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Abstract: We report recent progress on Au- and Pt-catalyzed cascade reactions to access com-
plicated molecular frameworks. Reported reactions include new cyclization/cycloaddition
cascades on carbonyl and epoxide substrates tethered with an allene, alkene, and alkyne.
Such substrates enable Au-catalyzed cascade reactions comprising an initial cyclization to
form reactive 1,n-dipole that undergoes subsequent cycloadditions with suitable dipo-
larophiles.
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INTRODUCTION

Traditional metal-catalyzed reactions [1] typically produce one chemical bond that is unsuitable to
access compounds with molecular complexity. Metal-catalyzed tandem reactions can generate several
chemical bonds in a single operation. Au and Pt catalysis is emerging as a rapidly growing field, espe-
cially in the electrophilic activation of alkynes, allenes, and alkenes [2,3], but Au is also a soft Lewis
acid, providing an effective activation of O- and N-containing electrophiles such as aldehydes, ketones,
imines, and epoxides [4]. Au catalysts are beneficial in the design of new catalysis because of their less
oxophilicity to facilitate regeneration of the catalyst.

Organizing a summary of Au- and Pt-catalyzed cascade reactions needs caution because of
diverse reaction paths. In many instances, products from cascade reactions are too complicated to attract
a general readership; forming too many bonds in a one-pot operation also leads to a loss of focus and
confusion. To give a topic with scientific merit, we emphasize a cyclization/cycloaddition cascade
involving an initial cyclization to generate a reactive 1,n-dipole that subsequently undergoes cyclo-
addition with a suitable dipolarophile. We envisage that such a three-bond forming-process meets the
reaction simplicity, and will become attractive to general readers. A protocol is illustrated in Scheme 1,
involving substrates bearing donor (alkene, carbonyl, and epoxide), tethered with an acceptor including
metal-coordinated allene, carbonyl, and alkyne; reported instances of this specific protocol are increas-
ing rapidly, which reflects its importance.
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Scheme 1 General protocols for cyclization/cycloaddition cascades.

OXOALKYNES

Oxoalkyne substrates (2-1) undergo cycloadditions with various dipolarophiles including alkyne,
alkene, enol ether, or carbonyl compounds. Metal-containing benzopyrylium intermediates (2-2) are
generated through an attack of carbonyl group onto the metal-alkyne, as depicted in Scheme 2; these
intermediates are capable of reacting with these dipolarophiles to yield various cycloadducts.

M1~
;
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M = Pt(ll), Au(l), Ag(l), Cu(l)

Scheme 2 Formation of metal-containing benzopyrylium-type intermediates.

In 2002, Yamamoto et al. [5,6] published seminal papers on AuCls-catalyzed formal [4 + 2]
cycloaddition of o-alkynylbenzaldehyde with alkyne via a Au-containing benzopyrylium intermediate,
as depicted in Scheme 3. This reaction gave a regioisomeric mixture of highly substituted naphthalene
derivatives; the product distribution was sensitive to the alkynyl substituents. As shown in Scheme 3,
large R! substituents (propyl or phenyl) gave compounds 3-2 as the major regioisomers in which the
bulky R! group was adjacent to the benzoyl group (entries 1-2). A reverse product distribution was
observed for a trimethylsilyl-substituted alkyne that gave 3-3 predominantly (entry 3). In the case of
internal alkynes (R! = phenyl and R2 = Me;Si or CH;) compounds 3-2 were produced exclusively
(entries 4-5).

© 2012, IUPAC Pure Appl. Chem., Vol. 84, No. 8, pp. 1749-1757, 2012



Au- and Pt-catalyzed tandem cascade reactions 1751

+ R2
Pl O
R? 1
5w ZLY :
R AT 1 3-2
u R 07 >Ph
H + | | cat. AUC|3 + 3-a +
X 2 )

3 D Ph R Ph 1 R

R
v O
L~ Au RZ _| R?
3-b 3-3
(0] Ph
entry R! R2 product ratio (3-2:3-3)

1 CsH, H 92:8
2 Ph H 99:<1
3 MesSi H 16:84
4 Ph Me;Si 99:<1
5 Ph CHs; 99:<1

Scheme 3 Benzannulation through a formal intermolecular [4 + 2] cycloaddition.

An intramolecular version of this [4 + 2] benzannulation was applicable to the synthesis of
(+)-rubiginone B2 (4-3) and (+)-ochromycinone (4-4) [7], members of the angucyclinone family of nat-
ural products (Scheme 4). Treatment of oxoalkyne 4-1 with AuCly initiated an efficient intramolecular
benzannulation to allow a rapid construction of the 3,4-dihydrotetraphen-1(2H)-one framework, and a
subsequent oxidation afforded (+)-rubiginone B2 (4-3). The BCl;-mediated demethylation of species
4-3 led to (+)-ochromycinone (4-4), another member of the same natural product series.

oM ‘
2 mol % AuCls
A8 .
1,2-DCE, 50 °C, 1h

84 %
OMe OMe

CAN, CH,CN / H,0

rt, 1h, 97 % 1h, 89 %

OMe O
(+)-rubbiginone B, (4-3) (+)-ochromycinone (4-4)

Scheme 4 Synthesis of (+)-rubiginone B2 and (+)-ochromycinone.

