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Abstract: An overview of the current state of mechanistic understanding of gold-catalyzed
intermolecular alkyne hydrofunctionalization reactions is presented. Moving from the analysis of
the main features of the by-now-generally accepted reaction mechanism, studies and evidences
pointing out the mechanistic peculiarities of these reactions using different nucleophiles HNu that
add to the alkyne triple bond are presented and discussed. The effects of the nature of the employed
alkyne substrate and of the gold catalyst (employed ligands, counteranions, gold oxidation state),
of additional additives and of the reaction conditions are also considered. Aim of this work is to
provide the reader with a detailed mechanistic knowledge of this important reaction class, which
will be invaluable for rapidly developing and optimizing synthetic protocols involving a gold-
catalyzed alkyne hydrofunctionalization as a reaction step.
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1. Introduction

The catalytic potential of gold in its various oxidation states has clearly emerged in the course of
the past decades, and it is nowadays evident that this metal, long considered useless for catalytic
purposes, can provide indeed unsurpassed catalytic performances in several chemical reactions of
technological interest [1]. Whereas gold metal nanoparticles are mostly employed in oxidation
processes [2], gold(I) and, to a lesser extent, gold(Ill) species have a clear attitude to activate
unsaturated organic substrates, such as alkenes, alkynes, allenes, arenes, and heteroarenes, for
reactions that mostly involve (cyclo)additions or the introduction of functional groups in the
molecule [3,4]. Particularly well investigated are alkyne hydrofunctionalization reactions, in which a
nucleophile HNu attacks an alkyne and produces a functionalized alkene (Scheme 1) [5-8]; the
resulting product can be stable under reaction conditions, it can undergo subsequent tautomerization
(not shown), or it can react with a second molecule of HNu to produce saturated, difunctionalized
molecules.
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Scheme 1. A general gold-catalyzed alkyne hydrofunctionalization reaction.
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Reactions of this kind can also produce more complex products if the gold-vinyl intermediates
that form in the course of the reaction (see below) are intercepted or undergo further evolution before
the actual hydrofunctionalization product is liberated [8-10]. This interesting possibility is however
available mostly in the case of more complex substrates, in which these evolution reactions generally
take place by involving other functional group present in the same intermediate (i.e.,, in an
intramolecular fashion); alternatively, such a possibility is provided also by the use of unprotonated
nucleophiles with oxidizing character [9,10]. Since this review article is specifically focused on the
factors affecting the mechanism and rates of intermolecular alkyne hydrofuncionalizations, further
reactions of the type outlined above will not be specifically covered herein.

The disclosure of gold-catalyzed alkyne hydrofunctionalization reactions dates back to the end
of the 1990s, and in the course of the last 20 years the field has evolved considerably: novel potentially
useful, gold-based catalytic systems are continuously being proposed in the literature, new synthetic
applications are being devised and, most notably, several mechanistic studies have been performed
to highlight the essential features of these processes. However, a unifying view on this reaction class
is still lacking, as the mechanistic features of these reaction, which as will be highlighted below are
heavily dependent on the kind of ligand linked to gold, on its counteranion and on the solvent, are
also obviously a function of the nature of the substrates and particularly of the incoming nucleophile
HNu. Consequently, we deem it useful to provide a comprehensive picture of the state-of-the-art
knowledge of the mechanistic features of these reaction, which could provide advice to the interested
reader in the choice of a peculiar catalytic system and conditions for a given reaction.

We will concern ourselves only with intermolecular alkyne hydrofunctionalization reactions,
since they are more challenging and general compared to intramolecular ones. Reference to selected
intramolecular processes will be given when appropriate. Furthermore, we do not aim at providing
a comprehensive coverage of the gold-based catalytic systems proposed to date for these reactions,
but rather to focus on the contributions that shed light on the mechanistic features of these reactions.
For a more general coverage of hydrofunctionalization reactions, catalyzed by gold but also by other
metals, the interested reader is referred to several other dedicated reviews that have recently
appeared in the literature [5-11].

2. General Reaction Mechanism

By now there is a quite generally accepted reaction mechanism for gold-catalyzed alkyne
hydrofunctionalization reactions. In its essential features, the mechanism involves a cationic gold
center (e.g., LAu* for a gold(I) catalyst) stabilized by a weakly coordinated inner sphere anion as
catalytically competent species, and it follows a sequence based on alkyne activation bycoordination
to gold, external nucleophilic attack of HNu providing a gold-vinyl intermediate, proton transfer
from HNu to the vinyl carbon linked to gold with consequent protonolysis and liberation of the
product of formal anti-addition of HNu to the alkyne (Scheme 2). An internal nucleophilic attack of
a gold-precoordinated HNu has been sometimes proposed as the main alternative to this mechanism
(see also below). Very recent computational analyses support this alternative mechanism in the case
of the hydration of internal alkynes [12]; however, to the best of our knowledge this proposal still
awaits experimental verification.
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Scheme 2. General mechanism for gold-catalyzed alkyne hydrofunctionalization reactions.

This apparently rather simple mechanism involves however several peculiar features that need

to be highlighted:

ey

()

Formation of the-complex A between the cationic gold center and the alkyne is in competition
with the interaction of the gold center with its counteranion, and to some extent also with the
solvent and any other potentially present Lewis basic additive. This limitation can be obviously
overcome by using poorly coordinating solvents and counteranions; however, this often
hampers the solubility and especially the stability of the gold complex: under these conditions,
gold is reduced with relative ease to the zerovalent state, and the ligand L that is liberated
coordinates to the remaining cationic gold complex forming catalytically inactive L2Au* species
and ultimately resulting in complete catalyst deactivation.

Once that the complex A is formed, it can transform into a coordinated alkynyl complex with
concomitant liberation of a proton, if the employed alkyne is terminal. The ease of formation of
such species, which is a quite common reaction, particularly with group 10 and 11 metal centers
[13], depends on the acidity of the alkyne substrate and on the presence of suitable proton
acceptors in the solution. Although expectedly reversible, such a reaction obviously subtracts
catalytically active species. Further to this, it is by now well-known that the resulting gold
alkynyl can associate with another cationic gold center to produce a dinuclear, complex C, which
is sometimes alternatively viewed as a (2e, 3c)-gem-dicoordinated alkynyl stabilized by an
aurophilic interaction between the two gold centers [14,15]. These dinuclear complexes have
been found to be much more reluctant than mononuclear gold alkynyls to undergo protonolysis
[15]; nevertheless, there has been considerable debate in the course of the last years on their
possible involvement as catalytically competent species in hydrofunctionalizations and other
gold-catalyzed reactions [16,17]. While their involvement has been disproved in some cases [18],
in which it has been demonstrated that these complexes rather act as catalyst reservoirs for the
true catalytically competent species (the cationic mononuclear complex), the question remains
open in some others [19,20]. Formation of these dinuclear complexes has been also considered
to ultimately favor catalyst decomposition with the formation of Au metal [21]; this can
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apparently be avoided by using bulky ligands at gold that stabilize the dinuclear complexes or
even prevent their formation.

(3) After nucleophilic attack, generally taking place at the more substituted carbon atom of the triple
bond, a proton needs to be removed from the original nucleophile in intermediate B and
transferred to the gold-bound carbon of the resulting vinyl group in intermediate D,
determining protonolysis of the Au-C bond and liberation of the product. This proton transfer
is generally believed to be not concerted, and consequently it has been represented as two
separate steps in Scheme 2. Proton transfer can be facilitated by the solvent, by the counteranion,
or by other species with basic character present in solution; all these possible contributions need
to be taken into account. Furthermore, the Au-vinyl intermediate D can evolve differently: for
example, it can coordinate an additional cationic gold center forming a gem-dicoordinated vinyl
with variable electron distribution and reactivity [22].

(4) Finally, it must be borne in mind that the reaction product can further evolve after it has been
formed within the catalytic cycle, and such evolution may or may not involve the gold catalyst.
For example, as it will be discussed in more detail in the subsequent Sections, when products of
double hydrofunctionalization are formed (Scheme 1) the two hydrofunctionalization reactions
are consecutive and the second one may be promoted by traces of acid present in the system
instead of by the gold catalyst. Furthermore, the imine product of hydroamination or the
enolether/ketal product of single/double hydroalkoxylation can undergo prompt hydrolysis by
traces of water, leading to the corresponding carbonyl compound, i.e., the product of formal
hydration of the triple bond.

In the subsequent sections, we will discuss the main classes of hydrofunctionalization reactions
according to the kind of employed nucleophile, and we will focus our attention on the current degree
of understanding of the mechanistic features of each reaction, basing on the general mechanism listed
above. Some general trends regarding the effect of the various reaction components and conditions
can be however anticipated here.

Effect of the nucleophile. The hydrofunctionalization reaction can be potentially run with a wide
range of nucleophiles. However, it should be borne in mind that the nucleophile is a Lewis base and
can compete with the alkyne for coordination to gold, causing catalyst deactivation. Consequently,
nucleophiles of intermediate to low Lewis basicity are conventionally employed. The nucleophilic
character of this reagent obviously influences the rate of step A, which consequently has a greater
chance of being the rate-determining step of the reaction, the less nucleophilic is the employed
reagent.

Effect of the alkyne. The nature of the alkyne has also a dramatic importance for the overall
efficiency of the hydrofunctionalizaion process. First of all, as already outlined above, n-coordinated
terminal alkynes can transform into coordinated alkynyls, thereupon contributing to catalyst
deactivation. However, m-coordinated terminal alkynes also undergo nucleophilic attack more
quickly and form more stable vinyl intermediates [12]. Sterically more encumbered alkynes can
experience difficulties in coordinating to gold, with consequent slower, less effective reaction. Most
important are however electronic effects provided by the alkyne substituents. Electron-poor alkynes
are activated more easily toward external nucleophilic attack by coordination to the gold center,
whereas electron-rich ones are less easily attacked. Electronic effects also govern the regioselectivity
of the gold-catalyzed hydrofunctionalization process: the nucleophile attacks at the coordinated
carbon atom which stabilizes best the cationic charge on intermediate A. As it will be shown below,
the presence of directing functional groups on the alkyne substituents can however determine
alternative regioselectivities.

Effect of the ligand. Both steric and electronic factors come into play when considering the effect
of the neutral ligand L at gold. Sterically encumbered ligands are generally employed, which impart
stabilization to the gold complex toward decomposition and also prevent the formation of dinuclear
gold complexes, which as outlined above often decrease the reactivity of the catalytic system. The
effect of ligand electronic factors is instead ambivalent. As already pointed out by Xu and Hammond
[23], they influence in an opposite way the nucleophilic attack step and the protonolysis step: the
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former is facilitated by electron-withdrawing ligands whereas the latter by electron-donating ligands.
While in several cases protonolysis is the rate-determining step of the reaction, in some instances, in
which weak nucleophiles or internal/electron-rich alkynes are employed, nucleophilic attack can take
over as the rate-determining step. Consequently, the effect of a change in electronic properties of the
ligand might be different, and it can even result in a switch of the rate-determining step of the
reaction.

Effect of the counteranion. Counteranion effects in gold catalysis have been very intensively
investigated in recent years [24]. In the context of alkyne hydrofunctionalization reactions, the Lewis
basicity of the inner sphere anion is obviously an important factor, since more coordinating anions
tend to stick to the gold center and to deactivate the catalyst; on the other hand, a very poorly
coordinating anion leads to an unstable gold complex, which will tend to decompose in solution
unless reaction conditions are provided to slow down decomposition. The Brensted basicity of the
anionic ligand may also become important, since it can aid the proton transfer leading to the final
product after nucleophilic attack; an anion that is a too strong Brensted base will however sequester
the proton and block the protonolysis step [24,25]. Finally, the hydrogen bond acceptor character of
the anion may also come into play, since the anion can activate HNu for nucleophilic attack to the
coordinated alkyne by establishing a hydrogen bond with it; the effectiveness of such an activating
effect is however strongly dependent on the mutual position and orientation of the counteranion with
respect to the cationic gold-alkyne intermediate complex A [25].

Effect of gold oxidation state. Although most of the research work on gold-catalyzed alkyne
hydrofunctionalization reactions has been carried out on gold(I) complexes, some studies have been
performed with gold(III) compounds as well. Care should be taken, though, in evaluating the results
of these studies, since occasionally gold(IlI) complexes have been employed that can easily transform
in gold(I) compounds by reductive elimination under reaction conditions [17]; consequently, in these
cases there is the legitimate doubt that the gold(Ill) complex merely acts as a precatalyst for a
catalytically competent gold(I) species. In cases in which the gold(Ill) complex is sufficiently stable,
the gold center is clearly expected to be more electrophilic than gold(I); consequently, activation of
the alkyne towards nucleophilic attack upon coordination to gold should be enhanced and result in
a more efficient reaction in cases in which this is the rate-determining step. On the other hand, the
higher electronegativity of gold(III) also renders the gold-vinyl bond in intermediate D less polarized
towards the carbon atom and consequently less prone to undergo protonolysis; this reaction step
becomes therefore more easily rate-determining and often needs to be aided by using acids as
additives.

Finally, it needs to be anticipated at this point that beside gold(I) and gold(Ill) complexes, also
gold(0) in the form of (supported) gold clusters or nanoparticles has been employed as catalyst and
displays activity, albeit at high temperature and generally in the presence of acid cocatalysts, in some
hydrofunctionalization reactions (hydration, hydroamination, hydrochlorination) [26-30]. Only in
one case, though, use of gold metal as a catalyst has been paralleled by a detailed mechanistic study
demonstrating a heterogeneous reaction catalyzed by the gold surface [30]; in the remaining cases, it
remains unclear whether the reaction is truly catalyzed by the metal surface or by some form of
oxidized gold species, leached into solution or anchored at the external surface of the gold
nanoparticle, which operates through a more traditional organometallic mechanism.

3. Hydration

Hydration is the simplest and one of the most intensively studied alkyne hydrofunctionalization
reactions [31]. The gold-catalyzed reaction generally exhibits Markovnikov regioselectivity in the
case of terminal alkynes, whereas with internal triple bonds the regioselectivity is generally poor
unless a directing group is present in the substrate [32]. The enol product readily tautomerizes to the
ketone, and consequently the overall reaction converts alkynes into ketones, and in particular
terminal alkynes into methyl ketones (Scheme 3).
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Scheme 3. General gold-catalyzed alkyne hydration reaction.

After pioneering investigations employing gold(IIl) in the form of simple Na[AuCl4] as catalyst
[33], cationic gold(I) triphenylphosphine complexes of general stoichiometry PhsPAu* formed in situ
under acidic conditions were disclosed as competent catalysts for this reaction in 2002 [34].
Subsequent research has been largely focused on gold(I) and was poised toward the identification of
the best ligand, counteranion, and reaction conditions to ensure a catalytic productivity amenable to
technological application.

3.1. Effect of the Ligand

The group of Nolan recognized quite early that gold(I) complexes with bulky N-heterocyclic
carbene ligands (NHCs) were able to outperform previously reported catalysts bearing simple
triphenylphosphine as ligand. They displayed high catalytic activities (TOF up to 5000 h-') which
made it possible to run the reaction with down to 10 ppm catalyst [35]. The success of complexes such
as 1 (Scheme 4) was initially attributed to the peculiar features of the employed NHC ligand, such as
its strong donating character favoring protodeauration, which is generally considered the rate-
determining step of the hydration reaction. At the same time, the NHC-Au coordinative bond is
rather robust compared to a phosphine-Au bond, hence it allows to use higher reaction temperatures
(up to 120 °C in Nolan’s case), enhancing catalytic activity without causing extensive catalyst
decomposition.

