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Gold(Ill) complexes are becoming increasingly important in catalysis and synthetic

methodology. This review summarizes the advances in the organometallic chemistry and
mechanistic understanding of gold(lll) over the last decade.
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Abstract

Over the last decade the organometallic chemistry of gold(Ill) has seen remarkable advances. This
includes the synthesis of the first examples of several compound classes that have long been
hypothesized as being part of catalytic cycles, such as gold(I1l) alkene, alkyne, CO and hydride
complexes, and important catalysis-relevant reaction steps have at last been demonstrated for gold,
such as migratory insertion and -H elimination reactions. Also, reaction pathways that were
already known, such as the generation of gold(Ill) intermediates by oxidative addition and their
reductive elimination, are much better understood. A deeper understanding of fundamental
organometallic reactivity of gold(III) has also revealed unexpected mechanistic avenues, which can
open when the barriers for reactions that for other metals would be regarded as “standard” are too
high. This review summarizes and evaluates these developments, together with applications of
gold(III) in synthesis and catalysis, with emphasis on the mechanistic insight gained in these

investigations.
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1. INTRODUCTION

Gold has remarkable properties that set it apart from other metals. The bulk metal is of
course best known for its inert character and resistance to oxidation and chemical attack and has
therefore long been regarded as unpromising for catalytic applications. Being the most
electronegative of metallic elements (2.54 on the Pauling scale), almost identical to carbon, gold
forms highly covalent, hydrolytically stable, Au—C bonds. This is also the reason why the
exploration of its organometallic chemistry has so long lagged behind work on other noble metals.!
This situation has now drastically changed.

The position of gold in the Periodic Table is unique: In the oxidation state +I, with a filled d-
shell, gold behaves rather like a main group element and forms linear, two-coordinate complexes
which show a marked reluctance to interact with donor ligands perpendicular to the molecular axis.
Gold in the oxidation state +III, on the other hand, displays all the characteristics of a transition
metal, adopts almost exclusively the square-planar coordination geometry that is so familiar from
other heavy metal d® ions, and is distinctly different in terms of structure and reactivity from Au(I)
compounds.

Steric factors permitting, gold(I) compounds have a pronounced tendency to interact with
neighboring gold(I) centers or with other heavy metals to give multimetallic aggregates through
“aurophilic” or, more generally, “metallophilic” interactions. More than any other element gold is
subject to relativistic effects, which for electron-rich gold(I) lead to a contraction of the 6s and 6p
orbitals and an expansion of the 5d shell. Aurophilic interactions are one consequence of this. The
theoretical aspects and structural diversity of aurophilic interactions have been reviewed in detail.>®
Relativistic effects, as well and the lanthanide contraction, reduce the covalent radius of gold(I),
which is significantly smaller than that of silver(I),>-!! and its bonds to carbon are correspondingly
stronger and highly covalent.

For gold(III) relativistic effects are much less pronounced; for example, where such
comparisons are possible, it could be shown that unlike the Agl/Au' pair, for Au(III) the relativistic
Au-L bond length contraction is much diminished, and Ag(IIl) and Au(IIl) have closely similar
covalent radii.'>!3 The covalent radius of Au(III) bonded to alkyl or aryl ligands is about 1.27 —
1.30 A, while the ionic radius is taken as 0.85 A, which enables accommodation in the plane of
porphyrins.!4

In line with the reduced influence of relativistic effects, in gold(III) complexes aurophilic
interactions are essentially absent. In cases where structural studies indicated Au(III)--- Au(III)

contacts closer than the sum of the van der Waals radii, studies have shown possible Au---Au
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interaction energies of the order of 2 to <1 kcal/mol,'>-!7 and it is questionable whether compared to
other attractive interactions (m-stacking, Au---Cl contacts) “aurophilic” interactions between Au(IlI)
centers make an energetically meaningful contribution.

The reactivity of metal complexes is directed by the trend in metal-ligand bond energies. For
gold, depending on the nature of the O-ligand, the sequence is Au-H > Au-O > Au-C or Au-H >
Au-C > Au-O, whereas for other metals including its neighbor in the Periodic Table, platinum(II),
the trend Pt-O > Pt-H > Pt-C is observed.'® Oxygen and fluoride ligands tend to act as good leaving
groups and are utilized with good effect in ligand substitution and catalytic reactions. The bond
dissociation energies of gold(I) compounds tend to be larger than those of gold(III) but follow the
same trend. However, whereas gold(I) species [LAu]* are known as a carbophilic electrophiles and
bind preferentially to “soft” atoms like P and S, gold(IIl) is a “hard” Lewis acid. This is reflected in
the stability of their OH and F compounds: whereas the first isolable gold(I) hydroxide and fluoride
complexes LAuX (X = OH'?-2!, F;22 L = N-heterocyclic carbene NHC) were only reported since
2005, examples of structurally characterized hydroxo?*%3 and fluoro?®-2° complexes of gold(III)
have been known for several decades.

Homogeneous gold catalysts (almost exclusively gold(I)) have often been considered in
close comparison with platinum(II), particularly PtCl,,3%-3* which catalyzes very similar processes.
Consequently, the mechanisms proposed for gold-mediated reactions tend to borrow heavily from
the better-known mechanisms of platinum and palladium catalysts.?> However, there are significant
differences, not least in the redox potentials: under standard conditions the Aul'/Au®, Au'/Au® and
Aul/Au' potentials (1.52, 1.83 and 1.36 V, respectively) are very much more positive than Pd!/Pd°
(0.91 V) and Pt"/Pt° (1.19 V).3¢ Gold is therefore much more easily reduced than palladium or
platinum, to either Au(I) or the metallic state, and it is often not at all easy to determine which of
these forms and oxidation states is responsible for the observed catalysis. Comprehensive
mechanistic and spectroelectrochemical studies have also shown that nucleophilic substitution and /
or reduction of gold(IIl) halides, at least in aqueous media, is dependent on the solvent, pH, redox
potential and nucleophilicity of the coordinated ligands.3’

Ligands, in particular chelating bi- and tridentate ligands, are of course capable of modifying
the redox potentials, thus providing stability against reduction. For this reason, chelating and pincer
ligands play a prominent role in gold(III) chemistry, as documented in several pertinent
reviews.3840 For example, while the alkylation of gold(IIT) complexes with nucleophilic main group
alkyls usually gives only low yields of the desired gold(III) alkyl product and is accompanied by
extensive reduction to gold metal,*! C"N chelated gold complexes (tpy)Au(OAcF), (tpyH = 2-(p-
tolyl)pyridine) react with lithium reagents to give (tpy)AuR; (R = Me, Ph) in near-quantitative
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yields.*! However, in several instances, even Au(III) complexes stabilized by C"N~C or N"N"N
pincer ligands were found to be susceptible to reduction on reaction with nucleophiles.*>*3
Photolysis of gold(IIl) halide complexes, and even exposure to diffuse daylight, can lead to
reductive elimination, including the reductive elimination of C-CI bonds and of Cl,.#+47

While platinum is similar to gold in being subject to relativistic effects, these are much less
pronounced. The reactivity towards standard ligands can also be substantially different, as
exemplified most clearly in the reaction towards CO: whereas CO adducts of PtCl, were the first
metal carbonyl complexes ever to be isolated,**4° the analogous gold complex AuCl3(CO) is
unknown, and as early as 1905 the treatment of AuCl; with CO was recommended as a convenient
method for generating gold colloids.’® While there are obvious formal similarities between the
coordination chemistry and reactivity of square-planar Pt(II) and Au(IIl) compounds, these
examples illustrate that there are also quite fundamental differences between these two isoelectronic
metal centers, so that extrapolation of mechanistic intermediates from one to another should be
treated with caution.

There has been a spectacular rise in the application of soluble gold catalysts in synthesis. By
far the most widely studied are complexes of gold(I). Their development has been the subject of
several monographs’!-3 and numerous reviews,**’7 as well as themed issues including Chem. Rev.
2008,78-82 Chem. Soc. Rev. 2008338 J. Organomet. Chem. 2009, 694,% Beilstein J. Org. Chem.
2011, 7.8¢ Isr. J. Chem. 2013, 53,87 Acc. Chem. Res. 20143893 Chem. Soc. Rev. 2016°4°% and Adyv.
Synth. Catal. 2016.9°-101

Remarkably, even though the presumably first application of a soluble gold catalyst for
organic transformation, the isomerization of bicyclo[1.1.0]butanes by gold triiodide,!*? involved a
complex of gold(III), in subsequent studies gold(II) complexes have played a lesser role in
homogeneous catalysis and synthetic applications. In many instances, although gold(III) precursors
were used, the nature of the active species remains uncertain. A series of reviews include gold(III)
complexes in their discussions, either as catalyst precursors or as intermediates generated in-situ as
part of proposed catalytic cycles.!%3!!! The need for more mechanistic information through detailed
knowledge of the coordination chemical behavior of gold species during catalysis and identification
of intermediates has been stressed repeatedly,!'?-114 and with the growth in volume and diversity of

gold catalysis this need has certainly not diminished.
1.1. Scope, Limitation, and Organization of the Review

The role of gold(IIl) complexes in catalysis is now set to change, and in recent years much

has been learned about the bonding and reactivity of gold(IIl) species. Progress in this area has led
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to pertinent recent reviews covering key catalytic reaction steps'!> and the chemistry and
photophysical aspects of cyclometallated Au(III) complexes.3#0 A previous (and to our knowledge
most recent) review devoted specifically to gold(III) catalysts by Schmidbaur and Schier in 2012
concentrated predominantly on the use and reactions of gold(III) halides, although the authors point
out the uncertainty that persists in many cases regarding the actual oxidation states, structures and
mechanisms of such gold halide catalysts or catalyst precursors.!1¢

This review aims to summarize the development of well-defined organometallic gold(III)
complexes and catalysts over the last decade. While the large range of studies on gold(III)
complexes with photophysical properties!!7-!!® and anti-tumour and biological application®®!1? is
beyond the scope of this review, emphasis will be placed on new insights into coordination types
and the chemistry and bonding in gold(IIT) compounds, followed by a discussion of catalytic
applications, providing a rational link between the fundamental aspects described in Sections 2 and
3 and catalytic reactivity.

The review begins with a brief outline of general aspects. Section 2 covers major recent
advances in the organometallic chemistry of gold(III) complexes and is structured according to
complex type, with emphasis on isolated or at least spectroscopically characterized species of
relevance to catalysis, such as complexes of alkenes, alkynes, and n- and 6-bonding interactions.
Section 3 describes new insight into key reaction steps in catalytic cycles. Section 4 of the review
will cover applications of gold(III) catalysts and reactions where Au(IIl) intermediates are invoked
in the reaction mechanisms of organic transformations, including photo-assisted catalysis, with

emphasis on investigations providing mechanistic insight.

2. GENERAL ASPECTS OF GOLD(III) COORDINATION CHEMISTRY

The reactivity, mechanistic pathways and consequently the catalytic activity of transition
metal centers are determined by a number of factors that depend on the nature of metal-ligand
interactions. For example, the tendency of a metal fragment to engage in elementary steps such as
nucleophilic attack, migratory insertions, oxidative addition/reductive elimination is determined by
its ability to (i) to undergo ligand exchange, (ii) to bind a substrate through electron acceptor and
back-donation interactions or (7ii) to induce dipoles in the coordinated substrates. In the following
section, we will describe the advancements in the understanding of structure and bonding in well-
defined Au(IIT) complexes that are catalytically relevant, focusing our attention on how metal-

ligand interactions can trigger the reactivity towards the elementary steps described above.

2.1 Trans-Effect / trans-Influence
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The ligand reactivity in gold(I) and gold(III) complexes is subject to the influence of ligands
in trans position: strongly electron-donating ligands weaken gold-#rans-ligand bonds, ligands with a
weak donor strength in the spectrochemical series, such as water, pyridine or fluoride, have the
opposite effect. Quantitative studies on ligand substitution kinetics (trans-effect) in gold complexes
are rare, those on gold(IIl) in particular. One such study on the ligand exchange kinetics of gold(III)
complexes demonstrated the strong trans-effect exerted by o-donating aryl anions, which facilitates
the displacement of the chloride ligands #rans to phenyl by methanol and its subsequent substitution
by nucleophiles in the sequence Nu =NO, < Cl < Br < N3 = I < NCS.!?Y Recent years have seen a
resurgence of interest in such ligand effects in gold(I) chemistry,!?!-125 since they underpin the
behavior of these complexes in catalysis, notably their propensity to undergo oxidative addition.!?¢
Ligands L that exert a strong ground state ¢rans-influence in complexes of type trans-LAu(Y),X
lead to the elongation / weakening of the Au-X bond.'?’

Gold(Il) complexes are frequently stabilized by chelating ligands, in particular by
cyclometalated 2-phenylpyridine (ppy) derivatives, as in structures 1 to 5 (Figure 1).12%-131 The Au-
N distances tend to be “soft” and particularly subject to the influence of trans ligands. As the Tilset
group has shown,!3>135 Au-N(ppy) leads to a shortening (strengthening) of #rans-Au-X bonds,
while Au-C(ppy) has the opposite effect. The coordination site trans to Au-C(ppy) is therefore more
labile than that opposite to Au-N(ppy); however, the primary substitution product can rearrange, so
that insertion appears to have taken place trans to N rather than trans to C.

However, a recent computational study by Budzelaar, Bochmann and co-workers advised
against relying solely on crystallographically determined bond distances when assessing the trans-
influence, since such distances are determined by a number of factors of comparable magnitude.
Using two series of compounds, (C*"N)Au(Z)(OTf) (with Z trans to N) and (C*"N)AuZ,, where Z =
Me, aryl or halogen, three descriptors of the trans-influence were considered: (i) the Au-N bond
length; (i) the Au-N Wiberg Bond Index (WBI) and (iii) the NPA charge on the nitrogen atom
(NPA = natural population analysis). All three showed fairly consistent trends, and on going from
Me to F (a) the Au-N bond length decreases from 2.17 to 2.04 A, (b) the Au-N WBI increases from
0.29 to 0.45, and (c) the N atom becomes less negative, from -0.46 to -0.42 ¢~.13¢

The trans-influence in cyclometalated complexes leads to significant changes in ligands bond
energies. As a comparison of the cationic complexes 6 and 7 (Figure 1) showed, the binding
enthalpy trans to anionic C (as in 7) is about 2/3 of the value for 6 trans to N. The latter ranges
from 33 to 53 kcal/mol. For unsubstituted n-donors the weakening of the Au-L bond follows the

trend CO > CH,=CH, > HC=CH > OH,. For alkenes and alkynes binding enthalpies increase
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10 acceptors show an average binding enthalpy 4H,,(C*C) of about 40-45% that of the C"N"C system
12 (Table 1). This means for example that only bulky alkynes would be able to displace a water ligand
from a [(C"C)Au(OH,)L]" precursor (C*C = 1,1’-biphenyl-2,2'-diyl). The strongest trans-influence

Submitted to Chemical Reviews

significantly with substitution, for example alkyne binding strengthens for RC=CR, R = H << Me <
Bu.
Anionic C-donors weaken the trans-Au-L bonds in all cases, although simple n-donors such

as H,O or ethers are less affected than m-donors. Ligands L which are m-donors but weak m-

is experienced by the strong m-acceptor CO; its bond enthalpy in the C*C system falls to only 35%

17 of that in the C°"N"C complex.'3’

Q0 op Qo
1.950(2)\  /2.034(1 2.005(8 /2028 19952)A/2109(2
u

2282(5) P 2361(8 2031 \20186 AN

CI CI 7\,0 o\/<0 HsC OTf
2 3

< 2 <\ /2
2.017(7 /2164 6) CgHaBU 2.054(6)\. /2.074(5)

2.037(6)/A“ 2.086(6)
FC6H4 OZCCFg CeFs CeFs

Au

| 7N
L

7

Figure 1. Structures and bond distances (A) of selected gold(IIl) chelate complexes illustrating the

48 structural trans-influence (data from refs. 128 (1, 2), 129 (3), 130 (4) and 131 (5)).

52 Table 1. Substrate binding enthalpies® (298 K, kcal/mol) of representative n- and n-donor ligands L
>3 to [(CANAC)Au]" (6) and [(C*C)Au]" (7) fragments.

CANMC CrC
Substrate AH o av. AH per L
OH, -334 -19.1
OMe, -36.6 -20.9
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OEt, -38.1 -21.5
CO -45.5 -16.0
HC=CH -35.5 -14.2
MeC=CMe -44.6 -21.8
CH,=CH, -41.2 -16.9
MeCH=CH, -43.3 -18.7

@ TPSSH/cc-pVTZ/PCM(CH,Cl,)//B3LYP/SVP/PCM(CH,Cl,) with DFT-D3(zero damping)
dispersion correction. ? Enthalpy change for the reaction [(C"N"*C)Au]" + L — [(C"N~C)Au(L)]".

2.2. Gold(IIT) Complexes with n-Ligands

2.2.1 Au(III)-CO Complexes. As pointed out in the introduction, there are no CO adducts
of simple gold(III) halides. In 2015 Rosca ef al. reported the first example of an isolable gold(I1I)-
CO complex.!3® This compound relies for stability on the C"N”C 2-6-diarylpyridine pincer ligand
framework and was prepared by abstraction of a trifluoroacetate ligand from (C*"N"C)AuOAcF (8)
with B(C¢Fs)s in the presence of CO or *CO at -20 °C to give 9 (Scheme 1). The complex could be
precipitated from dichloromethane / light petroleum as a yellow microcrystalline solid, although
crystal suitable for X-ray diffraction could not be obtained. The same product is formed by
exposing the ethylene complex [(C*"N*C)Au(C,H4)]" to CO. The PFg salt was similarly prepared
by treating 8 with [CPh;]PF4 under a CO atmosphere. These CO complexes are thermally sensitive
and decompose above -10 °C. The infrared spectrum of 9 in CH,Cl, shows the v stretch at 2167
cm !, 24 cm! higher than that of free '>CO. The value is fairly close to the one found for CO bound
to Au’* centers in titania-supported heterogeneous gold CO oxidation catalysts (2158 cm™).!3° The
3C NMR signal of 9(13C), appears at & 167.6 (cf. 8 184 for free CO), within the range observed for
“non-classical” gold(I) CO complexes [Au(CO)]" and [Au(CO),]* (8 158 - 172)'%° and is apparently
little influenced by the metal d-electron configuration (d® vs d'?). The IR vcq signal of 9 recorded in
cold dichloromethane solutions was always accompanied by a signal for '>CO, / 13CQ,, indicating a
facile attack by adventitious water on the coordinated CO, leading to water-gas shift (see Section
3.4.3).

The susceptibility towards nucleophilic attack and the high v frequency would suggest a
very low degree of back-bonding. This contrasts with the stability of the isostructural C*"N*N
platinum complex 10 (Scheme 1), which could be recrystallized from boiling methanol, shows a

much lower CO stretch at 2094 cm!, and has no water-gas shift reactivity.!41:142

Scheme 1. Gold(lll) and Platinum(ll) CO Complexes
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tBu tBu
O B(CeFs)s O -
7 “N-Au-0AcF <9 > ¢ ‘N-Au—c=0
— [CPh3]PFg —
Q CD,Cly Q X = AcFOB(CgFs)s,
tBu -20°C By O
8 9 10

The bonding of CO has been the subject of several computational studies. None of the high-
lying molecular orbitals, from HOMO-3 to HOMO, show any n-bonding contribution to the Au-CO
bond. Charge decomposition analysis (CDA) for 9 gave a back-donation/donation (b/d) ratio of
0.44, compared to a value of 0.65 for the platinum analogue [(N*N*C)Pt(CO)]* (10), in line with
the significantly stronger back-bonding in Pt(II)-CO complexes.!?® Using the methods specified in
Table 1, Budzelaar obtained M-CO bond enthalpies of -45.5 kcal/mol for Au, about 7 kcal/mol less
stable than Pt-CO, with calculated vco frequencies Au-CO > Pt-CO close to the observed values.!'43
These calculations also further illustrate the role of frans-influence and suggest that formation of
complexes of the type [(C*"C)Au(CO),]" (7, L = CO), i.e. CO trans to anionic C, would be
endothermic.’3” An alternative interpretation by Gaggioli ef al., based on charge displacement
analysis, proposes that there is strong o-donation but also strong n-back-donation, with net charge
transfer CT"¢ made up of CT°4°" of 0.25 ¢” and a large total m back-donation component CTback of
0.28 e, coupled with significant polarization of CO from O to the C atom, thus strengthening the
CO bond. A v value of 2106 cm! was calculated, rather lower than observed. In contrast to the
bonding in 9, the CT in the platinum complex 10 is much larger (CT*bk = —0.40 ¢"). The
polarization of the CO ligand in the gold complex is positive, 0.03 e-, whereas in Pt it is slightly
negative. These differences are seen as responsible for the ability of gold to engage in water-gas
shift, while the Pt-CO complex resists nucleophilic attack under such conditions.!4+143

2.2.2. Alkene Complexes. A comprehensive 2010 review by Schmidbaur of n-complexes of
gold stressed the surprising absence of gold(III) alkene and alkyne complexes.!4® This lack of
gold(IIT) m-complexes is certainly surprising since an alkene complex of isoelectronic platinum(II),
Zeise’s salt K[PtCl;(C,Hy)], was the first transition metal organometallic complex ever to be
isolated.'47-14° This gap was filled by two independent reports in 2013, on gold(IIT) monoalkene
adducts by Bochmann and on 1,5-cyclooctadiene complexes by Tilset. Some of these developments
have been highlighted in recent summaries.!'®130

In 2013 Savjani et al. reported the first examples of gold(III) n-alkene complexes: the pincer
compounds [(C"N"C)Au(L)]" (L = ethylene, cyclopentene and norbornene) 11 to 13.15! A
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cyclometallated 2,6-diphenylpyridine C*N"C pincer ligand provided the necessary stability
(Scheme 2). The alkene complexes were obtained in near-quantitative yields and isolated as yellow
powders or needles. Alternatively, they could also be made by treating (C*"N"*C)AuOH with
[H(OEt,),]X [X = HoN{B(C¢Fs)3}, or B{3,5-CsH3(CF3),}4] in the presence of olefins. Their
isolation contrasts with the reactions of alkenes with common gold(Ill) starting materials like
AuCls, AuBr;, HAuCl, or NaAuCly, which invariably lead to reduction to Au(I) or gold

metal.146=152’153

Scheme 2. Formation of Gold(lll) Monoolefin Complexes

X
*7
tBu s '\1\7/-&_” "

O Olefin,

=+
a - B(CeFs)s N—Au—@
_ N—Au-OAc"T ———1=
CD,Cl,

Y o
g Bu +h¢7Au 13

X = (C¢F5)3BOACT

o LE I
iProP—Au—Me 7 iProP—Au—Me

B(CeF
_BCeFs)s_ MeB(CgFs)s™
OO CD20|2
90 °C

The norbornene (NBE) complex 13 is stable at room temperature, whereas the ethylene and
cyclopentene complexes proved thermally labile in solution, although the solids are air-stable for
hours at room temperature. The coordination of ethylene in 11 is indicated by a 'H (1*C{'H})
chemical shift change from & 5.38 (& 108.9) for free C,Hy to 6 6.29 (6 122.8) ppm in the complex.
Coordination also caused an increase in the ethylene C-H coupling constant from 156 to 166 Hz.!>!
The change in the '*C NMR chemical shift is much smaller than that observed for Zeise’s salt; this
and the substitutional lability of 11 indicates the reduced back-bonding in Au(Ill) compared to
Pt(I), as was also observed for the CO complexes. In agreement with this, the calculated barrier for
ethylene rotation in 11 was only 0.6 kcal mol-!, less than a tenth of the value for
[(C"N"N)Pt(C,H4)]" (Scheme 3), in agreement with the back-donation/donation ratio of 0.29 for
Au(IIT)-C,H, compared to 0.59 for Pt(II)-C,Hy. '8
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Scheme 3 Rotational Barriers of Au(lll) and Pt(ll) Ethylene Complexes

M=Au, E=C, 2.4 kJ/mol
M=Pt,E=N, 29 kJ/mol

In solution the ethylene complex undergoes exchange with free ethylene. However, the methylene
groups of the cyclopentene adduct were found to be diastereotopic, ruling out fast intermolecular
exchange and flipping of the 5-ring from one n-face to the other.

In contrast to isolable 13, with NBE #rans to pyridine, norbornene trans to aryl is much
more labile. Bourissou and co-workers reported the identification of [(C"P)AuMe(NBE)]
[MeB(CgFs);] (14, Scheme 2) at -90 °C in CD,Cl,, alongside free NBE.!3* The compound
disappeared rapidly on warming to -80 °C due to facile NBE insertion into the Au-Me bond (see
Section 3.4.1). The four protons at the bridgehead and 5-positions of NBE are shifted upon
coordination from & 2.77 to & 3.30 ppm and from & 1.53 to 8 1.92 ppm, respectively. The =CH (13C)
signal of the coordinated NBE is shifted from 6 5.90 (133.8) for the free olefin to 6 6.21 (119.0)
ppm. Computational modelling gave a minimum for the isomer frans to naphthyl-C, which was
more stable than the cis isomer by 3.3 kcal/mol. This structure was further confirmed by the
computed Jcp coupling constants between P and the CHj; ligands (trans: Jpc = 89 Hz, vs. cis = 4.6
Hz), which agreed with experiment (2/pc = 76.2 Hz).

An alternative strategy was used by Langseth et al. to synthesize gold(III) 1,5-
cyclooctadiene (COD) complexes. Starting with the cyclometallated phenylpyridine complex
(CAN)AuMe,, the authors employed protodeauration with triflic acid at -40 °C in the presence of
COD to strip off the C*N ligand and generate salts of the [Me,Au(COD)]" cation 15X [X = OTf or
BArf = B{3,5-(CF;),CsH3}4].!> Because of the thermal instability of the product, the reactions
were conducted -78 to 0 °C (Scheme 4). Dichloromethane solutions of 15OTf decompose within
hours at room temperature. The 'H NMR spectrum the olefinic protons gave rise to a broad singlet
at 6 6.39 ppm, high-frequency shifted by 0.8 ppm compared to free COD (6 5.56 ppm). Protonation
with [H(OEt,),]BArF gave the analogous BAr! salt which could be crystallized at -35 °C to allow
the determination of the crystal structure. The COD ligand is twisted, and the cation exhibits two
different Au-C distances to the olefinic C atoms, 2.362(4) and 2.406(4) A. The asymmetry of COD

ligation in 15 was replicated in the calculated gas-phase structure and is due to the conformational
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preference of COD rather than crystal packing effects. The Au-C(olefin) distances are longer and
the C=C distances of 1.348 and 1.364 A significantly shorter than those in the analogous platinum
complex, (COD)PtMe,, indicative of the reduced back-bonding in the gold complex compared to
platinum. '3

Subsequently Chambrier et al. showed that thermally more stable gold(IIl) complexes with
non-conjugated dienes are accessible by displacement of the ether ligands in [(C*C)Au(OEt,),]*
(C"C = 4,4'-di-t-butylbiphenyl-2,2'-diyl) with either COD or norbornadiene (NBD), to give 16 and
17, respectively (Scheme 4).137 The biphenylyl ligand significantly stabilizes the products, which
can be stored indefinitely at room temperature in solution and as solids. The NMR spectroscopic
data of the COD complex are closely similar to those of [Me,Au(COD)]" (=CH 6y 6.87, Ad -1.3
ppm). The olefinic resonances of the NBD complex are found at 6 7.63 (A -0.83 ppm). This
compares with the olefinic resonance of (NBD)PtMe; at & 5.0 ppm, yet another indication of the

more electron-withdrawing character of the gold(III) cation.

Scheme 4. Formation of Gold(lll) Diene Complexes and Crystal Structures of the Cations in
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The crystal structures of 16 and 17 were determined by X-ray diffraction. The COD
complex shows asymmetric C=C bonding, similar to 15. In contrast, the NBD coordination in 17 is
symmetrical; the olefinic ligand lies astride the (C*C)Au moiety, and differences in Au-C bond
lengths are small (0.005-0.006 A). The Au-C(olefin) bond lengths in the NBD complex (av. 2.022
A) are noticeably shorter than in the COD analogue (av. 2.041 A), a reflection of the reduced steric
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interactions due to the smaller bite angle of NBD compared to COD (62 vs. 78°). The C=C bonds of
the coordinated dienes experience a 1.4 — 1.8% elongation compared to the free ligands.

Attempts to generate complexes [(C*C)AuL,]", where L = non-chelating 1-alkene, were
unsuccessful. DFT calculations showed that the formation of (C*C)Au alkene complexes is driven
by the chelate effect. Relative to [(C*C)Au(OH,),]|" alkene binding becomes favorable by -9.6
kcal/mol for COD and -6.0 kcal/mol for NBD but is mildly endothermic for H,C=CHR (R = H, Me,
tBu). The binding enthalpies of COD and NBD to metal fragments M decrease in the sequence M =
PtMe, > (C*C)Au" > Me,Au". A charge analysis from natural population analysis suggested that
the increased thermal stability of 16 and 17 may not least be due to the significantly higher
accumulation of negative charge on C"C compared to methyl ligands.'3’

2.2.3 Alkyne Complexes. Although many organic transformations are assumed to start with
gold coordination to an alkyne moiety, identifiable complexes of gold(III) to alkynes have proved
elusive.!46:156 By contrast, the first structurally characterized n?-alkyne complex of platinum(Il) was
reported in 1959.157 For gold(I), Widenhoefer could show that alkynes have comparable donor
strength to alkenes,!>® and indeed gold catalysts have been described as “alkynophilic”.!°* During
studies on the addition of water and methanol to alkynes mediated by gold(III)-C¢Fs complexes,
Laguna and co-workers found that while treatment of [(C¢Fs)AuCl,], with phenylacetylene at room
temperature led within seconds to reduction to gold metal, at low temperatures NMR signals
consistent with the formation of the alkyne complex [(C¢Fs),AuCl(PhC=CH) (dy 3.76 ppm, =CH)
were observed, although the assignment remained speculative.!>°

However, in 2017 Rocchigiani et al. reported well-characterized gold(IIl) alkyne complexes,
which could be obtained by abstraction of a trifluoroacetate ligand with B(CgFs); from the pincer
complex 8, in analogy to the Au(IIl) 1-alkene compounds (Scheme 5).'%° Under these conditions,
sterically undemanding alkynes react further and undergo carbocationic C-C bond formation to give
18 and 19. These [2+2] cyclizations underline that the alkyne bound to gold(III) has pronounced
vinyl cation character, which renders it susceptible to further reactions and C-C bond formation that
typify gold-catalyzed alkyne reactions. Trimethylsilyl acetylenes undergo fast transmetalation to
form the corresponding Au(IIl) acetylides. On the other hand, sterically more hindered alkynes
R!C=CR? (R' = Me, R? = {Bu; R! = R? = 1-adamantyl) give simple n?-alkyne adducts 20 and 21.
The cycloaddition products and alkyne complexes show diagnostic '*C NMR chemical shifts
(Scheme 5, red numbers). Alkyne n?-coordination induces only modest '3C NMR shifts, similar to
the values observed for Au(I) complexes [(R3P)Au(alkyne)]BF,.161.162 While 20 is thermally labile
in solution, the more bulky adamantyl derivative 21 is stable for days at room temperature and was

isolated as a yellow microcrystalline solid.
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Scheme 5. Synthesis and Reactions of Gold(lll) Alkyne Complexes (Pertinent 3C NMR Data in
Red).
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Further types of alkyne complexes could be obtained based on C*N chelate ligands (Scheme
6). Compounds of type 22 are thermally less stable since the alkyne ligands are trans to a strongly
donating anionic carbon, which weakens the gold-alkyne interaction. The 3-hexyne complex
exchanges in solution with free 3-hexyne by a dissociative mechanism.!6°

In 2018 Chambrier et al. found that, unlike the C*N-ligated complexes 22, diadamantyl-
acetylene complexes based on the biphenylyl C*C ligand of type 23 are thermally stable at room
temperature and could be isolated as bright-yellow microcrystalline powders (Scheme 6). DFT
calculations indicated that the formation of the bis(alkyne) complex [(C*"C)Au(AdC=CAd),]" was
endergonic on steric grounds.!3” While these compounds failed to give crystals suitable for X-ray
diffraction, the so far only example of a crystallographically characterized gold(III) alkyne adduct is
complex 24. The compound shows n?-coordination of a bis(alkynyl)aurate(I) anion, which exhibits

a C=C bond length closely comparable to that calculated for [(C"N"C)Au(2-butyne)]*.1¢0

Scheme 6. Gold(lll) Alkyne Complexes Based on CAN and CAC Chelate Ligands
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;i Alkyne bonding and the [2+2] cycloaddition pathway were explored by DFT calculations.
;2 Budzelaar, Bochmann and co-workers found that, surprisingly, the dissociation energies of Au(III)
27 and Pt(IT) with a pyridine donor trans to alkyne were remarkably similar, which suggests that the
;g observed drastic differences in thermal stability and reactivity between Au and Pt are not due to

g? thermodynamic effects. A charge-decomposition analysis suggested that back-donation is very

gg small in all gold(IIT) alkyne complexes; for example, 20 shows a back-donation/donation (b/d) ratio
34 of 0.43, much less than in structurally analogous [(C"N”N)Pt!/(3-hexyne)]" (b/d = 0.77). Strong

22 trans ligands reduce alkyne binding even further; a C-ligand trans to alkyne, as in 22, reduces the
2573 binding energy by 30—40 kcal/mol, and the b/d ratio is reduced to 0.17. The stability of alkyne

ig complexes therefore depends almost entirely on n-donation from the triple bond.

