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CONS P EC TU S

A lthough gold is chemically inert as a bulk metal, the landmark
discovery that gold nanoparticles can be effective catalysts has

opened up new and exciting research opportunities in the field. In
recent years, there has been growth in the number of reactions
catalyzed by gold complexes [gold(I) and gold(III)], usually as homo-
geneous catalysts, because they are soft Lewis acids. In addition,
alkynes and allenes have interesting reactivities and selectivities,
notably their ability to produce complex structures in very few steps.
In this Account, we describe our work in gold catalysis with a focus on
the formation of C�C and C�O bonds using allenes and alkynes as
starting materials. Of these, oxa- and carbo-cyclizations are perhaps
the best known and most frequently studied. We have divided those
contributions into sections arranged according to the nature of the
starting material (allene versus alkyne).

Gold-catalyzed carbocyclizations in allenyl C2-linked indoles, allenyl-β-lactams, and allenyl sugars follow different mechanistic
pathways. The cyclization of indole-tethered allenols results in the efficient synthesis of carbazole derivatives, for example.
However, the compound produced from gold-catalyzed 9-endo carbocyclization of (aryloxy)allenyl-tethered 2-azetidinones is in
noticeable contrast to the 5-exo hydroalkylation product that results from allenyl sugars.

We have illustrated the unusual preference for the 4-exo-dig cyclization in allene chemistry, as well as the rare β-hydride
elimination reaction, in gold catalysis from readily available R-allenols. We have also observed in γ-allenols that a
(methoxymethyl)oxy protecting group not only masks a hydroxyl functionality but also exerts directing effects as a controlling
unit in a gold-catalyzed regioselectivity reversal. Our recent work has also led to a combined experimental and computational study
on regioselective gold-catalyzed synthetic routes to 1,3-oxazinan-2-ones (kinetically controlled products) and 1,3-oxazin-2-one
derivatives (thermodynamically favored) from easily accessible allenic carbamates.

In addition, we discuss the direct gold-catalyzed cycloketalization of alkynyldioxolanes, as well as aminoketalization of
alkynyloxazolidines. We performed labeling studies and density functional calculations to gain insight into the mechanisms of the
bis-heterocyclization reactions. We also describe the controlled gold-catalyzed reactions of primary and secondary propargylic
hydroperoxides with a variety of nucleophiles including alcohols and phenols, allowing the direct synthesis of β-functionalized
ketones. Through computations and 18O-labeling experiments, we discovered various aspects of the controlled reactivity of
propargylic hydroperoxides with external nucleophiles under gold catalysis. The mechanism resembles a Meyer�Schuster
rearrangement, but notably, the presence and geometry characteristics of the OOH functional group allow a new pathway to
happen, which cannot apply to propargylic alcohols.

Introduction
Because of its chemical inertness as a bulk metal, chemists

working in catalysis were not fascinated by gold until

recently. However, the landmark discovery that nanosized

gold [gold(0) nanoparticles] can be an effective catalyst1

opened up new and exciting transformations. The recent
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observation that subnanosized gold clusters can be excep-

tionally active as heterogeneous catalysts at room tem-

perature (reaction turnover numbers of 107)2 will also

inspire a great number of discoveries. Little was known

about the application of gold complexes [gold(I) and gold-

(III)] in homogeneous catalysis until Hayashi and then Teles

elegantly and independently merged into this field.3,4 The

past decade has witnessed dramatic growth in the number

of reactions catalyzed by gold complexes [gold(I) and gold-

(III)], notably in its homogeneous catalysis manifestation,5

because of their powerful soft Lewis acidic nature. The

excellent works from the laboratories of Toste, Hashmi,

Corma, Echavarren, Zhang, F€urstner, Malacria, Krause,

Gagosz, and many other relevant scientists have well

illustrated this point. On the other hand, alkynes and

allenes have shown interesting reactivities and selectivities

affording complex structures in a limited number of steps.6

Herein we account our own experience in gold catalysis

with a focus on the formation of C�C and C�Obonds using

allenes and alkynes as starting materials.

Allenes
Gold-Catalyzed Carbocyclizations in Allenyl C2-Linked

Indoles, Allenyl β-Lactams, and Allenyl Sugars. The carba-

zole nucleus represents a key molecular motif with wide-

spread occurrence in nature and featuring peculiar

biological activities. The indole framework has been very

successful in gold catalysis on reacting with alkynes.7 The

Au(I)-catalyzed cyclization of allenol C2- and C3-linked in-

doles afforded carbazoles.8 A mixture of at least two differ-

ent products arising from competitive C-cyclization versus

O-cyclization is possible starting from indole-tethered alle-

nols 1a and 1b. Nicely, substrates 1a and 1b gave full

conversion to carbazoles 2a and 2b in a totally selective

fashion (Scheme 1). Worthy of note, despite that gold-based

catalysts are well-known for their ability to promote the

O-cyclization of R-allenols,9 no traces of dihydrofurans were

detected. It was also found that this activation mode was

also quite successful in the direct cyclization reaction of NH-

indolyl allenols (Scheme 1). Thus, it is obvious from the

experiments that in our functionalized system competitive

heterocyclization processes are not operating. Probably, in

our case, the carbazole formation must be driven by the

higher stability associated with the aromatic six-membered

carbocycle. It could be inferred that the 6-endo carbocycliza-

tion reaction of allenols 1 is thermodynamically favored.

A possible pathway for the gold-catalyzed formation of

carbazoles 2 from allenol C2-linked indoles 1 may initially

involve the formation of a complex 1�AuCl through coordi-

nation of the gold chloride to the distal allenic double bond.

Next, chemo- and regioselective 6-endo carboauration

forms zwitterionic species 3. Attack at the 3-position of the

indole occurs as a result of the stability of the intermediate

iminium cation type 3. Loss of HCl generates neutral species

4, which followed by protonolysis of the carbon�gold bond

and dehydration afforded carbazoles 2 with concurrent

regeneration of the gold catalyst (Scheme 2).