1 2 3

Scheme 4. Benchmark gold complexes successfully employed as catalysts for alkyne hydrations. The
chloride ligands are exchanged in situ with a weakly coordinated anion using e.g., the corresponding
silver salt (see below). For additional explanations, see main text.

More recent research on gold-based catalysts for this reaction has led to the individuation of
Buchwald biphenylphosphine-based gold(I) complexes that exhibit comparable or even superior
performance compared to Nolan’s NHC-Au compounds [36-39]. Key to success was the use of
electron-rich but also very bulky phosphine as ligands, which beside acting as strong electron donors
are also able to protect the gold center from decomposition reactions and to avoid the formation of
catalytically inactive dinuclear complexes of type C (Scheme 2). In a systematic study, Xu and
Hammond demonstrated that the observed catalytic performance of the complexes is much more
sensitive to the steric bulk of the ligand than to the electronic properties, and individuated complexes
of type 2 as the best of this kind [37]. Similarly, in 2018 the group of Plenio developed the synthesis
of extremely bulky bispentiptycenyl-NHC ligands and of their gold(I) complexes (e.g., complex 3)
[39]. Using these bulky catalytic systems, hydration reactions could be run with terminal as well as
internal alkynes at 80 °C using only 0.01 mol% catalyst. Interestingly, the reaction temperature could
be lowered down to room temperature when 0.5 mol% of a strong acid such as
trifluoromethanesulfonic acid was added to the reaction mixture. The acid is per se unable to promote
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the reaction, but it can support the gold-catalyzed reaction at least in two ways, namely by
accelerating the rate-determining protonolysis step of the reaction, or by effecting protonolysis of
catalytically inactive gold alkynyls or dinuclear gold complexes derived therefrom (Scheme 2), which
results in a higher concentration of catalytically competent species and in a reduced catalyst
decomposition rate. The effect of the addition of acid on the kinetics of the protonolysis step has been
computationally verified: DFT calculation suggests that protonolysis becomes facilitated to the point
that the rate-determining step of the reaction becomes the nucleophilic attack of water [40]. Detailed
investigations on the effect of acid addition on the concentration of catalytically competent gold(I)
species have instead not yet been carried out, though it has been pointed out that dinuclear complexes
of type C (Scheme 2) are much more resistant to protonolysis than mononuclear gold(I) alkynyls [15].

3.2. Effect of the Counteranion

Beside the ligand, the effect of the nature of the weakly coordinating counteranion in the
catalytically competent form of the complex was also extensively investigated. Although gold(I)
catalysts for this reaction are generally introduced in the system with a halide counteranion, such a
halide needs to be exchanged with a less coordinating anion in order to activate the catalyst. Such an
exchange is in most instances performed by addition of a silver salt of the less coordinating anion,
which however is often not an optimum solution, since it has been pointed out that the presence of
silver centers can stabilize off-cycle intermediates or even promote catalyst decomposition [38,41].
Gold(I) complexes with in-built weakly coordinated counteranions can be prepared and employed
as silver-free catalytic systems, but they generally suffer from poor stability, hence they do not
represent a practical solution. Alternatively, the same species can be generated in a more gradual
way using a copper instead of a silver salt for the anion exchange, which reduces the rate of
decomposition to Au metal and consequently improves the performance of the catalytic system [42].
Another alternative to in situ halide exchange by silver salts seems to be the use of mono- or dinuclear
hydroxyl complexes developed by the group of Nolan from their original NHC-gold complexes of
type 1. These complexes can quickly provide the catalytically competent cationic species by addition
of a few equivalent of a strong acid with a weakly coordinating conjugated base [43].

As stated in the previous section, the counteranion needs to be poorly coordinating in order not
to compete with the alkyne for coordination to gold. However, it can serve also to other purposes, in
particular for facilitating proton transfer by shuttling the proton from the nucleophile to the carbon
atom, and also for activating the water nucleophile through hydrogen bonding. Actually,
computational studies performed on gold(I)-catalyzed alkyne hydrations carried out in the presence
of excess water (i.e., with water as the (co)solvent) have suggested that the role of proton shuttle can
be taken up by excess water itself, which shuttles protons through the build-up of a network of
hydrogen bonds [44]. Under such conditions, the only effect of the counteranion is related to its
competition with the alkyne for coordination to gold, and consequently the less coordinating the
anion, the more active the catalytic system (provided sufficient stability of the gold complex is
granted). On the other hand, when the reaction is carried out with stoichiometric water in an aprotic,
nonbasic solvent or under solventless conditions, the effect of the nature of the anion becomes much
more critical. This effect was studied in detail by the group of Zuccaccia through a combination of
experimental catalytic tests employing Nolan’s catalyst 1 with different counteranions and
computational techniques [40]. The resulting mechanism is highlighted in Figure 1.
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Figure 1. Mechanism of alkyne hydration highlighting the potential role of the anion X. Reproduced
with permission from ref. [40]. Copyright 2016 American Chemical Society.

The experimental results proved that only anions with intermediate basicity, such as
trifluoromethanesulfonate or bis(triflimidate), were able to efficiently promote the reaction. These
anions were not sufficiently coordinating to deactivate the gold center irreversibly forming the Inner
Sphere Ion Pair (ISIP), but on the other hand were sufficiently basic to activate the nucleophile by
hydrogen bonding (in the Outer Sphere Ion Pair, OSIP) and to mediate proton transfer from oxygen
to carbon in Intermediate I and also in Intermediate II, which facilitates enol-ketone tautomerization.

3.3. Effect of the Gold Oxidation State

Despite the fact that the first pioneering studies on gold as catalyst for alkyne hydration have
been carried out with gold(IIl) species, only few investigations have been performed with them as
catalyst, possibly because the recorded catalytic performances have been generally found to be much
less satisfactory than with gold(I) complexes [45-47]. For example, Nolan has investigated NHC
gold(IIl) complexes of general formula NHCAuBrs using the same NHC ligands that he successfully
employed in his gold(l) catalysts. However, the corresponding gold(IIl) complexes were found to be
much less effective, even when activated by addition of one equivalent of silver hexafluorophosphate
as a weakly coordinated anion (TOF max. 10 h1) [45]. Interestingly, computational studies have been
carried out on the reaction mechanism with gold(Ill) compounds as catalysts, the most notable result
being the high activation barrier for the protonolysis step. This is in line with the higher
electronegativity of gold(Ill) compared to gold(I), and may well account for the much slower reaction
rate observed with this metal center [47].
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3.4. Effect of the Reaction Conditions

The solvent can play a major role in gold-catalyzed alkyne hydration reactions, since it becomes
inevitably involved in the reaction mechanism. For example, Nolan often employed in his studies
methanol-water mixtures; under reaction conditions, methanol can act as a cocatalyst reacting first
as a nucleophile toward the coordinated alkyne, providing hydroalkoxylation products (see next
Section) that are promptly hydrolyzed to yield the corresponding carbonyl compound as formal
hydration product [35]. Aprotic, non-nucleophilic solvents still possessing some degree of Brensted
basicity can also promote the reaction by facilitating the proton transfer step, while not competing
with the alkyne for coordination to gold [48]. Even the use of apolar solvents may result in good
activities, since the tight ion pairs that are formed between cationic gold catalyst and counteranion
confine the counteranion in close proximity to the metal center, and consequently in a potentially
ideal position to mediate nucleophilic attack and proton transfer, ultimately leading to the reaction
product [48].

Finally, additional additives to the reaction mixture can also have a pronounced effect on the
catalytic performance. The effect of Bronsted acids has been already outlined in the preceding
paragraphs. Tetraalkylammonium salts with weakly coordinating anions have also been occasionally
employed as additives, particularly when solventless reaction conditions are considered. Their scope
is in this case to act as phase transfer catalysts, facilitating the reaction between the alkyne and water,
and also to provide an excess of anions of intermediate basicity that facilitates the reaction [40].

4. Hydroalkoxylation

First reported in the late nineties [49], gold-catalyzed alkyne hydroalkoxylation is a 100% atom-
economic reaction, that can be used to prepare vinyl ethers (addition of one alcohol molecule) and
acetals/ketals (addition of two alcohol molecules, Scheme 5); whereas the former are stable
compounds that can be obtained stereoselectively, the latter undergo rapid hydrolysis in the presence
of water, yielding the ketone product of formal hydration of the alkyne [50]. It is however important
to remark that whereas the process that affords the vinyl ether is a gold-catalyzed reaction, the
following addition of a second alcohol and the obtainment of the ketal or of its hydrolysis product
are classical proton-catalyzed processes. As outlined in the preceding Section, intentional addition of
water to this reaction system is also a viable strategy to form products of formal hydration of the
triple bond.

R R

H R'O
R10)\ifl R10)‘\KHH

[Au] R

R—R + H-OR

Scheme 5. Gold-catalyzed hydroalkoxylation of alkynes.

The chemoselectivity of the reaction is driven primarily by thermodynamics, namely by the
relative stability of the mono-hydroalkoxylation product, the vinyl ether, with respect to that of the
acetal/ketal formed after the addition of a second alcohol molecule. In this regard, some general
trends can be found in the literature. For example, by increasing the steric bulk of the alcohol (e.g.,
using phenol instead of methanol) the selectivity is shifted toward the one-to-one addition and the
obtainment of the vinyl ethers [51]. The same can be stated for the alkyne substrate: bulky
substituents disfavor the addition of a second alcohol molecule [51]. In the reaction between
diphenylacetylene and phenol, usually only the vinyl ether is observed [52]; conversely, in the
reaction between methanol and 3-hexyne the isolation of the vinyl ether is not possible, and formation
of the ketal or, in the presence of water, of the hydration product is always observed [48].
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Reaction conditions are also crucial in determining the selectivity of the system, and by playing
with them it is possible to drive the reaction toward the desired product: for example, use of the
alcohol as solvent (neat conditions) pushes the reaction to full alkyne conversion, but inevitably
favors the formation of the ketal and of the related hydration product. The reaction time is also very
important: the ratio between the vinyl ether and the ketal products obviously decreases by
prolonging the reaction time, in particular if the alcohol is used in excess [51].

The gold-catalyzed intermolecular hydroalkoxylation of alkynes is very challenging from the
regioselectivity point of view [32]. High selectivity is usually obtained only with terminal alkynes. In
that case, the addition of the OR fragment is usually observed at the internal carbon atom
(Markovnikov regioselectivity) [49]. There are however exceptions. For example, ethyl propiolate
reacts affording mainly (but not fully) functionalization in the terminal position showing the typical
reactivity of a- unsaturated carbonyl compounds [51]. On the other hand, controlling the
regiochemistry in the case of internal alkynes is more difficult, although several examples of
regioselective reaction have been reported so far. Again, steric effects play an important role: when
reacting an internal alkyne bearing alkyl substituents of different steric bulkiness, as for example a
methyl and an isopropyl substituent, the nucleophilic attack occurs preferentially at the less
encumbered position (the methyl substituted one) [53]. Electronic effects are fundamental as well: if
the internal alkyne presents an alkyl and an aromatic substituent the selectivity will be toward the
nucleophilic attack at the position bearing the aromatic substituent in most cases [53]. Finally, the
employed catalyst can also influence the regiochemistry of the reaction. There is in fact at least one
example in which by changing the catalyst it is possible to reverse the regioselectivity: the p-
nitrophenoxylation of 1-phenyl-1-propyne. Soho et al. reported that this reaction, when catalyzed by
in situ formed gold(III) complex [AuClsL] (L = phosphine), affords selectively the product in which
the nucleophilic attack occurs at the phenyl bearing position [53]. On the contrary, Nolan et al.
reported that by using as catalyst the dinuclear complex [{Au(IPr)}2(x#-OH)][BF4] the selectivity is
reversed [54]. The authors however did not further rationalize this opposite selectivity.

The gold-catalyzed hydroalkoxylation of alkynes usually proceed with good stereoselectivity
[55,56]. A seminal work in this field was reported by Corma and coworkers [55]: in particular, they
showed that for this gold-catalyzed process the Z isomer is formed first via a trans-hydroalkoxylation
mechanism. Successively, the E isomer can form through a gold-catalyzed isomerization process that
can proceed alternatively through the formation of an acetal or an oxonium intermediate (Scheme 6).
More recently, Nolan et al. demonstrated that the isomerization predominantly proceeds through the
oxonium route [56]. Stereoselectivity has thus been reported to be substrate dependent, because
different substrates may have a different tendency to undergo the isomerization process, e.g., methyl
vinyl ethers isomerize more readily than benzyl vinyl ethers [56]. Moreover, also the choice of the
catalyst is crucial, because different complexes may have a different impact on the isomerization
process. In this frame, as reported by Nolan, the mononuclear complexes [IPrAu(CHsCN)][BF] tends
to deliver in general a lower stereoselectivity compared to the dinuclear complex [{Au(IPr)}2(u-
OH)][BF4] under the same reaction conditions [56].
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Scheme 6. Gold-catalyzed vinyl ether Z-E isomerization.
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As in the case of the hydration reaction discussed in the previous section, the most common
active form of the catalyst is a cationic gold(I) complex of general formula [AuL]*, in which L is an
ancillary ligand capable of stabilizing the gold(I) center, usually a phosphine or an NHC donor. The
active catalyst is usually prepared in situ, using the same strategies outlined in the preceding section.
The reaction mechanism for the gold-catalyzed hydroalkoxylation reaction has been elucidated by
Zhdanko and Mayer in a seminal work [57], and conforms to the general mechanism reported in
Scheme 2, with the same peculiarities and pitfalls described in Sections 2 and 3. Indeed, the
dependence of the catalytic performance of a gold(l) catalyst on the nature of the ligand is
substantially the same as previously illustrated for the hydration reaction. On the other hand, the
effect of the counteranion has been elucidated in greater detail and is slightly different compared to
hydration, as it will be apparent in the following.

4.1. Effect of the Counteranion

The anion effect in the hydroalkoxylation reaction has been extensively studied by Zuccaccia
and coworkers [58,59]. As in the case of the alkyne hydration reaction, the anion present in the system
plays an important role at different stages of the catalytic cycle (Scheme 7): in the formation of the -
coordinated gold(I) complex upon alkyne coordination (i), in the alcohol nucleophilic attack (ii) and
finally in the protodeauration step (iii). In particular, the anion properties that can affect the catalysis
are its basicity and its coordinating ability.

RO OR H* cat OR \ +
H

4

LY
| 1
LAu*-- 1 i

- ‘ RO”

Y Tor 5
© AN - 7
ii.

AuL

i. alkyne n-coordination | | ii. nucleophilic attack | | iii. protodeauration

: \a
,/-\\ /,Y !
LAU*--Y; ‘ H H*
h LA’Q*--'-| ‘or Auls- '/—
/H |' ‘/ N\\—OR

RO

Scheme 7. Gold-catalyzed hydroalkoxylation of alkynes: reaction mechanism in which the anion
contribution to the different steps is highlighted [58].

