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1. Introduction

Heterocycles are common core structures of various
natural products and synthetic pharmaceuticals. Efficient,
atom-economic, and selective constructions of novel hetero-
cyles from readily available starting materials under mild
conditions remain an important task in synthetic chemistry.[1]

Catalytic cyclization of heteroatom-functionalized alkynes
and alkenes is an important method in this context. Signifi-
cantly, gold-mediated homogeneous catalysis is rapidly grow-
ing in popularity owing to its broad applications in the
functionalization of alkynes and allenes, particularly in intra-
molecular fashion. Gold compounds are powerful soft Lewis
acids that can activate alkynes toward N, O, and C nucleo-
philes, leading to cyclization, and recently this type of
chemistry has been extensively reviewed.[2] The success of
gold catalysis in catalyzing distinct and unusual organic
transformations might result from the unique properties of

AuI and AuIII species that can promote
two or more mechanistically distinct
reactions in a tandem process. These
cascade reactions circumvent the oth-
erwise time-consuming, waste- and
cost-intensive, and yield-reducing pro-
cesses that require the isolation and
purification of intermediates. Thus the

unique ability of gold salts as soft, carbophilic Lewis acids
enables activation of C�C multiple bonds towards nucleo-
philic attack, allowing for the formation of new C�C, C�O,
C�N, and C�S bonds.

Although previous Reviews are comprehensive, most of
them focused on the diversity of gold catalysts in mediating
various coupling, particularly cycloisomerization reactions.[2]

No Review covered these reactions from a perspective that
focuses on a single, well-postulated key intermediate. In
addition, most reports on gold catalysis after 2009 fall outside
previous Reviews.[2] This Review focuses on the key role of
important a-oxo carbenoid intermediates in recently devel-
oped oxygen-atom transfer reactions. We herein describe
gold-catalyzed oxygen-atom transfer reactions between al-
kynes and N-oxides, sulfoxides, epoxides, and esters in both
intramolecular and intermolecular reactions; reactions that
enable the synthesis of useful complex structures.

2. Gold Carbenoids and Their Reactivity

Fully characterized gold complexes of Fischer-type car-
benes, particularly N-heterocyclic carbenes (NHCs), are well
established.[3] However, to our knowledge, the isolation of a
well-characterized Schrock-type carbene complex has not
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been reported. Even theoretical studies on the structure and
reactivity of such carbene complexes are rather limited.[4]

Toste and co-workers have recently examined the structures
of a range of cationic carbene complexes of gold(I) using
density functional theory (DFT) methods.[4e] Their DFT
studies indicate that the gold–carbon bond in these species
comprises varying degrees of both s- and p-bonding charac-
ter, depending on the trans ancillary ligand. However, the
Au�C bond order is generally equal to or less than one. Thus,
the character of these gold(I) carbene species ranges from
gold-stabilized singlet carbenes to gold-stabilized carboca-
tions. Structure–reactivity correlations of these gold carbene
species were supported by gold-catalyzed cyclopropanation
reactions, in which catalysts with ancillary ligands that favor
carbene-like species provide higher catalytic reactivity.

The carbene group in gold a-oxo carbene complexes
(Scheme 1) should be even more electrophilic after the

introduction of a carbonyl group. Although no such com-
plexes have been isolated or characterized, these species are
widely proposed in the gold-catalyzed oxygen transfer of a
nucleophilic oxygen atom to an alkyne group. Of the various
nucleophiles that attack alkynes in reactions mediated by AuI

and AuIII species, the oxygen atoms in polar E�O bonds (E =

N, S, and C) are special nucleophiles in that their attack at the
alkyne is either endo or exo selective and gives gold vinyl[5]

intermediates bearing positively charged electrophilic cen-
ters. A remarkable feature of this system is that this gold vinyl
intermediate[6] can undergo ring opening and E�O bond
cleavage to give a gold a-oxo carbenoid intermediate
(Scheme 1). It should be noted that this a-oxo carbenoid
intermediate could also be generated from denitrogenative
reactions between a-diazoketones and AuI species.[7] How-

ever, this alternative access requires explosive and hazardous
diazoketones that are highly functionalized, and their syn-
thesis is not trivial.

