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1. Introduction

Synthetic chemists are constantly challenged to consider
more environmentally benign methods for generation of the
desired target molecules.' Recently, there has been an
impressive focus on the pursuit of organic chemists to design
and successfully apply the ideal synthesis in terms of
efficiency, with atom and step economy being a major goal.>
Some of the challenges for chemists have included the
discovery and development of new synthetic pathways using
alternative reaction conditions and solvents for improved
selectivity and energy minimization and the design of less
toxic and inherently safer chemicals. Significant progress has
been made in the improvement of sustainability® and the role
of catalysis as a key technology to achieve the objectives of
sustainable chemistry has been considered.* The area of
catalysis is sometimes referred to as a “foundational pillar”
of green chemistry.® Catalytic reactions often reduce energy
requirements and decrease separations because of increased
selectivity; they may permit the use of renewable feedstocks
of less toxic reagents or minimize the quantities of reagents
needed. New catalytic organic synthesis methodologies thus
have offered several possibilities for a relevant improvement
in the eco-compatibly of fine chemical production, allowing
a drastic decrease in the E factor. [The E factor is defined
as the ratio (by weight) of byproduct to the desired product
formed.] Many research activities in this field have been
based on the realization of new green catalytic systems that
provide resource-saving synthetic methodologies through
transition metal-catalyzed reactions.® Recently, the discovery
that gold can be prepared in catalytically active forms has
spurred growing interest in investigation of the chemical and
catalytic properties of gold.” Gold catalysts, because of their
unique properties, have now become a well-established best
choice for many chemical transformations with pre-eminence
established now in both heterogeneous and homogeneous
processes. Indeed, gold catalysts can carry out processes for
which no other catalyst has yet been identified, and the
exploitation of gold catalysts for commercial applications is
being pursued.® It is also at the heart of a number of new
developments in green technology,’ and its ambient tem-
perature activity, in particular, has opened up new opportuni-
ties for pollution control applications.'® The principles of
green chemistry include prevention of waste, use of renew-
able feedstocks, use of catalysts rather than stoichiometric
reagents, use of safer solvents and reaction conditions, and
increased energy efficiency: catalysis by gold could help in
all these areas. Moreover, from an environmental point of
view, gold catalysts show many valuable features. Metallic
gold is biocompatible and has anticancer activity; gold(III)
compounds have been reported to be appreciably stable under
physiological-like conditions and to manifest relevant anti-
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proliferative properties against selected human tumor cell
lines.'! Gold salts can promote chemical transformations at
room temperature with reaction times of just minutes. This
contrasts with other metal-catalyzed reactions that require
higher temperatures and reaction times of hours or even
days.'? Furthermore the high reactivity of many metal
complexes render the reactions they catalyze sensitive to both
air and moisture and limits their practical utility. Conversely,
gold derivatives are robust transition metal catalysts and their
catalytic reactions adhere to the criteria of a straightforward
experimental setup, air and moisture tolerance, and genera-
tion of only environmentally benign byproduct.'®> Beyond
this practical benefit, the apparent redox stability of Au(I)
complexes under ambient conditions allows the development
of new modes of reactivity by precluding the traditional
oxidative addition/reductive elimination cycles so prevalent
in late transition-metal catalysis. In many transformations,
gold catalysts do not need any other ligand to exert their
catalytic activity. Gold-catalyzed reactions often proceed
under mild conditions, and gold catalysts are active in
extremely small amounts. Solvents play a critical role in
“greening” synthetic chemistry. Gold catalysts can be used
with alternative solvents which enable easy catalyst separa-
tion and recycle. Gold is more abundant than platinum,
palladium, rhodium, and other metals that are used even in
large scale processes. Recycling of gold used in stoichio-
metric technical application, in addition to the production
in mines every year, determines a high stability of its price,
which is advantageous from economic point of view for
industrial applications. So far, a number of reviews focusing
on gold catalysis in organic synthesis have appeared.'* In
particular, the wide scope of the homogeneous gold-catalyzed
reactions of enynes to give access to complex or otherwise
inaccessible products has been previously pointed out.'**
The theoretical chemistry of Au has also been reviewed.'
The impact of catalysis by gold toward sustainable chemistry
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have been highilighted by Ishida and Haruta.'® This Review
will cover a personal selection of alternative gold-catalyzed
synthetic methods published until November 2007 in both
homogeneous and heterogeneous catalysis. The Review is
organized by chemical transformation, so both homogeneous
and heterogeneous examples for the same reaction will be
discussed in the same section. The gold-catalyzed cycloi-
somerization of enynes will be here only marginally described.

2. Gold-Catalyzed Additions to C—C Multiple
Bonds

It is common knowledge that addition reactions to alkynes
or olefins catalyzed by a Brgnsted acid usually require harsh
conditions and are plagued by numerous side reactions of
the carbocation intermediate formed.'” Replacement of the
proton by Hg®" constitutes a classical solution to this
problem.'® The “soft” character of this large and polarizable
cation ensures a much greater affinity to the substrate, which
ultimately translates into mild reaction conditions and high
yields of the desired addition products. Spectroscopic data
provide clear evidence that the ligand in the incipient
m-complex is electron deficient and hence susceptible to
attack by the nucleophile in the usual trans manner.'’
Although many addition reactions to alkynes occur with
catalytic quantities'®?® of Hg?", the resulting C(sp>)—Hg
bond in the analogous reactions of alkenes is usually
kinetically stable and requires an extra step to release the
organic ligand. Thus, the overall transformation is rendered
stoichiometric in toxic mercury salts. Such problems can be
conveniently solved in many cases by the use of catalysis
by gold.

2.1. Hydrohalogenation of Alkynes

Hydrochlorination of acetylene is one method by which
vinyl chloride can be manufactured on a commercial scale.
Industrial processes use mercuric chloride supported on
carbon,?! but these catalysts can be short-lived because of
their instability, with loss of mercuric chloride being a major
catalyst deactivation mechanism, leading to environmental
problems. In 1985, it was proposed that supported Au®”"
would be a viable catalyst for alkyne hydrochlorination,**
and later this was shown to be the case.”> More recently, a
detailed study of the hydrochlorination of acetylene and
higher alkynes using a supported gold catalyst has been
described.”* A series of reactions using sequential exposure
of the catalysts to C,H, and HCI demonstrate that exposure
to HCl before reaction of C,H,/HCI leads to enhanced
activity, whereas exposure to C;H, leads to deactivation. The
key piece of mechanistic information is that which HCI adds
in accordance with the Markovnikov rule and in an anti-
manner to the alkyne. This anti-addition also has been
observed in the hydrochlorination of acetylene using me-
chanically activated K,PtClg, > for which it is proposed that
the reaction could occur via a complex formed by adsorption
of acetylene at a defect site on the surface of the mechanically
activated K,PtCls and HCI adsorbed via hydrogen bonding
with the surface Cl. It is feasible that a similar mechanism
could operate with supported gold catalysts via the mecha-
nism shown in Scheme 1, with gold tetrachloroaurate as the
active species. The hypothesis is that the C,H,/Au/HCl
complex is consistent with the high selectivity; the regenera-
tion effect of HCI and the deleterious effect of C,H, can
explain polymerization, which is one of the mechanisms by
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Scheme 1. Proposed Mechanism for the Hydrochlorination
of Acetylene over Au/C
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which catalyst deactivation occurs. DFT calculations indicate
that the simultaneous coordination of alkyne and HCI to the
Au(III) center of AuCl; is unlikely. The calculated transition
state for HCI addition to the 7z-complex of C,H, with AuCl;
demonstrates that the stereochemistry of Cl addition is
controlled by a hydrogen bond between HCl and a CI ligand
of Au. The anti-addition of HCI observed experimentally is
then a consequence of a sequential addition of Cl and H to
the alkyne.

The reactivity of higher terminal alkynes decreased with
their steric bulk, and the internal alkynes were unreactive.
Conversely, electrophilic (NHC)gold(I) complexes catalyze
the trans-hydrofluorination of internal alkynes at room
temperature, using a mild HF source (scheme 2). The
procedure represents a new, selective, and potentially more
versatile method for the synthesis of fluoroalkenes.?® The
substrate scope of this method includes dialkyl-, diaryl-, and
aryl/alkyl- or thienyl/alkyl-substituted alkynes. Generally,
fluoroalkenes are obtained indirectly,’” and control over the
stereochemistry often requires careful strategy.”® For sub-
strates bearing both a phenyl and an alkyl substituent, the
predominance of [-fluorostyrene products is observed.
Catalytic regioselectivities are higher for an electron-poor
aryl substituent than for an electron-rich one; however, the
electron-rich thienyl substituent also gave exclusive S-flu-
orination. No gem-difluoroalkanes are detected, and trans-
hydrofluorination is observed in all cases.

2.2. Hydration and Hydroxylation Reactions of
Alkynes

The addition of water to alkynes is a synthetic method
for generation of carbonyl compounds. Unlike many other
syntheses of carbonyl compounds, the hydration of alkynes
is an atom-economical addition without energy-intensive
redox chemistry. Since Kucherov’s observation in 1881 that
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mercury(Il) salts catalyze the hydration of alkynes under mild
conditions, the reaction has seen many applications in
synthesis. The toxicity of mercury compounds and the
problems associated with their handling and disposal make
the Kucherov reaction unsuitable for modern, sustainable
organic synthesis or any large-scale application. A steady
development of alternative alkyne hydration catalysts has
taken place, nurtured by the desire to replace mercury(Il)
by less-toxic and more-active metal catalysts.?” The catalytic
hydration of alkynes with a gold catalyst (HAuCly) was
observed in 1976.%° Later, a synthetically useful protocol
appeared for alkyne hydration with sodium tetrachloroaurate
(NaAuCly) as catalyst under almost neutral conditions.
Terminal and internal alkynes are hydrated in excellent
yields.*" A variety of gold(III) organometallic compounds,
containing Au—CgFs or Au—Mes (Mes = 2,4,6-trimeth-
ylphenyl) units, and chloro ligands are precursors for the
hydration of phenylacetylene and hept-1-yne under neutral
or acidic conditions.>® The best results were obtained with
mononuclear complexes bearing electronegative ligands such
as NBus[Au(C¢Fs),Cl,] or PRs[Au(Arl)Cls], whose activity
was similar to that of NaAuCly. Higher turnover numbers
were achieved in acidic media. Teles and co-workers claimed
in a patent application that hydration of propargyl alcohol
is catalyzed by an Au(I)-acid catalytic system.*® Moreover,
they reported the gold(I)-acid catalyzed addition of alcohols
to alkynes.>* The catalysts were generated from (a)
[AuX(PPh3)](X = Cl, CF;CO,, MeSO3, NO3) and boron
trifluoride, from (b) [AuCI(PPh3;)] and AgY (Y = non-
nucleophilic counterion), or from (c) [AuMe(PPh;)] by
protonolysis of the gold—carbon bond with a strong acid that
provides a non-nucleophilic counterion (H,SO4, HBF,,
MeSO;H).* Reactions take place under mild conditions
(20—50 °C) with a TOF of up to 5400 h™'. The enol ethers
formed can be hydrolyzed to form carbonyl compounds or
trapped as ketals (Scheme 3).

An intramolecular versions of this reaction has been
reported in 2006 by Krause (Scheme 4).3¢

The strategy consists of a mild tandem cycloisomeri-
zation—hydroalkoxylation of homopropargylic alcohols 1 to
tetrahydrofuranyl ethers 2. The authors suggested that this
two-steps transformation is probably catalyzed by a dual
catalyst system consisting of a gold precatalyst and a
Brgnsted acid (Scheme 5).

Au(I)—acid systems in aqueous methanol were reported
as powerful catalysts that promote the hydration of alkynes
and have turnover frequencies of at least 2 orders of
magnitude higher than the most efficient catalyst [cis-
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The reaction did not proceed in the absence of either the Au
catalyst or sulfuric acid.?” The efficiency of the catalyst was
significantly enhanced by addition of appropriate ligands
[CO, (PhO);P], which enabled the quantity of the precious
catalyst used to be minimized. Although the provenance of
the ligand effect is ambiguous, it is envisaged to be associated
with the stability of the catalyst. Other acid catalysts, such
as CF;SOsH, CH3SOsH, and HsPW 1,04, also gave extremely
high yields even in the absence of the coordinative additives.
Terminal alkynes, both aliphatic and aromatic, were all able
to undergo hydration under similar reaction conditions.
Internal alkynes displayed a low reactivity, presumably
because of steric hindrance. Propargyl alcohols also reacted
smoothly, but they afforded mixtures of methyl ketones
(Markovnikov addition) and o,f-unsaturated aldehydes
(Meyer—Schuster reaction). A practical laboratory procedure
for the hydration of 1,8-nonadiyne 3 to give 2,8-nonanedione
4 (Scheme 6), a useful synthetic intermediate for the synthesis
of rootworm sex pheromones, has been published.*® By
contrast with the previous reported multistep procedures”’
resulting in massive waste of salts, the one-pot CH;AuPPhs-
acid catalyzed hydration of 1,8-nonadiyne affords I,8-
nonanedione in 86% yield with a turnover frequency in
methanol of 15600 h™".

The complexes [Au(PPh3)(RCO,)] or [Au(PPh3)(RSO3)]
have been proposed as catalyst precursors for hydration of
terminal and internal alkynes in combination with boron
trifluoride—diethyl etherate.*® Of these, [(PhsP)Au(C,FsCO,)]
was the most active compound investigated (TOF up to 3900
h™! for hydration of hex-3-yne in MeOH at 70 °C), and it is
even reusable. Cationic complexes of gold(I) incorporating
heterocyclic imidazolylidene carbene ligands hydrate hex-
3-yne,*! and the catalytic hydration of phenylacetylene by a
porphyrin complex [Au(TPP)CI] (TPP = tetraphenylpor-
phine) was noted.

Catalytic hydration of phenylacetylene has been ac-
complished in ionic liquids using 3-butyl-4-methylthiazolium
trichlorobromoaurate [BMTZz][AuCl;Br] § as catalyst (Scheme
7).%3 The potential reuse of catalysts is an advantage achieved
by recycling the ionic liquid phase. Various imidazolium-
derived ionic liquids, as well 5, can be converted into gold
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carbene complexes 6 by sequential deprotonation and
coordination, opening the way for in situ catalyst tailoring.

The hydration of phenylacetylene can also be carried out
in aqueous media by using as catalysts a variety of gold(I)
complexes containing the water-soluble phosphine ligands
TPPMS, TPPDS, and TPPTS (mono-, di-, and trisulfonated
triphenylphosphine, respectively).** The gold(I) alkynyl
complexes [AuC'CR(TPPTS)] (where R = ‘Bu and 3-thiophe-
nyl) give the highest ever reported turnover frequencies (1000
and 1060 h™', respectively) for the hydration of pheny-
lacetylene under optimum conditions (0.1 mol % catalyst
loading, 10 mol % H,SO4, 1 h reflux in 5:1 MeOH/H,0).
Recycling of the gold catalyst without significant drop of
activity for at least three cycles has been achieved by using
only water as a reaction medium. DFT calculations were used
to compare relative energies of possible intermediates
involved in the catalytic cycle.

An up to date application of cationic gold-catalyzed
hydration of triple bond in the total synthesis of pterosines
has been reported by Wessig and Teubner.*> Furthermore,
the remarkable alkynophilicity exhibited by AuCl; encour-
aged the exploration of the utility of propargyl glycosides
as glycosyl donors.*®

The intramolecular addition of an hydroxyl group to a
carbon—carbon triple bond found many synthetic applica-
tions. w-Acetylenic alcohols 7 have been regio- and stereo-
selectively converted to the corresponding a-alkylidene
oxygenated heterocycles 8 in the presence of catalytic
amounts of AuCl and K,CO; (Scheme 8).*’

Cyclizations of acetylenic alcohols are usually performed
through metal catalysis and can yield to products resulting
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either from an exo-dig or an endo-dig process or from both.
Intramolecular oxymercuration starting from acetylenic al-
cohols, usually led to the corresponding exocyclic enol
ether.*® The palladium(II)-catalyzed version was pioneered
by Utimoto et al., but mixture or exo- and endo-dig products
could be obtained.*® Silver carbonate catalyzed the exclusive
and very effective formation of exocyclic enol ethers.”
Chromium, tungsten, and molybdenum catalysts led in the
presence of base to endocyclic enol ethers,>! while iridium(T)
in methanol led to adducts derived from exocyclic products.>>
The Au-catalyzed cyclization of acetylenic alcohols is a
general process because terminal, as well as nonterminal
alkynes, functionalized or not, could be cyclized. Neverthe-
less, the role of a propargylic substituent appeared to be a
key factor. The observed regio- and stereoselectivity suggest
an activation of the acetylenic moiety through Au(I)-
coordination (A in Scheme 9), which would induce a
nucleophilic addition of the alcohol group in an anti-auration
process.

The cyclization would lead to a protonated alkoxyorgan-
ogold intermediate B. Potassium carbonate probably depro-
tonated this intermediate leading to a neutral organogold
species C. Hydrolysis of the carbon—gold bond would then
liberate the o-alkylidene heterocycle and regenerate the gold
catalyst. The fact that only catalytic amount of potassium
carbonate is necessary suggests that the deprotonation as well
as the carbon—gold bond hydrolysis are linked in the later
step.

Gold catalysts have been proven to be remarkably useful
agents for the selective addition reaction of an oxygen
nucleophile over an alkyne moiety in the presence of other
reactive functional groups. Sequential alkylation/regioselec-
tive gold-catalyzed hydration of the 1,3-dicarbonyl 10 with
propargyl bromide led to the tricarbonyl derivative 11
(Scheme 10).>* The unique catalytic behavior of the gold
catalysis can be highlighted by the observation that under

n
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similar reaction conditions 3-dicarbonyl compounds in the
presence of a catalytic amount of Cul give 2,3,5-trisubstituted
furans through sequential alkylation/cyclization/isomerization
reactions.

Forsyth and colleagues reported the use of gold chloride
as a catalyst in a short and efficient alternative synthesis of
part of a naturally occurring azaspiracid,”* a member of a
family of marine toxins that was found to be the cause of
human poisoning in The Netherlands.”> By contrast with the
previously reported syntheses,’® the gold-catalyzed assembly
of a portion of the azaspiracid molecule was straightforward.
The crucial step is represented by the formation of two
molecular rings in a gold chloride-catalyzed reaction (Scheme
11). The mechanism of this elegant dual cyclization reaction
is proposed to involve the initial formation of a complex
between gold chloride and an alkyne in the precursor
molecule. This renders the alkyne prone to chemical attack
from an adjacent, strategically positioned hydroxyl group
(OH), initiating the sequence that results in the formation of
two rings with a spiro configuration, that is, twisted like a
spiral staircase. The creation of such molecular complexity
in a single step is extraordinary and provides a clear
demonstration of how far gold chemistry has come.

Homopropargylic ethers with pendent nucleophiles, when
subjected to Au catalysts in aqueous solvent, provided
heterocyclic ketones.”” The reactions are efficient, tolerant
of functionality and ambient atmosphere, and operationally
simple. Diastereoselectivity can be predicted on the basis of
product thermodynamics. To ensure smooth alkyne hydra-
tion, water-saturated CH,Cl, was used as the solvent. On
the basis of the ability of simpler gold species to effect some
of the elementary steps in this sequence, NaAuCl, was
employed as the catalyst for many transformations. Reactions
proceeded most smoothly and reproducibly when heated to
35 °C. Although NaAuCl, is a suitable catalyst for many
reactions, the PhsPAuCl/AgSbFe system produced a more
active catalyst that was preferable for slower reactions. Ag(I)
serves to abstract the chloride from the Ph;PAuCI, forming
a more electrophilic catalyst. The sequence in Scheme 12
has been proposed as a mechanism for the process. Gold-
mediated hydration of the alkyne 12 provides ketone 13.
Methanol elimination yields enone 14, which undergoes
metal-promoted conjugate addition to produce the cyclized
product 15. In support of this mechanism, small amounts of
13 have been isolated in reactions that were stopped at partial
conversion, and then formation of cyclized derivative 15 has
been observed when 13 was resubjected to the reaction
conditions.

Although 1,4-additions of heteroatom nucleophiles into
o.,[-unsaturated carbonyl compounds normally require sig-
nificantly harsher conditions, transition metal catalysis has
been shown to facilitate the process.”® A supporting role for
trace amounts of HCI, formed through the reaction of the
gold catalyst with H,O, cannot be rigorously excluded, but
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reaction of 12 with dilute HCI in CH,Cl; led to no reaction.
The method has been also applied to the preparation of
nitrogen-containing heterocycles and to an efficient total
syntsk})esis of the natural product andrachcinidine 17 (Scheme
13).

The ability to apply the mild gold-mediated cyclization
conditions to internal alkynes dramatically enhanced the
scope of products that can be accessed through the gold-
mediated heterocycle synthesis. Exposing propargylic ether
18 to the standard cyclization protocol provided tetrahydro-
furan 19 in 93% yield within 1 h (Scheme 14). This result
clearly demonstrates that internal alkynes can be used as
substrates in this reaction and also indicates that any gold-
mediated reaction that yields an o,f-unsaturated carbonyl
group can potentially serve as an entry into heterocycle
synthesis.

Genét and co-workers have reported a very mild gold-
catalyzed cyclization of bis-homopropargylic diols to the
corresponding bicyclic ketals regioselectively (Scheme 15).%°

Interestingly, the divergent reaction outcome of bis-

homopropargylic diols 20 can be directed by a suitable choice
of the solvent and the catalytic systems. The highly Lewis

OPMB peoH
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acidic gold cations favor the carbocyclization derivative 22
rather than oxycyclization product 21(Scheme 16).%!

Shi and co-workers developed a novel access to ketal
skeletons that are found in a number of biologically active
natural products through highly regio- and diastereoselective
intermolecular addition of water and alcohols to alkynyl
epoxides catalyzed by (Ph;P)AuCl/AgSbFs(Scheme 17).%
This procedure could involve a domino three-membered ring-
opening, 6-exo-cycloisomerization, and subsequent intra- or
intermolecular nucleophilic addition to a double-bond se-
quence. In addition, the high regio- and diastereoselectivities
and mildness of these reaction conditions should make this
reaction a valuable tool for synthesis of 2,6-trans-substituted
morpholines. These latter derivatives were obtained in
44—70% yields by using (PPh3;)AuCl/AgSbF¢«/p-TsOH in
ethanol, prop-2-en-1-ol, or propan-2-ol. It was shown that
p-TsOH was beneficial to both ring-opening of oxirane and
hydroalkoxylation of double bond.

Moreover, catalyzed by gold(I), (E)- and (Z)-2-(arylm-
ethylene)cyclopropylcarbinols, terminal arynes, and alcohols
underwent three-component addition reactions to produce
3-oxabicyclo[3.1.0]hexanes 23—24 in high yields and mod-
erat%diastereoselectivities under mild conditions (Scheme
18).

A plausible mechanism based on an intermolecular tandem
hydroalkoxylation/Prins-type reaction pathway has been
proposed (Scheme 19). Previously, Barluenga et al. found a
novel tandem 6-exo-cycloisomerization/Prins-type cyclization
of allyl-substituted 5-hexyn-1-ol derivatives catalyzed by gold
and platinum complexes to give eight-membered carbocycles,
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The Rupe and Meyer—Schuster rearrangements”> are not
often used in chemical synthesis because of harsh conditions OH 5 Tg'% AU?E'BASSbFs o
and poor selectivity. The Meyer—Schuster products (Scheme equiv Et R/\)J\OEt
20, path b) are especially rare because the dehydration that R oFt THF-CH,Clp (1:1)

leads into the Rupe pathway (Scheme 20, path a) generally
takes precedence under traditional modes of activation that
target the substrate through the alcohol moiety (i.e., acidic
catalysts).

Soft activation of the alkyne by gold is likely to be more
tolerant of sensitive functionality than hard activation of the
oxygen atom and provided complementary selectivities
(Scheme 21).

o,-Unsaturated esters were prepared from ethoxyalkynyl
carbinols using cationic gold catalysts (Scheme 22).°°
Substitution on the alcohol substrate, including aryl, alkyl,
and vinyl groups, is well tolerated, with aliphatic substituents

rt, 30-60 min

providing the highest stereoselectivity. Neither Rupe-type
elimination products (from loss of water) nor S-hydroxy ester
products (from addition of water) were observed.

The experiment illustrated in Scheme 23 demonstrates the
applicability of these conditions to the synthesis of o,f3-
unsaturated esters from tertiary alcohols.

The mechanism is outlined in Scheme 24.

The pursuit of synthetic efficiency stimulated the design
and development of new concepts and innovative synthetic
strategies by implementing reaction cascades. The vast
majority of the reported cascade sequences employ a single
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starting material containing multiple functional groups
strategically positioned along a chain, terminating with an
alkyne functionality. In this context, gold(I)-catalyzed cy-
clization of alkynoic acids have been exploited as the first
step in a sequence leading to an N-acyl iminium ion
cyclization resulting in the formation of complex multiring
heterocyclic products of the general structure.®” Indeed, the
treatment of a toluene solution of 1 mol % AuPPh;Cl/AgOTf
with alkynoic acid 25 (1.0 equiv), followed by pyrrolyl ethyl
amine 26, lead to keto to keto amide 27 in 71% yield. The
subsequent conversion from 27 to 28 by Au(l) required
higher temperatures to surmount the activation barrier to the
N-acyliminium ion. Accordingly, the reaction sequence was
allowed by using toluene at reflux (Scheme 25).

