 equivalents of tertbutylamine were added to a solution of [tert-

Butylisocyano]-gold(I) Chloride 173 mg (0.55 mmol) in 4 mL of dichloromethane. The mixture was stirred 

at room temperature and protect from the light for 3 days. Dichloromethane was added to the mixture 

(that result milky) until it became limpid, then was filtered on a Silica pad, concentrated to minimum 

volume and precipitated with pentane. We obtained the product as a white solid; yield: 154 mg (72.6%).  

1H NMR (400.13 MHz, CD2Cl2, 297 K): δ (ppm) rotamer A: 6.77 (bs, 2H), 1.59 (s, 18H), 

rotamer B: 6.37 (bs, 2H), 6.13 (bs, 2H), 1.60 (s, 9H), 1.40 (s, 9H). 13C-{1H} NMR (100.5 MHz, 

CD2Cl2, 297 K): δ (ppm) 189.31, 53.24, 31.48. Anal. Calcd for C9H20AuClN2 (389.7): C, 27.81; 

H, 5.19; Au, 50.67; Cl, 9.12; N, 7.21. Found: C, 27.79; H, 5.22; N, 7.18. 

 

 

Synthesis of  [(Bis(tert-butylamino)methylidene)](Triphenylphosphine)gold(I) tetrafluoroborate 

(7(PPh3)BF4). 7Cl 46.6 mg (0.12 mmol) and PPh3 34.62 mg (0.13 mmol) were added in a Schlenk in 2 mL 

of dichloromethane, then 26 mg of AgBF4 (0.13 mmol) were added. The reaction proceeds at room 

temperature with the concomitant precipitation of AgCl. After 30 min the reaction mixture was filtered 

through Celite and the solvent evaporated under reduced pressure. Then pentane was added to the crude 

product, which was filtered off and washed with other pentane (3x1 mL). The resulting solid was dried 

under vacuum. We obtained the product as a white solid; yield: 84 mg (99.9%).  

1H NMR (400.13 MHz, CD3OD, 297 K): δ= 7.6 (m, 15H, PPh3), 1.58 (s, 18H, But). 

19F NMR (376.42 MHz, CD3OD, 297 K): δ= -154.78 (br, 11BF4), -154.83 (br, 

10BF4). 31P{1H} NMR (161.97 MHz, CD3OD, 298K): δ = 39.06. 13C{1H} NMR (100.5 

MHz, CD3OD, 298K): δ = 205.1 (d, 2JCP = 108.9 Hz, Ccarb), 134.0, 133.6 (d, 2JCP = 

11.1 Hz), 132.2, 129.6, 129.5, 52.3 (s, C(CH3)3), 30.6 (s, C(CH3)3). Anal. Calcd. 

for C27H35AuBF4N2P (702.33): C, 46.17; H, 5.02; Au, 28.04; B, 1.54; F, 10.82; N, 

3.99; P, 4.41. Found: C, 46.16; H, 5.05; N, 3.98. 

 

Synthesis of [(tert-Butylamino)(di-iso-propyl-amino)methylidene]-gold(I) Chloride (8Cl). Two equivalents 

of diisopropylamine were added to a solution of [tert-Butylisocyano]-gold(I) Chloride 221 mg (0.7 mmol) 

in 3 mL of acetonitrile.213 The mixture was stirred at 60°C overnight. Then the mixture was purified by 

washing with Et2O and the supernatant was removed by decantation. The crude product was washed with 
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pentane and then all volatiles was removed under vacuum. The product was recrystallized from 

dichloromethane/pentane. We obtained the product as a white-yellow solid; yield: 245 mg (91.3%). 

1H NMR (400.13 MHz, CD2Cl2, 297K): δ (ppm) 6.20 (br s, 1H, NH), 5.36 (m, 1H, CHMe2), 

3.86 (m, 1H, CHMe2), 1.63 (s, 9H, tBu), 1.40 (d, J = 6.9 Hz, 6H, CHMe), 1.25 (d, J = 5.5 Hz, 

6H, CHMe). 13C-{1H} NMR (100.5 MHz, CD2Cl2, 297K): δ (ppm) 190.45 (s, Ccarbene), 54.46 

(s, CMe3), 45.38 (s, CHMe2), 31.73 (s, CMe3), 29.88 (s, CHMe2), 21.00 (s, CHMe2), 20.72 

(s, CHMe2). Anal. Calcd. for C11H24AuClN2 (416.74): C, 31.70; H, 5.80; Au, 47.26; Cl, 8.51; 

N, 6.72. Found: C, 31.65; H, 5.84; N, 6.62. 

 

Synthesis of [(tert-Butylamino)(pyrrolidin-1-yl)methylidene]-gold(I) Chloride (9Cl). In a Schlenk 113.6 mg 

(0.35 mmol) of [(THT)AuCl] was dissolved in a solution of dichloromethane 2 mL and 1.1 equivalent of t-

butyl isocyanide 44 µL (3.54 mmol) in 1 mL of CH2Cl2 was added at room temperature. The mixture was 

stirred for 30 min then without any purification, 2 equivalents of pirrolydine 58 µL (0.70 mmol) were 

added to the mixture. The mixture was stirred at room temperature and protect from the light for 3 h. 

The mixture was purified by filtration trough silica, then contented and precipitated with pentane. We 

obtained the product as a white solid; yield: 108 mg (78.8%).  

1H NMR (400.13 MHz, CD3OD, 298K): δ = 5.51 (bs, NH), 3.95 (t, 3JHH = 6.9 Hz, 2H, B), 

3.26 (t, 3JHH = 7.1 Hz, 2H, A), 2.09 (m, 2H, A’), 1.92 (m, 2H, B’), 1.62 (s, 9H, NBut). 13C{1H} 

NMR (100.5 MHz, CD3OD, 298K): δ = 186.7 (s, Ccarb), 57.2 (s, B), 53.6 (s, C(CH3)3), 45.1 

(s, a), 30.9 (s, C(CH3)3), 25.2 (s, A’), 24.3 (s, B’). Anal. Calcd for C9H18AuClN2 (387.68): 

C, 27.88; H, 4.94; Au, 50.81; Cl, 9.14; N, 7.23. Found: C, 27.84; H, 4.98; N, 7.21. Anal. 

Calcd. for C9H18AuClN2 (386.67): C, 27.96; H, 4.69; Au, 50.94; Cl, 9.17; N, 7.24. Found: 

C, 27.98; H, 4.72; N, 7.23. 

 

Synthesis of [(tert-Butylamino)(pyrrolidin-1-yl)methylidene][tetrahydrothiophene]-gold(I) 

tetrafluoroborate (9THT). Complex 9Cl (200 mg, 5.16 * 10-4 mol) was dissolved in dichloromethane (10 

mL) in presence of an excess of tetrahydrothiophene (100 μL, 1.13 * 10-3 mol) and 1.1 equivalents of AgBF4 

(110 mg, 5.68 * 10-4 mol), under nitrogen atmosphere. After 1 hour, the white-grey 

solid (AgCl and the excess of AgBF4) was filtered off and the volume of the solution 

was reduced to about 2 mL. Adding 5 mL of n-pentane caused the precipitation of a 

white solid, which was filtered, washed with n-pentane and dried under vacuum, 

giving the desired compound (244 mg, yield 90%).  
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1H NMR (400.13 MHz, CD3OD, 298K): δ = 5.51 (bs, NH), 3.96 (t, 3JHH = 6.7 Hz, 2H, B), 3.42 (bs, 4H, SCH2CH2), 

2.2 (bs, 4H, SCH2CH2), 2.10 (m, 2H, A’), 1.96 (m, 2H, B’), 1.62 (s, 9H, NBut). 13C{1H} NMR (100.5 MHz, CD3OD, 

298K): 190.7 (s, Ccarb), 58.3 (s, B), 49.7 (s, C(CH3)3), 46.8 (s, a), 39.7 (br, SCH2CH2), 32.1 (s, C(CH3)3), 31.9 (s, 

SCH2CH2), 26.1 (s, A’), 25.5 (s, B’). 

 

Synthesis of [(tert-Butylamino)(pyrrolidin-1-yl)methylidene]-gold(I) Bromide (9Br). Complex 9THT (30 mg, 

5.7 * 10-5 mol) was dissolved in methanol (5 mL) with an excess of KBr (20 mg, 0.17 mmol) and stirred for 

3 hours. The white solid was filtered and the solution was dried under vacuum, giving a white powder. 

The powder was treated with dichloromethane, and the resulting heterogeneous mixture was stirred for 

1 hour and filtered. The addition of pentane caused the precipitation of the desired compound as a white 

powder (17 mg, yield 70%). 

1H NMR (400.13 MHz, CD3OD, 298K): δ = 6.51 (bs, NH), 3.96 (t, 3JHH = 6.8 Hz, 2H, B), 3.23 

(t, 3JHH = 7.1 Hz, 2H, A), 2.08 (m, 2H, A’), 1.92 (m, 2H, B’), 1.62 (s, 9H, NBut). 13C{1H} NMR 

(100.5 MHz, CD3OD, 298K): δ = 190.3 (s, Ccarb), 57.0 (s, B), 53.7 (s, C(CH3)3), 45.1 (s, A), 30.8 

(s, C(CH3)3), 25.2 (s, A’), 24.3 (s, B’). Anal. Calcd for C9H18AuBrN2 (431,12): C, 25.01; H, 4.43; 

Au, 45.58; Br, 18.49; N, 6.48. Found: C, 25.07; H, 4.49; N, 6.51. 

 

Synthesis of [(tert-Butylamino)(pyrrolidin-1-yl)methylidene]-gold(I) Iodide (9I). The compound was 

synthesized as 9Br, using KI instead of KBr.  

1H NMR (400.13 MHz, CD3OD, 298K): δ = 6.52 (bs, NH), 3.97 (t, 3JHH = 6.9 Hz, 2H, B), 3.24 (t, 

3JHH = 7.1 Hz, 2H, A), 2.09 (m, 2H, A’), 1.92 (m, 2H, B’), 1.62 (s, 9H, NBut). 13C{1H} NMR (100.5 

MHz, CD3OD, 298K): δ = 196.8 (s, Ccarb), 56.5 (s, B), 53.8 (s, C(CH3)3), 45.1 (s, A), 30.8 (s, 

C(CH3)3), 25.2 (s, A’), 24.4 (s, B’). Anal. Calcd for C9H18AuIN2 (478,12): C, 22.56; H, 4.00; Au, 

41.11; I, 26.49; N, 5.85. Found: C, 22.55; H, 4.12; N, 5.87. 

 

Synthesis of [(tert-Butylamino)(pyrrolidin-1-yl)methylidene][triphenylphosphine]-gold(I) tetrafluoroborate 

(9(PPh3)BF4). Synthesized by Procedure A: complex 9Cl (mg, 7.8 * 10-5 mol) was stirred in dichloromethane 

(5 mL) with 1 equivalent of the appropriate ligand L and 1.1 equivalents of AgBF4, under nitrogen 

atmosphere. After 1 hour, the white-grey solid (AgCl and the excess of AgBF4) was filtered off and the 

volume of the solution was reduced to about 2 mL. Adding 5 mL of n-pentane caused the precipitation of 
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a white solid, which was filtered, washed with n-pentane and dried under vacuum, giving the desired 

compound. 

 

1H NMR (400.13 MHz, CD3OD, 298K): δ = 7.60 (m, 15H, PPh3), 7.00 (br s, 1H, 

NH), 4.07 (t, 3JHH = 6.9 Hz, 2H, B), 3.35 (t, 3JHH = 7.0 Hz, 2H, A), 2.10 (m, 2H, 

A’), 1.99 (m, 2H, B’), 1.63 (s, 9H, NBut). 31P{1H} NMR (161.97 MHz, CD3OD, 

298K): δ = 40.22 (s). 19F NMR (100.5 MHz, CD3OD, 298K): δ = -155.30 (br, 

10BF4), -155.35 (br, 11BF4). 13C{1H} NMR (100.5 MHz, CD3OD, 298K): δ = 

202.32 (d, 2JCP = 119.1 Hz, Ccarb), 134.2 (d, 2JCP = 13.2 Hz, ortho-C), 132.5 (d, 

3JCP = 11.1 Hz, meta-C), 129.8 (d, 4JCP = 2.0 Hz, para-C), 128.9 (d, 1JCP = 57.2 

Hz, ipso-C), 56.7 (s, B), 53.8 (s, C(CH3)3),  45.9 (s, A), 31.4 (s, C(CH3)3), 25.0 (s, A’), 24.8 (s, B’). Anal. Calcd 

for C27H33AuBF4N2P (700.31): C, 46.31; H, 4.75; Au, 28.13; B, 1.54; F, 10.85; N, 4.00; P, 4.42 Found: C, 46.36; 

H, 4.77; N, 3.97. 

 

Synthesis of [(tert-Butylamino)(pyrrolidin-1-yl)methylidene][tri-cyclohexylphosphine]-gold(I) 

tetrafluoroborate (9(PCy3)BF4). Synthesized by Procedure A. 

1H NMR (400.13 MHz, CD3OD, 298K): δ = 6.90 (br d, 4JPH = 7.0 Hz, 8.4 Hz, 1H, 

NH), 3.96 (t, 3JHH = 6.7 Hz, 2H, B), 3.30 (t, 3JHH = 7.0 Hz, 2H, A), 2.26 (m, 3H), 

2.12-2.07 (m, 16H), 1.63 (s, 9H, NBut), 1.59-1.23 (m, 18H). 31P{1H} NMR 

(161.97 MHz, CD3OD, 298K): δ = 56.74 (s). 19F NMR (100.5 MHz, CD3OD, 

298K): δ = -154.52 (br, 10BF4), -154.57 (br, 11BF4). 13C{1H} NMR (100.5 MHz, 

CD3OD, 298K): δ = 207.1 (d, 2JCP = 108.5 Hz, Ccarb), 57.1 (s, B), 54.9 (s, C(CH3)3), 

46.7 (d, 4JCP = 2.4 Hz, A), 34.1(d, JCP = 28.1 Hz), 32.3, 31.9 (s, C(CH3)3), 27.9 (d, 

JCP = 11.9 Hz), 27.0 (d, JCP = 1.2 Hz), 25.8 (d, JCP = 6.8 Hz). Anal. Calcd for C27H51Au BF4N2P (718.45): C, 45.14; 

H, 7.15; Au, 27.42; B, 1.50; F, 10.58; N, 3.90; P, 4.31. Found: C, 45.12; H, 7.20; N, 3.89. 

 

Synthesis of [(tert-Butylamino)(pyrrolidin-1-yl)methylidene][tris(3,5-bis(trifluoromethyl)phenyl)-

phosphine]-gold(I) tetrafluoroborate (9(PArF)BF4). Synthesized by Procedure A. 
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1H NMR (400.13 MHz, CD3OD, 298K): 8.39 (m, 9H, ortho and meta-H), 4.11 (t, 

3JHH = 6.8 Hz, 2H, B), 3.38 (t, 3JHH = 6.9 Hz, 2H, A), 2.12 (m, 2H, A’), 1.99 (m, 

2H, B’), 1.63 (s, 9H, CcarbNBut). 31P{1H} NMR (161.97 MHz, CD3OD, 298K): δ = 

45.6 (s). 19F NMR (100.5 MHz, CD3OD, 298K): δ = -64.9 (s, CF3), -155.06 (br, 

10BF4), -155.11 (br, 11BF4). 13C{1H} NMR (100.5 MHz, CD3OD, 298K): δ = 200.71 

(d, 2JCP = 122.0 Hz, Ccarb), 136.0 (br d, 2JCP = 13.8 Hz, ortho-C), 134.4 (qd, 2JCP = 

34.0 Hz, 3JCP = 11.6 Hz, meta-C), 131.50 (d, 1JCP = 55.4 Hz, ipso-C), 128.4 (br s, 

para-C) 124.11 (q, 2JCP = 271.3 Hz, CF3), 57.7 (s, B), 54.9 (s, C(CH3)3), 47.2 (s, 

A), 32.3 (s, C(CH3)3), 26.0 (s, A’), 25.7 (s, B’). Anal. Calcd for C33H27AuF22N2P (1108.30): C, 35.76; H, 2.46; 

Au, 17.77; B, 0.98; F, 37.71; N, 2.53; P, 2.79. Found: C, 35.78; H, 2.47; N, 2.53. 

 

Synthesis of [(tert-Butylamino)(pyrrolidin-1-yl)methylidene][tert-butyl isocyanide]-gold(I) 

tetrafluoroborate (9(CNtBu)BF4). Synthesized by Procedure A. 

1H NMR (400.13 MHz, CD3OD, 298K): δ = 6.90 (br s, 1H, NH), 3.96 (t, 3JHH = 6.8 Hz, 

2H, B), 3.31 (t, 3JHH = 6.9 Hz, 2H, A), 2.08 (m, 2H, A’), 1.96 (m, 2H, B’), 1.63 (s, 9H, 

CcarbNBut), 1.60 (s, 9H, CisocyanateNBut). 19F NMR (100.5 MHz, CD3OD, 298K): δ = -

154.60 (br, 10BF4), -154.65 (br, 11BF4). 13C{1H} NMR (100.5 MHz, CD3OD, 298K): δ 

= 194.8 (s, Ccarb), 57.9 (s, B), 55.0 (s, CcarbNC(CH3)3), 46.9 (s, A), 32.3 (s, 

CisocyanateNC(CH3)3), 29.7 (s, CcarbNC(CH3)3), 25.9(s, A’), 25.6 (s, B’).214 Anal. Calcd for 

C14H27AuBF4N3 (521.16): C, 32.26; H, 5.22; Au, 37.79; B, 2.07; F, 14.58; N, 8.06. Found: C, 32.29; H, 5.25; N, 

8.08. 

 

Synthesis of [(tert-Butylamino)(pyrrolidin-1-yl)methylidene][pyridine]-gold(I) tetrafluoroborate (9(Py)BF4). 

Synthesized by Procedure A.  

1H NMR (400.13 MHz, CD3OD, 298K): δ =8.44-8.32 (m, 3H, o-H and p-H), 4.11 (t, 3JHH = 

6.8 Hz, 2H, B), 3.38 (t, 3JHH = 7.0 Hz, 2H, A), 2.12 (m, 2H, A’), 1.99 (m, 2H, B’), 1.63 (s, 

9H, NBut). 19F NMR (100.5 MHz, CD3OD, 298K): δ = -155.15 (br, 10BF4), -155.20 (br, 

11BF4). 13C{1H} NMR (100.5 MHz, CD3OD, 298K): δ = 182.7 (s, Ccarb), 151.9 (s, ortho-C), 

141.7 (s, para-C), 127.2 (s, meta-C), 57.6 (s, B), 53.9 (s, C(CH3)3), 45.7 (s, A), 31.2 (s, 

C(CH3)3),  25.1 (s, A’), 24.5 (s, B’). Anal. Calcd for C9H18AuBF4N2 (438.02): C, 24.68; H, 4.14; Au, 44.97; B, 

2.47; F, 17.35; N, 6.40. Found: C, 24.63; H, 4.17; N, 6.37. 
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Synthesis of [(tert-Butylamino)(pyrrolidin-1-yl)methylidene][NHC]-gold(I) tetrafluoroborate (9(NHC)BF4).  

To a stirring solution of complex [(NHC)AuCl] (99.4 mg, 0.16 mmol) and tert-butyl isocyanide (21.7 µL, 

0.19 mmol) in dichloromethane (2 mL), AgBF4 (34.3 mg, 0.18 mmol) was added. After 15 min the reaction 

mixture was treated with activated charcoal and filtered through a pad of Celite®. Subsequently, 19.7 µL 

(0.24 mmol) of pyrrolidine were added to the solution. After 30 min the solution was treated with 

activated charcoal and filtered, and the volume reduced under reduced pressure. Addition of n-pentane 

caused the precipitation of the product as a white solid, which was filtered off and washed with other 

pentane (3x2 mL). The resulting solid was dried under vacuum (Yield 105 mg, 78.9%).  

1H NMR (400.13 MHz, CD3OD, 298K): δ = 7.86 (s, 1H, CHbackbone,NHC), 7.85 (s, 1H, 

CHbackbone,NHC), 7.59 (m, 2H, para-H), 7.44 (d, 3JHH = 8.0 Hz,  4H, meta-H), 3.05 (t, 

3JHH = 7.2 Hz, 2H, B), 2.81 (t, 3JHH = 6.8 Hz, 2H, A), 2.64 (sept, 3JHH = 7.2 Hz, 4H, 

CH(CH3)2), 1.87 (m, 2H, A’), 1.56 (m, 2H, B’), 1.55 (d, 3JHH = 7.2 Hz, 12H, CH(CH3)2), 

1.34 (d, 3JHH = 7.2 Hz, 12H, CH(CH3)2), 1.05 (s, 9H, NBut). 19F NMR (100.5 MHz, 

CD3OD, 298K): δ = -155.25 (br, 10BF4), -155.30 (br, 11BF4). 13C{1H} NMR (100.5 MHz, 

CD3OD, 298K): δ = 199.2 (s, Ccarb, NAC), 186.8 (s, Ccarb, NHC), 145.8 (s, ortho-C), 134.5 

(s, ipso-C), 130.5 (s, para-C), 124.7 (s, Cbackbone,NHC), 124.1 (s, meta-C), 54.8 (s, B), 52.7 (s, C(CH3)3), 44.6 (s, 

A), 30.6 (s, C(CH3)3), 28.7 (s, CH(CH3)2)  24.2 (s, A’), 23.8 (s, B’), 23.2 (s, CH(CH3)2) 23.1 (s, CH(CH3)2). Anal. 

Calcd for C36H54AuBF4N4 (826.61): C, 52.31; H, 6.58; Au, 23.83; B, 1.31; F, 9.19; N, 6.78. Found: C, 52.33; H, 

6.61; N, 6.76. 

 

Synthesis of [(tert-Butylamino)(pyrrolidin-1-yl)methylidene][phenyl]-gold(I) tetrafluoroborate 

(9(Ph)BF4).215  

60.9 mg (0.16 mmol) of complex 9Cl, 106.00 mg of Cs2CO3 (0.33 mmol) and 40.0 mg of PhB(OH)2 (0.33 

mmol) were added in a Schlenk tube with 5 mL of anhydrous isopropanol. The reaction mixture was stirred 

at 40 °C for 4 h. The reaction mixture was taken to dryness and the resulting solid was extracted with 

toluene and filtered through Celite. The solution was concentrated in vacuum to dryness, washed twice 

with 1 mL of pentane and dried. The solid was re-dissolved in toluene and precipitated with pentane. The 

resulting precipitate was filtered, washed with pentane and dried under vacuum. We obtain the product 

as a white powder: yield 28 mg (41.5 %).  
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1H NMR (400.13 MHz, CD3OD, 298K): δ =7.36 (dd, 3JHH = 7.8 Hz, 4JHH = 1.5 Hz, 2H, 

ortho-H), 7.10 (t, 3JHH = 7.7 Hz, 2H, 2H, meta-H), 6.90 (tt, 3JHH = 7.4 Hz, 4JHH = 1.4 Hz, 

1H, para-H), 6.39 (br s, 1H, NH), 4.08 (t, 3JHH = 6.7 Hz, 2H, B), 3.19 (t, 3JHH = 7.2 Hz, 

2H, A), 2.05 (m, 2H, A’), 1.92 (m, 2H, B’), 1.69 (s, 9H, NBut). 13C{1H} NMR (100.5 MHz, 

CD3OD, 298K): δ = 210.2 (s, Ccarb), 168.6 (s, ipso-C), 141.1 (s, ortho-C), 126.8 (s, meta-

C), 124.4 (s, para-C), 55.8 (s, B), 53.3 (s, C(CH3)3), 44.2 (s, A), 31.1 (s, C(CH3)3),  25.0 

(s, A’), 24.6 (s, B’). Anal. Calcd for C15H23AuN2 (428.32): C, 41.96; H, 5.63; Au, 45.88; N, 6.52. Found: C, 

41.97; H, 5.65; N, 6.55. 

 

Dissolving complex 10 in methanol leads to a slow decomposition, giving Au(0), biphenyl and other 

unidentified products. Anyway, the NMR signals of the decomposition products do not overlap with those 

of 10 and, consequently, do not interfere with EXSY NMR measurements. In fact, the rate of an 

intramolecular rotation does not depend on the concentration of the species. 

 

Synthesis of [((1R,2S)-1-phenyl-1-propanol-2-amino)(tert-Butylamino)methylidene]-gold(I) Chloride 

(10Cl). Two equivalents of (1R,2S)-(−)-Ephedrine were added to a solution of [tert-Butylisocyano]-gold(I) 

Chloride complex 56.8 mg (0.18 mmol) in 2 mL of CH2Cl2. The mixture was stirred at room temperature 

and protected from the light for 3 days. The mixture was concentrated and precipitate with pentane. We 

obtained the product as a white solid; yield: 80 mg (92.3%).  

1H NMR (400.13 MHz, CD2Cl2, 297 K): δ =7.53 (d, 2H, J3
HH = 7.4 Hz, o-Ph), 7.41 (t, 

2H, J3
HH = 7.4 Hz, m-Ph), 7.33 (t, 1H, J3

HH = 7.4 Hz, p-Ph), 5.83 (br s, 1H, NH), 5.38 

(m, 1H, CHMe), 5.05 (t, 1H, J3
HH = 4.0 Hz, CHOH), 2.88 (s, 3H, NMe), 2.21 (d, 1H, J3

HH 

= 3.6 Hz, OH), 1.61 (s, 9H, CMe3), 1.31 (d, 3H, J3
HH = 6.9 Hz, CHMe) ppm. 13C{1H} 

NMR (100.5 MHz, CD2Cl2, 297 K): δ = 191.15 (s, Ccarbene), 140.96 (s, Cipso), 128.60 (s, 

CPh), 128.08 (s, Cp-Ph), 125.93 (s, CPh), 70.34 (s, COH), 59.46 (s, CMe), 54.29 (s, CMe3), 

38.10 (s, NMe), 30.85 (s, CMe3), 12.12 (s, CMe) ppm. Anal. Calcd. for C15H24AuClN2O (480.78): C, 37.47; H, 

5.03; Au, 40.97; Cl, 7.37; N, 5.83; O, 3.33. Found: C, 37.53; H, 5.12; N, 5.69. 