Interestingly, formation of this type of a-oxo carbenoid
intermediate by addition–elimination process is not limited to
gold-mediated reactions. Crabtree and co-workers observed
iridium(III) hydride mediated intramolecular oxygen-atom
transfer from a nitro group to the C�C bond of o-RC�
C(C6H4)NO2 (Scheme 2).[8] This reaction is proposed to

involve an analogous addition–elimination process to give
an oxo carbenoid, followed by 6e� electrocyclization to afford
an N-bound anthranil complex.[8] In this case the role of the
iridium(III) center can be regarded as that of a Lewis acid.

In catalytic processes, these electrophilic carbenoids are
known to participate in at least three types of elementary
reactions (Scheme 3): a) attack by nucleophiles, such as N, O,
arene, migrating hydride and alkyl groups, b) oxidation by
sulfoxides,[9] and c) metalla Diels–Alder reactions with al-
kynes.[10] These reactivities enable extensive functionalization
of alkynes.

The electrophilicity of such carbenoids is well established
and they can participate in reactions that are typical for
carbocations in classical organic chemistry. In these cases the
introduction of an a-carbonyl group should further increase
the electrophilicity of the carbenoid carbon. Thus, following
the generation of the gold a-carbenoid intermediates, intra-
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Scheme 1. Generation of an a-oxo gold carbenoid by the intramolecu-
lar reaction of a gold alkyne complex with an oxygen-delivering
oxidant.

Scheme 2. Intramolecular oxygen-atom transfer from the nitro group
to a C�C bond, mediated by an iridium(III) complex.
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molecular nucleophiles, such as arene, imine groups, migrat-
ing hydride, and migrating alkyl groups can attack the
carbenoid carbon to give a cyclic gold enolate, which allows
for further manipulations of the skeleton.

2.1. N�O Groups as Oxidants

A particularly interesting class of substrate is an alkyne
bearing a R3N

+�O� group as in nitrone, nitro, and amine N-
oxide compounds that are oxygen-atom donors. These polar
N�O species, such as nitrones, have been shown to be
interesting oxygen-bound ligands that can stabilize transition-
metal centers.[11] They have also been used as oxidants in
metal-mediated or metal-free reactions.[12] The combination
of these two functions in concurrent tandem catalysis has
been made possible by gold catalysts. Thus, the interactions
between AuI or AuIII catalysts and alkyne substrates bearing
R3N�O groups lead to a reactive gold vinyl species as a result
of the activation of the alkyne towards O attack. Subsequent
N�O bond cleavage leads to a-oxo carbenoid species bearing
a pendent R3N group.

2.1.1. Oxygen-Atom Transfer from Nitrones

Nitrones are readily available starting materials, and the
unique advantage of using nitrones as oxygen-atom donors is
their facile synthesis from aldehydes and hydroxyamines.
Nitrones are also undergo 1,3-dipolar addition reactions with
alkenes.[13] Shin and co-workers developed a redox cyclization
of nitrone-tethered simple alkynes 1 to give isoindoles 2
(Scheme 4).[14a] This selectivity suggests that 7-endo cycliza-
tion and subsequent internal oxygen transfer are involved.
Attack of the imine nitrogen atom of 3 at the carbenoid
carbon gives an azomethine intermediate 4 (Scheme 4), which
in turn gives the isoindole product 2 upon deauration (R = Bn
or Me, 30–57%). This method works well for both internal
and terminal alkynes. On the other hand, the formation of this
isoindole seems to be limited to nitrones bearing N�Bn and
N�Me groups. Indeed, when the terminal-alkyne nitrone 5
bearing an N�tBu group was treated with a commonly used
[(IPr)AuCl]/AgPF6 system, an imioester 6 with an exo-cyclic
double bond was isolated as the sole isomer of the product
(Scheme 5).[14b] In this case the selectivity of cyclization is
switched to 6-exo as a result of steric and electronic effects of

