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mediates can engage in a wide number of carbo- and heterocyclizations providing efficient routes to
carbo- and heterocycles otherwise difficult to achieve. In this Review, we aim to highlight the most rel-

evant advances in this exciting topic.
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Introduction

The 1,3-dipolar cycloaddition reaction is arguably-one of the
most powerful methodologies for the construction of five mem-
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Fig. 1. Common three-carbon synthons.
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Scheme 1. Stabilized vinyldiazo compounds as precursors for the generation of
coinage metal vinyl carbene intermediates.

larophiles have been successfully developed allowing the synthesis
of structurally diverse heterocyclic systems. The all-carbon version
of this cycloaddition reaction would represent a convenient access
to five membered carbocycles, common structural motifs found in
a plethora of natural product and bioactive compounds. Unfortu-
nately, this reaction remains highly challenging and a very few sys-
tems have been identified as suitable all-carbon 1,3-dipoles
(Figure 1). In this regard, activated cyclopropanes, particularly
those featuring donor and acceptor groups (the so called donor-ac-
ceptor (DA) cyclopropanes), because of the presence of a highly
polarized bond, can engage in several Bronsted and Lewis acid cat-
alyzed formal (3 + 2) cycloadditions affording functionalized five-
membered carbo- and heterocycles [2]. On the other hand, the
phosphine-catalyzed (3 + 2) cycloaddition reaction of allenyl esters
has also recently emerged as a convenient methodology for the
efficient and selective preparation of a wide range of carbo- and
heterocycles, in which the allene derivative serves as a three-car-
bon synthon [3]. In the last few years, coinage-metal catalyzed
transformations with generation of alkenyl carbene intermediates
have evolved into a powerful synthetic tool. The purpose of this
review is to showcase these recent contributions. Our discussion
will focus almost exclusively on cyclizations in which the carbene
intermediate serves as a three-carbon synthon. Consequently, pro-
cesses such as cyclopropanations or isomerization, although extre-
mely useful, will not be covered.

This Review first briefly discusses the most common precursors
for the generation of alkenyl carbene intermediates. The reactivity
of these intermediates will be discussed in the two remaining
parts. First, we will focus on those synthetic procedures yielding
carbocyclic compounds. Finally, a selection of synthetic procedures
for the synthesis of heterocyclic compounds will be discussed.
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Scheme 2. Coinage metal vinyl carbene intermediates from propargyl esters via
[1,2]-acyloxy shift.
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Common precursors for the catalytic generation of alkenyl
carbene intermediates

Several precursors have demonstrated their suitability for the
catalytic generation of alkenyl carbene intermediates in processes
catalyzed by coinage metals [4].

Very likely, stabilized diazo compounds are the most popular
precursors for the generation of carbene intermediates [5]. Those
diazo compounds with a vinyl group attached to the diazo func-
tion, the so-called stabilized vinyldiazo compounds (Scheme 1),
have been intensively investigated and have emerged as very fruit-
ful reagents in transition metal catalyzed transformations. Most of
these transformations are supposed to proceed by means of metal
vinyl carbene intermediates. Rhodium catalysts are by far the most
widely used ones in transformations of vinyldiazo compounds.
However, coinage metals (particularly, gold) have recently evolved
into useful catalysts for diazo compound decomposition. These
studies demonstrated that coinage metal-based catalysts are in
most cases complementary to the rhodium catalysts [6].

Because of the hazardous nature associated with some diazo
compounds, attempts have been made to replace diazo compounds
with safer and more stable carbene precursors. In this regard,
important advances have been achieved by using N-sulfonylhydra-
zones [7]. In particular, vinyl-N-sulfonylhydrazones in the pres-
ence of transition metal catalysts have provided new synthetic
opportunities based on the generation of vinyl carbene
intermediates.

