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An element through the looking glass: exploring
the Au-C, Au—H and Au-0 energy landscape

Dragos-Adrian Rosca,®® Joseph A. Wright® and Manfred Bochmann*?

Gold, the archetypal "noble metal”, used to be considered of little interest in catalysis. It is now
clear that this was a misconception, and a multitude of gold-catalysed transformations has
been reported. However, one consequence of the long-held view of gold as inert metal is that its orga-
nometallic chemistry contains many “unknowns”, and catalytic cycles devised to explain gold's reactiv-
ity draw largely on analogies with other transition metals. How realistic are such mechanistic
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assumptions? In the last few years a number of key compound classes have been discovered that can
provide some answers. This Perspective attempts to summarise these developments, with particular
emphasis on recently discovered gold(i1) complexes with bonds to hydrogen, oxygen, alkenes and CO

www.rsc.org/dalton ligands.

Introduction

Gold catalysts, both homogeneous and heterogeneous, have
seen a meteoric rise in importance in the last three
decades, and interest continues unabated.' This has been
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amply documented, for example, in special editions of
major review journals.>? For organic transformations, gold
in the oxidation state +1 is overwhelmingly used as the cata-
lyst, as documented in recent reviews concerning synthetic
applications.*® Important aspects in homogeneous gold(i)
catalysis include, inter alia, the role of oxidation states,
silver activators, ligand structure and the role of couter-
anions,” the formation of heterocycles,”'° the nature of gold
carbene intermediates,'" the influence of aurophilic inter-
actions'® on Au(i) catalysis,'® silver-free gold catalysts,'* as
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well as the important role of counterions and their effect on
chemo- and regioselectivity’> and of chiral Brgnsted acids"®
in gold catalysis. Gold(m) catalysts have also found wide-
spread applications in synthetic methodology, most com-
monly in the form of simple gold salts such as AuCl; as
catalysts or catalyst precursors.'”'® While such catalysts can
be fast and efficient, as Schmidbaur pointed out in a recent
review,'® the nature and oxidation state of the catalyst is in
most cases difficult to determine and remains a matter of
conjecture.

Gold occupies a unique position in the Periodic Table. It is
the most electronegative metallic element, with a Pauling
electronegativity value close to that of carbon and hydrogen
(Au: 2.54; C: 2.55; H: 2.20). As gold(1), with d'® configuration, it
is akin to a main group element, while as gold (i) it behaves as
a transition metal and displays a coordination chemistry
which mirrors that of other heavy-metal d® ions. The 3™ row
elements platinum, gold and mercury are strongly affected by
relativistic effects,'® which cause an expansion of the 5d orbi-
tals and a contraction of the 6s shell and reach their
maximum for gold. There are certainly many chemical and
structural similarities between the d® systems platinum(i) and
gold(ur), which have led to platinum and gold catalysts often
being compared side-by-side.’®*' Numerous reaction mecha-
nisms and intermediates proposed for gold catalysed reactions
have been drawn up in analogy to organometallic palladium or
platinum catalysts.
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However, there are also significant differences between
those two neighbours in the Periodic Table. Most prominent
are the redox potentials, which are very much more positive
for gold than for platinum (values under standard conditions,
1 M aqueous acid, 25 °C):