the N-substituent. The resulting carbenoid 7 (Scheme 5) is
preferentially attacked by a migrating hydride that originates
from the imine unit in 8 to afford a gold enolate species 9
bearing an electrophilic nitrilium. Subsequent oxygen attack
of the enolate at the nitrilium and demetalation affords the
iminoester 6. No analogous imine nitrogen attack was
involved for steric reasons. Furthermore, electronically the
competitive hydride migration is made more favorable by the
donating nature of the tBu group.

In sharp contrast to the results obtained with gold
catalysts, products different from 2 and 6 were formed from
essentially the same nitrone–alkyne substrates when [TpRu-
(PPh3)(MeCN)2]SbF6 was used as a catalyst (Scheme 6).[15]

The 3-isoquinolone products 11 were obtained in good yields,
and this reaction also involved internal redox of the nitrone
and alkyne groups. This reaction is proposed to involve the
ruthenium(II)-mediated rearrangement of alkyne 10 to
vinylidene 12,[16] followed by the oxygen-atom attack at the
a-carbon of 12 to give a ruthenium Fischer carbene inter-

Scheme 3. The different reactions of a-oxo carbenoids, see text for
details. EWG= electron withdrawing group.

Scheme 4. Redox cyclization of nitrone-tethered simple alkynes.

Scheme 5. Formation of an iminoester from a nitrone-tethered alkyne.
IPr = 1,3-Bis(2,6-diisopropylphenyl)imidazol-2-ylidene.
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mediate 13. Deruthenation affords ketene 14 bearing a
nucleophilic imine group, which undergoes (uncatalyzed)
6p-electrocyclization to give the final product.

The catalytic cyclization of nitrone-functionalized enynes
giving complimentary 6-exo selectivity did not occur in the
cyclization of nitrone-tethered 1,6-enynes.[17] By attaching an
alkene to the alkyne, versatile reactivity is achieved, leading
to the construction of new skeletons. Thus cyclization of 15
gives tricyclic heterocycles 16 in good to high yields and high
diasteroselectivity (Scheme 7). In contrast to the observed
exclusive 7-endo cyclization for nitrone-tethered simple
alkynes (Scheme 4), cyclization in this case gives 6-exo
selectivity and the resulting a-oxo carbenoid species 17 is
subject to intramolecular attack by the imine nitrogen atom to
generate a gold enolate iminium intermediate 18. This
azomethine ylide and the alkene unit are proposed to undergo
an intramolecular [3+2] dipolar cycloaddition cascade. It

should be noted that in this system the 6-exo (leading to
tricyclic products) and the 7-endo (leading to isoindoles)
cyclization reactions are in competition when gold(I) catalysts
are used. However, the 6-exo selectivity can be maximized
when AuCl3 is used. Competitive endo and exo cyclization has
also been reported in the cyclization of nitro-functionalized
alkynes.[18] General reactivity of metal Zwitterion complexes
towards dipolar addition with alkenes have been reported for
other electrophilic metals, such as PtII.[19]

Shin and co-workers further designed substrates of
nitrone-tethered tertiary propargyl alcohols. The introduction
of the tertiary alcohol moiety enables the construction of new
skeletons with quaternary centers by a series of cascade
reactions.[20] AuCl3 was used to successfully catalyze the one-
pot cyclization of 19 to b-aminodiketones 20 in high yield and
moderate to high diastereoselectivity (Scheme 8). Analogous

to the 6-exo cyclization of substrates 15 (scheme 7), a gold a-
oxo carbenoid 21 is generated. However, the fate of the
carbenoid is different. Instead of being attacked by the imine
nitrogen atom, the a-R1 group migrates to the carbenoid as in
a classical pinacol rearrangement, leading to b-diketonate
intermediate 22. A subsequent cascade of Mannich additions
gives the b-aminodiketone product 20. Analysis of the
product distributions obtained from the cyclization of non-
symmetrically substituted alcohols indicates that the relative
ease of migration for the alkyl groups depends on its steric
bulk, in the order of Me>Et> iPr. Furthermore, alkynyl,
aryl, and vinyl groups preferably migrate over methyl group
in acyclic alcohol substrates. Interestingly, when the spectator

