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Abstract 

Mass spectrometry, ion spectroscopy, NMR and quantum-chemical calculations are 

commonly combined to study the structures, properties and reactivity of intermediates in metal-

catalyzed reactions. However, our ability to identify the main species present in solution by 

electrospray ionization mass spectrometry (ESI-MS) and to confirm whether these species are 

indeed reactive intermediates involved in the study reactions remains limited. Thus, we 

developed a new method combining isotope labeling with kinetic data extraction for the 

identification and analysis of intermediates in reaction mixtures termed delayed reactant 

labeling (DRL). Accordingly, this thesis is divided into 5 Chapters. Chapter 1 gives an overview 

of ESI-MS as a tool for studying the mechanisms of metal-catalyzed reactions, focusing on gold 

chemistry. Chapter 2 describes the experimental (ESI-MS, ion spectroscopy and gas 

chromatography) and theoretical (DFT) methods used in this thesis and the corresponding 

instrumentation. Chapter 3 details the development of the delayed reactant labeling (DRL) as a 

technique for studying reaction kinetics by mass spectrometry and examples how it was used to 

investigate problems in the following chapter. Chapter 4, shows that a Au(I) complex can act as 

a strong base in a solution containing water via the formation of a digold hydroxide complex 

[(L)2Au2OH]+ (L= ligand). This complex activates acetone to form digold-acetonyl complexes 

[(L)2Au2(CH2COCH3)]+. The formation of digold hydroxide is the essential first step towards 

the formation of the digold acetonyl complex, as shown by experiments with Au(I) catalysts 

bearing different ligands and by the effect of counter ions. The role of gold-gold interactions is 

fundamental for acetone activation, and DFT calculations suggested that the reaction 

mechanism of the C–H activation reaction involves a dimer of gold complexes bound via gold–

gold interactions. Chapter 5 reports the results from our investigation into intermediates of water 

addition to alkynes catalyzed by Au(I). Whether monoaurated or diaurated intermediates are 

involved in this transformation has long been a subject of debate. Yet, by studying this reaction 

with different alkynes, we successfully showed that these two intermediates are actually species 

with a very similar or the same kinetics in solution. Kinetic analysis, by both DRL and gas 

chromatography of the overall reaction, showed a first-order reaction rate variation as a function 

of the gold catalyst concentration, thereby further supporting a reaction mechanism which 

proceeds exclusively via monoaurated neutral α-gold ketone intermediates. Therefore, our 

experimental paradigm based on DRL enhances the robustness of ESI-MS in identifying 

reaction intermediates while simultaneously assisting in solving scientific controversies. 

 

 

 



 

 

Abstrakt 

Hmotnostní spektrometrie, iontová spektroskopie, NMR spektroskopie a kvantově-

chemické výpočty se běžně kombinují za účelem studia struktur, vlastností a reaktivity 

meziproduktů v reakcích katalyzovaných sloučeninami kovů. Nicméně naše schopnost 

identifikovat reaktivní komplexy v roztoku pomocí hmotnostní spektrometrie s elektroprejovou 

ionizací (ESI-MS) a potvrdit, že tyto komplexy jsou skutečně reaktivními meziprodukty, 

zůstává omezená. Proto jsme vyvinuli novou metodu, zpožděné značení reaktantů (DRL), 

založenou na izotopovém značení reaktantů s prodlevou, což umožňuje získání kinetických dat 

z roztoku spojených s komplexy detekovanými pomocí ESI-MS. Tato práce je rozdělena do 5 

kapitol. Kapitola 1 podává přehled ESI-MS jako nástroje pro studium mechanismů reakcí 

katalyzovaných komplexy kovů se zaměřením na chemii zlata. Kapitola 2 popisuje 

experimentální (ESI-MS, iontovou spektroskopii a plynovou chromatografii) a teoretické (DFT) 

metody použité v této práci a odpovídající instrumentaci. Kapitola 3 podrobně popisuje vývoj 

metody zpožděné značení reaktantů pro studium reakční kinetiky pomocí hmotnostní 

spektrometrie a příklady toho, jak byla použita při zkoumání problémů v následujících 

kapitolách. Kapitola 4 ukazuje, že komplex Au(I) může působit jako silná báze v roztoku 

obsahujícím vodu díky tvorbě di-zlatného hydroxidu [(L)2Au2OH]+ (L = ligand). Tento komplex 

aktivuje aceton za vzniku di-zlatných acetonylových komplexů [(L)2Au2(CH2COCH3)]+. Tvorba 

[(L)2Au2OH]+ je nezbytným prvním krokem k vytvoření komplexu [(L)2Au2(CH2COCH3)]+, jak 

ukazují experimenty s Au(I) katalyzátory nesoucími různé ligandy a různé protiionty. Aurofilní 

interakce hrají zásadní roli pro aktivaci acetonu a DFT výpočty ukazují, že reakční 

mechanismus C–H aktivační reakce zahrnuje dimer komplexů zlata vázaný aurofilními 

interakcemi. Kapitola 5 uvádí výsledky našeho zkoumání meziproduktů adice vody na alkyny 

katalyzované pomocí komplexů Au(I). Reakční mechanismus a zejména role intermediátů 

obsahujících  jeden nebo dva atomy zlata jsou už dlouho předmětem diskuse. Studiem této 

reakce s různými alkyny jsme ukázali, že tyto dva meziprodukty jsou ve skutečnosti komplexy s 

velmi podobnou nebo stejnou kinetikou v roztoku. Kinetická analýza reaktantů a produktů 

pomocí plynové chromatografie ukázala, že reakce je prvního řádu vzhledem ke koncentraci 

zlatného katalyzátoru, čímž potvrdila, že hlavními meziprodukty jsou komplexy obsahující 

pouze jeden atom zlata. Z další analýzy vyplynulo, že intermediáty jsou ve formě neutrálních α-

auro-ketonů, které jsou při elektrosprejové ionizaci buď protonovány nebo aurovány na atomu 

kyslíku. Náš experimentální přístup založený na DRL zvyšuje robustnost ESI-MS při 

identifikaci meziproduktů a současně může vést k řešení vědeckých diskusí. 
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Chapter 1 Introduction 

Catalysis lies at the heart of the chemical and pharmaceutical industries. Society as we 

know it would not exist without catalysis considering its impact on key aspects of life, 

particularly on energy, food and health.1 Innovation in catalysis is hence essential to addressing 

many of the world’s most pressing challenges, but further information on the workings of metal 

catalysts under their normal operating conditions is required in order to fully capitalize on the 

potential benefits of metal catalyzed reactions. Research on catalysis is therefore fundamental. 

 In addition to understanding the key processes that regulate catalysts, the main 

objective of the study of metal-catalyzed reactions is to improve chemical processes. This 

improvement can be materialized in the form of reaction conditions and efficiency of the overall 

processes by reducing catalyst loading, improving yields, increasing selectivity, avoiding the 

formation of side products and shortening reaction times and steps. Ultimately, the goal is to 

make these processes more environmentally friendly by reducing waste generation and the 

number of product-purification steps while simultaneously developing suitable catalysts and 

new metal-catalyzed processes for the generation of new products. 

By definition, a catalyst is any substance which increases the rate of a transformation 

without modifying the overall standard Gibbs energy change in the reaction.2 As such, the 

catalytic process is any cyclic process in which the catalyst is both a reactant and a product of 

the reaction. The reaction is generally directed towards new pathways with lower barrier energy 

than the non-catalyzed process, often rendering the reaction selective to a specific product, and 

some of the most commonly used catalysts are transitional metals.  

Transition metals such as nickel, copper, cobalt, manganese, rhodium, ruthenium, gold 

and palladium stand out for their ability to be a good source of exchanging electrons (donating 

or withdrawing), temporarily binding to one of the reactants, changing their geometric and 

electronic structure and facilitating their transformation into products. Another important feature 

of transition metals is their ability to change between oxidation states. Furthermore, transition 

metal catalysts can be heterogeneous or homogeneous. In this thesis, I primarily worked with 

gold-catalyzed reactions in the homogeneous phase.  

In the last 25 years, gold has transitioned from being a coinage and artwork metal to a 

valuable catalyst, undergoing what is known as the ‘catalyst gold rush’. 3  Gold catalysts 

effectively promote addition to multiple CC bonds, cyclization, cycloisomerization and 

rearrangements, among other reactions, in both homogeneous (Au(I) and Au(III)) and 

heterogenous (gold nanoparticles) phases. 4,5,6 These metal-catalyzed reaction media generally 

consist of a mixture of reactants, intermediates, byproducts, products, resting states and 
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decomposed materials.7  Therefore, the analysis of such reactions is often complex and the 

intermediates formed in the reaction media are difficult to detect.  

An intermediate is a molecular entity, within a multi-step reaction, which was formed in 

the previous step and will be consumed in the next step and hence represents the transitory 

product of each chemical step leading to the final reaction product. Inherently, a reactive 

intermediate is a short-lived, highly reactive molecule and necessarily has, thus, a low 

concentration in the reaction mixture. For this reason, such species are seldom detected, 

identified and isolated because they are quickly converted into the next product of the reaction 

sequence and, consequently, are only transiently present in the mixture. 8,9 When their existence 

is proved, reactive intermediates help to explain how a chemical reaction occurs. However, 

when they are not detected, these intermediates could be inferred by changing reaction 

conditions, such as temperature or concentration, and by applying advanced and sophisticated 

methods. 10,11 

Conventional methods for the study of reaction mechanisms in solution include nuclear 

magnetic resonance (NMR) spectroscopy, X-ray, UV/vis, isotope labeling or chemical kinetics 

studies.12-15 Computational chemistry methods can also be used to calculate potential energy 

surfaces for reactions and determine probable mechanism. 16  However, most of the 

aforementioned conventional methods reach their limits of detection when the reaction 

intermediates are too unstable or far too reactive to be analyzed. In this context, electrospray 

ionization mass spectrometry (ESI-MS) 17  has emerged as an alternative to overcome the 

aforementioned detection limits.  

ESI-MS shows extreme specificity and sensitivity and an excellent dynamic range of 

detection, thus allowing us to study such species as an additional tool in mechanistic studies 

with rapidly increasing number of applications. Primarily used to study high-mass biological 

molecules,18 ESI-MS is suitable for the analysis of such complex mixtures containing short-

lived species, thereby providing us with an in-depth understanding of key steps of a specific 

reaction mechanism. Accordingly, I will describe this method in detail, in the following section.  

 

1.1 ESI-MS as a tool for studying the mechanisms of metal-catalyzed reactions  

Mass spectrometry coupled with ESI ionization is perfectly suited for the study of 

charged species present in reaction mixtures. 19  Historically, gas phase chemistry and mass 

spectrometry have been mostly employed for analysis of biological molecules, and mass 

spectrometry has become a key tool in proteomics 20 , 21  thanks to the development of soft 

ionization methods.22-28  

ESI-MS stands out as a technique which allows us to study reactions occurring in a few 

minutes or in several hours. The main property of ESI-MS is its ability to identify reaction 
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components by producing individual signals for each ionic species, thus breaking down the 

composition of a complex reaction mixture. In MS, the species of a reaction mixture are isolated 

in the gas phase, followed by either collision-induced dissociation (CID)29,30 experiments in the 

ion trap31,32 or gas-phase reactions with the desired substrate to probe the reactivity of the 

isolated species. Moreover, the specificity of mass spectrometers enables us to assess the effect 

of isotopic substitution on the formation of intermediates and, overall, on the reaction rate. 

Accordingly, years of pioneering work by different groups worldwide have established mass 

spectrometry, especially ESI-MS, as a fundamental tool for the study of reaction mechanisms.  

One of the ground-breaking papers on mechanistic studies by ESI-MS was the 1993 

contribution from Steven R. Wilson and co-workers.33 These authors showed that ESI-MS can 

be used to directly detect ionic intermediates in phosphine-mediated reactions in solution. They 

used this technique to confirm intermediates previously identified for Wittig, Mitsunobu and 

Staudinger reactions. Their findings were in line with the results published in the literature 

identification using standard techniques such as 31P and 1H NMR. Hence, this was one of the 

first proof-of-principle studies that highlighted the potential of ESI-MS for mechanistic 

research. Another seminal study was published in 1993 by Canty, who used positive ESI-MS 

and tandem MS to analyze various palladium and platinum organometallic complexes. 34 

Furthermore, in another study reported in 1994, Aliprantis and Canary used ESI-MS to detect 

transient catalytic intermediates in the Pd(0)-catalyzed Suzuki coupling reaction of arylboronic 

acids with brominated pyridines.35 

Notwithstanding the earlier reports discussed above, the use of ESI-MS for the direct 

study of metal-catalyzed reactions was established by Peter Chen and coworkers who coined so 

called “ion-fishing” technique. In this technique, the detected ionic species are “fished out” 

from solution and transferred to the gas phase for further analysis. Importantly, these authors 

investigated the ring-opening metathesis polymerization (ROMP) of norbornene mediated by 

(Cy3P)2Cl2RuCHPh and described the strategy of “fishing” reactive intermediates out of 

complex mixtures. 36  In their contribution, they even introduced the concept of “charge 

tagging”37,38 as a fundamental improvement of ESI-MS studies.39 More specifically, neutral 

species are tagged with a permanently charged functional group, which is usually not located in 

or is not a part of the catalytic site, thereby facilitating the detection of otherwise neutral, i.e., 

‘’invisible’’ species. Together with his collaborators, Chen has studied various metal catalyzed 

reactions since then. Some of their contributions include gas-phase investigations on the 

transmetalation step of Sonogashira reactions,40 C-H activation with Ir 41,42 or Pt complexes,43 a 

study of hydrogenation reactions catalyzed by Rh, 44  a study of metathesis of olefins, 45 - 47 

olefination of aldehydes with rhenium,48 or even the Ziegler–Natta polymerization.49 All of the 

Chen’s works have thus underscored the rather prominent similarity between the gas phase and 

the solution phase. 
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Other contributions to the study of organometallic reactions by ESI-MS which have also 

highlighted this similarity have come from Marcos Eberlin’s group. Eberlin and co-workers 

have studied the mechanism of some of the main coupling reactions, namely the Heck50 and 

Stille coupling51 reactions. Eberlin’s group focused not only on metal catalyzed reactions but 

also on organocatalyzed transformations. Using ESI-MS in both positive and negative ion 

modes, Eberlin and co-workers monitored Morita Baylis Hillman (MBH) reactions, successfully 

intercepting and structurally characterizing the proposed intermediates of this catalytic cycle for 

the first time. 52 In addition, they significantly helped to elucidate Mannich-type53 and SN254
 

reactions, as well as oxidative cleavage of terminal C=C bonds55 and oxidation of caffeine in 

water,56 i.e., non-metal-catalyzed reactions. 

In turn, Richard O’Hair and co-workers studied organometallic catalytic reactions 

primarily using methods based on mass spectrometry (MS) to explore and characterize new 

metal clusters and their reactivity.57,58 Their main contribution to this field was the elucidation of 

coinage-metal-mediated transformations, especially those involving coinage-metal cluster 

compounds in C-C bond coupling reactions,59,60 silver-mediated cross-coupling reactions61 and 

click chemistry,62 as well as C-H, C-C and C-X bond activation63,64 of organic substrates and 

gold-mediated C-I bond activation of iodobenzene in Sonogashira coupling.65 In addition, their 

multistage mass spectrometry experiments, performed in ion trap mass spectrometers in 

conjunction with DFT calculations, demonstrated that the dimethylcuprate anion, [CH3CuCH3]−, 

can catalyze decarboxylative coupling of allyl acetate in the gas phase via a simple, two-step 

catalytic cycle.66  

Another research group with an outstanding contribution to this field is led by Scott 

McIndoe. This group uses electrospray ionization tandem mass spectrometry (MS/MS) as their 

primary characterization tool. For example, using ESI-MS under oxygen- and moisture-free 

conditions, they were able to couple a mass spectrometer with a glove box to study highly air- 

and moisture-sensitive organometallic complexes by ESI-MS.67 Similarly, they used cationic 

and anionic charge-tagged substrates to look into the mechanism of the Sonogashira reaction in 

methanol. 68  They also performed a gas- and solution-phase study of the Pauson-Khand 

reaction 69  using ESI-MS and explored the mechanism of the hydroboration of alkenes by 

amine–boranes catalyzed by Rh. 70  Furthermore, they studied the Suzuki-Miyaura coupling 

mediated by a palladium(II) complex, 71  more recently monitoring, in real time, both this 

reaction, during the sequential addition of various reaction components,72 and the Buchwald–

Hartwig amination reaction, under realistic conditions using a triple quadrupole mass 

spectrometer.73  

A number of book chapters74 and reviews75,76 of gas-phase studies of organometallic 

reactions show in deeper details how ESI-MS has been established as an essential tool in the 

study of metal-catalyzed reactions for its exceptional sensitivity and specificity. 
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In the following sections, I will address in more detail the chemistry of Au(I), 

describing the mechanisms of reactions mediated by this metal. Gold has only one isotope and 

thus lacks the characteristic isotopic pattern of other metal catalysts, allowing possible 

contaminations with other species to be easily identified in ESI-MS,77 thereby facilitating the 

identification of reaction intermediates. 

 

1.2 Gold chemistry 

Gold was considered catalytically inactive for a long time.78 However, several studies 

have demonstrated its exceptional catalytic activity in both heterogeneous and homogenous 

phases, as mentioned in section 1.1. 79,80 Such studies were first reported in 1973, when Bond 

and co-workers showed that HAuCl4 supported on silica, y-alumina, or boehmite activates 

molecular hydrogen and catalyzes the hydrogenation of mono-olefins, buta-l,3-diene, and but-2-

yne.81 More than 10 years later, Hutchings and Haruta showed other applications of gold in 

heterogeneous catalysis: Hutchings investigated the hydrochlorination of acetylene to vinyl 

chloride catalyzed by Au(III),82 while Haruta investigated the oxidation of CO at -70 °C by 

coprecipitation of ultra-fine gold particles with oxides of 3d transition metals of group VIII 

(namely, Fe, Co, and Ni).83 In fact, gold was first applied as a homogeneous catalysis by Ito and 

co-workers, who reported that a chiral ferrocenylphosphine-Au(I) complex catalyzes the 

asymmetric aldol reaction of an isocyanoacetate with aldehydes with high enantio- and 

diastereoselectivity.84 Following these early examples, the potential of gold to catalyze synthetic 

transformations has been exploited in various reactions, particularly in the form of Au(I) 

complexes.85  

The chemistry of Au(I) complexes is dominated by the form [LAuX], where Au(I) 

predominantly adopts a linear, bicoordinate geometry.86 L is usually a phosphine- or NHC-

ligand and X is a counterion, e.g., chloro(triphenylphosphine)Au(I). These complexes are still 

the most common two-coordinate complexes used of homogeneous catalysis. Gold complexes 

where the counter ion X strongly binds to the gold atom (e.g., Cl⁻) have a lower reactivity than 

complexes with less nucleophilic and a non-coordinating anions (e.g., SbF6⁻). Silver salts have 

the ability to abstract the strongly bound chlorine atom, thus increasing the reactivity of gold 

catalysts. Examples of silver salts used to generate a cationic Au(I) species include: AgOTf, 

AgBF4, AgPF6, AgSbF6 or AgOTs.87 Exceptionally, silver salts can also interact in the reaction 

media, catalyzing side-reactions or even more rarely participating in the transformation itself, 

but the “silver effect”88 has been the subject of many studies and is often disregarded for its 

negligible contribution to the catalytic process.89-92 

Practical advantages of Au(I) catalysis include (i) air stability due to the high oxidation 

potential of Au(I), (ii) tolerance to moisture thanks to its low oxophilicity and (iii) relatively low 
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toxicity compared with other pi-acids (e.g., Pt(II) and Hg(II)). Properties (i) and (ii) are key 

advantages because oxygen, water, and alcohols are often well-tolerated in contrast to most air- 

and moisture-sensitive Lewis acids or transition metal transformations. Furthermore, gold is 

alkynophilic. Cationic Au(I) reacts with alkynes in two different ways, either with internal 

alkynes, as a Lewis acid,93-96 or with terminal alkynes, substituting the terminal position to form 

a gold-acetylide (Section 1.2.2). Studies show that cationic gold complexes are useful soft 

(carbophilic) Lewis acids, whereas most ‘‘classical’’ Lewis acids such as AlCl3 or TiCl4 are 

hard (oxophilic) electrophiles. 97  However, regioselectivity is a problem for internal 

unsymmetrical alkynes. The reactions are selective only when alkynes are symmetrical or 

terminal. Gold-catalyzed nucleophilic additions to CC multiple bonds follow Markovnikov 

selectivity.98  

Lastly, carbon-gold bonds are labile toward protodeauration, but not susceptible to β-

hydride elimination, which frequently occurs in other transition metal-catalyzed reactions, 

thereby increasing the product selectivity. 

 

1.2.1 Nucleophilic additions to carbon–carbon (CC) multiple bonds  

Gold complexes serve as excellent catalysts for reactions involving π-activation of CC 

multiple bonds.99 Au(I) coordinates to CC bonds of alkynes, allenes or olefins. However, the 

most commonly used substrates are alkynes,100 as shown by the limited number of reports on 

additions to alkenes.101 The functionalization of CC multiple bonds catalyzed by monovalent 

gold complexes is thus one of the most dynamic areas of research in organometallic 

reactions.102,103  

The catalytic hydration of alkynes is an important transformation for producing 

carbonyl compounds. This reaction is catalyzed by Hg(II) 104 , 105  (in acidic media) or by 

palladium or platinum(II) salts 106  (generally under harsh conditions), 107  albeit with serious 

drawbacks. First, under such operating conditions, Hg(II) is reduced to metallic mercury, which 

is catalytically inactive.108 In addition, mercury salts are extremely toxic. Considering these 

drawbacks, other methods have been developed for this transformation. Other metals can 

catalyze the reaction, the reaction is however sluggish (e.g., Cu109,110 and Ag111,112). Moreover, 

enzymes such as hydrases have been employed for this reaction, even though the mechanism of 

the transformation remains unknown. 113  Furthermore, cobaloxime 114  complexes have been 

recently used for the hydration of terminal alkynes.  

Currently, the best-developed catalysts for efficient alkyne hydration are cationic Au(I) 

species.115 The generally accepted mechanism of gold-catalyzed nucleophilic addition to alkynes 

involves, in the first step, substrate activation by π-coordination (Scheme 1.1).116 Au(I)-alkyne 

complexes are electrophilic and susceptible to nucleophilic attack. The nucleophilic attack 
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preferentially occurs in an anti configuration117 with respect to gold, forming a vinylic gold 

species (1-2), followed by protodeauration in the reaction media (from 1-2 to 1-3), which 

releases the enol 1-3 (in the case of Nu = H2O), which tautomerizes to the product 1-4.  

 

 

Scheme 1.1 General mechanism of Au(I)-catalyzed hydration of alkynes (nucleophile: H2O) 

  

The first experiments that can be directly linked to gold-mediated nucleophilic addition 

of methanol or water were reported in 1976 by Norman and co-workers, but the authors 

overlooked the potential of their findings at the time. 118  They investigated the reaction of 

different alkynes with tetrachloroauric acid in aqueous methanol and observed the formation of 

the corresponding ketones with Markovnikov regioselectivity (Scheme 1.2). Unfortunately, they 

did not investigate the reaction further, characterizing it as a mere “gold(III) oxidation”. 

 

 

Scheme 1.2 Reaction of phenylacetylene with tetrachloroauric acid in aqueous methanol as 

reported by Norman and co-workers. The ketone is the major product, resulting from 

Markovnikov addition, with minor amounts of phenyl vinyl ethers and vinyl chlorides 

 

Years later, Fukuda and Utimoto also observed that nucleophilic addition of alcohol and 

water to non-activated alkynes occurred when they used the gold(III) catalyst Na[AuCl4] during 

their investigation of gold-catalyzed hydroaminations of alkynes.119  Yet again, this catalyst 

showed the same disadvantage as the Hg(II) complexes mentioned above: it is quickly reduced 

to inactive metallic gold. 

In 1998, Teles and co-workers described the addition of alcohols to alkynes using 

cationic Au(I) complexes.120 In the presence of catalytic amounts of (Ph3P)AuMe and MeSO3H, 

together with 4 equivalents of MeOH in dioxane, phenylacetylene underwent methoxylation and 
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an intermolecular reaction with the hydroxyl group of a second molecule of the substrate 

(Scheme 1.3). Mizushima and co-workers employed the same method for the hydration of a 

wide range of alkynes in methanol, producing two isomeric ketones, also demonstrating that the 

reaction does not proceed without the gold catalyst or protic acid (Scheme 1.3). 115 b 

 

  

 

Scheme 1.3 Early reports of Au(I) catalyzed nucleophilic addition to alkynes in the presence of 

MeOH and/or water by Teles and Mizushima 

 

According to the mechanism proposed by Teles, the gold cation coordinates to the triple bond of 

the propyne (Scheme 1.4). This first step is generally accepted for most gold-catalyzed reactions 

where a multiple CC bond is activated (1-5).121,122 Afterwards, methanol coordinates to gold (1-

6). This coordination leads to the nucleophilic attack of the methanol to the activated triple bond 

of the propyne, thereby forming vinyl gold complex 1-7. The following intermediate (1-8) is 

formed by either 1,3-hydrogen migration or deprotonation at the oxygen atom followed by 

protonation at C1 or C2. The last step, deauration, releases the product and regenerates the 

catalyst, which starts a new cycle.  

 

 

Scheme 1.4 Mechanism for methanol addition to propyne catalyzed by [Au(PMe3)]+, as 

proposed by Teles and co-workers. Reproduced with permission from [120]. Copyright © 1998 

WILEY‐VCH Verlag GmbH, Weinheim, Fed. Rep. of Germany 
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In a combination of mass spectrometric and theoretical studies, Roithová and co-

workers123 observed that the reaction does not proceed in the gas phase, thus suggesting that 

solvent-assisted hydrogen migration might be crucial for the reactions.  