We achieved new oxacyclic compounds via Pt-catalyzed [4 + 2] annulation of enynals 5-1 with
allylic alcohols [8]. Pt-containing benzopyrylium 5-3 (or pyrilium 5-8) intermediates are capable of
reacting with 2-substituted allylic alcohols to yield various oxacyclic compounds 5-6 or 5-10 depend-
ing on enynals of the types (Scheme 5). Tetracyclic ketal 5-6 species are obtained stereoselectively from
2-(hex-1-ynyl)benzaldehyde 5-1, whereas tricyclic oxacyclic compounds 5-10 are produced exclusively
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Scheme 5 Pt-catalyzed streocontrolled [4 + 2] cycloadditions and annulations of enynals with allylic alcohols.

from non-benzenoid substrates 5-7. These cycloadditions have emerged as powerful tools for the effi-
cient synthesis of complex oxacyclic molecules.

Scheme 6 shows a new Pt-catalyzed synthesis of 9-oxabicyclo[3.3.1]nona-2,6-dienes from read-
ily available 2-alkynyl-1-carbonylbenzene, allylsilane, and water in which the carbocyclization does not
involve benzopyrilium species [9]. This is a tandem allylation/annulation sequence involving three
consecutive steps: (i) PtCl,-catalyzed allylation of the carbonyl group, and (ii) intramolecular
hydroalkoxylation of alkyne, producing 1H-isochromene 6-4. The final ene-oxonium annulation relies
on Brgnsted acid to give 9-oxabicyclo[3.3.1]nona-2,6-dienes 6-5. This oxatricyclic is synthetically
interesting because bioactive molecules 6-6 to 6-9 possess the same framework, which showed biolog-
ical effects in the central nervous system [10], as well as HIV-1 inhibitory activities [11].
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Scheme 6 Pt-catalyzed annulation of 2-alkynyl-1-carbonylbenzene with allylsilane.

Scheme 7 depicts a Au-catalyzed oxacyclization/[4 + 2] cycloaddition cascade for oxoalkyne sub-
strates 7-1 and an enol ether [12]. The cationic Au complex catalyzed an initial 1,3-acyloxy shift of
starting 7-1 to generate initial oxoallene 7a, which subsequently formed benzopyrilium of new type 7b
via a 6-endo-dig-cyclization. Such a benzopyrilium intermediate reacted well with enol ethers to give
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Scheme 7 Au-catalyzed tandem oxacyclization/[4 + 2]-cycloaddition.

isolable [4 + 2] cycloadduct 7-3 as a mixture of two diastereomers. Further base-catalyzed hydrolysis
of these oxocyclic products gave oxabicyclo ketone 7-4 in high diastereoselectivity (dr > 10:1).

Scheme 8 reveals a highly stereoselective Au-catalyzed synthesis of 9-oxabicyclo[3.3.1]nona-4,7-
dienes from the reaction of 1-oxo-4-oxy-5-ynes (8-1) with enol ethers; the success of this catalysis
relied on the generation of s-frans-methylene(vinyl)oxoniums (8a) that function as 1,4 dipoles [13].
Notably, oxacyclic products 8-3 have anti-Bredt structures, and are formed with high stereocontrol.
Although the overall transformation can be visualized as a formal [4 + 2] cycloaddition, the origin of
high diastereoselectivity arises from a prior [3 + 2] cycloaddition of enol ethers with s-trans-2-oxa-
dienum (8b), followed by a 1,2-alkyl migration, as depicted in Scheme 8.
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Scheme 8 Synthesis of 9-oxabicyclo[3.3.1]nona-4,7-dienes via a formal [4 + 2] cycloaddition.

OXODIENES

2,4-Dien-1-als have been thoroughly investigated for various Au-catalyzed cyclization/cycloaddition
modes, accessing diversified carbo- and heterocyclic compounds [14]. A new [4 + 3] annulation of
cis-2,4-dien-1-als 9-1 with allylsilanes was developed for the stereoselective synthesis of tricyclic
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Scheme 9 Catalytic cyclization/[4 + 3] annulation of cis-2,4-dien-1-al with allylsilane.

molecular framework 9-2. Here, Au(I)-initiated 5-exo cyclization of dienal 9-1 gave an allylic cation 9a
that underwent a subsequent nucleophilic attack of allylsilane to give intermediate 9b. The ioniza-
tion/intramolecular nucleophilic attack delivered the final [4 + 3]-annulated product 9-2 (Scheme 9).