By means of experimental and theoretical studies the role of the anion in the three mechanistic
steps depicted in Scheme 7 has been well described. In the alkyne m-coordination pre-equilibrium
step (i), the anion can be detrimental to the process in two ways, if it has strong coordinating or basic
properties (Scheme 8) [58].
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Scheme 8. Anion-driven catalyst deactivation pathways in alkyne hydroalkoxylation.

A strongly coordinating anion can form the tricoordinated species F, that prevents the proper
alkyne mt-coordination and activation. Otherwise, a strongly basic anion can generate the alkoxide
species G upon deprotonation of a coordinated alcohol. The resulting coordinated alkoxide inhibits
again alkyne m-coordination and activation.

The alcohol nucleophilic attack step (ii) is anion-assisted through the formation of a hydrogen
bond with the nucleophile. Here the anion acts as a templating agent, by keeping the alcohol in the
proper spatial orientation, and also as a hydrogen bonding acceptor, enhancing alcohol
nucleophilicity. Finally, in the protodeauration step (iii) the anion works as proton shuttle for the
proton transfer. In this step however it has to be remarked that the ligand present in the system also
plays a crucial role. In fact, strongly electron donating ligands favor the Au-C bond breaking in
intermediate C (Scheme 7) [60].

Zuccaccia et al. have studied in detail the mechanism reported in Scheme 7, by focusing on the
methoxylation of 3-hexyne at 30 °C in CDCls. Conversion versus time obtained by using [LAu]*
catalyst (L = 1,3-dimethylimidazol-2-ylidene) and different anions (Scheme 9) are reported in Figure

2 [58].
Q Q
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Scheme 9. Anions used by Zuccaccia et al. in their studies [58,59].
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Figure 2. 3-hexyne conversion curves in the methoxylation reaction performed at 30 °C in CDCls
obtained by using different anions in the catalytic system. Reproduced with permission from ref. [58].
Copyright 2016 American Chemical Society.
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Some of the data obtained by Zuccaccia in the catalytic evaluation of the anions are reported in
Table 1 [58]; the bond dissociation energy (BDE) for the reaction LAuX = [LAu]* + [X]- is reported as
well (L = 1,3-dimethylimidazol-2-ylidene). Anion coordinating ability is estimated by the mentioned
BDE and increases in the sequence BFs+ < ClOs < OTf < OTs™ < OMs- < NOs~ < TFA- < OAc. An
interesting picture emerges when TOF values are plotted against anion BDE and pKs (Figure 3):
clearly, the anions delivering the best performances are OTs- and OMs-, and the authors attribute this
to their balanced coordinating and hydrogen bonding accepting ability.

Table 1. Results reported by Zuccaccia et al. on the hydromethoxylation of 3-hexyne [58]. Reaction
conditions: 30 °C, alkyne (0.88 mmol), methanol (3.52 mmol), 1 mol% cat. LAuX (L = 1,3-
dimethylimidazol-2-ylidene, X = chosen anion).

Anion Conversion? (%) TOF? (h') BDE (kcal/mol)

BF4+ 99 178 108.3
ClO« 95 140 116.7
OTf 99 196 117.1
OTs" 99 309 126.8
OMs- 99 294 130.2
NOs- 0 0 133.3
TFA- 96 40 133.9
OAc 0 0 150.0

2 Conversion determined via 'H NMR. ? (nproduct/neat)/t(h) at 50% conversion.
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Figure 3. TOF values (at 50% conversion) versus (a) bond dissociation energy (BDE) and (b) pKs of
the different anions obtained by Zuccaccia et al. by using the reactions conditions reported in Table
1. Reproduced with permission from ref. [58]. Copyright 2016 American Chemical Society.

The BF4+ anion has a weak coordinating ability, but having intermediate basic properties, affords
anyway moderate catalytic results. OTf- and ClOs~ are the anions with the lowest pKs value in the
series, but having a comparatively lower BDE value afford quite good catalysts, particularly in the
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case of OTf". NOs~ and TFA- have a much lower activity compared to OTs~ even though they have a
similar BDE value; even considering their pKs value it is not possible to account for their poor activity,
considering that they also have an intermediate pKs value between the best anions in the series (OTs"
and OMs"). In this case the authors invoked the different molecular shape. In fact, the most active
anions present a spherical shape (OTs- and OMs~), whereas those having a planar shape (NOs~ and
TFA-) present lower catalytic activity. A different shape of the counteranion may result in a different
location and orientation of the counteranion relative to the cationic gold complex in the ion pair
responsible for catalysis, and consequently in a different capability of the counteranion to actively
promote the process [61]. The total inactivity of OAc- is explained by its high coordination ability
toward the gold(I) species [LAu]*, consequently preventing alkyne coordination and activation;
moreover, this anion is also the one with the lowest pKs value.

It is quite remarkable that the results of the studies by Zuccaccia et al. point at OTs- and OMs-
as the anions yielding the most efficient catalytic systems, whereas in the mechanistically strictly
related hydration reaction discussed in the preceding Section less coordinating anions such as OTf-
appear optimum. To add even more complexity to this mechanistic puzzle, it has been demonstrated
that the anion effect is ligand dependent [62]. In a study carried out by Zuccaccia et al. on the
methoxylation of 3-hexyne at 30 °C in CDCls, the anion effect has been compared to different gold(I)
catalysts bearing different ancillary ligands: triphenylphosphine (PPhs), tritertbutylphosphine (P(t-
Bu)s), tri(3,5-bis(trifluoromethyl)phenyl)-phosphine (PATF) and 1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene (IPr). It is interesting to note that the catalytic efficiency of the
system depends on the ligand-anion combination. Complexes with phosphine-based ligands show
the same trend by changing the anion: OTf- anion turned out to be the best in this case. Differently,
in the case of the NHC ligand IPr, the OTs- anion shows the best activity (Figure 4). Here again, effects
related to the location and orientation of the counteranion with varying ancillary ligand can come
into play and justify the different observed dependence. Finally, the anion effect is also solvent
dependent: as demonstrated by Zhdanko and Mayer, by increasing the polarity of the solvent, the
impact of the anion effect on the catalysis is reduced [63].
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Figure 4. TOF values (min”, at 30% conversion) obtained by Zuccaccia et al. by using different
combinations of gold(I) catalysts and anions in the reactions conditions reported in Table 1.
Reproduced with permission from ref. [62]. Copyright 2015 American Chemical Society.

4.2. Dual Gold Catalysis

An interesting feature of homogeneous gold catalysis is the possibility of having a double
substrate activation. The involvement of two gold centers in a single catalytic cycle is known as dual
gold catalysis [64-67].

As illustrated in Section 2, formation of gem-diaurated species or of a dinuclear c,n-alkynyl
complex in the course of gold-catalyzed reactions with alkynes is quite common (Scheme 2). In
particular, gem-diaurated vinyls have been identified as relevant gold-containing species in
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hydroalkoxylation reaction mixtures [68]. Their accumulation is however considered detrimental in
the case of alkyne hydroalkoxylation reactions, since these species are not involved in the main
catalytic cycle and undergo slow protonolysis to liberate the reaction product [41]. There is however
at least one exception to this general trend, reported by Nolan and coworkers [52,54]. In their studies,
the authors analyzed the hydrophenoxylation of diphenylacetylene using the dinuclear gold(I)
complex [{Au(IPr)}2(x~OH)][BF4] as catalyst (Scheme 10).

oH [cat] ©\O

Ph———~Ph + >
x._Ph
Toluene, 80 °C, 60 min Ph

Ho O ]*
[cat] = /O\A
IPr’Au u‘IPr

BF,

Scheme 10. Hydrophenoxylation of diphenylacetylene catalyzed by [{Au(IPr)}2(x-OH)][BF4] [54].

The proposed mechanism is reported in Scheme 11. Complex [{Au(IPr)}2(2-OH)][BF4] (1A) is in
equilibrium with species 2A and 3A that are a Lewis acid and a Brensted base, respectively.
Compounds 2A and 3A in the presence of diphenylacetylene and phenol, lead to a simultaneous
activation of the alkyne and of the alcohol: 2A reacts with the alkyne forming the corresponding 7t-
coordinated compound I, 3A reacts with phenol affording compound II. Subsequently species I and
II reacts to give the gem-diaurated compound III, in equilibrium with the mononuclear gold-vinyl
compound IV. Finally species IV can undergo the protonolysis step forming the product, the vinyl
ether 6 and the starting form of the catalyst.

HAU(IPr)}p(-OH)IIBFy] ~——————"= [Au(IPN][BF4] + [Au(IPr)(OH)]
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Scheme 11. Reaction mechanism for the hydrophenoxylation of diphenylacetylene catalyzed by
[{Au(IPr)}2(x-OH)][BF4] proposed by Nolan et al. [54]. Reproduced with permission from ref. [54].
Copyright © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

An interesting evidence of the cooperativity of the two gold centers lies in the fact that isolated
compound I reacts with phenol affording only 8% product yield. Preformed compound II does not
react at all with diphenylacetylene. However, reaction between species I and II leads to quantitative
product formation.
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This cooperative mechanism is nevertheless advantageous only with phenols. It has been
demonstrated, both with experimental and with computational mechanistic studies, that the use of
such dinuclear gold complexes as catalysts for the intermolecular alkyne hydroalkylation with
aliphatic alcohols does not provide any substantial advantage over the use of simple mononuclear
complexes as catalysts [56,69].

5. Hydroamination

Efficient gold-catalyzed intermolecular alkyne hydroamination (Scheme 12) has been reported
for the first time in the same years in which alkyne hydration and hydroalkoxylation were originally
developed [70]. Compared to these reactions, though, alkyne hydroamination is a much broader
reaction class, since there is a plethora of molecules containing a nucleophilic NH function that can
be used as reactants. It is not within the scope of this review to broadly cover all the possible nitrogen-
containing nucleophilic substrates that have been employed in this reaction, and the interested reader
is referred to other more comprehensive contributions on this subject [71,72]. Here, we will focus on
the nitrogen nucleophiles that have been most frequently employed for mechanistic studies, in order
to shed light on the key parameters that need to be optimized for achieving best catalytic

performance.
R
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Scheme 12. General gold-catalyzed alkyne hydroamination reactions.

Quite obviously, the nature of the nitrogen nucleophile can have a very strong impact on the
reaction, and both electronic and steric effects come into play. Concerning electronic effects, the Lewis
basicity of these compounds is often markedly higher than that of water or alcohols. Consequently,
these nitrogen nucleophiles will have a stronger tendency to compete with the alkyne for
coordination to the gold center. Furthermore, the higher Brensted basicity of nitrogen nucleophiles
may promote the deprotonation of coordinated terminal alkynes and their consequent
transformation into o-bound gold alkynyls and related dinuclear gold complexes of type C (Scheme
2). Indeed, the groups of Corma and Widenhofer gathered convincing experimental proofs on the in
situ predominant formation of o,n-dinuclear gold alkynyl complexes when the hydroamination of
phenylacetylene with aniline was considered [14,15,21]. However, a subsequent computational study
performed on the same reaction, while confirming on the one hand that the formation of such
dinuclear gold alkynyl complexes was favored, also concluded that they were not the catalytically
competent species [73]. Instead, the catalytic cycle matched the one presented in Scheme 2, and other
thorough mechanistic studies performed using ammonia or hydrazine as a nucleophile (Scheme 13)
[74,75] confirmed this substantial similarity, at least for what it concerns the initial steps of the
catalytic cycle. Thus, in spite of the strong coordinating power possessed in particular by ammonia,
the reaction goes through an external nucleophilic attack of the nitrogen nucleophile to a
mononuclear, cationic-complex of the alkyne with gold.

The main differences with the general mechanism, apart from the fact that a cationic LAu-
nitrogen nucleophile complex may represent the catalyst resting state, is that it is the nucleophile that
assists proton transfers, instead of the counteranion/solvent (though it should be remembered that
both water and alcohols can do the same when they are employed as nucleophiles in stoichiometric
excess, see Sections 3 and 4) and especially that in the case of ammonia or hydrazine (but perhaps
also of other primary nitrogen nucleophiles) two successive proton transfers take place after
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nucleophilic attack. Indeed, simple protonolysis to liberate the enamine product does not take place;
instead, a gold-bound alkyliminium ion 5 is formed (Scheme 13), which undergoes tautomerization
via gold migration to an N-bound enamine 6. The enamine then tautomerizes to the imine 7 within
the gold coordination sphere through a second, rate-determining proton transfer (see also below).
The rate of these proton transfers will be obviously influenced by the Brensted basicity of the nitrogen
nucleophile: the more basic is the nucleophile, the more reluctant its conjugated acid will be to
transfer the proton to the vinyl carbon atom.

ITJHZ-NH-;H'
A‘u
L 2
R—=—R' ligand exchange
TSe
NHo-NH, *
R pe) .
% + nucleophilic attack
\ N R— R'—I phili
\ QC/‘" TSNuc
= Al NH,-NH,
|
)y' ! 3\\ NHZ-NH;H-
R
cHy R—7 R
' Au
HoN-NT R \ 4
Al L
u
\ 7 first H*-transfer
L (N2H,4 assisted)
second H*-transfe
(N,H, assisted) TSpry
(tautomerization I1) I+
R.H NH-NH, ™"
TSpr2 | H
HoN-HN" "R R R
A.L” N~ _— Au
6 | 5

gold-migration L
(tautomerization 1)

TSTa u

Scheme 13. Reaction mechanism for the gold-catalyzed alkyne hydrohydrazination reaction.
Reproduced with permission from ref. [75]. Copyright 2015 American Chemical Society.

Steric effects also contribute to define the reactivity of the nitrogen nucleophile, since steric bulk
may render the nucleophile less prone to attack at the coordinated alkyne: for example, secondary
amines are generally much less reactive than primary amines. Furthermore, as for the previous
reactions, internal alkynes react more sluggishly and generally need higher catalyst amounts and
higher temperatures to be converted at a synthetically useful rate.

The selectivity issue regarding this reaction is also much more intricate than in the case of alkyne
hydration and hydroalkoxylation. First of all, the reaction regioselectivity follows the general trends
already outlined for the previous reactions: thus, reaction with terminal alkynes generally exhibits
Markovnikov selectivity, whereas lower selectivity is observed with unsymmetrically substituted
internal alkynes, unless substituents are present on the alkyne substrate which strongly differ for
their stereoelectronic properties or which possess functional groups that direct the nucleophilic attack
preferentially toward one of the carbon atoms [76-78]. Another important selectivity issue arises
when nucleophiles with stoichiometry RNH: or RR'NH are employed (Scheme 12), since only the
former generates the corresponding imine, whereas the product of the latter is the corresponding
enamine. These obviously different products have their own chemical behavior and can also evolve
differently under reaction conditions. For example, imines are prone to hydrolysis and in the
presence of traces of water provide the corresponding ketone; this reaction sequence can be conceived
as a strategy to develop an amine-assisted hydration of alkynes [78]. Furthermore, it has been
demonstrated that in the presence of excess alkyne the hydroamination product can undergo further
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reactions such as multiple hydroamination (with the enamine as HNu) [79], or, in the case of terminal
alkynes, cycloaddition reactions (Scheme 14) [80].
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Scheme 14. Cascade reactions of primary products of gold-catalyzed alkyne hydroaminations.