Scheme 6. Ruthenium-catalyzed cycloisomerization of o-alkynylphenyl
nitrones. Tp = tris(1-pyrazolyl)borate.

Scheme 7. Internal redox/dipolar cycloaddition cascade reactions.

Scheme 8. Redox cyclization with pinacol rearrangement.

Gold Catalysis

7229Angew. Chem. Int. Ed. 2011, 50, 7226 – 7236 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


group is a vinyl group, the initially obtained b-aminodike-
tones 20 can further undergo one-pot Michael addition
between the N�H bond and the proximal enone to afford
23, this addition is facilitated by treatment with silica gel. This
novel pinacol–Mannich–Michael cascade utilizes reactive
gold carbenoid imine intermediates to generate synthetically
useful 5,6-fused azacycles starting from readily available
nitrone compounds, which represents an atom-economic and
step-economic approach.

2.1.2. Oxygen-Atom Transfer from Nitro Compounds

Despite the fact that nitro groups are relatively less
oxidizing and are also less weakly ligated to transition metals,
Yamamoto and co-workers achieved the redox cyclization of
o-alkynylnitrobenzenes catalyzed by AuBr3 or AuCl3.

[18] In
the case of o-(arylalkynyl)nitrobenzenes 24, both anthranils
25 (minor) and isatogens 26 (major) were isolated
(Scheme 9). These two types of products are proposed to

originate from two competitive cyclization pathways with
different regioselectivities, a scenario observed in the afore-
mentioned cyclization of enynes (see Scheme 7). The sim-
ilarity between the anthranil products 25 and the iridium
anthranil complexes in Scheme 2 starting from the same nitro
alkyne compounds suggests that they may follow the same
type of mechanism.[21] Two key oxo carbenenoid intermedi-
ates are proposed and they undergo either N or O attack to
give the corresponding five-membered-ring intermediates,
and the final products were generated by deauration.
Interestingly, only the anthranil products 25 (from 6-endo
attack) were observed for the reaction of o-(alkylalkynyl)ni-
trobenzenes. These results highlight the rather large differ-

ences between alkyl and aryl substituents on the alkyne unit
in terms of electronic and steric effects, and alkyl substituents
on the C�C bond favor the 6-endo cyclization selectivity.

Recently, Liu and co-workers reported the gold-catalyzed
stereoselective formation of azacyclic compounds 29 by a
redox/[3+2] cycloaddition cascade starting from 1-ethynyl-2-
nitrobenzenes 27 and alkenes 28 (Scheme 10).[22] The core
structures of 29 are constructed through a formal [2+2+1]

cycloaddition between a-carbonyl carbenoids, nitroso species,
and external alkenes. A gold a-oxo carbenoid 30 was
proposed to be generated from an internal redox process.
Intramolecular oxygen attack on this gold carbenoid gave
ketonyl oxonium 31, which is proposed to tautomerize to the
enol form 32 that undergoes a subsequent intermolecular
[3+2] cycloaddition reaction with alkene in a concerted exo
way via transition state 33 to give the observed products 29.
The scope of substrate covers diverse electron-rich alkenes
(such as vinyl ethers, vinyl thioethers, and vinyl silyl ethers)
and nitro alkyne substrates 27 bearing various substituents on
the aryl ring. There seems to be some correlation between the
reactivity and the electronic effects of the substituents para to
the alkynyl or the nitro group in 27, and electron-donating

Scheme 9. Redox cyclization of o-alkynylnitrobenzenes.