Propargyl esters and related propargylic derivatives are also
common precursors for the generation of alkenyl carbene interme-
diates [8]. The metal-catalyzed transformations of these unsatu-
rated substrates have been extensively investigated in the last
two decades. This process would involve initial coordination of
the C—C triple bond to the carbophilic catalyst. Then, 5-exo-dig
cyclization and subsequent ring opening would generate carbene
intermediates in a process involving a formal [1,2]-acyloxy shift
(Scheme 2). The generated intermediate would evolve to the final
products by diverse inter- or intramolecular processes. Based on
this chemical behavior, a wealth of synthetic applications have
been developed. Among coinage metals, gold complexes have been
the most widely used catalysts in these transformations. This rear-
rangement is usually observed for terminal alkynes (R?> = H) or
alkynes featuring an ester group (R> = COOR). In some cases
(mainly when R? = alkyl or aryl), a competitive pathway leading
to metal allene complexes via 6-endo-dig cyclization and subse-
quent ring opening was also reported. This alternative evolution
has also found many synthetic applications [9].

While less popular, cyclopropene derivatives have been also
reported to serve as suitable precursors for the catalytic generation
of metal vinyl carbene intermediates [10]. This process would
involve initial coordination and subsequent ring opening of the
cyclopropene with generation of a reactive carbene intermediate
that is trapped in situ by suitable reagents (Scheme 3).

In a completely different approach, the group of Echavarren has
reported the generation of alkenyl gold-carbene intermediates
from 7 alkenyl 1,3,5-cycloheptatrienes through a retro-Buchner

R R® M R R® ]

A — A — Ra&/[R —— products
1 2 1 2 _
R R R ’\\ALHR L M7  R?

Scheme 3. Coinage metal vinyl carbene intermediates from cyclopropenes.



E. Lopez, O. Bernardo and L.A. Lopez

Ar ®
/ Ar - / Au cat e ®
@J - i
- CeMg

Scheme 4. Alkenyl gold(I) carbenes by retro-Buchner reaction from 7 alkenyl 1,3,5-
cycloheptatrienes.
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Scheme 6. Enantioselective gold(I)-catalyzed (3 + 2) cycloaddition reaction of
vinyldiazo compounds and enol ethers.

reaction (Scheme 4) [11]. The so generated reactive intermediates
can be trapped by alkenes affording vinylcyclopropanes in a highly
selective way [12].
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Scheme 7. Gold(I)-catalyzed (3 + 2) cycloaddition reaction of vinyldiazo com-
pounds and styrene derivatives.
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Scheme 8. Proposed mechanism for the gold(I)-catalyzed (3 + 2) cycloaddition
reaction of vinyldiazo compounds and styrene derivatives.

(3 + n) carbocycloaddition reactions of alkenyl carbene
intermediates

Synthesis of four-membered carbocyclic compounds via formal (3 + 1)
cycloaddition reaction

In 2017, Doyle and co-workers reported the synthesis highly
functionalized cyclobutene derivatives through copper-catalyzed
(3 + 1) cycloaddition reaction of triisopropylsilyl-substituted
enoldiazoacetates with nucleophilic sulfur ylides (Scheme 5) [13-
14]. Good yields and high enantio- and diastereoselectivities (up
to 99 % ee and > 20:1 d.r.) were achieved with a chiral copper(I) tri-
flate/double sidearmed bisoxazoline complex catalyst. This trans-
formation is proposed to proceed through generation of a
copper-enolcarbene intermediate. Then, nucleophilic addition of
the sulfur ylide onto the electrophilic vinylogous position of the
metal carbene would generate a vinylcopper intermediate, which
would evolve to the final functionalized cyclobutene by displace-
ment of the R,S leaving group.

Synthesis of five-membered carbocyclic compounds via formal
(3 + 2) cycloaddition reaction

The reaction of several unsaturated substrates such as alkenes,
alkynes and allenes with alkenyl carbene intermediates, generated
in situ from suitable precursors, has recently evolved into a power-
ful method for the regioselective synthesis of five-membered car-
bocyclic compounds.

