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Organogold Chemistry

F or a while, the reactivity of gold complexes was largely dominated by
their Lewis acid behavior. In contrast to the other transition metals, the
elementary steps of organometallic chemistry— oxidative addition,
reductive elimination, transmetallation, migratory insertion— have
scarcely been studied in the case of gold or even remained unprece-
dented until recently. However, within the last few years, the ability of
gold complexes to undergo these fundamental reactions has been
unambiguously demonstrated, and the reactivity of gold complexes
was shown to extend well beyond m-activation. In this Review, the main
achievements described in this area are presented in a historical
context. Particular emphasis is set on mechanistic studies and structure
determination of key intermediates. The electronic and structural
parameters delineating the reactivity of gold complexes are discussed,

as well as the remaining challenges.

1. Introduction

The use of gold complexes in homogeneous catalysis is
a fascinating story full of unforeseen developments. For
a while, gold complexes were considered as inert and
stigmatized as “catalytically dead” species.!!! This view
changed in the late 1990s when the carbophilic properties of
gold complexes were discovered,"?) making them valuable
catalysts for the activation and functionalization of n-C—C
bonds.** From that time, the use of gold complexes in
catalysis has developed very rapidly and broadly, and within
less than two decades, gold catalysis has emerged as a very
efficient method in organic synthesis, enabling the rapid
construction of complex and highly functionalized mole-
cules.”!

In parallel with these synthetic achievements, renewed
interest has been devoted to the fundamental behavior of gold
complexes that had been almost ignored after a few pioneer-
ing contributions back in the 1970s. Several key intermediates
have now been characterized and new types of complexes
have been discovered,” but the manifold of reactivity
patterns known for gold complexes still remains very limited
compared to that of the other transition metals. Until recently,
several elementary steps of organometallic chemistry were
still considered highly disfavored, if not impossible, for gold
complexes. However, this situation noticeably changed within
the last few years and significant progress has been achieved.
Several groups have started to investigate the reactivity of
gold complexes with the following guiding question: is it
possible to extend the reactivity of gold beyond m-activation?
In other words, can gold complexes undergo the elementary
steps that compose most catalytic cycles, that is, oxidative
addition, reductive elimination, transmetallation, and migra-
tory insertion?

Over the past five years, the ability of gold complexes to
undergo these elementary reactions has been evidenced, and
first insights have been gained in the underlying factors. It is
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the purpose of this Review to discuss

these recent achievements within their

historical context and to highlight the

fact that the reactivity of gold com-
plexes is actually much more versatile than anticipated. The
focus is set on contributions dealing with well-defined species
and providing mechanistic insights by experimental (kinetic
studies, characterization/isolation of reactive intermediates,
stoichiometric studies) and/or computational methods (DFT
calculations, reaction profiles). The Review is built up so as to
highlight the key factors governing the reactivity of gold
complexes for each type of elementary transformation. We
hope it will represent a valuable basis to deepen our
knowledge of gold reactivity and to further expand its
scope. The Review is also intended to stimulate the develop-
ment of new gold-mediated transformations based on new
reactivity patterns of gold complexes.

2. Oxidative Addition

Ocxidative addition, a key elementary step in transition-
metal chemistry, is the entry point to many catalytic trans-
formations, in particular cross-coupling reactions. The ability
of transition metals to promote the oxidative addition of
a large set of polar and apolar o-bonds is well established and
the associated mechanisms are well understood, especially for
late transition metals."”) In striking contrast, this elementary
reaction remained for a long time elusive in gold chemistry.
Despite the availability and stability of + I, +1II, and + III
oxidation states, gold complexes are often considered as
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redox-neutral catalysts and Au"/Au™ cycles are very rarely
encountered. To date, catalytic cross-coupling reactions
mediated by gold complexes require the use of stoichiometric
amounts of strong external oxidants (usually I"" derivatives,
X, or other X" sources, X = halogen) to promote Au'— Au™
oxidations.""'? While ubiquitous with palladium, oxidative
addition was until recently considered to be highly disfavored,
if not impossible with gold."** The reluctance of gold(I)
complexes to undergo oxidative addition is commonly
attributed to the high redox potential of the AuY/Au™
couple compared to that of the isolelectronic Pd’/Pd"
couple.l'®]

However, recent studies have shown that other factors,
electronic and structural features in particular, can play
a major role in the reactivity of gold(I) complexes.”
Fundamental organometallic investigations have indeed sub-
stantiated the ability of gold(I) complexes to undergo
oxidative addition of C(sp’)—X bonds, C(sp?)—X bonds, as
well as apolar o-bonds (Si—Si, Sn—Sn, and even C—C). These
achievements are presented in this Section and the key
properties of the corresponding gold complexes (coordination
number, geometry) are discussed.

2.1. Oxidative Addition to Linear Two-Coordinate Gold(l)
Complexes

The reactivity of two-coordinate linear gold(I) complexes
towards oxidative addition was investigated early on. Kochi,
Puddephatt, and Schmidbaur discovered in the 1970s that
phosphine gold(T) methyl complexes react slowly but quanti-
tatively with methyl iodide to give ethane and phosphine
gold(I) iodide (Scheme 1)."%2" The reaction sequence starts
by oxidative addition of the C(sp*)~I bond to gold, for which
an Sy2-type mechanism, akin to that generally observed with
late transition metals,”) was suggested. In some cases, the
resulting gold(IIT) complexes have been spectroscopically
characterized. The release of ethane is not a simple reductive
elimination, but follows a rather unusual two-step mechanism
involving a CH;-I transmetallation between the intermediate
dimethylgold(III) iodide complex and the starting
methylgold(I) complex.

More recently, Wendt and Ahlquist drew similar conclu-
sions for an N-heterocyclic carbene (NHC) gold(I) aryl
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48 h
PhsP-Au—CH; + H3C—I ———> PhsP-Au—l + H3C-CH;
25°C
1st step: Sy2-type oxidative addition
/\ CHy CHy

PhsP~Au=CH; + HyCil —> PhgP- Au-CH; + I° —> Phyp- Au CH,

®\_/ i
Scheme 1. Reaction of a phosphine gold(l) methyl complex with
methyl iodide.

complex. Indeed, (IMes)Au-Ph (IMes = (1,3-bis(2,4,6-trime-
thylphenyl)imidazol-2-ylidene)) reacts with methyl iodide at
110°C and with methyl triflate at room temperature to yield
mixtures of C—C coupling products, that is, toluene, biphenyl,
and ethane (Scheme 2).?! No gold(IIT) intermediate could be
detected, but the feasibility of C(sp®)-OTf oxidative addition
to gold(I) (via an Sy2-type mechanism) and of subsequent C—
C couplings was supported by DFT calculations.

Ph—CHj
/‘\ +
Hc oy CHs CH; Ph—Ph
IMes—Au—Ph IMes— Au Ph —» |Mes— Au Ph|—= +
oTe HsC—CH
‘\_OTf s
[Au]

Scheme 2. Reaction of (IMes)AuPh with MeOTf giving rise to C—C
coupling products.

Toste and Levin reported the cross-coupling of allyl
bromides and arylboronic acids with gold complexes
(Scheme 3).”2 Thorough studies have been performed to
shed light on the mechanism of this transformation, and in
particular phosphine gold(I) aryl complexes were unambig-
uously shown to promote the oxidative addition of C(sp*)—Br
bonds.

Stoichiometric reactions support a mechanism different
from that usually encountered with Pd. Transmetallation from
boron to gold would occur first and the resulting gold aryl
complex would then undergo oxidative addition of the allyl
bromide. The dinuclear complex deriving from the bis(phos-
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Addition _\R

Scheme 3. Gold-catalyzed C(sp®)—C(sp?) cross-coupling. Inset: simpli-
fied catalytic cycle (with transmetalation first)

phine) ligand /PrN(PPh,), proved to be considerably more
active than simple (R;P)AuCl complexes. Although this effect
has not been clearly assessed, it is consistent with the
proximity of the two metal centers that may facilitate the
C(sp®)—Br oxidative addition.”*? The intermediate gold(IITI)
species was not characterized in intermolecular reactions,
probably because of fast C—C coupling, but a gold(I) aryl
complex featuring a tethered allyl bromide moiety enabled to

substantiate the process in intramolecular conditions
(Scheme 4).
IPr IPr
Alu Br Br—Au
MeCN
40°C
OMe OMe

Scheme 4. Intramolecular oxidative addition of an allyl bromide to
a two-coordinate NHC-Au-aryl complex.
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Recently, two-coordinate phosphine gold(I) aryl com-
plexes were shown to react with CF;I under near-ultraviolet
irradiation.” The ensuing gold(ITT) complexes are remark-
ably stable and were characterized by X-ray diffraction
studies. Mechanistic studies point towards a photoinitiated
radical chain reaction (Scheme 5). First, photoexcited CF;l

Cy3P—Au'©—R

[Aul] [Au”]
CF
hv \ f LFs
CF3l ==—[CF3lJ]* [CF3I]‘@¥, [CF3* CysP-AU"
[ R
CysP-Au'-CF5
CFsl
R

Scheme 5. Radical chain mechanism proposed for the formal oxidative
addition of CF;l to two-coordinate phosphine gold(l) aryl complexes
(R=H, F, Me, OMe).

would be reduced by the gold(I) aryl complex and the ensuing
radical anion [CF;I]~ would split into iodide and [CF;]". Then,
propagation would involve two steps: addition of [CF;]" to
[(CysP)Au(Ar)] to give a tricoordinate gold(I) complex,
followed by oxidation by CF;l to yield the trifluoromethyl
aryl gold(III) complex.

From these contributions, linear two-coordinate
organogold(I) complexes LAuR (L=NHC or phosphine,
R=Me or Ph) appear capable and actually quite prone to
activate C(sp’)—X bonds. These formal oxidative additions
occur under mild conditions and proceed via Sy2-type or
radical mechanisms.

A significant interest was also devoted to the activation of
aryl halides at gold. In the course of the investigations of
heterogeneous gold-catalyzed cross-coupling reactions of aryl
iodides with arylboronic acids or phenylacetylenes,**"!
Corma and co-workers proposed in 2007 that linear two-
coordinate gold(I) complexes may be good candidates for the
Sonogashira coupling reaction. These results raised an intense
debate,” and several mechanistic investigations were then
performed to establish the nature of the active species, in
particular for the oxidative addition of the aryl iodide.
Corma’s group confirmed the intrinsic activity of gold by
kinetic studies in the presence of known amounts of Pd
impurities and performed calculations on the activation of
iodobenzene at gold.*’! Oxidative addition to (Me;P)Aul was
predicted to be endothermic and to involve a very high
activation barrier (Scheme 6). In contrast, activation of Phl
across an edge of a Aus nanoparticle was found to be
thermodynamically favored and kinetically facile, suggesting
that the presence and cooperativity of several metal centers
play a major role. It was concluded that small gold clusters/
nanoparticles formed in situ by decomposition of the gold(I)
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®
a)  MesP-Au—PMe; AG* =32.3 kcal mol™ MesP_o_Ph
+ /Au

MezP
AG = 5.9 kcal mol™

~
|

Ph—I

b) MesP-Au—l  AG*=31.6 kcal mol™ < _Ph
+ /Au/

Ph—I Me;P
AG =11.1 kcal mol™!