Scheme 10. Gold-catalyzed stereoselective synthesis of azacyclic com-
pounds from 1-alkynyl-2-nitrobenzenes and alkenes. DCE = dichloro-
ethane, NTf = trifluoromethylsulfonylamide.
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groups (Me) tend to lower the reactivity. In fact, the
introduction of methoxy groups at these two positions
essentially suppressed this reaction because they tend to
stabilize the nitro group and/or to reduce the electrophilicity
of the alkyne. To fully understand the mechanism, control
experiments and theoretical studies have been carried out.
DFT studies indentified a-carbonyl carbenoid 30 as a key
intermediate. It should be noted that alternative nitrogen
attack on the carbenoid in intermediate 30 leading to nitrone
occurs in the competitive dimerization reaction of 27 a to 38.
This process is believed to involve the formation of carbonyl
carbenoid 35 from 27a. Subsequent N attack at the carbenoid
in 35 gives 36, which undergoes deauration to afford nitrone
37. The dimer product 38 was generated from nucleophilic
attack of the nitrone oxygen atom on gold-activated alkynes
followed by cyclization and ring opening. This competitive
process, however, is suppressed in the presence of electron-
rich alkene partners.

2.1.3. O-Atom Transfer from Amine N-oxides

Zhang and co-workers recently reported cyclization of
amine N-oxides 41 which are synthesized from m-CPBA
oxidation of homopropargyl amines 40. One-pot cyclization
was achieved upon treatment with a catalytic amount of
[Ph3PAu]NTf2 to give piperidin-4-ones 42 (Scheme 11).[23a] A
broad scope was defined for such amines bearing an N-
methylene group and a terminal alkyne moiety, and the
piperidin-4-one products 42 could be obtained in 54–79%
yield starting from 39. When two different N-methylene
groups are available, the less-substituted one tends to be
involved in the ring formation. In addition, cation-stabilizing
groups (such as phenyl) also facilitate regioselective ring
formation (Scheme 11). This method was successfully applied
to the synthesis of racemic cermizine C in 63 % yield starting
from 4-methylpiperidine. The mechanism of this transforma-
tion is proposed to involve a 5-exo-dig cyclization to give 43
and the subsequent formation of a gold a-oxo carbenoid
intermediate 44 with a pendent amine group. Intramolecular
migration of the N-methylene hydrogen atom of 44 as a
hydride to the carbenoid carbon gives intermediate 45 that
contains a nucleophilic gold enolate and an electrophilic
iminium. Subsequent Mannich-type cyclization of 45 affords
the piperidin-4-one product 42.

When one of the N-methylene groups (the source of
hydride) is replaced by an aryl group, the resulting gold a-oxo
carbenoid intermediate is preferentially attacked by the ortho
carbon of an (electron-rich) aniline, leading to tetrahydro-
benz[b]azepin-4-one product 46 via classical electrophilic
aromatic substitution mechanism (Scheme 12).[23b] Thus
[Ph3PAu]NTf2 can catalyze the cyclization of N-oxide-func-
tionalized terminal alkynes in 40–82% yield. In most cases,
the carbenoid carbon atom is preferentially attacked by the
ortho carbon atom of the aniline rather than be possible
migrating hydrides. However, when a short tether is installed
between the N atom and the aryl ring as in 47 (Scheme 12),
competitive nucleophilic attack by the aniline and the
migrating hydride can be observed as a result of the partially
restricted approach of the arene to the carbenoid.

Scheme 11. Redox cyclization of amine N-oxides with hydride transfer.
m-CPBA = meta-chloroperoxybenzoic acid.