 

Synthetic procedure for the in-situ generation of 7-8BF4 and 10BF4 ion pairs: 1.2 equivalents of AgBF4 were 

loaded into a screw-cap NMR tube under nitrogen atmosphere. A solution containing 1 equivalent of a 

Gold(I) Chloride precursor (7Cl-10Cl) and 1.1 equivalents of 3-hexyne dissolved in 0.6 mL of dry CD2Cl2 was 



111 

 

added. The resulting mixture was strongly shaken and after some minutes a white-grey solid (AgCl and 

the excess of AgBF4) deposited at the bottom of the tube. 

7BF4. 1H NMR (400.13 MHz, CD2Cl2, 297 K): δ= 7.58 (br s, 2H, H4), 2.77 (br quartet, 

4H, J3
HH = 7.4 Hz, H2), 1.54 (s, 18H, H3), 1.34 (br t, 6H, J3

HH = 7.4 Hz, H1). 19F NMR 

(376.42 MHz, CD2Cl2, 297 K): δ= -149.59 (br, 11BF4), -149.54 (br, 10BF4). 13C{1H} 

NMR (100.5 MHz, CD2Cl2, 297 K): δ= 192.90 (s, Ccarb), 87.68 (s, Calk), 53.23 (s, C5), 

31.66 (s, C3), 16.36 (s, C2), 14.46 (s, C1). 

  

8BF4. 1H NMR (400.13 MHz, CD2Cl2, 297 K): δ= 6.53 (br s, 1H, H4), 4.84 (br, 1H, 

H5), 4.00 (br quintet, 1H, J3
HH = 7.5 Hz, H5’), 2.79 (br quartet, 4H, J3

HH = 7.7 Hz, 

H2), 1.66 (s, 9H, H3), 1.48 (br d, 6H, J3
HH = 7.1 Hz, H6/H7), 1.41 (br d, 6H, J3

HH = 

6.6 Hz, H6/H7), 1.36 (br t, 6H, J3
HH = 7.7 Hz, H1). 19F NMR (376.42 MHz, CD2Cl2, 

297 K): δ= -153.26 (br, 11BF4), -153.20 (br, 10BF4). 13C{1H} NMR (100.5 MHz, 

CD2Cl2, 297 K): δ= 192.68 (s, Ccarb), 88.14 (s, Calk), 48.96 (s), 47.17 (s), 31.83 (s), 

21.15 (s), 20.71 (s), 18.88 (s), 16.02 (s, C2), 14.30 (s, C1). 

 

10BF4. 1H NMR (400.13 MHz, CD2Cl2, 297 K): δ= 7.45 (m, 5H, H10), 6.29 (br s, 

1H, H4), 4.90 (d, 1H, J3
HH = 7.7 Hz, H9), 4.79 (quintet, 1H, J3

HH = 7.5 Hz, H6), 3.86 

(br, 1H, H8), 2.95 (s, 3H, H5), 2.74 (br quartet, J3
HH = 7.4 Hz, H2), 1.56 (d, 3H, 

J3
HH = 6.6 Hz, H7), 1.46 (s, 9H, H3), 1.33 (br t, J3

HH = 7.1 Hz, H1). 19F NMR (376.42 

MHz, CD2Cl2, 297 K): δ= -152.22 (br, 11BF4), -152.17 (br, 10BF4). 13C{1H} NMR 

(100.5 MHz, CD2Cl2, 297 K): δ= 194.07 (s, Ccarb), 142.91 (s, Phipso), 128.55 (s, Ph), 

128.05 (s, p-Ph), 125.78 (s, Ph), 87.90 (s, Calk), 75.93 (s, C9), 73.12 (s, C6), 54.56 (s, CMe3), 31.83 (s), 31.71 

(s, C3), 30.71 (s), 16.00 (s, C2), 14.97 (s, C7), 14.36 (s, C1). 
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4.3 Catalysis  

4.3.1 Methoxylation of 3-hexyne catalysed by 4X  

All experiments were followed by in situ 1H NMR. 3-hexyne (100 µL, 0.88 mmol), CH3OH or CH3OD (143 

µL, 3.52 mmol), TMS (5 µL) and CDCl3 (400 µL) were added by syringe in a NMR tube. The content of the 

latter was transferred into the vial with the catalyst loading it was briefly shaken for a moment and quickly 

relocated again into NMR tube and the time count was started. The reaction mixture was further 

monitored by NMR at 30 °C. Conversion was calculated from the integral intensities of the corresponding 

signals (conversion [%] = (nacetal + nvinylether + nketone) / (n3-hexyne) x 100). In the presence of 4OTs the catalysis 

was carried out by changing the catalyst loading (entries 1-4, Table S1) from 0.5 to 2 mol% observing a 

pseudo-linear correlation between the average rate [3-hexyne]0/t versus [4OTs]. This trend suggests a 1st 

order dependence on catalyst as recently reported in the literature105a for non-coordinating anions.  

3,3-dimethoxyhexane - 1H NMR (CDCl3, 400 MHz, 298 K): δ (ppm) 3.15 (s, 6H, H6), 1.54 

(m, 4H, H2 and H3), 1.25 (m, 2H, H4), 0.92 (t, 3JHH = 7.3 Hz, 3H, H1), 0.82 (t, 3JHH = 7.4 

Hz, 3H, H5). 3,3-dimethoxyhexane D2 - 1H NMR (CDCl3, 400 MHz, 298 K): δ (ppm) 3.15 

(s, 6H, H6), 1.59 (q, 3JHH = 7.6 Hz, 2H, H2), 1.33 – 1.15 (m, 2H, H4), 0.93 (t, 3JHH = 7.3 Hz, 3H, H1), 0.82 (t, 

3JHH = 7.5 Hz, 3H, H5). 

3-hexanone - 1H NMR (CDCl3, 400 MHz, 298 K): δ (ppm) 2.36 – 2.39 (tq, 3JHH = 7.4 Hz, 3JHH 

= 7.3 Hz, 4H, H2 and H3), 1.58 (m, 2H, H4), 1.03 (t, 3JHH = 7.4 Hz, 3H, H1), 0.89 (t, 3JHH = 7.4 

Hz, 3H, H5). 3-hexanone D2 - 1H NMR (CDCl3, 400 MHz, 298 K): δ (ppm) 2.37 (q, 3JHH = 7.5 

Hz, 2H), 1.61-1.57 (m, 2H, H4), 1.04 (t, 3JHH = 7.4 Hz, 3H, H1), 0.87 (t, 3JHH = 7.3 Hz, 3H, H5). 

 

3-methoxy-3-hexene - 1H NMR (CDCl3, 400 MHz, 298 K): δ (ppm) 4.35 (t, 3JHH = 7.3, 1H, 

H3), 3.53 (s, 3H, H6), 2.00 (m, 4H, H2 and H4), 1.06 (t, 3JHH = 7.2, 6H, H1 and H5). 3-

methoxy-3-hexene D1 - 1H NMR (CDCl3, 400 MHz, 298 K): δ (ppm) 3.52 (s, 3H, H6), 

2.05-2.01 (m, 4H, H2 and H4), 1.09 (t, 3JHH = 7.4 Hz, 6H, H1 and H5). 

 

12-ethyl-12-propyl-2,5,8,11,16,19,22-heptaoxatricosane - 1H NMR (CDCl3, 400 MHz, 

298 K): δ (ppm) 3.78 - 3.26 (m, 30H, Gly-OMe), 1.58 (m, 4H, H2 and H3), 1.27 (m, 2H, H4), 

0.91 (t, 3H, 3JHH = 7.2 Hz, H1), 0.82 (t, 3H, 3JHH = 7.6 Hz, H5). 
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 ((hexane-3,3-diylbis(oxy))bis(methylene))dibenzene - 1H NMR (CDCl3, 400 MHz, 

298 K): δ (ppm) 7.35-7.15 (m, 10H, Ar), 4.48 (s, 4H, H6) 1.76 (m, 4H, H2 and H3), 1.35 

(m, 2H, H4), 0.92 (t, 3H, 3JHH = 7.2 Hz, H1), 0.85 (t, 3H, 3JHH = 7.2 Hz, H5). 

 

Table 16. Methoxylation of 3-hexyne catalysed by 4X 

 Entry Anion Au [mol%] Conv. [%] t [min][e] TOF[f] [min-1] 
[a] 1 OTs‒ 0.5 97 33 5.8 

 2 OTs‒ 1 99 17 5.6 

 3 OTs‒ 1.5 98 11 5.8 

 4 OTs‒ 2 99 7 6.8 

 5[c] OTs‒ 1 99 20 4.8 

 6[d] OTs‒ 1 99 22 4.3 

 7 OTf‒ 1 99 33 2.9 

 8 BF4
‒ 1 99 40 2.4 

 9 BArF‒ 1 99 48 2.0 

 10 TFA‒ 1 96 266 0.4 

 11 OAc‒ 1 0 0 0 
[b] 12 OTs‒ 1 99 18 5.3 

 13 OTf‒ 1 99 47 2.0 

 14 BF4
‒ 1 99 64 1.5 

 15 BArF‒ 1 99 89 1.1 
[g] 16 OTs‒ 1 0 - - 
[g] 17 BArF‒ 1 0 - - 
 [h] 18 OTs‒ 1 98 345 0.28 
[h] 19 BArF‒ 1 98 476 0.20 
[j] 20 OTs‒ 1 99 78 1.20 
[j] 21 BArF‒ 1 99 1619 0.06 
[k] 22 OTs‒ 1 18 5430 0.0034 
[k] 23 BArF‒ 1 0 - - 

Catalysis conditions: 30 °C, 3-hexyne (100 µL), 4X (mol%), [a] methanol (143 µL) or [b] deuterated 
methanol (143 µL) in CDCl3 (400 µL). [c] With 5% N(Bu)4OTs as additive. [d] With 15% pTsOH as 
additive. Conversions were determined by 1H NMR spectroscopy, using TMS as internal standard, 
as average of three runs. [e] time for 95% conversion. [f] TOF= (n acetal /n NHC-Au-X)/t [min] at 
95% of conversion. [g] 2,2,2-trifluoroethanol (3.52 mmol, 256 µL). [h] Triethylene glycol 
monomethyl ether (1.16 mmol, 186 µL), 3-hexyne (0.29 mmol, 33 µL). [j] Benzyl alcohol (1.16 
mmol, 120 µL), 3-hexyne (0.29 mmol, 33 µL). [k] 2,6-dimethoxyphenol (0.88 mmol, 136 mg), 3-
hexyne (0.22 mmol, 25 µL), TOF calculated at 18 min. 
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(Entry 1 – Table 16) 

 

Table a. 4OTs 0.5 mol% (6.8 

mM)  

t [min] Conversion [%] 

5.9 12.04 

8.9 21.40 

11.9 28.91 

14.9 37.84 

17.9 47.18 

20.9 56.35 

23.9 65.92 

26.9 76.24 

29.9 84.45 

32.9 94.83 

35.9 97.31 

 
 

 

Plot 1. Plot of conversion (%) vs time (min) entry 1 – Table 16. 

  

(Entry 2 –Table 16) 

 

Table b. 4OTs 1 mol% (13.7 

mM) 

t [min] Conversion [%] 

4.67 17.53 

6.17 28.46 

7.67 36.95 

9.17 46.86 

10.67 57.43 

12.17 66.90 

13.67 75.88 

15.17 84.82 

16.67 92.12 

18.17 96.87 

19.67 99.54 

 
 

 

Plot 2. Plot of conversion (%) vs time (min) entry 2 – Table 16 
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 (Entry 3 – Table 16) 
 

Table c. 4OTs 1.5 mol% 

(20.5 mM) 

t 

[min] 
Conversion [%] 

3.5 21.58 

6.5 52.34 

9.5 87.39 

12.5 98.32 

 

 

Plot 3. Plot of conversion (%) vs time (min) entry 3 – Table 16 

 

 

 

(Entry 4 – Table 16) 

Table d. 1OTs 2 mol% (27.4 

mM) 

t [min] Conversion [%] 

3.8 44.62 

6.8 94.61 

9.8 99.04 

 
 

 

Plot 4. Plot of conversion (%) vs time (min) entry 4 – Table 16 
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(Entry 5 – Table 16) 

Table e. 4OTs + NBu4OTs 

t [min] Conversion [%] 

4.1 13.38 

6.6 30.34 

9.1 44.60 

11.6 58.37 

14.1 69.58 

16.6 79.70 

19.1 89.89 

21.6 97.10 

24.1 99.11 

26.6 99.96 
 

 

Plot 5. Plot of conversion (%) vs time (min) entry 5 – Table 16 

 
 

 

 

(Entry 6 – Table 16) 

Table f. 4OTs + pTsOH 

t [min] Conversion [%] 

3.7 12.40 

6.2 24.70 

8.7 36.20 

11.2 49.20 

13.7 60.80 

16.2 72.10 

18.7 82.50 

21.2 92.50 

23.7 100.00 

 
 

 

Plot 6. Plot of conversion (%) vs time (min) entry 6 – Table 16 
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(Entry 7 – Table 16) 

Table g. 4OTf 

t [min] Conversion [%] 

3.59 16.64 

6.59 26.87 

9.59 35.29 

12.59 43.67 

15.59 51.42 

18.59 58.84 

21.59 66.35 

24.59 73.85 

27.59 80.81 

30.59 88.28 

33.59 94.59 

36.59 99.96 

 
 

 

Plot 7. Plot of conversion (%) vs time (min) entry 7 – Table 16 

 

(Entry 8 – Table 16) 

Table h. 4BF4 

t [min] Conversion [%] 

4.2 12.83 

6.2 20.04 

8.2 26.75 

10.2 31.87 

12.2 37.61 

14.2 41.97 

16.2 47.71 

18.2 53.08 

20.2 57.83 

22.2 63.55 

24.2 67.46 

26.2 71.22 

28.2 76.46 

30.2 80.87 

32.2 84.18 

34.2 87.6 

36.2 89.25 

38.2 93.87 

40.2 95.53 

42.2 99.21 

 
 

 

Plot 8. Plot of conversion (%) vs time (min) entry 8 – Table 16 
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(Entry 9 – Table 16) 

Table i. 4BArF 

t [min] Conversion [%] 

4.8 12.67 

6.8 18.50 

8. 8 24.00 

10. 8 29.20 

12. 8 33.63 

14. 8 41.07 

16. 8 44.25 

18. 8 46.90 

20. 8 53.81 

22. 8 56.89 

24. 8 60.71 

26. 8 63.11 

28. 8 65.79 

30. 8 72.32 

32. 8 73.36 

34. 8 75.65 

36. 8 80.00 

38. 8 81.03 

40. 8 85.96 

42. 8 87.72 

44. 8 91.15 

46. 8 90.04 

48. 8 96.92 

50. 8 97.37 

52. 8 99.56 

 
 

 

Plot 9. Plot of conversion (%) vs time (min) entry 9 – Table 16 
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(Entry 10 – Table 16)

Table j. 4TFA 

t [min] Conversion [%] 

14.2 1.96 

26.2 9.91 

38.2 20.00 

50.2 30.56 

62.2 40.48 

74.2 49.24 

86.2 56.71 

98.2 63.10 

110.2 68.25 

122.2 72.79 

134.2 76.50 

146.2 79.53 

158.2 81.82 

170.2 84.04 

182.2 86.15 

194.2 88.83 

206.2 90.26 

218.2 92.97 

236.2 93.75 

266.2 95.73 

272.2 96.04 

 
 

 

Plot 10. Plot of conversion (%) vs time (min) entry 10 – Table 16 

 

 

 (Entry 12 – Table 16) 

 

Table k. 4OTs + CD3OD 

t [min] Conversion %] 

3.5 25.91 

5.5 37.75 

7.5 48.86 

9.5 58.90 

11.5 70.16 

13.5 79.61 

15.5 87.74 

17.5 94.84 

19.5 100.00 

 

Plot 11. Plot of conversion (%) vs time (min) entry 12 – Table 16 
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 (Entry 13 – Table 16) 

Table l. 4OTf + CD3OD 

t [min] Conversion [%] 

3.75 14.77 

6.75 23.48 

9.75 30.30 

12.75 36.66 

15.75 42.07 

18.75 47.70 

21.75 52.70 

24.75 58.99 

27.75 64.31 

30.75 69.71 

33.75 75.27 

36.75 79.74 

39.75 85.13 

42.75 89.89 

45.75 92.93 

48.75 97.94 

51.75 99.30 
 

 

Plot 12. Plot of conversion (%) vs time (min) entry 13 – Table 16 
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(Entry 14 – Table 16) 

Table m. 4BF4 + CD3OD 

t [min] Conversion [%] 

4.93 10.38 

7.93 18.40 

10.93 24.57 

13.93 29.31 

16.93 35.76 

19.93 40.48 

22.93 45.17 

25.93 50.69 

28.93 54.51 

31.93 58.08 

34.93 62.85 

37.93 65.74 

40.93 69.44 

43.93 73.61 

46.93 76.29 

49.93 80.00 

52.93 85.02 

55.93 85.22 

58.93 90.28 

61.93 93.10 

64.93 95.86 

67.93 98.97 

70.93 98.97 
 

 
 
 

Plot 12. Plot of conversion (%) vs time (min) entry 14 – Table 16 

 



122 

 

(Entry 15 – Table 16)

Table n. 4BArF + CD3OD 

t [min] Conversion [%] 

5.05 11.21 

8.05 15.21 

11.05 20.33 

14.05 23.86 

17.05 28.81 

20.05 32.79 

23.05 35.96 

26.05 40.44 

29.05 44.14 

32.05 47.48 

35.05 50.29 

38.05 52.64 

41.05 55.65 

44.05 60.31 

47.05 60.31 

50.05 64.04 

53.05 66.20 

56.05 67.31 

59.05 71.05 

62.05 72.76 

65.05 74.86 

68.05 78.01 

71.05 80.19 

74.05 82.22 

77.05 84.49 

80.05 86.88 

83.05 89.59 

86.05 91.64 

89.05 95.24 

92.05 96.92 

95.05 98.08 

98.05 99.59 

 
 

 

Plot 13. Plot of conversion (%) vs time (min) entry 15 – Table 16 
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(Entry 18 – Table 16) 

Table o. 4OTs + Gly-OMe 

t [min] Conversion [%] 

30.2 16.28 

36.4 20.62 

42.7 25.41 

48.9 29.67 

55.1 33.68 

61.3 37.46 

67.5 40.86 

73.7 44.04 

80.0 47.00 

86.2 49.73 

92.4 52.40 

98.6 54.84 

104.8 57.15 

111.0 59.23 

117.3 61.25 

123.5 63.02 

129.7 64.96 

135.9 67.17 

142.1 68.39 

148.3 69.96 

154.6 71.66 

160.8 73.05 

167.0 73.92 

173.2 75.34 

179.4 76.40 

185.6 77.76 

191.9 78.80 

198.1 79.91 

204.3 80.68 

210.5 81.81 

216.7 82.80 

222.9 83.63 

229.2 84.43 

235.4 85.36 

241.6 85.75 

247.8 86.74 

254.0 87.14 

260.2 87.87 

266.5 88.28 

272.7 89.12 

278.9 89.78 

285.1 90.27 

291.3 91.35 

297.5 91.34 

303.8 91.98 

310.0 92.84 

316.2 93.05 

322.4 93.39 

328.6 94.12 

334.8 94.54 

341.1 94.76 

347.3 95.15 

353.5 95.58 

359.7 96.08 

365.9 96.33 

372.1 96.80 

378.4 97.17 

384.6 97.45 

3908 97.52 

397.0 97.88 

 

 

Plot 14. Plot of conversion (%) vs time (min) entry 18 – Table 16. 
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(Entry 19 – Table 16) 

Table p. 4BArF + Gly-OMe 

t [min] Conversion [%] 

48.5 3.01 

54.7 5.38 

61.0 8.62 

67.2 11.92 

73.4 14.68 

79.6 17.25 

85.8 19.63 

92.0 21.67 

98.3 23.82 

104.5 25.78 

110.7 27.35 

116.9 29.14 

123.1 30.91 

129.3 32.53 

135.6 34.25 

141.8 35.80 

148.0 37.38 

154.2 38.97 

160.4 40.49 

166.6 42.05 

172.9 43.54 

179.1 45.03 

185.3 46.47 

191.5 47.84 

197.7 49.29 

203.9 50.70 

210.2 52.00 

216.4 53.42 

222.6 54.72 

228.8 55.88 

235.0 57.30 

241.2 58.60 

247.5 59.77 

253.7 61.02 

259.9 63.41 

266.1 65.78 

272.3 66.71 

278.5 68.01 

284.8 68.98 

291.0 69.99 

297.2 71.13 

303.4 72.13 

309.6 73.32 

315.8 74.08 

322.1 75.39 

328.3 76.24 

334.5 76.56 

340.7 78.33 

346.9 79.14 

353.1 80.00 

359.4 81.25 

365.6 81.86 

371.8 82.98 

378.0 83.62 

384.2 84.38 

390.4 85.36 

396.7 86.28 

402.9 86.84 

409.1 87.67 

415.3 88.36 

421.5 89.38 

427.7 89.89 

434.0 90.62 

440.2 91.90 

446.4 92.48 

452.6 93.16 

458.8 93.12 

465.0 94.05 

471.3 94.45 

477.5 95.11 

483.7 95.79 

489.9 95.95 

496.1 96.53 

502.3 97.58 

508.6 98.10 

 

 

Plot 15. Plot of conversion (%) vs time (min) entry 19 – Table 16. 
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 (Entry 20 – Table 16)

Table q. 4OTs + BnOH 

t [min] Conversion [%] 

4.0 13.04 

7.2 20.23 

10.3 29.44 

13.5 37.12 

16.6 44.33 

19.8 51.10 

22.9 56.90 

26.1 62.10 

29.2 66.48 

32.4 70.30 

35.5 73.66 

38.7 76.67 

41.8 79.27 

45.0 81.56 

48.1 83.66 

51.3 85.58 

54.4 87.24 

57.6 88.81 

60.7 90.10 

63.9 91.25 

67.0 92.34 

70.2 93.25 

73.3 94.00 

76.5 94.76 

79.6 95.44 

82.8 96.07 

85.9 96.59 

89.1 97.05 

92.2 97.56 

95.4 97.92 

98.5 98.28 

101.7 98.55 

104.8 98.84 

108.0 99.11 

111.1 99.32 

114.3 99.54 

 

 

 

 

Plot 16. Plot of conversion (%) vs time (min) entry 20 – Table 16 
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(Entry 21 – Table 16)  

Table r. 4BArF + BnOH 

t [min] Conversion [%] 

149 5.66 

329 13.79 

509 24.62 

689 38.14 

869 53.11 

1049 64.83 

1289 76.47 

1379 81.78 

1439 84.59 

1499 86.07 

1619 92.06 

1819 98.72 

 
  

Plot 17. Plot of conversion (%) vs time (min) entry 21 – Table 16. 

 

 

 

(Entry 22 – Table 16) 

Table s. 4OTs + 2,6-DMP 

t [min] Conversion [%] 

190.5 4.31 

252.7 4.76 

314.8 6.10 

1110 9.50 

1977 11.56 

3326 15.29 

4458 17.64 

5430 18.37 

 
 

 

Plot 18. Plot of conversion (%) vs time (min) entry 22 – Table 16 
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4.3.2 Methoxylation of 3-hexyne catalysed by 7-10X 

Table 17. Methoxylation of 3-hexyne catalysed by 7-10X 

   Conv. (Yield) [%][c] 
 TOF30 [min-1] [d] 

Entry Cat. AgX 90 min 180 min 

1 7Cl BF4‾ 24 (21) 43 (34) 0.30 

2 8Cl BF4‾ 59 (55) 91 (87) 0.83 

3[a] 8Cl BF4‾ 33(26) 54(48) 0.35 

4 9Cl BF4‾ 28 (23) 44 (37) 0.43 

5 10Cl BF4‾ 30 (20) 52 (42) 0.36 

6 7Cl OTf‾ 50 (47) 77 (73) 0.73 

7 8Cl OTf‾ 83 (79) 99 (96)* 1.60 

8 9Cl OTf‾ 58 (44) 84 (69) 0.88 

9 10Cl OTf‾ 57 (54) 91 (88) 0.66 

10[b] 7Cl BF4‾ 20 (11) 37 (24) 0.26 

11[b] 8Cl BF4‾ 75 (68) 99 (94)* 1.06 

12[b] 9Cl BF4‾ 39 (34) 62 (56) 0.43 

13[b] 10Cl BF4‾ 77 (71) 97 (90)* 1.23 

Catalysis conditions: 30 °C, 3-hexyne (100 µL), Cat/AgX (1 mol%), CH3OH (143 µL), CDCl3 (400 
µL), [a] performed with 5 mol% of N,N′-Dicyclohexylurea as additive, [b] CD3OD (543 µL). [c] 
Conversions and TOF30 were determined by 1H NMR spectroscopy, using TMS as internal 
standard, as average of three runs. [d] TOF30= (n product /n catalyst)/(30 min). * the catalysis 
reached full conversion before 180 min.  

 

 
Plot 19. Methoxylation of 3-hexyne catalysed by 7Cl-10Cl complexes activated with AgBF4 in CDCl3 (entry 1-5).  
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Plot 20. Methoxylation of 3-hexyne catalysed by 7Cl-10Cl complexes activated with AgOTf in CDCl3 (entry 6-9). 