2.3. Hydrocarboxylation of Alkynes

The group of Genét reported the first example of a AuCl
catalyzed cyclization of activated acetylenic acids 29 under
mild reaction conditions, leading functionalized lactones 30
(scheme 26).°® Interestingly the reactions did not need any
additive and also AuCl; gave comparable yield on model
reaction. The cyclization proceeded smoothly in a 5-exo-
mode and tolerates a variety of a-substituents in the starting
material.

At the same time, Pale and co-workers used a similar
approach to synthesize different ring-sized lactones from
unactivated w-acetylenic acids.®” The authors used a straight-
forward trick to boost the nucleophilicity of carboxylic group:
a catalytic amount of potassium carbonate to generate the
corresponding carboxylate anion. The cycloisomerization of
y- and d-acetylenic acids catalyzed by AuCl was chosen to
examine the regioselectivity and the limitations of the
process.’® The intramolecular cyclization of y- or d-acety-
lenic acids can afford both the exo- and endo-derivatives.
Uchiyama et al. have reported a regiocontrolled intramo-
lecular 6-endo-dig cyclization of y-acetylenic acids mediated
by acid catalyst.”" By contrast, the exo-dig mode of cycliza-
tion predominated in the gold-catalyzed cycloisomerization
reaction affording the lactones 32 and 34 as the major
products and as a single stereoisomer Z (Scheme 27).

The cyclization of y-acetylenic esters 35 is in the presence
of AuCl; yields exclusively the isocoumarins 36 (Scheme
28).
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2.4. Gold-Catalyzed Reactions of Alkynes Bearing
a Proximate Oxygen Nucleophile

Propargylic’* and homopropargylic tert-butyl-carbonates’”
37and fert-butyl-carbamates’* 39 cyclize under mild reaction
conditions in a selective 5-exo-dig or 6-exo-dig fashion in
the presence of a cationic gold(I) complex. A study concern-
ing the Au(l)-catalyzed rearrangement of propargylic fert-
butyl carbonates containing proximate internal alkyne moiety
into 4-alkylidene-1,3-dioxolan-2-ones has been described.”?
5-Endo-dig cyclization of N-alkynylcarbamates to give
oxazolinones have been reported.”*® These cyclizations
proceeded readily at room temperature or even lower
temperatures and are characterized by low catalyst loading,
mild conditions, and operational simplicity (Scheme 29).

Mechanistically, it is interesting to note that the nucleo-
philic oxygen atom reaches the distal position of the alkyne
because the coordination of the catalyst on the alkyne should
bend the latter on the sense shown by both donation and
back-donation and thus reduce this distance (Scheme 30,
intermediate A). After the nucleophilic attack, intermediate
B fragments and delivers C, isobutene, and the proton, which
is necessary for the final protodeauration step to led to the
reaction product and regenerate the catalyst.

In agreement with this mechanistic hypothesis, alkyne-
substituted N-Boc-protected alkynylamines reacted similarily
to the parent substrate 39, providing the corresponding
oxazolidinones with complete (Z)-stereoselectivity regardless
of the electronic character of the alkyne substitution.’*®
Gold(I)-catalyzes an efficient tandem cyclization of tert-butyl
carbonate derivatives of hex-1-en-5-yn-3-ol 41 where nu-
cleophilic participation of the O-Boc group appears to
intercept a carbocationic (or cyclopropyl carbene) Au inter-
mediate.”” The protocol leads to densely functionalized
cyclohexene-3,4-diol derivatives 42 where 1,2- or 1,2,3-
stereocenters are controlled in a highly diastereoselective
fashion (Scheme 31).

Gold-catalyzed reactions of oxo-alkynes have been re-
cently reviewed by Yamamoto.”® An interesting branch of
this chemistry involve the intramolecular attack of a carbonyl
group on an alkyne to form a pyrylium intermediate, which
can further react with a suitable dienophile such as an alkyne,
to form naphthalenes by means of a [4 + 2] cycloaddition,
followed by a cycloreversion. The proposed mechanism for
this formal [4 + 2] benzannulation involve the coordination
of the triple bond to AuXj followed by the intramolecular
nucleophilic attack of the carbonyl oxygen to the electron-
deficient alkyne to give the pyrylium intermediate. The
Diels—Alder type cycloaddition with the alkyne provide an
unstable bridged tricyclic intermediate. The subsequent bond
rearrangement affords the naphthalene derivative and regen-
erates the catalyst (Scheme 32).

AuBr; is the catalyst of choice for this transformation.
Interestingly, the reaction can also be catalyzed by hetero-
geneous gold-supported catalysts.”” Gold nanoparticles sup-
ported on metal oxides and activated carbon are able to
catalyze the benzannulation reaction of o- (phenylethynyl-
)benzaldehyde and phenylacetylene to 1-benzoyl-2-phenyl-
naphtalene with high selectivity at 99% conversion. The
heterogeneous catalytic system can be reused several times
without loss of activity or selectivities.

In the last four years, this chemistry has been compre-
hensively studied by several groups.”® For example, a new
elegant application to the total synthesis of rac-3-desox-
yequilenin and a chrisenone derivative has been reported by
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Dyker and Hildebrandt.”” The strategy has been recently
extended to benzenediazonium 2-carboxylate as benzyne
precursors to afford functionalized anthracene derivatives.*
Interestingly, in this case, AuCl was found to be the best
catalyst for this transformation. Moreover Asao report the
full details of the extension of this approach to other
dienophiles as carbonyl compounds which produces aromatic
ketones and benzofused heteroaromatic compounds (Scheme
33).81
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Kirsch and co-workers reported a new approach to highly
substituted and 3(*H)-furanones 45 by a gold-catalyzed
cyclization/1,2-migration cascade.®? An oxonium intermedi-
ate 44could be involved in the reaction mechanism. Whereas
gold(I) and silver(I) complexes failed, AuCl; gave excellent
results under mild temperature. It is interesting to note that
when R; and R, are part of a ring, the reaction leads to a
ring contraction (Scheme 34).

More recently, two protocols for the construction of
4-iodo-3-furanones 47 through a sequence consisting of
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cyclization and migration of 2-alkynyl-2-sylyloxy carbonyl
compounds 46 were developed.”> In one, electrophilyc
cyclization is directly induced by N-iodosuccinimide (NIS).
In the second less-limited variant, AuCl; catalyzes the
reaction in the presence of NIS to provide highly substituted
heterocycles in moderate to excellent yields (Scheme 35).

Zhang’s and Toste’s group independently discovered a
novel Au-catalyzed intramolecular redox reaction of sulfinyl
alkynes 48 (Scheme 36).%*

A proposed mechanism for the gold-catalyzed rearrange-
ment of homopropargyl sulfoxides is detailed in Scheme 37.
Coordination of cationic gold(I) to the alkyne induces
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nucleophilic addition of the sulfoxide oxygen. When the
alkyne is terminal or substituted with an electron-withdraw-
ing group, 5-exo-dig cyclization of the nucleophile onto the
internal carbon of the alkyne is favored, yielding intermediate
51. On the other hand, when the alkyne is substituted with
an alkyl group, 53 is generated by a 6-endo-dig cyclization.
After cyclization, gold(I)-assisted sulfide release produces
gold-carbenoid intermediate 52 or 54. The a-oxo-Au car-
benoid generated in this reaction can efficiently cyclize the
benzene ring to give the product.

One of the more fascinating work in the field of gold
promoted alkyne activation has been published by Toste and
Dubé.®>* The key idea was that in the gold-catalyzed
addiction of nucleophiles to triple bond, the proto-demeta-
lation of the vinylgold intermediate might be circumvented
through intramolecular reaction with an in situ generated
electrophile. Toward this goal, the authors envisioned that a
benzylic cation, a potent electrophile, could be generated by
cyclization-induced fragmentation of a C—X bond (Scheme
38).

The best reaction conditions to achieve this objective were
found using a strong electrophilic gold complex such as (p-
CF;—CgHy);PAuBF, in dichloromethane in the presence of
activated molecular sieves to freed the reaction environment
from water and avoid any parasite hydrolytic process
(Scheme 39).

The mechanism was elegantly elucidated by a double label
crossover experiment and performing a reaction with an
enantio-enriched substrate. The lack of observed crossover
and the excellent chirality transfer are consistent with a
intramolecular mechanism involving alkyne activation fol-
lowed by C—O bond scission to generate a carbocation that
is trapped by the vinylgold(I) intermediate to give the
observed indene adduct, rather than an alternative Lewis acid
promoted ionization of benzylic ether, followed by the
trapping of the cation with the triple bond and the addition
(concerted or stepwise) of the gold(I)-alkoxide to the alkyne
to afford the indenyl ether (Scheme 40).

A similar strategy has been applied to an efficient
formation of 1-carboxycyclohexa-1,4-dienes and carboxyare-
nes through Au-catalyzed 1,5-enyne cycloisomerization
involving carboxy group migration and Au—mediated Cc-C
smgle bond formation.®> Propargyhc as well as allylic,
esters®” and allenyl carbinol esters® served as versatile
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substrates for Au catalysis. Zhang’s group reported 3,3-
rearrangement of propargylic esters 55 and subsequent
activation of the in situ generated carboxyallenes to form
highly reactive Au-containing oxocarbenium intermediate 56
(Scheme 41).

Efficient synthetic methods for highly functionalized 2,3-
indoline-fused cyclobutane,® cyclopentenones,” o-alky-
lidene-/3-diketones,”" and alkenyl enol esters/carbonates have
been accomplished.”” A notable observation in some of these
studies is that the Au—C(spz) bond in 56 can react with
intramolecular electrophiles® such as iminiums and activated
acyl groups. Au—C(sp?) bond could also react with electro-
philic iodine intermolecularly, leading to efficient formation
of «a-iodoenones upon hydrolysis. Indeed, an efficient
synthesis of linear o-iodoenones 59 from readily accessible
propargylic acetates 58 was developed.®* The reaction works
well not only with substrates derived from aldehydes but
also with those from ketones. Good to excellent Z-selectivi-
ties were observed in the case of aliphatic propargylic
acetates.

A simple procedure for the formation of functionalized
enol carboxylates under mild conditions through gold-
catalyzed addition of carbon nucleophiles to propargyl
carboxylates has been developed by Echavarren’s group.’
It is worth noting that in contrast with oxophilic Lewis acids
that lead to nucleophilic substitution with propargyl car-
boxylates, Au(I) promotes the nucleophilic addition to these
substrates. Indeed, they tested the reaction of propargyl
acetate 60 with 1,3-diketone 61 in the presence of AuCl,
AuCls, cationic Au(I) complex 64, a prectalysts 65 and 66,
and cationic Ag(I) complex 67 (Scheme 43).

The addition of 61 to 60 proceeded at room temperature
to give enol acetate 62 with all the gold catalysts. A mixture
of E and Z isomers was obtained with AuCl and AuCls,
whereas cationic Au(l) catalysts provided pure Z-62. The
reaction was faster and cleaner with complex 64. With 66
and Ag(I), a mixture of 62 and the product of nucleophilic
substitution 63 was obtained. Reaction of 60 with cationic
complex 67 or Sc(OTf); as catalysts gave acetylene 63,
whereas with Cu(OTf),, a mixture of 63 and the product of
hydration of the alkyne (2-benzoyl-1,3-diphenylpentane-1,4-
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dione) was obtained. With AgSbF6 (5 mol %), this trione
was obtained in 97% yield. These results are consistent with
the mechanistic hypotheses shown in Scheme 44 in which
the enol of the 1,3-dicarbonyl compound or the arene adds
to intermediates 69 or 70 [complexes 70 can be also depicted
as Au(I)-coordinated allenes 70'] (Scheme 44). Although the
factors that control the regioselectivity of the addition are
still not totally understood, propargyl carboxylates bearing
phenyl or gem-dimethyl groups at C-3 lead to products 72
of 1,2-addition to a,-unsaturated Au(I) carbenes 69, whereas
propargyl carboxylates with a methyl group or no substituents
at that position give adducts 71or 73.

Convergent syntheses”® of a-pyrones have traditionally
involved the lactonization of ketoesters.”” Transition-metal
catalyzed cycloaddition®® and annulation reactions® are
recent alternatives that have attracted much attention, but
most are limited by the resulting poor regioselectivity or the
requirement for harsh reaction conditions. The readily
accessible propargyl propiolate 74 could be converted to
different complex o-pyrones 75 by a gold-catalyzed cascade
process (Scheme 45).100

The [3,3]-sigmatropic rearrangement of 74 catalyzed by
gold would generate an enyne allene 76. A 6-endo-dig
cyclization would be induced by the activation of the alkyne
moiety in 76 to give the oxocarbenium intermediate 77. In
one possible pathway, elimination (Scheme 46) would afford
a vinyl o-pyrone 75. The intermediate 77could also be
trapped by a variety of nucleophiles. The trapping of
electrophilic intermediate 77, which can in principle be
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attacked at three distinct sites could be controlled by using
different nucleophiles and reaction conditions.

A new efficient route to 3,y-unsaturated d-lactones 80 by
means of a gold-catalyzed intramolecular nucleophilic attack
of a carboxy ester on an allene has been developed by
Bickvall and co-workers (Scheme 47).10!

It is worth noting that the starting derivatives 79 undergo
only carbocyclization reactions under palladium catalysis.'*?
The proposed mechanism for the formation of compounds
80 is shown in Scheme 48. The allene is activated by
coordination to cationic gold and undergoes intramolecular
nucleophilic attack by the carbonyl oxygen of the ester group
to form the cyclic cationic species 82, which is demethylated
by action of the solvent to produce the neutral vinyl-gold
intermediate 83. Protonolysis of the gold—carbon bond in
83 affords lactone 80 and regenerates the cationic gold
catalyst.

A new catalytic, practical etherification method of alcohols
with a designed ortho-alkynylbenzoic acid alkyl ester 84 as
an effective alkylating agent has been developed (Scheme
49).1%%
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The reaction likely proceeds through the gold-induced in
situ construction of leaving groups and subsequent nucleo-
philic attack of alcohols according to a mechanism illustrated
in Scheme 50.

The synthetic utility of the protocol is further enhanced
by its ability to promote the Friedel —Crafts alkylation under
mild conditions (Scheme 51).

An efficient approach to 2,5-disubstituted furans 87 has
been developed by utilizing gold-catalyzed sequential nu-
cleophilic attack onto esters of 1-alkynyl-2,3-epoxy alcohols
86 with complete regioselectivity (Scheme 52).'%

2.5. Hydroamination of Alkynes

Catalytic additions of ammonia or primary and secondary
amines to nonactivated alkenes and alkynes are called
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hydroaminations. These reactions of fundamental simplicity
represent the most atom efficient processes for the formation
of amines, enamines, and imines, which are important bulk
and fine chemicals or building blocks in organic synthesis.
Consequently, the development of corresponding hydroami-
nation reactions has received much attention.'® Hydroami-
nations of alkynes can only be achieved in the presence of
certain catalysts.'*® It is also important to understand that
alkynes undergo hydroamination reactions more easily than
alkenes. Gold complexes have attracted intense interest for
the development of environmentally benign alternative routes
of hydroamination of unactivated alkenes, alkynes, allenes,
and 1,3-dienes.'"’

Since the first example of gold-catalyzed hydroamination
by Utimoto,'®® intramolecular hydroamination of alkyny-
lamines has made significant progress. Indeed, gold catalysts
accomplished the development of an alternative approach
to indole scaffolds through gold-catalyzed cyclization reac-
tion of 2-alkynylaniles 88 in ethanol or ethanol—water
mixtures at room temperature (Scheme 53).109

Moreover, it was reported the gold-catalyzed cyclization/
conjugate addition type reaction of 2-alkynylanilines 88 with
o,3-enones 90 leading to the 3-alkylindoles 91 in moderate
to high yields (Scheme 54).''°

Usually, the reaction of 88 with 90 resulted in satisfactory
yield at 30 °C. An equimolecular ratio of 88 and 90 were
reacted. The reaction proceeds smoothly even with less
reactive a,3-enones such as -disubstituted a,3-enones and
cyclic enones. Gold-catalyzed sequential cyclization/alkyla-
tion, N-alkylation/cyclization or N-alkylation/cyclization/
alkylation reactions leading to different indoles have been
directed by changing the 2-alkynylaniline 88 /o.,3-enone 90
ratio and the reaction temperature. With the aim at develop-
ing a synthetic protocol involving the use of more environ-
mentally benign solvents and avoiding the need of protecting
groups and/or harsh conditions,''! the gold-catalyzed annu-
lation of 2-ethynylaniline derivatives to 2-substituted indoles
have been also investigated in ionic liquid (Scheme 55).'>
Cyclization of 2-alkynylanilines in the presence of
NaAuCly*H,O using [bmim]BF, as the reaction medium
affords 2-substituted indoles in high yields ([bmim] ™ stands
for the 1-butyl-3-methylimidazolium cation). The reaction
times were significantly reduced using microwave irradiation.

The nature of the gold salt was found to play a pivotal
role for the reutilization of the catalyst system. Only
n-BusNAuCl, was recycled and reused for more than five
runs without any significant loss of catalyst activity. 2,3-
Disubstituted indoles 91 can be prepared from 2-alkynyla-
nilines 88 and 3-buten-2-one 90a through a one-flask
annulation/alkylation sequence and 1,2,3-trisubstituted in-
doles 93 is obtained from the same starting materials via an
aza-Michael addition/annulation/alkylation process (Scheme
56).

A highly efficient double-hydroamination reaction of
2-alkynylanilines 88 with terminal alkyne 94 leading to
N-alkenylindoles 95 was developed by using gold(Ill) as a
catalyst under neat conditions (Scheme 57).!"” Other catalysts
such as In(OTf)3;, Y(OTf)s, and Sn(OTf), were found to be
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ineffective in this reaction. Different solvents were also
examined, and the best results were obtained without using
any solvent.

A tentative mechanism for the gold(Ill)-catalyzed double
hydroamination is proposed in Scheme 58. Terminal alkyne
94 is activated by Au(OTf); to generate the intermediate 96,
which further reacts with 88 to yield the first hydroamination
product 97. Then the carbon—carbon triple bond of 97 is
activated by Au(OTf); again and produces the intermediate
98 via nucleophilic addition of the imine nitrogen. Finally,
the C-3-position of indole is protonated to give the final
product 95 and the catalyst is regenerated.

As for the intermolecular version, it was demonstrated that
the combination of (PhsP)AuCH; and acidic promoters
efficiently catalyzes hydroamination of alkynes with anilines
(Scheme 59).'"*

The gold(I)-catalyzed intermolecular hydroamination of
alkynes with aromatic amines appears to involve electrophilic
attack of the amine to alkynes (Scheme 60).

The cationic gold(I) species, Au(PPhs)*, generated by
protonolysis of (Ph;P)AuCHj3, has been envisaged to interact
with an alkyne, forming a cationic Au(I)—alkyne complex
I. Complex formation should be favored by an electron-
donating substituent in the alkyne molecule, as was indeed
observed. Two reaction pathways for an amine to react with
the gold(I)—alkyne complex can be considered. One is direct
intermolecular nucleophilic attack of the amine on the alkyne
ligated to the gold center. However, this route has been
considered less likely since an aniline that has a more
electron-withdrawing substituent reacts faster. The other
route, involving coordination of the amine to the gold center
(intermediate II) prior to the C—N bond formation, appears
more probable. Aliphatic terminal alkynes displayed reac-
tivities similar to aromatic alkynes. Internal ones, less reactive
presumably because of steric reasons, required longer reac-
tion times to obtain acceptable yields. It is interesting to note
that phenylhydrazine also added to phenylacetylene, afford-
ing a high yield of the corresponding phenylhydrazone.
Despite the tremendous effort made, aliphatic amines did
not add to alkynes under conditions similar to the aniline
reactions. The catalytic activity of gold(I) catalyst resulted
much higher than that observed with the other catalyst
systems previously reported.''> The findings helped to
overcome the drawbacks of the procedure involving amino-
mercuration of alkynes, followed by demercuration.''®

Amines were obtained in high yields via a gold-catalyzed
hydroamination of alkynes followed by reduction (Scheme
61 ) 117

Interestingly, gold nanoparticles on a polysaccharide-based
support (chitosan) were found to catalyze with very high
yields the regioselective hydroamination of alkynes without
the need for acid promoters and inert atmosphere. The
metal—support interactions were studied by Raman, IR, UV,
and NMR spectroscopy. The interaction between gold and
the NH and OH groups of chitosan allow good dispersion
of the nanocrystals on the biopolymer. The chitosan—silica
composite further stabilizes gold nanoparticles against ag-
glomeration or leaching compared with other supports.''

A method to efficiently prepare substituted 1,2-dihydro-
quinolines and quinolines by Au(I)-catalyzed tandem
hydroamination—hydroarylation under microwave irradiation
was developed.'' This method requires short reaction time
(10—70 min) and has a broad substrate scope (Scheme 62).



New Developments in Catalysis by Gold

Chemical Reviews, 2008, Vol. 108, No. 8 3279

> |

H
89
cl
|| B
N —
H p N
s
a H
89c (80%) 89d (79%)

selective cyclization observed (Scheme 65); with gold(II)
chloride in acetonitrile, the product of a fast hydroamination
to 4-methylene-4,5-dihydrooxazoles was obtained, and in
chloroform, the slower subsequent aromatization could not
be prevented which delivered the oxazoles after long reaction
times.'?! With gold(I) catalysts in chloroform or dichlo-
romethane selective hydroamination to 4-methylene-4,5-
dihydrooxazoles without subsequent aromatization was ex-
clusively observed.

The gold(I) catalysts also allowed chemoselective cycloi-
somerization of N-propargylcarboxamides 107 to 5-methyl-
ene-4,5-dihydrooxazoles 108 (Scheme 66).

Upon treatment with catalytic amounts of gold(I) catalyst
and a base cocatalyst, O-propargyl carbamates 109 smoothly
undergo a 5-exo-dig cyclization at room temperature to afford
4-methylene-2-oxazolidinones 110 in high yield (Scheme
67).'2% Simple AuCl represented a highly efficient catalyst
affording oxazolidone derivative in excellent isolated yield.
It is noteworthy that it was possible to perform the reaction
under air without any loss of catalytic activity. Substrates
with a substituent at the alkyne terminus stereoselectively
give rise to (Z)-4-alkylidene-2-oxazolidinones. The cycliza-
tion of O-propargyl carbamates to 4-methylene-2-oxazoli-
dinones can be also performed under Cu?* or Ag™ cataly-
sis.'?® However, rather long reaction times and elevated
temperatures are usually required.

Gold(I)-catalyzed intramolecular hydroamination of O-
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The 100a/AgOTf-catalyzed reactions of alkynes 94 with
primary arylamines 99a—b bearing an o-alkylcarbonyl or
-arylcarbonyl group produced 2.4-disubstituted quinolines
103a—b in 63—94% yields within 30 min (Scheme 63).

A study on the gold(I)-catalyzed intramolecular hydroami-
nation of trichloroacetimidates derived from propargyl and
homopropargyl alcohols has been described.'*’ In the pres-
ence of 2—5 mol % of cationic Au(I) complex, a variety of
trichloroacetimidates 104 undergo efficient hydroamination
under an exceptionally mild condition. An orthogonality of
the gold-catalyzed protocol with those using a stoichiometric
electrophile has been demonstrated (Scheme 64).

The reactions with gold catalysts of several propargylic
trichloroacetimidates have been studied. Only with the
propargyl and the 1-methylpropargyl substituent was a

propargyl-N-Boc-hydroxylamine 111 has been reported to
give a novel, catalytic, and mild approach to 2,5-dihy-
droisoxazole derivatives 112 (Scheme 68).'%* After brief
optimization with regard to ligand, counteranion, and solvent,
Au(PPh3)OTf (5 mol%), generated in situ from the corre-
sponding chlorogold complex and silver salts, was best suited
for the current cyclization. However, in a reaction of 111a,
the desired dihydroisoxazole 112a formed, along with a
considerable amount of hydration byproduct because of
adventitious water. By using 4 A molecular sieves as
additive, the hydration could be successfully suppressed. A
similar 5-endo-dig process employed a combination of
superstoichiometric 1,/K,CO;.'>> While the approach af-
forded a novel route to 4-iodo-functionalized 2,5-dihy-
droisoxazoles (3-isoxazoline), use of stoichiometric Lewis
acid sets several limitations: (1) harsh conditions imposed
by strong electrophilic I, (3 equiv) and (2) the protocol will
not be applicable to olefinic substrates because the reagents
favor the activation of alkene over alkyne.

