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CONSPECTUS: Cycloaddition reactions, by involving the formation of at least el PR w

two bonds and one cycle in a single operation, represent one of the more ©§Q§\R o RAw
practical ways to assemble carbo- and heterocyclic structures from simple acyclic A SR S TS
precursors. Especially appealing are formal cycloadditions promoted by /;5 . XC(:C I:( RRy
transition metals, owing to the ability of these reagents to open mechanisms a X@* R thR
that are not accessible using classical chemistry. Therefore, along the years, a pe o Auf) catalysis ]
great variety of annulations based on first-, and particularly second-row Hbn A' ‘N\_%

R R!
transition metals have been discovered. Most of these reactions involve inner Rz“z:g; <“§: Pe(i) catalysis N
sphere mechanisms, with the metal participating via standard oxidative addition TR - N(_ ¢
or reductive elimination processes. Curiously, metals of the third row like N
platinum and, especially, gold remained largely unexplored, likely because of the > Vo
belief that they were inert and expensive. However, from the beginning of this
century, many groups realized that these metals can open very interesting
mechanistic scenarios and promote novel types of transformations. In particular,
the 7-acidic, carbophilic behavior of gold(I) complexes, together with the possibility of tuning their reactivity using designed
ligands, has triggered important activity in the field. Many gold-catalyzed transformations involved addition or
cycloisomerization processes, but during recent years, there have been also important advances in the development of formal
cycloaddition reactions. While many of these reactions rely on the activation of alkynes, there has been an increasing number of
reports that exploit the peculiar reactivities of allenes and derivatives.
In this Account, we present recent efforts on the development of platinum- and gold-catalyzed formal cycloadditions of allenes.
For the sake of simplicity, we only include annulations initiated by a direct metal-promoted activation of the allene moiety.
Thus, alternative Pt- or Au-catalyzed reactions wherein the allene does not interact with the metal catalyst are not covered.
Upon activation by the metals, allenes generate allyl-cation alkenylmetal species that can behave as 1,2- or 1,3-carbon dipoles in
cycloaddition processes. Especially relevant is the reactivity of allenamides. The presence of the amide substituent provides for
the generation of gold intermediates with a good balance of reactivity and stability, which can therefore react with the
corresponding partners in a controlled manner. Moreover, despite the difficulties associated with the transfer of stereochemical
information from chiral linear gold(I) complexes, a variety of enantioselective gold-catalyzed annulations have been discovered.
This Account is organized considering the number of atoms engaged in the annulation process, and when possible, we present
the results in a chronological order.
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1. INTRODUCTION

The last decades have witnessed extraordinary advances in
homogeneous transition metal catalysis, mainly using Pd, Ni,
Rh, or Ru reagents. Conversely, third row Pt and, especially,

associated experimental protocols, which can tolerate air and
traces of water.

In 1998, Teles reported that cationic phosphane—gold(I)
complexes can catalyze the addition of alcohols to alkynes with

Au complexes were largely ignored, in part because they were
considered inert.

This situation started to change at the beginning of the
century, with the discovery that gold and platinum salts could
work as carbophilic catalysts and activate z-bonds of
unsaturated substrates.”” This type of reactivity is in part
associated with relativistic effects, which are particularly
pronounced in the case of gold.” Additional advantages of
these metal reagents stem from the possibility of tuning their
properties with designed ligands, their low propensity to
participate in redox processes, and the simplicity of the
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high turnover frequencies (Scheme 1A)." After this seminal
contribution, there have been numerous reports dealing with
alternative types of inter- and intramolecular additions to
alkynes. Mechanistically, it is now well established that
coordination of the unsaturated bond of alkynes to these
metals triggers their reactivity toward nucleophiles to generate
trans-alkenylmetal intermediates (I). These species can be
simply trapped with electrophiles to give the corresponding
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Scheme 1. Pioneer Work of Teles (A)* and Typical Reactivity Mode of Alkynes under Pt or Au Catalysis (B)
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Scheme 2. Typical Reactivity Mode of Allenes under Pt or Au Catalysis
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Scheme 3. Au(I)-Catalyzed [2 + 2] Cycloadditions of Allenenes,"> and Pt(II)-Catalyzed [4 + 3] Cycloadditions of
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1,2-trans-functionalized products (Scheme 1B) or, alterna-
tively, can engage in much more complex cycloisomerization
and annulation processes.”’