Additional rearrangement options can be present whenever suitably functionalized alkynes are
employed as reagents [78].

Apart from the regioselectivity and the chemoselectivity (particularly in the case of possible
consecutive reactions of the hydroamination product), the stereoselectivity of the reaction is also an
issue in the case of enamine formation. Indeed, from the general reaction mechanism outlined in
Scheme 2, the exclusive formation of enamine products of formal anti addition of H-NRR’ to the
alkyne can be postulated. However, opposite stereoselectivity has been reported with secondary
amines [77]. This led several scientists to favor a mechanism based on an internal nucleophilic attack
of the secondary nitrogen compound to the alkyne, proceeding through a tricoordinated cationic
gold(I) complex. Later studies however pointed out that it is not necessary to postulate an internal
nucleophilic attack, since a mechanism like the one detailed in Scheme 13 could already account for
the observed stereochemistry. Indeed, the alkyliminiun intermediate 5 in Scheme 13 bears a single C-
C bond through which the organic fragment can rotate, thereupon inverting the stereochemistry at
the double bond. It has been experimentally proved that such an intermediate is accessible also from
the free enamine plus the catalytic species LAu* [81]. In this way, a gold-catalyzed isomerization of
the initially formed enamine product takes place, similar to the isomerization of enol ethers described
in Section 4, but presumably more efficient, given the greater ease of formation of the gold-bound
iminium cation with the respect to the oxonium cation. Consequently, since the same gold catalyst
employed for the hydroamination reaction is also able to efficiently promote the isomerization of the
enamine product, the overall result of the reaction will be the formation of the thermodynamically
more favored stereoisomer, and not necessarily of the one directly resulting from the anti addition of
the amine to the alkyne.

Apart from the reaction selectivity, the main problem in using nitrogen nucleophiles in this
reaction is the Lewis basicity of the nitrogen compounds, which may render them reasonably good
ligands for gold, thereupon deactivating the catalyst. For this reason, for example, ammonia and
aliphatic amines are much more rarely employed compared to aromatic amines [76,77,82,83]. This
might be also the reason why, in contrast to the reactions treated before, ligand electronic effects come
into play beside steric ones, as it will be discussed below.
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5.1. Effect of the Ligand

Some alkyne hydroamination reactions, such as the reaction of arylacetylenes with anilines, have
become in recent years quite popular test reactions for quickly evaluating the reactivity of gold
complexes. Consequently, there is a great deal of data available in the literature, including several
quite systematic studies regarding both the optimization of the catalytic activity and the substrate
scope of the reaction. From these results, it is quite evident that the dependence of the catalytic
performance on the nature of the employed ligand to gold is less straightforward than in the case of
alkyne hydration or hydroalkoxylation discussed in the previous sections; steric bulk of the ligand is
still important, but ligand electronic properties become important as well, and the general trend is
that there is a direct correlation between electron donating power of the ligand and catalytic activity.

Xu and Hammond screened several ligands for this reaction [23]; they concluded that electron-
donating ligands favored the process, but that steric bulk was also important to prevent catalyst
decomposition. On the basis of their results, they developed the new ligand 4 (Scheme 15), a
phosphine bearing two sterically encumbered biphenyl groups and an electron-donating cyclohexyl
group [84]. The corresponding gold(I) complex with triflate as counteranion was one order of
magnitude more active than the benchmark NHC-Au-OTf complex derived from complex 1 and,
upon addition of HsPW12040 as acid promoter, a catalyst loading down to only 0.0025 mol% at 50 °C
could be proficiently employed. In the same year, the group of Lavallo reported on gold complexes
with ligand 5, which features a phosphine ligand with a bulky, anionic carboranyl substituent; the
resulting zwitterionic gold(I) complex required no activation by silver salts and allowed to reach full
conversions with as low as 0.001 mol% Au at 50 °C (TONs up to 95,000) [85]. An internal alkyne such
as diphenylacetylene was also readily converted, although in this case a much higher catalyst amount
(0.1 mol%) and a higher reaction temperature (80 °C) were needed for efficient catalysis. More
recently, gold(I) complexes with strongly electron donating ylide-functionalized phosphines of type
6 [86] were proposed: they exhibited high activity in the simple reaction of phenylacetylene and
aniline (TON up to 8000 at 50 °C, 14,400 at 80 °C) and were also able to react secondary aromatic
amines as well as internal alkynes, though again at a higher temperature. Comparable activity was
also obtained with bulky NHC ligands bearing a barbiturate moiety as wingtip substituent [87].
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Scheme 15. Current top performing ligands 4-6 for gold(I)-catalyzed alkyne hydroaminations and
gold catalysts 7-8 capable of converting aliphatic amines.

All these catalysts shared the same general ligand features, namely strong electron-donating
character and steric bulkiness, ensuring both high activity and robustness in order to sustain the
harsher reaction conditions needed for the conversion of internal alkynes and secondary amines. The
presence of a negative charge on the ligand in close proximity to the gold center also seems to exert
a positive effect on the catalytic performance. On the other hand, the quest for catalysts capable of
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efficiently converting more electron-rich nitrogen nucleophiles, such as ammonia or aliphatic amines,
was up to now much less successful. The most notable examples include the functionalized biphenyl
phosphine complex 7 described by Stradiotto [77] and the CAAC complex 8 developed by the group
of Bertrand [82,83]. Both these systems were able to catalytically convert aliphatic amines such as
morpholine and piperidine, albeit at somewhat higher reaction temperatures, and complex 8 was also
the first reported catalyst for hydroaminations with ammonia. The catalyst features promoting such
a reactivity with ammonia and aliphatic amines, beside its robustness and resistance at the required
high reaction temperatures, remain however unclear and merit further investigation.

5.2. Effect of the Counteranion

The effect of the counteranion in gold-catalyzed hydroamination reactions has been much less
extensively studied than in the case of hydration or hydroalkoxylation. This effect is however
expectedly less pronounced than in the former cases, since it is less probable that the counteranion
plays in this reaction all the roles that have been outlined in the preceding sections. In particular, the
presence of a basic nitrogen nucleophile in great excess with respect to the counteranion will make
the former more likely to play a role in the proton transfer and protonolysis steps of the reaction.
Indeed, computational studies favor this hypothesis [75]. Consequently, the only effect that the
counteranion will exert will be in the competition for coordination to gold, and indeed in the few
cases in which this effect has been considered a simple inverse correlation was observed between the
coordinating power of the anion and the catalytic performance [88].

5.3. Effect of the Gold Oxidation State

After the pioneering studies by Utimoto et al. in the 1980s on NaAuCls as a catalyst for alkyne
hydrofunctionalization reactions, which also included examples of intramolecular hydroamination
[89], few further examples have been reported on the use of gold(Ill) catalysts for the hydroamination
of alkynes, and the catalytic performance displayed by these complexes in the reaction was not
particularly remarkable compared to benchmark gold(I) compounds [90,91]. As already discussed in
Section 3, gold(Ill) probably slows down the proton transfer and possibly also the subsequent
tautomerization reactions that ultimately liberate the hydroamination product (Scheme 13).

Alkyne hydroamination is also the hydrofunctionalization reaction that has been chiefly
investigated in the context of catalysis by Au metal nanoparticles. Catalytic efficiency has been
demonstrated at high temperature (80-100 °C) and with standard, reactive substrates such as
phenylacetylene and aniline derivatives [26,27]; aliphatic amines and internal alkynes were found to
be unreactive, and catalyst deactivation was also observed because of the deposition of alkyne
oligomers on the surface of the gold nanoparticles [92]. On the other hand, it has been also
demonstrated that the catalyst can be photoactivated, when, for example, the Au nanoparticles are
deposited on a photoactive oxide material such as TiO:2 [93]. In these conditions, standard
hydroamination reactions have been successfully carried out at room temperature. Similarly, micelle-
stabilized gold clusters made out of just a few gold atoms are also active catalysts at room
temperature [94]. More work is needed to shed light on the reaction mechanism in these cases, and
consequently on the best way to further optimize the catalytic performance.

5.4. Effect of the Reaction Conditions

The reaction conditions for intermolecular gold-catalyzed alkyne hydroaminations have been
extensively varied. Several solvents were employed; whereas coordinating solvents expectedly
slowed down the reaction, noncoordinating ones performed better; use of ionic liquids as solvents
provided further rate acceleration, presumably because of facilitated proton transfer [87], although
they could also hamper the solubility of the substrates and have consequently a detrimental effect on
the catalytic performance. Actually, solventless conditions proved in several instances to be the most
useful to reach high catalytic activities [76,82,85-87]. Addition of salts with slightly basic, poorly
coordinating anions such as triflate proved beneficial, particularly when solventless conditions and
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weakly basic nitrogen nucleophiles were employed [95]; again, this is presumably due to facilitated
proton transfer within the catalytic cycle. On the other hand, the effect of the addition of acids is
controversial. Beside reports in which acid addition is necessary for the generation of the catalytically
competent species [70], there are authors who recorded no effect at all and other reports in which the
addition of acid proved instead beneficial [84]. Possibly the fine features of the reaction mechanism
with different substrates and catalysts and the consequent varying importance of proton
transfer/protonolysis in the overall reaction kinetics explain this behavior.

5.5. Dual Gold Catalysis

As discussed above, it is generally believed that dinuclear gold(I) alkynyl complexes play no
specific role in the mechanism of hydroamination but instead act as reservoir of catalytically active
species [73]. Nevertheless, some investigations have been carried out on the use of di- or polynuclear
gold complexes as catalysts, in the hope of disclosing systems that can coordinate both reaction
substrates, activating them and bringing them in spatial proximity to facilitate reaction. Nolan et al.
have extended the application of the dinuclear, hydroxyl-bridged gold(I) NHC complexes that they
successfully developed for the hydrophenoxylation of alkynes (Scheme 11) to hydroamination
reactions employing azoles as the NH nucleophiles [95]. Indeed, the dinuclear complexes proved
again superior to analogous mononuclear ones, and the authors explain their behavior in similar
terms, i.e., through the simultaneous activation of the alkyne (by n-coordination to a cationic gold
center) and of the azole (by interaction with a gold hydroxide complex with subsequent
deprotonation and coordination).

Our group has also observed a cooperative effect with dinuclear complexes of type 9 (Scheme
16), with which we have investigated the catalytic efficiency in standard hydroamination reactions
in dependence from parameters such as the steric bulk of the wingtip substituents and the length of
the bridge between the NHC units [88]. Interestingly, we observed on the one hand increased
catalytic activity by replacing a bulky aryl wingtip substituent with a methyl one, but also a lower
stability of the complex preventing e.g., reaction with internal alkynes or secondary aromatic amines,
which have to be carried out at higher temperature. On the other hand, we also observed a
significantly higher catalytic activity for the complex bearing a propylene bridge between the NHC
units; we know from previous investigations that this bridge allows the gold centers to come in close
proximity [96], hence we speculate that in this case a cooperative reaction mechanism can be present
to some extent, in which one gold center in a dinuclear complex coordinates the alkyne and the other
one coordinates the amine, subsequently directing its attack to the coordinated alkyne. Analogous
observations have been made by other groups in studies on polynuclear gold(I) complexes [97].
Apparently, a similar mechanism is instead not operative in the case of alkyne hydroalkoxylation,
where we record similar activity irrespective of the length of the bridge [51]; this obviously correlates
with the much lower tendency of an alcohol substrate to coordinate to gold.

[—\ [
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Scheme 16. Dinuclear Au complexes employed as cooperative hydroamination catalysts [88]; n=
1-3, R=Me, Mes, DiPP

6. Hydroarylation

The intermolecular addition of aromatic C-H bonds across the triple bond of an alkyne, i.e.,
alkyne hydroarylation [98], is the counterpart to alkyne hydroamination, in the sense that in the
former case a particularly weak nucleophile is employed, instead of a relatively strong one. Whereas
intramolecular, gold-catalyzed alkyne hydroarylation reactions, often simply termed “cyclization”
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reactions, are quite well-known in the literature [99], studies on the intermolecular variant are instead
rather sparse [100], and very few dedicated mechanistic studies have been reported, which will be
discussed in the following.

As in the related hydrofunctionalization reactions discussed in this article, the general
mechanism for intermolecular alkyne hydroarylation is supposed to comprise the two key steps
outlined in Scheme 2, namely the external nucleophilic attack on the gold-coordinated alkyne, and
the proton transfer/protonolysis to release the arylalkene product and the gold catalyst.
Consequently, products of formal anti addition of H-Nu to the alkyne are expected also in this case.
On the other hand, the regioselectivity of the hydroarylation reaction can vary quite extensively,
depending in particular on the electronic properties of the alkyne substituents. For example, when
the electron-poor ethyl propiolate is the substrate, complete anti-Markovnikov regioselectivity is
observed and the reaction yields the E isomer of the-arylated olefin as the major product (Scheme 17,
Reaction 1). Conversely, when the relatively electron-rich phenylacetylene is reacted with mesitylene,
the regioselectivity is reversed and the a-arylated product is formed (Scheme 17, Reaction 2). In the
following section, we will summarize the most relevant findings pertaining to the mechanism of such

reactions.
Reaction 1
H H
CO,Et [Au] X
. -
/éi % CO,Et
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Scheme 17. Benchmark reactions for hydroarylation of an electron-poor alkyne (above) and for
hydroarylation of an electron-rich alkyne (below).

The pioneering studies conducted by the groups of Reetz [101] and He [102], in 2003 and 2004
respectively, utilized simple gold salts to catalyze intermolecular hydroarylation of alkynes. In the
report by Reetz, gold(Ill) chloride, in combination with certain silver(I) salts (SbFs~ and BF+),
catalyzes the hydroarylation of phenylacetylene by mesitylene in nitromethane with good yields.
With more electron-poor alkynes such as ethyl propiolate, AuCls was surpassed in its effectiveness
by gold(I) complexes such as PhsPAuCl, and the Lewis Acid BFs-OEt: was shown to be an excellent
cocatalyst, as an alternative to silver(l) salts. The authors reported that exclusion of moisture is
needed to maximize yields.

The group of He reported instead on the hydroarylation of electron-poor alkynes using the
AuCls/AgOTf catalyst/cocatalyst combination. At room temperature, with 1,2-dichloroethane as a
solvent and generally longer reaction times, only one equivalent arene (instead of at least two
equivalences used by Reetz) was used to produce the hydroarylation products in good to excellent
yields. With some substrates, solventless conditions were shown to drastically reduce reaction times.
All reactions were performed under air.