AU /AW® 152V
APt /AuT 136V
Au'/Au’
pt?t /pt°

1.83V
1.19V

Gold(m) is therefore very much more readily reduced than
platinum(u), to either Au() or Au(0), and the formation of
purple gold nanoparticles during the course of unsuccessful
reactions is only too familiar to practitioners of gold chem-
istry. The redox chemistry of gold is illustrated, for example,
by the ability of “naked” solvated Au' ions to oxidatively
cleave benzylic C-H bonds of arenes with an oxidation poten-
tial of up to 1.82 V, and even the C-C bonds of diaryl-
methanes, to give carbocation intermediates, with metallic
gold being generated in the process.”” Oxidation catalysts
based on mixtures of AuCl and the diketiminate anion
[HC(MeC—=NCgH;Pr',),]” have been reported,?® the assump-
tion being that under such conditions Au(r) diketiminato
chelate complexes are generated in situ as catalytically active
species.>® However, it was shown subsequently that even
at 0 °C Au(r) and [HC(MeC=NAr),]” anions lead to the
immediate reduction to metallic gold,*® which would seem to
suggest that the observed oxidation catalysis is in all prob-
ability effected by gold nanoparticles. In other organic trans-
formations, reduction of Au(m) vinyl intermediates to Au(i)
could be demonstrated, while the formation of gold nano-
particles could be excluded by X-ray absorption spectroscopy
(XAS) methods.>® On the other hand, there are also notable
cases where Au(um) vinyl reaction intermediates of the type
[(vinyl)AICL;]” and [(vinyl),AuCl,]”, could be isolated and
structurally characterised.””

The particular bonding and redox characteristics of gold
are of course reflected in the reactivity of the types of inter-
mediates that, by analogy to other metal-catalysed reactions,
are assumed to be involved in catalysis: complexes with
alkenes and alkynes, CO, metal hydrides and alkyls are all
quite reasonable proposals, but, in the case of gold, how much
is really known about such compounds? For which ligands or
ligand combinations, and for which gold oxidation states, is it
realistic to assume the existence, or indeed non-existence, of
such species?

Gold, as the embodiment of a noble metal, had long been
regarded as unreactive and chemically uninteresting; it is
therefore a late-comer to catalysis. This means that many
aspects of fundamental organometallic chemistry, which after
all forms the basis of our understanding of catalytic mecha-
nisms, remained unexplored for gold. The most dramatic
example of this are olefin complexes: whereas platinum(u) pro-
vided the first alkene complex of any transition metal,
Zeise’s salt K[PtCl;(n>*-C,H,)], reported in 1827,>*>° ethylene

This journal is © The Royal Society of Chemistry 2015
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Scheme 1 Classical platinum(i) complex types and their hypothetical
gold(m) analogues.

complexes of the isoelectronic Au(ui) ion are conspicuous by
their absence (Scheme 1). Similarly, hydride complexes of
platinum(n) have been known for over 50 years,’® whereas
those of Au(m) remained unknown.

This brief Perspective presents some recent results on the
identification and characteristics of some key types of cata-
lysis-relevant gold complexes and tries to highlight the simi-
larities and differences in bonding and reactivity of species
with Au-C, Au-H and Au-O bonds. As will be seen, in some
cases these gold complexes display a reactivity pattern that is
rather different from that of most other transition metal
compounds.

The Au—H bond

The chemistry of gold hydrides and compounds with hydrogen
bonds to gold have recently been the subject of a comprehen-

View Article Online
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sive review.’’ Early attempts to generate gold hydride com-
plexes and to stabilise gold(ur) with complex anions like BH,~
and AIH,™ at —120 °C were reported by Wiberg; the result in all
cases was reduction to metallic gold.** The formation of gold
hydrides and their stability is of course particularly interesting
in connection with catalytic cycles since H-transfer, f-H elim-
ination or M-C bond hydrogenolysis are common reaction
steps in transition metal catalysis. The first examples of isol-
able gold hydrido species were binuclear metal complexes
(CO)sM(p-H)AuPPh; (M = Cr, Mo, W) and LAu(p-H)ML,, [ML,, =
IrH,(PPh;); or Pt(CeCls)(PEt;),];**** all these bimetallic com-
pounds show strongly shielded hydride NMR resonances
between § —2 and —6 ppm (in contrast to terminal Au'-H, vide
infra). Hydrides of gold in oxidation states 1, u and m could be
identified by vibrational spectroscopy in the reactions of laser-
ablated gold atoms condensed into frozen gas matrices at 5 K
or below, including (H,)AuH, (H,)AuHj;, AuH,, AuH, and
AuH,".**> Evidence for more thermally stable hydride com-
plexes was provided by mass spectrometry, to give ions of type
1,>® and by NMR studies of the reactions of (P"P)AuCl with
PhMe,SiH, which gave binuclear H-bridged compounds 2 and
3 (Scheme 2); such hydrides are thought to be involved in
gold-catalysed alcohol dehydrosilylation. The "H NMR hydride
signal of 2 was found at 6 8.29 (Jpy 49.5 Hz), and while the 'H
signal of 3 could not be detected, the *H resonance occurs at §
7.0 ppm (Jpp 8.4 Hz).>”38