The preceding cascade reaction implicates dication equivalents for dienals 9-1; this concept stim-
ulates new reactions. For examples, 2-silyloxymethylallylsilane (10-2) reacted smoothly with cis-2,4-
dien-1-als 10-1, giving oxabicyclo compound 10-3. Here, the initial nucleophilic attack on allylic cation
intermediate 10a took place to generate intermediate 10b, as shown in Scheme 10. Species 10b under-
went a subsequent ionization, followed by an intramolecular allylation to furnish the final [4 + 2] annu-
lation product 10-3. 3-Hydroxymethyl heteroarenes 10-4 were also suitable to this Au catalysis via
[4 + 2]-annulations with 2,4-dien-1-als. For furan and thiophene bearing a 3-hydroxymethyl substituent,
tricyclic pyran derivatives 10-5 were obtained as formal [4 + 2] cycloadducts (Scheme 10) while allylic
alcohols underwent distinct [3 + 2] cycloadditions to furnish oxatricyclic product 10-7.
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Scheme 10 Au-catalyzed [4 + 2] and [3 + 2] annulation of cis-2,4-dien-1-als with 3-hydroxymethyl heteroarenes
and allylic alcohols.

In the presence of PPh;AuSbF, phenol and (benzo[b]thiophen-3-yl)methanol reacted smoothly
with 2,4-dien-1-als in stereoselective [3 + 2] and [4 + 2] cycloaddition fashions. Resulting oxatricyclic

© 2012, IUPAC Pure Appl. Chem., Vol. 84, No. 8, pp. 1749-1757, 2012



Au- and Pt-catalyzed tandem cascade reactions 1755

4% PhgPAUCI/AgSbFg
CH,Cly, 20 °C, 1h ¢H  R=H,62%
H =n-Buy,72%

111 11-2
113 R
R OH
— 4% PhsPAUCI/AgSbFg R=H,76%
| + =n-Bu, 81%
CHO CH,Cl,, 25°C, 1h =Ph, 85%
111 114 115 R

Scheme 11 Distinct regioselectivities for the annulation with phenol and (benzo[b]thiophen-3-yl)methanol.

products 11-3 and 11-5, as shown in Scheme 11, have an O- and C-linkage to the central cyclopentene
ring, opposite to those observed for 10-5 and 10-7.

NITROALKYNE

The synthesis of complex azabicyclic framework 12-2 from readily available nitroalkyne 12-1 and elec-
tron-rich alkene is reported from our laboratory (Scheme 12) [15]. This catalytic transformation
involved a formal [2 + 2 + 1] cycloaddition among o.-carbonyl carbenoid intermediate 12a, a tethered
nitroso functionality and external olefins, as represented by species 12a. Here, o-carbonyl carbenoid
species 12-a presumably arose from a Au-catalyzed redox process. This carbenoid species underwent
an intramolecular cyclization to give oxonium species 12b. Keto-enol equilibrium gave rise to enolate
12¢, which is represented also in its resonance form 12d. A [3 + 2] cycloaddition of species 12d with
an olefin in a concerted exo-addition mode delivered observed compound 12-2.
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Scheme 12 Au-catalyzed [2 + 2 + 1] cascade of nitroalkynes.

ALLENYL ACETALS

We developed also a carbocyclization/[3 + 3] annulation cascade for allenyl acetals and -ketals.
Treatment of these substrates with 2-substituted allylsilane and Au catalysts enabled a rapid construc-
tion of complex carbocyclic framework with good stereocontrol [16]. The value of this novel annula-
tion protocol is reflected by its access to the framework of naturally occurring dichronal B and taiwa-
niaquinol [17]. As shown in Scheme 13, the mechanism involves a Prins cyclization of cationic
intermediate 13a, resulting in an allylic carbocation 13b that undergoes allylation with silane 13-2, sub-
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Scheme 13 Au-catalyzed dealkoxylative carbocyclization/[3 + 3] annulation cascade.
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Scheme 14 Au-catalyzed [3 + 2] annulation cascade of allene-acetal.

sequently delivering aldehyde 13-3 through a hydride migration. The same reactions of aliphatic sub-
strates 14-1 with phenols or 1,3-diketones led to distinct [3 + 2] annulation, enabling a facile construc-
tion of oxacyclic compounds (Scheme 14).

CONCLUSION

Herein, we provide an overview of Au-catalyzed cyclization/cycloaddition cascades. We envisage that
such a three-bond formation process meets the simplicity of reaction patterns to attract general reader-
ship. Generation of reactive 1,n-dipoles in this cascade sequence is of scientific interest. We endeavored
to summarize our recent development in this area. Au-catalyzed tandem cycloadditions emerge as a
powerful tool to access complicated molecular architecture. Although recent reports have focused
mainly on oxoalkynes, other substrates remain less explored.
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