 

 

 

Plot 21. Methoxylation of 3-hexyne catalysed by 7Cl-10Cl complexes activated with AgBF4 in CD3OD (entry 10-13). 
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4.3.3 Methoxylation of 3-hexyne catalysed by 1-4X  

Table 18. Methoxylation of 3-hexyne catalysed by 1-4X 

Entry Catalyst 
Time 
(min)  

Conversion[a]  
(%) 

TOFi
[b]  

[min-1]  

1 1BF4 120 36 0.31 

2 2BF4 118 >98 2.72 

3 3BF4 120 >98 1.43 

4 4BF4 42 >98 2.86* 

5 1OTf 120 84 0.97 

6 2OTf 61 >98 5.84 

7 3OTf 52 >98 3.45 

8 4OTf 33 >98 3.46* 

9 1OTs 120 70 0.69 

10 2OTs 120 82 2.43 

11 3OTs 120 94 2.37 

12 4OTs 18 >98 5.06* 

13 1TFA 120 5 0.05[c] 

14 2TFA 120 4 0.04[c] 

15 3TFA 120 1 0.03[c] 

16 4TFA 120 72 0.60* 

Catalysis conditions: 30 °C, 3-hexyne (100 µL, 0.88 mmol), catalyst 1 mol% (or 1:1 L-Au-
Cl/AgX), CH3OH  (143 µL, 4 eq), in CDCl3 (400 µL). [a] Conversions and TOFi were 
determined by 1H NMR spectroscopy as average of three runs. [b] TOFi = 
(nproduct/ncatalyst)time (at 30% conversion). [c] In order to calculate the TOFi value, the 
catalytic process was followed until 30% conversion was reached.  
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Methoxylation promoted by 1X (Table 18) 

Entry 1, Table 18 ... Entry 5, Table 18 ... Entry 9, Table 18 ... Entry 13, Table 18 

time [min] Conv. [%]  time[min] Conv. [%]  time [min] Conv. [%]  time [min] Conv. [%] 

4.67 2.32  3.55 3.30  3.59 2.29  4.47 0.85 

9.67 3.28  8.55 8.46  8.59 6.15  14.47 0.85 

14.67 5.20  13.55 12.84  13.59 9.24  24.47 0.94 

19.67 6.60  18.55 18.54  18.59 13.41  34.47 1.37 

24.67 8.18  23.55 22.86  23.59 16.47  44.47 1.31 

29.67 9.37  28.55 27.91  28.59 19.85  54.47 1.58 

34.67 11.04  33.55 32.45  33.59 23.68  64.47 2.18 

39.67 12.82  38.55 36.69  38.59 26.74  74.47 2.83 

44.67 14.44  43.55 41.04  43.59 30.13  84.47 3.18 

49.67 15.76  48.55 44.59  48.59 33.30  94.47 3.44 

54.67 17.62  53.55 48.43  53.59 35.82  104.47 3.94 

59.67 18.86  58.55 52.02  58.59 39.24  114.47 4.55 

64.67 20.71  63.55 55.24  63.59 41.75  124.47 5.09 

69.67 22.25  68.55 58.52  68.59 44.54  134.47 5.43 

74.67 23.73  73.55 61.75  73.59 47.45  144.47 6.31 

79.67 25.08  78.55 64.56  78.59 50.10  154.47 7.19 

84.67 26.72  83.55 67.51  83.59 52.52  164.47 7.57 

89.67 28.24  88.55 70.22  88.59 55.20  174.47 8.03 

94.67 29.34  93.55 72.89  93.59 57.54  184.47 8.26 

99.67 30.66  98.55 74.98  98.59 60.08  194.47 9.47 

104.67 32.09  103.55 77.28  103.59 62.31  204.47 10.12 

109.67 33.40  108.55 79.57  108.59 64.64  214.47 10.09 

114.67 34.52  113.55 81.38  113.59 66.72  224.47 10.81 

119.67 36.10  118.55 83.20  118.59 68.90  234.47 11.35 

124.67 37.05  123.55 85.05  123.59 70.68  244.47 11.93 

129.67 38.65  128.55 86.96  128.59 72.32  254.47 12.23 

 

 

Plot 22. Plot (time vs conversion) of entries 1, 5, 9 and 13 of Table 18. 
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Methoxylation promoted by 2X (Table 18) 

Entry 2, Table 18 ... Entry 6, Table 18 ... Entry 10, Table 18 ... Entry 14, Table 18 

time [min] Conv. [%]  time[min] Conv. [%]  time [min] Conv. [%]  time [min] Conv. [%] 

3.55 8.41  3.55 17.04  4.07 14.76  1.07 5.20 

8.55 23.24  8.55 48.04  9.07 24.92  21.07 5.92 

13.55 35.40  13.55 67.75  14.07 32.11  41.07 6.64 

18.55 45.60  18.55 77.56  19.07 37.03  61.07 7.36 

23.55 53.74  23.55 83.54  24.07 41.03  81.07 8.08 

28.55 60.64  28.55 87.15  29.07 45.12  101.07 8.80 

33.55 66.45  33.55 89.95  34.07 48.20  121.07 9.52 

38.55 71.99  38.55 92.70  39.07 50.95  141.07 10.24 

43.55 74.76  43.55 94.15  44.07 53.72  161.07 10.96 

48.55 78.65  48.55 95.57  49.07 56.37  181.07 11.68 

53.55 81.04  53.55 96.67  54.07 58.70  201.07 12.40 

58.55 83.28  58.55 97.42  59.07 60.87  221.07 13.12 

63.55 86.19  63.55 98.23  64.07 62.93  241.07 13.84 

68.55 87.34  68.55 99.21  69.07 64.68  261.07 14.56 

73.55 89.30  73.55 99.07  74.07 66.95  281.07 15.28 

78.55 91.34  78.55 99.11  79.07 68.66  301.07 16.00 

83.55 93.26  83.55 99.43  84.07 70.89  321.07 16.72 

88.55 94.14  88.55 100.00  89.07 73.11  341.07 17.44 

93.55 94.77  - -  94.07 74.46  361.07 18.16 

98.55 95.72  - -  99.07 76.02  381.07 18.88 

103.55 96.24  - -  104.07 77.50  401.07 19.60 

108.55 96.28  - -  109.07 78.77  421.07 20.32 

113.55 97.42  - -  114.07 80.14  441.07 21.04 

118.55 99.11  - -  119.07 81.23  461.07 21.76 

- -  - -  124.07 82.48  481.07 22.48 

- -  - -  129.07 83.06  501.07 23.20 

 

 

Plot 23. Plot (time vs conversion) of entries 2, 6, 10 and 14 of Table 18.  
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Methoxylation B promoted by 3X (Table 18) 

Entry 3, Table 18 ... Entry 7, Table 18 ... Entry 11, Table 18 ... Entry 15, Table 18 

time [min] Conv. [%]  time[min] Conv. [%]  time [min] Conv. [%]  time [min] Conv. [%] 

4.05 4.60  3.63 11.67  3.83 11.50  3.67 0.60 

9.05 14.13  8.63 29.72  8.83 21.96  33.67 1.48 

14.05 22.39  13.63 45.61  13.83 31.95  63.67 2.36 

19.05 30.16  18.63 59.12  18.83 40.73  93.67 3.24 

24.05 37.12  23.63 69.84  23.83 48.48  123.67 4.12 

29.05 43.82  28.63 78.66  28.83 55.20  153.67 5.00 

34.05 50.03  33.63 85.60  33.83 61.29  183.67 5.88 

39.05 55.61  38.63 90.70  38.83 66.27  213.67 6.76 

44.05 60.60  43.63 94.87  43.83 70.40  243.67 7.64 

49.05 65.62  48.63 97.48  48.83 73.94  273.67 8.52 

54.05 69.78  53.63 98.48  53.83 76.78  303.67 9.40 

59.05 73.92  58.63 99.13  58.83 79.43  333.67 10.28 

64.05 77.53  63.63 99.60  63.83 81.78  363.67 11.16 

69.05 80.87  68.63 99.10  68.83 83.66  393.67 12.04 

74.05 83.89  73.63 99.67  73.83 85.66  423.67 12.92 

79.05 86.79  78.63 99.42  78.83 86.89  453.67 13.80 

84.05 88.89  - -  83.83 87.88  483.67 14.68 

89.05 90.59  - -  88.83 89.06  513.67 15.56 

94.05 92.59  - -  93.83 90.28  543.67 16.44 

99.05 94.07  - -  98.83 91.28  573.67 17.32 

104.05 94.74  - -  103.83 91.66  603.67 18.20 

109.05 96.58  - -  108.83 92.39  633.67 19.08 

114.05 96.64  - -  113.83 92.70  663.67 19.96 

- -  - -  118.83 93.56  693.67 20.84 

- -  - -  123.83 93.64  723.67 21.72 

- -  - -  128.83 93.87  753.67 22.60 

 

 

Plot 24. Plot (time vs conversion) of entries 3, 7, 11 and 15 of Table 18.  
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Methoxylation promoted by 4X (Table 18) 

Entry 4, Table 18 ... Entry 8, Table 18 ... Entry 12, Table 18 ... Entry 16, Table 18 

time [min] Conv. [%]  time[min] Conv. [%]  time [min] Conv. [%]  time [min] Conv. [%] 

4.2 12.83  3.94 16.09  4.67 17.53  14.2 1.96 

6.2 20.04  6.94 26.01  6.17 28.46  26.2 9.91 

8.2 26.75  9.94 35.10  7.67 36.95  38.2 20.00 

10.2 31.87  12.94 44.24  9.17 46.86  50.2 30.56 

12.2 37.61  15.94 52.18  10.67 57.43  62.2 40.48 

14.2 41.97  18.94 60.47  12.17 66.90  74.2 49.24 

16.2 47.71  21.94 68.54  13.67 75.88  86.2 56.71 

18.2 53.08  24.94 76.66  15.17 84.82  98.2 63.10 

20.2 57.83  27.94 84.44  16.67 92.12  110.2 68.25 

22.2 63.55  30.94 90.25  18.17 96.87  122.2 72.79 

24.2 67.46  33.94 99.00  - -  134.2 76.50 

26.2 71.22  - -  - -  146.2 79.53 

28.2 76.46  - -  - -  158.2 81.82 

30.2 80.87  - -  - -  170.2 84.04 

32.2 84.18  - -  - -  182.2 86.15 

34.2 87.60  - -  - -  194.2 88.83 

36.2 89.25  - -  - -  206.2 90.26 

38.2 93.87  - -  - -  218.2 92.97 

40.2 95.53  - -  - -  236.2 93.75 

42.2 99.21  - -  - -  266.2 95.73 

- -  - -  - -  272.2 96.04 

- -  - -  - -  - - 

- -  - -  - -  - - 

- -  - -  - -  - - 

- -  - -  - -  - - 

- -  - -  - -  - - 

 

 

Plot 25. Plot (time vs conversion) of entries 4, 8, 12 and 16 of Table 18. 



134 

 

4.3.4 Cyclization of N-(prop-2-yn-yl)benzamide to 2-phenyl-5-vinylidene-2-

oxazoline.  

N-(prop-2-yn-1-yl)benzamide (80 mg, 0.5 mmol) was dissolved in CDCl3 (500 µL) containing 5 µL of TMS. 

The solution was then transferred into a 5 mm NMR tube, previously charged with 1 mol% of the catalyst 

(or 1:1 L-Au-Cl/AgX), and the mixture was vigorously shaken. The time count was started simultaneously. 

The progress of the reaction was monitored by 1H NMR at 30 °C. Conversion was calculated from the 

integral intensities of the vinylidene signals (conversion[%] = (noxazole) / (npropagylamide) x 100). 

2-phenyl-5-vinylidene-2-oxazoline181a – 1H NMR (CDCl3, 200 MHz, 298 K): δ (ppm) 

8.04 - 7.91 (m, 2H, H3), 7.57 - 7.32 (m, 3H, H4,5), 4.80 (dt, 1H, 1JHH
 = 2.9 Hz, 4JHH = 3.0 

Hz, H1), 4.63 (t, 2H, 4JHH = 2.9 Hz, H2), 4.34 (dt, 1H, 1JHH
 = 2.9 Hz, 4JHH = 3.0 Hz, H1’). 

 

Table 19. Propargylamide cyclization catalyzed by 1-4X  

Entry Catalyst 
Time 
(min)  

Conversion[a]  
(%) 

TOFi [b] 
[min-1]  

18 1BF4 114 >98 1.88 

19 2BF4 84 >98 1.94 

20 3BF4 120 55 1.25 

21 4BF4 99 >98 1.86 

22 1OTf 120 78 1.40 

5* 1OTf 120 85 1.31 

23 2OTf 120 83 0.92 

24 3OTf 120 50 0.74 

25 4OTf 120 89 1.29 

26 1OTs 63 >98 4.16 

27 2OTs 40 >98 3.67 

28 3OTs 120 53 0.76 

29 4OTs 120 65 0.84 

30 1TFA 120 63 1.07 

31 2TFA 73 >98 3.89 

32 3TFA 120 22 0.13[c] 

33 4TFA 120 56 0.54 
 

Catalysis A conditions: 30 °C, N-(prop-2-yn-yl)benzamide (80 mg, 0.5 mmol), 1 mol% 
catalyst (or 1:1 L-Au-Cl/AgX) in CDCl3 (500 µL). [a] Conversions and TOFi were determined 
by 1H NMR spectroscopy as average of three runs. [b] TOFi = (nproduct/ncatalyst)/time (at 
30% conversion). [c] In order to calculate the TOFi value, the catalytic process was 
followed until 30% conversion was reached. *using isolated L1-Au-OTf as catalyst. 
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Cyclization promoted by 1X (Table 19) 

Entry 1, Table 19 ... Entry 5, Table 19 ... Entry 9, Table 19 ... Entry 13, Table 19 

time [min] Conv. [%]  time[min] Conv. [%]  time [min] Conv. [%]  time [min] Conv. [%] 

3.73 4.14  4.59 4.55  3.77 12.34  3.94 7.88 

8.73 15.02  9.59 13.78  8.77 32.62  8.94 15.39 

13.73 26.39  14.59 21.49  13.77 44.65  13.94 20.08 

18.73 36.83  19.59 28.02  18.77 53.33  18.94 24.13 

23.73 45.93  24.59 33.75  23.77 60.78  23.94 27.73 

28.73 53.91  29.59 38.89  28.77 67.71  28.94 30.89 

33.73 60.33  34.59 43.41  33.77 73.74  33.94 33.68 

38.73 66.43  39.59 47.49  38.77 79.31  38.94 36.36 

43.73 71.42  44.59 51.15  43.77 85.04  43.94 38.82 

48.73 75.44  49.59 54.23  48.77 89.85  48.94 40.96 

53.73 79.05  54.59 57.14  53.77 94.11  53.94 43.09 

58.73 82.19  59.59 59.85  58.77 97.58  58.94 45.08 

63.73 85.01  64.59 62.07  63.77 98.94  63.94 47.02 

68.73 87.89  69.59 64.23  - -  68.94 48.87 

73.73 89.27  74.59 66.02  - -  73.94 50.64 

78.73 91.64  79.59 67.95  - -  78.94 52.09 

83.73 93.31  84.59 69.50  - -  83.94 53.87 

88.73 93.86  89.59 70.93  - -  88.94 55.25 

93.73 95.02  94.59 72.37  - -  93.94 56.81 

98.73 96.06  99.59 73.54  - -  98.94 58.23 

103.73 97.21  104.59 74.71  - -  103.94 59.59 

108.73 97.69  109.59 75.88  - -  108.94 61.01 

113.73 98.05  114.59 76.74  - -  113.94 62.31 

118.73 98.91  119.59 77.91  - -  118.94 63.34 

123.73 99.19  124.59 78.99  - -  123.94 64.50 

128.73 99.39  129.59 80.08  - -  128.94 65.72 

 

 

Plot 26. Plot (time vs conversion) of entries 1, 5, 9 and 13 of Table 19. 
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Cyclization promoted by 2X (Table 19) 

Entry 2. Table 19 ... Entry 6. Table 19 ... Entry 10. Table 19 ... Entry 14. Table 19 

time [min] Conv. [%]  time[min] Conv. [%]  time [min] Conv. [%]  time [min] Conv. [%] 

3.82 5.33  4.45 2.29  3.42 13.24  4.02 19.30 

8.82 15.40  9.45 6.84  6.42 25.23  9.02 34.82 

13.82 25.94  14.45 11.67  9.42 34.58  14.02 45.39 

18.82 36.36  19.45 16.78  12.42 42.84  19.02 54.24 

23.82 45.93  24.45 21.90  15.42 50.51  24.02 61.03 

28.82 54.42  29.45 26.92  18.42 57.49  29.02 67.38 

33.82 62.09  34.45 31.95  21.42 64.20  34.02 72.95 

38.82 68.93  39.45 36.72  24.42 70.70  39.02 77.64 

43.82 74.81  44.45 41.11  27.42 77.05  44.02 81.89 

48.82 80.05  49.45 45.22  30.42 82.91  49.02 86.03 

53.82 84.50  54.45 49.11  33.42 88.85  54.02 89.45 

58.82 88.13  59.45 52.68  36.42 93.99  59.02 92.21 

63.82 91.23  64.45 56.16  39.42 97.86  64.02 95.00 

68.82 93.76  69.45 59.36  42.42 99.55  69.02 96.88 

73.82 95.81  74.45 62.44  45.42 99.87  74.02 98.72 

78.82 97.10  79.45 65.17  48.42 100.00  79.02 99.96 

83.82 98.19  84.45 67.80  - -  84.02 100.00 

88.82 99.06  89.45 70.22  - -  - - 

93.82 99.75  94.45 72.68  - -  - - 

- -  99.45 74.86  - -  - - 

- -  104.45 77.03  - -  - - 

- -  109.45 78.99  - -  - - 

- -  114.45 80.84  - -  - - 

- -  119.45 82.67  - -  - - 

- -  124.45 84.54  - -  - - 

- -  129.45 85.99  - -  - - 

 

 

Plot 27. Plot (time vs conversion) of entries 2, 6, 10 and 14 of Table 19. 
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Cyclization promoted by 3X (Table 19) 

Entry 3, Table 19 ... Entry 7, Table 19 ... Entry 11, Table 19 ... Entry 15, Table 19 

time [min] Conv. [%]  time[min] Conv. [%]  time [min] Conv. [%]  time [min] Conv. [%] 

3.87 3.82  3.83 2.38  3.67 0.93  4.00 1.05 

8.87 12.13  8.83 7.64  8.67 4.46  9.00 2.79 

13.87 19.57  13.83 11.93  13.67 7.64  14.00 4.32 

18.87 25.68  18.83 15.89  18.67 11.02  19.00 5.55 

23.87 30.14  23.83 19.58  23.67 14.19  24.00 6.65 

28.87 33.80  28.83 22.99  28.67 17.24  29.00 7.89 

33.87 36.79  33.83 26.24  33.67 20.34  34.00 8.80 

38.87 39.28  38.83 29.31  38.67 23.14  39.00 9.88 

43.87 40.98  43.83 32.3  43.67 25.92  44.00 10.77 

48.87 43.31  48.83 35.08  48.67 28.55  49.00 11.72 

53.87 44.64  53.83 37.77  53.67 31.15  54.00 12.67 

58.87 45.99  58.83 40.35  58.67 33.69  59.00 13.41 

63.87 47.27  63.83 42.71  63.67 35.98  64.00 14.20 

68.87 48.16  68.83 45.09  68.67 38.31  69.00 15.00 

73.87 49.15  73.83 47.27  73.67 40.49  74.00 15.73 

78.87 50.15  78.83 49.42  78.67 42.67  79.00 16.53 

83.87 50.68  83.83 51.35  83.67 44.60  84.00 17.15 

88.87 51.61  88.83 53.28  88.67 46.55  89.00 17.87 

93.87 52.25  93.83 55.09  93.67 48.27  94.00 18.42 

98.87 52.73  98.83 56.83  98.67 50.13  99.00 19.03 

103.87 53.46  103.83 58.51  103.67 51.79  104.00 19.60 

108.87 54.02  108.83 60.09  108.67 53.47  109.00 20.15 

113.87 54.58  113.83 61.51  113.67 54.97  114.00 20.74 

118.87 55.00  118.83 63.06  118.67 56.49  119.00 21.23 

123.87 55.64  123.83 64.46  123.67 57.94  124.00 21.83 

128.87 55.98  128.83 65.73  128.67 59.27  129.00 22.33 

 

 

Plot 28. Plot (time vs conversion) of entries 3, 7, 11 and 15 of Table 19. 
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Cyclization promoted by 4X (Table 19) 

Entry 4, Table 19 ... Entry 8, Table 19 ... Entry 12, Table 19 ... Entry 16, Table 19 

time [min] Conv. [%]  time[min] Conv. [%]  time [min] Conv. [%]  time [min] Conv. [%] 

3.57 2.33  5.37 3.98  3.70 4.62  4.67 3.04 

8.57 12.70  10.37 11.40  8.70 11.83  9.67 5.75 

13.57 24.76  15.37 19.40  13.70 17.20  14.67 8.29 

18.57 35.81  20.37 26.38  18.70 21.42  19.67 10.64 

23.57 45.64  25.37 33.33  23.70 24.96  24.67 13.32 

28.57 54.46  30.37 39.44  28.70 27.93  29.67 16.02 

33.57 62.13  35.37 44.83  33.70 30.33  34.67 18.79 

38.57 68.81  40.37 50.00  38.70 32.59  39.67 21.48 

43.57 74.22  45.37 54.65  43.70 34.55  44.67 24.06 

48.57 79.19  50.37 58.69  48.70 36.24  49.67 26.78 

53.57 83.16  55.37 62.55  53.70 37.81  54.67 29.27 

58.57 86.73  60.37 65.77  58.70 39.38  59.67 31.68 

63.57 89.35  65.37 69.14  63.70 40.70  64.67 34.02 

68.57 91.49  70.37 71.98  68.70 41.95  69.67 36.40 

73.57 93.36  75.37 74.42  73.70 43.22  74.67 38.47 

78.57 94.94  80.37 76.95  78.70 44.27  79.67 40.70 

83.57 96.12  85.37 78.60  83.70 45.43  84.67 42.76 

88.57 96.93  90.37 80.78  88.70 46.38  89.67 44.76 

93.57 97.73  95.37 82.42  93.70 47.27  94.67 46.64 

98.57 98.30  100.37 84.31  98.70 48.26  99.67 48.54 

103.57 98.86  105.37 85.49  103.70 49.27  104.67 50.44 

108.57 99.02  110.37 86.72  108.70 50.12  109.67 52.15 

113.57 99.48  115.37 88.19  113.70 51.05  114.67 53.72 

- -  120.37 89.37  118.70 51.84  119.67 55.41 

- -  125.37 90.20  123.70 52.74  124.67 56.91 

- -  130.37 89.96  128.70 53.48  129.67 58.42 

 

 

Plot 29.  Plot (time vs conversion) of entries 4, 8, 12 and 16 of Table 19. 
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4.4 4. NMR studies 

4.4.1 4.1 Pre-equilibrium studies 

NHC gold complex bearing OTs. The treatment of a 1 mM solution of 4OTs in CDCl3 with 3.3, 9, 18 and 100 

equivalents of 3-hexyne did not cause any variation in the 1H NMR spectra of the cation, whereas the 

NMR signal of the anion (Figure 47) become progressively broader and slightly shifted to higher 

frequencies. Such broadening indicates that the anion and the 3-hexyne are involved in a dynamic 

equilibrium, which likely is the substitution of the anion by the 3-hexyne (ISIP/OSIP equilibrium). The fact 

that the frequency of the tosylate anion is only slightly influenced by the excess of 3-hexyne demonstrates 

that the OSIP is thermodynamically less favoured than the ISIP, but kinetically accessible. 

 

Figure 47. 1H NMR spectra of 4OTs (CDCl3, 1 mM) in presence of an increasing concentration of 3-hexyne. The insert 

shows an enlargement of the aromatic section, showing more clearly the broadening of the tosylate anion. 

Analysing the aromatic region of the NMR spectra recorded during the addition of MeOH to 3-hexyne 

catalysed by 4OTs, it is evident that the anion resonances changes during the course of the catalysis. In 

particular, the doublet due to the ortho-protons of the tosylate shifts from 7.14 ppm at t = 6 minutes to 

7.08 ppm at t = 18 minutes (Figure 20, chapter 2.1). The NMR signal of a non-coordinated tosylate anion 

can be estimated by the NMR shift of the salt NBu4OTs, which is 7.17 ppm in CDCl3/CD3OD (same 

concentration of methanol as in the catalytic conditions) and 7.05 in pure CDCl3. Therefore, the anion can 

be considered always not-coordinated to the metal. 

NHC gold complex bearing OTf. The treatment of a 1 mM solution of 4OTf in CDCl3 with 0.8, 1.3 and 27 

equivalents of 3-hexyne caused a variation of the isopropyl signals in the 1H NMR (Figure 48). This 

means that the anion substitution by 3-hexyne is accessible. 
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Figure 48. 1H NMR spectra of 4OTf (1 mM) in presence of an increasing concentration of 3-hexyne. 

NHC gold complex bearing TFA. The treatment of a 1 mM solution of 4TFA in CDCl3 with 0.6, 1.6, 4 and 43 

equivalents of 3-hexyne did not cause any variation in the 1H NMR spectra and a small variation on the 

broad NMR signal of the anion (Figure 49 left). In particular, when the concentration ratio between the 

gold complex and the 3-hexyne is larger than 40, the NMR signal of the anion becomes broader and shifts 

to lower frequencies. As in the case of OTs‒, this means that the anion substitution by 3-hexyne is 

unfavored, but kinetically accessible. 

 

Figure 49. (Left panel) 19F NMR spectra of 4TFA (CDCl3, 1 mM) in presence of an increasing concentration of 3-hexyne. 

(Right panel) 19F NMR spectra of 4TFA in catalytic condition, recorded at different times. 

Treating a 1 mM solution of 4TFA in CDCl3 with MeOH (400 eq), the broad 19F NMR signal relative to the 

coordinated TFA‒ at -73.8 ppm becomes broader, shifts to lower frequencies and, finally, disappears 

within one hour. At the same time, a different sharp signal rises at -76.3 ppm (Figure 18, chapter 2.1). The 
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latter was assigned to trifluoroacetic acid by comparison with pure sample. The same trend was observed 

in catalytic conditions (Figure 49 left). Likely, trifluoroacetate anion reacts with the excess of methanol, 

giving trifluoroacetic acid and methoxide, which coordinates to the gold center. 

NHC complex bearing OAc. Treating a 1 mM solution of 4OAc in CDCl3 with 100, 200, 300 and 400 

equivalents of methanol, the sharp 1H NMR signal relative to the coordinated OAc‒ at 1.78 ppm becomes 

broader and shifts to lower frequencies. At the same time, a different sharp signal rises at 2.18 ppm 

(Figure 19, chapter 2.1). The latter was assigned to trifluoroacetic acid by comparison with pure sample. 

Differently from TFA‒, OAc‒ anion react slowly with the excess of methanol, giving acetic acid (less than 

30% in 48 hours) and methoxide, which coordinates to the gold center. 
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4.4.2  31P NMR of 1-3X for ciclyzation 

In the cyclization reactions of propagylamides to oxazoles, it is well known that the RDS is the 

protodeauration, and that the formation of the σ coordinated species A is instantaneous even at -78°C. 