The first example of a mononuclear gold(r) hydride was
isolated by Sadighi in 2008, (IPr)AuH (4), either by the reac-
tion of (IPr)AuCl with LiHBEt;, or by treating (IPr)AuOBu’
with HSi(OMe); (IPr = 1,3-bis(2,6-diisopropylphenyl)imid-
azole-2-ylidene). The hydride ligand gives rise to a signal
with positive chemical shift, at § 5.11 in C¢Dg (5 3.38 in

®
: N
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/Au Au\ /Au\ /Au\
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P

Scheme 2 Types of gold(l) hydride complexes.
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CD,Cl,), with an Au-H IR stretching frequency of 1976 cm™"
(Vaup 1407 cm™).*> The same compound was also made
from (IPr)AuOH.*° This family of gold hydrides stabilised by
N-heterocyclic carbene (NHC) ligands was recently increased
by ring-expanded carbenes to give 5 and 6 (6 'H 3.57 and
3.15, respectively, in C¢Dg) (Scheme 2). Protonation of 5 or 6
with [H(OEt,]|[B{CsH;(CF3),}4] at —80 °C gave p-H cations of
type 1, indicated by a high-field shift of the hydride
"H NMR signal by 4-5 ppm; the suspected intermediate
gold dihydrogen complexes [(NHC)Au(H,)]" could not be
detected.*!

Given the very similar electronegativities of gold and hydro-
gen, the Au-H bond can be expected to show little “hydridic”
character. And indeed, solid 4 is stable to air and moisture at
ambient conditions, does not react with protic solvents like
t-butanol, and reacts only very slowly with benzoic acid. It also
does not react with 3-hexyne or diphenylacetylene. On the
other hand, dimethyl acetylenedicarboxylate gives a trans-
insertion product, and ethyldiazoacetate reacts under C-H acti-
vation (Scheme 3). The hydride ligand in 4 can however be
abstracted by CPh;" to give a binuclear hydride-bridged cation
of type 1, indicated by the high-field shift of the 'H NMR
signal to § 0.42.%°

The mesityl-substituted analogue of 4, (IMes)AuH, shows
low reactivity in the hydrodefluorination of perfluoroarenes,
but the reaction is accelerated by p-dimethylaminopyridine

View Article Online
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(DMAP) and involves a spectroscopically detectable n-stacked
intermediate (Scheme 4).*> Under 1-9 bar O,, complex 4
undergoes slow dioxygen insertion into the Au-H bond to give
the hydroperoxide 7. The reaction is 1% order in both [0,] and
[Au]. Product 7 readily decomposes to (IPr)AuOH (8), followed
by condensation of 7 with 8 to give the structurally character-
ised peroxide 9 (Scheme 4).*

The reaction of 4 with stable radicals was used to estimate
the Au-H bond energy. Whereas 4 does not react with TEMPO
(= 2,2,6,6-tetramethyl-1-piperidyl-N-oxide), the hydride ligand
is abstracted by galvinoxyl, with formation of the crystallo-
graphically characterised galvinoxide salt 10 (Scheme 5). Since
the O-H bond dissociation energies (BDEs) of TEMPOH and
galvinoxyl-H are 291 kJ mol™" and 329 kJ mol™", respectively,
this provides an estimate of the Au-H bond energy between
these two values.*