Alkenes can also coordinate to gold complexes; however,
they are kinetically less reactive than alkynes. Even so, during
the last years, an important number of gold-catalyzed additions
of different types of nucleophiles to nonpolarized alkenes have
been developed.”*

The activation mode of alkynes and alkenes can also be
extended to allenes, which can be formally viewed as strained
alkenes, featuring two contiguous C—C double bonds.
Depending on the substitution pattern of the allene and the
type of gold complex used, the intermediate species resulting
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from the gold-activation of allenes might be either gold-7*-
allene complexes (I1a) or related n'-species (IIb—d) in which
gold is bound to the former central sp-allenyl carbon. Planar or
bent o-allyl cations of type Ilc, as well as zwitterionic carbenes
like IId, can be considered as extreme cases, which,
nonetheless, help to visualize the dipolar reactivity of allenes
under gold catalysis.

Regardless of their precise structure, these gold-intermediate
species (II) can then be trapped in a 1,2- or 1,3-manner,
depending on the characteristics of the catalyst, nucleophile
(Nu), and electrophile (E) (Scheme 2).”~"!

Most Pt- and Au-catalyzed reactions of allenes consist of
addition and cycloisomerization processes and usually convey
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Scheme S. Gold- and Platinum-Catalyzed [4 + 3] Cycloadditions of Allenedienes

A) Pt(ll)- and Au(l)-catalyzed allenediene [4+3] intramolecular cycloadditions
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the formation of just one carbon—carbon or carbon—
heteroatom bond."*~'* However, the 1,3-dipolar character of
n'-metal allyl cation intermediates like ITc or IId suggests the
possibility of achieving formal cycloaddition processes in which
the allene moiety could work either as a two- or a three-carbon
annulation partner.

In this context, in 2007 Toste reported a gold(I)-catalyzed
[2 + 2] annulation between allenes and tethered vinyl arenes
(Scheme 3A)."® This seminal contribution represented the first
use of allenes as two-carbon reaction partners in formal gold-
catalyzed cycloadditions. A few months later, our group
unveiled a new type of reaction in which allenes behave as a
three-carbon partner, namely, an intramolecular [4 + 3]
cycloaddition between allenes and 1,3-dienes, in this case
promoted by PtCl, (Scheme 3B).'

These two reports stimulated further research to exploit the
reactivity of allenes and derivatives in gold- and platinum-
catalyzed annulations. In the following sections, we will
summarize recent advances in this topic, with special emphasis
on the work developed in our laboratory.

2. INTRAMOLECULAR REACTIONS

2.1. [2 + 2] Cycloadditions

As indicated, in 2007 Toste demonstrated that the cationic
gold complex prepared from Ph;PAuCl and AgBF, catalyzes
the intramolecular [2 + 2] annulation of N- and C-tethered
allenenes (1), to give cyclobutene-containing bicycles (2,
Scheme 4A)."”> The same authors also developed an
asymmetric variant, albeit enantioselectivities were quite
dependent on the nature of the tether connecting the allene
and alkene. Thus, allenenes bearing geminal diesters in the
tether underwent highly enantioselective annulations using a
DTBM-Segphos-based gold catalyst (Aul/AgBF,),"> whereas
allenenes bearing N-tosyl connecting groups provided good ee
values only when phosphoramidite—gold catalysts like (R,R,R)-
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Au2/AgBF, were employed.'” Additionally, Fiirstner showed
that a Taddol-based phosphoramidite—gold complex such as
(RR,R,R)-Au3/AgBF, is also effective for promoting this type
of [2 + 2] cycloaddition (Scheme 4B)."

A stepwise process involving the activation of the allene to
give a gold-linked allylcation, followed by regioselective
addition of the alkene, was proposed. The resulting
carbocationic intermediate (III, Scheme 4C) is then trapped
by the alkenyl-gold moiety to give the corresponding
cyclobutane. DFT calculations carried out by the same
group'” revealed that intermediate III is better described as
a metallacyclic species, IV, wherein the gold atom establishes
an electrostatic interaction with the benzylic carbocation,
resulting in its stabilization by the filled d-shell of the electron
rich gold. This pseudo-metallacyclic intermediate enables a
better rationalization of the observed stereoselectivities and
also explains the stereochemistry of the products obtained
when the reaction is carried out in the presence of external
nucleophiles.'”