41 The lability of gold alkyne complexes is therefore the consequence of the reduced back-

fé bonding capacity of Au(IIl), which makes alkyne slippage for Au(IIl) much easier than for Pt(II).
2‘; This slippage leads to the accumulation of positive charge on one of the alkyne-C atoms, thus

46 rendering it more susceptible to nucleophilic attack than Pt-bound alkyne (see Section 3.3).160

2573 An in-depth theoretical study on gold(Ill)-alkyne binding by Gregori et al., employing

gg charge displacement (CD) analysis, comes to a similar conclusion: Alkyne binding to Au(III)

g; involves a large total electron transfer to the metal, i.e. large -donation (of 0.24 — 0.44 ¢°), coupled
53 with a much smaller © back-donation. The resulting polarization of the C=C bond was much larger
?2 for Au(IIT) than for Au(I) alkyne complexes. Nucleophilic attack by water was found to be very

g? facile: Whereas the activation barrier for the gold(I) cation [(NHC)Au(2-butyne)]" was 17.4

58 kcal/mol, the activation barriers for gold(IIT) complexes were much lower, to the point where

Zg nucleophilic attack may cease to be the rate-determining step in the reaction sequence.'®3 Fully
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relativistic ab initio calculations by Pernpointner and Hashmi on propyne complexes of AuCl; and,
for comparison, PtCl,(H,0) came to similar conclusions: Strongly varying frontier orbital
populations were considered as a major source of the differing catalytic activity of the two metals,
leading to more difficult nucleophilic attack for Pt-alkyne than for the gold(III) analogue.!*

2.2.4 Arene n-Complexes. Arene complexes of gold have long been postulated as
intermediates in the electrophilic arylation of gold(III), ever since the first report on this topic by
Kharasch in 1931,195:166 and both n- and c-arene complexes have been proposed in gold-catalyzed
aryl C-H activation cycles.!97-168 While arene n-complexes of gold(I) are well-known,'4¢ evidence
for identifiable gold(IIl) arene adducts have only recently come to light in two almost simultaneous
reports by the groups of Bourissou!®® and Bochmann.!”? Compared to gold(I), the arene-Au(III)
interactions are very weak. The (C*P)Au aryl compounds 25 (R = H, OMe) react with norbornene
in the presence of AgSbF as halide abstracting agent under alkene insertion into the Au-aryl bond
to give the B-arylalkyl complexes 26 (Scheme 7). NMR spectroscopy shows that the rotation of the
phenyl substituent (R = H) is hindered, with two different signals being observed for the ortho-C
atoms and chemical shifts that suggest gold-aryl m-interaction. This was confirmed by the crystal
structure of 260Me, which shows short Au-C, (2.416(2) A) and Au-C,,4, (2.593(3) A) distances.
The insertion of ethylene into the Au-Ph bond is even faster and proceeds below 0 °C. The final
product 27 suggests that its formation involves an insertion — -H elimination — reinsertion
sequence to give the a-phenylethyl derivative. Again, the NMR data are commensurate with
gold(IIT)-phenyl n?-coordination. However, whereas in 26 the alkyl ligand is trans to P, as judged
form the large Jpc values, in 27 the alkyl is in cis position.'®®

An alternative route to complexes with m-arene interactions was employed by Rocchigiani et
al. who used the strong Brensted acid [H(OEt,),][H,N{B(C¢Fs)3},] to cleave one of the Au-C
bonds in the pincer complexes (C"N*C)AuR (R = Cl, C¢F5) to give 28.!7° This complex is
fluxional: the protodeauration is reversible, as long as an ether molecule is available to act as a
proton-shuttle which transports H* from one side of the molecule to the other, with a barrier of AG*
= 18.3 kcal/mol. This appears to be the first demonstration of the role of such a weakly basic
solvent as diethyl ether as protonolysis catalyst in gold-mediated C-H activation processes. There is
a mechanistic resemblance to the “Concerted Metallation—Deprotonation” (CMD) process familiar
from palladium catalysis.!”!

By contrast, Au-C cleavage with trifluoroacetic acid generates the non-fluxional alkyl and
aryl complexes 29 (Scheme 7), whereas no cleavage was observed with acetic acid.!3°

Removing the ether from chlorobenzene solutions of 28 at room temperature stops the

proton exchange process and generates the non-fluxional complex 30. Its NMR data are consistent
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with an interaction between the Au(III) center and the “dangling” aryl side-arm (Scheme 7; 13C
NMR chemical shifts given as red numbers). Since the C*"N-CH framework is too strained to allow

n?-type n-coordination of the aryl to the metal centre, the C4H4/Bu moiety can only approach the

oNOYTULT D WN =

metal by tilting by about 45° relative to the (C"N)Au plane. Since the bilateral symmetry of

10 C¢H,Bu is retained in the 'H NMR spectrum, there must be rapid oscillation between the two ortho
12 positions, even on cooling to -85 °C.

14 The possible structure of 30 was interrogated by DFT methods. There was no evidence for
Au---H-C(aryl) agostic bonding or for an n?-arene n-complex. The optimized structure suggests

17 rather long contacts with the metal, Au---Cy, 2.81 A and Au-- "‘H-Cyry1 2.61 A. Calculations of the
19 3C NMR chemical shifts confirmed the observed trends. According to Wiberg bond indices, the
interaction of Au with the nearby ortho-C atom amounts to about 10% of a full covalent Au-C(aryl)

22 bond.170

26 Scheme 7. Gold(lll) Arene Complexes and X-Ray Structure of the Cation of 26 (Pertinent 3C NMR
Data in Red).
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2.2.5 Allyl Complexes. n-Allyls are one of the most widespread ligand types in
organometallic chemistry and catalysis. In stark contrast, well-characterized allyl complexes of
gold(III) are rare. Gold(III) n'-allyls have been known for some time, of the type
Me,Au(allyl)(PPhs).!72-174

Gold(IIT) complexes containing w-allyl ligands have only very recently been identified, in
two simultaneous reports which demonstrate the remarkable sensitivity of the allyl bonding mode to
the ligand environment (Scheme 8).!73:176 Taking advantage of the stabilization afforded by the C"P
chelate framework, Bourissou et al. reacted (C"P)Aul, with allyl Grignard reagents to give the o-
allyl products 31, which on halide abstraction readily converted to the n*-allyl complex 32 in
quantitative yield. Both allyl and methallyl compounds are stable to air and storage at room
temperature. The NMR data were consistent with an n3-structure, and there was no temperature
dependence in the range of -70 to +110 °C. The crystal structures of 32H and 32Me confirmed the

n-bonded nature, with metal-C(allyl) distances comparable to those found in palladium allyls. The
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Au-C bond trans to P is shorter (2.195(12) A for 32Me) than the bond trans to C(naphthyl)
(2.275(9) A), as expected based on the strong trans-influence of the anionic C donor. The allylic C-
C bond lengths, as well as computational analysis, confirmed the highly delocalized nature of the
ligand. DFT studies showed also that alternative, coordinatively unsaturated c-allyl structures are
20-30 kcal/mol less stable than the n-allyl state.!”>

Tilset and co-workers used a similar halide-abstraction procedure to generate allyls
stabilized by the 2-tolylpyridine C*N chelate framework. The cation [(C*"N)Au(C;Hs)]" (33) exists
as two isomers in unequal proportions, with very asymmetrically bonded allyl ligands. The
methylene-C retains its sp*-character, and there is exchange between the H? protons by
decoordination of the m-bond trans to the tpy-C atom. The crystal structure of 33 shows two very
unequal C-C bond lengths in the allyl ligand, 1.43(3) and 1.22(4) A, so unlike the situation with
allyls 32 in the softer C*P system, here the n-system is not delocalized. The allyl in 33 is fluxional

and there is an interchange between n'- and n3-structures.! 7

Scheme 8. Gold(lll) m-Allyl Complexes
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Also to be noted in this context is the synthesis by Gimeno and co-workers of the first
examples of gold(IIl) allenyl complexes 34, which were prepared from propargylic phosphonium
salts by deprotonation with Cs,COj in the presence of Au(C¢F5);(THT) as a racemic mixture
(Scheme 9). The thermally stable compounds were characterized by X-ray diffraction. Enantiomer

separation of these axially chiral complexes was not attempted.'”’
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Scheme 9. Formation of Axially Chiral Gold(lll) Allenyl Complexes

PhyR! H
==
oTf -
+ _ : Au(CeFs)s
PhsP—CHy——H ————> (S)-34
CSzCO3 _
+
+ AU(C6F5)3(THT) Ph3P \\\AU(C6F5)3
+ >=C_—§
H H
(R)-34

2.3. Gold(IIT) Complexes with o-Ligands

While the chemistry of gold(III) hydrocarbyls is well established, the last decade has seen
remarkable new insight into coordination modes of c-ligands and the emergence of new compound
classes, notably gold hydrides. Others, such as gold(I) and gold(IIl) hydroxides and fluorides, have
proved their potential as synthetic reagents and catalyst precursors and are therefore included in the
following sections.

2.3.1 Gold(IIT) Hydrides. Transition metal hydrides are an integral part of many catalytic
cycles and involved in product release by f-H elimination or by M-C hydrogenolysis. Until quite
recently, isolable or at least spectroscopically characterized gold hydride complexes were
conspicuous by their absence in the chemical literature. The state of gold hydride chemistry up to
July 2013, including Au---HE hydrogen bonding and Au---H polar interactions, has been covered in
an in-depth review by Schmidbaur e al.,'’® and the structures and reactions of gold(I, IIT) hydrides
were included in a 2015 Perspective article on gold chemistry.!®

In pioneering work in 2000-2004, Andrews used the co-deposition of hydrogen with gold
atoms in noble gas matrices at very low temperatures for the generation and spectroscopic
identification of a number of gold(I) and gold(III) hydrides and H, adducts.!”-13* These products
were of course thermally extremely labile and may have given the impression that gold hydrides
have only a fleeting existence. Phosphine-stabilized cationic [(LAu'),(u-H)]* species were
identified in the gas phase.'® In the course of studies on heterogenized gold(III) Schiff base
complexes as hydrogenation catalysts by Corma et al., computer models were developed that
suggested the involvement of gold(IIl) hydrides of the type [(O"N"N)AuH]* and
[(OAN"N)AuH(C,H,4)]" as intermediates in alkene hydrogenation.!3¢ Gold(III) hydrides have on

occasions been postulated as the products of B-H elimination from gold(IIl) alkyl intermediates, e.g.
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the elimination of “HAuCIl,” to explain the formation of unsaturated organic products, although
evidence for the formation of Au-H species, even fleetingly, was not strong,'37-188

This situation changed in 2008, when Sadighi and co-workers described the first stable,
crystallographically characterized Au(I) hydride complexes of the type (IPr)AuH and
[{(IPr)Au},(u-H)]* (IPr = 1,3-bis(2,6-diisopropylphenyl)imidazole-2-ylidene).!8° This was followed
in 2012 by a report by Rosca e al. of the first isolable gold(III) hydride, (C"N~C)AuH (35).190:191
The compound was originally made from (C*"N"C)AuOH and LiHBEt;; later it was shown that this
as well as related hydrides are more easily accessible from (C*N*C)AuCl and LiAlH,4 (Scheme
10).'92 Whereas the Au-H "H NMR signal of (IPr)AuH was observed at 6 +5.11 (in C4Dg;  3.38 in
CD,Cl,), the signal for 37 (E = CH) was found at 6 -6.51 in CD,Cl, and -5.73 in C¢Dg. The
deuteride 35D gave a >H NMR resonance at -6.58 (CH,Cl,). The IR spectrum shows a strong, sharp
Au-H stretch at 2188 cm!. The hydride is stable to air and moisture at room temperature, although
solutions are light sensitive; for example, prolonged exposure of dichloromethane solutions to
sunlight led to the formation of (C"N"C)AuCl. Whereas (IPr)AuH inserts dimethylacetylene
dicarboxylate (DMAD)!%? and reacts with O, to give the gold(I) hydroperoxide,'®3 no such Au-H
insertion reactions were observed for 35. However, the complex was found to readily hydroaurate
allenes to give 36, and to undergo condensation reactions with (C"N~C)AuX (X = OH or OAcF) to
generate the gold(IT) complex 37. The latter is a rare example of a gold(IT) complex with an
unsupported Au'-Au"! bond (37-CH,Cl,: 2.4941(4) A;'9° 37-C¢Hg: 2.5169(4) A19%). Like 35,
compound 37 is thermally stable; however, on exposure to light it disproportionates into Au(I) and
Au(IIT) with Au-C bond cleavage.!*

Hydride 35 is electrochemically reduced to give (C"N~C)Au'! radicals. The process involves
one-electron steps. A reduction wave at -2.25 V was assigned to the reduction of an H-bridged
mixed-valence intermediate [(C*"N*C)Au"-H-Au"'(C"N~C)] 38, formed from the reaction of 35
with a (C°"N”C)Au" radical (Scheme 10). DFT calculations showed that the formation of this
bridged species was exothermic by 11.7 kcal/mol. Further electron transfer led to dimerization of

the Au' radicals to give 37, with an estimated Au~Au'' bond enthalpy of 47.3 kcal/mol.!%’

Scheme 10 Synthesis and Reactions of (CANAC) Gold(lll) Hydride Complexes
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Since the preparation of the stable hydride 35, it has also been possible to detect the
formation of this complex in other processes (Scheme 11). For example, Rosca ef al. discovered
that phosphines abstract O atoms from the gold(IIl) hydroperoxide (C*"N*C)Au-OOH, leading
stepwise first to (C*"N"*C)AuOH 39, and then to the hydride 35.'% The driving force is the
difference in bond energies, Au-H > Au-O. Applying the same reaction principle, Chambrier et al.
were able deoxygenate (C*"N*C)Au-OMe with tris(p-tolyl)phosphine to give (C*N"C)Au-Me,
possibly via single-electron pathways with transfer of MeO radicals.'®” Similarly, Rosca et al.
showed that the thermally unstable intermediate (C*"N*C)Au-COOH eliminates CO, with formation
of hydride 35.138

Scheme 11. Formation of Gold(lll) Hydride by Deoxygenation and B-H Elimination
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Fernandez-Cestau et al. reported that the pyrazine-derived hydride complex (C*"NPZAC)AuH
(35, E = N) shows photoemissions at 512 — 520 nm as a solid and in solution, and in a polymethyl
methacrylate matrix gives a quantum yield of 10.3%. It could be shown that the emission energies
of a series of pincer complexes (C*"NPZ*C)AuR (R = alkyl, H) depend linearly on the pK, values of
H-R_198

Luo et al. have recently employed the light sensitivity of pincer gold hydrides similar to 35,
but lacking in the fert-butyl substituents (R = H, CH,OH, Me or Ph), to generate light-activated
anti-cancer agents. Whereas the hydrides themselves are not cytotoxic, irradiation (A = 365 nm)
leads to substitution of the hydride ligand, for example by pyridinium cations or by thiols. (Scheme
12). Upon reaction with N-acetylcystein (NAC) the thiolate 40 is formed, which showed good
activity in TrxR (thioredoxin reductase) inhibition and induced apoptosis in a number of cancer cell

lines.!%?

Scheme 12. Photolytic H, generation from (CANAC)AuH complexes
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In recent years a number of alternative synthetic routes to gold(IIl) hydrides based on
different structural motifs have been reported. Bezuidenhout and co-workers described the
protonation of the T-shaped gold(I) complex 41 to give the air-and temperature stable cationic
hydride 42 (Scheme 13). The complex was isolated in 35% yield. The hydride NMR signal appears
at 0 —8.34 ppm, low-frequency shifted with respect to the reported value for neutral 35. The v(Au-
H) stretching mode was detected at 2197 cm™!, closely similar to the value for 35. The complex is
insensitive to acids but could be deprotonated slowly by NaH in THF over a period of days to

regenerate 41.20

Scheme 13. Formation of a Gold(lll) Hydride by Protonation of Au(l)
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The structural variety of gold(III) hydrides was significantly increased in 2018 by
Rocchigiani et al., who reported the synthesis and characterization of a number of C*N, C*"C”N and
C"C-ligated complexes with terminal and bridging hydride ligands.?®! These investigations
extended the range of gold(IIT)-H '"H NMR chemical shifts from & -8.47 to +6.99 ppm. Protolytic
cleavage of one of the pincer Au-C bonds in 35 leads to the generation of C*N bonded hydrides of
types 43 - 45 (Scheme 14; '"H NMR resonances in red). These species are very temperature-
sensitive and could only be identified in solution at or below -50 °C. Complexes with H trans to
N(py) show strongly negative 'H chemical shifts. By contrast the C*C"N bonded hydride 47, a
coordination isomer of 35 where the N and C positions are switched, shows a high-frequency 'H
NMR shift of 6 +6.99 ppm. This complex was generated from the corresponding chloride 46 by
treatment with 1.0 equiv LiHBEt;. (C*C"N)AuH 47 is thermally labile and was identified in
solution below -20 °C. The low thermal stability is in striking contrast to (C"N”*C)AuH 35 and is
evidently the result of the trans-influence exerted by the anionic aryl-C ligand. Hydride 47 had
earlier been proposed as an intermediate in the B-H elimination of (C*C”N)Au formate at 100 °C,
which in the presence of E-C=C-E gives CO, and the trans-vinyl complex (C*C"N)Au-C(E)=CHE
(E = COO7Bu).2”?

When 46 is treated with 2 equiv of LiHBEt;, the pyridyl arm of the C*C*N pincer is
displaced, to give the anionic dihydride 48 (Scheme 14). The same product is also formed
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quantitatively using an excess of LiAlHy, with no sign of reduction.?’! In contrast to 47, both the
hydride signals of 48 are shielded and located at 6 -0.59 (H?) and -0.31 ppm (HP). In THF solution

complex 48 is stable at room temperature for several days.
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10 Scheme 14. Gold(lll) Hydrides with CAN and CACAN Ligands (Hydride 'H NMR Data in Red)
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Rocchigiani et al. also developed another family of mostly thermally stable gold(III)
hydrides based on the C*C chelate framework (Scheme 15). Starting with (C*"C)AuCl(py) 49,
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displacement of the py ligand by LiHBEt; gives the hydrido chloride intermediate 50, which reacts
further with L = N,N-dimethylaminopyridine (DMAP) or with phosphines PR; (R = Me, Ph, p-
tolyl) to give the stable adducts (C*C)AuH(L) 51. These PR; complexes represent the first
examples of isolable (phosphine)gold hydrides. The PMe; complex was crystallographically
characterized. Adding further LiHBEt; to the PPh; complex led to substitution of the phosphine and
formation of the dihydrido anion [(C*C)AuH,]- 52. This dihydride proved stable in THF solution at
room temperature; however, attempts to remove the solvent led to reduction. Although for the
neutral complex AuH(Ph)CI(PPh;) a low barrier for reductive Ph-H elimination of 7.5 kcal/mol has
been calculated,?® the dihydrido aryls 48 and 52 are stabilized by the inability of the bis-aryl
chelate to rotate into the conformation required for C---H interaction.

A further example of a gold(III) aryl hydride resistant to reductive arene elimination was
preapred from [NBuy][(C*C)Au(CI)C¢F5] 53 and 1.2 equiv LiHBEt; at room temperature, to give
the hydrido-aryl complex 54. While the formation of this complex was slow in THF, it was found to

be instantaneous in toluene.

Scheme 15. Formation of CAC-Ligated Gold(lll) Hydrides (Hydride *H NMR Data in Red) and X-ray
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Complexes 50 - 52 and 54 show hydride NMR shifts in the region of 0 — 3 ppm. Overall the
scale of gold(IIT) hydride "H NMR chemical shifts covers the range from about -9 to +7 ppm, from
highly shielded to highly deshielded. There are systematic shifts relating to (a) the ligand trans-
influence, and (b) bidentate vs. tridentate ligand structure (Figure 2). Relativistic DFT calculations
at the two-component ZORA-SO level, including spin-orbit coupling, demonstrate a remarkably
strong trans influence: weak ligands in the spectrochemical series placed in trans position lead to a
large negative spin-orbit contribution to the chemical shift, while strong donor ligands have the
opposite effect, on a scale from +5 to -15 ppm. The same ligands in cis position have a smaller (~6
ppm scale) but opposite effect. The origin of this wide chemical shift variability lies in the ligand-
dependent ordering and energy gap of gold-centered frontier orbitals, which are Au(d,)-based
“shielding” for weak ligands, and o(Au-H)-type “deshielding” for strong donors.

The nature of frontier orbitals resulting from the ligand trans-influence has further
consequences. The 'TH NMR hydride shifts correlate linearly with the Au-H bond hydricity, as well
as with the DFT-optimized Au-H distances (Figure 2).2! Consequently, this correlation makes it
possible to estimate Au-H distances from the hydride NMR chemical shifts.

It is noted that both Au(IIl) and Au(I) hydrides fit on the same correlation curve, which
suggest that the frans-influence in gold hydrides dominates over oxidation state and d-electron

count.
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Figure 2. Systematic changes in Au-H 'H NMR chemical shifts (red numbers) as a function of
ligand structure (top) and correlation between chemical shift and calculated Au-H bond length
(bottom). Red points: Gold hydrides 47 — 52 capable of undergoing single-electron transfer and
reaction with O,; blue points: O,-stable gold hydrides of type 35.

Since the observed chemical shifts also imply changes in the electronic characteristics of
these complexes, they reflect chemical behavior. Complexes based on C*"N”C pincer ligands, with
short and less polar Au-H bonds, do not react with O, or DMAD (Figure 2, blue data points),
whereas gold(IIl) hydrides with longer and more polar Au-H bonds (red data points) react with
oxygen and also DMAD to give the trans-vinyl insertion product. As will be discussed in Section
3.4, the former undergo hydroauration with a wide range of alkynes, while the latter do not. There
are therefore two distinct types of gold(IIl) hydrides, with rather different chemical behavior.

In spite of these reactivity differences, it is notable that the Au-H bonds in all these gold
hydrides are highly covalent and, to the extent that this has been tested, do not undergo
hydrogenations or hydroauration reactions by the classical coordination — migratory insertion

mechanism. They are evidently very much less reactive than Au-H species generated on the surface
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of gold nanoparticle hydrogenation catalysts. As Corma and co-workers have pointed out, the
reactivity of heterogeneous gold catalysts based on nano-sized to sub-nanometre gold particles for
various types of catalysis is highly sensitive to cluster size.?** Gold-based homogeneous
hydrogenation or hydrochlorination catalysts?%>-2% based on identifiable hydride species have yet to
be developed.

2.3.2 Agostic Interactions and Gold(III) 6-Complexes. Reactions such as C-H activation,
B-H elimination and o-bond metathesis are frequently part of catalytic cycles and involve the
interaction of H-C or H-E bonds with metal centers (E = main group element). Many transition
metals have been found to form identifiable intra- and inter-molecular c-complexes. Intramolecular
“agostic” M- --H-E bonding involves 2-electron-3-center interactions in which the C-H bond is
weakened, leading to a reduction in the Jcy coupling constant and M- --H-E angles of 120° or less.
The problematic nature of agostic bonding in the context of electron-rich metals such as gold has
been discussed in detail in Schmidbaur’s recent review,!”® which concluded that in spite of several
cases of close intra- or intermolecular H---Au contacts there was no unequivocal evidence for X-
H---Au hydrogen bonding. For gold(I) complexes such as (IPr)AuEt, B-agostic interactions that
may precede -H elimination are ruled out on the basis of the very high (57 kcal/mol) activation
barrier.?%” Regarding gold(IIl), it is telling that the first organometallic gold(IIl) compound was an
ethyl complex, [Et,AuBr],, which shows no tendency towards -H elimination.?%%:20° Recently Faza
and co-workers have explored the barriers to B-H elimination computationally using the unified
reaction valley (URV) approach. The authors found that the pre-chemical conformational changes
required in EtAuCl, prior to C-H activation contributed about 78% to the overall activation barrier
of ca. 34 kcal/mol. The final step of abstracting the -H atom once the appropriate conformation
had been achieved was comparatively small, 7.6 kcal/mol. The same process for the d! system
EtAuCl is dominated by repulsive interactions. The barriers were however subject to significant
changes due to ligand and substituent effects,?!? and recently both agostic interactions and o-
complexes of gold(IIl) have been unequivocally identified.

Studies on cyclometalated benzyl pyridine complexes (C*N)AuCl, 55, with and without Me
substituents in the bridge, concluded on the basis of quantum chemical calculations that in spite of
short Au---HC contacts the ground state structures could be explained on the basis of simple
conformation rules and that there was no evidence for Au(Ill)---H—C attractive interactions
perpendicular to the coordination plane.?!! The story is different though for interactions with one of
the coordination sites within the plane of square-planar Au(III). Bourissou and co-workers reacted
(C"P)AuMe, 56 with B(CgF5); in the presence of norbornene at -80 °C to trap the norbornene bis-

insertion product 57 (Scheme 16). NMR spectroscopic analysis was consistent with a y-agostic
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interaction; in particular the 'Jcy coupling constant of the y CH moiety decreased from the usual
135 Hz to 97 Hz, whereas the pyridine adduct shows a normal Jcy value of 130 Hz for this carbon
atom. The large Jcp constant (66.7 Hz) of the Au-bound alkyl C-atom confirms that the norbornyl
ligand is trans to P. The assignments were further confirmed by calculated NMR parameters and an
optimized structure. Natural bond orbital (NBO) and quantum theory of atoms in molecules
(QTAIM) analyses confirmed the CH: - Au interaction with a stabilizing energy 4F = 18.6

kcal/mol.212

Scheme 16. Gold(lll) Systems With and Without Agostic Interactions (Pertinent NMR Data in
Red).
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In 2019 Rocchigiani et al. provided the first examples of spectroscopically observable
intermolecular gold(IIl) c-complexes of main group hydrides by displacing the weakly bonded n-
arene ligand in 30 with H-B and H-Si bonds to give 58 and 59, respectively (Scheme 17).213 On
binding to Au(IIT) the H-Si 'H NMR signal shifts by 2.19 ppm with respect to free silane, to & 1.27
ppm. Coordination of HSiEt; is readily reversible; resonances are broad even at —70 °C, and the 'H
NOESY NMR spectrum confirmed chemical exchange between free and coordinated silane. The
silane o-complex is weak enough to be displaced by 2-butyne to give 22, even at -70 °C;
hydrosilylation of the alkyne was not observed. While it was not possible on the basis of the NMR
data to differentiate between side-on and end-on H-Si structures, DFT calculations indicated that
end-on Au-H-Si bonding is preferred; this may not least be a reflection of the congested
coordination pocket in this “Pacman”-like complex. The binding energies relative to 30 are -0.72
and -5.28 kcal/mol (at 253K) for the borane and the silane, respectively. The Wiberg Bond Index
(WBI) changes from 0.9 (free HSiMe; model) to 0.22 and 0.56 for the Au-H and H-Si bonds,
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respectively, in the complex. The formation of silane complexes of gold(III) is in contrast with
Au(l); as Joost et al. have pointed out, whereas copper(I) forms intramolecular 6-Si-H adducts,
gold(I) does not.?!4

In the presence of diethyl ether, the borane and silane complexes give gold hydrides by
heterolytic H-B and H-Si bond cleavage, to give 45.2!3 In the case of silane the mononuclear
hydride 60 was observed, together with the [Et,O-SiEt;]" cation (Scheme 17). Calculations showed
that ether is essential for lowering the transition state energy. While formation of the mononuclear
gold hydride is only mildly exothermic, capturing this as a binuclear [(LAu),H]" cation makes the

process energetically substantially more favorable.

Scheme 17. Formation and Reactions of Gold(lll) Borane and Silane c-Complexes
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The same heterolytic bond cleavage was observed in the reaction with H, (Scheme 18).
Dihydrogen binding to 30 is endergonic, +6.2 kcal/mol by DFT, and the H, complex cannot be
observed. In agreement with this, no reaction occurred between H; (1 bar, -10 °C) and ether-free 30.
However, with the ether adduct 28 H-H cleavage takes place within a few hours at -20 °C, via an
[LAut---H-H---OR;] transition state of 10.5 kcal/mol, commensurate with the observed relatively
slow H; cleavage. This leads to the formation of [(LAu),H]" and [H(OR;),]" in a strongly exergonic
process. In fact, H, activation proved to be a two-stage process: the first sequence is followed by a
slower, second step in which decoordinated pyridine of the C*N ligand acts as base and reductive

elimination of C¢FsH leads to the Au(LIII) species 61.
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Similar heterolytic H-transfer processes also operate in the activation of C-H bonds. The
Hantzsch ester reacts almost instantaneously under hydrogen transfer from C to Au, much faster
than H,, and does not require external Et,O as base. 1,4-Cyclohexadiene and cycloheptatriene react
more slowly at room temperature to give the corresponding dehydrogenated hydrocarbons. Since
the resulting gold hydrides are not stable at 25 °C, the reaction is accompanied by the reductive

elimination products typical of Au(IIl)-H intermediates (Scheme 18).213

Scheme 18. Gold(lll) Mediated Heterolytic H-H and H-C Bond Activation
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Gold(IIT) o-complexes are also formed in the reaction of Lewis-acidic Au(Ill) compounds
with transition metal hydrides. As Rocchigiani et al. showed, the reaction of 28 with Cp,ZrH,
proceeds with immediate H-transfer, without any detectable intermediates, whereas Cp,WH,, on the
other hand, gives identifiable adducts, although the W-H bond dissociation enthalpy is slightly
lower than that of Zr-H (Cp*,ZrH, 81 kcal/mol; Cp,WH, 74 kcal/mol).?!® Displacement of OEt, in
28 at -50 °C generates the o-adduct 62, in which only one of the two hydrides is bonded to gold.
The compound is thermally unstable and on warming to -20 °C gives the Au(I) adduct

[Au(H,WCp»),]" 63 (Scheme 19). Other interactions of gold(IIl) with Cp,WH, include an example
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of a pure donor-acceptor interaction of the lone pair of W, without an Au---H bonding contribution,
to give thermally labile 64, as well as the thermally stable adduct 65 based on 2e-3¢ W-H-Au
bonding. Compound 65 was conveniently prepared from the [(C*"C)Au(COD)]" complex 16 by
alkene displacement with Cp,WH, and crystallographically characterized. Relativistic DFT
calculations showed the presence of electron density along the Au-W vector of 64 and its absence in
the case of 65. The calculations also showed that in all these gold hydride complexes the W-H bond

is polarized but remains present and strong, while true covalent Au-H bonds are not yet formed.?!6

Scheme 19. Gold(lll) Complexes of Cp,WH,
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In addition to these c-bonded species formed en-route to H-E bond activation, the question
whether gold compounds are able to form hydrogen bonds of the type D-H™---M has attracted
significant attention recently.?!’-2>? In such arrangements D is an electron-rich donor atom
covalently bonded to H, and M possesses an electron pair capable of acting as proton acceptor, to
give a 4-electron-3-center interaction. Many transition metals have been shown to be able to form
such hydrogen bonds.??? The ability of gold to participate in such interactions has been critically
assessed,!’2!1 but recent contributions have shown that for gold(I) compounds, for example 66 - 68

(Scheme 20), such interactions do exist.?!7-222

Scheme 20. Compounds with Close Au-:-HN Interactions
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The question whether gold(IIl) could entertain similar H-bonding interactions was probed
following the isolation of complex 69. DFT analysis of this and related gold(I) and gold(III)
structures 70 established that while Au(I) analogues (without the carboranyl ligands) show a modest
Wiberg bond index of ~0.15, corresponding to about 1/5 of a single Au-H bond, in 69 the WBI is
reduced to ~0.02. This is significantly less than the WBI for the Au-H bond in the silane complex
59 (0.22).213 Hydrogen bonding to Au(IIl) is therefore considerably weaker than to Au(I) and is not
a structure-determining factor.!3¢

2.3.3. Gold(IlI) Hydroxides and Fluorides. For the development of catalysts, as well as of
synthetic methodology, the choice of the anion as leaving group is often critical. “Non-
coordinating” anions??* have long been used for the creation of highly reactive complexes and the
active species in catalysis,>%00-225-227 and their role in gold catalysis has been evaluated.>%-6%-228:229 Ag
described in Sections 2.2.1 — 2.3.2, the use of extremely weakly coordinating anions based on
perfluorophenylborates was instrumental for the synthesis of a number of gold(III) complexes with
highly labile ligands, such as alkenes, alkynes and arenes.

In addition, significant advances have been reported in the synthesis of neutral gold
hydroxo, alkoxo and fluoro complexes, which exploit the lability of Au-O and Au-F bonds, notably
for use in coupling reactions. Roesky et al. reviewed the chemistry of transition metal hydroxides in
2006,2° and in 2017 Nelson and Nolan compiled a summary of the chemistry of (NHC)AuOH
complexes.?!

Organometallic gold(IIl) hydroxides were first reported in the late 1960s, when Tobias
described the synthesis of [Me,Au(p-OH)], and the crystal structure of the tetramer.?3! This was
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followed by reports by Vicente and Cinellu describing, respectively, Au(III)-OH aryl complexes
[Ar,Au(u-OH)], and the cationic bipy complexes [(bipy)AuCI(OH)]" and [(bipy)Au(OH),]".232:233
The hydroxide [(C*C)Au(pu-OH)], and the related crystallographically characterized water complex
[(C"C)Au(OH,),]" are also known.!3” Recently Dutton and co-workers prepared and structurally
characterized cationic pyridine complexes with terminal OH ligands, of the type [(terpy)AuOH]**
and [(bipy)AuOH(DMAP)]** (see Section 3); these exchange with methanol to give the
corresponding methoxides.?**?3 However, none of these species were used as synthetic reagents or
catalysts.

Whereas in most of these cases the hydroxide acts as bridging ligand, in 2012 Rosca et al.
showed that the C*N”C pincer environment gives access to a thermally stable complex with a
terminal OH ligand, (C"N~C)AuOH 39, which proved to be a useful starting material.?*6>3” The
substitution of the chloride ligand in square-planar (C"N"C)AuCl 71238239 by water has been
studied computationally.*3 It is thought to follow a dissociative interchange mechanism, in which
the elongation and breaking of the Au-Cl bond plays the primary role, via transition state TS1
(Scheme 21). An activation barrier of 4G” = 24.2 kcal/mol was calculated. The resulting aquo
complex 72 is strongly acidic (calculated pK, 1.7) and is easily deprotonated to give the hydroxide
product. The calculated Au-OH distance of 1.978 A compares quite well with the Au-O bond length
of 2.010(2) A determined for the /Bu-decorated analogue, (C"N"C)AuOH-H,0.23¢ However, the
overall reaction was found to be endergonic (4Gr = 26.1 kcal/mol) and does not proceed under

neutral conditions.

Scheme 21. Computational Model of (CANAC)AuCl Hydrolysis
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The hydroxide 39 can be isolated straightforwardly in high yield by treating (C*"N"C)AuCl

with CsOH in a THF/toluene/water mixture at 60 °C. By contrast, attempts to remove the chloride
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by reacting (C*"N"C)AuCl with silver triflate led to decomposition and reduction to metallic gold.
39 undergoes acid/base reactions to give, for example, the formate 73, alkynyls 74, and heterocyclic
complexes 75 (Scheme 22). The reaction of 39 with pentafluorobenzene in refluxing toluene
generates the gold-C¢F5 complex 76 in near-quantitative yield. The same product can be made from
C¢FsH and the methoxide (C"N"C)AuOMe, or from 39 by aryl transfer with B(CgF5)3.23¢237 The
reaction of allyl alcohols with hydroxide 39 involves rearrangement to Au-C bonded products, to
give for example the 3-propanalyl complex 77. This unexpected reaction is apparently driven by the
difference in bond energies, Au-C > Au-0O, and provides a convenient route to aldehyde-terminated
gold alkyls."’