Gold(r) hydrides could, in principle, also be formed by p-H
elimination of gold(i) alkyls, and conversely, the hydrogenation
of unsaturated substrates is usually thought of as involving the
B-insertion of a coordinated alkene or alkyne into a metal-H
bond. Gold(i) is of course a d'® system, without suitable ener-
getically accessible vacant orbitals for interacting with a p-C-H
bond, nor for the coordination of an olefinic substrate. It is
therefore consistent that for (IPr)AuEt a high barrier for f-H
elimination was found, such that this pathway becomes kineti-
cally competitive only above the decomposition temperature of

H H \n/C02Et
MeOZC)\rcone MeO,C—=——=—CO,Me N, (NHC)Au YcozEt
< —
Au ‘ 4
| -Hz N
NHC
Scheme 3 Reactions of (IPr)AuH.
H_NQ‘NMez
CoFNO3, Me;Npy | R_F HCaF4NO,
_ —————— | (IMes)— AUQNOZ + (IMes)Au-F
[\ Ar = 2,4,6-Me;CgH, | F F + DMAP
Ar/NYN\Ar F
P]u
H 0, (1-9 bar)
(IPry—Au—OOH 0.50,
CeDe
7
25°C -52°C
_ H,0 (IPr)Au—OH 8
Ar = 2,6-Pri,CgHs
Ar

/

E}iAu—o\o—Au%Eﬂ

r

Ar\

Ar/ 9

Scheme 4
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© But But °
Scheme 5

the complex (>200 °C).** As Bertrand has shown, both p-H
and, much more slowly, a-H abstractions from gold alkyls are
possible, but only by using an external electrophile such as
CPh;", not however by intramolecular H-transfer reactions.””
In line with this, calculations have suggested that for alkene
hydrogenations with homogeneous gold(r) catalysts in polar
solvents like ethanol, a heterolytic, solvent-assisted H, acti-
vation pathway prevails over a o-bond metathesis-type Au-C
bond cleavage by an H, molecule (Scheme 6). Alkene hydro-
genation is thought to follow an ionic mechanism, in which a
proton is delivered from the solvent to the alkene. The rate of
alkene hydrogenation increases therefore as the stability of the
resulting carbocation increases, e.g. cyclohexene > ethene. The
hydride is delivered from the gold species. Whatever the
detailed energetics of these solvent-assisted mechanisms, it is
clear that for gold catalysts the ionic reaction profiles are
always energetically favoured over the homolytic pathway.*®

In addition to gold(1) catalysts, gold(m) catalyst precursors
are also frequently employed in organic transformations.
However, in the large majority of cases the fate of the gold
species, the oxidation state and the coordination environment
of the resulting gold species under such conditions are a
matter of conjecture. The facile reduction of Au(m) to Au(i)
suggests that the active species formed in situ are most prob-
ably gold(1), particularly if catalysts with labile ligands are

Homolytic hydrogenation pathway:
H

(LAU—H — (L)Au/\H - (L)AU(

+ =

t (LA—EL —\ Ha

used, such as AuCl,."®*"*® The inadvertent formation of cata-
lytically active gold nanoparticles is also not easy to rule out.
Hydride complexes such as HAuCl, are occasionally invoked in
catalytic cycles,” but as yet no such species has actually been
identified. Schiff-base gold(u) complexes, supported and
unsupported, proved to be potent catalysts for the hydrogen-
ation of diethyl itaconate, comparable in activity to palladium
catalysts. The process of hydrogen activation (heterolytic,
ethanol-assisted) and the likely intermediacy of Au(ur) hydride
species was explored by computational methods. Square-
planar Au(m) hydride and hydrido-ethylene complexes are
energetically favoured; the alternative formation of a 5-coordi-
nate [(O"N"N)AuH(C,H,)]" species was disfavoured by an
increased energy barrier (Scheme 7).°° This confirms the
general picture that, although Au(m) complexes with coordi-
nation numbers 5 and 6 are not unknown,”" the square planar
geometry is strongly preferred. There was, however, no experi-
mental evidence that the postulated species could actually be
detected.