A major breakthrough in this field was reported by Davies and
coworkers, who developed the enantioselective gold(I)-catalyzed
(3 + 2) cycloaddition of vinyldiazoacetates and enol ethers
(Scheme 6) [15]. In this way, highly functionalized cyclopentene
derivatives were obtained in good yields and enantioselectivities
when (R)-DTBMSegphos(AuCl), was used as the catalyst. This
gold-catalyzed transformation is proposed to proceed by initial
generation of a gold carbene intermediate. Vinylogous attack of
the vinylether would generate a zwitterionic intermediate which
could directly evolve to the final cyclopentene derivative. An alter-
native pathway involving (4 + 2) cycloaddition between the gold
carbene intermediate and the enolether with generation of a met-
allocyclohexene could not be completely ruled out. Interestingly,
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Scheme 9. A) Copper(I)-promoted (3 + 2) cycloaddition/allylic azide rearrangement
of stabilized vinyldiazo compounds and vinylazide derivatives. B) Proposed
mechanism. C) Divergent outcome in the gold-catalyzed reaction of propargyl
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Scheme 10. Gold-catalyzed (3 + 2) cycloaddition of vinyldiazo compounds and
pinacol alkenylbronates.

this outcome stands in marked contrast with that previously
reported by the same group for the rhodium-catalyzed reaction
[16].
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Scheme 11. Gold(I)-catalyzed (3 + 2) cycloaddition reaction of vinyldiazo com-
pounds and allenamides.

Tetrahedron Letters 109 (2022) 154156

Based on previous research on gold-catalyzed reactions of stabi-
lized vinyldiazo compounds and non-activated alkenes [17], our
group reported the synthesis of functionalized cyclopentene
derivatives by formal (3 + 2) cycloaddition of alkenyl gold-carbene
intermediates with styrenes (Scheme 7) [18]. Cyclopropane deriva-
tives resulting from a competitive (2 + 1) cyclization were formed
as minor side-products (5-15 %).

A mechanistic proposal for the formation of the cyclopentene
derivatives is depicted in Scheme 8. Initial decomposition of the
vinyldiazo compound would generate a gold carbene intermediate.
On the basis of previous results, this intermediate would display a
high electrophilic character at the vinylogous position. Conse-
quently, it would be involved in a stepwise (3 + 2) cycloaddition
reaction initiated by attack of the styrene derivative to the vinylo-
gous position with formation of a cationic intermediate. A final
cyclization step would provide the final products. In this regard,
the observed regiochemical outcome would rely on the formation
of the most stable benzylic carbocationic intermediate.

A related (3 + 2)-cycloaddition has been reported in the copper-
promoted reaction of vinyldiazo compounds and vinylazides
(Scheme 9, A). Specifically, functionalized cyclopentene derivatives
were obtained through a formal (3 + 2) cycloaddition/allylic azide
rearrangement sequence [19]. This process demonstrated a good
scope in the azide component. Notably, the azide function is pre-
served in the final cyclopentene derivatives, thus providing inter-
esting synthetic opportunities. The proposed mechanism for this
transformation (Scheme 9, B) would rely on initial reaction of the
vinyldiazo compound with the copper(I) complex to generate a
copper(l) alkenylcarbene intermediate. Then, the vinylazide would
attack to the vinylogous position of the carbenic species. Subse-
quent cyclization and allylic rearrangement of the azide function
would account for the formation of the final products. The forma-
tion of a highly stable alkene would be the driving force for the
rearrangement of the azide. Notably, these results contrasted with
those previously reported by Liu and coworkers in the reaction of
vinylazides with gold alkenylcarbene intermediates generated
from propargyl esters, which provided diene derivatives (Scheme 9,
C) [20].

More recently, we also reported the gold-catalyzed reaction of
vinyldiazo compounds and alkenylboronates to give cyclopentenyl
boronic esters (Scheme 10) [21]. This formal (3 + 2) cycloaddition
reaction proceeds in good yields with complete regio- and stereos-
electivity. As in the previous examples, a stepwise mechanism with
initial generation of an electrophilic gold carbene intermediate
would account for the formation of the formal (3 + 2) cycloadducts.
Through well-established procedures for the derivatization of the
boronate moiety, the (3 + 2) cycloadducts available by this protocol
could be transformed efficiently into a range of functionalized
cyclopentene derivatives.
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Scheme 12. Gold(I)-catalyzed (3 + 2) cycloaddition of vinyldiazo compounds and
allenes.
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Scheme 14. Gold(I)-catalyzed reaction of propargyl esters and ynamides.