Possibly more interesting in view of the much-studied C-C coupling reactions based on aryl
boronic acids is the facile reaction of 39 with aryl- and heteroarylboronic acids to give the
corresponding gold(III) aryls 78 in near-quantitative yields. As Rosca et al. found, this reaction
proceeds smoothly under neutral conditions in toluene at 60 °C without the need for added base or

water and works for both electron-rich and electron-poor aryls.?3¢

Scheme 22. Reactions of the Terminal Hydroxide Complex (CANAC)AuOH
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The smooth transmetallation of 39 with ArB(OH), under neutral conditions contrasts with
the arylation of the gold(III) chlorides PhsPAuCl,(Ar!) with Ar?B(OH),, which proceeds only if Ar?

is electron-poor, such as C¢Fs, and only under forcing conditions (1,2-dichloroethane, 150 °C).
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Prolonged heating leads to the reductive elimination product, decafluorobiphenyl. There was no
reaction with PhB(OH),.24° This lack of reactivity of PhB(OH), with gold(III) chlorides was later
confirmed by Gray et al. who found that the aryl transfer to (C*N)AuCl, proceeded only in the
presence of a palladium catalyst and base. Of the various combinations of Pd complexes with
phosphines and bases that were explored, Pd(OAc), + [rBu;PH]|BF, + K;PO, worked best (toluene,
25 °C) and gave the bis-arylation product (C*N)AuAr,. The authors proposed a mechanism which
postulated an unusual (C*N)Au-Pd intermediate, with a gold-palladium c-bond; however, no
experimental or computational evidence for such a species was provided.?*!

In this context it is interesting to note that the related reaction of (C*"N)Au(OAcF), with
ArB(OH), (Ar = aryl, 2-thiophenyl, ferrocenyl) in the presence of KO7Bu in toluene stopped at the

formation of Au(IIl) boroxinato complexes 79 (Scheme 23).242.243

Scheme 23. Arrested Transmetallation of Boronic Acids to Au(lll)
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Treatment of 39 with peroxides gives a number of peroxo complexes (Scheme 24).19 These,
as well as superoxide surface species, have been postulated in computational studies as
intermediates in oxidations catalyzed by heterogeneous gold-catalysts>*4-247 but until now there
were no isolable complexes of this type. The gold(IIl) complexes 80 — 83 were all characterized by
X-ray diffraction. From the near-tetrahedral Au—O—Au angle of 83 it is evident that there is no nt-
bonding contribution to the Au'"-O bond; this agrees with findings by Hill and others that the
previously claimed formation of an oxo-type Au=0O double bond was an artefact.?*® The peroxide
compounds do not act as oxidation catalysts, although the hydroperoxide is reduced by tris(p-
tolyl)phosphine stepwise under O-atom transfer, first to the hydroxide 39, and subsequently to the
hydride 35 (Scheme 12).'% Similarly, the peroxide 82 is slowly deoxygenated by phosphines to
give the dimeric gold(II) complex 37. There is however no reverse reaction, and 37 does not insert
dioxygen to give either 82 or the oxide 83. There was no evidence for the involvement of radicals in
these O-abstraction reactions. Kinetic, isotopic labelling and computational studies suggested that
the O-transfer from Au-OH to the phosphine proceeds by a concerted outer-sphere mechanism. A

five-coordinate intermediate where the phosphine binds to gold prior to O-abstraction could be
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ruled out; the Au(IIl) center remains strictly square-planar. The calculations also showed that the
Au-O bond energy decreases steeply in the series LAuOH (67 kcal/mol) > LAuOOH (40) >
LAuOOAuL (30).19¢

Scheme 24. Formation, Interconversion and Crystal Structures of Gold(lll) Oxo and Peroxo

Complexes
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Like hydroxides, fluorides are good leaving groups in gold chemistry and are thought to be
involved in reactions of gold(I) catalysts with Selectfluor as oxidant [Selectfluor = 1-chloromethyl-
4-fluoro-1,4-diazoniabicyclo[2.2.2]octane-bis(tetrafluoroborate), also abbreviated “F*’].
Consequently, the reactivity of Au-F bonds has been widely exploited, particularly as coupling
partners with arylboronic acids. The chemistry of fluorinated organic reagents and the generation of
fluorinated products under the influence of homogeneous gold catalysts has recently been
reviewed.5®

The first organometallic gold(III) fluoride for such coupling reactions was reported by
Mankad and Toste in 2010, who showed that gold(I) alkyls LAuR are oxidized by XeF, to give the
expected Au(III) alkyl fluorides (Scheme 25; L. = SIPr or IPr, R = Me, /Bu; SIPr = 1,3-bis(2,6-
diisopropylphenyl)imidazolin-2-ylidene).?** Monomeric cis-AuMeF,(L) (84) and dimeric
[(L)AuMe(p-F)]5[F], (85) are in equilibrium, as indicated by two '°F NMR signals for 84 and a
singlet for 85. Complex 85 was characterized by X-ray diffraction. The Au-F bond trans to Me
(2.124(3) A. is significantly longer than that trans to SIPr (2.034(3) A). Spectroscopically pure cis-

AuMeF,(IPr) was generated in solution but could not be isolated; it is closely related to reaction
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intermediates of the type LAu(R)(F)(halide) that are thought to be involved in Au(I)/Au(II)
catalytic cycles. 84 is stable to C-F reductive elimination; it contrasts therefore with AuMel,(IPr),
which eliminates Mel at room temperature and below (see Section 3).2°° This iodide complex also
fails to give a coupling product with PhB(OH),, whereas 84 reacts with arylboronic acids ArB(OH),
in chloroform at room temperature under C(sp?)-C(sp?) bond formation to give Ar-Me in yields of
about 30-50%, with Ar ranging from electron-rich (p-MeOC¢H,) to electron-poor (CgF5s).

On the other hand, steric pressure increases the propensity of cis-AuF,(R)(IPr) (R = 3- to 6-
ring cycloalkyl, CH,Ad, CH,Ph and others) to undergo reductive C(sp?)-F elimination, with

formation of the corresponding fluoroalkanes R-F (see Section 3.2).2%!

Scheme 25. Formation and Reactions of Au(lll)-F Complexes
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Methods for the synthesis of highly fluorinated gold(IIl) complexes are rare and
inconvenient for general applications; others, such as the fluorination of [Au(CN)4]- with CIF to
generate solutions of [Au(CF3),F4.,], give mixtures of products.?>?> However, a number of improved
syntheses have recently been reported.

Riedel, Braun and co-workers reported the dissolution of gold metal in BrF; at 60-70 °C
under the effect of ultrasound to generate the adduct F;Au-BrF;. The associated BrF; can be
removed by heating above 120 °C. AuF; undergoes F/CI exchange in chlorinated sovents but forms
an acetonitrile adduct AuF;(NCMe) at -25 °C. Mixtures of gold, BrF; and MF lead to stable salts
MJ[AuF,] (86, M = Cs, NMe,) which do not react with chlorocarbons. The crystallographically
characterized NMey[ AuF,] salt is soluble in a wide range of organic solvents. It reacts with pyridine
under F- displacement in a series of equilibria affording bridging fluorides. The slow ortho-
metalation of pyridine and formation of 2-fluoropyridine via reductive C-F elimination was also
observed (Scheme 26).233 Dutton and co-workers obtained structurally related gold(III) fluorides

stabilized by pyridine ligands. These authors explored both the oxidation route of Au(I) precursors
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[Aupy,]* with XeF, and the displacement of p-cyanopyridine in the trans-[ Aupy»(pyCN-4),]3*
cation 87 with KF, to generate trans-[ AuF,(py),]* 88. The analogous complexes with
methylimidazole as donor ligands were also obtained and structurally characterized. [ AuF,(py),]*

undergoes pyridine/fluoride exchange with [Phl(py),]*" to give [Aupy4]*" and PhIF,.2>#25

Scheme 26. Pyridine Complexes of Gold(lll) Fluorides
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The addition of SIMes to either NMey[AuF,4] at -30 °C or to AuF; at -80 °C to room
temperature affords the carbene complex AuF;(SIMes) 89, which was characterized by X-ray
diffraction. The *C NMR signal of the carbene-carbon in 89 is observed at 3¢ 152.4 ppm, shifted
upfield by ca. 20 ppm compared to AuCl;3(SIMes), in line with the increased Lewis acidity of AuF;.
89 readily reacts with further SIMes to give the bis(carbene) cation trans-[ AuF,(SIMes),]* 90;
evidently the fluoride frans to C is labilized due to the frans-influence of the carbene.?>° This

labilization also facilitates the selective substitution of F trans to C by other anions X = Cl or

OTeFs (Scheme 27).2%7

Scheme 27. Reactions of AuF; with Carbene Ligands
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The oxidation of PPhy[Au(CF;),] with XeF; at 0 °C gives stereoselectively the trans-
difluoride PPhy[ AuF,(CF3),]. The fluorides can be readily exchanged by X = Cl, Br, I, CN to give
PPhy[AuX,(CF3),]. The complex decomposes in the gas phase by CF, extrusion.'> Conversely,
[Au(CF;),] oxidatively adds CFsl to generate [Aul(CF;);], by a radical mechanism that is induced
by daylight. The iodide ligand can be exchanged with AgF or by treatment with XeF, to give the
fluoride PPhy[AuF(CF3);].2%8

Organometallic gold(Ill) fluoro complexes are also accessible from the chlorides by ligand
exchange with AgF. A series of of C*N (91, 92) and C*"C”N (93) chelated complexes have been
prepared.?3%260 The crystal structures of compounds 91 show, as expected, that the Au-F bonds
trans to C are elongated compared to those #rans to N. The complexes undergo transmetalation with
arylboronic acids in dichloromethane or benzene under neutral conditions. Complexes of type 92
provided evidence that products due to inter- and intra-molecular reductive elimination can both be
generated following transmetalation with boronic acids (see Section 4.1.1).2>° Complex 93 also
reacts quantitatively with terminal acetylenes in dichloromethane at room temperature, without the
addition of base.?$® Another pincer complex, the bis-carbene gold(III) fluoride 94, was prepared by
oxidation of the T-shaped bis-carbene (C*"N"*C)Au(l) precursor with Selectfluor; the complex is

weakly photoemissive (Scheme 28).26!

Scheme 28. Cyclometalated Gold(lll) Fluoride Complexes
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3. CATALYSIS-RELEVANT REACTION STEPS

Catalytic cycles are composed of well-recognized reaction steps that have been realized for
most transition metals, concerning the entry of a substrate into the cycle, its subsequent
modification, and finally product release.?6>-264 For gold, several of these steps have proved
problematic, and some well-established mechanisms appeared to have no counterpart in gold
chemistry. In Section 2 we have shown that ligand exchange and transmetalation steps can be
probed by tuning the ancillary ligands on the metal, which also gives the opportunity to observe and
isolate reaction intermediates. Section 3 discusses the factors controlling the making and breaking
of chemical bonds in substrates and products, by means of (i) oxidative addition, (ii) reductive

elimination, (iii) nucleophilic attack on unsaturated substrates, and (iv) insertion reactions.
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3.1. Oxidative Addition Reactions

Oxidative addition of a substrate to a low-valent metal center is a key step in many catalytic
coupling reactions. Particularly true for late transition metals, oxidative addition has been
established for a broad spectrum of substrates featuring polarized or non-polar ¢ bonds, and
mechanistic details have been widely rationalized.?92-2%4 In striking contrast with the isoelectronic
Pt(0), studies on oxidative additions to Au(I) affording Au(Ill) complexes have remained quite rare
until recently.

Oxidative addition of organic halides to Au(I) complexes has been known since the 1970s,
when Schmidbaur,?% Kochi,?%6-267 and Puddephatt?6® reported the addition of methyl iodide to
trimethylphosphine gold(I) methyl complexes, which afforded metastable Au(IIl) dimethyl species
that were identified spectroscopically. The first examples of oxidative addition of sp?-carbon atoms
were reported in 1976 by Uson, who used TI(IIT) derivatives such as BrTI(C¢Fs), to generate stable
bis-pentafluorophenyl Au(III) salts.>®® However, since these early results, progress has been rather
slow, as oxidative addition to Au(I) proved far from facile.

The past decade witnessed a great improvement in the understanding of oxidative addition
to Au(I) and demonstrated the suitability of oxidized gold centers in cross-coupling catalysis. While
this was achieved initially by using sacrificial oxidants, mainly iodine(III) or F* reagents, to cycle
between Au(I) and Au(IIl) (see Section 4), more recent organometallic studies have revealed that
steric and electronic factors can play a key role in favoring direct oxidative addition of substrates
such as aryl-halides to gold(I). This section highlights recent advances in the area, by focusing
initially on progress in the controlled oxidation of gold(I) with halogens and sacrificial oxidants,
before moving on to the direct oxidative addition of C—X, C—C and E-E bonds.

3.1.1 Controlled Oxidation of Au(I) by Halogens and Sacrificial Oxidants. Oxidative
addition of halogens has been of interest for a long time in gold chemistry as a suitable method for
the controlled oxidation of Au(I) complexes and the synthesis of novel Au(Ill) halides. These
reactions have been widely investigated, particularly for phosphine gold(I) precursors, and the
factors affecting stability and reactivity of the obtained Au(IIl) halides have been rationalized.?0-273
With the explosion of interest in N-heterocyclic carbenes as ligands for gold, halogenation of Au(I)
precursor has been somehow rediscovered and a series of synthetic and mechanistic investigations
has been reported over the past decade.

After the first successful results with Br, in 2007,27°Nolan and co-workers showed in 2010
that (IPr)AuCl can be cleanly oxidized by chlorine to give the (IPr)AuCl; complex 95.277-278 Bercaw
and co-workers showed that (IPr)AuMe can be oxidized with I, to give the transient gold(III)

complex 96, which was crystallographically characterized but proved unstable and decomposed

ACS Paragon Plus Environment



oNOYTULT D WN =

Submitted to Chemical Reviews Page 46 of 212

with reductive elimination of Mel.?* Other oxidants such as Cl, and Br, gave less clean reactions.
Cationic NHC Au(I) complexes can also be oxidized to stable Au(IIl) intermediates. For example,
Canovese ef al. used Br;, to synthesize cationic trans dibromides 97 stabilized by xylyl isocyanide
ligands.?”®

Oxidative addition of halogens is viable also for cationic bis-carbene complexes.?®® Baron et
al. have used dimeric bis-carbene gold(I) complexes in combination with halogens and found that
complexes with different stoichiometry and oxidation state formed, depending on both the nature of
the oxidant and the starting Au(I) complex.?®! When using dimeric carbene species with short
spacers (n = 1) in combination with I, the mixed valence complex 98 selectively formed.
Complexes with longer spacers (n = 2, 3, or 4) underwent double oxidative addition of I, to give the
dimeric Au(Ill) species 99. If Cl, or Br, were used instead, double oxidative addition to give 99 was
observed also for the complex with the shorter bridge. An exception was provided by the complex

with n = 3, for which the selective formation of the Au(Il) dimer 100 was observed (Scheme 29).

Scheme 29. Structures and Oxidation Reactions of Gold NHC Complexes With Halogens
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NHC gold complexes can also be oxidized by tribromide ions as shown by Monkowius, who

used CsBr; as brominating agent for (IPr)AuBr.?8?
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In 2013, Menjon and co-workers reported oxidative addition of Cl,, Br, and I, to anionic
[Au(CF;),]- complexes to give stable Au(IIl) bis-trifluoromethyl bis-halides. In the case of the
chloride complex, a trans stereochemistry was attributed on the basis of IR spectroscopy. Bromides
and iodides were suggested to possess the same stereochemistry.?83

Together with halogens, strong oxidants, such as As(V) or TI(III) salts, have long been
known as viable reagents for the synthesis of high-valent Au(IIl) halides upon controlled oxidation.
With the first report of gold-catalyzed C—C coupling by Tse et al. in 2008,284285 usage of such
strong oxidants compatible with catalytic applications has skyrocketed in the subsequent decade. In
particular, A3-iodane reagents ArIX,, where X = OAc or OAct, have found broad applications as
they tolerate harsh conditions, as well as a wide range of functional groups, and can engage in
proton transfer reactions (see Section 4).

Despite the growing interest in these reagents, spectroscopic studies on such oxidation
reactions have remained limited. In 2009, Iglesias and Muiiiz reported spectroscopic evidence for
the oxidation of PhyPAuMe with PhI(OAc), but no clean product was isolated.?%® In 2012, Hofer et
al. investigated the oxidation of Ph;PAuC¢Fs with PhICI, and PhI(OAc), and found that, while
PhICl, affords the known cis-Ph;PAu(C¢Fs)CI, complex 101, PhI(OAc), produced cis-
Ph3PAu(C¢F5),Cl 102 (Scheme 30).287 The formation of the latter was suggested to arise from
solvent activation and a series of ligand exchange or transmetalation steps between different
intermediates. Similar outcomes were observed when using NHC as ancillary ligands.?® Later on,
the same authors reported a gold-catalyzed C—H arylation of arenes with electron-poor boronic
acids, which exploits PhI(OAc), as sacrificial oxidant.?®® By using different experimental conditions
with respect to the previous study, the Au(IIl) bis acetate species 103 was isolated and characterized
by X-Ray diffraction. Reactions of 103 with arenes revealed its ability to engage in C—H activation

and C—C reductive elimination.

Scheme 30. Oxidation Ph3;PAu-CgF5; with lodine(lll) Reagents

(|3I
PhiCl, >~ Ph3P—,‘i\u—CI
ccl
o CeFs 101
Cl
Phl(OAc), |
Ph3P_AU_CGF5 —_— Phgp_AU_CGFs
1,2-DCE |
93°C CsFs 102
OAc
PhI(OAc), (3 eq)

I
Ph3P_AU_CGF5
CeFe/CeHg (1:1) |
80°C OAc 103

ACS Paragon Plus Environment



oNOYTULT D WN =

Submitted to Chemical Reviews Page 48 of 212

In the case of phosphine gold(I) acetylides, the same authors showed that oxidation with
PhI(OAc), is more difficult, even at high temperature, proving that the isolation of bis-acetato
Au(III) acetylides is not achieved easily. On the other hand, PhICl, affords the corresponding cis-
dichlorogold(III) acetylides quantitatively at room temperature.?*°

In 2010, Nolan and co-workers reported the oxidation of (NHC)AuCl precursors with
PhICI, to give the corresponding trichlorides.?’” At the same time, Limbach and co-workers
described the oxidation of (IMes)Au phenyl and pentafluorophenyl derivatives with PhICI, to give
the corresponding Au(Ill) dichlorides 104, which were identified as the trans isomers by X-ray
diffraction.?”! Subsequently, Ghidiu at el. showed that while similar results can be obtained with
(TPr)AuCgFs, matching the earlier findings by Hofer and Nevado,?®® no stable intermediate could be
observed after reacting (IPr)AuCgHs and PhICI,, suggesting that the nature of the ancillary ligand is
fundamental in tuning the stability of the oxidation products.?®> Orbisaglia et al. reported in 2013
that also cationic NHC Au(I) pyridine adducts are oxidized by PhICl,, affording the corresponding
trans-Au(Ill) dichlorides 105.2%3

In 2016 Nolan and co-workers investigated extensively the oxidation of Au(I) bis-NHC
complexes to Au(IIT) with hypervalent iodine(IIT) reagents.?** Using a bis(1-butyl-3-
methylimidazolium) derivative, the product of oxidation with PhICl,, PhI(OAc), and PhI(OAcF)

106 were isolated and structurally characterized (Scheme 31).

Scheme 31 Oxidations of Gold NHC Complexes with lodine(lll) reagents
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3

4

5 Cyclic (alkyl)(amino)carbene (CAAC) gold(I) complexes showed a quite different oxidation
6

7 chemistry. Romanov and Bochmann reported in 2015 that in the absence of ambient light the

g oxidation of bulky (CAAC)AuCl complexes 107 with PhICl, at 0 °C proceeded quantitatively to
10 afford the Au(IlI) trichloro species 108. On the other hand, when the oxidations were carried out

11

12 under laboratory light, quantitative formation of chloroimidazolium salts 109 was observed, as

12 products of the photoinitiated reductive C-Cl elimination from 108. Bis-carbene Au(I) species could
1 2 be also oxidized under the same experimental conditions affording trans-[ AuCl,(CAAC),]" cations
17 110. No clean oxidation was observed with CsBr; and I, (Scheme 32).47

18

19

;? Scheme 32. Light-Dependent Oxidation of Gold CAAC Complexes
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42 Dutton ef al. showed that cationic hypervalent iodine reagents [Phl(py),][X] (py = pyridine,
4-cyanopyridine, or 4-dimethylaminopyridine DMAP) can be used to oxidize Au(I) cations

45 selectively to generate stable homoleptic Au(IlI) trications 111 (Scheme 33), offering an

47 unprecedented synthetic route to halide-free high-valent gold. In addition to the fluoride chemistry
49 described in section 2.3.3, these cations can also be used to prepare N*N”N pincer complexes 112

and to generate the Au(IIl) hydroxo species 113 by deprotonation of H,0.2%

54 Scheme 33. Formation of Gold(lll) Pyridine and Terpyridyl Cations
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3.1.2 Oxidative Addition of C—X, C—C and E-E Bonds. In 2014, Levin and Toste
reported the first example of redox-neutral sp*-sp? C—C coupling between arylboronic acids and
allyl bromides, catalyzed by the binuclear gold catalyst iPrN(Ph,PAuCl),.>°®¢ Mechanistically, these
reactions were suggested to start with the transmetalation of the boronic acid to Au(I), followed by
the oxidative addition of the allyl bromide, which is the opposite of what is usually observed with
Pd. The mechanistic speculations were corroborated by stoichiometric studies. The mononuclear
complex 114 could be obtained upon transmetalation of the corresponding boronic ester and was
used to trap the oxidative addition intermediate 115, which was characterized by X-Ray
crystallography. Upon reaction with silver salts, 115 undergoes fast and quantitative reductive

elimination affording the corresponding cyclobutene 116 (Scheme 34).

Scheme 34. Intramolecular Oxidative Addition/Reductive Elimination Reactions of Gold NHC

Complexes
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Intramolecular oxidative additions of aryl halide C—Br and C—I bonds have been achieved by
the group of Bourissou, by using halo-aryl phosphines in combination with simple Au() starting
materials.?’ For example, 8-iodonaphthyl phosphine reacts fast and quantitatively with Aul to give
the corresponding phosphine Au(l) iodide, which undergoes C—I oxidative addition over a period of
12 h to give the (P*C)Au(IlIl) chelate 117. Similarly, 8-bromonaphthyl phosphine was found to
react with (Me,S)AuBr giving C—Br oxidative addition, even though more forcing conditions were
required (24 h at 130 °C). Chloronaphthyl phosphines proved unreactive, supporting the general
conclusion that stronger C—X bonds disfavor oxidative addition. The same principle was applied to
diphosphine ligands having a bromoarene spacer, which were successfully used to generate a new

class of cationic (P*C"P)Au(IIl) complexes 118 (Scheme 35).

Scheme 35. Formation of CAP Chelate Complexes by Oxidative Addition of Haloaryl Phosphines
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Steric and electronic effects have a remarkable impact on the ability of gold to undergo
intramolecular oxidative addition. Livendahl et al. showed that replacing the haloarylphosphine
with halobenzyl phosphines and phosphites shuts down the ability of Au(I) to be oxidized.?*® On the
other hand, N-based donors such as iodoaryl-pyridines are able to oxidatively add to Au(I). Serra et
al. have reported a catalytic C—N and C-O coupling of 2-(2-iodophenyl)pyridine with alkoxides and

primary amines that does not require sacrificial oxidants.?®® The key step of the reaction is an
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intramolecular oxidative addition of the C—I bond, which generates Au(IIl) chelates capable of
reacting with nucleophiles via metathesis reactions and then give reductive elimination. The
involvement of oxidative addition was demonstrated with 10-iodobenzo[h]quinolone, which reacts
with Aul to afford the stable (C*"N)Au(III) chelate 119 (Scheme 36) which was characterized

crystallographically and used as stoichiometric probe to validate the mechanistic speculations.

Scheme 36. Oxidative Addition of iodobenzoquinolone to Aul

119

Despite enabling direct activation of C—X bonds and allowing cross-coupling in the absence
of sacrificial oxidants, the scope and applications of inframolecular oxidative additions remain
limited to substrates which are capable of acting as stabilizing ligands for Au(I) and Au(IIl).
Strategies to enable intermolecular oxidative additions are therefore highly desirable.

Robinson et al. have studied the reaction between R;PAu™ cations and iodobenzene in the
gas phase and observed the formation of phenyl-phosphonium salts and Au' iodides, most likely as
a consequence of a rapid oxidative addition/reductive elimination event. Diphosphine cations
[R;PAUPR;]", on the other hand, were unreactive.3?* While suggesting that gold cations can
perform oxidative additions, the difficulties in achieving mono-coordination in solution poses a
practical problem to the application of simple Au(I) salts in redox-neutral cross-couplings.

As suggested by Ferndndez ef al. on the basis of DFT calculations, oxidative addition
barriers are largely controlled by the energy required to deform the reactants to the geometries they
adopt in the transition state.3! Therefore a more general strategy to broaden the scope of such
reactions is to favor intermolecular oxidative addition by destabilizing the linear coordination
ground-state geometry of bis-ligated Au(I) species. This is relatively difficult as, in contrast to
Pt(0), linear two-coordinate Au(I) complexes are remarkably stable and have a very low tendency to
adopt higher coordination numbers.3%% Joost et al. have successfully used the low-bite angle
diphosphine complex 120, where the presence of the carboranyl skeleton favors the formation of a
three-coordinate mononuclear environment over the more typical two-coordinate dinuclear
arrangement.** This species reacts fast and quantitatively with a broad range of iodoarenes with
different functional groups, to give the corresponding (P"P)Au(III) aryl derivatives 121. Contrary to

what is usually observed with Pd(0), the oxidative addition of electron-rich arenes occurs faster than
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electron-poor ones, quite reasonably owing to the formation of an Au(I) © arene complex prior the

oxidative event (Scheme 37).

Scheme 37. Oxidative Addition of lodoarenes to (PAP)Au(l) Complexes
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Harper et al. reported the oxidative addition of iodoarenes to a three-coordinated 2,2'-
bipyridyl Au(I) ethylene adduct 122 (Scheme 38), showing that a successful distortion of the linear
coordination of Au(I) can be achieved also with weaker donors. In line with the results reported by
Joost et al., oxidative addition of electron rich arenes was found to be significantly faster than
electron poor ones, with good scope in functional groups.3** As a reflection of facile Au(IIT)—Au(I)
reduction, oxidative addition in these systems is reversible; exposure of the Au(III) aryls 123 to
ethylene induced C—I reductive elimination and regeneration of the initial Au(I) complex 122. The
NN ligand scaffold was used to investigate all the steps composing the catalytic coupling of
arenes, including transmetalation with aryl-zinc reagents and C—C bond formation.

Cadge et al. showed very recently that this strategy can be further extended to vinyl and
alkynyl iodides with equally satisfying scope (Scheme 38).3%5 In particular, oxidative addition of
iodostyrenes was reported to afford Au(Ill) vinyl complexes 124 in good yields, while alkyl
derivatives were reluctant to react. Similar to iodoarenes, electron-rich substrates react faster than
electron-poor ones. The oxidative addition of the iodovinyl moiety is stereospecific, so that the
initial (E)- or (Z)-geometry of the substrates is retained in the Au(Ill) vinyl product. Alkynyl
iodides oxidatively add reversibly to Au(l), affording the dinuclear Au(I)-Au(Ill) complex 125,
where an Au(I) center forms a m-complex with the Au(III) alkynyl cation. In contrast to iodovinyl

substrates, both aryl and alkyl iodoalkynes oxidatively add in good yields.

Scheme 38. Oxidative Addition of lodo Compounds to (N*N)Au(l) Complexes
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The application of bidentate N*N ligands in Au redox chemistry was also explored by Yang
et al., who have developed a catalytic alkynylation of cyclopropenes mediated by a dual Au/Ag
process.!263% In this process, phenanthroline Au(I) complexes oxidatively add alkynyl iodane
reagents, to give (N*N)Au(III)alkynyl alkoxides that engage in transmetalation with silver-
cyclopropenyl species. Stoichiometric mechanistic studies on [(phen)Aul(ethylene)]* 126
demonstrated the oxidative addition of the iodine(II) reagent to generate complex 127, which was
fully characterized by NMR spectroscopy (Scheme 39). Upon crystallization, the mixed valence
Au(I)/Au(Ill) alkynyl complex 128 formed, as shown by Cadge et al. Oxidative addition reactivity
was also observed when ethylene was replaced by phosphine ligands to give 129. Phosphine
ligation induces a considerable asymmetry in N*N coordination to Au(T).!?¢ Kinetic studies
revealed that the reaction is accelerated by electron-poor phosphines and electron-rich iodane
reagents. Mechanistically, the reaction is thought to follow a sequential mechanism, where the
iodane oxidatively adds to the phosphine complex to give 130 and then reductively eliminates the
phosphonium alkynyl 131. This affords (phen)AuNTf,, which oxidatively adds a second equivalent
of iodane. The kinetic effect of the nature of the phosphine suggests that the first oxidative addition
is the rate limiting step. Remarkably, the same reactivity was also observed for linear
bis(pyridine)gold(I) complexes, even though the obtained Au(Ill) alkynyls were somewhat less
stable than the phenanthroline derivatives, supporting the idea that the formation of transient tri-

coordinated species is a viable alternative to stimulate oxidative addition.!?¢

Scheme 39. Oxidative Addition of Alkynyliodine(lll) Reagents
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Substrates with strained C—C bonds are able to oxidatively add intermolecularly to Au(I). In
2015 Bourissou’?” as well as Toste and co-workers3?® demonstrated that the strained C-C bond of
biphenylene can oxidatively add to Au(I) precursors to generate C*C chelated Au(IIl) compounds,
such as the IPr-stabilized 132 (Scheme 40a). The reaction occurs in two distinct steps, starting with
a m-biphenylene Au(I) complex, which is formed immediately upon chloride abstraction, and
proceeding with a slower C—C bond cleavage, which takes place in about 1.5 hours at RT.
Adventitious water was found to be helpful in stabilizing the square-planar geometry of the
resultant [(C*C)Au(IPr)]* cation. The water can be easily displaced by nBuyNCl to afford the more
stable chloride complex 133. The chelate 132 was found to be a competent Lewis acid catalyst, for
example in the 1,4-Mukaiyama Michael addition of silyl ketene acetals to o,3-unstaturated
aldehydes (See Section 4).3%8

Taking advantage of the increased reactivity of three-coordinate Au(I), Bourissou showed
that carboranyldiphosphine gold complexes undergo oxidative addition of biphenylene and
benzocyclobutenone (Scheme 40b). In the case of biphenylene, the reaction is believed to proceed
as in the formation of 132, even though it requires more forcing conditions and affords the
corresponding Au(III) chelate 134 after 3h at 120 °C. Benzocyclobutenone was also found to be
capable of adding to Au(l), to generate the chelates 135 and 136 as the first well-authenticated
examples of Au(IIl) acyl complexes. These products arise from the cleavage of the C(sp?)-C(O)
and the C(sp®)-C(O) bonds, respectively. The reaction outcome can be controlled selectively by
adjusting the reaction conditions: 135 (kinetic product) can be obtained after 1h at 60°C, while 136

(thermodynamic product) is obtained by heating the same reaction mixture for 3h at 120 °C.37

Scheme 40. Oxidative Addition of C-C Bonds to NHC Au(l) Complexes (a) and Diphosphine Au(l)

Complexes (b)
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Taking the use of bidentate ligands one step further, hemilabile ligands are attractive since
they can modify their denticity and stabilize reaction products after the formation of transient
tricoordinated species.!3? As Zeineddine et al. have shown, the linear Au(I) complex 137 derived
from the hemilabile MeDalPhos ligand engages in the oxidative addition of aryl bromides, aryl
iodides and biphenylene to give the corresponding (P*N)Au(IIl) aryl derivatives 138 and 139
(Scheme 41).3% The presence of the NMe, side group is fundamental for the stabilization of the
square-planar geometry of Au(IIl) and prevents the non-productive reductive elimination of aryl-X.
Oxidative addition to 137 tolerates a broad range of functional groups, including heteroatoms or
polyarenes, and was found to proceed faster than with the previously employed bis-phosphine
derivatives, to the point that most reactions went to completion upon mixing the reactants.
Reactions are slower if more coordinating anions such as NTf,™ are used, indicating that the limiting

step is likely the formation of a m-complex or iodine adduct prior oxidative addition. This finding
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served as a basis for the development of a catalytic C—H arylation cycle (see Section 4.1.2, Scheme
102).

In a follow-up study, this reactivity was investigated in more detail by kinetic experiments
and DFT calculations.?'® Hammet correlation and competition experiments corroborated the finding
that electron-rich arenes react much faster than electron-poor ones. It was demonstrated that the
highly electrophilic nature of the gold fragment induces a significant charge transfer from the
iodorarene to the metal, which explains the preference for electron-rich arenes. This is in sharp
contrast with the reactivity seen for palladium, where backbonding prevails and electron poor

arenes are more reactive.

Scheme 41. Oxidative Addition to Au(l) Complexes with Hemilabile PAN Ligands
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Chu et al. reported that cyclic (alkyl)(amino)carbenes with a pendant imine moiety, which

are monodentate donor ligands for Au(I), react with biphenylene forming the (C*C)Au(III) chelate
140, where the imino-functionalized carbene acts as bidentate ligand (Scheme 42). While the
potentially hemilabile imino-CAAC complex undergoes quantitative C—C oxidative addition in 12h
at room temperature, the correspondent CAAC complex without the N-substituent was found to be

totally unreactive towards biphenylene.3!!