Polydentate ligands offer the possibility of stabilising com-
plexes Kkinetically and may also shift the redox potentials
sufficiently to allow isolation and characterisation of such
elusive hydride species. Cyclometallated mono- and diarylpyri-
dine ligands provide particular stability; e.g. 2,6-diphenylpyri-
dine derivatives form C*"N”C bonded pincer complexes with

H.
—— (L)Au—Et high energy pathway

+43 kcal mol™!

o~
CHe = H—F
Heterolytic hydrogenation activation: ® H
EtOH ® H Ha H*O< low energy pathway
(L)AU—X LA—C . —— (LA H oEt ionic hydrogenation
Et X
x©
D,
H—O! EtOH ® H
AN —_— e |— S)
(LAu—H Et (LAU—H O
x© \/..H—o)‘I Et

N
Et

Scheme 6 Computational modelling of Au()) mediated hydrogenation steps (L = IPr).

This journal is © The Royal Society of Chemistry 2015
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Scheme 7 Computational models for proposed intermediates in alkene hydrogenation catalysed by Au(i) Schiff base complexes.>°

Au(m). An example is the gold hydroxide 11 which has proved
to be a highly versatile starting material; for example, it under-
goes aryl transfer reactions with boronic acids in toluene
under neutral conditions and C-H activates fluoroarenes, to
give photoluminescent gold aryl complexes in essentially
quantitative yields.”> Surprisingly, the reaction of 11 with
“superhydride”, LiHBEt;, at —78 °C followed by stirring at
room temperature proceeds without reduction of the metal
centre and gives the gold hydride 12 as a yellow crystalline
complex, the first example of an isolable Au(m) hydrido
complex (Scheme 8).>*

The complex was crystallographically characterized and the
gold-bound H atom was located in the electron density map.
The infrared spectrum of the compound shows a sharp va,-u
band at 2188 cm™". This is higher than the value for (IPr)AuH
(1976 cm™") but comparable to the frequencies assigned to
AuH and (Hp)AuH in an argon matrix (2226.6 and
2173.6 cm™', respectively). In the 'H NMR spectrum the
hydride ligand gives rise to a broad singlet at § —6.51 in
CD,Cl, and at § —5.73 in C¢Dg. The deuteride shows a “H NMR
resonance at § —6.58 (CD,Cl,).>?

The observed Au-H 'H NMR chemical shift for 12 is in line
with theoretical predictions (taking relativistic effects into
account), which show that systems with fully filled d-shell are
dominated by deshielding spin-orbit coupling and signals are
therefore found at low field, (e.g. the Au(i) complexes 4-6),

X
| > Li[HBEt3]
gahg
toluene, -78°C t
By AIU Bu - LiHOBE] Bu
1 OH
B(CgFs5)3 or CgFsH
ArB(OH),, toluene rf.
toluene, 60 °C
N—Au—Ar N—Au——Cg¢Fs

whereas for d® systems the spin-orbit coupling is strongly
shielding, resulting in hydride resonances high-field of T™MS,>*
as is indeed observed. The chemical shift therefore does not
allow any conclusions to be drawn concerning the polarity or
“hydridic” character of the Au-H bond.

The Au(m) hydride 12 is stable to air and moisture at
ambient conditions, an indication of the highly covalent
character of the Au-H bond. The compound was found to be
moderately light sensitive, and exposing CH,Cl, solutions to
sunlight for a few hours leads to chloride abstraction from
the solvent, with formation of (C*"N~C)AuCl. Complex 12 does
not reduce CO, or benzaldehyde in the dark or under photo-
lytic conditions, and attempted insertion reactions with ethyl-
ene, 3-hexyne, phenylacetylene, and dimethyl
acetylenedicarboxylate were unsuccessful. However, it does
react with allenes under 1,2-insertion to give isolable Au(im)
vinyl complexes.