Gold-catalyzed transformations of vinyldiazo compounds with
more elaborated unsaturated systems have also been reported.
For instance, some gold(I)-catalyzed formal (3 + 2) cycloaddition
reactions between alkenyl gold carbene intermediates and allenes
have been developed. In 2016, our group reported the reaction of
allenamide derivatives with vinyldiazo compounds to afford five-
membered carbocycles regioselectively (Scheme 11) [22]. A rele-
vant feature of this cycloaddition reaction is the participation of
the proximal C=C bond of the allenamide, a very unusual regiose-
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Scheme 15. Gold(I)-catalyzed reaction of cyclopropenes and ynamides.
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lectivity pattern in gold-catalyzed cyclizations of allenamides [23].
This transformation is proposed to proceed through initial decom-
position of the diazo component and subsequent attack of central
carbon of the allenamide to the electrophilic vinylogous position
of the generated alkenyl carbene intermediate. Subsequent cycliza-
tion would deliver the final cycloadducts. Very likely, the preferen-
tial activation of the diazo partner with generation of a gold
carbene intermediate would account for this divergent regiochem-
ical outcome.

Soon after, we extended this reactivity to electronically unbi-
ased allenes. Specifically, we found that reaction of non-activated
allene derivatives with alkenyldiazo compounds in presence of
5 mol% of [IPrAu(MeCN)][SbFg] provided alkylidenecyclopentene
derivatives (Scheme 12) [24]. As in the reaction of allenamides, a
stepwise mechanism involving initial activation of the diazo com-
pound with generation of a gold carbene intermediate has been
proposed. Nucleophilic attack of the central carbon of the allene
to the vinylogous position of the carbene intermediate would gen-
erate an allyl cation, that would evolve to the final product through
a cyclization reaction. It is worth to note that this process repre-
sented the first intermolecular gold-catalyzed cycloaddition
involving non-activated allene derivatives.

In 2017, Echavarren and coworkers reported that styryl gold(I)
carbenes, generated from 7-styryl-1,3,5-cycloheptatrienes, react
with allenes to give cyclopentadiene derivatives arising from a for-
mal (3 + 2) cycloaddition reaction in moderate yields (Scheme 13)
[25]. As stated before, the reaction would involve initial gold(I)-
promoted retro-Buchner reaction of 7-styryl-1,3,5-cyclohepta-
trienes to release benzene and generate a styryl gold(I) carbene.
Subsequent attack of the central carbon of the allene component
to the carbene carbon atom would generate an allyl cation inter-
mediate. Cyclization and isomerization would deliver the final
cyclopentadiene derivative.

The intermolecular trapping of coinage metal vinyl carbene
intermediates by alkynes remains challenging. In 2013, Hashmi
and co-workers reported the regioselective synthesis of functional-
ized cyclopentadienes by gold-catalyzed cyclization of ynamides
and propargyl esters (Scheme 14) [26]. This formal (3 + 2) cycload-
dition reaction would involve initial generation of a gold carbene
intermediate through 1,2 acyloxy shift. This intermediate would
evolve to the final products through a stepwise pathway consisting
of initial attack of the nucleophilic carbon atom of the ynamide to
the electrophilic one of the carbene intermediate and final ring clo-
sure of the resulting intermediate. An alternative pathway involv-
ing cyclopropenation of the ynamide, ring opening of the resulting
cyclopropene and final cyclization could also operate.