(Aryl)allenol-tethered 2-azetidinones 5 or (aryl)allenol-

tethered sugars 6, readily prepared from 4-oxoazetidine-

2-carbaldehydes or 3-O-(aryl) glucofuranosides, were used

as starting materials for the regio- and stereoselective cata-

lytic carbocyclization reaction in the presence of a gold(I)

precatalyst.10 Interestingly, in contrast to the gold-catalyzed

reactions of (aryl)allenol-tethered sugars, which lead to

the corresponding cyclopenta[b]furan core derivatives 8

(hydroalkylation adducts), the reactions of (aryl)allenol-

tethered 2-azetidinones under identical conditions gave

the nine-membered annulated β-lactam derivatives 7

(hydroarylation adducts) as the sole products (Scheme 3),

through exclusive 9-endo carbocyclization by initial attack of

the arenemoiety to the distal allene carbon. Thus, it is shown

that the outcome of the reaction was 9-endo hydroarylation

versus formal 5-exo hydroalkylation. Moreover, the mild-

ness of the method allowed the preparation of unusual

SCHEME 1. Gold-Catalyzed Controlled Carbocyclization Reaction of Allenol C2-Linked Indoles 1a�d to Carbazole Derivatives 2a�d
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fused 2-azetidinones without harming the sensitive four-

membered ring. In order to confirm the mechanistic propo-

sal, density functional calculations were performed to gain

insight into the mechanism of the previously unknown

allenic 9-endo hydroarylation reaction (Figure 1). Our calcu-

lations suggest that the reaction starts with the exergonic

coordination of the AuPMe3
þ catalyst to the distal double

bond of the allenic moiety of 1M (ΔG298 = �9.4 kcal/mol).

Then, the 9-endo carbocyclation reaction to produce the

nine-membered ring tricyclic intermediate 2M occurs

through the transition state TS1. It can be concluded that

the initial 9-endo carbocyclization reaction constitutes the

bottleneck of the process in view of the corresponding

endergonicity and relatively high activation barrier. Finally,

the reaction ends up with the release of the AuPMe3
þ

catalyst, which is coordinated to the endocyclic CdC double

bond of 6M, to produce the final tricyclic species 7M.

The pathway proposed in Scheme 4 looks valid for the

formation of tricycles of type 8. It could be presumed that the

initially formed gold complex 6-Au(L), through coordination

of the gold salt to the distal allenic double bond, undergoes a

1,6-hydride shift (rare transfer of hydride versus normal

nucleophilic group attack), giving rise to oxonium species.

Intramolecular trapping of the oxonium group by the

alkenylgold moiety generates cationic species, through

formal 5-exo hydroalkylation. Finally, demetalation yields

fused cyclopentenes 8 and regenerates the gold catalyst

(Scheme 4).

Gold-Catalyzed Oxycyclization Reactions in r-Allenols
and γ-Allenols. Traditionally, metal-catalyzed cyclizations

on R-allenols favor a 5-endo-trig pathway. We were at-

tracted to the possibility that a heterocycle different to a

five-membered ring could be accessed by variation of the

allene substitution. Starting from salicylaldehyde-derived

phenyl-substituted allenols 9, the gold-catalyzed synthesis

of oxetenes 10 was achieved (Scheme 5).11

Amechanistic rationale for the gold-catalyzed conversion

of aryl-substituted allenols9 into oxetenes10 is intricate. It is

worth noting that the cyclization affords cycloadducts 10

from a 4-exo-dig cyclization/dehydrogenation process in-

stead of that from the usually preferred 5-endo-trig cycloi-

somerization reaction. The pathway proposed in Scheme 6

looks valid for the formation of products type 10. It could be

presumed that the initially formedgold complex11, through

coordination of the AuCl3 to the distal allenic double bond,

undergoes an intramolecular attack (rare 4-exo-dig versus

normal 5-endo-trig oxyauration) by the hydroxy group, giv-

ing rise to the oxetene intermediate 12. Loss of HCl in

intermediate 12 generates neutral species 13, which after

1,3-gold migration12 leads to the formation of oxetane

species 14. Uncommon β-hydride elimination13 rather than

protonolysis of the carbon�gold bond, linked to a reaction

of HCl with the gold hydride would then liberate the oxa-

cycle type 10with concomitant regeneration of the catalytic

Au(III) salt.

SCHEME 2. Mechanistic Explanation for the Gold-Catalyzed Carbo-
cyclization Reaction of Allenol C2-Linked Indoles 1

SCHEME 3. Gold-Catalyzed Carbocyclization Reaction of Allenyl-Teth-
ered Arenes 5 and 6
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We have accomplished a regiodivergent gold-catalyzed

O�C functionalization of 2-azetidinone-tethered γ-allenol

derivatives.14 The reactivity of 2-azetidinone-tethered

γ-allenols toward the regioselective hydroalkoxylation reac-

tionwas testedwith substrate15a (R1=Bn,R2=TBS) by theuse

ofAuCl andAuCl3as catalysts.Gratifyingly, itwas found thatAu

salts were effective as 5-exo selective hydroalkoxylation cata-

lysts, affording bicycle 16a. AuCl3 was selected as catalyst of

choice because of its superior performance, affording tetrahy-

drofuran-2-azetidinones 16 in moderate yields (Scheme 7). No

regioisomeric products were detected, giving exclusively the

fused five-membered oxacycle.

A possible pathway for the achievement of bicyclic tetra-

hydrofurans 16 from γ-allenols 15 may initially involve the

formation of a complex 15�AuCl3 through coordination of

the gold trichloride to the proximal allenic double bond.

Next, regioselective 5-exo oxyauration forms zwitterionic

species 17. Loss of HCl followed by protonolysis of the

carbon�gold bond of 18 affords products 16 and regener-

ates the gold catalyst (Scheme 8).

A computational study for the above heterocyclization

has been carried out.15 Density functional theory (DFT)

calculations have been carried out at the PCM-M06/def2-

SVP//B3LYP/def2-SVP level. TheAu(III)-catalyzed cyclization

of the model system γ-allenol I (Figure 2) takes place regio-

and stereoselectively through a 5-exo hydroalkoxylation

because of a kinetic preference governed by electronic

and steric factors. The results in Figure 2 clearly point to

FIGURE 1. Computed reaction profile for the reaction of allenyl-β-lactam 1M and [(PMe3)AuNTf2] catalyst.

SCHEME 4. Mechanistic Explanation for the Gold-Catalyzed Formal
5-exo Hydroalkylation of Allenyl-Tethered Oxyarenes 6
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the stepwisemechanism as themost likely route. Therefore,

the stepwise path is predicted to be considerably favored

over the concerted path, which hence can be ruled out as

operative. Overall, the 1,3-H shift is a strongly exothermic

process, pointing to a somewhat irreversible character.