2.2. [4 + 3] Cycloadditions

Early in 2008, our group demonstrated that is possible to
induce intramolecular [4 + 3] annulations between dienes and
allenes, using PtCl, as catalyst.'® The reaction, which
represented the first use of allenes as three-carbon components
in metal-catalyzed cycloadditions, allowed a wide variety of
functionalized bicyclo[5.3.0]decanes to be built from easily
accessible allenedienes, in a fully diastereoselective manner.
One year later, we demonstrated that these reactions could
also be promoted, under milder conditions, by gold(I) catalysts
like IPrAuCl (Au4) /AngF6.19 With terminal disubstituted
allenes (R?% R® = alkyl), the reaction generates products of type
4 as single isomers; however, with monosubstituted analogs
(R3 = H), it affords isomeric adducts 5 or mixtures of 4 and 5.
Also in 2009, Toste reported the same annulations, in this case
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Scheme 6. Synthesis of Englerin A Relying on a Pt-Catalyzed [4 + 3] Allenediene Cycloaddition
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Scheme 7. Gold(I)-Catalyzed [4 + 2] Cycloaddition of Allenedienes

A) Gold-catalyzed formal [4+2] cycloaddition of allenedienes
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promoted by the gold catalyst AuS/AgSbF,, featuring the
JohnPhos ligand (Scheme 5A).%0

DEFT calculations supported a mechanism starting with the
activation of the allene by the carbophilic catalyst, followed by
a concerted [4C(47) + 3C(2x)] diene-allylcation cyclo-
addition to produce a metal—carbene intermediate (VI).
Then a 1,2-hydrogen or a 1,2-alkyl shift, with concomitant
elimination of the metal, generates the observed bicyclic
products (4 or 5). The observed stereochemistry can be
explained assuming an exo-like transition state (Scheme SB).

Importantly, in 2011 we reported an enantioselective version
of this [4 + 3] cycloaddition, using the chiral phosphor-
amidite—gold complex (R,R,R)-Au6.”' The transformation
occurs with high levels of enantioselectivity provided that
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monosubstituted allenes are employed (R® = H). Importantly,
the reaction tolerates longer tethers (n = 1 or 2) as well as the
presence of alkyl substituents at the allene internal position;
thus, enantioenriched S,7- and 6,7-bicyclic systems featuring
quaternary stereocenters at their ring fusions can be obtained
with excellent enantioselectivities (Scheme SA).

Our group has also reported an important application of this
[4 + 3] allenediene cycloaddition in the asymmetric total
synthesis of (—)-englerin A, a guaiane sesquiterpene that has
raised notable interest because of its antitumoral potential.”* In
this case, the platinum catalyst generated from equimolar
amounts of PtCl, and P(CF;); (5%) provided the best results
in the cycloaddition of the designed allenediene 7, so the
desired cycloadduct 8, featuring the trans-fused guaiane
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Scheme 8. Gold(I)-Catalyzed [3 + 2] and [2 + 2] Cycloadditions of Allenenes
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skeleton, was obtained in good yield and complete
diastereoselectivity. This adduct was readily transformed into
englerin A by using highly selective oxygenation processes and
designed functional group transformations (Scheme 6).

2.3. [4 + 2] Cycloadditions

During the study of the above [4 + 3] cycloadditions, we
observed that substrates bearing terminally disubstituted
allenes provided cyclohexanes (9), instead of cycloheptane
products (4 or 5), when a phosphite—gold precatalysts such as
Au7 or chiral phosphoramidites like Aué were used (Scheme
7). Similar observations were reported, almost simulta-
neously, by Toste and co-workers.”’ Experimental data and
theoretical calculations suggested that both seven- and six-
membered ring cycloadducts, arise from the same cyclo-
heptenyl—gold carbene intermediate of type VI (Scheme 7A).
Strong o-donor ligands at gold (such as IPr or JohnPhos) favor
its evolution through a 1,2-H or alkyl migration, to give the
seven-membered rings. However, with the bulky m-acceptor
phosphite ligand, the carbene undergoes a ring contraction
(1,2-alkyl internal migration), to give cyclohexyl adducts 9.
Subsequent work by Firstner further confirmed that the
divergence mainly depends on the electronic characteristics of
the ligand. They built gold complexes bearing NHC ligands
with similar o-donor abilities but different z-acceptor
characteristics and found that, for the same allenediene, the
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proportion of the formal [4 + 2] cycloadducts increases with
the 7-acceptor character of the ligand.”*