In a related transformation, Chen, Huang and coworkers
reported the gold-catalyzed reaction of cyclopropenes and yna-
mides in 2017 [27]. In this transformation, cyclopentadiene deriva-
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Scheme 16. Gold(I)-catalyzed cycloheptanulation reaction.
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tives arising from a formal regioselective (3 + 2) cycloaddition were
formed in excellent yields (Scheme 15). This reaction would pro-
ceed by initial activation of the cyclopropene with generation of
a gold carbene intermediate. Nucleophilic attack of the ynamide
to the carbene species followed by cyclization would account for
the formation of the final products. As in the previous example,
the authors cannot discard an alternative pathway involving initial
cyclopropenation of the ynamide.
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Scheme 18. A) Copper(l)-catalyzed (3 + 2) cycloaddition of stabilized alkenyldiazo
compounds and pyridines. B) Proposed pathway.
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Synthesis of seven-membered carbocyclic compounds via
formal (4 + 3) cycloaddition reaction

The synthesis of seven-membered carbocyclic compounds from
coinage metal alkenyl carbene intermediates remains clearly
underdeveloped. In 2011, Nevado and coworkers reported the
highly stereoselective synthesis of cis-2,3-disubstituted cyclohep-
tenyl acetates through gold-catalyzed reaction of propargyl acet-
ates and 1,4-dienes [28]. A representative example is depicted in
Scheme 16. This cycloheptannulation reaction is proposed to pro-
ceed through a sequence comprising cyclopropanation and subse-
quent Cope rearrangement. Based on this transformation, a
stereocontrolled approach to the Frondosins A and B scaffolds
was also reported.

(3 + n) heterocycloaddition reactions of alkenyl carbene
intermediates

Synthesis of four-membered heterocyclic compounds via formal (3 +1)
cycloaddition reaction

To the best of our knowledge, there is only a contribution on the
synthesis of four-membered heterocyclic compounds through for-
mal (3 + 1) cycloaddition involving alkenyl carbene intermediates
[29]. In 2019, Doyle and coworkers reported the enantioselective
synthesis of tetrasubstituted azetine 2-carboxylates through cop-
per(I)-catalyzed (3 + 1) cycloaddition of silyl-protected y-substi-
tuted enoldiazoacetates and N-arylsulfilimines (Scheme 17) [30].
The 2-azetine products were obtained in high yields and with good
to excellent enantioselectivity when using a copper(I)-sabox cata-
lyst. This transformation would proceed by initial generation of a
Z-metallo-enolcarbene intermediate followed by nucleophilic
addition of the imido-sulfur ylide onto the electrophilic vinylogous
carbon of the carbene intermediate. Subsequent cyclization by dis-
placement of the diphenyl sulfide group and copper elimination
would account for the formation of the final products. Moreover,
the (3 + 1) cycloadducts were stereoselectively transformed into
relevant azetidine-2-carboxylates by Pd-catalyzed hydrogenation.

Synthesis of five-membered heterocyclic compounds via formal
(3 + 2) cycloaddition reaction

A number of relevant nitrogen heterocycles has been prepared
by (3 + 2) cycloaddition reaction of the corresponding precursor
of the alkenyl carbene intermediate with the appropriate unsatu-
rated nitrogen-containing substrates.

Inspired by an elegant contribution by Doyle and coworkers
reporting the copper(ll)-catalyzed synthesis of dihydropyrrole
derivatives through formal (3 + 2) cycloaddition reaction of o,p-
unsaturated imines with vinyldiazoacetates [31], our group inves-
tigated the reactivity of vinyldiazo compounds toward pyridines
[32]. This study resulted in the copper(I)-catalyzed regioselective
synthesis of functionalized indolizines resulting from a formal
(3 + 2) cycloaddition reaction (Scheme 18, A). An extremely wide
scope of pyridine derivatives successfully undergoes this cycload-

R'  CO,Et
AgSbFg (10 mol%) o\
Et0,C7 X", + RN
2 /\R? 2 CH2C|2’ rt [\‘l R2
H
R'=H, Me R2 = aryl, alky! 15 examples
up to 65%

Scheme 19. Silver(I)-catalyzed cycloaddition of vinylogous diazoesters and nitriles.
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CH,Cly, rt N
N2 |
H
25 examples
30-80%
R1
R'=H, Me 2
R?=H, Et Rj)\(EWG
= H, -
EWG = COOR, P(O)OEt, SO,Me \N\ AuL
R3 = alkyl, aryl, alkenyl \ X@

key intermediate

Scheme 20. Gold(I)-catalyzed cycloaddition of stabilized diazo compounds and
nitriles.
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2 Ho.
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up to 92% yield