Having found a solution for the 5-exo selective hydroalk-

oxylation, the possibility of tuning the regioselectivity in the

heterocyclization of γ-allenol derivatives was examined. Tak-

ing into account the sensitivity of the MOM group to acidic

conditions, itwasdecided to seewhether (methoxymethyl)oxy

substitution may had beneficial impact on the above cycliza-

tion reactions. Thus, whether the metal-catalyzed preparation

of bicycles 16 can be directly accomplished from MOM

protected γ-allenol derivatives19was tested. It is worth noting

that when allenic MOMethers 19were treatedwith AuCl3, the

5-exomodewas completely reverted to a 7-endo cyclization to

afford bicycles 20 in fair yields (Scheme 9).14 It seems that the

reactivity in this type of Au(III)-catalyzed reactions is deter-

mined by the presence or absence of a methoxymethyl

SCHEME 5. Synthesis of Oxetenes 10 through Oxycyclization Reaction of R-Allenols 9 under Gold Catalysis

SCHEME 6. Mechanistic Explanation for the Gold-Catalyzed Oxycycli-
zation of Aryl Substituted R-Allenols 9

SCHEME7. Gold-CatalyzedCyclization of γ-Allenols for the Preparation
of Five-Membered Oxacyclic β-Lactams

SCHEME 8. Possible Catalytic Cycle for the Gold-Catalyzed Cyclization
of γ-Hydroxyallenes 15
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protecting group at the γ-allenol oxygen atom, as the free

γ-allenols 15 gave 5-exo hydroalkoxylation, while MOM

protected γ-allenol derivatives 19 exclusively underwent a

7-endo oxycyclization. Thus, it has been demonstrated that

regioselectivity control in the metal-catalyzed O�C functiona-

lization of γ-allenols can be achieved through the nature of the

γ-allenol (free versus protected).

The pathway proposed in Scheme 10 looks valid for the

formation of products 20 from MOM protected γ-allenol

derivatives 19. It could be presumed that the initially formed

FIGURE 2. Free energy profile [kcal mol�1] for the transformation of γ-allenol I into the tetrahydrofuran type 16.

SCHEME9. Gold-CatalyzedCyclizationofMOM-Protectedγ-Hydroxyal-
lenes for the Preparation of Seven-Membered Oxacyclic β-Lactams

SCHEME 10. Possible Catalytic Cycle for the Gold-Catalyzed Cyclization
of MOM Protected γ-Allenol Derivatives 19

SCHEME 11. Gold-Catalyzed Simultaneous Oxycyclization/Bromina-
tion Reactions of Allenic Oxindole 23
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allenegold complex 19�AuCl3 undergoes an intramole-

cular attack (7-endo versus 5-exo oxyauration) by the

(methoxymethyl)oxy group, giving rise not to species 21

but to the tetrahydrooxepine intermediate 22. Protonolysis

of the carbon�gold bond linked to an elimination of metha-

nol and formaldehyde would then liberate the bicycle type

20 with concomitant regeneration of the Au(III) species.

Probably, the proton in the last step of the catalytic cycle

comes from the trace amount of water present in the

solvent or the catalyst. In the presence of MOM group,

5-exo cyclization falters. As calculations reveals, 5-exo

oxyauration via 21 is restricted by the steric hindrance

between the (methoxymethyl)oxy group and the substitu-

ents at the quaternary stereocenter.15

The reactions of 3-allenyl 3-hydroxyoxindoles with a

variety of halogenated reagents in the presence of catalytic

amounts of precious metal salts have been explored.16 The

kind of functionalization is substrate and reaction conditions

dependent: AuCl3 in the presence of NBS afforded as major

adducts quinoline-2,3-diones, AuCl3 in the presence of

I2/PhI(OAc)2 favors the formation of spirocyclic iododihy-

drofurans, whereas AuCl3 in the presence of IPy2BF4 gives as

major product a ring expansion adduct. An interesting case

was the reaction of the allene-derived oxindole 23 because

the addition of a catalytic amount of AuCl3 completely

suppressed the rearrangement reaction, giving instead the

corresponding spirocyclic 5-bromooxindole 24 as the sole

product (Scheme 11). Thus, it was shown for the first time

that it is possible to use a single gold salt for performing two

very different and independent transformations, namely,

C�Oand C�halogen bond formations,17 in a single reaction

sequence.

Mechanistically, this gold-catalyzed access to spirocyclic

bromooxindole 24 might proceed in a tandem sequence

involving as the first step the formation of complex 25

through coordination of gold trichloride to the distal allenic

double bond of R-allenol 23. Next, regioselective 5-endo

oxyauration forms zwitterionic intermediate 26, which after

loss of HCl generate neutral species 27. Protonolysis of the

carbon�gold bond of 27 liberates adduct 28, releasing the

gold catalyst into the first catalytic cycle (Scheme 12). Next,

spirocyclic oxindole 28 enter the second catalytic cycle,

which is also gold-catalyzed, generating zwitterionic species

29 by formation of a C�Au bond in an electrophilic substitu-

tion fashion. Subsequent loss of HCl would regenerate the

aromatic ring and would form the neutral arylgold(III) spe-

cies 30. Nucleophilic attack of the arylgold species 30 to

N-bromosuccinimide liberates bromoadduct 24 and succini-

mide with concomitant regeneration of the gold catalyst,

closing the second catalytic cycle (Scheme 12).

Gold-Catalyzed Oxycyclization Reactions of Allenic

Carbamates. 1,3-Oxazin-2-ones are both biologically rele-

vant compounds as well as valuable intermediates in or-

ganic synthesis.18 While the synthesis of oxazinones from

N-Boc-(3-butyn)-1-amines has been established,19 the gold-

catalyzed cyclization of N-Boc-allenes with the aim of estab-

lishing a protocol for the synthesis of 1,3-oxazin-2-one

derivatives in which the carbamate group should serve as

the source of CO2 has only been examined recently.20 We

employed three different gold salts in our initial screening of

SCHEME 12. Mechanistic Explanation for the Au(III)-Catalyzed Arene Bromination/Spirocyclization Reaction Sequence of 3-Allenyl 3-Hydroxyi-
ndolin-2-one 23
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catalysts for a model system allenic carbamate. Initially, the

use of AuCl3 andAuClwere tested, but both failed to catalyze

the reaction. Fortunately, we found that [AuClPPh3]/AgOTf

was an excellent catalyst for our purpose. The reaction

of allenic carbamates 31 at room temperature afforded

3-benzyl-6-methylene-1,3-oxazinan-2-ones 32 bearing an

exocyclic double bond as the sole product (Scheme 13).