Scheme 42. C-C Oxidative Addition to Complexes with Hemilabile CAAC Ligands
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Another intriguing concept to induce oxidation of Au(I) and form a gold-carbon bond at the
same time is to use carbocationic ligands that are able to accept electron density from Au(l), acting
as latent Z-type ligands. This approach was exemplified by Wilkins et al. who showed that
xanthene-based phosphine Au(I) complexes 141 react with alkylammonium salts to form the
(PA*C)Au chelate 142 (Scheme 43). The same complex was obtained starting from the
corresponding triphenylcarbinol and (THT)AuCl in the presence of HC1.3!2

Scheme 43. Oxidative Au-C Bond Formation Via Carbocations

BF,

Non-carbon compounds with apolar E-E bonds were also found to oxidatively add to Au(I).
The reversible oxidative addition of aryl disulfides to colourless [Au(SAr),] to give red [Au(SAr)4]
anions (Ar = C¢Fs, C¢F4H) was described by Bachman ef al. in 2008; all three reagents are in
equilibrium.3!3 Gualco et al. reported in 2011 the first example of intramolecular oxidative addition
of a Si-Si bond to Au(I), using diphosphine disilanes as ligating substrates (Scheme 44).3'4 In 2012,
the same authors showed that the obtained Au(III) bis-silyl complex 143 can react with adventitious
H,0 or O, under oxygen insertion and elimination of a Si-O—Si unit, by following an
unprecedented Au(I)/Au(Ill) redox sequence.’'> In 2014, Joost et al. could show that oxidative
addition of Si—Si bonds can occur also intermolecularly on triphenylphosphine Au(I) cations
(Scheme 44).31¢ Low-temperature NMR studies indicated that mixtures of Ph;PAuCl and GaCl;,
react with the disilane PhMe,Si—SiMe,Ph to give the Au(IlI) disilyl complex 144. Calculations

showed that the three-coordinate salt 144 was just slightly (3 kcal/mol) more stable than a square
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complex with an associated GaCl, anion. However, this compound is not thermally stable and
decomposes above —60°C.

By using the same strategy shown for 143, oxidative addition of an Sn—Sn bond has been
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achieved by Lassauque et al. to produce the Au(IlI) derivative 145.3!7 This reactivity was exploited

10 later to develop a gold-catalyzed catalytic bis-stannylation of propiolates.3!3

14 Scheme 44. Oxidative Addition of Si-Si and Sn-Sn Bonds
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48 Porcel and co—workers showed that aryldiazonium chloride salts oxidatively add to Au(I)
precursors when heated.’!® Indeed, para-nitro and para benzoyl benzene diazonium chlorides afford
51 the corresponding Au(IIl) aryl dichloro complexes 146 when stirred with Phs;PAuCl at 50°C for 2h
53 (Scheme 45). The thermally stable complexes 146 were characterized by X-Ray crystallography.

55 This method was used in combination with silver acetylides to develop a stochiometric C(sp?)—

C(sp) coupling reaction.

60 Scheme 45. Oxidative Addition of aryldiazonium chloride salts to Au(l)
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A follow-up study revealed that oxidative addition of aryldiazonium chloride salts to
Me,SAuCl or Ph3PAuCI can be catalyzed by substoichiometric amounts of ascorbic acid as a
radical initiator.3?° This strategy was used to develop a stoichiometric arylation of indoles under
mild conditions, with a good tolerance of functional groups on both indole and diazonium salt.
EPR, DFT and electrochemical studies supported a mechanistic scenario where the oxidative
addition occurs through a double one-electron oxidation pathway, where initially the Au(I)
precursor is oxidized by an aryl radical to an Au''-aryl species, which then reacts with further
diazonium salt to generate the Au' aryl dichloride.

3.1.3 Photo-Assisted Oxidative Addition Reactions. The application of radicals as
oxidants in gold catalysis has emerged as a powerful strategy for realizing cross-coupling reactions
without using sacrificial oxidants (See section 4.1.2). Several studies showed that clean oxidative
addition to Au(I) can be achieved under photo-assisted conditions, either photo-initiated or
requiring constant irradiation. One of the most important cases is the formation of gold
trifluoromethyl complexes, which find potential application in trifluoromethylation catalysis. CF;-
substituted compounds play an important role as pharmaceuticals.!” Their formation, structures and
reactivity has been reviewed, including their formation by oxidative addition.>?! Trifluoromethyl
halides are suitable substrates for oxidative addition to Au(l), as originally reported by Puddephatt
in the 1970s, who suggested the contribution of an odd-electron pathway involving CF; radicals.?®’
In 2014, Winston et al. reinvestigated this chemistry and found that phosphine Au(l) aryl
derivatives undergo oxidative addition of CF3I when exposed to UV light.3?? This affords stable
Au(III) (trifluoromethyl)(aryl) complexes 147, which have been characterized spectroscopically and
structurally (Scheme 46). Mechanistic investigations suggest that photochemical generation of CF;
radicals initiates a chain reaction composed of two distinct single electron oxidations. In the first
step Au(]) is oxidized to Au(Il), which reacts with further CF;l to give 147 and restarts the chain. A
similar mechanism was proposed by Gil-Rubio and co-workers for the oxidative addition of
perfluoroalkyl iodides to LAuR complexes (L = PPh;, IPr; R = Me, Mes, alkynyl) under irradiation

at 402 nm.323
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Scheme 46. Oxidative Addition of CF;l by a Photoinitiated Radical Pathway
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After the seminal work by the groups of Glorius and Toste (see Section 4), the oxidative
addition of diazonium salts to linear Au(I) complexes has emerged as a powerful strategy to
generate high-valent Au intermediates containing a metal-carbon bond that can participate in both
stoichiometric and catalytic reactions. The same principle has been applied for developing new
synthetic routes to stable Au(Ill) chelates, by following different approaches. Glorius et al. reported
the oxidative addition of 2-(pyridin-2-yl)phenyldiazonium salts to a series of Au(I) chloride
complexes having phosphine or NHC ligands, to generate stable (C*"N)Au(III) chelates 148.324 In
this particular case, oxidative addition is triggered by photoredox catalysis with [Ru(bipy);][BF;]»
under visible light irradiation (Ay.x = 525 nm). Mechanistically, the reaction is thought to proceed
by two distinct single-electron transfer (SET) steps: First, an aryl radical, generated by the reaction
of the diazonium salt and the excited state of the photocatalyst, oxidizes the Au(I) precursor to give
a (C*N)Au(II) transient. This Au(Il) species then reacts with further equivalents of the diazonium
salts generating a chain reaction to give a Au(IIl) phenylpyridyl complex and more aryl radicals
(Scheme 47). Alternatively, the oxidized form of the photocatalyst can oxidise Au(II) to Au(IIl) and
regenerate the original Ru(Il) species.3?*

Concurrently, Hashmi and co-workers reacted pre-formed Au(I) complexes of potentially
hemilabile phosphino-pyridine or phosphino-quinoline ligands with aryldiazonium salts to generate
a broad range of (P"N)Au(III) aryl complexes 149 (Scheme 47).3%5 These reactions proceeded
smoothly under blue light irradiation and in the absence of a photocatalyst. The method proved to
be very general and was extended to aryldiazonium salts prepared in sifu from the corresponding
anilines. By using aryldiazonium salts having a coordinating counterion, such as Cl-, the
interception of thermally stable non-chelate Au(IIl) aryl complexes 150 was achieved by using
Cy3PAuCl as starting material. The cis-configuration of the two Cl ligands was confirmed by X—

Ray crystallography.
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Very recently, Hashmi and co-workers have used aryldiazonium salts to generate
(CAN"C)Au(II) pincer complexes 151, offering a synthetic route that is alternative to the
traditional mercuration/transmetalation strategy.?3° Similarly to the previous cases, the diazonium
salt reacts under direct irradiation with blue light and does not require a photosensitizer to be
activated. The oxidation of Au(I) generates a (C"N)Au(III) intermediate, where the C—H activation
of the pendant aryl is triggered by a strong base such as 2,6-di-tert-butyl-4-methylpyridine
(DTBMP) (Scheme 47), in line with previous reports on Au(III)-C bond formation by Rocchigiani

et al.'”

Scheme 47. Generation of Au(lll) Complexes by Oxidative Addition of Diazonium Cations under

Photoassisted Conditions
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The mechanism suggested by Glorius was also proposed by Kim and Toste, who have
investigated the photoredox-initiated C—C and C—N coupling with Au(I) precursors. By using IPr-
based Au(I) trifluoromethyl and succinimide complexes, it proved possible to trap Au(III)
intermediates 152 as H,O or CH;CN solvates and to characterize them by X ray diffraction
(Scheme 48).326

Scheme 48. Photocatalytic Formation of Stable Au(lll) Aryl Intermediates
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Whereas the previous mechanisms have always assumed an oxidation of the gold center to
Au(IIT) under photocatalytic conditions, in 2019 Fensterbank and co-workers were able to show that
this may not necessarily be so, and that alternative pathways and geometries may prevail in
photoexcited states.’?” Investigating the possibility of oxidative addition of 1-iodoacetylenes to the
vinyl gold(I) precursor 153 under blue LED excitation, they obtained best results with an
iridium(IIT) sensitizer, [Ir{dF(CF;)ppy}.(dtbbpy)]PF¢ (“Ir-F”, 154), which, unlike [Ru(bipy);]**3, is
not redox-active. Instead, on irradiation the Ir complex is promoted to the triplet state, followed by
fast energy transfer to the gold complex to give 3[LAuCl], i.e. the gold complex acts as
luminescence quencher of Ir. In fact the triplet Au complex thus generated appears to function as
relay for the energy transfer to the alkyne, generating *[I-C=CAr]. This excited alkyne adopts a bent
geometry, which facilitates C-C bond formation and iodine transfer to gold. Exploring the triplet
energy surface computationally ruled out ground-state oxidative addition of the iodoalkyne to form
a gold(III) alkynyl complex. Instead, a lower-energy pathway exists where the alkynyl ligand slips
into position prior to formation of the C-C bond in the final coupling step. The transition state
energies between these structures are all quite low and the process is energetically downhill
(Scheme 49). Intermediate 3C, with the two organic ligands in trans position, comes close to an
Au(IIT) state. The yield is increased by the presence of 10 mol-% of 1,10-phenanthroline, although

its function is not clear.3?7
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Scheme 49. C-C Bond Formation Via a Photoexcitation Triplet-State Cascade
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3.2 Reductive Elimination Reactions

Reductive elimination, the reverse of oxidative addition, is the product-forming step of
many metal-catalyzed cycles. Generally, reductive elimination is assumed to be extremely efficient
for d® complexes of groups 10-11 and d® configuration of groups 9-10, for which various
mechanisms are available.?62-264 Au(III) fits well into this family and its ability to engage in
reductive decomposition processes has been known for more than 80 years.3?8 In the 1970s,
pioneering work by Kochi and Tobias started to address mechanistic aspects of reductive
elimination from Au(III) di- and tri-methyl complexes, which produced ethane upon warming.32%-33!1
Further work by Komiya extended the investigation to other alkyl and aryl derivatives, providing
the basis of the first rationale for C—C reductive elimination from Au(III).332

With the extensive development of redox gold catalysis, reductive elimination from high-
valent gold centres has attracted growing interest. This section provides a description of recent
advances in the understanding of reductive eliminations from well-defined Au(IIl) complexes,
leading to C—heteroatom and C—C bond formation, and of their potential for catalytic applications.

3.2.1 C-Halide Reductive Eliminations. Carbon-halide reductive elimination is usually
considered as a side-reaction that deactivates coupling catalysts and has not attracted as much
attention as reductive C—C bond formation. In an early example, Aresta and Vasapollo showed that
trans Ph;PAu(Br),(Ar) complexes decompose with reductive C—Br elimination to give

bromoarenes.*3? C—X elimination is of course important as a method of forming C-F bonds and in
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the mechanistic understanding of catalyst deactivation, and a number of studies has been reported
recently.

A detailed study on C(sp?)-I coupling was carried out by Scott et al. on complex 96 (see
Section 3.1.1), which was found to release readily Mel in solution immediately after its
formation.?> The mechanism of this reaction was proposed to involve loss of iodide from 96 to
form a 3-coordinate species, which then decomposes by intramolecular reductive Mel elimination
(Scheme 50). Consistent with this, the addition of external iodide salts was found to slow down the

decomposition rate of 96.

Scheme 50. Reductive Elimination of Mel

IPr—Au—Me <——= |(IPr—Au Mel

| N\ ul
96 IPrAul

Following up on their previous work on the oxidation of NHC gold(I) species with XeF, 24
Mankad and Toste investigated the reductive decomposition of cis-Au(III) difluoro alkyls 155.23!
These species readily decompose with reductive C—F elimination to give the expected
fluoroalkanes. However, the fluorination of the sp® carbon was found to be competitive with the
formation of olefins due to B-H elimination of the alkyl groups. The outcome of the reaction was
controlled by the steric bulk of the alkyl group, and higher fluorination yields were obtained when
cyclohexyl or menthyl derivatives were employed (Scheme 51). Systems lacking in f—H atoms
undergo competitive carbocationic rearrangements, still competitive with C—F bond formation. In
line with the previous results by Scott et al.,>>° C-I reductive elimination was found to be much
easier after oxidation of (IPr)Au alkyl derivatives with I, and outperformed —H elimination and
carbocationic rearrangements. Mechanistically, both C—F reductive elimination and side-reactions
were thought to occur via a 3-coordinated intermediate, formed upon dissociation of one F~ ion

from Au.

Scheme 51. Reaction Pathways in Reductive C-F Eliminations

ACS Paragon Plus Environment



oNOYTULT D WN =

Submitted to Chemical Reviews Page 66 of 212

e Y

7% 66%
E +
L <
- / R=Cy
IPr—,i\u—F | IPr—Au

R - F +F

155 (IPr)AuF

60% 24%

),
(=)menthyl

Ghidiu et al. investigated C—Cl bond formation from (IPr)AuCl,Ar complexes 156 (R = Ph,
C¢Fs) and concluded that the nature of the aryl group dictates the mechanistic course of the
reductive elimination.?? In the case of the phenyl derivative, C—Cl reductive elimination is fast and
follows a thermal pathway. In the case of the pentafluorophenyl complex 156Cg¢F's, no reductive
elimination occurred at high temperatures; formation of C4FsCl and (IPr)AuCl was however
observed upon UV irradiation, thus suggesting a photochemical route to reductive elimination. This
striking difference between phenyl and pentafluorophenyl was ascribed to the increased
electrostatic interaction between the chlorides and the metal in 156C¢Fs, which, in turn, increases
the reductive elimination barrier. This assumption agrees with the electrochemical data, which
showed a strong increase in the redox potential of the Au!/Au'! couple, from 1.77V for (IPr)AuPh
to 1.93V for (IPr)AuCgFs.

Similar results were reported by Blaya et al., who investigated the reactions of (IPr)AuCF;
with different oxidants such as PhICI,, Br,, ICl and I, and found that the stability towards reduction
is notably affected by the halide.?3* Oxidation with I, gave the Au(IIl) trans-diiodide which was
stable only at very low temperatures and underwent thermal reductive elimination of CF;I. In the
case of the other halides, frans-dihalide Au(III) trifluoromethyl complexes 157 are thermally stable
but reductively eliminate CF;Br and CF;Cl when exposed to UV light (Scheme 52).

Photoinitiated reductive elimination from perfluoroalkyl Au(IIl) complexes was investigated
by Portugués et al.3?3 In line with the previous results on trifluoromethyl derivatives, perfluoroalkyl
iodides were found to oxidatively add to LAuR complexes (L = PPhs, IPr; R = Me, Mes, alkynyl)
under irradiation at 402 nm and afforded Au(IIl) complexes with variable stability. In the case of L
= PPh; and R = Mes, Au(III) perfluoroalkyl complexes were isolated and characterized by X-Ray
crystallography. However, it was found that they decompose under irradiation at A =402 nm

affording complex mixtures containing Au(I) iodide and perfluoroalkyl, mesitylene and Mesl.
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Irradiation in the presence of radical traps revealed that the decomposition follows a radical
mechanism, in analogy to what was proposed for the photoinitiatied oxidative addition (see Section
3.1.3). Reductive elimination from alkynyl and methyl complexes occurred faster and no stable

Au(III) complex could be isolated.3>

Scheme 52. Reductive C-Halide Eliminations
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Winston et al. investigated the reductive decomposition of Au(IIl) trifluoromethyl aryl
halides 147 formed upon photochemical oxidative addition of CF31.32? For these species, two
distinct reductive elimination events were observed, depending on the experimental conditions.
Upon halide abstraction, fast and quantitative C—C reductive elimination to give trifluoromethyl
arenes was observed. In contrast, heating 147 to 110 °C in toluene led to C—I reductive elimination,
generating iodoarenes and Ph;PAuCF;. A systematic study on the halide effect revealed that
moving from iodide to fluoride increased the rate of C—C reductive elimination versus C—X, to the
point that, when X = F, trifluoromethyl arenes are the only products observed.>3> This seemed to
indicate a correlation between Au—X bond strength and the preference for C—CFj; reductive
elimination. Reductive elimination from 147 was suggested to follow PPh; dissociation, to give a
reactive 3-coordinate transient intermediate which has a low barrier towards reductive elimination
(Scheme 53). In the case of X = Br or Cl, it was proposed that Ph;PAuCF; formed in situ could
reversibly coordinate to the latter intermediate and give rise to an autocatalytic accelerated

reductive elimination mechanism.
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Scheme 53. C-Halide Versus C-CF; Elimination
Fr,,  CFs C7Ds
PhaP” N 22°C o A CF, + PhyPAUF
AgF
1, WCF3 AgSbFg
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WCF3[ 122°C
U\A ——

Ar—I + Ph3PAUCF;
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C-X vs. C-CF; elimination was addressed in detail by theoretical work by Datta and co-
workers.*3¢ In the absence of autocatalytic effects, aryl-CF; reductive elimination from
Ph;PAuCF;(X)(Aryl) complexes of type 147 (X = F, Cl, Br, I) showed the lowest reductive
elimination barrier for all the halides. On the other hand, the autocatalytic pathway showed an
increasing preference for C—CF; on moving from X = I to X = F, thus confirming that product
selectivity is dictated by the ability of Au(Ill) intermediates to establish bridging halide interactions.

3.2.2 Reductive C-E (E = P, N, S) Bond Formation. The examples of C—halide reductive
elimination discussed above indicate that the choice of ancillary ligands acting as good leaving
groups is key for lowering the reaction barrier and tweak the selectivity. Generally, it appears that
ligands which interact more strongly with the metal have a higher tendency to be reductively
eliminated. Surprisingly, this was also the case for neutral L ligands such as phosphines.

Kawai et al. reported that phosphine Au(III) aryl derivatives can indeed undergo P—C
reductive elimination.?3” The stable tricyclohexylphosphine complex 158, obtained upon oxidation
of the corresponding Au(I) salt with PhICl,, reacts with silver salts to give gold nanoparticles
together with arylphosphonium salts as the only reaction products (Scheme 54). The reaction is
thought to proceed, once again, through a 3-coordinate intermediate, which was too unstable to be
isolated. Low-temperature NMR and trapping experiments provided evidence for the formation of a
reaction intermediate immediately after halide abstraction, to which the dimeric structure 159 was
assigned. In the case of the neutral complex 160 P—C reductive elimination occurred
intramolecularly, to give ion pair 161 containing a cyclic phosphonium cation. Interestingly, this

reaction was found to accelerate when coordinating solvents or PPh; were added to the reaction
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mixtures. This was tentatively associated with the formation of a 5-coordinate intermediate, even
though no structural information about the latter could be obtained. P-C reductive elimination of
phosphines has been used extensively in catalytic studies to prove the intermediacy of Au(III)

species in redox protocols (see Section 4.1.2).

Scheme 54. Reductive C-P Eliminations
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Another example of P—C reductive elimination was described by Bonsignore ef al., as the
product of the reaction of the benzoyl-pyridine gold complex 162 with 1,3,5-triaza-7-
phosphaadamantane (PTA) in the presence of KPFs (Scheme 54).338 The reaction requires excess
PTA (3 equiv) to achieve full conversion, likely because the cationic (C*"N)AuCI(PTA) complex
forms as a first intermediate and then further PTA can displace the pyridine ligand and initiate C—P
bond formation, affording the corresponding phosphonium salt.

Catalytic C—N coupling reactions by gold(IlI) have emerged over the past 15 years as
efficient system for the synthesis of functionalized amines. Earlier examples used gold(IIl) as a
Lewis acid to catalyse nitrene insertion-type reactions,?®>-33° while C—N reductive elimination
processes appeared later in the literature. In 2010, Limbach and co-workers prepared complexes
163 from ArH and AuCls, followed by capturing the product as the lutidine adduct. These are stable
in refluxing THF in the absence of base but on addition of amines HNR!'R? in the presence of
acetate the reductive elimination products Ar-NR'R? are formed in high yield. Mechanistic studies
showed that the amine displaces lutidine; the formation of the morpholine adduct, trans-

PhAuCl, {HN(C,H,4),0} (164) was confirmed by X-ray diffraction. Heating this complex in the
presence of acetate gives N-phenylmorpholine and gold(I) products. The acetate is likely to
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deprotonate the coordinated amine to give a putative T-shaped cis-(aryl)(amido) intermediate, with
the required stereochemistry for reductive elimination (Scheme 55). No evidence for acetate

coordination to gold was found.3*°

Scheme 55. Reductive C-N Eliminations
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More recently, Kim et al. reported another example of intramolecular C—N reductive
elimination from the benzyl- or benzoyl-pyridine (C*N) chelates 165, which were found to react
with imidazolium salts at high temperature affording (NHC)AuCl and cyclic pyridinium salts 166
(Scheme 56).34! The same result was obtained by reacting 165 with chelating diphosphines. The
reaction was proposed to be initiated by the coordination of the carbene generated in situ from the
imidazolium salt. This would afford an unstable cationic (C*"N)Au(III)NHC adduct, from which fast
intramolecular C—N reductive elimination takes places. Kinetic analysis of the reaction profile
suggested a rate determining step with a rather low activation enthalpy (AH”= 6.3 kcal/mol) and a

negative activation entropy (AS”=—44 e.u.), supporting the associative mechanism.

Scheme 56. Reductive Elimination of Pyridinium Salts
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In 2014 the first example of a C—S reductive elimination from Au(Ill) was described by
Kung et al., who reacted Au(Ill) C*N chelates 167 with N-acetyl-cysteine to give the thioether 168
(Scheme 57).34? The efficiency of C—S bond formation was found to depend on the cyclometalated
ligand: 6-membered auracycles 167 reacted readily, while the 5-membered auracycle derived from
2-phenyl pyridine did not undergo reductive elimination. This agrees with the general concept that
more rigid cyclometalated 5-ring structures are more stable towards reductive elimination. This
stoichiometric C—S coupling was further extended to polypeptides and proteins containing thiol
units, thus unlocking a new method for the selective modification of important biomolecules.

In 2018, Currie et al. reported that reaction of (C*"N”C) pincer Au(IIl) chloride complexes
71Bu with adamantane thiol led to the formation of the C—S elimination product 169.343 This is in
striking contrast with previous results obtained by the same authors, who showed that the same
reactions performed in the presence of a base led to the formation of thermally stable Au(III)
thiolates 170.3* The reaction mechanism was probed extensively by kinetic experiments. The
reaction starts with the protodeauration of one Au—C bond to generate a C*N chelate, followed by
the displacement of the N donor by a second equivalent of thiol, which then triggers the C—S
reductive elimination. The same reactivity was observed in a stepwise manner, starting from the
neutral thiolate complex 170. Upon reacting 170 with the strong acid [H(OEt,),][H,N {B(C¢F5)s3}2],
the bridged thiolate complex 171 could be isolated and characterized by X-Ray diffraction. The
addition of SMe; to this complex triggered reductive elimination to give 169 (Scheme 57).

Further mechanistic studies on this system revealed that C—S reductive elimination was
feasible only starting with (C*"N*C)AuX complexes, where X = Cl or SR. When using pincer
complexes X = Me, aryl or acetylide, the addition of thiols triggered C—C rather than C—S reductive
elimination, thus validating the hypothesis that ligands able to establish stronger bonds with Au(III)

are more susceptible of being reductively eliminated.3#3

Scheme 57. Reductive C-S Elimination
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In 2018 Messina et al.>* investigated cysteine bioconjugation of several peptides and
proteins using the chelates 121 and 138 developed by Amgoune and Bourissou3%3-3° (Scheme 58).
These cationic Au(Ill) aryl derivatives were found to react very fast with glutathione (<5 min) and
tolerated a broad range of pH conditions, thus broadening the bioconjugation scope with respect to
the previous species reported by Kung et al.3*> The possibility to synthesize a broad library of stable
Au(III) aryl derivatives from iodoarenes gave the opportunity to tag complex proteins with
fluorescent dyes, drugs and other biologically relevant fragments.3*> The reaction was modelled
computationally by Zhang and Dong, who calculated the energy profile for a two-step mechanism
involving (i) the formation of an Au(Ill) thiolate upon elimination of HCI and (ii) reductive C—S
elimination from the 4-coordinate thiolate intermediate. The latter was suggested to be the rate
limiting step. The high selectivity of S-arylation versus N— and O—arylation, was explained by the
interplay between the acidity of the SH group and the thiophilicity of Au.346

Arylation of polypeptides by C—S coupling was also exploited by Wenzel et al., who
showed that (C*N)Au(III) chelates can be used for arylating cysteine fragments in zinc finger
protein domains.3*” The peptide fragment bearing the cysteine is thought to displace the N donor in

C”N chelates, affording Au(III) bis(thiolato) aryls, which then undergo fast C—S bond formation.
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1

2

2 Very recently, Stauber et al. showed that C—S reductive elimination from Au(III) can also be

5 exploited to precisely functionalize dodecaborane clusters decorated with (P"N)Au(IIl) complexes

6

7 172 (Scheme 58). These clusters were obtained by oxidative addition of iodoaryl-modified

g dodecaborane onto the Au(I) precursor. Reaction with thiols triggered C—S reductive elimination, to

10 give the thioether-capped cluster 173. This procedure tolerates a broad range of functional groups,

11

12 ranging from aryl to alkyl and heterocyclic functionalities, and was used to generate a large library

13 . . .

14 of clusters, including carbohydrate-tagged species.?#?

15

16

17 Scheme 58. Reductive C-S Elimination from Au(lll) Cations for Functionalization of Peptides or
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41 3.2.3 C-C Reductive Elimination. The ability of gold to reductively eliminate C—C bonds

42

43 from Au(III) alkyl complexes has been known since the pioneering work by Tobias, Kochi and

jg Schmidbaur.?63-266,329-331 These reactions were found to have significant barriers and required high

j? temperatures to go to completion, thus competing with isomerization and ligand rearrangement

48 processes. These elimination reactions were found to be inhibited by the addition of external

49

50 phosphine ligands, indicative of a dissociative mechanism, in analogy with most of the cases

g; presented before for C—X bond formation. Similarly, C(sp?)-C(sp?) couplings**® were found to be

53 rather slow and required high temperatures. C(sp?)-C(sp?) were shown to be faster.’>* However, the

54

55 mechanistic details of these reactions received little attention for more than two decades.

56 . .

57 In 2014, Toste and co-workers reported the generation of neutral cis-diarylgold(III)

g g complexes 174 by partial oxidation of Phs;PAuAr with PhICI,, followed by fast transmetalation

60 from residual starting material. Complex 174 was found to be thermally unstable and decomposed

ACS Paragon Plus Environment



oNOYTULT D WN =

Submitted to Chemical Reviews Page 74 of 212

readily to Ph;PAuCl and 4,4'-difluorobiphenyl upon fast reductive elimination. Kinetic studies
monitored by '°F NMR spectroscopy at —52 °C showed that the reaction was considerably
accelerated by the addition of external triphenylphosphine, while it was not affected by the addition
of chloride salts. This indicates that in the case of 174 reductive elimination takes place from a 4-
coordinated square-planar species, in contrast with Kochi’s finding on dimethyl Au(IIl) complexes.
The addition of excess PPh; to 174 was suggested to generate a spectroscopically not-observable
cationic intermediate, cis-[(Phs;P),AuAr,]|" (175), from which reductive elimination takes place
significantly faster than from neutral 174 (Scheme 59).3°! This exceptionally fast reductive

elimination remains the highest C—C coupling rate measured so far for any metal.

Scheme 59. Fast Reductive p-Fluorophenyl Elimination from Au(lll)
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Kang et al. performed a systematic study on C—C reductive elimination from well-defined
phosphine bis(fluoroaryl) Au(IIl) complexes 176 (Scheme 60a).33% As already shown by Uson,?%
perfluorinated aryls are excellent for stabilizing Au(IIl), and a broad range of thermally stable bis-
aryl complexes were isolated and crystallographically characterized. Thermolysis of 176 affords
perfluorinated tris-arenes and phosphine Au(I) chloride. In agreement with the suggestions by Toste
and co-workers,?*! reductive elimination of biaryls is thought to take place from a 4-coordinated
intermediate, where the steric hindrance of the phosphine ligands plays a much more important role
than electronic effects. On the other hand, electron-withdrawing aryl groups are eliminated more
slowly than more electron-donating ones.

The same approach was then extended to aryl-difluoromethyl C—C coupling reactions from
the neutral complex 177 (Scheme 60b).333 The latter is stable at room temperature and, as in the

case of 176, undergoes C—C reductive elimination at high temperatures. By contrast,
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difluoromethylation is fast and quantitative at room temperature when a silver salt is used to
abstract the chloride ligand from 177. Contrary to what was observed by Toste and co-workers for
the reductive aryl trifluoromethylation,3> the rate of elimination from 177 is slightly accelerated by
the addition of 1 equivalent of PCys. This implies that there is no phosphine ligand dissociation to
generate a 3-coordinated intermediate, which is in line with expectation given the presence of
electron-withdrawing alkyl and aryl ligands on Au(IIl). Similarly, addition of #nBusNCI does not

inhibit the reaction, and chloride dissociation is therefore unlikely as well.

Scheme 60. Reductive Elimination of (a) Fluoroaryls, and (b) Reductive Ar-CHF, Elimination
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Wong and co-workers explored the reductive C(sp?)—C(sp) elimination from (C"N)Au(III)
chelates for applications in bioconjugation of alkynyl-linked peptides. Neutral (C"N)gold(III)
dichloride complexes 178 were found to react with phenylacetylene in the presence of a base,
affording the reductive elimination product 179 in high yields (Scheme 61). This reactivity was
shown to be general for 6-membered C*N chelates, while 5-membered ones were unreactive, as the
same authors showed for a similar C—S reductive elimination protocol.3*? Similarly, bis alkynyl
Au(IIT) complexes 180 underwent C(sp?)—C(sp) reductive elimination only for 6-membered
chelates and were proposed as intermediates in the reductive transformations.*>>* Evidently C(sp?)-

C(sp) coupling outcompetes the alternative C(sp)-C(sp) process.

Scheme 61. Aryl-alkynyl reductive elimination from Au(lll) CAN chelates
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Rocchigiani et al. have investigated C—C reductive elimination from a range of
(CAN)Au(III) cations of type 28 (cf. Scheme 7) obtained by protodeauration of (C*N"C)Au pincer
complexes with the strong acid [H(OEt,),][H,N{B(C¢Fs)3},].3> In agreement with earlier
observations by Vicente et al.,3*6357 conformational flexibility was found to play a key role in the
stability of Au(III) aryl complexes. Indeed, while C*N adducts 28 are thermally stable in solution
for a prolonged time, they undergo reductive C—C elimination when treated with donor ligands such
as SMe, or tri(p-tolyl) phosphine. This reaction is thought to involve pyridine displacement and
formation of intermediates 181, en-route to the coupling products 182 (Scheme 62). The rate of C—
C reductive coupling was found to be dependent on the nature of the R group in the order A(vinyl) >
k(aryl) >> k(CgF5s) > k(Me) and required, at least, two equivalents of L per Au to go to completion.
The elimination step is thought to depend on the formation of a 4-coordinated intermediate, where
the pyridine N-donor is displaced by a second equivalent of L, thus allowing the metalated aryl
group to rotate into a conformation that minimizes the barrier to reductive elimination. Hints for the
formation of such an intermediate were obtained in the case of R = Me and L = P(tol);, for which
two non-equivalent 3'P NMR signals were observed, together with selective NOE interactions
supporting the cis-arrangement. Consistent with this scheme, C—C reductive eliminations were
found to be orders of magnitude faster for L = P(tol); than for L = SMe,, most likely owing to the
stronger coordination and increased steric demand of the phosphine in the tetracoordinate cis
intermediate.3>3

Most recently Genoux et al. showed that reductive aryl-cyanide coupling can be induced by
heating gold(IIT) CN complexes trans-Au(CN),(C¢Hs.,F,)(PPhs) (n=2 —5) to 100 °C in 1,4-
dioxane. The reaction is retarded by electron-withdrawing aryl substituents. The coupling follows

an asynchronous mechanism in which the aryl acts as nucleophile and the cyanide as the
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1

2

2 electrophile, which is not unexpected given the very different electronic characteristics of the aryl
5 and CN ligands.?38 This process closely resembles the mechanism described earlier by Klinkenberg
6

7 and Hartwig for the reductive aryl-CN coupling in palladium complexes (phosphine),Pd-

; (CN)(aryD)

10

11

12 Scheme 62. Donor-Ligand Induced Reductive Ar-R Elimination in Cyclometalated Complexes

13

14 * - B

15 | X —lz- u/ _|+_
. TR L NS ®
17 | By —> [ Z

21 28 181 182
+[AuL;](Z]

23 R = Me, CgFs, CH=CMe,, p-X-CgHj (X = OMe, 'Bu, H, F, CI, CF3, NO,)
24 Z = HoN{B(CgF5)3}2
L = SMe,, P(tol)

30 C(sp)—C(sp) bond formation has gained increasing interest in catalytic alkyne coupling (see
32 Section 4.1). In 2014 Corma and co-workers reported a catalytic homocoupling of alkynes

34 catalyzed by Au(I) phosphine complexes under basic conditions in the presence of Selectfluor as
sacrificial oxidant.30 Stoichiometric reactions revealed that reductive elimination from bis-alkynyl
37 intermediates is extremely fast and goes to completion in less than 1 min at —78 °C. Similar

39 homocoupling reactions were observed when one equivalent of (Ph;P)Au-alkynyl was combined
e with (Ph;P)AuCls, although with a much slower kinetics. This seemed to suggest that C(sp)—C(sp)
reductive elimination from neutral Au(IIl) bis-alkynyl complexes of type 183 (Scheme 63) is as

44 efficient as C(sp?)—C(sp?) coupling.

Scheme 63. Alkynyl Coupling by C(sp)—C(sp) reductive elimination

R

50 Cl pZ
51 | 2Li—————2R Cl / R———=—=—R
52 PhsP—Au—Cl >

Au _—
53 | THF, -78 °C Phsp” X -78°C + Ph3PAUCI
54 Cl -2 LiCl RJ <tmin
55 183

Computational studies by Datta and co-workers on cis-AuR;R,(PPh;)Cl complexes provided

60 a theoretical rationale for the factors that impact on reductive elimination barriers. The authors
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found that the activation enthalpies 4H” (kcal/mol) of reductive eliminations follow the trend H, Ph
(7.5) <H, Me (11.1) < vinyl, vinyl (15.1) < Ph, Ph (16.1) <H, H (17.1) < Ph, Me (24.9) < Me, Me
(35.7).2% The considerably higher barriers for reductive elimination of sp3-C atoms was attributed
to the directionality and lower s-character of their hybridized orbitals; consistent with the decrease
of the elimination barriers with increasing s-character of the fragment that is to be eliminated. In
line with experimental results, cationic bis(phosphine) complexes were calculated to eliminate
much faster than the corresponding neutral chloride complexes.