~
|

Scheme 6. Activation barriers and reaction energies computed for the
oxidative addition of Phl to linear two-coordinate gold(l) complexes.

complexes are most likely the active species in these cross-
coupling reactions.[*"!

By combining mass-spectrometry experiments and DFT
calculations, O’Hair and co-workers soon after corroborated
the key influence of nuclearity of the gold species on the
activation of idodobenzene. In contrast to small gold clusters,
such as [Aus(diphosphine)]”, two-coordinate mononuclear
complexes [(RsP),Au]” (R =Me, Ph) were found to be highly
stable and not to react with iodobenzene in the gas phase.!!
According to DFT calculations, the product lies uphill in
energy and the activation barrier for this reaction is very high
(Scheme 6). The activation of iodobenzene by an NHC
gold(I) complex has also been investigated by Ahlquist,
Wendt and co-workers. Upon heating at 110°C for 50 h,
biphenyl was obtained quantitatively,*! but DFT calculations
indicated a very high barrier for oxidative addition of Phl to
(IMes)Au-Ph (AG* 40.4 kcalmol ™).

Thus, the activation of C(sp?)—X bonds at gold seems
limited to polymetallic species (clusters, nanoparticles, surfa-
ces) and oxidative addition of aryl halides to linear two-
coordinate gold(I) complexes is highly disfavored. To favor
the process, it was appealing to take advantage of chelating
assistance and to envision intramolecular reactions. As
described in the next Section, this strategy proved successful
and made it possible to substantiate the feasibility of
oxidative addition to mononuclear gold(T) complexes.

Note at this stage that the inert character of linear two-
coordinate gold(I) complexes towards oxidative addition
finds a noticeable exception. Bachman et al. reported in
2008 the oxidative addition of activated disulfides [Ar"SSAT"]
to electron-rich dithiolate aurate species [(Ar'S)Au(SAr")]~
(Ar" = C4F; or p-C¢F,H; Scheme 7).F** Both the gold(T) and
the gold(III) thiolate complexes were structurally character-
ized, and the reversibility of the process was demonstrated.

€]
o T sar |
ArS—ArS + ArS—Au—SAr ArS-Au—SAr
SAr

Scheme 7. Reversible oxidative addition/reductive elimination of acti-
vated disulfides at gold (Ar;=C¢Fs, p-C4F,H).
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2.2. Intramolecular Oxidative Addition with Two-Coordinate
Complexes

Diphosphine ligands tethering Si—Si, Sn—Sn, or C(sp?)—X
bonds were designed by Amgoune and Bourissou with the
aim to position the o-bond to be activated close to the metal
center and thereby provide favorable conditions to form and
stabilize the oxidative addition complexes. Upon coordina-
tion of [R,P(0-C¢H,)Me,E-EMe,(0-C4H,)PR,] (E = Si, Sn,
R =Ph, iPr) to gold(I), spontaneous oxidative addition of the
Si—Si***! and Sn—Sn”! bonds was observed (Scheme 8).F7

v/ . M K
Q\E—Ep Au @ \/?u/ :@
-78 °Cto RT / \
PhyP PPh, pﬁz S? Pth

E=Si, Sn
X = GaCly, BArFy,
Scheme 8. Formation of bis(silyl)- and bis(stannyl) gold(Ill) complexes
by chelation-assisted oxidative addition of Si—Si or Sn—Sn bonds to
gold(l). BArF,,~ =tetrakis[bis(3,5-trifluoromethyl) phenyllborate.

The reactions proceed readily at low temperature (—78°C),
without detectable intermediates. The ensuing cationic bis-
(silyl) and bis(stannyl) gold(IIT) complexes can be isolated as
stable solids. They have been fully characterized by multi-
nuclear NMR spectroscopy and X-ray diffraction (they adopt
square-planar cis geometries).

Interestingly, spontaneous intramolecular oxidative addi-
tion of the Si—Si bond to gold(I) was observed even when the
Si—Si bond was supported by only one phosphine donor arm
(Scheme 9).4

QALY ooy

\S/i \ /

O
<0

CH,Cl, "

PhaP -78°C Ph,

Scheme 9. Spontaneous oxidative addition of a Si—Si bond tethered by
a single phosphine buttress to gold.

Amgoune, Bourissou, and co-workers then took advant-
age of phosphine-chelation assistance to investigate the
oxidative addition of aryl halides, with the aim to provide
the first direct evidence for the C(sp*)—X oxidative addition
to a gold(I) center.’ 8-Halonaphthyl phosphines were
selected as suitable ligands to position the C(sp?)—X bond in
close proximity to the gold center upon coordination of the
phosphine (Scheme 10). Intramolecular oxidative addition of
the C(sp®)-1 bond was shown to readily occur at room
temperature to give a stable P,C-cyclometallated gold(III)
diiodo complex.

The reaction was shown to follow first-order kinetics, in
line with an intramolecular unimolecular process. The acti-
vation barrier determined by NMR (AG* =21 + 7 kcalmol ™!
at 25°C and AH* =25+ 4 kcalmol™") was well reproduced
computationally. It is 10-15kcalmol™' lower than that
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N |

Au\ |
| PPh, |—Au—PPh,
a) Aul 25°C,12h
Br{ Br
Au |
X PPhy Br PPh, Br—Au—~PPh,
|_b) AuBr(SMe,) 130°C,24h
a)X=1
b) X = Br Cly
c)X=cCl Au
“PPh,
AuCI(SM °
c) uCl(SMe,) 130 ¢ no reaction

Scheme 10. Coordination of 8-halo naphthyl phosphines to gold(l)
followed by intramolecular C(sp?)—I and C(sp®)—Br oxidative addition.

predicted for related intermolecular reactions, oxidative
addition of PhI to two-coordinate gold(I) complexes. The
activation of the corresponding C(sp*)—Br bond requires
heating at 130°C to proceed, while oxidative addition of the
C(sp>)—Cl bond was not observed even at elevated temper-
atures. These phosphine-directed C(sp?)—X oxidative addi-
tions give access to original P,C-cyclometallated gold(IIT)
complexes. Activation of the C(sp’)-—Br proceeds under
milder conditions when the aryl bromide bears two phosphine
buttresses, resulting in the clean formation of a PCP-pincer
gold(IIT) complex (Scheme 11).5¥ According to DFT calcu-
lations, the reaction proceeds through bidentate coordination
of phosphines to gold, followed by facile intramolecular
C(sp>)—Br oxidative addition (AG* =16.3 kcalmol™").

[S)
Br Br
®l
Ph,P  Br PPh, Ph,P—Au—~PPh,
AuBr(SMe,)
—_—
60°C,24 h

Scheme 11. Synthesis of a PCP-pincer gold(Ill) complex via C(sp®)—Br
oxidative addition.

The importance of the second phosphine arm for the
oxidative addition of the C(sp?)~Br bond was corroborated
by a report from Echavarren and Maseras and co-workers.””!
Monodentate tris(2-bromobenzyl)phosphine gold(I) chloride
does not undergo intramolecular oxidative addition of the
pendant C(sp*)—Br bond, even after prolonged heating
(Scheme 12). Calculations indicate that the oxidative addition
is precluded due to a high-lying transition state (ca. 45 kcal
mol !). Note also that a phosphine vinylgold(I) complex
bearing an aryl iodide moiety was shown by Hashmi et al. to
be stable, and not to undergo intramolecular C(sp?)—I
oxidative addition (Scheme 12).0%

The chelating-assistance strategy enabled the oxidative
addition of E~E (Si, Sn) and C(sp?)—X (X =1, Br) bonds to
dicoordinate gold complexes to be confirmed. The coordina-
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Au no reaction
Q_/P Br
o K ?3
Au—PPhs o PPh;
no reaction Au—lI
Scheme 12. C(sp*)—Br and C(sp?)—I bonds in close proximity to a gold-

(1) center which do not undergo oxidative addition.

tion of the phosphine buttresses favors the oxidative addition
entropically and enhances the stability of the resulting
gold(III) complexes. It is clear that the bifunctional character
and rigidity of the ligand play an important role and this
naturally raises the question of the feasibility of related
intermolecular transformations.

Neutral and cationic dicoordinate complexes LAuX (X =
halogen, alkyl, or aryl) and [L,Au]" are reluctant to coor-
dinate and activate o-bonds. This reluctance has been
associated to the high deformation energy required to go
from a stable linear two-coordinate geometry to a bent
fragment in a three-coordinate gold complex.*” To trigger the
reactivity of gold(I) and achieve intermolecular oxidative
addition, two strategies have been explored. The first relies on
the generation of highly electron-deficient monocoordinate
gold species [LAu]" (formally 12e~ complexes, usually
stabilized by a weakly coordinating anion). The second
strategy is based on the design of two-coordinate gold(I)
complexes with bent geometry to reduce the deformation
energy required for the activation process.

2.3. Oxidative Addition to Monocoordinate Gold(l) Complexes

In the course of gas-phase studies, O’Hair and co-workers
explored the reaction of phosphine gold(I) cations
[(RsP)Au]" (R =Me, Ph) with iodobenzene.’!! Mass spec-
trometry analyses indicated the formation of [(R;P)Au(PhI)]*
adducts that subsequently fragmented into phenyl phospho-
nium cations (P—Ph bond formation) and presumably gold
iodide (Scheme 13). The overall process may be explained by
an oxidative addition/reductive elimination sequence via
a gold(IIT) species. DFT calculations indeed suggested an
accessible activation barrier (AE* =24.7 kcalmol ™) for the
oxidative addition starting from the [(Me;P)Au(PhI)]*

® ® ®
Me;P—Au Me;PAu(Phl) T’ Me;P
Aul
miz 273 miz 477 miz 153

Scheme 13. Gas-phase reaction of a phosphine gold(l) cation with
phenyl iodide, as studied by mass spectrometry.

www.angewandte.org

die

Chemie

15027


http://www.angewandte.org

15028 www.angewandte.org

Angewandte

Reviews

adduct. The subsequent reductive elimination from the
gold(I1T) intermediate was found to be a very facile exother-
mic process.

As an extension of the work on the intramolecular
oxidative addition of 0-Si—Si bonds, Amgoune, Bourissou,
and co-workers recently explored the behavior of phosphine
gold(I) complexes towards disilanes. No reaction occurred
with two-coordinate phosphine gold(I) chlorides, but cationic
complexes generated upon addition of GaCl, readily undergo
oxidative addition at —80°C (Scheme 14).1!!