Scheme 12. Redox cyclization of alkyne amine N-oxides. Ts = p-toluene-
sulfonyl.
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2.1.4. Oxygen-Atom Transfer from Pyridine N-oxides

Pyridine N-oxides are commonly used in metal-mediated
organic synthesis.[24] Their oxidizing character parallels that of
amine N-oxides.[25] Significantly, Zhang and co-workers
developed the intermolecular version of oxygen-atom trans-
fer reactions between terminal alkynes and halopyridine N-
oxides.[26a] To facilitate the subsequent nucleophilic attack on
the gold a-oxo carbenoid intermediate, homopropargyl
alcohols 48 were used as starting materials so that the
proximal hydroxy group can efficiently trap the carbenoid,
leading to cyclic ketones 49 (Scheme 13). Thus [Ph3PAu]NTf2

can catalyze the oxidative cyclization of various homopro-
pargylic alcohols 48. 4,5-Dichloropyridine N-oxide and 2-
bromopyridine N-oxide proved to be the most suitable
oxidants, and dihydrofuran-3-one products 49 were obtained
in 55–88% yield when the reactions were conducted in the
presence of MsOH (1.2 equiv), which is used to adjust the
acidity of the reaction system.

The same research group expanded the scope of this
reaction to the synthesis of rather strained oxetan-3-ones
starting from readily available propargylic alcohols.[26b] In
general, earlier syntheses of oxetan-3-ones demand rather
challenging steps starting from specially functionalized sub-
strates.[27] In this reaction, [(2-biphenyl)Cy2PAu]NTf2 turns
out to be the most effective catalyst and Tf2NH proves to be
superior to MsOH as an acid additive. Various functionalized
propargylic alcohols 50 (Scheme 14) can be tolerated. Im-
portantly, the substrates can be extended to tertiary prop-
argylic alcohols 51 bearing a carboxylate group (Scheme 14).
These results indicate the important and unique roles of
gold(I) catalysts in achieving the formation of strained rings
via important a-oxo carbenoid intermediates.[26c]

2.2. Oxygen-Atom Transfer from Sulfoxides

S=O bonds are also very polar and sulfoxides are often
used as oxidants as in Swern oxidation reactions.[28] The

groups of Toste and Zhang independently reported gold-
catalyzed intramolecular redox cyclization of alkynyl sulf-
oxides (Scheme 15).[29] [(IMes)AuCl]/AgSbF6 (5 mol%)
smoothly catalyzed the cyclization of substrates 52 to give
benzothiepinones 53 and benzothiopine 54.[29a] The regiose-
lectivity of the oxygen nucleophilic attack seems directly
dependent on the R3 substituent of the alkyne unit. Thus
terminal alkynes and alkynes bearing electron-withdrawing
groups (R3 = CO2Et or p-NO2C6H4) afford the benzothiepi-
nones as a result of the initial 5-exo cyclization. While for
alkynes with alkyl groups, only the benzothiopine products

Scheme 13. Intermolecular redox cyclization of pyridine N-oxides.
MsOH = methanesulfonic acid.

Scheme 14. Synthesis of oxetan-3-ones from propargylic alcohols.

Scheme 15. Gold-catalyzed intramolecular redox reactions of sulfinyl
alkynes. IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene.
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were isolated. This selectivity was further supported by the
gold-catalyzed isomerization of 55 (Scheme 15), in which the
two ortho-substituents prevent any intramolecular Friedel–
Crafts type alkylation. Instead, 1,2-H shift of the carbenoid
intermediate occurred to give the enone product 56. Interest-
ingly, when the length of the tethering group between the
sulfur and the alkyne is reduced to a methylene group such as
in 57 (Scheme 15), no Friedel–Crafts type alkylation was
observed either. The observed product 58 is a a-thioenone,
and it is the sulfide group that undergoes 1,2-shift to attack
the carbenoid to give product 58.