The reactivity of gold was extended beyond the paradigm
of electrophilic activation, and further reactions wherein gold
serves both as a sr-acid and as an electron donor have been
developed. The reactivity by gold(I)-promoted addition of a



3280 Chemical Reviews, 2008, Vol. 108, No. 8

Scheme 58
——
[Au]
. @(
88
[— ©\/
)
RW
Scheme 59

(PPha)AuMe (0,1 mol %)

Br
Z Br H3PW1,0,5 (0.5 mol %) Q
AT
HoN 70°C,2h

2!
94%
Scheme 60
ArNH,
R——= ® AU
PPhs
H+
Me—Au—PPhg [AU F’Pha ArN= Au PPhy
I
ArHN | H
ArN>/_CHa @A
PPhy
Scheme 61

P 1) AUCl; (5 Mol%) /@
: = /@ neat, 25 °C HN
N _
HyN 2) NaBH, @)\Me
88%

leaving-group-bearing nucleophile to an acetylene with
subsequent gold(I)-assisted loss of the leaving group have
been exploited (Scheme 69).

Indeed, a modification of the Schmidt reaction'?® wherein
alkyl azides 113 serve as nucleophiles toward gold(I)-
activated alkynes with subsequent gold(I)-aided expulsion
of dinitrogen allowed the synthesis of multiply substituted
pyrroles 114 (Scheme 70)."%’

A highly efficient method for the preparation of syntheti-
cally useful tricyclic indole derivatives 116 having a sub-
stituent at the 3-position of the indole nucleus was established
by sequential AuBr;-catalyzed cyclization of N-(o-ethy-
nylpg%nyl)inﬂnes 115/[3 + 2]cycloaddition reactions (Scheme
71).

The previously reported protocol for the preparation of
3-substituted tricyclic indoles 116 involved a stoichiometric
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amount of W(CO)s to bring the reaction to completion.'?’
Although various metal complexes exhibit much higher
catalytic activity than the tungsten carbonyl complex,'** PtCl,
and AuBrswere found to be the best catalysts in terms of
product yield and reaction time, respectively.

A cascade cycloisomerization of propargyl N-containing
heterocycles 117 into various types of N-fused pyrrolo
heterocycles 118 in the presence of gold catalyst has also
been developed. The reaction proceeds via alkyne—vinylidene
isomerization with concomitant 1,2-migration of H, silyl-,
and stannyl groups, as well as previously unknown 1,2-
migration of a germyl group, giving easy access to a variety
of C-2-functionalized heterocycles (Scheme 72).13!

Acetyloxy, diethylphosphatyloxy, and O-TBS-protected
propargylic substrates 119 bearing alkyl, aryl, heteroaryl, and
alkenyl substituents at the triple bond, as well as those
possessing terminal alkyne moiety, underwent very smooth
cycloizomerization in good to excellent yields (Scheme
73).!3 The cycloisomerization protocol appeared to be
general with regard to the heterocyclic core: C-1,C-3-
disubstituted indolizines, pyrrolo-quinoxalines, and pyrro-
lothiazoles can efficiently be synthesized from readily
available precursors.

2.6. Gold-Catalyzed Addition Reactions of Sulfur
Nucleophiles to Carbon—Carbon Triple Bonds

The fact that sulfur is generally poisonous toward transition
metals seems to indicate a general incompatibility between
the two."*? Nonetheless, some novel and exciting gold-
catalyzed additions of a diverse range of functionalized sulfur
derivatives to alkynes, conjugated olefin systems, and allenes
have been reported. Facile synthesis of benzothiophenes
bearing a substituent at the C-3 position is of great interest
because this structural framework is often seen in biologically
active compounds.'** In general, functionalization of the C-3
position is carried out by electrophilic substitution reac-
tions.'*> However, lithiation at the C-3 position by using
sec-BuLi is required prior to alkylation to attach an alkyl
group, such as (c-alkoxy alkyl), benzyl, or allyl groups.'*®
Interestingly, the gold-catalyzed cyclization of (a-alkoxy
alkyl) (ortho-alkynyl phenyl) sulfides, 121, under mild
conditions can give 2,3-disubstituted benzothiophenes, 122,
in excellent yields (Scheme 74)."%’
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The (p-methoxyphenyl)methyl sulfide, 121a, was con-
verted into the corresponding benzothiophene, 122a, in 98%
yield in the presence of 2 mol % of AuCl (Scheme 75).

A plausible mechanism for this gold-catalyzed reaction is
illustrated in Scheme 76. Gold(I) chloride is coordinated by
the triple bond of substrate 121. Nucleophilic attack of the
sulfur atom of 123 at the alkynyl moiety gives the cyclized
intermediate 124. The catalytic cycle is completed by
trapping of the vinyl—Au intermediate with the R-alkoxy-
alkyl, allyl, and benzyl groups, in an intramolecular fashion.

It was also recently reported that a vinyl—Au intermediate
can be intramolecularly captured by silicon electrophiles, so-
called silyldemetalation.'*® The gold-catalyzed cyclization
of (ortho-alkynylphenylthio)silanes 126 produced the cor-
responding 3-silylbenzo[b]thiophenes 127 in good to excel-
lent yields. The reaction proceeded under mild conditions
without the formation of undesired byproducts, making this
methodology useful for the synthesis of highly functionalized
3-silylbenzo[b]thiophenes in an environmentally benign
manner (Scheme 77).



3282 Chemical Reviews, 2008, Vol. 108, No. 8

Scheme 70
n-Bu Ns 2.5% O(dppm)Augclg, H
5% AgSbFg n—Buﬁ/n—Bu
A CH,Cly, 35 °C
n-Bu
13 93% 114
Scheme 71
R R! R'
|r cat. PtCl, or
N AuBry N N
—_— Ra —_— / RS
S /\RS RZ
115\ - M 116 R®
R1
I

R’ R
N v e/ ® 7
N N
—_— R2 o~ R2 .
S 7 e
\ R
R Me M

transition metal-containing
azomethine ylide

Rt

1,0-R2 R!
R N migration N
—_—
[3+2] g R \ /R
M M R2

carbene complex

Propargylic sulfides and dithioacetals 128 are found to
afford indene derivatives 129 through pentannulation of
aromatic rings (Scheme 78).139

The reaction presumably involves Au carbene as the
reactive intermediate (Scheme 79).

2.7. Hydroxylation Reactions of Allenes

Gold-catalyzed cyclization reactions of allenyl carbinols
were investigated by Krause et al. Recently, novel furano-
mycin analogues 131 were synthesized as mixture of two
diastereomers using the gold-catalyzed cyclization of a-hy-
droxyallenes 130 as the key step (Scheme 80).'%°

Compared to the traditional use of stoichiometric amounts
of silver salts, gold catalysis is much more efficient for the
cyclization of highly functionalized substrates. Hydroxy-3,4-
dienoates 132a—b were smoothly converted into the corre-
sponding tri- and tetrasubstituted 2,5- dihydrofurans 133a—b
by simple treatment with HCI gas in chloroform or more
conveniently by using acidic Amberlyst 15 resin in refluxing
dichloromethane.'*! The transformation proceeds under
perfect chirality transfer, furnishing the desired heterocycles
in good yields and diateroselectivities of up to 90%.
However, acid-labile substrates (i.e., silylated hydroxyallenes)
or those that would readily undergo elimination reactions to
the corresponding vinyl allenes are incompatible with this
method. In addition, bases, or fluoride,'*? transition metals
such as Pd(IT)'** or Ag(I)'** have been used for this purpose.
The method of choice, however, is the use of homogeneous
gold catalysts because this combines a high reactivity and
excellent stereoselectivity with a tolerance to many functional
groups. Indeed, under the presence of a catalytic amounts
of AuCl; (5—10%), the ester-substituted 2,5- dihydrofurans
133a—d have been obtained with good to excellent yields
in dry dichloromethane at rt (Scheme 81).

As in the acid-induced cyclization, the reaction not only
proceeded under complete chirality transfer but also proved
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to be of wide scope with regard to the substitution pattern
of the allenic entity, furnishing both, tri- and tetrasubstituted
2,5-dihydrofurans. Whereas the cycloisomerization of phen-
yl-substituted a-hydroxyallene 134 to 2,5-dihydrofuran 135
catalyzed by gold(I) or gold(IIl) chloride takes place with
considerable epimerization, high levels of axis-to-center
chirality transfer can be reached in the presence of additives
(e.g., 2,2'-bipyridine), by using a moderately coordinating
solvent (e.g., THF) or by lowering the reaction temperature
(Scheme 82).

The increased stability and selectivity of the catalysts thus
formed allows their application to the cycloisomerization of
various functionalized a- and S-hydroxyallenes, as well as
a decrease of the catalyst loading to 0.1%.'** This mild and
efficient method has been applied to the synthesis of natural
product derivatives. One of the synthetic approach to the
totals synthesis of citreoviridin and its metabolite citreoviral,
which is far less toxic, relied on the heterogeneous Ag(I)
cyclization of hydroxyallene 136 to the citreoviral precursor
137 (Scheme 83).'# There, almost stoichiometric amounts
of silver nitrate were required to achieve a good yield of
product 137. The TBS—ether a-hydroxyallene 136 was
converted into the corresponding dihydrofuran derivative
upon treatment with only 5 mol % of AuCl; in dichlo-
romethane (80% yield). Compared to Ag(I)-promoted cy-
clization, gold(Ill)-catalysis proved to be advantageous not
only for economical and ecological reasons but also in terms
of reactivity. Thus, complete conversion of 136 was achieved
in 3 h at room temperature, furnishing 137 after removal of
the catalyst as a 60:40 mixture of diastereomers in 80% yield.
No aqueous workup is required: the desired heterocycles are
obtained spectroscopically pure just after evaporation of the
solvent, followed by short flash column chromatography to
remove the metal catalyst.'*’

More recently, the first enantioselective total syntheses of
the f-carboline alkaloids (—)-isochrysotricine 138 and (—)-
isocyclocapitelline 139 have been accomplished (Scheme
84).'® This synthesis clearly demonstrates that homogeneous
gold catalysis is a perfect tool for the stereoselective
construction of complex natural products.

The cycloisomerization of f-hydroxyallenes 140 led to
dihydropyrans 141 (Scheme 85)."* Both gold(I) and gold(III)
were found to be competent precatalysts and afforded the
6-endo-cyclization product 141 with ~60% yield. No trace
of the 5-exo-isomer could be detected. Interestingly, the yield
was hardly affected by the solvent and the presence of silver
salts, which leads to the formation of cationic gold species.
Further experiments with cationic gold catalysts in non-
coordinating solvents made it possible to decrease the
reaction time considerably. The method was extended to the
[B-aminoallene, which afforded tetrahydropyridine in good
yield as well.

The gold(I)-catalyzed 6-endo-cycloisomerization of 5-hy-
droxyallenes 142 provides a mild and efficient access to
chiral functionalized dihydropyrans 143, which were obtained
at room temperature in good chemical yields with axis-to-
center chirality transfer (Scheme 86).

Chiral y-substituted allenamides 144 have been shown to
undergo efficient gold-catalyzed cyclization to highly func-
tionalized dihydrofurans 145 (Scheme 87)."°° Reactions
proceed rapidly and without loss of stereochemistry in
contrast with the Brgnsted acid-catalyzed and TBAF-
mediated cyclization which displayed no or poor diastereo-
selectivity.'!
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y-Hydroxy and d-hydroxy allenes underwent Au-catalyzed
intramolecular hydroalkoxylation within minutes at room
temperature to form the corresponding oxygen heterocycles
in good yield with high exo-selectivity.">® For example,
reaction of the y-hydroxyallene 146 with a catalytic 1:1
mixture of [Au{P(-Bu),(o-biphenyl)}Cl] 147 and AgOTs
(Ts = toluene-p-sulfonyl) at room temperature for three

minutes gave the 2-vinyltetrahydrofuran 148 in 91% yield
(Scheme 88).

The rate, efficiency, and stereoselectivity of this hy-
droalkoxylation pointed to the feasibility of an analogous
enantioselective protocol. Au, complexes of the form
[Au2(P—P)Cl,] (P—P = 2,2'-bis(diarylphosphino)-biphenyl),
activated by AgOTs, as precatalysts, have been targeted for
the enantioselective hydroalkoxylation of allenes. Optimiza-
tion studies identified (S)-149 as an effective supporting
ligand for enantioselective hydroalkoxylation (Scheme 89).
Employment of AgOTs as a cocatalyst was fortuitous as the
yields and enantioselectivities were significantly higher than
when a range of common silver salts were used. Also
noteworthy was that nonpolar solvents provided considerably
higher enantioselectivities than polar solvent. Toluene emerged
as an attractive solvent because of its low melting point and
the high rate of hydroalkoxylation in toluene.'>* The absolute
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configuration of the catalyst (S) determines the configuration
of the sp’ stereocenter of the product (R).

2.8. Hydroamination Reactions of Allenes

Intramolecular cyclization of allenes with tethered amines,
in the presence of a transition metal catalyst represents the
most common route for generating nitrogen-containing
heterocycles. Silver and mercury salts have been used for
this purpose.'>* However, the Lewis acidity of the former
catalyst and toxicity of the latter catalyst restrict their use in
the hydroamination. An alternative strategy involves the use
of organolanthanides'>® and titanium,'*® as well as group 4
metal-bis(sulfonamido) complexes.'>” Palladium-catalyzed
reactions of cyclization of aminoallenes occurred under acidic
conditions.'>® The use of a carboxylic acid as an additive
and high reaction temperature (70 °C) were the drawbacks
of the palladium-catalyzed hydroamination.'”® Moreover,
although many catalysts such as Pd(OAc),, PdCl,, [Pd-
(PPh3)4], and [Pdy(dba);]+CHCl; failed to give the desired
cyclized products, exposure of 4-(1'-methylallenyl)-2-azeti-
dinone 150 to 5 mol % AuCl; in CH,Clproduced the bicyclic
B-lactam product 151 in 65% yield (Scheme 90).'°

Yamamoto and co-workers reported results concerning
Au(I)- and Au(Ill)-catalyzed room-temperature intramolecu-
lar hydroamination of allenes leading to pyrrolidines and
piperidines.'®! Wherein the amine was not protected by any
protecting group, did not give any desired product; a complex
mixture was obtained. The scope and synthetic utility of the
gold-catalyzed process has been enhanced dramatically by
chirality transfer from the starting aminoallenes to the
products (Scheme 91).

Indeed, treatment of enantiomerically pure aminoallene
152 with 1 mol % AuCl in THF at rt gave pyrrolidine 153
in excellent yield with 94% ee (Scheme 92).

The gold-catalyzed cycloisomerization of various o-ami-
noallenes 154 afforded the corresponding 3-pyrrolines 155
in good to high chemical yields and, if the amino group is
unprotected, with complete axis-to-center chirality transfer
(Scheme 93).'%> The low reactivity of the intramolecular
hydroamination of unprotected a-aminoallenes with AuCls
was improved by use of gold(I) halides as the precatalyst.
Mechanistic studies suggest that a gold(I) compound (formed
by oxidation of the aminoallene) is the catalytically active
species even if the reaction is started with a gold(IIl)
precatalyst. Diminished levels of chirality transfer were
observed in cases of N-protected substrates, which may be
the result of partial epimerization of the allene in the presence
of the gold precatalyst.

The system optimized for the enantioselective hydroalkox-
ylation of allenes was targeted to the enantioselective
hydroamination of N-allenyl carbamates.'®® Chiral dinuclear
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gold(I)-phosphine complexes 156 could act as efficient
catalysts for the asymmetric hydroamination (Scheme 94).

Treatment of the N-4,5-hexadienyl carbamate 157 with a
catalytic 1:2 mixture of [(S)-149]Au,Cland AgClO, in
m-xylene at —40 °C for 24 h led to isolation of 2-vinylpyr-
rolidine 158 in 97% yield with 81% ee (Scheme 95). Gold()-
catalyzed enantioselective hydroamination was effective for
a number of carbamate groups and tolerated terminal
disubstitutution of the allenyl moiety.

Toste and co-workers highlighted the dramatic amplifica-
tion of the enantiomeric excess observed when benzoate
counterions were employed in the intramolecular hydroami-
nation of tosyl allenes.'® This discovery resulted in the
development of phosphinegold(I)-bis-p-nitrobenzoate com-
plexes as catalysts for enantioselective formation of vinyl-
substituted pyrrolidines and piperidines. The intramolecular
hydoammination of 159 led to the formation of the vinyl
disubstituted pyrrolidine 161 in 88% yield and 98% ee by
using 3 mol % of (R)-xylyl-BINAP-(AuOPNB), 160 an
isolable, bench-stable complex as catalyst (Scheme 96).
Importantly, a variety of BINAP and biaryl-based gold
complexes were found to catalyze this transformation with
good enantioselectivity.

Traditionally, transition metal-catalyzed enantioselective
transformations rely on chiral ligands tightly bound to the
metal to induce asymmetric product distributions. Very
surprisingly, high enantioselectivities can be conferred by a
chiral counterion in gold-catalyzed hydroalkoxylation and
hydroamination of allenes.'®® These transformation catalyzed
by cationic gold(I)-generated products in 90 to 99% enan-
tiomeric excess with the use of chiral binaphtol-derived
phosphate anions. Furthermore, the chiral counterion can be
combined additively with chiral ligands to enable an asym-
metric transformation that cannot be achieved by either
method alone.'®®

An important aspect of hydroamination is the relative
difficulty in achieving intermolecular hydroamination as
compared to the intramolecular version. However, only few
examples are known for the intermolecular hydroamination
of allenes. Group 4 metal-catalyzed'®’ and palladium-
catalyzed'®® hydroamination of allenes with aryl amines have
been reported. The intermolecular hydroamination of allenes
162 with aniline takes place with AuBr; at ambient temper-
ature in THF to give the corresponding allylic amines 163
in good to high yields (Scheme 97).'%

Furthermore, the axial chirality of allenes 164 can be
transferred with very high ee values to the products 165
(Scheme 98).

The intermolecular hydroamination with aliphatic amines
is more difficult. Yamamoto and Nishina succeeded in
running the gold(I)-catalyzed intermolecular hydroamination
with an aliphatic amine and found that the control of steric
environment around gold center by using appropriate phos-
phine ligands is a key for making it feasible to carry out
such aliphatic hydroamination (Scheme 99).'”°

2.9. Hydrothiolation of Allenes

Various gold precatalysts, such as AuCl, Aul, AuCls, or
AuBr3;, induced the stereoselective cycloisomerization of
o-thioallenes 166 to furnish the 2,5- dihydrothiophene 167
in good to excellent yields (Scheme 100).'”" Conversely,
copper or silver precatalysts afforded no cyclization products.

Interestingly, the reaction time can be decreased dramati-
cally by changing the halide anion in the order C1 > Br >
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I. By using the highly active gold(I) iodide, the catalyst
loading could be reduced to 1 mol%. Not surprisingly, the
less Lewis acidic [PhsPAuCl] does not catalyze the cycloi-
somerization. The use of AuCl; or AuBr; led to the formation
of the disulfide as side product. A plausible mechanistic
model of the gold-catalyzed cycloisomerization of a-thio-
allenes to 2,5-dihydrothiophenes is shown in Scheme 101.
Coordination of the carbophilic gold catalyst to the “terminal”
allenic double bond (intermediate 168) is required for an

152 96% ee

intramolecular nucleophilic attack of the thiol via an SN2-
type transition state to afford the zwitterionic species 170
which upon protodemetalation is transformed into the
heterocyclic product with complete axis-to-center chirality
transfer. Compared to the other heteroatom-substituted
allenes, however, coordination of the gold catalyst to the
sulfur atom of the o-thioallenes (complex 169) is probably
more pronounced than its coordination to other heteroatoms,
causing a lower reactivity. The observation of a disulfide as
a side product if a gold(III) salt is used as the precatalyst,
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may indicate that a gold(I) compound is the catalytically
active species in all cases.
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2.10. Hydroalxoxylation of Alkenes and
1,3-Dienes

Mild, metal-catalyzed additions of N—H and O—H bonds
across olefins have been sought for decades, and efforts to
develop such processes have intensified in recent years.
Triflic acid and sulfuric acid-catalyzed intramolecular addi-
tions of the N—H bond of sulfonamides, carbamates,
acetamides, and benzamides across the C=C double bond
of alkenes have been reported.'” Alternatively, simple olefins
can be activated by gold, even if they are surely less reactive
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than alkynes. The first important contribution in this field
was published by He and Yang.'”? Intermolecular additions
of phenols and carboxylic acids to alkenes can be catalyzed
by Ph;PAuOTf under relatively mild conditions. The
carbon—heteroatom bonds through activation of inert olefins
have been traditionally mediated by acids or stoichiometic
amounts of toxic reagents.'’”> The reaction mechanism is
proposed in Scheme 102.

Cationic gold(I) binds and activates alkene for a nucleo-
philic addition by the phenols or carboxylic acids, a reaction
similar to the Wacker process catalyzed by palladium(II).'”*
A subsequent proton-transfer step affords the final product
and regenerates gold(I) catalyst. The gold catalyst also
promotes migration of double bonds, which gives rise to
formation of small amounts of side products for some
substrates. The reaction is simple and runs under relatively
mild conditions. Reactions were conducted with 1 mmol of
nucleophiles, 4 mmol of olefins, and 2 mol % (for phenols)
or 5 mol % (for carboxylic acids) of PhsPAuCl/AgOTf in 2
mL of toluene at 85 °C to give in good yield the Markovni-
kov product 175. Different solvents were screened, and
toluene was found to be the best solvent for this reaction.

The same catalytic system was used to prepare dihy-
drobenzofurans 177 from aryl allyl ethers 176 through an
intramolecular domino process (Scheme 103).'7>

The reaction appears to proceed by a Claisen rearrange-
ment, followed by addition of the resulting phenol to the
allyl group. The authors gave the experimental evidence that
cationic gold is capable of mediating both reaction steps,
although the rearrangement is the rate-limiting step. On the
other hands, other experiments demonstrate that the rear-
rangement step is faster in the presence of the more oxophilic
gold(III) (Scheme 104).

Li and co-workers extended this principle to 1,3-dienes
and found an interesting atom-economical annulation of
phenols 178 to give benzofuran derivatives 179 (Scheme
105).'7

The reaction involves a sequential double addition of a
carbon and an oxygen nucleophile to the diene. Interestingly,
gold(IIl) gave best results whereas cationic gold failed.

The effective addition of alcohols to alkenes can also be
catalyzed by Au(Ill) and carried out under mild conditions
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with catalytic amounts of CuCl,, which significantly stabilize
the cationic Au(III).177 Of course, related acid-catalyzed
additions of alcohols to alkenes are classic reactions in
organic chemistry.'”® The stabilizing effect was proven

methanol at 120 °C starts to form metallic particles after 2
min, while in the presence of CuCl, (0.2 mmol), no metallic
particles were observed in one hour. The AuCl;—CuCl,
catalytic system has been applied to the addition of various
alcohols to alkenes (Scheme 106). It is shown that the catalyst
works very well for primary alcohols with styrene conver-
sions in the order of 95% and the selectivity for the ether of
85%. Secondary alcohols react more slowly than primary
alcohols, while tertiary alcohols have very low reactivity.
Interestingly, addition of ethylene glycol is also effective.
The alcohols can also be added to other alkenes, following
Markovnikov’s rule.

In the reaction mechanism for the addition of alcohols to
alkenes over Au(IIl)—CuCl,, Au(Ill) acts as a Lewis acid
that activates the alkene to form the corresponding gold
complex 180, which is then attacked by the alcohol to form
the intermediate complex 181(Scheme 107). Both 181 and
the transition state 182 would be sterically quite crowded,
and this could be the reason why secondary alcohols react
more slowly than primary alcohols while tertiary alcohols
fail in this reaction. A rearrangement of 182 to 183 affords
the final product and regenerates the Au(Ill) catalyst.
However, there is a parallel process in which Au(Ill) is
reduced into the less-active Au(I) and then into the nonactive
Au(0). This makes the reaction stop at low levels of
conversion, unless the reduction process is slowed down by
the redox cycle in the presence of CuCl,,

2.11. Hydroamination of Alkenes and 1,3-Dienes

The hydroamination reaction of alkenes have been tradi-
tionally carried out in the presence of alkali metals, lan-
thanides, and group 4 complexes.'®® The proton-catalyzed
addition of amines to alkenes by using PANH;B(C¢Hs)4* Et,0
as the promoter has been described.'’” The hydroamination
reaction using a palladium'®® and rhodium complexes has
been explored.'®' More recently, catalysis by early transition
metals have been investigated.'®* Lewis acids could also
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serve as competent catalysts.'®® Catalysis by late transition
metals has been also explored,'®* and gold catalysts can
provide alternative procedures for olefin hydroamination. He
and Che described a very interesting inter- and intramolecular
gold(I) hydroamination reaction. They tested reactions
between cyclohexene 184 and various nitrogen nucleophiles.
N-cyclohexyl-p-toluenesulfonamide 186 was prepared in 90%
isolated yield by reacting p-toluenesulfonamide (TsNH,) 185
with 4 equiv of 184 in toluene with a catalytic amount (5
mol %) of PhsPAuOTT (generated by mixing equal equiva-
lents &E Ph;PAuCl and AgOTf) at 85 °C for 15 h (Scheme
108)."%

Other Lewis acids, such as Zn(OTf), and Cu(OTf¥),, could
not catalyze the same reaction, and Sc(OTf); gave less than
20% of the addition product under the same conditions. The
hydroamination of 1,5-dienes 187 with TsNH; 185 produced
pyrrolidines 188 in an “one-pot” operation (Scheme 109).
The first intermolecular hydroamination of a 1,5-diene by
185 could be followed by a second intramolecular hydroamination.