Subsequent work by our group [103] and others [104-106] has expanded on such reactions using
well-defined gold catalysts. N-heterocyclic carbene (NHC) complexes of Au(l) are shown to catalyze
Reaction 2 at low catalyst loadings (0.1 mol%) at room temperature. In addition to the AgBF.
cocatalyst, an acid (1 equiv HBF4) is also used. Replacing HBF. with trifluoroacetic acid (HTFA) leads
to a lower yield, although some reactivity remains even under neutral conditions. Consistent with
the report by Reetz, an Au(I) NHC complex outperforms its Au(Ill) counterpart in these catalytic
reactions. Using slightly milder reaction conditions (0.1 mol% catalyst/AgBFs, 10 mol% HBF;,
dichloroethane, room temperature), Hahn and coworkers [106] used an Au(l) phosphine with a
tethered phosphine oxide moiety as catalyst for the same reaction and recorded improved results.
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As part of their work to develop cationic phosphine ligands, Alcarazo and coworkers [107]
showed that Au(I) complexes with cationic phosphine ligands such as 9 (Scheme 18) possessed
superior catalytic activity for Reaction 1 compared with simple Au(I) complexes of PPhs or P(OPh)s.
Based on reduction potential measurements, the authors suggested that the cationic phosphines are
weaker donors than phosphites and should account for the enhanced acceptor
properties/electrophilicity of the resulting Au(l) compounds. However, catalyst stability issues cap
the conversions at around 60%. Subsequent DFT studies by Fernandez and coworkers [108] predicted
that the cationic phosphine ligand is responsible for a 9 kcal/mol decrease in the activation barrier
(compared to PPhs) for the nucleophilic attack step, presumably the rate-determining-step of the
reaction.

In the only example where the scope of a well-defined Au(IlI) catalysts rivals that of AuCls, the
group of Bourissou [109] synthesized a C-P cyclized Au(Ill) complex 10 (Scheme 18) and showed its
catalytic activity for both Reaction 1 and a close analogue of Reaction 2. The reactions proceeded in
CH:Cl/TFA at room temperature under 5 mol% catalyst loading, and achieved 69% yield for reaction
1 in 5 minutes. While ethyl propiolate was not tested, reaction of mesitylene with methyl propiolate
achieved 99% yield within 30 minutes. Using a benchmark reaction with the more activated alkene
1,3,5-trimethoxybenzene and diphenylacetylene, the Au(IlI) complex showed superior activity to its
C-N, P-C-P pincer, and Au(l)-phosphine counterparts. AuCls/3AgTFA was also shown to be less
active, highlighting the importance of the specific ligand system. HTFA was necessary, as replacing
it with acetic acid completely shuts down catalysis. Interestingly, added silver has no effect on this
silver-free system, and conducting the reaction in air using technical solvents also had minimal effect
on the benchmark reaction.

| /\ OOCCF,
"\*T")/ FI’AI‘Z Ar = 3,5-(CF3)CgH3 Ph,P—Au-OOCCF;
Et Au
SbFg Cl
9 10

Scheme 18. Novel gold complexes as catalysts for alkyne hydroarylation reactions. For additional
explanations, see main text.

In our most recent contributions to this topic, [110,111] ionic liquids (IL) are adopted as the
solvent system in Au(l) catalysis of Reaction 2. Under neutral conditions in an IL, IPrAuCl catalyzed
Reaction 2 at low catalyst loading to achieve full conversion of the alkyne within one hour, a
significant improvement over the same system in dichloroethane. Intriguingly, a study on the ligand
effects showed no clear pattern—electron-rich phosphines and IPr performed worse than PPhs,
whereas using an electron-poor triaryl phosphite ligand led to low activity. The anion component of
the IL is shown to influence the reactivity, as bis(trifluoromethylsulfonyl)imide (NTfz2) paired with 1-
butyl-3-methylimidazolium significantly outperformed its PF¢- analogue and the BFs~ version shuts
down catalysis altogether. While the IL solvent system benefits the catalytic Reaction 2, such system
is inactive for the Au(I)-catalysis of Reaction 1.

6.1. Mechanistic Considerations: Rate-Determining Step

Based on the available literature data, it is plausible that either one of the key steps of the catalytic
cycle could be the rate-determining step, varying based on the choice of substrates and the oxidation
state of the catalyst. In the case of Au(l)-catalyzed Reaction 1, the electron-rich alkyne raises the
activation barrier for the nucleophilic attack, and only in cases where the associated ligand withdraws
enough electron density from the alkyne, as in the case of Alcarazo’s system, does the catalytic
reaction proceed to a significant extent. In the case of Au(I)-catalyzed Reaction 2, the electron-poor
alkyne makes nucleophilic attack on the Au-bound alkyne more favorable. In turn, conditions that
favor the proton transfer/protonolysis process, such as the presence of an acid, become important.
Indeed, the importance of a Brensted acid to enhance catalytic activity of Reaction 2 is shown in our
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[103] and Hahn’s [106] work. The ability of IL to enhance catalytic performance can also be a result
of IL providing a more favorable environment for proton transfer/protonolysis, thus lowering the
barrier of the step and leading to faster alkyne hydroarylation. This mechanistic hypothesis is further
corroborated by a recent systematic study by the group of Hashmi on the ligand and counteranion
effects in several gold(I)-catalyzed reactions [112], including an intramolecular hydroarylation of an
electron-rich terminal alkyne group. Results proved in first instance that catalytic performance
exhibited an inverse correlation with the basicity of the anion. Second, although the effect of the
ligand was somewhat blurred by the comparatively low stability of some complexes under reaction
conditions, poorly electron-donating ligands clearly stood out as the best choice. These observations
confirm previous ones and indicate in this case the nucleophilic attack of the arene as the rate-
determining step of the process.

For Au(Ill)-catalyzed hydroarylation, the proton-transfer step exhibits a larger barrier as the
Au(III)-C bond is more resistant to protonolysis [113], as pointed out also in Section 3 in the context
of alkyne hydration [47]. As a result, the discrete Au(IIl) catalysts for hydroarylation present in the
recent literature [103,109] required the presence of acid. The exceptions to the above picture are the
AuCls-catalyzed reactions, some of which were shown to work in the absence of any added acid
[101,102]. However, as suggested by Reetz, the oxidation state of such Au/Ag systems are ill-defined
and alternative pathways might be at work.

Interestingly, using a bifunctional ligand 11 to allow outer-sphere H-bonding between a tethered
amide group with an incoming arene nucleophile, the group of Li and Zhang recently developed a
versatile Au(I)-based system for alkyne hydroarylation by f-naphthol (Scheme 19) [114]. The system
is highly selective for hydroarylation and no hydrophenoxylation reaction (Section 3) is observed. It
is also specific to naphthol as a nucleophile, as no reactivity is observed when phenol is used instead,
presumably because the latter is less nucleophilic. The reaction is effective even at the gram scale,
and a broad scope of alkynes can be hydroarylated. It is remarkable that the directing/activating effect
of the functional group on the ligand allows to overcome the kinetic barrier even with alkynes, such
as phenylacetylene, that are not easily activated by gold(I) for this reaction.

Ph——=
1 mol"/ LAuCI ' Ad
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929% (4 h)

Scheme 19. Gold-catalyzed hydroarylation of phenylacetylene with B-naphthol exploiting a
directing/activating group on the ligand.

Interestingly, NaBATrF served as a better cocatalyst than AgOTf, and no acid cocatalyst was
required even under a low catalyst loading and temperature. Control experiments further showed
the presence of the hydroxyl group as an H-bonding donor to be important, as when the hydroxy
group in 2-napthol was replaced by a methoxy or an acetoxy group, no reaction was observed. The
results are consistent with the nucleophilic attack being the rate-determining step in Au(I)-catalyzed
hydroarylation of electron-rich alkynes.

6.2. Comparison of the Au(I) and Au(1II) Oxidation States

Alkyne hydroarylation presents a rare case where the catalytic activity of well-defined Au(I) and
Au(Ill) systems can be compared. In our hands [103], an Au(I)-NHC catalyst was systematically
superior to its Au(Ill) analogue in catalyzing Reaction 2 and related reactions involving electron-poor
alkynes. However, this system is inactive in catalyzing Reaction 1 with a more electron-rich alkyne.
In fact, no Au(I)-based system has yet been demonstrated to be active for both Reaction 1 and
Reaction 2, as have been shown for AuCls and Bourissou’s Au(Ill) catalysts.
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In the case of Bourissou’s Au(Ill)-based C-P bidentate complexes, no Au(l) analogues exists for
the featured C-P bidentate ligand, and such analogue will likely block both coordination sites for the
Au(l) center. However, the group showed in a set of control experiments that the high hydroarylation
reactivity is ligand specific and does not extend to related Au(Ill) complexes with different ligand
motifs.

6.3. Intermolecular Hydroarylation with Heteroarenes

Alkyne hydroarylation by heteroarenes are in general more facile because of the increased
nucleophilicity of the heterocycles. Oftentimes, the hydroarylation with these substrates is combined
with subsequent cyclization reactions to form products such as carbazoles, indolizines, and phenols.
Since such cascade reactions are already summarized in previous reviews [98,99], we will focus
instead on the mechanistic aspects of the key hydroheteroarylation step.

The efficiency of Au-catalyzed alkyne hydroarylation is significantly higher with heteroarenes
than with regular arenes. The group of He [115] reported AuCls-catalyzed hydroarylation of ethyl
propiolate by indole or 2,3-benzofuran within minutes. In comparison, the same group reported that
AuCls-catalyzed hydroarylation of the same alkyne by mesitylene requires days and the addition of
a silver(I) salt. In our hands [111], Au(I)-catalyzed hydroarylation of ethyl propiolate by heteroarenes
in ionic liquids achieves similar conversion at room temperature instead of 60 °C, under otherwise
identical conditions. Furthermore, in contrast with hydroarylation with regular arenes (see Section
6.1), hydroarylation of both electron-rich phenylacetylene and electron-deficient ethyl propriolate
can be effectively catalyzed by Au(I)-NHC and Au(I)-phosphine complexes.

6.4. Selectivity: Monoarylation Versus Diarylation

An interesting aspect of alkyne hydroarylation by heteroarenes lies in the facile second
hydroarylation of the heteroarylalkene product to form the diarylated product (Scheme 1). In fact,
most of the literature on alkyne hydroarylation by heteroarenes reported selectivity for the diarylated
product [115-119]. Remarkably, products of double hydroarylation of the triple bond are generally
not observed when regular arenes are employed as substrates. A computational study by the group
of Ariafard [120], using the MesPAu*-catalyzed hydroarylation of propyne by pyrrole in the presence
of acetic acid as a model system, suggested multiple, competitive pathways for the double
hydroarylation product with overall barrier similar to that of the first hydroarylation. In all these
pathways, the gold center is not directly involved in the second hydroarylation process, but it rather
acts indirectly by promoting the generation of protons which in turn catalyze the hydroarylation. Au-
complexed acetic acid, Au-complexed alkyne, and the Au vinyl intermediate (compound B, Scheme
2) all could serve as a viable proton source to generate a crucial carbocation intermediate, which in
turn is transformed into the doubly hydroarylated product (Scheme 20).
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Scheme 20. Gold- and proton-catalyzed double hydroarylation of propyne with pyrrole.

A subsequent kinetic study by Hashmi on the Au(l)-catalyzed hydroarylation of
phenylacetylene by heterocycles indicated that phenylacetylene served as a source of proton for the
second hydroarylation observed in such reactions [121]. In the absence of phenylacetylene as a proton
source, Au(I) is unable to catalyze further conversion of the monoarylated product (Scheme 21,
reaction (b)); on the other hand, a proton source by itself, such as 5% HNTf
(bis(trifluoromethanesulfonyl)imine) proves adequate to catalyze the second hydroarylation in the
absence of gold. The fact that the second hydroarylation is proton-driven leads to the counterintuitive
observation that use of excess pyrrole provides higher selectivity for the monohydroarylated product
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over the dihydroarylated one. Use of a higher number of equivalents of the heteroarene leads to faster
consumption of the phenylacetylene before it can form gold-bound alkynyls with liberation of
protons, thus limiting the production of the diarylated product. To drive selectivity toward the
diarylated product, addition of a Brensted acid in a second step (Scheme 21, reaction (a)) results in
the complete conversion to the diarylated product in minutes, which can be put to advantage in the
production of double hydroarylation products bearing two different heteroaryl substituents.
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Scheme 21. Proton-catalyzed (a) vs. gold-catalyzed (b) hydroarylation of vinyl-substituted
heteroarenes.

Very recently, it has been established by the group of Lee that in the case of 2,3 or 4-substituted
indoles the gold-catalyzed hydroarylation reaction of arylacetylenes conveniently stops at the
monohydroarylation stage using a defect of indole [122]. Steric effects are invoked to explain the lack
of further reactivity. Nevertheless, deliberate addition of an acid allows also in this case to effect a
second hydroarylation with a different heterocycle, thus opening the way to the preparation of more
complex products.

7. Addition of Acids

Alkyne hydrofunctionalization by reaction with Brensted acids as HNu is a very peculiar
reaction among those that are treated in this review. Acids in neutral form are generally poor
nucleophiles, but their acid properties may efficiently promote proton transfer/protonolysis
processes that take place after nucleophilic attack of the acid to the coordinated alkyne, according to
the general mechanism outlined in Scheme 2. Furthermore, the conjugated bases of these acids are
stronger nucleophiles but also potential ligands for gold centers, hence their presence in high
concentrations deactivates the catalyst. This impairs the reactivity in this context of strong acids with
strongly coordinating conjugated bases, such as hydrochloric acid. Indeed, hydrofunctionalization
using this acid as nucleophile has been achieved only recently, employing gold(I) complexes with
Buchwald biphenylphosphines as ligands and using HCI/DMPU as the HCl source [123]; use of this
peculiar HCI source enhances its nucleophilicity upon the establishment of a strong hydrogen bond
to DMPU without the formation of high concentrations of free chloride. The process requires 2 mol%
Au and delivers mainly the trans hydrochlorinated product with high Markovnikov regioselectivity
in the case of terminal alkynes. Interestingly, following the success of gas-phase acetylene
hydrochlorination using supported gold catalysts [124], heterogeneous gold metal catalysts such as
Au/TiO2 have been also successfully employed for alkyne hydrochlorination reactions in solution,
using HCI/DMPU or HCI in 1,4-dioxane as reagent [29,30]. Formation of cis-hydrochlorinated
products with Markovnikov regioselectivity has been observed in these cases, which points toward
a mechanism fundamentally different from the one outlined in Scheme 2; indeed, the mechanism has
been investigated both experimentally and computationally by the group of Corma and has been
rationalized through a surface reaction involving dissociative adsorption of HCI at the gold surface
followed by regioselective, stepwise addition to an adsorbed alkyne molecule (Scheme 22) [30]. The
efficiency of this process, though, needs to be further optimized, since it still requires 2-5 mol% Au
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and temperatures in the range 80-120 °C for several hours; furthermore, catalyst deactivation by
surface deposition of alkyne oligomers was observed also in this case.

H Cl
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Scheme 22. Mechanism of the alkyne hydrochlorination reaction catalyzed by supported Au metal.
Reproduced with permission from ref. [30]. Copyright © 2020 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.