For the reasons described above, methyl-methyl couplings are difficult to achieve. However,
Kaphan et al. showed that C(sp?)-C(sp?) coupling from Au(III) can be accelerated if the complex is
placed within the steric confines of a supramolecular cage.3®! In the presence of catalytic amounts
of the anionic cage GayLg!'?~ (L = N.N’-bis(2,3-dihydroxybenzoyl)-1,5-diaminonaphthalene) the
rate of C—C reductive elimination from cis-(L)AuMe,l (L = PEt;) increased by about 7 orders of
magnitude, with a turnover number of 300 (Scheme 64). The reaction follows Michaelis-Menten
kinetics; dissociation of iodide generates a cationic species that is encapsulated by the GayL¢ cage,
where C—C reductive elimination is triggered by steric constraints and depends on the bulk of the
ligands attached to the metal. The rate to ethane elimination thus increases with ligand size, L =
PMe; < PEt;, provided the complex still fits into the cage cavity; therefore the triphenylphospine
derivative was not reactive at all. Similarly, reductive elimination of butane from cis-(Me;P)AuEt,I
was found to be catalysed by the supramolecular cage.?%?

Recent theoretical studies by Ujaque and co-workers showed that the difference in reductive
elimination rate between encapsulated Et;PAuMe,l and Me;PAuMe;l arises predominantly from
solvent inclusion effects. In the case of the smaller PMe; complex, there is sufficient space in the
cage for hosting an extra MeOH molecule, together with the cationic intermediate
[Me;PAu(HOMe)Me,|", while for the larger ethyl derivative there is no such possibility. The extra
encapsulated MeOH molecule was found to increase the barrier of reductive elimination, thus
showing that the kinetic effects observed experimentally are not only simply related to
encapsulation, but also to microsolvation effects that can occur inside the cage.363-3%4 In a series of
similar studies, Head-Gordon and co-workers have also shown the importance of electrostatic
effects generated by the encapsulation of Au(IIl) alkyl cations. Here, the inclusion of a single water
molecule in the cage was found to play a very important role in accelerating the rate of C-C bond

formation in the cage, as it generates dipole forces that seem to stabilize the transition state.363-366

Scheme 64. Alkyl-Alkyl Elimination Catalyzed by Supramolecular Encapsulation
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An alternative pathway to product release via C-C reductive elimination was discovered by
Rocchigiani et al. during their studies on Au(III) alkyne complexes. This process involves reductive
deprotonation (as distinct from reductive C-H elimination) from the gold alkyl 184, which had been
formed by a [2+2] cycloaddition—C¢F5 insertion cascade.!®? Despite the presence of a coordination
vacancy and of B-hydrogen atoms on the ethyl substituent of the cyclobutenyl, 184 was found to be
thermally stable. However, when a Lewis base such as SMe; or xylylisocyanide was added to 184,
fast and quantitative formation of the diene 185 and the pyridinium salt 186 was observed (Scheme
65). With the help of DFT calculations the classic path for B-H elimination was ruled out. Instead,
the reaction is thought to originate from the dissociation of 184 to give an Au(]I) species and a
cyclobutenyl cation, followed by deprotonation of the latter by the pyridine ligand to generate the
olefinic product 185 as an E£/Z mixture. The external base (SMe,, isocyanide) serves to stabilize the

Au(I) end product.

Scheme 65. Product Release by a C-C Coupling - Reductive Deprotonation Sequence
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3.3 Nucleophilic Addition to C-C Double and Triple Bonds
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This section deals with mechanistic aspects and stoichiometric reactions. Catalytic

applications involving nucleophilic attack on C-C double and triple bonds and cascade reactions are

summarized in Section 4.2. Nucleophilic attack on alkynes mediated by gold catalysts has been

reviewed.3¢7

The nucleophilic attack on unsaturated C-C bonds can occur by intra- or inter-molecular

pathways, leading to products of different stereochemistries (Scheme 66). Early fully relativistic ab-

initio calculations on propyne complexes of AuCl; and PtCl,(H,0O) explain the higher catalytic

activity of gold by the strongly varying orbital populations and significant structural and energy

differences of the frontier orbitals between Au and Pt.'®* On the other hand, the ease of ligand

slippage is also important and was found to be more facile for Au(III) than for Pt(II) (Figure 3),'6°

which explains the pronounced vinylcarbocation-type reactivity of gold-alkyne complexes.

Scheme 66. Pathways of Nucleophilic Attack on Alkyne Ligands
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Figure 3. Energy potentials of 2-butyne slippage in AuCl; and PtCl,(H,0O) adducts.

The hydration of propyne to acetone catalyzed by AuCl; has been the subject of
computational modelling at various levels. The reaction follows an intermolecular pathway with
cooperative hydrogen bonding. The involvement of a second water molecule was found to reduce
the activation energy by over 20 kcal/mol. Both relativistic effects and the inclusion of the solvent
have a major effect on the reaction energy profile.3%® Later theoretical studies on the
phenylacetylene hydration effected by dithiocarbamate AuCl,(S,CNR) catalyst,’%® and on the 2-
butyne hydration by a series of (C"N~C), O"N"N"O, C*N and CC ligated gold(IlI) complexes!'6?
confirm the importance of substrate polarization through alkyne ligand slippage, and of hydrogen-
bonding to more than one solvent molecule during the intermolecular attack by external water.
Earlier experimental work by Laguna and co-workers had identified [BzPPh;][ Au(mes)Cl;] as a
particularly effective catalyst for the hydration of phenylacetylene.!

A series of stoichiometric reactions involving nucleophilic attack on coordinated alkenes has
been reported. Atwood et al. studied the hydration of ethylene catalyzed by HAuCly,
AuCI3(TPPTS) (TPPTS = P(m-C¢H4SO3Na);) and [(bipy)AuCl,]". HAuCl, is least selective and at
room temperature gives a mixture of L,Au-CH,CH,OH, HOCH,CH,OH and CICH,CH,OH. The
formation of ethylene glycol is accompanied by reduction to gold metal. AuCl;(TPPTS) at 12 °C
and [(bipy)AuClL,]* at 50 °C were selective for the quantitative formation of Au(Ill) B-hydroxyethyl
species, while there was no reaction with [(terpy)AuCl]*. With [(bipy)AuCl,]*, the bis-alkyl
intermediate [(bipy)Au(C,H,OH),]" 187 was identified by mass spectrometry, while no evidence
was found for the mono-alkyl. These gold alkyls proved to be insensitive to protonolysis or
treatment with aqueous base. In prolongued reactions the formation of acetaldehyde was also seen,

thought to arise from B-H elimination.

ACS Paragon Plus Environment



oNOYTULT D WN =

Submitted to Chemical Reviews Page 82 of 212

The analogous hydration of propene resulted in the formation of a mixture of isopropanol
and acetone, via the Markovnikov product Au-CH,CH(OH)CHj; 188 (Scheme 67). Acetone was the
dominant product with AuCIl;(TPPTS).

The authors also noted that these gold complexes in the presence of water were very
sensitive to metal objects (syringe needles, metal spatula) which induced formation of gold

nanoparticles, an important observation perhaps when handling Au(III) chloride catalysts.37°

Scheme 67. Intermediates in Au(lll)-Mediated Alkene Hydration
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The ease of nucleophilic attack to alkyne and alkene coordinated to Au(IIl) was
demonstrated on well-defined complexes based on the (C*N"C) pincer ligand (Scheme 68). The
olefin adduct 13 was found to react with water or methanol to give the bidentate hydrolysis product
189, which was crystrallographycally characterized.!3! Similarly, the alkyne adduct 20 reacted with

a stoichiometric amount of H,O to give the isolated ketonyl complex 190.160

Scheme 68. Hydrolysis of (C*"N~C)Au alkene and alkyne complexes
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Attack by trifluoroacetate on coordinated ethylene was observed in the reaction of
(C"N"C)AuOACcF 8 in CH,Cl, in the presence of AgOAcF with an ethylene atmosphere at room
temperature over the course of 14—72 h, in the absence of B(C¢F5); (Scheme 69). Formation of the
2-acetoxyethyl complex 191 was quantitative; this product was crystallographically characterized.
The process assumes dissociation of AcfOr, likely aided by Lewis-acidic Ag*, and acetate attack on

the m-ethylene intermediate.!>!

Scheme 69. Ethylene Insertion Into a Gold-OAcf Bond
Bu
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O CH2C|2 191

tBu 8

Tilset et al. observed the similar reaction of ethylene with (C"N)Au(OAcF), to give
exclusively a monoalkyl product 193 with the alkyl ligand zrans to N (Scheme 70).132133 While this
reaction, too, was slow in dichloromethane, in trifluoroacetic acid as solvent the reaction times were
reduced to minutes. The presence of two coordination sites in (C*"N)Au(OAct), implies that both
intra- and intermolecular pathways can be envisaged. This was addressed using selectively
deuterated cis-C,H,D,. Inter- and intra-molecular pathways should lead to the threo and erythro
isomers, respectively. Only the former was found, consistent with anti attack by acetate. DFT
modelling supported a rate-limiting, strongly solvent-dependent, associative substitution transition
state, leading to the substitution of OAct trans to N, as in intermediate 192, followed by an
intermolecular attack on C=C by the external nucleophile. Trifluoroethanol as the solvent led to the
analogous product 193 (X = OCH,CF3). A low-barrier associative interchange pathway for ethylene
exchange in [(C*"N)Au(X)(C,H4)]" between trans-C and trans-N sites has also been identified.
Although kinetically substitution of X by ethylene trans to C is associated with a lower barrier, the
overall thermodynamic preferences for alkyl trans to N results in the exclusive formation of
193,132,133

This system was subsequently extended to other olefins and different alcohols as
nucleophiles (Scheme 70). In all cases the Markovnikov products were formed. There was no

ethylene exchange when an Au-C,H,OMe complex was treated with C,Dy4. In none of these
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reactions was there substitution of the OAcF ligand trans to C.37! The Au(III) alkyl trifluoroacetate
complex of type 193 can be converted into the corresponding gold(IIl) halide complexes by

treatment with aqua regia, without cleavage of the Au-C bond.>”?

Scheme 70. Mechanism and Products of Alkene Insertions in the (CAN)AuX, System
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In the presence of water and acetonitrile the reaction of (C*"N)Au(OAcF), with ethylene
leads to the crystallographically characterized Au(III) heterocycle 194 (Scheme 71). The same
product is also obtained from 193 and acetamide in the presence of water. DFT modelling supports

an acetonitrile adduct as intermediate.!33

Scheme 71. Au(lll) Metallacycle from Ethylene, Acetonitrile and Water
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Important insight into the heterocyclization of propargylic amides was provided by Ahn an
co-workers, who isolated and crystallographically characterized a number of vinylgold(III)
intermediates (Scheme 72).373 Reaction of 195 with AuCls led to anti-attack on C=C and formation
of a mixture of the gold(IIl) vinyl complexes 196 and 197. Heating to 50 °C gave the reductive
elimination product 198. The crystal structures of 196 and 198 were determined. Mixtures of
196/197 (5 mol-%) catalyze the cyclization of 195-D; the substrate facilitates the protodeauration
under these conditions. The internal alkyne 195-Me in the presence of AuCl; in MeCN cyclizes to
6-ring vinyl products 199 and 200, both of which were crystallographically characterized, as was
the reductive elimination product 201. Another gold(II) vinyl species, the auracyclopentadiene
202, was crystallographically characterized as part of a mechanistic study on the conversion of
enyne—amines to cyclopentadienes (Scheme 73).374 These reactions are the first demonstration of
the nature of Au(Ill) vinyl species in such heterocyclization sequences and support the notion that

AuCl; can successfully generate gold-vinyl intermediates without reduction.

Scheme 72. Gold(lll) Vinyl Complexes in Alkyne Heterocyclizations
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Scheme 73. Au(lll) Dienyl Intermediates in Alkyne to Cyclopentadiene Conversion
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Intramolecular cyclization through nucleophilic attack to an alkyne moiety is commonplace
in gold catalysis (see Section 4) and the difference in oxidation states between Au(I) and Au(III)
can lead to different reaction outcomes. This has been demonstrated also in stoichiometric
reactions, e.g. by Bertrand and co-workers who synthesized the benzothioamido alkyne 203 and
subjected it to reactions with Au(I) and Au(III) precursors (Scheme 74). When treated with
(THT)AuCI, initially a thioamide adduct was formed which converted into the heteroaryl
arylcarbene 204 upon 5-exo-dig cyclization. On the other hand, when AuCl; or HAuCl, were used
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as catalysts, a 6-endo-dig cyclization took place, leading to the formation of the Au(III) mesoionic

carbene complex 205.373

Scheme 74. Intramolecular Alkyne Heterocyclization of Benzothioamides by Au(l) and Au(lll)
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3.4 Insertion Reactions

Insertions of unsaturated substrates into M-X bonds (X = C, H) are a key feature of
transition metal catalysts. These reactions involve typically the binding of the substrate to a vacant
coordination site cis to X, followed by migration of X to the substrate. For gold, however, these
reactions are conspicuous by their absence. For example, although gold acyl complexes LAu-
C(O)R are known,307376.377 these cannot be generated by CO insertion into the Au-R bond.3”®
Gold(I), compounds L-Au-X, with their linear coordination geometry and low Lewis acidity, give
only weak associations with substrates perpendicular to the molecular axis, which disfavors
intramolecular migratory insertion pathways, and for gold(IIl) systems with suitable vacant
coordination sites that enable such a process have only recently been developed. It has however
become apparent that both gold(I) and gold(IIl) can overcome the barriers to insertion by adopting
alternative mechanisms, including single-electron pathways.

3.4.1 Insertions into Gold-Carbon Bonds. There are a few early reports of formal
insertions into Au(I)-methyl bonds. These involve strong electrophilic reagents, such as
tetrafluorethylene and hexafluoro-2-butyne; reactions are observed only under photolytic conditions
and are thought to involve a radical mechanism.?”® The insertion of SO, into Au-Me and Au-Ar
bonds has also been described; the former lead to thermally unstable gold sulfinato compounds
including cis-AuMe,(SO,Me)(PMe,Ph).333:380 In this pioneering work Puddephatt also observed the
formation of gold vinyl complexes by the insertion of DMAD into Au(I)-Me bonds, including the
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formation of the gold(III) product cis-AuMe,(C(CO,Me)=C(CO,Me)Me}(PMe;) together with
metallic gold, due to subsequent redox reactions. The insertion mechanism was not established.3°

The insertion of unactivated alkenes into Au-C bonds by a coordination-migratory insertion
mechanism was an unknown reaction in gold chemistry until quite recently. As mentioned in
Section 2.3.2, Bourissou et al. demonstrated that norbornene is able to insert into the Au-Me bond
of in-situ generated [(C"P)AuMe][MeB(C¢Fs)3] (206) (Scheme 75). The proposed 14-electron
cation [(C"P)AuMe]" is unstable, and in the absence of alkene substrate reacts with the borate anion
under C¢F5 transfer. While there was no insertion of ethylene or styrene, norbornene forms 207, a
product of double insertion which was trapped by the addition of L = pyridine, lutidine or
chloride.?®! In the absence of L at temperatures below -30 °C this norbornene insertion product is
stabilized by a y-agostic interaction?!? (Section 2.3.2, Scheme 16). The precursor complex 206
could be identified spectroscopically below -10 °C. Calculations indicated anion binding via a close
Au---H-CH,-B contact. The barrier to 1,2-insertion of the first norbornene into the Au-Me bond
was found to be 18.7 kcal/mol. The second insertion has a slightly lower barrier, and the agostic
interaction in the final product makes the overall process exergonic, AG = -20.9 kcal/mol relative to
206.154

While there was no reaction of 206 with ethylene or styrene, both ethylene and norbornene
insert into Au-aryl bonds of [(C"P)Au-Ar]" as discussed in Section 2.2.4 and shown in Scheme 7, to
give the corresponding 2-arylalkyl complexes 26 and 27. Calculations show that the activation
barrier for the migratory ethylene insertion is low (4G” = 9.5 kcal/mol), as is the barrier for p-H

elimination (4G? = 4.8 kcal/mol).!®°

Scheme 75. Alkene Insertions into Au-C Bonds
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The difference between the C and the heteroatom donors is more pronounced in C*N than
C”P chelates, as for example demonstrated by the very different bonding modes of the
corresponding Au(III) allyl complexes (Scheme 8). The consequences of this difference as far as
alkene insertions are concerned were probed in reactions between the benzoquinolinato complex
(C"N)AuBr(Ph) 208 with ethylene (Scheme 75).38? Whereas treating 208 with AgSbF4 under
ethylene (2 bar) at room temperature led to no insertion, at 40 °C double ethylene insertion was
observed over a period of 18 hours, to give 209. On addition of nBusNCI the more stable chloride
210 was obtained. Both 209 (L = H,0) and 210 were characterized by X-ray diffraction. Repeating
the reaction with trans-CHD=CHD gave the analogous Au(CHD-CHD),Ph complex, without
evidence for H/D scarambling that might be expected to arise from B-H elimination / reinsertion
sequences. The possibility of agostic interactions and the propensity towards B-H elimination was
also probed by preparing (C*N)AuCl(zBu) 211, which could be converted into the cation
[(C"N)AunBu]" 212, which proved to be stable in CD,Cl, at room temperature. None of these
complexes showed evidence for agostic interactions or -H elimination. DFT calculations showed
that while such processes had quite low barriers, the extended alkyl structure was slightly more
stable (by ca. 2.5 kcal/mol) than the y-CH agostic form. Although the activation barrier for $-H
elimination from the cation [(C"N)Au-(CH,),Ph]" was found not to be prohibitively high (19.0
kcal/mol), the formation of the corresponding hydride was strongly endergonic (4G = 18.5
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kcal/mol) due to the unfavorable H trans to C arrangement of the product. The behavior of these
C”N chelate alkyl complexes is therefore distinctly different from the C*P analogues, where both [3-
H elimination and alkene insertions are very facile (see Section 3.4.2, Scheme 78).

Another type of insertion was found in investigations regarding the mechanism of what
appeared to be a CH;3-CF; reductive elimination from trans-(L)Au(CF3),Me complexes 213 (L =
IPr or PCy;) under very smooth conditions,!”* even though reductive eliminations of gold C(sp?)-
CF; are usually not facile processes.??3 Levin et al. reported in 2017 that treating 213 with catalytic
amounts of B(Cg¢Fs); leads to the clean production of trifluoroethane and (IPr)AuCF; (room
temperature, <5 min). The authors showed that the reactivity originated from an initial fluoride
abstraction by the borane, which afforded a transient cationic difluorocarbene complex 214. The
coordinated CF; is then able to undergo migratory insertion into the Au—Me bond, followed by C—F
reductive elimination to give MeCF3 (Scheme 76). This fluoride rebound mechanism was exploited
for the incorporation of '¥F labels into drug molecules for applications as radiotracers in positron

emission tomography.!74

Scheme 76. CF, Insertion via a B(CgFs); Catalyzed F-Rebound Mechanism
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Carbene insertion was also observed by Zhukhovitskiy et al. upon reacting Au(IIl) chelates
with diazoalkenes (Scheme 77). When the neutral (C*C)Au(IPr)Cl complexes of type 133 were
reacted with chloride abstracting agents in the presence of different diazoalkenes, fluorene
derivatives 215 formed as the major product in solution. The reaction is assumed to proceed
through a migratory insertion of the carbene generated from the diazo-compound into the Au(IIl)-C

bond of the chelate, which affords the strained intermediate 216, which undergoes fast C(sp?)—
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C(sp?) reductive elimination. The insertion reactivity was found to compete with C—C reductive
elimination of biphenylene or biphenyl-alkyls and yields notably depended on the experimental
conditions. In particular, the water content was found to be key, as the formation of aquo complexes
stabilizes cationic species prior carbene insertion. However, excessive water content led to
protodeauration side reactions, reducing the fluorene yields. By using a phenanthryl ligand,
decomposition pathways could be minimized and the reaction was studied kinetically. The observed
first-order kinetics was used to suggest a mechanistic scenario where N, elimination/insertion is

unimolecular.383

Scheme 77. Carbene Insertion Into Au-C Bonds of (CAC)Au(lll) Chelates
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3.4.2 Insertions into Gold-Hydrogen Bonds. In contrast to other transition metals, in gold
chemistry B-H elimination?07-384 and its reverse, the insertion of alkenes into M-H bonds by a
migratory mechanism, was unknown until recently. Exploiting the particular geometric and bonding
characteristics of the (C"P)Au system, Bourissou and co-workers were however able to demonstrate
that both these processes can operate in cationic, 14-electron Au(Ill) alkyls. Substitution of the
iodide ligand in the propyl complex (C*P)Aul(nPr) by triflimidate NTf," in dichloromethane at -90
°C afforded (C"P)Au(NTf,)(R) (217Pr; R = n-propyl,) which, on warming to 0 °C, decomposed to
a mixture of propane and propene, together with the bis-cyclometalated Au(III) complex 218.
Similarly, the n-butyl complex 217Bu decomposed to 218 and a mixture of butane and cis- and
trans-2-butene. The primary product of B-H elimination, 1-butene, was not detected. The process
demonstrated that very facile B-H elimination from gold alkyls is possible, provided there is a
suitable vacant coordination site, leading to a fast chain-walking sequence via alkene coordination,

rotation and reinsertion into the Au-H intermediate (Scheme 78).38 DFT modelling of this sequence
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showed low barriers for all relevant steps leading to the cis-butene product. The same sequence

leading to trans-2-butene followed the same pathway but with larger barriers.

Scheme 78. B-H Elimination, Alkene Insertions and Chain Walking Pathways
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Exposing the (C"P)AuMe(NTf;) complex 217Me to 7 bar ethylene pressure at 50 °C
enabled the observation of ethylene insertion into an Au-Me bond (Scheme 79). The product
mixture consisted of propene, as well as 1-butene and cis and trans 2-butene. Clearly the C4
products arose from double ethylene insertion into a gold-H bond, associated with -elimination /
chain walking sequences. Modelling this reaction showed a higher insertion barrier, (4G* = 30.5
kcal/mol), commensurate with the more forcing conditions required, but thermally certainly
accessible. Insertion into Au-Et is more facile than into Au-Me, although the low barriers for 3-H
elimination prevent this reaction from generating ethylene oligomers or polymers. The by-product
is a gold(I) bis-phosphine complex 219 arising from reductive Aryl-H elimination of the
[(C"P)AuH]" intermediate.3®

Scheme 79. Ethylene Insertions into Au-Alkyl bonds
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The gold hydride intermediate postulated in B-H eliminations shown in Scheme 78 is
apparently highly reactive and was not detected. On the other hand, stable gold(III) hydrides like
(CA"NAC)AuH 35 do not react with olefins, and initial reports found that while they underwent
insertion reactions with allenes, they did not react with 3-hexyne, phenylacetylene or dimethyl
acetylenedicarboxylate (DMAD).'° In subsequent investigations Bochmann and co-workers
showed however that there was a very slow but highly stereoselective reaction with terminal and
internal alkynes to give gold vinyl complexes 220 (Scheme 80). In the presence of radical sources
like AIBN the reaction time was reduced from days to minutes. In all cases the alkyne insertion
proceeded with almost quantitative stereo- and regioselectivity. A wide variety of functional groups
was tolerated. N-propargyl carboxamides, which typically cycloisomerize to oxazoles in the
presence of gold catalysts or protons, also form exclusively the corresponding gold vinyl product
without cyclization. Release of the vinyl ligand was exemplified by treating the LAu-C(Me)=CHPh

product with iodine; the reaction proceeds with retention of stereochemistry.!'%?

Scheme 80. Stereoselective Alkyne Hydroaurations with (CANAC)AuH
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Gold(III) hydrides supported by pincer ligands are coordinatively saturated, and the Au-H
bond is covalent and hardly polar. There is therefore no coordination site available for substrate
binding, and efforts to search computationally for the possibility of 5-coordinate adducts as reaction

intermediates were unsuccessful. A coordination-migratory insertion pathway was therefore ruled
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out; it would in any case lead to alkyne cis-hydroauration, whereas in all reactions the trans-(Z)-
vinyl 220 was found. However, a bimolecular pathway involving (C"N"*C)Au!! radicals and H-
transfer via a binuclear intermediate 221 overcomes the reactivity restrictions and was supported by
DFT calculations. This bimolecular mechanism also smoothly explains the observed trans-

hydroauration stereochemistry (Scheme 81).192

Scheme 81. Bimolecular Hydroauration Mechanism via Au(ll) Radicals
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Subsequently Pintus and Bochmann found that the same radical pathway enables the
insertion of 1-alkenes H,C=CHR (R = Ph, CN, COOMe, COOH or C(O)Me) into Au-H bonds, to
give the gold alkyls (C*"N*C)AuCH,CHR 222 (Scheme 82). Unfunctionalized alkenes and allyl
derivatives (R = nPr, nBu, CH,OH, CH,NH,, CH,COOH) gave mixtures, while internal alkenes
proved unreactive. Calculations showed that this behavior was a function of the exergonic or
endergonic character of alkyl radical formation, driven by spin delocalization over the unsaturated
substituents. The calculations also showed the increase in radical stability in the order R1 < R2 <<

R3 (Scheme 82), which explains the facile insertion of allenes.38¢

Scheme 82. Insertion of 1-Alkenes Into Au-H by a Radical Pathway

ACS Paragon Plus Environment



Page 95 of 212 Submitted to Chemical Reviews

oNOYTULT D WN =

AR va
NN

R
RH 222
o)
R = CN, COOMe, COOH, Ph, —4
Me
R2
el
CH
/

N—Au—CH R1

1
RN R? u \R1
/ )

R L]
N—Au-* > /

2

Whereas the previously described bimolecular reaction pathway via Au(Il) radicals led to
1,2-insertion products, the hydroauration of arylisocyanides is a 1,1-insertion process. Fernandez-
Cestau et al. reported the first example of such an insertion, to give the gold(IIl) iminoformyl
complex (C"N*C)Au-CH=NATr (223).3%7 The xylyl complex (Ar = 2,6-Me,CsH3) was characterized
by X-ray diffraction. Complex 223 (Ar = p-MeOC¢H,) exists as a mixture of £ and Z isomers.
Protonation gives the formimmonium salt 224 (Scheme 83); neither protolytic cleavage nor
reductive C-C coupling induced by SMe, addition could be observed. Calculations showed that the
coordination of ArN=C to the (C*N"C)Au(Il) radical is barrierless. By contest, the hydroauration of
nitriles ArC=N is energetically unfavorable. The isocyanide insertion process is almost
thermoneutral and is driven forward by an excess of ArN=C. The process is ligand dependent:
whereas the barrier to H-transfer from (C*"N*C)AuH 35 is only 7.8 kcal/mol, for the C*C"N
coordination isomer 47 (C trans to H) it is much higher (13.1 kcal/mol). There are also significant
differences in spin delocalization between the two ligand systems, with a greater spin accumulation

on the isocyanide-C atom in (C"N~C)Au"-CNAr, which favors H-transfer to C.3®7 In contrast to
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these arylisocyanide reactions, the fBuNC adduct [(C*"N*C)Au(C=NrBu)]" readily decomposes to
the Au(III) cyanide.3%®

Scheme 83. Au(lll) Iminoformyl Formation by Isocyanide Insertion.
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A very different insertion chemistry was observed with gold(IIl) hydrides containing an
strong anionic C-donor trans to H. Increasing the donor strength of the trans ligand changes the
nature of the frontier orbital from Au(d,) to o(Au-H). One consequence of this is that the complexes
become air-sensitive and decompose following O, insertion into the Au-H bond. They also react
with easily reducible acetylenes like dimethyl acetylenedicarboxylate (DMAD, reduction potential
—0.8 V) to give trans-(Z)-hydroauration products of type 225, which are formed for example using
hydride complexes 47, 51 and 54 (Scheme 84).2! However, these compounds give no reaction with
less easily reduced alkyl and aryl acetylenes (for example diphenylacetylene, reduction potential
—2.1 V). These Au(Ill) hydrides behave in this respect rather like (NHC)Au(I) hydrides, which also
insert O,!? and give selective frans-insertion with DMAD but not with other alkynes.'%® Z/F
isomerization was not observed. Although the mechanism of this insertion could not be
unequivocally established, it was proposed?®! that the process involves a one-electron transfer from
the HOMO of the electron-rich gold complex to the acetylene. Acetylene radical anions are known
to have trans geometry,*33% and radical recombination within the solvent cage would explain the
observed Z-configuration of the gold-vinyl product.?®!

The related complex (C*"C*N)Au-C(E)=CHE (E = CO,¢Bu) has also been reported and
shows the same stereochemistry. It was generated by heating the formate complex (C*C*N)Au-
OCOH to 100 °C in the presence of E-C=C-E, as well as from (C*C"N)AuCl, L-Selectride and E-
C=C-E at -50 °C, probably via 47 as intermediate.?"*

These reactions are yet again a demonstration of the overriding importance of the trans-
influence, and its control of the nature of frontier orbitals in these complexes, for determining the

reactivity pattern of Au(IIl) compounds.

Scheme 84. Insertion Reactions of Au(lll) Hydrides with DMAD, and X-ray Structure of
(CAC)Au(vinyl)PMes
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3.4.3 Insertions into Gold-Oxygen Bonds. CO insertions are central to many transition
metal catalyzed reactions. The insertion of CO into an M-OH bond is a key step in the water-gas
shift (WGS) reaction. Heterogeneous gold catalysts show higher WGS activity than platinum at
lower temperatures.>*! Examples of CO insertions into Au-OH bonds have only recently been
discovered; they demonstrate key steps of the WGS cycle.

In 2015 Rosca et al. demonstrated that the gold(Ill) hydroxide 39 reacts with CO in benzene
at room temperature to give CO, and the spectroscopically detected hydride (C*"N*C)AuH (35)
(Scheme 85). The formation of (C*"N*C)Au-COOH (226) as intermediate was supported by DFT
calculations. The insertion of CO into the methoxide (C*"N*C)AuOMe gives (C*"N*C)Au-COOMe
227, which was isolated as a thermally stable microcrystalline solid.!3® The formal insertion of CO
into Au(Ill)-OMe bonds to generate Au-COOMe complexes has precedent, although the
mechanism (insertion versus nucleophilic attack by external MeO-) was not unequivocally
established.?*23%3 Calculations showed that the CO insertion into to Au-OH bond of 39 is
exothermic, AH = -33.7 kcal/mol and substantially more favorable for gold than for platinum. The
CO; elimination and formation of the hydride is also exothermic (4H =—6.7 kcal/mol), although the
stability of the hydride prevents the closure of the catalytic cycle by hydrolysis under neutral
conditions. Overall this reaction sequence lends support for the carboxylate mechanism of WGS, as
opposed to the formate hypothesis.’*

(CAN"C)Au-COOH 226 undergoes condensation with excess 39 with water elimination, to
give the Au,(n-CO;) complex 228, which was crystallographically characterized. 228 represents the
first example of a CO, complex in gold chemistry. The same product was obtained by exposure of

the gold oxide 83 to CO; here the CO insertion takes place even in the solid state. Attempts to
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hydrogenolyze 228 under 4 bar of H, to generate formic acid failed; similarly, there was no
hydrogenolysis of 227 to methyl formate. On the other hand, heating 228 to 80 — 120 °C led to the

clean extrusion of CO, and the formation of the thermally stable Au(IT) dimer 37.133

Scheme 85. Reaction of CO with Au-OH Bonds
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More recently Nevado and co-workers reported closely similar reactions for the C*C"N-
chelated Au(IlIl) system. Treatment of the chloride 46 with KOH generated the hydroxide
(CACMN)AuOH. Reaction of this complex with CO at 25 °C led to decomposition, in line with the
instability of the hydride intermediate 47. More stable CO insertion products were however
obtained starting from (C*"C"N)AuOSiMe; 229, which reacts with CO to give the u-CO, complex
230, the C*C”N analogue of 228 (Scheme 86). 230 was characterized by X-ray diffraction.
Treatment of 230 in dichloromethane with a slight excess of [PhCH,;NMe;]OH at -78 to -30 °C led
to the metallocarboxylic acid, (C*C*N)Au-COOH 231, together with (C*C*"N)AuOH. Compound
231 is thermally unstable and was identified spectroscopically at -30 °C. Its methyl ester 232 was
made by treating 229 with CO in CH,Cl,/methanol. Heating 232 with ¢-butyl
acetylenedicarboxylate at 120 °C led to decarbonylation and formation of the methoxyvinyl

complex 233, as a 1:1 E/Z mixture.?

Scheme 86. Reactions of (CACAN)Au complexes with CO.
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4. GOLD(II) COMPLEXES IN CATALYTIC APPLICATIONS

Catalysis by gold(IIl) falls into two main categories. The first type involves changes in
oxidation state. Although in these cases gold(I) complexes are usually employed as the entry to the
catalytic cycle, the involvement of Au(IIl) species as reaction intermediates is either proven or
hypothesized. These redox processes emulate palladium catalysis; however, for gold chemistry this
is a comparatively new area which comprises the large field of C-C and C-E bond forming reactions
(E = heteroatom). A potentially very important new development is the discovery that gold
complexes under photoexcitation to triplet states may behave differently from complexes in the
ground state, so that the high reactivity of open-shell species can be exploited (cf. Section 3.1.3).

The second type of Au(Ill) catalysis involves its application as a Lewis acid. Here the
carbophilicity of gold and the resistance (in many instances but not necessarily) of the active
species to hydrolysis, and tolerance of functional groups offer distinct advantages.

The following section takes account of these different modes of action, starting with C-C
and C-E bond forming reactions. Emphasis is placed on mechanistic insight rather than the breadth

of synthetic applications.

4.1 Coupling Reactions
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C-C coupling reactions and C-H activations leading to new C-C bond formation based on
gold(I, III) catalysts have been the subject of several reviews.!93106.396.397 1n 2016 Kramer surveyed
C-C and C-E bond formations by gold-catalyzed arene C-H activations,**® and in 2020 Anilkumar
and co-workers reviewed the role of gold(I) and gold(III) as catalyst in C-H activations and their
synthetic applications, in more detail than can be included here.3*® While this manuscript was in
preparation, further excellent reviews appeared, by Nijamudheen and Datta*®® on the mechanisms
and applications of homogeneous and heterogeneous gold catalysts for C-C coupling reactions, and
by Kramer on gold catalyzed aryl-aryl coupling reactions.*°!