Rapid and reliable microwave applications resulted ad-
vantageous for gold(I)-catalyzed intra- and intermolecular
hydroamination of unactivated alkenes and could provide a
useful tool for high-throughput synthesis (Scheme 110).'%°
The use of microwave radiation as a heat source allows a
convenient access to the temperature needed to allow
completion of the reaction in a much shorter time than that
required underconventional thermal conditions.

Electron-rich phosphines such as P(z-Bu),-(o-biphenyl)
were particularly effective supporting ligands for intramo-
lecular hydroamination of unactivated olefins under milder
conditions and with broader substrate scope than previously
realiz;cig with late transition-metal catalyst systems (Scheme
111).

[ -
Ph >
pp TS AgOTF (5 mol%) Phﬁ

100°C, 24 h Ph

P(t-Bu),(o-biphenyl), dioxane, 98%
PPhg, dioxane, 75%
P(p-CH3;0-CgH,)a, dioxane, 70%

P(p-CF3-CgHy)3, dioxane, 23%

Treatment of an N-4-pentenyl or N-5-hexenyl urea with a
catalytic 1:1 mixture of a gold(I) N,N-diaryl imidazol-2-
ylidine complex and AgOTf at or near room temperature
leads to intramolecular exo-hydroamination to form the
corresponding nitrogen heterocycle in excellent yield.'®® As
is the case with electron-rich phosphines, N-heterocyclic
carbenes are strong o-donors that form stable compounds
with a diverse range of transition metals including gold(T)."*’
In particular, the highly sterically hindered, commercially
available 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidine
190 resulted in an exceptionally active supporting ligand for
the intramolecular hydroamination of N-alkenylureas 189.
The resulting nitrogen heterocycles 191 were formed in
excellent yield with good regioselectivity and up to 5.5:1
diasteroselectivity (Scheme 112).

Reaction of methylenecyclopropanes 192 with sulfona-
mides produces the corresponding pyrrolidine derivatives 193
in moderate to good yields under the catalysis of Au(l) via
a domino ring-opening ring-closing hydroamination process
(Scheme 113).1%°

Interestingly, gold(I)-catalyzed intermolecular ring-opening
of unactivated vinylcyclopropanes (VCPs) 194 with sulfona-
mides can allow the formation of useful derivatives of
homoallylic amines 195 (Scheme 114)."”' Various metal
catalysts, solvents and conditions were screened. The use of
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10 mol% AuCl((PPh3)/AgOTTf and 3 equivs of 194 in toluene
at 50 °C gave 195 in 73% isolated yield. The yield of 195
did not drastically change when using gold(I) complexes
containing electron-rich or more sterically demanding phos-
phine ligands. On the other hand, catalysts with electron-
deficient aryl phosphines led to the preferred formation of
product 196, isolated in moderate yields. Moreover, metal
salts such as AuCls;, AgOTf, and Pd(OAc), were found to
be catalytically inactive. The same reaction is also efficiently
catalyzed by HOTT, thus making it more convenient for
synthetic purposes.

PhsPAuOTH( catalysis has been extended to hydroamination
of 1,3-dienes under mild conditions.'”?* A variety of car-
bamates and sulfonamides added to conjugated dienes to
afford protected allylic amines in good to high yields
(Scheme 115). The use of excess diene was not necessary.

Recently, the reaction mechanism of the gold(I)-phos-
phine-catalyzed hydroamination of 1,3-dienes was studied
by means of density functional methods combined with
polarizable continuum models. It was found that the most
favorable series of reaction steps include the ligand substitu-
tion reaction in the catalytically active PhsPAuOTT species
between the triflate and the 1,3-diene. Subsequent nucleophile
attack on the N-nucleophile on the activate double bond is
followed by proton transfer from the NH, group to the
unsaturated carbon atom. The role of the triflate counteranion
acting as a proton shuttle is consistent with experimental
findings.'?"

2.12. Hydrothiolation of Conjugated Olefins

The addition of thiols to conjugated dienes can be simply
achieved by radical initiators or by Brgnsted acid catalysis.'*?
However, radical-based mechanisms result in competing
telomerization when using alkyl-substituted thiols, and strong
Brgnsted acids are incompatible with many synthetically
useful functional groups. Furthermore, with styrene sub-
strates, radical processes produce anti-Markovnikov addition
of the thiol, while acid-based catalysts produce the corre-
sponding Markovnikov addition products. Earlier attempts
to demonstrate Markovnikov addition with Lewis acid
catalysts, such as titanium(I'V) chloride and aluminum(III)
chloride, have required stoichiometric amounts of the
metal.'”* Thiol additions to conjugated olefins can be
catalyzed by Phs;PAuBF, with excellent yields at room
temperature (Scheme 116).'
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A variety of functionalized thiols, with both electron-
donating and -withdrawing substituents, are compatible with
this system. Hydrothiolations of 1,3-cyclohexadiene were
also achieved in similar yields at 50 °C. Like most reported
gold-catalyzed processes, the hydrothiolation reaction re-
quired noncoordinating counteranions. Many solvents were
screened, and only chlorinated solvents afforded products.
Dichloromethane and chloroform were the best for the
reaction.

3. Activation of Carbonyl/lmine Groups and
Alcohols

The reasons of the recent growing popularity of gold
catalysts used as Lewis acids in various catalytic transforma-
tions have been recently highlighted by Yamamoto.'®
Classic Lewis acids, such as BCls, and AlCl;, are known to
make strong o-complexes with carbonyl and imine groups'®’
that make them versatile catalysts of the Friedel—Crafts and
other electrophilic reactions.'”® On the other hand, the salts
of transition metals can operate as bifunctional Lewis acids
activating either (or both) carbon—carbon multiple bonds via
m-binding or make the o-complexes with heteroatoms. Heats
of formation for the generation of complexes between
unsaturated compounds with representative metal chlorides'*’
have been computed with the aim to classify various Lewis
acids by their relative ability for making - and o-complexes
with appropriate substrates. The values of the AFcrPey!(imine)
and AFcelenc@lkene) cap represent an useful tool for the
deliberate choice of catalysts for the desired transformations,
especially in the cases when bi- or polyfunctional substrates
are involved. Comparing the ratios of the heats of formation
for the Lewis acids containing the same metal in different
oxidation state (CuCl and CuCl,, AuCl and AuCl;), one can
conclude that the lower oxidation state of the catalyst
increases the relative strength of coordination to the
carbon—carbon multiple bonds. Moreover, the relative af-
finity to the carbon multiple bonds increase with decreasing
nucleophilicity of the anion.

3.1. Condensation Reactions

Recent state-of-art research in organic chemistry requires
the design of highly selective transformations. In other words,
only desired reaction(s) must take place when the substrate
is treated with the reagent, even if the structure of the
substrate suggests numerous possibilities for reactivity. Gold
catalysts often provide this kind of selectivity. Arcadi and
co-workers developed an useful strategy to obtain function-
alized pyrroles through a gold-catalyzed sequential amina-
tion/azr(l)gulation/protonolysis/isomerization reaction (Scheme
117).

The formation of the pyrrole derivative 198 was suggested
to proceed through the formation of the enaminone derivative
199. The regioselective cycloamination of the enaminone 199
by the anti-addition of nitrogen and gold moieties in 5-exo-
dig manner to the acetylenic bond gave a vinylaurate species
200. The following protonolysis of Cy2—Au bond and
isomerization reactions afford the pyrrole 198 (Scheme 118).

Although the interaction to acetylenic bond is one of the
interesting feature of gold(IIl) catalysis, in the case above
NaAuCly had the further specific quality of accelerating the
condensation of ketones with primary amines. Indeed, the
competitive formation of 5-methylene-4,5-dihydrofuran de-
rivatives through tandem intramolecular oxymetalation/ pro-
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tonolysis reactions®®' prevailed over the formation of the
pyrrole nucleus under the presence of a palladium catatalyst.
The reaction of ethyl 2-acetyl-4-pentynoate 197a, that is, led
chemoselectively to the formation of 2-methyl-3-acetyl-5-
methylene-4,5-dihydrofuran 202 in the presence of Na,PdCl4
as catalyst. By contrast the formation of the pyrrole 198a
was observed by using NaAuCly instead of Na,PdCl, as
catalyst (Scheme 119).

The above results clearly point out that the condensation
reaction of 197 with primary amines must be faster than the
oxymetalation reaction to allow the chemoselective formation
of the pyrrole nucleus. On the basis of the assumption that

Arcadi
PhJ\NNHSOZPh + E/)\N—SOZPh
195 Ph 196

the stereogenic center in the starting amine is not affected
during this transformation, subsequent extension of the
procedure to enantiomerically pure amines, 3-amino alcohols
and o-aminoesters led to the preparation of the target 1,2,5-
trisubstituted pyrroles 198b—f in homochiral form (Scheme
120).202

More recently a similar path to pyrroles was reported by
the group of Dake.?*® The authors said that either silver or
gold catalysts efficiently promote this transformation, but
gold(I) precatalyst showed a greater thermal stability,
whereas silver salt increased the speed of the reaction and
gave slightly better yields (Scheme 121).

Gold catalyst can also simultaneously catalyze the nu-
cleophilic attack of the amino group of the propargylamine
to the carbonyl carbon through the formation of a complex
with the C=0 group and promote the nucleophilic attack of
the enamine intermediate over a carbon—carbon triple bond
by forming a complex with the alkyne group according to
the following scheme 122.2%

Indeed, the reaction of of dialkyl acyclic/cyclic ketones,
methyl, aryl/heteroaryl ketones, and aldehydes bearing
o-hydrogens with propargylamine gives rise to pyridines 203
through a gold-catalyzed sequential amination/6-endo-dig
annulation/ aromatization reaction (Scheme 123). Gold(III)
catalysts were very effective. Copper salts were also effective
catalysts when reactive ketones are used. Conversely, ZnCl,,
AICl;, TiCly, and other Lewis acids showed low activity.
The synthetic approach was successfully extended to the
synthesis of steroidal derivatives with fused pyridine rings
and polyannelated pyridines. Whereas linear polycyclic
pyridines are regioselectively obtained by the gold-catalyzed
condensation reaction of polycyclic carbonyl compound, the
angular polycyclic pyridines are obtained starting from the
corresponding o, 3-unsaturated derivatives. Selective ami-
nation of the unsaturated carbonyl groups was observed in
polycyclic dicarbonyl compounds.

Polysubstituted quinolines have been readily prepared
under milder conditions than in other previous reported
methods through a gold(Ill)-catalyzed sequential condensa-
tion/annulation reaction of o-amino aromatic carbonyls and
ketones containing active methylene groups (Scheme 124).2%°
The Friedldnder condensation is a two-step process including
enamine formation and cyclodehydration. In its gold-
catalyzed version, NaAuCly catalyzes the first step.

In the course of a medicinal chemistry program directed
at the synthesis of novel GABAB enhancers, the protocol
of Arcadi®® was applied to a wide range of 1,3-diones
including S-keto-esters, [-diketones, [-keto-amides, and
p-keto-sulfones to address various substitution patterns on
the quinoline nucleus.?*® Exclusive regioisomer formation
has been observed in the gold-catalyzed Friedldnder reaction
with special 1,3-diketones (Scheme 125).

The gold-catalyzed amination was extended to the devel-
opmnent of a greener approach to the synthesis of S-enamino
esters and enaminoketones 208 according to Scheme 126.2"

The procedure is quite general for a wide range of amines,
such as aliphatic, cyclic, and aromatic amines, and ammonia.
Results shown in Scheme 127 in comparison with those
reported in the literature by traditional methodologies show
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that the gold-catalyzed condensation reaction of 1,3-dicar-
bonyls 206 and amines 207 to give 208 provides a remark-
ably viable alternative route for the synthesis of enaminones.
All the reactions have been carried out at room temperature.
It should be pointed out that in the reaction of aryl-alkyl-
dicarbonyls with amines was observed the regioselective
amination of the aliphatic carbonyl group (Scheme 127,
208b). In addition when the 1,1,1-trifluoroacetylacetone and
1-(2-thenoyl)-3,3,3,-trifluoroacetone were allowed to react
with amines only the enaminones derived from regioselective
amination were observed (Scheme 127, 208d and 208e).

The effectiveness of gold(IIl) catalysis in the reaction of
1,3-dicarbonyls with N-, O-, S-, and P-nucleophiles has been
also investigated. Moreover, gold(III) derivatives are efficient
catalysts for the direct selective alkenylation reaction of
indoles and pyrroles with 1,3-dicarbonyl compounds (Scheme
128).>°® NaAuCly*2H,0 (5 mol %) in acetonitrile afforded
satisfactory results. AuCls; and AuBr;3 can also catalyze the
reaction, but they gave the products in better yield in
combination with silver(I) salts. The silver catalyst alone did
not efficiently catalyze the alkenylation of indoles under the
same conditions. Both gold(IIl) and silver(I) precatalysts have
similar reactivity in the alkenylation reaction of pyrroles.
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Higher reactivity of silver salts was shown for the function-
alization of furans.?®”

The method allows high functional group tolerance,
regioselectivity, and scope under relatively mild conditions.
The 3-alkenylindoles 210 can also be readily available
through gold-catalyzed sequential cyclization/alkenylation
reaction of 2-alkynylanilines 209 with 1,3-dicarbonyl com-
pounds. This sequential reaction can be directed by increasing
the reaction temperature (Scheme 129).

Electron-rich arenes condense efficiently with various
carbonyl compounds under the influence of AuCls, thus
opening up a practical route to triarylmethanes, which have
important applications (Scheme 130). The mild conditions
employed are especially noteworthy.*'® Various heterocyclic
and aryl aldehydes, as well as aliphatic aldehydes, underwent
the reaction smoothly. An electron-rich arene, 1,3,5-tri-
methoxybenzene, required the catalytic system AuCls/
3AgOTf and a slightly elevated temperature (50 °C) to
condense effectively with benzaldehyde. However, with a
more activated electrophile (4-nitro benzaldehyde), the
reaction took place at room temperature to afford the tris
adduct in good yield.

The first reaction of the carbonyl group with the electron-
rich arene is the rate-limiting-step, the reaction of the benzylic
alcohol is much faster. Mercury(Il) perchlorate, thallium(III)
perchlorate, and p-toluenesulfonic acid were also found to
efficiently catalyze the condensation of two furans with
aldehydes or acetone.*''* While mercury and thallium salts,
because of their toxicity, are not an alternative to Brgnsted
acids with non-nucleophilic counterions and ytterbium salts
suffer from activity problems, the mild conditions of the gold
catalysis are an interesting synthetic alternative. In a related
study, Nair and co-workers reported that the more-reactive
o.,B-unsaturated aldehydes underwent a unusual hydroary-
lation with electron-rich arenes in the presence of 1%
gold(II) salt, affording the tris-addition products from good
to excellent yields (Scheme 131).212

3.2. Addition Reactions

In o, 5-unsaturated carbonyl compounds, the olefin reacts
faster than the carbonyl group, while other alkenes remain
intact.”'* Similarly, the reaction of o,3-unsaturated carbonyls
with electron-rich arenes in the presence of Brgnsted acids
was studied,?' ™2 and the results show that better product
yields and higher degrees of selectivity were observed when
gold(Ill) chloride was used as catalyst. The different
selectivities observed with Brgnsted acids and gold catalysts
can either be explained by specific acid catalysis or by a
direct participation of the metal. Thus these experiments do
not rule out a CH-activation of the aromatic system by the
gold catalysts.

The acid-sensitive azulene 211 had given the double
addition product 213 with gold catalyst with tremendous
selectivity (Scheme 132).2'* Cycloaurated compounds 212a
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and 212b were efficient catalysts in the presence of silver
salts. It is remarkable that with AuCl; compound 213 could
be obtained in only a 55% yield after 3 days, whereas for
212a or 212b yields of 90% can be obtained after 24 h. In
this case, the more acidic character of AuCl; versus the less
acidic character of 212a or 212b may be responsible for a
lower yield. This is an indication that electronic or steric
modifications of the coordination environment around the
gold(IIT) center may result in an improved catalytic perfor-
mance. The organogold(IIT) iminophosphorane compounds
are a better alternative to AuCl; for acidic-sensitive substrates.

AuCl; works as an excellent catalyst to mediate reactions
between various heterocycles and conjugate alkenes and
alkynes under mild conditions.?'> The method tolerates

Benzene at reflux, p-toluensulfonic acid (61%})

e
A

208c 62%
o PN
N s 0
< N— | ) HN
O HN —

P 2N CF,
3

208d 96% 208e 95%

different functional groups, such as aldehyde, carboxylic acid,
and nitrile, and is highly efficient. Some of these reactions
complete in minutes at room temperature. In this field,
3-unsubstituted indoles undergo regioselective alkylation at
the 3-position of the indole nucleus through gold-catalyzed
conjugated addition type reaction with a,f3-enones. 3-Sub-
stituted indoles undergo C-2 alkylation. Sequential C-3/C-2
gold-catalyzed alkylation of the indole with dibenzylidene
acetone gives a polyciclic indole b-annulated with a seven-
membered cycle (Scheme 133).%°

In contrast to indoles, under similar reaction conditions,
pyrroles preferentially give rise to doubly substituted prod-
ucts. In an intramolecular competition experiment with a
furan ring, only the pyrrole ring reacted (Scheme 134)."
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The Au(Ill)-catalyzed reaction of o.,3-enones with 7-aza-
indole derivatives 214 showed that steric factors on both
azaindoles and a,3-enones seems were determinant to direct
the reaction toward C-3 versus N-1-alkylation products [215
vs 216] (Scheme 135).%'® In particular, S-unsubstituted o.,3-
enones reacted with C-6 unsubstituted 7-azaindoles to give
N-1-alkylated derivatives through an aza-Michael addition-
type reaction, whereas the substitution on C-6 or S-hindered
enones led to the selective C-3-alkylation of azaindole
nucleus.

Nitrogen versus oxygen coordination of the gold catalyst
can play a central role in the reaction outcome. The conjugate

Chemical Reviews, 2008, Vol. 108, No. 8 3293

Scheme 133

/\)J\/\ Ph Ph
PR X Ph

b
N NaAuCl,s 2 H,0, Ethanol N N

2 H H H
(92%)
Ph O
i s a:b:NaAuClys 2 Hy0=1:2:0.05; 30 °C: 2.5 h i QjQ
it : a:b:NaAuCly® 2 H,0=1:0.5:0.05; 30 °C;1,5 h N Ph

iii :a:b:NaAuClge 2 HyO =1:2:0.05; 30 °C for 2 h and then 60 °C for 3 h

Scheme 134
QO
= . fo) O
o/ 1.1 equiv. j/ /@
N
N 5 mol % NaAuCl, - 2H,0 Ly
@

r, CD,CN, 24 h
35%

addition step could be probably promoted by gold ions, as
well as protons, whereas the regiochemical outcome is
determined by the sterical-dependent possibility to form two
different gold—azaindole complexes (Scheme 136).

A unusual type of intramolecular nucleophilic addition to
alkynes involve a formal activation of a proximate potential
nucleophile (usually a carbonyl compound) by a “trigger”,
which typically is another nucleophile. In these reactions,
the gold catalyst could theoretically carry out a double
activity, enhancing the electrophilicity of both carbonylic
carbon and double bond (Scheme 137).

Larock et Al. envisioned that 2-(1-alkynyl)-2-alken-1-ones
might undergo a gold-catalyzed cyclization to highly sub-
stituted furans.?'® Overall, ready access to a wide variety of
polysubstituted furans 217 is achieved upon reaction of
various 2-(1-alkynyl)-2-alken-1-ones 216 with an unprec-
edented set of nucleophiles under very mild reaction condi-
tions (Scheme 138). Alcohols and 1,3-diketones, as well as
various electron-rich aromatics, serve as efficient nucleo-
philes in this process. The cyclization of 2-(1-alkynyl)-2-
alken-1-ones 216 proceeded smoothly also with a catalytic
amount of BusN[AuCly] in [bmim]BF,. This system is air-
stable and recyclable.?** Copper(I) salts in DMF are also
efficient catalysts, but high temperatures (80 °C) were needed
for the complete reaction.”

Liu’s group synthesized a series of 3(*H)-furanones 219
starting from 2-oxo-3-butynoic esters or alkynyl-1,2-diones
218 (Scheme 139).?*? The reactions proceeded smoothly
under mild condition in the presence of 2% AuCl; in
dichlorometane, and any additive was requested. The cationic
gold complex PhsPAuCl/AgBF, gave similar results. When
the catalyst loading was decreased to 0.1% in the model
reaction, the yields were reduced to only 15%.

An atom-economical gold(I)-catalyzed cascade process of
1-(1-alkynyl)-cyclopropyl ketones 220 with nucleophiles
allowed access to condensed ring systems 221 under ring
expansion (Scheme 140).2%3

Concise synthesis of 1,3-disubstituted-1,2-dihydroiso-
quinolines 223 was established by tandem nucleophilic
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product was observed when a combination of AuCl;/AgOTf
Scheme 139 (2/6 mol%) was employed as catalytic system (Scheme 142).
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commonly employed to promote the Pictet—Spengler reac-
Scheme 140 tion.”?” To enhance the reactivity of imine, an acylating agent
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addition and cyclization of 2-(1-alkynyl)arylaldimines 222
and various nucleophiles in the presence of carbophilic Lewis
acids, such as In(OTf);, NiCl,, and AuCI(PPh;s)/AgNTf,.
Among these catalysts, Au(I) catalysts requires appropriate
proton sources, by which a wide range of nucleophiles and
substrates can be employed for this tandem reaction (Scheme
141).2%

A highly efficient imino Friedel—Crafts type addition of
arenes to imines is developed by using a combination of gold
and silver catalysts;225 various amino acid derivatives are
generated by this method. No reaction was observed by using
several potential catalysts such as ZnCl,, AlCl;, and
RuCl;+3H,0. Even if either AgOTf or AuCl; alone can be
effective catalysts, an improvement of the yield of the desired

was involved. It is likely that this reaction proceeds an
electrophilic pathway involving imine activation by coordi-
nating gold(IIT) complex. The process is mild and efficient
and can be used to synthesize a variety of tetrahydroiso-
quinoline and tetrahydro-$-carboline derivatives that con-
stitute important motifs in biologically active natural and
synthetic organic compounds.

3.3. Aldol Reactions

A first landmark in gold catalysis was made by Ito and
Hayashi when they reported an elegant synthesis of oxazo-
lines 227 using a gold(I)-catalyzed aldol reaction in the
presence of chiral ferrocenylamine ligands 226 that possess
both planar and central chirality (Scheme 144).2%

Mechanistic aspects of this gold(I)-catalyzed aldol reaction
were investigated. It was proposed that the terminal amino
group of pendant side chain of ferrocenylphosphine ligand
226 participates in the formation of enolate of the isocyanate
coordinated with gold and the participation permits a
favorable arrangements of enolate and aldehyde on the gold
at the stereodifferentiating transition state to bring about high
stereoselectivity (Scheme 144, figure A).**° On the basis of
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the proposed mechanism, appropriate modification of the
terminal amino group of the ligand increased the stereose-
lectivity. The ferrocenylphosphine ligand containing mor-
pholino or piperidino group at the end of ferrocene side chain
gave the best results.”** Aldol reaction of 225 with paraform-
aldehyde in the presence of 1% of a chiral (aminoalkyl)fer-
rocenylphosphine-gol(I) complex gave optically active 4-alkyl-
2-oxazoline-4-carboxilates (up to 83% ee), which were
readily hydrolyzed to o-alkylserines.”*! Asymmetric aldol
reaction of 225 with (E)-2-hexandecenal in the presence of
1 mol % of a chiral (aminoalkyl)ferrocenylphosphine-gold(I)
complex afforded optically active trans-4-(methoxycarbo-
nyl)-5-((E)-1-pentadecenyl)-2-oxazoline (93% ee), which was
readily converted into D-threo- and erythro-sphingosines.*

Gold-catalyzed Knoevenagel reactions (Scheme 145) can
be carried out in the presence of catalytic amounts of gold
alkoxides under neutral and mild conditions, where the
catalytic activity and selectivity of the reaction may be
controlled by changing the properties of the alkoxides,
ligands, and the valency of the metal>*

Gold(I) complexes show higher catalytic activity than
gold(III). C-bonded gold complexes can be isolated from the
reactions of gold alkoxides with the corresponding active
methylene compounds. A reaction mechanism involving two
catalytic pathways has been proposed (Scheme 146).