A formal intermolecular version of this coupling between
terminal alkynes and sulfoxides were recently reported by
Ujaque, Asensio, and co-workers.[30] (Scheme 16). Ketones 59

could be obtained in 20–87% yield. Although intermolecular
version of the analogous reactions in Scheme 15 can be easily
conceived, DFT studies were carried out in details using
[PH3Au]+ as a model catalyst to gain deep insight into the
mechanism. However, no formation of the a-oxo carbenoid
together with a sulfide leaving group could be identified.
Instead, in the lowest energy pathway, gold vinyl species (E)-
60 was identified as the key intermediate following the anti
addition of the sulfoxide. DFT studies revealed that this
intermediate undergoes [3,3’]-sigmatropic rearrangement via
a six-membered transition state to give intermediate 61. Next,
a 1,2-hydride shift leads to the rearomatization of the p-
system to afford 62, which is followed by protodemetalation
to complete the catalytic cycle. This proposed mechanism is
different from those involving carbenoids, and it is preferred
because the orientation of the arene and the gold vinyl is such
that the [3,3’]-sigmatropic rearrangement proceeds with a low
barrier.

Liu and co-workers recently further explored this type of
oxyarylation reaction and extended alkynes into internal
ones.[31] Simple alkyl and aryl-substituted alkynes 63 undergo
such reactions in the presence of Ph2SO to afford products 64
(Scheme 17). Although generation of a-oxo carbenoids using

Ph2SO sometimes can be controversial, it is possible to use the
experiment to probe the proposed mechanism. Importantly
Liu and co-workers successfully used crossover experiments
that involved alkyne 65, an external sulfide 66, and Ph2SO to
confirm that the external sulfide is not the reaction sources for
the product, thus excluding the intermediacy of a-oxo
carbenoids, which is consistent with the DFT studies by
Asensio and co-workers.[30]

Significantly, Liu and co-workers also showed that when
cyclopropyl-substituted internal alkynes were subjected to the
same conditions, a novel gold-catalyzed oxidative ring-
expansion of unactivated cyclopropylalkynes was achieved
using Ph2SO as an oxidant (Scheme 18).[31] Thus ring-expan-

sion of cyclopropane derivatives 67 under gold catalysis
generated cyclobutene derivatives 68 in high yield. Such a
ring-expansion process is further applied to the synthesis of
2H-pyrans 70 staring from 69 (Scheme 18), further showing
the usefulness of this method.

Zhang and Li developed gold-catalyzed tandem reactions
of sulfinyl-functionalized tertiary propargyl alcohols by
combining an internal oxygen-atom transfer process with a
pinnacol rearrangement.[29b] Thus [IPrAu]NTf2 smoothly
catalyzed the transformation of a series of propargyl alcohols
71 to b-dicarbonyl compounds 72 (Scheme 19). A proposed
mechanism involves 5-exo attack of the O atom at the alkyne

Scheme 16. Gold(I)-catalyzed intermolecular oxyarylation of alkynes.

Scheme 17. Gold-catalyzed crossover experiment of internal alkynes
with Ph2SO.

Scheme 18. Gold-catalyzed oxidative ring expansions of alkynylcyclo-
propanes oxidized by diphenylsulfoxide.
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followed by subsequent formation of a carbenoid intermedi-
ate 73, which undergoes tandem pinnacol rearrangement to
give the final product 72. For non-symmetric alcohols bearing
alkyl and aryl groups (R1 and R2), selective migration was
observed, and aryl groups migrate preferentially. In the case
of secondary alcohols bearing aryl or alkenyl groups, a high
migration propensity was observed for such sp2 groups, and no
product derived from hydride migration was detected.