Key intermediates
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Scheme 21. Synthesis of functionalized pyrrole derivatives by Ag(I)-catalyzed
reaction of enoldiazoacetates and imino ethers.
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Scheme 22. Gold(I)-catalyzed (3 +2) approach to functionalized 2,5-dihydrofurans.

oTBS 2@ O CU(CHiCN)BF, (5 mol%) R? O
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A CONR; P
U CHCl3, 4 AMS, 1t, 4 h R’ OTBS
\P)

CONR,

Me_ Me
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Scheme 23. Copper(l)-catalyzed (3 + 3) cycloaddition reaction of enoldiazoac-
etamides with nitrones.
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dition including those featuring functional groups such as nitro,
halogen, vinyl, cyano, ester, acetyl, aldehyde in different positions
of the pyridine ring. Besides simple pyridine derivatives, benzo-
fused pyridines such as quinoline, isoquinoline or phenanthridine
were also suitable substrates for this reaction. From a mechanistic
point of view, this reaction is believed to proceed through a copper
(I) alkenylcarbene intermediate which would evolve to the final
product through a sequence involving vinylogous attack of the pyr-
idine  component/cyclization/reductive  elimination/oxidative
aromatization (Scheme 18, B). A computational study would sup-
port this mechanistic picture [33].

In 2013, the group of Lou and our group concurrently reported
the regioselective synthesis of pyrrole derivatives via metal-cat-
alyzed (3 + 2) cycloaddition of diazo compounds and nitriles
[34-35].

Thus, Lou and coworkers demonstrated that AgSbFg is an effec-
tive catalyst in the reaction of vinylogous diazoesters and nitriles
providing di- and trisubstituted pyrrole derivatives in moderate
yields (Scheme 19) [34]. A silver carbene intermediate has been
proposed as key intermediate in this (3 + 2) cycloaddition reaction.
A sequential nucleophilic attack of the nitrile to the carbenic posi-
tion and subsequent cyclization would account for the observed
regioselectivity.

Independently, our group reported the regioselective synthesis
of functionalized pyrrole derivatives via gold(I)-catalyzed formal
(3 + 2) cycloaddition of stabilized vinyl diazo derivatives and
nitriles (Scheme 20) [35]. This cyclization reaction demonstrated
a broad scope with respect to both components. This transforma-
tion would involve initial reaction of the vinyl diazo compound
with the gold complex with generation of a gold alkenyl carbenoid
intermediate. Then, regioselective nucleophilic attack of the nitrile
to the vinylogous position would afford a vinyl gold intermediate,
which by cyclization and tautomerism would produce the final
pyrroles.

In 2021, Doyle and co-workers developed a synthesis of highly
functionalized pyrroles through Ag(I)-catalyzed reaction of enol
diazoacetates and imino ethers (Scheme 21) [36]. Once again, the
formation of the pyrrole derivatives would involve initial forma-
tion of a metalloenolcarbene with substantial electrophilic charac-
ter at the vinylogous position. Nucleophilic attack of the imine
nitrogen, followed by intramolecular cyclization and C—0 bond
cleavage would account for the formation of the final product.

As compared with nitrogen heterocycles, the formation of five-
membered oxygen heterocycles by (3 + 2) cycloaddition reactions
involving alkenylcarbene intermediates remains much less
explored. In this regard, the group of Zhang reported the gold(I)-
catalyzed reaction of propargyl substrates featuring an acetal func-
tion and a terminal carboxylate group with aldehydes and ketones
to give functionalized 2,5-dihydrofuran derivatives (Scheme 22)
[37]. This process relies on initial migration/fragmentation of the
acetal moiety with formation of a reactive alkenyl gold intermedi-
ate, which would participate in a stepwise (3 + 2) cycloaddition
with the carbonyl component.