Leyva and Corma further studied this reaction by performing a series of kinetic 

experiments using MeOH, H2O or both as nucleophiles and using a Au(I) catalyst to assess the 

effect of different phosphine ligands and diphenylacetylene as substrate, without acid 

promoter. 124  According to their findings, the coordination of MeOH to the alkyne-metal 

complex (1-10) is favored over H2O, and this could be the rate-limiting step (Scheme 1.5). The 

enolic species (1-12) is more rapidly formed when MeOH is used instead of water. However, 

they were unable to determine which nucleophile, MeOH or H2O, preferentially adds to the 

alkyne in the transition state (1-10). In terms of regioselectivity, the presence of a constant 

amount of the less thermodynamically stable E isomer over time indicates cis-addition of the 

alcohol across the triple bond to form E-(1-12). E-to-Z isomerization occurs rapidly the absence 

of water. In contrast, with an excess of water, the ketone is directly formed. Although they were 

unable to acquire more accurate data, they proposed that MeOH double addition to 1-12, 

forming 1-13, and subsequent demethoxylation of this intermediate, would explain the 

conversion of the Z isomer into the E isomer. According to their mechanism, this path would be 

overridden when H2O is present in the medium because the hemiketal of (1-13) directly leads to 

the ketone.  

 

 

 

Scheme 1.5 Mechanism for alcohol or water addition to alkynes, as proposed by Leyva and 

Corma.  Reproduced with permission from [124]. Copyright © 2009, American Chemical 

Society 



10 

 

Many different examples of intramolecular versions of alcohol addition to alkynes have also 

been reported. For example, Hashmi and co-workers demonstrated that (Z)-3-

ethynylallylalcohols 1-14 can efficiently cyclize to furans 1-16 via intermediate 1-15, which 

tautomerizes to the thermodynamically more stable heteroaromatic furan (Scheme 1.6).125 

 

 

Scheme 1.6 Intramolecular versions of alcohol addition to alkynes by Hashmi and co-workers. 

Reproduced with permission from [125]. © 2000 WILEY‐VCH Verlag GmbH, Weinheim, Fed. 

Rep. of Germany 

 

In conclusion, Au(I) complexes surpass the reactivity shown by other electrophilic 

metal salts in the nucleophilic addition to alkynes.  

 

1.2.2 Dual gold catalysis 

Most reactions based on gold catalysis involve substrate activation with only one gold 

center. However, scientific groups working on gold chemistry have gained new insights and 

proposed new mechanisms for simultaneous activation of substrates by two gold centers. As 

such, dual gold catalysis entails two types of intermediates: the dual σ,π-activated substrates and 

the geminally diaurated complexes. 

 

1.2.2.1 σ,π-activation 

 

Based on mechanistic studies, in 2008, Cheong and co-workers published a new 

reaction mechanism for cycloisomerization of 1,5-allenyne 1-17 by a (Ph3PAu)3O]BF4 catalyst 

whereby interesting cross-conjugated trienes 1-18 are formed (Scheme 1.7). 126  

 

Scheme 1.7 Au(I)-catalyzed allenyne 1-17 cycloisomerization, as reported by Cheong and co-

workers 
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Only terminal alkynes delivered the product, and deuterium labeling studies revealed a 

diastereoselective hydrogen transfer. The exchange of the hydrogen of the terminal alkyne for 

deuterium in labeled methanol suggests the presence of gold acetylides 1-19 (Figure 1.1).  

 

 

Figure 1.1 Au(I) acetylide compound 

In this reaction, the coordination of a phosphine-gold cation with acetylide lowers the alkyne 

lowest unoccupied molecular orbital (LUMO) toward 5-endo-dig cyclization, generating a gem-

diauraalkene 1-20 and bearing a tertiary allylic carbocation. A subsequent 1,5-hydrogen shift, 

followed by protodeauration, closes the catalytic cycle (Scheme 1.8). 

 

Scheme 1.8 Proposed mechanism of the Au(I)-catalyzed allenyne cycloisomerization proposed 

by Cheong and co-workers. Reproduced with permission from [126]. Copyright © 2008 

American Chemical Society 

In 2009, Odabachian and co-workers reported that a series of 1,9- and 1,10-diynes could 

be efficiently cycloisomerised into medium sized cycloalkynes by a gold-catalyzed alkyne–

alkyne coupling (Scheme 1.9).127 In this paper, the authors included conceivable mechanistic 

possibilities assuming the formation of a σ- and a π-bonded gold species at two different alkynyl 

groups of a substrate (1-24) (Scheme 1.9, a). The electrophilic Au(I) activation of the alkyne in 

substrate 1-21 could lead to the formation of gold acetylide species 1-23, as further supported by 

deuterium label experiments. The authors proposed the nucleophilic addition of an alkyne to a 
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Au(I)-activated gold acetylide (1-28 to 1-29) and intramolecular protodemetalation as an 

alternative mechanism (Scheme 1.9, b).  

 

 

Scheme 1.9 a) Mechanistic proposal for the formation of a cycloalkyne via double activation by 

the gold catalyst as reported by Odabachian (L=bulky phosphine ligand). b) Alternative 

mechanistic proposal. Adapted with permission from [127]. Copyright © 2009 WILEY‐VCH 

Verlag GmbH & Co. KGaA, Weinheim 

 

 At this point, the mechanism of acetylide formation was still unclear because the role of 

gold acetylides in reactions of terminal alkynes remained controversial. 128  Brown and 

Widenhoefer reported on the synthesis and stability of σ,π-digold acetylide 1-30 complexes 

formed in reactions of cationic acetylide species, such as [(IPr)Au(η1-CCPh)][SbF6], with 1 

equivalent of a base at low temperatures (Scheme 1.10, route A).129 The authors proved that 

[(IPr)Au]+, generated at low temperatures, formed a π-complex with phenylacetylene and this 

complex converted into σ,π-digold acetylides at temperatures above -20 °C in short reaction 

times (Scheme 1.10, route B). Further research revealed that the dinuclear Au(I) σ,π-acetylide 1-
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30 could be quickly synthesized in very good yields, and without a base, when mixing 

[(IPr)AuCl]/AgSbF6 with an excess of phenylacetylene at room temperature (Scheme 1.10, 

route C).130 

 

 

 

Scheme 1.10 Synthesis of the σ, π-acetylide species reported by Brown and Widenhoefer. 

 

Subsequently, Simonneau and co-workers, using a combination of computational and 

experimental studies, found that the dinuclear Au(I) σ,π-acetylide lack reactivity in the 

cycloisomerization of 1,6-enynes.131 This was recently proved by Ferrer and Echavarren (2018). 

The authors prepared Au(I) acetylides and σ,π-digold(I) alkyne digold(I) complexes from 

substrates that undergo isomerization reactions ions in the presence of Au(I) catalysts (1,6-

enyne and 7-ethynyl-1,3,5-cycloheptatriene).132 According to their finding, Au(I) acetylides are 

totally unproductive complexes in cycloisomerization reactions in the absence of Brønsted 

acids, which are usually added to cleave the Au–C bond leading to a cationic Au(I) complex. 

In 2012, Zhang’s and Hashmi’s groups independently reported a dual gold-catalyzed 

reaction of diynes.133,134 They showed that gold vinylidenes are highly reactive intermediates 

that can efficiently and intermolecularly activate C(sp3)-H bonds, but while Hashmi focused on 

NHC ligands, the Zhang group employed the BrettPhos ligand in the presence of N-oxides. 

Zhang’s (deuterium labeling experiments and extensive calculations on the mechanism) and 

Hashmi’s (deuterium isotope labeling) results are in full agreement with the mechanistic cycle 

depicted in Scheme 1.11.135 The generation of the Au(I) acetylide 1-31 is essential. The π-

coordination of a second [Au]+ unit (dual activation) to the other triple bond activates the system 

for an electrophilic attack in β-position of the gold acetylide (1-32). Generally, π-coordination 

of the cationic gold catalyst at the gold acetylide is clearly preferred, so an equilibrium with this 

species should be included, thus forming the Au(I) vinylidene-like species 1-33. The subsequent 

step is an insertion into the C–H bond of the tert-butyl group. [Au]+ elimination from 1-35 

should deliver the vinylgold(I) species R, and [Au]+ re-addition at the ipso-position of gold 

establishes the side equilibrium with the gem-diaurated species 1-38. Restarting the catalysis by 

adding the substrate to the isolated and purified digold species proves the reversibility of this 
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side equilibrium. The final step of the catalytic cycle is the catalyst transfer, a protodeauration 

by the terminal alkyne of the next substrate (1-37), thereby delivering product 1-39. 

 

  
 

Scheme 1.11 Catalytic cycle of the formation of benzofulvenes by gold-catalyzed dual 

activation and C,H-activation of the alkyl side chain. Reproduced with permission from [135]. 

Copyright © 2014, American Chemical Society  

 

Furthermore, Jašiková and Roithová combined mass spectrometry, ion spectroscopy 

studies and DFT calculations with theoretical calculations to study the interaction of gold 

acetylides with Au(I) or silver(I) cations.136 These experiments showed that the gold and silver 

cations preferentially coordinate to gold acetylides rather than to nonactivated CC triple bonds. 

In 2015, Mader and co-workers observed intermolecular alkyne activation. Haloalkynes 

can undergo head-to-tail coupling reactions to form gem-dihalogenated enynes by dual gold 

catalysis (Scheme 1.12). 

 

 

 

Scheme 1.12 Head-to-tail coupling reaction of haloalkynes via dual activation by a gold catalyst 

observed by Mader and co-workers 

 

This reaction is initiated by coordination of two gold fragments to the starting material 1-40. 

The triple bond is activated upon transfer of one gold fragment to a second substrate molecule, 

1-31 

1-32 

1-34 

1-35 

1-36 

1-37 

1-38 

1-33 

1-39 
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which is then attacked by the gold acetylide to give the vinyl gold intermediate 1-42 (Scheme 

1.13).137 

 

 

 

Scheme 1.13 Mechanistic cycle for the head-to-tail coupling reaction of haloalkynes under dual 

gold catalysis. Reproduced with permissions from [137]. Copyright © 2015 WILEY‐VCH 

Verlag GmbH & Co. KGaA, Weinheim 

 

By computational analysis, Alabugin and co-workers compared the energetics for the 

Bergman cyclization catalyzed by mono- and dual-gold complexes. Dual catalysis decreases the 

activation barrier by 6.2 kcal mol−1 in comparison with mono-gold catalysis (Scheme 1.14), thus 

making the cycloaromatization step more exergonic. 138 

 

 

Scheme 1.14 Activation and reaction energies for the Bergman cyclization by mono and dual 

gold-catalysis at the (IEFPCM = toluene)/(U)PBE0/6-311+G(d,p)/Def2-TZVP+ECP level 

obtained by Alabugin and co-workers. Reproduced with permissions from [138]. Copyright © 

2017 American Chemical Society 

 

1.2.2.2 Geminally diaurated species 

 

Geminally diaurated complexes were discovered in 1974 with the synthesis of the 

organogold complexes [R(AuPPh3)2]+ BF4; (R= C6H5, p-CH3C6H4, CH2=CH, -C5H5FeC5H4, 

1-40 

1-42 

1-41 

1-40 

1-40 

1-43 
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C5H5FeC5H3Cl, C5H5FeC5H3OCH3 or C5H5FeC5H3CH2N(CH3)2) containing a Au-Au fragment. 

139  Their structures have been identified by 1H NMR, 31P NMR, IR, and X-ray analysis. 

Interestingly, when using nucleophilic reagents, these complexes released the cation AuPPh3
+.  

Some authors have investigated the role of these diaurated species in catalysis. The 

latest findings indicate that the equilibrium must be reversible for efficient catalysis and that the 

gem-diaurated species is an off-cycle species.140,141 More recently, several reports have focused 

on the formation, characterization, and role of geminally diaurated unsaturated hydrocarbons in 

catalysis towards understanding the chemistry of those species. The Gagnè group reported 

strong electronic and counterion effects on the formation and reactivity of gem-diaurated 

species using [Ph3PAu(Ar)] complexes as models,142 concluding that the electron density of the 

ligands strongly affects the reactivity of the digold species. Gem-diaurated complexes 

containing electron-rich aryls and vinyls are less reactive and form more stable complexes.143 

Furthermore, counterions with a poorer coordinating ability are better for the formation of 

diaurated species. 

In 2012, Gray and co-workers have reported the first method for preparing aromatic 

gem-diaurated species in high yields.144 By reacting 2 eq. of complex [Au(PPh3)]NTf2 with 1 eq. 

of boronic acid in diethyl ether at 25°C, they were able to isolate [{Au(PPh3)}2(µ-aryl)][NTf2] 

complexes (Scheme 1.15). 

 

Scheme 1.15 Synthesis of [{Au(PPh3)}2(µ-aryl)][NTf2] reported by Gray and co-workers 

 

In the same year, Roithová and co-workers reported a study on [AuCl(PMe3)]+-

mediated methanol addition to 1-phenylpropyne by ESI-MS and NMR, in addition to theoretical 

calculations.145  Furthermore, by coupling mass spectrometry to IR multiphoton dissociation 

(IRMPD) spectroscopy (see 2.2.2), they were able to characterize a key reaction intermediate as 

a mixture of C1 and C2 methanol addition (Scheme 1.16). They suggested that the addition to a 

triple CC bond proceeds through a dual activation mechanism, resulting in the formation of 

gem-diaurated intermediates (Section 1.2.2).  
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Scheme 1.16 Potential energy surfaces for the [AuPMe3]+ catalyzed reaction of 1-

phenylpropyne with [Au(OMe)(PMe3)]. Relative energies are given in kJ/mol at 298 K in 

methanol (red numbers) and at 0 K in the gas phase (black numbers in brackets). Reproduced 

with permission from [145]. Copyright © 2012 WILEY‐VCH Verlag GmbH & Co. KGaA, 

Weinheim 

 

In 2013, Oonishi and co-workers also suggested a pathway for the nucleophilic addition 

to alkynes involving a dual activation mechanism (Section 1.2.2). 146  They used digold–

hydroxide complexes 1-44 as a catalyst, noting that complex 1-44 decays to Lewis acid 1-45 

and Brønsted base 1-46 and that these species independently react with substrates (alkynes) and 

alcohols, respectively (Scheme 1.17), to form various aryl vinyl ethers. 

 

 

Scheme 1.17 Dual activation mechanism in addition of the methanol to alkynes was suggested 

by Oonishi and co-workers. Reproduced with permission from [146]. Copyright © 2013 

WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim 
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Subsequently, in 2014, Maier and Zhdanko suggested that diaurated intermediates are 

undesired off-cycle products of the gold-catalyzed reaction of an alkyne with alcohol and that 

one gold center suffices for the catalytic cycle (Scheme 1.18).147 The reaction starts with the 

reversible formation of the π- complex.  The complex undergoes reversible anti-addition of an 

alcohol to form 1-47. This equilibrium is shifted to the left because the complex undergoes 1,2-

elimination. However, 1-47 is also acidic, participating in rapid proton transfer. Therefore, some 

of 1-47 formed will transfer a proton and irreversibly transform into vinyl gold species 1-48. 

Vinyl gold species 1-48 undergo protonolysis or auration to give either 1-49 or diaurated species 

1-50. The formation of 1-49 is a necessary step for product formation, whereas 1-50 is a 

drawback step for the whole catalytic cycle. This geminally diaurated species (1-50) is not able 

to undergo protodeauration, thereby blocking the gold centers in this form and preventing them 

from participating in the catalytic cycle. Hence, 1-50 is an off-cycle inert complex. The 

application of very bulky ligands at the gold center, branched substrates, and acidic promoters 

fully precludes the formation of 1-50.  

 

 

Scheme 1.18 Mechanism of gold-catalyzed hydroalkoxylation of alkynes, as proposed by 

Zhdanko and Maier. Reproduced with permission from [147]. Copyright © 2014 WILEY‐VCH 

Verlag GmbH & Co. KGaA, Weinheim 

 

In the Roithová group, we studied the mechanism of methanol addition to an alkyne, 

more specifically 1-phenylpropyne, using both a bulky N-heterocyclic carbene ligand IPr (1,3-

bis(2,6-diisopropylphenyl)imidazol-2-ylidene) and a phosphine ligand PPh3.148 In the work, we 

proposed a dual activation reaction mechanism based on experiments (specification of the 
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experiments and the method in Chapter 3, Section 3.1), theoretical calculations and NMR 

studies (Scheme 1.19). We suggested that, in phosphine ligands (i), diaurated intermediates are 

formed during the catalytic cycle. The first endothermic reversible step is methanol addition to a 

gold-activated alkyne (1-52). The next (irreversible) step determines the selectivity to the 

carbon C(1) bearing the phenyl ring (R) or to the carbon C(2) bearing the methyl substituent, 

that is, 1-52 can undergo either anion-assisted deprotonation, forming the stable monoaurated 

intermediate 1-53 (pathway (a)), or fast deprotonation exchange with tagging of a second gold 

cation, forming the diaurated intermediate 1-54 (pathway (b)). This step from 1-52 to 1-54 is 

strongly exothermic and both the driving force and rate-determining step of this pathway. In 

contrast, in gold catalysts bearing a bulky IPr ligand (ii), the reaction exclusively goes through 

pathway (a) involving the monoaurated intermediate 1-53 (Scheme 1.19). The corresponding 

overall reaction rate of pathway (a) is higher than that of (b) because the monoaurated 

intermediate 1-53 is more easily protodeaurated than the diaurated intermediate 1-54. In 

addition, steric effects can also play a role in this mechanism: in the C1 addition product, the 

ligated gold cation is bound to the C2 with a Z-configuration relative to the reactant phenyl ring. 

This phenyl ring might represent a steric hindrance for the formation of the C(1) addition 

product.  

 

 

 

Scheme 1.19 Mechanism of the “[Au(L)]+” catalyzed  addition of methanol to an alkyne, where 

L is bulky ligand. (b) Dual activation mechanism catalyzed by “[Au(L)]+” in which the [Au(L)]+ 

⇔ H+ exchange is faster than unassisted deprotonation. (c) Protodeauration of diaurated 

intermediates assisted by the alkyne reactant. Reproduced with permission from [148]. 

Copyright © 2015 American Chemical Society 

 

In 2016, Gomez-Suarez and co-workers published a paper on the mechanism of the dual 

gold-catalyzed hydrophenoxylation of alkynes using experimental and theoretical methods.149 

They also suggested a dual activation mechanism for this reaction (Scheme 1.20) in which 

1-51 

1-52 

1-53 1-54 

1-55 
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digold–phenoxide species 1-56 would serve as precursors for the active catalytic species. Gem-

diaurated species 1-57 were, once again, shown as off-cycle species, but their formation during 

the reaction is unlikely, due to the competing process mediated by water.  

 

 

Scheme 1.20 Mechanism of hydrophenoxylation of alkynes by dual gold activation catalysis, as 

proposed by Gomez-Suarez and co-workers. Reproduced with permission from [149]. 

Copyright © 2013 Blackwell Publishing Ltd. All rights reserved. 

 

In conclusion, the concept of dual activation by Au(I) opens up new possibilities, both 

with regard to the synthetic potential and to new mechanisms in organometallic chemistry. 

Hence, many research groups have focused on the synthesis and characterization of digold 

species and further studies to explain their reactivity are still needed. The progress in this sector 

will depend on the combined input of experimental and computational mechanistic studies.  

This concept is directly associated with aurophilicity and has become an important field of 

research on gold catalysis. Furthermore, Au(I) shows high π-acidity linked to relativistic effects, 

as discussed in the following section.  
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1.2.3 Aurophilic interaction and theoretical considerations 

The electronic configuration of Au(I) is 5d106s0. This configuration explains the relative 

stability of Au(I) compounds, with 10 electrons in a closed set of 5d orbitals. Relativistic effects 

provide a new way for rationalizing the reactivity of Au(I) because gold displays the strongest 

relativistic effects of all elements in the periodic table. Cationic Au(I) species have stronger 

Lewis acidity than other group 11 metals. The relativistic contraction of 6s or 6p valence 

orbitals of Au corresponds to a relatively low-lying lowest unoccupied molecular orbital 

(LUMO), which is directly correlated with the stronger Lewis acidity of Au(I) species. 

Conversely, Lewis acidity correlates with electronegativity (2.4 for Au versus 1.9 for Ag), 

providing a theoretical basis for understanding relativistic effects on Au.150 

Due to these relativistic effects, the average velocity of s electrons (approaching the 

speed of light) and mass increase with the atomic nuclear charge (Z). Electrons moving at nearly 

the speed of light cannot be studied by classical physics and therefore must be treated according 

to Einstein’s theories of relativity. Because of this effect, the 6s orbitals (and to a lesser extent, 

the p orbitals) are contracted, and the distance from the electron to the nucleus is reduced 

(Figure 1.2). For example, the relativistic contraction of the 6s orbital results in greatly 

strengthened Au–L bonds, where L is the ligand. Conversely, the 5d orbitals are expanded, 

minimizing electron-electron repulsion. Therefore, in heavier elements, the s electrons are more 

strongly bound and shield the nuclear charge from other electrons (especially d and f) more 

effectively than in the absence of relativistic effects.151 Electrons occupying the d and f orbitals 

are better shielded by the electrons in the contracted s and p orbitals and, consequently, show a 

weaker nuclear attraction.150 This phenomenon is significant in metals with filled 4f and 5d 

orbitals, such as Pt, Au and Hg. 

 

Figure 1.2 Calculated relativistic contraction of the 6s orbital. The relativistic and non-

relativistic 6s orbital radii were determined computationally. Reprinted with permission from 

[153]. Copyright © 1979, American Chemical Society 
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Relativistic effects account for the following properties: (i) the color of gold — gold has 

an absorption beginning at 2.4 eV, attributed to a transition from the filled 5d band-to-Fermi 

level transitions.152  Thus gold reflects red and yellow light and strongly absorbs blue and 

violet;153  (ii) bonding between two Au(I) cations with a closed shell configuration. The metal 

atoms approach each other to an equilibrium distance of between 2.7 and 3.3 Å. This range is 

close to the average distance between gold atoms in metallic gold and it is even closer to the 

distance between Au–Au single bonds; 154  (iii) the small energy difference between the s, p and 

d orbitals, which leads to the formation of linear two-coordinate complexes in Au(I).  

In conclusion, relativistic effects in chemistry can be considered small corrections to the 

non-relativistic theory of chemistry, developed from solutions to the Schrödinger equation.155 

Theoretical calculations properly reproduce attractive forces between gold atoms only when 

including relativistic effects.  

Monovalent Au(I) ions are attracted to each other. This attraction modifies expected 

geometries, thereby generating interesting properties. 156  Considering the attraction between 

Au(I) cations, Schmidbaur coined the term “aurophilicity”157,158, in 1990, defining it as “the 

unprecedented affinity between gold atoms even with ‘closed-shell’ electronic configurations 

and equivalent electrical charges”. He suggested that these aurophilic interactions, together with 

the ability to coordinate to unsaturated bonds, result from relativistic effects. 150,159-162 However, 

other authors have more recently highlighted the importance of dispersion for aurophilic 

interactions.163-165 

 

1.2.4 Au-ketonyl complexes 

The synthesis of the first Au(I)–NHC acetonyl complexes and the study of their activity 

were reported by Gasperini and co-workers. 166  These new species, bearing an acetonyl 

fragment, belong to the family of organometallic–enolates and can have different 

conformations: enol-M (A), η3-oxoallyl–M (B) and 2-oxoalkyl–M complexes (C; Figure 1.3).  

Type C enolates or ketonyl complexes are intermediates in organic transformations.167-170 

 

 

Figure 1.3 Different types of metal–enolate bonding 

 

Different synthetic methods have been used to form M–ketonyl derivatives in the past 

isolating various M–ketonyl species using (where M is a late-transition metals such as Rh, Pt, Ir 

and Au).171 These methods include oxidative addition of α-halogen carbonyl to organometallic 
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compounds,172 transmetallation  promoted by Hg salts,173 as well as reactions between main-

group enolates and electrophilic metal centers,167 and between carbonyl compounds and metal-

hydroxide or metal-chloride complexes in the presence of bases, such as Ag2O, KOH, and 

NaOH.174,175  

With regards to the gold related species, in 1988, Ito and co-workers characterized 

stable Au(PPh3)–ketonyl and homoketonyl complexes. 176  Furthermore, crystal structures of 

Au(I)–acetonyl phosphine complexes were reported by the groups of Laguna and Kuzmina 

(Figure 1.4). 

 

 

Figure 1.4 Examples of reported Au(I) and Au(III)–ketonyl complexes. 

 

 The type C complexes (figure 1.4), in the form of the Au(NHC)-acetonyl complexes, 

were initially formed using a synthetic procedure initially designed for the preparation of 

[Au(NHC)(Cl)] species by mixing imidazol(idin)ium salt (NHC·HCl) with [Au(SMe2)(Cl)] in 

the presence of a large excess of K2CO3 in acetone (Scheme 1.21, a). The unexpected 

Au(NHC)-acetonyl complexes which resulted from this reaction were analyzed by 1H and 

13C{1H} and identified as [Au(SIPr)(CH2COCH3)]. This complex is also formed from other 

NHC salts, such as IPr⋅HCl catalysts (Scheme 

 1.21, b).166 

 

Scheme 1.21 Formation of the Au-acetonyl complex from [Au(SMe2)(Cl)] with an excess of 

base in the presence of a) SIPr⋅HCl and b) IPr⋅HCl catalysts. Reproduced with permission from 

[166]. Copyright © 2015 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim 
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This was the first example of Au–NHC ketonyl compounds ever reported and 

characterized by X-ray analysis (Figure 1.5). 

 

Figure 1.5 Thermal ellipsoid representation of the Au-acetonyl complex showing 50% 

probability. Most of the H atoms were omitted. Reproduced with permission from [166]. 

Copyright © 2015 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim 

 

Crystals for X-ray diffraction analysis shows the usual linear geometry for Au(I) 

complexes, with a Ccarbene-Au-CH2 angle of 175.7(3)°.166 The Au-Ccarbene distance of 2.024(7) Å 

is in the typical range for Au(I)–NHC species. Other distances include Au-CH2 of 2.091(9) Å, 

CH2-CO, 1.456(12) Å, and C=O, 1.230(11) Å, which are both relevant and in line with 

previously reported Au–acetonyl complexes.177,178 

  [(IPr)Au(acetonyl)] complexes were also prepared without using an external base with a 

90% yield using [(IPr)Au(OH)] in acetone at room temperature. The reaction was performed 

under air and using technical grade solvents. The [(IPr)Au(OH)] catalyst contains an internal 

base able to deprotonate substrates with pKa<31, giving [(IPr)Au(acetonyl)], with water as a 

side-product. The formation of the acetonyl complex can be explained by a mechanism in which 

[(IPr)Au(Cl)] is initially formed. The large excess of K2CO3 could promote acetone 

deprotonation, thereby generating the corresponding tautomer, which would further react giving 

[(IPr)Au(CH2COCH3)] and KCl (Scheme 1.22). 