52,181c,d In order to better understand which catalytic species are present in solution during the catalysis 

we recorded the 31P-NMR spectra for each run after 130 minutes.   

 

Scheme 29. Speecies present in solution during the catalysis (σ and π coordination of gold on the vyinl bond). 

In the case of L1 complexes, only two species were clearly dominant: the σ-vinyl species (A, Scheme 29) 

around 43 ppm as reported by Fürstner et al.,[216] and the π species (B, Scheme 29) whose resonance is 

between 34 and 33 ppm, as reported by Widenhoefer et al..[217] For 1TFA we observed also the presence 

of the σ-alkyne derivative at about 42 ppm as reported by Hashmi et al.[218] and the Ph3P-Au-TFA210 or -

OMe around 30 ppm.[219]      

 

Figure 50. 31P NMR spectra of Ph3P-Au-X in catalysis A, ■ Conversion reached when the phosphorous was recorded, 

■ TOFi. 
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Concerning L2 complexes, in the case of the most coordinating anions (TFA– and OTs–) the main species 

detectable is A around 93 ppm,[220] whereas species B is hardly observable.220 Both species A and B are 

observable for OTf– and BF4
–, but other P-containing unidentified complexes are clearly present.   

 

Figure 51. 31P NMR spectra of tBu3P-Au-X in catalysis A, ■ Conversion reached when the phosphorous was recorded, 

■ TOFi. 

As far as L3 ligand is concerned, to the best of our knowledge no 31P NMR characterization of complexes 

type A and B is present in the literature. We can safely suggest that the prevailing species should be A 

(around 46 ppm, similar to L1) and a second one containing the product (2-phenyl-5-vinylidene-2-

oxazoline) coordinated to gold through the nitrogen atom (around 22 ppm).219 

  

Figure 52. 31P NMR spectra of PArF-Au-X in catalysis A, ■ Conversion reached when the phosphorous was recorded, 

■ TOFi.  
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4.4.3  31P NMR of 1-3X for methoxylation 

In order to better understand which catalytic species are present during the catalysis B we recorded the 

31P-NMR spectra for each run after 130 minutes (Scheme 30).  

 

Scheme 30. Speecies present in solution during the catalysis. 

In the case of  L1 complexes, it is possible to identify the following species: the [L1-Au-L1]+ derivate E 

around 45 ppm,[221] the π species C217 (or C’, as suggested by Zhdanko and Mayer[222]) at about 37 ppm 

and the ISIP species D below 30 ppm.[209],[97a],[210] As we can be clearly noted in Figure S12, their relative 

abundance depends on the anion: for weak coordinating anions (BF4
– and OTf–) the predominant species 

is the π coordinated (C and/or C’) and is also possible to observe the formation of small amounts of E. For 

the most coordinating anions (OTs– and TFA–) also the ISIP species (D) is significantly present in solution. 

  

Figure 53. 31P NMR spectra of Ph3P-Au-X in catalysis B, ■ Conversion reached when the phosphorous was recorded, 

■ TOFi. 

For L2 complexes, two species are predominant: C (and/or C’) around 93 ppm and the ISIP complex D 

whose signal appears below 91 ppm.[220] In-depth study of the behavior of 2OTs during the outcome of 

the catalysis shows that the anion tends to re-coordinate to the [L2-Au]+ fragment (Figure 39).  
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Figure 54. 31P NMR spectra of tBu3P-Au-X in catalysis B, ■ Conversion reached when the phosphorous was recorded, 

■ TOFi. 

Concerning L3 ligand 31P NMR characterization of type C and E species is described in literature, their 

resonances being detectable at about 41 and 47 ppm, respectively.70b By contrast, no 31P NMR 

characterization can be found for C’. When the anion is BF4
‒, we can see that type C (and/or C’) complex 

is present in solution. In the case of OTf‒, the prevalent specie is E, most probably because the 31P NMR 

spectrum was recorded about one hour after the complete conversion of the substrate. For OTs‒, as 

observed for other phosphines complexes, the prevalent species at the end of the catalysis is D. Finally, 

species E is present together with a second not characterized species in the case of TFA‒. 
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Figure 55. 31P NMR spectra of PArF-Au-X in catalysis B, ■ Conversion reached when the phosphorous was recorded, 

■ TOF30. 

4.4.4 Intramolecular and Interionic Characterization. 

4-8BF4 and 10BF4 were characterized in solution by 1H, 13C, 19F NMR spectroscopies (Chapter 2.2). Proton 

and carbon resonances belonging to the ligand and alkyne were assigned by combining the information 

coming from 1H, 13C, 1H-COSY, 1H-NOESY, 1H,13C HMQC NMR, and 1H,13C HMBC NMR techniques. The 1H-

NOESY223 NMR experiments were acquired by the standard three-pulse sequence or by the PFG version.224 

Two-dimensional 19F, 1H-HOESY NMR experiments were acquired using the standard four-pulse sequence 

or the modified version.225 The number of transients and the number of data points was chosen according 

to the sample concentration and to the desired final digital resolution. Semi-quantitative spectra were 

acquired using a 1s relaxation delay and 800 ms mixing times.  

 

Figure 56. A section of 1H-NOESY NMR spectrum (400.13 MHz, 297 K, CD2Cl2) of the complex 6BF4 showing dipolar 

correlations between H3 with H2 and between H5 with H8. From these dipolar interactions the orientation of the 

methyl of isopropyl groups and the assignment of H8 of acenaphthene moiety are elucidated. *denotes the 

resonances of free 3-hexyne 
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Figure 57. 1H-COSY NMR spectrum (400.13 MHz, 297 K, CD2Cl2) of the complex  6BF4 showing scalar correlations 

between H8 with H9 and between H9 with H10 of the acenaphthene moiety.  *denotes the resonances of free 3-

hexyne, when it was activated in sutu. 

 

Figure 58. 1H,13C HMQC NMR spectrum (400.13 MHz, 253 K, CD2Cl2) of the complex 6BF4.  *denotes the resonances 

of free 3-hexyne , when it was activated in sutu. 
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The anion-cation relative orientation in solution65 for complexes 4-6BF4 was determined by detecting 

dipolar interionic interactions in the 19F,1H-HOESY NMR spectra (Figure 24, Figure 25 and Figure 26, 

Chapter 2.1.1). Two-dimensional 19F.1H-HOESY NMR experiments were acquired using the standard four-

pulse sequence or the modified version.225 The number of transients and the number of data points was 

chosen according to the sample concentration and to the desired final digital resolution. Semi-

quantitative spectra were acquired using a 1s relaxation delay and 800 ms mixing times.  

Complexes 7-10BF4 are not stable in methanol since they react with the solvent, undergoing the 

nucleophilic attack of the methanol itself on the 3-hexyne. For this reason, we synthesized 7(PPh3)BF4, in 

which the 3-hexyne has been substituted with the triphenylphosphine. The -NH moiety is not visible in 

the spectrum, probably because a H/D exchange with the solvent occurs. Remarkably, the two tert-butyl 

groups are magnetically equivalent (syn-syn isomer). The relative anion/cation orientation in solution of 

7(PPh3)BF4 complex has been investigated by 19F, 1H-HOESY NMR spectroscopy (Figure 28, Chapter 2.2.2) 

in methanol-d4 at room temperature. A weak NOE contact is visible between BF4¯ and the two tert-butyl 

groups of the carbene (Figure 29, Chapter 2.2.2). A very small contact is visible at 4.70 ppm, but it does 

not correspond with any signal. The contact could be due to the -NH moiety, which is almost completely 

deuterated by H/D exchange with the solvent, but the remaining traces of NH are expected to give an 

intense NOE contact (Figure 29, Chapter 2.2.2). 
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4.4.5 4.5 EXSY NMR measurements and Eyring plots. 

In the EXSY NMR spectrum, the integration of diagonal (AA and BB) and off-diagonal (AB and BA) peaks 

allows the rotation rate (kr) to be obtained through  Eq. 1.66e  

 

kr = 
1

𝑡𝑚
 × ln (

𝑟+1

𝑟−1
)  Eq. 1 

 

where tm is the mixing time, and 

 

r = 
(𝐴𝐴+𝐵𝐵)

(𝐴𝐵+𝐵𝐴)
 Eq. 2 

 

The T1 relaxation time is 1.5 and 1.8 s for protons A and B, respectively, for the smallest complex (9Cl) and 

0.8 and 0.7 s for the largest one (9NHC). All the EXSY NMR experiment have been performed with a tm < 

T1, and, specifically, always smaller or equal to 0.4 s. At 0.4 s the value of ln [(r+1)/(r-1)] is still directly 

proportional to tm. 

 

Plot 30. Trend of ln [(r+1)/(r-1)] vs. tm for complex 9NHC at 298K. The best linear fit (red line) equation is y = (0.339 

± 0.003)x + (0.002 ± 0.001), r2 = 0.9995. 
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Plot 31. Eyring plot for complex 9Cl. r2= 0.9988. 

9Cl 

T (K) tm (s) kr (s-1) 
299.5 0.25 1.39 
299.5 0.125 1.45 
306.2 0.25 2.91 
306.2 0.125 2.89 
313.0 0.125 5.81 
313.0 0.09 5.50 
321.1 0.09 11.94 
329.2 0.075 23.3 
329.2 0.05 21.9 
334.6 0.035 36.7 

 

 

 

Plot 32. Eyring plot for complex 9Br. r2= 0.9978. 

9Br 

T (K) tm (s) kr (s-1) 
300.8 0.3 1.50 
300.8 0.2 1.47 
300.8 0.4 1.48 
307.6 0.3 3.13 
307.6 0.2 3.09 
307.6 0.1 3.14 
315.7 0.1 6.97 
315.7 0.2 6.58 
315.7 0.075 6.30 
323.8 0.07 13.28 
323.8 0.09 14.21 
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Plot 33. Eyring plot for complex 9I. r2= 0.9952. 

9I 

T (K) tm (s) kr (s-1) 
300.8 0.3 1.32 
300.8 0.15 1.32 
300.8 0.4 1.37 
307.6 0.3 3.09 
307.6 0.15 2.89 
315.7 0.2 6.83 
315.7 0.1 6.31 
323.8 0.1 13.18 
323.8 0.05 12.97 
331.9 0.08 23.93 

 

 

 

Plot 34. Eyring plot for complex 9(PPh3)BF4. r2= 0.9992. 

9(PPh3)BF4 

T (K) tm (s) kr (s-1) 
299.5 0.25 0.151 
299.5 0.18 0.148 
307.6 0.25 0.361 
307.6 0.18 0.369 
314.3 0.2 0.782 
325.1 0.125 2.358 
325.1 0.075 2.138 
334.6 0.075 5.380 
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Plot 35. Eyring plot for complex 9(PCy3)BF4. r2= 0.9945.  

9(PCy3)BF4 

T (K) tm (s) kr (s-1) 
300.8 0.2 0.140 
300.8 0.35 0.143 
306.2 0.25 0.331 
306.2 0.35 0.310 
313.0 0.35 0.665 
313.0 0.2 0.667 
321.1 0.12 1.489 
321.1 0.22 1.457 
321.1 0.32 1.441 
327.8 0.2 2.771 
327.8 0.1 2.531 
327.8 0.3 2.554 
331.9 0.25 3.774 
331.9 0.15 3.699 
331.9 0.075 3.705 

 

 

 

Plot 36. Eyring plot for complex 9(PArF)BF4. r2= 0.9929.  

9(PArF)BF4 

T (K) tm (s) kr (s-1) 
299.6 0.4 0.109 
299.6 0.25 0.116 
304.9 0.25 0.193 
304.9 0.15 0.191 
313.0 0.15 0.507 
313.0 0.25 0.473 
322.4 0.2 1.604 
322.4 0.1 1.404 
330.5 0.08 2.583 
330.5 0.15 2.582 
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Plot 37. Eyring plot for complex 9(CNtBu)BF4. r2= 0.9989.  

9(CNtBu)BF4 

T (K) tm (s) kr (s-1) 
299.6 0.3 0.168 
299.6 0.4 0.162 
304.9 0.35 0.314 
304.9 0.25 0.301 
313.0 0.225 0.774 
313.0 0.3 0.697 
322.4 0.25 1.845 
322.4 0.25 1.778 
334.6 0.1 5.843 

 

 

 
 

Plot 38. Eyring plot for complex 9(Py)BF4. r2= 0.9959.  

 

9(Py)BF4 

T (K) tm (s) kr (s-1) 
299.5 0.3 0.425 
306.2 0.25 0.948 
307.6 0.25 1.104 
314.3 0.2 2.524 
322.4 0.15 5.231 
330.5 0.09 10.346 
330.5 0.07 9.824 
330.5 0.05 9.916 
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Plot 39. Eyring plot for complex 9(NHC)BF4. r2= 0.9983.  

9(NHC)BF4 

T (K) tm (s) kr (s-1) 
299.5 0.3 0.353 
299.5 0.2 0.362 
307.6 0.2 0.976 
314.3 0.17 1.776 
323.8 0.12 4.427 
334.6 0.075 11.844 

 

 

 

Plot 40. Eyring plot for complex 9Ph. r2= 0.9988.  

 

9Ph 

T (K) tm (s) kr (s-1) 
300.8 0.25 0.558 
300.8 0.35 0.562 
304.9 0.3 0.916 
304.9 0.25 0.890 
304.9 0.2 0.875 
308.9 0.25 1.39 
308.9 0.3 1.36 
315.7 0.25 2.79 
315.7 0.3 2.68 
321.1 0.25 4.59 
321.1 0.2 4.38 
326.5 0.2 7.23 
326.5 0.125 6.99 
331.9 0.09 11.26 
331.9 0.125 10.91 
337.3 0.08 17.20 
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4.5 Computational Studies 

All optimizations were performed with ADF2013.01 program package127,226 to identify the structures of 

the reaction intermediates and transition states. For geometry optimizations, calculations were carried 

out at the DFT level of theory using the GGA functional BP86. All atoms were described with a Slater-type 

TZ2P triple-ξ quality basis set, using the frozen core approximation (1s for C, N, O, F; 2p for S; 4d for Au). 

Frequency calculations at the same BP86 level of theory have been also performed to identify all 

stationary points as minima (zero imaginary frequencies) or transition states (one imaginary frequency). 

Final energies have been calculated by single point B2PLYP functional calculations (with Gaussian program 

package[227 ]) on the optimized BP86 gas phase structures, with def2-TZVPP basis set and relativistic 

effective core potential (RECP). This combined BP86 geometry optimization and B2PLYP energy 

calculation approach has been shown to be accurate enough to describe gold species along reaction paths 

in a benchmark study performed by us.117 Relativistic effects were treated with the scalar zero-order 

regular approximation, ZORA mode127,228 Due to the fact that the investigated reactions involve four 

molecules ([(NHC)Au]+, butyne, methanol and the counterion X‒), the reference energy has been set to 

the most stable adduct involving the four molecules. All calculations were performed for the closed shell 

singlet state.  

Table 20. Energies of the studied complexes (in kcal/mol) calculated with various density functionals 

using def2-TZVP basis set. 

Compound E (B2PLYP) 
E (B2PLYP)/ 

COSMO(CHCl3) 
E (B2PLYP-D3) [229] E (M06) 

ICOTs 0.0 0.0 0.0 0.0 
RCOTs 2.7 1.1 -0.7 0.4 
TSIOTs 18.3 17.7 15.4 15.3 

IOTs 1.2 2.3 1.3 0.6 
TSIIOTs 5.9 5.6 3.5 2.3 
PCOTs -14.3 -18.0 -18.8 -20.4 

[(NHC’)AuOTs]∙(2-butyne) 0.0 0.0 0.0 0.0 
[(NHC’)Au(η2 -2-butyne)]OTs 3.5 1.8 0.8 1.9 

[(NHC’)AuOTs]∙(MeOH) 0.0 0.0 0.0 0.0 
[(NHC’)Au(MeOH)]OTs 3.6 2.9 1.8 2.8 

 

In order to estimate the entropic contribution to the path in Figure S8, we computed it for the two most 

different adducts (RCOTs and PCOTs) and they resulted identical in terms of translational contribution, very 

similar for the rotational one (difference of 0.04 entropic units) and only with a small difference for the 

vibrational one (13 entropic units). 
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Figure 59. Energies of the studied complexes (in kcal/mol) calculated with various density functionals using def2-

TZVP basis set. 

 

4.5.1 Computational details for 4-10X complexes.  

All calculations here reported have been performed using density functional theory (DFT) with the ADF 

(Amsterdam Density Functional) package.127, 226 The BLYP GGA230 Functional was used. An all-electron 

triple-zeta basis set with two polarization functions was used on all atoms (TZ2P). 127, 226 Relativistic effects 

were included with the zeroth-order regular approximation (ZORA) Hamiltonian228 as implemented in 

ADF, with a small frozen core. The satisfactory accuracy of this approach was verified by both coupled-

cluster and all-electron four-component Dirac–Kohn–Sham calculations on closely related systems.139 A 

fine integration grid has been used both in the SCF iterations and in the optimization procedure in order 

to converge properly the geometrical parameters. Geometrical optimization and the SCF iterations have 

been performed including explicitly the solvent (CH2Cl2), using a conductor like screening model (COSMO, 

with ε= 8.93) as implemented in ADF.128  

The charge displacements occurring upon the formation of the bond were analysed through the Charge 

Displacement Function (CDF),70b,129 defined in the following equation: 

             (Eq. 3) 

ICOTs RCOTs TSIOTs IOTs TSIIOTs PCOTs 
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where Δρ is the difference between the electron density of the complex and the ones of its constituting 

fragments placed in the same position they occupy in the complex. In the present case, the fragments are 

the gold-ligand moiety and the hexyne. The CDF defines, at each point z along a chosen axis, the amount 

of electron charge that moves across a plane perpendicular to the z axis upon the formation of the bond. 

A positive (negative) value corresponds to electrons flowing in the direction of decreasing (increasing) z. 

Charge accumulates (decreases) where the slope is positive (negative), the difference between the Δq 

values computed at two points gives the amount of the charge that has flowed into (away from) the region 

of space delimited by the two corresponding planes. The systems 4-10BF4 will be thoroughly characterized 

by means of DFT calculations. The optimized structures, of all systems (including different ion-pair 

configuration) presented in the work, have been reported in the following section as Cartesian 

coordinates.  

 

Figure 60. (Left panel) Charge displacement curves for the complexes 7+-10+. The red dots represent approximate 

positions of the atoms. The vertical band identifies a suitable boundary between the metallic and the 3-hexyne 

fragments. (Right panel) Charge displacement curves for the complex 7+, 8+, 7BF4_a, 8BF4_a. The red dots represent 

the approximate position of the atoms. The vertical band identifies a suitable boundary between the metallic and 

the 3-hexyne fragments. 

The interaction energies and the selected geometrical parameters for the cations 7+-10+, in which the gold 

fragment is coordinated to 3-hexyne and to the corresponding NAC ligand are given in Table 7. All the 

systems show very similar interaction energies, around 40 kcal/mol with variations of only 2.8 kcal/mol. 

Also the most important geometrical parameters are very similar in all the systems. The N-Ĉ-N angles are 

between 116° and 119°, and the small variation well correlate with the steric hindrance of the substituents 

on the nitrogen. In fact, the N-Ĉ-N angle increases according to the series 1+ < 4+= 3+ < 2+. Also the hexyne 

bending (180° - C-Ĉ≡C) is an important parameter. In fact, we previously shown that, in the case of 

acetylene, the bending occurring upon coordination to a metallic fragment is strongly related with the 

7+ 

8+ 
9+ 

10+ 
 

7+  

8+ 
7BF4_a 

8BF4_a 
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DCD bonding components and, in particular, with the amount of back-donation to its π* orbitals.139 Our 

systems present very similar values for the hexyne bending, around 13°.  

XYZ Coordinates. 

4+.xyz (82) 

Au        0.041048   -0.017047    0.088604 

C         0.006579   -0.023241    2.125457 

N         1.078825    0.012071    2.973609 

C         0.649526   -0.006976    4.297992 

C        -0.711553   -0.055824    4.274244 

N        -1.094479   -0.064607    2.935612 

H        -1.431700   -0.083925    5.076996 

H         1.340889    0.016063    5.125881 

H         1.749201    4.438574    1.530691 

H         1.305092    2.424069    2.878552 

H         1.894246    2.989249    0.512607 

C         2.336968    3.528279    1.358828 

H         3.351264    3.832753    1.073425 

C         2.930491    3.441678    3.839465 

H         2.905786    2.845774    4.759996 

H         2.346721    4.355426    4.007979 

H         3.970958    3.735730    3.652959 

C         2.347764    2.653158    2.637821 

H         1.465761   -2.375884    2.802708 

H         2.631786   -4.256401    3.897679 

C         2.523291   -2.527366    2.565505 

C         3.151209   -3.300440    3.754483 

H         4.211088   -3.516722    3.570603 

H         3.078515   -2.728827    4.687800 

C         2.581197   -3.372092    1.267471 

H         2.111884   -2.844260    0.428460 

H         2.053349   -4.322662    1.413873 

H         3.615708   -3.603155    0.985682 

C         3.175690   -1.152311    2.381232 

C         2.482673    0.064893    2.569398 

C         4.530186   -1.068404    2.016289 

H         5.098664   -1.981914    1.860998 

C         5.160683    0.165792    1.852180 

H         6.209814    0.205224    1.570477 

C         4.448706    1.349420    2.051486 

H         4.954052    2.303399    1.923559 

C         3.091837    1.330958    2.416953 

H        -1.473270    2.324665    2.756566 

H        -2.022522    4.281524    1.365903 

C        -2.544730    3.331579    1.197048 

H        -3.570954    3.563511    0.887150 

C        -2.523607    2.477362    2.489971 

H        -3.139556    2.663508    4.596943 

C        -3.186311    3.241453    3.665848 

H        -2.672509    4.197039    3.830142 

H        -4.240798    3.457634    3.453075 

C        -3.169453    1.103399    2.276884 

H        -5.073564    1.936087    1.696031 

C        -4.510911    1.021596    1.866121 

C        -5.135468   -0.211663    1.674521 

H        -6.174556   -0.249515    1.357651 

C        -4.430479   -1.396455    1.891197 

H        -4.931219   -2.349597    1.740879 

C        -3.086752   -1.380066    2.302294 

C        -2.483343   -0.114879    2.482372 

H        -1.314160   -2.475300    2.810702 

C        -2.350222   -2.703200    2.541873 

H        -2.964894   -2.895944    4.648396 

C        -2.965994   -3.491343    3.727217 

H        -4.001724   -3.783367    3.513054 

H        -2.388623   -4.406234    3.910851 

C        -2.305590   -3.577787    1.263350 

H        -1.722475   -4.488088    1.450392 

H        -3.311852   -3.882314    0.950900 

H        -1.840555   -3.038401    0.429382 

H        -2.050516    2.810346    0.368232 

C         0.143870    0.605208   -2.088295 
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C         0.010794   -0.628134   -2.093504 

C        -0.141617   -2.058000   -2.441708 

H         0.660512   -2.632689   -1.962705 

H        -1.086089   -2.429080   -2.025255 

C         0.306524    2.036921   -2.424197 

H         1.231455    2.409434   -1.967191 

H        -0.516872    2.607215   -1.977056 

C        -0.114686   -2.292915   -3.972802 

H        -0.233405   -3.363470   -4.170352 

H         0.836291   -1.962604   -4.403774 

H        -0.931100   -1.755201   -4.466246 

C         0.343208    2.277738   -3.954209 

H        -0.587486    1.945686   -4.426140 

H         1.181714    1.744896   -4.414760 

H         0.466045    3.349456   -4.142823 

 

5+.xyz (84) 

Au        0.040837   -0.018147    0.153268 

C         0.005727   -0.022716    2.199720 

N         1.089453    0.095962    2.983927 

C         0.734938    0.058674    4.440528 

C        -0.803145   -0.109369    4.412948 

N        -1.105210   -0.144292    2.944530 

H        -1.136568   -1.038016    4.884618 

H        -1.329337    0.726794    4.882007 

H         1.051173    0.986865    4.924820 

H         1.244140   -0.778008    4.927160 

H         1.367047    4.532884    1.464766 

H         1.142463    2.514295    2.867661 

H         1.553804    3.074527    0.467352 

C         2.005743    3.660715    1.276540 

H         2.979661    4.026716    0.928732 

C         2.732805    3.678215    3.721532 

H         2.810479    3.103830    4.652899 

H         2.086631    4.545488    3.907615 

H         3.733470    4.051607    3.470114 

C         2.150785    2.818106    2.569543 

H         1.657198   -2.252775    2.860503 

H         3.013198   -4.041041    3.890569 

C         2.706525   -2.334072    2.560233 

C         3.459760   -3.055333    3.708223 

H         4.516636   -3.206428    3.454997 

H         3.414574   -2.481646    4.642211 

C         2.741423   -3.183243    1.263877 

H         2.173992   -2.703057    0.457535 

H         2.302702   -4.171788    1.449039 

H         3.770126   -3.333142    0.913513 

C         3.245303   -0.917041    2.331074 

C         2.460496    0.245346    2.529855 

C         4.573211   -0.741560    1.906824 

H         5.200870   -1.613646    1.739490 

C         5.103510    0.532350    1.697609 

H         6.133974    0.644241    1.369401 

C         4.313972    1.662971    1.912548 

H         4.740463    2.649763    1.748841 

C         2.979102    1.549234    2.335998 

H        -1.674823    2.204584    2.815263 

H        -2.271896    4.128671    1.388470 

C        -2.699911    3.139505    1.182575 

H        -3.714922    3.287750    0.793759 

C        -2.712192    2.284866    2.475701 

H        -3.500377    2.420482    4.529339 

C        -3.510604    2.998971    3.597287 

H        -3.073376    3.984489    3.801866 

H        -4.557170    3.149229    3.303982 

C        -3.238763    0.867840    2.220132 

H        -5.173765    1.563572    1.563596 

C        -4.550363    0.691851    1.748114 

C        -5.070061   -0.582144    1.514147 

H        -6.088184   -0.694654    1.149655 

C        -4.286091   -1.712146    1.751587 

H        -4.704835   -2.698864    1.568398 

C        -2.967497   -1.597830    2.223124 

C        -2.458895   -0.293828    2.441158 

H        -1.148626   -2.560750    2.815400 

C        -2.145108   -2.865831    2.481099 
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H        -2.876566   -3.159616    4.539122 