Adding a catalytic amount of Brønsted acid (PTSA) into the

reaction system did slightly improve the yield of 32. Solvent

screening demonstrated that dichloromethane was the best

selection in the reaction. Interestingly, starting from allenic

carbamates 31 and performing the reaction in dichloro-

methane at 130 �C exclusively produced a series of 6-methyl-

3-substituted-3,4-dihydro-2H-1,3-oxazin-2-ones33 (Scheme13).

The observed regioselectivity is worthy of note, because under

our reaction conditions only 1,3-oxazinan-2-ones 32 (arising

from 6-endo-dig cyclization) or 3,4-dihydro-2H-1,3-oxazin-2-

ones 33 (arising from 6-exo-dig cyclization) were achieved,

with the nucleophilic oxygen attacking the central allene

carbon atom in each case. This is an interesting result, because

the available examples on related metal-catalyzed allene

heterocyclizations usually lead to 5-exo-trig cyclization; only

Hashmi et al. have recently reported an attack at the central

position of the allene in allenylamides.17b Thus, it is possible to

suppress the formation of the 1,3-oxazinan-2-one ring by

performing the reaction at higher temperature, yielding the

1,3-oxazin-2-one as the exclusive product. A general trend can

be deduced on the basis of these results: heterocycle 33 is the

thermodynamically controlled product while heterocycle 32 is

the kinetically controlled product.

A possible pathway for the gold-catalyzed achievement

of heterocycles 32 from allenyl-tethered carbamates 31

SCHEME 13. Controlled Oxycyclization Reactions of Allenic Carbamates 31 to 1,3-Oxazinan-2-ones 32 and 1,3-Oxazin-2-ones 33 under Selective
Gold-Catalyzed Conditionsa

aConditions: (i) 2.5 mol% [AuClPPh3], 2.5 mol% AgOTf, 10 mol % PTSA, CH2Cl2, rt; (ii) 2.5 mol % [AuClPPh3], 2.5 mol % AgOTf, 10mol % PTSA, CH2Cl2, sealed tube,
130 �C.
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may initially involve the formation of a complex 34 through

coordination of the gold salt to the proximal allenic double

bond. Next, chemo- and regioselective 6-endo-dig oxyaura-

tion of the carbamate carbonyl moiety forms species 35.

Attack of the carbamate carbonyl group occurs as a result of

the stability of the intermediate ammonium cation type 35.

Loss of proton linked to 2-methylprop-1-ene release gener-

ates neutral species 36, which followed by protonolysis of

the carbon�gold bond affords 6-methylene-1,3-oxazinan-

2-ones 32 with concurrent regeneration of the gold catalyst

(Scheme 14, left catalytic cycle). In line with the above

mechanistic proposal, the easy breakage of the tert-butyl

group at species 35 is essential for the formation of 1,3-

oxazinan-2-ones 32. Besides, the replacement of the tert-

butyl group in allenic carbamates 31 by other alkyl func-

tions, such as methyl, did not allow the preparation of

heterocycles 32. A mechanistic scenario involving the initial

coordination of the gold to the distal allenic double bond

leading to complex 37, followed by a 6-exo-dig oxyauration,

is likely for the achievement of 1,3-oxazin-2-ones 33 from

allenic carbamates 31 (Scheme 14, right catalytic cycle).

Alkynes
Gold-Catalyzed Oxycyclizations of Alkynol Derivatives.

Activation of alkynes toward attacks by oxygen nucleo-

philes such as carbonyls, carboxylic acids, and alcohols is

an important C�O bond-forming reaction.21 In this context,

the preparation of fused oxabicyclic β-lactams using gold

catalysis through a tandem oxycyclization/hydroxylation of

2-azetidinone-linked alkynols has been accomplished.22

The reaction of 2-azetidinone-tethered bishomopropargylic

alcohol 40 in the presence of catalytic amounts of AuCl3
provided bicycle 41 in good yield, which may result from a

cycloetherification/hydroxylation sequence (Scheme 15).

Interestingly, the gold-catalyzed reaction of 42, possessing

a (methoxymethyl)oxy moiety instead the free hydroxyl

group, also proceeded smoothly to give the cyclization

adduct 41 albeit in lower yield (Scheme 15). Notably, the

observed regioselectivity (5-exo cyclization)was not affected

by the presence of a protective group at the hydroxyl

moiety. These gold-catalyzed oxycyclizations were success-

fully extended to trishomopropargylic alcohol 43, yielding

the oxycyclization/hydroxylation product 44with concomi-

tant MOM cleavage (Scheme 15). By contrast, the presence

SCHEME 14. Mechanistic Explanation for the Gold-Catalyzed Oxycyclization Reactions of Allenic Carbamates 31 into 6-Methylene-1,3-oxazinan-2-
ones 32 or into 3-Substituted 3,4-Dihydro-2H-1,3-oxazin-2-ones 33

SCHEME 15. Synthesis of Fused β-Lactam Hemiacetals from 2-Azetidi-
none-Tethered Homopropargylic Alcohols under Gold-Catalyzed
Conditions
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of a phenyl substituent at the terminal alkyne carbon

showed a substantial effect on the reactivity, as illustrated

by the fact that phenyl alkynol 45 did afford a complex

mixture.

A plausible pathway for the achievement of bicyclic

tetrahydrofuran 41 from the methoxymethyl ether 42

may initially involve the formation of a π-complex

42�AuCl3 through coordination of the gold trichloride to

the alkyne moiety. Next, it could be presumed that the

initially formed alkynegold complex 42�AuCl3 undergoes

a regioselective intramolecular attack (5-exo versus 6-endo

oxyauration) by the (methoxymethyl)oxy group giving rise

to the vinylgold intermediate 46, which linked to an elim-

ination of methanol and formaldehyde would then isomer-

ize to the metalaoxocarbenium species 47. Probably, the

water molecule in the third step of the catalytic cycle comes

from the trace amount of water present in the solvent or the

catalyst. Subsequent nucleophilic attack of water from the

less hindered face of intermediate 47 would form the ate

complex 48. Deauration linked to proton transfer liberates

adduct 41 with concomitant regeneration of the Au(III)

species (Scheme 16).