The reaction is more facile with hydrofluoric acid, mainly because of the lower coordinating
ability of fluoride toward gold(I). Hydrofluorination of internal alkynes with EtsN-3HF was reported
already in 2007 by the group of Sadighi [125]. The reaction required an acid cocatalyst, since the
acidity of the employed EtsN-3HF hydrofluorinating reagent was too low to enable efficient final
protonolysis, and was efficiently promoted by 2.5 mol% gold(I) complexes with bulky NHC ligands.
After the seminal report by Sadighi, several other examples of application of this synthetic
methodology followed. In 2014, the group of Xu and Hammond introduced HF/DMPU as a reagent
for alkyne hydrofluorination reactions [126]. With this reagent, no acid cocatalyst was needed, and
the reaction scope could be extended to terminal alkynes. The catalyst of choice was in this case a
JohnPhos-gold(I) complex, still employed at 2.5 mol% concentration. As usual, products of anti-
addition of HF were obtained with all these homogeneous gold(I) catalysts, and complete
Markovnikov regioselectivity was observed with terminal alkynes, whereas with internal alkynes
electronic or otherwise directing effects of the substituents at the triple bond determined the
regioselectivity [125-127]. By employing suitable additives and reaction conditions, the resulting
vinyl fluoride product can sum another equivalent of HF forming gem-alkyl difluorides, in a process
that is however not gold-catalyzed [126]. No systematic optimization study has been carried out for
this reaction for what it concerns the ligand at gold as well as its counteranion. Whereas bulky,
electron-rich ligands are seemingly favored also in this case, the employed counteranions range from
noncoordinating anions introduced through exchange with silver salts [125,127] to imidate [126] or
bifluoride [128] anions; the latter require no activation of the complex by silver salts.

Finally, carboxylic acids have been also employed as nucleophiles in gold-catalyzed alkyne
intermolecular hydrofunctionalization reactions to conveniently produce vinylesters (Scheme 23).
The first report was published in 2010 [129] and showcased 5 mol% in situ formed PhsPAu* as
catalyst. As in several other gold-catalyzed intermolecular hydrofunctionalization reactions, also in
this case internal alkynes reacted more sluggishly than terminal ones; consequently, subsequent
research concentrated on the activation of internal alkynes for this process. Use of water as a reaction
solvent and of acetate as counteranion for Au apparently resulted in improved yields, though the
required catalyst concentration still remained high [130]. Furthermore, the group of Nolan applied to
this reaction the same dinuclear catalytic system that proved very useful in alkyne
hydrophenoxylations reactions (Scheme 11), and indeed the approach proved successful, allowing to
use one order of magnitude less catalyst compared to mononuclear complexes [131]. The authors
postulated for this reaction the same cooperative mechanism discussed in Section 4.2, with
simultaneous activation of the alkyne (by-coordination to gold) and of the carboxylic acid (by
deprotonation and coordination). From the point of view of catalytic activity, by far the most
successful catalytic system up to now was the one developed by Li and Zhang [132]. They employed
as catalyst a gold(I) complex with the same bifunctional ligand 11 that was employed by the group
also for hydroarylations with B-naphtols (see Section 6.1). The remote functional group on the ligand
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was capable of establishing a hydrogen bond with an incoming carboxylic acid, thereupon exerting
a directing and activating effect on the nucleophile. The resulting catalytic productivities were
extremely high, reaching TONs up to 105, and the catalyst was able to convert both terminal and
internal alkynes with high regio- and stereoselectivity. Interestingly, the catalytic system was found
to be efficient also for alkyne hydration reactions and hydroaminations with aniline.
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Scheme 23. General gold-catalyzed alkyne hydrocarboxylation reaction.

8. Conclusions and Outlook

Gold-catalyzed intermolecular alkyne hydrofunctionalizations represent a broad family of
reactions, in which, despite the common general catalytic cycle showcased in Scheme 2, the efficiency
of the process strongly depends on fine mechanistic features as well as on the characteristics of the
employed nucleophile HNu and alkyne reagent. A detailed mechanistic understanding of each of
these reactions is therefore mandatory in order to quickly identify catalytic systems and reaction
conditions with optimum performance for a given synthetic problem; the resulting knowledge will
be useful also to rationalize the application of homogeneous gold catalysts to other reaction classes
beyond hydrofunctionalizations [133]. While some reactions have been studied in greater detail,
several others still need to be completely understood for what it concerns the role and importance of
the ligand at gold, of the counteranion, of the solvent, of the presence of additional additives, and of
the reaction conditions. We hope that this review article will provide stimulus to complete these
investigations, in order to have an overall picture that will greatly help synthetic chemists both in
academia and industry in the development of synthetic strategies involving these reactions and gold
catalysis.

Funding: This research received no external funding.

Acknowledgments: C.H.L. thanks Rhode Island College, RI, USA, for the award of a sabbatical period to be
spent at the University of Padova, Italy.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gold Catalysis: Preparation, Characterization, and Applications; Villa, A., Prati, L., Eds; Pan Stanford
Publishing: Singapore, 2016.

2. Heterogeneous Gold Catalysts and Catalysis; Ma, Z., Dai, S., Eds.; RSC Catalysis Series; Royal Society of
Chemistry: Cambridge, UK, 2014.

3. Gold Catalysis: An Homogeneous Approach; Toste, F.D., Michelet, V., Eds.; Catalytic Science Series; Imperial
College Press: London, UK, 2014.

4. Homogeneous Gold Catalysis; Slaughter, L.M., Aponick, A., Eds.; Topics in Current Chemistry; Springer:
Cham, Switzerland, 2015.

5. Praveen, C. Carbophilic Activation of rt-Systems via Gold Coordination: Towards Regioselective Access of
Intermolecular Addition Products. Coord. Chem. Rev. 2019, 392, 1-34, d0i:10.1016/j.ccr.2019.04.010.

6.  Alyabyev, S.B.; Beletskaya, I.P. Gold as a Catalyst. Part I. Nucleophilic Addition to the Triple Bond. Russ.
Chem. Rev. 2017, 86, 689-749, d0i:10.1070/RCR4727.

7. Alyabyev, S.B.; Beletskaya, L.P. Gold as a Catalyst. Part II. Alkynes in the Reactions of Carbon—-Carbon Bond
Formation. Russ. Chem. Rev. 2018, 87, 984-1047, doi:10.1070/RCR4815.

8.  Dorel, R.; Echavarren, A.M. Gold(I)-Catalyzed Activation of Alkynes for the Construction of Molecular
Complexity. Chem. Rev. 2015, 115, 9028-9072, doi:10.1021/cr500691k.



Catalysts 2020, 10, 1210 29 of 35

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Tang, X.-T.; Yang, F.; Zhang, T.-T ; Liu, Y.-F,; Liu, S.-Y.; Su, T.-F.; Lv, D.-C.; Shen, W.-B. Recent Progress in
N-Heterocyclic Carbene Gold-Catalyzed Reactions of Alkynes Involving
Oxidation/Amination/Cycloaddition. Catalysts 2020, 10, 350, doi:10.3390/catal10030350.

Bhunia, S.; Ghosh, P.; Patra, S.R. Gold-Catalyzed Oxidative Alkyne Functionalization by N-O/5-O/C-O
Bond Oxidants. Adv. Synth. Catal. 2020, adsc.202000274, doi:10.1002/adsc.202000274.

Zeng, X. Recent Advances in Catalytic Sequential Reactions Involving Hydroelement Addition to Carbon—
Carbon Multiple Bonds. Chem. Rev. 2013, 113, 6864—-6900, doi:10.1021/cr400082n.

Sciortino, G.; Mufoz-Lépez, S.; Lledds, A.; Ujaque, G. Comparative Mechanistic Study on the [Au(NHC)]*-
Catalyzed  Hydration  of  Alkynes,  Alkenes, and  Allenes.  Organometallics ~ 2020,
doi:10.1021/acs.organomet.0c00292.

Long, N.J.; Williams, C.K. Metal Alkynyl o Complexes: Synthesis and Materials. Angew. Chem. Int. Ed. 2003,
42, 2586-2617, doi:10.1002/anie.200200537.

Grirrane, A.; Garcia, H.; Corma, A.; Alvarez, E. Intermolecular [2 + 2] Cycloaddition of Alkyne-Alkene
Catalyzed by Au(I) Complexes. What Are the Catalytic Sites Involved? ACS Catal. 2011, 1, 1647-1653,
do0i:10.1021/cs2004278.

Brown, T.J.; Widenhoefer, R.A. Cationic Gold(I) m-Complexes of Terminal Alkynes and Their Conversion
to Dinuclear o,mt-Acetylide Complexes. Organometallics 2011, 30, 6003-6009, doi:10.1021/0m200840g.
Weber, D.; Gagné, M.R. Aurophilicity in Gold(I) Catalysis: For Better or Worse? In Homogeneous Gold
Catalysis; Slaughter, L.M., Ed.; Topics in Current Chemistry; Springer International Publishing: Cham,
Switzerland, 2014; Volume 357, pp. 167-211, doi:10.1007/128_2014_585.

Ranieri, B.; Escofet, I.; Echavarren, A.M. Anatomy of Gold Catalysts: Facts and Myths. Org. Biomol. Chem.
2015, 13, 7103-7118, doi:10.1039/C50B00736D.

Anania, M.; Jasikova, L.; Zelenka, ]J.; Shcherbachenko, E.; Jasik, J.; Roithov4, ]J. Monoaurated vs. Diaurated
Intermediates: Causality or Independence? Chem. Sci. 2020, 11, 980-988, d0i:10.1039/C9SC05662A.
Gimeno, A.; Cuenca, A.B.; Suarez-Pantiga, S.; de Arellano, C.R.; Medio-Simén, M.; Asensio, G. Competitive
Gold-Activation Modes in Terminal Alkynes: An Experimental and Mechanistic Study. Chem. Eur. ]. 2014,
20, 683-688, doi:10.1002/chem.201304087.

Vreeken, V.; Broere, D.L.J.; Jans, A.C.H.; Lankelma, M.; Reek, ].N.H.; Siegler, M.A; van der Vlugt, ].I. Well-
Defined Dinuclear Gold Complexes for Preorganization-Induced Selective Dual Gold Catalysis. Angew.
Chem. Int. Ed. 2016, 55, 10042-10046, doi:10.1002/anie.201603938.

Grirrane, A.; Garcia, H.; Corma, A.; Alvarez, E. Air-Stable, Dinuclear and Tetranuclear o,mt-Acetylide
Gold(I) Complexes and Their Catalytic Implications. Chem. Eur. ]. 2013, 19, 12239-12244,
d0i:10.1002/chem.201301623.

Seidel, G.; Lehmann, C.W.; Fiirstner, A. Elementary Steps in Gold Catalysis: The Significance of Gem-
Diauration. Angew. Chem. Int. Ed. 2010, 49, 8466-8470, doi:10.1002/anie.201003349.

Wang, W.; Hammond, G.B.; Xu, B. Ligand Effects and Ligand Design in Homogeneous Gold(I) Catalysis.
J. Am. Chem. Soc. 2012, 134, 5697-5705, doi:10.1021/ja3011397.

Jia, M.; Bandini, M. Counterion Effects in Homogeneous Gold Catalysis. ACS Catal. 2015, 5, 1638-1652,
d0i:10.1021/¢s501902v.

Zuccaccia, D.; Del Zotto, A.; Baratta, W. The Pivotal Role of the Counterion in Gold Catalyzed Hydration
and Alkoxylation of Alkynes. Coord. Chem. Rev. 2019, 396, 103-116, doi:10.1016/j.ccr.2019.06.007.

Corma, A.; Concepcion, P.; Dominguez, I.; Forne, V.; Sabater, M. Gold Supported on a Biopolymer
(Chitosan) Catalyzes the Regioselective Hydroamination of Alkynes. J. Catal. 2007, 251, 39-47,
doi:10.1016/j.jcat.2007.07.021.

Liang, S.; Hammond, L.; Xu, B.; Hammond, G.B. Commercial Supported Gold Nanoparticles Catalyzed
Alkyne Hydroamination and Indole Synthesis. Adv. Synth. Catal. 2016, 358, 3313-3318,
do0i:10.1002/adsc.201600804.

Ventura-Espinosa, D.; Martin, S; Mata, J.A. The Non-Innocent Role of Graphene in the
Formation/Immobilization of Ultra-Small Gold Nanoparticles Functionalized with N-Heterocyclic Carbene
Ligands. J. Catal. 2019, 375, 419-426, d0i:10.1016/.jcat.2019.06.009.

Liang, S.; Ebule, R.; Hammond, G.B.; Xu, B. A Chlorinating Reagent Yields Vinyl Chlorides with High
Regioselectivity under Heterogeneous Gold Catalysis. Org. Lett. 2017, 19, 4524-4527,
doi:10.1021/acs.orglett.7b02101.



Catalysts 2020, 10, 1210 30 of 35

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Oliver-Meseguer, J.; Doménech-Carbd, A.; Boronat, M.; Leyva-Pérez, A.; Corma, A. Partial Reduction and
Selective Transfer of Hydrogen Chloride on Catalytic Gold Nanoparticles. Angew. Chem. Int. Ed. 2017, 56,
6435-6439, d0i:10.1002/anie.201700282.

Hintermann, L.; Labonne, A. Catalytic Hydration of Alkynes and Its Application in Synthesis. Synthesis
2007, 2007, 1121-1150, doi:10.1055/s-2007-966002.

Goodwin, J.A.; Aponick, A. Regioselectivity in the Au-Catalyzed Hydration and Hydroalkoxylation of
Alkynes. Chem. Commun. 2015, 51, 8730-8741, doi:10.1039/C5CC00120].

Fukuda, Y.; Utimoto, K. Effective Transformation of Unactivated Alkynes into Ketones or Ketals with a
Gold(IMI) Catalyst. J. Org. Chem. 1991, 56, 3729-3731, d0i:10.1021/j000011a058.

Mizushima, E.; Sato, K.; Hayashi, T.; Tanaka, M. Highly Efficient Au'-Catalyzed Hydration of Alkynes.
Angew. Chem. Int. Ed. 2002, 41, 4563-4565.

Marion, N.; Ramén, R.S.; Nolan, S.P. [[NHC)Au "]-Catalyzed Acid-Free Alkyne Hydration at Part-per-
Million Catalyst Loadings. J. Am. Chem. Soc. 2009, 131, 448-449, doi:10.1021/ja809403e.

Leyva, A.; Corma, A. Isolable Gold(I) Complexes Having One Low-Coordinating Ligand as Catalysts for
the Selective Hydration of Substituted Alkynes at Room Temperature without Acidic Promoters. ]. Org.
Chem. 2009, 74, 2067-2074, doi:10.1021/j0802558e.

Ebule, R.E.; Malhotra, D.; Hammond, G.B.; Xu, B. Ligand Effects in the Gold Catalyzed Hydration of
Alkynes. Adv. Synth. Catal. 2016, 358, 1478-1481, doi:10.1002/adsc.201501079.

Gatto, M.; Del Zotto, A,; Segato, J.; Zuccaccia, D. Hydration of Alkynes Catalyzed by L-Au-X under
Solvent- and Acid-Free Conditions: New Insights into an Efficient, General, and Green Methodology.
Organometallics 2018, 37, 4685-4691, doi:10.1021/acs.organomet.8b00689.

Heidrich, M.; Bergmann, M.; Miiller-Borges, D.; Plenio, H. Bispentiptycenyl-N-Heterocyclic Carbene
(NHC) Gold Complexes: Highly Active Catalysts for the Room Temperature Hydration of Alkynes. Adv.
Synth. Catal. 2018, 360, 3572-3578, doi:10.1002/adsc.201800605.

Gatto, M.; Belanzoni, P.; Belpassi, L.; Biasiolo, L.; Del Zotto, A.; Tarantelli, F.; Zuccaccia, D. Solvent-, Silver-
, and Acid-Free NHC-Au-X Catalyzed Hydration of Alkynes. The Pivotal Role of the Counterion. ACS
Catal. 2016, 6, 7363-7376, d0i:10.1021/acscatal.6b01626.