Nonetheless, steric properties of the ancillary ligands also
affect the selectivity of the cycloadditions.”” Along these lines,
Sigman and Toste have recently shown that the Au—CI bond
distance in the gold complexes, which is significantly affected
by both the electronic and remote steric influence of the
ancillary ligand, is an excellent indicator of the net o-donation
of the ligand at gold, and it can be easily used to explain and
even predict the [4 + 2]/[4 + 3] selecthlty

In consonance with this mechanistic scenario, in which the
carbene intermediate VI already includes all the stereochemical
information of the cycloaddition, chiral phosphoramidite—gold
complexes like (R,RR)-Aué are also able promote highly
enantioselective [4 + 2] cycloadditions of allenedienes bearing
terminally disubstituted allenes. Similar observations were also
published by Toste, who developed the related phosphor-
amidite—gold complex (S,S,S)-Au8, as well as the phosphite—
gold precatalyst Au9.”” On the other hand, Fiirstner
demonstrated that the Taddol-based phosphoramidite—gold
complex (R,R,R,R)-Au3/AgBF, also provides good selectivities
in the [4 + 2] cycloaddition of allenedienes (Scheme 7B).**

2.4. [2 + 3] Cycloadditions
As shown above, allenes can undergo gold-promoted intra-

molecular [2 + 2] cycloadditions with alkenes or behave as
three-carbon partners in cycloadditions with dienes. One could
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Scheme 10. Gold(I)-Catalyzed Intermolecular [4 + 2] Cycloadditions between Allenamides and 1,3-Dienes and Mechanistic

Scenario

A) Gold(l)-catalyzed intermolecular cycloaddition of allenamides and 1,3-dienes
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then wonder whether they could also work as 3C components
in annulations with alkenes.”””* Toste’s group has shown that
while the reaction of allenene la(n = 0) with Ph;PAuCl/
AgBF, provides the alkylidenecyclobutane 2a, the use of the o-
donor JohnPhos ligand at gold, with a very related precursor
(1b, n = 1), led to the majority formation of the cyclopentene
10b (Scheme 8). The formation of this [3 + 2] adduct was
explained in terms of the preferred formation of a cyclopentyl-
gold carbene intermediate (VII), mostly due to the steric
properties of the ligand at gold.*

3. INTERMOLECULAR REACTIONS

In 2009, Iwasawa demonstrated that allenyl silylethers (11)
can engage in intermolecular Pt-catalyzed formal annulations
with alkenyl ethers (Scheme 9).*’ The authors proposed a
mechanism that involves the addition of the enol ether to the
platinum-containing 1,3-dipole IX. The resulting intermediate
X might evolve either to the cyclopentyl Pt-carbene XI or to
the cyclobutyl species XII, respective precursors of cyclo-
pentene or cyclobutane adducts (12 and 13). Different factors
such as the type of ligand and solvent or the bulkiness of the
silyl group at the allene moiety influence the [3 + 2]/[2 + 2]
ratio (Scheme 9). Thus, while the use of [PtClL,(C,H,),]/P(o-
tol); favors the [3 + 2] pathway, the analog Pt-complex bearing
a bulky trialkynylphosphine instead of P(o-tol);, promotes the
[2 + 2] cycloaddition.” In any case, the use of an allenylether
is critical, likely because its electron rich character stabilizes
putative cationic intermediates. This methodology constitutes
another illustrative example of the versatility of allenes as 2C or
3C components in metal-catalyzed cycloadditions.
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3.1. [4 + 2] Cycloadditions

In addition to intramolecular reactions, our group has also
pursued the development of intermolecular cycloadditions
between allenes and dienes. Eventually, in 2011, we discovered
that N-allenamides like 14, can efficiently participate as 2C
partners in gold-catalyzed formal [4 + 2] cycloadditions with
neutral or electron rich 1,3-dienes. These reactions represented
the first examples of intermolecular formal cycloadditions of
allenes catalyzed by gold (Scheme 10A).*" The annulation was
better promoted by AuCl or by IPrAuCl (Au4)/AgSbF,, which
led to cyclohexenes of type 16 with good yields and excellent
regio- and diastereoselectivities.”” It is important to note that
carbon-substituted allenes or allenyl ethers like 11 generated
complex mixtures of products. Therefore, the use of
allenamides seems key to warrant an appropriate balance
between reactivity and stability of the different reaction
intermediates.