 

 

 

Scheme 1.22 Possible formation of the Au-acetonyl species in the presence of a base as 

proposed by Gasperini and co-workers [166] 
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[(IPr)Au(CH2COCH3)] is a powerful precursor for several organogold compounds, as 

well as an attractive alternative to the known [(IPr)Au(Cl)] and [(IPr)Au(OH)] synthons. In 

colclusion, Au(NHC)–acetonyl complexes could be used as pre-catalysts in the Au(I)‐catalyzed 

hydration of alkynes to form ketones and in the rearrangement of propargylic acetates to form 

substituted indenes.166 Our contribution on the study of the formation of Au-acetonyl complexes 

is described in Chapter 4. 

 

1.3 Aim of this thesis 

The aim of this thesis is to study the mechanisms of metal-catalyzed reactions by 

combining mass spectrometry, ion spectroscopy and quantum-chemical calculations. One of the 

main challenges in the study of mechanisms by mass spectrometry is conclusively proving that 

the ions detected by ESI-MS are indeed reporting on the species present in solution. 

Furthermore, confirming that the observed species are reactive intermediates involved in the 

transformation of interest is even more challenging. With the aim to address this problems, I 

used isotope-labeling techniques associated with a new method for extraction of kinetic data for 

intermediates in reaction mixtures, delayed reactant labeling. This method allowed me to 

investigate kinetics of intermediates involved in the studied reaction mixtures.  
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Chapter 2 Instruments and Methods 

2.1 Electrospray ionization mass spectrometry  

Electrospray ionization (ESI) has been introduced in 1984 by John Bennett Fenn179 and 

is currently one of the most widely used ionization methods.180 Although ESI-MS has had a 

major impact on biology and proteomics, its application has also extended to a broad range of 

analytes, including organic and metal-organic compounds.181  Unsurprisingly, in 2002, Fenn 

shared the Nobel Prize in mass spectrometry with Koichi Tanaka and Kurt Wuthrich (“For 

development of soft desorption ionization methods for mass spectrometric analyses of 

biological macromolecules”).182 

“A few years ago the idea of making proteins or polymers ‘fly’ by electrospray 

ionization (ESI) seemed as improbable as a flying elephant, but today it is a standard part of 

modern mass spectrometers”, as stated by Professor Fenn in his Nobel lecture.17 

An ESI-mass spectrometer is composed of four basic components: an ionization source, 

a mass analyzer, a detector and a data recorder/processor.183 The term ionization refers to the 

production of gas phase ions into an ion source. The intact molecular ions are produced in the 

ionization chamber and transferred in the mass analyzer region that separates the ions according 

to their mass to charge ratio (m/z value). The transfer via several ion optics focuses the ion 

stream, thus maintaining a stable trajectory. Since the ions in the gas phase are very reactive, 

their formation and manipulation should be conducted under vacuum conditions. For this 

reason, the ion optics, analyzer and detectors are kept at very high vacuum (typically from 10−3 

torr to 10−6 torr pressure).  

ESI is known as a ‘soft ionization technique’. Such a technique imparts little energy 

during the ionization process without disrupting molecular bonds, hence resulting in minimal 

spontaneous fragmentation. However, ESI could affect the characteristics of the investigated 

solution. Due to the applied voltage, the ESI capillary can act as an electrolytic half-cell under 

extremely hard conditions and single-electron transfer can occur during the electrospray 

process.  

Most experiments of this dissertation were performed on a Thermo ScientificTM LTQ 

XLTM linear ion trap mass spectrometer bearing a conventional ESI source (Figure 2.1). 

Instrument control and data analysis were performed using the software Xcalibur version 

4.0.27.19 (Copyright 1998-2015 Thermo Fisher Scientific, Inc.). I used ion trap mass 

spectrometers to study the formation of gold-bases in water-containing solutions (Chapter 4) 

and to investigate reaction intermediates in the gold-catalyzed addition of water to alkynes 

(Chapter 5). For the purpose of the investigations of reaction mixtures in Chapter 4, I also 
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performed experiments on a TSQ 7000 mass spectrometer with a triple quadrupole 

configuration equipped with electrospray source (Figure 2.4 below). 

 

Figure 2.1 Schematic representation of a linear ion trap instrument 

 

2.1.1 The ion trap technology 

An ion trap is a device which can capture ions using electric and magnetic fields. A 

quadrupole ion trap, in particular, uses dynamic electric fields to trap charged particles. They 

are also known as radio frequency (RF) traps or Paul traps in honor of Wolfgang Paul, who 

invented the device.184 There are two main classes of traps, depending on whether the oscillating 

field provides confinement in three or two dimensions: three- (QIT, Quadrupole Ion Trap or 

QIT) or two-dimensional, ion traps (LTQ, Linear Trap Quadrupole). 

Ionic traps are the most sensitive mass analyzer available because only a few ions are 

necessary for detection. Their high MS/MS efficiency, in association with multiple stages of 

mass selection (i.e., MSn where n > 2), provides a powerful ‘‘complete gas-phase chemical 

laboratory’’.185 In a linear ion trap, ions are confined in the trap radially by a two-dimensional 

(2D) radiofrequency (RF) field, and axially by stopping potentials applied to the end 

electrodes.186 Conversely, in three-dimensional (3D) traps, ions are not confined axially by RF 

potentials. In comparison with 3D traps, linear traps have higher injection efficiencies and 

higher ion storage capacities.187 Other advantages of the linear trap design are their faster scan 

times and simplicity of construction (Figure 2.2).  

 

Figure 2.2 LTQ XL MS linear ion trap rod assembly. Reproduced with permission from [183] 

Copyright © 2015 Thermo Fisher Scientific Inc. All rights reserved  
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2.1.2 Experimental setup 

In the general setup for the performed experiments, a diluted sample (less than mM in a 

volatile solvent) is injected into the ionization source through a fused-silica capillary with 

polyamide coating. More specifically, the sample can be injected using a GASTIGHT glass 

syringe (Hamilton) positioned on a standard syringe pump (flow rate of 0.3-0.5 mL/h) or via an 

overpressure of nitrogen gas from a 2.5 ml glass vial in which one end of the capillary is 

submerged in the solution. The analyte solution is pushed through the silica capillary, reaching 

the area connected to a high electric voltage (3 - 5 kV) positioned at the tip of the capillary. This 

strong electric field causes the dispersion of the sample solution into an aerosol of highly 

charged droplets by forming the Taylor cone.188  A flow of N2 gas around the capillary is 

generally used as sheath gas and, when required, auxiliary gas, which enhances desolvation.189 

The formed aerosol passes through a heated metal capillary and is then directed to a vacuum 

chamber. The heated capillary (typically heated to ~100 – 300°C) causes the complete 

desolvation of the ions passing through it, releasing the analytes from the droplets. As the ions 

reach the vacuum region of the spectrometer, most of the solvent and nitrogen molecules are 

removed by vacuum pumps. The voltages applied to the capillary and tube lens electrode make 

it possible to regulate the ionization conditions, which can be set as hard or soft. The ions are 

accelerated at different rates under vacuum conditions (pressure around 1 Torr) and travel 

through additional ion transfer optics, ultimately reaching the ion trap. They are then stored in 

the trap in the presence of a gas (usual He, 10-3 mbar) and ejected towards an electron multiplier 

for detection. All ions can be ejected with a lower or higher m/z ratio than that originally 

selected, leaving only ions of a specific m/z range in the trap. This is referred to as mass 

selection process. The ions stored in the ion trap can be subjected to several experiments, e.g., 

collision-induced dissociation (CID) experiments, as explained in section 2.1.3. 

Ions are released from droplets through two major postulated mechanisms: the charged 

residue model and the ion evaporation model.190 In the charged residue model, the charged 

droplets (aerosol) shrink by solvent evaporation. As the droplets become smaller, the 

electrostatic repulsion of the same-charged ions becomes stronger than the surface tension of the 

droplet itself, reaching the Rayleigh limit, which is the maximum amount of charge a liquid 

droplet can carry. The deforming droplets become unstable and explosively dissociate 

(Coulombic fission), creating smaller droplets (Figure 2.3). This process can repeat itself until 

the droplets that are formed contain only one analyte molecule, and no solvent is left.  
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Figure 2.3 Schematic representation of the ion evaporation. Reproduced with permission from 

[191]. Copyright © 2012 Shibdas Banerjee and Shyamalava Mazumdar 

 

In turn, according to the ion evaporation model, individual ions leave the charged 

droplet by desorption. The droplets in a solvated state shrink by evaporation until the field 

strength at their surface is sufficiently high so that the energy required to increase the droplet 

surface is compensated for by the gain due to Coulombic repulsion. In their early work, Fenn 

and co-workers favored the evaporation model over the charge residue model in explaining the 

generation of large ions from electrosprayed droplets.192 

Another instrument used for the purpose of this work (Chapter 4) is a Finnigan TSQ 

7000 tandem mass spectrometer with QOQ geometry (Q = quadrupole, O = octupole) equipped 

with a conventional ESI source (Figure 2.4).193 The studied solution is transferred to the gas 

phase as described above. The first quadrupole (Q1) is used either for mass analysis of ions 

from the source, or for mass-selection of one type of ions. The ions are then guided to the next 

stage of the analysis. The following octopole serves as a collision cell for collision-induced 

dissociation (CID) experiments (see next section), where Xe is typically used as a collision gas 

with a pressure of 1-2.10-4 mbar or for unimolecular or bimolecular reactivity experiments. This 

region experiences a different pressure regime, in the order of 10-7 - 10-6 mbar, while the 

temperature can range from 40 to 70 °C.  The ionic products (resulting from CID or reactivity 

experiments) formed in the octopole are mass-analyzed by scanning the second quadrupole 

(Q2). The mass resolutions of both Q1 and Q2 are calibrated to resolve the nominal masses of 

all studied species. 
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Figure 2.4 Scheme of the TSQ 7000 tandem mass spectrometer 

 

2.1.3 Collision-induced dissociation 

Collision-induced dissociation 194  is a mass spectrometry technique used to induce 

fragmentation of selected ions in the gas phase as a function of collision energy. The ionic 

species are usually accelerated by applying an electrical potential, to increase their kinetic 

energy, and then allowed to collide with neutral molecules (He, N2 or other noble gases) in an 

ion trap or in a collision cell. During the collision, part of the kinetic energy is transformed into 

internal energy, which results in redistribution within the molecule and fragmentation into 

smaller fragments. The fraction of the kinetic energy that can be converted into the internal 

energy of the precursor ion in a collision is determined by the center of mass collision energy 

(Ecm)195 

𝐸𝑐𝑚 =
𝑚

𝑚 + 𝑀
 𝐸𝐾 (2.1) 

where “m” is the atomic/molecular weight of the target gas, “M” is the molecular weight of the 

precursor ion, and “EK” is the precursor ion kinetic energy. Ecm is the maximum amount of the 

kinetic energy of the precursor ion that can be converted into the internal energy. In the case of 

ion traps mass spectrometers, these formed ionic fragments can be further analyzed thanks to 

the MSn capabilities of these instruments. This is, per se, a powerful method for structural 

characterization of gas phase ions. 

In the Thermo Finnigan LTQ ion trap mass spectrometer, the CID process is performed 

by applying The Normalized Collision EnergyTM (NCE) technology, given as percentage of a 

‘standard’ activation pulse.196 The collision energy uses a simple scale of 0 - 100%, depending 

on the mass of the parent ion. This technology was developed to achieve a similar amount of 

excitation for ions of different masses. In the NCE technology, the peak-to peak voltage is 

scaled as:  

𝑉𝑝𝑝 = 𝑁𝐶𝐸
30⁄ ⋅ (𝑎 ⋅ 𝑚

𝑧⁄ + 𝑏) (2.2) 

where a and b are variable parameters.  
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CID experiments aimed at characterizing mass-selected ions are generally performed 

with an isolation width selected to completely separate the ions of interest from their 13C 

isotopes and adjusted to select a single nominal mass of the most commonly abundant ions (an 

isolation width of 1.2 a.m.u. is sufficient for this purpose, e.g., 1H, 12C, 197Au).  

 

2.2 Infrared ion spectroscopy 

Spectroscopy of mass-selected ions is a powerful tool for the determination of 

molecular structures based on mass spectrometry. The spectroscopic characteristics of ions bear 

direct correlations with their structures,197 especially when measuring in the finger-print region. 

The technique that we adopted to investigate reaction intermediates in metal-catalyzed 

reactions is referred to as action spectroscopy.198 Upon irradiating the mass selected ion object 

of study, the ‘action’ that occurs is typically a fragmentation, and the action spectrum shows the 

fragmentation abundance as a function of the photon wavelength. Studying reaction 

intermediates in this thesis required using different techniques based on mass spectrometry: 

infrared photodissociation (IRPD) spectroscopy (a single-photon process) and infrared 

multiphoton photodissociation (IRMPD) spectroscopy, a multiphotonic process. 

 

2.2.1 Single-photon photodissociation    

Advances in the fields of tunable laser sources and cryogenic ion traps have enabled the 

development of single-photon photodissociation methods involving tagging with an inert buffer 

gas.199 The atoms of the buffer gas (usually a noble gas, such as helium,200 neon,201 argon201a, 202 

or other inert gases) form weakly bound van der Waals complexes with ions at very low 

temperature. The tagging is facilitated at 3 Kelvin in the trap of the ISORI203,204 instrument used 

for these measurements. The technique consists of generating a complex between the ion of 

interest and the tag and subsequently monitoring the loss of the tag as a function of IR photon 

wavelength. 200a 

The ISORI instrument is based on a modified TSQ 7000 instrument and it is composed 

of a first quadrupole (4P1, used for mass selection), followed by a quadrupole bender (QPB), a 

transfer octopole (8P) and a cryogenic wire quadrupole ion trap (w4PT) (Figure 2.5). The ion 

trap is connected to a cold head capable of reaching temperatures below 3 K. The ions colliding 

with the helium atoms at low temperature form helium complexes in the presence of a high 

density of helium buffer gas.199a, 205, Nitrogen and water are background impurities, often present 

in the trap; hence, nitrogen and water complexes are also inevitably formed. After the formation 

of the metal complexes (M+) with the helium atoms [M+–(He)n], most of the remaining helium 
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is pumped out, and the complexes are irradiated by light. Irradiation of complexes with an IR 

photon, when in resonance with a vibrational transition of M+, increases the internal energy of 

the system. This energy is dissipated by dissociation of the weakly bound tag (He-tag). The 

dissociation is generally a single-photon process because the binding energy of a helium tagging 

atom is very low (below 0.3 kcal mol-1). The photodissociation yield, as a function of the laser 

wavelength, is directly related to the vibrational spectrum of the parent ion (hence we obtain an 

IR spectrum). The ISORI instrument is equipped with an infrared OPO/OPA laser system 

(LaserVision) capable of generating IR light in the range of 600–7000 cm-1 in 10-nanosecond 

pulses and in 10Hz frequency. The typical FWHM of the spectral distribution of this laser 

system is 3 cm-1, which can be improved to 1 cm-1 using a seeding diode laser. In the final step, 

the ions are extracted from the trap by applying a negative (for positively charged ions) 

potential at the exit electrode of the ion trap, and they are counted using a Daly-type detector. 

The IR spectrum is recorded by monitoring the number of helium complexes that dissociated at 

specific photon energy Ni. Furthermore, the same cycle is repeated while blocking the laser 

beam with a shutter to determine the base number of helium complexes Ni0. The final IRPD 

spectrum is constructed as Attenuation(ν̃) = 1 - Ni / Ni0. The resulting IRPD spectra are 

compared with theoretical IR spectra calculated for several possible isomeric structures. 

Although the tagging atom generally binds to the ion very weakly, few reports have shown that 

tagging may cause significant structural and even electronic changes in the studied ions.206-210 

However, helium is considered the most “innocent” tagging atom, only negligibly perturbing the 

structures of ions, enabling us to acquire a spectrum representing only the structure of the bare 

ion M+.211 

 

 

 

Figure 2.5 Geometry of the ISORI instrument. (a) Design of the wire quadrupole ion trap 

mounted into a copper box. (b) Simulation of the potential of the w4PT. Contours show the 

difference between the numerically calculated potential and the ideal quadrupole potential in the 

depicted color code. The surrounding cylinder (diameter of 27 mm) has been set to 0 V. 
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Reproduced with permission from ref. [203] Copyright © 2013 Elsevier B.V. All rights 

reserved. 

2.2.2 Infrared multiphoton photodissociation (IRMPD) spectroscopy 

Another approach to measuring action infrared spectra is based on multiple photon 

absorption. This technique is referred to as infrared multiphoton photodissociation (IRMPD) 

spectroscopy and requires powerful tunable infrared lasers such as free-electron lasers (FEL). 

The development of the free-electron laser was a breakthrough in the IR spectroscopy of ions. 

FEL facilities (FELIX in Nijmegen, Netherlands, CLIO in Orsay, France, and FEL in Berlin, 

Germany, among others) have been constructed and actively used for ion spectroscopy 

experiments in Europe for wide user usage.  

The multiphotonic process differs from the aforementioned single-photon process. 

Here, exciting vibrational levels of the studied ions require the absorption of multiple photons. 

This absorption increases the internal energy of the molecule (heating) and, once a threshold is 

reached, the molecule fragments according to the most favorable dissociation pathway. The 

resulting uni-molecular dissociation of the parent ion leads to newly formed fragments, and this 

m/z change can be detected and analyzed by the mass spectrometer. In the visible range, photon 

absorption provides the molecule with sufficient energy for fragmentation. However, this 

usually does not occur in the IR range because IR photons are not very energetic; hence, more 

than one photon needs to be absorbed to induce fragmentation. The resulting IRMPD spectra are 

compared with theoretical IR spectra calculated for several possible structures.  

The nature of the multiphotonic process has some drawbacks and can induce shifts in 

the bands derived from continuous heating in multiphoton absorption. Experimental bands often 

show large bandwidths or band intensities uncorrelated with theoretical calculations. Intensity 

mismatches, when comparing IRMPD spectra with computational predictions, have been noted 

in several studies and mostly assigned to both the nonlinearity of IRMPD and to uncertainties in 

computational predictions.212 In some cases, some spectral features are completely absent.213 At 

an absorption band, fragmentation should be ideally induced by the absorption of several 

identical photons. In other words, the same transition of an ion (from v = 0 to v = 1) must 

always be excited, and the excitation energy redistributed in the meantime (Figure 2.6). This 

process is repeated several times until the energy absorbed is large enough to break the weakest 

bond.76 

 

 



34 

 

 

Figure 2.6 Sequential excitation–relaxation cycles during infrared multiphoton dissociation 

spectroscopy. Reproduced with permission from [76]. Copyright (2012) The Royal Society of 

Chemistry. 

 

2.3 Gas chromatography 

Gas chromatography (GC) is a chromatographic technique used for analytical 

purposes.214 In GC, the components of a sample are dissolved in a solvent and vaporized in 

order to separate the analytes by distributing the sample between two phases in a heated 

column: a stationary phase and a mobile phase. The mobile phase is usually a carrier gas (He, 

N2 or H2), which transports the injected sample solution to a heated column. In the column, the 

analytes are separated based on their affinity to the phases. Helium is the most commonly used 

carrier gas, accounting for approximately 90% instruments, although hydrogen is preferred for 

improved separations.215 To operate efficiently, gases must be pure and free of organic material, 

and their flow rates must be optimized for the particular detector and analyte. The stationary 

phase is a microscopic layer of non-volatile liquid or polymer on an inert solid support. Two 

types of column, packed and capillary columns, are generally used in these separations, but the 

former have been almost completely replaced by capillary columns for their higher efficiency 

and shorter analysis times.  

In GC analysis, a known volume of analyte is injected into the head of the column, 

usually using a microsyringe. As the carrier gas pushes the analyte molecules through the 

column, the vaporized compounds interact (through absorption or adsorption) with the walls of 

the column, which is coated with the stationary phase, thereby slowing their motion through the 

column and eluting at different retention times. In other words, the rate at which molecules 

progress along the column depends on the strength of their interactions, which in turn depend on 

the type of molecule and on the stationary phase materials used. At the final stage of the 

analysis, a detector measures the quantity of the components that exit the column. In order to 

measure a sample with an unknown concentration, its retention time and area must be compared 

with those of a standard sample with a known concentration. Generally, substances are only 
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qualitatively identified by the order in which they elute from the column and by their retention 

time. 

One of the main ionization detectors specifically designed for GC is flame ionization 

detector (FID).216 The separated compounds from the column are burned in a small air-hydrogen 

flame with the production of ions. These ions then create a small current that generates a 

signal.217 The FID reveals all the organic compounds that are burned in the air-hydrogen flame, 

giving a signal roughly proportional to the carbon content. The reason for this constant response 

factor is the conversion of all carbon atoms of an organic solute into methane in the FID 

combustion process. All hydrocarbons should therefore show the same response. However, 

when heteroatoms such as oxygen or nitrogen are present, the factor decreases.  

I performed gas chromatography separations on a Shimadzu GC2010 Plus instrument 

with split/splitless injection and a flame-ionization detector in the kinetics study of water 

addition to alkynes catalyzed by Au(I) (Chapter 4). I used H2 as carrier gas at a constant linear 

velocity of 40 cm s-1 with a total flow of 38.4 mL/min and a column flow of 1.42 mL/min. The 

compounds were separated on a 30 m x 0.25 mm AB-5MS capillary column (5% phenyl/95% 

dimethyl polysiloxane). The injection port was held at 300 °C and used in split mode with a 

split ratio of 25. This split mode configuration induces some of the gas in the injector to exit 

though the split vent. Thus, some of the sample injected into the injector through the sample 

syringe will vaporize and escape through the split vent. The oven temperature started at 50 °C, 

increasing 10 °C min-1 up to 100 °C. The temperature was then set to increase 80 °C min-1 up to 

250 °C. The total time for one GC run was 6.88 min. The FID temperature was 300 °C. 

 

2.4 Theoretical details  

In this thesis, theoretical calculations were performed to determine the thermochemical 

properties of molecules (e.g., binding energies, potential energy surfaces and theoretical infrared 

spectra). In particular, comparing theoretical spectra (e.g., infrared spectra) from theoretical 

calculations with experimental spectra from ion spectroscopy experiments enables precise 

structure determination. All calculations were performed using the Gaussian 09218 (chapter 4 and 

5). I did not perform the theoretical calculations myself, other coauthors of the respective 

publications did.  

In the project focused on the formation of Au-acetonyl complexes, the calculations were 

performed with the M06-D3219,220 density functional theory method, using the SDD basis set for 

Au and the 6-311+G* basis set for the remaining atoms using Gaussian 09 package.221 The 

theoretical IR spectra were calculated at the B3LYP-D3222,223 level with the same basis set in the 

gas phase. The calculated IR spectra must be frequency-scaled to account for the anharmonicity 
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of the potential energy surface (PES), and the scaling factor is 0.975.224 The solvent effect was 

modelled using the SMD method. The H3O+ cation was always considered as the [H2O–H+–

OH2] dimer. All minima and transition structures were verified by the frequency calculation and 

the energies refer to enthalpies at 298 K including free solvation energy. 

Density functional theory (DFT) calculations for the project Monoaurated vs. diaurated 

intermediates in Chapter 5, were performed with the mPW1PW91 density functional225-227 and 

with the LanL2DZ basis set for the gold atoms and with the cc-pVDZ basis set for the 

remaining elements, as implemented in Gaussian 09. The geometries were fully optimized, and 

the results were controlled by Hessian matrix calculations. The computed vibrational 

frequencies were scaled by 0.97 in the finger-print region and by 0.945 above 2000 cm-1.224,228 

The final IR spectra were convoluted with a Gaussian function with a full width at half 

maximum of 3 cm-1.  
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Chapter 3 Kinetic studies: from the condensed to 

the gas phase 

Deciphering reaction mechanisms empowers chemists to control the outcome of 

reactions. 229  The description of a reaction mechanism must include the description of the 

reaction intermediates between the starting materials and the final products. In reactions 

catalyzed by metal complexes, a catalyst interacts with reactants and transforms them into 

products during the catalytic cycle. Thus, kinetic experiments play a key role in discerning such 

mechanisms.  

Most industrially important modern reactions involve metal catalysis, and these 

reactions proceed through the formation of catalytic reactive complexes. Catalytic reactions 

encompass a series of transient stages – reactive intermediates – from reactant to product. 

Therefore, learning more about the properties and formation of such short-lived species, as well 

as their reactivity, helps to understand the elementary steps of a reaction (Chapter 1).  

Reactive intermediates can be studied indirectly, e.g., by kinetic experiments or by 

analyzing the relationship between structure and reactivity. Accordingly, several research 

groups worldwide have devised their own methods for studying reaction mechanisms. In this 

context, Scott McIndoe and co-workers developed a method for continuous monitoring of air- 

and moisture-sensitive reaction mixtures using a simple pressurized Schlenk flask (pressurized 

sample infusion electrospray ionization mass spectrometry or PSI-ESI-MS).230 Thanks to this 

methodological advance, they successfully identified several key intermediates, assigning their 

structures by MS/MS by continuously following the reaction during sequential addition of the 

various reactants.72 The reliability of the data collected using this method depends on matches 

between experiments and numerical modelling of the reaction based on well-established 

mechanisms.231 Other strategies adopted in this group include constructing kinetic profiles by 

monitoring solution-phase reactions by both ESI-MS and NMR, despite the differences in 

sample concentrations between these complementary techniques. 232  However, all these 

approaches based on mass spectrometry are only qualitative because the intensities of MS 

signals do not directly correlate with the concentrations of the ions or corresponding ion 

precursors in solution. 