The recently developed gold activationof alkynes toward

simultaneous attack by two contiguous oxygen nucleo-

philes is an important C�O bond-forming reaction.23 Pre-

vious work involves the use of free hydroxy groups

(Scheme 17, eq 1). However, the direct bis(oxycyclization)

sequence of acetonide-tethered alkynes was missed until

we merged into this field.24 Using a dioxolane ring directly

instead of the deprotected 1,2-diol moiety as the starting

material would be a significant breakthrough for metal-

catalyzed alkyne-cycloketalization in terms of cost-effective-

ness. Initial experiments were carried out using (S)-2,2-di-

methyl-4-[(prop-2-ynyloxy)methyl]-1,3-dioxolane as a model

substrate. To optimize the reaction method, different para-

meters involved in the metal-catalyzed reactions that could

affect the formation of the desired product were tested. Nicely,

it was found that [AuClPPh3]/AgOTf alongwith a Brønsted acid

(PTSA) in CH2Cl2 was a competent catalytic system for this

purpose. In particular, the transformation was strongly influ-

enced by the presence of water. Having established the

optimal reaction conditions, the scope of the methodology

wasexploredby subjectinga rangeof (prop-2-ynyloxy)methyl-

tethered dioxolanes 49 to direct alkyne-cycloketalization and

the results are shown in Scheme 17 (eq 2). In both cases

(addition of one equivalent of water as well as the presence

of large amount of water), the crude reaction mixtures are

extremely cleanand theacetals are theonlyproductsdetected.

Tolerance toward a variety of substituents (aliphatic, aromatic,

SCHEME 16. Mechanistic Explanation for the Gold-Catalyzed Oxycycliza-
tionReactionsofAlkynolDerivative42 into Fusedβ-LactamHemiacetal41

SCHEME 17. Selective Direct Bis(oxcyclization) Reaction of Acetonide-
Tethered Alkynes 1 under Gold-Catalyzed Conditions

SCHEME 18. Controlled N,O-Cycloaminalization Reaction of Alkyny-
loxazolidines 51 and 52 under Gold-Catalyzed Conditions
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and alkynyl groups) on the acetylenic end was demonstrated

by obtaining the corresponding enantiopure bridged acetals

50 in good yields.

Despite the fact that the intermolecular formation of N,O-

aminals usingexternalN-nucleophiles like anilines hadbeen

achieved,25 the related direct intramolecular conversion of

alkynes into cyclic N,O-aminals was not described. There-

fore, the direct synthesis of N,O-aminals from oxazolidine-

derived alkynes emerged as an attractive transformation to

develop. Under the optimized reaction conditions used for

the preparation of bridged acetals 50, the catalytic protocol

in gold for oxazolidine-tethered alkynes 51 and 52 was

investigated. By examination of the influence of the R

substituents on the alkyne side chain, it was found that

substrates 51 and 52 bearing hydrogen, aryl, heteroaryl, or

alkyl groups were smoothly transformed into bridged bicyc-

lic aminals 53 and 54 in reasonable yields (Scheme 18).26

The challenging enantiopure alkynyloxazolidine-teth-

ered 2-azetidinones 55�57 were tested as cyclization pre-

cursors. Remarkably, Scheme 19 shows how the mild

conditions of gold catalysis allow the chemoselective for-

mation of anellated β-lactamswithout harming the sensitive

four-membered ring. With the terminal alkynes 55, the

system Au(OTf)PPh3 gave the desired tricyclic bridged

N,O-aminals 58 as the sole isomers in reasonable yields.

Next, the reactivity of nonterminal alkynes 56 was investi-

gated. Worthy of note, substituted and unsubtituted 2-azetidi-

none-tethered alkynes at the terminal position followed

different reactivity patterns. These results show that theoxygen

atom participates in the first cyclization to form a fused eight-

membered ring,which is not followedby the second cyclization

of the NBoc group. Significantly, in contrast to the gold-cata-

lyzed reaction of terminal alkynyloxazolidines 55, which lead

to the 6-oxa-3,8-diazabicyclo[3.2.1]octane derivatives 58 via a

7-exo/5-exo bis-heterocyclization of the oxazolidine group to-

ward the internal alkyne carbon (proximal adducts), the reac-

tion of alkynyloxazolidines 56 substituted at the terminal end

under identical conditions gave the 1,5-oxazocine derivatives

59 (distal adducts) as the soleproducts (Scheme19), throughan

exclusive 8-endo oxycyclization by attack of the oxygen atom

to the external alkyne carbon. Notably, when alkyne substitu-

ent was moved from position N1 to C3, as in 3,4-tethered

alkynyloxazolidines 57, it furnished the corresponding bridged

adducts 60 in fair yields and as only one isomer in its reaction

with thegold catalytic system (Scheme18). The preciousmetal-

catalyzed 8-exo/5-exo bis-heterocyclization of alkynyloxazoli-

dines57 gave tricyclic bridgedN,O-aminals60bearing a seven-

membered ring (Scheme 19).

A possible pathway for the gold-catalyzed alkynyloxazo-

lidine cyclization may initially involve the formation of a

SCHEME 19. Gold-Catalyzed Preparation of Bridged Azaoxa-β-lactams 58 and 60
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π-complex 61 through coordination of the gold salt to the

triple bond of alkynyloxazolidines 55�57. Next, 7-exo oxy-

metalation forms zwitterionic enol vinylmetal species 62.

Intermediates 62 did evolve through demetalation and

oxazolidine hydrolysis forming methylenic oxacycles 63

and releasing the metal catalyst into the first catalytic cycle.