C        -2.764810   -3.730970    3.609361 

H        -3.754943   -4.106583    3.322126 

H        -2.123117   -4.597048    3.815387 

C        -1.952781   -3.703766    1.191249 

H        -1.318705   -4.574920    1.398815 

H        -2.912877   -4.071321    0.808415 

H        -1.474521   -3.113658    0.400246 

H        -2.100435    2.664580    0.396576 

C         0.690866    0.055636   -2.019602 

C        -0.541614   -0.080653   -2.038766 

C        -1.968087   -0.237307   -2.396705 

H        -2.351711   -1.160695   -1.946108 

H        -2.540790    0.587262   -1.955064 

C         2.127250    0.214860   -2.334549 

H         2.686383   -0.615783   -1.886876 

H         2.498938    1.132027   -1.861853 

C        -2.184436   -0.268471   -3.930630 

H        -3.253725   -0.384654   -4.136831 

H        -1.649326   -1.108589   -4.385713 

H        -1.839896    0.661644   -4.394765 

C         2.387525    0.264964   -3.861152 

H         1.866507    1.111466   -4.320791 

H         2.055567   -0.658763   -4.346757 

H         3.462343    0.382388   -4.035155 

 

6+.xyz (96) 

Au        0.041115   -0.158127    0.105597 

C         0.038126    0.169519    2.115716 

N         1.138938    0.372667    2.921305 

C         0.725613    0.561281    4.228803 

C        -0.658037    0.472265    4.240485 

N        -1.065911    0.232377    2.939798 

H        -0.179551    2.461331   -4.646425 

H         0.804217    0.980875   -4.669602 

H         1.520936    4.400383    0.628597 

H         1.302955    2.747182    2.451505 

H         1.632613    2.752351   -0.028781 

C         2.129688    3.487765    0.615439 

H         3.098588    3.734369    0.163909 

C         2.955757    4.009251    2.971945 

H         3.055546    3.647053    4.002088 

H         2.337621    4.915572    2.987232 

H         3.953130    4.289755    2.611645 

C         2.304746    2.941640    2.056047 

H         1.610998   -1.993456    3.196635 

H         2.898370   -3.693917    4.433077 

C         2.648610   -2.165349    2.893975 

C         3.388009   -2.763939    4.118090 

H         4.431862   -2.999089    3.876051 

H         3.383633   -2.071230    4.968064 

C         2.620410   -3.179918    1.721992 

H         2.069120   -2.778985    0.863060 

H         2.132423   -4.109616    2.039921 

H         3.634680   -3.429634    1.387044 

C         3.252315   -0.823591    2.462431 

C         2.527288    0.389667    2.461944 

C         4.589641   -0.770268    2.034172 

H         5.181066   -1.682211    2.017401 

C         5.173115    0.430876    1.629362 

H         6.209251    0.446612    1.301260 

C         4.429865    1.611779    1.644034 

H         4.897233    2.539700    1.324383 

C         3.088608    1.623883    2.062759 

H        -1.535504    2.563479    2.447892 

H        -2.053128    4.205746    0.680823 

C        -2.541252    3.223280    0.671918 

H        -3.554664    3.354532    0.273081 

C        -2.572396    2.630889    2.104318 

H        -3.311583    3.196665    4.100377 

C        -3.313630    3.585595    3.075177 

H        -2.823628    4.567249    3.081801 

H        -4.356791    3.732685    2.769126 

C        -3.176142    1.221486    2.117680 

H        -5.102345    1.894801    1.416284 

C        -4.512146    1.035299    1.723886 
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C        -5.095887   -0.232082    1.719127 

H        -6.131032   -0.350868    1.409576 

C        -4.354231   -1.347467    2.110307 

H        -4.821914   -2.328685    2.100056 

C        -3.014295   -1.226410    2.515699 

C        -2.452646    0.070526    2.504465 

H        -1.230950   -2.168603    3.246026 

C        -2.231990   -2.478297    2.930080 

H        -2.988870   -2.528473    4.997294 

C        -2.886561   -3.199295    4.135962 

H        -3.883220   -3.579807    3.880719 

H        -2.269421   -4.053833    4.440326 

C        -2.054065   -3.454010    1.738199 

H        -1.447380   -4.315872    2.042708 

H        -3.022200   -3.830236    1.385133 

H        -1.553592   -2.961948    0.895391 

H        -1.988641    2.571501   -0.015272 

C         0.003509    0.104064   -2.142666 

C         0.083540   -1.118406   -1.944270 

C         0.175448   -2.590340   -2.066681 

H         1.083785   -2.937582   -1.559454 

H        -0.671705   -3.048142   -1.541772 

C        -0.089669    1.461831   -2.724093 

H         0.759158    2.061690   -2.373857 

H        -0.996004    1.952353   -2.348820 

C         0.188817   -3.053560   -3.544723 

H         0.256624   -4.146121   -3.573855 

H         1.049082   -2.636741   -4.079029 

H        -0.727973   -2.747748   -4.059671 

C        -0.110335    1.434145   -4.272923 

H        -0.972731    0.870356   -4.643865 

C         1.223175    0.818705    5.580837 

C         0.028842    0.870378    6.371002 

C        -1.161754    0.663164    5.601132 

C         0.025415    1.100666    7.756434 

C        -1.253630    1.121427    8.395884 

C        -2.410328    0.920069    7.654592 

C        -2.386526    0.687696    6.248154 

C         1.301392    1.289472    8.373968 

C         2.461653    1.240830    7.612838 

C         2.444924    1.005157    6.206874 

H        -3.321347    0.535877    5.716197 

H        -1.316911    1.295262    9.467034 

H        -3.373357    0.937886    8.156128 

H         1.359458    1.471763    9.443908 

H         3.422082    1.386969    8.097830 

H         3.382622    0.977596    5.659080 

7+.xyz (48) 

C         0.598139    2.263982   -3.870643 

C         0.545410    2.001224   -2.344562 

C         0.215543    0.593632   -2.032307 

C        -0.064201   -0.613408   -2.041718 

C        -0.388199   -2.017131   -2.376406 

C        -0.404103   -2.262904   -3.906195 

Au        0.041162   -0.017948    0.165105 

C         0.005109   -0.024036    2.236194 

N        -1.140556   -0.090062    2.929576 

N         1.125214    0.039524    2.970342 

C        -2.576381   -0.153692    2.466576 

C         2.576863    0.103335    2.559650 

H         1.004290    0.037448    3.984431 

H        -1.055898   -0.091973    3.947532 

H         0.344721   -2.679979   -1.900331 

H        -1.365316   -2.272892   -1.948497 

H         1.511281    2.254085   -1.890101 

H        -0.200145    2.657417   -1.879179 

H        -0.647529   -3.313832   -4.094213 

H         0.574190   -2.047826   -4.348949 

H        -1.157650   -1.637693   -4.396652 

H        -0.368612    2.052156   -4.339480 

H         1.364560    1.645507   -4.349603 

H         0.844216    3.317354   -4.040849 

C         3.364103    0.158170    3.887998 

C         2.974896   -1.165792    1.773207 

C         2.852627    1.384812    1.741994 

C        -3.411289   -0.213205    3.765234 

C        -2.946757    1.117607    1.670215 

C        -2.821229   -1.432676    1.635392 

H        -3.880815   -1.494896    1.360285 

H        -2.231027   -1.427686    0.711422 

H        -2.557012   -2.327389    2.211390 
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H        -4.008719    1.084158    1.398953 

H        -2.768926    2.017198    2.271428 

H        -2.362889    1.195737    0.745729 

H        -4.476503   -0.262990    3.517086 

H        -3.155531   -1.101768    4.356207 

H        -3.244726    0.680406    4.379904 

H         4.045949   -1.132167    1.540472 

H         2.775104   -2.067085    2.364913 

H         2.424618   -1.240886    0.828100 

H         4.437701    0.207581    3.678856 

H         3.087803    1.045273    4.471880 

H         3.174230   -0.736857    4.493776 

H         3.921427    1.446955    1.505017 

H         2.295896    1.383351    0.797468 

H         2.568651    2.277881    2.311100 

 

8+.xyz (54) 

C         0.484477    2.256166   -3.886850 

C         0.440868    2.027025   -2.354923 

C         0.174251    0.613526   -2.011677 

Au        0.055737    0.008435    0.196121 

C        -0.007353   -0.057938    2.278448 

N         1.105271   -0.055758    3.043904 

C         2.502808   -0.088430    2.454978 

C         2.862361    1.222065    1.727986 

C        -0.060120   -0.602943   -2.006600 

C        -0.335851   -2.021510   -2.321743 

C        -0.367743   -2.287613   -3.847852 

N        -1.207614   -0.133961    2.883912 

C        -2.613541   -0.095462    2.322862 

C        -2.883291   -1.348897    1.460752 

C        -3.531736   -0.118671    3.566107 

C        -2.863545    1.206241    1.530551 

H         3.148448   -0.148292    3.329606 

C         2.796219   -1.352792    1.622696 

C         1.009605   -0.125118    4.558232 

H        -1.217725   -0.223833    3.894845 

H         0.428569   -2.651071   -1.850106 

H        -1.295588   -2.309601   -1.875051 

H         1.392931    2.334188   -1.905073 

H        -0.334899    2.659126   -1.905400 

H        -0.575415   -3.349171   -4.018533 

H         0.594452   -2.042694   -4.309902 

H        -1.151806   -1.697181   -4.333703 

H        -0.470573    1.988662   -4.351472 

H         1.279058    1.661864   -4.350422 

H         0.682374    3.315200   -4.083117 

H        -3.920870   -1.337623    1.106317 

H        -2.224422   -1.377899    0.585031 

H        -2.724254   -2.263127    2.044922 

H        -3.908718    1.235711    1.199941 

H        -2.670841    2.085360    2.156896 

H        -2.225829    1.266124    0.641006 

H        -4.580300   -0.107924    3.251414 

H        -3.366930   -1.025662    4.162065 

H        -3.357291    0.759897    4.199967 

H         3.865969   -1.374148    1.380346 

H         2.553794   -2.261519    2.184846 

H         2.237876   -1.367743    0.679456 

H         3.922703    1.202723    1.448576 

H         2.273600    1.351980    0.811482 

H         2.690535    2.090420    2.373581 

C         2.119180    0.650004    5.295640 

H         0.086971    0.400032    4.823882 

C         0.919293   -1.591417    5.033032 

H         0.748385   -1.621250    6.115813 

H         0.101245   -2.131444    4.542569 

H         1.854596   -2.123210    4.820713 

H         1.812620    0.750741    6.343270 

H         3.081382    0.126756    5.288346 

H         2.254710    1.656861    4.886974 

 

9+.xyz (46) 

Au        0.196514    0.054848    2.333547 

C         0.019646   -0.010118    4.401300 

N         0.651210   -0.921310    5.159961 

H         0.491935   -0.882192    6.163942 

N        -0.765148    0.879077    5.023287 

C         1.609309   -2.026397    4.766309 

C         0.906798   -3.041141    3.837754 

H         0.606129   -2.572119    2.893091 

H         0.014316   -3.459795    4.317614 

H         1.592982   -3.863612    3.603930 

C         1.992687   -2.715656    6.094496 

H         2.486052   -2.012627    6.778206 

H         2.690548   -3.536302    5.899340 

H         1.109958   -3.137950    6.592129 

C         2.872245   -1.433888    4.102929 

H         3.366340   -0.718913    4.771361 

H         2.627712   -0.921871    3.164866 

H         3.580123   -2.239335    3.874355 

C        -1.534593    1.962860    4.336609 

H        -0.930731    2.400200    3.538295 

H        -2.446772    1.538949    3.896871 

C        -1.866397    2.945203    5.471488 

H        -1.022663    3.625708    5.640270 

H        -2.750313    3.548126    5.244682 

C        -2.065857    2.018024    6.691371 



163 

  

H        -3.063517    1.564066    6.664804 

H        -1.956358    2.534929    7.648784 

C        -0.988973    0.929673    6.502752 

H        -0.046759    1.197381    7.002614 

H        -1.317326   -0.050039    6.873670 

C         0.003431   -0.346726    0.085830 

C         0.730791    0.650916    0.186213 

C         1.605972    1.824047   -0.027902 

H         1.129696    2.712220    0.407214 

H         2.546539    1.676095    0.518123 

C        -0.816134   -1.492972   -0.364477 

H        -1.835265   -1.382712    0.027796 

H        -0.413044   -2.416344    0.071238 

C         1.901447    2.066971   -1.530869 

H         2.550068    2.943664   -1.631033 

H         0.977821    2.253686   -2.088118 

H         2.411575    1.206164   -1.975022 

C        -0.855091   -1.613182   -1.910082 

H        -1.289567   -0.716317   -2.363198 

H        -1.472102   -2.474664   -2.186700 

H         0.149788   -1.761342   -2.318483 

 

10+.xyz (59) 

C         0.281125    1.458424   -3.950542 

C         0.126003    1.484072   -2.409262 

C         0.253258    0.136418   -1.813269 

C         0.376257   -1.073161   -1.574784 

C         0.541643   -2.542377   -1.607396 

C         0.943560   -3.057410   -3.012193 

Au        0.171903   -0.059406    0.462967 

C         0.065303    0.344718    2.498601 

N        -1.061669    0.149410    3.200631 

C        -2.413418   -0.363143    2.753383 

C        -3.037272    0.590891    1.710792 

N         1.139261    0.824207    3.162701 

C         1.036041    1.170963    4.603277 

C         2.432964    1.098145    2.467231 

H         2.245155    0.847473    1.418096 

C         2.813218    2.589476    2.540152 

C        -2.293001   -1.801390    2.202907 

C        -3.280783   -0.370609    4.031518 

C         3.610601    0.164897    2.890624 

H        -1.036625    0.352716    4.196791 

H         1.299181   -2.835599   -0.870154 

H        -0.398309   -3.012428   -1.291932 

H         0.881977    2.146622   -1.970372 

H        -0.850950    1.903679   -2.138949 

H         1.045599   -4.147313   -2.977176 

H         1.899887   -2.627922   -3.329577 

H         0.181103   -2.804418   -3.756263 

H        -0.487888    0.830100   -4.412297 

H         1.266531    1.077904   -4.239846 

H         0.175221    2.478017   -4.335619 

H        -3.288257   -2.176955    1.936908 

H        -1.666209   -1.832998    1.303694 

H        -1.856040   -2.470269    2.953595 

H        -4.038076    0.233569    1.440232 

H        -3.127462    1.605210    2.117478 

H        -2.433764    0.634209    0.796503 

H        -4.285857   -0.733768    3.792974 

H        -2.852284   -1.032598    4.794699 

H        -3.375051    0.639512    4.449970 

H         3.709284    2.764444    1.934036 

H         2.000546    3.206426    2.140595 

H         3.032947    2.914418    3.560980 

H         1.993454    1.544192    4.954635 

H         0.269930    1.941478    4.759331 

H         0.781343    0.282739    5.194929 

H         4.429594    0.443219    2.210359 

O         3.995947    0.492064    4.249114 

C         3.337395   -1.325740    2.698461 

C         2.732021   -2.106144    3.698566 

C         2.495288   -3.470900    3.491436 

C         2.863120   -4.076046    2.282814 

C         3.475478   -3.308885    1.283592 

C         3.711330   -1.944662    1.492514 

H         2.461940   -1.651693    4.648643 

H         2.028991   -4.061808    4.276401 

H         2.685945   -5.137516    2.126028 

H         3.785660   -3.773886    0.350872 

H         4.204328   -1.359907    0.716913 

H         4.759411   -0.069314    4.478082 

 

7BF4_a+.xyz (53) 

C         1.007770    2.108342   -3.828213 

C         0.894886    1.848257   -2.304955 

C         0.324333    0.519028   -1.997750 

C        -0.159486   -0.619522   -2.012183 

C        -0.717177   -1.945486   -2.354647 

C        -0.738867   -2.203554   -3.882344 

Au        0.039689   -0.058763    0.207202 

C         0.007812   -0.055575    2.280261 

N        -1.127982   -0.213893    2.973157 

N         1.123481    0.111580    3.007081 

C        -2.553675   -0.271199    2.498346 

C         2.558189    0.201733    2.568989 

H        -1.030386   -0.321306    3.998223 

H        -0.127150   -2.722995   -1.852609 



164 

 

H        -1.734136   -2.020638   -1.948300 

H         1.885041    1.928437   -1.838057 

H         0.271407    2.621825   -1.838373 

H        -1.160819   -3.195799   -4.077139 

H         0.272580   -2.169772   -4.301078 

H        -1.354181   -1.458783   -4.398284 

H         0.023948    2.069770   -4.307896 

H         1.657582    1.367710   -4.306527 

H         1.435350    3.103144   -3.995744 

C         3.388543    0.268962    3.871964 

C         2.975588   -1.056267    1.771965 

C         2.794287    1.491473    1.745773 

C        -3.412728   -0.378803    3.779663 

C        -2.931512    1.023427    1.740504 

C        -2.787579   -1.523079    1.619203 

H        -3.843898   -1.581939    1.328010 

H        -2.183859   -1.487634    0.703331 

H        -2.526481   -2.434309    2.169984 

H        -3.993645    0.994534    1.465931 

H        -2.760406    1.900989    2.374527 

H        -2.345489    1.139879    0.820660 

H        -4.473446   -0.411398    3.505474 

H        -3.169595   -1.287531    4.342177 

H        -3.245551    0.479525    4.440213 

H         4.045780   -1.003701    1.535300 

H         2.794826   -1.961566    2.363343 

H         2.423416   -1.143997    0.828695 

H         4.453025    0.347098    3.622994 

H         3.104695    1.134539    4.480136 

H         3.239087   -0.632791    4.477336 

H         3.853925    1.574615    1.472690 

H         2.202725    1.485706    0.821482 

H         2.513408    2.375770    2.329447 

H         0.993253    0.284036    4.018321 

B        -0.318738    0.476134    6.451086 

F         0.773975    1.032183    5.678805 

F        -0.738861   -0.712872    5.724553 

F        -1.379614    1.390071    6.469357 

F         0.117445    0.127202    7.719424 

 

7BF4_b.xyz (54) 

C       0.19594004       1.93376007      -3.96466472 

C       0.23205173       1.74939159      -2.42680543 

C      -0.38841712       0.47568428      -2.00482713 

C      -0.96415134      -0.61955661      -1.91992461 

C      -1.67814233      -1.89023722      -2.17736406 

C      -1.99373049      -2.08981295      -3.68036425 

Au      -0.39320388      -0.07455032       0.21116846 

C      -0.11546303      -0.06127839       2.26235316 

N      -0.63501661      -1.00364917       3.06480544 

N       0.59884628       0.89247929       2.87726988 

C      -1.48550228      -2.20554265       2.74144813 

C       1.32894296       2.08758056       2.31337860 

H      -0.43332989      -0.91591353       4.06190729 

H      -1.06812327      -2.72509246      -1.81164240 

H      -2.60914115      -1.90290080      -1.59766486 

H       1.26924656       1.79070668      -2.07452242 

H      -0.29150588       2.58177281      -1.94113106 

H      -2.51919139      -3.04187814      -3.81126469 

H      -1.07405334      -2.11597742      -4.27428926 

H      -2.63345606      -1.28492660      -4.05746512 

H      -0.83398446       1.94642918      -4.33692699 

H       0.74364803       1.13105764      -4.46981920 

H       0.66931485       2.88890999      -4.21475490 

C       1.96349367       2.78608160       3.53595808 

C       2.43957018       1.63023652       1.34231532 

C       0.33349289       3.04829840       1.62599489 

C      -1.76234080      -2.88261800       4.10180291 

C      -2.82124470      -1.76572703       2.10135620 

C      -0.71334798      -3.18084125       1.82499021 

H      -1.32755347      -4.06744438       1.62715343 

H      -0.46670561      -2.71440848       0.86363704 

H       0.22114917      -3.50183385       2.30034782 

H      -3.44655438      -2.64608493       1.91056312 

H      -3.36629182      -1.08813308       2.76930891 

H      -2.65731751      -1.24950002       1.14776041 

H      -2.38129484      -3.77332197       3.95168785 

H      -0.82629342      -3.19293873       4.58286354 

H      -2.29783414      -2.20263627       4.77621017 

H       2.97473662       2.50332103       0.95138255 

H       3.15652921       0.97719261       1.85423831 

H       2.02355494       1.08170667       0.48882679 

H       2.51697174       3.67223665       3.20842426 

H       1.19288765       3.10777535       4.24793851 

H       2.66383711       2.11629156       4.05076138 

H       0.86910591       3.92356742       1.24035700 

H      -0.17231726       2.56329800       0.78268411 

H      -0.43030294       3.38795953       2.33574788 

H       0.67603411       0.82250762       3.89313370 

B       3.14665921       4.74514967      -2.25516301 

F       3.89749710       5.50773249      -1.31963962 

F       3.44369284       3.36809386      -2.08942876 

F       3.49575816       5.14624518      -3.57531558 

F       1.76265679       4.96966970      -2.04637586 

 

8BF4_a.xyz (59) 

Au       0.03978583       0.04924710       0.15396877 

C       0.11309675       0.14444539      -1.93113494 
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N       1.28191142       0.25935037      -2.59810172 

C       2.63246101       0.17917546      -1.91268476 

C       2.91686762       1.37381173      -0.98147519 

N      -1.03995880       0.07190153      -2.62333457 

C      -2.47526547       0.09796054      -2.13893042 

C      -2.80423328      -1.18866827      -1.34861923 

C      -3.33732778       0.14502171      -3.42059989 

C      -2.75555478       1.36777824      -1.30388046 

H       3.33986941       0.25796102      -2.73913923 

C       2.89454460      -1.18791176      -1.24984711 

C       1.36600592       0.46435578      -4.09830671 

H      -0.98664731      -0.05038450      -3.63349693 

H      -3.85637655      -1.17561999      -1.03938493 

H      -2.18521674      -1.27007296      -0.44724961 

H      -2.63294517      -2.07790827      -1.96672530 

H      -3.81998654       1.40034921      -1.04145240 

H      -2.51174389       2.26907632      -1.87893071 

H      -2.17713409       1.38332302      -0.37313982 

H      -4.39726915       0.15569837      -3.14514457 

H      -3.15361010      -0.72822342      -4.05632983 

H      -3.12604310       1.05047060      -4.00284357 

H       3.94234081      -1.23312761      -0.92765444 

H       2.71562657      -2.00757033      -1.95449973 

H       2.26213104      -1.34504434      -0.36816139 

H       3.95850431       1.32307648      -0.64131419 

H       2.27261479       1.36072790      -0.09394339 

H       2.76848154       2.32642320      -1.50094650 

C       2.08634830       1.78496770      -4.44617026 

H       0.34925952       0.57667717      -4.47180297 

C       1.97868204      -0.76000860      -4.80648759 

H       1.92677418      -0.60866889      -5.89074315 

H       1.42390646      -1.67313493      -4.56625024 

H       3.03165455      -0.90497909      -4.53741860 

H       2.01464195       1.94670004      -5.52816584 

H       3.15034742       1.76699887      -4.18487206 

H       1.61460710       2.63587039      -3.94195160 

C       0.75656443       1.87817928       4.40424949 

C       0.80346318       1.73268674       2.86250241 

C       0.18312065       0.47108802       2.40285056 

C      -0.37486946      -0.63064214       2.30245227 

C      -1.04977573      -1.92817431       2.52382081 

C      -1.25808679      -2.23024634       4.02955550 

H      -0.45767572      -2.72680653       2.06023723 

H      -2.01868614      -1.92187185       2.00967397 

H       1.84416175       1.76877450       2.51755310 

H       0.28894676       2.57986060       2.39281264 

H      -1.76264915      -3.19673746       4.13342109 

H      -0.29981951      -2.27996237       4.55750742 

H      -1.87936464      -1.46187883       4.50201353 

H      -0.27688034       1.88350357       4.76683135 

H       1.29607185       1.05981170       4.89292580 

H       1.22952984       2.82440954       4.68761001 

B      -1.49283166      -0.59569575      -7.00099899 

F      -0.58178226      -1.10572884      -7.96246678 

F      -2.82092465      -0.89398300      -7.40332480 

F      -1.33318000       0.81034862      -6.89480037 

F      -1.23456355      -1.19792324      -5.73813540 

 

8BF4_b.xyz (59) 

Au       0.25491911       0.01408833      -0.00755096 

C       0.02341220      -0.28040667      -2.05898015 

N       0.36008777       0.66215133      -2.96639427 

C       1.19016239       1.88095065      -2.60981430 

C       0.39817362       2.92648859      -1.80154274 

N      -0.51079009      -1.43678781      -2.49871071 

C      -1.06719357      -2.62281644      -1.74567428 

C       0.03699982      -3.30327231      -0.90614799 

C      -1.54871096      -3.59933830      -2.84271870 

C      -2.27056624      -2.19894620      -0.87494522 

H       1.41268506       2.33076580      -3.57852961 

C       2.55181354       1.52285636      -1.98308049 

C       0.03281522       0.52513815      -4.43857337 

H      -0.57675412      -1.56933798      -3.50297913 

H      -0.37548783      -4.18387826      -0.39936221 

H       0.43732312      -2.62574486      -0.14290246 

H       0.86647669      -3.62564389      -1.54668685 

H      -2.68894074      -3.07793719      -0.37005253 

H      -3.05462742      -1.74525813      -1.49295006 

H      -1.97476955      -1.47223949      -0.10947525 

H      -1.96843883      -4.49811379      -2.37915563 

H      -0.71654889      -3.90826694      -3.48831150 

H      -2.32896909      -3.14106221      -3.46370145 

H       3.15643902       2.43384294      -1.90041299 

H       3.09541860       0.80347756      -2.60588062 

H       2.44805892       1.09723267      -0.97812179 

H       1.01494072       3.82317024      -1.66773875 

H       0.12787436       2.55094103      -0.80725998 

H      -0.52277779       3.21344299      -2.31992828 

C      -0.60728995       1.80346920      -5.02005666 

H      -0.74996053      -0.23206678      -4.51717302 

C       1.25755461       0.04947647      -5.24568026 

H       0.96833544      -0.11633733      -6.29038261 

H       1.66012913      -0.88900239      -4.84702156 

H       2.05701452       0.79990361      -5.23275533 

H      -0.96378983       1.57676258      -6.03174750 

H       0.09881348       2.63652865      -5.09984830 

H      -1.46638528       2.12346211      -4.42074542 

C       1.71135036       2.49937645       3.68067314 
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C       1.48265725       2.10803177       2.19899530 