In order to overcome the limitations of ESI-MS in the quantitative evaluation of the 

species in solution and to collect accurate kinetic data, our group developed a method for online 

monitoring of these species with mass spectrometry using an in situ isotopically labeled 

reference. This new method is known as delayed reactant labeling (DRL).148 
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3.1 Delayed reactant labeling 

Delayed reactant labeling (DRL) is a method that relates MS signals with species in 

solution, thereby providing kinetic information about these species. DLR is thus ideally suited 

for mechanistic studies of catalytic reactions in which reactive complexes are present in very 

low concentrations and cannot be investigated using any method other than mass spectrometry. 

As a qualitative technique, ESI-MS prevents us from comparing the relative abundance 

of the species in the mass spectrum with the concentrations of individual components in the 

sprayed solution. When changing the ionization conditions, depending on their ionization 

efficiency, different species have different ionization responses, and the ratio between the 

intensities of some species may vary accordingly. 

In turn, these issues can be circumvented using DRL by monitoring a reaction mixture 

containing one of the reactants as a mixture of unlabeled and isotopically labeled molecules 

over time.  

 

3.1.1 Kinetic modeling 

The kinetic model for the mathematical description of experimental data derives from a 

very simple model described in Scheme 3.1. Here, we assume a first-order reaction between a 

reactant and a catalyst yielding an intermediate, which then converts into a product. 

 

Scheme 3.1 Kinetic model 

Such a kinetic scheme allows us to express variations in the concentrations of 

intermediates, reactants and products as a function of time. This model can also be applied to 

NMR kinetic experiments. If the formation and consumption of the intermediates can be 

described using a steady-state approximation, then the curves of the labeled and unlabeled 

intermediates over time will reflect the overall intensities of the signals. The key trick is the 

time-delay (td), usually consisting of several minutes or hours. The reaction mixture is first 

prepared with unlabeled reactants and allowed to react for a td. Starting the reaction from the 

unlabeled or labeled reagent has no effect on the results of the experiments. During the time-

delay, the intermediate reaches a specific concentration at equilibrium [Int]eq, that is, reaches 

steady-state conditions. At the end of the time-delay, a labeled reactant is added (t = t0), and the 

system is disturbed from the equilibrium. Over time, the steady-state equilibrium is reinstated, 

reaching a 1:1 mixture of labeled and unlabeled species. The time needed to reinstate the steady-

state equilibrium is correlated with the reaction rate of the intermediates, thus providing kinetic 
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information. We evaluate the signals only relative to each other (that is, the overall intensity is 

trifle) assuming that the isotopic labeling has no effect on the ionization effectiveness. In other 

words, the labeled and unlabeled reactant species now have the same ESI-MS response and can 

thus be analyzed in pairs (figure 3.1).  

 

Figure 3.1 Ideal time evolution of the ESI-MS signals of unlabeled and labeled intermediates. 

(a) Both unlabeled and labeled intermediates reach the steady-state equilibrium in time. The 

labeled intermediate was added to the reaction mixture with a time-delay. (b) The solid lines 

show the variation in normalized signal intensity as a function of time for intermediates with 

t1/2= 14 min and the dashed lines for those with t1/2 = 0.7 min 

 

This approach can be adopted for the investigation of intermediates whose formation 

and depletion can be described by the following steady-state approximation: 

k1 ∙ [C] ∙ [R] = (k-1 + k2) ∙ [Int]
eq

 (3.1) 

where [C] is the catalyst, [R] is the reactant and [Int]eq is the equilibrium concentration of the 

intermediate.  

The variation of the intensity of the signals that correspond to the unlabeled intermediate 

[Int] and to the labeled intermediate [Intlabel] as a function of time reflects the reestablishment of 

the steady-state conditions and can be described by the following equation: 

d[Int]

dt
 = (k

-1
 + k2) ∙ [Int]eq - (k

-1
+ k2) ∙ [Int] = k' ∙ ([Int]eq - [Int]) (3.2) 

where k’ = k-1 + k2.  
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At the mixing time (t0), no labeled intermediate is present in the mixture ([Ilabel] = 0). If 

we normalize the sum of the concentrations of the labeled and unlabeled intermediates to one 

([I]+ Ilabel] = 1), their variation as a function of time (blue and red curves in figure 3.1) can be 

described by the following equations: 

[Int]
t
 = e-k't + [Int]

eq
 ∙ (1 - e-k

'
t)     (3.3) 

[Intlabel]
t
 = [Intlabel]

eq
 ∙ (1 - e-k

'
t) (3.4) 

 

In an ideal experiment, [Int]eq = [Intlabel]eq = 0.5.  In real experiments, the precise ratio of the 

labeled and unlabeled intermediates is determined by fitting the experimental data of the 

specific reaction mixture at a given reaction time. The ion pairs that do not reach a 1:1 ratio at 

equilibrium can be excluded and discarded as artifacts from the electrospray ionization process. 

The half-life of the intermediate is determined as:  

 

Here, only the decomposition of the intermediates is considered (k′), whereas the rate of their 

formation (k1) has no effect on the shape of the curve, when assuming that labeled and 

unlabeled intermediates are formed with the same rate constant k1. 

Furthermore, although this model allows us to follow the kinetics of intermediates in 

reaction mixtures, it cannot be however applied for every reaction. For example, if the half-life 

of the intermediate is short, this technique is not fast enough to monitor it. The dashed lines in 

Figure 1 show the establishment of steady state conditions for an intermediate with k′ = 1 min−1 

(half-life ∼0.7 min). In this case, the relevant rate constant cannot be determined considering 

the time needed to set up the experiment. As such, we only observe the relative concentrations 

of the unlabeled and labeled intermediates ([Int]eq and [Intlabel]eq). In addition, for very short 

time-delays, the difference between the unlabeled and labeled relative abundances would be 

small, and the determined half-life would necessarily have a large experimental error. 

Simultaneously, the time-delay should also not be too long because other effects come into play 

then (e.g., catalyst degradation and involvement of byproducts, among others). 

In catalytic cycles, the largest challenge is to distinguish between isobaric intermediates 

and product complexes, as well as complexes with starting materials. A typical example of a 

coupling reaction clearly illustrates the problematic of isobaric species (Scheme 3.2).  

 

t1/2 = ln 2 / k' (3.5) 
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Scheme 3.2 A general example of a Pd-catalyzed coupling reaction (Heck reaction) where the 

π-complexes between the catalyst and the starting materials, as well as the π-complexes between 

the catalyst and the final product, are isobaric with the Pd-σ intermediates. 

 

We encountered the same situation in the case of formation of α-gold acetone in a 

reaction between a gold catalyst and acetone in water. Protonated α-gold acetone overlaps with 

a gold complex of neutral acetone (Section 3.3, Figure 3.18). The same occurred in the case of 

Au(I) catalyzed water addition to alkynes, where the metal complexes of gold-containing 

intermediates resulted to be isobaric and indistinguishable from the complexes between the 

catalyst and the final product (Section 3.2.1).  

DRL can easily disentangle differences between intermediates in steady-state 

approximations and products that accumulate in reaction mixtures. The curve of the labeled 

product is fitted using a simple exponential function (3.6): 

 

[𝑃𝑟𝑜𝑑𝑙𝑎𝑏𝑒𝑙]
rel,t

 = [𝑃𝑟𝑜𝑑𝑙𝑎𝑏𝑒𝑙]
rel,∞

- α𝑒−𝑘𝑀𝑆(𝑡+𝑡𝑑) (3.6) 

 

This expression assumes normalization of [Prod] + [Prodlabel] = 1. At the end of the reaction, we 

obtain the relative yields of the labeled product [Prodlabel]rel,∞ and that of the unlabeled product 

[Prod]rel,∞ = 1 − [Prodlabel]rel,∞ in that [Prod]rel,td = (1−2[Prodlabel]rel,∞) was formed during the delay 

before labeling the reaction mixture (Figure 3.2a/b). The exponential function expresses the 

decay of the reactant from which the product is formed multiplied by the fitting parameter α. 
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Figure 3.2 Time evolution of the ESI-MS signals of unlabeled and labeled products with 

different time-delays. (a) Comparison between relative yields of the product considering long 

and short time-delays. (b) Solid lines show the variation in normalized signal intensity as a 

function of time for different (color-coded) time-delays.  

 

3.2 Applications of the delayed reactant labeling 

Thanks to the delayed reactant labeling technique, we were able to extract rate 

constants for the degradation of reaction intermediates of metal-catalyzed reactions and to 

investigate the effects of various reaction conditions on the half-life of such intermediates. The 

experiments initially designed for testing the method involved studying the gold mediated 

nucleophilic addition to alkynes. Specifically, the reaction was investigated for the addition of 

methanol to 1-phenylpropyne (Ph−CC−CH3) using [AuCl(PPh3)]/AgSbF6 and 

[AuCl(IPr)]/AgSbF6 (where IPr = 1,3-bis(2,6- diisopropylphenyl)imidazol-2-ylidene) as model 

catalysts.148Error! Bookmark not defined. Reaction mixtures were prepared by mixing a filtered solution 

of AgSbF6 and [AuCl(PPh3)] (or [AuCl(IPr)]) in methanol with 1-phenylpropyne, to form a 0.24 

M solution of 1-phenylpropyne with 2.5 mol % of the catalyst. DRL was performed using a 

combination of CH3OH and CD3OH, as shown in Figure 3.3, or Ph−CC−CH3 and Ph−CC−CD3. 

DRL allowed us to directly link the kinetics of the degradation of the diaurated intermediates 

(EPPh3 and D3-EPPh3) with the overall reaction kinetics determined by NMR spectroscopy (Details 

can be found in ref. [148]). Monoaurated intermediates with solvent molecules are formed with 
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a fast equilibrium and have a constant abundance ratio. Therefore, they cannot be followed 

using the current technique (Figure3.3a/b).  
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Figure 3.3 First study reaction applying the delayed reactant labeling method. (a) ESI-MS 

spectrum recorded 2 min after CD3OH addition to the reaction mixture of 1-phenylpropyne with 

2.5 mol % [AuCl(PPh3)] and 3 mol % AgSbF6 in CH3OH, with a time-delay of 5 min. (b) Same 

as (a), albeit recorded 60 min after labeling the reaction mixture. (c) Mutual time evolution of 

the EPPh3 and D3-EPPh3 signals in the experiment described in (a) (red symbols). The sum of EPPh3 

and D3-EPPh3 was normalized to 1. The gray symbols show the effect of the TsOH addition to the 

reaction mixture. The dashed lines correspond to the data fits according to equation 3.3 and 3.4. 

(d) Mutual signal evolution of EIPr and D3-EIPr after CD3OH delayed labeling of the reaction 

mixture of 1-phenylpropyne with 2.5 mol % [AuCl(IPr)] and 3 mol % AgSbF6 in CH3OH with 

variable (color-coded) time-delays. The lines represent fits according to equation 3.6.  

 

After fitting the relative abundances for the time evolution of EPPh3 and D3-EPPh3 (Figure 

3.3c), we calculated a rate constant k′ of ∼ 0.063, which corresponds to a half-life of ∼11 min.  

In the experiments performed with the [AuCl(IPr)] catalyst (Figure 3.3d) and with variable 

time-delays, the shapes of the curves representing the relative abundances of the unlabeled and 

labeled signals do not correspond to the establishment of steady-state conditions. If we assume 

that the EIPr diaurated complexes do not decompose,147 and that the unlabeled EIPr and labeled 

D3-EIPr complexes are formed at the same rate, then we can fit the curve of the labeled product 

equation (3.6), as described above. The model correctly shows that the relative yield of the 

unlabeled product [EIPr]rel,td formed during this time increases when prolonging the time-delay 

(Figure 3.2a/b). The rate constant determined for the degradation of the reactant that provides 

the diaurated complexes (1-phenylpropyne) under experimental conditions is estimated to be 
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0.13 ± 0.02 min−1. For comparison, the value calculated from the kinetic modeling of the NMR 

results is 0.135 min−1, that is, the values are in very good agreement. However, the kinetics of 

reactants and products were beyond the scope of this study, which focused on the kinetics of 

intermediates. 

 

3.2.1 DRL for the study of gold catalyzed water addition to alkynes 

In line with previous experiments, DLR was applied to the study of Au(I)-catalyzed 

water addition to alkynes to assess the role of the detected monoaurated and diaurated 

complexes. Although diaurated complexes have been regarded as a drain of active monoaurated 

intermediates in catalytic cycles, they are also identified as the products of gold–gold 

cooperation in dual–activation reactions (Chapter 1).  

In this study, I investigated intermediates in [(IPr)Au(CH3CN)(BF4)]-catalyzed water 

addition to alkynes using different substrates: symmetric and asymmetric alkynes. Furthermore, 

I supplemented the kinetic information on the intermediates with overall reaction kinetics 

measurements by gas chromatography (Chapter 5). In this chapter, I describe in detail the 

kinetics analysis of aurated reaction intermediates and the selection of a suitable alkyne. 

 

3.2.1.1 Symmetric alkynes: 3-hexyne 

 

To analyze intermediates and products, the addition reaction to a symmetric alkyne is 

the best option because it leads to only one isomer of the given intermediates and one isomer of 

the product. Accordingly, water addition to 3-hexyne yields one product, that is, 3-hexanone 

(Scheme 3.3, R = R’ = Et).  

 

Scheme 3.3 Water addition to a symmetrical alkyne (R = R’). The red structures represent 

monoaurated intermediates, the blue corresponds to the diaurated species and the orange 

structure is the aurated product.  
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Monoaurated and diaurated intermediates are identified in the reaction mixture (Figure 

3.3). The monoaurated intermediate [(IPr)Au(EtCCEt,OH)] is detected in its protonated form, 

i.e., 1H+ (m/z 685), while the diaurated ions ([Au2(IPr)2(PhCCCH3,OH)]+ have m/z 1269. 

 

Figure 3.3 ESI-MS source spectrum of a solution of 3-hexyne with 6 mol% 

[(IPr)Au(CH3CN)(BF4)] (0.18 mM) in THF/water (5:1) and 2.98 mM of 3-hexyne 

 

The disadvantage of gold-mediated water addition to alkynes is that the protonated 

monoaurated intermediates are isobaric with gold complexes of the ketone product (Scheme 

3.3). Simultaneously, the ketone product can be deprotonated at the α-carbon and form a 

complex identical to the suggested diaurated intermediate formed during the addition reaction. 

Thus, the reaction conversion should be very small to suppress the isobaric impurities at the 

intermediate signals derived from the products. Under our conditions (see figure captions), the 

reaction of 3-hexyne is fast, reaching almost complete conversion in approximately 1 hour, as 

confirmed by NMR (Figure 3.4 and 3.5).  

 

 

Figure 3.4 1H NMR spectrum of the reaction mixture of 6 mol% (IPr)Au(CH3CN)(BF4)] (0.18 

mM) and 2.98 mM of 3-hexyne (in delayed reactant labelling 1.49 mM of 3-hexyne and 1.49 

mM of D10-3-hexyne) in D8-THF/water (3.6:1), 71 minutes after adding water. The NMR 
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experiments were recorded on a Bruker AVANCE (400 MHz), and the δ scale was referenced to 

the solvent residual peak at δ = 1.73 ppm (D8-THF). The solutions of the catalyst and the 

reactants were mixed and immediately probed by NMR, before and after adding water.  

 

 

Figure 3.5 Variation of the concentrations of 3-hexyne (SM) and 3-hexanone (1) as a function 

of time determined by NMR described in Figure 3.4 

 

This reaction is not convenient for determining the kinetics of reaction intermediates by 

ESI-MS because the rapidly formed products interact with the gold catalyst and form complexes 

with the same m/z ratio as the reaction intermediates. Nevertheless, I monitored the kinetics of 

formation/degradation of the monoaurated and diaurated complexes to assess whether the 

kinetic profiles differ. The experiment depicted in Figure 3.6 was performed starting from a 

solution of 6 mol % of [(IPr)Au(CH3CN)(BF4)] (0.18 mM) and 2.98 mM of 3-hexyne (for DRL: 

1.49 mM of 3-hexyne and 1.49 mM of D10-3-hexyne) and THF/water (3.6:1). As previously 

stated, starting from an unlabeled or a labeled substrate has no effect on the results of the 

experiments, within in the experimental error. 

 

 

Figure 3.6 ESI-MS spectrum of solution of a 6 mol % of [(IPr)Au(CH3CN)(BF4)] (0.18 mM) 

and 2.98 mM of 3-hexyne (in delayed reactant labelling 1.49 mM of D10-3-hexyne and 1.49 

mM of 3-hexyne) and THF/water (3.6:1). The experiment was started with half the amount of 
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D10-3-hexyne, while the second half of the substrate (3-hexyne) was added after td = 5 min. The 

figure shows the content of the reaction mixture at the beginning of the reaction and 40 minutes 

after adding the unlabeled substrate.  

 

 

Figure 3.7 DRL analysis of signals of ions containing 3-hexyne and D10-3-hexyne as a function 

of time for the experiments described in Figure 3.6. The graphs show the variation of the 

relative intensity of (a) monoaurated [(IPr)Au(EtCCEt)OH2]+ (black line) and [(IPr)Au(D10-

EtCCEt)OH2]+ (red line) and (b) diaurated [(IPr)2Au2(EtCCEt)OH]+ (orange line) and 

[(IPr)2Au2(D10-EtCCEt)OH]+ (blue line) signals and (c) their overlap as a function of  time. 

 

 

Figure 3.8 DRL analysis of signals of ions containing 3-hexyne and D10-3-hexyne as a function 

of time for the experiments performed as described in Figure 3.6, but with a time-delay of 10 

min. The graphs show the variation of the relative intensity of (a) monoaurated 

[(IPr)Au(EtCCEt)OH2]+ (black line) and [(IPr)Au(D10-EtCCEt)OH2]+ (red line) and (b) 

diaurated [(IPr)2Au2(EtCCEt)OH]+ (orange line) and [(IPr)2Au2(D10-EtCCEt)OH]+ (blue line) 

signals and (c) their overlap as a function of  time. 

 

Based on the DRL results, the monoaurated and diaurated complexes that were detected 

by ESI-MS are actually the same species, or at least species with very similar kinetics in 

solution, most likely either corresponding to the formation of the product or accumulating as 

long-lived intermediates. As shown in Scheme 3.3, the Intermediate 1H+ and the 
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[ProductAu(L)]+ ionic species are isobaric. Further analysis of the kinetics of the experiment 

shown in Figure 3.7 as well as 3.8 reveals that the variation of the relative intensity of MS 

signals as a function of time must correspond to more than one process (see the differences 

between the experimental data (represented by black and red empty circles, which correspond to 

the data shown in Figure 3.7a, that is, to the unlabeled and labeled monoaurated intermediates, 

respectively) and the data fit (dashed-orange line) in Figure 3.9). These curves were fitted by 

combining data from the simulations of two processes, one fast (intermediate formation, thin red 

lines) and one slow (product formation, thin blue lines). The sums of these fits are shown as 

thick black or dashed-orange lines, respectively). The results again suggest that the portion of 

ions corresponding to the intermediates is much smaller than the portion of ions corresponding 

to the products. The results are identical for monoaurated and diaurated ions, that is, both types 

of ions originate from the same precursor in solution. Therefore, the intermediate corresponds to 

neutral α-gold-ketone (as shown in Chapter 5), which is protonated or aurated at the oxygen 

atom of the ketone group during the electrospray ionization process.  
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Figure 3.9 Fit (dashed orange line) of the variation of the relative intensity of MS signals of 

[(IPr)2Au2(EtCCEt)OH] and [(IPr)2Au2(D10-EtCCEt)OH] (retrieved from the experiment shown 

in Figure 3.7 with time-delay of 5 min) as a function of time, representing two processes: one 

fast (intermediate formation, thin red lines) and another slow (product formation, thin blue 

lines). The sum of these fits is shown as a black line (upper half, see the agreement between the 

experimental data, represented by red empty circles, and the fit, represented by the thick black 

line) 
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3.2.1.2 Symmetrical alkynes: diphenylacetylene 

 

Subsequently, I tested a more sterically hindered symmetrical alkyne – 

diphenylacetylene. ESI-MS detected only negligible signals of the aurated intermediates in the 

recorded spectrum. As shown in Figure 3.10, monoaurated intermediates are not present in the 

ESI-MS spectrum, which displays only a complex of the [(IPr)Au]+ catalyst with 

diphenylacetylene. In parallel, NMR analysis (data not shown) revealed that the reaction is 

extremely slow. Combined, these results indicate that the concentration of the intermediates is 

too low for their detection, even when using a highly sensitive method such as ESI-MS, and that 

steric hindrance decreases the overall reaction rate. I have also tested gold catalysts with 

phosphine ligands (PMe3 and PPh3), but the results were analogous (data not shown). 

 

 

Figure 3.10 ESI-MS source spectrum of a solution of diphenylacetylene with 5.4 mol% 

[(IPr)(Au)(CH3CN)(BF4)] in THF/water (1:1) 

 

3.2.1.3 Asymmetric alkynes: 1-phenylpropyne 

 

Ultimately, we tested an unsymmetrical alkyne, 1-phenylpropyne. Gold-catalyzed water 

addition to 1-phenylpropyne yielded two products. Under our reaction conditions (5.4 mol% 

[(IPr)Au(CH3CN)(BF4)] and 2.68 mmol of 1-phenylpropyne in acetone/H2O (5:1)), 1-

phenylpropyne is converted into benzylmethylketone (B) and ethylphenylketone (C) (Scheme 

3.4) in a 6:1 ratio, as calculated by NMR spectroscopy (Figure 3.11). The NMR experiments 

show that the conversion is approximately 10% in 1 hour (Figure 3.12).  
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Scheme 3.4 Addition of water to 1-phenylpropyne yields 2 products: benzylmethylketone (B) or 

ethylphenylketone (C) 

 

 

Figure 3.11 1H NMR spectrum of the reaction mixture of 5.4 mol% [Au(IPr)(CH3CN)(BF4)] in 

acetone/water (5:1)  recorded a) 3 and b) 200 minutes after the addition of PhCCCH3. 
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Figure 3.12 Relative ratio of 1-phenylpropyne (A), benzylmethylketone (B) and 

ethylphenylketone (C). Lines represent the results from curve fitting in GNU Octave 

 

The electrospray ionization mass spectra of the reaction mixture with 1-phenylpropyne 

show signals corresponding to the mono- and diaurated intermediates (Figure 3.13). The 

monoaurated intermediate [(IPr)Au(PhCCCH3,OH)]  is detected in its protonated form, i.e., 1H+ 

(m/z 719). This ion is isobaric with a gold complex of the ketone product. The diaurated 

complex ([Au2(IPr)2(PhCCCH3,OH)]+, 2+) has m/z 1303. For the ESI-MS experiments, we used 

reaction mixtures diluted 10 times, which further slowed down the reaction, thereby making 

conversions during ESI-MS monitoring experiments negligible while still allowing us to detect 

the intermediates. Hence, we were able to employ delayed reactant labeling for monitoring the 

kinetics of formation and degradation of monoaurated and diaurated intermediates.  

 

 

Figure 3.13 ESI-MS source spectrum of a solution of 1-phenylpropyne with 5.4 mol% 

[(IPr)Au(CH3CN)(BF4)] in acetone/water (5:1) 

 

The typical experiment began by starting a reaction with unlabeled reactants (here: H2O, 

Ph–CC–CH3, catalyst, solvent), which led to a build-up of a specific concentration of the 

unlabeled intermediates 1 and 2+. After a time-delay, an isotopically labeled reactant (here: Ph–
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CC–CD3) was added to the reaction mixture. ESI-MS spectra of this reaction mixture show the 

progression of the signals of the unlabeled (1H+ and 2+) and labeled (D3-1H+ and D3-2+) reaction 

intermediates reflecting the relative changes in the concentration of the intermediates in solution 

(Figure 3.14).The concentrations of intermediates in the steady state equilibrium depend on the 

concentrations of the reactants. For the conditions here, the equilibrium is reached after about 40 

min (the concentrations of the labeled and unlabeled intermediates are about equal as the 

concentrations of Ph–CC–CH3 and Ph–CC–CD3 are). The relative progression of the MS signals 

of the labeled and unlabeled intermediates can be fitted using an exponential function derived 

from the steady-state approximation for the intermediates (see the equation 3.3 and 3.4). It 

should be noted that kinetics of complexes formed in a fast equilibrium (t1/2 < 1 min), such as 

[(IPr)Au(PhCCCH3)]+ and [(IPr)Au(PhCCCD3)]+ (complexes with stating material, m/z 701 in 

Figure 3.13) cannot be monitored by ESI-MS, because the equilibrium is reached faster than the 

response of ESI-MS is. Hence, the signal intensities show no mutual evolution. The same 

observation is expected for complexes/ions formed as artefacts during the electrospray 

ionization. On contrary, the signals of product complexes do show the evolution of the 

intensities, but they never reach the steady-state concentrations in equilibrium with the 

reactants. Therefore, we can exclude that the signals of 1H+ and 2+ would originate from gold-

tagging of reaction products. 

 

 

Figure 3.14 Delayed reactant labelling method with a time-delay of 30 min. a) ESI-MS 

spectrum recorded 5 min after adding a solution of PhCCCD3 to a reaction mixture of 1-

phenylpropyne with 5.4 mol% [(IPr)Au(CH3CN)(BF4)] in acetone/water (5:1); b) ESI-MS 

spectrum of the same reaction recorded 50 minutes after adding the labeled reagent. Variation of 
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the relative intensity of c) 1H+ and D3-1H+, d) 2+ and D3-2+, and e) 1(acetone)Na+ and D3-

1(acetone)Na+ signals as a function of time. The solid lines correspond to curve fits according to 

equations 3.3 and 3.4. The experiments were performed by Lucie Jašiková, co-author of this 

work. 

 

The half-life of the intermediate detected as 1H+ was determined as (8.7 ± 1.6) min 

(Table 3.1, Entry 1), and the half-life of the intermediate detected as diaurated 2+ was (6.9 ± 1.0) 

min (Figure 3.14). We have also tried to detect the neutral monoaurated intermediates 1 as 

adducts with sodium cations. For detection of these ions, we infused an acetone solution of 

NaSbF6 as a sheath liquid into the ion source (0.12 mmol solution of NaSbF6 in 3 ml of 

acetone). Indeed, we detected [1(acetone)Na]+ ions, and we were again able to follow the 

kinetics associated with 1 from the unlabeled and labeled signals of the sodium complexes. The 

[1(acetone)Na]+ signals were weak and only observable under slightly harder ionization 

conditions. 