Experimental data and DFT calculations suggest a complex
mechanism with several possible pathways that depend on the
electronic properties of both the gold catalyst and the diene
unit (Scheme 10B).** A common feature for all of them is the
easy formation of initial gold—zwitterionic species of type XIIIL.
Then, when neutral dienes such as isoprene are used, this gold-
intermediate reacts with the diene via concerted pathways.
Thus, with IPr as gold ligand, a direct [4 + 2] cycloaddition
between the diene and the terminal double bond of XIII is
favored (route b); however, with AuCl, calculations suggest
that a concerted [4 + 3] cycloaddition to give the
cycloheptenyl carbene XIV, followed by ring contraction,
could be operative (route a). Both pathways explain the
formation of the same [4 + 2] cycloadduct 16a, but the latter is

DOI: 10.1021/acs.accounts.8b00567
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Scheme 11. Explanation for the Formation of Minor [2 + 2] Adducts
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Scheme 12. Gold(I)-catalyzed [4 + 2] cycloadditions between allenamides and 1,3-dienes

A) Enantioselective [4+2] cycloadditions with 1,3-dienes3*
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B) Cycloadditions with C2- and C-3-alkenyl indoles3®
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slightly favored (by ~2 kcal mol™). On the other hand, with tionally evolve to facilitate an interaction of the gold atom with
electron rich dienes such as 1-methoxydiene 15b, a stepwise the internal carbon of the allylic carbocation (XVII). An
process involving the formation of an acyclic intermediate like eventual ring closure provides either cyclobutane or cyclo-
X\gls plrefecrlred (rotfte G Sc}ileme IIOB)‘ Lo b i hexene adducts, with the overall activation barrier to the
related stepwise pathway also explains the eventua cyclobutane being favored by over S kcal'mol™'. Thus, this
formation of cyclobutanes of type 17, which were observed as . )

) ) g . . pathway would be reponsible for the generation of cyclo-
side products with neutral dienes, particularly when using ] ) ] ’
IPrAuCl/AgSbF, (Scheme 11). Thus, after formation of the butanes like 17a, whereas the formation of the major Diels—
gold(I)-activated allenamide derivative XIII, a regioselective Alder adducts (e.g, 16a) is better explained in terms of a
addition of the diene (e.g, isoprene) would lead to the concerted annulation from XIII, which has a significantly lower
carbocationic species XVI. This intermediate might conforma- overall energy barrier.
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Scheme 13. Gold(I)-Catalyzed [2 + 2] Cycloadditions between Allenamides and Alkenes

A) Gold(l)-catalyzed [2+2] cycloadditions promoted by Au7 / AgSbFg®’
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In 2012, we reported an enantioselective variant of the [4 +
2] cycloaddition reaction between dienes and allenamides
(Scheme 12A).°* Specifically, we found that the Lassaletta’s
gold complex Aul0, featuring a triazole unit embedded in a
highly crowded axially chiral environment, was able to promote
these annulations between allenamides and aryl- or alkyl-
substituted 1,3-dienes with excellent enantioselectivities and
with complete regio- and diastereoselectivities.

In addition to these examples, in 2013 Rossi and Vicente,*®
as well as Zhang,36 reported [4 + 2] annulations between N-
allenamides and C2- or C3-styryl indoles (Scheme 12B). The
cycloadditions of 3-styryl indoles (20) were also described in
an asymmetric fashion using phosphoramidite—gold catalysts
so that tetrahydrocarbazoles 22 could be obtained with
excellent enantioselectivities (Scheme 12C).