C       0.75592278       0.82713395       2.07088884 

C       0.15291786      -0.24034136       2.25640289 

C      -0.51067145      -1.43288584       2.82848803 

C      -0.50001306      -1.42236564       4.37723581 

H      -0.00813660      -2.33559714       2.46050803 

H      -1.54470372      -1.47787741       2.46561432 

H       2.44758146       2.03681682       1.68299224 

H       0.91601761       2.89718229       1.69041487 

H      -1.00104924      -2.32498931       4.74338401 

H       0.52476507      -1.41341044       4.76304578 

H      -1.03062631      -0.54768869       4.76804460 

H       0.75895574       2.63068543       4.20559008 

H       2.29839885       1.73591366       4.20243324 

H       2.26287944       3.44458499       3.71129480 

B       4.80464370       4.60368444       1.52575985 

F       4.86085372       3.20961880       1.27088293 

F       3.45453365       5.02013954       1.63748433 

F       5.42957487       5.30477945       0.45758064 

F       5.49003400       4.88835277       2.73916253 

 

10BF4_a.xyz (64) 

C       0.40887809       1.42162087      -4.06326278 

C       0.28396112       1.45997052      -2.51943945 

C       0.31606977       0.10683461      -1.92347485 

C       0.35617775      -1.10779391      -1.68330006 

C       0.42006046      -2.58482828      -1.71851134 

C       0.73357795      -3.12644251      -3.13582690 

Au       0.25354875      -0.08249958       0.35674976 

C       0.21858381       0.32434324       2.39725590 

N      -0.88257760       0.13285180       3.13995897 

C      -2.25458705      -0.34754023       2.71395794 

C      -2.87712098       0.62646844       1.68814041 

N       1.32625560       0.79092520       3.01458570 

C       1.29089581       1.13469329       4.45997584 

C       2.58444246       1.06659491       2.25907520 

H       2.34196122       0.83865004       1.21577080 

C       2.98297605       2.55339182       2.33766267 

C      -2.17349676      -1.78447118       2.15128978 

C      -3.10801887      -0.34731474       4.00072016 

C       3.77628146       0.11796155       2.60043512 

H      -0.82623865       0.31317165       4.14229543 

H       1.18374664      -2.92751216      -1.00931460 

H      -0.53640377      -2.99136261      -1.36647567 

H       1.09766617       2.06114791      -2.09543129 

H      -0.65174085       1.95566136      -2.23283457 

H       0.76229499      -4.22086225      -3.10208459 

H       1.70481726      -2.76358712      -3.48932619 

H      -0.03625801      -2.82168719      -3.85251200 

H      -0.41535057       0.85546805      -4.50993208 

H       1.35582254       0.96419476      -4.36953699 

H       0.37688537       2.44602297      -4.44889819 

H      -3.18061186      -2.13714956       1.89823163 

H      -1.56089473      -1.82444397       1.24232285 

H      -1.73993440      -2.46715979       2.89139227 

H      -3.89109424       0.29230232       1.43711334 

H      -2.93730276       1.63958463       2.10312290 

H      -2.29314575       0.66405589       0.76088920 

H      -4.12273055      -0.68479908       3.76415790 

H      -2.68700871      -1.02225542       4.75520960 

H      -3.17130852       0.65868187       4.43271921 

H       3.85015629       2.73032840       1.69121607 

H       2.15764566       3.18405724       1.98864013 

H       3.25459264       2.85995303       3.35152779 

H       2.26648335       1.49995135       4.76727193 

H       0.53619833       1.90784022       4.65246830 

H       1.05085796       0.25058067       5.06201701 

H       4.56189745       0.40836786       1.88626798 

O       4.23173805       0.41032443       3.94522450 

C       3.48770112      -1.36642854       2.38665659 

C       2.91581853      -2.16546337       3.39187299 

C       2.66481411      -3.52450116       3.16466704 

C       2.98408780      -4.10518141       1.93040007 

C       3.56226629      -3.31933629       0.92511380 

C       3.81327446      -1.96107387       1.15453939 

H       2.68088074      -1.72956126       4.35976634 

H       2.22318336      -4.12928362       3.95329343 

H       2.79450482      -5.16211442       1.75763314 

H       3.83253748      -3.76451636      -0.02956101 

H       4.27812268      -1.36130810       0.37294835 

H       4.98352831      -0.18120064       4.13300087 

F      -0.58290456       1.59346194       8.35713397 

B      -1.51376327       1.13854080       7.38628643 

F      -2.73118082       0.78628638       8.02436194 

F      -0.98149972       0.00091224       6.71929936 

F      -1.75338952       2.17070645       6.44120308 

 

10BF4_b.xyz (64) 

C      -3.95976756      -1.79633616      -2.08134622 

C      -3.16677672      -1.22034872      -0.88143529 

C      -1.71080722      -1.16424867      -1.14400662 

C      -0.56987488      -1.22307985      -1.62570935 

C       0.65076785      -1.40586260      -2.44059924 

C       0.33567884      -1.94224571      -3.86058637 

Au      -0.31225384      -0.36035314       0.47011893 

C       0.58137746       0.45770467       2.15537211 

N      -0.01975364       1.40004675       2.90139437 

C      -1.37487329       2.05010145       2.74410283 
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C      -1.45700136       2.82491043       1.40910298 

N       1.82238361       0.07314370       2.52034040 

C       2.50347406       0.72093935       3.66979036 

C       2.59569635      -0.92964640       1.72426211 

H       1.90964946      -1.24549244       0.93143186 

C       3.83404379      -0.29557103       1.06216947 

C      -2.49625884       0.99359638       2.85172478 

C      -1.48198211       3.04280611       3.92329140 

C       2.94374912      -2.24613338       2.48615221 

H       0.48746464       1.75187184       3.70908666 

H       1.17444491      -0.44513277      -2.51693890 

H       1.32964173      -2.09602520      -1.92475520 

H      -3.52868542      -0.21150891      -0.64869148 

H      -3.34826551      -1.83071984       0.01151484 

H       1.27521095      -2.05438060      -4.41204954 

H      -0.31006790      -1.24997451      -4.41118408 

H      -0.15613259      -2.91951010      -3.81266021 

H      -3.63941157      -2.81817139      -2.31027193 

H      -3.82412250      -1.17807234      -2.97493395 

H      -5.02534325      -1.81425347      -1.82896764 

H      -3.47475601       1.48365138       2.78416647 

H      -2.42722354       0.25810929       2.04151438 

H      -2.43740190       0.46013563       3.80740197 

H      -2.42574662       3.33402164       1.33934294 

H      -0.66260514       3.57823740       1.34807038 

H      -1.36204537       2.15183413       0.54903712 

H      -2.44389940       3.56409503       3.88151192 

H      -1.41920037       2.51978203       4.88594105 

H      -0.68493064       3.79569517       3.87627932 

H       4.33047844      -1.04210217       0.43243327 

H       3.53367938       0.54816634       0.43087776 

H       4.55980060       0.05766963       1.80003997 

H       3.49010283       0.28345406       3.79385249 

H       2.60624459       1.80077769       3.49957884 

H       1.93915693       0.55272576       4.59540561 

H       3.34389065      -2.90454421       1.70204064 

O       3.99580725      -1.96284149       3.44510322 

C       1.73846388      -2.94350078       3.11839109 

C       1.38680458      -2.74975180       4.46516791 

C       0.27075871      -3.39902914       5.01042461 

C      -0.50764727      -4.25045468       4.21621360 

C      -0.15903682      -4.45625075       2.87446724 

C       0.95798504      -3.81045640       2.33172268 

H       1.99372502      -2.10174019       5.09270926 

H       0.01230354      -3.24108275       6.05511592 

H      -1.37175223      -4.75663526       4.64089941 

H      -0.74951907      -5.12631497       2.25381471 

H       1.23445302      -3.98583001       1.29298510 

H       4.28040806      -2.81488262       3.82355733 

F       4.97780063      -3.74227798      -0.35590958 

B       4.02311284      -3.78688591      -1.40639803 

F       2.71392968      -3.73347698      -0.85803058 

F       4.17802527      -4.99793013      -2.13437830 

F       4.22293736      -2.68458584      -2.27441051 

 

10BF4_c.xyz (64) 

C      -0.71946359      -3.44428639      -2.44342984 

C      -0.17991332      -2.17291571      -1.74176633 

C      -0.80323449      -1.95730929      -0.41772006 

C      -1.47640939      -2.01284435       0.62165272 

C      -2.41494924      -2.35948252       1.71065688 

C      -3.22466595      -3.64226359       1.39690240 

Au      -0.13348813      -0.18065813       0.83628767 

C       0.83544156       1.53200050       1.50164084 

N       0.40943324       2.23060490       2.56487082 

C      -0.76531461       1.98421992       3.48262046 

C      -2.09064162       2.02876317       2.69034778 

N       1.92277715       1.99499433       0.84845884 

C       2.55062928       3.28379401       1.23741077 

C       2.48663836       1.29328847      -0.34364763 

H       1.89570044       0.37628164      -0.44454481 

C       2.31489343       2.14105815      -1.61856821 

C      -0.59460476       0.64346264       4.23172698 

C      -0.73467758       3.15074220       4.49505029 

C       3.96081729       0.83362645      -0.07222000 

H       0.99925717       2.99338472       2.88978599 

H      -1.85116720      -2.49404104       2.64159182 

H      -3.09972930      -1.51863051       1.87527233 

H       0.90733865      -2.25012766      -1.61801556 

H      -0.36272926      -1.29364501      -2.37124695 

H      -3.90158121      -3.84942713       2.23249965 

H      -2.56062676      -4.50321868       1.26596797 

H      -3.82252171      -3.51713959       0.48787037 

H      -1.79949708      -3.37197714      -2.60882545 

H      -0.51403275      -4.33953368      -1.84701095 

H      -0.22649681      -3.55262819      -3.41550514 

H      -1.42959477       0.50093756       4.92823639 

H      -0.58142095      -0.20481772       3.53695190 

H       0.34174408       0.63499612       4.80133673 

H      -2.93339505       1.90733878       3.38138921 

H      -2.19988966       2.98880276       2.17200364 

H      -2.14522315       1.22730127       1.94407076 

H      -1.55824441       3.04089470       5.20834954 

H       0.20706611       3.15772670       5.05794658 

H      -0.85075653       4.11511384       3.98458473 

H       2.61050323       1.56193632      -2.49903505 

H       1.26459896       2.43244142      -1.73362585 

H       2.92546014       3.05134345      -1.59719743 
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H       3.36299937       3.51383426       0.54996840 

H       1.81657202       4.09722360       1.18268279 

H       2.96029639       3.23145190       2.25228710 

H       4.59013610       1.72175557       0.07648875 

O       4.01856400      -0.01007191       1.10074251 

C       4.52960534       0.04054059      -1.24279208 

C       4.13132748      -1.28898362      -1.46951896 

C       4.64793355      -2.01239686      -2.55106791 

C       5.56848876      -1.41503751      -3.42316488 

C       5.97561884      -0.09383997      -3.20071411 

C       5.46121912       0.62627068      -2.11452227 

H       3.43309148      -1.76664287      -0.78572895 

H       4.33665860      -3.04225642      -2.71019299 

H       5.97037338      -1.97747723      -4.26271847 

H       6.69782678       0.37450590      -3.86501873 

H       5.79094083       1.64938723      -1.94207960 

H       3.91096855       0.53277076       1.90906228 

F       3.11774321       3.05321299       4.70953696 

B       4.10641723       2.03981848       4.80105066 

F       3.90781548       1.09257093       3.74579589 

F       3.99882514       1.37463315       6.04393153 

F       5.39202673       2.61742949       4.66884552 



169 

 

4.5.2 Computational details for 9L, 9’L  and C2H2L systems. 

All calculations here reported have been performed using density functional theory (DFT) with the ADF 

(Amsterdam Density Functional) package.226 The BP86 GGA230a,231 Functional was used. The TZ2P triple 

zeta basis set with two polarization functions was used for all atoms. Relativistic effects were included 

with the zeroth-order regular approximation (ZORA) Hamiltonian228b as implemented in ADF, with a small 

frozen core. A fine integration grid has been used both in the SCF iterations and in the optimization 

procedure in order to converge properly the geometrical parameters. Several series of complexes were 

fully optimized. The optimized geometries are available for 9L ([LAu(NAC)]+/0), 9’L ([LAu(NACsym)]+/0 

systems) and C2H2L ([LAu(C2H2)]+/0 systems) in xyz format and are reported at the end of this Supporting 

Information.  

The Au-C bond in 9’L has been analyzed using the charge-displacement function (CDF): numeriamo? 

∆𝑞(𝑧) = ∫ 𝑑𝑧′
𝑧

−∞ ∬ ∆𝜌(𝑥, 𝑦, 𝑧′)𝑑𝑥𝑑𝑦
∞

−∞
 (Eq. 4) 

where Δρ is the difference  between the electronic density of a complex and that of its non-interacting 

fragments [LAu] metal substrate and NAC, and z is any suitable axis joining them. Here we consider the 

axis joining the gold nuclei position and carbonic carbon of NAC moiety. The CDF gives the exact definition 

of the amount of electronic charge which, upon formation of the complex, is displaced from left to the 

right (the direction of decreasing z) across the plane perpendicular to the axis at point z. As previously 

shown by some of us36,129,232, for suitable symmetric complexes and fragments, Δρ, and consequently 

Δq(z), can be decomposed into additive symmetry components which can be readily identified with the 

DCD components of the bond. In all the cases, the fragments used are [LAu]+/0 and [NACsym], with the aim 

to analyze the charge displacement between the metal fragment and the carbene. The use of symmetry 

permits the separation of the total  function into components according to the following equations: 


p

p            (Eq. 5) 





pi

B

i

pi
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i

pi

AB

ip

2
)(

2
)(

2
)(         (Eq. 6) 

Here p labels the symmetry irreducible representations of a complex AB and its fragments A and B (the 

symmetry is the same in the cases studied here), while ϕi are the Kohn-Sham orbitals. 

All the complexes except the one bearing phosphine ligands, present a Cs symmetry with the symmetry 

plane passing through the N-Ccarbenic -N atoms of NACsym and the gold atom. The z-axis is that passing 
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through gold and Ccarbenic of NACsym. The separation of the Δq function in the two irreducible 

representations A’ and A” thus provides a rigorous definition of the components of the DCD bond model.  

In the case of systems [LAu(C2H2)]+/0 (C2H2L) we analyze the DCD components using a simple method based 

on the demonstration139 that the distortion Δθ of ethyne from linearity upon its coordination to a metal 

center depends on the metal (C2H2) π back-donation (CTback
eth), with only a small contribution of the 

(C2H2) M σ donation (CTdon
eth), and an even smaller influence of an electrostatic term (Δθ elect). By 

evaluating the total CT between ethyne and the metal fragment (CTtot
eth), Δθ and  Δθ elect, we can easily 

evaluate the DCD components, and in particular the Au (C2H2) π back-donation (CTback
eth) through (Eq. 

7) and (Eq. 8). 

 

Δθ = 7.9 |CTdon
eth| + 57.5 |CTback

eth| + Δθ elect (Eq. 7) 

CTtot
eth = CTdon

eth + CTback
eth (Eq. 8) 

 

The electrostatic contributions to ethyne distortion ∆θelect, were determined by computing the distortion 

of the ethyne placed in the field of three point charges replacing the Au atoms. The charges were derived 

by an atomic charge analysis in the adduct. In particular we used Hirshfeld charges but, as we showed,139 

the results are negligibly affected by the particular method used for evaluating these partial charges. For 

the geometry optimizations in presence of point charges we set the value of the “qpnear” keywords to 20 

in ADF program. The results of this analysis is reported in Table S2. 

 

Table 21. CTtot
eth, Δθ, Δθelect and CTback

eth values for [LAu(C2H2)]+/0 model systems. 

L CTtot
eth (e) Δθ  (°) Δθ elect (°) CTback

eth (e) 

Cl 0.007 18.35 0.41 -0.273 

Br 0.015 18.25 0.39 -0.271 

I 0.030 17.44 0.33 -0.258 

PPh3 0.144 11.95 2.71 -0.124 

PCy3 0.128 11.75 2.82 -0.121 

PArF 0.163 11.58 2.85 -0.114 

CNtBu 0.125 12.61 2.86 -0.134 

Py 0.112 14.99 3.22 -0.166 

NHC 0.071 14.03 2.66 -0.165 

Ph 0.026 14.59 0.33 -0.215 
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Charge Displacement Curves. 

   

 

 

   

 

 

   

     

     

  



 

172 

 

   

 

 

   

 

 

 

   

 
    

 

C(NHC)   

 

  



173 

 

   

 

 

   

 

 

 

   

  

  

  



 

174 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



175 

 

Supplementary figures 

  

Plot 41. (Left panel) Correlation between the computed C-N bond distance in complexes 9L and the experimental 

rotational barrier. The best linear fit (red line) equation is y = (4.4 ± 0.4)*10-3 x + (1.42 ± 0.01), r2 = 0.923. (Right 

panel) Correlation between the Tolman Electronic Parameter (TEP) and the rotational barrier. The best linear fit (red 

line) equation is y = (17 ± 4)x + (1730 ± 80), r2 = 0.753.  

 

  

Plot 42. (Left panel) Correlation between the Au-CNAC bond distances for complexes 9L (real) and 9’L (symmetric 

model). The best linear fit (red line) equation is y = (0.92 ± 0.04)x - (0.0 ± 0.2), r2 = 0.9880. (Right panel)  Correlation 

between the [(L)Au]+-NAC interaction energies (Eint) for 9L (real) and 9’L (symmetric model). The best linear fit (red 

line) equation is y = (0.90 ± 0.02)x - (12 ± 2), r2 = 0.9961 (right).numerazione? 
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Plot 43. (Left panel) Linear correlation between the experimental C-N rotational barrier (ΔH≠
r) and |CTback|. (Right 

panel) Linear correlation (R2 is 0.991). between the C-N rotational barrier evaluated by DFT calculations and |CTback|. 

In this case the carbonyl complex [COAu(NAC)]+ is also included.  

 

 

Plot 44. (Left panel) Correlation between the C-N rotational barrier (ΔH≠
r) and the σ donation component. The 

equation for the best linear fit (red line) is y = (0.02 ± 0.01)x - (0.2 ± 0.3), with a correlation r2 = 0.397. (Right panel) 

Correlation between the C-N rotational barrier (ΔH≠
r) and CTtot. The equation for the best linear fit (red line) is y = 

(0.064 ± 0.008)x - (1.0 ± 0.1), with a correlation r2 = 0.8890. 
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List of Cartesian coordinates (Å) for all 9L, 9’L and (C2H2)L DFT-optimized structures 

9Cl.xyz (31) 

Au        0.017143    0.034913    2.305968 

Cl        0.006065    0.111674    0.019277 

C         0.002382   -0.009600    4.316068 

N         0.635918   -0.933673    5.063576 

H         0.556028   -0.865440    6.076313 

N        -0.686311    0.919671    5.003009 

C         1.490853   -2.071815    4.612376 

C         0.675126   -3.052640    3.756269 

H         0.311660   -2.561111    2.843155 

H        -0.190612   -3.432675    4.316551 

H         1.305167   -3.904531    3.464291 

C         1.951088   -2.769366    5.901859 

H         2.534895   -2.086015    6.537185 

H         2.590555   -3.626107    5.655266 

H         1.092410   -3.145806    6.478419 

C         2.712706   -1.553151    3.838876 

H         3.303350   -0.864360    4.459218 

H         2.399233   -1.022799    2.928950 

H         3.353078   -2.396677    3.545042 

C        -1.437331    2.018670    4.361281 

H        -0.875082    2.397481    3.501231 

H        -2.407538    1.645688    3.997549 

C        -1.618718    3.032755    5.493260 

H        -0.718907    3.658032    5.587431 

H        -2.476785    3.693908    5.325079 

C        -1.780596    2.136943    6.732359 

H        -2.805424    1.742349    6.781367 

H        -1.574321    2.653141    7.677392 

C        -0.793249    0.988388    6.475851 

H         0.197354    1.200141    6.915055 

H        -1.155043    0.031912    6.886997 

 

 

9’Cl.xyz (15) 

H          0.00000       -1.07351       3.74262 

N          0.00000       -1.13491       2.72437 

C          0.00000       -2.48339       2.17398 

C          0.00000        0.00000       2.00336 

N          0.00000        1.13491       2.72437 

C          0.00000        2.48339       2.17398 

Au         0.00000        0.00000       0.00000 

Cl         0.00000        0.00000      -2.28167 

H          0.00000        1.07351       3.74262 

H          0.00000       -2.40157       1.08073 

H         -0.89553       -3.03313       2.49402 

H          0.89553       -3.03313       2.49402 

H         -0.89553        3.03313       2.49402 

H          0.00000        2.40157       1.08073 

H          0.89553        3.03313       2.49402 

 

(C2H2)Cl.xyz (6) 

Cl       0.0000      0.0000     -2.2523 

 Au       0.0000      0.0000      0.0000 

 C        0.6227      0.0000      2.0369 

 C       -0.6229      0.0000      2.0368 

 H       -1.6448      0.0000      2.3757 

 H        1.6445      0.0000      2.3759 

 

9Br.xyz (31) 

Au        0.015450    0.031538    2.327150 

Br        0.011469    0.120155   -0.108138 

C        -0.004259   -0.011634    4.348980 

N         0.635550   -0.930165    5.096530 

H         0.552109   -0.864875    6.108958 

N        -0.694804    0.913851    5.038869 

C         1.490557   -2.069713    4.648108 

C         0.671916   -3.052481    3.798585 

H         0.303325   -2.561293    2.887132 

H        -0.190136   -3.432471    4.364723 

H         1.301014   -3.903974    3.503995 

C         1.952746   -2.759385    5.940177 
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H         2.536551   -2.071700    6.570479 

H         2.592619   -3.616848    5.697571 

H         1.094978   -3.133271    6.519435 

C         2.708878   -1.551289    3.870617 

H         3.300888   -0.861727    4.488753 

H         2.390831   -1.021939    2.961540 

H         3.348504   -2.394631    3.575332 

C        -1.453713    2.012359    4.404627 

H        -0.906607    2.382884    3.531253 

H        -2.432537    1.640966    4.063024 

C        -1.609551    3.030646    5.535899 

H        -0.700784    3.644335    5.617774 

H        -2.461633    3.701720    5.378301 

C        -1.765401    2.138376    6.777833 

H        -2.791679    1.749577    6.836380 

H        -1.547318    2.654476    7.720112 

C        -0.787183    0.984248    6.512915 

H         0.209061    1.191451    6.940762 

H        -1.149012    0.030808    6.930335 

 

9’Br.xyz (15) 

H          0.00000       -1.07498       3.75093 

N          0.00000       -1.13549       2.73246 

C          0.00000       -2.48417       2.18086 

C          0.00000        0.00000       2.01214 

N          0.00000        1.13549       2.73246 

C          0.00000        2.48417       2.18086 

Au         0.00000        0.00000       0.00000 

Br         0.00000        0.00000      -2.41080 

H          0.00000        1.07498       3.75093 

H          0.00000       -2.40267       1.08824 

H         -0.89536       -3.03356       2.50128 

H          0.89536       -3.03356       2.50128 

H         -0.89536        3.03356       2.50128 

H          0.00000        2.40267       1.08824 

H          0.89536        3.03356       2.50128 

 

(C2H2)Br.xyz (6) 

Br       0.0000      0.0000      2.3803 

 Au       0.0000      0.0000      0.0000 

 C        0.6225      0.0000     -2.0463 

 C       -0.6226      0.0000     -2.0462 

 H       -1.6450      0.0000     -2.3834 

 H        1.6449      0.0000     -2.3835 

 

9I.xyz (31) 

Au        0.015874    0.024639    2.381036 

I         0.006323    0.130076   -0.215071 

C        -0.002657   -0.018206    4.417842 

N         0.637850   -0.935625    5.163650 

H         0.558336   -0.871195    6.176822 

N        -0.693238    0.909677    5.101300 

C         1.493483   -2.073221    4.708838 

C         0.672369   -3.053662    3.858962 

H         0.299959   -2.560498    2.949972 

H        -0.187266   -3.436722    4.426679 

H         1.301324   -3.903311    3.558764 

C         1.961346   -2.766529    5.996671 

H         2.547342   -2.080430    6.626632 

H         2.600812   -3.622704    5.748471 

H         1.106164   -3.142845    6.578092 

C         2.708426   -1.551379    3.928146 

H         3.302217   -0.862754    4.545579 

H         2.387258   -1.020347    3.020970 

H         3.347712   -2.393296    3.628044 

C        -1.451285    2.004646    4.458737 

H        -0.902804    2.369778    3.583900 

H        -2.429346    1.630797    4.117713 

C        -1.608970    3.030047    5.582920 

H        -0.700992    3.645352    5.661116 

H        -2.461699    3.699026    5.419800 

C        -1.765137    2.145886    6.830778 

H        -2.791213    1.756795    6.890670 

H        -1.548487    2.668694    7.769684 

C        -0.785844    0.990534    6.575036 

H         0.210423    1.201726    7.000708 
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H        -1.146517    0.039515    6.998740 

 

 

9’I.xyz (15) 

H       0.00000000       1.07852800      3.76459800 

N       0.00000000       1.13593900      2.74556900 

C       0.00000000       2.48301900      2.18966100 

C       0.00000000       0.00000000      2.02861600 

N       0.00000000      -1.13593900      2.74556900 

C       0.00000000      -2.48301900      2.18966100 

H       0.00000000      -1.07852800      3.76459800 

H       0.00000000      -2.39843000      1.09719100 

H      -0.89534700      -3.03299700      2.50850100 

H       0.89534700      -3.03299700      2.50850100 

H       0.00000000       2.39843000      1.09719100 

H       0.89534700       3.03299700      2.50850100 

H      -0.89534700       3.03299700      2.50850100 

Au      0.00000000       0.00000000     -0.00000000 

I      -0.00000000       0.00000000     -2.57333100 

 