 

Table 3.1 Half-lives of the intermediates detected as [(IPr)Au(PhCCCH3,OH)]H+ (1H+), 

[Au2(IPr)2(PhCCCH3,HO)]+ (2+) and [(IPr)Au(PhCCCH3,-OH)(acetone)]Na+ ([1(acetone)Na]+) 

determined from DRL experiments (the labeled reactant was PhCCCD3, and the time-delay was 

30 min) 

Entry Nucleophile Additive/sheat liquid 1H+ t1/2 [min] 2+ t1/2 [min] 
[1(acetone)Na]+ 

t1/2 [min] 

1 H2Oa - 8.7 ± 1.6 6.9 ± 1.0 - 

2 H2Oa TsOHb 2.9 ± 0.4 2.8 ± 0.2 - 

3 H2Oa NaSbF6
c 7.6 ± 0.5 6.6 ± 0.3 7.0 ± 0.4 

4 D2Od NaSbF6
c 16.2 ± 1.2 14.9 ± 1.8 15.5 ± 2.0 

a  The solution of PhCCCD3 in acetone was added to the reaction mixture of 1-phenylpropyne 

with 5.4 mol% [(IPr)Au(CH3CN)(BF4)] in acetone/H2O (5:1). b 10.8 mol% p-toluenesulfonic 

acid was added to the reaction mixture. c 0.12 mmol solution of NaSbF6 in 3 ml of acetone was 

infused as a sheath liquid in the reaction mixture to trap neutral complexes in sodium cations. d 

The solution of PhCCCD3 in acetone was added to the reaction mixture of 1-phenylpropyne 

with 5.4 mol% [(IPr)Au(CH3CN)(BF4)] in acetone/D2O (5:1). 

 

The delayed reactant labelling experiments showed that the lifetime of both 

monoaurated and diaurated intermediates is approximately 7 min. The half-lives determined 

from these experiments are: 1H+ (7.6 ± 0.5) min, [1(acetone)Na]+ (7.0 ± 0.4) min, and 2+ (6.6 ± 

0.3) min (Table 3.1). Furthermore, we showed the effect of adding an acid. The addition of an 
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acid usually accelerates the degradation of the organogold intermediates. Therefore, we have 

assessed the effect of p-toluenesulfonic acid (TsOH) on the half-lives of the intermediates 

detected here. The results showed that 10.8 mol% TsOH in the reaction mixture shortens the 

half-lives of the detected intermediates to approximately 3 min (Table 3.1, Entry 2). 

In addition, we have studied the reaction with D2O because we wanted to assess 

possible kinetic isotope effects on the degradation of the intermediates (Figure 3.15 and Table 

3.2). The half-lives of the intermediates detected as 1D+, [1(acetone)Na]+, and 2+ more than 

doubled in the reaction with D2O, compared to the reaction with H2O (Table 3.1, Entry 4 and 

Figure 3.15). 

 

 

 

Figure 3.15 Variation of the relative intensity of a) 1H+ and D3-1H+, b) 2+ and D3-2+, and c) 

1(acetone)Na+ and D3-1(acetone)Na+ signals, recorded after adding a solution of PhCCCD3 to 

the reaction mixture of 1-phenylpropyne with 5.4 mol% [(IPr)Au(CH3CN)(BF4)] in 

acetone/D2O (5:1), with a time-delay of 30 min, as a function of time. Solid black lines 

correspond to data fits according to equations 3.3 and 3.4 

 

We were able to determine the kinetic isotope effect (KIE) of C-H bond formation (KIE 

~ 4–6) and protodeauration (KIE ~2) (see Table 3.2). The values of the kinetic isotope effects 

for protodeauration suggest that the degradations of the intermediates are connected to 

hydrogen/proton transfer and that the mechanism is likely very similar or the same for all 

detected species. 

In summary, in the experiments with 1-phenylpropyne, the kinetics associated with the 

formation and degradation of the intermediates in solution detected as 1H+ or 2+ slightly differ 

and suggest that the intermediates detected as 2+ have probably a higher turn-over frequency. 

The small differences between the detected 1H+ and 2+ can be well explained by other 

scenarios.233-235 Most relevantly, two possible isomers (depending on the difference between R 
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and R′) of only one type of the intermediate might be present in solution, and the detected 

differences might result from different capabilities of the isomers to attach or detach the gold 

cation bound at the oxygen atom.  

Table 3.2 Kinetic isotope effects in the formation and degradation of the intermediates detected 

as [(IPr)Au(PhCCCH3,OH)]H+ (1H+), [Au2(IPr)2(PhCCCH3,HO)]+ (2+) and 

[(IPr)Au(acetone)(PhCCCH3,OH)]Na+ ([1(acetone)Na]+) 

 

Kinetic isotope effect 1H+ 2+ [1(acetone)Na]+ 

Degradationa 2.1 ± 0.2 2.3 ± 0.4 2.2 ± 0.3 

Formationb 5.8 ± 0.2          1.0 ± 0.2 4.1 ± 0.3 6.6 ± 0.5 

a The solution of PhCCCD3 in acetone was added to the reaction mixture of 1-

phenylpropyne with 5.4 mol% [(IPr)Au(CH3CN)(BF4)] in acetone/H2O (5:1) and in 

acetone/D2O (5:1). b  H2O and D2O were simultaneously added to the reaction mixture of 1-

phenylpropyne with 5.4 mol% gold catalyst in acetone/(H2O + D2O) (5:1). 0.12 mmol solution 

of NaSbF6 in 3 ml of acetone was infused as a sheath liquid in the reaction mixture to trap 

neutral complexes in sodium cations. More details of this study are discussed in the chapter 

focused on the mechanism of this reaction (Chapter 5). 

 

3.3 How to deal with isobaric overlaps? 

In many catalytic cycles, metal-containing intermediates and metal complexes of 

products have overlapping masses (Scheme 3.2). Hence, our kinetic studies of reactive 

intermediates were hindered by such overlaps, and the data were not accurate enough to enable 

us to mathematically separate the kinetic profiles of different species (Figure 3.9). Furthermore, 

when working with labeled species, D-labeled ions may also overlap with naturally abundant 

13C isotopologues, which may further increase the already relatively large experimental errors of 

data evaluation. However, this this problem can be solved by ion mobility separation of isomers.  

Ion mobility spectrometry (IMS) is an analytical technique in which ions are separated 

based on their friction with an inert buffer gas (usually N2) in a drift tube under the influence of 

a weak electric field. The speed with which the ions move depends on their size: large ions will 

experience a greater number of collisions with the background inert gas (usually N2) and thus 

travel more slowly through the IM device than smaller ions. In general, as ions migrate through 

the dense gas phase, they also separate from each other, according to their collision cross-

section (CCS). IMS instruments are extremely sensitive stand-alone devices but are often 

coupled with mass spectrometry, GC or high-performance liquid chromatography (HPLC). 

https://en.wikipedia.org/wiki/Mass_spectrometry
https://en.wikipedia.org/wiki/Gas_chromatography
https://en.wikipedia.org/wiki/High-performance_liquid_chromatography
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Integrating mass spectrometry with ion mobility yields a three-dimensional spectrum: mass to 

charge, intensity and drift time. This separation technique has the advantage of decreasing the 

spectral overlap and resolving heterogeneous complexes with very similar masses, or mass-to-

charge ratios, but with different drift times. Moreover, drift time measurements provide an 

additional layer of structural information because CCS is related to ion shape and topology.  

We tested this option in collaboration with Bruker using their timsTOF instrument (Dr. 

Verena Tellstroem, the Bruker Company). 236  For this purpose, we applied ion mobility to 

separate protonated α-gold acetone from a gold complex of neutral acetone. α-gold acetone is 

formed in a reaction between a gold catalyst and acetone in water. I studied this reaction using 

isotopic labeling (see details in Chapter 4), taking advantage of having performed the reaction in 

both H2O (Figure 3.16) and D2O (Figure 3.17; Further details are illustrated in Chapter 4), 

which charged the neutral α-gold acetone with H+ and D+, respectively. Mathematical 

deconvolution of the data allowed us to extract information on the protonated α-gold acetone 

complexes, as described in the captions of Figure 3.16 below. 

 

 

Figure 3.16 Variation of the relative intensities of the signals at m/z 643 

([(IPr)Au(CH3COCH3)]+ + [(IPr)Au(CH2COCH3)]H+ in red), m/z 648 

([(IPr)Au(CD2COCD3)]H+ in violet), and m/z 649 ([(IPr)Au(CD3COCD3)]+ in blue – this 

intensity was corrected for the 13C contribution to the signal at m/z 648). Assuming that the 

complexes with intact acetone molecules are formed in a 1:1 ratio during the experiment, the 

evolution of the signal intensity of [(IPr)Au(CH2COCH3)]H+ was extracted as the difference 

between the intensities at m/z 643 and at m/z 649. Experiment: [(IPr)AuBF4] (358 μg) was 

dissolved in dioxane (0.2 ml) and H2O (0.14 ml – 41% v/v) and left to react for 15 hours. Then, 
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a 1:1 mixture of CH3COCH3 and CD3COCD3 (1.4 ml) was added, and the solution was 

immediately monitored by ESI-MS 

 

 

Figure 3.17 Same ESI-MS experiments as those shown in Figure 3.16, with D2O instead of 

H2O. Variation of the relative concentration of [(IPr)Au(CH₃COCH₃)]⁺ (m/z 643) with respect 

to the sum of both gold acetone complexes [(IPr)Au(CD₃COCD₃)]⁺ and 

[(IPr)Au(CD₂COCD₃)]D⁺ as a function of time. The purple lines show the evolution of the 

[(IPr)Au(CH₂COCH₃)]D⁺ species. The signal intensity of [(IPr)Au(CH2COCH3)]D+ was 

extracted as described in Figure 3.16 

 

Here, I show that using IMS-MS considerably enhances the resolution along the m/z 

axis and that ion mobility separates α-gold acetone complexes (red) from gold complexes of 

neutral acetone (blue) (no mathematical modelling of the curves is necessary because the data is 

collected directly). This allows us to accurately evaluate the experiment while acquiring much 

more detailed information about this reaction mixture. 

The results in Figure 3.18 show that ion mobility separation allows us to monitor 

dynamic changes in a reaction mixture involving isomerization of (isobaric) reactive species 

(see Chapter 4 for further details).  
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Figure 3.18 TimsTOF monitoring of a solution of [(IPr)Au(CH3CN)]BF4 in a 10:1 mixture of 

acetone and water. The graphs only show the results of peaks with 643 m/z (indistinguishable by 

classical mass spectrometry). 

3.4 Conclusion 

Kinetic experiments are fundamental for describing reaction mechanisms. Most 

methods used to study reactions by ESI-MS lack of a reliable connection between qualitative 

and quantitative evaluations of the detected species. To overcome this limitation, we developed 

a new method for the quantitative evaluation of species in solution and for collecting accurate 

kinetic data: delayed reactant labeling. Thanks to this technique, we were able to extract rate 

constants for the degradation of reaction intermediates of metal-catalyzed reactions and to 

investigate the effects of various reaction conditions on the half-life of such intermediates.  

DLR was applied to the study of Au(I)-catalyzed water addition to alkynes, wherein 

both monoaurated and diaurated complexes have been detected, albeit controversially. I 

investigated these reaction intermediates using different substrates, that is, symmetric and 

asymmetric alkynes.  

The kinetics analysis of aurated reaction intermediates with the symmetric alkyne 3-

hexyne showed that both mono- and diaurated intermediates are actually the same species or 

species with very similar reaction kinetics in solution. We have thus shown that these 

intermediates are neutral in solution and can be detected by electrospray ionization mass 

spectrometry, either as protonated complexes or as species tagged with another gold cation.  

The kinetic experiments with the intermediates of water addition to the asymmetric 

alkyne 1-phenylpropyne showed differences in the formation and degradation of the ESI-MS 

detected monoaurated and diaurated complexes. However, these differences are most likely 

caused by different selectivity in protonation and auration of the two possible isomers of the 

neutral α-gold ketone intermediates. Furthermore, I showed how to analyze isobaric species 

when working with metal-catalyzed reactions, performing data deconvolution and using IMS-

MS to separate and hence differentiate α-gold acetone complexes from complexes of gold with 

neutral acetone.  
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Chapter 4 Preparing bases from gold salts 

This chapter is partly based on the article entitled: ‘’Why can a gold salt react as a base?’’  

Anania, M., Jašíková, L., Jašík, J. and Roithová, J. Org. Biomol. Chem., 2017, 15, 7841-7852. 

  

4.1 Reaction conditions 

4.1.1 Solutions of gold complexes: 

Gold chloride (L)AuCl (L= PMe3, PPh3) (5 μmol) was dissolved in dry THF (1 ml) and 

mixed with the solution of AgX (X = SbF₆, PF₆, OTf, NTf2) (1.2 eq) in dry THF (1 ml). The 

reaction mixture was sonicated for 10 minutes and filtered through a PTFE filter (pore size 0.2 

μm) to remove precipitated AgX. Purchased gold complexes [Au(L)(CH3CN)]SbF₆ (L = 

JohnPhos) and [Au(L)(CH3CN)]BF4 (L = IPr) were dissolved in THF (1 ml) or dioxane (only 

for L = IPr). The stock solutions were stored for no longer than 2 days. 

 

4.1.2 MS samples for labelling experiments: 

The samples used in labelling experiments were prepared by diluting a solution of 

(L)AuX or [Au(JohnPhos)(CH3CN)]SbF₆ or [(IPr)Au(CH3CN)]BF4 (200 μL) with dry THF 

(600 μL). The solution was mixed with a 1:1 mixture of acetone and acetone-d₆. A specific 

percentage of water was then added. The resulting solutions were immediately monitored by 

ESI-MS. 

 

4.1.3 Preparation of catalytic species: 

(PMe3)Au(SbF₆): The complex solution was prepared by dissolving 1.54 mg of (PMe3)Au(Cl) 

(5 μmol) in 1 ml of dry THF and 2.06 mg of AgSbF₆ (6 μmol) in 1 ml of dry THF. These two 

solutions were then mixed in the same vial and put in ultrasonic bath for ten minutes for a final 

2.5 mM solution of gold complex [(PMe3)Au]⁺ [SbF₆]⁻ in 2 ml of THF. The white precipitate of 

AgCl was then filtered away. 

(PMe3)Au(PF₆): The complex solution was prepared by dissolving 1.54 mg of [(PMe3)Au(Cl) 

(5 μmol) in 1 ml of dry THF and 1.5 mg AgPF₆ (6 μmol) in 1 ml of dry THF. These two 

solutions were then mixed in the same vial and put in ultrasonic bath for ten minutes for a 2.5 

mM solution of gold complex [(PMe3)Au]⁺[PF₆]⁻ in 2 ml of THF. The white precipitate of 

AgCl was then filtered away. 

(PMe3)Au(OTf): The complex solution was prepared by dissolving 1.54 mg of [(PMe3)Au(Cl) 

(5 μmol) in 1 ml of dry THF and 1.28 mg AgOTf (6 μmol) in 1 ml of dry THF. These two 
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solutions were then mixed in the same vial and put in ultrasonic bath for ten minutes for a 2.5 

mM solution of gold complex [(PMe3)Au]⁺[OTf]⁻ in 2 ml of THF. The white precipitate of 

AgCl was then filtered away. 

(PMe3)Au(NTf2): The complex solution was prepared by dissolving 1.54 mg of (PMe3)Au(Cl) 

(5 μmol) in 1 ml of dry THF and 1.94 mg AgNTf2 (6 μmol) in 1 ml of dry THF. These two 

solutions were then mixed in the same vial and put in ultrasonic bath for ten minutes for a 2.5 

mM solution of gold complex [(PMe3)Au]⁺[NTf2]⁻ in 2 ml of THF. The white precipitate of 

AgCl was then filtered away. 

(PPh3)Au(SbF₆): The complex solution was prepared by dissolving 2.48 mg of [(PPh3)Au(Cl)] 

(5 μmol) in 1 ml of dry THF and 2.06 mg of AgNTf2 (6 μmol) in 1 ml of dry THF. These two 

solutions were then mixed in the same vial and put in ultrasonic bath for ten minutes for a 2.5 

mM solution of gold complex [(PPh3)Au]⁺[SbF₆]⁻ in 2 ml of THF. The white precipitate of 

AgCl was then filtered away. 

(PPh3)Au(NTf2): The complex solution was prepared by dissolving 2.48 mg of [(PPh3)Au(Cl)] 

(5 μmol) in 1 ml of dry THF and 1.94 mg of AgNTf2 (6 μmol) in 1 ml of dry THF. These two 

solutions were then mixed in the same vial and put in ultrasonic bath for ten minutes for a 2.5 

mM solution of gold complex [(PPh3)Au]⁺[NTf2]⁻ in 2 ml of THF. The white precipitate of 

AgCl was then filtered away. 

(JohnPhos)Au(CH3CN)(SbF₆): The complex solution was prepared by dissolving 1.93 mg of 

[(JohnPhos)Au(SbF₆) (5 μmol) in 1 ml of dry THF.  

(IPr)Au(CH3CN)(BF4): The complex solution was prepared by dissolving 1.79 mg of 

[(IPr)Au(ACN)(BF4) (5 μmol) in 1 ml of dry THF.  

(IPr)2Au2(OH)(BF4): The complex solution was prepared by dissolving 3.158 mg of Au(I) 

complex [(IPr)2Au2(OH)]⁺ BF4⁻ (5 μmol) in 1 ml of dry THF. 

(IPr)Au(OTf): The complex solution was prepared by dissolving 3.08 mg of [(IPr)Au(Cl) (5 

μmol) in 1 ml of dry dioxane and 1.28 mg AgOTf (6 μmol) in 1 ml of dry dioxane. These two 

solutions were then mixed in the same vial and put in ultrasonic bath for ten minutes for a 2.5 

mM solution of gold complex [(IPr)Au]⁺[OTf]⁻ in 2 ml of THF. The white precipitate of AgCl 

was then filtered away. 

(IPr)Au(NTf2): The complex solution was prepared by dissolving 3.08 mg of [(IPr)Au(Cl) (5 

μmol) in 1 ml of dry dioxane and 1.94 mg AgOTf (6 μmol) in 1 ml of dry dioxane. These two 

solutions were then mixed in the same vial and put in ultrasonic bath for ten minutes for a 2.5 

mM solution of gold complex [(IPr)Au]⁺[NTf2]⁻ in 2 ml of THF. The white precipitate of AgCl 

was then filtered away. 
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4.2 Introduction 

In this study, I addressed the formation of gold–acetonyl complexes. As mentioned in 

Chapter 1 (Section 1.4), these compounds with a C–Au bond are formed by acetone 

deprotonation, in the presence of a base and a gold salt. Interestingly, they are formed even in 

the absence of a base, in the form of digold-acetonyl complexes, using Au(I) catalysts bearing 

different ligands. Furthermore, water plays a key role in the formation of these species, thus 

raising interesting questions about the mechanism of this transformation, together with the 

gold–gold cooperation effect. 

The initial experiments were performed with a (PMe3)Au(SbF6) catalyst. The ESI-MS 

spectrum of a solution of this catalyst in dry acetone and THF showed that the 

trimethylphosphino gold cation can be coordinated to acetone (m/z 331), THF (m/z 345), or 

another trimethylphosphine ligand (m/z 349). This last complex is the result of the catalyst 

degradation (Figure 4.1 a). Furthermore, I observed complexes containing two gold atoms. 

[(PMe3)2Au2OH]+ (m/z 563), for example, is a product of the reaction between the gold complex 

and a trace amount of water. Other species, such as [(PMe3)2Au2Cl]+ (m/z 581) are always 

present, due to the chloride residual after the counter ion exchange (Section 4.2.3).  

Water addition to the solution enhances the ESI-MS signal of [(PMe3)2Au2(OH)]+ and 

generates the signal of the digold-acetonyl complex [(PMe3)2Au2(CH2COCH3)]+ (m/z 603) 

(Figure 4.1 b). Other ketones undergo the same transformation, as shown in the experiments 

performed using cyclohexanone (Figure 4.2). 
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Figure 4.1. ESI-MS spectrum of a 0.3 mM solution of [(PMe3)Au(SbF6)] in THF and acetone 

(1:1, v/v) (a) under dry conditions and (b) after adding 5% v/v water. (c) ESI-MS spectrum of a 

solution of 0.3 mM [(PMe3)Au(SbF6)] in THF, acetone + acetone-d6, and water (2:1:1:0.2 v/v) 

 

 

Figure 4.2. ESI-MS source spectrum of the [(IPr)Au(OTf)] (184 μg) complex in dry dioxane 

(0.1 ml) after adding cyclohexanone (0.1 mL) and 0.1 mL of H2O. The spectrum clearly shows 

formation of the digold ketonyl complex (m/z 1267). More importantly, it reveals the aldol 

reaction (m/z 781) and subsequent water elimination (m/z 763) 
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4.3 IRPD results  

The structure of monoaurated and diaurated complexes with acetone was probed by 

helium tagging IRPD spectroscopy (Figure 4.3a), which provides the infrared spectra of mass-

selected ions (Section 2.2). Spectra were recorded on the ISORI instrument (as described in 

Section 2.2.1). The IRPD spectrum of the diaurated [(PMe3)2Au2(CH2COCH3)]+ species 

corresponds to the structure where one (PMe3)Au+ group is positioned on the methyl group of 

the acetone (replacing a proton), whereas the other (PMe3)Au+ unit is bound to the oxygen atom 

(Figure 4.3 a and b respectively show the theoretical and the experimental IR spectrum of this 

complex). Different isomeric structures (Figure 4.4 b and 4.5 b-f) were simulated and compared 

with the experimentally obtained spectrum. For example, the enol form simulated in Figure 4.4b 

is not a good structural assignment for the mass-selected ion because such a structure would be 

characterized by the stretching bands of the single C–O bond around 1200 cm−1 and by the C=C 

double bond above 1600 cm−1.  

The signal of the digold-acetonyl complex in the mass spectrum can be interpreted in 

two ways: either the species is present in solution as detected, or it represents a neutral species 

tagged by another gold cation during the ESI process. The stretching mode of the gold 

coordinated carbonyl group is at 1663 cm−1 in the IRPD spectrum of the monogold complex and 

at 1537 cm−1 in the spectrum of the digold complex (Figure 4.3 b and d, respectively). The large 

red shift that occurs in the digold complex for such a coordination results from partial electron 

delocalization between the gold atoms.  

The IRPD spectrum of the monogold complex corresponds to simple coordination of a 

(PMe3)Au+ unit to the carbonyl group of acetone (Figure 4.3 c and d shows the corresponding 

theoretical and experimental IR spectrum respectively). 
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Figure 4.3 Helium tagging IRPD spectra of mass-selected ions (a) [(PMe3)2Au2(CH2COCH3)]+ 

(m/z 603) and (c) [(PMe3)Au(CH3COCH3)]+ (m/z 331). Theoretical IR spectra (B3LYP-D3/6-

311+G*(SDD:Au); scaling factor: 0.975) of the most stable structures of (b) 

[(PMe3)2Au2(CH2COCH3)]+ and (d) [(PMe3)Au(CH3COCH3)]+ 

 

 

Figure 4.4 a) IRPD experimental spectrum of the mass selected ion [(PMe3)Au(CH3COCH₃)]⁺ 

with m/z 331. b) Theoretical IR spectra (B3LYP-D3/6-311+G*(SDD:Au); scaling factor: 0.975) 

of isomer 2b of [(PMe₃)Au(CH3COCH₃)]⁺ 
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Figure 4.5 a) IRPD and IRMPD (The IRMPD was recorded at the CLIO facility in France, see 

details in Section 2.2.2) experimental spectra (black and red lines, respectively) of the mass 

selected ion [(PMe3)2Au₂(CH₂COCH₃)]⁺ with m/z 603. Theoretical IR spectra (B3LYP-D3/6-

311+G*(SDD:Au); scaling factor: 0.975) of different isomers (from 1b to 1f) of 

[(PMe₃)2Au2(CH₂COCH₃)]⁺  

 

4.4 Kinetic isotope effect   

The kinetic isotope effect (KIE) for the C–H activation of acetone is related to the 

mechanism of this reaction. I compared the formation of the digold-acetonyl complexes from 

the reaction of [(PMe3)AuSbF6] with a 1:1 mixture of acetone (CH3COCH3) and labeled acetone 

(CD3COCD3). As mentioned in section 2.5.1, isotopically labeled and unlabeled compounds 

show the same ESI-MS response, and they can be followed as a pair of signals. Therefore, the 

concentration ratio is equal to the ratio of intensities of the corresponding peaks in the ESI-MS 

spectrum (Figure 4.1c).237,238 If the reaction were irreversible, then the KIE would correspond to 

the ratio between the concentrations of [(PMe3)2Au2(CH2COCH3)]+ (1) and 

[(PMe3)2Au2(CD2COCD3)]+ (2). 
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In order to study this reaction and ensure reproducible conditions, the stock solution of 

gold was always prepared in THF as described in section 3.2.1. Afterwards, a given amount of 

water and a 1:1 mixture of acetone and labeled acetone were added, and the resulting mixture 

was immediately monitored by ESI-MS. I observed that the ratio of the signals of (1) and (2) 

strongly depended on the water content in the solution, changing over time. At the beginning of 

the experiment, the apparent KIE was high (above 10), subsequently decreasing over 

approximately 1 hour (Figure 4.6 – 4.13 below). The KIEs at equilibrium (Table 4.1) ranged 

from 3.8 (with 50% water addition) to 6.2 (with 5% water addition). I repeated the experiment 

with D2O instead of H2O, finding similar results within the experimental error. These results 

show that (1) and (2) are not irreversibly formed, but they are formed from equilibrium 

reactions with different species in solution (Scheme 4.1). 