1. GaCls
N Ph
2. R-Si-S{-R 'R
L-Au—Cl PH Ph | _a o Me R=PhMe
-Au- - L = PPhs, PC
CDCh, -80°C o  si-Me 5 PHYs
GaCly bR

Scheme 14. Synthesis of bis(silyl) gold(lll) complexes via intermolecu-
lar oxidative addition of disilanes.

The resulting bis(silyl) gold(III) complexes are highly
unstable, and they were characterized by multinuclear NMR
spectroscopy at low temperature. According to DFT calcu-
lations performed by Maron and Miqueu, the Si—Si bond
activation proceeds in one-step with a low activation barrier
from the tight ion pair [(PhsP)Au]*[GaCl,]” (AH =
11.7 kcalmol ') and the tricoordinate gold(III) bis(silyl)
complexes adopt distorted Y-shaped geometry.

Toste and co-workers reported very recently the oxidative
addition of strained C—C bonds (biphenylenes) to coordina-
tively unsaturated NHC-gold(T) cationic complexes."**! The
reactions proceed under very mild conditions in contrast to
the relatively harsh conditions often required for other late
transition metals.**! Typically, the reaction of biphenylene
with (IPr)AuCl in the presence of AgSbF¢ immediately
afforded the [(IPr)Au(biphenylene)]” adduct, and C—C
bond activation then occurred within 1.5 h at room temper-
ature. The resulting cationic gold(III) complex was trapped
with ammonium chloride to generate the more stable
tetracoordinate chloro gold(III) complex (Scheme 15). The

1. AgSbFg, biphenylene

2. BuyNCI IPr Q

IPr—Au—ClI Au

CHyCly, RT ¢ O

Bu,NCI

+ AgSbF u

O
® SbFse
IPr—Au-- O IPr ®
Au

SbFS d H,0 O

Scheme 15. Synthesis of stable gold(lll) complexes via oxidative addi-
tion of strained C—C bonds to NHC-gold(l) cationic complexes.
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cationic gold(III) complex proved to be a very efficient
catalyst for Michael additions, [44+2] and [2+42] cycloadditions
to a,B-unsaturated carbonyl compounds.

These results demonstrate the ability of monocoordinate
cationic gold(I) complexes to undergo intermolecular oxida-
tive additions. The three-coordinate gold(III) complexes
resulting from C(sp?)—I and Si—Si activation are too unstable
to be isolated. Oxidative addition of biphenylene gives
relatively stable cyclometallated complexes, which are
highly reactive and open new perspectives in Lewis acid
catalysis.

2.4. Oxidative Addition to Bent Two-Coordinate Gold|(l)
Complexes

A different strategy to trigger oxidative addition to
gold(I) is based on the design of cationic two-coordinate
bent complexes using bidentate ligands with small bite angles.
The bending of two-coordinate ML, fragments is known to
enhance the reactivity of Pd (and all Group 10 metals)
towards oxidative addition.”) Bent L-M-L fragments are
preorganized to accommodate the square-planar geometry of
the oxidative addition products. Bending also influences the
energy level and hybridization of the key frontier orbitals (in
particular the HOMO is raised in energy and displays suitable
symmetry to interact with the o* orbital of the bond to be
activated).! "

This bending approach had not been applied to gold until
very recently, mainly because of the strong preference of gold
for two-coordinate linear geometry and its high tendency to
engage in aurophilic interactions.’*'**"#! Accordingly, most
bidentate ligands known to chelate Group 10 metals form
dinuclear structures with gold(T).*”! Carborane diphosphines
(DPCb) are in fact among the rare ligands known to chelate
gold(I) with small PAuP bite angles (90-100°),"" offering the
opportunity to explore the influence of bending on the
reactivity of gold. Using tricoordinate (DPCb) complexes
with a labile triflimidate ligand (NTf,”), Amgoune, Bouris-
sou, and co-workers demonstrated the ability of gold(I) to
undergo oxidative addition of aryl iodides (Scheme 16).117-51
The reaction proceeds under mild conditions (minutes to
hours at —30°C to RT) and is broad in scope.”” The ensuing
aryl gold(III) complexes have been isolated and fully
characterized (NMR spectroscopy, X-ray diffraction). Inter-
estingly, the reactivity trend observed for p-substituted
iodobenzenes is opposite to that usually encountered with
Pd’ complexes. With (DPCb) gold complexes, electron-rich
substrates react faster than electron-poor ones.

According to DFT studies by Miqueu, the reaction
involves displacement of the weakly coordinating NTT,
counteranion by the aryl iodide (giving a t-complex) followed
by concerted oxidative addition via a three-center transition
state (Scheme 16, right). The activation barrier is remarkably
low (AE* =10.7 kcalmol ') and the prominent role of bend-
ing was substantiated by strain-activation model analyses.
Indeed, the [(DPCb)Au]" fragment required very little
energy to reach the TS geometry, only about 6 kcalmol™
versus greater than 24 kcalmol ! for the linear [(Me;P),Au]"
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a=100"° Y = OMe, < 1 min ¢

o =BH Y =H, 5 min ele
Y=F, 20 min ; °
Y = CN, 30 min
Y=NO, 4h

Scheme 16. Left: Oxidative addition of aryl iodides to bent gold(l) complexes.

Under the aryl iodides are indicated the reaction times required to reach
complete conversion into gold(l1) using 5 equiv. of Arl. Right: Tran-
sition state computed for the oxidative addition of Phl.

complex. In a parallel study, Fernandez and Bickelhaupt
explored computationally the factors governing oxidative
addition of C(sp*)—X bonds to gold(I) and pointed out the
importance of the distortion energy of the gold fragment
within the activation barrier.*’)

Furthermore, Amgoune, Bourissou, and co-workers
found that bent [(DPCb)Au]' complexes promote the
oxidative addition of strained C—C bonds of biphenylene
and benzocyclobutenone (Scheme 17).3 The resulting

a) p
-30 t0 60°C Pr PO Gach

i ]
60 min o
g
iPr, iPr iPr/ \'P
4 1. GaCl, i
Au-ClI kinetic product
a) °
Ao 2 O iPr, iPro GaCl;
iPriPr by g
) -
1. GaCly b) /Au
P
=30 to 120°C N
2. 0.0 180 min iPr \IPr

thermodynamic product

iPr iPr
GO

\@®

/Au

% D)
Pr iPr

Gacl®

Scheme 17. Oxidative addition of strained C—C bonds to the bent two-
coordinate complex [(DCPb)Au]*

gold(IIT) complexes are remarkably stable (four-coordinate
square-planar complexes). A peculiar selectivity is observed
in the activation of benzocyclobutenone: oxidative addition
can be achieved selectively at the C(aryl)=C(O) or the
C(alkyl)=C(O) bond as the result of kinetic/thermodynamic
control.

2.4.1. Comparison Between Gold and Palladium

The results reported over the last few years clearly
demonstrate that gold(I) complexes can undergo oxidative
additions and also show that the factors governing the

reactivity of Au' are very different from those controlling
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the reactivity of analogous Pd’ complexes. Two-coor-
dinate Pd’ species L,Pd” (L=R;P, NHC ...) readily
undergo oxidative addition of aryl halides and two
general mechanistic pathways can be distinguished:
a) dissociation of one L ligand, coordination of the Ar—
@ X substrate to the monocoordinate LPd’ complex,
®®  concerted oxidative addition and re-coordination of the
L ligand or b)direct coordination of the Ar—X
substrate to the L,Pd” complex with bending of the L-
Pd-L angle, followed by concerted oxidative addition

(Scheme 18).
ArX

a) RsP—Pd — R3P—Pd(ArX) dissociative

- RiP/// \ +RsP

R3P__ Ar

RsP—Pd—PR3 Pd
RsP” X
\ R3P /

b) ,Pd(ArX) associative

R3P

Scheme 18. General mechanistic pathways for the oxidative addition of
aryl halides to two-coordinate Pd® complexes.

This mechanistic picture is hardly transposable to gold(I)
complexes and this probably contributes to the reluctance of
classical [L,Au]* or LAuX complexes to achieve oxidative
additions. Indeed, owing to the relativistic effects,* ligand
dissociation from two-coordinate [L,Au]" and LAuX com-
plexes is highly disfavored,*® and these linear gold(I)
complexes are also reluctant to coordinate a third
ligand,“*>" because the associated deformation energy is
very high."> The specific properties of gold thus require to
modify its coordination sphere. The two complementary
approaches based on cationic monocoordinate complexes
[LAu]* and bent di-coordinate complexes [L,Au]* proved
successful (Scheme 19).

halide
abstractio ®
L-Au-X ﬁ LAyl
no EE or E-E  oxidative
reaction o 180° or addition
C(sp?)-X bending C(sp?)-X

Au
®

Scheme 19. Schematic representation of the two main approaches
developed to generate reactive gold(l) complexes for oxidative addi-
tion.

It is important to emphasize here the critical role of the
ligands, which enable the intrinsic properties of gold to be
overridden and to stimulate its reactivity. Another aspect to
consider is the possible involvement of one-electron path-
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ways, taking into account the photosensitive character of
many gold complexes and the relative stability of Au" species.

3. Reductive Elimination

Reductive elimination is the microscopic reverse of
oxidative addition. It plays a major role in transition-metal-
catalyzed reactions (cross-couplings in particular) as the key
product-releasing step. In contrast to oxidative addition, the
feasibility of reductive elimination at gold has never been
questioned and it was demonstrated experimentally early on.
Nevertheless, our knowledge on reductive elimination at gold
remains rather limited (especially when compared with the
Group 10 metals). Significant mechanistic insights have only
started to be gained over the past few years, thanks to the
generation of well-defined organogold(IIT) complexes. In this
Section, historical and recent mechanistic studies on C—X and
C—C reductive eliminations are presented. The key factors
influencing the transformation are discussed, and the three-
versus four-coordinate character of the gold(IIT) complexes
undergoing reductive elimination is emphasized.

3.1. Early Studies on Reductive Elimination Processes from
Gold(lll) Complexes

Brain and Gibson noticed the instability of organogold-
(IIT) derivatives as early as 1939.°% The dimethylgold-
(Il)iodide complex, a solid which was isolated as an I-
bridged dimer, was found to decompose in benzene solution
at room temperature and to melt at 78°C to a dark red liquid
that violently detonates, most probably owing to the elimi-
nation of ethane. Several decades later, in 1973, Aresta and
Vasapollo reported a C(sp?)~Br bond formation upon
decomposition of a phosphine dibromogold(III) aryl complex
at room temperature (Scheme 20). The gold(III) species was
generated by low-temperature oxidation of (Ph;P)Au-Ar with
Brz'[59,60]

?r
PhsP-Au Br
Br ? PhsP-Au—Br *
\ \

Scheme 20. C(sp®)—Br bond-formation by reductive elimination of
a dibromo(aryl)gold(l1l) complex.