(C2H2)Cl.xyz (6) 

I        0.0000      0.0000      2.5437 

 Au       0.0000      0.0000      0.0000 

 C        0.6216      0.0000     -2.0656 

 C       -0.6217      0.0000     -2.0656 

 H       -1.6485      0.0000     -2.3881 

 H        1.6483      0.0000     -2.3883 

 

9PPh3.xyz (64) 

P         0.003311   -0.021844    2.258601 

Au        0.005167   -0.045228   -0.071934 

C        -1.251519   -1.118506    3.014178 

C        -1.405040   -2.418907    2.503670 

C        -2.048689   -0.696761    4.087981 

C        -2.342255   -3.284700    3.064832 

C        -3.138014   -2.858700    4.132834 

C        -2.989480   -1.567737    4.642483 

C         1.614197   -0.532276    2.955414 

C         2.784692   -0.290585    2.216722 

C         4.026357   -0.665122    2.730107 

C         4.107650   -1.287076    3.978940 

C         2.946461   -1.531241    4.716068 

C         1.701088   -1.156819    4.209150 

C        -0.347314    1.660235    2.887577 

C        -1.444627    2.356885    2.350897 

C        -1.741544    3.643596    2.796945 

C        -0.940537    4.249889    3.770167 

C         0.152706    3.563686    4.300916 

C         0.450895    2.270167    3.864726 

H        -2.068068    1.888155    1.587972 

H        -2.596355    4.176372    2.382382 

H        -1.168590    5.259016    4.111629 

H         0.779702    4.033246    5.057524 

H         1.307062    1.740698    4.281675 

H         2.719861    0.184414    1.236409 

H         4.930090   -0.479049    2.151405 

H         5.076899   -1.588208    4.375135 

H         3.007195   -2.020418    5.687221 

H         0.797728   -1.360265    4.783761 

H        -0.788553   -2.753951    1.668810 

H        -2.456865   -4.291418    2.665206 

H        -3.876457   -3.533435    4.564640 

H        -3.607854   -1.231989    5.473715 

H        -1.940558    0.310694    4.488592 

C         0.040032    0.045904   -2.160413 

N         0.146613   -1.029748   -2.952268 

H         0.151451   -0.880001   -3.960088 

N        -0.039100    1.232647   -2.771175 

C         0.258520   -2.471985   -2.569204 

C        -1.005699   -2.916453   -1.820248 

H        -1.131080   -2.343144   -0.889758 

H        -1.901555   -2.768960   -2.438360 

H        -0.932415   -3.981553   -1.562037 

C         0.376992   -3.236980   -3.894892 

H         1.272744   -2.927879   -4.452983 
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H         0.459849   -4.313032   -3.699645 

H        -0.509942   -3.078892   -4.525786 

C         1.517741   -2.701057   -1.721829 

H         2.418605   -2.384550   -2.264676 

H         1.465904   -2.139171   -0.777292 

H         1.615147   -3.767630   -1.478567 

C        -0.149810    2.532060   -2.068756 

H         0.456894    2.517241   -1.156689 

H        -1.199312    2.710654   -1.788355 

C         0.317912    3.541408   -3.118336 

H         1.415986    3.588055   -3.133824 

H        -0.063286    4.549652   -2.923027 

C        -0.213507    2.938950   -4.428792 

H        -1.284728    3.155714   -4.539674 

H         0.298864    3.315354   -5.320911 

C        -0.002953    1.429723   -4.241470 

H         0.976644    1.103428   -4.628980 

H        -0.787720    0.833764   -4.732606 

 

9’PPh3.xyz (48) 

H        -0.329108   -0.410324   -2.197071 

N        -0.011175   -0.144720   -1.263594 

C        -0.170673    1.268775   -0.934269 

C         0.508761   -1.083243   -0.466902 

N         0.577286   -2.322687   -0.962278 

C         1.101965   -3.494333   -0.268201 

Au        1.179846   -0.626104    1.450691 

P         1.934947   -0.056719    3.577940 

C         1.452279    1.655938    3.999300 

C         0.116106    2.042891    3.791674 

C        -0.286907    3.344875    4.082839 

C         0.639684    4.271912    4.571293 

C         1.966764    3.891716    4.776263 

C         2.376670    2.586304    4.492956 

C         1.251658   -1.131684    4.887602 

C         1.108386   -2.505551    4.629082 

C         0.596674   -3.352775    5.610602 

C         0.218300   -2.835065    6.852858 

C         0.357990   -1.470589    7.113906 

C         0.873578   -0.616960    6.136256 

C         3.755275   -0.155728    3.694642 

C         4.525278    0.205550    2.575505 

C         5.916676    0.136574    2.632897 

C         6.547267   -0.301995    3.800800 

C         5.785711   -0.664123    4.913845 

C         4.392215   -0.592763    4.865305 

H        -0.608177    1.323254    3.406546 

H        -1.323426    3.639139    3.923294 

H         0.325490    5.292141    4.789028 

H         2.690702    4.611636    5.155150 

H         3.415257    2.296453    4.650314 

H         4.033734    0.535104    1.658673 

H         6.508896    0.415817    1.762596 

H         7.634099   -0.367068    3.840454 

H         6.275005   -1.010425    5.822992 

H         3.802760   -0.886308    5.733522 

H         1.395910   -2.909995    3.657749 

H         0.485353   -4.416462    5.404383 

H        -0.191602   -3.496372    7.615519 

H         0.060755   -1.064434    8.079602 

H         0.973036    0.448357    6.342754 

H         0.232152   -2.497367   -1.907477 

H         0.201196    1.435837    0.082337 

H         0.403162    1.891229   -1.632214 

H        -1.228721    1.555121   -0.981889 

H         1.916247   -3.946814   -0.847458 

H         1.490615   -3.175491    0.704556 

H         0.310339   -4.238726   -0.114703 

 

(C2H2)PPh3.xyz (39) 

Au       0.0000      0.0000      0.0000 

 C       -0.0228     -0.5929      2.1660 

 C        0.0232      0.6356      2.1517 

 H        0.0638      1.6913      2.3572 

 H       -0.0629     -1.6423      2.4010 

 P        0.0000      0.0000     -2.3155 
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 C       -1.2747     -1.1178     -2.9813 

 C       -1.4409     -2.3842     -2.3942 

 C       -2.0740     -0.7391     -4.0696 

 C       -2.4000     -3.2621     -2.8952 

 C       -3.1992     -2.8810     -3.9776 

 C       -3.0346     -1.6246     -4.5632 

 C        1.6140     -0.5163     -2.9805 

 C        2.7876     -0.1767     -2.2859 

 C        4.0299     -0.5530     -2.7941 

 C        4.1066     -1.2748     -3.9888 

 C        2.9417     -1.6156     -4.6795 

 C        1.6937     -1.2392     -4.1807 

 C       -0.3606      1.6874     -2.9042 

 C       -1.4972      2.3491     -2.4046 

 C       -1.7837      3.6464     -2.8238 

 C       -0.9369      4.2926     -3.7307 

 C        0.1927      3.6383     -4.2240 

 C        0.4862      2.3355     -3.8140 

 H       -2.1590      1.8485     -1.6962 

 H       -2.6653      4.1564     -2.4384 

 H       -1.1583      5.3105     -4.0496 

 H        0.8531      4.1402     -4.9294 

 H        1.3719      1.8301     -4.1979 

 H        2.7286      0.3770     -1.3476 

 H        4.9375     -0.2923     -2.2520 

 H        5.0776     -1.5792     -4.3778 

 H        3.0005     -2.1826     -5.6073 

 H        0.7870     -1.5165     -4.7177 

 H       -0.8206     -2.6832     -1.5476 

 H       -2.5296     -4.2413     -2.4367 

 H       -3.9554     -3.5649     -4.3616 

 H       -3.6574     -1.3263     -5.4052 

 H       -1.9545      0.2435     -4.5251 

 

9PCy3.xyz (82) 

Au       -0.009289   -0.094563    2.096900 

N         0.632018   -0.815355    4.997187 

C        -0.041825    0.016817    4.191531 

H         0.550006   -0.677562    6.003407 

N        -0.759736    0.971336    4.794356 

C         1.517934   -1.962952    4.630274 

C         0.710824   -3.031043    3.879463 

H         0.311571   -2.625392    2.938167 

H        -0.131207   -3.386921    4.488500 

H         1.354867   -3.888064    3.640269 

C         2.023332   -2.530761    5.963911 

H         2.597197   -1.778097    6.523924 

H         2.684363   -3.386372    5.779875 

H         1.188431   -2.881150    6.588287 

C         2.704837   -1.470687    3.790411 

H         3.282061   -0.711027    4.334649 

H         2.357703   -1.031751    2.843141 

H         3.370404   -2.312271    3.555481 

C        -1.554971    1.995074    4.079830 

H        -1.024446    2.311164    3.175050 

H        -2.527064    1.570311    3.785644 

C        -1.728500    3.101522    5.121672 

H        -0.836594    3.743711    5.142128 

H        -2.599314    3.733627    4.915744 

C        -1.852962    2.313575    6.435325 

H        -2.868055    1.906601    6.538958 

H        -1.640088    2.914995    7.325852 

C        -0.845972    1.167791    6.262597 

H         0.148920    1.437425    6.654727 

H        -1.176890    0.242733    6.759422 

P        -0.008030   -0.089265   -0.244888 

C        -0.279644   -1.771790   -1.012656 

C         0.874759   -2.750043   -0.706609 

C         0.623534   -4.128400   -1.341691 

C        -0.723554   -4.719522   -0.907821 

C        -1.872218   -3.749777   -1.212240 

C        -1.635192   -2.370217   -0.575541 

C        -1.449074    0.955347   -0.835869 

C        -1.365581    2.418757   -0.351645 

C        -2.684438    3.158806   -0.628589 

C        -3.062115    3.092611   -2.115137 
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C        -3.110544    1.642349   -2.615129 

C        -1.792337    0.896188   -2.338650 

C         1.660754    0.482548   -0.870458 

C         2.179296    1.755927   -0.165717 

C         3.645274    2.023795   -0.545469 

C         3.827224    2.117894   -2.066984 

C         3.286865    0.866736   -2.772926 

C         1.818353    0.593453   -2.400409 

H        -0.307672   -1.600473   -2.103136 

H         0.970510   -2.861905    0.387402 

H         1.831882   -2.350480   -1.070908 

H         1.447616   -4.807455   -1.078923 

H         0.640785   -4.027050   -2.439865 

H        -0.699330   -4.927372    0.175501 

H        -0.895346   -5.683353   -1.407669 

H        -1.970240   -3.631489   -2.304489 

H        -2.828811   -4.158122   -0.855648 

H        -1.642783   -2.466726    0.524363 

H        -2.462499   -1.695641   -0.838787 

H        -2.284643    0.481960   -0.284647 

H        -1.120440    2.452375    0.721648 

H        -0.547584    2.933433   -0.880857 

H        -2.599337    4.204971   -0.299985 

H        -3.488065    2.702332   -0.025801 

H        -2.317254    3.655099   -2.703009 

H        -4.030001    3.585634   -2.284315 

H        -3.936490    1.109976   -2.113501 

H        -3.329647    1.614151   -3.692114 

H        -0.982388    1.360787   -2.922653 

H        -1.878130   -0.144075   -2.684516 

H         2.302962   -0.351061   -0.525999 

H         1.565979    2.621307   -0.462818 

H         2.077124    1.653275    0.926433 

H         4.274367    1.207371   -0.151665 

H         3.990447    2.947624   -0.058904 

H         3.291607    3.006304   -2.442395 

H         4.888022    2.265683   -2.314776 

H         3.376299    0.971097   -3.863787 

H         3.898965   -0.006511   -2.490278 

H         1.468310   -0.321000   -2.901976 

H         1.193637    1.421706   -2.772140 

 

9’PCy3.xyz (66) 

Au       -0.020765   -0.077100    2.078124 

N         0.661079   -0.962422    4.878659 

C        -0.028257   -0.065638    4.166233 

H         0.633606   -0.913292    5.898557 

N        -0.717611    0.844515    4.861858 

C         1.485477   -2.034730    4.331527 

C        -1.535655    1.911846    4.295850 

H        -1.492200    1.837757    3.204103 

H        -2.578597    1.810788    4.621608 

P        -0.010033   -0.060525   -0.259799 

C        -0.272676   -1.766724   -0.974249 

C         0.866987   -2.732548   -0.581705 

C         0.627422   -4.144962   -1.140763 

C        -0.734194   -4.703667   -0.709766 

C        -1.868212   -3.750966   -1.107416 

C        -1.644604   -2.336269   -0.548180 

C        -1.447179    0.973173   -0.871173 

C        -1.382231    2.438754   -0.389409 

C        -2.701845    3.167738   -0.692236 

C        -3.054355    3.092003   -2.184548 

C        -3.083588    1.639543   -2.679904 

C        -1.763916    0.905498   -2.379359 

C         1.666745    0.505543   -0.864609 

C         2.164639    1.791670   -0.167407 

C         3.635493    2.064064   -0.523885 

C         3.845162    2.135660   -2.043025 

C         3.325849    0.870521   -2.739905 

C         1.851614    0.594738   -2.392696 

H        -0.265308   -1.645100   -2.071625 

H         0.927724   -2.781701    0.520118 

H         1.837031   -2.357192   -0.937671 

H         1.440654   -4.809255   -0.814303 

H         0.676023   -4.109554   -2.241940 
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H        -0.742125   -4.843318    0.384902 

H        -0.896474   -5.696287   -1.152921 

H        -1.933140   -3.699278   -2.207169 

H        -2.837056   -4.133253   -0.755147 

H        -1.688486   -2.367257    0.555068 

H        -2.459670   -1.676612   -0.878384 

H        -2.288211    0.494871   -0.332572 

H        -1.156089    2.479631    0.688117 

H        -0.558895    2.957990   -0.905653 

H        -2.628928    4.215929   -0.367485 

H        -3.512281    2.709187   -0.100213 

H        -2.304852    3.658336   -2.762742 

H        -4.023317    3.576481   -2.370948 

H        -3.913271    1.102321   -2.189756 

H        -3.284727    1.605766   -3.760177 

H        -0.948121    1.376146   -2.950110 

H        -1.832989   -0.137010   -2.722589 

H         2.306074   -0.320047   -0.496099 

H         1.551220    2.649006   -0.486699 

H         2.043889    1.702552    0.924276 

H         4.262939    1.259003   -0.104937 

H         3.964099    2.998209   -0.045712 

H         3.311781    3.015030   -2.442087 

H         4.909611    2.285915   -2.272771 

H         3.436332    0.958392   -3.830203 

H         3.936663    0.005179   -2.431321 

H         1.515636   -0.329122   -2.886728 

H         1.230049    1.414230   -2.788113 

H        -0.687309    0.816499    5.882450 

H        -1.154569    2.893387    4.605124 

H         2.530971   -1.913247    4.642178 

H         1.428230   -1.990000    3.238761 

H         1.119159   -3.011475    4.671740 

 

(C2H2)PCy3.xyz (57) 

 P        0.0000      0.0000      2.3251 

 Au       0.0000      0.0000      0.0000 

 C        1.6923     -1.0350      4.4324 

 C        1.5863     -0.7937      2.9110 

 C        2.8583     -0.1080      2.3658 

 C        4.1030     -0.9507      2.6919 

 C        4.2199     -1.2239      4.1978 

 C        2.9439     -1.8739      4.7494 

 C       -0.2953      1.7552      2.8941 

 C        0.6829      2.7807      2.2797 

 C        0.2347      4.2141      2.6113 

 C        0.0870      4.4224      4.1250 

 C       -0.8598      3.3846      4.7426 

 C       -0.4164      1.9455      4.4211 

 C       -1.4025     -1.0319      2.9882 

 C       -1.2623     -2.5089      2.5567 

 C       -2.4274     -3.3617      3.0862 

 C       -3.7866     -2.7916      2.6630 

 C       -3.9289     -1.3293      3.1022 

 C       -2.7760     -0.4598      2.5723 

 H       -1.3140     -0.9749      4.0878 

 H       -1.2483     -2.5567      1.4527 

 H       -0.3087     -2.9293      2.9066 

 H       -2.3111     -4.3951      2.7297 

 H       -2.3733     -3.4024      4.1868 

 H       -3.8854     -2.8556      1.5660 

 H       -4.6006     -3.3966      3.0859 

 H       -3.9442     -1.2769      4.2035 

 H       -4.8851     -0.9114      2.7564 

 H       -2.8268     -0.4187      1.4696 

 H       -2.8961      0.5704      2.9364 

 H       -1.2901      1.9515      2.4502 

 H        0.7499      2.6419      1.1882 

 H        1.6941      2.6160      2.6829 

 H        0.9564      4.9298      2.1926 

 H       -0.7309      4.4146      2.1171 

 H        1.0783      4.3405      4.6019 

 H       -0.2763      5.4383      4.3338 

 H       -1.8809      3.5422      4.3564 

 H       -0.9147      3.5129      5.8329 

 H        0.5604      1.7540      4.8929 
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 H       -1.1293      1.2285      4.8545 

 H        1.5159     -1.7835      2.4196 

 H        2.9666      0.8863      2.8273 

 H        4.0437     -1.9083      2.1474 

 H        5.0011     -0.4354      2.3226 

 H        4.4022     -0.2734      4.7268 

 H        5.0893     -1.8649      4.4003 

 H        3.0214     -2.0145      5.8368 

 H        2.8243     -2.8791      4.3111 

 H        0.7954     -1.5427      4.8169 

 H        1.7627     -0.0674      4.9541 

 H        2.7760      0.0505      1.2786 

 C        0.1601     -0.5956     -2.1702 

 C       -0.1149      0.6016     -2.1682 

 H        0.3936     -1.6222     -2.3910 

 H       -0.3464      1.6293     -2.3848 

 

9PArF.xyz (82) 

Au        0.117369    0.008459   -0.037710 

C         0.204170    0.157501   -2.121046 

N         0.907081   -0.679733   -2.893534 

H         0.876040   -0.527956   -3.900651 

N        -0.477470    1.124278   -2.740328 

C         1.775570   -1.834664   -2.498954 

C         0.936899   -2.904088   -1.786990 

H         0.504407   -2.502716   -0.857917 

H         0.116251   -3.254030   -2.426980 

H         1.568011   -3.763578   -1.525485 

C         2.328211   -2.395404   -3.816776 

H         2.926528   -1.641731   -4.348915 

H         2.978501   -3.254772   -3.613538 

H         1.516265   -2.738376   -4.474295 

C         2.930414   -1.349679   -1.612902 

H         3.524544   -0.581415   -2.125267 

H         2.551513   -0.926199   -0.670442 

H         3.589455   -2.191862   -1.364123 

C        -1.295070    2.153558   -2.055674 

H        -0.798077    2.470247   -1.131913 

H        -2.280739    1.732650   -1.805102 

C        -1.420340    3.261461   -3.103086 

H        -0.526346    3.900322   -3.084729 

H        -2.296512    3.895580   -2.930925 

C        -1.494351    2.475800   -4.421663 

H        -2.505036    2.071278   -4.568105 

H        -1.243024    3.078164   -5.301270 

C        -0.497715    1.327844   -4.211329 

H         0.514755    1.597883   -4.554604 

H        -0.806964    0.404168   -4.724032 

P        -0.033114   -0.065594    2.284418 

C         0.014804    2.119625    4.096393 

C        -0.588623    1.538660    2.977069 

C        -1.639244    2.205928    2.327024 

C        -2.075846    3.441336    2.799515 

C        -1.472731    4.028024    3.917180 

C        -0.431168    3.361968    4.559536 

C        -3.226788    4.146983    2.116442 

F        -3.335276    3.775220    0.808710 

C         0.269574    3.994424    5.744412 

F         1.463927    4.527485    5.374196 

C        -1.227580   -1.310254    2.902319 

C        -2.046543   -1.062724    4.009615 

C        -2.949264   -2.040452    4.437850 

C        -3.041629   -3.262078    3.772665 

C        -2.220216   -3.505896    2.667646 

C        -1.319394   -2.537917    2.228302 

C        -2.297930   -4.844242    1.964614 

F        -1.843643   -4.765339    0.684668 

C        -3.865109   -1.736413    5.605666 

F        -3.225771   -1.011834    6.559100 

C         1.561059   -0.443228    3.104430 

C         2.735555    0.092354    2.549036 

C         3.967542   -0.183767    3.134989 

C         4.048052   -0.995624    4.272708 

C         2.881873   -1.524436    4.819523 

C         1.636860   -1.253454    4.240938 

C         5.244108    0.387134    2.555745 
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F         5.029717    1.002544    1.363466 

C         2.939410   -2.434633    6.029187 

F         4.141080   -2.385375    6.645459 

F        -4.410735    3.856485    2.709665 

F        -3.078819    5.491803    2.143675 

F        -0.464366    4.985577    6.297649 

F         0.525963    3.077055    6.711477 

F         1.990710   -2.098736    6.940881 

F         2.711543   -3.727216    5.676535 

F         5.800084    1.300069    3.389278 

F         6.168939   -0.584421    2.350968 

F        -4.939626   -1.007593    5.204072 

F        -4.333535   -2.863631    6.186893 

F        -1.543264   -5.777776    2.598549 

F        -3.566480   -5.313301    1.920075 

H        -2.111544    1.766217    1.448605 

H        -1.808445    4.998772    4.278195 

H         0.833872    1.618444    4.611774 

H         2.690435    0.717870    1.657779 

H         5.014102   -1.216786    4.724505 

H         0.737248   -1.682824    4.681529 

H        -0.697900   -2.737429    1.355901 

H        -3.752055   -4.016546    4.107260 

H        -1.993653   -0.113387    4.541952 

 

9’PArF.xyz (66) 

C         0.028420    0.065186   -0.019912 

C         0.043850    0.023700    1.383504 

C         1.247913   -0.194028    2.059588 

C         2.429312   -0.369077    1.331471 

C         2.418616   -0.332462   -0.061520 

C         1.211357   -0.112694   -0.733150 

P        -1.554999    0.200037    2.258689 

Au       -3.226041   -1.119743    1.328249 

C        -4.730205   -2.313253    0.522778 

N        -5.823079   -2.617347    1.226399 

C        -6.119605   -2.192770    2.592072 

C         3.714748   -0.650850    2.082363 

F         4.806746   -0.438188    1.315488 

C         1.192065   -0.047332   -2.245521 

F         1.408873    1.214534   -2.690857 

C        -1.250858   -0.252111    4.006296 

C        -1.026005    0.706202    4.999546 

C        -0.846000    0.300072    6.325612 

C        -0.889611   -1.050257    6.668093 

C        -1.114397   -2.005117    5.671117 

C        -1.296789   -1.614033    4.346848 

C        -1.142008   -3.474627    6.035280 

F         0.108250   -3.999229    6.065673 

C        -0.657637    1.356011    7.395871 

F         0.149802    2.357188    6.962594 

C        -1.962995    1.982469    2.223579 

C        -0.972958    2.966723    2.120396 

C        -1.339392    4.314641    2.078665 

C        -2.681973    4.688945    2.134421 

C        -3.667017    3.702597    2.236135 

C        -3.314684    2.355248    2.279810 

C        -0.261206    5.366998    1.915989 

F         0.099992    5.494493    0.612763 

C        -5.124003    4.105740    2.321390 

F        -5.475462    4.414361    3.595536 

F        -0.672919    6.580779    2.345100 

F         0.857486    5.037144    2.610547 

F        -5.389688    5.187669    1.554900 

F        -5.945335    3.100095    1.913270 

F        -1.696101   -3.676551    7.253472 

F        -1.858884   -4.198396    5.133057 

F        -1.846941    1.920355    7.734071 

F        -0.115192    0.843324    8.522378 

N        -4.643716   -2.802310   -0.715868 

C        -3.542051   -2.595646   -1.652187 

F         2.138740   -0.841302   -2.794784 

F        -0.014212   -0.443284   -2.743427 

F         3.821223    0.132987    3.185555 

F         3.755924   -1.941908    2.505235 

H        -6.540904   -3.198889    0.791020 
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H        -0.905567    0.226998   -0.558523 

H         3.340434   -0.481358   -0.621283 

H         1.277533   -0.234219    3.148275 

H        -1.487369   -2.369091    3.583718 

H        -0.759543   -1.357355    7.704641 

H        -0.998138    1.767926    4.755823 

H        -4.093861    1.595499    2.339886 

H        -2.959525    5.741065    2.089994 

H         0.081051    2.695346    2.064240 

H        -6.274912   -3.067297    3.235383 

H        -5.270211   -1.616608    2.974009 

H        -7.018773   -1.564536    2.612196 

H        -5.409484   -3.376799   -1.071732 

H        -3.134306   -3.561022   -1.975221 

H        -3.883634   -2.034529   -2.530841 

H        -2.753313   -2.028474   -1.147153 

 

(C2H2)PArF.xyz (57) 

 P        0.0000      0.0000     -2.3131 

 Au       0.0000      0.0000      0.0000 

 C        0.0522     -0.6125      2.1577 

 C       -0.0031      0.6157      2.1556 

 H       -0.0485      1.6706      2.3694 

 H        0.1027     -1.6661      2.3757 

 C       -1.7928     -1.0604     -4.2061 

 C       -1.6492     -0.3642     -2.9999 

 C       -2.7855      0.0539     -2.2894 

 C       -4.0551     -0.2240     -2.7901 

 C       -4.2052     -0.9200     -3.9937 

 C       -3.0730     -1.3325     -4.6957 

 C       -5.2836      0.2479     -2.0385 

 F       -5.0191      0.4251     -0.7167 

 C       -3.2133     -2.1302     -5.9779 

 F       -3.0338     -3.4556     -5.7434 

 C        0.5298      1.6348     -2.9299 

 C       -0.1754      2.2989     -3.9388 

 C        0.2432      3.5678     -4.3504 

 C        1.3516      4.1762     -3.7635 

 C        2.0526      3.5059     -2.7552 

 C        1.6485      2.2414     -2.3347 

 C        3.2731      4.1517     -2.1304 

 F        3.4798      3.6968     -0.8653 

 C       -0.5606      4.2970     -5.4096 

 F       -0.9795      3.4459     -6.3793 

 C        1.1573     -1.2496     -2.9689 

 C        1.1399     -2.5329     -2.3957 

 C        2.0248     -3.5040     -2.8520 

 C        2.9328     -3.2118     -3.8774 

 C        2.9424     -1.9397     -4.4436 

 C        2.0586     -0.9517     -3.9945 

 C        2.0123     -4.8951     -2.2513 

 F        1.3056     -4.9324     -1.0902 

 C        3.9388     -1.5830     -5.5295 

 F        4.5213     -2.6781     -6.0617 

 F       -5.7254      1.4353     -2.5224 

 F       -6.2996     -0.6374     -2.1405 

 F       -4.4324     -1.9739     -6.5369 

 F       -2.2825     -1.7550     -6.8913 

 F        3.3381     -0.8975     -6.5353 

 F        4.9241     -0.7882     -5.0371 

 F        1.4489     -5.7899     -3.0976 

 F        3.2668     -5.3252     -1.9811 

 F       -1.6692      4.8641     -4.8670 

 F        0.1556      5.2791     -5.9977 

 F        4.3920      3.8757     -2.8441 

 F        3.1485      5.4961     -2.0690 

 H       -2.6852      0.5831     -1.3416 

 H       -5.1992     -1.1467     -4.3766 

 H       -0.9206     -1.3991     -4.7652 

 H        0.4433     -2.7769     -1.5936 

 H        3.6316     -3.9711     -4.2260 

 H        2.0858      0.0397     -4.4466 

 H        2.1999      1.7381     -1.5400 

 H        1.6645      5.1693     -4.0825 

 H       -1.0489      1.8439     -4.4050 
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9CNtBu.xyz (45) 