 

 
 

Scheme 4.1 Equilibrium between different complexes in the solution of [(L)AuX] complex (L = 

ligand, X = counter ion) in THF, water and acetone 

 

4.5 Counter ion effect  

As mentioned above, the formation of gold-acetonyl complexes is mediated by basic 

reactants. Possible basic species in solution are counter ions from the gold complex and 

hydroxide anions. To test whether this C–H activation reaction is mediated by the hydroxide or 

by the counter ions,239 I investigated the reaction with a series of different [(PMe3)AuX] salts 

under the same conditions. The salts were prepared from [(PMe3)AuCl] and the corresponding 

silver salt AgX (X = SbF6, PF6, OTf or NTf2) (Section 4.2.1). The hypothesis was that, if C–H 

activation were mediated by the counter ions, then the rate of the reactions would directly 

depend on their nature. We considered that the coordination ability of the counter ions to the 

gold cations increases in the following order: SbF6
− ∼ PF6

− < BF4
− ≪ NTf2

− < OTf−.87, 240-243 The 

pKa values of the conjugated acids increase in the following order: BF4
− < OTf− < NTf2 − < 

SbF6
−.244 I again monitored the time evolution of the ESI-MS signals for (1) and (2) from the 

solutions of different gold salts in THF/acetone/acetone-d6 and additional 5% or 50% water 

(Figure 4.6–4.9).  
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Figure 4.6 Relative intensity of selected ions [(PMe₃)₂Au₂(CH₂COCH₃)]⁺, 

[(PMe₃)₂Au₂(CD₂COCD₃)]⁺ and [(PMe₃)₂Au₂(μ-OH)]⁺ as a function of time for the addition 

of 5% and 50% of water to the reaction mixture of the (PMe₃)Au(SbF6) complex. The sum of 

the signal intensities of the labeled and the unlabeled ions and the diaurated hydroxide was 

normalized to 1 

 

   

 

Figure 4.7 Relative intensity of selected ions [(PMe₃)₂Au₂(CH₂COCH₃)]⁺, 

[(PMe₃)₂Au₂(CD₂COCD₃)]⁺ and [(PMe₃)₂Au₂(μ-OH)]⁺ as a function of time for the addition 

of 5% and 50% of water to the reaction mixture of the (PMe₃)Au(PF₆) complex. The sum of the 

signal intensities of the labeled and the unlabeled ions and the diaurated hydroxide was 

normalized to 1 
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Figure 4.8 Relative intensity of selected ions [(PMe₃)₂Au₂(CH₂COCH₃)]⁺, 

[(PMe₃)₂Au₂(CD₂COCD₃)]⁺ and [(PMe₃)₂Au₂(μ-OH)]⁺ as a function of time for the addition 

of 5% and 50% of water to the reaction mixture of the (PMe₃)Au(OTf) complex. The sum of the 

signal intensities of the labeled and the unlabeled ions and the diaurated hydroxide was 

normalized to 1 

 

 

Figure 4.9 Relative intensity of selected ions [(PMe₃)₂Au₂(CH₂COCH₃)]⁺, 

[(PMe₃)₂Au₂(CD₂COCD₃)]⁺ and [(PMe₃)₂Au₂(μ-OH)]⁺ as a function of time for the addition 

of 5% and 50% of water to the reaction mixture of the (PMe₃)Au(NTf2) complex. The sum of 

the signal intensities of the labeled and the unlabeled ions and the diaurated hydroxide was 

normalized to 1 
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As shown in Table 4.1 (entry 1-6), the equilibrium KIEs determined at the end of the 

experiments are comparable within the experimental error. Therefore, these results show that the 

counter ion is not playing a role in the formation of the gold-acetonyl complexes. 

Most species in solution are in equilibrium with each other and with their neutral 

variants (Scheme 4.1 above). The requirement of water in solution for the formation of digold-

acetonyl may be related to the formation of diaurated gold hydroxide or to the polarity of the 

solvent, which drives the equilibrium towards the formation of digold-acetonyl complexes. 

 

Table 4.1 a The experiments were performed in the solutions of [(L)AuX] (0.3 mM) in 

THF, acetone, D6-acetone in a 2 : 1 : 1 ratio with additional 5% or 50% water. b In D2O instead 

of H2O. c The experiments were performed with 0.3 mM [(IPr)AuX] solutions in dioxane, 

acetone and D6-acetone in a 2 : 7 : 7 ratio with additional 5% or 50% water. d [(IPr)2Au2OH]BF4 

also reacts under dry conditions, and the kinetic isotope effect is 5.5 ± 0.1. 

 

 KIE 

Entry Gold complex 5% watera 50% watera 

2 (PMe₃)AuSbF₆ 6.2 ± 0.2 3.8 ± 0.4 

3 (PMe₃)AuSbF₆ 6.0 ± 0.3b 3.3 ± 0.2b 

4 (PMe₃)AuPF₆ 6.9 ± 0.4 3.9 ± 0.3 

5 (PMe₃)AuOTf 6.2 ± 0.2 3.1 ± 0.3 

6 (PMe₃)AuNTf₂ 6.7 ± 0.7 3.7 ± 0.4 

7 (PPh₃)AuNTf₂ 7.0 ± 0.3 5.9 ± 0.4 

8 (PPh₃)AuSbF₆ 6.8 ± 0.4 6.6 ± 0.2 

9 (JohnPhos)Au(CH3CN)SbF₆ 5.1 ± 0.5 3.5 ± 0.2 

10 (IPr)Au(CH3CN)AuBF₄c 6.5 ± 0.3 5.2 ± 0.3 

11 (IPr)AuOTfc 3.5 ± 0.8 5.3 ± 0.3 

12 (IPr)AuNTf₂c 4.7 ± 0.1 5.4 ± 0.1 

13 (IPr)₂Au₂HBF₄c,d 6.0 ± 0.1 4.6 ± 0.2 

 

 

 



70 

 

4.6 Ligand effect  

Based on the hypothesis that the C–H activation of acetone is mediated by the basic 

[(L)2Au2(OH)]+ species, then the ligand L at the gold cation should affect the reaction rate.245 To 

test this hypothesis, I again determined KIEs for the C–H activation of acetone as a function of 

different [(L)AuSbF6] gold complexes (L = PMe3, PPh3, JohnPhos = 2-biphenyl(di-

tertbutylphosphine)) (Figure 4.10 – 4.13). With the PPh3 ligand, the effect of the water content 

was not significant, and the KIEs remained in the range of ∼6, with 5% or 50% water content 

regardless of the counterion used (Table 4.1, entry 7-8 and Figure 4.10 – 4.11). The use of the 

bulky phosphine ligand JohnPhos resulted in a smaller KIEs for the C–H activation of acetone 

in a mixture with 5% water content (see Table 4.1, entry 9). In addition, the time evolution of 

the signals of the labeled and unlabeled digold complexes, using this ligand, differed 

consistently (Figure 4.12).  

 

 

 

Figure 4.10 Relative intensity of selected ions [(PPh₃)₂Au₂(CH₂COCH₃)]⁺, 

[(PPh₃)₂Au₂(CD₂COCD₃)]⁺ and [(PPh₃)₂Au₂(μ-OH)]⁺ as a function of time for the addition of 

5% and 50% of water to the reaction mixture of the (PPh₃)Au(SbF6) complex. The sum of the 

signal intensities of the labeled and the unlabeled ions and the diaurated hydroxide was 

normalized to 1 
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Figure 4.11 Relative intensity of selected ions [(PPh3)₂Au₂(CH₂COCH₃)]⁺, 

[(PPh3)₂Au₂(CD₂COCD₃)]⁺ and [(PPh3)₂Au₂(μ-OH)]⁺ as a function of time for the addition of 

5% and 50% of water to the reaction mixture of the (PPh3)Au(NTf2) complex. The sum of the 

signal intensities of the labeled and the unlabeled ions and the diaurated hydroxide was 

normalized to 1 

 

 

Figure 4.12 Relative intensity of selected ions [(JohnPhos)₂Au₂(CH₂COCH₃)]⁺, 

[(PMe₃)₂Au₂(CD₂COCD₃)]⁺ and [(JohnPhos)₂Au₂(μ-OH)]⁺ as a function of time for the 

addition of 5% and 50% of water to the reaction mixture of the (JohnPhos)Au(SbF6) complex. 

The sum of the signal intensities of the labeled and the unlabeled ions and the diaurated 

hydroxide was normalized to 1 
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Hence, I concluded that the gold complex with its ligand is directly involved in the C–H 

activation step. After the phosphine ligands, I have tested the IPr carbene ligand (IPr = 1,3-

bis(2,6-diisopropylphenyl) imidazol-2-ylidene). The experiments had to be performed in 

dioxane instead of THF because the ESI-MS spectra from THF/acetone solutions contained an 

impurity isobaric with the digold-acetonyl complexes bearing the IPr ligand. Furthermore, I was 

unable to perform experiments with [(IPr)Au(SbF6)] because the silver salt from AgSbF6 is 

insoluble in dioxane. The experiments with other [(IPr)Au(X)] salts (X = BF4, OTf, NTf2) show 

a different trend from that found for the phosphino-gold complexes (see Table 4.1, entry 10-13).  

In experiments with a large amount of water (50%), the KIEs remained very similar, 

regardless of the counter ion (Figure 4.13 – 4.15). In contrast, the results in the solutions with 

only 5% water differed as a function of the counter ion. The KIEs increased from approximately 

3.5 to 6.5 in the following order of counter ions: OTf − < NTf2 − < BF4 – (Table 4.1). This order 

corresponds to the order of decreasing coordination ability of the counter ions to the gold 

complex. Therefore, a better coordinating counter ion gives a smaller KIE. 

 

 

 

Figure 4.13. Relative intensity of selected ions [(IPr)₂Au₂(CH₂COCH₃)]⁺, [(IPr)₂Au₂(CD₂COCD₃)]⁺ 

and [(IPr)₂Au₂(μ-OH)]⁺ as a function of time for the addition of 5% and 50% of water to the reaction 

mixture of the (IPr)Au(BF4) complex. The sum of the signal intensities of the labeled and the unlabeled 

ions and the diaurated hydroxide was normalized to 1. 
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Figure 4.14 Relative intensity of selected ions [(IPr)₂Au₂(CH₂COCH₃)]⁺, 

[(IPr)₂Au₂(CD₂COCD₃)]⁺ and [(IPr)₂Au₂(μ-OH)]⁺ as a function of time for the addition of 5% 

and 50% of water to the reaction mixture of the (IPr)Au(NTf2) complex. The sum of the signal 

intensities of the labeled and the unlabeled ions and the diaurated hydroxide was normalized to 

1 

 

 

 
 

Figure 4.15 Relative intensity of selected ions [(IPr)₂Au₂(CH₂COCH₃)]⁺, 

[(IPr)₂Au₂(CD₂COCD₃)]⁺ and [(IPr)₂Au₂(μ-OH)]⁺ as a function of time for the addition of 5% 

and 50% of water to the reaction mixture of the (IPr)Au(OTf) complex. The sum of the signal 

intensities of the labeled and the unlabeled ions and the diaurated hydroxide was normalized to 

1 
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In the case of the (IPr)Au complexes, with a small content of water in solution, there is 

a buildup of a low concentration of [(IPr)2Au2OH]+, so the counter ion might participate in the 

deprotonation step. This might implicate that the reaction could also be mediated by 

[(IPr)Au(X)] or [(IPr)2Au2(X)]+. To confirm this furthermore, I performed the experiments with 

the already prepared [(IPr)2Au2OH] BF4 salt with and without the addition of water. I observed 

the formation of the digold-acetonyl complexes with a KIE of 5.5 ± 0.1 (Figure 4.16). This 

value is in agreement with the values found in all experiments with [(IPr)Au(X)] and a 50% 

water content (Table 4.1). These experiments clearly suggest that digold hydroxide 

[(L)2Au2(OH)]+  is the key reactant in the C–H activation of acetone and that, in the absence of 

this digold hydroxide complex, a counter ion may act as a base in the case of the IPr ligand.  

 

 

Figure 4.16. Relative intensity of selected ions [(IPr)₂Au₂(CH₂COCH₃)]⁺, 

[(IPr)₂Au₂(CD₂COCD₃)]⁺ and [(IPr)₂Au₂(μ-OH)]⁺ as a function of time for the addition of 5%, 

50% and in the absence of water to the reaction mixture of the [(IPr)2Au(OH)]BF4 complex. The 

sum of the signal intensities of the labeled and the unlabeled ions and the diaurated hydroxide 

was normalized to 1 
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4.7 Formation of gold-acetonyl complexes in time  

I tested the variation of the relative abundances of all detected diaurated complexes over 

time: [(PMe3)2Au2OH]+, [(PMe3)2Au2Cl]+, and [(PMe3)2Au2(CH2COCH3)]+. To eliminate the 

interference of the establishing equilibrium between [(PMe3)AuSbF6], [(PMe3)nAunCl]0/+ and 

[(PMe3)nAunOH]0/+ (n = 1 or 2), I mixed the catalyst in THF and a given amount of water (9%, 

23%, 41% v/v respectively), leaving it at room temperature to equilibrate for 15 hours 

(overnight). Then, I added a 1:1 mixture of acetone and labeled acetone and instantly monitored 

the reaction mixture by ESI-MS. Firstly, I evaluated the signal intensities of the detected digold 

complexes with respect to each other (Figure 4.17).  The addition of acetone (together with 

labeled acetone) to the solution of the gold catalyst in THF and water promoted the depletion of 

the concentrations of [(PMe3)2Au2OH]+ and [(PMe3)2Au2Cl]+ due to the formation of the (1) and 

(2). The dashed lines in Figure 4.17 are the interpolations of the ratios of the experimental 

points giving the KIEs. This experiment shows that the ratio of the concentrations of (1) and (2) 

depends on the water content in solution and that the rate of the conversion of [(PMe3)2Au2OH]+ 

and [(PMe3)2Au2Cl]+ to digold-acetonyl complexes increases with the increase in water content.  

 

 

Figure 4.17 Time evolution of the relative concentrations of [(PMe3)2Au2OH]+ added to 

[(PMe3)2Au2Cl]+ (m/z 563 + m/z 581 + m/z 583) and [(PMe3)2Au2(CH2COCH3)]+ added to 

[(PMe3)2Au2(CD2COCD3)]+ (m/z 603 + m/z 608) with respect to the sum of all these diaurated 

complexes in solution with H2O (41% in black, 23% in red, and 9% in blue – v/v in the 

solutions before the addition of acetone). The right-hand axis refers to the kinetic isotope effect 

on the formation of digold-acetonyls, and the smoothed ratio of [(PMe3)2Au2(CH2COCH3)]+ and 

[(PMe3)2Au2(CD2COCD3)]+ is shown as dashed lines. Experiment: [(PMe3)AuSbF6] (77 μg) was 

dissolved in THF (0.8 ml) and H2O (80, 240, and 560 μL) and left to react for 15 hours. Then, a 

1:1 mixture of CH3COCH3 and CD3COCD3 (0.8 ml) was added, and the solution was 

immediately monitored by ESI-MS 
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  The monoaurated complexes [(PMe3)Au(CH3COCH3)]+ (m/z 331) and 

[(PMe3)Au(CD3COCD3)]+ (m/z 337) do not show the same variation over time. In the 

experiment with 41% v/v water content, I observed that these complexes are formed with a fast 

equilibrium and reach a 1:1 ratio at the beginning of the reaction. This ratio, however, increased 

over time in favor of the unlabeled complex, and this trend is much more apparent in 

experiments with a large water content in solution (Figure 4.18). 

 

 

Figure 4.18  Variation of the relative intensities of the signals at m/z 331 

([(PMe3)Au(CH3COCH3)]+ + [(PMe3)Au(CH2COCH3)]H+ in red),  m/z 336 

([(PMe3)Au(CD2COCD3)]H+ in violet), and m/z 337 ([(PMe3)Au(CD3COCD3)]+ in blue – this 

intensity was corrected for the 13C contribution of the signal at m/z 336). Assuming that the complexes 

with intact acetone molecules are formed in a 1 : 1 ratio during the experiment, the evolution of the 

signal intensity of [(PMe3)Au(CH2COCH3)]H+ was extracted as a difference between the intensities 

at m/z 331 and at m/z 337. Experiment: the same as described in the caption of Figure 4.17. The 

experiment was performed with 41% water content in the solution of the gold complex in THF and 

water 

 

Next to the expected signals of the monoaurated complexes with m/z 331 and 337, I also 

detected a signal with m/z 336 (Figure 4.18). This signal is not due to the H/D scrambling in 

labeled acetone because other detected complexes of silver and acetone do not show an H/D 

scrambling pattern (Figure 4.19). 
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Figure 4.19 ESI-MS spectrum of the experiment in which [(PMe3)AuSbF6] (77 µg) was 

dissolved in THF (0.8 mL) and H2O (0.56 mL) and left to react for 15 hours. Then, a 1:1 

mixture of CH3COCH3 and CD3COCD3 (0.8 mL) was added, and the solution was immediately 

monitored by ESI-MS 

I assigned this signal to the ion [(PMe3)Au(CD2COCD3)]H+, which is the protonated 

form of neutral gold-acetonyl complexes ([(PMe3)Au(CD2COCD3)]) present in solution and 

formed during the ESI process. For the quantitative evaluation of these ions, I normalized the 

signals corresponding to the complexes of (PMe3)Au+ with labeled and unlabeled acetone to 

their sum and plotted their mutual evolution (Figure 4.18 above). Assuming that the gold 

complexes with intact molecules of acetone are formed in a 1:1 ratio throughout the experiment, 

we can extract a signal that corresponds to the protonated form of monoaurated acetonyl 

complex [(PMe3)Au(CH2COCH3)]H+ (see the red line in Figure 4.18 labeled as the extracted 

signal). The calculated KIE for the experiment with 41% water content is approximately 3. The 

results showed that the signal of [(PMe3)Au(CD2COCD3)]H+ increased over time. The 

comparison of the experiments with different H2O contents in solution reveals that the 

concentration of neutral gold–acetonyl complex formed increases with the water content, as 

shown in the violet signal in Figure 4.20 and 4.21. The figures show the results for the 

experiment with 9% and 33% water content respectively. 
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Figure 4.20. The figure shows the time evolution of the relative concentration of 

[(PMe₃)Au(CD₃COCD₃)]⁺ (m/z 337) with respect to the sum of both gold acetone complexes 

[(PMe₃)Au(CH₃COCH₃)]⁺ and [(PMe₃)Au(CD₂COCD₃)]D⁺. The purple lines show the 

evolution of the [(PMe₃)Au(CD₂COCD₃)]H⁺ species (m/z 337) 

Experiment: [(PMe3)AuSbF6] (77 μg) was dissolved in THF (0.8 ml) and H2O (0.08 ml, 9% v/v) 

and left to react for 15 hours. Then, a 1:1 mixture of CH3COCH3 and CD3COCD3 (0.8 ml) was 

added, and the solution was immediately monitored by ESI-MS 

 

 

Figure 4.21 Results of the experiment, in which [(PMe₃)AuSbF₆] (77 μg) was dissolved in THF 

(0.8 ml), 0.4 ml of H₂O (33% v/v) and left to react for 15 hours. Then, a 1:1 mixture of 

CH3COCH3 and CD3COCD3 (0.8 ml) was added and the solution was immediately monitored 

by ESI-MS. The figure shows the time evolution of the relative concentration of 

[(PMe₃)Au(CD₃COCD₃)]⁺ (m/z 337) with respect to the sum of both gold acetone complexes 

[(PMe₃)Au(CH₃COCH₃)]⁺ and [(PMe₃)Au(CD₂COCD₃)]D⁺. The purple lines show the 

evolution of the [(PMe₃)Au(CD₂COCD₃)]H⁺ species (m/z 337) 
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To assess whether water molecules are directly involved in acetone deprotonation, I 

repeated the same experiments with D2O instead of H2O using different amount of water in the 

reaction mixture. The time evolution of monoaurated and diaurated signals remained the same 

within the experimental error, showing that water molecules are not directly involved in the 

process of formation of these species (Figure 4.22). 

 

 

Figure 4.22 Time evolution of the relative concentrations of [(PMe3)2Au2OH]⁺ together with 

[(PMe3)2Au2Cl]⁺ (m/z 563 + m/z 581 + m/z 583), [(PMe3)2Au2(CH2COCH3)]⁺ (m/z 603) and 

[(PMe3)2Au2(CD2COCD3)]⁺ (m/z 608) with respect to the sum of all these diaurated complexes 

in solution with D2O (41 % in black, 33% in green, 23% in red, and 9% in blue). The right-hand 

axis refers to the kinetic isotope effect for the formation of digold acetonyls and the smoothed 

out ratio of [(PMe3)2Au2(CH2COCH3)]⁺ and [(PMe3)2Au2(CD2COCD3)]⁺ is shown as lines. 

Experiment: [(PMe3)AuSbF6] (77 µg) was dissolved in THF (0.8 ml) and D2O (80, 240, and 560 

µL) and left to react for 15 hours. Then, a 1:1 mixture of CH3COCH3 and CD3COCD3 (0.8 ml) 

was added and the solution was immediately monitored by ESI-MS. 

 

Subsequently, I repeated the same experiments with the [(IPr)Au(CH3CN)BF4] catalyst. 

The experiments are analogous, but I used dioxane instead of THF for the preparation of the 

gold complex solutions. The time evolution of the formation of the digold-acetonyl complexes 

with 41% and 9% v/v water is rather similar to that of the phosphine ligand (Figure 4.23, to be 

compared with Figure 4.17) and have been discussed in Chapter 3. 

 



80 

 

 

Figure 4.23 Results from the experiment in which [(IPr)AuBF4] (358 μg) was dissolved in 

dioxane (0.2 ml) and 0.14 ml or 0.02 ml of H2O (41 % v/v or 9 % v/v, respectively) and left to 

react for 15 hours. Then, a 1:1 mixture of CH3COCH3 and CD3COCD3 (1.4 ml) was added, and 

the solution was immediately monitored by ESI-MS. Time evolution of the relative 

concentrations of [(IPr)2Au2OH]⁺ together with [(IPr)2Au2Cl]⁺ (m/z 1187 + m/z 1205 + m/z 

1207), [(IPr)2Au2(CH2COCH3)]⁺ (m/z 1227) and [(IPr)2Au2(CD2COCD3)]⁺ (m/z 1232) with 

respect to the sum of all these diaurated complexes in solution with H2O (41 % v/v in black and 

9% v/v in blue; the lines serve to guide the eyes). The right-hand axis refers to the kinetic 

isotope effect for the formation of digold acetonyls, and the smoothed ratios of 

[(IPr)2Au2(CH2COCH3)]⁺ and [(IPr)2Au2(CD2COCD3)]⁺ are shown as dashed lines. 

 

4.8 Stability of [(L)2Au2(CH2COCH3)]+ 

Lastly, I have probed the reversibility of the gold-acetonyl complex formation by 

preparing a solution of [(PMe3)AuSbF6] in THF, acetone and 33% water and by letting the 

mixture stand at room temperature to react overnight, subsequently adding labeled acetone (or 

vice versa). In the experiment with overnight activation of CH3COCH3 in the presence of D2O, I 

noted the formation of a significant amount of [(PMe3)Au(CH2COCH3)]D+ complexes (m/z 332, 

see Figure 4.24a). We can rule out the possibility that the signal would be due to an H/D 

scrambling between acetone and D2O by examining the signals of other complexes with acetone 

(silver complexes). The signal at m/z 224 and 226 corresponds to silver complexes with the 

product of the aldol reaction – CH3–C(CH3)(OD)–CH2–(CO–CH3). Furthermore, there is almost 

no H/D-scrambling in complexes with only one molecule of acetone (e.g. 

[Ag(acetone)(THF)]+). 
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Figure 4.24 (a) ESI-MS spectra of a solution prepared by the addition of 0.4 ml of CD3COCD3 

to an overnight reaction mixture of [(PMe3)AuSbF6] (77 μg) in THF (0.8 ml), D2O (0.6 ml) and 

CH3COCH3 (0.4 ml). (b) ESI-MS spectra of a solution prepared by the addition of 0.4 ml of 

CH3COCH3 to an overnight reaction mixture of [(PMe3)AuSbF6] (77 μg) in THF (0.8 ml), H2O 

(0.6 ml) and CD3COCD3 (0.4 ml). The black spectra were collected during the first 5 minutes 

and the gray spectra were collected during 50 minutes after adding (a) CD3COCD3 or (b) 

CH3COCH3 to the reaction mixture 

 

In the experiment with overnight activation of CD3COCD3 in the presence of H2O, I 

detected [(PMe3)Au(CD2COCD3)]H+ (m/z 336, see Figure 4.24b). In both experiments shown in 

Figure 4.24, the ratio between the gold complexes of CH3COCH3 (m/z 331) and CD3COCD3 

(m/z 337) at the beginning of the experiment was close to 1, reflecting the relative concentration 

of acetone and labeled acetone in solution. In turn, [(PMe3)Au(CH2COCH3)]D+ (in Figure 

4.24a) and [(PMe3)Au(CD2COCD3)]H+ (in Figure 4.24b) resulted from the protonation of 

neutral gold-acetonyl complexes, which were formed overnight. 

The same experiments with the [(IPr)Au(CH3CN)BF4] complex led to analogous 

results. The spectra again showed a large build-up of neutral gold–acetonyl complexes in an 

overnight experiment (see Figure 4.25). 
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Figure 4.25 (a) ESI-MS spectra of a solution prepared by adding 0.7 ml of CD3COCD3 to an 

overnight reaction mixture of [(IPr)Au(CH3CN)BF4] (358 μg) in dioxane (0.2 ml), D2O (0.45 

ml) and CH3COCH3 (0.7 ml). (b) ESI-MS spectra of a solution prepared by adding 0.7 ml of 

CH3COCH3 to an overnight reaction mixture of [(IPr)AuBF4] (358 μg) in dioxane (0.2 ml), H2O 

(0.45 ml) and CD3COCD3 (0.7 ml). The black spectra were collected during the first 5 minutes, 

and the gray spectra were collected during 50 minutes after adding (a) CD3COCD3 or (b) 

CH3COCH3 to the reaction mixture 

 

Subsequently, we plotted the variation of relative ESI-MS signal intensities of unlabeled 

and labeled digold and monogold-acetonyl complexes over time using the strategy that we 

applied in the experiments shown in Figure 4.18. 