The AuCl;—PPhs-, and AuCls-catalyzed direct Mannich
reactions of aryl aldehydes 228, aryl ketones 229, and
carbamates led to the synthesis of N-protected [(-aryl-f3-
amino ketones 230 (Scheme 147).%3

The formation of imine from carbamate with aldehyde was
easily catalyzed by the gold catalyst, and the aldol reactions
of benzaldehyde or imine with acetophenone could be carried
out with the same gold catalyst. In these different reactions,
the formation of imine was a faster step. From a synthetic
point of view, one-pot three-component reaction represents
an atom-economical synthetic method, as well as a useful
method, for the facile synthesis of 5-amino ketone libraries
(Scheme 148).
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3.4. Hydro- and Carbosilylation Reactions

Hydrosilylation of aldehydes and ketones is an important
reaction for the preparation of various intermediates in
organic synthesis and is generally catalyzed by rhodium,
ruthenium, or platinum complexes.”*> Hosomi and co-
workers**® showed the possibility to hydrosilylate aldehydes
with [(PPh3)AuCl] (Scheme 149).

The reducing power of silane destabilizes the gold(I)
catalyst giving rise to gold clusters or particles, and a large
excess (20%) of E;P, n-BusP, or #-BusP proved to be optimal
for high conversion at 24 °C.**’ In situ IR and NMR
experiments have revealed that both the ligand and the
substrate aldehyde play an important role in stabilizing the
gold catalyst and forming the catalytically active species.
Several side reactions involving water and oxygen were also
investigated. A plausible reaction pathway as an alternative
to the well-accepted mechanism for the transition-metal
homogeneously catalyzed hydrosilylation of aldehydes has
been proposed to accommodate the experimental
observations.”*®*Au(I) complexes supported by donor-func-
tionalized indene ligands®*’ 235, as well as pyridine ONN-
pincer**? gold 237, were synthesized, and their behavior in
hydrosililation carbonyl compounds was evaluated (Scheme
150). The pyridine ONN-pincer gold catalysts were shown
to be very active. The reactions were carried out with
carbonyl compound (1 mmol)/silane (2 mmol), and the gold
catalyst (5%) in toluene (1 mL) at 70 °C under a nitrogen
atmosphere.

The facile recycling of gold hydrosilylation catalyst can
be achieved by using fluorous phosphine-modified gold
complexes.”*® To achieve effective product separation, the
known (AuCl(PPh;3)/n-PBus, n = 6) catalyst system has been
modified by fluorous phosphines which permit the application
of fluorous biphasic or thermomorphic protocols. The addi-
tion of fluorous phosphines [P{(CH,),CsF7}3] (n = 3 (238a)
and 4 (238b)) to [AuCl(tht)] (tht = tetrahydrothiophene) in
CH,Cl, was used for the preparation of the fluorous gold(I)
compounds 239 (Scheme 151).

The fluorous gold(I) compounds 239 are air-stable white
solids that can be stored at room temperature for several
months without decomposition. They are soluble in fluorous
solvents at room temperature and were tested in the biphasic
hydrosilylation of benzaldehyde. The experiments were
carried out under biphasic conditions using FC-72 or
perfluoroheptane as the fluorous phase containing the catalyst.
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Nanoparticles of gold, on carriers that are able to stabilize
cationic forms of gold, can be a general recyclable catalyst
for the hydrosilylation of a large variety of functionalities
(aldehydes, ketones, olefins, imines, and alkynes).241 To find
which, among Au(I), Au(Ill), and Au(0) species, are the
active sites for hydrosilylation, a series of Au(l)
([(PPh3)AuCl], [(carbene)AuCl] (242), and [(tht)AuCl]; tht
= tetrahydrothiophene) and Au(IIl) complexes (240, 241)
(Scheme 152) and salts (KAuCly), as well as colloidal Au(0)
with a mean diameter of 5 nm, have been tested.

Au (I) and, especially, Au (III) species are both active for
the hydrosilylation of carbonyl compounds and olefins, while
nanoparticles of metallic gold (colloidal Au) are only active
for the hydrosilylation of carbonyls. It is noteworthy that
Au/CeQO,, as well as the homogeneous catalysts studied, is
chemoselective for the hydrosilylation of the carbonyl group.
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Moreover, when the Schiff base Au(Ill) complexes,
240—241, are grafted on a mesoporous MCM-41 support,
they are active and chemoselective, and can be recycled
without any decrease in activity. Gold nanoparticles (AuNPs)
of zero oxidation state [Au(0)] are catalytically active for
the cyanosilylation of aldehydes (Scheme 153).>*> The
reactions of aromatic aldehydes were almost quantitative,
except for benzaldehyde derivatives containing the electron-
withdrawing NO, group, and a,f-unsaturated aromatic
aldehydes were the most reactive substrates. The reactions
also went smoothly for aliphatic aldehydes. Mechanistic
studies indicated that the reactions proceeded both homo-
geneously and heterogeneously.

Synthetic reactions using a combination of two metal
complexes have received considerable attention because they
lead to products that cannot be synthesized with only one of
the catalysts.**® Treatment of benzaldehyde with trimeth-
yl(phenylethynyl) silane 243 in the presence of a catalytic
amount of the rhenium complex, [{ReBr(CO)s(thf)},] (2.5
mol%) and AuCl (5.0 mol%) gave diethynylmethane 244 in
72% yield (Scheme 154).2

The yield of 244 increased slightly with use of twice the
amounts of rhenium and gold catalysts. The reaction proceeds
via propargyl alcohols 245 as intermediates (Scheme 155).
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A combination of the rhenium and gold complexes
promotes the first ethynylation step, and the rhenium complex
accelerates the second ethynylation (Scheme 156).

3.5. Nucleophilic Substitution Reactions of
Alcohols

Nucleophilic substitution of propagylic and allylic sub-
strates represents a powerful method for producing useful
synthetic intermediates. Readily available allylic and prop-
argylic alcohols are desirable substrates for the synthesis of
allylic and propargylic amines. Substitution of the hydroxy
group in alcohols by amine nucleophiles generally requires
preactivation of the alcohols because of the poor leaving
ability of the hydroxy group. Alcohols are generally trans-
formed into the corresponding halides, carboxylates, carbon-
ates, phosphonates, or related compounds with good leaving
groups. The process inevitably produces a stoichiometric
amount of salt waste. The substitution of the halides and
related compounds also produces salt waste and requires a
stoichiometric amount of a base. In this context, allylic
aminations of allylic acetates and their derivatives have
intrinsic drawbacks in terms of atom economy. Therefore,
the direct catalytic substitution of alcohols with amines is
desirable. Because no stoichiometric hydroxyl group activator
is used, the products are produced with water as the only
waste. A number of direct allylic aminations catalyzed by
transition metals have been reported.”*> However, in most
cases, either a high reaction temperature is required or a
promoter is added to enhance the leaving ability of the
hydroxy group. Gold catalysts have been reported to act as
propargylic alcohol activating agents in propargylic substitu-
tions (Scheme 157).24¢

The Au(Ill)-catalyzed reaction was tested for a diverse
collection of nucleophiles. The corresponding propargylic
ethers were obtained, using alcohols, in good yields. Thiols
act as efficient nucleophiles to give the corresponding sulfides
in modest to good yields. In the presence of electron-rich
aromatic compounds, Friedel —Crafts arylation occurs to give
the arylated compounds in good yields. Modifications on the
alkynyl part are also allowed because silyl and aryl substit-
uents are well tolerated. Finally, nonbenzylic and tertiary
propargylic alcohols can also act as efficient substrates in
these reactions. The reaction proved to be efficient with
various Au(IIl) catalysts (5%). The best results were observed
with NaAuCl,+2H,0, and this allowed the reduction of the
amount of catalyst to 1%. In the presence of Au(I) catalysts,
more disappointing results were obtained. Finally, no reaction
occurred under the same reaction conditions in the presence
of PtCl, and PdCl,(PhCN), catalysts. In the presence of
ethanol (Scheme 158) and 5% of NaAuCl,-2H,0, the
rearranged unsaturated ketones 247 are obtained in good
yields. However, starting from 245a with only 1% of catalyst,
the reaction can be stopped at the ether stage 246a obtained
in 60% yield (Scheme 158).

Chemical Reviews, 2008, Vol. 108, No. 8 3297

A mechanism involving the formation of a carbonium
intermediate has been suggested because of the observed
racemization in the substituted derivative when starting from
an enantiomerically enriched propargylic alcohol.

Direct amination of allylic alcohols offers a straightforward
route to substituted allylic amines.**” Treatment of a mixture
of diphenylprop-2-en-1-ol 248 and 2 equiv of TsNH, with
2 mol% AuCl; in anhydrous MeCN afforded the correspond-
ing allyl sulfonamide 249 smoothly in 87% isolated yield,
after the mixture was stirred for 30 min at room temperature.
Reduction of the amount of TsNH; to 1 equiv resulted in a
lower yield (67%) of 249 after three hours. The cationic
gold(I) complex AuCl(PPh;)/AgOTf also showed good
catalytic activity in THF to afford 76% of 249; however, a
prolonged reaction time (12 h) was required (Scheme 159).

The method has been applied successfully to various types
of cyclic and acyclic allylic alcohols to provide the allylic
amines in 58—96% yields. Trisubstituted olefins reacted with
tosylamine (TsNH;) smoothly to generate the corresponding
allylic amine derivative in high regio- and stereoselectivity.
However, in these cases, at least 4 equiv of the amine
nucleophile were required to achieve a clean transformation.
Gold(IIT) proved to be the catalyst of choice in the direct
amination of benzhydryl alcohols 250 for both chemical
(yield, conversion) and practical reasons (a filtration over a
silica pad is generally sufficient to obtain the corresponding
benzylic amine 251 in analytically pure form) (Scheme
160).%** The benzhydryl alcohol 250 in the presence of
TsNH; in the presence of NaAuCly*2H,0 gave the amination
product 251 in 95% yield. Because of the complete conver-
sion of the starting material, combined with the absence of
side-products, analytically pure 251 was easily isolated by
simple filtration over a silica pad. In the absence of
tosylamine, the corresponding ether 252 was obtained in
quantitative yield. The less Lewis acidic gold(I) was inef-
ficient in this reaction. Ti(IV) afforded the expected amina-
tion product 251 in a poor 37% yield; In(III) and BF;+OEt,
were equally efficient leading to 251 in 87 and 85% yields,
respectively. Slightly lower yields were obtained with indium
and BF;+OEt, compared to those obtained with NaAuCly,
mainly because of the presence of traces of both starting
material and ether 252 in the crude product.

Several other N-nucleophiles including 2,4-dinitrophenyl-
hydrazine, 4-nitroaniline, and trimethylsilyl azide were
successfully tested, allowing the introduction of hydrazine
and aniline-based, as well as azido, moieties at the benzylic
position (Scheme 161).

The reaction was tested on other benzylic substrates. When
1-phenylethanol 260 was reacted with tosylamine in the
presence of NaAuCly, the desired amination product 261was
obtained in 87% yield. In contrast, benzyl alcohol 262 was
recovered unchanged even after prolonged reactions times
(Scheme 162).

4. Gold-Catalyzed C—H Bond Functionalization

Catalytic C—H activation and functionalization by metal
complexes is a hot topic in organic chemistry and of growing
importance for organic synthesis.?***® In the past few years,
gold has been recognized to be a very active in this field.
Cationic gold catalyzes the selective, low-temperature,
oxidation of methane to methanol in strong acid solvent using
SeV!ions as the stoichiometric oxidant.?**° The reaction does
not appear to proceed through free radicals, and DFT
calculations indicate that Au(I) or Au(IIl) species are both
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viable catalysts that operate by mechanisms involving overall
electrophilic C—H activation and oxidative functionalization.
Ionic gold catalyzes the oxidation of alkanes with H,O, to
alkyl hydroperoxides, for example, but this is probably a free
radical process.>***¢ Direct a-auration of carbonyl derivatives
was observed.”**' The electrophilic metalation of arenes by
gold(IIT) was known a long time ago. It was speculated that
the arylgold(Ill) species obtained from an auration process
might react with different substrates to construct C—C bonds.

Arcadi
Ph
@ 243 I
Ar Y }
X
/\Ph AT
244 Ph
Scheme 163
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cat. o 0
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Gold(I) and gold(III) salts are able to activate C—H bonds
of terminal alkynes, thus forming nucleophiles which can
react with various electrophiles. The latter can also be
activated by the Lewis-acidic gold catalyst, which therefore
might play a dual role in these transformations. Most
recently, the finding that C—N bond formation can be
catalyzed from direct functionalization of aromatic and
benzylic C—H groups is adding new and exciting activity
to this chemistry.

4.1. Cs»—H Bond Functionalization

One of the most common methodologies for the formation
of carbon—carbon bonds, the alkylation of 1,3-dicarbonyl
compounds usually requires the use of a stoichiometric
amount of base and an organic halide (Scheme 163a). An
alternative reaction via metal-catalyzed addition of 1,3-
dicarbonyl compounds to alkenes would provide a more
atom-economical approach and has attracted much interest.>°
A highly effective and practical intermolecular addition of
activated methylene compounds to alkenes was developed
by using AuCly/AgOTf (Scheme 163b).?!

Changing the counterion of the silver salt from OTI,
lowered the yield, but no difference was observed when the
counterion of the gold was changed. CH,Cl, was the solvent
of choice. A side reaction observed was the polymerization
of the starting alkene. Increasing the excess of alkene could
be beneficial. Dimerization of styrene became more serious
problem with an increase in the reaction scale. The use of a
more diluted solution and a slower addition helped to inhibit
the dimerization process. The reaction was reversible at
higher temperatures.?”* In small-scale reactions, the revers-
ibility was not a serious problem. However, for large-scale
reactions, the catalyst had to be removed by a short silica
gel column before concentration. Under the same conditions,
various cyclic dienes and cyclic enol ethers were also
reacted.”>”

Au(I) complexes efficiently catalyze intramolecular addi-
tion of S-ketoamide to unactivated alkenes to afford highly
substituted lactams 266 (Scheme 164); the latter are com-
monly found in natural products and biologically active
molecules.”> A variety of substrates underwent Au(l)-
catalyzed exo-trig cyclization to give highly substituted
lactams. In all cases, no endo-cyclization was observed.

The protocol with 5 mol % of Au[P(z-Bu),(o-biphenyl)]Cl/
AgOTf at 50 °C in toluene gave the best results. Under these
conditions, the -ketoamide 263a gave the product 266a in
99% yield after 5 h. The trans stereochemistry of 266a was
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proposed by comparison with that of related compounds
(Scheme 165). The catalysis also could be performed in a
preparative-scale and in aqueous media: the reaction using
5 g of substrate 263a and with 1 mol % of catalyst loading
gave product 266a (4.5 g) in 90% yield.

Gold might play a dual role catalysis. Multidimensional
reaction screening of o-alkynyl benzaldehydes with a variety
of catalysts and reaction partners led to identification of new
chemical reactions.”®> A promising reaction discovered in
the screening process was cycloisomerization/nucleophilic
addition using diethyl malonate. Scheme 166 outlines a
proposed pathway for cycloisomerization/nucleophilic ad-
dition to afford isochromene 271 and benzylidenemalonate
273. Optimization of the reaction conditions showed that use
of 10 mol % of Au(OAc); and microwave irradiation (110
°C, 10 min) afforded 271 (62%) along with ring-opened
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product 273 (20%). Use of CH3CN as solvent produced
exclusively 273 (90% yield).

Toste and co-workers applied phosphine—gold(I) com-
plexes in the carbocyclization of -keto esters with alkynes
(also called the Conia-ene reaction) under mild and neutral
conditions.*>® Tris[(triarylsilyl)ethynyl]phosphines 274 bear-
ing bulky end caps at the alkyne termini were synthesized,
and their most salient feature was the holey molecular shape
possessing a deep and large-scale metal-binding cavity
(Scheme 167).

The holey phosphines displayed remarkable rate enhance-
ment and marked advantage over conventional phosphine
ligands in the gold(I)-catalyzed six- and seven-membered
ring forming cyclizations of acetylenic keto esters 271
(Scheme 168). It was proposed that the cavity in the ligand
forces a nucleophilic center (enol or alkene) of the acetylenic
compounds close to the gold-bound alkyne.**’

Bulky N,N'-disubstituted cyclic thiourea ligands have been,
also, applied in the gold(I)-catalyzed cycloisomerization of
1,3-dicarbonyl compounds with alkynes accomplishing a high
level of diastereoselectivity. The combination of 277 with
silver triflate has been found to be an excellent catalyst for
the Conia-ene cyclization of 1,3-dicarbonyl compounds 278.
The reactions can be readily conducted in high yield under
mild and neutral conditions with a low catalytic loading in

n “open flask” system (Scheme 169).2%%

Gold-catalyzed C—H activation at a benzylic position can
take place in a neutral solvent at room temperature.>> The
starting point was the gold-catalyzed conversion of substrates
281, which underwent the expected 6-endo-dig cyclization
to give isochromene derivatives 282 (Scheme 170).

When the substrates 281 bore additional nucleophilic
groups like ester or amide functionalities not only product
282 but also, through the formation of eight new bonds, the
unexpected dimer 283 were obtained with both the gold(I)
and the gold(II) catalysts (Scheme 171).

A mechanistic proposal for the formation of 283 is
depicted in Scheme 172.

Either the hydroxy group can attack as a nucleophile (path
a), or the second nucleophilic group can attack (path b). The
nucleophilic attack of the carbonyl group and a subsequent
protodemetalation would lead to the olefin complex 284,
which then could deliver 285 by an intramolecular addition
of the hydroxy group. Intermediate 285 represents an
activated derivative of the benzyl alcohol. Attack of a second
molecule of 281a would then form the dibenzyl ether 286.
The conversion of 286 into 283 should proceed by electro-
philic C—H activation (Scheme 173), possibly assisted by
the carbonyl group as an additional ligand.

Crucial information regarding the mechanism came from
attempts to recrystallize a [(Mes;P)AuX] catalyst from
acetone. In this situation, the carbonyl compound was present
in high concentration, and a direct a-auration was observed.
In the light of previous reports on C—H activation assisted
by coordinating groups at higher temperatures,”®® this
indicates that gold-catalyzed C—H activation, when directed
by proper coordination/chelation, should generally proceed
under very mild conditions.

4.2. Cyp

Inter and intramolecular hydroarylation of alkynes?®' (or
alkenylation of arenes) represent an attractive tool for the
formation of new C—C bond. The mechanism involved in
these transformations is the subject of continuous investiga-

—H Bond Functionalization
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tions, also at theoretical level.?®? Although other metal
catalysts such as palladium, platinum, zirconium and scan-
dium salts are also active (and in some cases more effective)
in the hydroarylation of alkynes, gold can often provide
comparable or best results but with a lower catalyst loading.
Spectroscopic and isotope labeling experiments reported by
Shi and He?*® seemed indicate the involvement of an arene-
gold intermediate in the hydroarylation reaction. In 1931,
Kharasch and Isbell demonstrated that anhydrous gold(III)
chloride can react with neat benzene, toluene, or other
aromatic compounds to form arylgold(II) complexes at room
temperature.”®* Subsequent studies of this chemistry led to
the isolation and characterization of several arylgold(III)
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species generated from the reaction.”®® This auration reaction
was shown to proceed in an electrophilic manner or by base-
promoted transmetalation of aryl boronic acid.?*® Neverthe-
less, Shi and He did not exclude that the process could still
be aided by Lewis acid-activation of alkyne promoted by
metal ions or protons. The authors studied both inter- and
intramolecular hydroarylation of electron-deficient alkynes.
The intermolecular reactions run smoothly at rt even under
solvent-free conditions in the presence of small amounts of
AuCl; and AgOTf, whereas the intramolecular application
to led coumarins requested higher temperature and higher
catalyst loading (Scheme 174).

He’s group also discovered a gold-catalyzed alkylation of
arenes with epoxides. Treating (phenoxymethyl)oxiranes 289
with AuCl3/3AgOTf (2.5% based on gold) in dichloroethane
yielded exclusively the endo addition product 3-chromanols
290 in good yield (Scheme 175).
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The reaction was completed at 50 °C for more electron-
rich arene substrates. For less-electron-rich substrates, higher
temperatures and longer reaction times were required. The
reaction tolerated halide substituents, which is useful for
further functionalization of the ring. The reaction showed
high diatereoselectivity with trans products obtained exclu-
sively. The inversion of configuration of the carbon atom
linked to the aryl ring was confirmed by X-ray analysis.
Considering that the stereochemistry of the starting epoxide
is relatively easy to control; thus, the method offers a good
way to access 3-chromanols stereospecifically (Scheme 176).

Gold(IIl) chloride/silver triflate was found to be a highly
efficient catalyst in the ring-opening of aziridines 291with
electron-rich arenes and the desired 3-arylamines 292 were
afforded in good to excellent yields under mild reaction
conditions (Scheme 177).2%7

BF;+ OEt; promoted reactions of aziridines with arenes has
been previously reported.”*® However, 1.0 equiv of BF;+OEt,
had to be used. Indium triflate was also employed for the
reaction of aziridines with arenes.”® The reaction was usually
completed in several hours in the presence of catalytic
amount of In(OTf); (5—10 mol%) and afforded the product
as a mixture of regioisomers in most of cases. Reaction of
aziridine 291a with a heterocycle, such as furan, proceeded
smoothly to give the desired product 293 in 2 min in 64%
yield with excellent regioselectivity (Scheme 178).

Mechanistic studies indicate the involvement of the
arylgold(Ill) species as the reaction intermediate in the
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intramolecular direct functionalization of arenes by gold-
catalyzed primary alcohol sulfonate/triflate esters displace-
ment.*"”

Cationic forms of Au(IIl) catalyze the hydroarylation of
aryl-substituted terminal alkynes. The gold(I) complex
Ph;PAuCl seemed to be the better choice for the hydroary-
lation of electron poor alkynes. In both cases, the presence
of cocatalysts as a silver salt or boron trifluoride was
necessary to achieve good yields. The authors did not believe
that the mechanism involved the arene auration with forma-
tion of an organo-gold species and proposed a path involving
the gold activation of the triple bond, thus forming an Au—z-
complex as postulated for other gold-catalyzed nucleophilic
additions to alkynes. The regioselectivity observed was
determined by electronic factors (Scheme 179).%"!

The intermolecular reaction of indoles with alkynes is also
a general transformation that gives rise to products that arise
from intermediate 2- or 3-alkenylindoles which often react
with a second molecule of indole, alkenyl indole, or other
nucleophile. Indoles that are substituted at the 3-position react
intermolecularly with alkynes to give 2-alkenylated inter-
mediates that can be trapped intramolecularly with the
appropriate nucleophiles (Scheme 180).27?

Indoles react intramolecularly with alkynes in the presence
of gold catalysts to give from six- to eight-membered ring
annulated compounds. The best catalyst tested for the
formation of seven member rings was the easily accessible
and air-stable cationic gold(I) complex 294, which allows
the cyclization to be performed in the absence of Ag(I) salts.
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In the intermolecular reactions, an cyclopropyl metal carbene
intermediates 295 may be formed (Scheme 181).

Hashmi’s group developed an effective general entry to
fused phenols starting from w-alkynyl furans, using AuCls
as catalyst. According to experimental and theoretical studies,
the phenol synthesis proceeds by nucleophilic attack of the
furan on the alkyne—Au complex to form a carbene. After
the cleavage of the C—C and the C—O bonds of the tricyclic
intermediate, a new carbene is formed, which cyclizes to
form a new bicyclic species. The elimination of the metal
forms the oxepine, which is in equilibrium with the arene
oxide, whose opening leads to the formation of phenol. The
oxepines and arene oxides intermediate have been experi-
mentally recognized in the reaction catalyzed by Au(IIl)
(Scheme 182).273

Various aspects of this reaction, including catalyst selec-
tivity and activity and the simple conditions used have been
summarized.?’* Instead of the simple AuCl; a range of other
gold complexes and other solvents was evaluated. This led
to use of pyridine-type ligands, for example the anionic
pyridine-2- carboxylato ligands 296—300 shown in Scheme
183. With these ligands the catalyst loading could be reduced
to as little as 0.07 mol %, the yield obtained then cor-
responded to a TON of 1200.

Heterogeneous Au on nanocrystalline CeO; could also be
used.?’> The influence of functional groups®’® and sterically
demanding substituents®’” has been in-depth investigated.
Au(I),?”® and Pt(I1)*”® catalysts proved to be also effective
in this reaction. The versatile approach has been applied to
a variety of five-member-ring and six-member-ring fused
phenols,?®” enantiomerically pure tetrahydroisoquinolines,*®'
bisphenols,?®? and oxepins.”®* Interestingly, the AuCl; or
[(PhsPAu),Cl][BF,]-catalyzed hydroarylation of sylilated
y-alkynylfurans 301 was observed (Scheme 184).** Con-
versely, with PtCl,(MeCN), phenols with a silyl group were
formed.

Arcadi

It is worth noting that using the binuclear gold(I) complex
303 (the Schmidbaur—Bayler salt) with 2,5-disubstituted
furans, Hashmi and co-workers reported for the first time
the formation of a gold carbenoid intermediate from an
intermolecular pathway.?®> The reaction proceeded in moder-
ate yields delivering a mixture of phenol along with a small
amount of the hydroarylation product (Scheme 185).