Shortly after, the group of Kochil®* reported seminal
mechanistic studies on the thermal decomposition of a series
of tetracoordinate alkyl gold(IlI) complexes, such as
(Ph;P)AuMe;®? and cis-AuMe,X(PPh;)®! complexes (X =
OTf, Cl, NO;, CH;CO,), which readily undergo reductive
elimination of ethane above 70°C. Kinetic studies indicated
significant inhibition of this decomposition process by addi-
tion of even only small amounts of phosphine. The decom-
position was suggested to occur via dissociation of the
phosphine as the rate-limiting step, followed by fast reductive
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Me ~PPh; | Me  Me | 1.C(sp?-C(sp?) MeMe
Ph3P—fl\u—Me Alu +
80°C
Me Me 2.+ PPhg PhsP-Au—Me

Scheme 21. Proposed mechanism for ethane elimination from
(PPh;)AuMe;.

elimination from a three-coordinate gold(III) species
(Scheme 21).* However, the putative three-coordinate gold-
(IIT) complex was not characterized, and clear establishment
of the mechanism was not possible owing to side reactions.
The same dissociative pathway was proposed by Tobias and
Kuch for the reductive elimination of ethane from four-
coordinate cationic [cis-AuMe,(PR;),]" X~ (X=BF,, PF,,
F;CSO;) complexes, though elimination occurs at a faster
rate than for neutral gold(IIT) complexes.*”)

Later on, Komiya et al. investigated the selectivity of C—C
bond reductive elimination from a series of (Ar;P)AuMe,R
complexes (R=alkyl, alkenyl, alkynyl, aryl)."*®! Upon
heating, different coupling products were observed depend-
ing on the hybridization of the carbon atom bound to gold
(Scheme 22). For sp® and sp carbon moieties (R =alkyl or

R = C(sp), C(sp®)

> Me-Me + R-Me
R _PAr; |RMe major  minor
Ar3P—/IAu—Me _— Au — product
Me 70°C Nle

Scheme 22. C—C bond formation by reductive elimination from
(organo)dimethylgold(I1l) complexes.

alkynyl), ethane was formed as the major product along with
minor Me-R cross-coupling products. For sp* carbon atoms
(R=aryl, alkenyl), the reaction yielded selectively Me—
C(sp?®) coupling products. In line with a dissociative mecha-
nism, it was also shown that less-coordinating phosphines
(bearing sterically hindered or electron-withdrawing substitu-
ents) enhance the rate of Me-aryl reductive elimination.

Overall, these early studies provided first insight into the
reductive elimination of C(sp®)—C(sp’) and C(sp’)—C(sp?)
bonds from gold(III) complexes. Two decades later, the
mechanism of this elementary step was re-investigated
experimentally and computationally with several types of
gold complexes. Significant progress has been realized con-
cerning the mechanism and scope of the reaction. Reductive
eliminations from tricoordinate as well as tetracoordinate
gold complexes have been reported and the range of coupling
products has also been progressively expanded.

3.2. Reductive Elimination from Tricoordinate Gold(lll)
Complexes
3.2.1. C(sp’)—X Bond Formation

The reactivity of organogold(IIT) complexes supported by
N-heterocyclic carbenes (NHC) towards reductive elimina-
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| 1. C(spd)-I
| _@ @/' reductive elimination
IPr—Au—Me IPr—Au IPr—Au—I + Me—I
| \ @
| +1 Me| 21

Scheme 23. Proposed mechanism for the formation of methyl iodide
from (IPr)Aul,Me.

tion of C(sp®)—X (X=I, F) bond has been recently inves-
tigated. Bercaw, Labinger, and Scott prepared the trans-
(IPr)AulLMe complex (IPr= N,N'-bis(2,6-diisopropylpheny-
l)imidazol-2-ylidene) by oxidation of (IPr)AuMe with I,, and
studied its decomposition to methyl iodide and (IPr)Aul by
'"HNMR spectroscopy (Scheme 23).0  Kinetic studies
revealed a dependence of the decomposition rate on the I~
concentration; addition of a small amount of Lil was shown to
slow down the formation of Mel. A dissociative pathway
involving dissociation of iodide from trans-(IPr)Aul,Me
followed by reductive elimination from a transient three-
coordinate intermediate was proposed to account for the Me—
I bond formation.

Toste and Mankad studied the kinetics of the C(sp®)—F
reductive elimination from cis-F,(IPr)Au(alkyl) complexes
and proposed a similar dissociative pathway.* Several gold-
(IIT) fluoride intermediates, generated by oxidation of
(IPr)Au(alkyl) complexes with XeF,, could be detected by
F NMR spectroscopy. Notably, alkylgold(III) fluoride com-
plexes were shown to exhibit longer lifetimes than analogous
iodide derivatives. While the trans-I,(IPr)Au(Me) complex!®®!
undergoes rapid reductive elimination, the related cis-F,-
(TPr)Au(Me) complex is highly stable.™ Depending on the
nature of the alkyl group, the C(sp®)~F bond reductive
elimination was shown to be in competition with side-
reactions, such as [-hydride elimination or carbocation
rearrangement (Wagner-Meerwein; Scheme 24). The pro-

R = Me
+» No reaction

J

R=a;©\

R ©
-F F -)-
IPr—Au—F IPr—AU® (=)-menthyl IPr—Au—F + ,O\
F +F R F

-

v

—

C(sp®)-F bond
reductive elimination

Scheme 24. Proposed dissociative mechanism for C(sp®)—F bond reductive elimination from (IPr)alkylgold(l11)
fluorides, and influence of the alkyl group on the selectivity of the process.

posed three-coordinate intermediates [(IPr)Au(F)(R)]* could
not be characterized directly but the cis-F,(IPr)Au(Me)
complex was shown to be in equilibrium with a F-bridged
dimeric complex of [(IPr)Au(F)(Me)]™, supporting the feasi-
bility of fluoride dissociation from gold.["
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3.2.2. C(sp’)—X and C(sp’)—N Bond Formation

Reductive elimination of C(sp?)—X (X = Cl, I) bonds from
four-coordinate arylgold(IIT) complexes has also been inves-
tigated recently. Rosenthal and co-workers treated
(IPr)arylgold(I) complexes (Ar=Ph or C¢Fs) with PhICI,

(Scheme 25).% The trans-(IPr)AuCl,(CsFs) complex
hv |
Ar = CgFs Clllm Aexc > 275nm  IPr—Au—Cl
———> IPr—Au-CgFs —————~ +
C phic cl 12h CeFs—Cl
IPr—Au—Ar ——2
Ar=Ph \
IPr—Au-Cl + Ph—ClI

Scheme 25. C(sp?)—Cl bond formation upon reaction of (IPr)AuAr
complexes with PhICl,.

obtained is stable at room temperature, but slowly decom-
poses upon exposure to light. The reductive elimination of
C¢Fs—Cl was triggered by irradiating a solution of the
gold(IlT) complex in CHCl,. By analogy with C(sp’)—X
bond reductive eliminations, dissociation of chloride was
proposed to occur before C(sp?)—Cl bond reductive elimi-
nation. Reaction of (IPr)AuPh with PhICI, directly gives
chlorobenzene, without detection of a gold(IIT) species.
Toste and co-workers studied the stability of the four-
coordinate aryl gold(III) complex Au(4-F-C¢H,)(CF;)I(PPh;)
(Scheme 26), which was prepared by oxidative addition of
CF;lI to gold(I) (see Section 2). Reductive elimination pro-
ceeds at 110°C in toluene over 20 minutes and leads
selectively to C(sp?)—1 bond formation. When PPh; is
replaced by the stronger o-donor ligand PCys, the corre-
sponding gold(IIT) complex is stable at this temperature over
12h. Moreover, the
addition of a small
amount of free PPh; to
the reaction medium
leads to complete inhib-
ition of the decomposi-
tion process. Interest-
ingly, although the
iodide and aryl groups
are in ftrans position to

- selective C(sp®)-F bond
reductive elimination

- retention of stereochemistry

95 %

Y each  other,®™  the
F F ¥ ] reductive elimination is
28 % 7% fully selective towards
carbocation  p-H elimination ~ C(sp”)—T over C(sp®)—
rearrangement CF; bond formation
under these condi-

tions.™!
Overall, these

observations also sug-
gest a dissociative mechanism involving transient formation
of a three-coordinate [ Au(aryl)(CF;)I] intermediate for which
the C(sp?)—1 reductive elimination is much more favored
(Scheme 26). The C(sp?)—CF; reductive elimination is
observed only upon iodide abstraction by a silver salt
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I\A/CFs 1. C(sp?)-!

u reductive !
110 °C elimination
LS + PhyPAUCF,
! —PPhy 2.+ PPhs
R3P—~Au—CFj i I
i CF;
F rr | RS | cprrcr,
L— © - + lR3PAquFel
+ AgSbFg SbFg | reductive
—Agl elimination
F

Scheme 26. Reductive elimination of C(sp®)—I and C(sp?)—CF; bonds
from Au(aryl) (CF;)I(PR;) complexes (R=Cy, Ph).

(Scheme 26, lower path). Monitoring the reaction by NMR
spectroscopy indicated spontaneous C(sp*)—CF; bond forma-
tion, even at —10°C with PCy; ligand, and no three-
coordinate cationic gold(Ill) intermediate [Au(aryl)(CF;)-
(PR3)]" was detected.

C(sp>)—Br reductive elimination has also been studied
starting from a  cycloaurated gold(II) complex
(Scheme 27).21' Cyclometalation imparts high stability to

IPr AgSbFg
Br—Au CH,Cl,
_ > + [IPrAuSbFg]
3 min, RT
OMe
OMe

Scheme 27. C(sp®)—C(sp’) reductive elimination upon bromide abstrac-
tion from a cyclometalated four-coordinate gold(l11) complex.

the four-coordinate Au™ complex and no reductive elimina-

tion is observed upon heating. In contrast, abstraction of the
bromide with AgSbF, afforded a putative cationic three-
coordinate intermediate that spontaneously undergoes intra-
molecular C(sp*)—C(sp’) bond formation. Notably, the for-
mation of the benzocyclobutane was shown to be quantitative
despite the strain of the resulting four-membered ring.