C        -0.006215   -0.007552    4.452058 

N         0.632489   -0.929466    5.183539 

H         0.547463   -0.870595    6.196841 

N        -0.701266    0.921504    5.113717 

C         1.483674   -2.074866    4.725489 

C         0.654066   -3.045707    3.873013 

H         0.291770   -2.558232    2.955565 

H        -0.214259   -3.418209    4.432829 

H         1.272762   -3.903800    3.578135 

C         1.943971   -2.774687    6.011907 

H         2.533875   -2.095538    6.644404 

H         2.578062   -3.634093    5.762726 

H         1.086155   -3.148509    6.589691 

C         2.703828   -1.556040    3.951472 

H         3.296337   -0.866048    4.567036 

H         2.399307   -1.028987    3.034961 

H         3.343692   -2.399299    3.658996 

C        -1.458098    2.021114    4.468442 

H        -0.898970    2.404762    3.607747 

H        -2.430008    1.642209    4.117310 

C        -1.635615    3.037919    5.597557 

H        -0.734854    3.660919    5.689203 

H        -2.491898    3.699342    5.427037 

C        -1.801136    2.145260    6.837724 

H        -2.824143    1.747962    6.886346 

H        -1.597863    2.666226    7.779514 

C        -0.808594    1.000541    6.590654 

H         0.183914    1.221344    7.017525 

H        -1.161626    0.043490    7.004542 

Au        0.037561    0.021178    2.390039 

C         0.063860    0.072598    0.407533 

N         0.088848    0.099927   -0.755700 

C         0.125912    0.131035   -2.209821 

C        -0.595749   -1.130104   -2.715646 

H        -0.093106   -2.039473   -2.363255 

H        -0.579797   -1.126520   -3.813076 

H        -1.641012   -1.146295   -2.382581 

C        -0.595358    1.411886   -2.662962 

H        -0.094251    2.305755   -2.270911 

H        -1.641569    1.412746   -2.332528 

H        -0.576441    1.454918   -3.759495 

C         1.605323    0.139543   -2.631809 

H         2.120632   -0.762784   -2.279619 

H         2.122201    1.024120   -2.239208 

H         1.656293    0.164125   -3.727880 

 

 

9’CNtBu.xyz (29) 

H    3.77262         -0.01710       -1.08790 

N    2.75298         -0.01793       -1.14055 

C    2.20326         -0.03921       -2.49382 

C    2.05353         -0.00007       -0.00463 

N    2.73954          0.01794        1.14096 

C    2.13972          0.03896        2.47791 

H    3.75844          0.01748        1.11175 

H    2.94806          0.05054        3.21487 

H    1.52721         -0.85466        2.64590 

H    1.52721          0.93742        2.61772 

H    1.11018         -0.03821       -2.43039 

H    2.53098         -0.94224       -3.02347 

H    2.53098          0.84673       -3.05159 

Au    0.00000         0.00000        0.00000 

C     -1.98121        0.00008        0.00492 

N     -3.14392       -0.00000        0.00000 

C     -4.59824       -0.00014       -0.00915 

C     -5.06187        1.28290        0.70180 

H     -4.70780       -1.25305        1.78023 

H     -6.15917       -1.27878        0.74826 

H     -4.70122       -2.16997        0.24575 

H     -4.68557        0.86233       -2.01715 

H     -4.68557       -0.92532       -1.98905 

H     -6.14488       -0.02374       -1.51019 

H     -4.70780        1.30839        1.73996 

H     -4.70122        2.17662        0.17741 

C     -5.06187       -1.26020        0.74178 
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C     -5.04783       -0.02327       -1.48022 

H     -6.15917        1.30167        0.70769 

 

(C2H2)CNtBu.xyz (20) 

Au           0.0000    0.0000    0.0000 

C            0.2383   -0.5679    2.1066 

C           -0.2377    0.5687    2.1064 

C            0.0000    0.0000   -1.9719 

C            0.0012   -0.0006   -4.5911 

C           -0.7359   -1.2725   -5.0458 

C            1.4709    0.0009   -5.0465 

C           -0.7350    1.2742   -5.0419 

H           -0.6443    1.5388    2.3426 

H            0.6450   -1.5378    2.3431 

H           -0.2241   -2.1754   -4.6901 

H           -0.7466   -1.2886   -6.1430 

H           -1.7726   -1.2794   -4.6873 

H            1.9966   -0.8938   -4.6906 

H            1.9958    0.8951   -4.6883 

H            1.4902    0.0020   -6.1437 

H           -0.2222    2.1755   -4.6840 

H           -1.7719    1.2807   -4.6837 

H           -0.7454    1.2921   -6.1391 

N            0.0002    0.0000   -3.1322 

 

9Py.xyz (41) 

C         0.001803   -0.009121    2.010460 

Au        0.005321   -0.003637   -0.009468 

N         1.092198   -0.282762    2.740828 

H         0.991161   -0.266425    3.754335 

N        -1.127823    0.258757    2.673686 

C         2.485632   -0.604118    2.291369 

C         2.495905   -1.896877    1.461922 

H         1.910233   -1.778351    0.538671 

H         2.077137   -2.735363    2.034492 

H         3.527095   -2.148610    1.179664 

C         3.287986   -0.811761    3.584720 

H         3.290116    0.098409    4.202234 

H         4.330145   -1.052800    3.342477 

H         2.880690   -1.644847    4.176134 

C         3.076388    0.570776    1.497590 

H         3.074041    1.491353    2.096576 

H         2.503830    0.752652    0.576526 

H         4.112607    0.343023    1.213477 

C        -2.420117    0.593603    2.029040 

H        -2.247999    1.241602    1.162825 

H        -2.909838   -0.330009    1.684556 

C        -3.217331    1.258174    3.153783 

H        -2.948681    2.321305    3.229895 

H        -4.298196    1.191412    2.987870 

C        -2.751469    0.494229    4.403563 

H        -3.266565   -0.473747    4.472592 

H        -2.931676    1.037777    5.337446 

C        -1.252926    0.271803    4.151680 

H        -0.643862    1.093955    4.563342 

H        -0.894025   -0.677681    4.578182 

N        -0.014738    0.004556   -2.099776 

C        -0.016173    0.005992   -4.889212 

C        -0.341323   -1.113145   -2.789664 

C         0.310159    1.123230   -2.788826 

C         0.319407    1.158950   -4.178046 

C        -0.352109   -1.147366   -4.178937 

H        -0.595649   -1.988091   -2.196162 

H         0.565494    1.997515   -2.194758 

H         0.587925    2.081980   -4.687684 

H        -0.620998   -2.069948   -4.689243 

H        -0.015931    0.006299   -5.978438 

 

9’Py.xyz (25) 

H          0.00000        1.08519       3.73523 

N          0.00000        1.13935       2.71630 

C          0.00000        2.49317       2.17032 

C          0.00000        0.00000       2.01605 

N          0.00000       -1.13935       2.71630 

C          0.00000       -2.49317       2.17032 

H          0.00000       -1.08519       3.73523 
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H          0.00000        2.42920       1.07790 

H         -0.89451        3.03681       2.49811 

H          0.89451        3.03681       2.49811 

H          0.89451       -3.03681       2.49811 

H         -0.89451       -3.03681       2.49811 

H          0.00000       -2.42920       1.07790 

Au         0.00000        0.00000      -0.00000 

N          0.00000        0.00000      -2.08511 

C          0.00000        0.00000      -4.87313 

C          0.00000       -1.16499      -2.77491 

C          0.00000        1.16499      -2.77491 

C          0.00000        1.20094      -4.16317 

C          0.00000       -1.20094      -4.16317 

H          0.00000       -2.07658      -2.18252 

H          0.00000        2.07658      -2.18252 

H          0.00000        2.16207      -4.67358 

H          0.00000       -2.16207      -4.67358 

H          0.00000        0.00000      -5.96254 

 

(C2H2)py.xyz (16) 

 N        0.0000      0.0000     -2.0628 

 Au       0.0000      0.0000      0.0000 

 C        0.0012     -0.6185      2.0686 

 C       -0.0013      0.6178      2.0689 

 H       -0.0044      1.6615      2.3383 

 H        0.0041     -1.6622      2.3378 

 C       -0.0023     -0.0004     -4.8460 

 C       -0.0002      1.1696     -2.7490 

 C       -0.0008     -1.1698     -2.7487 

 C       -0.0020     -1.2014     -4.1361 

 C       -0.0014      1.2008     -4.1364 

 H        0.0004      2.0839     -2.1606 

 H       -0.0008     -2.0839     -2.1599 

 H       -0.0029     -2.1632     -4.6463 

 H       -0.0018      2.1623     -4.6470 

 H       -0.0034     -0.0006     -5.9357 

 

9NHC.xyz (95) 

C         0.050040   -0.009643    2.014521 

Au        0.050529   -0.013893   -0.033782 

N         1.089518    0.019947    2.899757 

C         0.626851    0.013326    4.207486 

C        -0.730544   -0.023428    4.145231 

N        -1.067485   -0.034655    2.800649 

H        -1.479890   -0.042254    4.925115 

H         1.300979    0.035769    5.053096 

H         1.722426    4.341876    1.232111 

H         1.305490    2.405241    2.724264 

H         1.772905    2.815108    0.318260 

C         2.275906    3.402076    1.098319 

H         3.282477    3.657068    0.738067 

C         2.954030    3.503407    3.538371 

H         2.984707    2.974439    4.500591 

H         2.363398    4.420730    3.670231 

H         3.981638    3.801751    3.287874 

C         2.338383    2.629681    2.427486 

H         1.539736   -2.330440    3.147578 

H         2.771818   -3.985344    4.494784 

C         2.599587   -2.494773    2.912533 

C         3.268850   -3.056342    4.182790 

H         4.328441   -3.287461    4.005033 

H         3.219484   -2.344263    5.017946 

C         2.658199   -3.521468    1.767735 

H         2.081708   -3.184442    0.897272 

H         2.245623   -4.483646    2.101784 

H         3.692099   -3.699416    1.440893 

C         3.213686   -1.153886    2.523111 

C         2.495379    0.058035    2.546562 

C         4.567623   -1.085781    2.168731 

H         5.157007   -2.002118    2.139552 

C         5.175430    0.130460    1.869338 

H         6.230474    0.158577    1.599604 

C         4.445222    1.313448    1.940052 

H         4.939050    2.262625    1.732532 

C         3.088775    1.309906    2.290870 

H        -1.472472    2.327710    2.899907 
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H        -1.921060    4.390822    1.601129 

C        -2.386237    3.437071    1.315937 

H        -3.377623    3.662359    0.898237 

C        -2.493605    2.510111    2.540391 

H        -3.330366    2.558657    4.572261 

C        -3.266803    3.198384    3.681614 

H        -2.767968    4.134736    3.967408 

H        -4.292573    3.447104    3.375590 

C        -3.115891    1.166550    2.178156 

H        -4.996945    2.041138    1.594448 

C        -4.433753    1.114485    1.704934 

C        -5.038120   -0.098480    1.385087 

H        -6.066037   -0.115167    1.024866 

C        -4.337753   -1.291539    1.541151 

H        -4.825850   -2.236409    1.302533 

C        -3.018288   -1.303267    2.012994 

C        -2.430740   -0.057597    2.307882 

H        -1.302612   -2.417785    2.626713 

C        -2.287986   -2.628462    2.190865 

H        -3.188530   -3.084382    4.142605 

C        -3.031177   -3.561016    3.165654 

H        -4.015096   -3.851474    2.772024 

H        -2.452353   -4.481685    3.322857 

C        -2.049916   -3.322997    0.837381 

H        -1.492746   -4.258954    0.982109 

H        -3.001883   -3.572258    0.347144 

H        -1.472704   -2.678734    0.158668 

H        -1.774577    2.983383    0.524097 

C        -0.098932   -0.008281   -2.099151 

N         0.918398   -0.228289   -2.945812 

H         0.716427   -0.206245   -3.943721 

N        -1.291570    0.217990   -2.666601 

C         2.356088   -0.503009   -2.644747 

C         2.485877   -1.788007   -1.817722 

H         1.968513   -1.676753   -0.853940 

H         2.053912   -2.645586   -2.351569 

H         3.544582   -1.997666   -1.614386 

C         3.030300   -0.689016   -4.011207 

H         2.942106    0.219894   -4.624434 

H         4.098461   -0.897593   -3.874916 

H         2.590334   -1.534588   -4.559946 

C         2.981350    0.689963   -1.910747 

H         2.886235    1.608711   -2.505632 

H         2.493427    0.847481   -0.938733 

H         4.047556    0.499760   -1.728077 

C        -2.538749    0.486143   -1.914946 

H        -2.323749    1.112111   -1.042623 

H        -2.970341   -0.462319   -1.560259 

C        -3.442604    1.149916   -2.954501 

H        -3.206599    2.220830   -3.032991 

H        -4.504493    1.052244   -2.703249 

C        -3.061157    0.419879   -4.251648 

H        -3.550163   -0.563242   -4.290188 

H        -3.336340    0.967483   -5.159780 

C        -1.541511    0.241311   -4.127099 

H        -0.994750    1.085253   -4.580882 

H        -1.191923   -0.691156   -4.597542 

 

9’NHC.xyz (79) 

Au      0.00000000       0.00000000       0.00000000 

C      -2.03855997      -0.00129832       0.00000000 

N      -2.87068798      -0.00155468      -1.08143000 

C      -4.19817470      -0.00214826      -0.67984000 

H      -5.01154170      -0.00262649      -1.39274000 

H      -1.39284059      -4.39177954      -1.91969000 

H      -2.70523571      -2.38574829      -1.36246000 

H      -0.36713909      -2.93971676      -2.06516000 

C      -1.23681011      -3.46268759      -2.48538000 

H      -0.99352681      -3.74180243      -3.51989000 

C      -3.71427490      -3.32831117      -3.00334000 

H      -4.63184748      -2.72918194      -2.92786000 

H      -3.87645358      -4.27199698      -2.46395000 

H      -3.55976143      -3.57023704      -4.06432000 

C      -2.49763012      -2.58206569      -2.42268000 

H      -2.69933902       2.38108349      -1.37199000 

H      -3.85001374       4.27350759      -2.48301000 
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C      -2.48473453       2.57311663      -2.43159000 

C      -3.69222092       3.32784928      -3.02022000 

H      -3.53003375       3.56727325      -4.08062000 

H      -4.61474830       2.73596666      -2.94897000 

C      -1.21624173       3.44303282      -2.49024000 

H      -0.35366029       2.91439583      -2.06253000 

H      -1.36789836       4.37583355      -1.92947000 

H      -0.96435639       3.71541699      -3.52451000 

C      -2.27677867       1.23183233      -3.12338000 

C      -2.45117706      -0.00460433      -2.47165000 

C      -1.90833763       1.19653922      -4.47470000 

H      -1.76621186       2.13356789      -5.01289000 

C      -1.72830946      -0.01112238      -5.14271000 

H      -1.44657758      -0.01361815      -6.19479000 

C      -1.91424817      -1.21556183      -4.47051000 

H      -1.77685005      -2.15512823      -5.00545000 

C      -2.28261788      -1.24424345      -3.11903000 

C      -2.28261788      -1.24424345       3.11903000 

C      -1.91424817      -1.21556183       4.47051000 

C      -1.72830946      -0.01112238       5.14271000 

C      -1.90833763       1.19653922       4.47470000 

C      -2.45117706      -0.00460433       2.47165000 

C      -2.27677867       1.23183233       3.12338000 

C      -1.21624173       3.44303282       2.49024000 

C      -3.69222092       3.32784928       3.02022000 

C      -2.48473453       2.57311663       2.43159000 

C      -2.49763012      -2.58206569       2.42268000 

C      -3.71427490      -3.32831117       3.00334000 

C      -1.23681011      -3.46268759       2.48538000 

C      -4.19817470      -0.00214826       0.67984000 

N      -2.87068798      -0.00155468       1.08143000 

H      -1.77685005      -2.15512823       5.00545000 

H      -1.44657758      -0.01361815       6.19479000 

H      -1.76621186       2.13356789       5.01289000 

H      -0.96435639       3.71541699       3.52451000 

H      -1.36789836       4.37583355       1.92947000 

H      -0.35366029       2.91439583       2.06253000 

H      -4.61474830       2.73596666       2.94897000 

H      -3.53003375       3.56727325       4.08062000 

H      -3.85001374       4.27350759       2.48301000 

H      -2.69933902       2.38108349       1.37199000 

H      -3.55976143      -3.57023704       4.06432000 

H      -3.87645358      -4.27199698       2.46395000 

H      -4.63184748      -2.72918194       2.92786000 

H      -0.99352681      -3.74180243       3.51989000 

H      -0.36713909      -2.93971676       2.06516000 

H      -2.70523571      -2.38574829       1.36246000 

H      -1.39284059      -4.39177954       1.91969000 

H      -5.01154170      -0.00262649       1.39274000 

H       1.13142702       2.41396970       0.00000000 

H       3.78967414      -1.08090978       0.00000000 

N       2.77025992      -1.13512614       0.00000000 

N       2.77152287       1.13433706       0.00000000 

C       2.22397118       2.48537888       0.00000000 

H       3.79086203       1.07892594       0.00000000 

H       1.12848202      -2.41252747       0.00000000 

H       2.54484150      -3.03268983      -0.89450000 

C       2.06087587      -0.00000000       0.00000000 

C       2.22096083      -2.48549672       0.00000000 

H       2.54861179       3.03216409      -0.89457000 

H       2.54861179       3.03216409       0.89457000 

H       2.54484150      -3.03268983       0.89450000 

 

(C2H2)NHC.xyz (70) 

Au       0.0000      0.0000      0.0000 

 C        0.0046     -0.6162     -2.1050 

 C       -0.0046      0.6172     -2.1047 

 H       -0.0122      1.6611     -2.3653 

 H        0.0121     -1.6599     -2.3661 

 C        0.0000      0.0000      2.0197 

 N        1.0847      0.0356      2.8439 

 C        0.6823      0.0249      4.1660 

 C       -0.6808     -0.0194      4.1664 

 N       -1.0840     -0.0342      2.8446 

 H       -1.3920     -0.0417      4.9814 

 H        1.3940      0.0492      4.9804 
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 H        1.6967      4.4061      1.3191 

 H        1.3116      2.4322      2.7553 

 H        1.7752      2.9135      0.3482 

 C        2.2654      3.4812      1.1516 

 H        3.2669      3.7641      0.7991 

 C        2.9856      3.4816      3.5832 

 H        3.0218      2.9178      4.5252 

 H        2.4115      4.4023      3.7566 

 H        4.0141      3.7728      3.3285 

 C        2.3425      2.6582      2.4510 

 H        1.4633     -2.3419      2.7434 

 H        2.6868     -4.2411      3.7401 

 C        2.5072     -2.5003      2.4404 

 C        3.2000     -3.2843      3.5714 

 H        4.2458     -3.5067      3.3182 

 H        3.1973     -2.7227      4.5154 

 C        2.4854     -3.3223      1.1383 

 H        1.9622     -2.7842      0.3353 

 H        1.9761     -4.2820      1.3016 

 H        3.5036     -3.5403      0.7875 

 C        3.1549     -1.1378      2.2263 

 C        2.4728      0.0806      2.4112 

 C        4.4964     -1.0608      1.8295 

 H        5.0598     -1.9810      1.6760 

 C        5.1226      0.1668      1.6342 

 H        6.1675      0.2007      1.3287 

 C        4.4195      1.3511      1.8343 

 H        4.9228      2.3059      1.6841 

 C        3.0758      1.3407      2.2313 

 H       -1.4656      2.3424      2.7488 

 H       -1.9812      4.2854      1.3122 

 C       -2.4891      3.3254      1.1464 

 H       -3.5076      3.5429      0.7962 

 C       -2.5097      2.5002      2.4463 

 H       -3.2002      2.7163      4.5219 

 C       -3.2033      3.2804      3.5795 

 H       -2.6912      4.2372      3.7508 

 H       -4.2494      3.5025      3.3267 

 C       -3.1557      1.1374      2.2293 

 H       -5.0612      1.9791      1.6785 

 C       -4.4970      1.0593      1.8314 

 C       -5.1216     -0.1687      1.6341 

 H       -6.1661     -0.2035      1.3275 

 C       -4.4172     -1.3524      1.8335 

 H       -4.9194     -2.3077      1.6820 

 C       -3.0738     -1.3410      2.2312 

 C       -2.4723     -0.0804      2.4128 

 H       -1.3098     -2.4309      2.7594 

 C       -2.3389     -2.6578      2.4496 

 H       -3.0274     -2.9267      4.5195 

 C       -2.9851     -3.4871      3.5758 

 H       -4.0114     -3.7806      3.3152 

 H       -2.4091     -4.4067      3.7486 

 C       -2.2546     -3.4755      1.1473 

 H       -1.6856     -4.4005      1.3137 

 H       -3.2541     -3.7579      0.7890 

 H       -1.7612     -2.9039      0.3486 

 H       -1.9652      2.7903      0.3419 

 

9Ph.xyz (41) 

C         0.011413   -0.022446    2.049766 

Au        0.006703   -0.010753   -0.033596 

N         1.089591   -0.290915    2.808674 

H         0.992406   -0.274970    3.823118 

N        -1.116753    0.247279    2.727651 

C         2.474950   -0.606839    2.351196 

C         2.481213   -1.896316    1.515509 

H         1.871238   -1.767639    0.609599 

H         2.077151   -2.738717    2.094678 

H         3.508788   -2.140356    1.210791 

C         3.294608   -0.813687    3.633867 

H         3.300738    0.096376    4.252887 

H         4.334619   -1.052353    3.378256 

H         2.894961   -1.647526    4.230852 

C         3.054393    0.566766    1.546210 

H         3.061821    1.486718    2.147931 
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H         2.454899    0.742773    0.641326 

H         4.085457    0.338933    1.240759 

C        -2.400830    0.569314    2.069288 

H        -2.215251    1.172557    1.174325 

H        -2.903811   -0.358950    1.755190 

C        -3.192859    1.282864    3.166900 

H        -2.902168    2.342587    3.213912 

H        -4.275210    1.233455    2.999528 

C        -2.745942    0.547946    4.441843 

H        -3.282675   -0.407022    4.533278 

H        -2.919849    1.119638    5.361233 

C        -1.251163    0.284330    4.200167 

H        -0.625400    1.095331    4.611964 

H        -0.920103   -0.665932    4.649749 

C        -0.018137    0.008420   -2.078466 

C        -0.028740    0.028187   -4.929676 

C        -0.295084   -1.154459   -2.829050 

C         0.252906    1.181674   -2.814944 

C         0.248713    1.196402   -4.214354 

C        -0.301556   -1.149684   -4.228522 

H        -0.511583   -2.091372   -2.312363 

H         0.474798    2.110972   -2.286877 

H         0.464038    2.123807   -4.748350 

H        -0.519691   -2.069914   -4.773689 

H        -0.031838    0.035519   -6.020376 

 

 

9’Ph.xyz (25) 

C          1.20454        0.00000       -4.18670 

C          0.00000        0.00000       -4.89417 

C         -1.20454        0.00000       -4.18670 

C         -1.19961        0.00000       -2.78807 

C          0.00000        0.00000       -2.04501 

C          1.19961        0.00000       -2.78807 

Au         0.00000        0.00000        0.00000 

C          0.00000        0.00000        2.06430 

N          0.00000       -1.13431        2.77921 

C          0.00000       -2.47239        2.18811 

N          0.00000        1.13431        2.77921 

C          0.00000        2.47239        2.18811 

H          0.00000        1.09491        3.79922 

H          2.15836        0.00000       -2.26580 

H         -2.15836        0.00000       -2.26580 

H         -2.15338        0.00000       -4.72616 

H          2.15338        0.00000       -4.72616 

H          0.00000        0.00000       -5.98478 

H          0.00000       -1.09491        3.79922 

H          0.00000        3.20739        3.00042 

H          0.89004        2.62525        1.56652 

H         -0.89004        2.62525        1.56652 

H          0.00000       -3.20739        3.00042 

H         -0.89004       -2.62525        1.56652 

H          0.89004       -2.62525        1.56652 

 

 

(C2H2)Ph.xyz (25) 

Au        1.847316    8.174332    6.189522 

C         1.246691    9.045842    8.149691 

C         1.243131    9.979232    7.347176 

H         1.171425   10.924141    6.841410 

H         1.181958    8.404028    9.008544 

C         2.418837    6.904633    4.711164 

C         3.216451    5.133178    2.648643 

C         2.624700    7.362055    3.395447 

C         2.623688    5.534724    4.964504 

C         3.017357    4.660031    3.947247 

C         3.018302    6.488488    2.377173 

H         2.477718    8.415036    3.153271 

H         2.475867    5.136263    5.968691 

H         3.168679    3.603617    4.172707 

H         3.170200    6.871016    1.367054 

H         3.523246    4.451588    1.855009 
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