Hydride 12 is stable to acetic acid. However, treating
dichloromethane or toluene solutions with the strong
Bronsted acid [H(OEt,),][HoN{B(CcF5)s},]°> at —70 °C led to the
disappearance of the hydride resonance, together with
signals that resembled the product of cleavage of one of the
Au-phenyl bonds, [as for example in (HC-N"C)Au(CcH,F)-
(0,CCF;)*°]. Resonances that could be assigned to H, were
not observed. Similarly, upon reacting the deuteride 12-D
with [H(OEt,),][HoN{B(CeFs)s}»] or trifluoroacetic acid at

even

12

+11

Scheme 8 Formation and reactivity of (CANAC)Au""'H.
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—70 °C gave no evidence of the characteristic triplet of HD.
The major product on warming to room temperature was the
free 2,6-diphenylpyridine ligand.”” It is evident that H" attack
takes place on the Au-C(phenyl) bond in preference to the
hydride, in agreement with the covalent nature of the Au-H
bond in 12.

A more unusual reaction of 12 occurs if excess (C*N~C)
AuOH is present: water is eliminated in a slow reductive con-
densation reaction, to give the gold-gold bonded dimeric
Au(u) complex 14, a rare example of a thermally stable Au(i)
complex with an unsupported Au-Au bond. For comparison,
the recently reported dimer [Au"(CF3),(py)], follows the thermo-
dynamic trend and spontaneously disproportionates in
solution to give Au(i) and Au(m) products.’® By contrast, 14
can be heated to 120 °C without decomposition, is stable to
air and moisture in the solid state, and in some reactions
turns out to be the unreactive end product. On UV irradiation
it shows green photoluminescence. No reaction was observed
between 14 and elemental sulfur in toluene (60 °C, 12 h) or
with O, under 9 bar pressure, even though calculations
suggest that O, insertion into the gold-gold bond is exo-
thermic by 136 k] mol™".>® The lack of reactivity is most probably
a reflection of the steric shielding provided by the four
t-butyl substituents that envelope the Au-Au bond. On the
other hand, iodine cleaves the Au-Au bond cleanly to give
(CAN~C)Aul.

The reduction of the hydride 12 to the Au(u) dimer 14 was
studied by cyclic voltammetry. 12 shows three reduction waves
with peak potentials at —2.00 V (corresponding to a metal-
centred Au(m — n) reduction), —2.25 V and —2.60 V vs. F¢'°,
respectively. The —2.25 V wave was tentatively assigned to the
reduction of a hydride-bridged species, such as [(C*N~C)Au"-
H-Au"(C*"N~C)], formed from the reaction of 12 with a
(C*"N~C)Au" radical (Scheme 9). The reduction wave at —2.60 V
corresponds to ligand based multi-electron processes. The
reduction process of 12 differs from that of the hydroxide 11,
where no such binuclear intermediate could be identified,
which suggested that under these conditions the Au-O bond is
more readily cleaved than the Au-H bond.””

The results also provided an estimate of the bond enthalpy
difference between Au-OH and Au-H bonds in 11 and 12
(neglecting differences in solvation between hydride and
hydroxide), which showed that the Au™-H bond is more stable
than Au-OH by ca. 19 k] mol™". This agrees qualitatively with
the bond strength trend determined by DFT calculations.®

(C'NAC)AU"H  + & —(CANAC)AU"  + H-
(CANAC)AU™ + H-AU'(CANAC) — (CANAC)AU'-H—AU"(CANAC)

(CNAC)AU"-H-AU"(CANAC) + &—— [(CANAC)AU'-H-AU'(CANAC)]
[(CANAC)AU"-H-AU(CANAC)] —— (CANAC)AU"-AU'(CANAC) + H

Scheme 9 Electrochemical processes in the reduction of the gold(in)
hydride 12 to the Au(i) dimer 14.%°

This journal is © The Royal Society of Chemistry 2015
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This energy difference has a number of consequences and
makes gold chemistry distinctive from other metals (vide
infra).