Limbach and co-workers investigated C(sp*)~N bond
reductive elimination by reacting a four-coordinate dichloro-
(lutidine)phenylgold(IIT)  complex  with ~ morpholine
(Scheme 28).1 Lutidine is first displaced by morpholine at
gold. In the presence of NaOAc, the bound morpholine would
then be deprotonated, followed by dissociation of a chloride
ligand. The resulting cationic three-coordinate amido-
(phenyl)Au™ chloride intermediate (not detected) would
undergo fast C(sp*)—N reductive elimination. Of note, the
competitive C(sp*)—Cl bond formation was not observed,
suggesting that C(sp’)—N reductive elimination would be
more favored under these conditions.

Thus, reductive eliminations of C(sp®)—X, C(sp’)—X,
C(sp®)—C(sp?), and C(sp*)—C(sp®) bonds from four-coordinate
organogold(IIT) complexes have been reported. The mecha-
nistic studies indicate that the generation of a transient three-
coordinate gold(III) species by ligand dissociation or halide
abstraction is a prerequisite for the reductive elimination to

www.angewandte.org

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

A. Amgoune, D. Bourissou, and M. Joost

+ [PyAuCl]

NaOAc, morpholine

Cl—Au—Cl
! N
_N THF, 70 °C, 24 h [ j
¢
H
N Ny
+ [ j - _ — NaCl
(o}
Cl
+ NaOAc ©
Cl—Au—Cl

- HOAc

_ Au
[NJH o’ ® \Nﬂ
o (e}

Scheme 28. Proposed mechanism for a C(sp?)—N bond-forming reac-
tion via reductive elimination from a gold(l11) complex.

take place. As discussed hereafter, a few examples of direct
reductive elimination from four-coordinate gold(III) com-
plexes have also been authenticated in the case of C(sp?)—
C(sp®) bond of formation.

3-3. Reductive Elimination from Tetracoordinate Gold(lll)
Complexes

In the early 1990s, Vicente et al. reported bis(aryl)gold-
(IIT) or aryl[(a-keto)alkyl]gold(III) complexes featuring
a chelating o-metallated phenylazo ligand (Scheme 29).7!

o 48h, RT Ph.
Ph PPh; (2 equiv) N R
N—Au-R _— N
N ~ [(PPh3),AuICI

— (PPh3)AuCI
\ PPh; = [(PPh3),AulCl

9 or o GpPhe
PhsP-Au—R __*PPhs PhsP-Au-R
PR—N Ph—N,
N N

o NO,
T O

Scheme 29. Proposed mechanism for aryl-aryl or aryl-alkylketone
coupling from organogold(lll) complexes with postulated intermedi-
ates.

These complexes undergo C—C bond reductive elimination
in refluxing THF. The addition of two equivalents of PPh;
allowed the C—C coupling to occur at room temperature.”®””!
The reactivity of these complexes is in stark contrast to that of
alkylgold(III) species for which traces of added phosphine
inhibit the reductive elimination. Excess of PPh; was pro-
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posed to displace the azo group and eventually a chloride
ligand at gold, and the C—C bond reductive elimination was
suggested to occur directly from four-coordinate gold(IIT)
species.

Toste and co-workers recently reported kinetic investiga-
tions on a very facile C(sp?)—C(sp?) bond reductive elimi-
nation from cis-bis(aryl)gold(III) complexes.”® The bis-
(aryl)gold(IIT) species was prepared in situ by oxidation of
Au(p-F-C¢H,)(PPh;) with phenyliodoso dichloride, followed
by transmetallation employing a second equivalent of the
arylgold(I) complex at —78°C. The gold(IIl) species was
identified by *'P and "YF NMR spectroscopy at low temper-
ature. Remarkably, a very fast decomposition of the gold(III)
species to AuCI(PPh;) and difluorobiphenyl was evidenced by
NMR spectroscopy at —52°C (Scheme 30). This reaction
stands among the fastest transition-metal-mediated C—C
coupling reactions!

F

; 2 9
Ph3P—AUOF PhsPAUCI +
-52°C
CD,Cl,
F
F
+PPh, ko> ki // — PPh,

o
Cl

PPh;
Ph3P—Au@F
®

F

Scheme 30. Facile biaryl reductive elimination from gold(l1l) phosphine
complexes.

Interestingly, the reaction rate is significantly increased
upon addition of an excess of phosphine. In contrast, addition
of NBu,Cl has no influence. These observations indicate that
the mechanism for the reductive elimination of C(sp?)—C(sp?)
bonds differs from that observed for C(sp’)—C(sp®) bonds.
The biaryl formation occurs readily from a four-coordinate
gold(IIT) species, and does not require phosphine dissocia-
tion. The excess of PPh; is proposed to rapidly displace the
chloride ligand to generate a transient cationic (Ph;P),bis-
(aryl)gold(III) species that decomposes much faster (Sche-
me 30).Aryl-aryl bond formation from bimetallic Au" com-
plexes was also investigated, and showed that these species
can undergo very fast isomerization to Au“/Au™ species
followed by reductive elimination from the gold(III) center at
low temperature.

Subsequently, the mechanism of C—C bond reductive
elimination from four-coordinate gold(III) phosphine com-
plexes was examined computationally by Datta and co-
workers.” DFT calculations indicated kinetically facile
reductive elimination via a concerted mechanism in all
cases, except for C(sp’)—C(sp’) bond formation. Faster
reductive elimination was predicted for the cationic [Au-
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(PPh;),(4-F-C¢H,),]" species than for the neutral AuCl(4-F-
C¢H,),(PPh;) complex, in line with experimental observa-
tions. The energy barrier computed for C—C bond coupling
was shown to gradually increase depending on carbon
hybridization, from AH* =16.1 kcalmol™' for C(sp*)—C(sp>),
to 24.9 kcalmol ' for C(sp*)—C(sp?), and 35.7 kcalmol ' for
C(sp*)—C(sp). In the C(sp*)—C(sp’) case, the most favorable
pathway involves phosphine decoordination to give a Y-
shaped tricoordinate gold(IIl) intermediate (AH* = 16.0 kcal
mol™', Scheme 31), in line with the early mechanistic pro-
posals of Kochi, Tobias, and Komiya.

a) reductive elimination from four-coordinate gold(lll) complex
for C =C(sp?) and C'= C(sp?), C(sp®)

i
o
i
c a PhsP” CI
PhsP~Au—C' — PhsP-Au—Cl + C-C'
Cl 1t
b Ci:C
A
-PPh L

b) reductive elimination from Y-shaped three-coordinate gold(lll) complex
for C =C(sp® and C'=C(sp’)

Scheme 31. Distinct mechanisms for C(sp®)—C(sp®) reductive elimina-
tion (lower path) and for C(sp®)—C(sp?) or C(sp?)—C(sp?) reductive
elimination (upper path).

The electronic properties of aryl groups significantly
influence the barriers of C(sp?)—C(sp®) reductive elimina-
tions. Faster rates were predicted with electron-rich arenes
and consistently, CsFs—C4Fs reductive elimination from the
isolated AuCl(C¢Fs),(PPh;) complex was a slow process even
at high temperature (150°C, 20 h).[!

Finally, Amgoune, Bourissou, and co-workers recently
reported that the activation of the C(sp*)—C(O) bond of
benzocyclobutenone at [(DPCb)Au]* complexes is a reversi-
ble process, providing direct evidence for C(sp?)—C(O) bond
reductive elimination from a cationic four-coordinate gold-
(IIT) complex.® Upon dissolving in dichloromethane, the
isolated cyclometallated gold(III) complex supported by
a diphospino carborane ligand evolves spontaneously back
to the starting materials (Scheme 32).

iPry ’PFO /Pr JiPr &
GaCl4

Scheme 32. Spontaneous reductive elimination of a C(sp?)—C(O) bond
from a well-defined four-coordinate cationic gold(l11) complex.

Noteworthy, an alternative pathway for C—C bond
formation from gold(IIl) fluorides was proposed by Toste
and Mankad." In this case, the electronic properties of
arylboronic acids have little effect on the rate of their reaction
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with methylgold(I1I) fluorides, leading to C(sp*)—C(sp*) bond
formation. The coupling product was proposed to result not
from intramolecular C—C bond reductive elimination, but
rather from a concerted bimolecular outer-sphere mecha-
nism, for which the C—C bond formation is assisted by
coordination of one fluoride to boron (Scheme 33).

Me + PhB(OH), (excess)
IPr—Au—F IPr—Au—Ph + Ph-Me
F : f
via e BIOH
IPr—,?\u—F OH
F

Scheme 33. Proposed bimolecular reductive elimination of toluene
from a gold(l11) fluoride and phenylboronic acid via a concerted outer-
sphere mechanism.

Overall, these studies show that reductive elimination
from tetracoordinate gold(III) complexes proceeds via two
mechanistic pathways, depending on the nature of the bond to
be formed. The reductive elimination of C(sp?)—X, C(sp’)—X
(X =halogen), C(sp’)—C(sp’), and C(sp’)—C(sp’) bonds
occurs from three-coordinate gold(III) intermediates after
ligand dissociation, while reductive elimination of C(sp?)—
C(sp*) bonds proceeds directly from four-coordinate
(bis)arylgold(I1T) complexes.

Although these contributions have provided important
insight into the mechanism of C—X and C—C bond reductive
eliminations at gold, additional studies are clearly needed to
gain a more comprehensive mechanistic picture, to delineate
the scope of the reaction and to precisely determine the
influence of electronic/steric parameters. For instance, the
proposed three-coordinate gold(IIl) intermediates have not
been directly observed to date. The selectivity of reductive
elimination reactions also raises several questions. In this
perspective, one of the main shortcomings to overcome is the
limited synthetic access to a broad range of appropriate
gold(I1T) complexes. Indeed, many of the reported studies
have been carried out with unstable gold(III) species
generated in situ by oxidation of dicoordinate gold(I) com-
plexes. The access to well-defined gold(IIT) complexes via C—
X and C—C oxidative additions, as described in Section 2, will
certainly give more insight into the key factors influencing the
rate and selectivity of reductive elimination processes.

4. Transmetallation/Metallation (C—H Activation)
Reactions

Transmetallation plays a central role in a wide range of
coupling reactions. It is the key step in which an organic
fragment is transferred from a coupling reagent (an organo-
metallic nucleophilic derivative or even a simple arene) to
a transition-metal species. Transmetallation reactions have
been documented between gold and a variety of transition
metals under stoichiometric and catalytic conditions.>%-]
Most noticeable is the development of bimetallic catalysis

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

A. Amgoune, D. Bourissou, and M. Joost

involving organogold species as co-catalysts, which act as
transmetallating agents and transfer organic fragments to
other transition metals, typically Pd.® This reactivity of
organogold complexes has been recently reviewed,® and
thus is not discussed herein. This Section actually focuses on
transmetallation reactions of p-block elements (boron, sili-
con, and tin reagents) to gold complexes, and on direct C—H
auration reactions.