0
OBz )
Me#\ . f<No _PIcAUCl, (5 mol%) %& (j\/go
VIS R N\® CH2C|2 CI A O
Lo Me |
1 P|cAuC|2
R' = alkyl, aryl 15 examples
R? = aryl 41-98% yield

cis:trans 1.3:1- >20:1

Scheme 24. Gold-catalyzed (3 + 3)-cycloaddition of azomethine imines with
propargyl esters.
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Scheme 25. A) Gold-catalyzed (3 + 3)-cycloaddition of nitrosobenzenes with
alkenylgold carbenoids generated from alkenyldiazo compounds. B) Gold-catalyzed
(4 + 2)-cycloaddition of nitrosobenzenes with alkenylgold carbenoids generated
from propargyl esters.

Synthesis of six-membered heterocyclic compounds through
formal (3 + 3) cycloaddition reactions.

Doyle and coworkers developed a number of efficient and selec-
tive (3 + 3) cycloaddition reactions of enoldiazo compounds [38].
For example, they reported the copper-catalyzed cycloaddition of
enoldiazoacetamides with nitrones (Scheme 23) [39]. In this trans-
formation, copper catalysts outperformed those based on rhodium,
previously used in transformations of enoldiazoacetates. Excellent
yields and enantioselectivities were achieved by using copper(I)
tetrafluoroborate/bisoxazoline complex as catalyst. Mechanisti-
cally, this transformation is suggested to proceed through a cyclo-
propene as key intermediate, which would serve as the effective
carbene precursor. A control experiment would support this mech-
anistic assumption. Notably, the copper catalyst has a crucial role
on the final outcome since copper(l) triflate afforded open-chain
products arising from a Mannich reaction.

Subsequently, the same group extended this reactivity to
enoldiazosulfones [40]. Once again, copper complexes were the
catalysts of choice to obtain the corresponding (3 + 3) cycloadducts
in high yields and excellent enantiocontrol.

In 2009, Toste and coworkers reported the gold-catalyzed
(3 + 3)-cycloaddition of azomethine imines with propargyl esters
(Scheme 24) [41]. A gold(Ill) picolinic acid complex (PicAuCl,)
served as suitable catalyst for this transformation. This reaction
is proposed to proceed by initial gold-promoted 1,2-rearrangement

Ar’
5 .
OBz . R2 PicAuCl, (5 mol%) "~ N
2 —_—
RO ArWN\Ar1 CHCl, rt A2 /
R OBz
19 examples

up to 99% vyield
up to > 20:1 dr

Scheme 26. Synthesis of azepines by gold(lll)-catalyzed formal (4 + 3)-
cycloaddition.
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Scheme 27. Mechanism for the gold(Ill)-catalyzed formal (4 + 3)-cycloaddition.
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Scheme 28. Gold(IlI)-catalyzed reaction of propargyl esters and azides.
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Scheme 29. Gold(Ill)-catalyzed formal (4 + 3) cycloaddition of enol diazo
compounds and hexahydro-1,3,5-triazines.

of the propargyl ester with generation of a gold-carbenoid inter-
mediate which would evolve to the final products by a stepwise
(3 + 3) cycloaddition involving initial nucleophilic attack of the
nitrogen of the azomethine imine component to the carbenic atom
followed by stereoselective ring closing.

On the other hand, Liu and coworkers obtained quinolone oxi-
des resulting from a formal (3 + 3) cycloaddition in the gold-cat-
alyzed reaction of nitrosobenzenes and alkenyldiazo esters
(Scheme 25, A) [42]. A catalytic system comprising JohnPhosAuCl
and AgNTf, (5 mol% each) proved optimal for this transformation.
Regarding the substrate scope both electron-deficient and -rich
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nitrosobenzenes were compatible with this protocol affording the
corresponding products in good yields. This formal (3 + 3) cycload-
dition reaction would involve: 1) initial decomposition of the diazo
component with generation of a gold carbenoid intermediate, 2)
attack of the nitroso function to the vinylogous position of the
organometallic intermediate, and 3) 6-m electrocyclization fol-
lowed by final aromatization. This study represented the first
gold-catalyzed transformation of an alkenyl diazo compound
involving a gold carbene intermediate and anticipated the
enhanced vinylogous reactivity of this type of intermediates, a
common feature of most of the subsequently developed synthetic
applications based on alkenyl gold carbenoids generated from
diazo compounds.