The oxidation of the dimer 14 (+0.59 V vs. Fc®") was found
to be irreversible at all voltage scan rates. This seems to
suggest that the 1-electron oxidation product of the Au(u)
dimer is unstable and likely undergoes rapid follow-up chem-
istry. There was no evidence for detectable amounts of a
mixed-valence radical cation intermediate [(C"N~C)Au"-
Au™(C*N~C)]" in the oxidation process.

Electrochemistry also allowed the determination of the
Au"-Au" bond energy of 14. Neglecting entropic contributions,
the Au"™-Au" bond enthalpy was estimated as 198 + 1 k] mol™,
in reasonably good agreement with DFT calculations (225
k] mol™).>® For comparison, Pyykké described the Au"-Au"
bond as a 6s6p.5d,, hybrid and calculated a bond energy of
255 kJ mol™" for [Au"(CF;),(py)]-*" This suggests that the
stability differences between this complex and 14 is due to
kinetic rather than thermodynamic factors.

The Au-0O bond

Heterogeneous gold catalysts are involved in a number of oxi-
dation reactions, and the reaction pathways and the surface
species that are likely to be involved have been the subject of
numerous experimental and computational studies. Selective
oxidations and the mode of O, activation on oxide-supported
gold catalysts for CO oxidation have been reviewed.®*®* A
number of studies are concerned with oxygen activation and
the role of Au(p-O)Au species in CO oxidation and at the Au/
oxide support interface.® Models including Au-O-Au and Au-
0O-0O-Au moieties have been proposed as key species in O, acti-
vation of supported gold catalyst supported on a variety of
metal oxides.®® Gold hydroperoxides are likely involved in the
catalytic synthesis of H,0,,% as gold surface species®” and in
catalytic methanol oxidation.®® Evidence has also been pro-
vided for peroxide and superoxide adsorbed on anionic®® and
cationic’® gold clusters, and a variety of species including
hydrides, hydroxides, peroxides and hydroperoxides are
thought to be involved in propene oxidation.”* With few excep-
tions these proposed mechanisms and surface intermediates
are based on DFT modelling. Key to rationalising all these pro-
cesses is a detailed understanding of the gold-oxygen bond,
including possible n-bonding contributions and preferred
coordination geometries.

The nature of the metal-oxide bond has been the subject of
considerable debate, notably the possibility (or impossibility)
of forming terminal oxo species L,M=0 with metals in groups
9-11 (the “oxo wall”). Indeed, the only structurally confirmed
example of a noble metal oxo complex is Wilkinson’s
O=Ir(mes); (15, d*) (Scheme 10),> and there is indirect
evidence for Pt"™V=0 (d®).”® Earlier claims of an octahedral
Au(m) (d®) oxo species with an Au=0 double bond proved to
be based on error.”*
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dipp/NYN\dipp dipp/NYN\dipp
Au A|u
CF3/(|) R, \®/O
R = 2,4,6-MesCgH,
15 16 17

Scheme 10 Examples of metal oxo and gold()) alkoxide complexes (dipp =

The gold-oxygen bond in Au(i) complexes has been the
subject of some detailed theoretical investigations, e.g. (NHC)
Au-OCF; (16) which, with an Au-O-C angle of 118.3(4)°, shows
little evidence of m-overlap.”” For (NHC)Au-O-aryl complexes
of type 17 it has been argued that there is interaction between
the phenolate lone electron pairs and the Au-C antibonding
orbital. The Au-O-C(aryl) angles are indeed much wider than
expected for sp® hybridisation [in the range of 121.2-126(3)°],
but significant steric repulsion between the bulky NHC and

2,6-Pr',CgHs).