4.1.1 Mechanistic Aspects. C-C cross-coupling reactions can be categorized broadly into
two mechanistic types: Firstly, reactions where bonds are formed between an electrophile and a
nucleophile under redox-neutral conditions (egs. 1a, b); in these reactions the electrophile is
typically an organic halide or halide-equivalent A-X (X = Cl, Br, I or N;) and the nucleophile B-M
is a carbanion equivalent (A, B = hydrocarbyl, M = main group element). Secondly, reactions
between two nucleophiles, in which electrons are consumed by sacrificial oxidants (eq. 2a). These
reactions may include the activation of C-H bonds (e.g. if A-H and B-H are different or identical

arenes) (eq. 2b, c).

A"+ B — A-B (1a)
A-X + B-M — A-B + MX (1b)
A+ B — A-B + 2e (2a)
A-H+ B — A-B + 2 + H' (2b)
A-H + H-B — A-B + 2¢ +2H" (2¢)

Reactions of eq. (1) require a gold(I) precatalyst capable of oxidative addition which can react with
either aryl halides or arenediazonium salts. Reactions of eq (2) involve instead a catalyst system
combined with an external stoichiometric oxidant. Often these coupling reactions are part of a
reaction sequence and are commonly preceded by nucleophilic attack on an unsaturated substrate,
as in alkene or alkyne heteroarylations. A redox process is only required if a C-B bond is formed

(Scheme 87).

Scheme 87. Alkyne Heterofunctionalization and Cross-Coupling
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Whereas for palladium-based C-C coupling catalysts dioxygen under pressure or Cu-
cocatalyzed O, oxidation have proved highly effective,4024%3 for soluble gold catalysts protocols
with stronger oxidants have been developed, using Selectfluor or iodine(IIT) derivatives.284404
Catalytic cycles are based on Au(l, III) redox reactions; a general case is shown in Scheme 88.
There is scope for mechanistic variation; for example, it is a-priori not self-evident whether the
oxidative step should precede or follow the transmetalation event, and oxidants Y-Z may be
external and not be part of the final product and hence be “sacrificial”, or they may be one of the
reagent substrates. Also, the range of oxidation states of gold may not necessarily be limited to I
and III, and the catalyst system may involve more than one gold center.

An added complication was the suggestion that C-C coupling reactions ascribed to gold
catalysts, such as the Sonogashira cross-coupling, were actually catalyzed by trace impurities of
palladium.40>4% This appears to have been refuted, at least for supported gold nanoparticle
catalysts,*07 but highlights the difficulty of unequivocally establishing the nature of the active
species. In that context, it is also worth noting that while Au(IIl) complexes stabilized by suitable
donor or chelating ligands do indeed most probably act as homogeneous catalysts as formulated,
other commonly used Au(III) precursors such as HAuCly, can readily generate traces of nanoparticle

reduction products during handling,3®® which may be the actual catalysts.4%

Scheme 88. General Catalytic Cycle for Gold Catalyzed Cross-Coupling Reactions
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Many gold(III) catalyzed reactions rely on external oxidants in order to overcome the
difficulty of cycling gold species between oxidation states +I and +I1I. However, before entering
into detailed discussions on oxidative coupling processes, it may be useful to mention cases which
show that reactions with these oxidants do not necessarily proceed as straightforwardly as
envisaged (see also Section 3). For example, the reaction of Selectfluor with gold(I) iodide
complexes LAul, where L = potentially bidentate oxazoline-substituted NHC ligand, led not to an
Au(III) species but to the oxidation of the iodide ligand and formation of the gold(I) chelate
complex 234; this then acts as the catalyst (in this case for the coupling of enynones with alkenes to

give naphthalene derivatives), using air as oxidant (Scheme 89).40

Scheme 89. Non-Oxidative Selectfluor Reaction With Au(l)
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Another example is the reaction of (Ph;P)AuC¢Fs with either iodine(III) reagents or
Selectfluor; although in this case there was the expected oxidation to Au(IIl), the process was
accompanied by extensive ligand scrambling.?®” Furthermore, iodine(III) compounds may act as
ligands rather than oxidants; for example, Siah and Fiksdahl proposed a mechanism for the
trifluoromethylation of terminal alkynes with a combination of LAu* and an iodine(III) reagent
(here Togni’s reagent) which involves coordination of Au(I) to the iodine reagent without
oxidation, based on spectroscopic investigations and the isolation and crystallographic
characterization of complex 235 and the digold intermediate 236 (Scheme 90). There are no
oxidative addition / reductive elimination steps. Neither Au(I)-alkynyl nor Au(III)(CF;)(alkynyl)
species were detected.*!? It must also be noted that computational explorations of various possible
catalytic cycles of oxidative C-O formations with Selectfluor have shown that in the energetically
preferred pathway Selectfluor functions as an electrophilic fluorinating reagent, not as an external

oxidant, and the reactions are therefore catalyzed by Au(I) species.*!!

Scheme 90. Proposed Au(l) / lodine(lll) Based Alkyne Trifluoromethylation
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The mechanism of oxidative C-C coupling involving boronic acids, and the mode of

interaction of arylboronic acids with the gold species, has been the subject of much debate. In

principle, two possible catalytic sequences exist for C-C coupling reactions: oxidation of Au(I) to

Au(IlIT) followed by transmetalation, or transmetalation to Au(I) followed by oxidation. However,

as Toste has highlighted,*'? the oxidative coupling of gold reagents with boronic acids often do not

proceed as envisaged; as indicated in a number of attempted couplings using Selectfluor (Scheme

91).

Scheme 91. Mechanistic Information Gained from Attempted C-C Coupling Reactions
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Oxidation of Au(I) must therefore precede nucleophilic attack on C=C, followed by aryl transfer
from the boronic acid. Any aryl group bound to Au(Ill) initially is not involved, and a concerted
bimolecular aryl exchange from boron to the organic moiety has been proposed, as in intermediate

237 (Scheme 92), avoiding a separate B—Au aryl transfer step.!05-249:413

Scheme 92. Proposed Catalytic Cycle for Nucleophilic Addition—Oxidative Arylation Cascade Via

Au(lll) Intermediates
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On the other hand, DFT studies by Faza and Lopez for a similar C-C arylation reaction
favored a transmetalation prior to reductive C-C bond formation (Scheme 93).41# Starting from the
phenylboronic adduct B1, for most ligands L transition state TS23 leading to B3 is rate limiting.
Intermediate B3 shows a weak B---F interaction and an aryl bond to Au, which is fully formed in
B4. The calculations show the importance of fluoride in this reaction, which favors the process by
B-F bond formation, fully established in B4. The final step leading to TS4S has only a low barrier,
from which the products are formed in an almost barrierless step. A concerted transition state with a
5-membered ring structure, TS¢oncert, Was found to be about 6 kcal/mol higher, although with

different hydrocarbyl and donor ligands that picture may change.

Scheme 93. Computational Model of C-C Cross-Coupling Mechanism Via Transmetalation
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33 Based on the superior performance of (dppm)(AuBr), compared to Ph;PAuBr, in a
combined experimental and computational study on alkene aminoarylations Toste suggested a

36 catalytic cycle involving the binuclear Au(Il) intermediate 238, as well as a bimolecular F/aryl

38 exchange with boronic acid to generate the new C-C bond (Scheme 94). It was also shown that the
transmetalation of alkylboronic acids R*B(OH), [R* = syn-fBuCHDCHD-] with (IPr)AuOH
proceeds with inversion of stereochemistry to give anti-R* Au(IPr), whereas the C-C coupling step
43 between anti-R* AuF,(IPr) and PhB(OH), involves retention, to give anti-R*-Ph. The slightly

45 stronger trans-influence of Br compared to Cl was thought to assist the arylation by labilizing the
Au-F bond, thus facilitating F transfer to B, and explains the superior performance of the bromide

48 catalyst.*1?

5o Scheme 94. Toste’s Bimolecular Aryl Transfer Mechanism via Au(ll) Intermediates
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In heteroarylations of alkenes as depicted in Schemes 92 and 94 the aryl-C bond formation
is thought to involve a concerted aryl transfer from the boronic acid to the C-ligand, without a
gold(IIT) aryl intermediate. On the other hand, the ability of well-defined Au(III) bis-aryl complexes
to undergo reductive aryl-aryl coupling had been demonstrated by Vicente nearly 30 years
ago.33%357 Rather more recently, and using the isolated gold(IIT) fluorides 91 and 92, Nevado
showed that transmetalation with arylboronic acids in dichloromethane at room temperature under
neutral conditions was facile. With Ar = C¢F5 the aryl complex (C*"N)Au(C¢Fs), was obtained,
whereas with Ar = p-fBuC¢H,4 only the aryl homo-coupling product Ar-Ar was produced (Scheme
95). The reactions of arylboronic acids with the monofluoride 91 gave either products of type Ar-R
(239), which can arise from intermolecular aryl transfer (bimolecular mechanism), or products of
types 240 and 241 (depending on the nature of R and Ar) which can evidently only arise from
intramolecular reductive elimination following transmetalation from boron to gold. The results

therefore provide evidence for a B—Au transmetalation step prior to C-C coupling.?>’

Scheme 95. Evidence for Transmetalation and Intramolecular Aryl Coupling
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4.1.2 Catalytic C-C Coupling Reactions. This section will cover examples of C-C bond
formations via Au(Ill) in the absence of photochemical assistance, ordered according to coupling
partners, with emphasis on contributions with mechanistic evidence. Several of these reaction
pathways involve C-H activation/ metalation reactions.

Arene-Arene Coupling. As mentioned in Section 3.1.1, the ability of gold catalysts to
oxidatively couple a range of unactivated arenes using PhI(OAc), as stoichiometric oxidant was
first demonstrated by Tse and co-workers. Good yields were obtained under comparatively mild
conditions (Scheme 96).284285> Mixtures of two different arenes gave both homo- and hetero-
coupling products. A range of gold complexes was tested, and HAuCl, and Ph;PAuCl performed
about equally well, indicating that the phosphine ligand was not a requirement, although in the

electrophilic amination of xylene the Au(I) complex proved inactive.?®

Scheme 96. Tse’s Oxidative Homocoupling of Arenes
2
R [Au] 2 mol-% R? R?
o B (O
HOAc, 55 -95°C
R’ R R

R' = H, Me, OMe, CI
R? = H, Me, tBu, F, Cl, Br, I, NO,, COOMe

In 2010 Larrosa showed that electron-poor fluorinated arenes Ar"H undergo C-H activation
by gold(I) complexes in an acid/base reaction to give LAu-ArF.#15 Realizing that C-H activation of

electron-rich arenes would require oxidation to Au(III), these authors provided an entry into the
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selective synthesis of hetero-biaryl compounds by coupling electron-poor with electron-rich arenes.
The success of this reaction was however strongly dependent on the choice of oxidant: Selectfluor
and XeF, were very poor, PhI(OAc), gave modest results, while almost quantitative yields were
obtained using PhI(OH)(OTs). Test reactions showed that while LAuCl,(CgF5) was incapable of C-
H activating 1,3-dimethoxybenzene, C-C coupling did proceed on addition of silver pivaloate and
gave high yields, suggesting that chloride substitution by OPiv- was required to generate a
sufficiently electrophilic gold(III) species. This method enabled the synthesis of a wide range of
biaryls Ar'-Ar?, albeit on the basis of stoichiometric use of gold.#!® Further mechanistic studies
showed that silver was required for catalysis and a catalytic method could be developed, based on
two selective arene C-H activation steps before and after oxidation to Au(IIl) (Scheme 97), using
Ph;PAuCl as catalyst precursor in the presence of an excess of AgOPiv and PBX as oxidant. This
enabled the synthesis of a wide range of 3-arylated indoles 242, as well as methoxy-substituted

benzenes and 5-ring heterocycles.*!”

Scheme 97. Synthesis of Biaryls by Selective Double C-H Activation
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More recently Zhu and co-workers showed that highly selective double C-H activation and

coupling between electron-rich and electron-poor arenes can be achieved using an Au/Ag bimetallic
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1
2
2 catalyst system, Me,SAuCl / AgOAc / PhI(OAc),. In a combined experimental and DFT study the
5 authors demonstrated that silver acetate was an essential component capable of metalating
6

pentafluorobenzene and tetrafluoropyridine by a concerted metalation-deprotonation (CMD
7
8 pathway, where acetate acts as base. This Ag*-mediated process wins kinetically because it has a
9
10 lower barrier than the C-H activation by Au(I). The fluoroaryl is then transferred to a pyrazole-
11
12 ligated Au(I) complex 243. Following oxidation to Au(III) aryl 244 this species then metalates the
13 . . . .
14 coordinated pyrrole by an SgAr mechanism to generate a bis-aryl complex 245 suitable for
1 2 reductive C-C coupling (Scheme 98). The pyrazole is selectively arylated in the 4-position.#!® The
17 mechanism of the related selective cross-coupling between 1,2.4,5-tetrafluorobenzene and N-TIPS-
18
19 indole with a bimetallic Ph;PAuCl / AgOPiv / PBX catalyst system was studied using DFT
;? calculations. The reaction follows the mechanism outlined in Scheme 98: an Ag*-catalyzed CMD-
;g type C—H bond activation (TS1) generates Ar!' Ag which transmetalates to gold(I) via TS2, followed
24 by PBX = PhI(OCO)(OPiv) oxidation to Au(III), which activates the indole C-H bond (Ar*H) (via
25 . . C e . . . C e
2% TS3) prior to reductive Ar!-Ar? elimination. The silver-mediated CMD process is rate limiting.*!°
27
28
29 Scheme 98. Double Arene C-H Activation and Coupling by an Au/Ag Bimetallic Catalyst
30
31 Ph R F (Me,S)AuCI 5 mol-% Ph R F
32 \N:\>’ — AgOAc 20 mol-% N A\ —

| H+ H E > | E
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36
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In addition to these reactions based on selective double C-H activations, C-C coupling was
achieved by combining arene C-H activation with aryl anion equivalents, notably aryls of B, Si, Ge
and Sn, as well as by reacting arenes with aryl halides. Based on the detection of arene
homocoupling side-products in the heteroarylation of olefins with silylarene reagents,*?* Lloyd-
Jones and co-workers developed a method for the selective oxidative cross-coupling of arenes with
silylarenes using a Ph;PAuOTs / PhI(OAc), / camphorsulfonic acid (CSA) system (Scheme 99). A
wide range of electron-donating and —withdrawing functional groups is tolerated, which makes this
a valuable method for the synthesis of biaryl-based pharmaceuticals. Even bromo- and iodoarenes

undergo C-H activation without affecting the C-hal bond.**!

Scheme 99. Selective Oxidative Cross-Coupling of Arenes with Silylarenes

OMe
R Ph3PAUOTs 1-2 mol-% R
CSA

CHCI3:MeOH 50:1 Br
RT

Mechanistic studies showed that gold(I) PPh; complexes as catalyst precursors suffered
from long induction periods, commensurate with oxidative degradation of the phosphine. Consistent
with this, there was no induction period with phosphine-free AuBr;(THT) which gave the best
results. In the presence of PhI(OAc), both Ph;PAuOTSs or AuBr; are thought to lead to the same
active species. Stoichiometric reactions between silylarenes and AuBr; confirmed the aryl
transmetalation to gold, e.g. by the isolation and crystallographic characterization of the arylation
product 246 (Scheme 100). The reaction rate was first order in [arene] but independent of [silane].
Methanol was a co-solvent and silane scavenger but also had an inhibiting effect, and the turnover
was suppressed by adventitious water. The results led to a catalytic cycle in which arene -
coordination to an Au(IIl) species 247 was rate limiting, followed by fast electrophilic arene
activation and formation of a gold aryl 248 (Scheme 100).#>2 This reaction was subsequently
extended to the arylation of heterocycles*?? and intramolecular aryl-aryl coupling reactions to
generate 5- to 9-membered rings.'®’ The latter proved convenient systems for kinetic studies that
showed a shift in the rate determining step, depending on the electronic and steric characteristics of
the arenes. This ring formation by gold-catalyzed arylation has been used to generate the B ring in
(+)-allocolchicine. Conversion of the PhI(OAcF), oxidant into a diaryliodonium salt was found to

have a powerful inhibiting effect.4?4
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Scheme 100. Mechanistic Proposal for Cross-Coupling of Arenes with Silylarenes
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Coupling ortho-substituted arenes can be challenging. To address this problem, Robinson
and Lloyd-Jones tested the influence of o-substituted silylarenes on the rate of cyclization of
trimethylsilyl-2-benzylbenzene catalyzed by the AuBr;(THT) / PhI(OAc), / CSA system, to give
the intramolecular coupling product fluorene.*?® This reaction is zero order in arene, with the
reductive elimination as rate limiting step. This is understandable considering that reductive
elimination must be preceded by rotation of the aryl ligands into a conformation suitable for C-C
bond formation, which is hindered in the bis(aryl) chelate 249 (Scheme 101). The rate of fluorene
formation is retarded if the catalyst is partitioned between the productive cycle and the side-reaction
with the ortho-silylarene, and this inhibition provides information about the relative rates of
auration of o-silylarenes. The electrophilic Si/Au exchange was fastest for silylarenes with bulky o-
substituents, with relative rates for R = H (k. < 0.05) << Ph (1.0) <Me (1.2) < Et (1.5) </Bu (2.9),
showing that auration is assisted by relief of steric compression.

The need for the arene to adopt an orientation co-planar with the square coordination sphere
of the Au(III) catalyst is also shown by the rate acceleration observed when the silylarenes possess
substituents that favor chelation, as in 2-R-C¢H;SiMe; where R = (CH,),OMe. Relative rates
decreased with increasing chelate size, n = 1 > 2 >> 3. This system also allowed the efficient

coupling of ortho-substituted arenes with 2-bromothiophene and unactivated arenes.*?
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Scheme 101. Mechanism of Cross-Coupling of o-Subsituted Silylarenes
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The C-E bond energy decreases within the series E = Si > Ge > Sn and the bond length
increases. This means that the deformation energy required to reach the transition state in the SgAr
step forming the gold(IIl) aryl from Ar-ER; compounds diminishes in the same order. Taking
advantage of this effect, Schoenebeck used germanium aryls in coupling reactions with both
electron-rich and halogenated arenes, catalyzed by (Ph;P)Au!(OTs) / PhI(OAc), / camphorsulfonic
acid in CHCI3/MeOH (50:1) or (PhzP)AuCl / Ag,O / 1-pivaloyloxy-1,2-benziodoxol-3(1H)-one
(PBX). These systems maintain high regioselectivity under conditions where Pd / Cu coupling
catalysts do not. A wide variety of functional groups was tolerated, including halides. Under the
chosen conditions there was no reaction with ArSiMes;. Me;SiC¢H4GeEt; led to selective coupling
via the Ge functionality only, so that the silyl substituent could be subjected to a series of post-
coupling derivatizations.426:427

You and co-workers*?® developed a catalytic aryl-aryl coupling reaction based on the C"N
chelating o-tolylpyridine ligand (Scheme 102). The oxidant used was N-fluorodi(benzenesulfon)-
imide (NFSI); there was no reaction with PhI(OAc),. Stoichiometric reactions established various
aspects of the catalytic cycle: (1) There was no reaction between (C*N)AuBr, and PhB(OH), in
tBuOH at 130 °C. (2) The coupling product was however formed in the presence of KF, KOH or
KO7Bu. KF acted as base, without evidence for Au-F bond formation. (3) Heating (C"N)Au(Ph)Br
in tBuOH to 80 °C generated the reductive elimination product py-tol-Ph. However, since the

formation of this product under catalytic conditions requires 130 °C and does not proceed at 80 °C,
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reductive elimination could not be rate limiting. (4) C-H activation took place before aryl transfer

from B to Au. (5) Aryl transfer from B to Au(I) before oxidation to Au(IIl) could be ruled out. (6)

C-H activation leading to cyclometalation is irreversible. (7) The kinetic isotope effect of 0.96

suggested that C-H activation was not rate limiting. This suggested that the rate was limited by

formation of the arene n-complex 250, as also seen by Lloyd-Jones.*?

This AuBr;-catalyzed reaction was used to prepare a wide range of ortho-arylated arenes

with pyridine, quinoline and pyrimidine substituents.*?8

Scheme 102. o-Tolpy / ArB(OH), Cross-Coupling Reactions
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In 2017 Hofer et al. described the Ar-Ar’ coupling of arenes with electron-poor boronic

esters using a Ph;PAuX catalyst combined with PhI(OAc), as oxidant (Scheme 103). Acetate as

base worked best. C¢FsBPin was successful, whereas C¢FsB(OH), failed due to competitive

protodeboronation. It was shown that the oxidation of Ph;PAuC¢Fs gives structurally characterized

(Ph3P)Au(OAc),(C¢Fs), which reacts with arenes stoichiometrically to give Ar-C¢F5 coupling

products. The coupling of electron-deficient silanes ArSiMe; with electron-rich arenes was also

achieved. The reaction was thought to involve transmetalation from B to Au(I), followed by

oxidation and arene C-H activation. It remained unclear whether acetate or PPh; dissociates from
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the Au(IIl) intermediate to enable coordination and activation of the arene prior to the coupling
step. This catalytic method enabled the coupling of C¢F5 with ArH = benzene, toluene, xylenes,

anisol, methylbenzoate esters and others but failed for ArH = pyridine or fluorobenzene.?%’

Scheme 103. Coupling of Electron-Poor Arylboronic Esters with Arenes

PhsPAUOAC
+ >
1,2-CoH4Cly
R" EWG 90 °C R" EWG

R" = H, Me, OMe, 1,4-Me,, 1,3-Me,, 1,2-X,0Me (X =F, ClI, Br, I), OAc
EWG = F2, F3, F4, F5, F4Br

The C-C formation of biaryls described in the previous sections all required an external
oxidant. This is of course not required if one of the substrates acts as oxidant, as is the case with
aryl halides. The coupling of aryl iodides with electron-rich arenes was explored by the group of
Bourissou.3!? Taking advantage of the ability of the hemilabile MeDalPhos ligand to facilitate the
oxidative addition of Ar-I to gold(I) (see Section 3.1.2, Scheme 41), the substituent influence of p-
substituted iodoarenes on the rate of oxidative addition and coupling with trimethoxybenzene was
explored. Contrary to palladium, oxidative addition to Au(I) is facilitated by increased electron
density of the iodoarene. This effect can be understood as the result of the reduced back-donation in
the Au(IIl) system: whereas back-donation is important for palladium and therefore favors the
reaction with electron-poor substrates via an arene n-complex, the electrophilicity of Au(III) gold
center favors reaction with electron-rich substrates via an Au-I-Ar c-intermediate. Palladium and
gold therefore constitute complementary systems for C-C coupling. The (MeDalPhos)AuCl /
AgOTf/ K;PO, catalyst mixture arylates indoles in 3-position (Scheme 104). Heterocyclic

iodoarenes also work, as does the arylation of N-unprotected indoles.3!°

Scheme 104. Catalytic Coupling of lodoarenes with Electron-rich Arenes.

X
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1

2

3

4

5 Tin organometallics as coupling partners were explored by Patil and co-workers, using R-

? SnBu; in combination with aryl diazonium salts [Ar-N;]|BF, and a Ph;PAuCl catalyst in MeCN at
g room temperature.*?* Although formation of the main product Ar-R was accompanied by some Ar-
10 Ar and R-R homo-coupling byproducts, in most cases good yields of Ar-R could be obtained. As
1; expected, there was excellent functional group tolerance on both R and Ar, and, as Schoenebeck
:i had found in coupling reactions with trialkylgermyl compounds,*?%4?7 SiMe; substituents were left
12 intact. The reaction proceeded with reasonably high yields even in the case of ortho-substituted Ar
17 and with N-donor heterocycles such as Ar = quinolinyl. The range of tin reagents was extended to R
B = vinyl and alkynyl to give the corresponding Ar-vinyl and Ar-alkynyl cross-coupling products.

;? Mechanistic studies supported the notion of R transfer to Au(I) before oxidation, as well as the

;g formation of an Au(III)(R)(Ar) intermediate detected by HR-MS. 3'P NMR spectroscopy also

24 allowed the identification of Ar-PPh;" and R-PPh;" as side-products of C-P reductive elimination,
;2 indicative of catalyst deactivation pathways.*>

;é The hetero-coupling of two different nucleophiles Ar'B(OR), and Ar’SiMe; poses

29 challenges since selective formation of the Ar'-Ar? product requires two kinetically distinct

2(1) transmetalation events to the catalytic metal center, to avoid homo-coupling by-products. Xie and
gg co-workers subjected this problem to a multi-parameter approach, testing various combinations of
gg Au(]) precatalysts/ boron reagents / solvents / silver salts in the test reaction of 4-iodophenylsilane
36 with 3-methoxyphenylboronic acid derivatives (Scheme 105).43° Of the range of bisphosphine-

;73 bridged binuclear gold(I) complexes tested, dinuclear iPrN(Ph,PAuCl), 251 gave the highest yields
ig and best selectivity for the desired hetero-coupling product 252. Cyclic voltammetry of 251

41 suggested two 1-electron oxidation steps to give an Au''-Au" intermediate, suggestive of Au(II)

fé catalysis along the lines proposed by Toste (Scheme 94),*!2 although disproportionation to Au'/Au™
jg species could not be ruled out. While the boron reagent is able to transfer the aryl group to Au(l),
j? the electrophilic activation of silylarenes requires Au(IIl). Of the silver additives, AgOTs and

48 AgNTT, performed better than AgOTTf. The sterically less demanding BNeop coupling partner

gg proved to give higher yields than BPin, and 1,1,2-trichloroethane was the preferred solvent. The

g; desired hetero-coupling products of type 252 were generated for a large variety of aryl-aryl

gi combinations, essentially independent of electron-rich/poor character, in yields of about 40 — 85%,
55 including ortho-substituted 2-TTOC4H4-CcHy-2'-Br (60% yield). Palladium catalysts, on the other
g? hand, reacted only via oxidative addition of the Ar-I function to give 253.43°

58

59

60 Scheme 105. Oxidative Aryl-Aryl Coupling of Two Different Nucleophiles
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The synthesis of chiral biaryls through C-C coupling mediated by enantioselective catalysts
was established for palladium some time ago*! but has only recently attracted attention in gold
catalysis. Using a hemilabile chiral PN ligand, Tabey et al. achieved the synthesis of axially chiral
biaryls in stoichiometric reactions between Au(l) aryls and arenediazonium salts under blue light
irradiation (see Section 4.1.3). Transmetalation to Au(I) prior to oxidation worked best and gave
binaphthyls with up to 26 % e.e.**? Subsequently Himmelstrup et al.**3 showed in another
stoichiometric study that, with suitable ligand design, much higher yields and enantioselectivities
could be achieved. Using binuclear precursors (P*P*)(AuCl),, where P"P*= chiral bis(phosphine)
ligands, CsF-assisted double transmetalation of naphthylboronic acids was achieved, followed by
oxidation with PhICI, at -78 °C to generate the corresponding Au(Ill) complexes. Warming to room
temperature led to reductive elimination of the binaphthyl products. It was speculated that this
involved fast intramolecular aryl transfer in a di-gold Au(I)/Au(IIl) intermediate, as suggested by
Toste,>! to place both aryl ligands on the same Au(III) center.*3

Arene-Alkyne (Cgy,»-Cy,) Coupling. The coupling between arenes and alkynes to give
alkynyl-substituted arenes was first demonstrated in 2001 by Fuchita in stoichiometric reactions of
gold(III) aryls.!%¢ Since then a number of catalytic methods have been developed and the synthetic
scope has been widely explored. Many of these advances have been summarized in a 2013 review
by Brand et al.#3*

The first example of the Sonogashira coupling to generate arylalkynes was reported by Qian
and Zhang in 2011, using Ph;PAuCl in the presence of AgBF, with Selectfluor as oxidant. NEt; as
base was also required. A plausible, standard Au(I)/Au(III) redox cycle was proposed.**

In 2010 de Haro and Nevado reported the coupling of alkynes to electron-rich arenes with a

gold(I) catalyst in the presence of PhI(OAc); as oxidant. Electron-rich aryl halides typically resist
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oxidative addition with palladium catalysts and therefore C-C coupling reactions via this route are
challenging. Of the various catalyst / activator combinations tried, PhsPAuCl (5 mol %) with
NaHCOs; as base in 1,2-dichloroethane at 90 °C worked best.**¢ Although the formation of a gold(T)
alkynyl complex under these conditions was demonstrated in stoichiometric reactions, the initial
investigation was unable to differentiate between an Au(LIII) redox cycle, or an Au(I) n-complex
mechanism. A subsequent detailed experimental and computational study provided more insight. In
particular, it demonstrated the importance of the in-sifu generated asymmetric iodine(IIl) species
PhI(OACc)CI which can oxidize the Au(I) acetylide intermediate LAuC=CR with a much lower
activation barrier than PhI(OAc),. The process involved electrophilic attack on coordinated arene

by an Au(III) species (Scheme 106).%%?

Scheme 106. Role of PhI(OACc)Cl in Arene-Alkyne Coupling
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In 2015 the Shi group demonstrated the catalytic coupling of terminal alkynes or boronic

acids with arenediazonium salts, which was tested initially under dual gold/photoredox catalysis.*3’
Optimization studies revealed that the outcome of these reactions was unaffected by the presence of
the photocatalyst and that couplings were equally productive in the dark, particularly when donor
ligands such as bipy were utilized. This would imply that a mechanistic alternative to
photoactivation (whether photosensitized or not) is provided which efficiently leads to the oxidation
of gold(I) by the diazonium salt. Spectroscopic studies revealed that while Ph;PAuNTT, and 4-
fluorobenzenediazonium salts are unreactive for prolonged periods of time, the addition of bipy to
the solution leads to the quantitative formation of arylphosphonium salts, as observed usually

during photo-assisted reaction protocols (see Section 4.1.3). The same process was seen starting
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from Au(l) acetylide complexes, where the reaction with arenediazonium salts and bipy leads to the
formation of the C—C coupling product in high yield. Lower yields were observed without bipy.
ESI-MS experiments performed using chelating diazonium salts suggested that the latter react with
the Au(I) precursor affording aryldiazenido compounds 254 (Scheme 107). When bipy was used,
the efficiency of N, extrusion increased and the Au(III) intermediate 255 was trapped.**® Overall,
these experiments suggested a base-assisted decomposition mechanism, where the oxidation of
Au(I) to Au(IIT) occurs in a single step and does not involve Au'! intermediates and, consequently,
radical chains. In follow-up studies this method was shown to be broadly applicable to a range of
organic substrates used in both dual/gold photoredox and photo-assisted gold catalysis, such as

olefins, allenes and alkynes.*3%-440

Scheme 107. Trapping Experiments in the Non-irradiative C—C Coupling of Arenediazonium Salts

and Terminal Alkynes
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Arenediazonium salts were also used in combination with nucleophiles to develop a broad
range of heterocoupling reactions under thermal conditions. For example, in the coupling of aryls
with bromide ions in a Sandmeyer-like reaction ESI-MS studies suggested the intermediacy of
Au(IIT) dibromo aryl derivatives. In this case the addition of bipy was found not to be necessary, as
the bromide itself can promote the decomposition of the diazonium salt. This methodology was
extended to C—S coupling with thiols and C—P coupling with H-phosphonates.*4!

A number of reactions have been reported where alkynyl-substituted iodine(III) reagents
(ethynylbenziodoxol(on)es, EBXs) are used as coupling partners in arene and alkyne alkynylations.
Scheme 108 shows some examples.*4?-44¢ Various mechanistic possibilities have been proposed for

these reactions, which either consider Au(I) as carbophilic Lewis acid forming alkyne n-complexes,
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or assume Au(I, IIT) redox cycles.**¢ The reaction was extended to the coupling of TIPS-EBX with
thiophenes through an AuCl / trifluoroacetic acid “cooperative effect”, although the causes for this

effect remained obscure.**” N- allenamides react with EBX under AuCl catalysis in MeCN to give

oNOYTULT D WN =

oxyalkynylation products 256 (Scheme 108 C). There was no catalysis with AuCl;. An Au(l, III)

10 redox cycle was proposed.**® Early in 2020 Patil and co-workers have critically reviewed the gold-
12 EBX catalyst system, with particular emphasis on the various mechanistic alternatives, and this

14 chemistry will therefore not be discussed here in detail.#* The most active catalyst seems to be
“ligand-free”” AuCl. Given that AuCl is a coordination polymer that consists of chains held together
17 by a network of aurophilic interactions, the precise nature of the catalyst under the reaction

19 conditions must remain a matter of speculation.

The reaction with TIPS-EBX was extended to the synthesis of 2- and 3-alkynylated furans
22 257 and 258, using either an electrophilic C-H activation pathway with pre-formed furans, or an

24 Au(IIT) catalyzed domino reaction starting from allenes (Scheme 108 D and E), although little

2% mechanistic detail has been substantiated.*>°

29 Scheme 108. C-C formation Using EBX Reagents
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Vinyl Coupling. Zhang reported in 2009 that propargylic acetate can be coupled with
phenylboronic acid to give 259, alongside products of homocoupling 260 and protodeauration 261
(Scheme 109).4%4 A mechanism involving oxidation to Au(III) followed by aryl transmetalation was
proposed. K[PhBF;] was too reactive as transmetalation agent and gave biphenyl as aryl-
homocoupling product. The reaction mechanism was supported by detailed theoretical studies by

Faza and Lépez to explain the product distribution (Scheme 93).414

Scheme109. Aryl-Propargyl Coupling by Au(l)/Selectfluor
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13 Mechanistically related are the reactions of propargylic derivatives, with formation of new
14

15 C-C bonds and with or without the introduction of nucleophilic functional groups. For example, in
16 . . .

17 the reaction of propargylic carboxylates in the presence of Au(l) catalysts and Selectfluor, Zhang
:g discovered that with certain alkyne substrates the main product was due to vinyl-vinyl coupling.
20 This could only have arisen by vinyl transfer to an Au(Ill)-vinyl intermediate 262, presumably from
21

22 an LAu(I)-vinyl precursor 263 (Scheme 110).45! The same products were found as byproducts of
;i the coupling reactions of propargylic esters with arylboronic acids.*** Comprehensive DFT

;2 calculations support a mechanism of vinyl transmetalation from Au(I) to Au(Ill), followed by vinyl-
27 vinyl reductive elimination,*'* which is known to be very facile.?>

28

29

2(1) Scheme 110. Enone Homo-Coupling Catalyzed by the Au(l)/Selectfluor System
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In 2012 Liu et al. reported a three-component tandem reaction between allene esters,
Selectfluor, and water in the presence of Au(I) catalyst precursors, which gives fluorinated indene
derivatives 264. A plausible mechanism via Au(IIl) intermediates has been proposed (Scheme 111).
180 labelling established that the ketone-O was derived from water, and the Kinetic isotope effect
suggested that the cycloauration step to give 265 was rate-determining. The end product was

formed by off-cycle oxidation/fluorination steps.*?