On the other hand, under the same reaction conditions but
in the presence of 2-monosubstituted furans, only the
formation of the 2-fold hydroarylation product has been
observed (Scheme 186).28¢

On the basis of the recent findings on cationic gold
promoted 1,2-migration of the acetate group in propargylic
acetates,”®” Nolan and co-workers developed a mild entry
to indene nucleus starting from easily available aryl propargyl
acetates.”®® Best results were obtained using a only 2% mol
of the original catalytic system constituted by equimolar
amount of AgBFsand a NHC gold(I) complex (NHC =
N-heterocyclic carbene). The reaction was found compatible
with both electron-poor and electron-rich arenes, highly
chemoselective and also tertiary acetates are tolerate. In some
cases, isomeric indenes were also obtained as minor products.
Nevertheless, the behavior of the catalysts seems to be
strongly influenced by the substitution pattern on triple bond:
in the presence of a phenyl group, the reaction failed and
terminal acetylenes gave a different isomeric product (Scheme
187).

The authors proposed a mechanisms involving the s7-com-
plexation of the in situ generated cationic gold complex to
the triple bond; the direct nucleophilic attack by the electron-
rich phenyl ring would lead to the minor products. On the
other hand, the electrophilic activation of the alkyne could
trigger two successive 1,2-migrations (or a singlel,3-migra-
tion) of the acetate group to produce an allene intermediate,
which would be further activated by the [Au™] for hydroary-
lation, thus leading to main products (Scheme 188).

An efficient and atom-economical method for the synthesis
of cyclic and functionalized carbo-and heterocycles has been
developed by the Genét group (Scheme 189).%%°

On considering the mechanism, the first generally proposed
step is the formation of a cationic gold catalyst in the
presence of the silver salt (Scheme 190). The complexation
of the Lewis-acidic cationic gold catalyst to the alkyne
function leads to intermediate 304. The cyclization step may
then occur directly through a concerted diastereoselective
Friedel—Crafts-type addition/carbocyclization sequence lead-
ing to the vinylaurate intermediate 306 or may proceed by
stereoselective attack of the nucleophile on a transient
carbonic species 305. The final step would be the protode-
metalation of the aurate intermediate.

Indoles and pyrroles were suitable nucleophiles for the
tandem Friedel—Crafts-type addition and carbocyclization
reactions. It is noteworthy that the remarkable addition of
the aromatic ring to the alkene is completely chemoselective.
No traces of the product resulting from addition of the
aromatic ring to the alkynyl moiety were detected, and the
presence of the electron-rich aromatic ring completely
inhibits the well documented cycloisomerization reactions.
The compatibility of the [PPh;AuCl]/AgSbFs system with
various enyne substrates and its efficiency in the presence
of other nucleophiles were then examined.>*® Conversely,
Echavarren and co-workers reported that gold(I)-catalyzed
addition of electron-rich arenes and heteroarenes to 1,6-
enynes can give two different types of products by the
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reaction of the intermediate cyclopropyl gold carbenes at the
cyclopropane or at the carbene.?”!

\ﬁ

Gold-catalyzed intramolecular hydroarylation of allenic
anilines 307 and phenols offers an efficient route to dihyd-
roquinoline 308 and chromene derivatives under mild reac-
tion conditions (Scheme 191).%%%

The hydroarylation takes place at the terminal or central
allenic carbon depending on the substrate structure, leading
to a highly selective formation of six-membered rings.
Pd(OAc),, CuBr,, and AgOTf afforded a mixture of undes-
ired products, well as the recovered starting material. Among
the catalysts investigated, gold complex 309 with AgOTf
was most effective in producing the desired product.
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Few methods can achieve direct nitrene insertion into
aromatic C—H bonds. Che et al. have utilized neighboring
groups to direct a palladium-catalyzed C—N bond formation
using persulfate as the oxidant, while Yu et al. reported a
copper-catalyzed transformation with similar substrates.*
In addition, Pérez et al. have reported a case of benzene
amination mediated by a copper-based catalyst with the use
of PhI=NTs,?** nitrene transfer catalysts for olefin aziridi-
nation, as well as intra- and intermolecular amination of
aliphatic C—H bonds.??> However, none of these systems
was successful in the intermolecular activation of aromatic
C—H bonds. By contrast, gold-catalyzed nitrene insertion
into aromatic and benzylic C—H bonds occurs at room
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temperature.’’® The system shows good chemoselectivity
toward aromatic C—H bonds over primary and secondary
benzylic C—H bonds (Scheme 192).

4.3. Cs,—H Bond Functionalization

Recetenly, Li and Skouta reported a very efficient annu-
lation of simple 2-hydroxy arylaldehydes 310 and 2-tosy-
laminobenzaldehyde 312 with alkynes under gold catalysis
to give isoflavanone-type®® structures 311 and aza-isoflavone
derivatives 312, respectively (Scheme 193).*°” The 2-ami-
nobenzaldehyde failed to give the desired product completely.
It was found that the use of tosylamine greatly improved
the reaction possibly because of the increased acidity of the
hydrogen on nitrogen.

A tentative mechanism for the novel annulation has been
proposed in Scheme 194. The oxidative addition of gold(I)
catalyst to the aldehyde C—H bond generates an acyl
gold(I1I) hydride. This intermediate complexes with terminal
aryl alkyne, which undergoes hydrometalation. A subsequent
conjugate addition of the hydroxy or tosylamino group to
the a,(-unsaturated ketone now generated by reductive
elimination gives the desired isoflavanone or aza-isoflavone
derivative and regenerates the gold catalyst.

Activation of C—H of 1-alkynes by gold provided a variety
of synthetic applications. A series of inorganic and organo-
metallic compounds of gold [AuCl(tht)], [Au(C¢Fs)(tht)], and
Na[AuCly] (tht = tetrahydrothiophene) are shown to ef-
ficiently cocatalyze the Sonogashira-type cross-coupling
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reaction of phenylacetylene with aryl halides in THF solution
(Scheme 195).2°® Although reaction times are slightly longer
than with Cul in THF, the use of the gold cocatalysts present
the advantage of cleaner reactions, avoiding the formation
of byproduct, and permits the use of technical grade solvents
without previous purification or air exclusion. The com-
pounds presented are efficient and practical cocatalysts for
Sonogashira-type coupling of aryl iodides in THF and H,O/
CH,Cl, biphasic systems and for activated aryl bromides in
THF. The ability of the water-soluble gold complex, [Au-
Cl(tppts)], to remain active in aqueous solution is particularly
pleasing.

Moreover, the Corma’s group showed that that Au(l),
which has the same d10 electronic configuration as Pd metal
and Cu(]), is active and very selective for performing the
Sonogashira reaction, whereas Au(Ill) does catalyze the
homocoupling condensation, and colloidal gold Au(0) dis-
plays low activity (Scheme 196). For comparison purposes,
Pd(II) and Pd(0) complexes were also prepared and tested
under the same reaction conditions. The results show that
the activity of Pd catalysts is similar to that of the gold
analogues.””

A remarkable result has been obtained by Li and Yao by
reacting o-alkynyl benzaldehydes 314 with terminal alkynes
in a mixture of water and toluene and in the presence of
catalytic amounts of a tertiary base and a phosphine gold(I)
complex. The reactions led to the corresponding 1-alkynyl-
1H-isochromenes 315 in moderate to high yields (Scheme
197).2%

On the basis of a series of experiments and considerations,
a path involving the base-promoted formation of a gold(I)
acetylide species 316, which forms a chelating intermediate
317 and activate the carbonyl group, was suggested. The
acetylide then add to the aldehyde. The subsequent cycliza-
tion gave the vinylgold intermediate 319, quenched as usual
by proto-demetalation (Scheme 198).

Multicomponent approaches the molecular complexity to
be increased in a single step with a clear economical and
environmental gain. In this field, gold has also demonstrated
this potential. The three-component coupling of an aldehyde,
an alkyne, and an amine, first reported by Wei and Li is an
example of this, in which the gold catalyst activate the
nucleophile. The reaction gave best results in water, and even
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secondary diallylamine is tolerated. Both Au(I) and Au(III)
salts showed excellent catalytic activities, but the Au(IIl) salts
seemed slightly better, and the cheaper AuBr; was selected
as the catalyst of choice (Scheme 199).%"!

The authors proposed a mechanism involving the activa-
tion of C—H bond of alkyne by a Au(I) species generated
in situ from reduction of Au(IIl) by the alkyne. The gold
acetylide intermediate 321 reacted with the immonium ion
322 generated in situ from aldehydes and secondary amines
to give the corresponding propargylamine 320 and regenerate
the Au(l) catalyst for further reactions (Scheme 200)

Curiously, a nitrogen atmosphere is strictly necessary.
There are several transition metal catalysts able to carry out
multicomponent A* coupling reactions of aldehyde, alkynes
and amines via C—H activation. These include Ag(I) salts,>?
Cu(D) salts,?? iridium complexes,m4 Hg2C12305 and a Cu/
Ru**® bimetallic system under homogeneous conditions. An
A coupling reaction has been regorted through immobiliza-
tion of Ag salts in ionic liquid,>*” Cu-supported hydroxya-
patite,*® and zinc dust,>*® although the scope is generally
limited for cyclic amines. In addition, more sophisticated
alternative energy sources like microwave®'® and ultra-
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sonic®'! radiation have been used in the presence of a Cu(I)
salt. However, these reagents are highly moisture sensitive
and require strictly controlled reaction conditions. Reactions
were carried out either in toxic solvent like toluene, in the
presence of expensive solvents, such as ionic liquids, or
required drastic reaction conditions. It is a considerable
drawback that an expensive metal catalyst is often lost at
the end of the reaction because there were no reports on the
recyclability of catalyst. Metal nanoparticles are employed
as a heterogeneous catalyst and could be recycled, which
overcomes the serious limitation of the non-recyclability of
the catalyst. Recyclable Au-nanoparticles provide an efficient,
economic, novel route for multicomponent A’ coupling
reaction of aldehyde, amine and alkyne. This method
provides the wide range of substrate applicability. The
protocol avoids the use of heavy metals, cocatalyst and gives
the propargylamine in excellent yields.*'?

Gold-catalyzed A’ coupling has been extended to o-oxy-
aldehydes (Scheme 201).*'? On these substrates, the reaction
proceed in good yields and moderate diastereoselectivity at
rt. Again, both simple Au(I) and Au(Ill) salts are able to
efficiently catalyze the transformation where Ag(I) and Cu(I)
failed.

Original gold(IIT)—salen complexes have been used with
chiral amines as substrates providing good yields and
excellent diastereoselectivities. Reactions have been per-
formed in water at 40 °C in the presence of 1% of catalyst.
The strategy has been finally applied to the synthesis of
propargylamine-modified Artemisine derivatives 323 (Scheme
202).31

More recently, Yan and Liu reported a gold-catalyzed one-
step synthetic route to 1,3-disubstituted indolizines 324 under
solvent-free conditions or in water, in which a gold catalyst
was used as a single-pot catalyst to catalyze independent
reactions in the same reaction vessel, and there was no need
to isolate the intermediate of propargylic pyridines.>'?
Furthermore, the coupling of optically pure (R)-amino acid
derivatives with aldehydes and alkynes produces the corre-
sponding indolizines without loss of enantiomeric purity. The
reactions can also occurred smoothly in water at 60 °C;
however, in most cases, the yields were lower than those
obtained under solvent-free conditions (Scheme 203).

5. Gold-Catalyzed Selective Reductions

Recent state-of-art research in organic chemistry requires
the design of highly selective transformations. In other words,
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only desired reactions must take place when the substrate is
treated with the reagent, even if the structure of the substrate
suggests numerous possibilities for reactivity. Heteroge-
neously catalyzed hydrogenation using gold catalysts and,
in particular, those that control of the selectivity have been
explored. It has been demonstrated that supported gold
catalysts can show very high selectivity for the hydrogenation
of substrates bearing different reducible groups, and gold
has been demonstrated to have potential advantages with
respect to, at first, selectivity, and then activity.*'®

5.1. Catalytic Hydrogenation of Alkenes

Mononuclear unsymmetrical N-heterocyclic carbene—gold
complexes 325—326 and the corresponding solid catalysts
in which a gold-carbene complex has been immobilized on
silica gel 327-Sil, ordered mesoporous silica 327-MCM-41,
and delaminated zeolite 327-ITQ-2 have been tested in the
catalytic hydrogenation of diethyl citraconate and diethyl
benzylidensuccinate at 40 °C in EtOH as the solvent and 4
atm hydrogen pressure (Scheme 204).*!” The results show
that the homogeneous systems lead to quantitative conversion
of olefins under the hydrogenation conditions. The better
reactivity found for carbene—gold complexes compared with
phosphine—gold chloride could be explained by electronic
effects being more important than steric factors. The het-
erogenized catalysts had, in general, higher activities than
the homogeneous ones. These results indicate that either the
support or the metal complexes have a considerable effect
on the catalytic process because of the stability of the active
metallic species formed. The major advantage of the use of
heterogenized metal complexes as catalysts is the ease with
which they can be recovered as stable species from the
reaction mixture by simple filtration and reused. Both yield
and activity are retained for several consecutive experiments
after the filtrate has been used in a new reaction.

Single-site homogeneous and heterogeneized gold(III)
catalysts have also shown to be active for the reaction of
diethyl ethylidenesuccinates (diethyl itaconate, diethyl cit-
raconate, and diethyl benzylidenesuccinate) under mild
conditions (20—70 °C and 2—6 bar H,). It can be seen that
the homogeneous gold catalysts not only are active but also
give the same activity as the corresponding Pd complexes.
In the case of the supported catalysts, the TOFs increase with
respect to the homogeneous complex, indicating that both
silica mesostructured molecular sieves (MCM-41) and
delaminated zeolites (ITQ-2) are suitable supports for het-
erogenizing metal complex homogeneous catalysts. The
mechanism of the reaction has been studied in detail by a
combination of kinetic experiments and theoretical calcula-
tions. It is predicted and tested that the nature of the solvent
plays a critical role for the heterolytic cleavage of H,
(controlling step).*'® The enantioselective hydrogenation of
alkenes and imines by gold(I) ~Me—Duphos complexes gave
also very good results.>'® In most cases, the gold catalyst
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reaches the activity of the platinum and iridium catalysts,
and ee values clearly exceed the values obtained with the
other two classical hydrogenation catalysis metals.

5.2. Selective Reductions of o,f-Unsaturated
Carbonyl Groups and 1,3-Dienes

In reactions exhibiting a selectivity problem, for example,
hydrogenation of two C=C bonds or C=C versus C=0
groups, the characteristic feature of gold catalysts is the
preferred hydrogenation of one of these groups leading to
monoenes, unsaturated alcohols and unsaturated ketones as
reaction products important to the chemical industry. The
chemoselective hydrogenation of a,3-unsaturated aldehydes
and ketones has attracted much interest because allylic
alcohols are valuable intermediates in the production of
various fine chemical, pharmaceutical, and cosmetic com-
pounds.* In the intramolecular competition between satura-
tion of the olefinic bond and the reduction of the carbonyl
group, the C=C hydrogenation is thermodynamically fa-
vored. Because the kinetics of the hydrogenation strongly
depend on the applied metal catalyst, the obvious challenge
for catalytic chemists is to open a kinetically favored path
to the allylic alcohol by the development of an appropriate
hydrogenation metal catalyst. In addition, the type and degree
of substitution on both the carbonyl group and the olefinic
bond strongly affect the chemoselectivity of the hydrogena-
tion. Most reports on the use of Au catalysts in the
hydrogenation of o, f-unsaturated carbonyl compounds have
focused on unsaturated aldehydes®*! and occasionally on the
more challenging chemoselective h%fdrogenation of a,fB-
unsaturated ketones (Scheme 205).3?

A comparative study on the selective hydrogenation of
benzalacetone and cinnamaldehyde to the corresponding
unsaturated alcohols on Au-supported catalysts showed that
the catalytic activity and selectivity are less influenced by
the morphology of gold particles and are mainly influenced
by the nature of the support.*** Very likely the active and
selective sites are formed by negative gold particles formed
through the electron transfer from the reduced support to
the metal.

Recently, selective allylic alcohol formation has been
achieved by apglication of Au(0) nanocolloids dispersed in
amide solvents.*>* The polyvinylpyrrolidone protected Au(0)
nanoparticles prefer C=0O reduction over C=C saturation
and act as chemoselective quasihomogeneous metal catalysts
in the hydrogenation of trans-2-butenal, 2-methyl-2-propenal,
4-methyl-3-penten-2-one, and 3-methyl-3-penten-2-one. An
extensive solvent screening revealed the superiority of amides
as media for both synthesis and application of the Au(0)
nanocolloids. In comparison with the widely used alcohol
solvents, amides offer enhanced colloidal stability for the
Au(0) nanosol and increased hydrogenation chemoselectivity.
Control over the Au(0) cluster formation provided the
opportunity to investigate the size-dependency of the catalytic
performance and to determine the optimum gold cluster size
for a maximization of the allylic alcohol yields. Pt(0) and
Ru(0) sols are more active than the Au(0) nanosols, but
substantially less chemoselective. The Au(0) nanocolloids
can be recycled efficiently by ultrafiltration over custom-
made cross-linked polyimide membranes. In the recycling
experiments, the gold nanodispersion was well retained by
the solvent-resistant ultrafiltration membranes, and the
performance of the colloidal gold catalyst was satisfactorily
preserved in successive hydrogenation runs. It was reported
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that single Au atoms/cations supported on certain oxides can
catalyze hydrogenation reactions.**> The cost of noble-metal
catalysts may be decreased dramatically and homogeneous
catalysis may be mimicked in a heterogeneous environment
if metal cations are highly dispersed on oxides. Such a
linkage between heterogeneous and homogeneous catalysis,
if established, is of huge incentive.*® Zhang et al.’**"
reported that the Au/ZrO, catalyst remains highly active at
very low loadings of Au for the hydrogenation of I,3-
butadiene and that butene is selectively produced without
any butane byproduct. The high selectivity is rather surprising
because 1,3-butadiene hydrogenation is conventionally cata-
lyzed by transition metals (Pd, Pt), in which the deep
hydrogenation to butane is a known problem. It was
suggested that Au(I) on ZrO, is the catalytically active
species that can be produced from Au(IIl) in situ by
reduction.*”’ It should be realized that the prediction of
Au(III) to Au(I) reduction was done using tetragonal zirconia
as the model surface. High concentration of heterogenized
isolated Au(III) ions at zirconia surface (55% tetragonal +
45% monoclinic) was most effective for the selective
hydrogenation of 1,3-butadiene to form butenes. Copresence
of metallic gold with Au(IIl) ions would lower the catalytic

EtO,C  COEt

TOF  Conv. (%) [h] TOF®

25 50 B] 6
50 55 71 20
225 75 71 75
250 90 6] 100
300 95 (71 170
425 90 6] 300

activity by TOF for 1,3-butadiene hydrogenation and change
the product selectivity for more trans-2-butene and butane.**®

5.3. Selective Reductions of Nitro Group

Corma and Serma reported the selective reduction of a
nitro group in the presence of other reducible functions using
gold nanoparticles supported on TiO, or Fe,03.°*° In spite
of the industrial importance of functionalized anilines as
intermediates for fine chemicals, such as agrochemicals,
pharmaceuticals, and dyestuffs, there are only few generally
applicable catalytic systems for the selective reduction of a
nitro group in the presence of C=C, C=C, C=0, C=N, C'N,
or groups. The use of older stoichiometric reducing agents
is not environmentally sustainable. The reduction to anilines
occurs in several steps, either by the direct route via nitroso
and hydroxylamine intermediates or via a condensation route;
the latter route is favored under basic conditions (Scheme
206). The slowness of the reduction step involving the
hydroxylamine intermediate can represent an additional
problem because its accumulation determines the formation
of unwanted byproduct and possible runaway reactions
because of decomposition (with accompanying health and
safety issues).

The key aspect of the alternative gold-catalyzed procedure

for the chemoselective reduction of nitro groups is that very
little byproduct is observed, and they have presented a
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substantial problem and challenge for researchers who Scheme 207
previously focused on the use of supported Pt catalysts. Two NO, n-OH
supported gold catalysts [1.5 wt % (wt %) Au/TiO2 and 4.5 )\ )|\
wt % Au/Fe,0s], as well as Pt-, Pd-, Au—Pt-, and Au—Pd- R iy R 1
supported catalysts were used for the hydrogenation of R
328 329

3-nitrostyrene with H, under mild reaction conditions (9 bar,
120 °C). The results (Table 1) show that the Pt, Pd, Au—Pd,
and Au—Pt catalysts were not selective for this reaction.
However, the two supported gold catalysts gave conversions
>98% with 96% selectivity to 3-vinylaniline, whereas the
residual product was 3-ethylaniline. The evolution of the
reaction products when Au/TiO, and Au/Fe,O; are used as
catalysts for the hydrogenation of 3-nitrostyrene shows only
traces of hydroxylamine styrene, azostyrene, and azoxysty-
rene. Results show that hydroxylamines derivatives are also
avoided for multiple turnovers of the catalyst. Therefore, if
the aryl hydroxylamine can be formed on the gold catalysts,
it apparently reacts rapidly to give the corresponding aniline.

The chemoselective reduction of the nitro group in the
presence of a carbonyl, nitrile, and amide groups has been
also studied. In all cases, the selectivity was still higher in
the case of gold catalysts. Given the excellent chemoselec-
tivity of gold for reducing nitro compounds, the Corma’s
reseach group also explored gold catalysis as an alternative
catalytic route for the production of oximes by hydrogenation
of a,fB-unsaturated nitrocompounds with H,. Traditionally,
oximes are synthesized by condensation of an aldehyde or a
ketone with hydroxylamine, but the use of this reagent is
less desirable for large scale processes because of its intrinsic
toxicity and unstability. Other functional group transforma-

tions and, particularly, partial reduction and isomerization
of the nitro groups, require harsh reaction conditions and
are characterized by poor selectivity. The hydrogenation of
o.,f-unsaturated nitrocompounds 328 to produce oximes is
not trivial because of the presence of the easily reducible
double bond, as well as the possibility of undesired secondary
reactions in molecules with sensitive groups (Scheme 207).

According to traditional methodologies, the only possibility
in achieving certain selectivity of the oxime, when reacting
o.,B-unsaturated nitrocompounds, was the use of stoichio-
metric amounts of organic hydrogen donors (e.g., ammonium
formate, decaborane, formic acid, etc).330 However, the use
of these organic or inorganic reductants is not industrially
sustainable from an environmental point. The use of gold
on TiO, as catalyst has allowed the establishment of an
alternative method for obtaining oximes from o, 3-unsaturated
nitrocompounds with H,.**' The reaction is considerably
greener than any of the known alternatives and involves an
easy work up. Gold, unlike other noble metal-based catalysts,
such as commercial Pd/C or Pt/C, shows a unique selectivity.
When a second nitro group is present in the reactant molecule
(8,2-dinitrostyrene 330), results show large differences
between the catalytic behavior of Pd and Pt with respect to

Table 1. Catalytic Results of the Chemoselective Hydrogenation of 3-Nitrostyrene

catalyst % metal (mol) T (°C) P (bar) time (h) conversion (%) selectivity (%)
Au/TiO, 0.23 120 9 6.00 98.5 95.9
Au/Fe, 03 0.39 130 12 9.50 95.2 95.1
Pd/C 0.11 120 9 0.03 99.0 0.0
Pt/C 0.12 120 9 0.03 96.7 2.9
Au—Pd/TiO, 0.20 120 9 0.03 99.5 0.0
Au—Pt/TiO, 0.31 120 9 0.02 93.0 1.8
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Au/TiO,. Neither the Pd nor the Pt catalysts are able to
produce the aromatic oxime 331 owing to the occurrence of
other competing reactions, such as hydrogenation of the
double bond, reduction of one or both nitro groups to
anilines, and reductive cyclizations. Indole has been found
as the main byproduct (60% and 47% with Pd and Pt,
respectively). On the contrary, the Au/TiO, catalyst is
remarkably selective toward the oxime formation, and the
reduction of the aromatic nitro group to the corresponding
aniline is totally avoided (Scheme 208).

Finally, the procedure is shown to be applicable also to
nonaromatic unsaturated nitro compounds, such as 1-nitro-
1-cyclohexene. The reaction with the Au/TiO; catalyst allows
one to obtain the industrially relevant cyclohexanone oxime,
an important intermediate in the production of e-caprolac-
tame, in excellent yields accomplishing the development of
an alternative route for its production (Scheme 209). The
gold-catalyzed process should open the possibility to avoid
the use of hydroxylamine, which is a toxic and unstable
product.