3.2. [2 + 2] Cycloadditions
The observation that cyclobutanes, derived from a formal [2 +

2] annulation between the allenamide and one of the double
bonds of the diene, could be obtained as side products
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(Scheme 11)*' led us to investigate the viability of a2 +2]
cycloaddition between allenamides and alkenes.”” We even-
tually found that the phosphite—gold(I) complex Au7/AgSbF
was very efficient to promote these cycloadditions between
carbonyl-allenamides and styrenes or enamides, in most cases
with excellent or even complete diasteroselectivities (Scheme
13A). Chen®® and Gonzalez™ also reported closely related [2
+ 2] cycloadditions with electron-rich alkenes, but using N-
sulfonyl allenylamides as reaction partners and Au7’ or AuS/
AgSbF4 as catalysts (Scheme 13B,C). The reactions were
proposed to take place through a stepwise process involving
the initial attack of the alkene to the gold-activated allenamide
to give a carbocationic intermediate that evolves to the product
by ring closure (Scheme 13D). The observation of the same
stereoisomeric product 25 from both the E- and Z-enamide
precursor 24, is highly consistent with the formation of acyclic
carbocationic intermediates like XVIIL?” However, the
retention of the stereochemistry of cis-f-deuterated styrene
(26) observed by Chen’® indicates that, at least for this type of
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Scheme 14. Recent Examples of Gold-Promoted [2 + 2] Cycloadditions with Electron-Rich Allenes
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alkene and gold(I) catalyst, the reaction might involve gold-
stabilized intermediates of type XIX (Scheme 13E).

Importantly, Gonzalez also developed an enantioselective
version of the intermolecular [2 + 2] cycloaddition with
styrenes, using phosphoramidite—gold complexes like (R,R,R)-
Aul2 and (S,R,R)-Au2 (Scheme 13F).*%*

In 2014, we demonstrated that the cationic complex
[(JohnPhos)Au(NCMe)]SbF; (AuS”) was a very efficient
catalyst for promoting [2 + 2] annulations between
allenamides and a wide variety a,f-unsaturated N,N-dialkyl
hydrazones (28, Scheme 14A).* The reaction was proposed
to proceed via a stepwise mechanism involving the
regioselective addition of the unsaturated hydrazone, which
behaves as a vinylogous aza-enamine, to the gold-activated
allenamide to afford the acyclic intermediate XX. A stereo-
selective cyclization would lead to the observed cyclobutanes
with cis stereochemistry. In consonance with the formation of
intermediates XX, both Z- and E-isomers of a particular a,f-
unsaturated hydrazone (R' = Ph, R? = H) provided the same
adduct as a single isomer, with both phenyl and hydrogen in a
cis disposition.

More recently, Bandini*® and Zhang®® reported additional
examples of [2 + 2] cycloadditions between electron rich
allenes and indoles (Scheme 14B,C). In particular, the
cycloaddition of 2,3-disubstituted N-Boc indoles (30) with
several allenamides or allenyl arylethers was effectively
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promoted by AuS”, to give densely functionalized cyclo-
butanindolines (31). The presence of an electron-withdrawing
group at the indolic nitrogen was critical, presumably because
of the increased electrophilicity of the dearomatized inter-
mediate XXI. The use of the chiral gold catalyst derived from
DTBM-Segphos allowed them to obtain cyclobutanindolines
of type 31, featuring two carbon quaternary stereocenters, with
excellent enantioselectivities (Scheme 14B). On the other
hand, Zhang introduced chiral gold complexes bearing
sulfonamide—phosphane ligands (e.g, Aul3) in the asym-
metric annulations of C3-styryl indoles (Scheme 14C).**

3.3.[3 + 2], [5 + 2], and [1 + 2] Dipolar Cycloadditions

In the above annulations, the allenamide behaves as a two-
carbon annulation partner. We are not aware of reports on
gold- or platinum-based catalysis in which allenamides
participate as a three-carbon unit. This is quite surprising,
owing to the precedent of Iwasawa on the platinum-promoted
reaction of allenyl silylethers (Scheme 9). Nonetheless, it is
possible to achieve alternative formal [3 + 2] cycloadditions,
confronting the allenamides with 1,3-dipoles that behave as 3-
atom partners. Therefore, Chen demonstrated that azomethine
ylides of types 34 and 35 can react with N-carbonyl and N-
sulfonyl allenamides to give the corresponding [3 + 2]
cycloadducts in §ood yields and complete regioselectivity
(Scheme 15A).*% Interestingly, the analogous reaction with
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Scheme 15. Gold(I)-Catalyzed Cycloadditions between N-Allenamides and 1,n-Dipoles

A) Formal [3+2] cycloadditions with azomethine ylides
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Scheme 16. Gold(I)-Catalyzed Formal [2 + 2+2] Cycloaddition between Allenamides and Carbonyl-Tethered Alkenes
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Scheme 17. Gold(I)-Catalyzed formal [2 + 2 + 2] Cycloaddition between Allenamides, Alkenes, and Aldehydes
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nitrones (38) was also developed in asymmetric fashion using
the phosphoramidite—gold complexes (R,R,R)-Aul4 and
(R,S,S)-Auls (Scheme 15B).