Scheme 111. Three-Component Allene Functionalization
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In 2019 Hashmi and co-workers reported the coupling between terminal alkynes and
cyclopropenes which was accomplished by a gold(I, III) catalyst cycle in the presence of silver
salts. H/D exchange experiments on the cyclopropenes confirmed that it Ag" was responsible for C-
H activation, followed by cyclopropenyl transfer from Ag(I) to Au(IIl), generating 266, which on
reductive elimination generates the alkynyl cyclopropene 267 (Scheme 112). The process was
driven by (a) the presence of a phenanthroline ligand, which stabilizes both the silver and gold
species, (b) the presence of a silver salt,and (c) by an atmosphere of ethylene, which assists the
reductive elimination step by stabilizing the generated gold(I) species as the ethylene complex

[(phen)Au(C,Hy)]" 126.3%
Scheme 112. Dual Ag/Au Mediated Alkynylation of Cyclopropenes
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The oxidative addition of 1-bromoalkynes has been used to couple alkynes with allenoates

28 for the synthesis of B-alkynyl-y-butenolides (Scheme 113), most probably via Au(III) alkynyl

30 intermediates 268 followed by reductive C(sp?)-C(sp) coupling.*>3 This contrasts with the coupling

of tetrahydroisoquinolines and 1-bromoalkynes in the presence of [Au,(pu-dppm),]Cl, under UVA

33 LED light irradiation, for which a low-oxidation state radical quench pathway was proposed.*>*

37 Scheme 113. C-C Coupling via Oxidative Addition of 1-Bromoalkynes
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The gold catalyzed Heck-coupling reactions of arenediazonium o-benzenedisulfonimides

53 was described in 2018 by Barbero and Dughera.*>3 Although originally conceived as

photochemically assisted catalysis with [Ru(bipy);]** as photosensitizer, it became evident that

56 these reactions proceeded very well in the dark, without sensitizers, using Ph;PAuCl in a variety of

58 solvents of different polarity (toluene, THF, MeCN). Acetonitrile as solvent with CaCO; as base

worked best. Unlike the usual BF4 anion used in diazonium reagents, in this case the

benzenedisulfonimide anion (Z°) assists in the generation of aryl radicals since it is redox active, a
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proposal supported by formation of Ar-Z as by-product, which seems to suggest that there is scope
for anion engineering in order to increase the reactivity of diazonium reagents in the absence of
photosensitizers. The system provided good to high yields of aryl-vinyl coupling products with

vinylic halides and aldehydes, and with cyclopentene. A tentative mechanism was proposed

as intermediate 270 would seem to warrant further scrutiny; the latter step might for example be
replaced by a base-assisted reductive B-deprotonation sequence,'®which would lead to the same

product release.

Scheme 114. Heck-type Coupling of Alkenes with Arenediazonium Benzenedisulfonimides
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(Scheme 114) based on close analogies with the Heck reaction, although some postulated reaction

steps like alkene insertion into the Au-Ar bond of 269 and -H elimination of a gold(IlI)-alkyl such
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More recently, Shi and co-workers discovered that allyl thioethers can act as oxidants and
lead to oxidative C-C forming reactions of disubstituted alkynes without the need for external
oxidants (Scheme 115).4% Although mechanistic information was restricted to mass spectrometry
identification of Au(III) ions, a plausible pathway including the formal oxidative addition of RS-

allyl to gold(I) most likely explains the product formation.

Scheme 115. Catalytic Alkyne Thioallylation
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If the reductive elimination step from a gold(IIl) intermediate involves the fluoride derived
from Selectfluor, C-F products may be formed. This was demonstrated by the simultaneous addition
of two MeO functions and alkyne fluorination to give 271, following the reaction sequence of
Scheme 116.47 A similar mechanism has been proposed for the conversion of propargyl acetate

derivatives with (IPr)AuNTf, / Selectfluor to give a-fluoroenones. >

Scheme 116. Proposed Alkyne Monofluorination Mechanism
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Arene-Alkene Coupling. The functionalization of alkenes and alkynes in the presence of
nucleophiles and external oxidants has been reviewed.”® In 2010 Zhang reported that the
nucleophilic approach to C=C and C-C bond formation occurs by anti-attack (Scheme 117; Nu= O
or NH). The preferred catalyst was Ph3PAuCl / Selectfluor in anhydrous MeCN. PhI(OAc), as
oxidant was ineffective. Nucleophilic attack precedes oxidation and transmetalation.*® The system
was extended to the intramolecular arene C-H activation in place of boronic acids, to generate
tricyclic products 272 (Scheme 117 C).4° The mechanism of this reaction was investigated by DFT
calculations, which confirmed the sequence of Au(I) mediated N-attack on C=C, followed by
oxidation by F* in the rate determining step, followed by C(sp?)-C(sp?) reductive elimination. Water
was found to reduce the activation barrier.*6!

As reported by the Lloyd-Jones /Russell team*2%492 and the Toste group,*!2463:464 the
oxidative coupling of olefins with main group aryls and alcohols or amines under oxidative
conditions gives functionalized arylated alkanes. The reactions can be conducted with both intra-
and intermolecular nucleophilic attack, using Selectfluor or iodine(Il) oxidants, and either
arylsilanes or arylboronic acids as transmetalating agents (Scheme 117B). Both B and Si reagents
seem to perform about equally well, and both mononuclear and binuclear gold catalyst precursors
have been used. For the latter, Toste has proposed a mechanism based on binuclear Au(II)

species*!? (cf. Scheme 94).

Scheme 117. Oxidative Oxyarylation of Alkenes
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More recently, the Russell group reported the direct 1,2-oxyarylation of ethylene (1 bar)
(Scheme 118). The choice of the oxidant proved crucial, with IBA-OTTf outperforming all other
iodine(III) reagents. The proposed Au(L,IIT) redox cycle includes a C(sp?)-C(sp?) reductive
elimination step and was supported by the stoichiometric reaction of (lutidine)AuCl,Ar 273, which

reacts with ethylene in the presence of methanol to give ArC,H,OMe 274.46

Scheme 118. Oxidative Oxyarylation of Ethylene
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Taking advantage of the facile oxidative addition of aryl iodides to (MeDalPhos)Au(I)
complexes,3? Bourissou combined oxidative addition with oxyarylation to couple aryl iodides with

functionalized alkenes.*%® The method allows alkene arylation independent of the electron-rich or
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electron-poor characteristics of the aryl. Using a similar principle, in a simultaneous publication
Patil reported a system for the 1,2-diarylation of arylalkenes (Scheme 119).4¢7 Here, too, a wide
range of functional groups on both Ar! and Ar? was tolerated. Mechanistic studies showed that
neither Au(I) nor Ag™ were capable of arene-C-H activation, and a cycle was therefore formulated
based on Ar?-I oxidative addition to give 275, followed by halide removal by Ag* to give the
dicationic Au(III) species 276, which is thought to coordinate the alkene and provide sufficient
electrophilic character to the C=C bond to facilitate attack on the tethered Ar! substituent (277). The
alkene was found to significantly retard the rate of Ar-I oxidative addition, since alkene binding to
[(PAN)Au]* (278) competes effectively with iodoarene binding to the same Au(l) cation prior to the
oxidative addition step.

It was also found possible to reverse the roles of Ar! and Ar?, and arylation of 2-iodophenyl-
alkene 279 proved possible in case of electron-rich arenes like indoles. In this case electrophilic
attack on an external arene is required, facilitated by the resonance structure 280 of the Au(III)
alkene m-complex.**’ Alkene complexes of dicationic Au(III) species, where back-donation is
expected to be minimal, are as yet unknown, and unfortunately no spectroscopic evidence for the

formation of such species was obtained.

Scheme 119. Au(lll) Catalyzed 1,2-Arylation and Oxyarylation of Alkenes
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56 Alkyne-Alkyne Coupling. In 2012 Corma and co-workers reported the homo-coupling of

57

58 terminal acetylenes, which was efficiently catalyzed by Ph;PAuCl or PhsPAuNTT,, with Selectfluor
Zg as oxidant and Na,COj as base in non-dried acetonitrile. Spectroscopic, cyclic voltammetry and

kinetic investigations resulted in a mechanistic proposal where Au(I) forms an alkyne n-complex
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which is transformed into an acetylide LAuC=CR, facilitated by proton removal by the base.
Oxidation generates a gold(IIT) monoacetylide species, which then reacts with further LAuC=CR to
give a bis-acetylide intermediate. The cycle is closed by reductive alkynyl coupling. An Au(II)
pathway was thought not to operate under these conditions.*%® In the same year Zhu et al. reported
similar alkyne homo-couplings using a Ph;PAuCl / PhI(OAc), / K,CO; system in 1,2-
dichloroethane at 60 °C. Possible mechanisms suggested include an Au(LIII) redox cycle or alkyne
insertion into an Au(I)-alkynyl bond.*® Alkyne homo-coupling of longer-chain alkyl acetylenes
showed an unusual distal size selectivity: alkynes with 10 C-atoms in length undergo coupling
readily, while alkynes with 12 C-atoms are virtually unreactive. Incomplete oxidation by
Selectfluor generates Au(Ill) alkynyls in the presence of Au(I) alkynyls, which transfer the alkynyl
ligand to Au(Ill). The authors presented experimental evidence that the size selectivity effect can be
traced to the transmetalation step in an A-framed, mixed-valence digold (I, III) acetylide
intermediate. C(sp)-C(sp) reductive elimination from Au(IIl) was found to be extremely fast and
complete within <1 min at -78 °C (turnover frequency >0.016 s1).360

In 2014 the Shi group reported the oxidative cross-coupling of two different types of
alkynes to give asymmetric diynes ArC=C-C=CAlk. Screening of catalysts and ligands identified
the di-gold complex (dppm)(AuBr), as preferred catalyst, assisted by N*N ligands (bipy, phen)
which are thought to accelerate the reductive elimination step. PhI(OAc), was the required oxidant,
whereas Selectfluor failed. The productivity of AuCl; / phen and of LAuCl/ phen catalysts were
comparable but produced more homo-coupling products. The formation of gold(I) acetylides was
fast compared to oxidation, assisted by acetate as base. The reaction was thought to proceed via an
Au(II) bis-alkynyl intermediate.*’® The intramolecular coupling of two linked terminal alkynes to
give macrocyclic conjugated diynes with ring sizes of 13 to 28 atoms was achieved by an oxidative
Au(I) / PhI(OAc), system, which gave faster reactions and better selectivities than a range of
alternative methods and metal complexes tested. Remarkably, the phosphine-free dichloroaurate
salt [nBuyN][AuCl,] was identified as preferred catalyst precursor, and the presence of phen was
found to be crucial. However, the nature of the species involved in this reaction and their effect on
selectivity for intramolecular coupling remain to be elucidated.*’! In 2017 Li et al.,*’? as well as
Banerjee and Patil,*’3 showed that the combination of a terminal alkyne with alkynyliodine(III)
oxidants in the presence of a gold(I) benzotriazolate catalyst precursor and phenanthroline afforded
a large array of asymmetric 1,3-diynes, via an oxidative pathway and reductive elimination
presumably from selectively formed [(N*N)Au(C=CR!)(C=CR?)]" intermediates.

A very intriguing development of oxidant—free gold catalysis is to use electrochemistry to

facilitate the generation of electrophilic Au(IIl). Very recently, Ye ef al. showed that Selectfluor or
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PIDA as oxidants can be replaced by electrochemical oxidation. The hemilabile Au(I) precursor
Ph,(2-py)PAuCl 281 in the presence of terminal alkynes can be oxidized to Au(Ill) acetylides in an
electrochemical cell (Scheme 120).#7# Test reactions showed that the expected gold(IIT) complex
(P"N)AuCIl(C=CAr) 282 was indeed formed and could be detected by HR-MS. An acidic medium
was required to suppress gold metal deposition on the cathode due to reduction. PhsPAuCl, phen,
MeCN:HOACc 4:1 under a SmA current and 3-5 V generated a range of aryl-alkyl diynes 283 in
excellent yields. The advantage of the method, apart from atom efficiency, is that the oxidation
potential can be tailored to the catalyst. The method allows the synthesis of functionalized products

that may be incompatible with the strong chemical oxidants.

Scheme 120. Electrochemical Alkyne-Alkyne Redox Coupling
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4.1.3 Photo-Assisted Coupling Reactions

As shown above, species able to release aryl radicals, such as diazonium salts, have emerged
recently as versatile reagents for Au redox catalysis as they can play the dual role of oxidizing agent
and substrate in C—C and C—E cross-coupling reactions, thus offering a great advantage over
sacrificial oxidants such as PhIOAc, and Selectfluor. Aryl radicals generated under photochemical
conditions engage in stepwise single-electron oxidations of gold in a +I—>+II—+III cascade and can
participate in radical chains. Since the first report by Glorius in 2013,*75 the area has been
flourishing, with a large number of reports emerging in the literature. A description of the broad
variety of organic products that are accessible through this methodology goes beyond the scope of

this review and has been summarized recently by different authors.!'%476 In this section, we focus
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on key concepts and mechanistic studies aimed at proving the importance of Au(Ill) intermediates
in photo-assisted coupling reactions. Details about stoichiometric reactions of arenediazonium salts
with Au(I) precursors are given in Section 3.

Dual Gold/Photoredox Catalysis. Based on the knowledge that aryl radicals can engage in
single-electron oxidation of low-valent metal centers, Glorius and co-workers conceived the first
dual gold/photoredox catalytic cycle (Scheme 121 a). Such a process exploits [Ru(bipy);]** as
photosensitizer for triggering the decomposition of an arenediazonium salt under irradiation to give
an aryl radical. The aryl radical acts as a single-electron oxidant for the Au(I) intermediate that is
obtained upon activation of an unsaturated substrate towards nucleophilic attack. This transient Au'"
intermediate is then further oxidized to a cationic Au(IIl) species by the oxidized form of the
photosensitizer. Fast C—C reductive elimination forms the product and regenerates the Au! catalyst.
Importantly, as the oxidation of Au and the formation of the metal-aryl bond occur at the same time,
homo-coupling side-reactions are reduced to a minimum. This strategy was applied successfully to
oxyarylations and aminoarylations (Scheme 121b). The method proved to be tolerant of functional
groups and works under mild conditions.

While the oxidative addition of diazonium salts to Au(I) has been demonstrated
experimentally immediately after the first catalytic discoveries, the other steps of this mechanism
have remained rather obscure. Zhang et al. investigated the dual oxyarylation catalytic cycle by
means of DFT calculations and proposed an “oxidation-first” type mechanism, where Au(III) is
involved also in promoting nucleophilic attack, as a consequence of its higher electrophilicity

compared to Au(Il) and Au(I).4”’
Scheme 121. (a) Dual Gold/Photoredox Catalytic Cycle; (b) Oxyarylation and Aminoarylation of

Alkenes; (c) Ring Expansion of Alkenyl Cycloalkanols; (d) Arylative Meyer—Schuster

Rearrangements.
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Soon after Glorius’ report, Frei, Toste and co-workers described a dual gold/photoredox

catalyzed arylative ring expansion of alkenyl and allenyl cycloalkanols to give products of type 284
(Scheme 121¢).4’® The mechanism of this reaction was probed by FT-IR spectroscopy and
deuterium labeling experiments. In analogy to the proposal by Yu and co-workers*’” for the
oxyarylation catalysis, oxidative addition was suggested to precede substrate activation, so the
alkenyl cycloalkanol was most likely activated by the Au(Ill) intermediate rather than the Au(I)
precursor.

The importance of Au(Ill) intermediates in both electrophilic activation and coupling steps
has been underlined in a number of following reports dealing with the arylative Meyer-Schuster
rearrangements of alkynols to enones 285 (Scheme 121d). Independently, Glorius,*”° Shin*%° and
Alcaide and Almendros*! have suggested that the formal rearrangement leading from alkynol to
enone is promoted by the Au(IIl) intermediate 286 formed after oxidation under photoredox
conditions. In none of these cases was there experimental evidence provided for the formation of
Au(IIT) m-intermediates, and reaction mechanisms have been mostly formulated based on
speculations on previous results. This is not totally unexpected, considering the fleeting nature of
such Au(Ill) t-complex intermediates (see Section 2).

Over the past few years the scope of dual gold/photoredox catalysis has been extended to a
number of arylation reactions involving carbon-carbon and carbon-heteroatom bond formations,
using substrates such as H-phosphonates,*3? boronic acids,*? silanes,*44% and amino- and
hydroxyalkynes.*37-48 With the development of a larger number of protocols, further experimental

details aimed at elucidating the reaction mechanisms have been provided.
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It is rather intriguing that mechanistic aspects of these reactions strongly depend on the
catalytic system, which makes it difficult to sketch out a unified catalytic cycle for all these
transformations. For example, while it is accepted that alkyne substrates usually follow an
“oxidation first”’-type mechanism, other coupling reactions seem to follow a “transmetalation first”
route. This was shown by Gauchot and Lee who investigated the mechanism of dual
gold/photoredox catalyzed aryl-aryl cross coupling between arenediazonium salts and arylboronic
acids in the presence of Ph;PAuX.4° Monitoring the catalytic runs by 3'P NMR spectroscopy, they
were able to show that the nature of the resting state of the catalyst depended on X. With X =Cl,
PPh," salts formed along with the starting precatalyst, thus suggesting the intermediacy of monoaryl
Au'" species in an “oxidation first” mechanism. By contrast, for X = NTf, the transmetalated Au(I)
aryl was observed as the main species, suggesting a “transmetalation first” type mechanism

(Scheme 122).

Scheme 122. C(sp?)-C(sp?) Coupling Under Dual Gold/Photoredox Catalysis
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On the other hand, Fouquet and Hermange**? hypothesized in a parallel study that Ph;PAuCl
may undergo transmetalation before oxidation. In follow-up work these authors used the hemilabile
(2-pyridylphenyl-PPh;)AuCl complex 281 in stoichiometric experiments with boronic acids and
arenediazonium salts (Scheme 123).#32 Initially, Au(I) aryls 287 obtained upon transmetalation with
boronic acids were found to undergo C—C coupling with the arenediazonium salt under photoredox
conditions, thus confirming the viability of the “transmetalation first” pathway. However, if the
Au(I) chloride was reacted with the arenediazonium salt first, the well-defined Au(III) aryl complex
288 formed in high yield, in agreement with similar results by Hashmi and co-workers.3> This
complex is then able to undergo transmetalation with the boronic acid and give C—C coupling,

indicating that the “oxidation-first” pathway is also viable. Moreover, 287 and 288 were shown to
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engage in transmetalation with each other, illustrating that other unforeseen reactions can further
complicate speculated reaction mechanisms. These findings underline, once again, the fundamental
difference in behavior between gold and palladium, for which oxidative addition always occurs

before transmetalation in cross-coupling catalysis.

Scheme 123. Stoichiometric Studies on C(sp2)—C(sp?) Coupling by Fouquet and Hermange
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Patil and co-workers reported a catalytic cross-coupling between arenediazonium salts and
allylsilanes.*3* Mass spectrometric and 3'P NMR spectroscopic studies indicated the formation of
arylphosphonium salts, thus suggesting the intermediacy of Au(III) aryl complexes that undergo
reductive decomposition if no excess substrate is present (see Section 3). Also, no formation of allyl
complexes was observed when Ph;PAuCl was reacted with allylsilanes under photocatalytic
conditions. This ruled out substrate activation by Au(l), as previously proposed for alkynes. The
formation of arylphosphonium salts has been invoked as proof for the intermediacy of Au(IIl) in
other similar catalytic cycles.*84485:490

One intriguing aspect that brings more complexity to the initial mechanistic scenario
proposed in Scheme 121a is the possible participation of radical chains. In 2016 Glorius
investigated the C—H arylation of terminal alkynes under dual gold/photoredox catalysis (Scheme
124) and measured the quantum yields of the reaction by chemical actinometry.**! A value of

@ =3.6 was obtained, which suggested that more than one molecule of product was produced per
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photon absorbed. This implied the involvement of a radical chain, which originates most likely by
the reaction of the Aul! intermediate 289 with further diazonium salt, rather than with the oxidized
state of the photocatalyst. Under this scenario, the photocatalyst acts as radical initiator, thus

envisioning that it may be replaced with other efficient radical chain initiators.

Scheme 124. Proposed Dual/Gold Photoredox Catalytic Cycle for Alkyne C-H Arylation
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This seems to agree with earlier reports by Shin ef al. and other groups, who indicated that
some of the transformations carried out under dual gold/photoredox catalysis were also working in
the dark in the absence of a photocatalyst and followed a different reaction mechanism where
radical chains were likely involved.*? It is worth noting that many other protocols were found to be
inactive in the absence of light/photocatalyst.432:434.486

Monometallic Light-Assisted Catalysis. Investigating the dual gold/photoredox 1,2
oxyarylation of alkynes, Hashmi and co-workers discovered that using a photocatalyst is not a
necessary requirement for these reactions to occur. Optimization studies showed higher yields when
simple Au complexes such as Ph;PAuCl were reacted with diazonium salts and alkynes in wet
methanol under blue LED irradiation, without a [Ru(bipy);]*" photosensitizer.*>3 No reactivity was
observed in the dark, therefore a photoactivated step must be part of the mechanism. The method
was further expanded to other 1,2-difunctionalizations and Suzuki-type coupling reactions,**
showing high robustness and tolerance to different functional groups. Mechanistically, the low

absorbance of the precatalyst in the blue region led initially to the conclusion that the Au(l)
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complex itself did not act as a photosensitizer. Light on/off experiments suggested the absence of
radical chain reactions. Moreover, chelating diazonium salts were shown to oxidatively add to Au(I)
affording well-defined Au(Ill) aryls under the same experimental conditions (see Section 3).
Together, these findings seemed to suggest that arenediazonium salts can be degraded in the
presence of the gold precursor and blue light, oxidatively add to Au(I) and generate catalytically
active Au(III) electrophiles.

Similarly, using arylazosulfones as coupling reagents and taking advantage of the visible
light absorption of the labile -N,SO,R moiety, Bandini and co-workers discovered that Suzuki
coupling with boronic acids could be achieved driven by blue LED light in the absence of a
photocatalyst.*%3

An extensive DFT study by Liu et al.#°% suggested the that key step of this reactivity is the
formation of a charge transfer complex between the gold catalyst and the diazonium salt, which is
capable of absorbing visible light to give a charge-transfer exciplex. This exciplex then generates an
Au'! species and a diazoarene radical upon quenching. The latter liberates the aryl radical that can
start the catalytic cycle by adding either to the starting Au' complex or the Au'! intermediate.

Wong and co-workers used quinolone-substituted arenediazonium salts to promote the
regioselective cis-difunctionalization of alkynyl silanes under photosensitizer-free conditions and
provided considerable insights into the mechanism (Scheme 125).497 Spectroscopic studies were
performed stepwise by 3'P NMR spectroscopy and electrospray mass spectrometry and showed the
formation of the oxidative addition products 290 and 291 under irradiation of Ph;PAuCl and the
diazonium salt at room temperature. The further reaction in the dark generated the quinolizilium
product 292, suggesting that the photoactivated step is the oxidation of Au(I) to Au(III). Ph;PAuCl
was found to quench the fluorescence of the diazonium salt, indicating that electron transfer from

the gold complex may indeed occur, thus validating the theoretical proposal by Liu et al.

Scheme 125. Photoassisted cis-Difunctionalization of Alkynyl Silanes
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Hashmi and co-workers reported a photoassisted gold-catalyzed Hiyama coupling of silyl-
substituted aryl boronates with arenediazonium salts to obtain biphenyl boronates 293 (Scheme
126).#%8 The superior selectivity of this method allowed the use of substrates with functional groups
that are usually not tolerated by Pd catalysts under similar conditions. Kinetic studies on the
catalytic cycle revealed that initial rates of arylation are first-order in both catalyst and boronate,
while they are zero-order in diazonium salt. This would suggest that the oxidation of Au(I) is fast
and the activation of the C—Si bond by the oxidized Au(Ill) is the rate limiting step. Moreover, the
formation of arylphosphonium salts was observed by 3'P NMR spectroscopy, thus confirming that
Au(IIT) intermediates are quite reasonably involved in the mechanism. As a last piece of evidence,
the precatalyst Ph;PAuNTT, was found to be unable to transmetalate the silyl arylboronate, while
transient Au(IIl) complexes obtained by oxidation in-sifu with Selectfluor are able to activate the
C-Si1 bond. These mechanistic studies allowed the formation of a reasonable mechanism which
underlines the superior reactivity of Au(Ill) transients in activating bonds that Au(I) precatalyst are

unable to cleave.

Scheme 126. Proposed Cycle for the Photosensitized Gold Catalyzed Hiyama Coupling
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Very recently, Schoenebeck and co-workers have used aryl-germanes as coupling partners
in photo-activated C—C coupling with aryldiazonium salts (Scheme 127).#° By using Ph;PAuCl
under blue LED irradiation, a broad range of biaryl derivatives was obtained under mild conditions.
Notably, arylgermanes were found to be more reactive than arylsilanes and arylboronic esters and
chemoselective coupling of aryls containing BPin and SiEt; substituents was achieved. However,
as previously observed by Hashmi with arylsilanes, the C—C coupling was effective only when
electron-poor arenediazonium salts were used. With the aid of DFT calculations the authors showed
that the productive addition of an aryl radical to Au has a low barrier only in the case of electron
deficient substrates, while for electron-rich ones unproductive side reactions became more
favourable. In order to extend the methodology to electron-rich systems, [Ru(bipy);][PF¢], was
used as photosensitizer in combination with (Me,S)AuCl/dppe as catalyst. Under dual
gold/photoredox catalysis, electron-rich diazonium salt containing p-fBu and p-OMe groups were

efficiently coupled with arylgermanes.

Scheme 127. Photoassisted Coupling of Arylgermanes with Electron-Rich and Electron-Poor

Arenediazonium Salts
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4.1.4 C-E Coupling Reactions (E = Non-Carbon Element). Methods of C-E bond
formation (E = O, S, N, P, B, halogen including F) catalyzed by homogeneous and heterogeneous
gold catalysts have been comprehensively reviewed up to 2011.1%4 As described for C-C couplings,
C-E bond formation involves either the oxidative addition of an aryl halide to Au(I), or the
combination of an arene with an Au(I) precatalyst and an external oxidant. Both stoichiometric and
catalytic coupling reactions of C with heteroatoms have been explored.

In a catalytic variant of this arene activation, DeBoef and co-workers used a mixture of
LAuCl (10 mol-%) and PhI(OAc), to couple variously substituted arenes with phthalimides to give
substituted phthalimides 294 (Scheme 128).°% Unlike the metal-free reaction which involves
radicals, catalysis by gold gives very good para-selectivity, much higher than palladium catalysts,
although the presence of by-products suggested that the radical pathway was not entirely
suppressed. The reaction worked best for electron-rich arenes. The nature of L = phosphine was
unimportant; both triaryl and trialkyl phosphines (PPhs, PCys, PiPr;) gave near-identical conversion
and product distribution. However, high conversion was only achieved with an excess of the
oxidizing agent, with 4 equiv of PhI(OAc), being the optimum; this, together with the insensitivity
of the reaction to the electronic and steric properties of L, would seem to suggest that some of the
excess oxidant is needed to remove L by oxidation. Since PhI(OAc), reacts with phthalimide to
give PhI(OAc)(phth) and Phl(phth),, it was suggested that this in-sifu generated reagent was
responsible for the transfer of phthalimide to the Au(IIl) intermediate. The kinetic isotope effect
(KIE) of 1.04 demonstrated that the rate-limiting step does not involve C-H bond activation. The
authors therefore favored an electrophilic aromatic metalation (EAM) process®?? over the concerted

metalation-deprotonation (CMD) pathway proposed for palladium.!”!

Scheme 128. Gold Catalyzed C-N Coupling Reactions
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The oxidative addition of macrocyclic aryl halides to Au(l) precatalysts, followed by halide
substitution by a suitable nucleophile and reductive elimination, allowed the so-called “oxidant-
free” synthesis of aryl derivatives 295. Mechanistic investigations were however unable to detect
the Au(IIl) aryl intermediate. Only chelating substrates were successful, such as arenes carrying an
ortho-pyridyl substituent, to give the coupling products 296 (Scheme 129). The oxidative addition
requires forcing conditions (110 °C, 4 — 24 h), and there is a strong solvent dependence.>*! On the
other hand, simple potentially chelating substrates like 2-pyridyl-1-iodobenzene failed to
oxidatively add to typical gold(I) precatalysts like [(IPr)AuNCMe]*, even at 110 °C, and the
starting materials were recovered. However, the more rigid 10-iodobenzo[h]quinolone reacted with
Au(I) at 60 °C to give the crystallographically characterized oxidative addition product 119 (see
Section 3). Substitution of one of the iodo ligands by pyridine to give 297 followed by treatment
with phenolate or anilines as nucleophiles generated the expected coupling products 298, thereby
supporting the previously suggested mechanism. Carrying the same reactions out with 10 mol-%
Au(I) catalyst in the presence of excess [Pr showed that the coupling reaction could be made

catalytic.?®
Scheme 129. Gold Catalyzed C-Heteroatom Coupling Reactions
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In 2019/2020 the groups of Bourissou’? and Patil’® showed that the coupling of aryl
iodides with amines is catalyzed by (MeDalphos)AuCl in the presence of AgOTf or AgSbF to give
the corresponding aryl amines and amides, mostly in good yield (Scheme 130). In Bourissou’s
system the choice of base proved critical, with 2,6-di-z-butylpyridine (DTBP) giving best results.
The reaction of p-tolyliodide with aniline itself or with p-methoxyaniline gave no or poor yields,
while anilines with electron-withdrawing p-substituents worked well. On the other hand, the
coupling of p-methylbenzamide with aryliodides was found to be insensitive to the electronic
characteristics of the aryl and works equally well for aryl iodides I-CsH4R with electron donating or
withdrawing substituents (R = 0-OMe, p-OMe, p-NO,, p-Br, p-OTf, p-BPin) to give the coupling
products in near-quantitative yields. Coupling was also achieved with secondary amides Ts-NHR
(R =Me, Ph) in 94-98% yield.’? Patil showed that a wide range of substituents on the aryl and the
aniline building blocks was tolerated and that the method could be extended to the synthesis of
indolinones and carbazoles.>%3

As discussed before, in principle two catalytic cycles may be envisaged for this reaction:
cycle A, where transmetalation takes place prior to oxidative addition, and cycle B, where these two
steps are reversed (Scheme 130). This was tested by 1N and 3'P NMR spectroscopic investigations
and by preparing intermediates 299 and 300 separately. However, stoichiometric reactions showed
that while 299 failed to undergo oxidative addition with aryl iodides, the aryl iodo complex 300
reacted with amides slowly to give the expected reductive elimination product. These reactions also
showed that more basic amines such as aniline and p-anisidine retarded the reaction; since the
oxidative addition must be initiated by a gold(I)-iodoarene adduct [LAu---I-Ar]", it is clear that
more basic amines compete with the iodoarene for coordination to the metal center and will retard

the oxidative addition step. The evidence therefore supports the mechanism shown in cycle B.30?

Scheme 130. Catalyzed Coupling of Aryl lodides with Amines and Amides
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4.2 Lewis Acid Catalysis by Gold(I1I)

As early as 1976 Thomas and co-workers showed that HAuCly can catalyze the hydration of
alkynes to give ketones in water/methanol mixtures, revealing the potential of Au(IIl) in Lewis-acid
catalyzed reactions.’* With the advent of modern gold catalysis, Au(III) halides and well-defined
complexes have been tested broadly in the catalytic activation of unsaturated substrates along with
the typical Au(]) salts, albeit with contrasting results. As pointed out by Schmidbaur and Schier,!!¢
the reductive decomposition of gold(IIl) halides makes it difficult to ascertain the real nature of the
catalyst in these processes, or even the actual phase where the reaction is taking place. The same
may be true for systems with ancillary ligands that are supposed to increase stability, as suggested
by some recent examples. This was illustrated by Fairlamb and co-workers who showed that well-
defined Au(Ill) complexes such as (NHC)AuBr; or (NHC)AuBr,(N-imidate) (N-imidate =
tetrafluorosuccinimide or phthalimide) as catalysts for the cycloisomerization of 1,5 enynes
undergo facile reduction to Au(I) by release of bromine.’% Similar conclusions were drawn by
Kumar ef al., who synthesized expanded ring carbene complexes (NHC)Au(III)Br; and used them
to catalyze the addition of amines to phenylacetylene.'>C NMR studies indicated that activation of
these species with silver salts led immediately to reduction to (NHC)Au(I) salts, thus questioning

the real importance of Au(IIl) in this specific catalytic reaction.>%
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As mentioned before, the use of cyclometalated or pincer ligands can reduce the tendency of
Au(III) to undergo reductive decomposition but it can also lead to a complete deactivation of its
catalytic properties,>’ so a fine balance between stability and reactivity has to be struck. Pioneering
work by Hashmi et al. showed that the introduction of bidentate N*O ligands increased activity,
selectivity and durability of Au(IIl) catalysts for cyclization of furan-yne systems to give
phenols.>%8

The literature of Lewis acid catalysis by Au(III), notably AuCls, has been covered in a 2012
review by Schmidbaur and Schier.!'® However, the past decade witnessed a major drive in
developing well defined Au(Ill) complexes and mechanistic concepts for unleashing the potential of
high-valent gold in Lewis acid catalysis. This section will focus on the latest advancements in the
application of Au(IIl) complexes in two main areas: (i) catalytic functionalization of CC multiple
bonds through n-complexation and (7i) Lewis acid catalysis through coordination to oxygen. In
particular, we will show how the development of stable systems based on high-valent gold allows
the unlocking of novel reactivity that is inaccessible to Au(I) and provide information about the
hitherto unknown mechanistic details of these reactions.

4.2.1 Au(III) as a Carbophilic Lewis Acid. The past few years have witnessed a
spectacular rise in the application of Lewis acidic Au(III) species as catalysts for the
functionalization of unsaturated and polyunsaturated substrates through n-activation.’?*->19 Notable
examples include hydration,>!!->!3 hydroamination,*'# hydroarylation,3!> cycloaddition /
isomerization’#>16-318 and multi-component reactions, such as the alkyne-amine-aldehyde (A3)
coupling.319-521 Alkyne hydration by HAuCl, showed potential also for educational purposes.’!3

The fate of gold during most of these processes remained obscure and mechanisms are
mainly probed computationally.3?2-324 However, a growing body of evidence seems to indicate that
Au(IlIT) has different catalytic properties compared to Au(I) in terms of both activity and selectivity,
and this pushed the development of comparative studies and more thorough mechanistic
investigations. The specificity of Au(III) catalysis was exemplified by Ying and Pu, who showed
that NaAuCly is a competent catalyst for the regiospecific hydration of N-(diphenylphosphinoyl)-
propargyl amines to the correspondent f-amino ketones, while Au(I) phosphine complexes, as well
as other metal catalysts including Cu, Hg and Pt salts, are inactive.’?