Interestingly, in the same study the authors reported a diver-
gent pathway when using propargyl esters as the gold carbene pre-
cursors. In that case, oxazine derivatives resulting from a formal
(4 + 2) cycloaddition were formed (Scheme 25, B).

Synthesis of seven-membered heterocyclic compounds through
formal (4 + 3) cycloaddition reactions.

A few examples of synthesis of seven-membered heterocyclic
compounds in processes involving coinage metal alkenyl carbene
intermediates have been reported so far. In 2008, Toste et al
reported the gold-catalyzed formal (4 + 3)-cycloaddition of o,p-
unsaturated imines and propargyl esters to form azepine deriva-
tives (Scheme 26) [43]. A gold(III) picolinic acid catalyst (PicAuCl,)
proved to be the catalyst of choice for this transformation. Notably,
the reaction with secondary benzylic propargylic esters proceeded
with complete trans-selectivity.

This reaction is proposed to proceed by initial gold-promoted
1,2-rearrangement of the propargyl ester with generation of a
gold-carbenoid intermediate which would evolve to the final prod-
ucts by a stepwise (4 + 3) cycloaddition involving nucleophilic
attack of the imine nitrogen with formation of an allylgold inter-
mediate that would undergo intramolecular nucleophilic addition
(Scheme 27).

A closely related transformation was developed by Chen, Hu
and co-workers. Thus, the gold-catalyzed reaction of two equiva-
lents of propargyl ester with an alkyl azide provided functionalized
4,5-dihydro-1H-azepine derivatives (Scheme 28) [44]. The gold-
carbenoid intermediate generated from initial 1,2-rearrangement
of the propargyl ester is proposed to play a dual role in this trans-
formation. First, its trapping by the azide would generate a vinylic
imine intermediate. Once formed, the vinyl imine intermediate
would undergo a formal (4 + 3) cycloaddition with a second equiv-
alent of vinyl gold carbenoid to provide the final products.

In 2016, Sun and co-workers reported the synthesis of seven-
membered heterocycles through gold-catalyzed reaction of enol
diazocompounds with hexahydro-1,3,5-triazines (Scheme 29)
[45]. This formal (4 + 3) cycloaddition reaction was compatible
with enol diazoacetates with different substitution pattern. Enol
diazoacetamides were also suitable substrates for this cycloaddi-
tion reaction. A gold carbene intermediate resulting from initial
decomposition of the diazo compound has been proposed as key
intermediate in this transformation. Subsequent nucleophilic addi-
tion of the triazine to the vinylogous position followed by cycliza-
tion would account for the formation of the final products.

Summary and outlook

In this Review, we have summarized some relevant coinage
metal-catalyzed carbo- and heterocyclizations involving alkenyl
carbene intermediates as C3 synthons. In the last decade, this field
has become extremely active providing a number of efficient
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approaches to valuable carbo- and heterocyclic compounds. Most
of these transformations exhibit exquisite levels of selectivity.
Notably, in most cases, coinage metal catalysts display a divergent
performance, thus nicely complementing those methodologies
based on other metal catalysts. In spite of these relevant recent
contributions, a critical analysis of the current state of the art pro-
vided in this Review allows the identification of some areas in
which there is yet room for improvement and further experimental
effort would be required. For example, the field has been clearly
dominated by gold catalysts and the development of silver and,
particularly, copper-based catalysts would be advantageous in
terms of sustainability. The search for new and easily available pre-
cursors for the generation of these reactive intermediates would
very helpful. Moreover, with a few notable exceptions, enantiose-
lective approaches remain clearly underdeveloped. Finally, efforts
aimed at a better understanding of the mechanistic pathways
would be extremely positive. We are fully convinced that these
intermediates will continue to play an important role in organic
synthesis and catalysis.
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