4.1. Transmetallation between Gold Complexes and Boron
Derivatives
4.1.1. Reaction with Borate Species

Early evidence for transmetallation of an aryl group from
boron to gold was independently reported by the Schmidbaur
and Fackler groups (Scheme 34).*°'! Sodium tetraphenylbo-
rate was shown to readily transfer a phenyl group to gold(I)
and the (TPA)AuPh complex was obtained accordingly
(TPA =1,3,5-triaza-7-phosphaadamantane). A similar, albeit
slower reaction was observed starting from a trinuclear gold
oxide.

NaBPh, (5 equiv)
[AUCI(TPA)s] ——— TPA-Au—Ph
N H,O
l/ ﬁ 60 min
eas ([
LN~/
NaBPh, (excess)
[((BusPAu);0IBF4 ———————»  BusP—-Au—Ph
EtOH
15d

Scheme 34. Seminal reports on boron-to-gold transmetallation with
sodium tetraphenylborate.

A related boron-to-gold aryl transfer was reported more
recently by Straub and co-workers upon reaction of a steri-
cally hindered NHC-gold(T) chloride complex with NaBArF,,
(BATrF,,” =tetrakis|bis(3,5-trifluoromethyl)phenyl]bo-
rate).’””# NMR monitoring suggested the transient formation
of a cationic NHC-gold(I) complex, which would slowly
abstract an aryl group from the weakly coordinating borate
anion (BArF,,”) at room temperature (Scheme 35). This

NaBArF24
NVN N\/N
CH20|2 RT
R C' R
R FsC CF3
R R
-
tBu NlY\N
R= Au
R ® R
-N;N R @ R
BArF,

Scheme 35. Transmetallation of a bis (trifluoromethyl) phenyl group
from boron to gold(l).
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reactivity underlines the extreme electrophilic character of toluene, RT, 1 h
cationic monoligated gold(I) complexes. IPr=Au=Cl + AB(OH); +KOH ——— ~——=  IPr=Au=Ar
~B(OH)3
4.1.2. Reaction with Boronic Acids /
IPr—Au—OH
Transmetallation from arylboronic acids to gold has been  scheme 38. B-to-Au transmetallation promoted by KOH.
demonstrated with a series of Au' and Au™ complexes. Gray
and co-workers developed an efficient method for the syn-
thesis of arylgold(I) compounds by treating arylboronic acids  plex with boronic acids."**1%! The hydroxide complex reacts
with LAuX complexes (L = phosphine or NHC, X =Clor Br)  directly with both electron-rich and electron-poor aryl
in the presence of a mild base (Scheme 36).**Y Quantitative ~ boronic acids in toluene at 60°C to give the corresponding
(CNC)gold(I11) aryl species (Scheme 39).
Cs,CO3
L—-Au—X +  Ar-B(OH), L—Au—Ar
50 °C, iPrOH
X =Cl, Br (2-3 equiv) 24h tBu Bu
L = phosphine, NHC O O
Scheme 36. Synthesis of arylgold(l) complexes via B-to-Au transmetal-
lation. = el i 7" “N—Au-OH w /" N—Au-Ar
— toluene —
60 °C
yields are obtained upon heating the reaction mixture at 50°C O O
for 24 h. Further optimization of the reaction conditions Bu Bu
employing microwave irradiation led to shorter reaction  Scheme 39. Aryl transfer from boronic acids to (CNC)gold(lll) hydrox-
times.[”! A large variety of aryl and vinyl groups can be  ide complex. Ar=p-F-CH,, p-tBu-CeH,, furyl; acenaphthenyl, thio-
efficiently transferred to gold(I), including aryl groups that ~ Phenyl, benzothiophenyl.
are not compatible with Grignard or lithium reagents.** %1%l
Interestingly, the reaction of two equivalents of phosphine
gold(I) triflimidate complex with either vinyl or aryl boronic As shown by Nevado and co-workers, B-to-Au aryl
ester in the presence of Cs,CO; affords the corresponding  transfer can also proceed in the absence of base in the case
gem-digold vinyl™! and gem-digold aryl species,'”” respec-  of gold(IIT) dichloride complexes. However, the reaction
tively (Scheme 37). requires forcing conditions (150°C) and works only with
electron-poor arylboronic acids (Scheme 40).*! On the basis
of DFT studies, a stepwise mechanism involving chloride
Furstner et al.: @ abstraction from gold followed by migration of the aryl group
OFt from boron to gold(IIT) was proposed.!'*!
__ OEt Cs2C0s bh.p-AU »—/ o
2 PhaPAUNTR, + ~ A
(RO),E THF, RT )
Gray et al.: Fs
7\ [ Fs
2 PhyPAUNTY, + S Phyp—AU° ¢l (HO)ZB@ ¢ A
(HO),B Et,0, RT Ph;P-Au—Cl PhsP-Au—\ /)
= 1,2-Dichloroethane =
% | 150 °C % |
Scheme 37. Synthesis of gem-digold vinyl and gem-digold aryl com- Fs 2h Fs
plexes via B-to-Au transmetallation.
Scheme 4o. Transmetallation of electron-deficient aryl between boronic
acids and a gold(lll) chloride complex.
The Nolan group studied the reaction of arylboronic acids
with AuCI(IPr) in more detail."® The use of potassium
hydroxide instead of Cs,COj; enables the transmetallation to The You group reported mechanistic studies on the
be performed at room temperature. The reaction was reaction of C\N-cyclometallated Au™X, (X=Br, Cl) com-
proposed to involve the formation of gold(I) hydroxide plexes with arylboronic acids in the presence of fluoride
species as the key intermediate (Scheme 38), although an  sources.'”! The reaction proceeds in stoichiometric and
alternative route with participation of a borate was not catalytic conditions (with external oxidant) and results in
excluded. C—C coupling of the aryl fragment of ArB(OH), and the
The reactivity of gold hydroxide species in B-to-Au  C)N ligand (Scheme 41). The fluoride source was proposed to
transmetallation was confirmed by Bochmann and co-work-  assist B-to-Au transmetallation via the formation of Au™
ers by treating an isolated (CNC)pincer gold(ITT)-OH com- fluoride or fluoroborate species.'*!
Angew. Chem. Int. Ed. 2015, 54, 15022 —15045 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org 15035
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| X
=N X F~ source
Au + PhB(OH), ——M8MM
X tBuOH
130°C, 24 h
X=Cl, Br

| A
~-N X
N\, 7
Au\ AU=X
Ph©OH
Ph—B(OH), Bp
OH

Scheme 41. Reaction of (C,N)Au"'X, complexes with PhB(OH), in the
presence of fluoride.

4.1.3. Reaction with boranes

The reactivity of organogold species with the strong Lewis
acid tris(pentafluorophenyl)borane B(C¢Fs); has been
explored recently to generate cationic gold species (as an
alternative strategy to halide abstraction with silver salts).
Amgoune, Bourissou, and co-workers studied the reaction of
a cyclometallated (P,C)Au™Me, complex with B(C4Fs); with
the aim of abstracting a methide and generate a cationic
gold(IIT) methyl complex.™ Instead, clean formation of two
(P,C)Au"Me(C(F;) isomers was observed. By analogy with
the observations of Straub, the Me/C¢Fs redistribution
probably proceeds via methide abstraction to form a transient
tricoordinate cationic gold(IIT) methyl complex, and subse-
quent abstraction of a CiFs group from the boron center
(Scheme 42).

I\Ille CeFs I\I/Ie
. |
iPrP—Au—Me iPryP—Au—Me iPryP—Au—CgFs

+
\ [MeB(CoFs)sl” /
[©]

iPro,P—Au—Me

Scheme 42. Me/CgF; redistribution upon reaction of a P,C-cyclometal-
lated Au""Me, complex with B(CgFs);.

B(CsFs)s

A related alkyne/C4Fs exchange between (L)gold(I)
acetylides (L =NHC or phosphine) and B(CFs); has been
reported by Hansmann, Stephan, and Hashmi."'! The
reaction proceeds via abstraction of the alkynyl fragment by
B(C4Fs); to form the corresponding alkynyl borate species, in
which the alkyne is m-coordinated to the [(L)Au]* fragment
(Scheme 43). This o-B/mt-Au species was isolated and fully
characterized. After prolonged heating at 60°C, one CF;
group is transferred to the cationic gold fragment to give the
(NHC)Au-CFs complex. The same type of alkyne/aryl
exchange process was found using PhB(C¢Fs), or BPh;,
though the o-B/m-Au intermediate could not be detected in
these cases. The reaction between (NHC)gold aryl species
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L _
AL (CeF5)2B——=——R
- B(CeFs)3 (CeFoB - N
- LI —_— ~
CH,Cl, 678 CH,Cl,
RT 60 °C L—Au-CgFs
L = RsP, NHC

R = Me, p-tol, ferrocenyl

Scheme 43. Alkyne/C4F; exchange between gold acetylides and B-
(CeFs)s

and B(CFs); follows a different route and results in cationic
gem-diaurated gold(I) species [(LAu),Ar]",[ArB(C4Fs)s] .

4.2. Transmetallation between Gold Complexes and Group 14
Compounds
4.2.1. Reaction with Silanes

Nolan and co-workers recently reported a fluoride-free
transmetallation of organosilanes to gold.'"! (IPr)gold hy-
droxide complexes react with aryltrimethoxysilanes at room
temperature to give (IPr)arylgold complexes (Scheme 44).

IPr—Au—Q

IPr—Au—OH toluene _.OM dioxane
+ —_— 5. 4 MeOH IPr—Au—Ar
. RT / "OMe

Ar—SiOMe; Ar

Scheme 44. Synthesis of arylgold complexes by Si-to-Au transmetalla-
tion, starting from gold hydroxides and involving gold silanolate
complexes.

The reaction proceeds through gold silanolate intermediates
that can be isolated and characterized. The Si-to-Au trans-
metallation proceeds best in 1,4-dioxane and presumably
involves pentacoordinate Si species. The process shows good
functional group tolerance and works also for vinyl and allyl
transfer.

4.2.2. Reaction with Stannanes

As part of mechanistic investigations on gold-catalyzed
cycloisomerization/stannylation of 1,6 diyne-4-enols, Liu
performed Sn-to-Au transmetallation and isolated thereby
a gem-diaurated furyl complex (Scheme 45).1"% Transmetal-
lation of organic fragments between tin reagents and gold
intermediates has been explored in the context of Au/Pd
catalysis. Transmetallation of organic fragments from tin to

€]
® SbFg e
@\ b LA DCE g Au-L
SnnBu u=NCMe """ | & AW
(@) 3 0 A" °
80°C,2h u
Bu, L SbFg
tBu—P

' Q 50 %

Scheme 45. Transmetallation from an organostannane to a cationic
gold complex.
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gold has also been explored in the context of Au/Pd catalysis.
Blum’s group first reported that (Ph;P)AuSbF, can act as
a transmetallation shuttle between tin and palladium in the
carbostannylation of alkynes.!*>®! Then, Casares, Espinet, and
co-workers showed the ability of (Ph;E)AuX (E=P, As; X=
Cl, I) to promote Sn-to-Pd transmetallation and Au/Pd
systems proved to be particularly efficient at catalyzing the
Stille coupling of bulky substrates.[®

Overall, these examples show that organogold(I) and
gold(IIT) complexes can be readily accessed by transmetalla-
tion of organic fragments from boron, silicon, or tin deriva-
tives. Different mechanistic pathways have been proposed
depending on the nature of the transfer agent and the
operating conditions. Up to date, the scope of organic
fragments transferred from p-block elements to gold is
mostly limited to aryl moieties, and occasionally to vinyl
ones. Access to alkyl gold species by transmetallation has still
to be developed.