In contrast to gold(r), which prefers coordination to “soft”
donors like phosphorus and sulfur, gold(ur) has long been
known as a “hard”, Lewis acidic metal ion. This is probably
best exemplified by the square-planar tetrahydroxoaurate
anion, [Au(OH),]~ (18) which forms numerous salts,”” as well
as by the classical work of Tobias concerning the identification
of dimethylgold aquo ions [Me,Au(OH,),]", Na[Me,Au(OH),]
and dimethylgold hydroxide 19 (Scheme 11). The latter is a
dimer in solution but forms a tetrameric structure in the

aryloxide ligands must be taken into account.”® crystal, based on square-planar Me,Au(p-OH), building
Me
Me
Me, \
Ho_, OH]™ [Me OH] Me 8 e A, Au// Me
NN | o7
Al Au\ Au\ Au\ — OHH 4
HO OH Me OH Me/ o/ Me Me~ALﬁ.,.O |
H / H AU
18 19 Me Me
Me
H Ph Rh
Ar OPh]" Ar Ph H Ph
D¢ Ar\A/ O\Au/ Ar= =N NS
RN NS\ AL b
Ar OPh Ar (0] Ar S \o/ =
H O2N Ph H Ph
Ph Ph
20 21 22
l AN R | X 2+ N + | AN +
|
/N\AU/O\AU/N = H,0 /N\A/OH _N X OMe
Ny N u .
7 lN/ o N7 -H;0 AW oH AN Tome
A X AN N
23 24 25

27

Scheme 11 Classical examples of gold(i) oxo, hydroxo and alkoxo complexes.
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blocks.”® Vicente showed that gold complexes with aryl ligands
form similar compounds with Au-O bonds, including phenol-
ate (20) and hydroxide (21) derivatives.”® The structure of the
hydroxide 22 has also been determined.®

Like other Lewis acids, gold(u) readily forms adducts with
pyridine and related N-donors, such as 2,2"-bipyridyl and ter-
pyridyl. The formation of cyclometallated ortho-arylpyridine
derivatives has proved a particularly successful strategy for
the preparation of gold(m) complexes with oxo and hydroxo
ligands. Scheme 11 shows a number of representative
examples. While terminal Au=O complexes are unknown,
gold(ur) compounds with bridging oxo ligands are well estab-
lished. In 23, for example, the square-planar metal centres
form part of a planar Au,0, core, with Au-O single-bond dis-
tances of 1.976(3) and 1.961(3) A (for R = CH,Bu").*" The
oxide 23 is in equilibrium with the hydroxo complex 24.%>
Analogous alkoxides have also been prepared and structu-
rally characterised, such as 25.%> Tridentate ligands form
more stable pincer complexes and have been useful in pro-
viding dicationic terpyridyl-ligated gold hydroxides such as
26, as well as the cyclometallated N*N~C-bonded com-
plexes 27.%*

However, as of 2012 there were no reports of isolable gold
complexes containing the types of O-ligands that were being
postulated in heterogeneous gold-catalysed oxidations, such as
superoxides Au-OO’, peroxides Au-OO-Au, and hydroperoxides
Au-OOH. We were therefore interested in the synthesis and
characterisation of such compounds.

Given that the hydroxide (C*"N~C)AuOH (11) had proved an
ideal starting material for hydride synthesis (Scheme 8), we
chose this compound as the starting point for reactions with
peroxides. The reaction of 11 with +BuOOH readily affords the
alkylperoxide 28. Similarly, treatment of 11 with H,O, resulted
in the rather delicate hydroperoxide 29, which has a tendency
to condense with excess 11 to give the peroxide 30. This water
elimination is reversible. Such a dehydration reaction also
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Fig.1 HOMO-1 orbital of (CANAC)AUOH (11), showing the relative
phases of Au orbitals and the lone pairs of the OH ligand.

became apparent when 11 was stirred in dry solvents 