In 2013, Hashmi and co-workers reported a gold catalyzed cyclization of furan-yne systems
with aromatic tethers, which showed an oxidation-state dependent chemoselectivity (Scheme
131).526 Indeed, while (IPr)AuNTf, selectively afforded indene derivatives 301, Au(IIT) complexes
such as (IPr)AuCl; and (pyridine-2-carboxylate)AuCl, led to fluorene products 302. The origin of
the selectivity was ascribed to the different charge-donating abilities of Au(I) and Au(IIl), which
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lead to different intermediates; however, mechanistic details remained mostly speculative. AuCl
was shown to give the same product as Au(IIl), and disproportionation of Au(I) into Au(0) and

Au(III) was invoked to reconcile the mechanistic conundrum.

Scheme 131. Cyclization of Furan-ynes Catalyzed by Au(l) and Au(lll)
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The complexity of AuCl;-catalyzed reactions was illustrated in a computational mechanistic
investigation of the hydroarylation of allenyl ketones 303, which gives furans 304 alongside furyl-
substituted vinyl ketones 305.527 At least three catalytic cycles were found possible and which may
be in competition with each other and in which a gold(III) a-furyl species serves as nucleophile.
The results were rationalized in terms of a new mechanism termed “concerted electrophilic ipso-
substitution” (CEIS), in which the gold(III)-furyl o-bond 306 produced by furan auration acts as a
nucleophile and attacks the protonated allenyl ketone via a transition state of type 307 by an outer-
sphere mechanism. Water and hydrogen bonding are important in this process. A simplified outline

is depicted in Scheme 132.

Scheme 132. Simplified Outline of the AuCl;-Catalyzed Hydroarylation of Allenyl Ketones
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It is worth noting that regiodivergent reactivity might not necessarily arise from just a
difference in Lewis acidity determined by the oxidation state, but most likely from a combination of
effects. Jaroschik et al. investigated the gold-catalyzed cycloisomerization of 1,6-allen-ynes and
found that the outcome of this reaction was influenced by changes in the steric bulk of the ligands,
the nature of the counterion, and the substrates themselves.3?® For instance, AuCls catalyzed the
cycloisomerization of allen-yne 308 (Scheme 133, X = C(CO,Me),, R = Me) to hydrindiene 309,
while Ph;PAuNTHT, led exclusively to the Alder-ene product 310. However, when X = C(CO,Et,)
and R = H, AuCl; catalyzed selectively the formation of 310, in analogy to what is observed with
other Au(I) salts. A large screening study revealed that, in general, metal halide salts and cations
with bulky ligands (NHC or encumbered phosphines) favor the formation of the hydrindiene 309,
while less bulky systems lead to the Alder-ene 310. Ligand effects can be overridden by using
triflate counterions, which always led to the formation of 310. Mechanistically, 309 and 310 are
thought to originate from a common vinyl intermediate formed upon m-activation of the triple bond
by the metal (Scheme 133). By using [(bipy)AuCl,]Cl and CD;0D, intermediate 311 was trapped
and observed by ESI-MS, suggesting that protodeauration of these species is slow. The competition
between protodeauration and different proton and hydride shifts from the common intermediate was

suggested to account for the regiodivergent reactivity.>2®

Scheme 133. Cycloisomerization of 1,6 Allen-ynes and Proposed Intermediates
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Bibal and co-workers reported that the thioether Au(III) trichloro complexes 313 catalyze
23 the cycloisomerization of propargylamides into 1,3-disubstituted oxazoles,*® matching earlier

25 results by Hashmi and co-workers.’?° The same result was obtained with the Au(I) species 312
obtained upon photoreduction of 313. On the other hand, cationic Au(I) species such as

28 Ph;PAuNTHT, catalyze the formation of dihydrooxazoles (Scheme 134). Vanicek ef al. reported the
30 synthesis of the mesoionic dicobaltoceniumyl carbene complex 315, which was obtained

32 straightforwardly upon oxidation of its Au(I) congener 314 in aqua regia.>3° As observed before for
313, compound 315 catalyzed the formation of the oxazole, while the Au(I) complex 314 led to the

35 formation of the methylene oxazoline (Scheme 134).

39 Scheme 134. Divergent Reactivity of Propargylamides with Au(l) and Au(lll) Catalysts
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Another striking case was reported by Alcaide ef al., who investigated the reactivity of
alkyne-tethered lactams 316 in the presence of well-defined Au(I) and Au(III) catalysts.>3! Here,
while (IPr)Au(I) salts afforded mixture of 7- and 8-membered carbocyclization products 317 and
318, the biphenyldiyl chelate (C*"C)Au(IPr)CI 133 led to the exclusive formation of a bridged oxa-
azabicyclo[4.2.1]nonenone 319 (Scheme 135). Mechanistic studies revealed that the Au(IIl) catalyst
formed selectively 317 as an intermediate and catalyzed a further rearrangement to the bridged
product 319. This oxidation-state dependent reactivity was ascribed to the higher Lewis acidity of

Au(III), as anticipated by Hashmi.>?¢

Scheme 135. Regiodivergent Reactivity of Alkyne-Tethered Lactams in the Presence of Au(l) and

Au(lll) Catalysts
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(IPr)AuClI (5 mol%)

=
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- > OH H
DCE, 15 min, RT
Me
o "R
317
(CAC)AU(IPTICI 133 (5 mol%)
AgSbFg (5 mol%)
DCE, 15 min, RT
R2
R
N ~ (C*C)AU(IPr)CI (5 mol%)
4,1, O AgSbFg (5 mol%)
0™, N DCE, 15 min, reflux

As a consequence of its square-planar coordination environment, Au(IIl) is much more
responsive to ligand effects and these can be used to induce asymmetric catalysis in a way that is
not possible with linear Au(I).!!" Bohan and Toste have shown that (C*C)Au(III) chelates are very
robust, reduction-resistant catalysts for enantioselective enyne activation.>3? Using the chiral NHC
complex 320 they developed an enantioconvergent kinetic resolution affording enantioenriched 1,5
enynes and bicyclo[3.1.0]hexenes (Scheme 136). While efficient Au(I)-catalyzed asymmetric
cyclopropanation protocols relying on chiral diphosphine ligands have been successfully developed
for substrates such as propargyl esters or substituted enynes®3-°, the 1,5-enyne cycloisomerization

remained challenging for low-valent gold. The key for the success of this particular reaction is the

ACS Paragon Plus Environment



Page 149 of 212 Submitted to Chemical Reviews

oNOYTULT D WN =

ability of the chiral Au(IIl) catalyst to override the inherent chirality transfer from the substrate and
induce the two different enantiomers to converge to the same product. A detailed analysis and
modeling of ee data versus conversion showed that, in striking contrast with standard kinetic

resolution, satisfying enantio-enrichment can be achieved at synthetically useful conversions.
Scheme 136. Enantioconvergent Kinetic Resolution of 1,5 Enynes with Chiral Au(lll) Chelates

N (R,R)-320 (5 mol%)
/C AgBF, ( 5 mol%) /:;Z
RO\ CcHcl,-40°c R

(+1-)

e ‘o
Cl~ay O
»

320

The biphenylyl scaffolds showed also interesting applications in supported catalysis. The
incorporation of (C*"C)Au(IPr) cations into metalorganic frameworks (MOFs) by using a
carboxylate-derivatized biphenylyl skeleton generated catalysts 321 with increased thermal stability
and resistance to reduction compared to homogeneous analogues. Removal of chloride by AgSbFg
was essential for the generation of active catalysts which could be recycled several times, although
the formation of AgCl within the MOF framework proved somewhat limiting. The activity of the
catalyst was tested in 1,5 enyne and alkynyl-cycloheptatriene cycloisomerization reactions (Scheme
137a, b), illustrating a promising future for well-defined supported Au(III) catalysis.’** A similar
approach was employed by Tilset and co-workers who incorporated C*N chelated Au(III) catalysts
for the cyclopropanation reaction of propargylic esters with styrene (Scheme 137c). Au-
functionalized UiO-67 MOFs were synthesized by exchanging linkers of UiO-67 MOF with
Au{ppy(COOH),}Cl,, to generate MOFs containing (N*C)-boundAu(III) as catalytic centers.>3*

Scheme 137. MOF-Stabilized (CAC)Au(lll) Catalysts and Test Reactions
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Wong and co-workers produced a large library of oxazolyne or pyridine-based (C*N)Au(III)
BINOL complexes showing an unusual C, O rather than the expected O, O coordination of the
BINOL ligand (Scheme 138).33% These complexes are chiral as a consequence of an axial-to-central
chirality transfer; their structures were confirmed by X-Ray crystallography and circular dichroism.
Complex 322 was successfully used in the catalytic cycloisomerization/acetalization of 2-
alkynylbenzaldehydes to give 6-membered acetals (Scheme 138). Remarkably, the introduction of
D-(+)-camphorsulfonic acid (CSA) in the reaction mixture switched the selectivity of the reaction
and afforded carboalkoxylation products. Other mononuclear Au(I) and simple cyclometalated
Au(IIT) complexes proved to be inactive.’3¢ Preliminary results on enantioselective
carboalkoxylation catalysis were obtained by using enantiopure Au(III) catalysts, albeit with
moderate ee values of 40—50%.

In a follow-up study,**’ the authors tested O™O chelates of chiral oxazolines of the type 323
(Scheme 138) in asymmetric carboalkoxylation catalysis and found that the performance in
enantioselectivity was dictated by the steric bulk of the substituent in a/pha position to the nitrogen.
By using bulky substituents such as mesityl, high ee values approaching 90% were observed. ESI-
MS measurements suggested that the active species may originate from the protonation of one of

the two Au—O bonds in 323, to give a 3-coordinate, Lewis acidic Au(Ill) cation. The chirality of the
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oxazoline ligand creates a chiral pocket which affects the geometry of the carboalkoxylation

transition state and dictates the enantioselectivity.

Scheme 138. Synthesis of Chiral Au(lll) CAO BINOL Complexes and Catalytic Applications
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Fiksdahl and co-workers have tested the cyclopropanation of propargyl esters with different
gold complexes (Scheme 139).53® The Au(III) bis-oxazoline complex 324 shows activities
comparable with the benchmark Johnphos Au(I) complex and, more importantly, higher than other
Au(III) species based on pyridine ligands or AuCls, suggesting that the structure of the ligand plays
an important role. Interestingly, 324 triggered a very efficient cis/trans isomerization of the formed
vinylcyclopropanes, with rates higher than those of all the other Au(IIl) and Au(I) complexes
studied. This allowed the selective formation of trans cyclopropanation products. Later on, trans
bis-pyridine complexes 325 and 326 were tested in the same reaction and the role of the ligand was
probed experimentally and theoretically.>3? It was found that unrestrained pyridine complexes 325
were generally more active than the restrained 326, even though the substituent on the pyridine
ligands played a pivotal role. Electron-withdrawing ligands were significantly more active than
electron-donating ones, suggesting that one pyridine needs to dissociate to generate the active
species.>? 1SN NMR data strongly correlated with this finding, and DFT modeling showed that the
energy of the key transition state was dependent on the electron density on the nitrogen atom in the

pyridine ligand.

Scheme 139. Au(lll) Catalyzed Cyclopropanation of Propargyl Ethers with Styrenes
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A similar conclusion was drawn for the alkoxycylization of 1,6-enynes catalyzed by the
pyridine-oxazoline Au(IIl) complex 327 (Scheme 140).>4! Catalytic experiments revealed a strong
ligand effect on the productivity of the system; under identical experimental conditions the catalyst
with X = Cl gave twice the conversion of the X = Br analogue. A considerable ion pair effect was
also observed; e.g. more coordinating Y- = OTf showed increased reactivity in more polar solvents,
whereas this was not the case for less coordinating anions such as BF;~ and PF4~. As (Me;S)AuCl
was found to be inactive in combination with the oxazoline ligand in CH3CN, the authors concluded
that the active species must be Au(III). The catalyst is thought to be activated by pyridine
displacement, which allows alkyne coordination and cyclization, followed by MeOH attack and
protodeauration. '>’N NMR experiments confirmed that the pyridine fragment is released under
catalytic conditions, while the oxazoline remains coordinated. This mechanism was corroborated by
DFT calculations, which indicated that the substrate coordination upon pyridine displacement is

actually the rate limiting step of the reaction.

Scheme 140. Alkoxycyclization of 1,6 Enynes with MeOH Catalyzed by Complex 327.
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23
24 Tilset and co-workers showed that the Au(III) mediated nucleophilic functionalization of
;2 unsaturated substrates in the (C"N)AuX; system described in Section 3.3 for stoichiometric alkene
27 reactions (Scheme 70) become catalytic if alkynes are used. The reaction of (C"N)Au(OAcF), with
28
29 acetylene in dichloromethane / trifluoroacetic acid (6:1) gives the structurally characterized gold
2(1) vinyl complex 328 (Scheme 141).13% Although a catalytic cycle based on formation and
gg protodeauration of 328 might be expected, this vinyl complex proved to be resistant to Au-C bond
34 cleavage under these conditions and did not generate vinyl trifluoroacetate. Instead, it was found
35
36 that 328 reacts with a second equivalent of acetylene to give the bis(vinyl) complex 329. In this
2573 compound the vinyl ligand #rans to C is selectively protodeaurated to generate vinyl acetate (11-12
39 TON / 24 h). Entering the catalytic cycle with (C*"N)Au(OAcF)(CD=CDOACcF), only AcFOCH=CH,
40
41 was formed, proving that the vinyl ligand #rans to N is not liberated in this reaction. On prolonged
42
43 reactions, formation of C,HD and C,H, was also seen, due to H/D exchange with HOAcF. There
j;’ was also evidence for the formation of a reductive elimination product, the diene XCH=CH-
46 CD=CDX (X = trifluoroacetate), accompanied by protonated tpy ligand, an indication of catalyst
47
48 deactivation following Au-C(tolyl) protonolysis. Over time, the slow formation of the structurally
gg characterized enolate complex 330 was seen, most probably due to hydrolysis of 328.
g; DFT calculations showed that although formation of the intermediate gold-acetylene m-
53 complex trans to C has a slightly lower barrier than frans to N, the subsequent insertion and
54
55 formation of the vinyl product frans to N is thermodynamically more favorable. The second
g? insertion and protonolysis trans to C also have lower barriers than trans to N, a reflection once
58 again of the importance of the trans-influence in Au(IlI) catalysis.!3>
59
60
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In order to improve the stability of the catalysts against protolytic decomposition, the
C"C”N pincer complex 331 was developed. It shows significantly improved barriers towards Au-C

bond protolytic cleavage and gives higher turnovers than the system based on 328.542

Scheme 141. Gold(lll) Catalyzed Formation of Vinyl Acetate via a Double Insertion Pathway
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Gold(IIT) C*N chelates also act as potent Lewis acid catalysts for the three-component
condensation of aldehydes, amines and terminal alkynes (Scheme 142). Chiral propargylic amine
products can be converted into allenes with enantioselectivities of up to 98%. Six-membered ring
cyclometallated gold(IIT) complexes showed higher catalytic activities than five-membered

analogues.>®

Scheme 142. (CAN)AuClI, Catalyzed Condensation Reactions and Allene Synthesis
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Well-defined, stable (P*C) gold chelates have been reported by Amgoune, Bourissou et al.

31 as competent catalyst for the hydroarylation of internal alkynes with electron-rich arenes to give

33 trans—styrene derivatives (Scheme 143).>% The bis-trifluoroacetate Au(IIT) complex 332 showed

35 good catalytic activities and high regio- and stereoselectivity in CH,Cl,/trifluoroacetic acid

mixtures. No reactivity was observed in the absence of the acid. Interestingly, the catalytic

38 performance of 332 proved superior to other cyclometalated Au(III) bis-trifluoroacetate complexes

40 based on (C”"N) or (P*C”P) ligands. Unfortunately attempts to investigate the mechanism of the

reaction by NMR spectroscopy showed no evidence for intermediates, so no unequivocal

43 mechanistic information could be obtained. However, the frans-stereoselectivity of the

45 hydroarylation suggests that the reaction is initiated by the formation of a cationic n-alkyne

47 complex, which is capable of electrophilic attack on electron-rich arenes.

50 Scheme 143. Hydroarylation of Internal Alkynes Catalyzed by Well-Defined (PAC) Gold(lIl)

52 Chelates.
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Another strategy for developing Au(Ill)-based alkyne activation catalysts with improved
stability is to use potentially hemilabile ligands. This has been explored in particular for NHCs.
Helaja and co-workers reinvestigated the catalytic activity of the carbene complex 333,°* which
had previously been reported by Hashmi and Limbach?! as catalyst for the cycloisomerization of
w-alkynylfurans upon activation with silver salts. The authors showed that 333 is moderately active
also under silver-free conditions (Scheme 144), while its analogue with a phenyl ring in the place of
pyridine is not active at all. This was ascribed to the presence of an ionization equilibrium due to
reversible chloride displacement by the pyridine arm.

Similar carbenes have been used by Michelet, Cadierno et al. to generate water soluble
Au(III) complexes 334 for the cycloisomerization of y-alkynoic acids (Scheme 144).346 These
complexes undergo an ionization equilibrium similar to 333. However, NMR studies and X-
crystallography showed that the preferred form in water was the bidentate one, most likely because
the extrusion of HCl is highly favorable. It is worth noting that the complex with a C, spacer
between the pyridine and the imidazole scaffold preferred the non—chelated form. In any case, no
significant catalytic advantage was found due to the chelation potential of these carbenes, even
though Au(IlI) catalysts showed a higher recyclability with respect to the Au(I) analogues.

Messerle and co-workers have investigated the application of potentially tridentate carbenes
by testing the bis—pyrazole complex 335 in the intramolecular dihydroalkoxylation of alkynyl diols
and hydroamination of phenylacetylene (Scheme 144).°%7 By reacting 335 with NaBArF, very
efficient catalytic systems with TONs of 1000 for the alkoxylation reaction were obtained. Kinetic
studies revealed that the turnover frequency was dependent on the added amounts of NaBAr" (BArF
= B{C¢H;3(CF3),-3,5}4), most likely as a consequence of the progressive abstraction of the chloride
anions by the sodium salt. NMR experiments suggested the coordination of the pyrazole side arms
upon cationization of the complex. Further control experiments showed no reduction to Au(l),
suggesting that the coordination of the side arms of the ligands contribute to the overall stability of

the catalytic system.

Scheme 144. Examples of Potentially-Hemilabile NHC Ligands for Au(lll) Catalysis
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Au(III) catalysts have lately found interesting applications in biological chemistry for

36 achieving chemical transformations in living environments. Tanaka and co-workers developed a

38 cyclometalated Au(IIl) complex bearing a coumarin-tagged ligand, which is able to bind to
glycoproteins such as N-glycoalbumin.’*® Upon injection in live mice, the latter accumulate
selectively in organs such as liver or intestine, leading to a localized deposition of the metal. Such
43 bioaccumulated Au(Ill) catalyzed the amidation of propargylic esters by proteic amine residues

45 present on the surfaces of the organs. Tagging the propargylic esters with fluorescent groups
indicated that the imaging reagent reacted selectively in the organs targeted by the N-glycoalbumin
48 gold complexes (Scheme 145).

50 The mechanism of gold-mediated protein labeling was investigated in a second study by
52 Tanaka, using 2-benzoylpyridine Au(IIl) salts lacking in the coumarin tags.>*® The latter showed
similar activity in protein labeling, suggesting that the pre-immobilization of the gold reagent onto
55 the protein is actually not necessary to achieve an efficient amidation reaction. In control studies,
57 the (C*"N)AuCl, complex 162 was reacted with an N-protected propargyl ester for 16h in DMF in
the presence of a base. After this time, the C(sp?)-C(sp) reductive elimination product 336 was

60 isolated in 52% yield. Compound 273 was found to react with N-acyl aminoesters in the presence of
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Au(I) precursors to give the model labeled aminoesters, indicating that an alternative way to protein
labeling may be active through an “activated ester” approach. Only trace reactivity was observed
when NaAuCl, was used as the gold source, indicating that the presence of the cyclometalated

ligand is key to achieving this reactivity.

Scheme 145. Coumarin-Tagged Au(lll) Cyclometalated Complex for In Vivo Catalysis
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Further experimental studies have also demonstrated the intermediacy of Au(IIl) vinyl
species in catalytic alkyne activation reactions. Nguyen ef al. studied the mechanism of
benzannulation of 2-carbonylphenylalkynes catalyzed by AuCl; by extended X-ray absorption fine
structure (EXAFS), NMR spectroscopy, and mass spectrometry.>? By reacting the gold halide with
2-alkynyl acetophenone, the authors showed that Au(Ill) mono- and bis-flavylium intermediates
337 and 338 form as the most abundant species in solution before the reaction with the second
alkyne molecule (Scheme 146). The diminished tendency of AuCl; to undergo reduction under
catalytic conditions seemed to suggest that Au(IIl) was the actual catalyst of this reaction.

Starck, Michelet and co-workers have used 2-(pyridin-2-ylethynyl)benzaldehyde as a
chelating substrate for trapping reaction intermediates of the gold-catalyzed cyclization-reduction of
carbonylphenylalkynes to give isochromenes.>>! By using this substrate in combination with
KAuCl, in MeOH, the authors isolated the Au(III) vinyl species 339, which was
crystallographically characterized (Scheme 146). Protodemetalation of 339 in the presence of

reducing agents affords the organic product and liberates the metal.
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Scheme 146. (a) Benzannulation of 2-Acylphenylalkynes and Relevant Intermediates; (b)

Trapping of Au(l) Vinyl Species Using Chelating Alkynyl Benzaldehydes
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31 Lopez-de-Luzuriaga and co-workers investigated the mechanism of alkyne hydration using
33 dithiocarbamate Au(IIl) complexes 340 (Scheme 147).3%° Catalytic studies showed that the dichloro
and dibromo derivatives were moderately active for the hydration of phenylacetylene in refluxing
36 aqueous MeOH, while the diiodo and bis—C¢F5 derivatives were completely inactive. This was

38 explained with the lower electronegativity of the iodide leading to decomposition, and the high

40 stability of Au- C¢Fs compounds. In addition, a protic solvent proved essential for the reaction to
occur, and the addition of HBF, doubled the conversion. On the basis of DFT studies a solvent-

43 assisted mechanism was proposed, where methanol lowers the overall energy required for proton

45 transfer, in analogy to that proposed earlier’>? for Au(I) catalysts.

48 Scheme 147. Au(lll) Dithiocarbamate Complexes and Solvent-Assisted Transition States for

50 Phenylacetylene Hydration
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4.2.2 Au(III) as Oxophilic Lewis Acid. The hard character of Au(IIl) Lewis acids enables
catalysis through coordination to the oxygen atom of carbonyl compounds or alcohols to promote
reactivity such as aldol or Diels-Alder-type reactions. However, the number of examples is much
more limited in comparison with t-complexation. In some cases Au(IIl) can offer improved
performance with respect to other more usual Lewis acids; for instance, AuCl; can catalyze
intramolecular oxa-Michael additions with higher activity and selectivity than stoichiometric
BF;°OEty>3.

Toste and co-workers used (C*C)Au(III) chelates obtained upon oxidative addition of
biphenylene to (NHC)Au(I) salts as selective Lewis acids for the Mukaiyama-Michael addition of
ketene silyl acetals to a,-unsaturated aldehydes such as cinnamaldehyde (Scheme 148).3%8
Typically, these reactions follow a 1,2-regiochemistry with the vast majority of Lewis acids and
substrates. This was also the case of (IPr)AuCl, which afforded a 1,2 addition product in 38% yield
when activated with AgOTf. On the other hand, the Au(III) species catalyzed selectively the
formation of the 1,4 adducts with rather high yields. This was explained on the basis of the structure
of the Au(III) catalyst, where the combination of the square-planar geometry and the steric bulk of
the carbene ligand creates a reactive pocket that makes 1,2 addition unfavorable. This conclusion
was further corroborated by the isolation of the cinnamaldehyde complex 341, which was
crystallographically characterized and showed how the carbonyl unit was hindered by the Dipp
substituents of the IPr ligand.

The high selectivity observed in the Mukaiyama-Michael reaction was also obtained in other
reactions such as nitronate Michael addition, thiol addition, Hantzsch ester reductions, Diels-Alder
and [2+2] cycloaddition, showing the superior properties of ligand-based stable Au(III) catalysts

over the usually unselective AuCl; or Au(I) catalysts.

Scheme 148. Left: Mukaiyama-Michael Addition of Ketene Silyl Acetals to a,3 Unsaturated

Aldehydes, and Crystal Structure of the Isolated Complex 341
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This strategy was further developed to design chiral catalysts for the enantioselective v,0
Diels-Alder addition of cyclopentadiene to dienals (Scheme 149).5%* A thorough experimental and
computational investigation revealed that a number of non-covalent interactions cooperate in the
enantioselectivity control of this process, in a way that is not possible with Au(I). By performing a
transition state and multivariate linear regression (MLR) analysis on the molecular descriptors that
affect acitivity and selectivity, complex 342 emerged as an optimal catalyst, showing good

productivity (60% yield) and enantioselectivity (82%).

Scheme 149. Enantioselective y,5 Diels-Alder Coupling of Cyclopentadiene and Dienals Catalyzed

by Au(lll)

@)

342 (10 mol%
RochJ\H ( )

AgNTTf, (10 mol%) /
+ >

PhCF3/MeN02
@ 0 °C, 24h

The gold-catalyzed Mukaiyama addition of silyl enol ethers to a,3 unsaturated aldehydes
was also achieved by Wade and co-workers with the dimeric phosphorus ylide complex 343.3%

Compound 343 led to the formation of a mixture of 1,2 and 1,4 adducts in a 73:27 ratio in the case
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of crotonaldehyde, while only the 1,4 adduct was obtained in the case of cyclohexanone (Scheme
150). The catalytic performance of 343 was however found to be inferior to the corresponding Au™!
dimer with a direct Au—Au bond. This was tentatively ascribed to a lower rate of exchange between
coordinated and uncoordinated ketones in the Au"! complex. However, no clear difference in Lewis
acidity between the two species was observed by the Gutmann-Beckett method. These species also

showed carbophilic Lewis acidity and catalyzed the hydroamination of phenylacetylene.

Scheme 150. Mukaiyama-Michael Addition Catalyzed by Au(lll) Phosphorus Ylides

o OTMS

F
Ph R

OTMS =0 343 (4 mol%) +
+ - —_— > R

Ph& R 25°C, CH,Cl, )OK}\/"\,,
Ph 7

2+
Ph P/_<Au_\P<PF|
Ph” Au—

OTMS

2 OTF
Ph 343

Shi and co-workers used well-defined Au(IIl) systems based on pyridine-substituted triazole
ligands 344 to catalyze the synthesis of vinyl halides from propargyl alcohols and N-
halosuccinimides (Scheme 151).33¢ The reaction is assumed to involve an Au(III) catalyzed Meyer-
Schuster rearrangement of the propargyl alcohol,>>” affording an allene intermediate that in turn
reacts with the halogenating agent to give the final product. Complex 344 as well as (Pic)AuCl,
produced high yields and showed good selectivity, while AuCl; and KAuCl, gave poor results.

Scheme 151. Well-Defined Au(lll) Triazole Complexes for the Synthesis of Vinyl Halides

N +
OH 344 (2 mol%) °N /Cl—lcr
NIS o N AU

— ~cl
X MeCN:H,0 S N/
Bu (5:1) Bu 7\

I ~/ 344

Au(III) complexes with hemilabile carbenes were shown to be moderately active also in
etherification catalysis by Meyer and co-workers.>>® The trichloro complex 345 was obtained upon

oxidation of the corresponding Au(I) complex with PhICI, and used to catalyze the etherification of
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indanol to produce asymmetric ethers with good productivity, which proved to be higher than that

of the Au(I) congener (Scheme 152).

Scheme 152. Hemilabile NHC Au(lll) Catalyst 345 for Etherification of Indanol
OH OR

345 (2 mol%)
AgBF4 (2 mol%)
+ROH —mMmMm>» + H,0
80°C, 3h

Mes’N\\rN\(j
. ZIN

Over the past few years, gold catalyst found application also in glycosylation catalysis for
the synthesis of carbohydrates.>° Although it lags behind Au(I) in this area, AuCl; has found some
specific applications, such as in the synthesis of furanosides.>® This area is still in its infancy and
under methodological development, so mechanistic details about these reactions are mostly

speculative.

4.3 Au(III) as Photosensitizer

Well-defined Au(Ill) complexes showed potential as photocatalysts in oxidation reactions.
Che and co-workers showed in 2012 that the cationic pincer carbene complexes 346 shows long-
lived emissive states (282 and 506 ps) arising from the radiative decay of intraligand triplet states.
These excited states were harnessed to catalyze the oxidation of secondary amines to imines and the
cyanation of tertiary amines in high yields (Scheme 153). These reactions are thought to occur
through the gold-sensitized generation of singlet-oxygen, which acts as oxidant in both
transformations. Complex 346 also showed good activity in the photocatalytic H, generation in a
three-component system consisting of a cobalt diglyoximato complex [Co(dmgH),(Py)Cl],
triethanolamine and degassed acetonitrile/water.>°!

Later on, Zhu and co-workers showed that cationic bidentate (N*N) and pincer (N*N"N)
complexes can also act as efficient photocatalyst for the oxidative coupling of amines. As an
example, complex 347 was used for the selective coupling of N-phenyl tetrahydroisoquinoline with
ketones, malonates, phosphine oxides and phosphites under blue LED irradiation and with aerobic

oxidation.562

Scheme 153. Photocatalytic Au(lll) Mediated Oxidations with Dioxygen
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5. CONCLUSIONS

Over the last decade the coordination and organometallic chemistry of gold(III) has seen
major step-changes. As outlined in this review, a number of key complex types which had long
been postulated as being involved in catalytic cycles have finally been synthesized and
characterized, thus providing tools for either validation or dismissal of postulated mechanisms.
These new compound classes include the long-sought after gold(Ill) alkene, alkyne, CO and
hydride complexes, as well as peroxides and highly reactive species with weak n- and o-
interactions. These synthetic advances have enabled the interrogation of the bonding characteristics
of gold and have illustrated the fundamental differences that exist between Au(IIl) and its
isoelectronic neighbor in the Periodic Table, platinum(II). It has become very evident that
mechanistic pathways that are observed for the Group 10 metal triad are not necessarily valid for
gold, and mechanistic analogies must be treated with caution. Nevertheless, a whole new body of
knowledge about rates and mechanisms e.g. of C-C and C-E reductive elimination mediated by
gold(IIT) has been gathered, which has allowed a very broad spectrum of homo- and hetero-
coupling reactions to be discovered and gold redox catalysis to be placed under the spotlight of the
synthetic community. In addition the electrophilic character of Au(III) has attracted much attention

in Lewis acid catalysis. Here, the high stability and tunability of Au(III) chelates allows a full
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exploitation of ligand effects and the development of very efficient chemo-, regio- and enantio-
selective reactions of double and triple bonds.

On the other hand, while important reaction pathways that usually compose catalytic cycles
have certainly been identified, such as oxidative addition of C—X bonds, alkene insertions into Au-
C / Au-H bonds and B-H elimination, it is also true that these were mostly established for a rather
narrow range of compound types supported by a limited range of “privileged” ligands, and/or apply
only to a limited range of substrates. For instance, although a fair spectrum of gold(I) and gold(III)
hydrides is now known, none of these exhibit the same high activity as heterogeneous gold
hydrogenation catalysts. There is clearly much ligand development work to be done if gold
complexes are to be “trained” to compete with homogeneous Group 9 and 10 hydrogenation,
hydrosilylation or hydroboration catalysts.

Some intermediates and reaction pathways that are common for other late-transition metals,
still remain unknown for gold(III). Notable examples are reactive gold(IIl) carbenes®®* Au«—CR; <
Au-C™R; and carbene insertion catalysis, whose potential remains to be tapped. Non-reductive
product release from the metal remains challenging as well. This is typified by B-H elimination,
which proved facile for very specific chelate-supported cationic 14-electron gold(III) alkyls but
remains a high-barrier process in most cases.

In spite of such limitations, quite new possibilities have arisen that take the story forward
beyond classical catalysis based on even-electron species. There is mounting evidence of the
importance of gold(II) as reaction intermediates, and of the involvement of electronically excited
open-shell species which circumvent the coordinative limitations imposed on gold(IIl) compounds
in the ground state. Routes to the selective generation of open-shell gold reagents are only now
beginning to emerge, and new synthetic protocols, including stereo- and enantioselective processes
based on mononuclear d° and triplet intermediates remain to be developed. Similarly, the ability to
fine-tune oxidation events by replacing strong chemical oxidants by electrochemical oxidation
promises improvements in reaction scope, selectivity and atom-efficiency.

Overall, this review shows how the fundamental discoveries in the chemistry of gold(III)
unlocked a toolbox of reactivities that was unthinkable even 10 years ago. These advances expand

the scope of gold catalysis and provide the foundation for more breakthroughs in the near future.
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Abbreviations

bipy 2,2'-bipyridyl NBE norbornene

CAAC  cyclic (alkyl)(amino)carbene NFSI N-fluorodi(benzenesulfon)imide

crC 4,4'-di-tert-butylbiphenyl-2,2'-diyl NHC N-heterocyclic carbene

CDA Charge decomposition analysis NPA natural population analysis

CMD concerted metalation-deprotonation OAcF trifluoroacetate

COD 1,5-cyclooctadiene OPiv pivaloate, Me;CCO,

CSA camphorsulfonic acid PBX 1-pivaloyloxy-1,2-benziodoxol-

3(1H)-one, PhI(OCO)(OPiv)

Dipp 2,6-diisopropylphenyl phen 1,10-phenanthroline

DMAD  dimethylacetylene dicarboxylate pic picolinate

DMAP N N-dimethylaminopyridine PIDA PhI(OAc),

DTBMP  2,6-di-tert-butyl-4-methylpyridine 190 2-phenyl-2'-ylpyridine

EBX ethynylbenziodoxol(on)e RDS rate determining step

ESI-MS  electrospray-ionization mass SIPr 1,3-bis(2,6-diisopropylphenyl)-
spectrometry imidazolin-2-ylidene

IPr 1,3-bis(2,6-diisopropylphenyl)- TIPS trizsopropylsilyl
imidazole-2-ylidene

NBD norbornadiene tpyH 2-(p-tolyl)pyridine
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