4.3. Direct C—H Auration

Another strategy to access aryl gold complexes is the
direct C—H activation of simple arenes. Gold(III) salts were
recognized early on to readily perform C(sp’)~H bond
activation.'"! These aurations are more appealing than
classical transmetallation reactions, which require pre-func-
tionalization of the C—H bond into a more reactive organo-
metallic derivative. Catalytic C—H bond functionalization
processes have been developed with gold and several Reviews
summarize the recent achievements in this field.'1111% The
following discussion is focused on selected recent reports that
have provided fundamental insight into C—H bond activation
at gold.

Different mechanistic pathways have been proposed,
depending on the oxidation state of gold. With gold(III)
complexes, C—H bond activation is generally proposed to
occur via electrophilic activation (SgAr-type pathway) and
only electron-rich arenes readily react.'!"l In contrast,
gold(I) complexes preferentially activate electron-deficient
arenes and the auration proceeds in this case via concerted
metalation—deprotonation (typical conditions involve a silver
salt, a mild base, and pivalic acid).!"®

Based on the orthogonal reactivity of Au"/Au™ complexes
towards C—H activation,"*"1%12 Larrosa’s group developed
a stoichiometric oxidative cross-coupling reaction of electron-
poor and electron-rich arenes (Scheme 46)."" Selective
auration of the electron-poor arene is first achieved with
a phosphine gold(I) complex in the presence of Ag,O and
K,CO;. After separation from the silver and potassium salts,
the resulting arylgold(I) was treated with hydroxy-
(phenyl)iodonium tosylate to give selectively the cross-
coupling product. It was proposed that the in situ generated
aryl gold(III) species undergoes selective C—H activation of
the electron-rich arene to give a bis(aryl)gold(III) complex
and subsequent reductive elimination.

The discovery by Lloyd-Jones, Russell, and Ball of gold-
catalyzed coupling reactions between simple arenes and
aryltrimethylsilanes represented a major breakthrough.!]
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R F |
--------------------- e
+ OMe  gioxane, 50 °C
Dan F F |
Ag;0

KoCO;4
PivOH

PhsPAUCI

FE F
1. Filtration
Au—PPh;
2. PhI(OH)OTs FF
F F |
OMe

not observed

Scheme 46. Sequential Au'-Au"' C—H bond activation, followed by
reductive elimination yielding biaryls.

The reaction was meticulously studied by means of kinetic
analyses,™®!! and a simplified representation of the catalytic
cycle is depicted in Scheme 47. The active species is a “ligand-

@SiMe = PhsPAUOTS (cat.) — —
R \ /\R. Ph|(OAC)2 R/\ / \ /\R.

CSA

X Ar-SiMes

X X X
Phi Al via | Al
X X X ®
Me;Si
PhI(OAc), ipso-arylation
"Me;Si®"

[Ad] [Au")

Ar
Ar'—Ar Ar'-H
X X
A" H® i | AW — EDG

X
Ar' CAr Ar ° &
X _

n-complex

Scheme 47. Simplified catalytic cycle for the gold-catalyzed direct
arylation of arylsilanes with proposed key intermediates.

free” gold(III) derivative generated in situ by oxidation. The
reaction would occur via consecutive electrophilic arylation
(SgAr) of the arylsilane and of the arene, and subsequent
reductive elimination. High selectivity for heterocoupling
versus homocoupling is found, particularly with electron-rich
arenes. It was proposed that the first auration occurs
selectively on the arylsilane (the silyl group is activating and
it orientates the reaction to the ipso position) while the
second auration is controlled by m-coordination of the
electron-rich arene.

The ability of gold complexes, particularly gold(III)
species, to perform C(sp’)~H bond auration has been
shown, but it is still limited to a few examples. To date, only
sparse information has been gained on the mechanism (SgAr
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vs. CMD) of C—H auration and on the key factors controlling
it. Well-defined gold(III) complexes will certainly contribute
to developing this field and to gaining better understanding of
the parameters governing the efficiency and selectivity of C—
H auration. Further studies are also required to delineate
conditions in which the transformations can be extrapolated
from stoichiometric to catalytic versions.

5. Migratory Insertion and Miscellaneous Reactions

Migratory insertion is a fundamental reaction in organo-
metallic chemistry, known for all the transition metals. This
elementary step is at the basis of many important catalytic
processes involving the functionalization, derivatization, or
coupling of unsaturated substrates (such as, olefins, alkynes,
ketones, imines).

Over the last few years, migratory insertion of C—C
multiple bonds at gold has been frequently considered as
a possible pathway to account for gold-catalyzed functional-
ization reactions.*!??!l In particular, thorough mechanistic
studies have been carried out on the gold-catalyzed hydro-
amination  of  alkynes*7?)  allenes*?"1313  and
alkenes.™**1" Although some reports suggested an inner-
sphere insertion pathway (i.e. migratory insertion of the -
substrate into a Au—N bond to give a cis vinyl gold complex,
Scheme 48),[125:126:128.1301 most  experimental and computa-

ter-sph @
Rl

anti

® n-complex addition AUl
L-Au trans
= +Nu
L-Au—Nu
« 4
inner-sphere| L, | -Au—Nu i, [Au]\:/Nu
mechanism | syn
= insertion cis

Scheme 48. Schematic representation of the outer- and inner-sphere
mechanisms for the gold catalyzed addition of nucleophiles to alkynes.

tional data support an outer-sphere mechanism (nucleophilic
attack of the m-complex anti to gold, affording a trans vinyl
gold complex, Scheme 48).11% Furthermore, isolated NHC-
gold(I) amide™®! and phenoxide™” complexes have been
shown not to react with alkynes even at high temperatures.
Thus these compounds are unlikely intermediates in gold-
catalyzed addition of O and N nucleophiles to m-substrates.

In parallel, fundamental studies have been carried out
recently on the reaction of well-defined gold(I) and gold(IIT)
complexes with alkynes, alkenes, and allenes. Accordingly,
stoichiometric insertion reactions into a variety of Au—X
bonds (X=H, C, O, F, Si) have been found.

5.1. Stoichiometric Insertion Reactions with Gold(l) Complexes

Sadighi and co-workers reported the insertion of alkynes
into Au—F and Au—H bonds of NHC-gold(T) fluoride!™® and

www.angewandte.org

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

A. Amgoune, D. Bourissou, and M. Joost

Ph—=—Me Ph F
IPr—Au—F —
Au Me
r
trans
MeO,C—=—CO,Me MeOC_ H
IPr—Au-H —4mM8@™ —
Au CO,Me
IPr

trans

Scheme 49. Stoichiometric reactions between alkynes and NHC-gold
fluoride and NHC-gold hydride complexes.

hydride™” complexes. The resulting vinylgold complexes
display trans arrangement (Scheme 49), excluding a one-step
syn insertion mechanism. For the gold(I) fluoride, the
reaction is likely to proceed via displacement of the fluoride,
and subsequent nucleophilic anti addition to the m-coordi-
nated alkyne. Insertion of the electron-deficient alkyne into
the Au—H bond was proposed to occur either by a radical
mechanism or by a syn insertion/isomerization process.

The NHC-gold(I) hydride does not react with terminal
and non-activated alkynes. Hashmi, Koppel, and co-workers
also reported that olefins, such as ethylene or norbornene, do
not insert into the Au—H bond even upon heating. In fact,
computational studies indicated that the insertion of olefins
into gold(I)-hydrogen bonds involves a huge activation
barrier and requires prohibitively high temperatures
(>150°C).11H0

Thus, two-coordinate gold(I) complexes, if reactive
towards unsaturated substrates, do not react via an inner-
sphere coordination—insertion mechanism.'*!! As mentioned
earlier (Section 2), the coordination of a third ligand to two-
coordinate gold(I) complexes is strongly disfavored, "]
owing to a high deformation energy.“*>! This represents
a major hurdle for the establishment of migratory insertion
processes with gold(I) complexes.

A noticeable exception pertains to gold(I) silyl complexes.
Amgoune, Bourissou, and co-workers recently reported that
internal and terminal alkynes, as well as allenes readily insert
in a syn fashion into the Au—Si bonds of (Ph;P)Au(SiPh,R)
complexes (Scheme 50).114?

R R—_— R R, R
PhsP-Au-Si-Ph ———————
Ph R'R"=H, CO,Me, Ph Al SR
R = tBu, Ph PhyP Ph

Scheme 50. Selective syn insertion of alkynes into the Au—Si bond of
phosphine gold(l) silyl complexes

The resulting (-silyl vinylgold complexes were isolated
and structurally characterized, revealing a cis arrangement of
the gold and silicon atoms in all cases. The mechanism of the
reaction was thoroughly investigated by a joint experimental/
computational approach.!'*?*! Kinetic experiments indicated
that the reaction is first-order in alkyne and gold silyl
complex. Miqueu explored several mechanistic approaches
by DFT calculations, including direct 1,2-addition of the Au—
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Si bond to the alkyne with or without phosphine dissociation.
The most favorable pathway was found to involve a two-step
coordination—insertion process. The alkyne first coordinates
to the phosphine gold(I) silyl complex to form a tricoordinate
ni-complex, followed by migratory insertion (rate-determin-
ing step; Scheme 51). The electronic properties of the silyl

MeO,C  H
MeO,C—=—H
+ E—— Al Si(tBu)Ph,
Ph3PAu—Si(tBu)Ph, PhsP
syn
n-coordination insertion
PhsP.  Si(fBu)Ph, via +
N R
MeO,C———H Au._ /
z % si—Ph

three-coordinate
n-intermediate

MeO,c~  OH BY
Scheme 51. Two-step inner-sphere mechanism for the insertion of
methyl propiolate into the Au—Si bond of phosphine gold(l) silyl
complexes.

ligand, in particular its strong o-donor character, play an
important role in the formation of the m-complex intermedi-
ate and in the subsequent syn insertion.