Alternative types of 1,n-dipoles might also engage in gold-
catalyzed formal cycloadditions with N-allenamides. Thus, Yoo
recently reported the feasibility of [S + 2] cycloadditions
between N-allenamides and quinolinium zwitterions (1,5-
dipoles, 40) to yield a variety of fused 1 ,4—diaze§ine derivatives
(41) in a stereospecific manner (Scheme 15C).*” On the other
hand, Maulide reported formal gold-catalyzed [2 + 1]
cycloadditions between allenamides and stabilized sulfonium
ylides (1,2-dipoles, 42) to give alkylidenecyclopropanes of type
43 (Scheme 15D).*

3.4.[2 + 2 + 2] Cycloadditions

A particularly challenging extension of the gold-promoted
chemistry of allenes is related to the development of tandem
annulations involving three different components. Relying on
the stepwise mechanisms proposed for the [2 + 2] cyclo-
additions, we demonstrated that it is possible to intercept the
carbocation generated after the addition of the alkene to the
gold-activated allenamide by tethered carbonyl groups. The
resulting oxonium is then trapped in a Prins-like cyclization to
give oxa-bridged medium sized carbocycles (Scheme 16).*
This formal [2 + 2 + 2] annulation between allenamides and
oxo-alkenes is best promoted by the phosphite—gold complex
Au7”. A wide range of carbonyl-tethered alkenes (44)
participated in the process providing their respective oxa-
bridged seven-, eight-, and even nine-membered ring cyclo-
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adducts (45) in good yields. An enantioselective version of this
process was also disclosed, using (R)-DTBM-Segphos(AuCl),
(Aul)/AgNTT, for the assembly of eight-membered rings, and
the phosphoramidite complex (S,R,R)-Aul2/AgNTf, for the
synthesis of cycloheptenes.

Our group has also developed a fully intermolecular version
of this annulation, using allenamides, electron rich alkenes, and
aldehydes as reaction partners (Scheme 17).°° Again, the
phosphite—gold complex Au7” was very efficient for a broad
range of both cyclic and acyclic alkenes, as well as diverse types
of aldehydes. The corresponding tetrahydropyrans were
obtained in good to excellent yields, and with moderate to
complete diastereoselectivities in favor of the 2,6-cis isomer
(46). In the case of acyclic alkenes, the best results were
obtained with 1,1-disubstituted styrene derivatives or eno-
lethers. Likely, the higher stabilization of the carbocationic
intermediate resulting from the initial addition of the alkene to
the allenamide (XXIV) retards the ring closure to the
cyclobutene product, which is eventually observed as minor
side product. Stereochemical studies with a,f3-disubstituted
alkenes and f-deuterium labeled styrenes revealed that, when
a-monosubstituted alkenes are used, the reaction takes place
through an intermediate of type XXIV, which preserves the
stereochemical information of the parent alkene. This species
evolves through a nucleophilic anti attack of the carbonyl
moiety, leading to oxonium XXV and to the product as a single
isomer at the C5—C6 centers (Scheme 17B). On the other
hand, with a,a-disubstituted alkenes, the additional stabiliza-
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Scheme 18. Enantioselective [2 + 2 + 2] Cycloaddition between Allenamides, Alkenes, and Aldehydes
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Scheme 19. Gold(I)-Catalyzed Cycloaddition between Allenamides and Alkenyl Oximes

A) Formal [2+2+2] cycloaddition of allenes and C- or O-tethered alkenyl oxime ethers
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tion of the tertiary cation labilizes the interaction with the gold More recently, we developed an enantioselective version of
this intermolecular [2 + 2 + 2] cycloaddition (Scheme 18).>"
Specifically, we found that the triazole-based gold complex
Aul0/AgNTTf, affords the major 2,6-cis-tetrahydropyrans (46)
with good to excellent enantioselectivities. Although the ee

atom and therefore facilitates the formation of acyclic
carbocationic species like XXVI or of the epimeric
intermediate XXIV’, with the consequent loss of the initial

alkene geometry. values of the minor 2,6-trans adducts (46") were typically low,
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Scheme 20. Gold(I)-Catalyzed Cycloaddition between 1,3,5-Triazines and Allenamides or Allenoates
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these isomers could be obtained in higher amounts and with
remarkable enantioselectivities, of up to 90%, with the Vanol-
derived catalyst (S,R,R)-Aul2/AgNTf,.