As mentioned in Section 2.5.1, the evolution of the signals corresponding to the ions 

that differ only in isotopic labeling is quantitative and directly corresponds to their relative 

concentrations in solution, thereby allowing us to study their kinetics. Moreover, the variation of 

the signals of unlabeled and labeled complexes over time are mirror images. Therefore, in 

Figure 4.25 only the signals corresponding to the unlabeled ions are shown. In Figure 4.25, the 

deuterated gold-acetonyl complexes were formed in an overnight experiment and then let to 

react with unlabeled acetone. The opposite variant, wherein unlabeled gold-acetonyl complexes 

are formed overnight, is a slower reaction. The black points show the formation of 

[(L)2Au2(CH2COCH3)]+ (L = PMe3 in Figure 4.28a and IPr in Figure 4.28b) in the solution 

containing H2O, whereas the red points refer to the same experiment but in the presence of D2O. 

The reaction in H2O is faster than that in D2O. 
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Figure 4.25 Variation of the relative concentration of [(L)2Au2(CH2COCH3)]+ over time (L is (a) PMe3 or 

(b) IPr) with respect to the sum of [(L)2Au2(CH2COCH3)]+ and [(L)2Au2(CD2COCD3)]+ in a solution with 

33% H2O (in black) or 33% D2O (in red). The blue points show the corrected evolution of D+ tagged 

neutral [(L)Au(CH2COCH3)] with respect to D+ tagged [(L)Au(CD2COCD3)] assuming that the 

concentrations of [(L)Au(CH3COCH3)]+ and [(L)Au(CD3COCD3)]+ are equal (see the text). Experiments: 

(a) [(PMe3)AuSbF6] (77 μg) was dissolved in THF (0.8 ml), CD3COCD3 (0.4 ml), and H2O or D2O (0.6 

ml) and left to react for 15 hours. Then, 0.4 ml of CH3COCH3 was added, and the solution was 

immediately monitored by ESI-MS. (b) [(IPr)AuBF4] (358 μg) was dissolved in dioxane (0.2 ml), 

CD3COCD3 (0.7 ml) and H2O or D2O (0.45 ml) and left to react for 15 hours. Then, 0.7 ml of CH3COCH3 

was added, and the solution was immediately monitored by ESI-MS. The lines correspond to 10 points 

smoothing 

 

The equilibrium KIE is around 3.5 for L = PMe3 and around 5 for L = IPr (see Table 

3.1, 50% water content). Here, after about one hour of the experiment, in the presence of H2O 

the KIE was only slightly higher than 1 for L = PMe3 and remained lower than 1 for L = IPr. 
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The formation of the digold-acetonyl complexes is reversible, but the reaction is very slow. The 

mechanism most likely involves protodeauration of gold-acetonyl complexes. Therefore, using 

H2O vs. D2O has a significant effect on the protodeauration step. 

Finally, we extracted the evolution of the concentrations of monogold complexes 

[(L)Au(CH2COCH3)] and [(L)Au(CD2COCD3)] in D2O with respect to each other (blue curves 

in Figure 4.25. The results show that the rate of equilibration of the monogold-acetonyl 

complexes is similar to that of the digold-acetonyl complexes. The improved signal-to-noise 

ratio of the results obtained with the IPr ligand shows that the equilibration of the monogold-

acetonyl complexes is somewhat slower than that of digold-acetonyl complexes. 

 

4.9 Thermochemistry and mechanisms of the C-H activation reaction 

The key question of this study is why can Au(I) acetonyl complexes act as bases? To 

answer this question, we calculated the enthalpies of equilibrium reactions in which both the 

gold catalyst and water take part. The calculations were performed in water or THF as solvents 

(using the continuum solvation model), treating hydroxonium cations as dimers (H5O2
+) to 

account for stabilization through explicit interactions with other solvent molecules in solution.  

The reaction between [(PMe3)Au(H2O)]+ and a water molecule to form neutral 

[(PMe3)Au(OH)] and the hydroxonium ion is highly endothermic (79 kJ mol−1 in water and 119 

kJ mol−1 in THF, Scheme 4.2). The subsequent interaction with another cation 

[(PMe3)Au(H2O)]+ to form [(PMe3)2Au2(OH)]+ is exothermic by 54 kJ mol−1 in water and 82 kJ 

mol−1 in THF. The overall reaction is thus endothermic by 25 kJ mol−1 in water and 37 kJ mol−1 

in THF. 

 

 

Scheme 4.2 Reaction of [(PMe3)Au(H2O)]+ with water 

 

Stabilization by interactions of the hydroxonium cation by interaction with more water 

molecules is expected.246 Assuming that this interactions happen with more basic molecules, 

such as acetone or anions, the overall energy balance becomes thermoneutral. Therefore, the 

stabilization of the hydroxide anion through interactions with two gold cations drives the 

formation of a base in solution. Furthermore, more polar solvents (here water) will shift the 
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reaction towards the formation of digold hydroxide more than less polar solvents, primarily due 

to the stabilization of the hydroxonium ions. 

The next step is the analysis of the reaction of gold hydroxides with acetone. Both 

monogold hydroxide and digold hydroxide react exothermically with acetone in water to yield 

the acetonyl complexes. The less polar solvent THF makes the reaction of formation of digold-

acetonyl less favorable and actually thermoneutral. These results are in line with findings 

showing that a lower content of water leads to a smaller digold hydroxide conversion into 

digold-acetonyl (see Figure 4.22). Scheme 4.3 once again demonstrates that the formation of 

digold complexes is thermodynamically favored and should largely prevail in solution. 

 

 

Scheme 4.3 Thermochemistry of the digold-acetonyl complex formation in water (red numbers) 

and in THF (blue numbers) 

 

Lastly, we computationally analyzed the decomposition of the gold-acetonyl 

complexes. The transmetalation of one gold cation to another solvent molecule is endothermic 

(entries 1 and 2 in Scheme 4.4). Possible degradation can thus proceed only via protodeauration. 

The protodeauration of the digold-acetonyl complex with hydroxonium ions in water is only 22 

kJ mol−1 exothermic. Moreover, the reaction represents the interaction between two positively 

charged ions. This explains why the reaction is slow and only a very slow equilibration is 

observed between digold-acetonyl complexes once all gold cations are incorporated into the 

gold-acetonyl complexes. The protodeauration of monogold-acetonyl complexes is much more 

exothermic (entry 4 in Scheme 4.4) and will not be hindered by the cation–cation interaction. 

The half-life of the monoaurated acetonyl complexes should be therefore much shorter. 

 

 

Scheme 4.4 Degradation of the gold-acetonyl complex 
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The THF findings again suggest that the gold-acetonyl complexes will be less stable in 

less polar solvents. This is again due to the weaker stabilization of the hydroxonium ions. 

The experiments show that the equilibration of the monogold-acetonyl complexes is 

slower than that of the digold-acetonyl complexes. However, this stability is not caused by the 

enhanced stability of the monogold complexes; in fact, the opposite is true. Considering that the 

formation of the digold-acetonyl complexes proceeds via the monogold-acetonyl complexes, 

then the monogold complexes should be formed either faster or at the same rate as the digold 

complexes. This is again opposed to the experimental results. Hence, the only explanation for 

the observed results is that the digold-acetonyl complexes are initially formed and that they only 

slowly decompose into monogold-acetonyl complexes. 

Another question is how the digold hydroxide complex can activate the C–H bond of 

acetone and convert into the digold-acetonyl complex. DFT calculations suggest that the gold–

gold interaction plays a key role in this transformation (Figure 4.26 and section 1.3). The initial 

complex between digold hydroxide and acetone (A) undergoes a rearrangement to the dimeric 

complex {([(PMe3)Au(CH3COCH3)]·[(PMe3)Au(OH)])+} (B). In the optimized structure of B, 

the monomeric units are oriented perpendicular to each other and interact only via the gold 

atoms. The relative energy of B is only 7 kJ mol−1 higher than that of the initial complex A. 

Proton transfer occurs within the dimeric complex (TSB/C) and leads to another dimer 

composed of [(PMe3)Au(H2O)]+ and [(PMe3)Au(CH2C(O)CH3)] units. This step is endothermic 

(46 kJ mol−1). The final step involves the positioning of the gold atom on the methylene group 

(TSC/D), forming a complex between digold-acetonyl and water. The overall reaction is 

endothermic by 3 kJ mol−1. If the isolated digold complexes are the starting and final points, 

then the reaction is exothermic by 9 kJ mol−1. 

 

Figure 4.26 DFT potential energy surface for the C–H activation of acetone within the complex 

[(PMe3)2Au2(OH)(CH3COCH3)]+. The ball and stick models correspond to the optimized 

structures; the hydrogen atoms at the PMe3 ligands were removed for clarity. Full optimization 

of the transition structure TSC/D was unsuccessful because it is a very shallow stationary point. 
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Furthermore, the decrease in the kinetic isotope effect for the C–H activation of acetone 

with the increase in the amount of water (Table 4.1) can be explained by the participation of 

other water molecules in the proton transfer reaction.247 This is in agreement with the fact that 

the most significant drop in KIEs is found in the trimethylphosphino gold complex. In this case, 

the small ligand does not sterically hinder the participation of other water molecules in the 

transition state. In turn, in complexes with large ligands, the KIE drop is smaller (see the results 

for complexes with the PPh3 ligand or IPr). The small change in KIE indicates that the reaction 

mechanism likely remained unchanged and that C–H activation proceeds in the “hydrophobic 

pocket” formed by the large ligands.248 

4.10 Conclusions 

I have shown that a gold complex ([(L)AuX], L is a ligand, X is a counter ion) in a 

solution containing water can act as a strong base. The complex deprotonates acetone to form 

stable gold–acetonyl complexes [(L)2Au2(CH2COCH3)]+. The reaction proceeds firstly via the 

formation of a digold hydroxide complex [(L)2Au2OH]+, and this complex can deprotonate 

acetone to form the digold-acetonyl complexes. I could also observe the formation of 

monogold-acetonyl complexes [(L)Au(CH2COCH3)], but the kinetics of this reaction suggests 

that they are formed from primary digold-acetonyl complexes. The conversion of digold 

hydroxide into digold-acetonyl is larger if the solution contains a larger amount of water. 

In order to assess the effects of ligands and counter ions on the reaction, I measured the 

KIEs of the C–H activation step. I showed a negligible effect of counter ions except for 

[(IPr)Au(OTf)] and [(IPr)Au(NTf2)] in a solution with a low content of water. Otherwise, 

counter ions are most likely not involved in the C–H activation reaction. In turn, ligands affect 

the reaction, in line with a scenario in which [(IPr)2Au2(OH)] + is present in the transition 

structure of the reaction.  

DFT calculations suggest that the interaction of two gold cations with the anion is 

essential and thermodynamically enables the formation of digold hydroxide and digold-acetonyl 

complexes. The calculations also show that the monogold-acetonyl complexes are prone to 

protodeauration with hydroxonium (or other protonated ions) in solution, whereas the cationic 

digold-acetonyl complexes should be much more stable. The suggested reaction mechanism of 

the C–H activation reaction involves a dimer of gold complexes bound via gold–gold 

interactions. 
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Chapter 5 Monoaurated vs. diaurated 

intermediates 

This chapter is partly based on the article entitled: ‘‘Monoaurated vs. diaurated intermediates – 

causality or independence?’’Anania, M.; Jašíková, L.; Zelenka, J.; Shcherbachenko, E.; Jašík, 

J.; Roithová, J. Chem. Sci., 2020, 11, 980-988. 

 

5.1 Reaction conditions  

5.1.1 Reaction mixtures for delayed reactant labelling experiments 

Experiments with PhCCCD3 /D5-PhCCCH3 or with EtCCEt/D10-EtCCEt: Reaction 

mixtures were prepared by mixing 80 µl of the stock solution I - VIII, 120 µl of IX or XII (see 

Table 5.1) and 100 µl of H2O (or D2O) in 200 µl of acetone and left to react. After the time-

delay specified for each experiment, 120 µl of solution X (event. XI) or XIII, respectively, was 

added. The reaction mixture was immediately monitored by ESI-MS. For the sheath liquid: 30 

mg of NaSbF6 was dissolved in 3 ml of acetone. 

Labelling by D2O – experiment without a time-delay: Reaction mixtures were prepared by 

mixing 80 µl of the stock solution I - VII, 240 µl of IX, 100 µl of mixture of H2O and D2O (the 

ratio was 1: 0.5, 1, 2, 3, 4, 5, 6, 7, 10, 20) in 200 µl of acetone (for the composition of the stock 

solutions, see Table 5.1). After mixing, the reaction mixture was immediately monitored by 

ESI-MS. For the sheath liquid: 30 mg of NaSbF6 was dissolved in 3 ml of acetone. 

Table 5.1 Composition of stock solutions for experiments with 1-phenylpropyne and 3-hexyne 

Solution Catalyst Quantity Solvent Quantity 

I [(IPr)Au(CH3CN)]BF4 (5.4 mol%) 9.3 mg Acetone 1 ml 

II [(IPr)Au(CH3CN)]BF4 (2.7 mol%) 4.7 mg Acetone 1 ml 

III [(IPr)Au(CH3CN)]BF4 (10.8 mol%) 18.6 mg Acetone 1 ml 

IV [Au2(IPr)2(OH)]BF4 (5.4 mol%) 16.5 mg Acetone 1 ml 

V 

[(IPr)AuCl] (5.4 mol%) 8 mg Acetone 0.5 ml 

AgSbF6 (6.5 mol%) 5 mg Acetone 0.5 ml 

VI [(IPr)AuCl] (5.4 mol%) 8 mg Acetone 0.5 ml 
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AgBF4 (6.5 mol%) 3 mg Acetone 0.5 ml 

VII 

[(IPr)AuCl] (5.4 mol%) 8 mg Acetone 0.9 ml 

AgPF6 (6.5 mol%) 4 mg Water 0.1 ml 

VIII 

[(IPr)Au(CH3CN)]BF4 (5.4 mol%) 9.3 mg Acetone 0.5 ml 

TsOH (10.8 mol%) 5 mg Acetone 0.5 ml 

IX PhCCCH3 10 μl Acetone 1 ml 

X PhCCCD3 10.2 μl Acetone 1 ml 

XI D5-PhCCCH3 10.4 μl Acetone 1 ml 

XII EtCCEt 8 μl THF 1 ml 

XIII D10-EtCCEt 8 μl THF 1 ml 

XIV PhCCPh 12.39 mg THF 1 ml 

 

5.2 Introduction 

Gold-catalyzed nucleophile addition to alkynes was initially postulated to proceed via 

monoaurated intermediates. Monoaurated neutral intermediate A, as shown in Scheme 5.1, can 

form X+ species when trapped with a second gold cation. 249,141,147 This geminally diaurated 

intermediate is unreactive (Section 1.2.2). A subsequent study suggested that complexes X+ are 

formed in a dual activation pathway leading to the primary diaurated intermediates B+, which 

can rearrange to the geminal isomers X+.145,250 In fact, the analysis of these reaction pathways is 

complicated by a possible causality problem: diaurated complexes B+ and X+ may be formed by 

a gold attachment to the primary intermediates A, whereas the monoaurated intermediates can 

be simultaneously formed by gold detachment from either B+ or X+. Hence, the detection of 

either species does not necessarily exclude alternative pathways. 
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Scheme 5.1 Intermediates in Au(I)-mediated nucleophile addition to an alkyne. Red and blue 

code independent pathways to monoaurated and diaurated intermediates, respectively. 

  

In this study, I monitored intermediates in the Au(I)-catalyzed addition of water to 

alkynes. This reaction was selected because both monoaurated and diaurated complexes can be 

detected by ESI-MS. I have supplemented the kinetic information on the intermediates based on 

DRL (Chapter 3) with overall reaction kinetics measurements by gas chromatography. The 

resulting data answered the dilemma of gold-catalyzed water addition to alkynes – monoaurated 

vs. diaurated intermediates: causality or independence? 

 

5.3 Results 

I used [(IPr)Au(CH3CN)(BF4)] catalysts for water addition to alkynes. As shown in 

previous chapters, this catalyst forms digold hydroxide ([Au2(IPr)2(OH)]) in water (Scheme 

5.2). This species acts as a base in solution; hence, in addition to the classical activation of a 

substrate by cationic gold, digold hydroxide may also be involved in alkyne activation. 

 

2[(IPr)Au]+ + H2O
   ⇄ [(IPr)2Au2(OH)]+ + H+ 

Scheme 5.2 Formation of digold hydroxide from a gold salt in the presence of water 

 

As described in Chapter 3, water addition to 3-hexyne yields only one product, 3-

hexanone, while 1-phenylpropyne is transformed to either benzylmethylketone or 

ethylphenylketone. Under our conditions (see Figure captions), the reaction of 3-hexyne is fast, 

which is inconvenient for ESI-MS studies. The reaction with 1-phenylpropyne has suitable 

kinetics, for monitoring reaction intermediates in a time span of up to one hour (Figure 3.12 in 

Chapter 3). Hence, we continued the ESI-MS investigation with 1-phenylpropyne, 

acknowledging the problem of analyzing a mixture of regioisomers of the intermediates.  

Furthermore, for measurements of infrared spectra of the reaction intermediates, we cooled the 

reaction down to −30 °C to further suppress conversion into products. 
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5.3.1 IRPD experiments 

The monoaurated (protonated) intermediate [(IPr)Au(PhCCCH3,OH)H]+ (1) is isomeric 

with a gold complex of the ketone product. The diaurated complex 

([Au2(IPr)2(PhCCCH3,OH)]+, 2+) can have the structure of isomers B+ or X+ in Scheme 5.1 (Nu 

= OH), or it could be an isomer of B+ in which a hydrogen atom migrated from the oxygen atom 

to the carbon atom (all m/z 1303). To assign the correct structures to the ions detected by ESI-

MS, we measured their helium tagging infrared photodissociation (IRPD) spectra (Section 

2.2.1). 

The IRPD spectrum of monoaurated ions with m/z 719 shows O–H stretching vibrations 

slightly above 3450 cm−1 (Figure 5.1). The inset shows a detail of the O–H stretching bands 

measured with a maximum photon flux. We observe two O–H stretching bands, and the sum of 

their heights is higher than 0.9, that is, more than 90% of the trapped ions have an OH group. 

These ions are present as a mixture of isomers/conformers. The position of the OH bands is 

consistent with the theoretically predicted spectra of protonated α-gold ketones in which R and 

R′ are methyl and phenyl or vice versa. The remaining <10% of ions are most likely gold 

complexes of the ketone products. 

 

  

Figure 5.1 (a) IRPD spectrum of [(IPr)Au(PhCCCH3,OH)]H+ (m/z 719). The insert shows the 

O–H stretching IR range measured with a high photon flux. (b) Theoretical IR spectrum of the 

most stable isomer of 1H+ and its geometry parameters. Red color highlights the important 

bands corresponding to the characteristic bands found in the experimental spectrum 
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The lower wavenumber, finger-print region of the IRPD spectrum is consistent with the 

assignment of the detected ions as protonated α-gold ketone intermediates (1H+). In particular, 

the band around 1560 cm−1 (highlighted in red, in Figure 5.1a) corresponds to the C–C stretch of 

the central C=C bond. The C–O stretching band should be found below 1400 cm−1 among peaks 

which mostly correspond to the vibrations of the IPr ligand. This spectrum matches the 

predicted IR spectrum of protonated α-gold ketones, but the regioisomers cannot be 

differentiated from the intermediates (R and R′ are methyl and phenyl or vice versa; see Figure 

5.2). The alternative assignment of the detected ions to the gold-tagged ketone products can be 

ruled out. The C=O stretching of these ions should be in the range of 1650–1700 cm−1, with a 

high-intensity CO stretching band. Most likely, the small peak around 1680 cm−1 indicates the 

minor abundance of these gold-tagged products among the detected ions. However, their co-

detection should have only a negligible effect on the kinetics associated with the intermediates, 

which account for more than 90% of the detected ions, as suggested by the OH stretching bands 

(see above). 

The DFT calculated structures of the protonated α-gold ketone intermediates (1H+) 

indicates that the (Au–C–C) bonding angle ranges between 82° and 90° and that the Au–C 

bonding length ranges from 2.21 to 2.24 Å for different conformers and regioisomers (Table 

5.2, Figure 5.2). Hence, the detected ions have a structure characterized by two mesomeric 

extremes: (1) a gold complex of an enol and (2) a protonated α-gold ketone. In comparison with 

these ions, the (Au–C–C) angle in the neutral intermediate 1 is predicted to range from 102° to 

106°, and the Au–C length is expected to range from 2.10 to 2.12 Å (Table 5.2, Figure 5.2). The 

values of the neutral intermediates imply that the gold atom binds to an sp3 carbon atom and 

thus the neutral intermediates can be assigned as α-gold ketones.  

Table 5.2 Relative energies and geometry parameters corresponding to the bonds and the angle 

in Figure 5.1 and 5.5. The geometry was optimized with the mPW1PW91 DFT functional and 

the combination between the LanL2DZ basis set for the gold atoms and the cc-pVDZ for the 

rest of the atoms. The values in brackets correspond to the calculations performed at the B3LYP 

level with the LanL2DZ/6-31+G* basis set combination. 

Structure Erel (kJ/mol) (Au-C-C) R(C-C) R(C-O) R(Au-C) 

M_C2a 0.0 (0.0) 88.4 (90.8) 1.403 (1.403) 1.320 (1.330) 2.209 (2.253) 

M_C2b 12.5 (9.8) 83.0 (84.5) 1.392 (1.392) 1.339 (1.349) 2.238 (2.289) 

M_C2c 12.8 (9.2) 82.4 (84.6) 1.392 (1.392) 1.340 (1.349) 2.245 (2.291) 

M_C1a 11.8 (10.4) 89.3 (90.8) 1.404 (1.403) 1.330 (1.330) 2.200 (2.253) 

M_C1b 26.8 (24.3) 84.8 (88.4) 1.392 (1.393) 1.343 (1.353) 2.231 (2.268) 

M_C1c 31.7 (28.4) 86.3 (91.4) 1.400 (1.404) 1.339 (1.347) 2.224 (2.255) 

N_C2a 0.0 (0.0) 102.2 (103.8) 1.484 (1.487) 1.226 (1.233) 2.122 (2.153) 

N_C1a 7.9 (10.6) 104.3 (105.3) 1.480 (1.484) 1.229 (1.237) 2.109 (2.139) 

N_C1b 23.5 (21.9) 106.1 (106.9) 1.488 (1.492) 1.227 (1.237) 2.102 (2.131) 

D_C2a 0.0 99.9 (100.7) 1.434 (1.437) 1.270 (1.276) 2.162 (2.197) 

D_C2b 1.0 101.0 1.435  1.269  2.162  

D_C1a 14.4 99.1 1.431  1.272  2.154  
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Figure 5.2 Selected calculated structures (mPW1PW91/LanL2DZ:cc-pVDZ). The simulated IR 

spectra of the structures are shown in Figure 5.3 and 5.6 for monoaurated and diaurated species, 

respectively. 
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Figure 5.3 Comparison of the experimental IRPD spectrum of [(IPr)Au(PhCCCH3,HO)]H+ 

(upper panel) with theoretical IR spectra of protonated monoaurated intermediates calculated at 

the mPW1PW91/LanL2DZ:cc-pVDZ level of theory (see Figure 5.2 for the structures of the 

complexes). The theoretical frequencies were scaled by 0.97 in the fingerprint region and by 

0.945 above 2000 cm-1 
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We can conclude that protonation during electrospray ionization substantially weakens 

the Au–C bond and drives the geometry of the complex towards the enol form, as shown in 

Figure 5.1a.251 In principle, this protonation mimics the mechanism of protodeauration, leading 

to the enol product of the overall reaction. 

An alternative explanation could involve 2-gold vinyl alcohol intermediates (A in 

Scheme 5.1 with Nu = OH). These intermediates could be protonated during electrospray 

ionization at the carbon atom also yielding monourated protonated complexes 1H+. However, 

DFT calculations suggest that the enol form of the intermediates is 74 kJ mol−1 higher than the 

suggested α-gold keto-form (R = R′ = CH3, see Figure 5.4). Hence, the initially formed enol-

intermediates likely undergo fast tautomerization into the keto-intermediates. The suggested α-

gold keto-form of the intermediates is also fully consistent with all other finding in this work. 

 

 

Figure 5.4 Calculated structures and energies (B3LYP-D3/def2SVP; to simulate the solvent 

effect, we used the SMD model with water as solvent) of possible tautomers of neutral 

monoaurated intermediates formed by the addition reaction to 2-butyne. The [(IPr)Au] unit is in 

a shade in the first structure to highlight the geometry of the keto intermediate. 

 

The IRPD spectrum of the diaurated complexes (m/z 1303) shows no O–H stretching 

band (Figure 5.5), which means that neither geminally diaurated complexes of the type X+ nor 

the intermediates of the type B+ (Nu = OH in Scheme 5.1) are detected. Instead, the detected 

ions correspond to the intermediates 2+ with one gold atom bonded to the carbon atom and with 

the other gold atom bonded to the oxygen atom, as shown in Figure 5.5. The C–O stretching 

band is highlighted in blue. This part of the composite band around 1500 cm−1 does not overlap 

with the vibrational bands originating from the IPr ligand (compare with Figure 5.1) and thus 

must correspond to the C–O bond. The large red shift in the carbonyl vibration is in agreement 

with DFT calculations. These calculations predict that the Au–C–C bonding angle ranges from 

99° to 101° and that the Au–C bonding distance is ∼2.16 Å (Table 5.2). Hence, these geometry 
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parameters fall between those found for the neutral monoaurated intermediate 1 and for its 

protonated ion 1H+, thus suggesting a substantial delocalization of the π electrons, as shown by 

the mesomeric structures in Figure 5.1a. 