Zhdanko, A.; Maier, M.E. Explanation of “Silver Effects” in Gold(I)-Catalyzed Hydroalkoxylation of
Alkynes. ACS Catal. 2015, 5, 5994-6004, doi:10.1021/acscatal.5b01493.

Guérinot, A.; Fang, W.; Sircoglou, M.; Bour, C.; Bezzenine-Lafollée, S.; Gandon, V. Copper Salts as
Additives in Gold(I)-Catalyzed Reactions. Angew. Chem. Int. Ed. 2013, 52, 5848-5852,
doi:10.1002/anie.201300600.

Gaillard, S.; Bosson, J.; Ramén, R.S.; Nun, P.; Slawin, AM.Z.; Nolan, S.P. Development of Versatile and
Silver-Free Protocols for Gold(I) Catalysis. Chem. Eur. J. 2010, 16, 13729-13740, d0i:10.1002/chem.201001688.
Krauter, C.M.; Hashmi, A.SK.; Pernpointner, M. A New Insight into Gold(I)-Catalyzed Hydration of
Alkynes: Proton Transfer. ChemCatChem 2010, 2, 1226-1230, doi:10.1002/cctc.201000136.

de Frémont, P.; Singh, R.; Stevens, E.D.; Petersen, J.L.; Nolan, S.P. Synthesis, Characterization and
Reactivity of N -Heterocyclic Carbene Gold(Ill) Complexes. Organometallics 2007, 26, 1376-1385,
do0i:10.1021/0m060887t.

Casado, R.; Contel, M.; Laguna, M.; Romero, P.; Sanz, S. Organometallic Gold(IIl) Compounds as Catalysts
for the Addition of Water and Methanol to Terminal Alkynes. . Am. Chem. Soc. 2003, 125, 11925-11935,
doi:10.1021/ja036049x.

Cordén, J.; Jiménez-Osés, G.; Lopez-de-Luzuriaga, ]. M.; Monge, M.; Olmos, M.E.; Pascual, D. Experimental
and Theoretical Study of Gold(IlI)-Catalyzed Hydration of Alkynes. Organometallics 2014, 33, 3823-3830,
doi:10.1021/0m500523r.

Gatto, M.; Baratta, W.; Belanzoni, P.; Belpassi, L.; Del Zotto, A.; Tarantelli, F.; Zuccaccia, D. Hydration and
Alkoxylation of Alkynes Catalyzed by NHC-Au-OTf. Green Chem. 2018, 20, 2125-2134,
doi:10.1039/C8GC00508G.

Teles, ].H.; Brode, S.; Chabanas, M. Cationic Gold(I) Complexes: Highly Efficient Catalysts for the Addition
of Alcohols to Alkynes. Angew. Chem. Int. Ed. 1998, 37, 1415-1418, doi:10.1002/(SICI)1521-
3773(19980605)37:10<1415:: AID-ANIE1415>3.0.CO;2-N.

Huguet, N.; Echavarren, A.M. Gold-Catalyzed O-H Bond Addition to Unsaturated Organic Molecules. In
Hydrofunctionalization; Ananikov, V.P., Tanaka, M., Eds.; Topics in Organometallic Chemistry; Springer:
Berlin/Heidelberg, Germany, 2013; pp. 291-324; ISBN 978-3-642-33735-2.



Catalysts 2020, 10, 1210 31 of 35

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

Marcheggiani, E.; Tubaro, C.; Biffis, A.; Graiff, C.; Baron, M. Hydroalkoxylation of Terminal and Internal
Alkynes Catalyzed by Dinuclear Gold(I) Complexes with Bridging Di(N-Heterocyclic Carbene) Ligands.
Catalysts 2019, 10, 1, d0i:10.3390/catal10010001.

Gomez-Suarez, A.; Oonishi, Y.; Martin, A.R.; Vummaleti, S.V.C.; Nelson, D.].; Cordes, D.B.; Slawin, A.M.Z.;
Cavallo, L.; Nolan, S.P; Poater, A. On the Mechanism of the Digold(I)-Hydroxide-Catalysed
Hydrophenoxylation of Alkynes. Chem. Eur. ]. 2016, 22, 1125-1132, doi:10.1002/chem.201503097.

Kuram, M.R.; Bhanuchandra, M.; Sahoo, A.K. Gold-Catalyzed Intermolecular Hydrophenoxylation of
Unactivated Internal Alkynes. ]. Org. Chem. 2010, 75, 2247-2258, d0i:10.1021/j01000143.

Oonishi, Y.; Gomez-Suarez, A.; Martin, A.R.; Nolan, S.P. Hydrophenoxylation of Alkynes by Cooperative
Gold Catalysis. Angew. Chem. Int. Ed. 2013, 52, 9767-9771, doi:10.1002/anie.201304182.

Corma, A. Ruiz, V.R; Leyva-Pérez, A. Sabater, M.]. Regio- and Stereoselective Intermolecular
Hydroalkoxylation of Alkynes Catalysed by Cationic Gold(I) Complexes. Adv. Synth. Catal. 2010, 352, 1701-
1710, doi:10.1002/adsc.201000094.

Veenboer, R.M.P.,; Dupuy, S.; Nolan, S.P. Stereoselective Gold(I)-Catalyzed Intermolecular
Hydroalkoxlation of Alkynes. ACS Catal. 2015, 5, 1330-1334, d0i:10.1021/cs501976s.

Zhdanko, A.; Maier, M.E. The Mechanism of Gold(I)-Catalyzed Hydroalkoxylation of Alkynes: An
Extensive Experimental Study. Chem. Eur. ]. 2014, 20, 1918-1930, doi:10.1002/chem.201303795.

Trinchillo, M.; Belanzoni, P.; Belpassi, L.; Biasiolo, L.; Busico, V.; D’Amora, A.; D’Amore, L.; Del Zotto, A.;
Tarantelli, F.; Tuzi, A.; et al. Extensive Experimental and Computational Study of Counterion Effect in the
Reaction Mechanism of NHC-Gold(I)-Catalyzed Alkoxylation of Alkynes. Organometallics 2016, 35, 641—
654, doi:10.1021/acs.organomet.5b00925.

Biasiolo, L.; Trinchillo, M.; Belanzoni, P.; Belpassi, L.; Busico, V.; Ciancaleoni, G.; D’Amora, A.; Macchioni,
A.; Tarantelli, F.; Zuccaccia, D. Unexpected Anion Effect in the Alkoxylation of Alkynes Catalyzed by N-
Heterocyclic Carbene (NHC) Cationic Gold Complexes. Chem. Eur. ]. 2014, 20, 14594-14598,
doi:10.1002/chem.201404539.

D’Amore, L.; Ciancaleoni, G.; Belpassi, L.; Tarantelli, F.; Zuccaccia, D.; Belanzoni, P. Unraveling the
Anion/Ligand Interplay in the Reaction Mechanism of Gold(I)-Catalyzed Alkoxylation of Alkynes.
Organometallics 2017, 36, 2364-2376, doi:10.1021/acs.organomet.7b00377.

Biasiolo, L.; Ciancaleoni, G.; Belpassi, L.; Bistoni, G.; Macchioni, A.; Tarantelli, F.; Zuccaccia, D. Relationship
between the Anion/Cation Relative Orientation and the Catalytic Activity of Nitrogen Acyclic Carbene—
Gold Catalysts. Catal. Sci. Technol. 2015, 5, 1558-1567, d0i:10.1039/C4CY01440E.

Biasiolo, L.; Del Zotto, A.; Zuccaccia, D. Toward Optimizing the Performance of Homogeneous L-Au-X
Catalysts through Appropriate Matching of the Ligand (L) and Counterion (X-). Organometallics 2015, 34,
1759-1765, doi:10.1021/acs.organomet.5b00308.

Zhdanko, A.; Maier, M.E. Explanation of Counterion Effects in Gold(I)-Catalyzed Hydroalkoxylation of
Alkynes. ACS Catal. 2014, 4, 2770-2775, d0i:10.1021/cs500446d.

Larsen, M.H.; Houk, K.N.; Hashmi, A.S.K. Dual Gold Catalysis: Stepwise Catalyst Transfer via Dinuclear
Clusters. J. Am. Chem. Soc. 2015, 137, 1066810676, doi:10.1021/jacs.5b05773.

Hashmi, A.S.K. Dual Gold Catalysis. Acc. Chem. Res. 2014, 47, 864-876, doi:10.1021/ar500015k.

Hashmi, A.S.K.; Schuster, A.M.; Rominger, F. Gold Catalysis: Isolation of Vinylgold Complexes Derived
from Alkynes. Angew. Chem. Int. Ed. 2009, 48, 8247-8249, doi:10.1002/anie.200903134.

Goémez-Sudrez, A.; Nolan, S.P. Dinuclear Gold Catalysis: Are Two Gold Centers Better than One? Angew.
Chem. Int. Ed. 2012, 51, 8156-8159, d0i:10.1002/anie.201203587.

Roithova, J.; Jankova, S.; Jasikov4, L.; Vana, J.; Hybelbauerovd, S. Gold-Gold Cooperation in the Addition
of Methanol to Alkynes. Angew. Chem. Int. Ed. 2012, 51, 8378-8382, doi:10.1002/anie.201204003.
Casals-Cruanas, E.; Gonzélez-Belman, O.F.; Besali-Sala, P.; Nelson, D.J.; Poater, A. The preference for dual-
gold(I) catalysis in the hydro(alkoxylation vs. phenoxylation) of alkynes. Org. Biomol. Chem. 2017, 15, 6416~
6425, doi:10.1039/C70OB01457K.

Mizushima, E.; Hayashi, T.; Tanaka, M. Au(I)-Catalyzed Highly Efficient Intermolecular Hydroamination
of Alkynes. Org. Lett. 2003, 5, 3349-3352, d0i:10.1021/010353159.

Huang, L.; Arndt, M., Gooflen, K. Heydt, H., Goofien, L]J. Late Transition Metal-Catalyzed
Hydroamination and Hydroamidation. Chem. Rev. 2015, 115, 2596-2697, d0i:10.1021/cr300389u.



Catalysts 2020, 10, 1210 32 of 35

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Tashrifi, Z.; Mohammadi Khanaposhtani, M.; Biglar, M.; Larijani, B.; Mahdavi, M. Recent Advances in
Alkyne Hydroamination as a Powerful Tool for the Construction of C-N Bonds. Asian ]. Org. Chem. 2020,
9, 969-991, doi:10.1002/ajoc.202000092.

Mazzone, G.; Russo, N.; Sicilia, E. Catalytic Role of Dinuclear o,mt-Acetylide Gold(I) Complexes in the
Hydroamination of Terminal Alkynes: Theoretical Insights. J. Chem. Theory Comput. 2015, 11, 581-590,
doi:10.1021/ct500849m.

Kovacs, G.; Lledds, A.; Ujaque, G. Hydroamination of Alkynes with Ammonia: Unforeseen Role of the
Gold(I) Catalyst. Angew. Chem. Int. Ed. 2011, 50, 11147-11151, doi:10.1002/anie.201105309.

Couce-Rios, A.; Kovécs, G.; Ujaque, G.; Lledos, A. Hydroamination of C—C Multiple Bonds with Hydrazine
Catalyzed by N-Heterocyclic Carbene-Gold(I) Complexes: Substrate and Ligand Effects. ACS Catal. 2015,
5, 815-829, d0i:10.1021/cs501705b.

Duan, H,; Sengupta, S.; Petersen, J.L.; Akhmedov, N.G.; Shi, X. Triazole-Au(I) Complexes: A New Class of
Catalysts with Improved Thermal Stability and Reactivity for Intermolecular Alkyne Hydroamination. J.
Am. Chem. Soc. 2009, 131, 12100-12102, d0i:10.1021/ja9041093.

Hesp, K.D,; Stradiotto, M. Stereo- and Regioselective Gold-Catalyzed Hydroamination of Internal Alkynes
with Dialkylamines. J. Am. Chem. Soc. 2010, 132, 18026-18029, d0i:10.1021/ja109192w.

Laserna, V.; Porter, M.].; Sheppard, T.D. Gold-Catalyzed Hydroamination of Propargylic Alcohols:
Controlling Divergent Catalytic Reaction Pathways to Access 1,3-Amino Alcohols, 3-Hydroxyketones, or
3-Aminoketones. J. Org. Chem. 2019, 84, 11391-11406, doi:10.1021/acs.joc.9b00988.

Leyva-Pérez, A.; Cabrero-Antonino, J.R.; Cantin, A.; Corma, A. Gold(I) Catalyzes the Intermolecular
Hydroamination of Alkynes with Imines and Produces a,A’, N -Triarylbisenamines: Studies on Their Use
As Intermediates in Synthesis. J. Org. Chem. 2010, 75, 7769-7780, doi:10.1021/j0101674t.

Liu, X.-Y.; Ding, P.; Huang, ] .-S.; Che, C.-M. Synthesis of Substituted 1,2-Dihydroquinolines and Quinolines
from Aromatic Amines and Alkynes by Gold(I)-Catalyzed Tandem Hydroamination-Hydroarylation
under Microwave-Assisted Conditions. Org. Lett. 2007, 9, 2645-2648, d0i:10.1021/01070814L.

Zhdanko, A.; Maier, M.E. Mechanistic Study of Gold(I)-Catalyzed Hydroamination of Alkynes: Outer or
Inner Sphere Mechanism? Angew. Chem. Int. Ed. 2014, 53, 7760-7764, doi:10.1002/anie.201402557.

Lavallo, V.; Frey, G.D.; Donnadieu, B.; Soleilhavoup, M.; Bertrand, G. Homogeneous Catalytic
Hydroamination of Alkynes and Allenes with Ammonia. Angew. Chem. Int. Ed. 2008, 47, 5224-5228,
doi:10.1002/anie.200801136.

Zeng, X.; Frey, G.D.; Kousar, S.; Bertrand, G. A Cationic Gold(I) Complex as a General Catalyst for the
Intermolecular Hydroamination of Alkynes: Application to the One-Pot Synthesis of Allenes from Two
Alkynes and a Sacrificial Amine. Chem. Eur. |. 2009, 15, 3056-3060, d0i:10.1002/chem.200802626.

Malhotra, D.; Mashuta, M.S.; Hammond, G.B.; Xu, B. A Highly Efficient and Broadly Applicable Cationic
Gold Catalyst. Angew. Chem. Int. Ed. 2014, 53, 4456-4459, d0i:10.1002/anie.201310239.

Lavallo, V.; Wright, ].H.; Tham, F.S.; Quinlivan, S. Perhalogenated Carba- Closo -Dodecaborate Anions as
Ligand Substituents: Applications in Gold Catalysis. Angew. Chem. Int. Ed. 2013, 52, 3172-3176,
doi:10.1002/anie.201209107.

Scherpf, T.; Schwarz, C.; Scharf, L.T.; Zur, ].-A.; Helbig, A.; Gessner, V.H. Ylide-Functionalized Phosphines:
Strong Donor Ligands for Homogeneous Catalysis. Angew. Chem. Int. Ed. 2018, 57, 12859-12864,
do0i:10.1002/anie.201805372.