These results clearly indicate that the insertion of alkynes
into gold-silyl bonds can proceed via an inner-sphere
mechanism, and give credence to the mechanisms proposed
to account for the functionalization of alkynes with (di)silanes
catalyzed by gold nanoparticles.'*"'*! Notably, the corre-
sponding gold(I) methyl complex is inert towards alkynes.
Organogold(T) complexes do not react with vinyl ketones,”
and the only example of insertion into Au—C bonds refers to
the reaction of sulfur dioxide (Scheme 52).¢! No reaction

R = Et: no reaction
SO, (1 atm) 0]

196} R = alkynyl: no reaction
IPrAu—R IPrAu—S7 R =Ph: 94 % yield
CeHe R R =Bn: 86 % yield

Scheme 52. Reaction of SO, with NHC-gold(l) carbon bonds.

was observed with phenylacetylide and ethyl NHC gold
complexes, but SO, readily inserted into Au—Ph and Au—
CH,Ph bonds at room temperature. The resulting gold
sulfinate complexes were isolated in good yields and fully
characterized. This elementary step was integrated in a multi-
step sequence involving B-to-Au transmetallation and ligand
exchange, enabling the sulfination of arylboronic acids to be
performed catalytically.

5.2. Stoichiometric Insertion Reactions with Gold(lll) Complexes
Owing to their unsaturated character (d® configuration),
gold(IIT) complexes are promising candidates for migratory

insertion. Although the low stability of gold(IIT) species has
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limited their exploration, the use of strongly chelating ligands
has allowed significant progress over the last few years."*’!
The coordination of alkenes to well-defined gold(IIT) com-
plexes has been demonstrated, and detailed insights into the
bonding situation have been gained.'**) A few recent
reports have also substantiated the insertion of alkenes into
Au™-H, Au-0O, and Au'"-C bonds.

Bochmann and co-workers recently reported the synthesis
and characterization of the first gold(III) hydride complex
using a rigid C,N,C-pincer ligand based on 2,6-bis(4'-tert-
butylphenyl)pyridine.®*'>l The hydride complex undergoes
insertion reactions of allenes, yielding regioselectively Au™
vinyl complexes (Scheme 53). But in contrast to the NHC-

tBu tBu
5
Me Me
\ \
7 “N-Au—H — ! NAU{
RT, 20 h — H

tBu tBu
tBu

78\
N-Au—OAcF
— RT,72h

tBu

Scheme 53. Reactivity of a gold(lIl) hydride with allene (top) and
gold(Il1) trifluoroacetate with ethylene (bottom).

- =

gold(I) hydride complex reported by Sadighi, no reaction was
observed with alkynes, or with ethylene. When the hydride is
substituted by a trifluoroacetate ligand, slow but quantitative
ethylene insertion into the Au™-OAc" (OAc" = OCOCF;)
bond was observed at room temperature (Scheme 53).

The insertion of ethylene into the Au—OAc" bond of
a gold(III) complex with a C,N-cyclometalated 2-(p-tolyl)-
pyridine ligand was thoroughly investigated by Tilset and co-
workers.”?! According to X-ray diffraction analysis, ethylene
inserts into the Au—O bond frans to the nitrogen atom of the
CN ligand. Experimental and theoretical investigations
revealed that the reaction proceeds in two steps
(Scheme 54). The OAcF ligand trans to N is first displaced
by ethylene via an associative mechanism to give the
corresponding m-ethylene gold(III) complex. According to
deuterium-labelling experiments, the second step occurs via
anti addition of the free OAcF anion to the coordinated olefin
(outer-sphere). Syn insertion of the coordinated ethylene into
the Au™—OAc" bond (inner-sphere) was found to be much
less favorable.

During the study of dimeric gold oxo species, Cinellu et al.
isolated and structurally characterized an original auraoxe-
tane as a minor product of the reaction with norbornene (syn
oxyauration, formal insertion of norbornene into Au™-O
bond; Scheme 55).1>%
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Scheme 54. Insertion of ethylene into the Au—OAc” bond of a C,N-
cyclometallated Au"'(OAcF), complex.
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/Au\ Au 2 PFg
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Scheme 55. Reaction of a gold-oxo species with norbornene.

(10 equiv)

_

minor product

Aiming at substantiating migratory insertion of olefins
into gold—carbon bonds, Amgoune, Bourissou, and co-work-
ers recently investigated the reactivity of P,C-cyclometallated
gold(I1T) dimethyl complexes towards alkenes in the presence
of B(C¢Fs):.'"! Depending on the nature of the olefin,
a competitive Me/C¢Fs transfer reaction occurred (see
Section 4). While ethylene and styrene did not react under
these conditions, norbornene (NB) readily inserted into the
Au"-C bond at low temperature. The resulting unstable
cationic gold(III) norbornyl complex could be trapped with
pyridines or chloride to give thermally stable four-coordinate
gold(IIT) alkyl complexes (Scheme 56). X-ray diffraction

1. / B(CgF.
Ve (CeFs)3 L
| (excess) |®
iPr,P—Au—Me _— iPryP—Au
N\ 2. L = Lutidine
or Pyridine Me

“O VeB C6 5)3
U

Scheme 56. Insertion of norbonene into Au"—C bonds.

analysis confirmed the insertion of two NB units from the
exo face and in a syn manner, consistent with inner-sphere
migratory insertion. These results demonstrate the ability of
gold(IIT) alkyl complexes to undergo migratory insertion of
olefins. Additional studies are needed to gain further
mechanistic insight and generalize the process to other
olefins.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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These recent results show that gold(III) complexes hold
promise to establish new gold-mediated insertion processes,
and the generation of relatively stable gold(III) complexes
featuring both a migrating group and a free coordination site
will certainly play a key role in future developments.

5.3. f-Hydride Elimination

[-hydride elimination occurs at metal alkyl complexes and
is the microscopic reverse of olefin insertion into M—H bonds.
The elimination of a hydrogen atom in {3 position of the metal
generates a metal hydride species and an olefin. It is
a transformation of high relevance in catalysis, often encoun-
tered as a side reaction in transformations involving metal
alkyl complexes. While the propensity of late transition
metals to undergo [(-hydride elimination reaction is well
established the reactivity of gold alkyl complexes is still
poorly understood and gold complexes are usually considered
as highly reluctant to undergo B-hydride elimination.> A
very rare example is that observed by Toste and Mankad upon
studying NHC alkylgold(III) fluoride complexes (see Sec-
tion 3.2). In this case, the formation of alkenes as side-
products suggested that $-hydride elimination competes with
C—F reductive elimination.[®)

Koppel, Hashmi, and co-workers have studied (B-H
elimination at gold."*! DFT calculations predicted a high
barrier (49.7 kcalmol™') for the P-hydride elimination of
ethylene from the (IPr)Au(Et) complex, with the formation
of a high-energy three-coordinate ethylene gold(I) hydride
species. Consistently, the (IPr)Au(Et) complex was shown
experimentally to decompose only at around 180°C, and
probably not via 3-hydride elimination (Scheme 57).

TS 1
T 497
S —_
g [
©
3
% TS 2
330 338
Dipp
N N . van der Waals
[ D—Ad A complex
-
bi \17.9
ipp Uty
13.3
AN
0.0/ +
—
Pipp H P|pp
N _) N
- X [ -Aus
N N
Dipp Dipp

Scheme 57. Reaction profile computed for 3-hydride elimination from
an NHC-gold(l) ethyl complex. Dipp = (2,6-diisopropyl) phenyl.

The lack of reactivity of gold(I) complexes was attributed
to the filled 5d shell, preventing the necessary C—H--Au
interaction required for the elimination to take place.
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According to a detailed analysis by Schmidbaur, Rauben-
heimer, and Dobrzanska of reported gold-hydrogen interac-
tions, “there is currently no evidence for agostic interactions in
organogold compounds |[...]”."* Nevertheless, as suggested
by Koppel and Hashmi, these interactions may exist in
gold(III) alkyl complexes compounds,*! and investigations
in this direction are certainly worthwhile.

5.4. - and f-Hydride Abstraction

In contrast to -hydride elimination, a- and (-hydride
abstractions have been shown by Bertrand to be a facile
processes with gold(I) alkyl complexes.'™ Treatment of
a (CAAC)gold(I) n-butyl complex with triphenylcarbenium
tetrafluoroborate rapidly and quantitatively gives the corre-
sponding 2-butene gold(I) complex. To differentiate between
direct B-hydride abstraction and a two-step sequence involv-
ing o-hydride abstraction followed by 1,2-hydrogen shift,
different alkyl groups (tert-butyl, neopentyl) were introduced
at gold. Accordingly, hydrogen atoms in the -position are
more reactive but both sites proved hydridic enough to
undergo the abstraction reaction (Scheme 58).

H ®
CAAC—Aux/\ B abstraction CAAC—Au—M/
—_—

©
+ H + BF,
PhsCBF, PhsCH
\_ ®© H )
« abstraction CAAC_A“*:S/\ 1,2-H shift

BF4e H

CAAC =

iPr

Scheme 58. Hydride abstraction from a CAAC-gold(l) alkyl complex.

6. Summary and Outlook

Except a few notable contributions from the 1970s, the
reactivity of gold complexes has been very scarcely inves-
tigated and it remained for a long time limited to Lewis acid
behavior. But significant progress has been achieved recently.
A series of fundamental organometallic studies has shown
that the reactivity of gold complexes is in fact versatile and
goes well beyond m-activation. Direct evidence for oxidative
addition, reductive elimination, transmetallation, and migra-
tory insertion has been reported, demonstrating the ability of
gold to undergo the major elementary steps of organometallic
chemistry.

But as shown in this Review, the factors governing the
reactivity of gold complexes do not systematically parallel
those of the other transition metals, especially of the
neighboring Group 10 metals. Gold has peculiar coordination
properties and its coordination environment plays a major
role in reactivity, for both gold(I) and gold(III) complexes.

Angew. Chem. Int. Ed. 2015, 54, 15022 —15045
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The design of appropriate ligands and the preparation of
suitable complexes is thus critical.

If the reactivity of gold complexes has been significantly
expanded, the field is still in its infancy and much remains to
be done before our knowledge on gold reaches that of the
Group 10 metals. Some of the elementary reactions (migra-
tory insertion, oxidative addition) have been only recently
substantiated and their scope is still relatively limited. Other
transformations, such as 3-hydride/halide/alkyl eliminations,
are hitherto unknown. An important challenge will also
consist in the development of viable catalytic cycles based on
these elementary steps.!'>?>120-121]

It is not the aim to simply reproduce the known Pd-
catalyzed transformations with gold complexes, and future
research should take advantage of the specific properties of
gold (in particular its unique functional group tolerance and
Lewis acidity) to develop synthetically useful transformations.
Accordingly, milder conditions, broader substrate scope,
unusual selectivity may be achieved, new transformations
may also be discovered.
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