Importantly, very recently, we expanded the scope of these
formal cycloadditions to nitrogenated compounds by devel-
oping a gold(I)-catalyzed [2 + 2 + 2] annulation process
between allenamides and alkenyl-oxime ethers (Scheme
19A).>> This methodology allowed us to obtain both
piperidine (49)and tropane (50) skeletons, depending on
whether the alkene is O- or C-tethered to the oxime moiety.
The gold complex Au7” was again the most effective catalyst,
allowing the azacyclic products to be obtained with moderate
to excellent yields and with complete selectivity. Moreover, we
found that the efficiency and the diastereoselectivity is
completely determined by the E/Z-stereochemistry of the
parent oxime ether. Additionally, we also developed an
enantioselective version of the two manifolds using (S,R,R)-
Aul2/AgNTf,. Thus, a wide range of O- and C-tethered
alkenyl-oximes gave their corresponding azabicyclic adducts
with enantiomeric excesses from moderate to excellent.

Importantly, we found that using oximes instead of imines is
critical for obtaining these results. Indeed, mechanistic studies
confirmed that related imines like 51 do not participate in the
annulations due to the strong coordination to the gold, which
results in catalyst deactivation. The oxygen atom of the oxime
ethers makes their adjacent nitrogen less nucleophilic, thereby
decreasing their ability to coordinate the gold(I) complex
(Scheme 19B).

Recently, Sun also contributed to the synthesis of N-
heterocycles by developing a formal [2 + 2 + 2] cycloaddition
of allenamides and 1,3,5-triazines, which behave as aldimine
reservoirs through an in situ retro-cyclotrimerization process
(Scheme 20).% Interestingly, Ph;PAuCl/NaBAr; efhliciently
catalyzed the reaction of a range of 1,3,5-triazines with both
electron rich allenamides and electron-deficient allenoates to
provide two types of products, 54 and 55, respectively.
Different pathways account for this divergence. In the case of
allenamides, two independent molecules of the aldimine,
generated in the reaction media, are sequentially added to the
gold-activated allenamide to yield 54 after a cyclization/
deauration process (Scheme 20A). However, for allenoates, a
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coordination to the carbonyl group to generate a gold-activated
Michael acceptor was proposed, so that sequential addition of
two aldimines, followed by a ring closing and alkene
isomerization, provided the adducts 55 (Scheme 20B).>*>°

4. CONCLUSIONS AND OUTLOOK

Allenes and allenamides offer an unusual potential to
participate in different types of platinum- and especially gold-
catalyzed annulation reactions. Upon activation, they generate
allyl-cation alkenylmetal species that can behave as 1,2- or 1,3-
carbon dipoles in cycloaddition processes. While alkyl
substituted allenes have shown great utility in intramolecular
reactions, intermolecular annulations require the use of
allenamides or related derivatives. Likely, the presence of the
amide substituent provides a good balance of reactivity and
stability in the gold activated derivatives, so that they can react
with the corresponding partners in a controlled manner. The
range of reactivities discovered include formal [4 + 3], [4 + 2],
[2+2],[2+3],[3+2),[2+1),[S+2],and [2+2 +2]
annulations. While in the intramolecular cases, allenes can
participate as 2C or 3C components, there is only one
intermolecular example of reactions in which they work as 3C
partners. On the other hand, despite the difficulties associated
with the transfer of stereochemical information from chiral
linear gold(I) complexes to the newly created stereocenters, a
variety of enantioselective gold-catalyzed annulations have
been discovered.

Current and future work in the field might be focused on
further developing the 3C reactivity of allenes and on the
discovery of annulations that allow one to build relevant
heterocyclic and specially azaheterocyclic products from simple
materials. Tandem or synergistic processes that combine
different types of reactions in a single operation are also
appealing. Finally, further studies on enantioselective variants
and to gain deeper mechanistic insights are also warranted.
With all this knowledge at hand, we will also witness the
development of new synthetic applications.
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