 

 

Figure 5.5 (a) IRPD spectrum of [Au2(IPr)2(PhCCCH3,OH)]+ (m/z 1303). The peak highlighted 

in blue identifies the additional band next to the bands originating from the vibration of the IPr 

ligand (compare with Figure 5.1a). (b) Theoretical IR spectrum of the most stable isomer of 2+ 

and its geometry parameters 
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Figure 5.6 Comparison of the IRPD spectrum of [Au2(IPr)2(PhCCCH3,HO)]+ (upper panel) 

with theoretical IR spectra of diaurated intermediates calculated at the 

mPW1PW91/LanL2DZ:cc-pVDZ level of theory (see Figure 5.2 for the structures of the 

complexes). The theoretical frequencies were scaled by 0.97 in the fingerprint region and by 

0.945 above 2000 cm-1 

 

5.3.2 Formation of the intermediates in solution 

In order to gather kinetic information on the formation of the intermediates, we started 

the reactions in a mixture of H2O and D2O (without any delay) and studied the ratios of H and D 

incorporation into the intermediates detected as 1H+ and 2+ (Figure 5.7). We performed the 

experiments with different ratios of H2O vs. D2O to enable kinetic modelling and to improve the 

accuracy of our results. The exact H:D ratio was determined from the ratio of the 

[(IPr)2Au2(OH)]+ and [(IPr)2Au2(OD)]+ signals in the spectra. 
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Figure 5.7 Formation of intermediates detected as monoaurated and diaurated complexes in the 

reaction of 1-phenylpropyne with a mixture of H2O and D2O with variable H:D ratios (catalyst: 

5.4 mol% [(IPr)Au(CH3CN)(BF4)]). The ratio of “acidic” H and D (x-axis) was determined 

from the ratio of [Au2(IPr)2(OH)]+ and [Au2(IPr)2(OD)]+ in each experiment. The graphs show 

the relative abundances of (a) H-AH+ (circles) vs. D-AH+ + H-AD+ (triangles), and vs. D-AD+ 

(squares) and (b) H-B+ (blue circles) vs. D-B+ (blue squares) and H-[A(acetone)Na]+ (violet 

circles) vs. D-[A(acetone)Na]+ (violet squares). The experimental results were fitted using the 

kinetic equation shown below the graphs . The experiments were performed by Lucie Jašiková. 

 

The relative signal intensities of monoaurated complexes (protonated α-gold ketones) 

depend on the H:D ratios of the hydrogen atoms at the α-carbon atom and at the oxygen atom. 

This situation can be expressed by a simple kinetic scheme with two rate constants k1 and k2 

describing the introduction of each hydrogen atom (Figure 5.7, details of the model are shown 

below. 

  

Scheme 5.3 Kinetic model for the distribution of H and D in the monoaurated complex in the 

experiments without the delay 
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The kinetic model used to mathematically describe the experimental data was derived 

from the model shown in Scheme 5.3. Here, we assume pseudo first-order kinetics for the 

reaction of reactants (R) with H2O (OH) or D2O (OD) yielding an intermediate (I), which is then 

converted into a product. If the formation and degradation of the intermediates can be described 

using the steady-state approximation, then we can assemble following equations: 

 

d[IH]/dt = 0 = kH1[R][OH]-kH2[IH][H]-kD2[IH][D]     (5.1) 

[IH] = kH1[R][OH]/(kH2[H]+kD2[D])       (5.2) 

d[ID]/dt = 0 = kD1[R][OD]-kH2[ID][H]-kD2[ID][D]     (5.3) 

[ID] = kD1[R][OD]/(kH2[H]+kD2[D])       (5.4) 

 

[IH]/([IH]+[ID]) = (kH1[R][OH]/(kH2[H]+kD2[D]))((kH2[H]+kD2[D])/[R](kH1[OH]+kD1[OD])) =  

= kH1[OH]/(kH1[OH]+kD1[OD]) = (kH1[OH]/kD1[OD])/((kH1[OH]/kD1[OD])+1) = ax/(ax+1), where 

a = kH1/kD1 and x = [OH]/[OD]         (5.5) 

 

 [ID]/([IH]+[ID])=(kD1[R][OD]/(kH2[H]+kD2[D]))((kH2[H]+kD2[D])/[R](kH1[OH]+kD1[OD])) = 

kD1[OD]/(kH1[OH]+kD1[OD]) = 1/((kH1[OH]/kD1[OD])+1) = 1/(ax+1), where a = kH1/kD1 and x = 

[OH]/[OD]          (5.6) 

 

d[IH2]/dt = 0 = kH2[IH][H]-kP[IH2]        (5.7) 

[IH2] = kH2[IH][H]/kP = kH2[H]kH1[R][OH]/kP(kH2[H]+kD2[D])    (5.8) 

 

d[ID2]/dt = 0 = kD2[ID][D]-kP[ID2]       (5.9) 

[ID2] = kD2[ID][D]/kP = kD2[D]kD1[R][OD]/kP(kH2[H]+kD2[D])    (5.10) 

d[IHD]/dt = 0 = kH2[ID][H]+kD2[IH][D]-kP[IHD]      (5.11)

  

[IHD] = (kH2[ID][H]+kD2[IH][D])/kP = 

(kH2[H]kD1[R][OD]+kD2[D]kH1[R][OH])/kP(kH2[H]+kD2[D])    (5.12)

  

[IH2]+[ID2]+[IHD] = 

((kH2[H]kH1[R][OH])+(kD2[D]kD1[R][OD])+(kH2[H]kD1[R][OD])+(kD2[D]kH1[R][OH]))/((kH2[H]+

kD2[D])kP)          (5.13)
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[IH2]/([IH2]+[ID2]+[IHD])=kH2[H]kH1[OH]/ 

((kH2[H]kH1[OH])+(kD2[D]kD1[OD])+(kH2[H]kD1[OD])+(kD2[D]kH1[OH]))= 

(kH2[H]kH1[OH]/kD2[D]kD1[OD])/(1+(kH2[H]kH1[OH]/kD2[D]kD1[OD])+(kH2[H]/kD2[D])+ 

(kH1[OH]/kD1[OD])) = abx2/(abx2+ax+bx+1), where a = kH1/kD1, b = kH2/kD2, and x = [OH]/[OD]

           (5.14) 

 

[ID2]/([IH2]+[ID2]+[IHD]) = kD2[D]kD1[OD]/ 

((kH2[H]kH1[OH])+(kD2[D]kD1[OD])+(kH2[H]kD1[OD])+(kD2[D]kH1[OH]))= 

1/(1+(kH2[H]kH1[OH]/kD2[D]kD1[OD])+(kH2[H]/kD2[D])+(kH1[OH]/kD1[OD])) = 

1/(abx2+ax+bx+1), where a = kH1/kD1, b = kH2/kD2, and x = [OH]/[OD]   (5.15) 

 

[IHD]/([IH2]+[ID2]+[IHD]) = (kH2[H]kD1[OD]+ kD2[D]kH1[OH])/ 

((kH2[H]kH1[OH])+(kD2[D]kD1[OD])+(kH2[H]kD1[OD])+(kD2[D]kH1[OH]))= 

((kH2[H]/kD2[D])+(kH1[OH]/kD1[OD]))/(1+(kH2[H]kH1[OH]/kD2[D]kD1[OD])+(kH2[H]/kD2[D])+(kH1

[OH]/kD1[OD])) = (ax+bx)/(abx2+ax+bx+1), where a = kH1/kD1, b = kH2/kD2, and x = [OH]/[OD]

           (5.16) 

 

Quantitatively, we can fit only ratios of the isotopic mass-spectrometry signals. 

Consequently, we fitted kH1/kD1 and kH2/kD2; i.e., kinetic isotope effects for the introduction of 

the hydrogen atoms to the α-carbon atom and to the oxygen atom, respectively. An 

unconstrained fit of the signal intensities of H-1H+, (H-1D+ + D-1H+) and D-1D+ as a function 

of the H:D ratio provided the kinetic isotope effects KIE1 = 5.8 ± 0.2 and KIE2 = 1.0 ± 0.2 

(Figure 5.7, see also Figure 5.8). 

Figure 5.7 shows an unconstrained fit of the data. Here, we show the goodness of fit by 

testing constrained fits (Figure 5.8). The constrains of KIE = 3, 4.1, or 5 leads to an excessively 

slow decline in D-1D+ intensity. Conversely, KIE = 7 results in an excessively fast decline in D-

1D+ intensity. Concomitantly, the intensities of mixed ions D-1H+ + H-1D+ do not fit either. 
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Figure 5.8 Formation of the monoaurated intermediates in the reaction of 1-phenylpropyne with 

a mixture of H2O and D2O with a variable H/D ratio (catalyst: 5.4 mol% 

[(IPr)Au(CH3CN)(BF4)]). The ratio of “acidic” H and D (x-axis) was determined from the ratio 

of [Au2(IPr)2(OH)]+ and [Au2(IPr)2(OD)]+ in each experiment. The graphs show the relative 

abundances of H-1H+ (circles) vs. D-1H+ + H-1D+ (triangles), and vs. D-1D+ (squares). The 

experimental results were fitted with kinetic equations 5.15 – 5.16, where the parameter “a” 

(KIE) was fixed as a) 7, b) 5, c) 4.1, and d) 3. Parameter “b” was fitted and is given in the figure 

as the second number. 

 

Protonation/deprotonation reactions (or exchange of acidic hydrogen atoms) are fast 

processes; therefore, mass spectrometry detects protonated ions in equilibrium with the 

concentrations of H+ and D+ in solution. This is consistent with the determination of the 

apparent kinetic isotope effect KIE2 = 1.0 ± 0.2 for the protonation of the monoaurated 

intermediates at the oxygen atom. Accordingly, KIE1 = 5.8 ± 0.2 corresponds to the reaction 

pathway that leads to the introduction of H to the carbon-atom. 

The sodium-tagged monoaurated complexes and the diaurated complexes have only one 

added hydrogen atom; therefore, the variation of H-2+/D-2+ and H-[1(acetone)Na]+/D-

[1(acetone)Na]+ as a function of the H:D ratio can be fitted using only one KIE. The resulting 

kinetic isotope effects are 4.1 ± 0.3 for the formation of the diaurated complexes and 6.6 ± 0.5 

for the formation of the sodiated monoaurated complexes. 

The results again show that the kinetics associated with the intermediates detected as 

diaurated complexes is slightly different from that associated with the formation of the 
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monoaurated complexes. The values of the kinetic isotope effects corresponds to the values 

expected for general acid-catalyzed process252 in a mixture of H2O and D2O (KIE ∼ 5) and 

hence consistent with the concerted protonation/deprotonation of the initially formed 2-gold 

vinyl alcohol intermediates (A or B+ in Scheme 5.1 with Nu = OH) into the detected α-gold 

ketones. 

 

5.3.3 Experiments with a symmetric alkyne 

In order to avoid the ambiguity of working with isomers, I have repeated the 

experiments with symmetric 3-hexyne (See DRL NMR details in Chapter 3). The kinetic 

profiles of the monoaurated and diaurated complexes determined by DRL are identical within 

the experimental margin of error (or noise; Section 3.2.1.3). This implies that the monoaurated 

and diaurated ions detected by ESI-MS refer to the same species present in solution. I have 

further investigated the kinetics of the overall reaction by gas chromatography. For these 

experiments, I varied the concentrations of all reagents. The exact reaction mixture 

compositions and all measured data are shown in Tables 5.3–5.7 and Figure 5.9–5.13. The 

results of these experiments are summarized and compared in Figure 5.14 below. 

 

5.3.3.1 Reaction kinetics determined by gas chromatography 

 

Standard conditions of the experiments: 6 mol% of [(IPr)Au(CH3CN)(BF4)] (1.67 mM) and 

27.6 mM of 3-hexyne in THF/water (5:1). Details of the experiments are described in the Tables 

below.  

 

Table 5.3 Concentrations of all the reagents for experiments without acid (Figure 5.9) 

Exp. No. mol % of Au [Au] [acid] [3-hexyne] 

1 0.6 0.16 mM - 27.6 mM 

2 1.12 0.31 mM - 27.6 mM 

3 1.7 0.46 mM - 27.6 mM 

4 2.25 0.62 mM - 27.6 mM 

5 2.8 0.77 mM - 27.6 mM 

6 3.4 0.93 mM - 27.6 mM 

7 4.5 1.24 mM - 27.6 mM 

8 5.6 1.55 mM - 27.6 mM 

9 6.7 1.86 mM - 27.6 mM 

10 7.8 2.17 mM - 27.6 mM 

11 9 2.48 mM - 27.6 mM 
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Figure 5.9 Results of the experiments from Table 5.3. SM is 3-hexyne and 1 is 3-hexanone. The 

relative concentrations of SM and 1 were determined by GC measurements. The decrease in 

SM concentration over time was fitted using an exponential function, providing the rate 

constant for the given conditions  

 

Table 5.4 Concentrations of all the reagents for experiments with 1 mol% of NaOH (Figure 

5.10) 

Exp. No. [Au] mol% [Au] 
1 mol% of 

NaOH 
3-hexyne 

1 1.12 0.31 mM 0.31 mM 27.6 mM 

2 1.7 0.47 mM 0.31 mM 27.6 mM 

3 2.25 0.62 mM 0.31 mM 27.6 mM 

4 2.8 0.77 mM 0.31 mM 27.6 mM 

5 3.4 0.93 mM 0.31 mM 27.6 mM 

6 4 9.67 mM 0.31 mM 27.6 mM 

7 4.5 1.08 mM 0.31 mM 27.6 mM 

8 5.6 1.55 mM 0.31 mM 27.6 mM 

9 6.7 1.86 mM 0.31 mM 27.6 mM 

10 8 2.17 mM 0.31 mM 27.6 mM 

11 9 2.48 mM 0.31 mM 27.6 mM 
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Figure 5.10 Results of the experiments from (Table 5.4). SM is 3-hexyne and 1 is 3-hexanone. 

The relative concentrations of SM and 1 were determined by GC measurements. The decrease 

in SM concentration over time was fitted using an exponential function, providing the rate 

constant for the given conditions. 
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Table 5.5 Concentrations of all the reagents for experiments with 1 eq. of acid (Figure 5.11) 

Exp. No. mol % of Au [Au] [acid] 1 eq. [3-hexyne] 

1 1.12 0.31 mM 0.31 mM 27.6 mM 

2 2.25 0.62 mM 0.62 mM 27.6 mM 

3 2.8 0.77 mM 0.77 mM 27.6 mM 

4 3.4 0.93 mM 0.93 mM 27.6 mM 

5 4 1.08 mM 1.08 mM 27.6 mM 

6 4.5 1.24 mM 1.24 mM 27.6 mM 

7 5.6 1.55 mM 1.55 mM 27.6 mM 

8 6.7 1.86 mM 1.86 mM 27.6 mM 

9 8 2.17 mM 2.17 mM 27.6 mM 

10 9 2.48 mM 2.48 mM 27.6 mM 
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Figure 5.11 Results of the experiments from (Table 5.5). SM is 3-hexyne and 1 is 3-hexanone. 

The relative concentrations of SM and 1 were determined by GC measurements. The decrease 

in SM concentration over time was fitted using an exponential function, providing the rate 

constant for the given conditions 

 

Table 5.6 Concentrations of all the reagents for experiments with 4 eq. of acid (Figure 5.12) 

Exp. No. mol % of Au [Au] 
Equivalents of 

acid 
[acid] [3-hexyne] 

1 1.12 0.31 mM 4 1.24 mM 27.6 mM 

2 3 0.84 mM 4 3.36 mM 27.6 mM 

3 4.5 1.24 mM 4 4.96 mM 27.6 mM 

4 6 1.67 mM 4 6.68 mM 27.6 mM 

5 9 2.51 mM 4 10.04 mM 27.6 mM 
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Figure 5.12 Results of the experiments from (Table 5.6). SM is 3-hexyne and 1 is 3-hexanone. 

The relative concentrations of SM and 1 were determined by GC measurements. The decrease 

in SM concentration over time was fitted using an exponential function, providing the rate 

constant for the given conditions 
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Table 5.7 Concentrations of all the reagents for experiments with 8 eq. of acid (Figure 5.13) 

Exp. No. 
mol % of 

Au 
[Au] 

Equivalents 

of acid 
[acid] [3-hexyne] 

1 1.12 0.31 mM 8 2.48 mM 27.6 mM 

2 3 0.84 mM 8 6.72 mM 27.6 mM 

3 4.5 1.24 mM 8 9.92 mM 27.6 mM 

4 6 1.67 mM 8 13.36 mM 27.6 mM 

5 9 2.51 mM 8 20.08 mM 27.6 mM 

 

  

 

 

Figure 5.13 Results of the experiments from (Table 5.7). SM is 3-hexyne and 1 is 3-hexanone. 

The relative concentrations of SM and 1 were determined by GC measurements. The decrease 
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in SM concentration over time was fitted using an exponential function, providing the rate 

constant for the given condition 

 

Firstly, I determined the rate constants of product formation as a function of the p-

toluenesulfonic acid (TsOH) concentration. I observed that the rate linearly increases with the 

concentration of TsOH until it doubles the concentration of the gold catalyst. Further increasing 

of the TsOH concentration had no effect on the overall rate (Figure 5.14a). The rate constant 

increased three-fold, in line with the three-fold increase of the degradation rate of monoaurated 

and diaurated intermediates in the reaction of 1-phenylpropyne described in Chapter 3. Hence, I 

concluded that, when adding 4 or more equivalents of the acid with respect to the concentration 

of the gold catalyst, the protodeauration step is no longer the rate determining step. 

Subsequently, I investigated the variation of the kinetics of the product formation as a 

function of the concentration of the gold catalyst. In the regime with a large excess of the TsOH 

acid, the rate varied linearly with the concentration of [(IPr)Au(CH3CN)(BF4)] (Figure 5.14c). 

This clearly suggests that the product is formed in the reaction involving a single gold cation. 

The negligible role of (di)gold hydroxide in the reaction under these conditions is also expected 

based on the effect of the acid on equation 1, as shown below in Figure 5.14. Without adding 

TsOH, the variation of the reaction rate as a function of the concentration of the gold catalyst 

shows an initial phase with very low values. However, at concentrations of the gold catalyst 

above 2 mol%, the reaction rate starts to increase linearly (Figure 5.14b). I tested this linear 

variation by adding small amounts of sodium hydroxide (1.12 mol%) and TsOH (1.12 mol%), 

respectively. The variation of the reaction rate as a function of the concentration of the gold 

catalyst was almost exactly the same as that without the additives, but the lag phase was larger 

when adding NaOH and smaller when adding TsOH (compare red, blue, and green data in 

Figure 5.14b). 

The results clearly show that the basic conditions suspend the overall reaction rate (Eq. 

(2) within Figure 5.14)).253 Firstly, a base shifts the equilibrium of equation 1 to the right, 

converting the gold catalyst to the digold hydroxide complex, which most likely does not 

catalyze this reaction. Secondly, a base impairs the protodeauration step. At low catalyst 

concentrations, this “background base” effect must be considered because the variation of the 

reaction rate as a function of the gold catalyst concentration could be incorrectly denoted as 

quadratic (see Figure 5.14b), particularly when performing the reaction with 1 equiv. of added 

acid (Figure 5.14d). 
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Figure 5.14 Rate of the ketone product formation in the reaction of 3-hexyne (27.6 mM in 5:1 

mixture of THF and H2O, respectively) with water catalyzed by [(IPr)Au(CH3CN)(BF4)]. (a) 

Variation of the reaction rate as a function of the concentration of p-toluenesulfonic acid 

(TsOH). The experiment was performed with 1.12 mol% of the catalyst. (b) Variation of the 

reaction rate as a function of the concentration of the catalyst under standard conditions (in red) 

and after adding 1.12 mol% of NaOH (blue) or 1.12 mol% TsOH (green). The lines are bimodal 

linear fits of the data. (c) Variation of the reaction rate as a function of the concentration of the 

catalyst under standard conditions, adding 4 equiv. (purple) and 8 equiv. (yellow) of TsOH with 

respect to the concentration of the catalyst. The red, blue, and green lines are fits from (b). (d) 

Variation of the reaction rate as a function of the concentration of the catalyst under standard 

conditions, adding 1 equiv. of TsOH (blue solid circles). The other solid lines are experiments 

from (b) and (c) 
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Furthermore, these results suggest that the lag phase is associated with the lack of 

available protons in the reaction mixture. We suspected that the glassware, the silica capillary 

and other experimental conditions might affect the reaction rate at small concentrations of the 

catalyst. To test this hypothesis, I repeated the experiment in a plastic vial, and the lag phase 

was indeed somewhat smaller (Figure 5.15). 
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Figure 5.15 Rate of ketone product formation in the reaction of 3-hexyne with water catalyzed 

by [(IPr)Au(CH3CN)(BF4)]. Variation of the reaction rate as a function of the concentration of 

the catalyst under standard conditions in a glass vial (in black) and in a plastic vial (in red). The 

lines are bimodal linear fits of the data 

 

In summary, the kinetic experiments show first-order reaction rate variation as a 

function of the gold catalyst concentration. Adding a base and thus promoting the formation of 

digold hydroxide flattens the reaction rate. In turn, adding an acid increases the reaction rate by 

accelerating the rate-determining step – protodeauration. However, at acid concentrations 

exceeding the concentration of the gold catalyst, the reaction rate no longer varies with the 

concentration of the acid, thus suggesting that protodeauration is not the rate-determining step 

under these acidic conditions, but instead the deprotonation of the initial adduct between the 

gold-activated alkyne and water becomes the rate-determining step. All these results are 

consistent with the reaction mechanism in which just a single gold cation is the active catalyst, 

as shown in Scheme 5.4. 
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Scheme 5.4 Reaction pathway for [(IPr)Au]+-mediated hydration of alkynes. The ESI-MS 

experiments revealed that the detected monoaurated and diaurated complexes refer to the same 

intermediate in solution, that is, an α-gold ketone. Small differences in the measured kinetic 

parameters are most likely associated with R and R′. 

 

5.4 Conclusions 

([(IPr)Au(CH3CN)(BF4)])-catalyzed water addition to alkynes most likely proceeds via 

monoaurated intermediates. I have shown that these intermediates are neutral in solution and 

can be detected by electrospray ionization mass spectrometry, either as protonated complexes or 

tagged with another gold cation. The structures of the detected complexes correspond to α-gold 

ketones protonated or aurated at the oxygen atom, as shown by the IRPD spectra. Exploratory 

DFT calculations suggest the α-gold ketone intermediates are more than 70 kJ mol−1 more stable 

than the alternative, likely primarily formed 2-gold vinyl alcohol intermediates.254-256 

Kinetic experiments with the intermediates in the water addition to 1-phenylpropyne 

showed differences in the formation and degradation of the ESI-MS-detected monoaurated and 

diaurated complexes. However, these differences are most likely caused by differences in the 

protonation and auration selectivity of the two possible isomers of the neutral α-gold ketone 

intermediates (See details in Chapter 3). Accordingly, the differences in kinetics vanished when 

performing the experiments with symmetric 3-hexyne reactant. The results for the reaction 

involving 1-phenylpropyne showed that the half-life of the neutral monoaurated intermediates in 

solution is approximately 7 min. The protodeauration of the α-gold ketone intermediates is 

associated with a kinetic isotope effect of approximately 2. The kinetic isotope effect for the 

hydrogen introduction to the gold-bonded carbon atom is isomer-dependent and ranges from 4 

to 6. These values are consistent with the kinetic isotope effects expected for general-acid 

mediated reactions in H2O/D2O and hence in line with the keto–enol tautomerization of the 

initially formed 2-gold vinyl alcohol intermediates. 

The overall reaction kinetics of water addition to symmetric 3-hexyne revealed first-

order reaction rate variation as a function of the concentration of the gold catalyst. The reaction 
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is accelerated when adding an acid, which correlates with the observed acceleration of 

degradation (protodeauration) of the ESI-MS detected intermediates. In the absence of an acid, I 

observed a lag in reactivity at low catalyst concentrations. However, at high concentrations, the 

variation of the reaction rate as a function of the catalyst concentration was again linear. All 

these kinetic data clearly indicate that the reaction mechanism involves only monoaurated 

intermediates. 
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General Conclusions 

Combining isotope labeling with kinetic data extraction for the identification and 

analysis of intermediates in reaction mixtures by ESI-MS enables us to solve scientific 

controversies regarding the mechanisms of metal-catalyzed reactions. When studying reaction 

mechanisms by mass spectrometry, the intermediates can be often easily detected. Nevertheless, 

a direct link between these gaseous species and the corresponding reaction in the condensed 

phase is difficult to establish for several reasons. The ionic species detected by ESI-MS could be 

resting states, catalyst decomposition products, complexes of the catalyst with starting materials 

or with products, off-cycle species, ESI artifacts or species isobaric with the actual 

intermediates. In addition, elusive, short-lived, reactive species may also remain undetected 

during MS studies, similarly to neutral intermediates, unless they are tagged with a permanently 

charged group. Thus, two model reactions involving gold chemistry, acetone activation by a 

diaurated hydroxide species and Au(I)-catalyzed water addition to alkynes, were used as an 

experimental paradigm to show how these difficulties can be analyzed by enhancing the 

capabilities of MS.  

In acetone activation by a diaurated hydroxide species, the Au(I) complex ([(L)AuX], 

where L is a ligand and X is a counter ion) in a solution containing water can act as a strong 

base. The reaction proceeds firstly via the formation of a digold hydroxide complex 

[(L)2Au2OH]+, and this complex can deprotonate acetone to form the digold-acetonyl complexes 

[(L)2Au2(CH2COCH3)]+. The conversion of digold hydroxide into digold-acetonyl is larger if 

the solution contains a larger amount of water. Counter ions are most likely not involved in the 

C–H activation reaction, except for [(IPr)Au(OTf)] and [(IPr)Au(NTf2)], as shown in solutions 

with a low content of water. In turn, ligands affect the reaction, in line with a scenario in which 

[(IPr)2Au2(OH)]+ modulates the course of the reaction. The formation of digold hydroxide and 

digold-acetonyl complexes is thermodynamically enabled by the interaction of two gold cations 

with the anion. The suggested PES of the C–H activation reaction involves a dimer of gold 

complexes bound via gold–gold interactions. 

In Au(I)-catalyzed water addition to alkynes, the monoaurated and diaurated complexes 

detected by ESI-MS are actually the same species or species with very similar reaction kinetics 

in solution. In other words, the reaction mechanism involves only monoaurated intermediates, 

as shown by a study with symmetric (3-hexyne) and asymmetric (1-phenylpropyne) alkynes. 

The structures of the detected complexes correspond to neutral α-gold ketones protonated or 

aurated at the oxygen atom. The α-gold ketone intermediates are more stable than the alternative 

2-gold vinyl alcohol intermediates, based on DFT calculations. Furthermore, IRPD confirmed 

the structure of the α-gold ketone intermediates. 
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