Methylenic oxacycles 63 enter the second catalytic cycle

generating species 64 by coordination of the alkene group

with the metal, thus enhancing the electrophilicity of the

resulting enol ether. Subsequent intramolecular nucleophilic

attack of the nitrogen to the more substituted alkene posi-

tion would form the ate complex 65. Demetalation linked to

proton transfer liberates adducts 58 and 60 with concomi-

tant regeneration of the gold catalyst, closing the second

catalytic cycle (Scheme 20).26

Gold-Catalyzed Rearrangement of Propargylic Hydro-

peroxides. After the contribution by Hashmi on the formation

of hydroperoxides by a one-pot sequence of gold-catalyzed

isomerization/autoxidation,27 we described the first report on

the gold-catalyzed reactivity of alkynes bearing a hydroper-

oxidemoiety.28As shown in Scheme21, theaboveprocess ina

one-pot operation from readily available alkynyl hydroperox-

ides 66 and alcohols (methanol, ethanol, ethylene glycol)

serves as a general approach to β-alkoxy ketones 67. When

we investigated the reactivityof propargylic hydroperoxides66

with phenols at room temperature, the starting materials were

recovered. Only after heating at reflux temperature, the gold-

catalyzed reactions evolved. Notably, the use of substituted

phenols including catechol didnot result in the formationof the

corresponding phenoxy ketones; arylketones 68 were ob-

tained instead as the result of a hydroarylation reaction

(Scheme 21). Interestingly, compounds 68 were exclusively

SCHEME 20. Mechanistic Explanation for the Gold-Catalyzed Bis(heterocyclization) of Alkynyloxazolidines

SCHEME 21. Controlled Gold-Catalyzed Reaction of Propargylic Hydro-
peroxides with Alcohols and Phenols

SCHEME 22. Mechanistic Explanation for the Gold-Catalyzed
Controlled Preparation of β-Functionalized Ketones
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isolatedas thepara-substitutedphenol regioisomers.Worthyof

note, secondary alkynyl hydroperoxides also undergo these

interesting transformations.

The reaction of propargylhydroperoxides to yield β-fun-

tionalized ketones may be catalyzed by the Au(I) salt. The

catalytic reaction is likely divided into five parts. First, co-

ordination of the carbon�carbon triple bond of propargylic

hydroperoxides 66 to the Au(I) salt gives gold�π-alkynyl

complex 66�Au. Species 66�Au evolves through a 1,3-

hydroperoxide transposition to intermediate 69. Regioselec-

tive nucleophilic addition of water to the disubstituted allene

double bond in gold�allenyl complex 69 giving intermediate

70, followed by loss of hydrogen peroxide, provides the R,β-
unsaturated ketonic gold complex71. Next, 1,4-addition of the

corresponding external nucleophile to the species 71 would

form the gold intermediate 72. Demetalation linked to proton

transfer provides final products 67 and68 and regenerates the

gold catalyst, closing the catalytic cycle (Scheme 22).

Conclusions
The past few years have witnessed dramatic growth in the

number of reactions catalyzed by gold complexes because

of their powerful soft Lewis acidic nature. This Account has

reviewed selected examples fromour group to illustrate certain

advances in homogeneous gold catalysis for various types of

organic transformations, focusing on the formation of C�C and

C�O bonds using allenes and alkynes as starting materials.

Support for this work by the MINECO (Projects CTQ2012-33664-
C02-01 and CTQ2012-33664-C02-02) and Comunidad Aut�onoma
de Madrid (Project S2009/PPQ-1752) are gratefully acknowledged.

BIOGRAPHICAL INFORMATION

Benito Alcaide received his B.S. degree and Ph.D. degree from
the Universidad Complutense de Madrid (UCM). In 1984, he
assumed a position of Associate Professor of Organic Chemistry
and in 1990was promoted to Full Professor at the UCM. His current
recent interests include β-lactam chemistry, metal-promoted reac-
tions, and organocatalysis.

PedroAlmendros received his B.S. degree and his Ph. D. degree
from the Universidad de Murcia. After three postdoctoral years
(University of Manchester), he joined the UCM. Currently he is
Investigador Científico (Research Scientist) at the IQOG, CSIC,
Madrid. His research interest includes allene chemistry, metal-
promoted heterocyclizations, and C�C coupling reactions.

FOOTNOTES

*E-mail: alcaideb@quim.ucm.es.
*E-mail: Palmendros@iqog.csic.es.
The authors declare no competing financial interest.

REFERENCES
1 (a) Haruta, M.; Yamada, N.; Kobayashi, T.; Iijima, S. Gold Catalysts Prepared by

Coprecipitation for Low-Temperature Oxidation of Hydrogen and of Carbon Monoxide.
J. Catal. 1989, 115, 301–309. (b) Hutchings, G. J. Vapor Phase Hydrochlorination of
Acetylene: Correlation of Catalytic Activity of Supported Metal Chloride Catalysts. J. Catal.
1985, 96, 292–295.

2 (a) Oliver-Meseguer, J.; Cabrero-Antonino, J. R.; Domínguez, I.; Leyva-P�erez, A.; Corma, A.
Small Gold Clusters Formed in Solution Give Reaction Turnover Numbers of 107 at Room
Temperature. Science 2012, 338, 1452–1455. (b) Hashmi, A. S. K. Sub-Nanosized Gold
Catalysts. Science 2012, 338, 1434.

3 Teles, J. H.; Brode, S.; Chabanas, M. Cationic Gold(I) Complexes: Highly Efficient Catalysts
for the Addition of Alcohols to Alkynes. Angew. Chem., Int. Ed. 1998, 37, 1415–1417.

4 Ito, Y.; Sawamura, M.; Hayashi, T. Catalytic Asymmetric Aldol Reaction: Reaction of
Aldehydes with Isocyanoacetate Catalyzed by a Chiral Ferrocenylphosphine�Gold(I)
Complex. J. Am. Chem. Soc. 1986, 108, 6405–6406.

5 For selected recent reviews, see: (a) Hashmi, A. S. K.; Hutchings, G. J. Gold Catalysis.
Angew. Chem., Int. Ed. 2006, 45, 7896–7936. (b) Rudolph, M.; Hashmi, A. S. K. Gold
Catalysis in Total Synthesis;an Update. Chem. Soc. Rev. 2012, 41, 2448–2462. (c)
Corma, A.; Leyva-P�erez, A.; Sabater, M. J. Gold-Catalyzed Carbon�Heteroatom Bond-
Forming Reactions. Chem. Rev. 2011, 111, 1657–1712. (d) Alcaide, B.; Almendros, P.;
Alonso, J. M. Gold CatalyzedOxycyclizations of Alkynols and Alkyndiols. Org. Biomol. Chem.
2011, 9, 4405–4416. (e) Hashmi, A. S. K. Homogeneous Gold Catalysis Beyond
Assumptions and Proposals�Characterized Intermediates. Angew. Chem., Int. Ed. 2010,
49, 5232–5241.