2.3. Oxygen-Atom Transfer from Epoxides

Despite the less polar character of C�O bonds in
epoxides, oxygen-atom transfer from epoxides to alkynes
was successfully achieved by the groups of Liu and Hashmi
(Scheme 20).[32] In this case the release of the epoxide ring
strain serves as a driving force. A combination of [Ph3PAuCl]
and AgSbF6 can catalyze the isomerization of epoxide 74 to
give ketone product 75. In the case of epoxide 76, the reaction
can be simply catalyzed by AgSbF6 (2 mol%). Apparently
hydrogen or alkyl migration is involved in these reactions. The
key a-oxo carbenoid intermediate is also proposed from an
addition-elimination process. The proposed mechanism in-
volves the oxygen attack at the alkyne in a 7-endo fashion,
which gives a stabilized benzylic cabocation 77 (Scheme 20).
Intramolecular elimination of the alkene group affords a-oxo
carbenoid intermediate 78. Nucleophilic attack of the alkene
at the carbenoid affords 79 with a five-membered-ring
framework, and subsequent 1,2-H shift is the key step leading
to the final product 75. The intermediacy of this carbenoid
was supported by the formation of an a-diketone product 81
when 80 was treated with Ph2SO (4 equiv); this carbenoid was
trapped by an nucleophilic O-atom donor Ph2SO
(Scheme 20). In addition, this 1,2-hydide shift process was
further confirmed by the preferential migration of aryl group
as in the cyclization of 74, which is consistent with the
chemistry of sulfoxide alkynes, although the reaction con-
ditions are different.

2.4. Oxygen-Atom Transfer from Esters

Among the most versatile substrates, the synthetic utility
of easily accessible propargylic esters has also been inves-
tigated by several groups (Scheme 21).[33] Although esters are

not oxygen-atom donors, propargyl acetates can undergo
analogous oxygen attack at an alkyne to give a vinyl species,
which can further undergo formal 1,2-tranfer of the acetate
group. It is established that gold propargylic esters species 82
can undergo 1,2- or 1,3-acyloxy migration to form a gold vinyl
carbenoid species 83 or a gold allene species 84,[34] which can
be further trapped by other functional groups to allow for the
synthesis of diverse organic products. For instance, F�rstner
and co-workers reported the formation of bicyclo-
[3.1.0]hexanone 87 by gold-catalyzed skeletal rearrangement

Scheme 19. The internal oxygen-atom transfer with pinnacol rearrange-
ment.

Scheme 20. Gold-catalyzed cycloisomerization of epoxide alkynes.

Scheme 21. 1,2- or 1,3-acyloxy migration of propargylic esters.
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of propargylic acetate 85 (Scheme 22).[34a] The intramolecular
nucleophilic attack of the carbonyl oxygen atom of the ester
group on the alkyne affords a cationic gold vinyl intermediate
88. Cleavage of the C�O bond in 88 gives a carbenoid
intermediate 89, followed by intramolecular cyclopropana-
tion to give bicyclic vinylic ester 86, in which the acetate has
migrated. Treatment of 86 with a base provides bicyclo-
[3.1.0]hexanone 87, which is present in a large number of
terpenes. This method has been used as a key step for the
diastereoselective total synthesis of the natural product
sesquicarene 90.[35] In this case the overall process of 1,2-
acetate transfer and subsequent base treatment is equivalent
to an alpha-oxo carbenoid synthon 91.

3. Conclusion

We have presented an overview of active gold a-oxo
carbenoids that are generated in gold-mediated addition–
elimination reactions between alkynes and E�O bonds in
amine N-oxides, pyridine N-oxides, nitrones, nitros, sulfox-
ides, and epoxides. These polar N�O bonds act as both
nucleophiles and oxygen-atom donors. The a-oxo carbenoids
can undergo nucleophilic attack by imines, arenes, and
migrating hydrides and alkyls leading to cascade reactions.
The facile construction of C�E (E = C, N, O, or S) bonds and
skeleton manipulation make it an attractive step-economic
approach to access value-added molecules from readily
available starting materials. While many novel catalytic
processes have been uncovered in the past several years, we
expect that many additional important reactions will be
explored in the next decade, and the development of these
reactions should be grounded on the previous mechanistic
studies. We believe other rich synthetic methods will be
developed on the basis of the intrinsic reactivity of such
carbenoid intermediates. These new methods should serve to
take up the challenge posed by the molecular complexity
found in natural products and desired in synthetic chemistry.
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