A different reaction pathway for the reduction of aromatic
nitro compounds on gold catalysts has been shown by
combining in situ IR spectroscopy with macrokinetic experi-
ments. These studies allowed the determination of reaction
intermediates and relative elementary steps during gold
catalysis.**? The aromatic nitro compounds are hydrogenated
on Au/TiO; by the reaction route shown in Scheme 210. This
reaction pathway differs from that reported for Pt/CaCOs;
and Pt/C—H3;PO, and explains why the presence of iron or
vanadium salts is not required for the reaction with the gold
catalyst to proceed with high selectivity for the aniline
products. The results indicate that that it is possible to reduce
nitrobenzene to phenylhydroxylamine directly. Then, on Au/
TiO, catalysts, phenylhydroxylamine is formed as both a
primary product and a secondary product at the Au/TiO,
active sites. The gradual accumulation of this intermediate
on the catalyst surface shows that the transformation of
phenylhydroxylamine into aniline is the rate-determining step
of the whole process. Furthermore, the fact that only very
small amounts of azoxybenzene were observed in the liquid
phase batch experiments suggests strongly that the inhibition
of the condensation of hydroxylamine and nitroso intermedi-
ates during the hydrogenation of aromatic nitro compounds
on Au/TiO, catalysts is predominantly a result of the low
concentration of nitrosobenzene.

The replacement of conventional stoichiometric oxidations
by environment-friendly catalytic processes is currently a
widely accepted strategy in fine chemicals industry. Hence,
the area of elaborating new catalytic technologies for the
selective oxidation of complex and thermally sensitive
molecules is advancing rapidly. Many efforts are aimed at
eliminating waste, maximizing the incorporation of raw
materials into the final product, avoiding, where possible,
the use of auxiliary substances including solvents, and
employing (recyclable) catalysts. Moreover, the demand for
greener, more atom-efficient methods involves the employ-
ment of clean oxidants such as O, and H,O,. Selectivity is
a general problem in both stoichiometric and catalytic strictly
O,-based oxidations because these reactions are nearly
always dominated by radical chain autoxidation, a chemistry
that is intrinsically nonselective and difficult to control. Gold
has received a growing interest as a catalyst for the selective
oxidation of organic molecules by these clean oxidants under
mild conditions.**® The recent developments in this emerging
field of catalysis by gold are summarized as follows.

6.1. Epoxidation and Aziridination Reactions

The development of an efficient catalyst for the production
of propene oxide, a very important intermediate for the
synthesis of commercial products is a challenging task. The
current methods used for propene oxide synthesis have
important disadvantages. The chlorhydrin process involves
the production of chlorinated side products and calcium
chloride waste, whereas the hydroperoxide process produces
a stoichiometric amount of coproduct.>** The surprisingly
high catalytic activity of gold in the direct epoxidation of
propene with hydrogen and oxygen (Scheme 211) indicates
that they may be commercially viable for propene epoxida-
tion.>*

The details of the current understanding of the features of
gold catalysts for propene oxidation have recently been
reviewed.”® Fundamental aspects obtained from surface
science studies and the utility of metastable oxygen species
on Au catalysts by selecting appropriate reaction conditions
that kinetically control the state of surface have been
highlighted.**” Theoretical study has been undertaken to shed
light in the interaction between O, and H,O and the Au
cluster as a first step for understanding the catalytic activity
of Au catalysts in the presence of moisture. Hybrid density
functional theory calculations have been mainly carried out
on the charge transfer interaction between Au and oxygen
or H,O in Au model clusters.**® In part because of the
complexity of the reaction system, there are still many
unanswered questions as to how to efficiently promote
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epoxidation using Au-based nanocatalysts. It is well-known
that both the electronic state and the structure of Au clusters
are dramatically changed depending on which support is
selected. Modified electronic structure of Au nanoclusters
has been suggested to the formation of activated Au—O
complexes.**” Moreover, even if the support used is the same,
the characteristics of the Au clusters deposited could be
different depending on the surface condition, such as reduced
and oxidized surfaces of the support. Catalysts consisting
of gold nanoparticles on titania supports have received
considerable attention. The viability of the vapor-phase
epoxidation of propene over Au nanoparticles supported on
Ti-based oxides such as TiO,, Ti0,—Si0,, TS-1, Ti-MCM-
41, Ti-MCM-48, Ti-containing hydrophobic silsequioxanes
and three-dimensional mesoporous titanosilicates has been
demonstrated. Hydroperoxide species have been postulated
as an intermediate responsible for the epoxidation reaction.
To obtain direct evidence for the different type of active
oxygen species, in situ UV —vis and EPR measurements were
carried out during the epoxidation of propene with O, and
H, over a Au/Ti—SiO, (Ti/Si = 3:100) catalyst (Scheme
212).340

It was determined that the adsorbed species of oxygen
(Oy7) resided on Au, more likely at a perimeter site, and it
led to the formation of titanium hydroperoxo species. These
results support the possible mechanism of formation of these
hydroperoxo species via H,O, produced from O, and H,
adsorbed on the Au surfaces. Gold can activate oxygen and
hydrogen to form H,O, via formation of an intermediate
(Oy") paramagnetic species on the gold surface. Hydroperoxo
species can then be formed by transfer of H,O, to Ti*" sites.
This hydroperoxo species on the tetrahedrally coordinated
Ti cation sites can then react with propene adsorbed on SiO,
surfaces to form propene oxide (PO). The UV active
Ti—hydroperoxo species and the EPR active (O, ) species
could be directly detected. The appearance of both species
in appreciable amounts when gold is present highlights the
vital role of gold nanoparticles on Ti—hydroperoxo species
formation, which are indispensable for the production of PO
from propene. The presence of trimethylamine (TMA) at
extremely low concentrations (10—20 ppm) in the reactant
gas mixture can remarkably improve the catalytic perfor-
mance of gold nanoparticles deposited on titanosilicate in
terms of catalyst lifetime, catalyst regeneration, PO selectiv-

ity, and H, efficiency.**! In the process, hydrogen and oxygen
react to form H,O, and H,O over the Au surfaces; thus the
H, efficiency is usually below 100%. Once the H,O, is
produced on the gold particles, it can be converted into
hydroperoxo species at tetrahedrally coordinated Ti cation
sites. These Ti—hydroperoxo species can subsequently react
with propylene adsorbed on the SiO, surfaces to form PO.
Because of its basic properties, PO should compete strongly
with TMA to adsorb on the catalyst surface. Preadsorption
of TMA on Ti** can therefore inhibit PO adsorption and its
subsequent oligomerization, which is considered to be one
of the main deactivation mechanisms of Au/titanosilicate
catalysts. The efficient regeneration of the Au/titanosilicate
catalyst using a trace amount of TMA, along with a mixture
of hydrogen, oxygen, and argon, at 523 K, and the improve-
ment of the hydrogen efficiency to 35%, opens the door to
commercialization of this catalytic process. This economic
synthetic method is an example of a chemical process that
can meet industrial standards while being environmentally
benign. Kinetic results consistent with a mechanism involving
the production of hydrogen peroxide on gold and the propene
oxide on titanium centers have been reported for gold catalyst
supported on the mesoporous titanium silicate, Ti-TUD.**?
Information from catalytic experiments and a detailed
infrared study indicates that the formation of a bidentate
propoxy intermediate can led to deactivation of the catalyst
through further oxidation to strongly adsorbed carboxylate
species.**® Deactivation of the Au catalyst occurs to lesser
extent when TiO, was incorporated into SiO, or other
modified supports. Ti—Si mixed oxides prepared from
chloride precursors using a one-step nonhydrolytic sol—gel
route could serve as efficient gold catalyst support for gas-
phase epoxidation of propene.”** Sylilation of Au catalysts
supported on disordered titanosilicates has been found to have
a very positive influence in PO yield.*** Furthermore, the
Au/titanosilicate catalyst activity can be enhanced by addition
of Ba(NOs3), as a promoter. Elemental analysis showed that
Ba increases the amount of gold retained by the catalyst.>*®
Highly dispersed gold nanoparticles were synthesized within
the channels of a mesoporous Ti-SBA-15 support. For this
purpose, two series of Ti-SBA-15 materials differing in their
Ti content were prepared by either grafting or direct
synthesis. The reaction data indicate that Au/Ti-SBA-15
materials obtained by Ti grafting have greater catalytic
activity than the samples in which Ti-SBA-15 was obtained
by direct synthesis. These differences in catalytic behavior
are attributed to differences in the amount and dispersion of
Ti within the mesoporous silica support, as well as to
differences in the Au nanoparticle size.**” The potential for
Au/C as a selective oxidation catalyst has been explored.**®
The findings suggest that the Au/C catalysts are tunable by
careful selection of the reaction conditions to epoxidize
alkenes avoiding sacrificial reductant.>** Small amounts of
either hydrogen peroxide or fert-buthylhydroperoxide are
needed as oxygen chain initiators. The formation of the
corresponding epoxide from a variety of alkenes resulted
dependent on the type of solvent used, even if good
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selectivities have been observed under solvent-free condi-
tions. Chlorine significantly enhances the selectivity of
styrene epoxidation on Au(111) by inhibition of secondary
oxidation, especially combustion and the deposition of
residual carbon. There was no measurable decrease in the
rate of styrene epoxidation during five consecutive reaction
cycles of oxidation by Oj and reaction of styrene on chlorine-
covered Au(111) at 300 K. The effect of Cl persists over
several turnovers.>>

Metal-catalyzed nitrene transfers to unsaturated and satu-
rated organic substrates are important tools in synthetic
chemistry.*! Various transition metal complexes have been
shown to catalyze these transformations.**? Disilver(I)-based
catalyst, with 4,4' 4" -tri-tert-butyl-2,2":6',2" terpyridine (-
Bustpy) as the ligand, mediated efficient olefin aziridination
and intramolecular amidation of saturated C—H groups.®>
This success prompted the exploration of nitrene-transfer
reactions that could be catalyzed by similar complexes of
the other two coinage metals, gold and copper. Indeed, a
gold(I) compound, supported #-Bustpy as the ligand, ef-
ficiently catalyzes olefin aziridination with the use of the
commercially available oxidant PhI(OAc), and sulfonamides
(Scheme 213).%>*

The process avoids the use of the sulfonyliminoiodinane-
type nitrenoids, which are commonly employed in olefin
aziridination reactions and have to be synthesized beforehand
in unsatisfying yields. p-Nitrosulfonamide (NsNH;) was
employed to react with different olefins. The use of styrenes
bearing different functional groups led to excellent yields
of the corresponding aziridines, but the aziridination of
simple aliphatic olefins could not be mediated by gold
catalyst, except for activated ones and intramolecular reac-
tions. Other types of sulfonamides can be employed, albeit
with lower product yields in some cases. It should be noted
that the reactions with 5-methylpyridine-2-sulfonamide 332
as the nitrene sources did not work for the disilver(I)-based
catalytic system, which indicates reactivity difference be-
tween the two systems (Scheme 214).

The aziridation of a C=C bond by using a heterogeneous
gold system, which may provide a convenient and more
efficient route has been investigated.>> Aziridation of styrene
does occur on Au(l111) covered with NH,. The results
indicate that 2-phenylaziridine is formed from the Au-
promoted reaction of styrene and NH,. In the reaction,
oxygen is used to activate the NH; and to form NH, species
on the surface. By adjustment of the preparation condtions,
oxygen is consumed by the NH; and forms H,O, wich
desorbs, and NH,, remains on the Au(111) surface.
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6.2. Selective Oxidations of Alcohols

Selective oxidation of alcohols to carbonyl compounds is
one of the most critical challenges facing the chemical
industry.**® Traditionally, the oxidation of alcohols has been
achieved with stochiometric inorganic oxidants as Cr(VI)-
based reagents. Although these reagents are quite general in
scope, they are no longer tolerable from a green chemistry
point of view. Ever-increasing environmental concerns has
resulted in much attention being recently directed toward
the development of new protocols for aerobic oxidation of
alcohols using transition-metal catalysts.>>’ Because of
recently developed or improved synthesis methods, gold
metal particles can be generated as nanoclusters.*”® Gold
nanoparticles supported on cerium oxide,*® other inorganic
oxides,?*® active carbon,*! or even unsupported gold nano-
particles®®® have recently attracted considerable attention
because these catalysts are able to promote the selective
oxidation of alcohols. More recently it has been presented
the benefit of using nanoparticulated CeO, instead of the
conventional ceria as a support for gold nanoparticles
resulting in a highly active, selective, and recyclable catalyst
for the oxidation of alcohols into aldehydes and ketones using
oxygen at atmospheric pressure as oxidant in the absence of
solvent and base.’®® High turnover frequencies for the
oxidation of selected alcohols with oxygen under mild
condition have been achieved using titania-supported gold
(core)—palladium (shell) nanoparticles.’** An air- and mois-
ture-stable oxidation catalyst, to be useful for organic
chemists, has to give not only high conversion with some
selected alcohols but also has to be chemoselective when
the molecule contains other oxidizable functional groups. In
this case, one important family of alcohols that has industrial
relevance are allylic alcohols. In this common type of alcohol
chemoselective oxidation of hydroxyl groups avoiding
oxidation, isomerization or polymerization of the olefinic
group is required. Corma and co-workers showed that for
the relevant oxidation of allylic alcohols, gold presents unique
selectivity®®®> when compared with Pd or Au—Pd catalysts
(Scheme 215).

Catalytic data highlighted that gold nanoparticles (3—7
nm) supported on nanoparticulated ceria (4 nm) are far more
chemoselective than related palladium catalysts for the
aerobic oxidation of allylic alcohols.**® Most likely the lower
tendency of gold nanoparticles to form reactive hydrides as
compared to palladium catalysts is beneficial for both
undesired processes, i.e. isomerization and hydrogenation.
The reusability of the Au—CeO, catalyst has been checked.
The solid was recovered by filtration, washed with a 1 M
aqueous solution of NaOH, and dried in vacuum. The
recovered Au—CeQ; sample was used in a consecutive run
without observing any decay in its catalytic activity. The
presence of palladium in the catalyst resulted highly detri-
mental for chemoselectivity. The effect of the Au—Pd ratio
on the catalyst performance, and in particular on the
formation of nonselective reaction products has been also
explored.®” Chlorine-free benzaldehyde can be produced by
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an environmentally friendly solvent-free liquid phase oxida-
tion of benzyl alcohol with molecular oxygen, even at low
pressure (1.5 atm), using nanogold-supported U;Os, particu-
larly prepared by the homogeneous deposition precipitation
method.”®® The Au/U;Og is a highly promising, easily
separable, and reusable catalyst for the solvent-free selective
oxidation process. There is an optimum catalyst calcination
temperature (400 °C) for achieving the highest benzyl alcohol
conversion and benzaldehyde selectivity. The better process
performance (i.e., higher benzaldehyde yield and selectivity)
is achieved when the catalyst contains gold at higher
concentration and also with smaller particle size. With
increasing reaction period or temperature, the benzyl alcohol
conversion is increased markedly, but there is a small
decrease in the selectivity for benzaldehyde and a small
increase in the formation of benzyl benzoate. In the presence
of commonly used solvent (toluene, p-xylene, dimethyl
formamide, or dimethyl sulfoxide), the process performance
(both the benzaldehyde yield and selectivity) is found to be
inferior to that observed in the absence of any solvent. The
Au/U;0s is also a highly promising catalyst for the solvent-
free oxidation of substituted benzyl alcohols by O, to
corresponding aldehydes or esters with good selectivity and
yields. Through proper choice of the functional monomer
(vinylpyridine), Au nanoclusters of small size and with a
narrow size distribution can be generated. The resulting
microgel-stabilized Au nanoclusters have been shown to be
remarkably active “quasi-homogeneous” catalysts for the
aerobic oxidation of primary and secondary alcohols in
water.*® Solvent-free oxidation of benzyl alcohol was
investigated in the absence of a base using Au catalysts
prepared by sol immobilization on titania and carbon
supports. Sol immobilization is a suitable technique for
preparation of gold catalysts with small particle size, narrow
particle size distributions, and very high activity and selectiv-
ity for benzyl alcohol oxidation.>’® The oxidation of benzyl
alcohol with molecular oxygen under solvent-free conditions
has been also investigated using a range of titania-supported
Au—Pd alloy catalysts.>”" The catalysts have been compared
at high reaction temperature (160 °C), as well as at 100 °C,
to determine the effect on selectivity because at lower
reaction temperature the range of byproducts that are formed
are limited. Under these conditions the 2.5 wt.% Au-2.5 wt.%
Pd/TiO; was found to be the most active catalyst, whereas
the Au/TiO,catalyst demonstrated the highest selectivity to
benzaldehyde. Toluene is formed in the mixed Au—Pd/TiO,
catalysts even at very low conversions and at short reaction
times, indicating it is possibly a primary reaction product.
Binary and ternary mixed oxides containing Mg—Al, Cu—Al,
and Cu—Mg—Al prepared by flame spray pyrolysis (FSP)
resulted in agglomerated primary nanoparticles in the 10—15
nm range, onto which 6- to 9-nm gold particles were
deposited by means of deposition—precipitation. These
mixed-oxide-supported Au catalysts with noble metal loading
of 0.6 £ 0.17 wt % were tested in the aerobic liquid-phase
oxidation of 1-phenylethanol to phenyl-methyl ketone af-
fording TOFs up to 1300 h™'. The catalytic tests showed
that the activity of these catalysts depends strongly on the
composition of the support, with Cu and Mg being crucial
components. Strongly enhanced catalytic activity was ob-
served for gold supported on a ternary mixed oxide contain-
ing Cu, Mg, and Al at the molar ratio of 5:1:2. Extension of
the catalytic tests to various structurally different alcohols
indicated that the ternary mixed-oxide-supported gold catalyst
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has excellent catalytic properties in the aerobic oxidation of
a broad range of structurally different alcohols, affording
selectivities 98%. XANES revealed both reduced and
oxidized Au species on the ternary mixed-oxide supports
before and after the reaction. Mesoporous silica materials
(GMS) with nanoscale-gold in the framework were prepared
by functionalizing the silica with thioether groups. Charac-
terization of the materials demonstrated that they possess
unusually high surface area and pore volume, the pore size
distributions were very narrow, and there were large amounts
of void defects in the pore walls. These materials were
evaluated for the solvent-free liquid phase aerobic oxidation
of benzyl alcohol by molecular oxygen. Benzaldehyde was
obtained with high selectivity under the reaction conditions
of 403 K, 15 atm, and 5 h. The 1.5% GMS catalyst was
also very active for atmospheric pressure aerobic oxidation
of benzyl alcohol and was stable under the reaction condi-
tions, and the conversion was still better than 99% after
recycling three times.*’*> Moreover, the oxidation of benzyl
alcohol to benzaldehyde has been investigated over different
supported gold catalysts in supercritical carbon dioxide in a
high-pressure batch reactor.>”* Only molecular oxygen was
used as oxidant, and no base was needed. Different supports
and preparation methods for the catalysts were tested, and
parameters, such as reaction temperature, pressure and molar
ratios of the components, were varied to study the catalytic
behavior. Gold colloids deposited on a titania support (1%Au/
TiO,) yielded a conversion of 16.0% after 3 h and a high
selectivity to benzaldehyde of 99% under single-phase
conditions. The reaction rate was significantly higher than
in a corresponding “‘solvent-free” reaction without CO,. Even
higher rates were found when a CO;-expanded phase was
present. Monitoring of the oxidation in a high-pressure view
cell via infrared transmission spectroscopy unravelled a
slowdown of the reaction rate above 15% conversion. In
addition, 1-octanol and geraniol were oxidized as well under
similar conditions, yielding conversions of 4% and 10%,
respectively, with selectivities toward octanal and geranial
of 90% and 30%. Thus, the combined application of gold-
based catalysts and supercritical CO, offers an interesting
alternative to the known methods of alcohol oxidation.

It is known that aromatic molecules such as benzene can
interact weakly with gold surfaces or gold nanoclusters
through the s-electrons of benzene rings.*’* Therefore, it
was reasoned that if the gold nanoclusters could be stabilized
by weak interactions with the aromatic sections of polymers,
they might be versatile catalysts that could be used for liquid-
phase organic synthesis with a more wide range of substrates.
A size-controllable gold nanocluster catalyst, polymer-
incarcerated gold (PI Au) 335, which used multiple interac-
tions with the benzene rings of polymer 334 has been
prepared (Scheme 216) and the selective aerobic oxidation
of alcohols catalyzed by PI Au 335 under air or oxygen
atmosphere at room temperature is also reported.’””

PI Au nanoclusters 335 thus prepared were used for the
aerobic oxidation of (&)-1-phenylethanol. The reaction
proceeded in a dichloromethane/water solvent mixture at
room temperature and under oxygen at atmospheric condi-
tions in the presence of 335a (3 mol %) and potassium
carbonate to afford acetophenone quantitatively. The reaction
also proceeded smoothly in toluene/water and benzotrifluo-
ride (BTF)/water solvent mixtures. It is notable that, in all
cases, no metal leaching was detected by inductively coupled
plasma (ICP) analysis (<0.04%). Examination of the rela-
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tionship between the reactivities and the loadings of the gold
catalysts revealed that use of a lower loading gave higher
activity, which could be rationalized by the fact that a lower
catalyst loading contained smaller clusters. Furthermore, it
was found that a slight modification of the preparation
method of the PI Au nanoclusters greatly increased their
catalytic activity (Scheme 217).

It was proved that the reaction was promoted by a base
and that the reaction did not proceed at all in the absence of
water or base. The catalyst was recovered by simple filtration
and reused without significant loss of activity (Scheme 218).

The recovered catalyst could be heated at 150 °C for 5 h
to facilitate its reuse. Several alcohols were then oxidized
in an oxygen or air atmosphere in the presence of 1—3 mol%
of 336. Aromatic secondary alcohols were oxidized smoothly
to afford the corresponding ketones quantitatively. Aromatic
and allylic primary alcohols were oxidized smoothly in the
presence of a weak base to afford the corresponding
aldehydes in good yields, although the products were
accompanied by small amounts of carboxylic acids or esters.
Alcohols that contained heteroatoms such as S and N, which
are well-known to coordinate strongly to gold nanoparticles,
could be oxidized smoothly to give the desired ketones in
high yields without leaching of the metal.

A persistent problem in the practical use of finely dispersed
gold nanoclusters (AuNCs) is their aggregation, especially
during reactions and/or workup procedures. A stable micelle
structure would be used as a scaffold to prevent aggregation
of these species. A star polymer consisting of many hydro-
philic arms and a hydrophobic core can be regarded as a
unimolecular micelle. Recently, Aoshima et al. achieved a
significant advance in star polymer synthesis, demonstrating
quantitative formation of vinyl ether star polymers with low
polydispersity.*’® In addition, it has been found that polyvinyl
ethers with oxyethylene side chains exhibit LCST (lower
critical solution temperature)-type phase-separation behavior
in water. Therefore, they examined the preparation of AuNCs
338 in water using star polymers consisting of 2-(2-
ethoxy)ethoxyethyl vinyl ether (EOEOVE) 341, as illustrated
in Scheme 219. The resulting clusters were shown to catalyze
aerobic oxidation under mild conditions without deteriora-
tion.>”” Furthermore, the catalyst could be recovered for reuse
via simple procedures using thermosensitivity of the arm
chains.

tions proceeded under milder conditions, compared to
previous studies. It should be noted that the AuNCs did not
undergo negative aggregation at any point during the reaction
or even during workup procedures, which was confirmed
using the TEM method.

The homogeneous oxidation of alcohols catalyzed by gold
has more rarely been reported. Gold(I) chloride plus 3-diketim-
inate anion 342 as ligand serves as an excellent catalyst for
highly selective aerobic oxidation of alcohol.>’® The ligand
bears a negative charge and is quite donating; the flanking
2,6-diisopropylphenyl group on the nitrogen atoms provide
steric hindrance to leave open coordination sites on the center
metal ion to bind an oxygen transfer reagent and perhaps
also substrates to facilitate the oxidation process. Benzyl
alcohol has been oxidized to benzaldehyde in 99% GC yield
with 100% conversion in toluene at 90 °C after 10 h with
0, as the oxidant (Scheme 221). The use of 4 A molecular
sieves is beneficial the reaction. Further study indicated that
the oxidation also ran smoothly under air atmosphere. Then
the scope of the method was illustrated with a range of
alcohols. With the use of activated primary benzyl and allylic
alcohols, both conversions and yields were very high with
excellent selectivity; only aldehydes were produced under
the reaction conditions with no overoxidized carboxylic acid
observed.