6 For leading references on alkynes and allenes, see: (a) Science of Synthesis; Thomas, E. J.,
Ed.; Thieme: Stuttgart, Germany, 2008; Vol. 43. (b) Acetylene Chemistry; Diederich, F.,
Stang, P. J., Tykwinski, R. R., Eds.;Wiley�VCH: New York, 2005. (c) Yu, S.; Ma, S. Allenes
in Catalytic Asymmetric Synthesis and Natural Product Syntheses. Angew. Chem., Int. Ed.
2012, 51, 3074–3112. (d) Krause, N.; Winter, C. Gold-Catalyzed Nucleophilic Cyclization
of Functionalized Allenes: A Powerful Access to Carbo- and Heterocycles. Chem. Rev.
2011, 111, 1994–2009.

7 For the first paper, see: (a) Ferrer, C.; Echavarren, A. M. Gold-Catalyzed Intramolecular
Reaction of Indoles with Alkynes: Facile Formation of Eight-Membered Rings and an
Unexpected Allenylation. Angew. Chem., Int. Ed. 2006, 45, 1105–1109. For selected very
recent use, see: (b) Hashmi, A. S. K.; Yang, W.; Rominger, F. Gold-Catalysis: Highly Efficient
and Regio-Selective Carbonyl Migration in Alkynyl-Substituted Indole-3-Carboxamides
Leading to Azepino[3,4-b]indol-1-ones. Adv. Synth. Catal. 2012, 354, 1273–1279.

8 (a) Alcaide, B.; Almendros, P.; Alonso, J. M.; Quir�os, M. T.; Gadzi�nski, P. Gold- or
Palladium-Catalyzed Allene Carbocyclization/Functionalization: Simple and Efficient Syn-
thesis of Carbazoles. Adv. Synth. Catal. 2011, 353, 1871–1876. (b) Kong, W.; Fu, C.; Ma,
S. General Au-Catalyzed Benzannulation Towards Naturally Occurring Carbazole Alkaloids
from Methoxypropadiene. Chem.;Eur. J. 2011, 17, 13134–13137. (c) Alcaide, B.;
Almendros, P.; Alonso, J. M.; Fern�andez, I. Carbocyclization versus Oxycyclization on the
Metal-Catalyzed Reactions of Oxyallenyl C3-Linked Indoles. J. Org. Chem. 2013, 78,
6688–6701.

9 (a) Hoffmann-R€oder, A.; Krause, N. Gold(III) Chloride Catalyzed Cyclization of R-Hydro-
xyallenes to 2,5-Dihydrofurans. Org. Lett. 2001, 3, 2537–2538. (b) Hashmi, A. S. K.;
Blanco, M. C.; Fischer, D.; Bats, J. W. Gold Catalysis: Evidence for the In-situ
Reduction of Gold(III) During the Cyclization of Allenyl Carbinols. Eur. J. Org. Chem. 2006,
1387–1389.

10 Alcaide, B.; Almendros, P.; Cembellín, S.; Martínez del Campo, T.; Fern�andez, I. Gold-
Catalysed Tuning of Reactivity in Allenes: 9-endo Hydroarylation versus Formal 5-exo
Hydroalkylation. Chem. Commun. 2013, 49, 1282–1284.

11 Alcaide, B.; Almendros, P.; Martínez del Campo, T.; Fern�andez, I. Fascinating Reactivity in
Gold Catalysis: Synthesis of Oxetenes through Rare 4-exo-dig Allene Cyclization and
Infrequent β-Hydride Elimination. Chem. Commun. 2011, 47, 9054–9056.

12 Hashmi, A. S. K.; Schuster, A. M.; Litters, S.; Rominger, F.; Pernpointner, M. Gold
Catalysis: 1,3-Oxazines by Cyclisation of Allene Amides. Chem.;Eur. J. 2011, 17,
5661–5667.

13 (a) Hashmi, A. S. K. Fire and Ice: A Gold(III) Monohydride. Angew. Chem., Int. Ed. 2012, 51,
12935–12936. (b) Klatt, G.; Xu, R.; Pernpointner, M.; Molinari, L.; Hung, T. Q.; Rominger,
F.; Hashmi, A. S. K.; K€oppel, H. Are β-H-Eliminations or Alkene Insertions Feasible
Elementary Steps in Catalytic Cycles Involving Gold(I) Alkyl Species or Gold(I) Hydrides?
Chem.;Eur. J. 2013, 19, 3954–3961.

14 (a) Alcaide, B.; Almendros, P.; Martínez del Campo, T. Metal-Catalyzed Regiodivergent
Cyclization ofγ-Allenols: Tetrahydrofurans versus Oxepanes. Angew. Chem., Int. Ed.2007,
46, 6684–6687. (b) Alcaide, B.; Almendros, P.; Martínez del Campo, T.; Soriano, E.;
Marco-Contelles, J. L. Regioselectivity Control in the Metal-Catalyzed O�C Functionali-
zation of γ-Allenols. Theoretical Calculations Compared with Experimental Results. Part 1:
Experimental Study. Chem.;Eur. J. 2009, 15, 1901–1908.

15 Alcaide, B.; Almendros, P.; Martínez del Campo, T.; Soriano, E.; Marco-Contelles, J. L.
Regioselectivity Control in the Metal-Catalyzed O�C Functionalization of γ-Allenols.
Theoretical Calculations Compared with Experimental Results. Part 2: Theoretical Study.
Chem.;Eur. J. 2009, 15, 1909–1928.



952 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 939–952 ’ 2014 ’ Vol. 47, No. 3

Gold-Catalyzed Cyclization Reactions Alcaide and Almendros

16 Alcaide, B.; Almendros, P.; Luna, A.; Prieto, N. Metal-Catalyzed Rearrangements of
3-Allenyl 3-Hydroxyindolin-2-ones in the Presence of Halogenated Reagents. Org. Biomol.
Chem. 2013, 11, 1216–1225.