Tang, Y.; Benaissa, I.; Huynh, M.; Vendier, L.; Lugan, N.; Bastin, S.; Belmont, P.; César, V.; Michelet, V. An
Original L-shape, Tunable N-Heterocyclic Carbene Platform for Efficient Gold(I) Catalysis. Angew. Chem.
Int. Ed. 2019, 58, 7977-7981, d0i:10.1002/anie.201901090.

Baron, M.; Battistel, E.; Tubaro, C.; Biffis, A.; Armelao, L.; Rancan, M.; Graiff, C. Single-Step Synthesis of
Dinuclear Neutral Gold(I) Complexes with Bridging Di(N-Heterocyclic Carbene) Ligands and Their
Catalytic Performance in Cross Coupling Reactions and Alkyne Hydroamination. Organometallics 2018, 37,
4213-4223, doi:10.1021/acs.organomet.8b00531.

Uchimoto, K.; Fukuda, Y.; Utimoto, K.; Nozaki, H. Preparation of 2,3,4,5-Tetrahydropyridines from 5-
Alkynylamines under the Catalytic Action of Au(Ill). Heterocycles 1987, 25, 297-300, d0i:10.3987/S-1987-01-
0297.

Nair, A.G.; McBurney, R.T.; Gatus, M.R.D.; Binding, S.C.; Messerle, B.A. Gold(IlI) NHC Complexes for
Catalyzing Dihydroalkoxylation and Hydroamination Reactions. Inorg. Chem. 2017, 56, 12067-12075,
doi:10.1021/acs.inorgchem.7b02161.



Catalysts 2020, 10, 1210 33 of 35

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Branzi, L.; Baron, M.; Armelao, L.; Rancan, M.; Sgarbossa, P.; Graiff, C.; Pothig, A.; Biffis, A. Coordination
Chemistry of Gold with N -Phosphine Oxide-Substituted Imidazolylidenes (POxIms). New ]. Chem. 2019,
43, 17275-17283, doi:10.1039/CINJ04911H.

Parise, C.; Ballarin, B.; Barreca, D.; Cassani, M.C.; Dambruoso, P.; Nanni, D.; Ragazzini, I.; Boanini, E. Gold
Nanoparticles Supported on Functionalized Silica as Catalysts for Alkyne Hydroamination: A Chemico-
Physical Insight. Appl. Surf. Sci. 2019, 492, 45-54, d0i:10.1016/j.apsusc.2019.05.192.

Zhao, J.; Zheng, Z.; Bottle, S.; Chou, A.; Sarina, S.; Zhu, H. Highly Efficient and Selective Photocatalytic
Hydroamination of Alkynes by Supported Gold Nanoparticles Using Visible Light at Ambient
Temperature. Chem. Commun. 2013, 49, 2676-2678, d0i:10.1039/c3cc38985e.

Lee, L.-C.; Zhao, Y. Room Temperature Hydroamination of Alkynes Catalyzed by Gold Clusters in
Interfacially Cross-Linked Reverse Micelles. ACS Catal. 2014, 4, 688-691, doi:10.1021/cs401213c.

Michon, C.; Gilbert, J.; Trivelli, X.; Nahra, F.; Cazin, C.S.J.; Agbossou-Niedercorn, F.; Nolan, S.P. Gold(1)
Catalysed Regio- and Stereoselective Intermolecular Hydroamination of Internal Alkynes: Towards
Functionalised Azoles. Org. Biomol. Chem. 2019, 17, 3805-3811, doi:10.1039/C90OB00587K.

Baron, M.; Tubaro, C.; Biffis, A.; Basato, M.; Graiff, C.; Poater, A.; Cavallo, L.; Armaroli, N.; Accorsi, G. Blue-
Emitting Dinuclear N-heterocyclic Dicarbene Gold(I) Complex Featuring a Nearly Unit QuantumYield.
Inorg. Chem. 2012, 51, 1778-1784, doi: 10.1021/ic2020786.

Flores-Jarillo, M.; Mendoza-Espinosa, D.; Salazar-Pereda, V.; Gonzalez-Montiel, S. Synthesis and Catalytic
Benefits of Tetranuclear Gold(I) Complexes with a C 4+ -Symmetric Tetratriazol-5-Ylidene. Organometallics
2017, 36, 4305-4312, doi:10.1021/acs.organomet.7b00712.

Boyarskiy, V.P.; Ryabukhin, D.S.; Bokach, N.A.; Vasilyev, A.V. Alkenylation of Arenes and Heteroarenes
with Alkynes. Chem. Rev. 2016, 116, 5894-5986, d0i:10.1021/acs.chemrev.5b00514.

Yamamoto, Y. Synthesis of Heterocycles via Transition-Metal-Catalyzed Hydroarylation of Alkynes. Chem.
Soc. Rev. 2014, 43, 1575-1600, doi:10.1039/C3CS60369E.

Kirillova, M.S.; Miloserdov, F.M.; Echavarren, A.M. Hydroarylation of Alkynes Using Cu, Ag, and Au
Catalysts. In Catalytic Hydroarylation of Carbon-Carbon Multiple Bonds; Ackermann, L., Ed.; Wiley-VCH
Verlag GmbH & Co. KGaA: Weinheim, Germany, 2017; pp. 217-303, doi:10.1002/9783527697649.ch7.
Reetz, M.T.; Sommer, K. Gold-Catalyzed Hydroarylation of Alkynes. Eur. J. Org. Chem. 2003, 2003, 3485
3496, doi:10.1002/ejoc.200300260.

Shi, Z.; He, C. Efficient Functionalization of Aromatic C-H Bonds Catalyzed by Gold(Ill) under Mild and
Solvent-Free Conditions. ]. Org. Chem. 2004, 69, 3669-3671, doi:10.1021/j00497353.

Tubaro, C.; Baron, M.; Biffis, A.; Basato, M. Alkyne Hydroarylation with Au N-Heterocyclic Carbene
Catalysts. Beil. |. Org. Chem. 2013, 9, 246-253, d0i:10.3762/bjoc.9.29.

Bartolomé, C.; Garcia-Cuadrado, D.; Ramiro, Z.; Espinet, P. Exploring the Scope of Nitrogen Acyclic
Carbenes (NACs) in Gold-Catalyzed Reactions.  Organometallics 2010, 29, 3589-3592,
doi:10.1021/om100507r.

El-Hellani, A.; Bour, C.; Gandon, V. Evaluation of the Electronic Properties of a Carbodiphosphorane
through Gold Catalysis. Adv. Synth. Catal. 2011, 353, 1865-1870, doi:10.1002/adsc.201100287.

Hahn, C.; Cruz, L.; Villalobos, A.; Garza, L.; Adeosun, S. Synthesis, Structure and Catalytic Activity of a
Gold( 1 ) Complex Containing 1,2-Bis(Diphenylphosphino)Benzene Monoxide. Dalton Trans. 2014, 43,
16300-16309, doi:10.1039/C4DT02116A.

Tinnermann, H.; Wille, C.; Alcarazo, M. Synthesis, Structure, and Applications of Pyridiniophosphines.
Angew. Chem. Int. Ed. 2014, 53, 8732-8736, doi:10.1002/anie.201401073.

Garcia-Rodeja, Y.; Ferndndez, I. Understanding the Effect of a-Cationic Phosphines and Group 15
Analogues on nt-Acid Catalysis. Organometallics 2017, 36, 460—-466, doi:10.1021/acs.organomet.6b00859.
Blons, C.; Mallet-Ladeira, S.; Amgoune, A.; Bourissou, D. (P,C) Cyclometalated Gold(Ill) Complexes:
Highly Active Catalysts for the Hydroarylation of Alkynes. Angew. Chem. Int. Ed. 2018, 57, 11732-11736,
doi:10.1002/anie.201807106.

Biffis, A.; Tubaro, C.; Baron, M. Advances in Transition-Metal-Catalysed Alkyne Hydroarylations. Chem.
Rec. 2016, 16, 1742-1760, doi:10.1002/tcr.201500285.

Baron, M.; Biffis, A. Gold(I) Complexes in Ionic Liquids: An Efficient Catalytic System for the C-H
Functionalization of Arenes and Heteroarenes under Mild Conditions. Eur. ]. Org. Chem. 2019, 2019, 3687-
3693, doi:10.1002/ejoc.201900529.



Catalysts 2020, 10, 1210 34 of 35

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Schief], J.; Schulmeister, J.; Doppiu, A.; Worner, E.; Rudolph, M.; Karch, R.; Hashmi, A.S.K. An Industrial
Perspective on Counter Anions in Gold Catalysis: Underestimated with Respect to “Ligand Effects.” Adv.
Synth. Catal. 2018, 360, 2493-2502, doi:10.1002/adsc.201800233.

Alcaide, B.; Almendros, P.; del Campo, T.M.; Fernandez, I. Fascinating Reactivity in Gold Catalysis:
Synthesis of Oxetenes through Rare 4-Exo-Dig Allene Cyclization and Infrequent 3-Hydride Elimination.
Chem. Commun. 2011, 47, 9054-9056, d0i:10.1039/c1cc13212a.

Li, T; Yang, Y.; Luo, B.; Li, B.; Zong, L.; Kong, W.; Yang, H.; Cheng, X.; Zhang, L. A Bifunctional Ligand
Enables Gold-Catalyzed Hydroarylation of Terminal Alkynes under Soft Reaction Conditions. Org. Lett.
2020, 22, 6045-6049, doi:10.1021/acs.orglett.0c02130.

Li, Z.; Shi, Z.; He, C. Addition of Heterocycles to Electron Deficient Olefins and Alkynes Catalyzed by
Gold(IM). J. Organomet. Chem. 2005, 690, 5049-5054, doi:10.1016/j.jorganchem.2005.03.009.

Hashmi, A.S.K.; Blanco, M.C. Gold Catalysis: Observation of a Two-Fold Intermolecular Hydroarylation of
Unactivated C-C Triple Bonds. Eur. J. Org. Chem. 2006, 2006, 4340-4342, doi:10.1002/ejoc.200600546.
Ferrer, C.; Amijs, CH.M.; Echavarren, A.M. Intra- and Intermolecular Reactions of Indoles with Alkynes
Catalyzed by Gold. Chem. Eur. ]. 2007, 13, 1358-1373, d0i:10.1002/chem.200601324.

Barluenga, J.; Fernandez, A.; Rodriguez, F.; Fafianas, F.J. Synthesis of Bis(Indolyl)Alkanes by a Site-
Selective Gold-Catalyzed Addition of Indoles to Butynol Derivatives. ]. Organomet. Chem. 2009, 694, 546—
550, doi:10.1016/j.jorganchem.2008.09.059.

Luo, C,; Yang, H.; Mao, R; Lu, C,; Cheng, G. An Efficient Au( 1 ) Catalyst for Double Hydroarylation of
Alkynes with Heteroarenes. New J. Chem. 2015, 39, 3417-3423, doi:10.1039/C4NJ02170C.

Mehrabi, T.; Ariafard, A. The Different Roles of a Cationic Gold( 1) Complex in Catalysing Hydroarylation
of Alkynes and Alkenes with a Heterocycle. Chem. Commun. 2016, 52, 9422-9425, d0i:10.1039/C6CC04370D.
Schiefi], J.; Rudolph, M.; Hashmi, A.S.K. The Gold-Catalyzed Hydroarylation of Alkynes with Electron-
Rich Heteroarenes— A Kinetic Investigation and New Synthetic Possibilities. Adv. Synth. Catal. 2017, 359,
639-653, doi:10.1002/adsc.201600940.

McLean, E.B.; Cutolo, F.M.; Cassidy, O.].; Burns, D.].; Lee, A.-L. Selectivity Control in Gold-Catalyzed
Hydroarylation of Alkynes with Indoles: Application to Unsymmetrical Bis(Indolyl)Methanes. Org. Lett.
2020, 22, 6977-6981, doi:10.1021/acs.orglett.0c02526.

Ebule, R.; Liang, S.; Hammond, G.B.; Xu, B. Chloride-Tolerant Gold(I)-Catalyzed Regioselective
Hydrochlorination of Alkynes. ACS Catal. 2017, 7, 6798-6801, doi:10.1021/acscatal.7b02567.

Malta, G.; Freakley, S.J.; Kondrat, S.A.; Hutchings, G.J. Acetylene Hydrochlorination Using Au/Carbon: A
Journey towards Single Site Catalysis. Chem. Commun. 2017, 53, 11733-11746, doi:10.1039/C7CC05986H.
Akana, J.A.; Bhattacharyya, K.X.; Miiller, P.; Sadighi, J.P. Reversible C-F Bond Formation and the Au-
Catalyzed Hydrofluorination of Alkynes. J. Am. Chem. Soc. 2007, 129, 77367737, d0i:10.1021/ja0723784.
Okoromoba, O.E.; Han, J.; Hammond, G.B.; Xu, B. Designer HF-Based Fluorination Reagent: Highly
Regioselective Synthesis of Fluoroalkenes and Gem -Difluoromethylene Compounds from Alkynes. J. Am.
Chem. Soc. 2014, 136, 14381-14384, doi:10.1021/ja508369z.

Gorske, B.C.; Mbofana, C.T.; Miller, S.J. Regio- and Stereoselective Synthesis of Fluoroalkenes by Directed
Au(l) Catalysis. Org. Lett. 2009, 11, 4318-4321, doi:10.1021/019016782.

Nahra, F.; Patrick, S.R.; Bello, D.; Brill, M.; Obled, A.; Cordes, D.B.; Slawin, A.M.Z.; O’'Hagan, D.; Nolan,
S.P. Hydrofluorination of Alkynes Catalysed by Gold Bifluorides. ChemCatChem 2015, 7, 240-244,
do0i:10.1002/cctc.201402891.

Chary, B.C.; Kim, S. Gold(I)-Catalyzed Addition of Carboxylic Acids to Alkynes. J. Org. Chem. 2010, 75,
7928-7931, doi:10.1021/j0101543q.

Gonzalez-Liste, P.J.; Garcia-Garrido, S.E.; Cadierno, V. Gold( 1 )-Catalyzed Addition of Carboxylic Acids to
Internal Alkynes in Aqueous Medium. Org. Biomol. Chem. 2017, 15, 1670-1679, d0i:10.1039/C60B02800D.
Dupuy, S.; Gasperini, D.; Nolan, S.P. Highly Efficient Gold(I)-Catalyzed Regio- and Stereoselective
Hydrocarboxylation of Internal Alkynes. ACS Catal. 2015, 5, 6918-6921, d0i:10.1021/acscatal.5b02090.



Catalysts 2020, 10, 1210 35 of 35

132. Wang, Y.,; Wang, Z.;Li, Y.; Wu, G.; Cao, Z.; Zhang, L. A General Ligand Design for Gold Catalysis Allowing
Ligand-Directed  Anti-Nucleophilic ~ Attack of Alkynes. Nat. Commun. 2014, 5, 3470,
d0i:10.1038/ncomms4470.

133. Lu, Z.; Hammond, G. B.; Xu, B. Improving Homogeneous Cationic Gold Catalysis through a Mechanism-
Based Approach. Acc. Chem. Res. 2019, 52, 1275-1288, doi: 10.1021/acs.accounts.8b00544

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ ® article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).