Some alcohols could also be oxidized to carbonyl com-
pounds with a 1:1 ratio of gold(I)-neocuproine 344 as a
catalyst in aqueous solution (Scheme 222).*”® Remarkably,
the aerobic oxidation ran very smoothly when the pressure
of oxygen was increased to 50 atm in the presence of 1 M
NaHCOs;. Surprisingly, the oxidation could not run very
efficiently in the presence of NaOH (1.0 mol/L) under 50
atm of O,. Organic base, such as Et;N, was very inefficient.
AuCl;/344 could also catalyze this oxidation but the ef-
ficiency of this reaction was much lower. Similarly, the
oxidation could not perform well under 50 atm of O, in the
absence of either AuCl or any ligand in water. The increase
of steric hindrance can also observably decrease the ef-
ficiency of oxidation. Primary mechanistic studies showed
that the rate of oxidation was related to the pressure of O,
and the pH value of the solution. The results also indicated
that this catalytic process was mechanistically different from
those catalyzed by solid-supported gold nanoparticles, and
gold complexes were assumed to be catalytic species in
solution.
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A selective liquid-phase aerobic oxidation process for the
one-step direct production of methyl glycolate (MGC)**°
from ethylene glycol (EG) and methanol (MeOH) as starting
materials has succeeded at Nippon Shokubai Co. Ltd. in a
pilot-scale demonstration in 2004 with a capacity of tonnes
per month. The key step of this process is a one-step liquid-
phase air oxidation of alcohols over heterogeneous gold

Ar L Ar

Ar = 2,6-diisopropylphenyl
Ligand 342

Scheme 222
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HOCH,COOMe + 2H,0
MGC (Methyl glycolate)

HOCH,CH,OH + MeOH + O, —
catalysts. The process is simple and the product MGC is
obtained with a high purity over 98% (Scheme 223). The
substrate-selectivity was observed clearly with Au catalyst,
not with a typical Pd or Ru catalyst, which is also capable
of catalyzing the oxidative esterification of alcohol. The
substrate-selectivity observed with Au catalyst is the result
of a competitive adsorption properties between MeOH
(monodentate) and EG (bidentate) on the surface of Au
particles. It suggests that the difference in adsorption
properties between two substrates on catalyst surface would
be much larger on the nanogold catalyst than on the other
metal catalysts, which is the origin of the highly substrate-
selectivity.

Gold-catalyzed oxidation of 1,2-diols, such as 1,2-
ethanediol and 1,2-propanediol, resulted in a high chemose-
lectivity to o-hydroxy-carboxylates and high conversions in
a wide pH range. Prati and Rossi showed that gold is a
suitable alternative for platinum group catalysts because the
surface of Au is not readily overoxidized and is hardly
sensitive to chemical poisoning by acid adsorption.*®' The
feasibility of using well-stabilized gold sols as pseudohomo-
geneous catalysts has been demonstrated.*®* Au sols emerged
as active and chemoselective catalysts for the oxidation of
aliphatic 1,2-diols. Because the reaction can be conducted
in alcohol media, with only a small volume of water, even
long chain aliphatic 1,2-diols can be smoothly converted.
The need for an inorganic base such as NaOH in the reaction
was examined. The alkali base is clearly indispensable. The
base may fulfill at least two roles. First, the base may promote
the dehydrogenation of the alcohol to the aldehyde by H*
abstraction from the alcohol. Second, NaOH helps in
desorbing the acid product from the metal surface by
carboxylate formation. Temperature has likewise a well-
defined effect on the catalytic activity. The decreasing
catalytic activity at higher temperatures is likely caused by
sol instability. After a 6 h oxidation run was performed at
temperatures exceeding 353 K, aggregation of the sol catalyst
with formation of a dark-colored deposit was observed. Two
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approaches were compared to recycle the pseudohomoge-
neous catalyst. First, poly(dimethylsiloxane) membrane
filtration gives excellent preservation of activity, but a
membrane reactor setup is required. Alternatively, at high
solute concentrations, biphasic catalyst separation is possible,
but the activity is less well preserved than with the membrane
filtration. In optimized conditions, up to 2000 catalytic cycles
can be performed per Au atom in the production of long
chain a-hydroxy-alkanoates.

Conversion of glycerol is of interest because it is a
byproduct of biodiesel production from plant and animal oils.
A major surplus of glycerol has resulted from rapid expansion
of biodiesel production capacity around the world. The
oxidation of glycerol over Au catalysts is one possible route
for using this biorenewable feedstock.’® Gold catalysts
operating in the aqueous phase have been shown to be highly
active for the oxidation of glycerol.*** Carbon-supported Au
particles with mean sizes ranging from 5 to 42 nm and
unsupported Au powder were evaluated as catalysts in the
aqueous phase oxidation of glycerol.*®> Influence of gold
particle size revealed that in the aqueous phase at 333 K
larger particles and bulk Au are less active than 5 nm Au
particles. However, large Au particles (>20 nm) were more
selective to glyceric acid (Scheme 224). Moreover, the
influence of the temperature was studied, and it was found
that by increasing the temperature, only with a large particle
size the formed glycerate was retained and not overoxidized
to tartronate.®®

The lower selectivity of small Au particles is attributed
to a higher formation rate of H,O, during glycerol oxidation,
because peroxide promotes C—C cleavage reaction.*®’

A number of Au/TiO; catalysts were synthesized using
different preparation methods including various reduction
procedures, and evaluated in the liquid phase oxidation of
glycerol. It has been demonstrated that the use of different
reduction method (calcination versus chemical reduction) has
a crucial effect on the oxidation state of Au and on the gold
particle dimension with consequence on the catalytic behav-
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ior in the liquid phase oxidation of glycerol.*®® Ceria-
supported catalysts were compared with the performance of
carbon- and titania-supported gold catalysts.*®” Focusing on
the selective glycerol oxidation, carbon supported gold
catalysts are, at the moment, still the best system to elaborate
the selective glycerol oxidation. In fact, the reaction param-
eters and the preparation conditions of these carbon supported
catalysts have an influence not only on the activity but also
on the selectivity. Bimetallic catalysts can have markedly
different activity and selectivity compared with the mono-
metallic analogues.*®® Bimetallic catalysts of Au and Pd
exhibited very high alcohol oxidation rates and selectivi-
ties.**! Different synthesis methods were used for the
preparation of Au—Pd bimetallic catalysts. The direct
deposition of Au onto a parent Pd monometallic catalyst was
successful for preparation of a series of Au on Pd catalysts.
Catalyst characterization using TEM, H, titration, and XAS
indicated that there may be a maximum Au coverage on the
Pd after which additional Au deposited as monometallic
clusters on the catalyst support. Nevertheless, the parent Pd
catalyst maintained the Au in a highly dispersed state. In
situ XAS characterization of the Pd catalyst and a Au—Pd
bimetallic catalyst revealed good particle stability during
aqueous-phase oxidation. Moreover, the Pd and Au appear
to be metallic under reaction conditions. The preparation of
Au—Pd sol gave a catalyst in which the Au almost
completely covered the Pd.>** It there is not a significant
rate enhancement for the bimetallic catalysts compared with
monometallic Au after rates have been properly normalized
to the surface metal concentration. But there does appear to
be an important influence of Pd on the selectivity of the
glycerol oxidation reaction. Kinetic studies revealed that Pd
in either a bimetallic particle or a physical mixture with Au
decreased the amount of observed H,O, in the reaction.
Because H,0O, is correlated with the formation of C—C
cleavage products, the presence of Pd with Au increased the
selectivity of the glycerol oxidation reaction to the formation
of glyceric acid. The liquid phase oxidation of glycerol with
oxygen has also been studied using mono- and bimetallic
catalysts based on Au and Pd metals supported on activated
carbon or graphite®”* to study the effect of the metal on the
distribution of the products and on activity of catalysts. It
was found that by using bimetallic catalysts (Au—Pd) a
strong synergistic effect was shown. By using a preformed
nucleating center, Prati and co-workers*** were able to obtain
a single alloyed phase, which allowed the synergistic effect
to be addressed to the presence of alloyed Au/Pd. The
advantage of using this latter catalyst lies not only in the
high activity but also in a prolonged catalyst life. Although
a partial leaching of palladium and assembling of the particles
have been revealed by ICP and HRTEM respectively, activity
after 10 recycles decreased less than expected (about 10%).

Carbohydrates represent one of the most important sources
of renewable materials. Special attention was paid to the
selective catalytic oxidation of sugars because the aldonic
acids obtained as main products can find many applications
in the food and detergent industries, as well in cosmetics
and medicine. Carbohydrate oxidation can be accomplished
by chemical, biochemical and catalytic routes. The chemical
and biochemical processes often display disadvantages as
difficulties arise in the separation of the products, control of
byproduct or disposal of wastewater. In this regard, hetero-
geneous catalysis in aqueous solutions seems to be a
valuable, environmentally friendly alternative to the chemical
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and enzymatic procedures for sugar oxidation. Various works
dealt with the study of glucose oxidation on Pt(I) and Pd(II)
catalysts. In general, platinum catalysts displayed only a
mediocre selectivity, an additional doping with bismuth or
lead being necessary to obtain better catalytic properties.*
In the oxidation process of glucose, leaching of bismuth was
evidenced.**® Rossi and co-workers*®’ reported for the first
time glucose oxidation on a gold catalyst. Glucose was
oxidized on immobilized gold colloids on carbon, and
surprisingly, a total selectivity to gluconate was found. In
particular, it has been shown that glucose can be efficiently
oxidized to gluconate using supported and unsupported gold
nanoparticles, gold catalysis being competitive with respect
to enzymatic catalysis.**® The kinetics of aerobic oxidation
of glucose catalyzed by colloidal gold has been investi-
gated®” and compared with the enzymatic catalysis.**
Careful analytic determinations showed that the gold-
catalyzed aerobic oxidation of glucose occurs through a two-
electron mechanism leading to gluconate and hydrogen
peroxide (Scheme 225).401

In the presence of alkali, hydrogen peroxide is mainly
decomposed, before reaching a sufficient concentration for
oxidizing glucose. Concerning the mechanism (scheme 226),
the key point is represented by the electron-rich gold species,
formed by the hydratated glucose anion with gold surface
atoms, which is supposed to activate molecular oxygen by
nucleophilic attack.

Peroxidic-like species already suggested as reaction in-
termediate during dihydrogen oxidation in water on a gold
catalyst,** can be formally considered as a bridge for the
two-electron transfer from glucose to dioxygen. To make a
catalytic process more competitive, it is essential to use
highly selective, stable, and active catalysts. More recent
investigations of metal oxide-supported gold catalysts showed
that such catalysts have excellent properties in the liquid-
phase carbohydrate oxidation. Alumina-supported gold cata-
lysts can be regarded as major breakthrough on the way to
an industrial process of carbohydrate oxidation.*®> The
prepared alumina-supported catalysts are very active in
glucose oxidation and have, without exception, 100%
selectivity toward D-gluconate. A continuous-flow liquid-
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phase oxidation using a gold catalyst has been described.***
A 0.25% Au/Al,Oj catalyst was investigated in the continu-
ous-flow carbohydrate oxidation using glucose as the model
compound. The long-term stability of the gold catalyst was
excellent as no loss in activity or selectivity occurred during
70 days of continuous operation. The preparation of gold
catalysts for liquid-phase glucose oxidation by the incipient
wetness method is a good alternative to preparation with
deposition—precipitation. TEM analysis revealed that it is
possible to prepare small gold particles with particle size of
2 nm by incipient wetness, even at high gold loadings. In
glucose oxidation, the catalysts are very similar in terms of
activity, selectivity, and long-term stability to those prepared
by deposition—precipitation with urea as the precipitation
agent. From ecological and economical standpoints, the
incipient wetness method has some advantages.**> The
influence of doping an alumina support with different base
metal oxides on the catalytic performance of gold catalysts
to oxidize glucose to gluconic acid has been investigated.**®
Sodium oxide and calcium oxide strongly enhanced the
reaction rate for catalysts prepared by both the deposition—
precipitation and incipient wetness method. Urea was used
as the precipitation agent in the former. The total selectivity
of the catalysts was not influenced by the dopants. TEM
analysis revealed very small gold particles of less than 2
nm for sodium-doped catalysts prepared by the two methods.
Titania-supported catalysts, also, revealed remarkable proper-
ties regarding their catalytic activity in the oxidation of
glucose.*”” The oxidation of various pentoses, hexoses, and
di/oligosaccharides has been investigated on Au, Pd, and Pt
catalysts.**® In these reactions, the gold catalysts showed a
very high activity and a total selectivity to the corresponding
aldonic acids. In particular, the selective oxidation of
disaccharides represents a challenging process because of
the existence of at least three carbons exposed to oxidation
in those molecules. It is quite problematic to design a catalyst
that is able to distinguish between the anomeric hydroxyl
on the one hand and the other two primary alcoholic groups
on the other hand. Similar to the oxidation of pentoses and
hexoses, the gold catalyst displayed the highest catalytic
activity for the oxidation of disaccharides. Furthermore, two
different gold catalysts (Au/TiO, and Au/Al,O3;) were
compared for the oxidation of maltose and lactose, respec-
tively. Maltose and lactose are raw materials available in
large amounts, and they constitute relevant renewable
resources for industry. Their oxidation products, especially
lactobionic acid, found many applications in different fields.
Au/TiO, was used in maltose oxidation during 10 runs. A
decrease in activity after the first run was found that was
attributed to Au leaching, probably because of an insufficient
stabilization of gold particles on the support. In spite of this,
the catalyst displayed a good activity during the ten runs.
The Au/Al, O3 catalyst was successfully used during 10 runs
for the oxidation of lactose, and no important decrease of
activity was noted. A permanently high selectivity of Au
catalysts was always found for both oxidation reactions.
Because of the noteworthy properties of gold catalysts, that
is, total selectivity, high activity, excellent long-term stability,
a new, versatile, and environmentally friendly preparation
method of various aldonic acids was developed. Most of the
obtained aldonic acids are not commercially available now,
but the new method will allow their production in an
economical way and, at the same time, provide an op-
portunity to enlarge the spectrum of their applications.
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6.3. Selective Oxidations of Amines

It is known that all types of amines are easily oxidized
using appropriate reagents. The course of the reaction is quite
variable and depends very much on the structure of the amine
but, in general, hydrogen peroxide converts the primary
amines into nitro compounds, whereas the secondary amines
are oxidized to hydroxylamines. Tertiary amines are con-
verted by hydrogen peroxide into the relative hydrated
N-oxides that are transformed to N-oxides by heating under
vacuum. Peroxodisulfuric and trifluoroperacetic acids oxidize
aromatic amines to nitroderivatives. Very recently, it has been
reported that bulk gold powder, which consists of particles
(~1000 nm) much larger than nanoparticles, can catalyze,
under mild conditions reactions, the aerobic oxidation of
secondary amines to imines (Scheme 227).4%

When the Au-catalyzed oxidation of 346 was carried out
under the standard conditions, the expected imine 347 was
produced in almost quantitative yield (Scheme 228).

For the less-hindered cyclic amines, a further step could
occur under the reaction conditions. The imine derivative
can undergo a subsequent addition reaction with the starting
amine (Scheme 229). That this step could occur under the
conditions of the reactions has been established by the
reaction of Al-pyrroline with pyrrolidine 348, which gives
349 directly in 91% yield. This reaction appears to be faster
than the oxidative formation of the Al-pyrroline. The
hydroamination reaction is also catalyzed by the Au as no
reaction occurs in the absence of the Au. Especially
surprising is the observation that no reaction occurs in the
absence of O,, which suggests that O, is required to activate
the gold catalyst for the addition reaction of the pirrolidine
to the Al-pyrroline.

Interestingly enough, it appears that non-nanogold is
capable of catalyzing several types of reactions. None of
these reactions requires nanosized gold particles or supported
gold even if the application of these results to the practical
conversion of amines to imines requires making more
efficient use of the gold.

A new application of gold catalysis in organic synthesis
has been found by discovering the ability of supported mono-
and bimetallic gold catalysts to transform tertiary amines into
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the corresponding N-oxides under “green” conditions, that
is, working in aqueous solution with molecular oxygen under
mild conditions.*'® Among different supporting materials,
metals, and their binary combinations, the highest catalytic
activity by reacting triethylamine with oxygen at 363 K to
give trietylamine N-oxide was observed with the bimetallic
Au—Rh on carbon system (100% conversion), where a
synergistic effect is clear considering the lower conversion
of Au/C (46%) and Rh/C (26%) catalysts. Moreover, Au/
TiO, and the bimetallic Au—Pt on carbon also show high
conversions. Alkali produced a strong negative effect.
Pyridine has been also smoothly oxidized by oxygen in the
presence of all the tested catalysts producing pyridine-N-
oxide with 100% yield in two hours tests. No negative effects
have been observed adding alkali to the reactants, and 100%
yields were always obtained. The chemoselectivity of the
oxidation of aminoalcohols of formula R;R,N-(CH,),-
CH,OH depended upon the nitrogen substituents, catalyst
composition, and experimental conditions. The reaction of
3-dimethylamino-1-propanol with O, in the presence of gold
containing catalysts has been investigated as a model system.
The oxidation of the amino group is favored in the absence
and in the presence of alkali. In the absence of alkali, 100%
selectivity has been observed in all the cases, but a high
activity is restricted to gold-containing catalysts. Pt/C was
inactive as the catalyst, and Rh/C produced only 20%
conversion to unidentified compounds. This result is in line
with the observation that aliphatic amines strongly interact
with the traditional noble metals, resulting in the catalyst
deactivation.*!!

6.4. Oxidative Amination Reactions

Angelici reported*'? that bulk gold catalyze the oxidative
amination of isocyanides 350 to give carbodiimides 351
according to the following Scheme 230

The catalyst was gold powder with a particle size of
approximately 1 um (10° nm). On the basis of studies of
the adsorption of isocyanides on the Au powder,*'? identi-
fication of the carbodiimide product, and kinetic studies, a
mechanism has been proposed (Scheme 231) in which the
rate-determining step is amine attack on the adsorbed
isocyanide carbon.

Intermediate 352 or 353 reacts by transferring hydrogen
atoms to O, to give the presumed H,O byproduct. Step (a)
is analogous to the well-known attack of amines on isocya-
nide ligands in transition metal complexes.*'* Nevertheless,
the Au-catalyzed reaction gives a carbodiimide product,
whereas the homogeneous metal-ion-catalyzed reaction gives
a formamidine.*'> For Au(I) and Au(IIl) complexes, the
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formamidine is liberated from the diaminocarbene complex
only upon displacement by other ligands such as PPh; or
CN~.*!° It is apparently the ability of hydrogen atoms to
transfer to the Au surface or to the O, that leads to the
carbodiimide product, a pathway that is not available to the
metal-ion-catalyzed reaction. The CO ligand, which is
isoelectronic with isocyanides, is attacked by amines when
v(CO) is greater than approximately 2000 cm ™ '. Although
CO is not detectably adsorbed on bulk gold at room
temperature, CO adsorbed at low temperatures on bulk Au
or on Au nanoparticles gives ¥(CO) values of approximately
2100 cm ™', which suggests that CO adsorbed on Au should
be susceptible to attack by amines. If the reaction of CO
with primary amines were to follow the pathway for the
reaction of isocyanides with primary amines and O,, one
would expect the product to be an isocyanate 354, which in
many cases would react with another primary amine molecule
to give the final urea product 355 (Scheme 232). Indeed, it
has been reported that the reaction of CO does occur, and it
is catalyzed by bulk gold powder (~1000 nm particles) that
does not have nanosized dimensions, under mild temperatures
(45 °C) and at atmospheric pressures of the CO and O,
gases.*!”

6.5. Oxidative Cleavage of Carbon—Carbon
Double Bond

The cleavage of the C=C bond to form two carbonyl
products is a synthetically useful method, which is usually
achieved by ozonation followed by reduction or by dihy-
droxylation, followed by oxidation.*'® Metal-mediated olefin
oxidation could represent a valuable alternative of great
interest.*'° In this context, an interesting method to oxidize
olefins to form ketones or aldehydes with the use of AuCl/
neocuproine as the catalytic system and fert-butyl hydro-
genperoxide (TBHP) as the oxidant has been developed
(Scheme 233).**° This oxidation reaction proceeds under
mild conditions in water.

To exclude the gold(IIl) species as a potential catalyst
under such an oxidizing condition, AuCl; was employed to
replace AuCl. This reaction produced a mixture with only a
small amount of carbonyl products, and most of the starting
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Scheme 234
oh

material was recovered. A range of substrates were inves-
tigated. Steric hindrance seems to be a key factor in affecting
the rate of oxidation of these substrates. The bulky groups
and the electron-withdrawing substitutions might affect the
rate of oxidation because of their varied binding affinities
to gold(I). It was also found that this oxidation was
completely inhibited by TEMPO (Scheme 234), which may
suggest a radical initiation pathway.

Gold-catalyzed cleavage reactions of the C=C double
bond to carbonyl compounds using molecular oxygen have
also been explored.**' Treatment of 356 with 2 mol % of
AuCl(PPh3)/AgOTf in THF at 50 °C for 21 h in the
atmosphere of O, (1 atm) afforded butenolide 357 in 90%
yield (scheme 235). The byproduct of benzoic acid was
isolated in 26% yield. No reaction was observed in the
absence of Au(I). The results clearly indicated that Au(I)
could catalyze the oxidative cleavage reaction efficiently. The
gold(I) complex AuCIP(p-CF3CcHy)3/AgOTf also showed
good catalytic activity in THF to afford 92% of 357.
However, AuCl; was ineffective to this reaction. The use of
solvent, such as 1,4-dioxane, CH;CN, or 1,2-dichloroethane,
resulted in a lower conversion or a prolonged reaction time.
Normal olefins, such as 1-decene or styrene, are inert to
oxidative cleavage under the same reaction conditions,
whereas an enol ethers do react.

When oxygen was gently bubbled through a THF solution
of (Z)-enynol 358 containing 2 mol % of cationic gold(I)
complex AuCI(PPh3)/AgOTf for 17 h at 50 °C, the butenolide
357 was formed in 97% yield. It was expected that
benzaldehyde should be isolated as a byproduct; however,
the amount of the initial formed benzaldehyde (detected by
GC) gradually decreased during the reaction, and instead,
benzoic acid was obtained in 64% yield (Scheme 236). A
partial oxidation of THF was also observed. The presented
results clearly demonstrate that Au(I) acted as a single-pot
catalyst to catalyze cyclization to dihydrofurans 356, fol-
lowed by an oxidative cleavage reaction converting it to
butenolides 357 directly. The cyclization occurred much
faster than subsequent cleavage reaction. It is also indicated
that the cyclization was not interfered with under the
atmosphere of dioxygen.

AuCI (5 mol %), 344 (5 mol %)
TEMPO (2.5 equiv)

TBHP (2.5 equiv) ©AO

H,0, 90 °C, 10 h

<5% by GC

6.6. Oxidative Cyclization Reaction of Enynes

A new oxidative cyclization of 2-ethenyl-1-(prop-2'-yn-
1"-ol)benzenes 359 to give naphthyl aldehydes and ketones
using Pt and Au catalytic systems has been investigated
(Scheme 237).4%

The resulting metal —naphthylidene intermediates 363 in
such cyclizations were identified and oxygenated by water
and H,O,, respectively. The Au catalyst is far superior to
platinum system for the production of the desired ketones
and aldehydes from diverse alcohol substrates (Scheme 238).

7. Conclusion

Both in heterogeneous and homogeneous catalysis, gold
catalysts can carry out processes for which no other catalyst
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has yet been identified. Moreover gold is an intriguing
alternative to platinum and palladium, with often superior
characteristics. Soluble gold complexes have significant
impact in the development of more efficient alternative
synthetic methods. By virtue of their unique ability to activate
carbon—carbon double and triple bonds as soft, carbophilic
Lewis acids, gold complexes have been utilized as highly
efficient catalysts for the formation of C—C, C—0O, C—N,
and C—S bonds, often in cyclization reactions. On the other
hand, gold salts can operate as bifunctional Lewis acids
activating either or both C—C multiple bonds or (and) make
o-complexes with heteroatoms providing highly selective
transformations. The ability of gold salts to catalyze direct
C—H bonds functionalization opens exciting developments.
The application of gold catalysis in stereoselective synthesis
can be accomplished through the preparation of chiral gold
ligands tightly bound to the metal to induce asymmetric
product distributions. Furthermore it was shown that the
chiral counterion can be combined additively with chiral
ligands to enable an asymmetric transformation that cannot
be achieved by either method alone. Stereoselectivity will
probably be the major challenge in this field in the future.
The propensity of propargyl esters to undergo 1,2- and 1,3-
acyl migration led to the formation of Au—carbene and
Au—allene derivatives, respectively, which after subsequent
functionalization, can allow for great molecular diversity.
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catalyst yield
(PPh3)AuOTY, THF, 21 h 90%
P(0-CF3CsH,)3AuOTS, THF, 14 h 92%
(PPhs)AuOTY, 1,4-dioxane, 20 h 70%
(PPh3)AuOTf, CH3CN, 4 days 84%
(PPh3)AuOTY, (CICH,),, 5 days 61%
(PPh3)AuOTT, air, THF, 36 h 99%
AuCls, (CICH,),, 24h 6%

A key technology that is bringing a breakthrough is catalysis
by gold nanoparticles and clusters. When gold is prepared
as very small particles with diameters of less than 10 nm
and is highly dispersed on activated carbon or metal oxides
or organic polymers, it turns to be a highly active catalyst
for oxidation and hydrogenation reactions. Supported gold
nanoparticles are selective and recyclable catalysts. The range
of commercially interesting chemical reactions where gold
performs well is substantial and increasing. Gold catalysis
is therefore ready for industrial applications. From the
literature presented, it is clear that gold offers many
opportunities in developing new “green” technologies.
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