17 For the gold-catalyzed halogenation of arenes by N-bromosuccinimide to functionalize C�H
bonds, see: (a) Mo, F.; Yan, J. M.; Qiu, D.; Li, F.; Zhang, Y.; Wang, J. Gold-Catalyzed
Halogenation of Aromatics by N-Halosuccinimides. Angew. Chem., Int. Ed. 2010, 49,
2028–2032. (b) Hashmi, A. S. K.; Schuster, A. M.; Litters, S.; Rominger, F.; Pernpointner,
M. Gold Catalysis: 1,3-Oxazines by Cyclisation of Allene Amides. Chem.;Eur. J. 2011, 17,
5661–5667.

18 (a) Taft, F.; Harmrolfs, K.; Nickeleit, I.; Heutling, A.; Kiene, M.; Malek, N.; Sasse, F.;
Kirschning, A. Combined Muta- and Semisynthesis: A Powerful Synthetic Hybrid Approach
to Access Target Specific Antitumor Agents Based on Ansamitocin P3. Chem.;Eur. J.
2012, 18, 880–886. (b) Shpak-Kraievskyi, P.; Yin, B.; Martel, A.; Dhal, R.; Dujardin, G.;
Laurent, M. Y. Access to C-Protected β-Amino-Aldehydes via Transacetalization of
6-Alcoxy Tetrahydrooxazinones and Use for Pseudo-Peptide Synthesis. Tetrahedron 2012,
68, 2179–2188.

19 Robles-Machín, R.; Adrio, J.; Carretero, J. C. Gold-Catalyzed Synthesis of Alkylidene
2-Oxazolidinones and 1,3-Oxazin-2-ones. J. Org. Chem. 2006, 71, 5023–5026.

20 Alcaide, B.; Almendros, P.; Quir�os, M. T.; Fern�andez, I. Gold-Catalyzed Oxycyclization of
Allenic Carbamates: Expeditive Synthesis of 1,3-Oxazin-2-ones. Beilstein J. Org. Chem.
2013, 9, 818–826.

21 (a) Barreiro, E. M.; Adrio, L. A.; Hii, K. K. (M.); Brazier, J. B. Coinage Metal Catalysts for the
Addition of O�H to CdC Bonds. Eur. J. Org. Chem. 2013, 1027–1039. (b) Rudolph, M.;
Hashmi, A. S. K. Heterocycles from Gold Catalysis. Chem. Commun. 2011, 47, 6536–
6544. (c) Das, A.; Sohel, S. M. A.; Liu, R.-S. Carbo- and Heterocyclisation of Oxygen- and
Nitrogen-Containing Electrophiles by Platinum, Gold, Silver and Copper Species. Org.
Biomol. Chem. 2010, 8, 960–979. (d) Yamamoto, Y.; Gridnev, I. D.; Patil, N. T.; Jin, T.
Alkyne Activation with Brønsted Acids, Iodine, or Gold Complexes, and its Fate Leading to
Synthetic Application. Chem. Commun. 2009, 5075–5087. (e) Kirsch, S. F. Construction of
Heterocycles by the Strategic Use of Alkyne π-Activation in Catalyzed Cascade Reactions.

Synthesis 2008, 3183–3204. (f) McDonald, F. E. Alkynol endo-Cycloisomerizations and
Conceptually Related Transformations. Chem.;Eur. J. 1999, 5, 3103–3106.

22 Alcaide, B.; Almendros, P.; Carrascosa, R.; Martínez del Campo, T. Metal-Catalyzed
Cycloisomerization and TandemOxycyclization/Hydroxylation of Alkynols. Synthesis of Non-
Fused, Spiranic, and Fused Oxabicyclicβ-Lactams. Eur. J. Org. Chem. 2010, 4912–4919.

23 (a) Antoniotti, S.; Genin, E.; Michelet, V.; Genêt, J.-P. Highly Efficient Access to Strained
Bicyclic Ketals via Gold-Catalyzed Cycloisomerization of Bis-homopropargylic Diols. J. Am.
Chem. Soc. 2005, 127, 9976–9977. (b) Corma, A.; Ruiz, V. R.; Leyva-P�erez, A.; Sabater,
M. J. Regio- and Stereoselective Intermolecular Hydroalkoxylation of Alkynes Catalysed by
Cationic Gold(I) Complexes. Adv. Synth. Catal. 2010, 352, 1701–1710.

24 (a) Alcaide, B.; Almendros, P.; Carrascosa, R.; Torres, M. R. Gold/Acid-Cocatalyzed
Regiodivergent Preparation of Bridged Ketals via Direct Bis-Oxycyclization of Alkynic
Acetonides. Adv. Synth. Catal. 2010, 352, 1277–1283. (b) Alcaide, B.; Almendros, P.;
Carrascosa, R. Gold-Catalyzed Direct Cycloketalization of Acetonide-Tethered Alkynes in the
Presence of Water. Tetrahedron 2012, 68, 9391–9396. (c) Alcaide, B.; Almendros, P.;
Carrascosa, R.; L�opez, R.; Men�endez, M. I. Gold-Catalyzed Bis-Cyclization of 1,2-Diol- or
Acetonide-Tethered Alkynes. Synthesis of β-Lactam-Bridged Acetals: A Combined
Experimental and Theoretical Study. Tetrahedron 2012, 68, 10748–10760.

25 Hashmi, A. S. K.; B€uhrle, M.; W€olfle, M.; Rudolph, M.; Wieteck, M.; Rominger, F.; Frey, W.
Gold Catalysis: Tandem Reactions of Diyne�Diols and External Nucleophiles as an Easy
Access to Tricyclic Cage-Like Structures. Chem.;Eur. J. 2010, 16, 9846–9854.

26 Alcaide, B.; Almendros, P.; Carrascosa, R. Straightforward Synthesis of Bridged Azaoxa
Skeletons: Gold-Catalyzed Aminoketalization of Garner's Aldehyde-Derived Alkynes.
Chem.;Eur. J. 2011, 17, 4968–4971.

27 Hashmi, A. S. K.; Blanco Jaimes, M. C.; Schuster, A. M.; Rominger, F. From Propargylic
Amides to Functionalized Oxazoles: Domino Gold Catalysis/Oxidation by Dioxygen. J. Org.
Chem. 2012, 77, 6394–6408.

28 Alcaide, B.; Almendros, P.; Quir�os, M. T.; L�opez, R.; Men�endez, M. I.; Sochacka-�Cwikza, A.
Unveiling the Reactivity of Propargylic Hydroperoxides under Gold Catalysis. J. Am. Chem.
Soc. 2013, 135, 898–905.


